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Abstract: Bicyclic azoles, 2-methyl-5-  densities
(imidazol-1-yl)-2H-tetrazole (1), 2-
methyl-5-(1,2,4-triazol-1-yl)-2 H-tetra-

zole (4), 1-methyl-5-(imidazol-1-yl)-
1H-tetrazole (7), 1-methyl-5-(1,2,4-tria-
zol-1-yl)-1H-tetrazole (10), 1-methyl-4-
nitro-2-(imidazol-1-yl)-1 H-imidazole

(13), and 1-methyl-4-nitro-2-(1,2,4-tria-
zol-1-yl)-1H-imidazole (16) were pre-
pared. Their thermally stable azolium
salts, 3, 6, 9, 12, 15, and 18-21, with

Introduction

In recent years, the syntheses of energetic heterocyclic com-
pounds have attracted considerable interest.'”! New hetero-
cyclic-based energetic salts have become increasingly impor-
tant.*®! Energetic materials that are salt-based often possess
advantages over nonionic molecules as these salts tend to
exhibit lower vapor pressures and higher densities than their
atomically similar nonionic analogues. One of the most
recent and exciting developments are salts with a high nitro-
gen content and with high positive heats of formation that
show remarkable insensitivity to friction, electrostatic dis-
charge, and shock.”? Five-membered nitrogen-containing
heterocycles are traditional sources of energetic materials,
and considerable attention is currently focused on azoles as
energetic compounds, especially the 1,2,4-triazole series.
Within the series of azoles, the relative energy characteris-
tics (molar enthalpy of formation, AH{) are dependent on
ring structures.””?

Our earlier work focused on studies of the properties of
high-energy ionic liquids comprised of azido-, nitro-, N-
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ranging between
1.674 gecm ™, were synthesized by qua-
ternization with nitric or perchloric
acid or with iodomethane followed by
metathesis reactions with silver nitrate  the
and silver perchlorate. The structures
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1.519—  of 12b and 21b were confirmed by
single-crystal X-ray analysis. The stand-
ard enthalpies of formation for some of
the new salts were calculated by using
computationally feasible DFT-
(B3LYP) and MP2 methods in conjunc-
tion with an empirical approach based
on densities of salts. The calculated
values range from AH;=209.9 (21a) to
4123 (12b) kJmol™ in which the ex-

perimental densities are >1.515 gem™.

amino-substituted azolium and guanidinium cations with ni-
trate, perchlorate, dinitramide, azolate, or substituted azo-
late as anion.”®! In this paper, we report a straightforward
syntheses of several new bicyclic N—C bonded (nonbridged)
azoles, with subsequent formation of quaternary bicyclic
azolium salts by means of reactions with acids or alkyl io-
dides. The latter are then converted to nitrate and perchlo-
rate salts. Their thermal, physical, and energetic properties
are studied in detail.

Results and Discussion

A few N—N-bridged azoles or azolium salts have been ex-
amined as energetic materials, including 1,3-bis(4-nitroimi-
do-1,2,4-triazoliium-1-yl)ethane, —2-oxapropane and —3-oxa-
pentane (no physical or thermal properties were repor-
ted),”™ and bisazolium dipicrate and dinitrate salts in which
the azolium rings are linked via a methylene moiety.'”
These picrate salts have been well characterized and, in fact,
the bridged bisazolium picrates are somewhat more stable
thermally than their monocationic picrate analogues. Even a
smaller number of N—C-bonded (nonbridged) bicyclic
azoles have been synthesized and none have been suggested
as a suitable source for energetic bicyclic azolium salts.!*'

To determine the energies associated with compounds
that contain two linked azole or azolium rings and to com-
pare them with the bridged bicyclic azolium salts, we have
prepared several nitrate and perchlorate salts with linked
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identical and different five-membered nitrogen heterocycles.
In the past, preparation of N—C bicyclic azoles or bicyclic
azolium salts was accomplished frequently by using precur-
sor rings substituted with a halogen, nitro,"™ or methylsul-
fonyl" moiety as the leaving group. Replacement of the
halogen often required high temperatures."*! When the nitro
group was replaced, the composition and the ratio of reac-
tion products were a function of the pK, of the azole.'” In
this paper, we have prepared methylsulfonyl-substituted imi-
dazole, triazole, and tetrazole species, followed by reaction
with sodium imidazolate or sodium triazolate under mild
conditions to obtain a series of N—C-biazoles.

The bicyclic azoles, 1, 4, 7, 10, 13, and 16, were obtained
from sodium imidazolate or sodium 1,2,4-triazolate!'” in re-
action with methylsulfonyl-substituted azoles, for example,
1-methyl-5-(methylsulfonyl)-1H-tetrazole, 2-methyl-5-(meth-
ylsulfonyl)-2H-tetrazole,'® and 1-methyl-2-(methylsulfonyl)-
5-nitro-1H-imidazole.™ Bicyclic azoles when quaternized
with methyl iodide produced iodide salts, 2, 5, 8, 11, 14, and
17, which were further metathesized with silver nitrate or
silver perchlorate to give energetic salts, 3, 6, 9, 12, 15, and
18. Bicyclic azoles, 1, 4, and 16, when reacted with nitric or
perchloric acid, yielded salts, 19, 20, and 21 (Scheme 1).

Phase-transition temperatures (midpoints of melting
points, T,,) for all the salts were determined by differential
scanning calorimetry (DSC) as given in Table 1. With a

FULL PAPER

common cation, the nitrates with the exception of 6 invaria-
bly had lower melting points than the perchlorates. The de-
composition temperatures of the perchlorates ranged from
255 to 295°C (except 12b at 240°C, 20b at 229°C, and 21b
at 175°C), while for nitrates the range was from 145 for 18a
to 190°C for 15a, invariably lower than perchlorates.

