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1,1-2 8 36-2, 2- i 56 245 (FOX-7) Ry JR AL, 48 34
b AEA B T 2R A SIS Z R SRR A K
oA 6-( RS EEH )1, 3- 4 3E-1,2,3,4-14
A-1,3,5-=HR®FE Ik 1.922 g-ecm™, LA IE AP
M I EMRE HMXH Y kAP 4-( i H
F)-1- RS HE-1,3,5- BN 1.873 gecm ™, A
RDX A >4 B 5 25 PR g 5 AR Ay 18 o O . 2022 4,
Rykaczewski % "™ PL 1, 4-— T i@ i 4,5- A 78
Me-3-2, TR £ T s AR R R 2R A5 O TRl o Ak
HEHEAWRT — RV EA 2 AR AL T Bk
SRR LG W R SRR BRI T TINT, BT B AR
FEBERRE . fE LR Z R A e Wi R E R G
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BRARTE T AV 5 % B, A i A5 35 T A 44 0 i 2R 1
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Fh S B BT W MR, 2R T IR (L, T A

€l

R =R X S = R S v 1 D02 1 2 s =1
AL L RE RS SRR AE B, ARk B N AMIF I A
Fl 28 DNNC [ & i 1.2 45 5Pk pe b 47 T K
g2, HAT, DNNC E 22 F M i S
Rz 254k A W) LA K i B 28 Mannich Jz BT oS &
W I R )R, P2 Al A AR 2 P A S A R
45 2, 2- 6 BE-1, 3-T9 BE A 6 AR b o AR
2-UR-2-RHE-1, 3TN RESE R B Y FE AR RN
e AT Mg 45, HH RG] 2R i Y RO

FE TR 2% R 7 1R 1) 285 R O 95 5 1 35 1) g o
£, Rl R G R BB A & ek & W 4t FAk
PRI S R R R Y AE AL AR BF ST LA 2, 2- i 31, 3-0
TR F R T — R R DNNC &, 5
WA G BT VR AR B, e SO R AR e, TG R M
P, R O 5 IR aek AR v 2 ik Ok R A () R, B T TS
At [FBE, G T —F 5 DNNC 2549 2521
A LICIRI A SR &Y, & 17 A A 26 5 D5 26
TR B YR A T A SRR TS . RO A
B np AR B 2T Ab Ok 3% (FT-IR) | % R 3t 4R % 3%
('"H NMR."”C NMR) .7t & 43 #7 (EA) | 2 /R £ 4 12
P-H I (DSC-TG) 55 F B4 DNNC 5 TNDA i
17T 25 K0 AR AR A3 BT 3k, (] Bof o iy 75 B o A o F
177 XS4 0 i 569 D, R AF I S R 2544, OF 1
EXPLOS T ) HL 4 55 R 6B .

1 SCIG#ERS

1.1 KFENEE

WA 22, 2- A8 -1, 3409 AR SR iR 1 B
LA BT B, L e MR R AT R A ] 5 &
T RARGSER L BRI L BR SR N L LB 3 R Ay
Bral, i i B Ak 2 A BRA D

AR« 22 7 4 ik AR R Y, STA449F5, 1
i Bt S 8% ) 32 A IR 2 7 5 4 L 2R 4 21 AP O AL,
TENSOR I , 78[5 Bruker 23 ] ; #8 T 4% @ 31 4k 9% 35 4%,
AVANCE 600 MHz, 7% [¥ Bruker 2% & ; 7 2 43 BT 4%,
Vario EL CUBE, f# [® 7T R /3 #71 R 48 A 7 5 $ o5 AN,
BFH 12, BB 45 A%, FSKM 10, 26 5 2 it 38 B (Jb 57)
FHEA R A A 4 B o B R % B3, ST-300A, )7 R 5
TR AR A PR .
1.2 BRE%

PL2,2-Z 431, 3-8 (1) OB T ek s Rk,
2 —E gk RN AS ) e AR 1, 3-TORCT -5, 5- T

Chinese Journal of Energetic Materials, Vol.32, No.5, 2024 (475—483)

