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Scheme 1 Synthesis of gem-dinitroazaadamantane
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Physical and energetic properties of some gem-dini-

compound T,./°C d/g-cm™ D/m-s' p/GPa IS/}  FS/N
13 175 1.93 9646 43.0 8 64
23 157 1.94 9679 41.5 14 280
30 202 1.74 8507 31.5 24 240
31 189 1.80 8916 35.2 4 120
43 198 1.94 9271 41.0 22 >360
44 162 1.93 9086 38.7 20 240
45 182 2.15 8959 38.5 28 >360
46 178 1.72 8347 29.1 22 240
47 189 1.73 8604 31.7 30 >360
65 190 1.86 9028 38.0 22 >360
66 210 1.83 9064 36.0 19 >360
83 113 2.02 9018 33.6 2 30
84 169 1.78 8677 33.0 3 90
85 187 1.86 9148 37.3 2 20
86 165 1.81 8984 36.1 5 60
89 89 1.91 9590 42.4 5 80
90 115 1.83 9230 37.9 1 120
RDX 204 1.80 8795 34.9 7.4 120
HMX 275 1.91 9144 39.2 7.4 120

4 ZitERE

Hy T i HAT S T 45 48 g B9 4R
L5 "E’ﬁ”rﬁTUF&ﬁhm/‘% fEg7/EOE Y

PP, HCF T 45 4 55 2 P2 5 O T T4
35 P A BT A7 0 R 8 T B U 5 F T
R AL 1 7 0 R S 2 W R 5 R B0 3 R
B T B 2 — . L 53 5 K s U R

Chinese Journal of Energetic Materials, Vol.29, No.8, 2021 (759-770)

RO A B g 2 o e b iy 7 s M N R S Re kS
YA BB B R4 DA P (1) 3 T NLO, 8
N,O, (245 TFAA/HNO, JF i il % N,O,) fif 1k &% A 5
e TR IR RS /R R G (SR g R f A Y/ IS
IS PR (R SRR i Ak v R A DL 4y B 5 (2) )
FHVR B2 A A 15 TR 7 Y i 28 C-HU sl N-HUAE g
R RIS W % 0y Bl B B 17 % RN SR
PR A 4Elﬁu12|xﬁ’1iﬁ1+’ﬁ/\iﬂz BT B
FERRAE RS SRR b A B et A i A
A 38 1R N— O S 2B 445 5] A s &R B gk

EY RS R R, DT BE— 25 4R THZ 2 5 BE AR
i, R E T, R AR PR RE
5% 3k

[1] Hu L,Yin P, Zhao G, et al. Conjugated energetic salts based
on fused rings: Insensitive and highly dense materials[)]. Jour-
nal of the American Chemical Society, 2018, 140 (44) :
15001-15007.

[2] He C, Shreeve J M. Potassium 4, 5-bis (dinitromethyl) fu-
roxanate: A green primary explosive with a positive oxygen
balancel]]. Angew Chem Int Ed, 2016, 55(2): 772-775.

[3] Semenov V V, Kanischev M 1, Shevelev S A, et al. Thermal
ring-opening reaction of n-polynitromethyl tetrazoles: Facile
generation of nitrilimines and their reactivity[]]. Tetrahedron,
2009, 65(17): 3441-3445.

(4] ZR7%, Sh0, FEKAE, 25 NN - ORI i 2 38) -3, 4- & 0t

WA (LLM-208) [ it R 45 4 e J oy fie P ) ). & re#4 kL, 2019,
27(1):41-46.
LI Jie, MA Qing, TANG Shui-hua, et al. Crystal structure and
thermal decomposition properties of N, N’'-bis (2-fluoro-2,
2'-dinitroethyl)-3, 4-dinitraminefurazan[]]. Chinese Journal of
Energetic Materials( Hanneng Cailiao),2019,27(1):41-46.

[5] Dalinger|L,Kormanov A V,Suponitsky K'Y, et al. Pyrazole-tet-
razole hybrid with trinitromethyl, fluorodinitromethyl, or

(difluoroamino) dinitromethyl groups: High-performance ener-
getic materials[)]. Chem Asian /,2018,13(9): 1165-1172.