Density and enthalpy of formation are important charac-
teristics of energetic compounds and are governed by their
molecular structures. Increasing the number of nitrogen
atoms in a heterocycle results in a considerable gain in the
heat of formation.””

The measured (calculated)®?! densities of the nitrate
and perchlorate salts fall between 1.519 (1.531) gcm™ for
3ato 1.674 (1.784) gcm ™ for 21b. The densities which were
calculated for the single-crystal structures of 12b and 21b
are also listed in Table 1. The calculated and experimentally
determined densities agree reasonably closely to within 0.4
to 7.6%. The calculated values for 12b and 21b and those
obtained from single-crystal structure calculations agree
within 1.0 and 0.4 %, respectively.

Thermochemistry: Computations were performed with the
Gaussian 03 (Revision D.01) suite of programs.”” The geo-
metric optimization of the structures based on single-crystal
structures, where available, and frequency analyses are car-
ried out by using B3LYP functional with 6-31+G** basis
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Table 1. Structures and properties of bicyclic azolium salts.

Compound Y No Ty Ty Pealed Pmeas AH, AH,,
[cC]! [ec)® [gem 3]t [gem ™3] [kJ mol~']t! [kImol~']1
N=N
HsC @ \
N%\N/(\N/NCHs NO; 3a 79 175 1.531 1.519 - -
o\
Y
clo, 3b 110 283 1.653 1.631 - -
N=N
H30\®/ \
eN\:\/ N/k\N/NCHs NO, 6a 151 151 1.574 1.515 489.1 310.8
Y~ =N
clo, 6b 141 293 1.695 1.639 4722 3577
N—N
s AN
v O \\/N N7 clo, 9 159 295 1.653 1.648 - -
= CHs
N—N
HCE A
N N
rd 4 o o B o .
ve'\ NN fele) 12b 152 240 1.695/1.678te! 1.645 475.0 4123
\N CH3
NO,
= N
/
/@N% T NO;, 15a 125 190 1.574 1.581 - -
N
Y CHs
clo, 15b 169 289 1.678 1.641 - -
=N N NO2
/4
/Ni/N_(\ ! NO, 18a - 145 1.612 1.566 - -
N
Y CHs
clo, 18b 27 282 1.716 1.652 - -
N=N
@A \
HN N/<\ NCH; Clo, 19b 150 255 1.725 1.623 - -
y O = N
N=N
NEN \
HN N/<\N/NCH3 NO; 20a 154 166 1.644 1.565 4932 341.8
O e
Y
clo, 20b 128 229 1773 1.648 479.5 3855
® NO,
HN= N
SN\ v \
Y g N NO, 21a 153 165 1.676 1.617 4744 209.9
N N
CHs
clo, 21b - 175 1.784/1.767t) 1.674 468.7 245.6
TNT! —64
HMX! 75
TATBU —154

[a] Melting point. [b] Thermal degradation. [c] Calculated density, references [21] and [22]. [d] Measured density by using a gas pycnometer at 25°C. [e] Molar
lattice energy, calcd. [f] Molar enthalpy of formation, caled. [g] From X-ray structure. [h] 2,4,6-Trinitrotoluene, reference [7a]. [i] Octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine, reference [7a]. [j] 1,3,5-Triamino-2,4,6-trinitrobenzene, reference [7a].

set,? and single energy points were calculated at the MP2-
(full)/6-3114++G** level.?*! All of the optimized structures
were characterized to be true local energy minima on the
potential energy surface without imaginary frequencies.

According to Born-Haber energy cycles, heats of forma-
tion of ionic salts could be simplified by the formula:

AH;(ionic salts, 298 K) = AH{(cation, 298 K)
+AH;(anion, 298 K)—AH

www.chemeurj.org
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in which AH| was the lattice energy of the ionic salts. For
1:1 salts and considering the nonlinear nature of the cation
and anion we currently used, AH; (kJmol™) could be pre-
dicted by the formula suggested by Jenkins et al. ! as:

AH, = 1981.2%(p, /M) + 108.8

Heats of formation of the NO;~ and ClO,  anions can
easily be obtained from the reactions below:

Chem. Eur. J. 2006, 12, 9010—9018
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NO,™ + H* "L HNO,

N=N
2 \® \
Clo,” + H* ¥ HCl0, N¢\/N/<\N/N\ * CH,
The proton affinities (PA)
were taken from literature re- N—N
~® \
sults calculated by using the NAN /N/N * CH
G2 or G3 method."™ A value =N /
of 1528.085 kJmol™! with cor-
rection of 6.197 kImol™' was
adopted for AH(H*, N=N

298 K).”*! The heat of forma-
tion of HNO; in the gas phase =N
is experimentally available
(—1343kJmol™!), while the
heat of formation of HCIO,
(g) is a little uncertain. In this
work, 0.6 kcalmol™ was used, \N/ 'i‘
which was derived from com-

putation by using W1 and W2
methods developed by
Martin.®” As noted in this ref-
erence, HCIO, exhibits particularly severe degrees of inner
polarization, and as such obtaining a basis-set limit SCF
component to the total atomization energy becomes a chal-
lenge, although the G2 -calculation result is 10.8 kcal
mol B Thus, heats of formation of NO;~ and ClO,” were
calculated to be —307.8 and —277.8 kJmol ™, respectively.

Thus, the remaining task was to determine the heats of
formation of the cations, which were computed by using the
method of isodesmic reactions (Scheme 2) in which the
1,2,4-triazolium species was purposely conserved, as its heat
of formation has been experimentally determined to be
835 kJ mol ".**l The enthalpies of reactions (AH?,5) are ob-
tained by combining the MP2(full)/6-3114++G** energy dif-
ference for the reaction, the scaled zero point energies, and
other thermal factors. Thus, the heats of formation of the
cations being investigated can be readily extracted. The re-
sults are listed in the Table 1.