INEMENE(2), A KIMWEIR/CRTFESE1,3,5,
5-DURHIE S M NE (3, DNNC) , & B i 2 11 Scheme 1
Fi s o

NO,
NO, 02% ‘ O?ROZ
HOAV\OH tBuNH, { | (CH,0),0
NO, \i/ ~ \f/ HNO, o NN~Noyg,
1 2 3,DNNC
Scheme 1 Synthetic route of DNNC

PL2,2-Tf3E-1, 3-8 ZEE (1) R 2 e b 5k,
26 BUR A Ak S5 g 45 B b (R AR 6, 6- A -1, 4- R A4
WL (4) , B RINMERR/CTREFMS R 1,46,
6-VUfiFHE-1,4- " A 22 I BEBE (5, TNDA) , & iU £ n
Scheme 2 fli/n .

ON_ NO
NO, _/NH, ONy N, 2 ,
HO/\f/\OH HN % (CH,0),0 —NRSN\NO
No2 HN NH HN03 ozN N\ 74 2
1 4 5, TNDA

Scheme 2 Synthetic route of TNDA

1.3 LI’
131 1,3-ZTRTES5,5-ZHENEBIR(2) M
A

IR B 2,2- 551, 3-8 (2 g,12.04 mmol)
BT 30 mL /KBS 15 mL 8 Tk, 5¢ 0% i
Jei TN T W (3.52 g,48.12 mmol) , & 0 3 he
TEUE PR TR AR (2)1.68 g, MK 72.6%.

'"H NMR (600 MHz, DMSO-d,, 25 °C)$: 3.62
(s,4H,—CH,),3.47(s,2H,—CH,), 1.07(s, 18H,
—CH,) ; "C NMR (150 MHz, DMSO-d,, 25 °C)
8:115.66(—C(NO,),),63.20(—CH,) ,54.16(—C(CH,),),
50.88(—CH,), 26.47(—CH,); IR (ATR,»/cm™) :
3076, 2966, 1572, 1490, 1250, 1166, 1101,
954,745,680;Anal. calcd for C,,H,,N,O,: C 49.99,
H 8.39, N 19.43; found C 50.02, H 8.45, N 19.35,
1.3.2 1,3,5,5-FAENSEE(3,DNNC)HIE K

=5 CUKIE R H T KUK 10 mL ZFREF .8 mL &
HMR N Z 100 mL = HIH PRGBS, a2 wmA
1,3- 20T JE-5,5- RS A MERE (1 g, 3.47 mmol)
IR h 5 5 RS IRAR L RN 2 he [N 45
J& K R LA 80 mL pkoK i, TG AR BT L RN TR
W2 T 26 L, A BLAH ¥ 4 )5 15 3 H 65 KR (3)
0.56 8,77 % 60.2%.

DSC(10 °C+min™): 215.3 °C(dec.); 'H NMR
(600 MHz, DMSO-d,, 25 °C)8:6.13(s,2H,—CH,),
S Xt
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5.36(s,4H,—CH,) ;°’C NMR(150 MHz, DMSO-d,,
25 °C)8: 107.08(—C(NO,),),59.54(—CH,),49.08
(—CH,); IR(ATR,»/cm™):3032,2920,1724,1567,
1541,1287,1244,890,600;Anal. calcd for C,H,N,O,:
C 18.05,H 2.27,N 31.58;found C 18.12, H 2.31,
N 31.50.

133 6,6-—fE-1,4-—HLHRER4)BEK

R K 2,2- -1, 3-70 (7 g,42.15 mmol)
T 90 mL L5 45 mL & Fok B Wi IG T
Z —Me(2.53 g,42.15 mmol) , | M 3 h, it
UE RV TR B A 14 (4)7.02 g, 7 % 87.6%

'"H NMR (600 MHz, DMSO-d,, 25 °C)8: 5.80
(s,2H,—NH),4.89(s, 2H, —CH,), 4.85(s, 2H,
—CH,),3.92(s, 4H, —CH,); "C NMR(150 MHz,
DMSO-d,,25 °C)8:113.63(—C(NO,),),53.90(—CH,),
47.60(—CH,) ;IR(ATR,»/cm™) : 3035, 2856, 1558,
1493,1262,1128,950,845;Anal. calcd for C;H,,N,O,:
C 31.58, H 5.30, N 29.46; found C 31.52,H 5.27,
N 29.43,

