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The first employment of benzotriazoles in uranium(VI) chemistry has led to uranyl complexes with interesting
structures and spectroscopic properties; the reactions of uranyl nitrate with 5,6-dimethylbenzotriazole give
two products depending on the reactants' molar ratio.

© 2015 Elsevier B.V. All rights reserved.

A popular class of ligands consists of azoles (e.g. pyrazoles and
imidazoles), and one broad family of them are benzotriazole and its de-
rivatives (Scheme 1). Over the last 30 years or so, we [1–8] and other
groups [8–17] have been exploring the coordination chemistry of
benzotriazoles. Research in this area ranges from efforts to model the
corrosion inhibition of some metals (particularly Cu and its alloys) by
benzotriazoles [18], to the synthesis of benzotriazolato coordination
clusters [2,4–7,9,11,13,15] and polymers [1,3,12,14,16,17] with estheti-
cally pleasing structures and exciting physical properties. Although the
use of this family of ligands has been investigated widely in 3d- [1–11,
13–15,17] and 4f-metal [12,16] chemistry, their employment in the
chemistry of 5f-metal ions has completely been ignored. We have
been trying to create a “periodic table” of the benzotriazole-based li-
gands; we are now pleased to be able to fill in the empty 5f-metal posi-
tion in this “periodic table” by describing the syntheses, structures and
preliminary spectroscopic characterization of the first U(VI) complexes
with benzotriazole-based ligation.

Interest in the coordination chemistry of the uranyl group (trans
O_U_O) has recently increased for several reasons [19–22]. A basic
understanding of this chemistry is very important for the selective
complexation and separation of this ion from acid media during

reprocessing of irradiated advanced heavy water reactor (AHWR) nu-
clear fuel, nuclear plant effluents, seawater, and biological and environ-
mental samples [23]. However, fewUO2

2+-simple azole complexes have
been reported [24], and none is known with benzotriazoles as ligands.

Thus, we have decided to amalgamate the above mentioned re-
search topics and to study reactions of uranyl nitratewith simple benzo-
triazole ligands; we report here our preliminary results in this area.

The reaction of UO2(NO3)2 · 6H2O and Mebta in a 1:2 molar ratio in
MeCN at room temperature gave a yellow-green solution that upon stor-
age at 20 °C produced yellowish green crystals of [UO2(NO3)2(Mebta)2]
(1) in 40% yield. When an analogous reaction and crystallization was
carried out by using 5MebtaH and diMebtaH, crystals of
[UO2(NO3)2(6MebtaH)2] (2) and [UO2(NO3)2(diMebtaH)2] (3), respec-
tively, were isolated in moderate to good yields. It is interesting to
note that 5MebtaH tautomerizes into 6MebtaH (R_R′_H and R″_Me
in Scheme 1) in complex 2, i.e. upon coordination. A second product
was isolated from the UO2(NO3)2 · 6H2O/diMebtaH reaction
system by employing an excess of the ligand. The reaction of
UO2(NO3)2 · 6H2O and diMebtaH in a 1:4 molar ratio in MeCN gave a
dark brownish red solution that upon storage at 20 °C gave brown-
yellow crystals of [UO2(NO3)2(diMebtaH)2] · (diMebtaH) · MeCN (4 ·
diMebtaH · MeCN) in yields higher than 75%.

The structures of the four complexes were determined by single-
crystal X-ray crystallography. The structures of the molecules
[UO2(NO3)2 L2] (L_Mebta, 6MebtaH, diMebtaH; Fig. 1) that are present
in 1–3 and 4 · diMebtaH · MeCN present similarities and characteristic
differences. Complex2 contains two structurally similar, crystallograph-
ically independent [UO2(NO3)2(6MebtaH)2] molecules. The UVI atoms
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are at inversion centers in 1–3, whereas no molecular symmetry ele-
ments are present in 4 · diMebtaH · MeCN. The gross molecular struc-
ture is common to all four complexes and show that each metal ion is
surrounded by six oxygen and two nitrogen atoms in a hexagonal bipy-
ramidal geometry. The two uranyl oxygen atoms occupy the axial posi-
tions. Four oxygen atoms of the two bidentate chelating nitrato groups,
together with two nitrogen atoms of the neutral, planar monodentate
benzotriazole ligands form the equatorial hexagonal plane. The UVI

and donor atoms in the equatorial plane are almost coplanar. The
donor atom of Mebta, 6MebtaH and diMebtaH is the nitrogen atom of
the position 3 of the azole ring (Scheme 1). The U_O bond lengths
[1.734(5)–1.754(6) Å] are unremarkable [23], while the U\\Onitrate

bond lengths are in the range 2.479(5)–2.529(5) Å with the nitrate
N\\O bond lengths being asymmetric due to coordination. The nitrate
N\\Ocoordinated bond distances are in the range 1.251(10)–1.337(12) Å,
with the N\\Ouncoordinated bond distances in the range 1.206(8)–
1.217(8) Å. The U\\Nbenzotriazole bond distances are between
2.507(5) and 2.551(7) Å.

The differences of the four complexes concern the relative orienta-
tions of the benzotriazole ligands. In compounds 1, 2 and 3, the benzene
rings of the ligands are at opposite sides of themolecules (Fig. 1a, b, c, d),

whereas in the case of 4 (the molecule lacks a center of symmetry) the
benzene rings of the two trans diMebtaH ligands are on the same side of
the molecule (Fig. 1e). Another remarkable difference concerns the
twist of the planes of the organic ligands relative to the planes of the co-
ordinated nitrato groups. The dihedral angles between these planes are
86.9(3)° for 1, 84.2(4)° for the U1-containingmolecule of 2, 68.7(3)° for
the U2-containing molecule of 2, 55.7(2)° for 3 and 74.8(2)°/84.4(2)°
for 4.

