Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(2):98-108

THEORETICAL BASES OF CHEMICAL TECHNOLOGY
TEOPETHYECKHE OCHOBBI XHMHYECKON TEXHOAOTHH

ISSN 2686-7575 (Online)

https://doi.org/ 10.32362/2410-6593-2023-18-2-98-108 (@)Y |

UDC 544.144.22

RESEARCH ARTICLE

Quantum chemical research of the molecular structure
of 3,4-dicyanofuroxan

Inna N. Kolesnikova'!, Nikolay V. Lobanov'2%", Valery N. Lobanov?, Igor F. Shishkov!

IM.V. Lomonosov Moscow State University (Faculty of Chemistry), Moscow, 119991 Russia
2Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, 125412 Russia
SMIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia

“Corresponding author, e-mail: Inw94@yandex.ru

Abstract

Objectives. The study set out to determine the equilibrium parameters of the 3,4-dicyanofuroxan
molecule by means of molecule geometry optimization by quantum chemistry methods, verify the
adequacy of the methods used, and compare the obtained results with X-ray diffraction analysis
(XRD) and gas electron diffraction (GED) data.

Methods. Quantum chemical calculations were carried out using BSLYP, MP2, and CCSD(T)
methods with 6-31G(d,p), cc-pVTZ, and aug-cc-pVTZ basis sets.

Results. The equilibrium molecular structure of 3,4-dicyanofuroxan was refined by means
of quantum chemical calculations using the Gaussian09 program. The geometrical parameters
were compared with the structure of this compound in the solid phase and a number of
related compounds in gas and solid phases. It was theoretically established that the planar
equilibrium structure of the dicyanofuroxan molecule has C, symmetry. The structure of the
free dicyanofuroxan molecule was found to differ depending on the phase. The B3LYP and
CCSD(T) methods describe the molecular structure of dicyanofuroxan more accurately than the
MP2 method. A regularity was revealed, according to which an increase in the basis, as a rule,
leads to a better agreement of the geometry, regardless of the functional.
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Conclusions. The calculations performed are in good agreement with the literature data and
results of joint analysis by GED and XRD. The effect of cyano substituents on the ring geometry
is observed in comparison with the literature data for the dicyanofuroxan molecule. For the
molecule in question, it is better to use the B3LYP/ aug-cc-pVTZ method. The values of geometric
parameters obtained by this method are in better agreement with the structure in the gas phase.
The discrepancies with the experimental XRD results may be due to interactions in the
crystal structure. Differences in the geometric parameters obtained on the basis of different
functionals and bases make this molecule interesting for experimental structural studies
using GED or microwave spectroscopy, which will permit the identification of optimal
methods and bases for obtaining the geometric parameters of furoxan class molecules.
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AHHOMAuuUst

Ifenu. OnpedeneHue pasHOBECHLIX NAPAMEmpPo8 MONeKYabl 3,4-0uuaHogpyporcaHa nocpeo-
CMEOM ONMUMUSAUUU 2e0MeMmpPuUll MOJEKYJbl MemooamMu KEAHMOBOU XUMUU, nposepKra
adexeamHOCMU UCNONBb3YeMblX Memooos8, A MmaKk’Ke COnocmassieHue NONAYueHHbLX pesyabma-
moe ¢ OaHHbIMU peHmeeHodugppakyuoHHozo aranusa (PCA) u 2azoeoti snexmporozpagpuu (I'2)
poocmgeHHbIX COeOUHEeHUTL.

Memoodst. KeaHmoegoxumuueckue pacuemost memodamu B3LYP, MP2 u CCSD(T) ¢ 6asucHbimu
Habopamu 6-31G(d,p), cc-pVIZ u aug-cc-pVIZ.

Pesynomamet. YmouHeHA  pABHOBECHASl MOJEKYASPHASL  cmpykmypa  3,4-0uyuaHo-
dypokcaHa ¢ NOMOWBI KBAHMOBO-XUMUUECKUX pacuemos & npozpamme Gaussian09.
IIposedero cpasHeHue 2eomempuuecKux napamempog co cmpykmypoii 0aHH020 COeOUHEeHUs
8 meepooli ¢aze u c psi0omM poOCMeEeHHblX CcoeOuHeHUll 8 2a3080l u meepoolli case.
Teopemuuecku YCMAaHOBNEHO, UMO PABHOBECHAS. CMPYKMypa MONeKYibl OUYUAHOpYporca-
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Quantum chemical research of the molecular structure of 3,4-dicyanofuroxan

