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2-fii§ He-3-F -7 -4 0 i H-2, 4,6, 8-DU & A AUI [ 3.3.0 ]2 %i 1 A BRI BE 807

P BR 256 R BE IR 25 4 14T T AR M A i L R B R
SE T B S P SRR A T AR, L A B T BB A
K AR MR A RS SE H (2, 5-dinitroimi-
nooctahydro imidazo[4, 5-d]imidazole, DNII) . %
A LAAE TAE R B 2087, KL DINGU 8 3 % 5] A H IR
S5 A8 e 08 A RIRE B 43 1K A S B 14 ) 4 T H g
K.

R ATR G H ES 18 ST 5t 1 IR & etk &9
FR AR B A9 52 e KL AS I 5T S R T SR H IR S H K
SERG I R B AL A W — 2 B -3 -7 A W R -2, 4,
6,8-VU R A AN 3.3.0] ke (4) o dlad 3 L2050
T A REICIR 0 AT R X 4R B R AT B B R e
TG WA R E-2E R 38 R
(TG-DSC) IR A Hr i, RGEHWEFR TG 4 1 IR
M. RS, R EXPLOS 0 % ok  h R it 47 T
T . ASBHEE R e RL U T AR 2 R LA H IR BE 2R
SR MR RN E B AL T 2%

1 SCIG#ER4y

1.1 KA S5EE

W s & KW (BT T AR AR e 1 A7
FRATED,40% ) , A FE AR (it BT T A AL B4 B4 A PR
I, 98%) , BRE (g BT h T A A B 0y A BR 2
Al ,>99.5%) , B R 240 ([ 24 4 A A2l i A IR &
S ATAE AR>99.5%) , Wk Eh R (F PRI A A TR AT A IR
Al ,36%~38%) , Ve i R (L #0 iT Bk B 2 S A BR S D
98% ) , & NHAH TR (LA i BHE Ak 2% i AT FRA 7] L,98%) o

X #% : PerkinElmer Spectrum I 7 {# HL - 25 o 2T
ANETEAN (8R4 3% R BRA A ) 5 Avance 1T 400 MHz #%
s I R 0k 1% A (A B 5 28 H ) 5 Vario EL CUBE JC & 43
A (T [ JC R 4 R G0 7l ) ;D8 Venture X-Hf 4k
W AT S AL (A & 58 28 &) s NETZSCH STA449C I 2545
P BT AL BT s FSKM 10 BAM FI 458 51 % i i )|
AL BFH 12 BAM 742 AL o J8 I 4%
1.2 &K%

DL FEAR 1) R JERE AN 2 — B A7 X 3R 15 3] 4,
5- F KL ok BE-2-W6 (2) , FRORE 4, 5- 5 K m
We-2-f (2) 5 IR £ B oK 45 & 4 B 3-8 W%
F-7--2,4,6,8-T0A 4 WHA[3.3.0] ¢4 (3), )G
25 i VR TR A Ak A5 ) B 487 W) 2 k- 3T - 7 - SIF i
$-2,4,6,8-TUR IR [3.3.0] 5t (4) . Ak
fn Scheme 1 flF 78 6
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Scheme 1 Synthetic route of compound 4

1.3 LI’
1.3.1 4,5-"HEKMEE-2-F1(2) WE K

T, 17 50 mLEE B IR G 40% & K
W (5.8 g, 40 mmol) Fl & B /K (5 mL) , A Bk IR
AN (300 mg) AT pH Ky 7~8, FEZE 12 A AR LT (1)
(4.16 g, 40 mmol) , F+ ik % 42 °C, 30 min J5 fil§ 2 K
A AR RN 3.5 h A UK BETOVE , W S R, D
KK Ve, B2 TR A F e A4 2(3.3 g, 20 mmol,
R 50%) . 'H NMR (400 MHz, DMSO, 25 °C)é:
9.17 (s, 2H, NH) , 6.51 (s, 2H, OH) , 4.85 (s, 2H,
CH);"C NMR(100 MHz,DMSO, 25 °C)8: 160.98,
85.00; IR (KBr, v/cm™) : 3465.7, 3392.0, 3302.6,
3208.7, 1588.1, 1553.8, 1481.0, 1418.0, 1347.3,
1268.0,1119.0, 1061.8; Anal.calcd for C,H,N,O,:
C 22.23, H 3.73, N 34.56; found C 22.57,H 3.81,
N 34.20.
1.3.2 3-4IFpRE-7-F1-2,4,6,8-MRFWIR[3.3.0]

