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RN, A6 &Y, BE G H BEIS T3 F SE 56 0 5 1 DAIE
S Barlett ™ A5 3 i BLIG T AT AR E 4
RUEBEUNSNEHERARF19 g-ecm™, ke R
502.3~586.0 k)-mol™, 7 HIET T 28 L&Y NN,
FROEFERN AT REE . PR e 8 N H A IR 45
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cyclo-NS Al 5 & REFHE 7 &8 B FIE S RE s 11k
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MRS E 1Y T AL 5 W — BR824 B ok, By 1l
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FIN, o BEJG , R HE 5 A [F] O T Y 7 5 e e AT 2k
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ISR D7 i e 1) B P 2% | ] I D R e Sy v
FLMEER N—N BB RE /N T 4605 B 5 TR ) C—N
T SRR 30 R G TE AR S SO P D A T ) T 1Y
N—N # [t C—NHE S 5) T W7 28, B4 3T W7 57 4 1wk o
T C—N 2 ] s 5 3850 8 B 1940 Al 240707 TG 76 AR A5 52
B cyclo-NJ B X W& G I cyclo-Ny 8 7 HA
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S 1 A Bty BH 75 OO T ) A R R E A AR Y B
AR e B B T R (NS (H,0),(NH,),CLL A BT 25 5t
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Ik 1 2 Fh 2238, cyclo-N,~ 1Y B 3l A A 45 k) = A,
FEAE G R R BIR 5 R A B MR G, B TR
G5, IR IE T ETER R AR . Ay X R 25
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Hantzsch* 45 i 6 F 2K 36 & A A & 9ok & ok 56 1
e AE SR B RE LT o 28 I A T 22 1 A iy % D AT 4R
KA TIE 1956 4F H Huisgen ™ Fil Ivar " 45 p5 K 78
IR 25 11 T 5 B R A7 7E 1Y 05 R T Ph-N,, JF B
Zonh RALUE W ML 251 o L T7 1% Ry LU 55 B o sk
PEAR IR S5 1N 3647 52 A R I, P 0 A FE R Ay
R IR 2 -40 °C, B8 AL 1) NaN R A T 3+2 B
B R, AT LA 55 5 B AR A 40 (Scheme 1) 6

1) Sulfanilic acid, Na,COs,

N
1)NaNO,, conc HCI /=N
Ar—NH, NaNO,, conc HCI A—NyCr ) 2 AN )
2) NayS,0,, NaOH 2) NaNg w=N
OH OH OH N(CHs), OCH;

Scheme 1 Synthetic route of arylpentazoles™"
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Fig.1 Decomposition rate of arylpentazoles in methyl alco-
hol at 0 °C"*
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T AEE W A~5 AT LIAE-70 CF AT KA
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i 55 T e PR AN A ) — o T AR AR T 05 R T Y
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FasE k. LS W 1~4, 7] LIk BLTE [ A7 I 2 &
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[a] {4

Table 1 Decomposition rate of arylpentazoles at several temperatures™"
temperature
compound structure
-70°C/d -30°C/d -20°C/d -10°C/h

N=
1 HOON\ | long-term storage =30 <10 2-6

N4
2 MNsn long-term storage =30 =20 5-10

HO N 8 8 > >

=N

/N§N
3 HO NG long-term storage =60 >30 8-12

NéN

t-Bu

/N§N
4 HO N | long-term storage >60 =30 =12

=N

N

t-Bu
5 My long-term storage =30 <3 0-1
HO N 8 8 > <

N=

/N§N
6 HO N <2 inexistence inexistence inexistence

N;N
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X TR]ASE FH X7 AR Y 6 e R A7 T 3R 115 i
TH A N 5 M ) i BE 22 AETR bb B RS E MR
AN RGN bR T S e 2 R — B, RV R S HRA R
W FEL - 35 AT B 7 3 5, 5 56 R AR 1k B AIG , At R T B
PAE/ Y= Sl LY Brek ol S 1 B U RSB S S
RRER AE N 77.9 k)-mol™ Fa & Mt 25 5 4- 5 LR
MR B T R BE 22 AE N 100.0 kJ-mol ™, Fa 2 Pk
§53/4 08

