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Tetranuclear oxido-bridged thorium(iv) clusters
obtained using tridentate Schiff bases¥}

Sokratis T. Tsantis, &2 Aimilia Lagou-Rekka,? Konstantis F. Konidaris, >
Catherine P. Raptopoulou,® Vlasoula Bekiari,** Vassilis Psycharis*® and
Spyros P. Perlepes ({2 **4

Thorium(iv) complexes are currently attracting intense attention from inorganic chemists due to the
development of liquid-fluoride thorium reactors and the fact that thorium(v) is often used as a model
system for the study of the more radioactive Np(iv) and Pu(iv). Schiff-base complexes of tetravalent acti-
nides are useful for the development of new separation strategies in nuclear fuel processing and nuclear
waste management. Thorium(v)—Schiff base complexes find applications in the colorimetric detection of
this toxic metal ion and the construction of fluorescent on/off sensors for Th(iv) exploiting the ligand-
based light emission of its complexes. Clusters of Th(iv) with hydroxide, oxide or peroxide bridges are also
relevant to the environmental and geological chemistry of this metal ion. The reactions between Th
(NO3)4-5H,O and N-salicylidene-o-aminophenol (LH,) and N-salicylidene-o-amino-4-methylphenol
(L'H,) in MeCN have provided access to complexes [ThyO(NO=),(LH)>(L)s] (1) and [ThyO(NO3),(L'H)(L)s]
(2) in moderate yields. The structures of 1.4MeCN and 2:2.4 MeCN have been determined by single-
crystal X-ray crystallography. The complexes have similar molecular structures possessing the {Th4(p4-O)
(n-OR’)g} core that contains the extremely rare {Thy(ps-O)} unit. The four Th' atoms are arranged at the
vertexes of a distorted tetrahedron with a central p4-02‘ ion bonded to each metal ion. The H atom of
one of the acidic —~OH groups of each 3.21 LH™ or L'H™ ligand is located on the imine nitrogen atom, thus
blocking its coordination. The Th' centres are also held together by one 3.221 L%~ or (L')>~ group and
four 2.211 L?~ or (L')>~ ligands. The metal ions adopt three different coordination numbers (8, 9, and 10)
with a total of four coordination geometries (triangular dodecahedral, muffin, biaugmented trigonal
prismatic, and sphenocorona). A variety of H-bonding interactions create 1D chains and 2D layers in the
crystal structures of 1-4 MeCN and 2:2.4 MeCN, respectively. The structures of the complexes are com-
pared with those of the uranyl complexes with the same or similar ligands. Solid-state and IR data are dis-
cussed in terms of the coordination mode of the organic ligands and the nitrato groups. *H NMR data
suggest that solid-state structures are not retained in DMSO. The solid complexes emit green light at
room temperature upon excitation at 400 nm, the emission being ligand-centered.

Introduction

The ions of early actinide (An) elements are unique in in-
organic chemistry in that they combine large radii and lantha-
nide (Ln) ions’ Lewis acidity with the potential for remarkable
covalency (due to greater f-orbital radial extension for An vs.
Ln ions), and due to the fact that they can achieve a broad
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range of oxidation states (mainly for U, Np and Pu).’”

These characteristics provide An complexes with some
special reactivity profiles. Thorium was discovered in 1829 by
the famous chemist Jons Jacob Berzelius and owes its name to
Thor, the Scandinavian god of thunder and war.* Natural Th is
radioactive, but many of its current uses exploit its chemical,
rather than its nuclear, features. Thorium is the first true An
element and has an empty 5f orbital, its outer electronic con-
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figuration being 6d°5f?; therefore, Th(w) is the most stable and
almost exclusive oxidation state.’

There has been a renaissance in the coordination and
material chemistry of Th(w) for the last 5 years or so."®?!
There are several reasons for this. The main reason is that Th
is widely considered to be the next generation nuclear fuel as
the development of Liquid-Fluoride Thorium Reactors (LFTRS)
comes closer to commercialization.>®**** India is keen on
using thorium as the nuclear fuel (this country has approxi-
mately 30% of the world’s thorium reserves) and plans to
produce one third of its electricity from thorium by 2050. The
production of thorium is usually achieved by the separation of
Th*" from Ln’*" ions, since the main thorium production
mineral is monazite which contains the ions of 4f metals;
mining is based on liquid-liquid extraction with organic
ligands,>*** hence the importance of the Th(wv) coordination
chemistry. There is also intense interest for the development
of new efficient solid absorbents for the selective extraction of
Th*" ions from 4f-metal ions."®