FiR(3)HWEK

FIRT R E (.11 g,18.5 mmoD) % T 12.25 mL
JKAN3.75 mLRERBR IR S WM P InA 4,5- 2 5
Wk e kg-2- (2) (3 g, 18.5 mmol) , 7FiE 2 105 °C,
10 min 5 4, 5- & HE Dk be -2 (2) 58 42 15 i, J 0z
4 hJEARUTIE , #8508, voK P, B T8, 15 5]
F [ 4K 3(1.2 g,6.45 mmol, 7% 35%) . 'H NMR
(400 MHz,DMSO, 25 °C)8: 9.25(s,2H,NH) ,7.53
(s,2H,NH),5.54(s,2H,CH);"C NMR(100 MHz,
DMSO, 25 °C)é: 161.80, 161.14, 67.31; IR(KBr,
v/cm™) : 3324.0,3132.4, 1603.6, 1560.2, 1442.3,
1295.3, 1136.1, 1096.1, 1044.8; Anal. calcd for
C,H,N,0,:C 25.81,H 3.25,N 45.15;found C 26.17,
H 3.08, N 45.55,

N XK 2025 % $ 334 #7484 (806-814)
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1.3.3 2-FHE-3-BR-7-fH LR E-2,4,6,8-P0 & & WA
[3.3.0]F % (4) & R

0~5 °CF, [ B FH AU AR B EZ (0.6 mL) ,
RARGEIR (1.2 mL) , 18 m A 3-h W i 5&-7-1 -2, 4,
6,8-U R A B[ 3.3.0]F4E(0.4 g,2.15 mmol) , 3-fif§
i -7 -1 -2, 4,6, 8-DU A % AR [ 3.3.0] E 4 (3) il
TRV, S 40 min Ji5 R SN B PR 8 A
VKOKVEG , B2 T SR A s a5 4003 g,
1.33 mmol,* % 62%). '"H NMR(400 MHz,DMSO,
25°C)8: 9.81(s,TH,NH),9.67(s, 1H,NH),9.25(s,
TH,NH),6.26 (s, 1TH,CH) ,5.62 (s, TH, CH) ; "°C
NMR (100 MHz, DMSO, 25 °C)é§:162.22, 149.29,
69.39, 64.12; IR (KBr, v/cm™) : 3387.6, 3157.0,
3009.2, 1773.6, 1594.2, 1572.5, 1538.8, 1474.4,
1291.0, 1263.1,1215.0,1094.3,1050.4; Anal.calcd
for C,H,N,O,: C 20.79, H 2.18, N 42.42; found C
20.98, H 2.51,N 42.13,
1.4 S5k

DL B R AE R R 40 B AL &9 3 LG4 4
P A0 RV W, 78 B0 T 218 5k, o b & 1 3 KgAK
A0 A 153 8 & AR 3-0.5H,0 Fit 5 A5 d1k
G4, BEBURF A I AR o Y A B XS 2R B
TS AE 150 K R #E47 508 Wi gk

¥ M Accupyc Il 1340 B 4 [ 2y 725 % FE 1T X+
PR A S ) 4 R AT % R S

FIFH CrystalExplorer ' 2: il 4k & ¥ 4 #) Hirshfeld
F00 M 2D #5801, Multiwfn 2 854 F Vind 22 22 1 %
T 5 L 3

i AL FR IR 1 mg 25 5 B R AAT,
FIH TG-DSC [R5 #4534 5 Ak A5 4 4 () 3R e 7k
W FHE R A 5 °C-min', i VL FE R 25~400 °C.

