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Introduction

During the last few years, interest in developing Agent
Defeat Weapons (ADWs) has grown to enable the minimi-
zation of the collateral damage arising from chemical and
biological weapons.[1] The low pressure and prolonged high-
temperature detonations generated by ADWs destroy stor-
age facilities and the bioagents therein, and, secondarily, uti-
lize the materials arising from the blast to eradicate any
harmful airborne agents, which may have resulted. It has
been shown that hydroiodic acid (HI) and iodine (I2) have
strong biocidal activity against biological agents.[2] There-
fore, iodine-rich compounds, which could generate HI or I2

upon detonation, are of interest as ingredient candidates for
ADWs.

Polyiodo compounds, such as triiodoimidazole,[3] tetraio-
dofuran,[4] tetraiodopyrrole, and others, have high iodine
content, high densities, and good thermal stabilities. Howev-
er, there is no information about properties, such as impact
sensitivity, heat of formation, and detonation properties.
The expected low detonation pressures and low energy of
these polyiodo compounds make them worthwhile candi-
dates for ADWs (Figure 1).

The iodyl group (�IO2) is an attractive functional group,
which possesses a structure similar to that of the nitro group
and which can be produced by oxidizing the corresponding

iodo compound. Iodyl compounds are likely to be more en-
ergetic than the corresponding iodo compounds. The densi-
ties of ammonium periodate[5] (1=3.04 g cm�3) and ammoni-
um iodate (1= 3.30 g cm�3) suggest that such oxohalogens
may exhibit useful attributes with higher densities than the
perchlorates and also with great effectiveness toward bio-
agents and with less negative environmental impacts. How-
ever, most of the research concerning iodyl compounds is
focused on the synthesis and applications of 2-iodylbenzoic
acid (IBX) and its analogues based on the advantages pro-
vided by their selective, mild, and environmentally friendly
properties as oxidizing agents in organic synthesis.[6] Iodyl
pyridines are the only N-heterocyclic iodyl compounds de-
scribed in the literature to date.[7] Iodyl-substituted imida-
zole or pyrazole-based compounds could be of interest be-
cause of their high densities and greater thermal stabilities.
Although some explosions of iodyl compounds have been
reported in the literature,[8] these materials have not been
studied systematically as energetic compounds.

The iodine-rich iodo and iodyl compounds could be inter-
esting ingredient candidates for ADWs (Figure 1). In our
continuing search for new energetic compounds, 15 iodo
compounds and six iodyl compounds were synthesized by
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Figure 1. Iodo and iodyl compounds of interest as ADWs.
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using straightforward methods and characterized by IR,
NMR, elemental analysis, and differential scanning calorim-
etry (DSC). Measuring densities and determining heats of
formation made possible the calculation of detonation prop-
erties.

Results and Discussion

Mono-, di-, tri- and tetra-iodo-substituted compounds 1–11
were prepared based on the literature.[3–4,9] For the prepara-
tion of 13–15, the respective iodo compound (3.5 equiv) was
heated at reflux with potassium carbonate (7.7 equiv) in dry
CH3CN under nitrogen for 1 h; then cyanuric chloride
(1 equiv) was added, and the solution was heated at reflux
for 2–8 h to complete the reaction (Scheme 1).

The common oxidants that have been used for preparing
iodyl compounds include sodium hypochlorite, sodium per-ACHTUNGTRENNUNGiodate, dimethyldioxirane, and Oxone (potassium peroxo-
monosulfate).[10] Based on the low cost, commercial availa-
bility, good stability, simple handling, and nontoxic nature,
Oxone was used in preparation of the iodyl compounds by
using a modified method (Scheme 2).[10b] Although oxidation

of mono-iodo compounds can be accomplished in aqueous
solution at room temperature by using 1.3 equiv Oxone, oxi-
dation of poly-iodo compounds requires temperatures up to
70 8C and often extended reaction times to complete the re-
actions. All of the iodyl compounds are slightly or totally in-
soluble in water, which allows them to be precipitated and
easily purified by washing with cold water. However, after
striving to oxidize all of the 15 iodo compounds, only five
iodyl compounds (16–20) were obtained successfully. The at-
tempted oxidization reactions of the N-acetyl compounds (4
and 12), as well as of compounds 13–15 failed due to steric
effects with the starting material being recovered; oxidation
of 5 and 8 generated products with good solubility in water,
which were difficult to isolate. The more energetic iodyl ni-
tropyrazole compound 21 was synthesized by nitrating 18 by
using 100 % HNO3 (see the Supporting Information). All of
the iodo and iodyl compounds were characterized by IR,
NMR, elemental analysis, and (DSC). NMR data were not
obtained for 19 and 20 due to lack of solubility in any avail-
able solvent. Single crystals suitable for X-ray diffraction
analysis were not obtained because solvents suitable for re-
crystallization could not be found.

