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Bk (TTFPO) BY B 44 35 UEAT T 45 M AT, TTRPO SRR N B BL A AR 2SI BE R P2( 1)/ ¢, BB 50N 1 a=9.237(2) A,b=22.162(5) A,
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FIAE B, O T ZHE AL A G Wi G
KMk re 9 1 SCHR B B 2 i B A A& v R
Wk NE T nf R O =R AL B W) R — TR R A
B3R R B i AL G W, K 2 B R I O3 i R
B R IE AR A DL B 2 ST A X AL AR R e R A
e, 2, 3- = A Mk [4, 5-e] Bk Jf [3, 4-b] ik
WE-6-E ALY (TFPO) "R Rk AW ERZ — k&
Y% R 1.85 grem ™, B SN 54.75%, FLIE MR R
8532 m-s ', MK N 32.4 GPa, 4 #4597 kJ-mol™',

i
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TR Ty 32 ), R — R R A PR R UL R AT AL B AR
AL AW B TFPO 43 1 45 4 v 7 8 3 0% 1 S A7 76 48
SR P TR DRI EG A i e ik R L Ok 28 4 4y
AR 2 VERE 22 . FIH TEPO %5 44 110 TR M 45 4, & RE A1
R IE B BT A L T — R 50 e S BE PR e S
Yy, I % 55 T AL B MRS e M R S R M RED
B0 B 5206 25 R R I, 1) (2% 07 B LA W NH
AR GIAN-NH, 858 5T, il i fb & Y8 BUE £ 5+
PTGy ) U 4 o AR M B AR ML (i o R
) B B AL A 0 I AR AR s TR B R R4 05 B
g R I N-NH, B 50 16 o AT AT AR RS R L = 2
R N g R N NN A e R A N
et R RIS RERTAEY

AWFFE LA A § A5, 6- Gk [3, 4-b] ik B
(DCFP) "Ry JFkE, 2 Bt ik -1 4k b N-20 1k 55
SR BETT A BT — Bl B N-Z A B —4-E -1,
2,3- =AM [4,5-e] B IHIF[3, 4-b] Nk BE-6-A 1L ¥
(ATFPO) "™, 58 BL T wf A& B2 H b5 90 1) 25 4 A 5 5
FT KA A—1,2,3-=H B[ 4,5-e]TkIHIF[3,
4-b |k B -6-5E L) MU £, F 8 b (TTFPO) 1Y 5 i O 1k
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77 f IR G5 Ry i s B R DSC 70798 T H bR 1) 44
P fiE ; % ] Gaussian 09 #2 7" d 1 CBS-4M J7 &1
Ml Kamlet-Jacobs 55 35 J7 2 HUAl T H b5 4 19 18 55 1
RE , A — 2D IR R O R e S 4

2 SEES

2.1 KFHENEHE

e B K (i3 26%~28%) DU 2 5 32 i i
PS5 W (3T o 50 3K 25%) W O VW BE L R O TR I A,
S AT, iR R e fb TR T 5 100% 46 i R
5,6-" kI3, 4-b]MtEE(DCFP)? . 2,4,6-= Eﬁ

FERRE BRI (MSH) , 2 Ry 5286 % A i .

ZF-T 8 = F 5 AMY, Bl T 2 5 i AR )
NEXUS 870 %I i B i 7 48 21 41 5335 4% , 3¢ [ Nicolet
25 Al 5 AV 500 B (500 MHz) #8 5 8 fg 3L R 1L, F +
BRUKER 2 #] 5 Vario EL TN %! [ 3 3 & A HLoC £ 4 #r
1%, 7 [F Elementar 2 & ; DSC-204 2% 7~ 3 & #YL ,
5 [ Netzsch 22 & ; SMART APEX I CCD X-5 £k i1
TP, 75 Bruker 24 7 .