The calculated results for enthalpies of formation (A;H,,)
are listed in Table 1. They range from 209.9 kJmol™' to
412.3 kJmol ™!, all are higher than the values of TNT, HMX,
and TATB.”* Comparing the standard molar enthalpies of
formation (AH,,) values for compounds 6, 20, and 21, it is
seen that the heats of formation of perchlorates vary from
245.6 for 21b to 385.5 kImol ™' for 20b. They were obviously
higher than those of the nitrates, which were from 209.9 for
21a to 341.8 kJmol™' for 20a. Comparing 6 and 20 shows
that the heat of formation increased when the methyl group
was replaced by hydrogen. For 6b and 12b, the heat of for-
mation is higher for 1-methyl tetrazolyl than for the 2-
methyl tetrazolyl group.

Scheme 2.

Molecular structure: Solid-state structures were obtained for
12b and 21b. Data (Table 2) for both structures were ob-
tained at 185 K due to crystal instabilities at lower tempera-
tures. The asymmetric unit for each ion pair, 12b and 21b, is

Chem. Eur. J. 2006, 12, 9010-9018
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Table 2. Crystallographic data for 12b and 21b.

12b (bt794)

21b (b1795)

formula C;H;CIN;O, CsH;CIN:Og

F, 265.63 294.63

crystal system monoclinic monoclinic

crystal size [mm’] 0.28x0.25%0.13 0.38x0.24x0.21

space group P2/c P2i/n

F (000) 544 600

a[A] 10.4680(6) 8.2452(4)

b [A] 10.6844(6) 10.9077(5)

c[A] 9.4003(6) 12.9611(6)

a [°] 90 90

1] 90.870(1) 108.131(1)

v [°] 90 90

V[AY] 1051.25(11) 1107.79(9)

Peated (Mgm ™) 1.678 1.767

V4 4 4

u [mm™] 0.383 0.384

reflns collected/unique 15632/1895 16465/2010

Rin 0.0304 0.0216

data/restraints/parameters 1895/0/156 2010/0/173

index ranges —12<h<12 —9<h<9
—12<k<12 —13<k<13
—-11<i<11 —-15<I<15

R1, wR2 (I>20(1))!
R1, wR2 (all data)t®!

GOF on P

APy and Ap,,, [e A7

0.0489, 0.1324
0.0503, 0.1339
1.061

0.819 and —0.400

0.0404, 0.1099
0.0420, 0.1115
1.063

0.507 and —0.508

[a] RI=S(|F,|~[F)/S|F, |; wR2=[S(w|F—F2 |*)/Swl; ],

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

shown in Figures 1 and 2. The perchlorate anion in both
structures displays no unusual features, with ClI-O bond
lengths at approximately 1.41 A and O-CI-O angles in the
range of 106-112°. In both examples, the rings are not copla-
nar and have dihedral angles of 164 and 73.9°, respectively.
Methylation of the triazolium ring in 12b has delocalized
the multiple bonding over N5-C6 and N2-C6 (Table 3), and
the bonding pattern in this ring is similar to that in 1,1'-

9013
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Figure 1. a) A thermal ellipsoid (30 %) drawing of 12b. b) Ball and stick
packing diagram of one layer in 12b viewed down the a axis, showing the
alternating perpendicular cation motif held together by weak hydrogen
bonding.

Table 3. Selected bond lengths [A] and angles [°] for 12b and 21b.

12b 21b

bond lengths [A]

C3-N4 1.292(3) C7-N6 1.314(3)
C3-N2 1.369(3) C7-N8 1.347(2)
C6-N2 1.315(3) C7-N10 1.410(2)
C6-NS 1.325(3) N12-C13 1.352(3)
C7-N8 1.311(3) N14-C13 1.297(3)
C7-N11 1.320(3) N10-C11 1.329(3)
C7-N5 1.397(3) C11-N12 1.315(3)
bond angles [°]

N8-C7-N11 111.5(2) N6-C7-N8 114.1(2)
N8-C7-N5 122.4(2) N6-C7-N10 125.0(2)
N11-C7-N5 126.1(2) N8-C7-N10 120.8(2)
C6-N5-N4 111.5(2) C11-N10-N14 111.1(2)
C6-N5-C7 126.1(2) C11-N10-C7 129.9(2)
N4-N5-C7 122.4(2) N14-N10-C7 119.0(2)
bis(4-methyl-1,2,4-triazolium-1-ylmethyl)ferrocene  iodide

monohydrate.’! Protonation of the tetrazole ring in 21b
leads to a bonding pattern seen previously in these sys-
tems.®? The NO, group has a dihedral angle of 8.2° to the
imidazole ring indicating some degree of electronic conjuga-
tion. There are relatively few heterobicyclic (for example,
triazole-imidazole, triazole-triazole or triazole-tetrazole) sys-
tems in the literature®™ and due to protonation and differ-
ences in substitution no direct comparisons can be made.
The 3D packing of 12b and 21b are quite different. In
12b, an alternating perpendicular cation layer motif is seen
(Figure 1b). This is held together by weak hydrogen bond-

9014 —— www.chemeurj.org
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Figure 2. a) A thermal ellipsoid (30%) drawing of 21b. b) Ball and stick
packing diagram of one layer of 21b viewed down the a axis. Dashed
lines indicate strong hydrogen bonding.

ing between the cation and the perchlorate oxygen atoms
(3.1-34 A, 138-151°). There is also weak hydrogen bonding
between the cations (C1--N9', 3.449(3) A, 158.2°; i =symme-
try transformation, x+1,—y+2,—z). In 21b, a more regular
array is seen with the cations forming a rigid lattice encapsu-
lating the perchlorate anion (Figure2b). The hydrogen
bonding is stronger in this case with cation-perchlorate inter-
actions of 3.0-3.2 A, 121-151° and cation—cation interactions
of 2.7-33 A, 144-156°. The layers in both 12b and 21b are
held together by hydrogen bonding between cations and
also between cations and perchlorate anions.

