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Electrophilic nitration is of great importance in academic research 
and industrial chemistry.1 Polynitro derivatives are renowned for 
their utility in the field of energetic materials.2 A fundamental 
challenge in preparing highly nitrated (hetero)aromatic com­
pounds is overcoming the inherent ring deactivation caused by 
insertion of nitro groups. p-Deficient azines are poorly reactive 
to electrophiles. Introduction of the nitro group or additional 
nitrogen atom in the ring further depletes the ring of its p-electrons 
and lowers its electron density. Nitration of such substrates takes 
place with great difficulty and only under forcing conditions.3 
On the other hand, a commonly used strategy for facilitating 
electrophilic nitration is an introduction of electron-donating 
substituents such as methyl or methoxy groups. Such derivatives 
require milder nitration conditions, however, sometimes the 
unwanted oxidation products are formed.

Recent works by our group4 and others5 show that electro­
philic nitration of 5- and 6-substituted alkoxypyrazines can be 
an  efficient way of generating 3,6- and 3,5-dinitropyrazines, 
respectively, which find application as precursors for the pre­
paration of energetic compounds suitable for use in insensitive 
explosive (for example, 2,6-diamino-3,5-dinitropyrazine 1-oxide 
also referred to as LLM-105) and propellant compositions. We 
were interested in further expanding the use of alkoxypyrazines 
for the preparation of novel structures and focused upon the 
synthesis of polynitro compounds that could be derived from 
the nitration of 2-alkoxy-3-methylpyrazines 1. Herein we report 
the unexpected discovery of an unusual course of nitration onto 
methyl group of substrates 1.

Treatment of 2-methoxy-3-methylpyrazine 1a with a mixture 
of concentrated nitric and sulfuric acids (1:2) at room tempe­
rature, an experiment aimed to insert nitro groups into 5- and 
6-positions, gave in fact trinitromethyl compound 2a in low yield 
(ca. 5%) and recovered starting 1a (ca. 86%). Carrying out the 
reaction at 35 °C for 12 h brought about product 2a (ca. 9%), 
2-methoxy-5-nitro-3-trinitromethylpyrazine 3a (ca. 3%) and 
3,4-bis(2-methoxypyrazin-3-yl)furoxan 4a as minor products (ca. 
2%) (Scheme 1) after chromatographic separation. Raising 
temperature to 45 °C (for 3.5–4 h) improved the selectivity towards 
tetranitro compound 3a to 34%, and trinitro compound 2a was 
minor product (ca. 6%); however, these conditions promote 
oxidative decomposition of the starting materials, intermediates, 
and products dropping thus the yields.‡ When compound 1a was 
added to a pre-heated mixture of nitric and sulfuric acids (1:2) at 
50 °C, the solution gradually became black and neither trinitro­