2.2 SR

PL5,6-Z 5 WM If[3,4-b ]k % (DCFP) 2 J5UE},
2B AL -BR L R N-EAR S RN A R T FARE
H Y ATFPO, & % 2k 1 Scheme 1 B .

cl NHa(aq "(CF.C0)0 /N N )
CH CN 0,

DAFP TFPO
NN XN
(CHINOH N g _MSH, I I N0
N = N N
CH5>4 !
TTFPO ATFPO

Scheme 1 Synthetic route of ATFPO

2.3 LIgiIE
23.1 5,6-Z“REMKIEFH[3,4-b]MtEE (DAFP) & B
WEPEFET KUK 12.0 mL & 50 30N 26%~
28% E@%Mﬁﬁz%u 2.5 mL ZRE A B R R &R
BHIZE O °C, A 3.82 g (20 mmol)5,6- "5k
W[ 3, 4-b 1ML | {55 0°CAkLE 2 1 2 h, A K [F A
B, U KV, Y RN N-Z R e T N
T 15 1.83 g B A REA %R 60.2%
'"H NMR(DMSO-d,,500 MH2)8:7.77(s,2H,NH,) ,
8.27(b,2H,NH,) ; °C NMR(DMSO-d,, 125 MHz)5:

CHINESE JOURNAL OF ENERGETIC MATERIALS

150.87, 150.93; IR (KBr, v/cm™) : 3465, 3376,
3228, 1657, 1532, 1338, 1017, 850; Anal. Calcd.
for C,H,ON,(%):C 31.58, H 2.65, N 55.25;Found
C 31.50, H 2.63, N 55.30.
23.2 1,2,3-= R W [4,5-e]l kI8 7 [3, 4-b] 0t
B=-6-F 1L ¥ (TFPO) K& X
FIPE T KUK 5.6 mL = 2R BEFAI 2.5 mL
100% fif B2 A2 B W i AR R 1 2 -20 °C, 44t
JMA1.52 g (10 mmol) 5,6- "2 FE0KI (3, 4-b]nlk
% (DAFP) ,7£-20 °C F 4k £ 8 $ 10 min, B 18 L =
20 °CHRZE N 1, B S 0 W8 3k 1, PR AR L 2ot
UL, A EA TR .63 g B AR, IR R 91.1%,
"H NMR(DMSO-d,,500 MHZ)5:10.58(s, TH,NH);
"C NMR(DMSO-d,, 125 MHz)5:153.34, 159.45;IR
(KBr, v/cm™):3149,1634,1617,1516, 1068,952,
780;Anal. Calcd. for CCHO,N,(%):C 26.83,H 0.56,
N 54.75;Found C 26.79, H 0.52, N 54.81,
2.3.3 1,2,3-=Z &R M [4,5-e] Bk 18 7 [3, 4-b] At
B-6-RAUMMHZEEZE(TTFPO)HE K
FEWRBPET KUK 0.54 g (3 mmol) 1,2,3-=
AME[4,5-e |0k 3, 4-b]MkE-6-E 1L (TFPO) Al
10.0 mL HEEhm B B W AR R H &2 0~5 °CL i
fn1.76 g (3 mmol) 5t i 43 5h 25% VU £ HE 72 fi 1%
BV, N 58 5 THIR 2 20~25 CHRZE N 1 h, it 3 .
HBEE . F AR XL T 15 0.92 g & @ [E K, IR N 95.2%.
'"H NMR (DMSO-d,, 500 MHz) 8: 1.165~1.201
(t,12H,4CH,),3.209~3.224(t,8H,4CH,) ; "C NMR
(DMSO-d,, 125 MHz) §: 7.549, 51.91, 153.39,
159.471;IR(KBr, v/cm™):2996, 2951, 1592, 1495,
1438, 1391, 1331, 1300, 1172, 1043, 990, 885,
873,782;Anal. Calcd. for C,,H,\N,O,(%):C 46.74,
H 6.54, N 36.34;Found C 46.78, H 6.50, N 36.30,
234 4-5F-1,2,3-=RM¥[4,5-e]BkIEFH[3,4-b]
Mt iE-6-E 4L ¥ (ATFPO) B9 & X
FERBPET KUK 0.56 g(2.6 mmol)2,4,6-=
LSRR IBE 2 e (MSH) F115.0 mLJC/K 25 A 2 2 i
LA A 0.62 g(2 mmoD)1,2,3-=F W[ 4,5-e]nk
W3 [3, 4-b 1Mk % -6-A fb ¥ WU 2 He 8 58 (TTFPO) |, £
20~25 C N4k EE R N 6 h, I8 R ZZ BR A LR, n A
6.0 mL ZE IR /K B+, 22 08 K UE LT HR15 0.3 g B A [H
R 77.3%
"H NMR (DMSO-d,, 500 MHz)§:6.74 (s, 2H
NH,) ; "C NMR (DMSO-d,, 125 MHz) 8: 130.27,
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136.34; IR(KBr,»/cm™) : 3201, 3067, 1625, 1486,
1439, 1391, 1334, 1297, 1172, 1084, 989, 833;
Anal. Calcd. for C,H,N,O, (% ) : C 24.75, H 1.04,
N 57.73;Found C 24.81, H 1.08, N 57.69,