AR LA 4 194 58 A% BE 32 FH EXPLOS V6.027
B EAAG Y 4 SR . 1% B BAM I K AR
EST RN SR A 25 (30+1) mg (10+1) mm®, 1 kg
JoT i Y B9 S RA RS BRI R B 10~35 °C, A X
KT 80% , M A A 4 11445 ol J% B R 82 JRk

2 FR5WiE

2.1 BIEEHBN

Gy dh R 3-0.5H,0 , b &1 4 i AT X-GF 4k 5
mn AT A5 B AR AR R n gk 1 TR .

MEITLLAEH, Mik3-0.5H,0)8 Tk &,
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C2/cZ3 M, AKEFR B IC TP & 10 F(Z=1) %
H1.763 g-ecm (150 K) f il B0k a=13.806(2) A,
b=8.2124 (14) A, c=13.029 (2) A, a=y=90°,8=
95.412°, /K 3-0.5H,0 8 K fIE S 5nsk 2 .%3
JIER 25 ()25 K Rt M HE AR O sCan |1 s . fEAR G
¥ 3:0.5H,0 0y AR E N —N(2) K R
1.370 A, 9 N—N B K C(1)—N(2),C(1)—N(3),
COT)—N(4) B2 4 1.341 A,1.343 A,1.326 A,
LI N(2) 1 P HF RN L 5 N(3) N (4) B 00
HLFAELRL COD PO B = A C—NEZ MRS T — e
BT R LB A R AT C=NBE K /N Tl %5 T C=N 3L 4
K 1.34~1.38 AMEH . FEEH,C(4)—0(3),
C(4)—N(5),C(4)—N(6)4 K254 1.243(4) A,
1.352(4) A,1.348(4) A, fE e — P E T4tk 2
T C4) LR C—O 8 A C—NE Z 1], C(2)—N(3),
C(2)—N(6),C(3)—N(4),C(3)—N(5)# K 551K
1.441(4) A,1.448(4) A,1.456(4) A,1.432(4) A, }aT
C—N AR BB N(3) ,N(4) ,N(5),N(6) 1 X}
B 5 C(2),C(3) 1 sp’ 2= LU B 2 50 200 #5255 &
M Tan] DL 43 F AR AE C(2)—C(3) B 4351k 1
AN oI AP e A 119.61°
(F1b) . AifA 3-0.5H,0 HAEAE S5 I A M 45 Horp 3=
A N(4)—H--O(2) K73 T Sk fE K 2.0840(2) A,
S F I N(3)—H---O(3) ,N(5)—H--N(2),#
K350 1.9420(3) A,2.1536(3) A,

MK 48 T =R R L P-1 S AVBE A X R BT
TR 2N F(Z=2) 5 5 1.881 g-cm (150 K)A &
Ko7 S8 a=6.5172(3) A,b=9.4087(4) A,
c=13.6334(5) A,a=y=90°,8=102.542(2)°, fikib&
W4 SR RN AU S BN 3 4 3R 5 TR, 28 ) 45 4 A
rn M HERR A 2 s o FE 6 S AL N R 5l A
TS5, TS A9 N(6)—C(4) 8K 5 N(6)—C(2)
K510 1.4443(0) AFI1.4761(1) A FRE T3 AR
SETT A B X P 5 A AR C IR B A B R
e H R N(6)—C(4) 8K iy 3 K 5 ok i 2, Z W 2 1)
SrBH B 520 T, 3 He Sk i, AT I 45 R i X N(6) Jit
T AAER IS EH . X —H 55580 C—N g H] 1 i
¥ 2 38 SURR BEREAIG, 1 17 8 75 8 1A 1) B R 25 M A
AT, G AR TRV BB g, —
M0 119.04°, RS =4 ZRMEE 2N 0T EA
DU 1], T8 B T T RN B R P b 23 s 25 44 BTG, 3 R b
BATCAE Y1 AR HES R R A AR, S R
FET AR H A F RMERRRCR . Ak, TR B 2
At
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2-fii§ He-3-F -7 -4 0 i H-2, 4,6, 8-DU & A AUI [ 3.3.0 ]2 %i 1 A BRI BE 809