Ha siensiemes naockoil u umeem cummempuio C.. Ycmaroesnerno, umo cmpykmypa ce0600HOi
MONeKYNbl ouyuaHogypokcaHa 8 sasucumocmu om cpassel paznuuaemcest. Memoost CCSD(T)
u B3LYP mouHee onucbleaem MONEKYJAIPHYIO CMpYKmypy OUYUAHOPYPOKCAHA NO CPABHEHUIO
¢ memooom MP2. BouisgneHa 3aKOHOMEPHOCMb, CO2/1ACHO KOMOpoU yeesuueHue b6asuca, Kawk
npasuio, NPpueoouUm K Ayuilemy coaiaco8aHuio 2eoMempull He3asuUCUMO 0m PYHKYUOHANA.
Buieoodst. [Ipogedertble pacuembl XOPOULO CO2NACYIOMCSL € JUMEepaAmypHboiMU OaHHbLIMU,
a maroke pesysbmamamu co8mecmHozo aHanusa memooamu I'S u PCA. BnusiHue yuaHo-
3amecmumeneti Ha 2eoMempuio Koabya Habarooaemest 8 CpasHEeHUU ¢ AumepamypHoimMu OaHHbLMU
05t MoSleKYy bl duyuaHopyporcana. [ns paccmampusaemoil MONeKYlbl Aydule UCNOb3080Mb
memo0 B3LYP/aug-cc-pVTZ. 3HaueHus z2eomempuueckux napamempos, NnoayueHHble Imum
MemoooMm, Yyuule Co2lacyromest co cmpykmypoil 8 2a3080il ¢pase. PacxoroeHus ¢ saKcnepumeH-
maneHbmMu pesyaomamamu PCA moeym 6bimsb 06ycno8neHbl 83aUMO0licMBUIMU 8 KPUCTATIU-
yeckoll cmpykmype. Pasnuuus 8 2eomempuueckux napamempax, noAYyueHHsblx Ha OCHO8E PA3HbLLX
PYHKUUOHAN08 U 6a3uUco8, 0enaom 3my MONeKYaYy UHMepecHOl 0151 npogedeHUsl IKCNepUMEH-
ManbHO20 CMPYKMYPHO20 UCCA008AHUL Memooamu D uau MUKPOBOSHOBOU CNeKmpoCKoOnuu,
umo nozeoaum 8 6yoywem Halumu onmumaibHble memoobl. U 6a3ucbl. O NOAYUEHUS
2eomempuuecKux Napamempos MoNeKysl KAacca pypoKCcaHos.

Knroueesvle cnoea: pasHogecHAs CMpYKmMypa, MONEKYASPHASE CMPYKmMypa, OKCOOUA30/bL,
yporcatbl, KEBAHMOBO-XUMUUECKUE UCCAE008AHUSL

s yumuposanusn: Konecunkosa M.H., JlobanoB H.B., Jlo6anos B.H., IllumkoB N.®. HccrnenoBanue paBHOBECHOMH
CTPYKTYPBIMOJICKYJIbI 3,4-uiinanopypokcana. Toukuexumuueckue mexrnonoeuu.2023;18(2):98—108. https://doi.org/10.32362/2410-

6593-2023-18-2-98-108

INTRODUCTION

The class of oxadiazoles, representing one
of the most promising in the creation of energy-
intensive  compounds, became the focus of
research attention in the first decades of the 21st
century [l] due to the combination of unusual
thermochemical characteristics: high enthalpy of
formation and thermal stability. The presence of
active oxygen in oxadiazole and oxadiazole
N-oxide also increases the energy capacity of the
molecule [2]. In addition, the chemical properties
of oxadiazoles make it easy to introduce groups
containing high-energy bonds that increase the total
energy of the molecule.

The 3,4-dicyano-1,2,5-oxadiazole-2-oxide (3,4-dicyano-
furoxan, DCFO) substance is used in the solution
of many urgent problems. Representing an intermediate
in the organic synthesis of high-energy materials [3],
the substance is used in chemical ignition systems

(it  spontaneously ignites upon contact with
rocket fuel components [4]), as well as showing
pharmacological and biological activity (vasodilator)
[5]. In addition, DCFO derivatives have antimalarial
properties [6] and potential for application as
coagulants and enzymes.

DCFO was synthesized for the first time
in 1925 [7]. Subsequently, several more options for
DCFO obtaining were proposed in 1962, 1975, 2001,
and 2019 [3-5, 8]. For a long time, the 1962
synthesis [8] was the most reliable. However,
in 2019 a group of scientists from Maryland
developed a reproducible, economical, safe, and
highly efficient method for DCFO obtaining,
obtaining a crystal of the substance for the first
time and confirming the result using X-ray diffraction
on a single crystal [5].