Other research areas of Th(iv) chemistry that are currently
attracting attention from inorganic chemists include the incor-
poration of this diamagnetic ion into coordination clusters
instead of the paramagnetic U(iv) to elucidate the magnetic
exchange interactions between the d-metal ions in d/U" com-
plexes,”® its interaction with ionic liquids to model the aspects
of the extraction of An ions from radioactive feeds (a process
of great relevance in nuclear fuel cycle activities),'* the under-
standing of Th(iv) peroxide chemistry,®'* the study of the solu-
tion and solid-state structural chemistry of Th(wv) hydrolysis
and condensation products,”'" the stabilization of novel sec-
ondary building units in Th(iv)-based Metal-Organic
Frameworks (MOFs),">'® the characterization of complexes
with very high coordination numbers (up to 14) and unusual
coordination geometry,” the in-depth investigation of the
thermodynamic and electronic properties of heterometallic
An*/Th" (z = various) and An/Th"/3d-metal ion MOFs with
“structural memory”>° and the progress in compounds with
Th(wv)-ligand multiple bonds.*?

Schiff bases have been used extensively as ligands with
metals across the Periodic table.”” These molecules are attrac-
tive for their easy and high-yield preparation, their solubility in
a variety of organic solvents, and their ability to stabilize
metals in various oxidation states and control behaviour of
metal ions during catalysis;*** in addition, their steric and
electronic properties are highly tunable. The coordination
chemistry of the trans-UO,>" ion (uranyl ion) with Schiff bases
is a well explored area.**®® However, tetravalent actinides,
An(wv), have been little studied. Schiff-base complexes of An(iv)
are of great utility for the development of new An separation
strategies in nuclear fuel processing and nuclear waste man-
agement.>® Restricting the discussion to Th(iv), its Schiff-base
complexes (which are scarce in the literature®®** are closely
related to the development of colorimetric detection of this
metal ion and applications in real-time samples,** to the con-
struction of on/off sensors for Th(iv) exploiting the ligand-
based light emission of its complexes,** and to the study of
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LH, (R=H)

L'H, (R=Me)

3

Scheme 1 General structural formula of the tridentate ONO Schiff
bases used in the present work and their abbreviations.

Th(v) reactions with the derivatives of vitamin B as a means
to understand the assimilation of this metal ion and other
heavy nuclei by living organisms and its acute toxicological
effects.”” A drawback associated with tetradentate dianionic O,
N,N,O ligands of the salen* -type is their planarity and charge.
The valence completion of An(wv), e.g. Th(v), requires often two
ligands per metal ion and this may result in hindered reactivity
due to steric effects. Once the bis-Schiff-base complex is iso-
lated, no further ligand-substitution is possible and the redox
chemistry of redox-active An" centres, e.g. U", is rather poor.*"
Therefore, the interest in this area has shifted to potentially
dianionic, tridentate Schiff bases. Two such ligands are
N-salicylidene-o-aminophenol [or N-(2-hydroxyphenyl)salicylal-
dimine; LH, in Scheme 1] and N-salicylidene-o-amino-4-
methylphenol [or N-(2-hydroxy-5-methylphenyl)-salicylaldi-
mine; L'H, in Scheme 1]. The number 4 in the first (empirical)
name of L'H, (which is in disagreement with the numbering
code in Scheme 1) is used because its origin is from the name
of the starting material, i.e., 4-methyl-2-aminophenol used for
the synthesis of L'H,."*

Upon deprotonation of one or both ~-OH groups of LH, and
L'H,, each negatively charged phenoxido atom can bridge two
or three metal ions favouring cluster formation, while the posi-
tion of the imino N atom simultaneously assures the for-
mation of chelating rings that can lead to thermodynamic
stability of the products in solution. The anions of the ligands
have been widely used in main group-,"” 3d-,"*°" 4f-°**% and
mixed 3d/4f-metal®® chemistry by our group and other scien-
tists, with emphasis on the magnetic properties of the
complexes. The use of LH, and L'H, in 5f-metal chemistry is
negligible (vide infra). No Th(v) complexes have been prepared
with these ligands.

Having all the above mentioned in mind, and given our

5557 and in the coordi-
46,48-52

interest in the chemistry of An ions
nation chemistry of LH, and its derivatives, we report
herein the reactions of Th(NO3),-5H,0 with LH, and L'H,, and
the full characterization of the interesting products.