F1 L5 3-0.5H,0 Fl 4 SRS 5o

Table 1 Crystal data details for compound 3:0.5H,0 and 4

parameters 3:0.5H,0 4

CCDC 2395403 2395404
empirical formula C,H,N.O, C,O,N,H,
formula weight 195.16 231.15
temperature/K 150.00 150.00
crystal system monoclinic triclinic
space group C2/c P-1

a/A 13.806(2) 6.5172(3)
b/A 8.2124(14) 9.4087(4)
c/A 13.029(2) 13.6334(5)
a/(°) 90 90

B/(°) 95.412(5) 102.542(2)
y/(°) 90 90
volume/A® 1470.7(4) 816.03(6)
V4 1 2

Peatc / grcm™ 1.763 1.881
w/mm™ 0.153 1.534
f(000) 808.0 472.0
radiation moka (A=0.71073) moka (A=1.5478)

26 range for data collection/(°) 5.778 t0 52.768
index ranges
reflections collected 5965

1500[ R, ,=0.0699,R

int sigma

1500/0/126

independent reflections
data/restraints/parameters
goodness-of-fit on £ 1.037

final R indexes [[>=20 (1) ] R,=0.0611, wR,=0.1472

final R indexes [ all data] R,=0.0937, wR,=0.1696

-17<h<17,-10<k<10,-14<I<16

=0.0642 ]

9.436 to 150.868
-8<h<7,-11<k<11,-16<I<16
7016
3110[R,=0.0423, R, .
3110/0/361

1.032

R,=0.0394, wR,=0.0955

R,=0.0479, wR,=0.1022

=0.0548]

£2 LAY 3-0.5H,0 Sk iy fb i K
Table 2 The chemical bond length in the crystals of the

compound 3-0.5H,0

®3 LB YW3-0.5H,0 kb r S KA S
Table 3
crystal of the compound 3-0.5H,0

Hydrogen bond long bond angle parameter in the

bond bond length / A | bond bond length / A
O(3)—C(4) 1.243(4) N(3)—C(2) 1.441(4)
N(2)—N(4) 1.370(4) N(4)—C(3) 1.456(4)
O(2)—N(1) 1.239(4) N(5)—C(4) 1.352(4)

N(2)—C(1) 1.341(4) N(6)—C(4) 1.348(4)
O(1)—N(1) 1.249(3) N(5)—C(3) 1.432(4)
N(3)—C(1) 1.343(4) N(6)—C(2) 1.448(4)

N(4)—C(1) 1.326(4) C(3)—C(2) 1.558(4)

YA L I N(4)—H(4)--0(2):2.0455(1) A,
N(4)—H(4)--0(6): 2.2143(1) A, N(5)—H(5)--*N(9)
2.0134(1) A, b — L5807 40 11014 4 M vk L 4
TaEA R, TR E BTS2 0 a7 HE U K
U TR E NG A N e O 1 e - Al A RS 7/ R TR N
WM BE R ARTIA 3-0.5H,0 A & W BT}

CHINESE JOURNAL OF ENERGETIC MATERIALS

D—H HerA DA
bond bond bond bond
lengths / A lengths / A lengths / A

/(DHA)
/(°)

N(4)—H(4)---O(2) 0.8800 2.0840(2) 2.5894(3) 115.648(8)
N(4)—H(4)---O(4) 0.8800 2.2367(2) 2.8195(3) 123.497(8)
N(3)—H(4)---O(3) 0.8800 1.9420(3) 2.8217(4) 178.369(8)
N(5)—H(4)---N(2) 0.8801 2.1536(3) 2.9966(5) 160.203(8)

