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Scheme 1 Synthesis of compound 4

1.3 XWIRE

(1) 3 -4 2 KLk me IR [5,1-c][1,2,4] =%
(2) 5 L

IR T B 5-2 Bk (1.00 g, 12.00 mmol)
JWAE] 10 mL/KFI 4.3 mL ik 6 2 09 TR A i ot i #3
WA K NaNO, (1.00 g, 14.50 mmol) ¥ T 16 mL
Ko HIAR R B, R4 0~5 C, K BEERHINE A
HL RN 0.5 h R ER G Co # ZJ5 (0.96 g,
14.50 mmol) M Z iz 44 (4.93 g, 60.16 mmol) i# T
29 mLKH IR D, SR AR % T D &
5 N B S W C b, W AR SR 2~3 h, B i AR
@A, Uk, oKk, TRIE R 1.89 gk & W 2,77
#98.1%.

(2)3-Py e -4 FLme e 3f-[5,1-c][1,2,4] =%
(3G L

KAk &9 2(1.6 g,10.0 mmol) . & A L#h(0.7 g,
11.0 mmol) A& L4 (0.6 g, 11.0 mmol) fil A 20 mL
DMF 1, 7E120 C RN BI12 he B EERG,
R BR 2 DMF A4 5% R W v i rE K b, I 10% Eh iR 55
pH 2 1~2, 5 U8, KoK Bk, T 515 1.99 gtk &4 3,7
K 98.0%., 'H NMR(500 MHz, DMSO-d,, 25 °C)é:
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4% : 52 [ PerkinElmer 22 #] Spectrum 100 f# B
AR e 2T AW O 3 A 5 Ultimate3000DGLC X =T |
YRV €A R B 5L R R B B - BruckerA-
vance600 I ¥ i 36 9= 9 3% 4 5 55 F TA A | Q200
DSC MY 5 35 B TA X #5222 & SDTQ600 [ 25 #4453 #r
1% s BAM BE 48 IR E Y ,FSKM 10,452 OZM A ] ; BAM
i BB, BFH 12,552 OZM /A Fl .

1.2 A%

DL S-S Sk e (1) 2 Bk, il i 8 A Ak R kA 3
R4 M IR (5, 1-c][1,2,4] =8 (2), #—
5 &R AN R A1, 3B AR BRI AR N A5 F) 34 e
Be-4- LM If[5,1-c][1,2,4] =8 (3) , I & KM
i R/ £ TR T i AL 8 pH (B 45 2] 4-fi 2 3L -3, 8- fiff 3
MEmEIE5,1-c]01,2,4 ] =B K8 £ (4) (Scheme 1)
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N N~ —_— N Vi
W)Y N 2 KOH OQN)\( ~N
—N NH, N.
K™ nNo,
3 4

7.07(d,1H,—CH),8.37(d,1H,—CH),8.57(s, TH,
—NH,),9.39(s, TH,—NH,) ; °'C NMR (125 MHz,
DMSO-d,, 25 °C)8:153.23,149.47,145.85,139.81,
115.57,98.42; IR(KBr,»/cm™) : 3297, 3149, 1661,
1584, 1441,1360, 769, 681; MS(ESI) , m/z:202.10
[M-H ] ;HRMS(ESI), m/z: 202.0591[M-H ],