Physical properties of the iodo and iodyl compounds are
listed in Tables 1 and 2. All of the iodo compounds possess
high iodine contents ranging from 65.4 to 89.0 % and exhibit
densities from 2.39 to 3.90 g cm�3. Increase of iodine atom
numbers in single heterocyclic rings concomitantly results in
increase of density. Iodopyrazoles are more dense than their
imidazole analogues; all compounds exhibit good thermal
stabilities (�168 8C for 11). Compounds 1–10 melt before
they decompose thermally, whereas 11–15 decompose with-
out melting. The thermal stabilities of trisubstituted triazine
compounds (13–15) are superior relative to their parent
iodo compounds due to their symmetric structures. Methyl
derivatives have lower melting points and higher decomposi-
tion temperatures, whereas the presence of the carboxylic
acid group gives rise to decreased thermal stability and den-
sity. The densities of iodyl compounds range between 2.54–
3.68 g cm�3. Surprisingly, 4-iodylpyrazole (18) has a higher
density than its diiodo analogue, diiodylpyrazole (19), which
may arise from an intramolecular hydrogen bond between
O10 and H5 (2.821 �, Figure 3, dashed line) based on the
optimized structure calculated by using the Gaussian 03 pro-
gram. All iodyl compounds decomposed between 159–
227 8C; triiodyl compound 20 is the least thermally stable,
whereas compound 16 decomposes at 227 8C probably aris-
ing from hydrogen-bond formation as a result of the pres-
ence of water as the hemihydrate.

Impact-sensitivity (IS) measurements were made by using
standard BAM techniques.[11] All the iodo compounds have
relatively low IS (�28 J); however, the iodyl compounds
have IS ranging between 2 to 40 J. Compound 16 showed an
impact sensitivity lower than expected, which arises from
the presence of water involved in extensive hydrogen-bond
formations (Figure 2). Water of hydration in 21 also im-
proves the IS to some extent. For pyrazole–iodyl derivatives,
the greater the number of iodyl groups present in the com-

Scheme 1. Synthesis of compounds 13–15.

Scheme 2. Preparation of iodyl compounds.
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Table 1. Physical properties of iodo compounds.

Comp. Structure Tm
[a] [8C] Td

[b] [8C] 1[c] [gcm�3] DHf8
[d] [kJ mol�1] DHf8 [kJ g�1] OB[e] [%] D[f] [m s�1] P[g] [GPa] Iodine [%]

1 109 229 2.48 337.3 1.74 �61.8 4210 9.46 65.4

2 160 290 3.14 400.3 1.25 �35.0 3475 7.63 79.4

3 220 282 3.38 461.1 1.03 �23.3 2859 5.32 85.4

4 237 247 3.27 396.4 0.79 �30.2 4049 11.41 75.6

5 137 220 2.39 288.0 1.48 �61.8 3912 7.82 65.4

6 197 233 3.09 351.9 1.10 �35.0 3298 6.68 79.4

7 191 252 3.27 416.0 0.93 �23.3 2646 4.37 85.4

8 153 318 3.26 477.0 1.04 �26.1 3137 6.35 82.8

9 204 397 3.94 547.1 0.93 �136.1 2304 4.03 86.4

10 163 261 3.83 341.0 0.60 �19.6 2417 4.29 88.8

11 [h] 168 3.62 449.9 0.79 �23.8 2253 3.27 89.0

12 [h] 180 3.00 360.6 0.72 �30.2 3658 8.74 75.6

13 [h] 355 3.30 2019.6 1.43 �27.2 3223 6.64 80.9

14 [h] 315 3.10 1881.3 1.33 �27.2 2894 5.07 80.8

15 [h] 386 3.05 1250.9 1.21 �39.4 3554 7.22 73.6

TNT – [h] 295 1.65 �67 �0.3 �31.7 6881 19.53 –

[a] Melting point; [b] decomposition temperature; [c] density measured by gas pycnometer (25 8C); [d] heat of formation calculated with Gaussian 03;
[e] oxygen balances; [f] calculated detonation velocities with Cheetah 6.0; [g] calculated detonation pressures with Cheetah 6.0; and [h] decompose
before melting.
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pound, the lower the impact sensitivity. Based on electro-
static-potential (ESP) calculations, 18 has wider and stron-
ger positive potentials, and 20 has the weakest positive po-
tentials compared to 18 and 19, which suggests that 18
should be the most sensitive and 20—the least sensitive to
impact. The calculated results are in agreement with the ex-
perimental results. With the exception of 10 and 11, which
have impact sensitivities of 35 and 28 J, respectively, the ISs
of all of the iodo compounds exceed 40 J (Tables 1 and 2).

