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Abstract: Spin-labelled compounds are widely used in chemistry, physics, biology, and material
sciences, but the directed synthesis of some functionalized organic radicals is still a challenge.
We succeeded in the preparation of a tetrazolyl-substituted nitronyl nitroxide radical in pure
crystalline form. According to the single-crystal X-ray data, intra-(NH ... O, 2.43 A) and
inter-molecular hydrogen bonds (NH ... O, 1.91 A) are formed between NH groups of the tetrazole
cycles and O atoms of the paramagnetic moieties. The intermolecular H-bonds connect the molecules
forming chains along the a-axis. Moreover, there are short intermolecular contacts between the O
atoms (3.096 A) and between the O and C atoms (3.096 A) of the nitronyl nitroxide moieties within the
chain. The spin-unrestricted broken-symmetry calculations performed at the BS-UB3LYP/def2-TZVP
level of theory predicted a sufficient ferromagnetic interaction (J & 20 cm™!) between the adjacent
radicals inside the chain, but a weak antiferromagnetic interaction (—J <0.2 cm 1) between the
nearest radicals belonging to the different chains. Thus, a rare case when stable radicals, the
tetrazolyl-substituted nitronyl nitroxides, are ordered into ferromagnetic chains was revealed; an
investigation of the magneto-structural correlations inherent in the nitroxide radical will demand a
special experiment in the sub-Kelvin regime.

Keywords: stable radicals; nitronyl nitroxides; tetrazoles; hydrogen bonding; crystal structure;
exchange interaction; density functional theory

1. Introduction

Nitronyl nitroxide radicals and their complexes have been intensively studied for many years,
leading to key discoveries in the field of molecular magnetism, such as the preparation of pure
organic ferromagnets and ferrimagnets, complexes of transition metals with nitroxides showing
magnetic ordering effects, and copper—nitroxide complexes with unusual spin-crossover behavior [1-9].
This situation has stimulated the subsequent active developments in the chemistry of this class of
paramagnetic compounds with an emphasis on the synthesis of their polyfunctional derivatives [10-15].
Although, to date, a huge number of different nitronyl nitroxides have been successfully obtained,
there are still poorly studied but interesting types of organic radicals within this class. As an example,
the paramagnetic derivatives of a tetrazole can attract attention because of their ability to serve as
chelating ligands, including bridged ones [16-18]. The synthesis and structure of paramagnetic sodium
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salt (1-Na) and its isomeric alkyl derivatives (1-Me) have been described [19,20]. In the present paper,
we report the synthesis and crystal structure of neutral tetrazolyl-substituted nitronyl nitroxide 1-H,
which can be useful as a ligand for the preparation of layered polymer complexes with transition
metals (Figure 1).
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Figure 1. Tetrazolyl-substituted nitronyl nitroxides.

2. Materials and Methods

2.1. General Notes

A sodium salt of 2-(1H-tetrazol-5-y1)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-3-oxide-1-oxyl
(1-Na) was obtained according to a procedure described in the literature [19]. All of the solvents were
freshly distilled, and all of the commercially available reagents were used without further purification.
The reactions were monitored using thin-layer chromatography (TLC) on silica gel 60 F254 aluminum
sheets. The infrared (IR) spectra were acquired in KBr pellets on a Bruker Vector-22 spectrometer
(Bruker, Manasquan, NJ, USA). The UV-VIS spectra were recorded in an ethanol solution by means of
a Cary-5000 (Varian) spectrometer. The elemental analyses were performed on a Carlo Erba 1106 CHN
elemental analyzer.

An electron spin resonance (ESR) spectrum was acquired on an X-band Bruker Elexsys
540 spectrometer (Bruker, Manasquan, NJ, USA) at room temperature in a diluted (C = 1074 M)
aqueous solution. The spectrum recording parameters were as follows: modulation amplitude 0.05 mT,
modulation frequency 100 kHz, and microwave power 2 mW; and 20 scans from 1024 points were
accumulated and averaged. The simulation of the solution EPR lines was carried out in Easy Spin
software, which is available at http://www.easypin.org.