(3)4-fif A HL-3, 8- B mb e 31 [5,1-¢J[1,2,4]
SREPER (4) 1A

1.5 mL Ac,O It AR B, 8 E1 2 -5~0 °C,
G2 M 0.5 mL & JHAE R , L SN 5 ming SR JE ¥
fE4 %1 3(0.203 g, 1.0 mmol) 434t (0.02 gx10) il A k.
IR ORE R AR AR —5~0 °Co fIkHSE 58, 4
FERN 3 he KRG EIA RV, H KOH WA T pH 2
2~3 07 B AR 8, voK YR, TS 51 0.122 gk
G4, 77 44.5%, '"H NMR(500 MHz, DMSO-d,,
25 °C)8:9.01 (s, TH, —CH) ; °C NMR (125 MHz,
DMSO-d,, 25 °C)68:145.11,143.96,143.84,138.17,
122.94; IR (KBr, v/cm™) : 3443, 3128, 1574, 1551,
1517,1491,1452,1376,1334,1249,1184,817,766;
DSC (10 °C -min™") : 203.4 °C (dec.) ; MS(ESI) , m/z:
269.35[M-KJ;HRMS(ESI), m/z: 269.0018[ M-K] ",
S Xt
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1.4 ZH5HgEnik
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{SGHEAT 2544 53 B
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JNFGHE =Ky 5 °C-min™', & F R 25~500 °C.
PERETT 5 a2 % 5 17 pR B P Y B3LYP Sk g1
XL G 4 0 A RS 2R AT B8 15 5 32 A EXPLOS
(V6.05.04) A1 0 HL ko R TR 4T BB AR .
BAM I3zt ; #%¢ B SC ik [ 201 BAM I3 A o, 25 =
(30+1) mg, ¥ #E i & 0.5 kg, BRI 10~35 °C, #
X Vi BE AN KT 80% , M Ak 75 4 4 1) fi o J i B
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Scheme 2 Possible synthetic mechanism of compound 4
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2.021 g-cm™, R 2 AT UL, oL RN =8 ) C—CHY
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Table 1 Crystal data and structure optimization parameters of compound 4
parameter 4 parameter 4
empirical formula C,HKN,O, w/mm’™ 0.576
formula weight 308.212 F(000) 617.4
temperature/K 150.00 (10) crystal size / mm’ 0.29%0.21x0.2
crystal system monoclinic radiation MoK (1=0.71073)
space group P2./c theta range for data collection / (°) 4.82t052.78
alA 6.4616(9) index ranges -6<h<8,-18<k<19,-12<i<12
b/A 15.609(2) reflections collected 7067
c/A 10.1426(13) independent reflections 2064[ R, =0.0941 ,Rbigmd=0.0936]
al(°) 90 data / restraints / parameters 2064 /0/181
B/ () 97.938(4) goodness-of-fit on F* 1.143
y /() 90 final R indexes[ />=20(1)] R,=0.0598, wR,=0.1188
volume / A® 1013.2 (2) final R indexes[ all data] R,=0.1143,wR,=0.1514
z 4 largest diff. peak / hole / e-A™ 0.76 / -0.82
Peuc/ grem™ 2.021 CCDC deposition number 2415131

R2 LAY AR e B R T A
Table 2 Selected bond lengths and dihedrals of compound 4

bond bond lengths / A dihedral bond angles / (°)
C(1)—C(2) 1.386(6) O(1)—N(1)—C(2)—C(1) 1.6(5)
C(2)—C(3) 1.399(6) O(3)—N(4)—C(4)—N(3) -31.2(4)
C(4)—C(5) 1.430(6) N(1)—C(2)—C(3)—N(7) 178.7(5)
N(2)—N(3) 1.328(5) N(1)—C(2)—C(3)—N(2) -4.8(6)
N(5)—N(6) 1.361(5) N(2)—C(3)—N(7)—N(8) -174.0(4)
N(7)—N(8) 1.366(5) N(6)—C(5)—N(7)—N(8) -0.9(4)

N(B)
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coordination environment of ligand c.