At that time, the structure of nitro-containing
derivatives of furoxans in the gas phase, such as
3-methyl-4-nitro- and 4-methyl-3-nitrofuroxan,
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had already been studied by gas electron diffraction
(GED) and quantum chemical calculations [9].
A number of pyridines containing a cyano group
were also studied using the same methods [10—12].

In 1996, the first attempt was made to optimize
the geometry of the DCFO molecule by means
of the Gaussian-92 software package using the
Hartree—Fock (HF) method, involving exchange-
correlation 3-parametric Becke-Lie—Yang—Parr (B3LYP)
density functional and density functional based
on the second-order Méller—Plesset perturbation theory
(MP2) with basis sets 6-31G(d,p) (HF/6-31G(d,p),
B3LYP/6-31G (d,p), and MP2/6-31G(d,p)) [I13].
A year later, the obtained -calculation data for
this substance were compared with the results of
ultraviolet and infrared spectroscopy [14].

In 2012, a study was conducted using the
Gaussian 09 software package [15]. However,
the authors limited themselves to the level of the
B3LYP/cc-pVTZ theory. Calculations based on the
same methods using different bases are also of interest.

The aim of the present work is to determine
the equilibrium structure of the DCFO molecule
by optimizing the molecule geometry using B3LYP
and MP2 quantum chemistry methods with the
6-31G(d,p)!, cc-pVTZ?, and aug-cc-pVTZ® bases in
the Gaussian 09 program; to carry out a calculation
at the theoretical level CCSD(T)* with the basis
6-31G(d,p); to check the adequacy of the methods
used; and to compare the results with the data of
X-ray diffraction analysis (XRD) and GED for
related compounds.

EXPERIMENTAL

Quantum chemical calculations were carried
out with by means of the Gaussian 09 software
package [16] using the density functional theory
method with the B3LYP functional [17, 18] and
MP2 perturbation theory [19] with correlationally
consistent basis sets 6-31G(d,p) [20], cc-pVTZ [21],
and aug-cc-pVTZ [22]. A calculation using the
CCSD(T) method [23] was additionally carried out
with basis sets 6-31G(d,p). To determine the
equilibrium structure of DCFO, complete optimization
of the geometry and calculation of the oscillation

1'6-31G(d,p) is a valence-split basis set with addition of
d-type polarization functions for each atom from Li to Ca and
p-type polarization functions for each light atom (H, He).

2 cc-pVTZ is a triple-zeta correlation consistent basis set.

3 aug-cc-pVTZ is an augmented version of the previous
basis set with added diffuse features.

4+ CCSD(T) is a coupled cluster single-double and
perturbative triple method.

frequencies were performed. The atom numbering
for the DCFO molecule are shown in the figure.

The Cartesian coordinates of the DCFO optimized
using the CCSD(T)/6-31G(d,p), B3LYP/6-31G(d,p),
and MP2/cc-pVTZ functionals are presented in the
appendix (Tables S1, S2, and S3).

Fig. Atom numbering in the DCFO molecule.

RESULTS AND DISCUSSION

It follows from Table 1 that B3LYP/aug-cc-pVTZ
calculations reproduce the C-N and C=0 DCFO
bond lengths better than MP2 calculations with
the same basis set (especially when compared with
the latest experimental data for the crystal [4]).
This statement is also true for some bond angles.
Quantum chemistry calculations show that the
planar DCFO molecule has Cg symmetry. XRD
revealed that there are 2 forms in the solid phase,
the parameters of which differ in the case
of bond lengths.

The equilibrium structure calculated by the
B3LYP/aug-cc-pVTZ method is in good agreement
with the solid phase determined by XRD. The
discrepancies between the data are no more
than 0.01 A for the bond lengths, while the values
of the bond angles differ by no more than 1°.
In contrast to the gas phase, two molecules of
the crystalline phase are nonplanar; however,
the deviation from the plane does not exceed 4°
(Table 1). A comparison of the equilibrium structure
of DCFO with the structure in the crystalline
phase demonstrates the similarity of the bond
lengths of the oxadiazole rings with a maximum
deviation not exceeding 0.02 A and 2° in the bond
lengths and bond angles, respectively. This indicates
that the B3LYP method is likely to better predict
the structure of DCFO in the gas phase. However,
due to the different state of aggregation of these
structures, their differences can be associated with
the effects of intermolecular interactions in the crystal.
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Table 1. Continued
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Note: The DCFO crystal cell consists of two independent molecules 1 and 1A. r (O1-N2) is the equilibrium bond length between the corresponding atoms. A(O1-N2-C3) is the
value of the angle between the corresponding atoms. D(O1-N2—C3—C4) is the value of the dihedral angle between the corresponding atoms. Bond lengths are given in angstroms. The

angles are given in degrees.