methyl compounds 2a or 3a nor furoxan 4a were detected in the 
reaction mixture. Substrates containing ethoxy or propoxy groups, 
1b and 1c, gave no appreciable yield of the desired trinitromethyl 
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Scheme  1  Reagents and conditions: i, HNO3 /H2SO4 (1:2), 45 °C.
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‡	 Nitration of compound 1a (general procedure). 2-Methoxy-3-methyl­
pyrazine 1a (3.72 g, 30 mmol) was added slowly to a stirred mixture of 
HNO3 (5.5 ml, 100%) and H2SO4 (11 ml, 98%) at 30–35 °C. The reaction 
mixture was heated at 45 °C for 4 h. Afterwards, it was poured over 
ca. 50 g of crushed ice and extracted with EtOAc (3×50 ml). Combining 
the organic layers, washing with brine, drying (MgSO4), and removal of 
solvent afforded a mixture of products. 
	 The residue was subjected to column chromatography [eluting with 
hexane–EtOAc, 50:1 ® 5:1, Rf(2a) > Rf(3a) > Rf(4a) > Rf(5a)] to give 
pure products.
	 2-Methoxy-3-(trinitromethyl)pyrazine 2a: yield 6%, mp 90–91 °C. 
1H NMR (CDCl3) d: 4.07 (s, 3 H), 8.29 (d, 1H, J 2.56 Hz), 8.52 (d, 1H, 
J 2.57 Hz). 13C NMR (CDCl3) d: 55.2 (OMe), 126.6 [C(NO2)3], 128.2 
[CC(NO2)3], 136.2, 146.8, 158.8 (COMe). 14N NMR (CDCl3) d: –36.1 
(NO2). MS (70 eV), m/z: 259 (2) [M]+, 213 (100) [M – NO2]+. Found (%): 
C, 27.88; H, 1.89; N, 26.95. Calc. for C6H5N5O7 (%): C, 27.81; H, 1.94; 
N, 27.03.
	 2-Methoxy-5-nitro-3-(trinitromethyl)pyrazine 3a: yield 34%, mp 77–78 °C, 
1H NMR (CDCl3) d: 4.27 (s, 3 H), 9.13 (s, 1H). 13C NMR (CDCl3) d: 
57.1 (OMe), 125.1 [C(NO2)3], 130.0 (CH), 132.7 [CC(NO2)3], 151.4 
(CNO2), 157.6 (COMe). 14N NMR (CDCl3) d: –23.0 (br., CNO2), –38.7 
[C(NO2)3]. MS (70 eV), m/z: 304 (1) [M]+, 258 (100) [M – NO2]+. Found 
(%): C, 23.76; H, 1.27; N, 27.55. Calc. for C6H4N6O9 (%): C, 23.70; 
H, 1.33; N, 27.63.
	 3,4-Bis(3-methoxypyrazin-2-yl)furoxan 4a: yield 4%, mp 221–222 °C. 
1H NMR (DMSO-d6) d: 4.06 (3 H), 4.12 (3 H), 8.27–8.30 (2 H), 8.48–8.50 
(2 H). 13C NMR (DMSO-d6) d: 54.8, 55.1 112.8, 142.9, 143.7, 144.2, 
144.5, 144.6, 146.8, 154.3, 158.6, 158.8. MS (70 eV), m/z: 302 (23) [M]+, 
286 (34) [M – O]+, 256 (65) [M – O – NO]+, 135 (100). Found (%): C, 47.74; 
H, 3.38; N, 27.73. Calc. for C12H10N6O4 (%): C, 47.69; H, 3.33; N, 27.81.
	 3-Methoxypyrazine-2-carboxylic acid 5a: yield 14%, this compound in 
all respects corresponds to literature data.
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pyrazines. For example, treatment of the ethoxypyrazine 1b with 
the nitration mixture at 45 °C gave tetranitro product 3b in 2.5% 
yield.

In contrast, there is a report6 that nitric acid in trifluoroacetic 
anhydride at room temperature converts parent 2-methylpyrazine 
to 5-nitro-2-methylpyrazine in 12.7% yield and recovery 60% 
unreacted starting material.

Compared with starting compound 1a, the 1H and 13C NMR 
spectra of all products isolated from this reaction displayed the 
disappearance of methyl group signals, and the appearance of 
signals characteristic of trinitromethyl at d ~ 125 ppm for com­
pounds 2a and 3a. Structure of 2a was confirmed by single crystal 
X-ray diffraction analysis (Figure 1).§ The 13C NMR spectra of 
4a displayed the expected signals characteristic of the furoxan 
ring at d ~ 113 and 154 ppm, that are also consistent with those 
reported for similar 3,4-dipyrazinylfuroxans.7

Due to effect of the methoxy group, the bond distances at N(4) 
are unequal: the N(4)–C(5) is 1.348(2) Å, while the N(4)–C(3) is 
1.322(2)Å. Orientation of the trinitromethyl moiety is so that the 
nitrogen atom of a nitro group N(5) is in the plane of the pyrazine 
ring [the N(1)–C(2)–C(7)–N(5) torsion angle is 3.5(2)°], while 
the N(1)–C(2)–C(7)–N(6) and N(1)–C(2)–C(7)–N(7) torsion angles 
are 114.0(2) and 121.49(14)°, respectively, that is defined by steric 
repulsion with the adjacent methoxy group. On the contrary, 
for  recently described 2-trinitromethyl-5-methylpyridine,8 the 
trinitromethyl moiety has more freedom, and is oriented so that 
one of N=C–C–N torsion angles is close to 90°; therefore, all 
three nitro groups are out of the heterocycle plane.