R ZE I L - 5 AR L A e PR
% T2 B L LR T bW FR - A T A D5 R e
FasE o IF HLHUIR LA o o) 57 2 e e M 2 AR K
PR, DA A e 5 A 35K, n SR AE D7 B SR b g A
A1, 2 23 o) o7 BH 3G K, 2 805 38 1l Ao, HiAR
P18 105 /S DO AR TR VAR E VAP~ S i 5 79/ K A o 190 : 4
LML T8 ) B0, 5 3 b SRR E R Z,
W L BB T R R, D T A T A i o R B 3 A
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RE—DFNJEEITEE AW, R 5 H K LN, M
CO., Wit o E N—30 eV, m/z=78,52,50 [t I 74
BERE K o (R Y48 E R SR B - 75 eV i), AT LLAS E]
m/z=70,52,50 Fll 42 [} . Z0F 5% 3= B 48 A 35 19 5%
PETF, 95 3 A0 e 2 Ja] 1) C—N e BE % 4 B b 1t 45 2]
ST 8 1Y) T A 53R B — G o T A 3 L A
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Fig.2 Mass spectrum signal of pentazoles'"

AWy AR B R . 2003 4F Burke™ 452k
207 ¥ A U PN AR IE By D7 Bk T MefE 5 W L T
CD,OD 1 DO Wy# e, IF HL A 5 #9 Zn(NO,),,
TE—40 “CHH B 82 1Y 25 18 T AT SN, TEAZ g 3% 1 |
T LA BB A 05 R IO UNE S L6 7E-10.0£2.0
BRI B — AR BT B UNAE S M5 5 5 cyclo-NST i 3
WH A T, MR A R T HN A& W
(Scheme 2).

OMe OMe
b Ny o
N —N—/—="N 20C (;
N

m/z=106 m/z=18

m/z=70 m/z=42

I e
N N-"N
CAN l-4o ©
Y 0
Zn(NO3) i
n Vi
InNJNO; 22 15N“ 1;’/N +
151N
0

Scheme 2 Attempts to synthesize cyclo-N,” with CAN"*

2016 4 Haas"* 45 R I 0 42 J& i J5i U] %1 55 Jk #
W, D0 3] e B B B AEAE L AN Scheme 3 BTR o H
I M T —40 °CIC/K THF B WA, A 18 58 5
A 4 8 (Na 3 K) |, 48 $E80CK , 76 0 4 )& 2% 1w 1 o —
J2 B R AR ST, P R 8K € T R TR A B m/ 2=
147 M55 o [AIRER B 7 A BESE 4Rt 23 45 05 Bk 1
W (4 15 5 5 AR, T I A B 4 J T A 23 WL 2% 51 EPR {5
S PRI WO AR R AR LA B S P DA A
#-40 °C,HPLC/MS & & Kl 2] m/z=70 W15 5 W& , 7t

Scheme 3 Reduction of phenylpentazole by alkali metals"®’
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3 AMUFEHRIARK

2017 4EH] , B 503 TR AF AN LBl B AR A
T R R RS A AE B FOME B ER (cyclo-NT salts)
I E IR 78 Fme b ORI 5 7 T OIS T K SR, 5
BT RE AR B A R OGTE . X AR IR A TF A
AEW8 7E = B AR E AR 76 I LAk & 9, JF oo 50 0 3
TETFBOS A5 R I LAWE ST o A AT 2R ) Gt 42088 R
(m-CPBA) Al H & 2 W2k (Fe (Gly),) 43 3 4E R U1 Wi ik
FRF B AR A T R 8 O7 OE ORI A = IR T
T o€ 1 4 A M B T (NS (H,0), (NH,) CIHCF 6 [
) B Jn— R 19 % P (Scheme 4) .,

OH
OH 1) Suffanilc acid, Na;COs, 1) Nals N Cr
NaNO,, conc HCI 2 FelGhy)y N\@/N NH,"
2) Nay$;0,, NaOH m-CPBA_ N=N 1.0
NH, ”

Scheme 4 First synthetic route of pentazolate salt at ambient

temperature'?”’
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Fig.3 Crystal structures of (N,),(H,0),(NH,),CI'*"

Sttt

www.energetic-materials.org.cn



4 A T AL A Y F 5

995

cyclo-NS I Fa @ i it 7 otk . x4 A K=
SR, G e BB AR R T AR KA R B g

ﬁﬁﬁ%ﬁﬁﬁ’%ﬂrﬁﬁ 116.8 °C, H A R4 i AR 2 .

I BB AE R MR E T AR AR Y o AR

KH%H?%E&@DABH% GU" fl Oxahy", 38 i . Mk £
EHINa(H,0)(N,) ]+ 2H,0 5%J Wi fH B FH& Ik n0 &+
A4 2 il 4§ (Scheme 5) , fiJa ¥ Na s8 #e i i% — F Ak
&8 B, BT DR A1 i K o F I 25 R ek

EY ., X =R 95~110 °C, % L FE A
1.596~1.681 g-cm™, Bl # 4 6920~8320 m-s™',
H’NAhllH
HoN NH
N Nyt
N o HNTN NH
DABTT NN N 2 WAy
|
® - - @N
NH2 O ® ® 2
N H au* N
N@N Ne' = G NN
=N 0O H HoN m NH, ‘_N’
HoN N_®
? N)klf “NH;
H0xaﬁ)y* HN )OH(HQ NZSN
N ]
N @