coordination environment of K

Molecular structure, coordination environment of ligand and K atom of compound 4

il if Crystal Explorer 8 R E T AW 4 1
Hirshfeld % [ . 2D 4§ £ A1 7 (8] A0 B AE FH 0 b ), 45
BN 3 s . K 3 Hirshfeld 26 0 21 A9 [ 5 3%
7R G [R1 5 AR BV FH g, W 658 43 7 43 18] 55 4 AR
. W 3a~ciTLLE AL &9 4 21 (6 5] 4 32 22
Oy AFESY FEERI AP o X AR R L) AR
TR LR 58T 2 R A EH (KO
K---N), ifi Hirshfeld % I & M #1#Y 28.7% . Hirshfeld
FKm WA FERRS FE T HEAEM
4 et
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a. the 3D MOF extended along the a-axis
B2 (a4 alihy ' 3D MOF 45 # 1] 5 i a il iy L ]

b. view along the a-axis

Fig.2 The 3D MOF extended along the a-axis and view along the a-axis of compound 4
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a. Hirshfeld surface diagram b. two-dimensional fingerprinting c. proportion of interatomic interactions
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Fig.3 Hirshfeld surface diagram, two-dimensional fingerprinting and the proportion of interatomic interactions of compound 4

AW 41 O--O K---O MHEAE A (5 Hirshfeld 2 1 &
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FER AU . LA AR O H Z IR S Y L
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1) 4548 SRR E .
2.3 RS

WF5E i TG-DSC S5 3P4l T4 &5 4 4 iy i da
k. WWE 4% DSCHIZrT LIE i, 7E 5 °C-min™' i F+
KT L&Y 41F 203.4~220.3 CH LT 45—
AT L TE 296.2~324.2 CCIN LT 45 A R
g | HL I R I 3 43 0 A 212.1 °CHIT312.0 °C. i i 7
DSC il 2k iy 3 2k 55 e B i i 53 A PE DD 4R, 15 31 AH
22, WAL B W 4 R IR 4 i TR EE D 203.4 °C
TG M & AE 5 °C-min™ (Y Fh I 4 52 350 m A B Y
REBE,HE R E I 2032 Chb, R E
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Fig.4 DSC and TG curves of compound 4
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EYEREIN R 4 PR .

MR AT I LAY 416 150 K R H A8 s %
(2.021 g-cm™) , X H K Fixfb & 9 B A 0% 19 = 4k
FREEHY o & Re ARl 95 25 1k i 5 I AR KR 2% DI AH G,
A R T RN AR G ) IR R R TR Y A B A R,
PRl O 8 55 Pk BE LR AT o AR5 W 4 5 B I AR LR
I R AR R 4 5l 8717 m-sT A 33.5 GPa,

NO,
/ + NHy+ 3CH,———»
N 3 4
OZN)ﬁ/ \N
N@
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Scheme 3

R4 LAY 4 5L REA R BLAL TERE

BT HNS(7612 m-s™,24.3 GPa)* MITNT(6881 m-s,
19.5 GPa) LA K & E MOF #4 8 MOF(Zn)-3(6547 m-s™,
22.17 GPa)"?, #3t RDX(8878 m-s™',34.9 GPa)" "' #il
3D EMOF ##H Ag,(2-ntz),],(8970 m-s™,44.87 GPa)"”"’,
AN i BAM V& 4 i 50 R BAM JEE #8235, 43 Sl XF
b4 W 4 (4 5 580 (1S) R 8RR BE (FS) AT i
M. F48R AW 400 E A EE B (15<3 ),
FS=168 N)# HNS(1S=5 J, FS=240 N)™Hl TNT(/S=
15 ), FS=353 NPT SRk, 3 2 P Ry i s b 4 i 4
B F 5 WLEC AR TE 1R B e A 454, 24 52 2] 40 )
i B TE A S 2 T T R s 5 R BE 2 R, TR UK
FER .

N
N e)
)+ 2NOCHy+ NHNOZ+ CHNH,
!

N

Isodesmic reaction for calculating the heats of formation of compound 4

Table 4 Physicochemical properties of compound 4 and other energetic materials

compound p/g-cm™ AH,/k-mol™ T,/°C D/m-s"! p/ GPa 1S/} FS/N
4 1.977/2.021(150 K) 286.6 203.4 8717 33.5 <3 168
HNS!2! 1.75 78.2 318.0 7612 24.3 5 240
TNT! 2 1.65 -67 295 6881 19.5 15 353
RDX!! 1.80 86.3 204 8878 34.9 7.5 120
MOF(Zn)-3%2! 2.22 2.899 k)-g™' 308.2 6547 22.17 >40 >360
[Ag,(2-ntz),]'* 2.805 5.550 kJ-g”"' 301.8 8970 44.87 >40 >360

Note: p is the density at 298 K. AH, is the calculated heat of formation. T, is the thermal decomposition temperature determined by DSC exothermal peak at 5 °C-min™".