134 1,4,6,6-0 8 ¥-1,4-— F &3 BE & (5,
TNDA)HIA B

=5 COKMZ AT AR 10 mL LR EF .8 mL &
JHAE R M2 100 mL = H IR & ¥4, i 2w
A 6,6-fiFFE-1,4- " A2 Pike (1 g,5.26 mmol) ,
IR h 5 5 B IR AR SE RN 2 ho N 45
Jo R VBN 80 mL vkoK A, TEEAR AT Y, BB
1R R A HX, A AIUAE M 4 5 75 31 8 €0 [T 44, 1 45
JE AR E] AR (5)0.96 g, 7% 65.5%.

DSC (10 °C -min™") : 205.9 °C (dec.) ; '"H NMR
(600 MHz,DMSO-d,,25 °C)8: 5.41(s,4H,—CH,),
4.41(s,4H,—CH,) ;>C NMR(150 MHz, DMSO-d,,
25 °C)8: 114.83(—C(NO,),),53.32(—CH,),50.24
(—CH,) ; IR (ATR, v/cm™) : 3020, 1580, 1530,
1269, 1008, 915, 594; Anal. calcd for C.H,N,O,:
C 21.44,H 2.88,N 30.00; found C 21.47, H 2.85,
N 30.04.

1.4 BEREHNR

X T DNNC 5 TNDA, 735 HC 7 RSF2 0.18 mmx
0.20 mmx0.22 mm.0.18 mmx0.18 mmx0.20 mm ¥
PR HEAT X AT B L, AR S5 A B AR P SHELXS97
I SHELXL97 B35 i 2172 2 248 Fourier &5 L3k
A iR AR A 1, A AR AU T B A bR B A T S R AR
SR I B /D AR B IE RIS
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1.5 gk

i AR A BRI B BT i 29 0.6 mg AR i, 7E
AAAH, THIE B R K 10 °C -min™', i X | Hy
50~500 °C ) < F F #] F§ DSC-TG % DNNC,TNDA
)RS3 AT R AT T I

2 I BAM ML 2, ZE AR BB 25 °C . & 2
30 mg . P& HE T 5 kg A XTI E 0<80% RH I
Z MR L BF5E T DNNC 5 TNDA A9 J il J8s e 45

2 FHR5WiE

21 BEHSH
A B 58 ) S RCT R 0 B A AR 2, 2- il
BE-1, 3-TH AR 00 N H I S A S B
PSR U i e PR 0T e o — R 1 R A AR
T, 3-TORUT BE-5, 5- TN RS A MR NE P A (2) 1%
) A 28 % AR R/ 2 TR I AR, 15 B DNINC, & i i
4l Scheme 3 R . HSHA 1,3-28UT £E-5,5- 1
F7S S E 1) B BT A L A 5 1 B A TRk D
G 5 VS JINAR A1 1 FE R
NO,
HO“NfOAZOH s (G, N0, ioj0) S, Ozb
o Pk

1

ON__NO, ON__NO,
10 oo, O
\P‘VH/ s oN NNy,
2 DNNC

Scheme 3  Synthetic process of DNNC

2.2 BEESH

DNNC 5 TNDA f & 5 CCDC 5 4+ 4l
2294582 12294583, 3 1 51t T I F 5L & 1 &8 40
B . 1 s ,DNNC HIERR &, P2,2,2, 25
] 7E , A HEFR RN 77.5%, 1E 295 K I 5 14 %% i oy
1.80 g-cm™; TNDA g BARHTH & L 12/a %S [A B, b IR HE R
RE N 74.8%, 18 295 KB AR % B Ry 1.71 g-em ™,
2. R30I T 2 FhAL G W0 oy B B AR B
i, 224 K5I T 2R A P SRS