Conclusion
Bicyclic azoles 1, 4, 7, 10, 13, and 16 and bicyclic azolium

salts 2, 3, §, 6, 8, 9, 11, 12, 14, 15, and 17-21 were synthe-
sized and characterized. The structures of 12b and 21b were

Chem. Eur. J. 2006, 12, 9010—9018
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confirmed by single-crystal X-ray analysis. Most of the ni-
trate and perchlorate salts exhibited good thermal stabilities
and showed medium densities ranging from 1.519-
1.674 gem . Computations of heats of formation of ionic
salts were performed with the Gaussian 03 (Revision D.01)
suite of programs.

Experimental Section

Caution: While we have experienced no difficulties with shock and fric-
tion sensitivity of these compounds with high nitrogen content and rather
high heats of formation, they must be synthesized in mmole amounts and
handled with extreme care.

General: 'H and "C NMR spectra were recorded in [Dg]acetone unless
otherwise indicated on a 300 MHz (Bruker AMX 300) spectrometer op-
erating at 300.1 and 75.5 MHz, respectively. Chemical shifts are reported
in parts per million relative to the appropriate standard (Me,Si for 'H
and "C NMR spectra). Phase-transition temperatures were determined
by using a differential scanning calorimeter (DSC, TA Instruments
TA10) at a scan rate of 10°C min~'. TGA (TA Instruments TA50) meas-
urements were recorded as 5% weight loss temperature at a scan rate of
10°C min~". IR spectra (BioRad FTS 3000 Excalibur series infrared spec-
trometer) were obtained by using KBr pellets. Densities were determined
at 24°C by using a gas pycnometer. Elemental analyses were obtained by
using a CE-440 elemental analyzer (EAI Exeter Analytical).

X-ray crystallographic studies: Crystals of compounds 12b and 21b were
removed from the flask and covered with a layer of hydrocarbon oil. A
suitable crystal was selected, attached to a glass fiber, and placed in the
low-temperature nitrogen stream.*! Data were collected at 185(2) K (at-
tempts at lowering the temperature any further led to fractures and de-
struction of the crystal) by using a Bruker/Siemens SMART APEX in-
strument (Moy, radiation, 1=0.71073 A) equipped with a Cryocool Nev-
erlce low-temperature device. Data were measured by using omega scans
of 0.3° per frame for 30 seconds, and a full sphere of data were collected.
A total of 2400 frames were collected with a final resolution of 0.83 A.
Cell parameters were retrieved by using SMART? software and refined
by using SAINTPIus®! on all observed reflections. Data reduction and
correction for Lp and decay were performed by using the SAINTPlus
software. Absorption corrections were applied by using SADABS.®” The
structure was solved by direct methods and refined by the least-squares
method on F° by using the SHELXTLP® program package. All non-hy-
drogen atoms were refined anisotropically. No decomposition was ob-
served during data collection. Details of the data collection and refine-
ment are provided in Table 2 and in the CCDC information.

Bicyclic azoles 1, 4, 7, 10, 13, and 16 were obtained by reacting sodium
imidazolate or sodium 1,24-triazolate with methylsulfonyl-substituted
azoles including 2-methyl-5-(methylsulfonyl)-2H-tetrazole, 1-methyl-5-
(methylsulfonyl)-1H-tetrazole, and 1-methyl-2-(methylsulfonyl)-5-nitro-
1H-imidazole. Bicyclic azoles when quaternized with methyl iodide pro-
duced diiodide salts, 2, 5, 8, 11, 14, and 17, which then were metathesized
with silver nitrate or silver perchlorate to give compounds 3, 6, 9, 12, 15,
and 18. Bicyclic azoles (1, 4, and 16) reacted with nitric acid and
perchloric acid to form salts (19, 20, and 21).

Bicyclic azole syntheses: Sodium hydride (25 mmol, 1.00 g, 60%) in dry
DMF (40mL) was added to a two-necked round-bottomed flask
(100 mL) maintained under N, and containing a magnetic stirbar. Imida-
zole (25 mmol, 1.70 g) in DMF (5 mL) was then added slowly to the stir-
ring solution and the mixture was warmed to 90°C for 1h and then
cooled to RT. 2-Methyl-5-(methylsulfonyl)-2H-tetrazole (20 mmol,
3.24 g) in DMF (10 mL) was then added and the mixture was heated to
65°C for 3 d. After this time, the mixture was cooled to RT, diluted with
methylene chloride (100 mL), and filtered. The filtrate was concentrated
under vacuum then recrystallized with DMF to give compound 2-methyl-
5-(imidazol-1-yl)-2H-tetrazole (1). Colorless solid; yield: 1.35 g, 45%;
m.p. 141°C; '"HNMR (300 MHz, CDCly): 6=4.37 (s, 3H), 7.21 (t, J=