Scheme 5 Pentazolate anion combined with DABTT*", GU"
and Oxahy**”/

312 AMEEHRARAK

4 ) S A T 6 R Ak e Py T B AT AR
Mo B, i3 4 )8 Mn,Fe,Co % 5 cyclo-N, 1 L4l
i n—o BB B A Y OR Y R E LA . Bl
S I A W M B ER [ Na(H,0) (Ny) ]+ 2H,0,3F H.
M S5 2 & BT E Fcih, BRc M &R
FHE FE 44 Na', Fe™,Co™ ,Mg™ ,Mn**,Zn*" , Ag",
Cu™f1 Ba™, N &l 4 fr s o

B T cyclo-N; ¥ A A A7 [F B BE A7 5, 7T 5
G 08 7 Z R A 2 T8 2 4E B Y A TR T
ZRG5 R (MPFs) |, BT LULE AN [6] $ORE HE A [m] 95 550 v mp
AE 2 A JTCECRD S R 25 0 o b an 0wk g 3R B R iR B
£ [Na(H,0)(N;) ]+ 2H,0 Fl MPF-1" 1 F AR ] 25 4
HEE S MR HA A NIEF 5 Na R PR, J5
%%/E/I\NJ?¥%‘K'3NaﬂEA?HEuﬁ/EEE7ﬁ£ s Lk

LER B MPFs, 5 MPF-1 —%, Ag", Cu** Ml Ba* [A] £
TLA@EUQEEZ 3D MPFs &40 & [ /g in N oK 2%
Christe"**' Ik N, 78 cyclo-Ny 5 4 J& Bie v iy 1 72 v, A=
oo S o BRI RS S, B AR R 2 T EOS B
MR o B AT & 0 O 4 R Fh AR O DL o I AR
SPIESE TIZ UL
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)[Naa(Ns)B(Hzo)s]n
e

O
{IMg(H,0)4(Ns),]-4H,0},

{IM(H,0),(N;),]-4H,0},
M=Zn, Mn Fe and Co

B4 H s U e h 5 g fg Do

Fig.4 Several crystal structures of known pentazolate salts'

(AGNG)],

38-42]

3.2 SEAM

20174, Oleynik **'45 1 BiE HUM BT 7 60 GPa
B E T A A8 T cyclo-N, 4 & 3 (CsNL) B Ai A .
7 52K T USPEX 5 — o J5 B 31 55 149 O 32k ok 990 0 72
A E ST Cs N A& YT BEAFAE Y 2548 , 72 60 GPa
R U P 25 A e 3O TR0 & B A T A AT BS54
Pbca-CsN, Fl P-1-CsNy. # CsN, FE ZiA 4 WA s
Féqﬂ SR FAINTEANEOE I #4, & SAE Botm #oh e 25 7

— M A 4 B, O FL i XRD RTRL 2O 3 4 B 5
P-1-CsN 25 K {5 oWy &, ud B 55 298 000 &5 44 — 24,
X Fh W B Y R AE 18 GPa L L REMS A FF R A2 .
3.3 HEiRitESmN

2018 4F Yu** %53 33 X cyclo-N, HLHLE 17 B8 1
LI TSR AR DD W C—N R AR B ek A A Y T R
PEAR T X5 H AR E A7 AE 1Y UM B AR AT AR PR
o WEEREY, cyclo-N, BEWE # m-CPBA & 4L %]
A B e TS R L e T ) T, O LR
Bt
3.3.1 HEMEEHRTN

5 Na e 2B MM L4 & Li, R T RE N T — 4
FE R A R ORI 4 R PH B o 3 AROR A B BR R R
4117 B M LiNG 1Y 2544, 3 F Born-Haber #4k
A6 PR R A AT A LIt HA AR SR B LT R
A RETEM S e PR B REE . JFH LT+
il cyclo-N~ ¥ i i 3 A S s A A F AT DL $ i 16 AL fig
WA B T A5 T A L LINGAE &9 .