H bonds and π–π stacking interactions build the crystal structures of
the four complexes. The most interesting crystal structure is that of 2
(Fig. 2), in which a 3D network is formed. The crystal structures of
complexes 1, 3 and 4∙diMebtaH∙MeCN are shown in Figs. S1–S3 and
full descriptions are provided in their legends.

The IR spectra of the complexes (Figs. S4–S7) show the existence of a
strong band at 944 (1), 948 (2), 950 (3) and 934 (4 · diMebtaH ·MeCN)
cm−1 (not present in the spectra of the free ligands) assigned to the IR-
active antisymmetric vibration of the {O_U_O}2+ group (v3) [25],
which is red-shifted compared to the corresponding band for the aquo
uranyl complexes (~965 cm−1); this vibration does not appear in the
Raman spectra of 1–3, consistent with a centrosymmetric uranyl
group in these complexes. The Raman-active uranyl symmetric stretch
(v1) is observed at 855–865 cm−1 in the Raman spectra (Fig. 3) and it
is absent from the IR spectra of 1–3. The non-centrosymmetric nature
of the UO2

2+ group and the lattice diMebtaH's interaction with one ura-
nyl oxo-oxygen atom in 4 · diMebtaH · MeCN are also corroborated
using IR and Raman spectroscopies; the v3 and v1 vibrations appear in
both the IR (934, 860 cm−1) and Raman (930, 863 cm−1) spectra
(Fig. S8) of this complex [26].

The 1H-NMR spectra (Figs. S9–S11) of the uranyl complexes 1, 2 and
4 · diMebtaH ·MeCN in d6-DMSO reveal that these compounds decom-
pose in solution to release the benzotriazole ligand; the spectra of the
complexes are identical with those of the corresponding free ligands
Mebta, 5MebtaH and diMebtaH, respectively. For example, the spec-
trum of 1 shows a sharp singlet at δ 4.30, a triplet at δ 7.39, a triplet at
δ 7.55, a doublet at δ 7.83 and a doublet at δ 8.01 ppm, with relative

Fig. 1. Partially labeled plots of all the crystallographically independent molecules that are present in the structures of complexes 1 (a), 2 (b and c), 3 (d) and 4 (e). H atoms have been
omitted. Symmetry codes (΄): 1 − x, 1 − y, −z; (*): 1 − x, 1 − y, 1 − z; and (**, #): −x, 1 − y, −z. Symmetry-related uranyl oxido atoms and nitrato ligands have not been labeled.

Scheme 1. The general structural formula of benzotriazoles. The parent member of this
family of ligands is 1H-benzo[d][1,2,3]triazole or simply benzotriazole (btaH;
R_R΄_R΄΄_H). R, R΄ and R΄΄ can be non-donor (Me, Cl, NO2,…) or donor (OH, COOH,
CH2OH, CH2COOH,…) groups. The ligands used and discussed in this work are 1-
methylbenzotriazole (Mebta; R_Me, R΄_R΄΄_H), 5-methylbenzotriazole (5MebtaH;
R΄_Me, R_R΄΄_H) and 5,6-dimethylbenzotriazole (diMebtaH; R΄_R΄΄_Me; R_H).
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integrations of 3:1:1:1:1, assigned to the methyl protons and the pro-
tons of the position 6, 5, 7 and 4 of the benzene ring, respectively [27].
There is evidence of the retainment of the structure of 3 in d6-DMSO
based on the appearance of two singlets at δ 7.51 and 7.76 ppm (as op-
posed to the presence of one singlet peak at δ 7.64 ppm in the free ligand
diMebtaH) assigned to the protons of the positions 7 and 4, respectively
(Scheme 1).

In conclusion, we have developed access to the first members of the
family of solid uranyl complexes with benzotriazole-based ligands. The
products have interesting structures and spectroscopic features. Work
in progress reveals that employment of benzotriazoles bearing— in ad-
dition to nitrogen — other donor groups (e.g. R_OH and R΄_COOH in
Scheme 1) delivers dinuclear and polynuclear U(VI) complexes that
have novel topologies and interesting properties.

Appendix A. Supplementary data

Crystallographic data for 1, 2, 3 and 4 · diMebtaH ·MeCN have been
deposited with the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax +44 1223 336 033; e-mail:Fig. 3. The Raman spectra of Mebta (blue, bottom) and [UO2(NO3)2(Mebta)2] (1).

Fig. 2. a) The U1-containingmolecules form chains through intermolecular π–π (light green lines) and “non-classical” H-bonding interactions (C5–H5⋯O3, Table S2, thin cyan lines), ex-
tended parallel to the [1–10] crystallographic direction in the crystal structure of complex 2. b) The U2-containing molecules form chains through intermolecular π–π (dark green lines)
and “non-classical”H-bonding interactions (C13–H13⋯O6, Table S2, thin cyan lines), extended parallel to the b axis. These chains cross each other at points above and below the 6MebtaH
ligands creating the 3D structure shown in c and resulting in stacks of ligands presented ind. Light green, yellowand dark green thick lines indicate the three different types ofπ–π overlaps
in the structure of the complex, shown in e, f and g, respectively,with the corresponding distances and angles between theplanes being 3.50Å and0° (e), 3.37Å and 5.5° (f), and 3.44Å and
0° (g). In the cases of e and g, the ligands are centrosymmetrically related.
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deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk and may be ob-
tained free of charge on quoting deposition numbers CCDC 1402399
(1), 1402402 (2), 1402400 (3) and 1402401 (4), respectively. Supple-
mentary data with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.inoche.2015.
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