P11 2 DNNC Y HL SR A5 1 U SR A K b AR HE AR
Bl i 1a iR, DNNC S g ih— AN X R BT A &
2B W5y A b R HE R rp 2 B OR R b 1) L 3
FaE E R A R A 4. R 27T 0L, DNNC | C—C
K R 1.53 A /N T IE R C—CHEK (1.54 A)
C—N K A 1.44 A /NFIEHR C—NEEK (1.48 A);
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478 FhERSE R UL M, R T Z R AL, S A
F1 DNNC 5 TNDA 4 ik 2 5o b A C(1)—C(2)—C(3) \N(2)—C(3)—C(2),
Table 1  Partial crystallographic data of DNNC and TNDA N(2)—C(4)—N(4) N(4)—C(1)—C(2)4351H 112.9(3)°.
crystals DIRC mbA 110.6(3)°.111.5(3)°,111.0(3)°, FHI{H Jy 111.5°, 4%
CCDC 2294582 2294583
- CHNO, O, ST sp i fL B8 50T B B £ (109.5°) , BT DNINC
formula weight 266.15 280.15 INTCER B BRI K T3/ A H T H AR B4R E T
temperature / K 295 295 254 P 1b P2 4 7 S0 DNNC A7 76 1 12 B I £ di
crystal system orthorhombic monoclinic C—Hoglﬁﬁ’ﬁfﬁﬁ,ff/ﬁ\:ﬁq ZF%?‘EF‘,C(‘I)—H(‘I B)---O(4).
space group P2,2,2, 12/a
D/ gecm’ | 80 . C(4)—H(4B)---O(3) .C(8)—H(8A)---O(9) &/ T W
alA 11.1261(2) 14.1764(2) A5 C(3)—H(3A)--:0(16) .C(4)—H(4A)---O(3) .
b/A 11.2232(3) 7.10770(10) C(6)—H(6B) O (8)%4 4% F i) & bt ¥ 54k & W) 4> F
c/A 15.7062(3) 20.8865(3)
a/(®) 90 90 *4 DNNC Y& B E R
B/ 90 102.337(2) Table 4 Data of hydrogen bonds of DNNC
v /(%) 90 90 NN d(D—H) d(H---A) d(D--A) Z(DHA)
goodness-of-fit on F* 1.06 1.10 /A /A /A /(°)
R 0.0515 0.0609 Intra C(1)—H(1B)---O(4) 0.97 2.27 2.669(6) 104
wR 0.1482 0.1808 Intra C(3)—H(3A)--0O(2) 0.97 2.20 2.643(4) 106
packing coefficient 77.5% 74.8% C(3)—H(3A)---0(16) 0.97 2.49  3.410(5) 159

C(3)—H(3B)---O(12) 0.97 2.43 3.355(13) 159
F2  DNNCHY S I 5 £ C(3)—H(3B)+O(12A) 0.97 248  3.391(14) 156
Table 2 Selected bond lengths and angles of DNNC C(3)—H(3B)---0(10) 0.97 2.54 3.164(7) 122
bond length /A | bond angle / (°) C(4)—H(4A)---O(3) 0.97 242 3.210(6) 139
O(1)—N(1) 1.229(5) C(1)—C(2)—C(3) 112.9(3) Intra C(4)—H(4B)---O(1) 0.97 2.23 2.663(6) 106
O(3)—N(3) 1.220(6) N(2)—C(3)—C(2) 110.6(3) Intra C(4)—H(4B)---O(3) 0.97 2.25 2.633(6) 102
O(5)—N(6) 1.150(7) N(2)—C(4)—N(4) 111.5(3) Intra C(5)—H(5A)---O(10) 0.97 2.23 2.652(7) 105
<O(7)—N(5) 1.060(2) N(4)—C(1)—C(2) 111.0(3) Intra C(5)—H(5A)---O(15) 0.97 2.25 2.645(6) 103
C(1)—C(2) 1.532(5) C(1)—N(4)—C(4) 114.9(3) Intra C(6)—H(6B)---O(16) 0.97 2.25 2.660(6) 104
C(2)—C(3) 1.536(5) C(3)—N(2)—C(4) 117.3(3) C(6)—H(6B):-O(8) 0.97 2.59 3.444(8) 147
N(2)—C(3) 1.442(5) Intra C(8)—H(8A)---O(9) 0.97 2.24 2.669(6) 105
N(2)—C(4) 1.443(5) C(8)—H(8A)---O(5) 0.97 2.51 3.447(7) 162
N(4)—C(4) 1.456(5) C(8)—H(8B)---O(1) 0.97 2.49 3.321(5) 144
N(4)—C(1) 1.435(5)