In spite of the presence of the methoxy group and unsubstituted 
carbon atoms at the pyrazine ring, packing density of the crystal 
2a is relatively high (1.722 g cm–3 at 110 K). Visual analysis 
of  the crystal packing (Figure 1S, see Online Supplementary 
Materials) reveals the presence of the close intermolecular contacts: 
O(3)···O(7) [2.824(3) Å], and O(5)···H(6) [2.53(3) Å]. For more 

detailed understanding of the crystal packing we used an approach 
based on consideration of pair intermolecular energies of the 
closest environment of the central molecule9 for which we used 
M052X functional that was successfully applied for different 
heterocyclic compounds in recent studies.10 The results obtained 
(Table 1S) clearly show crucial role that the trinitromethyl 
moiety11 plays in the stabilization of the dense crystal packing. 
The strongest intermolecular interaction is provided by C(6)–
H(6)···O(5) H-bond (involving the nitro group) and interaction 
between oxygen atoms of the nitro groups and p-density of the 
pyrazine ring. The closest O···O contact mentioned above is also 
formed between oxygens of the nitro groups, while the energy of 
interaction involving the methoxy group is the weakest.

The formation of these products was rationalized by the 
mechanism shown in Scheme 2. First, nitration of the starting 
methylpyrazine 1 induced by participation of the enamine form 
1' 12 could give mononitro intermediate 6,¶ which would be 
expected to exist in the enamine form shown since the nitro 
group is electron withdrawing.14 Subsequent step-by-step nitra­
tion affords trinitromethyl derivative 2. Alternatively, attack on the 
intermediate 6 by nitrous acid could give nitroso intermediate 8. 
The latter would then undergo isomerization to nitrolic acid 9. The 
nitrous acid liberated upon heating compound 9 generated nitrile 
oxide 10. The latter dimerized to the furoxan 4.7 Intermediates 
7, 9 and 10 are susceptible to hydrolysis resulting in acid 5 as the 
by-product.

There are only a few reports of direct nitration of a methyl 
group at a (het)arene to the trinitromethyl group. The first15 such 
transformation in low (1–6%) yields was nitration of methyl­
benzenes to (trinitromethyl)benzenes by applying nitrogen oxides 
disclosed by Titov15(a) and Petrovich.15(b) In 1992, Deady and 
Quazi reported a nitration of a fused methylisoquinoline with 
sulfuric acid solutions of potassium nitrate to the corresponding 
(trinitromethyl)isoquinoline in moderate yields (31%).16 Bellamy 
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§	 Crystal data for 2a: C6H5N5O7, orthorhombic crystals, space group 
Pbca, a = 12.427(2), b = 11.839(2) and c = 13.588(2) Å, V = 1999.0(6) Å3, 
Z = 8, M = 259.15, dcalc = 1.722 g cm–3, m = 0.159 mm–1, F(000) = 1056. 
Intensities of 15 591 reflections were measured with a Bruker SMART 
CCD difractometer [ l(MoKa) = 0.71073 Å, graphite monochromator, 
w-scans, 2q < 60°] at 110 K. The structure was solved by the direct 
methods and refined by the full-matrix least-squares procedure in aniso­
tropic approximation. 2921 independent reflections (Rint = 0.0545) were 
used in the refinement procedure that was converged to wR2 = 0.1252 
calculated on F2

hkl [GOF = 1.018, R1 = 0.0505 calculated on Fhkl using 
2260 reflections with I > 2s(I)]. 
	 CCDC 1055062 contains the supplementary crystallographic data for 
this paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.

¶	 Pyrazinylidene cyanoacetic esters are mono-nitrated by mixtures of 
HNO3 at a-C-atom of the side chain in good yields.13
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and co-workers prepared 2,4-dimethoxy-6-trinitromethyl-1,3,5-
triazine (57%) from 2,4-dimethoxy-6-methyl-1,3,5-triazine using 
HNO3 /H2SO4 mixture.17 More recently, Katritzky et al.8 obtained 
5-methyl-2-trinitromethylpyridine in 10% yield on the nitration 
of 2,5-lutidine with nitric acid in trifluoroacetic anhydride. No 
previous installation of trinitromethyl group onto pyrazine ring 
has been documented.

The attachment of trinitromethyl groups to an azine backbone 
is a highly desirable process but one of the most difficult to achieve 
in practice. Studies on heterocycles bearing trinitromethyl group 
have provided extensive information which is relevant to the 
design and development of new high energetic materials.18 In 
this regard, pyrazine derivatives are the benchmark family of 
energetic materials whose properties can be tuned through the 
chemical modification. The incorporation of trinitromethyl group 
into the backbone provides deep insights into the structure–
property relationships.
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