2.2. 2-(1H-Tetrazol-5-Y1)-4,4,5,5-Tetramethyl-4,5-Dihydro-1H-Imidazol-3-Oxide-1-Oxyl (1-H)

Oxalic acid (95 mg, 1.05 mmol) was added to a solution of the sodium salt of
2-(1H-tetrazol-5-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-3-oxide-1-oxyl (1-Na; 247 mg,
1 mmol) in 5 mL of ethanol. The reaction mixture was stirred for 15 min and loaded onto a
chromatographic column (10 cm x 15 cm), packed with Al,O3 (neutral, activity II). The ethanol
served as an eluent. A deep violet fraction was collected and evaporated (the bath temperature was
~30 °C). The residue was crystallized from a water-ethanol (5:1) mixture. Radical 1-H was obtained as
deep violet crystals (200 mg, 89%). The heating of 1-H led to decomposition without melting. UV-VIS
spectrum (EtOH), Apmax/nm (g): 201 (6640), 229 (3920), 329 (630), 334 (5920), 578 br. (350). IR-spectrum,
v/em™: 467, 540, 596, 1030, 1057, 1076, 1135, 1157, 1317, 1373, 1454, 1487, 1508, 1600, 1660, 1675, 1691,
1710, 1726, 1739, 2611, 2856, 2929, 2941, 3332, 3473, 3604, 3808, 3828, 3845, 3860. Found C 43.0, H 5.9,
N 37.2. CgH13NgO, (225.23). Caled (%): C 42.6, H 5.8, N 37.3.

2.3. Data Collection and Refinement

The X-ray diffraction (XRD) data were collected by means of a Bruker Kappa Apex II CCD
diffractometer with Mo Ko radiation (A = 0.71073 A) and a graphite monochromator. The experiment
was conducted at 296 (2) K using ¢, and w scans within 20 = 52°; 39342 reflections were detected,
including 2009 independent ones (Rjn; = 0.054). Crystallographic data: a = 9.0584 (5), b = 13.9014 (8),
c=18.112 (1) A, V =2280.8 (2) A3, space group Pbca, Z = 8, dyc = 1.312 g/cm?, and p = 0.099 mm
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Absorption corrections were applied empirically in the SADABS software [21], which employs multiple
measurements of the same reflections at different crystal orientations. The structure model was
found using a direct method and was refined in an anisotropic approximation using the SHELXTL
software suite [22,23]. The positions of the H atoms were calculated via the riding model. As a
result, the maximum and minimum values of the electron densities were found to be 0.17 and
—0.14 e/A3, R =0.0362 (for 1690 I > 2 o-[I]), wR, = 0.0998 (for all 2009 independent reflections),
and GooF = 1.013. A CIF file, containing the entire structural information is available as CCDC 1813370
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

2.4. Computational Methods

Recently, it was shown that the parameters of exchange coupling between organic radicals [24,25]
and ion radicals [26] can be predicted with a high accuracy (no worse than ~30%) by the
spin-unrestricted broken-symmetry (BS) approach using density functional theory (DFT) [27].
The same approach was employed in the present work; parameters (J) of the exchange interaction

- =

(H = —2]S1S7) between the closest radicals were calculated for the X-ray structure geometries at
the BS-UB3LYP/def2-TZVP [28-30] level of theory, using Orca 3.0.3 software [31]. The ] values were

calculated via the formula | = &gﬁ{#gji)
HS ™ BS

pair, and Egg denotes the energy of the broken-symmetry singlet state [27]. In every case, the (S?) s
values were close to 2.0 and (5?) g to 1.0.

, where Egg is the energy of the triplet state of the radical

3. Results and Discussion

Nitroxide radical 1-H was obtained through the neutralization of its sodium salt 1-Na in a 90%
yield. The paramagnetic compound 1-H was stable during the procedures and storage in a refrigerator.
The crystallization of 1-H from a mixture of water and EtOH led to well-shaped crystals suitable for
subsequent XRD analysis.

Figure 2 depicts the molecular structure of 1-H with selected bond length values. These lengths
are typical and within 3o correspond to the average values [32]. Thus, the bond lengths of the NO
groups were 1.281 (2) and 1.273 (2) A, and those of the CN groups of the nitronyl nitroxide moieties
were 1.336 (2) and 1.3427 (19) A, respectively. Both five-membered rings of 1-H were planar; the atoms
deviated from the mean plane by 0.084 A on the imidazoline and by 0.003 A on the tetrazole rings.
The dihedral angle between the two planes of the cycles was 30.73 (9)°.