£5 TNDA S E I
FR3  TNDA &R 3 8 A Eh Table 5 Data of hydrogen bonds of TNDA
Table 3 Selected bond lengths and angles of TNDA dD—H) d(H-A) d(D-—A) 2(DHA)
bond length /A | bond angle / (°) brReA /A /A /A /()
O(2)—N(1) 1.215(3) N(2)—C(1)—C(2) 111.53(17) Intra C(1)—H(1A)---O(1) 0.97 2.27 2.642(3) 102
O(3)—N(3) 1.207(3) N(6)—C(2)—C(1) 111.06(17) C(1)—H(1A)---O(4A) 0.97 2.57 3.320(5) 134
O(6)—N(4) 1.216(3) N(6)—C(3)—C(4) 112.25(15) C(3)—H(3A)---O(1) 0.97 2.35 3.285(3) 161
O(7)—N(5) 1.228(3) N(2)—C(5)—C(4) 112.62(15) C(3)—H(3B)---O(1) 0.97 2.35 3.209(3) 147
N(2)—C(1) 1.463(3) C(3)—C(4)—C(5) 113.88(16) Intra C(3)—H(3B)---O(5) 0.97 2.49 2.922(15) 106
N(2)—C(5) 1.447(3) C(1)—N(2)—C(5) 120.92(17) Intra C(3)—H(3B)---O(5A) 0.97 2.56 2.900(3) 101
N(6)—C(2) 1.458(3) C(2)—N(6)—C(3) 120.84(16) Intra C(5)—H(5A)---O(6) 0.97 2.30 2.670(3) 101
N(6)—C(3) 1.448(2) C(5)—H(5A)---O(7) 0.97 2.46 3.386(3) 160
C(1)—C(2) 1.511(3) Intra C(5)—H(5B)---O(4) 0.97 2.53 2.922(10) 104
C(3)—C(4) 1.531(3) Intra C(5)—H(5B)---O(4A) 0.97 2.32 2.770(4) 107
C(4)—C(5) 1.526(3) C(5)—H(5B)---O(6) 0.97 2.58 3.322(3) 133
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TERL T 52 2 19 = 4E IR S5 8 .t I 1 Al 1, DNINC &
A T R e AN [] b 1] ) B A3 A8 T R TR ) TR
S HERRGE R . Tz B A TR o N SR T SR
G Aoy 1 HE R GE R A RCER T T A HE B R B, il
DNNC EA & i b 2%

& 2 S TNDA [ B0 25 4 G081 FH DA B i 14 M
FRUE . WnE 2a i, TNDA ¥ - LR 21 28
FoE R U 4. MARE R 3, 5 DNNC L, TNDA
B EC—CEBiK N1.52 A, C—NFHH KL
1.45 A W /N T IE % C—C(1.54 A) .C—N(1.48 A) ftt
K3 AR N(2)—C(1)—C(2) N(6)—C(2)—C(1),
N(6)—C(3)—C(4) N(2)—C(5)—C(4) .C(3)—C(4)—C(5)
89 8 111.53(17)° . 111.06 (17)° . 112.25(15)° |
112.62(15)°.113.88(16)°, XM N 112.46°, 5 sp’

a. crystal structure b.

Bl 1 DNNC BB, S5 A | SUEE F RN 43 1 HE AR 45 1 &

hydrogen bonds c.

AR T BB A B AR (109.5°) 4 2% 2.96°; % N—NO,
R I A C(1)—N(2)—C(5) .C(2)—N(6)—C(3)
3 120.92(17)°.120.84(16)°, 5 TNDA H £ G
Rk F10% K T DNNC H S TTH K 17 . B 2b
HERSBR, 2SN G FRHAESZ M C—H---O A
% 4 TNDA B Jr A 0 T 52 2% 1 = 4E N 25 45 1
(I C(1)—H(A)---O(1) . C(3)—H(3B)--O(5) .,
C(1)—H((A) O (4A) .C(5)—H(5B) O (4) .
C(1)—H(1A)--O(4A) .C(5)—H(5A)---O(7)%),
A F T vw IR 5K T 0 520, TNDA 5 0 47 B 4F 1
A M S LM . B 2¢ AT, TNDA fh ik i
R -1 Gy HE AR GE A B4 oy F R Z R AR S

L or 1 A R ARBUR, S BOL A SR AR B B
HRREE

< —molecules with different crystal orientation
packing diagram

Fig.1 Crystal structure, hydrogen bonds and packing diagram of DNNC

.......... hydrogen bond

a. crystal structure b.