[6] Archibald T G, Baum K. Synthesis of polynitroadamantanes -
oxidations of oximinoadamantanes [J]. Journal of Organic
Chemistry, 1988, 53(20): 4645-4649.

[7] Corey E J, Estreicher H. An effective and mild method for the
conversion of oximes to secondary nitro compounds[]J]. Tetra-
hedron Lett, 1980, 21(12): 1117-1120.

[8] Marchand A P,Sharma G V M, Annapurna G S, et al. Synthe-
ses of pentacyclo 5.4.0.0(2,6).0(3,10).0(5,9) undecane-4,
8,11-trione, pentacyclo 6.3.0.0(2,6).0(3,10).0(5,9) undec-
ane-4,7,11-trione(d3-trishom ocubanetrione), and 4,4,7,7,
11, 11-hexanitro 6.3.0.0 (2, 6).0(3, 10).0(5, 9) undecane
(d3-hexanitr otrishomocubane)[]]. Journal of Organic Chemis-
try, 1987, 52(21): 4784-4788.

[9] Kaplan R B, Shechter H. A new general reaction for preparing
gem dinitro compounds - oxidative nitration[]]. Journal of the
American Chemical Society, 1961, 83(16): 3535-3536.

[10] Olah G A, Ramaiah P, Prakash G K S, et al. Polynitronorbor-
nanes, bicyclooctanes, and cyclohexanes[]]. Journal of Or-
ganic Chemistry, 1993, 58(3): 763-765.

[11] Straessler N A,Lesley M W,Cannizzo L F. Development of a safe

A A AL www.energetic—materials.org.cn



1 — i 2 % fE R A A BT 5T o R

769

[16]

[17]

and efficient two-step synthesis for preparing 1-bromoacetyl-3,
3-dinitroazetidine, a novel clinical anticancer candidate[]]. Or-
ganic Process Research & Development,2012,16(3):512-517.
Lister T E,Fox R V. Electrochemical synthesis of 2, 2-dinitropro-
panol[J]. Journal of Applied Electrochemistry, 2007, 38(4) :
523-529.

Riebsomer J L. The reactions of nitrogen tetroxide with organic
compounds[J]. Chemical Reviews, 1945, 36(2): 157-233.
Zhang Y,Sun X,Yu S, et al. Energetic di- and trinitromethylpyr-
idines: Synthesis and characterization [J]. Molecules, 2017,
23(1): 2.

Hou T,Ruan H,Wang G, etal. 2,4,4,8,8-pentanitro-2-azaa-
damantane: A high-density energetic compound[]]. European
Journal of Organic Chemistry, 2017, 2017(46): 6957-6960.
Zhang J,Hou T,Zhang L, etal. 2,4,4,6,8,8-hexanitro-2,6-di-
azaadamantane: A high-energy density compound with high
stability[J]. Organic Letters, 2018, 20(22): 7172-7176.
Zhang Y,Li Y,Yu T, et al. Synthesis and properties of energet-
ic hydrazinium 5-nitro-3-dinitromethyl-2h-pyrazole by unex-
pected isomerization of n-nitropyrazole [J]. ACS Omega,
2019, 4(21): 19011-19017.

Zhang Y, Li Y,Hu J, et al. Energetic c-trinitromethyl-substitut-
ed pyrazoles: Synthesis and characterization [J]. Dalton
Trans, 2019, 48(4): 1524-1529.

Li Y, Bi F, Shu Y, et al. Preparation of 3-(fluorodinitrometh-
yD)-1, 2, 4-triazole and application in energetic material [P].
CN 105669574, 2016.

Luk’yanov O A, Zhiguleva T I. New method for the prepara-
tion of a-chlorodinitro compounds|[J]. Izv Akad Nauk SSSR,
Ser Khim, 1982,(6): 1423-1424.

Sheremetev A B. Bis[ (fluorodinitromethyl) furazanyl] ether[}].
Int Annu Conf ICT,1998,29th(Energetic Materials):58.1-58.6.
Zhai L,Fan X,Wang B, et al. A green high-initiation-power pri-
mary explosive: Synthesis, 3d structure and energetic proper-
ties of dipotassium 3, 4-bis(3-dinitromethylfurazan-4-oxy)fura-
zan[J]. Rsc Advances, 2015, 5(71): 57833-57841.