Figure 2. Molecular structure of 1-H (ellipsoids of thermal oscillations with 50% probabilities).
The distances between the atoms in heterocycles and NO groups are as follows: O1-N1 1.281 (2),
02-N2 1.273 (2), N1-C1 1.336 (2), N1-C3 1.507 (2), N2-C1 1.3427 (19), N2-C4 1.501 (2), N3-N4 1.360 (2),
N3-C21.319 (2), N4-N5 1.294 (2), N5-N6 1.335 (2), N6-C2 1.330 (2), C1-C2 1.447 (2).
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It should be noted that the intramolecular N6-HIN ... O2 (Figure 2, H-bond parameters:
N6-HIN 0.86, HIN ... 022.43,N6 ... 022.8669 (18) A; angle N6-HIN ... O2112°) and intermolecular
hydrogen bonds N6-HIN ... O1 (Figure 3, H-bond parameters: N6-H1N 0.86, N6HIN ... 01 1.91,
N6 ... O1 2.7014 (2) A; angle N6-HIN ... O1 153°) are formed between the NH groups of the
tetrazole rings and the O atoms in the crystal state of 1-H. Because of the intermolecular hydrogen
bond formation, the 1-H radicals are aligned into infinite chains along the a-axis inside the crystal, so
that inside the chains, there were short and equal (3.096 A) intermolecular contacts between the O2
atoms of one molecule, and the C1 and O1 atoms of an adjacent molecule (Figure 3). To get detailed
information about the magnetic properties of the 1-H crystals, the exchange coupling parameters were
calculated for the selected radical pair inside the chain and for the pairs of nearest radicals of the
neighboring chains.

According to the results of the UB3LYP/def2-TZVP calculations for the triplet state of the selected
radical pair inside the chain, the spin density (o) on the O2 atom of one radical was 0.30, and —0.18,
and 0.34, respectively, on the C1 and O1 atoms of another radical of the pair (Figure 3). Moreover, the
calculations predicted the moderate ferromagnetic exchange interaction (J & 20 cm™) for this radical
pair. In our opinion, the main reason for this is just the large negative spin density on C1 atom, which
is located near the O2 atom of another radical with the largest positive spin density. Thus, the spin
polarization mechanism [33] and a suitable orientation of the radicals are responsible for ferromagnetic
coupling. On the other hand, the exchange coupling between the nearest radicals of the neighboring
chains were predicted to be much weaker and antiferromagnetic in nature (1] < 0.2 cm™).

It should be mentioned that unlike 1-H, a previously described related imidazol-2-yl substituted
nitronyl nitroxide radical forms chains because of the intermolecular hydrogen bonds between the
nitrogen atoms and the NH fragments of the imidazoline rings [34]. In addition, the short contacts
between the O atoms of the radicals of the neighboring chains inside the crystal (3.484 A) were
responsible for the strong antiferromagnetic interactions (J ~ —62 cm™) [34].

Figure 3. A fragment of the chain formed by hydrogen bonds N6-HIN ... O1 between 1-H molecules.

An ESR spectrum of 1-H was recorded in a diluted aqueous solution (Figure 4). The observed
clear-cut isotropic five-line pattern at g = 2.0061 originated from the interaction of the unpaired electron
with the two equivalent nitrogen nuclei of the imidazoline moiety with hyperfine splitting constants A
(2N) = 0.773 mT. The observed values are typical of this class of paramagnetics.
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Figure 4. An electron spin resonance (ESR) spectrum of 1-H in an aqueous solution (C = 107* M;
black curve) and its simulation (red curve).

4. Conclusions

We succeeded to synthesize and isolate, for the first time, stable spin-labeled tetrazole
in a neutral form, 2-(1H-tetrazol-5-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-3-oxide-1-oxyl.
It was demonstrated that in the crystal state, the tetrazolyl-substituted nitronyl nitroxides formed
intermolecular hydrogen bonds (N-H ... O) connecting the radicals into infinite chains. Moreover,
the rare short contacts (3.096 A) between the oxygen and carbon atoms of the neighboring radicals
possessing the spin densities of opposite signs in the pair triplet state were observed [35,36]; this
explains sufficient ferromagnetic exchange coupling (J ~ 20 cm~!) between the radicals inside
the chain predicted by BS-DFT. Thus, the obtained structural and computational data will be
useful for a subsequent precise study of the magneto-structural correlations of the paramagnetic
tetrazole derivative.
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