The heats of formation for all the compounds were calcu-
lated by using Gaussian 03 program suite, by constructing

isodesmic reactions, and are
summarized in Tables 1 and
2.[12] For iodine-containing spe-
cies, the (15s, 11 p, 6 d) basis of
Stromberg et al.[13] was aug-
mented with another p shell
and the five valence sp expo-
nents optimized, resulting in a
[5211111111,411111111,3111]
contraction scheme in conjunc-
tion with 6-31 +G** for first-
and second-row elements.
Single-point energy (SPE) re-
finement on the optimized geo-
metries was performed with the
use of MP2/6-311+ +G**
level. Corresponding iodine sets
were constructed in MP2
method by using all-electron
calculations and quasi relativis-
tic energy-adjusted spin–orbit-
averaged seven-valence-elec-

tron effective-core potentials (ECPs).[14] The heat of forma-
tion of iodobenzene was calculated, and the results are in
good agreement with the experimental data (see the Sup-
porting Information). As shown in Table 1, all of the iodo
compounds have positive heats of formation that range be-
tween 288.0–2019.6 kJ mol�1. The heats of formation in-
crease when the number of iodine atoms increases; each
time an additional iodine atom was introduced into a pyra-
zole or imidazole ring, the heat of formation of the molecule
increased by 62–64 kJ mol�1. However, all of the iodyl com-
pounds, except 21 with a positive value of 94.9 kJ mol�1, ex-
hibited negative heats of formation. The value became more
negative with the increasing number of iodyl groups in the
molecule. By using the calculated values of the heats of for-
mation and the experimental values for the densities, the
detonation velocities (D) and detonation pressures (P) were
calculated by using the Cheetah 6.0 program. All the com-
pounds have low detonation pressures, which range between
3.27 to 23.11 GPa and detonation velocities between 2253 to
6166 ms�1. Except for 21, which has detonation properties
comparable to TNT, the other compounds exhibited low
detonation pressures and velocities, which are desirable for

Table 2. Physical properties of iodyl compounds.

Comp. Structure Td
[a]

[8C]
1[b]

[g cm�3]
DHf8

[c]

[kJ mol�1]
DHf8
[kJ g�1]

OB[d]

[%]
D[e]

[m s�1]
P[f]

[GPa]
Iodine
[%]

IS[g]

[J]

16 227 2.85 �388.8 �1.01 �12.2 4129 9.89 64.6 >40

17 183 3.68 �669.3 �1.23 �1.5 4946 17.60 70.3 5

18 201 2.99 �24.2 �0.11 �24.8 5505 19.09 56.2 2

19 188 2.87 �336.9 �0.88 �12.5 4457 12.22 66.1 4

20 159 3.54 �647.3 �1.19 �1.5 4746 15.79 70.3 7

21 179 2.54 94.9 0.35 �15.6 6166 23.11 45.3 12

TNT – 295 1.65 �67 �0.3 �31.7 6881 19.53 – 15

[a] Decomposition temperature; [b] density measured by gas pycnometer (25 8C); [c] heat of formation calcu-
lated with Gaussian 03; [d] oxygen balances; [e] calculated detonation velocities with Cheetah 6.0; [f] calculat-
ed detonation pressures with Cheetah 6.0; and [g] impact sensitivities measured by BAM drophammer.

Figure 2. Intramolecular hydrogen bond in 4-iodylpyrazole (B3LYP/6-
31G+**).

Figure 3. Electrostatic potentials (ESPs) of 18, 19, and 20 for the
0.001 electronbohr�3 ranging from �0.03 to +0.05 hartrees.
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ADWs. However, the values of the detonation properties in-
crease when the number of iodyl groups increases; introduc-
tion of a nitro group by N-nitration enhances the magnitude
of the detonation properties markedly and also decreases
the density to some extent.

The detonation products formed were predicted by using
Cheetah 6.0 under Chapman–Jouguet condition and are
listed in Table 3. After detonation, most iodine atoms in the

molecule were found to be I2, HI, and I, which are strong
bio ACHTUNGTRENNUNGcides. The molecule with more hydrogen atoms formed a
high weight percentage of HI. The species CO2 and CO in
wt % increased as a function of the increase in oxygen bal-
ance. The sum of iodine-containing species in wt % (I2, HI,
and I in gas phase) ranges between 46.7 (21) to 88.94 % (11)
as shown in Figure 4. The high percentage of those strong
biocides in the detonation products makes them promising
candidates for bioagent-defeat materials.