HBRRAARFTACE W 4 057 5 [ A B AR, R
CrystalExplorer3.1 # {4 %F H Hirshfeld 1 & 2D $5 4C
FIFEAT 750 anl&l 3a firzs , Hirshfeld ST H#A 1)
£ DX, A AR A SR AU 2 IR ] S SR ) 32 2
AR T IR ST A W B ST A BON(3) UN(5)
B 3T, 1 G 00 0L T UK R U Y L A 3b
Fros 45 SCE B — AU Hirshfeld i A9 T

N XK 2025 % $ 334 #7484 (806-814)
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c. distribution of molecules

@

19.61° ’a.

b. intermolecular angles

d. 3D crystal packing

B AbE%3-0.5H,0 /S SE5 K T A A S T P SR T R gy T MR AR A5 A 1A

Fig.1 Single crystal structure, dihedral angle measurement, in-plane hydrogen bonding and molecular packing structure dia-

gram of compound 3-0.5H,0

E LI AR/ RN R e S 3N
Table 4 The chemical bond length in the crystals of the

compound 4

bond bond length / A | bond bond length / A
O(5)—N(7) 1.2228(19) N(3)—C(2)  1.432(2)
0(3)—C(4) 1.207(2) N(4)—N(1)  1.368(2)
O(1)—N(1) 1.235(2) N(2)—C(1)  1.341(2)
O(2)—N(1) 1.233(2) N(4)—C(1)  1.327(2)
O(4)—N(7) 1.2186(19) N(4)—C(3)  1.464(2)
N(6)—N(7) 1.384(2) N(5)—C(3)  1.433(2)
N(6)—C(2) 1.475(2) N(5)—C(4)  1.345(2)
N(6)—C(4) 1.438(2) C(2)—C(1)  1.542(2)
N(3)—C(1) 1.349(2)

x5 AW 4SRRI B A S AL
Table 5

in the crystal of the compound 4

Partial hydrogen bond long bond angle parameter

D—Hbond H---Abond D---:Abond (DHA)

bond lengths/A  lengths/A  lengths/A  /(°)

N(4)—H(4)---O(2) 0.8803 2.0455(1) 2.5825(1) 118.347(4)
N(4)—H(4)---O(6) 0.8757 2.2143(1) 2.8539(1) 129.654(4)
N(5)—H(5)-*N(9) 0.8632 2.1134(1) 2.9459(1) 161.845(5)
N(4)—H(4)---N(2) 0.8757 2.0861(1) 2.5854(1) 115.368(4)

Chinese Journal of Energetic Materials, Vol.33, No.7, 2025 (806—814)

A R AR TR R A BH S Y 2R R A AR R T 4 T T
FIMO--H N HAHMEH ., WE 3ciin, ki 4
i A O« H M BAE F o5t 49.6% , J2: 5L 8] 55 A
AR TR AR B B AL SR 4, N H A BLAE T S L
7.5%. WANO--N,O---O fl O---C % mr-m # HAF F Xt
5540 HAE FH RS SRk 2 M 16.7%,10.3% F115.9% , 55
T A BAEH . R SRR AR X D R 0 e
AHEAE L [RE BT % 0 2RSS L 4R & T 4
T s IR T

i 2ok e T L U CESP) 20 A vl LU R AHE T i Ak
S W RN . FH Multiwfn il Vind XF L& 47 4
) i FL SR AT A 9T, 45 SR AN R 3d i, Hod Y IE A H
G 500 FH AT 60 R £ 3R o 38 R TR I 1E L S BUE A
TE A X 2 5 O o OB R L RS 4 1 E
PR B AE PR MR W b, e RE R
300.96 kJ-mol™, it F # D) 5= 2 A e 75 il JE R 5 4R
J5 T B 3T, B /ME R —163.72 k)-mol ™ b & W 4 P A
B/ TE BB I H XA K B A B R R
RDX(15=8 J, FN=120 N)"“2/4§24
At
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b. intermolecular angles

c. 3D crystal packing d. distribution of molecules

2 AW 40 R AS R A T TN SR P R RS A T

Fig.2 Single crystal structure, dihedral angle measurement, in-plane hydrogen bonding and molecular packing structure dia-

gram of compound 4

06081.0121416182022242628
a. Hirshfeld surface b. the 2D fingerprint

~-300.96 kJ:mol”

other,
N-H,7.50% 1590%

0-++0, 10.30% Q"'H, 4960%

-163.72 kJ-mol’