3 #R5iTiE

3.1 FHAL-ER R I R AL IR HR O
6- & Lk I3, 4-b LB (DAFP) 5 i iR/

(L e a o

DAFP DNAFP

N N

L Lo —
NENNZ~N
H

TFPO

N—o

Scheme 2 Synthetic mechanism of TFPO

3.2 XEiEE TTFPO B Rk IR
FREU1.0 g4l >99.0% [ TTFPO #E & K Hom A
4.0 mLZEEAK M 1.5 mL L EEIR A7, i =
40 CHEFES min, AR A E =, I RE RS
PR S, DRV E T T B T 7E 25~30 CCE 18
k5 KA, ﬁ%iﬂﬂﬁlﬁﬁaﬁTTFPO$%%*§,%E&
RT3 1 B S R A7 5 4 i
IR SF A 0.37 mmx0.30 mmx0.23 mm [
f . & T Bruker SMART APE 1| CCD X-5 & 2 i £i7 5t
I E %&b A 8 R g A Ak 1Y MoK, Gt £k
(A=0.071073 nm) AR , L w-0 54 5 X, 75 % R
296(2) K,2.23°<0<24.61°5 N 3L e g 7115 4 fir 5
A, Ho 2509 R(int)=0.0316 /47 7 437 5 5, BT A Y
TFE 4t SHELXL 97 72 )5 A fff 1, 3E &0 - A br Fl 4%
] S5 P T B TR 28 4 B B /N oI B IE B & L,
R F S 4 06 W A 1E o Al AR 45 ¥4 th B 32 7% A1 Fourier
B i A I B/ ZRTE N PIEATIEOE o B
2 2% N T R,=0.0592, wR,=0.1107, GOF=1.031, j
BSHN 2044 5 X ZE{HAE Fourier I RAE AN
0.196x10° e:nm™’, fiz/NEAXIE N -0.163X10° e:nm ™7,
AW TTFPO J& TR R , 25 MR P2(1)/c, fiE
Z¥1:a=9.237(2) A,b=22.162(5) A,c=7.3506(17) A,
a=90°,8=98.378(4)°,y=90°, V=1488.6(6) A’, 7=4,
D.=1.376 g-cm™, u =0.100 mm™', F (000) =656,
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SR OBRER R B AW — R AT
1,2,3- AW 4,5-e ]k IR [ 3, 4-b It i -6-58 1L 4
(TFPO), Al REMHLBL T 4y - 15 5 , DAFP £ il 4k S I 4R
185, 6- Rl BTk IR [ 3, 4-b ik (DNAFP) ,DNAFP
I3 F- G RE I — A B B DR (—NHNO,) & A L HE
o7 e 4 i B AR A AR B T (—N—N(O)—OH) ; &