Conclusion

Fifteen iodo and six iodyl compounds were synthesized by
using straightforward methods. All the compounds were
characterized by IR, 1H and 13C NMR, elemental analysis,
and DSC. The detonation products together with physical
and detonation properties were obtained. The uniquely high
density, the high I2, HI, and I concentrations present in the
detonation products, and the low detonation pressures make
these materials promising candidates for ingredients in
ADWs. Compound 16 might be used as an oxidant in organ-
ic synthesis due to its insensitive properties. The iodyl com-
pounds, which have high densities, good thermal stabilities,
and IS properties could be considered as primary explosives.

Experimental Section

CAUTION!!! Although no problems have been encountered during
these syntheses, all the iodyl compounds described herein are potential
energetic compounds and tend to explode under certain conditions. Ap-
propriate safety precautions should be kept during handling.

General methods : Reagents were commercially available from Aldrich
and Acros Organics and used as received. 1H and 13C NMR spectra were
recorded on a 300 MHz (Bruker AVANCE 300) NMR spectrometer op-
erating at 300 and 75.48 MHz, respectively, by using [D6]DMSO unless
otherwise stated. The melting and decomposition points were obtained
on a differential-scanning calorimeter (TA Instruments Co., model Q10)
at a scan rate of 5 8C min�1. TGA (TA Instruments Co., model 50) meas-
urements were carried out by heating samples at 10 8C min�1 from 25 to
600 8C. IR spectra were recorded by using KBr pellets for solids on a
BIORAD model 3000 FTS spectrometer. Densities of the iodyl com-
pounds were measured at 25 8C by employing a Micromeritics Accu-
Pyc 1330 gas pycnometer. Elemental-analyses data were obtained by
using an Exeter CE-440 elemental analyzer. 4,5-Diiodoimidazole,[3] 2,4,5-
triiodoimidazole,[3] 4-iodopyrazole,[9a] 3,4-diiodopyrazole,[9b] and 3,4,5-
triiodopyrazole[9b] were prepared according to literature procedures.

4-Iodopyrazole (1):[9a] Compound was prepared according to the litera-
ture method, yield 65%. M.p.: 109 8C; Tdecomp 229 8C; 1H NMR: 13.13,
7.77 ppm; IR (KBr): ũ=3115, 3040, 2954, 2911, 2846, 1533, 1364, 1321,
1261, 1175, 1142,1032, 935, 872, 811, 649, 608 cm�1.

4, 5-Diiodopyrazole (2):[9b] Compound was prepared according to the lit-
erature method; product was washed with aqueous ammonia and air
dried, yield 40%. M.p.: 160 8C; Tdecomp 290 8C; 1H NMR: 13.49, 7.83 ppm;
IR (KBr): ũ=3126, 3022, 2926, 2850, 2781, 2709, 1323, 1254, 1175, 1059,
968, 942, 854, 806, 604 cm�1.

3,4,5-Triiodopyrazole (3):[9b] Yield 10%. M.p.: 220 8C; Tdecomp 282 8C;
1H NMR: 13.94 ppm; IR (KBr): ũ=3073, 2949, 2872, 2816, 27311512,
1315, 1242, 1131, 961, 854, 807, 604, 447 cm�1.

3, 4, 5-Triiodopyrazolyl-1-acetic acid (4):[9b] Yield 72%. M.p.: 237 8C;
Tdecomp 247 8C; 1H NMR: 13.48, 5.09 ppm.

4(5)-Iodoimidazole (5):[15] Yield 93 %. M.p.: 137 8C; Tdecomp 220 8C;
1H NMR: 7.31, 7.62 ppm; IR (KBr): ũ=3442, 3105, 2997, 2875, 2805,
2683, 2641, 2600, 1795, 1435, 1291, 1166, 1128, 1070, 955, 820, 620,
495 cm�1.

4, 5-Diiodoimidazole (6):[3] Compound was prepared according to the lit-
erature method, recrystallized from EtOH and water, yield 42%. M.p.:
197 8C; Tdecomp 233 8C; 1H NMR: 12.90, 7.77 ppm; IR (KBr): ũ =3078,
2960, 2776, 2648, 2584, 2480, 1812, 1639, 1542, 1454, 1285, 1271, 1179,
1152, 955, 918, 818, 654, 620 cm�1.

Table 3. Major detonation products of iodo or iodyl compounds [wt %,
kg kg�1].