The molecular structure of DCFO is relatively
well  described by the B3LYP/aug-cc-pVTZ
method: the functional gives the best fit for most
bond lengths as compared to the MP2/cc-pVTZ
method. The largest differences are observed for the
O1-N2 bond: its length of 1.458(4) A refined
according to XRD data correlates with the length
determined by the B3LYP/aug-cc-pVTZ method
(1.470 A) and does not coincide when using the
MP2/cc-pVTZ method (1.552 A). The same
situation is observed with the OI-N5 bond length:
according to XRD, its value is 1366(5)A, which is
close to the value determined by B3LYP/aug-cc-pVTZ
(1.347 A); moreover, it noticeably differs from the
results of MP2/cc-pVTZ (1.314 A). The worst
matches are given by MP2/6-31G(d,p): in this
case, the difference for bond lengths reaches 0.1 A.

The CCSD(T)/6-31G(d,p) method adequately
describes the molecule structure, with most of the
bond lengths correlating with the experimental
data: the calculated O1-N2 bond length is 1.480 A,
while the bond Ilength refined by XRD
is 1.4584) A. The OI-N5 bond length
as calculated by the CCSD(T)/6-31G(d,p) method
and obtained by XRD coincides with high precision
(1.369 and 1.366(5) A, respectively).

In this work, we also compared the structural
parameters of DCFO with the geometry of
related compounds (3-methyl-4-nitrofuroxan and
4-methyl-3-nitrofuroxan) determined by the GED
method in [12].

From Table 2, it can be seen that DCFO is
similar in parameters to 3-methyl-4-nitrofuroxan:
for most bond lengths, the difference is no more
than 0.08 A, while the angles differ by no more
than 2°-3°. The most noticeable deviations are
in the C3-C7 (0.082 A), N2-06 (0.019 A), and
C3-C4 (0.012 A) bonds. Among the angles,
N2-C3-C4 (2.3°) and C3-C4-N5 (2.5°) show the
largest discrepancy. The situation changes with
the transition to 4-methyl-3-nitrofuroxan. The angles
mostly do not coincide, while the lengths
of only two bonds (C3-C4 and N2-06) are
close in their values (the difference is less than
0.009 A). Such significant differences (0.03-0.10 A)
may be due to the effect of substituents.

In general, it can be argued that when
comparing the results of calculations by the
B3LYP and MP2 methods with the basis
sets  6-31G(d,p), cc-pVTZ, and aug-cc-pVTZ,
there is a tendency for a better agreement
between the calculated molecular parameters
and the experimental wvalues. It can be
seen that an increase in the basis, as a rule, leads
to better geometry matching, regardless of the
chosen functional (Table 3).

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(2):98-108

103



Quantum chemical research of the molecular structure of 3,4-dicyanofuroxan

Table 2. Comparison of structural parameters of DCFO, 3-methyl-4-nitrofuroxan, and 4-methyl-3-nitrofuroxan

Parameter B3LYP/I“)11?:-(c)c-pVTZ 3-methyl-4-nitrofuroxan GED [12] | 4-methyl-3-nitrofuroxan GED [12]
r(O1-N2) 1.470 1.462(9) 1.382(6)
r (N2-C3) 1.339 1.333(9) 1.307(6)
r(C3-C4) 1.426 1.414(9) 1.422(6)
r (C4-N5) 1.306 1.304(9) 1.340(6)
r (O1-N5) 1.347 1.354(9) 1.429(6)
r,(N2-06) 1.196 1.215(9) 1.205(6)
r (C3-C7) 1.406 1.488(9) 1.488(6)
A(O1-N2-C3) 105.2 107.2(5) 107.5(3)
A(N2-C3-C4) 106.9 104.6(5) 109.2(3)
A(C3-C4-N5) 111.4 113.9(5) 109.2(3)
A(O1-N5-C4) 107.6 106.1(10) 104.7(4)
A(N2-O1-N5) 108.9 108.1(10) 109.4(5)
A(O1-N2-06) 119.0 118.1(6) 118.6(3)
A(N2-C3-C7) 122.3 121.2(5) 121.1(3)

Note: bond lengths are given in A; angles are in degrees.