IFi) B i 4 i 19 K fiT Rb 7T %, Oleynik! ™ 4 3 1
USPEX & — 1 I B H 5 /Y 77 76 R 9 RN (R=K .Rb)
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R RS T AT REAEAE I 2 A 45/ . 7F 0~100 GPa
MEIIN KB = g5 4 . (1) 7515 GPaJE I T,
T B KNG-Pea2, iR 2546 5 (2) 76 50 GPak J1 T,
T H B KON -Pmma SR 254 5 (3) £ KT 15 GPa &
77, WO B RbNS-Pe fib R 2548 o SRk UL, B 4 s
RN, (R=K.Rb.Cs) [f) 7L L5 K9 7 15 GPa iy i J1 L) I
AR TRESW, EEE R E T AR LA —E
MESE S
3.3.2 AMIEEEHRTN

cyclo-Ny B T 1 & B0 4 E M RE I AF il 42 418 7

FLmlh, B KUK T e A R R BIF AR 3 X4 A M R
(4 B 9 A0CIG o P e BT R A i B R A0 e — g
ZME BRI B M B AT T M A5 R
mFE 20w, BT EF A M, Xk
GEBEARENASE HEXEHE TP SA
CIRFME Z M H T, A e 22 . AR
T I cyclo-N,HE 43 J& i i BLS % B2 AR ARG, A
T 1.60~1.78 g-cm?, 45 i 26 6 HA B0 19 2E i
e, TIOIN B B 2 T R AR A s RE KR 2 AR L ORI
A A

® 2 EATMEAE SRR
Table 2 Caculation of non-metallic pentazolate salts”"’
Gaussian Explo 5
cations N content” /%  OB" /% density”/ g-cm™  AH® /kJ-mol™ -
D9 /km-s" p’/GPa  D/km-:s"' p/GPa
HN_ _NH,
\"/ 86.1 -61.5 1.60 186.9 6.29 16.3 7.69 18.8
+NH2
NH,
)\N 89.7 -41.1 1.66 615.5 8.18 26.9 8.63 27.1
\
+H2N_//
NH,
HZN\N)\NH+ 90.1 ~42.1 1.70 690.4 8.25 29.2 8.71 29.9
\ /
N=N
HoN (N NH
\ 82.4 -65.9 1.67 410.5 7.04 21.0 7.88 22.5
N_NH2+
0NN NH,
\ 70.0 -32.0 1.78 513.5 8.23 29.8 8.85 31.3
N_NH2+
+NH30H 80.8 -15.4 1.71 262.2 8.89 339 9.39 35.4

Note: a) Nitrogen content. b) Oxygen balance. ¢) Calculated density. d) Calculated Heat of formation. e) Detonation velocity. f) Detonation pressure.

4 RES5E®E

B F 2017 423 BB 58 E bR b s & i
W IR BERA EAFAE N cyclo-N, £, H R iZ 4 B &
JE B cyclo-N, 4 @ ¥ AE 4 8 £ 55 Z2 Flok Bk K L L
Lo A BLAE B B B ¥ o A IR A S
B B R A BIR R AT R G A R B FRATTAS B An
R

(1) HWEE T (cyclo-Ng™) HAT AR 55 7 1 A FR
PEMZE R, RAE R PR SN 2AY L. D7
B A S e e A, A Y O 2Ok DD I C—N T
H o8 8 8 H e 5 — e B T Ak & Y e 5 A
TR T REATE . AIZIT A B AL, RN
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e L 1 AN 37 I A5 [R) R, 3 T i — 2D 5 G

(2) cyclo-N, 3 FA A AT B N5, BIA T
ASHA R B AL, A 2 A, T 5 4 8 i 1 Bl
AN ) 4 BE 1 B 2R 4540, BE b o] K 1k T BORD 4 R
W R SRR, DT A A AR A 1 T B BE TIC & ) At
TR g

(3) g b, M AW & A Z I N—N |
N=N 5 , bt 24 B % B ik i R 2 fg & 5 T H A & sy o
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Recent Advances in Full-Nitrogen Pentazole Compounds

LI Jue-cheng, JIN Yun-he, DENG Mu-cong, ZHANG Wen-quan, ZHANG Qing-hua
(Institute of Chemical Materials, China Academy of Engineering Physics, Mianyang 621900, China)

Abstract: In the early stage, studies on pentazole chemistry are mainly focused on the substituent effect and stability of aryl pen-
tazole compounds, but the successful preparation of room-temperature stable pentazole ionic compounds has not been achieved.
Until to 2017, for the first time, the Chinese scientists reported their successful preparation of isolated and stable cyclo-N,” com-
pounds through an oxidative cleavage strategy at low temperature. Subsequently, a variety of cyclo-N;™ based salts with different
structures were synthesized, attracting a wide of attention in the fields of energetic materials. Up to now, full-nitrogen pentazole
materials have achieved a series of breakthroughs and various full-nitrogen pentazole salts have also been prepared with the de-
composition temperatures mostly higher than 100 °C. The ionic salts based on cyclo-N;™ anion and nitrogen-rich cations will
open a new avenue to develop cyclo-N;~ based energetic materials. This work reviews the theoretical calculations, organic syn-
theses, structural characterization, and the perspectives on pentazole compounds, which aims to provide guidance for the re-
searchers working in the field of polynitrogen materials.
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