Chem. Eur. J. 2006, 12, 9010-9018
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14Hz, 1H), 7.62 (t, J=1.4Hz, 1H), 828ppm (s, 1H); “CNMR
(75 MHz, CDCl,): 6=160.2, 136.3, 131.8, 117.7, 41.0 ppm; IR (KBr): 7=
3113, 1591, 1521, 1437, 1097, 842 cm™!; elemental analysis calcd (%) for
CsHgNg: C 40.00, H 4.03, N 55.97; found: C 39.88, H 4.15, N 56.06.
2-Methyl-5-(1,2,4-triazol-1-yl)-2H-tetrazole (4): The procedure was simi-
lar to 1, just after 1-methyl-5-(methylsulfonyl)-1H-tetrazole was added,
the reaction mixture was heated to 120°C for 3 d and the product was re-
crystallized with ethyl acetate. Colorless solid; yield: 0.85 g, 28 %; m.p.
116°C; '"HNMR (300 MHz, [DgJacetone): d=4.53 (s, 3H), 8.26 (s, 1H),
9.11ppm (s, 1H); "CNMR (75 MHz, [Dglacetone): §=158.7, 153.1,
143.7, 39.5 ppm; IR (KBr): #=3114, 1589, 1506, 1431, 1326, 1201, 1123,
1020, 974 cm™!; elemental analysis caled (%) for C,;HsN;: C 31.79, H 3.33,
N 64.88; found: C 31.85, H 3.41, N 64.95.
1-Methyl-5-(imidazol-1-yl)-1H-tetrazole (7): The procedure was similar
to 4, just after 2-methyl-5-(methylsulfonyl)-2H-tetrazole was added, the
reaction mixture was kept at RT for 36 h. Colorless solid; yield: 1.26 g,
42%; m.p. 103°C; '"H NMR (300 MHz, CDCl;): 6=4.13 (s, 3H), 7.27 (t,
J=13Hz, 1H), 740 (t, J=13Hz, 1H), 7.99 ppm (s, 1H); "CNMR
(75 MHz, CDCl;): 6=49.0, 136.6, 131.8, 118.3, 34.5 ppm; IR (KBr): 7=
3134, 3108, 1586, 1479, 1308, 1260, 1061, 953 cm™'; elemental analysis
caled (%) for CsH¢N,4: C 40.00, H 4.03, N 55.97; found: C 40.01, H 4.10,
N 55.85.

1-Methyl-5-(1,2,4-triazol-1-yl)-1H-tetrazole (10): The procedure was simi-
lar to 7. Colorless solid; yield: 1.21g, 40%; m.p. 98°C; 'H NMR
(300 MHz, CDCLy): 6=4.41 (s, 3H), 826 (s, 1H), 9.04 ppm (s, 1H);
3CNMR (75 MHz, CDCLy): 6=154.4, 148.2, 144.9, 36.2 ppm; IR (KBr):
7=3105, 1597, 1513, 1381, 1287, 1207, 1122, 984 cm™'; elemental analysis
caled (%) for C;HsN;: C 31.79, H 3.33, N 64.88; found: C 31.72, H 3.38,
N 64.64.

1-Methyl-4-nitro-2-(imidazol-1-yl)-1H-imidazole (13): The procedure was
similar to 7, except the product was isolated by silica-gel column chroma-
tography (hexanes/diethyl ether 1:1). Yellow solid; yield: 0.69 g, 18 %;
m.p. 160°C; '"HNMR (300 MHz, CDCl;): 6=3.91 (s, 3H), 7.27 (t, J=
1.3 Hz, 1H), 7.29 (t, J=13Hz, 1H), 7.88 (s, 1H), 7.98 ppm (s, 1H);
BCNMR (75 MHz, CDClL): 6=140.5, 138.0, 136.9, 130.6, 130.5, 118.8,
337 ppm; IR (KBr): #=3124, 1547, 1476, 1379, 1261, 1162, 1059, 826
cm™'; elemental analysis calcd (%) for C;H;N;O,: C 43.53, H 3.65, N
36.26; found: C 43.32, H 3.45, N 35.50.
1-Methyl-4-nitro-2-(1,2,4-triazol-1-yl)-1H-imidazole (16): The procedure
was similar to 7, except the product was isolated by silica-gel column
chromatography (hexanes/ethyl acetate 1:1) then recrystallized with ace-
tonitrile. Yellow solid; yield: 1.44g, 37%; m.p. 156°C; '"H NMR
(300 MHz, CDCl;): 6=4.24 (s, 3H), 7.99 (s, 1H), 8.21 (s, 1H), 8.85 ppm
(s, 1H); ®*CNMR (75 MHz, CDCly): 6=153.6, 145.5, 139.9, 138.6, 130.8,
34.9 ppm; IR (KBr): 7=3148, 3115, 1540, 1531, 1470, 1370, 1330, 1263,
1221, 1161, 1130, 1076, 988 cm™'; elemental analysis caled (%) for
C¢HN¢O,: C 37.12, H 3.11, N 43.29; found: C 36.94, H 2.92, N 43.17.

