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Abstract
For the first time, structure of the 3-cyano-4-azido-1,2,5-oxadiazole 2-oxide (3-cyano-4-azidofuroxan, CAziFO) molecule 
in the gas phase was studied by means of gas electron diffraction (GED) and quantum chemical calculations. Equilibrium 
parameters of the molecule were found. The data obtained were compared with those of related compounds studied using 
gas electron diffraction and X-ray diffraction. It was demonstrated that the best agreement with experiment was obtained at 
the B3LYP/aug-cc-pVTZ level of theory. The information obtained on the molecular structure of free CAziFO will be useful 
for structural studies of compounds containing furoxan fragments.
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Introduction

Furoxans (1,2,5-oxadiazole 2-oxides) are referred to as het-
erocyclic compounds with a unique set of functional prop-
erties [1, 2]. Furoxan derivatives may serve as precursors 
for creation of high-energy materials [3, 4] and are also of 
urgent interest in medicinal chemistry. In a latter case, furo-
xans correspond to a subclass of exogenic nitric oxide (NO) 
donors. NO plays a crucial role as a necessary link in various 
physiological processes, cytostatic agent, neurotransmitter, 
and activator of soluble form of guanylate cyclase. There-
fore, in-depth structural studies of furoxan derivatives as 
NO-donors are of highly importance [5, 6].

At the same time, synthesis and development of new 
functional organic materials became a hot research topic in 
recent years with a special emphasis on high-energy density 

materials (HEDM) [7–9]. Since the theoretical principles for 
choosing such substances are very vague, their actual testing 
in practice seems quite logical. However, such an approach 
faces a number of difficulties: at least tens of kilograms of 
the proposed substance are needed to conduct bench tests; 
as a consequence, the connection must be made industri-
ally; for a single promising substance, it is too expensive 
to create a pilot plant. The way out of this situation is to 
use methods of statistical thermodynamics to assess the effi-
ciency of proposed fuels, which should initially be based on 
the physical and chemical characteristics of the substances 
proposed as potential fuels. Recently, considerable interest 
has been focused on the development and synthesis of new 
energetic compounds that are a combination of aromatic 
nitrogen–oxygen heterocycles and energetic functional 
groups such as  NO2,  N3,  NHNO2, N = N, and N = N(O) as 
substituents [10]. In this regard, 1,2,5-oxadiazole (furazan) 
and its N-oxide (furoxan) have attracted considerable atten-
tion due to their high positive enthalpies of formation (196.8 
and 198.5 kJ/mol, respectively) and the huge nitrogen–oxy-
gen content within the core. In addition, functionalization 
of the 1,2,5-oxadiazole ring makes it possible to obtain 
energetic materials with high density and improved proper-
ties [11, 12]. In this regard, 3-cyano-4-azido-1,2,5-oxadia-
zole 2-oxide (3-cyano-4-azidofuroxan molecule, CAziFO) 
(Fig. 1) is one of the interesting representatives of furoxan 
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series. Due to its structure, it gives possibilities for perspec-
tive syntheses of high-performance energetic materials.

The work aims to determine the equilibrium structure of 
the CAziFO molecule in the absence of intermolecular inter-
actions in the gas phase by gas-phase electron diffraction 
(GED) and quantum chemical calculations and to compare 
the GED and single-crystal X-ray diffraction (XRD) results 
with the reported ones on the molecular structures of a num-
ber of related compounds.

Experiment

GED

A sample of 3-cyano-4-azidofuroxan used in this work was 
obtained from the Laboratory of nitrogen compounds of 
Zelinsky Institute of Organic Chemistry (purity of sample is 
better than 99%). The spectral data (supplementary materi-
als, Figures S1, S2) are fully consistent with the structure of 
the target compound. The GED experiment was carried out 

on an EG-100 M apparatus (Faculty of Chemistry, Moscow 
State University) for two nozzle-to-plate distances: short 
(SD) and long (LD). For each distance, a GED pattern was 
recorded on three plates (an accelerating voltage of 60 kV 
was used to generate the electron beam with a wavelength λ 
of about 0.05 Å), and the electron wavelengths were refined 
by the experiment with the standard substance  (CCl4) con-
ducted at room temperature (25 °C). Full information on the 
experiment is given in Table 1.