Comp. N2 [g] I2 [g] HI [g] I [g] C [s] CO [g] CO2 [g]

1 11.92 25.54 36.64 1.34 16.21 – –
2 8.07 40.11 33.83 4.45 10.60 – –
3 6.22 52.07 22.87 10.34 8.00 – –
4 4.88 46.08 23.83 5.24 9.73 1.33 4.07
5 12.19 26.17 36.41 1.21 16.07 – –
6 8.08 41.62 33.19 3.74 10.58 – –
7 6.23 53.40 22.99 8.92 8.00 – –
8 5.48 42.37 34.53 4.96 9.67 – –
9 – 63.30 – 23.07 7.94 – –
10 – 68.18 – 20.62 6.99 1.70 2.52
11 2.43 59.70 19.25 9.99 8.37 – –
12 5.07 42.13 26.99 5.96 7.62 2.24 3.92
13 8.93 64.89 – 15.98 10.21 – –
14 8.93 64.81 – 16.06 10.21 – –
15 11.88 48.00 22.84 2.61 13.80 – –
16 6.94 49.69 14.13 2.33 3.93 0.72 18.03
17 4.87 65.45 3.61 1.24 0.28 0.05 22.45
18 10.40 46.00 9.96 0.17 13.05 0.04 7.23
19 6.77 51.06 12.91 2.17 3.88 0.62 17.87
20 4.89 63.48 4.89 1.94 0.23 0.14 22.49
21 12.05 34.08 11.57 1.05 – 2.57 21.18

Figure 4. The sum of iodine-containing species in the detonation products
(weight percent).
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2,4,5-Triiodoimidazole (7):[3] Compound was prepared according to the
literature method by using four equivalents of I2, recrystallized from
95% EtOH, yield 90 %. M.p.: 191 8C; Tdecomp 252 8C; 1H NMR:
13.34 ppm; IR (KBr): ũ=3421, 3026, 2930, 2831, 2741, 2644, 2583, 1503,
1374, 1269, 1161, 971, 656, 436 cm�1.

1-Methyl-2,4,5-triiodoimidazole (8): Modification of a literature proce-
dure;[16] potassium carbonate (0.61 g, 4.4 mmol) and 2,4,5-triiodoimida-
zole (0.90 g, 2 mmol) were added to CH3CN (10 mL); CH3I (0.14 mL,
2.2 mmol) was then added slowly to the mixture. The reaction mixture
was stirred overnight, then poured into 30 g ice water, filtered, and dried
to give 0.88 g of white solid (yield 95%). M.p.: 153 8C; Tdecomp 318 8C;
1H NMR: 3.65 ppm; 13C NMR: 39.33, 88.49, 94.74, 97.50 ppm; IR (KBr):
ũ=2932, 1431, 1373, 1343, 1190, 1099, 1067, 947, 706, 422 cm�1; elemental
analysis calcd for C3H3I3N2 (447.8): C 10.45, H 0.66, N 6.09; found: C
10.47, H 0.60, N 5.80.

Tetraiodothiophene (9):[17] Starting from 2-iodothiophene by using a
modified method (yield 85%). M.p. 203 8C; Tdecomp 397 8C; IR (KBr): ũ=

1648, 1433, 1362, 1219, 1169, 1027, 954, 696 cm�1; elemental analysis
calcd for C4I4S (587.7): C, 8.17; H, 0; N, 0; found: C, 8.14; H, 0; N, 0.78.

Tetraiodofuran (10):[4] Prepared according to the literature (yield 52%).
M.p. 163 8C; Tdecomp 261 8C; 13C NMR: 106.2; 94.1 ppm; IR (KBr): ũ=

1700, 1497, 1444, 1242, 1084, 962, cm�1; elemental analysis calcd for
C4HI4N: C 8.40, H 0, N 0; found: C 8.38, H 0.03, N 0.10.

Tetraiodopyrrole (11): The same method as was used for 10 (yield 47%).
Tdecomp 168 8C; 1H NMR: 12.3 ppm; 13C NMR: 86.7; 79.7 ppm; IR (KBr):
ũ=3431, 1530, 1375, 1292, 1170, 1027, 963, 897, 865, 772, 667 cm�1; ele-
mental calcd for C4I4O (571.7): C 8.42, H 0.18, N 2.45; found: C 8.68, H
0.17, N 2.46.

2,4,5-Triiodoimidazolyl-1-acetic acid (12): The mixture of potassium car-
bonate (0.61 g, 4.4 mmol), 2,4,5-triiodoimidazole (0.90 g, 2 mmol), and
bromoacetate ( 2.2 mmol) in 2-ethoxyethanol (25 mL) was heated at
100 8C for 16 h; the suspension was filtered, and the filtrate was evaporat-
ed under reduced pressure. The residue was dissolved in water, the solu-
tion was filtered, and the filtrate was acidified to pH 1 to give 2,4,5-triio-
doimidazolyl-1-acetic acid (0.75 g, yield 69 %). Tdecomp 179 8C; 1H NMR:
4.79, 13.53 ppm; IR (KBr): ũ= 3427, 1717, 1458, 1418, 1356, 1328, 1238,
1173, 982, 889, 803, 669, 446 cm�1; elemental analysis calcd for
C5H3I3N2O2 (503.8): C 11.92, H 0.60, N 5.56; found: C 11.95, H 0.60, N
5.48.