A typical preparation of iodide salt was to dissolve 1 (3 mmol) and
methyl iodide (6 mmol) in ethyl acetate (2mL) in a pyrex glass tube
(10 mL) that was subsequently evacuated, sealed, and stirred at 60°C for
24 h. The precipitate was washed with ethyl acetate (3x5 mL) and dried
under vacuum for 24 h to give 3-methyl-1-(2-methyl-2 H-tetrazol-5-yl)imi-
dazolium iodide (2). Yellow solid; yield: 0.81g, 92%; m.p. 171°C;
'HNMR (300 MHz, D,0/H,0): 6=4.09 (s, 3H), 4.50 (s, 3H), 7.78 (s,
1H), 8.18 (s, 1H), 9.71 ppm (s, 1H); *C NMR (75 MHz, D,0/H,0): § =
156.4, 135.6, 124.9, 119.9, 40.5, 36.5 ppm; IR (KBr): #=3071, 3117, 1592,
1517, 1447, 1381, 1285, 1137, 1037, 957 cm™'; elemental analysis calcd
(%) CeHgNgl: C 24.67, H 3.11, N 28.77; found: C 24.43, H 2.94, N 28.33.
4-Methyl-1-(2-methyl-2H-tetrazol-5-yl)-1,2,4-triazolium iodide (5): The
procedure was similar to 2, except the reaction mixture was heated to
70°C for 3 d. Colorless solid; yield: 0.75 g, 85%; m.p. 194°C; '"H NMR
(300 MHz, D,0/H,0): 6=4.20 (s, 3H), 455 (s, 3H), 9.24 (s, 1H),
10.87 ppm (s, 1H); *C NMR (75 MHz, D,O/H,0): 6 =156.4, 146.6, 143.8,
40.7, 34.8 ppm; IR (KBr): #=3117, 3071, 1592, 1516, 1447, 1285, 1137,
1037, 957 cm™'; elemental analysis caled (%) for CsHgN;I: C 20.49, H
2.75, N 33.46; found: C 20.43, H 2.49, N 33.36.
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3-Methyl-1-(1-methyl-1H-tetrazol-5-yl)imidazolium iodide (8): The pro-
cedure was similar to 2. Yellow solid; yield: 0.83 g, 95%; m.p. 143°C;
'HNMR (300 MHz, D,0/H,0): 6=4.07 (s, 3H), 4.21 (s, 3H), 7.85 (s,
1H), 8.06 (s, 1H), 9.62 ppm (s, 1H); *C NMR (75 MHz, D,0/H,0): 6 =
147.7, 138.1, 125.8, 122.5, 37.2, 35.2 ppm; IR (KBr): #=3131, 3065, 1591,
1530, 1496, 1448, 1232, 1075, 957 cm™'; elemental analysis caled (%) for
C¢HoN(I: C 24.67, H 3.11, N 28.77; found: C 24.59, H 2.84, N 28.09.
4-Methyl-1-(1-methyl-1H-tetrazol-5-yl)-1,2,4-triazolium iodide (11): The
procedure was similar to 5. Yellow solid; yield: 0.70 g, 80 %; m.p. 142°C;
'"HNMR (300 MHz, D,0/H,0): 6=4.18 (s, 3H), 4.35 (s, 3H), 9.32 (s,
1H), 10.95 ppm (s, 1H); *C NMR (75 MHz, D,0/H,0): § =147.6, 147.4,
146.1, 36.7, 35.5 ppm; IR (KBr): #=3078, 3012, 1605, 1504, 1445, 1341,
1218, 1061, 963 cm™!; elemental analysis caled (%) for CsHgN,I: C 20.49,
H 2.75, N 33.46; found: C 20.41, H 2.55, N 33.40.
3-Methyl-1-(1-methyl-4-nitroimidazol-2-yl)imidazolium iodide (14): The
procedure was similar to 2, except the reaction solvent was ethyl acetate/
DMF 2:1. Yellow solid; yield: 0.87 g, 87%; m.p. 194°C; '"H NMR
(300 MHz, D,0/H,0): 6=3.90 (s, 3H), 4.05 (s, 3H), 7.77 (d, J=2.1 Hz,
1H), 7.94 (d, J=2.1 Hz, 1H), 8.11 (s, 1H), 9.42 ppm (s, 1H); C NMR
(75 MHz, D,0/H,0) 6=140.3, 139.4, 138.4, 131.5, 126.3, 124.3, 38.1,
35.6 ppm; IR (KBr): #=3078, 1562, 1508, 1476, 1384, 1264, 1158, 1082,
828 cm'; elemental analysis caled (%) for CgH(NsO,1: C 28.67, H 3.01,
N 20.90; found: C 28.46, H 2.81, N 20.57.
4-Methyl-1-(1-methyl-4-nitroimidazol-2-yl)-1,2,4-triazolium iodide (17):
The procedure was similar to 5, except the reaction solvent was ethyl ace-
tate/DMF 2:1. Yellow solid; yield: 0.81 g, 80%; m.p. 187°C; 'H NMR
(300 MHz, D,0/H,0): 6=4.11 (s, 3H), 421 (s, 3H), 8.19 (s, 1 H), 9.27 (s,
1H), 10.67 ppm (s, 1H); *C NMR (75 MHz, D,0/H,0): § =148.1, 147.4,
140.7, 137.8, 131.7, 36.5, 36.2 ppm; IR (KBr): #=3087, 2993, 1587, 1536,
1474, 1377, 1266, 1239, 1157, 1064, 976 cm™'; elemental analysis calcd
(%) for C;HoN¢O,I: C 25.02, H 2.70, N 25.01; found: C 24.88, H 2.50, N
24.66.

All metathesis reactions were carried out by using iodide salts (1 mmol)
titrated with silver nitrate or silver perchlorate (1 mmol) in water
(40 mL) in a test tube (100 mL), then the mixture was filtered, the water
pumped off, and the remaining residue dried under vacuum at 40°C for
24 h.

3-Methyl-1-(2-methyl-2H-tetrazol-5-yl)imidazolium nitrate (3a): Color-
less solid; yield: 0.22 g, 97 %; m.p. 79°C; 'H NMR (300 MHz, D,0/H,0):
0=4.06 (s, 3H), 4.46 (s, 3H), 7.75 (s, 1 H), 8.15 (s, 1H), 9.67 ppm (s, 1H);
BCNMR (75MHz, D,0/H,0): 0=156.4, 135.6, 124.8, 119.9, 40.4,
36.3 ppm; IR (KBr): #=3121, 3059, 1590, 1517, 1376, 1286, 1138,
957 cm™!; elemental analysis calcd (%) for CgHyN,O5: C 31.72, H 3.99, N
43.16; found: C 31.34, H 3.87, N 43.02.
3-Methyl-1-(2-methyl-2H-tetrazol-5-yl)imidazolium perchlorate (3b):
Colorless solid; yield: 0.26 g, 99%; m.p. 110°C; 'HNMR (300 MHz,
[D;]acetonitrile): d=4.01 (s, 3H), 4.42 (s, 3H), 7.66 (t, J=1.8 Hz, 1H),
8.00 (t, J=1.8Hz, 1H), 931ppm (s, 1H); “CNMR (75MHz,
[Ds]acetonitrile): 0 =157.9, 136.7, 126.5, 121.2, 41.8, 37.8 ppm; IR (KBr):
7=3142, 3088, 1593, 1519, 1449, 1382, 1285, 1096, 957 cm™'; elemental
analysis caled (%) for C;HNyO,Cl: C 27.23, H 3.43, N 31.76; found: C
27.17, H 3.25, N 31.90.
4-Methyl-1-(2-methyl-2H-tetrazol-5-yl)-1,2,4-triazolium nitrate (6a): Col-
orless solid; yield: 0.22 g, 96 %; m.p. 151°C (dec.); '"H NMR (300 MHz,
D,0/H,0): 6=4.12 (s, 3H), 4.48 (s, 3H), 9.17 (s, 1 H), 10.81 ppm (s, 1 H);
BC NMR (75 MHz, D,0/H,0): 6 =156.4, 146.6, 143.8, 40.6, 34.6 ppm; IR
(KBr): 7=3082, 2963, 1603, 1385, 1056, 824 cm™!; elemental analysis
caled (%) for CsHgNgO;: C 26.32, H 3.53, N 49.11; found: C 26.15, H
3.41, N 48.72.