&, HHE S 9 DNAFP I BR — 70 F i 12 (HNO,) 4= i
TFPO, Ul Scheme 2 Al 715 .
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Fig.1 Single crystal structure of TTFPO
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3-Z R[4, 5-e] W I (3, 4-b |tk WE-6-4 1L 9 BH B
T (TFPO™) , Hor B B 1 T30 0 2 DL &R 1 o s 11
i KT R 45 48 5 T B B T TFPO 843, C(1)—C(2) .
C(3)—C(4) MK % A 1.476(2) AF11.430(3) A,
i F C=C XAk (1.32 A) Rl C—C sk (1.53 A) 2z 1],
C(1)—N(1).C(1)—N(4) .C(3)—N(4) .C(3)—N(6)M
B2y 1.348(2) AL 1.309(2) AL 1.366(2) A
1.308(2) A, 4 T C=N Wk (1.27 A) Fl C—N 2 gk
(1.48 A)Z 1] ,N(1)—N(2) \N(2)—N(3) i K 7>
Wk 1.353(2) AFI1.355(2) A, A F N—=N W&t
(1.25 A)FI N—N B4 (1.46 A) 2 [0 ,N(2)—O(1) .
N(6)—O(2) \N(7)—O(2) i #E K43 1 H 1.236(2) A,
1.393(2) AF11.390(2) A, A FN=O X5 (1.21 A)
N—O Hf (1.43 A) Z [8], BT A B Bk e Tk 80 L R0
SR T R SR 1 B A T I BB R UG i K 2
6] , 2% WA BF 5 735 4% B A 2 30 22 A0 8 A T K A e 3t
Bo ik & TR, AR 1 AR g R T LE L BT
(TFPO™) & 43 T A 1Y i ff 46 423 0°5K 180°, R B B
B 10 A SR LT Ak R — P

Fz1 TTFPO MYH A A — 1 £

Table 1 Selected bond lengths and torsion angles of TTFPO
bond bond  bond torsion angles
lengths /A /(®)
N(1)—C(1) 1.348(2)  C(1)—N(1)—N(2)—0(1) =179.98(15)
N(1—N(2) 1.353(2)  C(1)—N(1)—N(2)—N(3) -0.2(2)
N(2)—O(1) 1.236(2)  O(1)—N(2)—N(3)—C(2) 179.58(15)
N(2)—N(3) 1.355(2) C(4)—N(7)—0(2)—N(6) -0.04(19)
N(3)—C(2) 1.348(2) C(3)—N(6)—0O(2)—N(7) -0.3(2)
N(4)—C(1) 1.309(2) C(3)—N(4)—C(1)—N(1) =179.11(16)
N(4)—C(3) 1.366(2) C(3)—N(4)—C(1)—C(2) 0.6(2)
N(5)—C(2) 1.309(2) N(2)—N(1)—C(1)—N(4) -179.76(17)
N(5)—C(4) 1.369(2) C(4)—N(5)—C(2)—N(3) -179.88(16)
N(6)—C(3) 1.308(2) C(4)—N(5)—C(2)—C(1) -0.1(2)
N(6)—O(2) 1.393(2)  N(2)—N(3)—C(2)—N(5) =179.71(17)
N(7)—C(4) 1.308(2) N(4)—C(1)—C(2)—N(5) -0.2(3)
N(7)—O(2) 1.390(2)  N(1)—C(1)—C(2)—N(5) 179.54(16)
N(8)—C(6) 1.511(2)  N(1)—C(1)—C(2)—N(3) -0.6(2)

N(8)—C(8) 1.515(2) O(2)—N(6)—C(3)—N(4) =179.80(17)

N(8)—C(10) 1.516(2) C(1)—N(4)—C(3)—C(4) -0.7(3)
N(8)—C(11) 1.516(2) O(2)—N(7)—C(4)—N(5)  179.52(16)
C(1)—C(2) 1.476(2) O(2)—N(7)—C(4)—C(3) 0.3(2)
C(3)—C(4) 1.430(3) C(2)—N(5)—C(4)—N(7) -179.14(17)
C(5)—C(6) 1.510(3)  C(2)—N(5)—C(4)—C(3) 0.0(2)
C(7)—C(8) 1.509(3) N(6)—C(3)—C(4)—N(7) -0.5(2)
C(9)—C(10) 1.499(3) N(4)—C(3)—C(4)—N(7)  179.74(17)
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3.3 ATFPO Hy#L 14 8E