Zhai L,Wang B, Xu K, et al. A new synthetic route for 3,3’-bis
(fluorodinitromethyl) difurazanyl ether (FOF-13) and its ener-
getic properties [J]. Journal of Energetic Materials, 2015, 34
(1):92-102.

Wang W, Zhai L-J, Huo H, et al. Synthesis and crystal struc-
ture of 3, 4-bis (3-chlorodinitromethyl-furazan-4-oxy) furazan
[J]. Huaxue Shiji, 2015, 37(3): 200-204.

Huang H, Li Y, Yang J, et al. Materials with good energetic
properties resulting from the smart combination of nitramino
and dinitromethyl group with furazan [J]. New Journal of
Chemistry, 2017, 41(15): 7697-7704.

Zhai L, Qu X, Wang B Z, et al. High energy density materials
incorporating 4, 5-bis (dinitromethyl)-furoxanate and 4, 5-bis
(dinitromethyl)-3-oxy-furoxanate [J]. Chempluschem, 2016,
81(11): 1156—1159.

Guo T,Wang Z,Tang W, et al. A good balance between the
energy density and sensitivity from assembly of bis (dinitro-
methyl) and bis(fluorodinitromethyl) with a single furazan ring
[J]. Journal of Analytical and Applied Pyrolysis, 2018, 134:
218-230.

Liu Y,He C,Tang Y, et al. Asymmetric nitrogen-rich energetic
materials resulting from the combination of tetrazolyl, dinitro-
methyl and (1,2, 4-oxadiazol-5-yl) nitroamino groups with fu-
roxan[)]. Dalton Trans, 2018, 47(46): 16558—16566.

Yan C,Wang K, Liu T, et al. Exploiting the energetic potential

CHINESE JOURNAL OF ENERGETIC MATERIALS

[33]

[34]

[37]

[39]

[41]

[44]

S

of 1,2, 4-oxadiazole derivatives: Combining the benefits of a
1,2,4-oxadiazole framework with various energetic functional-
ities[J]. Dalton Trans, 2017, 46(41): 14210—14218.

Lei C, Yang H, Cheng G. New pyrazole energetic materials
and their energetic salts: Combining the dinitromethyl group
with nitropyrazole[J]. Dalton Trans,2020,49(5): 1660-1667.
Liu Y,He C,Tang Y, et al. Tetrazolyl and dinitromethyl groups
with 1,2, 3-triazole lead to polyazole energetic materials[]].
Dalton Trans, 2019, 48(10): 3237-3242.

Zhao G,Kumar D,Yin P, et al. Construction of polynitro com-
pounds as high-performance oxidizers via a two-step nitration
of various functional groups[J]. Organic Letters, 2019, 21(4):
1073-1077.

Guo T,Wang Z J,Tang W, etal. A good balance between the en-
ergy density and sensitivity from assembly of bis(dinitromethyl)
and bis(fluorodinitromethyl) with a single furazan ring[J]. Jour-
nal of Analytical and Applied Pyrolysis,2018,134: 218-230.

Gu H, Ma Q, Huang S, et al. Gem-dinitromethyl-substituted
energetic metal-organic framework based on 1, 2, 3-triazole
from in situ controllable synthesis[J]. Chem Asian J, 2018, 13
(19): 2786-2790.

Zhang J, Dharavath S, Mitchell L A, et al. Energetic salts based
on 3, 5-bis (dinitromethyl)-1, 2, 4-triazole monoanion and di-
anion: Controllable preparation, characterization, and high
performance [J]. Journal of the American Chemical Society,
2016, 138(24): 7500-7503.

Ma Q, Gu H,Huang J, et al. Formation of trinitromethyl func-
tionalized 1, 2, 4-triazole-based energetic ionic salts and a
zwitterionic salt directed by an intermolecular and intramolec-
ular metathesis strategy[J]. New Journal of Chemistry, 2018,
42(4): 2376-2380.

Sheremetev A B, Aleksandrova N S, Semyakin S S, et al. Syn-
thesis and characterization of 3-(5-(fluorodinitromethyl)-1h-1,
2, 4-triazol-3-yl)-4-nitrofurazan: A novel promising energetic
component of boron-based fuels for rocket ramjet engines[]].
Chem Asian J, 2019, 14(23): 4255-4261.