General procedure for preparing tris(3, 4, 5-triiodopyraolyl-2, 4, 6-tri-ACHTUNGTRENNUNGazine (13), tris(2, 4, 5-triiodoimidazolyl)-2, 4, 6-triazine (14), and tris(4, 5-
diiodoimidazolyl)-2, 4, 6-triazine (15): The respective iodo compound
(3.5 equiv) and potassium carbonate (7.7 equiv) were heated at reflux in
CH3CN for 1 h; then cyanuric chloride (1 equiv) was added in portions,
and heating was continued for 2–8 h to complete the reaction. The reac-
tion mixture was cooled to RT, filtered, and the filter cake was washed
with CH3CN, followed by water. Then it was air dried to give the expect-
ed product.

Tris(3,4,5-triiodopyraolyl)-2,4,6-triazine (13): yield 80 %; Tdecomp 355 8C;
13C NMR: 162.9; 118.0; 98.56; 98.50 ppm; elemental analysis calcd for
C12I9N9 (1412.3): C 10.21, H 0, N 8.93; found: C 10.49, H 0.11, N 8.08.

Tris(2,4,5-triiodoimidazolyl)-2,4,6-triazine (14): yield 85 %; Tdecomp 386 8C;
13C NMR: 162.4; 106.1; 95.2; 86.6 ppm; IR (KBr): ũ=1547, 1456, 1382,
1274, 1163, 1065, 945, 808, 688, 648 cm�1; elemental analysis calcd for
C12I9N9 (1412.3): C 10.21, H 0, N 8.93; found: C 10.23, H 0.02, N 8.57.

Tris(4,5-diiodoimidazolyl)-2,4,6-triazine (15): yield 73 %; M.p. 386 8C
(decomp); 1H NMR: 9.00 ppm; 13C NMR: 160.9, 143.0, 106.2, 81.7 ppm;
elemental analysis calcd for C12H3I6N9 (1049.8): C 13.93, H 0.29, N 12.18;
found: C 14.24, H 0.31, N 11.89.

General procedure for preparing iodyl compounds: Oxone (0.8 g,
1.3 mmol) was dissolved in H2O (5 mL) at room temperature, then
mono-iodo compound (1 mmol) was added in portions. The reaction mix-
ture was stirred for 3 h, the precipitate formed was collected by filtration,
washed with cold water (2 mL), then with acetone (1 mL), and air dried.
Double or triple quantities of Oxone and water were needed to prepare
di- or tri-iodyl compounds, heating at 70 8C, and stirring overnight were
required to complete the reaction.

4,5-Di-iodylimidazole hemidyrate (16): Yield 64.3 %; M.p. 124 8C (-H2O),
Tdecomp 228 8C; 1H NMR: 8.38 ppm (d, CH); 13C NMR: 141.3 (C�IO2),
85.9 ppm (C=N); IR (KBr): ũ=3462 (OH), 3148 (NH), 3050, 2914, 2820,
2747, 2577, 1871, 1643, 1566, 1148, 1101, 1065, 887, 822 (I=O), 617,
513 cm�1; elemental analysis calcd for C3H2N2I2O4·0.5H2O (392.9): C 9.17,
H 0.77, N 7.13; found: C 9.53, H 0.86, N 7.21.

2,4,5-Tri-iodylimidazole (17): Yield 55.6 %; Tdecomp 183 8C; IR (KBr): ũ=

3447 (NH), 1655, 1439, 1324, 1277, 1215, 1175, 982, 473 cm�1; elemental
analysis calcd for C3H1N2I3O6 (541.8) C 6.65, H 0.19, N 5.17; found: C
7.06, H 0.13, N 5.27.

4-Iodylpyrazole (18): Yield 72.6 %; Tdecomp 201 8C; 1H NMR (300 MHz,
D2O) 8.25 ppm (s, CH); 13C NMR (300 MHz, D2O) 136.0 (C-IO2),
124.9 ppm (C=N); IR (KBr): ũ =3160 (NH), 3096, 3055, 2963, 2872, 2829,
1558, 1482, 1380, 1329, 1171, 1153, 1031, 957, 838, 802, 773ACHTUNGTRENNUNG(I=O), 725,
615 cm�1; elemental calcd for C3H3N2IO2 (226.0): C 15.95, H 1.34, N
12.40; found: C 16.08, H 1.22, N 11.86.