Experimental section
Materials, physical and spectroscopic measurements

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received. The
free ligands LH, and L'H, were synthesized by the reactions of
salicylaldehyde, and 2-aminophenol and 4-methyl-2-amino-
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phenol, respectively, in refluxing MeOH or EtOH using pub-
lished procedures;**®° the yields were in the 75-80% range.
Their purity was checked by microanalyses and 'H NMR
spectra. Caution! Natural thorium (primary isotope >**Th) is a
weak a-emitter (4.012 MeV) with a half-life of 1.41 x 10'° years.
Manipulations and reactions should be carried out in moni-
tored fume hoods in a radiation laboratory which has a- and
B-counting equipment; the laboratory atmosphere is inspected
monthly for contamination. Elemental analyses (C, H, and N)
were performed by the University of Patras microanalytical
service. FT-IR spectra (4000-400 cm™ ") were recorded using a
PerkinElmer 16PC spectrometer with samples prepared as KBr
pellets and as Nujol or hexachlorobutadiene mulls between
Csl disks. Solid-state emission and excitation spectra were
recorded using a Cary Eclipse fluorescence spectrophotometer.
"H NMR spectra in DMSO-d, were recorded using a 400 MHz
Bruker Avance DPX spectrometer with TMS as an internal stan-
dard. FT-Raman spectra were recorded using a Bruker (D)
FRA-106/S component attached to an Equinox 55 spectro-
meter. An R510 diode-pumped Nd:YAG laser at 1064 nm was
used for Raman excitation with a laser power of 250 mW on
the sample, utilizing an average of 100 scans at 4 cm™" resolu-
tion. Conductivity measurements were carried out at 25 °C
with a Metrohm-Herisau E-527 bridge and a cell of standard
constant.