-163.72 kJ:mol " NN W 300.96 kJ-mol’

c. the individual atomic contact percentage contribution d. electrostatic potential surfaces
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Table 6 Physicochemical properties of compound 4, DINGU,

TNT, RDX

AH Vo P T, IS FS
compound 0/ igemol fmest /GPa /C /) /N
4 1.85 -39.9 8538 30.2 243 10 120
DINGU'! 1,87 -244.5 8244 282 257 8 300
DN 1.87 -639.2 8890 35.8 327 10 103
TNTH2 1.65 -59.3 6824 19.4 300 15 353
RDX"? 1.82 70.3 8801 33.6 204 8 120

Note: p is decomposition temperature at 296K.AH is the calculated molaren-
thalpy of formation in solid state. v, is the calculated detonation veloc-
ity from EXPLOG5/6.02. p is the calculated deto-nation pressure from
EXPLO5/6.02. T, is decomposition temperature (onset). IS is impact
sensitivity. FS is friction sensitivity.The detonation velocity, detonation
pressure and enthalpy of formation of DINGU are calculated from the

density and decomposition temperature of the literature.
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Synthesis and Properties of 2-nitro-3-keto-7-nitroimino-2,4,6,8-tetraazabicyclo[ 3.3.0]Joctane

ZHANG Pei-wei', YANG Hai-jun', JIANG Tian-yu’, CHEN Shi-luo', LIU Tian-lin®
(1. School of Materials and Chemistry , Southwest University of Science and Technology, Mianyang 621010, China; 2. Institute of Chemical Materials, CAEP,
Mianyang 621999, China)

Abstract: Tetraazabicyclo molecules have attracted extensive attention from synthetic energetic materials researchers due to their
high density and detonation performance. To expand the types of skeletal structures of tetraazabicyclo molecules and explore the
intrinsic relationships between different skeletal structures, in this study, nitroguanidine, glyoxal and urea were used as raw ma-
terials to construct a tetraazabicyclo framework by two-step cyclization reaction, and then nitration was carried out to obtain
2-nitro-3-keto-7-nitroimino-2, 4, 6, 8-tetraazabicyclo[ 3.3.0 Joctane (4). This compound is a novel tetraazabicyclic molecule in-
corporating both glycoluril and nitroguanidine structural motifs. The structure of the intermediates and target compounds was
confirmed through fourier transform infrared spectroscopy, nuclear magnetic resonance, elemental analysis, and X-ray single
crystal diffraction. The intermediate crystal 3:0.5H,0 and the target compound crystal 4 were obtained. Among them, the crystal
of compound 4 belongs to the triclinic crystal system, P-1 space group, with a density of 1.881 g-cm™ (150 K), and with unit
cell parameters of a=6.5172(3) A, b=9.4087(4) A, c=13.6334(5) A, a=y=90°, B=102.542(2)°. Compound 4 was tested by
TG-DSC simultaneous thermal analysis, and its enthalpy of formation and detonation properties were calculated using atomiza-
tion method and EXPLO5 software, and its mechanical sensitivity was tested by BAM method. The results showed that the ther-
mal decomposition temperature of compound 4 reached 243 °C, the theoretical detonation velocity and detonation pressure
were 8538 m-s™', 30.17 GPa, and the impact sensitivity and friction sensitivity were 10 J and 120 N, respectively. It has good
detonation performance and thermal stability.

Key words: synthesis;tetraazabicyclo;density ;thermal decomposition temperature
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