K Z R PRI (DSC) I k9 T ATFPO 1Y
IFREPE (I 25 S A ASFE N 50 mL-min™' K]
0.1 MPa, i JEJLH 25~500 °C, FHE#EF 5 °C-min™',
R 0.5~1.0 mg, AL A 45 4, SE 5 25 i 3
fiFos . M 3T LLA H ATFPO 7E 208.77 “CAEAE—1
W R AL 0 B AL G W I 5l 208.77 °C L, R
G W 1 B0 i 1 ST 2 8 T WA A 1 A AR S R AR
J& PR RO o A L R L BEE R E S — BT,
ATFPO 43 5| #£ 247.13,293.68 11 378.29 CA7 4 34~
TS ) i A i 0 R IZAE S R i B B b 2
I = A g By B2 2 By Be o DRIG 38 3 ) R4 D5 Ak
G5y A5 NH 7 8 E 51 A N—NH, I g8
L H T Fh AR SRR Z i AR N.O 5
T, ATFPO 2> T 45 N O Ji T 5 H JiL 7 Z a] 1J
e W 2 1 3 1 N B0 43 RV 28R T, AT A N-22
FACG W ATFPO TR 35 8 45 19 SR P 5 [W i, T
N—NH, ZE A 5] A A REAR T AH 2405 A&
iRt A RN K i AR e i S KRR 2R A o 1
A

1.0

texo 293.68 “
. ur13 ¢ pR8C

o
<

37829 C

heat flow / W-g"
. S
T

_‘
2

208.77 °C

100 200 300 400 500
temperature / °C

B3 ATFPO M DSC il £k
Fig.3 DSC curve of ATFPO

3.4 ATFPOHMIIRZR REEEEE

45,2, 3- =AM [ 4, 5-e R IA IR (3, 4-b] it
2 -6- 4 ALY (ATFPO ) & — B B (85 AR [ A, T % T
THIEWAR N, N-ZH LB LR O BR LN AE
K Gaussian 09 2 /57" v /Y % i 17 o8 B8 (DFT)
A% T B3LYP/6-31G** KV T HArfb &9 i ta & ik
Fa R FIFH CBS-4M J5 3B T %Ak A W Y [ A A
WK 705.4 k)-mol™; R H B 4245 772A-1997 %
HE IR ATFPO B9 %6 R 1.82 g-cm™, JETF 50 2%
JE B A B F ] Kamlet-Jacobs #5257 #2114k
TZALE YRR PERE BB Ol 8743 m-s! B
JE M 34.6 GPa, ##h 5970 kJ-kg™'; % Fl BAM % 4kt

AN
o

o
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PO S RS RN 5.0~10.0 mg, 5 HE R 5 kg,
AR N 0.7 m) , K ATFPO B 1 o B 2 35 ),
ATFPO 5 TFPO . TNT .RDX i HEBEXT [t .55 2.,

2 Ry PERE R EE T LB 1 4 T s A
N—NH, 45 ¥ B I0 J5 , ATFPO 11 15 25 7 Bk 2 B0 (E %
PR R R AE) B A T E AR AT iR fL A W) TFPO , Jit
i R A A AR A S R Bl R ATFPO 1 48 55 1 E W
DB T TNT, 42 3R A5 TR 55 B 52 /K °F- 5 RDX AR Y, i [#]
AH A= il PAORD 2 N Y B 55 T TNT R RDX, fi o J8 )
AR EU],ATFPO & — R AR e PR Bl g% R 5 Pk
REft R e ELEY .