Synthetic details

[Th,O(NO;),(LH),(L)5]-4MeCN (1-4MeCN). To a colourless
solution of Th(NOj;);-5H,O (0.057 g, 0.10 mmol) in MeCN
(16 mL) was added solid orange LH, (0.043 g, 0.20 mmol). The
solid soon dissolved and the colour of the solution turned
yellow. The reaction solution was stirred for a further 10 min,
filtered and stored in a closed flask at room temperature. X-ray
quality, yellowish crystals of the product were obtained in a
period of 3 d. The crystals were collected by filtration, washed
with cold MeCN (2 x 2 mL) and Et,O (3 x 2 mL), and dried
in vacuo overnight. The yield was ~30% (based on the metal
available). The product was analyzed satisfactorily as lattice
MeCN-free, ie., 1. Analytical data, caled for Co;HesThyNoO,q
(found values are in parentheses): C 42.88 (43.07), H 2.58
(2.52), N 4.95 (4.83)%. IR bands (KBr, cm™'): 3445mb, 3058w,
2924w, 1654w, 1622m, 1604s, 1584m, 1560w, 1542m, 1058w,
1490m, 1472s, 1442w, 1382w, 1314m, 1272m, 1256m, 1172w,
1146w, 1122w, 1032w, 916w, 868w, 834w, 740w, 602w, 484w,
456w, 418w, 404w. Raman peaks (cm™'): 3055wb, ~2700wb,
1625s, 1539s, 1477m, 1437m, 1375m, 1336m, 1266m, 1173m,
1032w, 1010m, 860wb, 766w, 605w, 585w, 579w, 480w, 462w.
"H NMR data (DMSO-dg, 6/ppm): 13.76 (s), 10.70 (s, br), 10.26
(s), 9.72 (s), 9.38 (s, br), 8.96 (s), 8.91 (d), 8.77 (q), 8.66 (s), 8.61
(d), 8.47 (s, br), 8.18 (t), 7.93 (mt), 7.82 (d), 7.73 (mt), 7.66 (d),
7.60 (d), 7.52 (mt), 7.37 (mt), 7.31 (d), 7.22 (t), 7.12 (t), 7.03 (t),
6.94 (mt), 6.86 (mt), 6.70 (mt), 6.51 (mt), 6.45 (mt), 6.37 (mt),
6.30 (s), 6.16 (mt), 6.03 (mt), 5.87 (mt), 5.79 (d), 5.65 (d), 5.41
(mt), 5.28 (d), 5.17 (d), 5.07 (mt), 4.92 (mt), 4.85 (t), 4.74 (d),
4.08 (q), 2.08 (s). The spectrum refers to a moderately dried
sample. Ay (DMSO, 107 M, 25 °C): 86 S cm® mol .
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[Th,O(NO;),(L'H),(L")5]-2.4MeCN (2-2.4MeCN). To a red
solution containing L'H, (0.045 g, 0.20 mmol) in MeCN
(16 mL) and Bu",;NOH (25% solution in MeOH, 57 pL,
0.20 mmol) was added solid Th(NO;),-5H,O (0.057 g,
0.10 mmol). The solid soon dissolved and the resulting light
orange solution was vigorously stirred for 10 min, filtered and
stored in a closed flask at room temperature. X-ray quality
orange crystals of the product were precipitated over a period
of 24 h. The crystals were collected by filtration, washed with
cold MeCN (2 mL) and Et,O (3 x 2 mL), and dried in vacuo
overnight. Typical yields were in the 35-45% range (based on
the metal available). The product was analyzed satisfactorily as
lattice MeCN-free, ie., 2. Analytical data, caled for
CogH;9Th;NgO,; (found values are in parentheses): C 44.46
(44.70), H 3.01 (3.11), N 4.76 (4.63)%. IR bands (KBr, cm™"):
3445mb, 3020w, 2918w, 1654w, 1628m, 1602s, 1570w, 1542m,
1498s, 1472s, 1442m, 1384m, 1272m, 1230m, 1196w, 1148w,
1124w, 1030w, 948w, 916w, 858w, 838m, 824w, 756m, 656w,
612w, 550w, 508w, 494w, 458w, 426w, 404m. Raman peaks
(em™): 3045wb, 2918w, 2860w, 1617m, 1539s, 1500w, 1382m,
1284m, 1235w, 1156w, 1110w, 1039w, 954m, 842w, 761w,
748w, 681w, 595w, 555w, 470wb. 'H NMR data (DMSO-de,
5/ppm): 14.08 (d), 13.82 (s), 10.70 (s), 10.26 (s), 9.47 (s), 9.02
(s), 8.96 (s), 8.85 (s), 8.75 (t), 8.28 (mt), 7.91 (mt), 7.52 (mt),
7.35 (mt), 7.17 (d), 6.95 (mt), 6.84 (mt), 6.72 (mt), 6.62 (mt),
6.28 (mt), 5.90 (d), 5.73 (d), 5.55 (d), 4.95 (d), 2.30 (d), 2.23 (s),
2.11 (s), 2.06 (mt), 1.95 (t), 1.75 (d). The spectrum refers to a mod-
erately dried sample. Ay (DMSO, 107> M, 25 °C): 69 S cm” mol .

Single-crystal X-ray crystallography

Yellowish orange (0.06 x 0.11 x 0.43 mm) and orange (0.17 x
0.17 x 0.36 mm) crystals of 1.4MeCN and 2-2.4MecN, respect-
ively, were taken from the mother liquor and immediately
cooled to —103 °C (1-4MeCN) and —93 °C (2-2.4MecN). X-ray
diffraction data were collected using a Rigaku R-AXIS SPIDER
Image Plate diffractometer using graphite-monochromated Mo
Ko radiation. Data collection (w-scans) and processing (cell
refinement, data reduction and empirical absorption correc-
tion) were performed using the CrystalClear program
package.®’ The structures were solved by direct methods using
SHELXS-97 ®* and refined by full-matrix least-squares tech-
niques on F* with the latest version of SHELXL (2014/7).%®
The H atoms were either located by difference maps and
refined isotropically or were introduced at calculated positions
as riding on their respective bonded atoms. All non-H atoms
were refined anisotropically. Most structural plots were drawn
using the Diamond 3 program package.®*

Important crystallographic data are listed in Table 1. Full
details can be found in the CIF files.