We also compared the C-N bond lengths in The C-N bond length of DCPO is very similar
DCFO with a number of cyanopyridines, the data to that in the corresponding cyanopyridines.
for which were obtained by two independent methods The spread of values does not exceed 1%, which
(Table 4). can be considered a good indicator, demonstrating

Table 3. Comparison of DCFO selected parameters during various quantum chemical calculations

Method r(01-N2), A r (01-N5), A
XRD [4] 1.458(2) 1.366(3)
B3LYP/6-31G(d,p) 1.475 1.351
B3LYP/cc-pVTZ 1.472 1.346
B3LYP/aug-cc-pVTZ 1.470 1.347
MP2/6-31G(d,p) 1.651 1.311
MP2/cc-pVTZ 1.552 1314
MP2/aug-cc-pVTZ 1.567 1312
CCSD(T)/6-31G(d,p) 1.480 1.369
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Table 4. Comparison of bond lengths C—N in DCFO — 2-cyanopiridine — 3-cyanopiridine — 4-cyanopiridine series

2-cyanopiridine [10] 3-cyanopiridine [11] 4-cyanopiridine [12]
DCFO (B3LYP/aug-cc-pVTZ)
GED XRD GED XRD GED XRD

r (C7-N8), A 1.152

1.158(5) 1.1452(8) 1.157(2) 1.1499(12) | 1.159(3) 1.1370(8)
r,(C9-N10), A 1.150
r (C4-C9), A 1.421

1.445(3) 1.448(2) 1.432(2) 1.4303(12) | 1.438(3) 1.439(8)
r (C3-C7), A 1.406

that the chosen method and basis describe the
molecule under consideration quite well.

CONCLUSIONS

The equilibrium structure of the DCFO molecule
was refined by optimizing the free geometry
using quantum chemistry methods. The adequacy
of the methods used was checked by comparing
the obtained results with those mentioned in the
literature. The obtained results are compared with the
XRD data for the molecule in the crystalline phase.

Equilibrium  geometric ~ structural parameters
characterizing the DCFO molecule were obtained

(calculation results are given in Tables 1 and 2).
The results are consistent with those of related
compounds.

It should be noted that, although structural
comparison of solid DCFO with modeling of the
molecule properties in the gas phase between the
centers of maximum electron density is somewhat
difficult, the structures under study are quite similar.
The data obtained by XRD correlate with the
corresponding geometric parameters of the DCFO
backbone calculated by the B3LYP/aug-cc-pVTZ
method (r(O1-N2) bond length is 1.458(2) and
1.470 A; r(O1-N5) bond length is 1.366(3)
and 1.347 A; r(N2-C3) bond length is 1.336(3)
and 1.339 A).

SUPPLEMENTARY

Table S1. Cartesian coordinates of atoms in the DCFO molecule obtained at the level of the CCSD(T)-31G(d,p) theory

No. Symbol X Y Z
1 0} 1.0630 -1.6922 0.0
2 N 1.4296 —0.2798 0.0
3 C 0.2732 0.3759 0.0
4 C —0.7800 —0.5742 0.0
5 N —0.2976 -1.7930 0.0
6 o 2.5878 0.0245 0.0
7 C 0.2018 1.7728 0.0
8 N 0.1196 2.9355 0.0
9 C -2.1677 —0.3032 0.0
10 N -3.3028 —0.0472 0.0
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Table S2. Cartesian coordinates of atoms in the DCFO molecule obtained at the level of the B3LYP/6-31G(d,p) theory

No. Symbol X Y Z
1 o —-1.81695 —0.83540 0.0
2 N —1.34222 0.56103 0.0
3 C 0.0 0.47737 0.0
4 C 0.32868 —0.91407 0.0
5 N —0.74964 —1.66405 0.0
6 o —2.15078 1.45395 0.0
7 C 0.82413 1.62158 0.0
8 N 1.51834 2.55455 0.0
9 C 1.63809 —1.47669 0.0
10 N 2.71587 —-1.90832 0.0

Table S3. Cartesian coordinates of atoms in the DCFO molecule obtained at the level of the MP2/cc-pVTZ theory

No. Symbol X Y Z
1 O -1.81233 —0.89477 0.0
2 N —-1.34771 0.58627 0.0
3 C 0.0 0.46095 0.0
4 C 0.33496 —0.90095 0.0
5 N —0.75514 —1.67493 0.0
6 o -2.15711 1.46346 0.0
7 C 0.81982 1.60597 0.0
8 N 1.50816 2.55741 0.0
9 C 1.64067 —1.45056 0.0
10 N 2.73510 —-1.87474 0.0
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