1

D is the calculated detonation velocity. p is the calculated detonation pressure. IS is the impact sensitivity. FS is the friction sensitivity.

3 %t

(1) Rh5-a SEnems (1) 4 Ik}, 20 & A Ak R 1k 3R
s R R B Ty A5 #) 3-1d w421 Lk [ 5, 1-c]
[1,2,4] =W (3), R J5 76 K MR A R/ £ TR BF IR A 1R &
Hr Ak, i S CA ALY pH 1S B T — ol L B
AW 4-mE-3, 8- higF Mk 3 [5,1-c][1,2,4] =
R (4),

(2) b4 W 4 2 — Fh JC ¥ 390 1 40 2 = 4k & g A AL
HAEM B, ARG 40 BARSEH h K R R4
(T G A K5 8 N0 4o v A i A, M 2 1 L
Ao % (2.021 geem ) H EE E (0 R R
203.4 C) WY B L5 K . SR, WM ) = 4E MOF 4544,
i 13 16 & W1 4 XF Bt S Ty i by F0EE 45 (1S<3 ),
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FS=168 N) [ fig )14 A% .

()L AW 4 BB ke o RN K 53 38 8717 mes™
M 33.5 GPa, i T 1% 48 KE 25 HNS AL TNT L J& & B
MOF #1 ¥} MOF (Zn)-3, # & RDX #1 3D EMOF #1 ¥}
[Ag,(2-ntz),],.
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Synthesis and Properties of a New Pyrazolo-triazine-based Energetic K-MOF

CHEN Zheng-guo', ZHANG Li', ZOU lJia', LI Hao-ran', ZHANG Xiao-tian’, XIE Hu-gen', SHI Hai-chuan', ZHOU
Qian-zai', HUANG Ming’, YANG Hai-jun'

(1. School of Materials and Chemistry, Southwest University of Science and Technology, Mianyang 621010, China; 2. Yibin North Chuanan Chemical
Industries Co., Lid, Yibin 644219, China; 3. Institute of Chemical Materials China Academy of Engineering Physics, Mianyang 621999, China)

Abstract: Energetic potassium 3, 8-dinitro (pyrazolo [5, 1-c] [1, 2, 4] triazin-4-yl) nitramide (4) with a 3-dimensional
metal-organic framework (3D EMOF) was synthesized via diazotization, cycloaddition and nitration by using 5-aminopyrazole
(1) as raw material. Compound 4 was characterized and analyzed by nuclear magnetic resonance (NMR), Fourier infrared spec-
troscopy (FT-IR) , mass spectrometry (MS) , single crystal X-ray diffraction (SC-XRD) , and differential scanning calorimetry
(DSC). The friction sensitivity and impact sensitivity of compound 4 were tested according to BAM standard. The detonation per-
formance of compound 4 was predicted by EXPLO 5 software based on isodesmic reaction. Results show that the crystal of com-
pound 4 belongs to monoclinic system, space groups P2,/c, exhibits a 3-dimensional metal-organic framework (MOF) structure
with a density of 2.021 g-cm™ at 150 K. Compound 4 has a thermal decomposition temperature of 203.4 °C, a theoretical deto-
nation velocity of 8717 m-s™', a theoretical detonation pressure of 33.5 GPa, a friction sensitivity of 168 N, and an impact sensi-
tivity of <3 J.

Key words: 3D EMOF;nitrogen-rich ring-fused compound;organic synthesis;energetic salt; crystal structure; properties
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