Tang Y,He C,Imler G H, et al. Energetic furazan-triazole hy-
brid with dinitromethyl and nitramino groups: Decreasing sen-
sitivity via the formation of a planar anion[]]. Dalton Trans,
2019, 48(22): 7677-7684.

Ma J,Tang J,Yang H, et al. Polynitro-functionalized triazolylfu-
razanate triaminoguanidine: Novel green primary explosive
with insensitive nature[J]. ACS Appl Mater Interfaces, 2019,
11(29): 26053-26059.

Ma J,Zhang G, Gu H, et al. Polynitro-1, 2, 4-triazole-function-
alized azo-furazans as high-performance and insensitive ener-
getic materials[]]. New Journal of Chemistry, 2019, 43(21):
8370-8375.

Sheremetev A B, Korolev V L, Potemkin A A, et al. Oxy-
gen-rich 1,2, 4-triazolo[ 3,4-d]-1,2,4-triazolo[ 3, 4-f]furazano
[3, 4-b] pyrazines as energetic materials[J]. Asian Journal of
Organic Chemistry, 2016, 5(11): 1388-1397.

Khisamutdinov G K, Korolev V L, Parkhomenko T N, et al. Syn-
thesis and properties of 1,2, 4-triazolo[4,3-d]-1, 2, 4-triazolo
[3,4-flfurazano(3,4-b]pyrazines[)]. Russian Chemical Bulle-
tin, 1993, 42(10): 1700-1702.

Thottempudi V, Gao H, Shreeve J M. Trinitromethyl-substituted
5-nitro- or 3-azo-1, 2, 4-triazoles: Synthesis, characterization,
and energetic properties[J]. Journal of the American Chemical
Society, 2011, 133(16): 6464-6471.

He C,Imler G H,Parrish D A, et al. Energetic salts of 4-nitrami-

2021 % $ 294 %8 (759-770)



770 SR WRING , 8 5, D, PN T AR AR, DE P

no-3-(5-dinitromethyl-1,2,4-oxadiazolyl)-furazan: Powerful al- pyrazole: A gem-trinitromethyl based green high-density ener-
liance towards good thermal stability and high performancel[]]. getic oxidizer[]]. Chemical Communications, 2020, 56 (85) :
Journal of Materials Chemistry A,2018,6(35):16833-16837. 12945-12948.

[45] Haiges R, Christe K O. Energetic high-nitrogen compounds: [56] Dalinger I L, Vatsadze | A, Shkineva T K, et al. Novel highly
5-(trinitromethyl)-2h-tetrazole and -tetrazolates, preparation, energetic pyrazoles:  N-trinitromethyl-substituted nitropyr-
characterization, and conversion into 5-(dinitromethyl) tetra- azoles[)]. Chem Asian J, 2015, 10(9): 1987-1996.
zoles[J]. Inorganic Chemistry, 2013, 52(12): 7249-7260. [57] Dalinger I L, Suponitsky K Y, Shkineva T K, et al. Bipyrazole

[46] Xiong H, Yang H, Cheng G B. 3-trinitromethyl-4-nitro-5-nitra- bearing ten nitro groups-a novel highly dense oxidizer for for-
mine-1h-pyrazole: A high energy density oxidizer [J]. New ward-looking rocket propulsions[J]. Journal of Materials Chem-
Journal of Chemistry, 2019, 43(35): 13827-13831. istry A, 2018, 6(30): 14780-14786.

[47] Gao H,Joo Y H, Parrish D A, et al. 1-amino-1-hydrazino-2, [58] Semenov V V,Shevelev S A, Bruskin A B, et al. Mechanism of
2-dinitroethene and corresponding salts: Synthesis, character- nitration of nitrogen-containing heterocyclic n-acetonyl deriva-
ization, and thermolysis studies [J]. Chemistry=A European tives. General approach to the synthesis of n-dinitromethyl-
Journal, 2011, 17(16): 4613-4618. azoles|J]. Russian Chemical Bulletin,2009,58(10):2077-2096.