4-Methyl-1-(2-methyl-2H-tetrazol-5-yl)-1,2,4-triazolium perchlorate (6b):
Colorless solid; yield: 0.26 g, 98%; m.p. 141°C; 'HNMR (300 MHz,
[D;]acetonitrile) 6 =4.09 (s, 3H), 4.50 (s, 3H), 8.92 (s, 1H), 10.17 ppm (s,
1H); "CNMR (75 MHz, [D;]acetonitrile) 6=158.1, 147.8, 144.7, 42.0,
36.1 ppm; IR (KBr): #=23096, 2963, 1607, 1422, 1223, 1100, 966 cm™'; ele-
mental analysis caled (%) for CsHgN;O,Cl: C 22.61, H 3.04, N 36.91;
found: C 22.54, H 2.79, N 36.87.
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3-Methyl-1-(1-methyl-1H-tetrazol-S-yl)imidazolium perchlorate (9b):
Colorless solid; yield: 0.26 g, 99%; m.p. 159°C; '"HNMR (300 MHz,
[Ds]acetonitrile) 6=4.01 (s, 3H), 4.09 (s, 3H), 7.70 (t, J=1.8 Hz, 1H),
784 (t, J=1.8Hz, 1H), 9.07ppm (s, 1H); “CNMR (75 MHz,
[Ds]acetonitrile) 6 =148.4, 138.7, 126.6, 123.7, 38.0, 35.7 ppm; IR (KBr):
7=3144, 3088, 1593, 1532, 1498, 1464, 1233, 1097 cm'; elemental analysis
caled (%) for CsHoN,O,Cl: C 27.23, H 3.43, N 31.76; found: C 27.00, H
3.25, N 31.45.

4-Methyl-1-(1-methyl-1H-tetrazol-5-yl)-1,2,4-triazolium perchlorate
(12b): Colorless solid; yield: 026g, 98%; m.p. 152°C; 'HNMR
(300 MHz, [Ds]acetonitrile): 6=4.11 (s, 3H), 4.24 (s, 3H), 9.03 (s, 1H),
10.26 ppm (s, 1H); *C NMR (75 MHz, [D;]acetonitrile): 6 =148.3, 148.2,
146.5, 37.0, 36.4 ppm; IR (KBr): #=3111, 3018, 1607, 1506, 1451, 1342,
1217, 1097, 964 cm™'; elemental analysis caled (%) for CsHgN,0,Cl: C
22.61, H 3.04, N 36.91; found: C 22.44, H 2.79, N 36.63.
3-Methyl-1-(1-methyl-4-nitroimidazol-2-yl)imidazolium nitrate (15a):
Colorless solid; yield: 0.26 g, 96%; m.p. 125°C; '"HNMR (300 MHz,
D,0/H,0): 6=3.96 (s, 3H), 4.12 (s, 3H), 7.85 (s, 1H), 8.00 (s, 1H), 8.16
(s, 1H), 947 ppm (s, 1H); "CNMR (75 MHz, D,0/H,0): 6=139.2,
138.4, 137.4, 130.4, 125.2, 123.2, 36.9, 34.2 ppm; IR (KBr): #=3106, 3076,
1562, 1474, 1383, 1265, 1159, 1084, 829 cm™'; elemental analysis calcd
(%) for CgH (N¢Os: C 35.56, H 3.73, N 31.10; found: C 34.77, H 3.76, N
30.44.

3-Methyl-1-(1-methyl-4-nitroimidazol-2-yl)imidazolium perchlorate
(15b): Colorless solid; yield: 0.29g, 94%; m.p. 169°C; '"H NMR
(300 MHz, [D;]acetone): 6 =4.04 (s, 3H), 4.24 (s, 3H), 8.04 (t, /=1.8 Hz,
1H), 8.07 (s, 1H), 8.19 (t, J=1.8 Hz, 1H), 9.60 ppm (s, 1 H); *C NMR
(75 MHz, [D;lacetone): 6 =140.7, 140.1, 138.8, 131.0, 126.3, 124.4, 38.0,
35.3 ppm; IR (KBr): 7=3136, 3108, 1565, 1509, 1477, 1264, 1155, 1086,
829 cm™!; elemental analysis caled (%) for CgH(Ns;O4Cl: C 31.23, H 3.28,
N 22.76; found: C 31.23, H 3.17, N 22.42.
4-Methyl-1-(1-methyl-4-nitroimidazol-2-yl)-1,2,4-triazolium nitrate (18a):
Colorless solid; yield: 0.26g, 96%; m.p. 145°C (decomp); 'H NMR
(300 MHz, D,0/H,0): 6=4.10 (s, 3H), 4.21 (s, 3H), 8.18 (s, 1H), 9.26 (s,
1H), 10.66 ppm (s, 1H); *C NMR (75 MHz, D,0O/H,0): 6 =148.1, 147.3,
140.5, 137.7, 131.5, 36.4, 36.2 ppm; IR (KBr): #=3079, 3019, 1589, 1536,
1476, 1381, 1350, 1263, 1156, 1065, 974 cm™!; elemental analysis calcd
(%) for C;HgN,Os: C 31.00, H 3.35, N 36.15; found: C 31.17, H 3.12, N
36.09.