3,4-Di-iodylpyrazole(19): Yield 73.4 %; Tdecomp 188 8C; IR (KBr): ũ=3229
(NH), 3142, 2975, 2911, 1630, 1501, 1443, 1351, 1247, 1154, 1097, 1061,
970, 931, 727 (I=O), 687, 613 cm�1; elemental analysis calcd for
C3H2N2I2O4 (383.9): C 9.39, H 0.53, N 7.30; found: C 9.13, H 0.78, N 6.86.

3,4,5-Tri-iodylpyrazole (20): Yield 73.4 %; Tdecomp 159 8C; IR (KBr): ũ=

3162, 3140 (NH), 2923, 1568, 1522, 1451, 1395, 1349, 1327, 1209, 1161,
1049, 972, 931, 854, 822, 787 (I=O), 604 cm�1; elemental analysis calcd for
C3H1N2I3O6·2.5H2O (586.8): C 6.14, H 1.03, N 4.77; found: C 6.23, H
0.91, N 4.40.

Procedure for preparing N-nitro-4-iodylpyrazole (21): 4-Iodopyrazole
(0.1 g) was added in portions to HNO3 (2 mL 100 %) with cooling. The
reaction mixture was stirred at 0 8C for 1.5 h, and then poured into ice
water (5 g). The solid was formed, then collected by filtration and dried
in vacuum to give 0.108 g of white solid (yield 92%).

N-nitro-4-iodylpyrazole dihydrate (21): Tdecomp 132 (H2O) 179 8C;
1H NMR: 8.05, 8.10 ppm; IR (KBr): 3392 (OH), 1630, 1381, 1184, 1128,
1042, 947, 854, 741 (I=O), 602 cm�1; elemental analysis calcd for
C3H2N3I1O4·2H2O (307.0): C 11.74, H 1.97, N, 13.69; found: C 11.73, H,
1.81, N 13.03.

Acknowledgements

This work was supported by the Defense Threat Reduction Agency
(HDTRA1–11–1–0034)and ONR (N00014-12-1-0536).

[1] a) R. D. Chapman, D. Thompson, G. Ooi, D. Wooldridge, P. N. Cash,
R. A. Hollins, Presented at the Joint 66th Southwest and 62nd
Southeast Regional Meeting of the American Chemical Society,
New Orleans, LA, December, 2012 ; b) J. J. Baker, C. Gotzmer, R.
Gill, S. L. Kim, M. Blachek, U. S. Patent 7.568.432, 2009.

[2] D. Fischer, T. M. Klapçtke, J. Stierstorfer, Z. Anorg. Allg. Chem.
2011, 637, 660 –665.

[3] A. R. Katritzky, D. J. Cundy, J. Chen, J. Energ. Mater. 1993, 11, 345 –
352.

[4] R. Ciusa, G. Grilla, Mem. Rev. Acad. Nac. Cienc. 1927, 46, 213 – 222.
[5] W. Levason, M. Webster, Acta Crystallogr. Sect. C: Cryst. Struct.

Commun. 1999, C55, IUC9900052.
[6] T. Wirth, Angew. Chem. 2001, 113, 2893 –2895; Angew. Chem. Int.

Ed. 2001, 40, 2812 –2814.
[7] A. Yoshimura, C. T. Banek, M. S. Yusubov, V. N. Nemykin, V. V.

Zhdankin, J. Org. Chem. 2011, 76, 3812 – 3819.
[8] D. Twiss, R. V. Heinzelmann, J. Org. Chem. 1950, 15, 496 –510.
[9] a) M. M. Kim, R. T. Ruck, D. Zhao, M. A. Huffman, Tetrahedron

Lett. 2008, 49, 4026 – 4028; b) D. Giles, E. W. Parnell, J. D. Renwick,
J. Chem. Soc. C 1966, 1179 – 1184; c) P. K. De, D. C. Neckers, Org.
Lett. 2012, 14, 78 –81.

[10] a) V. V. Zhdankin, P. J. Stang, Chem. Rev. 2008, 108, 5299 –5358;
b) M. Frigerio, M. Santagostino, S. Sputore, J. Org. Chem. 1999, 64,
4537 – 4538.