All GED patterns were recorded on MACO EM-FILM 
EMS films and scanned on an Epson Perfection 4990 scan-
ner. The scanner was calibrated using a Standard IT8 Target 
(ISO 12641–1 compliant 1997) (Fuji transparency Individu-
ally measured Target) on a gray scale. The GED patterns 
were converted into the intensity curves (Fig. 2) and radial 
distribution curve (Fig. 3) using UNEX [13].

Fig. 1  Atom numbering in 3-cyano-4-azidofuroxan molecule 
(CAziFO)

Table 1  Conditions of GED 
experiment

a s = 4πλ−1sin(θ/2), where θ is the scattering angle; λ is he electron wavelength
b A step on the scale s is 0.2 Å–1

Parameter Units Short distance (SD) Long distance (LD)

“Nozzle-to-plate” distance, D [mm] 193.9 362.3
Accelerating voltage, U [kV] 60 60
Electron beam current I [μA] 1.5 2.0
Wavelength λ, Å [Å] 0.05621 0.05095
Nozzle temperature T [K] 318 318
Residual pressure P [mm Hg] 4.0 ×  10−5 4.0 ×  10−5

Exposition t [sec] 40, 60, 80 25, 20, 20
Range of scattering  intensitiesab [Å−1] 6.6–31.2 3.4–20.0

Fig. 2  Molecular intensity curves sM(s) for the long (LD) and short 
(SD) nozzle–plate distances for the CAziFO molecule. The experi-
mental values are depicted by circles, and the theoretical sM(s) are 
shown by solid line. The ΔsM(s) = sM(s)exp  –  sM(s)theor differences 
are also shown
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QC calculations

Quantum chemical calculations were performed by means 
of Gaussian 09 [14] using the DFT method with B3LYP 
density functional [15, 16] and perturbation theory MP2 
[17] with basis sets 6-31G(d,p) [18], cc-pVTZ [19], and 
aug-cc-pVTZ [20] and also using method CCSD [21] with 
basis set 6-31G(d,p) [22]. For CAZiFO parameter deter-
mination, the complete geometry optimization was per-
formed. The numbering of atoms in the molecule studied 
is shown in Fig. 1.

Cartesian coordinates of atoms for optimized geometry of 
CAziFO by means of CCSD/6-31G(d,p), B3LYP/cc-pVTZ, 
and MP2/cc-pVTZ levels of theory are shown in Supple-
mentary Materials (Tables S1, S2, S3).

The molecular model of CAziFO was described by a 
set of 20 independent geometrical parameters including 11 
bond lengths and 9 angles, which are listed in Table 2. The 
structural parameters discussed were refined during analysis: 
except O1–N5 and C3–C7, all bond lengths were refined in 
different groups (Table S4).

To generate a consistent re structure from GED research 
with molecular parameters directly compared with that from 
QC data, cubic force fields at B3LYP/6-31G(d,p) level of 
theory were calculated (Table S5) and used to obtain anhar-
monic vibrational corrections to the internuclear distances 
[23], as well as vibrational amplitudes by applying VibMod-
ule program [24]. Natural bond orbital (NBO) as well as 
Wiberg bond index calculations for all species were per-
formed within B3LYP/aug-cc-pVTZ level of theory in the 
frame of NBO 7.0 software [25].

Results and discussion

Table 2 shows the optimized equilibrium parameters of 
CAziFO obtained from various quantum chemical calcula-
tions, which are compared with the values obtained dur-
ing the electron diffraction experiment. The most signifi-
cant differences between the experimental and calculated 
bond lengths were found for the r(O1–N2) and r(O1–N5) 
bonds (see Table 2). All quantum chemistry methods over-
estimate the value of the r(O1–N2) bond by approximately 
0.03–0.04 Å (except for CCSD/6-31G(d,p), which under-
estimates the value of the bond by almost 0.01 Å), and the 
values of the (O1–N5) bonds are exceeded by approxi-
mately 0.02–0.06 Å, with the closest results to the exper-
imental those observed for B3LYP/aug-cc-pVTZ and 
CCSD/6-31G(d,p).