B2 TNDA 5 bS5 4 VBRI 5y 7 HEFR 25 4 &

hydrogen bonds

- Y . v.?'
| i
A /. ?

»»»»»»

------ hydrogen bond = molecular layer [} cavity

c. packing diagram

Fig.2 Crystal structure, hydrogen bonds and packing diagram of TNDA

Hirshfeld Jj& — il AT LLPR 3 4 28 43 5 ] A1 B AF
19 ELW T H BB A% X 43 AN ] 28 B 3 A1 AH BLAE L 4
& A AR (vdW) T 42 ik 5 38 4 il R e HE
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Table 6 Physiochemical properties of DNNC, TNDA, TNT, RDX and HMX

compound T,/ C p/g-cm™ 0oy ! % AH,/k)-mol™ D/m-s" p/GPa 1S/) FS/N

DNNC 215.3 1.78 -18.04 177.8 8772 34.8 25.0 144

TNDA 205.9 1.70 -34.27 —285.7 7828 25.0 17.5 240

TNT' 295.0 1.65 =73.97 -59.3 7303 21.3 15.0 353

RDX'! 210.0 1.80 =21.61 70.7 8795 34.9 7.5 120

HMX! 280.0 1.91 =21.61 74.8 9144 39.2 7.0 120

Note: T, is decomposition temperature (peak); p is measured density at 298 K; £, is oxygen balance assuming the formation of CO,; AH, is the calculated heat

of formation; D is the calculated detonation velocity; p is the calculated detonation pressure; IS is impact sensitivity; FS is friction sensitivity.
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Synthesis, Crystal Structures and Properties of 1,3,5,5-Tetranitro-hexahydropyrimidine and 1,4,6,6-Tetranitro-
1,4-diazepane

DU Hui-ying', QU Zhi-hui', XIA Jiang-lu', YANG Ya-lin', LI Xin-yu’, QIN Yi-feng', WU Bo', MA Cong-ming’

(1. State Key Laboratory of Environment-friendly Energy Materials, Southwest University of Science and Technology, Mianyang 621010, China; 2. School of
life science and engineering, Southwest University of Science and Technology, Mianyang 621010, China; 3. College of Safety Science and Engineering,
Nanjing Tech University , Nanjing 211800, China)

Abstract: 1,3,5,5-Tetranitro-hexahydropyrimidine (DNNC) and 1,4, 6, 6-tetranitro-1, 4-diazepane (TNDA) were synthesized
from the reaction of 2, 2-dinitropropane-1, 3-diol with tert-butylamine and ethylenediamine, respectively. Their structures were
characterized by nuclear magnetic resonance (NMR) , fourier infrared spectroscopy (FT-IR), and single crystal X-ray diffraction.
Meanwhile, their thermal behaviors and mechanical sensitivities were determined by differential scanning calorimetry-thermogravimetry
(DSC-TG) and the BAM methods. Furthermore, isodesmic reactions and EXPLO5 were used to predict detonation parameters.
The crystal structures indicate that the cyclohexane skeleton in DNNC and the cycloheptane skeleton in TNDA are both chair
conformations. Both of them have extensive intermolecular and intramolecular non-classical hydrogen bonds. The results of
DSC-TG show that the phase transition temperatures of DNNC and TNDA are 155.0 °C and 154.5 °C, respectively. Furthermore,
their peak decomposition temperatures are 215.3 °C and 205.9 °C. In addition, DNNC and TNDA possess good mechanical sen-
sitivity. Their impact sensitivities are 25 J and 17.5 J, and friction sensitivities are 144 N and 240 N. Besides, their theoretical det-
onation velocities are 8772 m+s™ and 7828 m-s™', and detonation pressures are 34.8 GPa and 25.0 GPa.
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