&2 ATFPO.TFPO . TNTHIRDX i 1 fig
Table 2 Properties of ATFPO,TFPO,TNT and RDX

AH(s) D p Q IS
compounds
/g-cm™ /kJ-mol™" /m-s"  /GPa  /kJ-kg™" /)
ATFPO 1.82 705.4 8743  34.6 5970 35.0
TFPO!S! 1.85 597.0 8532 324 - 32.0
TNT!S 1.64 -67.0 6950  19.0 4222 15.0
RDX!5! 1.80 92.6 8754  34.7 5355 7.4

Note: p is density; AH,(s) is heat of formation; D is detonation velocity; p

is detonation pressure; Q is heat of detonation; IS is impact sensitivity.

4 %t

(1) LLHMIE 5,6-Z5KMIE(3, 4-b It by J5URL,
VOGRS R R M R ——4-E(E1,2,3- =
AWM [4,5-e BRI 3,4-b [t -6- A /LW (ATFPO) , 3
fE 7 HARY 45 s A4S T b 1 A TTEPO 11 5
450 ZA S W o R R S B P2(1)/co

(2) KA DSC FEWF5E T ATFPO iy #i it BE , HAw
KN 208.77 °C, A7 1E 3 A 4 i 0 R FE AR IR R
247.13,293.68°CH1378.29 °C, ATFPO B R i-AY #4
FaE Tk

(3) J i 0 4k 0 e 55 P BB FLA S s, ATFPO Y i
o BB R 35 ), O N 1.82 geem, AR IR
705.4 k)-mol™ , J## # 8743 m-s™', 4k N 34.6 GPa,
T ATFPO & — P Bl Jak 5 5 1 BB O R A AU s g 1
WML
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Synthesis and Properties of 4-Amino-1,2,3-triazolo[ 4,5-e ]furazano[ 3,4-b]pyrazine 6-oxide

LI Ya-nan, HU Jian-jian, CHEN Tao, WANG Bin, CHANG Pei, WANG Bo-zhou
(State Key Laboratory of Fluorine & Nitrogen Chemicals, Xi'an Modern Chemistry Research Institute, Xi'an 710065, China)

Abstract: A novel N-amino compound—4-amino-1, 2, 3-triazolo[ 4, 5-e]furazano[ 3, 4-b] pyrazine 6-oxide (ATFPO) was de-
signed and synthesized by the reactions of substitution, nitrification-cyclization, neutralization and N-amination using self-syn-
thetic 3, 6-dichlorinefurazano[ 3, 4-b] pyrazine as starting material. The structures of intermediates and target compound were
characterized by means of IR spectra, '"H NMR, "C NMR and elemental analysis. The single crystal of key intermediate—tetraeth-
yl ammonium 1,2, 3-triazolo[ 4, 5-elfurazano[3, 4-b]pyrazine 6-oxide (TTFPO) was obtained, and the crystal structure was ana-
lyzed. The crystal of TTFPO belongs to monoclinic system,space group P2(1)/c, cell parameters: a=9.237(2) A, b=22.162(5) A,
€ =7.3506(17) A, a=90°, B=98.378(4)°, y=90°, V=1488.6(6) A*, Z=4, n=0.100 mm™', F(000)=656. The study on thermal
stability of ATFPO by using differential scanning calorimetry (DSC) method show that its melting point is at 208.77 °C, the ther-
mal decomposition peak temperatures of ATFPO are 247.13 °C, 293.68 °C and 378.29 °C, respectively. Based on the calculated
(CBS-4M) heat of formation and the experimental density, the detonation parameters of ATFPO were computed using Gaussian
09 program and Kamlet-Jacobs equations. The heat of formation is 705.4 kJ-mol™, the detonation velocity is 8743 m-s™', the det-
onation pressure is 34.6 GPa and the detonation heat is 5970 kJ-kg™'. The mechanical sensitivity was determined according to
BAM Fall hammer method, and the impact sensitivity is 35 J. Results show that ATFPO is a novel high energy density material
with good thermal stability, insensitivity and preferable detonation properties.

Key words: energetic materials; 4-amino-1, 2, 3-triazolo[ 4, 5-e]furazano[ 3, 4-b ] pyrazine 6-oxide; synthesis; characterization;
properties
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