For the values of bond angles and torsion angles, 
CCSD/6-31G(d,p) gives satisfactory results, almost cor-
responding to the experimental those within the expected 
errors of the GED method. However, angles formed by het-
eroatoms (such as < (O1–N5–C4) and < (O1–N2–O6)) are 
better reproduced by the MP2/aug-cc-pVTZ level of theory.

A distortion of the five-membered ring, which is often 
observed in substituted furoxans, was also found for the 
studied CAziFO molecule.

Herein, we also performed comparison of structural 
parameters of CAziFO with analogous values closely related 
and previously investigated by our team furoxan derivatives, 
3,4-dicyanofuroxan [26] and 3-cyano-4-aminofuroxan [27], 
which were obtained using gas electron diffraction, and also 
with unsubstituted furoxan in solid state. The results are 

Fig. 3  Experimental (circles) and theoretical (solid line) radial distribution curves f(r) for CAziFO and their differences Δf(r) = f(r)exp – f(r)theor
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shown in Table 3. Thus, the angle < (O1–N2–C3), corrected 
due to the electron-withdrawing cyano group, is approxi-
mately 1.5° greater, and the angle < (O1–N5–C4) near elec-
tron-withdrawing azido group is approximately 0.5° greater 
than that of the unsubstituted furoxan molecule. Thus, ring 
distortion in the CAziFO molecule directly correlates with 
the donor–acceptor properties of its substituents [28].

NBO analysis based on the B3LYP/aug-cc-pVTZ 
method showed that the substituents on the furo-
xan ring contribute to the overall conjugation of 
the π-electron system. If we compare CAziFO with 

3-cyano-4-aminofuroxan, we can see that the values of 
the Wiberg indices decrease for all bonds by an average 
of 2–5%, with the exception of the index of the bond con-
necting the nitrogen of the azide group with the carbon in 
the oxadiazole ring, which increased by 2% (Fig. 4). The 
distribution of effective charges on the atoms is similar to 
the case of 3-cyano-4-aminofuroxan, although to a some-
what lesser extent due to increased electron delocaliza-
tion. This suggests that the –N3 functional group exhibits 
more pronounced electron-withdrawing properties com-
pared to the amino group.

Table 2  Structural parameters 
of CAziFO

Bond lengths in Å, bond angles in degrees, Rf in percent. Parameters with the same numerical superscript 
were refined in one group
a Errors were determined as 3σ-LSM; i.e., they are equal to the triple standard deviation by LSM.
b Initial approximation was determined at the B3LYP/6-31G(d,p) level of theory

Parameter GEDa B3LYP MP2 CCSD

/cc-pVTZ /aug-cc-pVTZ /cc-pVTZ /aug-cc-pVTZ /6-31G(d,p)