4-Methyl-1-(1-methyl-4-nitroimidazol-2-yl)-1,2,4-triazolium  perchlorate
(18b): Colorless solid; yield: 029g, 94%; m.p. 227°C; 'HNMR
(300 MHz, [Ds]acetonitrile): 6=3.99 (s, 3H), 4.06 (s, 3H), 8.03 (s, 1H),
8.92 (s, 1H), 10.01 ppm (s, 1 H); *C NMR (75 MHz, [D;]acetonitrile): 6 =
147.7, 146.9, 141.0, 137.7, 131.1, 36.2, 35.8 ppm; IR (KBr): #=3125, 3029,
1591, 1537, 1479, 1385, 1263, 1240, 1155, 1097, 978 cm™'; elemental analy-
sis caled (%) for C;HoNGO4Cl: C 27.24, H 2.94, N 27.23; found: C 26.98,
H 2.77, N 26.64.

Nitric acid (1 mmol) or perchloric acid (1 mmol) was added to compound
1, 4, or 16 (1 mmol) in acetonitrile (2 mL), this mixture was stirred for
24 h at RT and then the solvent was pumped and the remaining residue
dried under vacuum at 40°C for 24 h.
3-Hydro-1-(2-methyl-2H-tetrazol-5-yl)imidazolium perchlorate (19b):
Colorless solid; yield: 0.25g, 100%; m.p. 150°C; '"HNMR (300 MHz,
[Ds]acetone): 6=4.01 (s, 3H), 4.55 (s, 3H), 8.06 (t, /=1.8 Hz, 1H), 8.36
(t, J=1.8 Hz, 1H), 9.84 ppm (s, 1H); *C NMR (75 MHz, [DsJacetone):
0=158.4, 136.6, 123.0, 121.5, 41.6 ppm; IR (KBr): #=3101, 3010, 2887,
2756, 2698, 2585, 1593, 1433, 1110, 838 cm™'; elemental analysis calcd
(%) for CsH;N:O,Cl: C 23.96, H 2.82, N 33.54; found: C 23.75, H 2.64, N
33.26.

4-Hydro-1-(2-methyl-2H-tetrazol-5-yl)-1,2,4-triazolium nitrate (20a): Col-
orless solid; yield: 0.21g, 98%; m.p. 154°C; '"H NMR (300 MHz,
[D;]acetonitrile): 0=4.39 (s, 3H), 8.28 (s, 1H), 9.11 (s, 1H), 10.08 ppm
(brs, 1H); "CNMR (75 MHz, [Ds]acetonitrile): 0 =158.2, 145.9, 143.7,
42.0 ppm; IR (KBr): 7=3066, 2989, 1598, 1558, 1504, 1421, 1353, 1309,
1104, 1018, 962 cm™'; elemental analysis caled (%) for C,HNgO;: C
22.44, H 2.82, N 52.33; found: C 22.39, H 2.54, N 52.04.
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4-Hydro-1-(2-methyl-2H-tetrazol-5-yl)-1,2,4-triazolium perchlorate (20b):
Colorless solid; yield: 0.25g, 99%; m.p. 128°C; 'HNMR (300 MHz,
[Ds]acetonitrile): 6 =4.46 (s, 3H), 8.78 (brs, 1H), 8.93 (s, 1H), 10.10 ppm
(s, 1H); "*CNMR (75 MHz, [Ds]acetonitrile): 6=159.3, 152.7, 144.4,
40.8 ppm; IR (KBr): #=3096, 2989, 1595, 1562, 1476, 1417, 1325, 1100,
962 cm™!; elemental analysis caled (%) for C,H{N,0,Cl: C 19.10, H 2.40,
N 38.97; found: C 19.20, H 2.15, N 38.95.
4-Hydro-1-(1-methyl-4-nitroimidazol-2-yl)-1,2,4-triazolium nitrate (21a):
Yellow solid; yield: 0.25g, 97%; m.p. 153°C; 'HNMR (300 MHz,
[D;]acetonitrile): d=3.98 (s, 3H), 8.00 (s, 1H), 8.36 (s, 1H), 9.04 (s, 1H),
11.76 ppm (s, 1H); *C NMR (75 MHz, [Ds]acetonitrile): § =152.8, 147.1,
140.5, 140.3, 131.2, 35.4 ppm; IR (KBr): 7=3145, 3083, 1571, 1537, 1477,
1383, 1265, 1228, 1158, 1070, 978 cm™'; elemental analysis calcd (%) for
C¢H,N,O5: C 28.02, H 2.74, N 38.13; found: C 27.88, H 2.55, N 38.79.
4-Hydro-1-(1-methyl-4-nitroimidazol-2-yl)-1,2,4-triazolium  perchlorate
(21b): Colorless solid; yield: 029g, 98%; m.p. 175°C (decomp);
'"H NMR (300 MHz, [D;]acetonitrile): 6=4.00 (s, 3H), 7.05 (brs, 1H),
8.04 (s, 1H), 895 (s, 1H), 9.95ppm (s, 1H); *CNMR (75 MHz,
[D;]acetonitrile): 6=146.0, 145.8, 137.9, 131.0, 35.7 ppm; IR (KBr): 7=
3159, 3084, 1569, 1533, 1470, 1381, 1260, 1076, 980 cm'; elemental analy-
sis caled (%) for CH,NgO4Cl: C 24.46, H 2.39, N 28.53; found: C 24.34,
H 2.25, N 28.03.
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