[48] Dong Z,An D,Yang R, et al. Nitrogen-rich salts based on 3-di- [59] Semenov V V,Shevelev S A,Bruskin A B, et al. Synthesis of 5,
nitromethyl-[ 1,2, 4]triazine: Synthesis, characterization, and 5'-dinitro-2, 2'-bis (polynitromethyl)-bi (1, 2, 3 (4)-triazoles) ,
performancel]]. Zeitschrift Fur Anorganische Und Allgemeine hydrogen-free oxidizers [J]. Chemistry of Heterocyclic Com-
Chemie, 2019, 645(16): 1031-1036. pounds, 2017, 53(6-7): 728-732.

[49] Gao H,Shreeve ] M. The many faces of FOX-7: A precursor to [60] Zhang W,Xia H,Yu R, et al. Synthesis and properties of 3, 6-
high-performance energetic materials[)]. Angew Chem Int Ed, dinitropyrazolo[4, 3-c]-pyrazole (dnpp) derivatives[]]. Pro-
2015, 54(21): 6335-6338. pellants, Explosives, Pyrotechnics, 2020, 45(4): 546—553.

[50] Liu T,Liao S,Song S, et al. Combination of gem-dinitromethyl [61] Yu Q,Imler G H,Parrish D A, et al. Challenging the limits of
functionality and a 5-amino-1, 3, 4-oxadiazole framework for nitro groups associated with a tetrazole ring [J]. Org Lett,
zwitterionic energetic materials [J]. Chemical Communica- 2019, 21(12): 4684—4688.
tions, 2019, 56(2): 209-212. [62] Yin X, LiJ, Zhang G, et al. Design and synthesis of energetic

[51] Thottempudi V,Kim T K,Chung K H, et al. Synthesis and char- materials towards versatile applications by n-trinitromethyl and
acterization of some polynitro imidazoles [)]. Bulletin of the n-nitromethyl functionalization of nitroimidazoles[)]. Chemp-
Korean Chemical Society, 2009, 30(9): 2152-2154. luschem, 2018, 83(8): 787-796.

[52] Yu Q,Imler G H,Parrish D A, et al. Nitromethane bridged bis [63] Godovikova T I, Vozchikova S A, Ignat'eva E L, et al. Reac-
(1,3, 4-oxadiazoles) : Trianionic energetic salts with low sen- tions of 2, 4-disubstituted 5-nitro-1, 2, 3-triazole 1-oxides. Part
sitivities [J]. Chemistry-A European Journal, 2017, 23 (70) : 3. Destructive nitration of nitro-substituted 2-acetonyltriazole
17682-17686. oxides and azotriazole oxides [J]. Chemistry of Heterocyclic

[53] Yu Q,Yin P, Zhang J, et al. Pushing the limits of oxygen bal- Compounds, 2003, 39(4): 467-470.
ance in 1,3, 4-oxadiazoles[)]. Journal of the American Chemi- [64] Zhao G, Yin P, Kumar D, et al. Bis (3-nitro-1-(trinitrometh-
cal Society, 2017, 139(26): 8816-8819. yD)-1h-1,2, 4-triazol-5-yl) methanone: An applicable and very

[54] Kofman T P,Kartseva G Y, Glazkova E Y, et al. Nitration of tri- dense green oxidizer[J]. Journal of the American Chemical So-
azolyl-substituted ketones[)]. Russ J Org Chem, 2005, 41(5): ciety, 2019, 141(50): 19581-19584.

753-757. [65] Zhou Y,Gao H,Shreeve ] M.Dinitromethyl groups enliven ener-

[55] Mohammad K, Thaltiri V, Kommu N, et al. Octanitropyrazolo- getic salts[J]. Energetic Materials Frontiers,2020,1(1):2-15.

Progress in the Synthesis of Gem-dinitro Energetic Compounds
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Abstract: Gem-dinitro group is an attracting moiety in designing novel high energy density compounds due to their high density
and oxygen content comparing to the nitro group. The planar structure of gem-dinitro group is beneficial to improve the density,
oxygen balance and detonation properties when cooperating with nitrogen-rich heterocycles. In this review, the method of pre-
paring gem-dinitro salts from different precursors was listed, the advantages of using N,O, or N,O; or mixed acid as the nitration
agent to prepare gem-dinitro compounds and their scopes of application were summarized, their energetic characteristics were
discussed. It is hoped that this review could provide reference for the design and synthesis of new high-energy insensitive energet-
ic materials.
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