Independent parameters
re(O1–N2) 1.416(6)1 1.441 1.440 1.439 1.464 1.408
re(N2 = C3) 1.345(16)2 1.342 1.341 1.326 1.350 1.339
re(C3–C4) 1.418(11)3 1.424 1.424 1.393 1.406 1.433
re(C4 = N5) 1.319(8)4 1.302 1.302 1.332 1.321 1.308
re(O1–N5) 1.343(3)5 1.375 1.376 1.397 1.347 1.390
re(N2–O6) 1.224(4)6 1.200 1.201 1.250 1.210 1.218
re(C3–C7) 1.399(3)5 1.404 1.405 1.407 1.407 1.421
re(C7≡N8) 1.158(16)7 1.152 1.152 1.159 1.174 1.168
re(C4–N9) 1.429(8)8 1.381 1.381 1.396 1.386 1.397
re(N9 = N10) 1.227(12)9 1.244 1.244 1.246 1.244 1.264
re(N10 = N11) 1.148(3)10 1.120 1.119 1.140 1.146 1.135
 < (O1–N2–C3) 108.7(6)11 106.3 106.4 107.9 104.8 107.3
 < (N2–C3–C4) 104.4(12)12 106.5 106.5 106.7 107.5 106.1
 < (C3–C4–N5) 111.8(4)13 111.8 111.7 112.6 111.3 111.3
 < (O1–N5–C4) 107.1(7)14 106.8 106.8 105.3 107.2 106.1
 < (N2–O1–N5) 108.0(6)15 108.7 108.7 107.5 109.2 109.1
 < (O1–N2–O6) 120.5(9)16 118.9 118.9 116.5 119.2 118.8
 < (C3–N2–O6) 130.8(15)17 134.8 134.8 135.6 136.0 133.8
 < (N2–C3–C7) 123.3(6)18 122.6 122.7 123.0 121.5 121.7
 < (C4–C3–C7) 132.1(8)19 130.9 130.8 130.3 131.1 132.2
Dependent parameters
 < (C3–C7–N8) 180.0(12) 178.9 178.9 179.1 179.2 177.8
 < (C4–N9–N10) 116.5(8) 116.6 116.5 115.2 114.6 115.0
 < (N9–N10–N11) 176.3(6) 171.9 171.9 178.4 172.2 170.5
D(O1–N2–C3–C4) 0.9(4)b 0.0 0.0 0.0 0.0  − 0.4
D(N2–O1–N5–C4)  − 0.9(2)b 0.0 0.0 0.0 0.0  − 0.3
D(C3–C4–N5–O1) 0.7(4)b 0.0 0.0 0.0 0.0  − 0.3
D(C4–N9–N10–N11) 179.2(5)b 180.0 180.0 179.8 180.0 179.1
Rf LD 7.1
Rf SD 7.3
Rf total 7.2
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Conclusion

In summary, using gas electron diffraction and quantum 
chemical calculations, the structure of the CAziFO mol-
ecule in the gas phase was studied and the equilibrium 
parameters of the target molecule were found for the 
first time. The obtained data were compared with similar 
parameters for related compounds studied using gas elec-
tron diffraction and X-ray diffraction. It was demonstrated 
that the best agreement with experiment was obtained at 
the CCSD/6-31G(d,p) and B3LYP/aug-cc-pVTZ level of 
theory. It has been shown that the presence of an azide 
group as a substituent, compared to 3-cyano-4-aminofuro-
xan, causes a distortion of the geometry of the target mol-
ecule, which is expressed in the shortening of the r(O1-
N5) bond by 0.05 Å, as well as an increase in the valence 
angle < (O1–N2–C3) by 2.0°. The NBO analysis carried 
out at the B3LYP/aug-cc-pVTZ level of theory showed 
that the azide group is an acceptor of electron density and, 
as a result, concentrates part of the electron cloud on itself. 

Unlike 3-cyano-4-aminofuroxan, CAziFO is to a greater 
extent a conjugated π-electron system, since each substitu-
ent of the five-membered ring makes a significant contri-
bution to the overall delocalization of the electron cloud.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11224- 024- 02403-4.
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Table 3  Comparison of 
structural parameters of furoxan, 
3-cyano-4-azidofuroxan 
(CAziFO), 3-cyano-4-
aminofuroxan (CAFO) and 
3,4-dicyanofuroxan (DCFO)

Parametera Furoxan 
(XRD) [28]

CAziFO (GED) CAFO (GED) [27] DCFO (GED) [26]

re(O1–N2) 1.441 1.416(12) 1.415(12) 1.459(5)
re(N2 = C3) 1.302 1.345(6) 1.340(3) 1.331(3)
re(C3–C4) 1.401 1.418(6) 1.430(6) 1.419(2)
re(C4 = N5) 1.292 1.319(12) 1.306(2) 1.299(3)
re(O1–N5) 1.379 1.343(12) 1.390(3) 1.367(5)
re(N2–O6) 1.240 1.224(15) 1.207(3) 1.199(4)
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 < (C3–C4–N5) 111.9 111.8(4) 110.9(2) 111.7(3)
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 < (O1–N2–O6) 116.4 120.5(9) 119.2(3) 119.3(6)
 < (N2–C3–C7) – 123.3(6) 123.4(5) 122.6(3)

Fig. 4  Wiberg indices and the effective atomic charges in the molecules of furoxan (a), DCFO (b), CAFO (c), and CAziFO (d)
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