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0 – 0

�� These are not the final page numbers!
&6&

J. M. Shreeve et al.

http://dx.doi.org/10.1002/zaac.201100052
http://dx.doi.org/10.1002/zaac.201100052
http://dx.doi.org/10.1002/zaac.201100052
http://dx.doi.org/10.1002/zaac.201100052
http://dx.doi.org/10.1080/07370659308019716
http://dx.doi.org/10.1080/07370659308019716
http://dx.doi.org/10.1080/07370659308019716
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2893::AID-ANGE2893%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2893::AID-ANGE2893%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2893::AID-ANGE2893%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2812::AID-ANIE2812%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2812::AID-ANIE2812%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2812::AID-ANIE2812%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2812::AID-ANIE2812%3E3.0.CO;2-X
http://dx.doi.org/10.1021/jo200163m
http://dx.doi.org/10.1021/jo200163m
http://dx.doi.org/10.1021/jo200163m
http://dx.doi.org/10.1021/jo01149a009
http://dx.doi.org/10.1021/jo01149a009
http://dx.doi.org/10.1021/jo01149a009
http://dx.doi.org/10.1016/j.tetlet.2008.04.082
http://dx.doi.org/10.1016/j.tetlet.2008.04.082
http://dx.doi.org/10.1016/j.tetlet.2008.04.082
http://dx.doi.org/10.1016/j.tetlet.2008.04.082
http://dx.doi.org/10.1039/j39660001179
http://dx.doi.org/10.1039/j39660001179
http://dx.doi.org/10.1039/j39660001179
http://dx.doi.org/10.1021/ol2028724
http://dx.doi.org/10.1021/ol2028724
http://dx.doi.org/10.1021/ol2028724
http://dx.doi.org/10.1021/ol2028724
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1021/jo9824596
http://dx.doi.org/10.1021/jo9824596
http://dx.doi.org/10.1021/jo9824596
http://dx.doi.org/10.1021/jo9824596
www.chemeurj.org


[11] a) www.bam.de; b) the sample was placed between two solid steel
cylinders that were fixed by a steel ring, a 10 kg weight BAM
hammer fell from a height, at which the samples decomposed or ex-
ploded; the reported impact sensitivity value is the fall energy [J].
The range in impact sensitivities according to the UN Recommenda-
tions is: insensitive >40 J; less sensitive �35 J; sensitive �4 J; and
very sensitive �3 J.

[12] <Gaussian 03, Revision D.01, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Mont-
gomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,

J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford CT, 2004.

[13] A. Strçmberg, O. Gropen, U. Wahlgren, J. Comput. Chem. 1983, 4,
181 – 186.

[14] a) A. Misra, P. Marshall, J. Phys. Chem. A 1998, 102, 9056 –9060;
b) M. N. Glukhovtsev, A. Pross, M. P. McGrath, L. Radom, J. Chem.
Phys. 1995, 103, 1878 –1885.

[15] F. B. Panosyan, I. W. Still, Can. J. Chem. 2001, 79, 1110 –1114.
[16] H. S. Jadhav, M. B. Talawar, R. Sivabalan, D. D. Dhavale, S. N. As-

thana, V. N. Krishnamurthy, J. Hazard. Mater. 2007, 143, 192 –197.
[17] D. Zhang, C. A. Tessier, W. J. Youngs, Chem. Mater. 1999, 11, 3050 –

3057.

Received: February 13, 2013
Published online: && &&, 0000

Chem. Eur. J. 2013, 00, 0 – 0 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org

These are not the final page numbers! ��
&7&

FULL PAPERDense Iodine-Rich Compounds as Biocidal Agents

http://dx.doi.org/10.1021/jp982708u
http://dx.doi.org/10.1021/jp982708u
http://dx.doi.org/10.1021/jp982708u
http://dx.doi.org/10.1063/1.469712
http://dx.doi.org/10.1063/1.469712
http://dx.doi.org/10.1063/1.469712
http://dx.doi.org/10.1063/1.469712
http://dx.doi.org/10.1139/v01-092
http://dx.doi.org/10.1139/v01-092
http://dx.doi.org/10.1139/v01-092
http://dx.doi.org/10.1016/j.jhazmat.2006.09.014
http://dx.doi.org/10.1016/j.jhazmat.2006.09.014
http://dx.doi.org/10.1016/j.jhazmat.2006.09.014
http://dx.doi.org/10.1021/cm990046v
http://dx.doi.org/10.1021/cm990046v
http://dx.doi.org/10.1021/cm990046v
www.chemeurj.org


Density Functional Calculations
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Dense Iodine-Rich Compounds with
Low Detonation Pressures as Biocidal
Agents

Agent Defeat Weapons : Fifteen iodo
compounds and six iodyl compounds
with an iodine content between 45.3
and 89.0 % were synthesized. The high
concentration and easy accessibility of
iodine and/or iodine-containing species
is very important in developing materi-
als suitable as agent defeat weapons
(see figure).
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