Results and discussion
Synthetic comments

In the present study, we have investigated the reactions
between the tridentate Schiff bases LH, and L'H, and thorium

This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystal data and structure refinement for compounds
1-4MeCN and 2-2.4 MeCN

Parameter 1-4MeCN 2-2.4 MeCN
Formula CooH77N13Th,40,, C102.8Hg6.2N11.4Th405,
Fy, 2712.89 2745.39
Crystal system Triclinic Monoclinic
Space group P1 P24/n

alA 13.5738(3) 16.3097(3)
b/A 14.9072(3) 26.3838(5)
c/A 26.8572(5) 22.6412(4)
al° 81.513(1) 90.0

Bl 76.826(1) 94.057(1)

v/° 61.585(1) 90.0

VIA® 4649.11 (17) 9718.4(3)

zZ 2 4

Pealealg €M 1.938 1.876

T/K 170 180
Radiation/u (mm™") Mo Ko/6.46 Mo Ko/6.18
Reflections collected/ 86 266/20 248 91224/21120
unique (Rint) (0.049) (0.045)
Reflections with I > 26(I) 16985 18560

No. of parameters 1462 1279

Ry[I > 20(D)], WR, 0.0295, 0.0576 0.0325/0.073

(all data)

GOF (F?) 1.02 1.05
Apmax! Apmin (e A7%) 1.561/-1.15 2.13/-1.43
CCDC number 1945475 1945476

sources; Th(iv) complexes with these ligands were unknown in
the literature. A variety of reaction systems involving
Th(NO3),-5H,0 and ThCl,, solvent media, reaction ratios, the
absence/presence of external bases and crystallization tech-
niques were systematically studied for arriving at the optimized
procedures described in the Experimental section. Working
with ThCl,, we obtained powders which could not be crystal-
lized; IR spectroscopy indicated that the powders were
products.

Treatment of Th(NO3),-5H,0 and LH, (1:2) in MeCN at room
temperature gave a yellow solution from which were subsequently
isolated yellowish crystal of [Th;O(NO3),(LH),(L)s]-4MeCN
(1-4MeCN) in rather low yields (~30%), eqn (1). Efforts to prepare
a compound with all the ligands in their doubly deprotonated
form (L*7), e.g., [Th4O(L);] were not successful, even when we
used an external base (Et;N, Bu";NOH) to LH, ratios up to 2:1.
The obtained product was again 1; somewhat to our surprise the
yield of the reaction increased only by 10%, reaching 40-45%
(the procedure with the addition of the base is not described in
the Experimental section).

4Th(NO3) - 5H,0 + 7LH, "% [Th,0(NO; ), (LH,)(L),]

+ 14HNOj; + 19H,0 (1)

A completely analogous reaction between Th(NO;),-5H,0
and L'H, in MeCN, using the same concentrations of the reac-
tants as in the case of 1, resulted only in a few orange crystals
(vield lower than 10%) of [Th,O(NO;),(L'H),(L)s]-2.4MeCN
(2-2.4MeCN). The addition of an external base was deemed
necessary to increase the yield. Thus, the Th(NO;),-5H,0/L'H,/
Bu",NOH (1:2:2) reaction system in MeCN gave a light
orange solution, from which the product was isolated in a ca.

This journal is © The Royal Society of Chemistry 2019
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40% yield, eqn (2). Increase of the L'H, to OH™ ratio from 2:2
to 2: 4, to further improve the yield, resulted in the precipitate
of amorphous hydroxide thorium(wv) species.

4Th(NO3) - 5H,0 + 7L’ H, + 7Bu’NOH =

[Th,;0(NO;), (L' Hy)(L')] + 14(Bu'N)NO; + 7HNO; + 26H,0

(2)

Description of the structures

Aspects of the molecular and crystal structures of complexes
1-4MeCN and 2-2.4MeCN are shown in Fig. 1-6 and Fig
S1-S3.1 Selected numerical data are listed in Tables 2, 3 and
S1-S5.1 The molecular structures of the two complexes are
very similar. Thus, only the molecular structure of 1-4MeCN
will be described in detail.

The crystal structure of 1-4MeCN consists of molecules
[Th,O(NO3),(LH),(L)s] and MeCN in an 1:4 ratio. The tetra-
nuclear molecule (Fig. 1) contains four Th" atoms arranged at

Fig. 1 Partially labelled plot of the tetranuclear molecule that is present
in the structure of 1-4MeCN. Colour scheme: Th, pink; O, red; N, blue;
C, grey. All H atoms have been omitted for clarity.

Fig. 2 The {Th} (us-O)(u-OR’)g} core of molecules 1 and 2. O1 is the
n4-O%~ group in 1, O4 and O12 are the bridging oxygen atoms of the
iminiumphenolate parts of the LH™ in 1 ligands, while the remaining
oxygen atoms belong to the L2~ groups.

Dalton Trans., 2019, 48, 15668-15678 | 15671
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Fig. 3 The triangular dodecahedral, muffin-type, biaugmented trigonal
prismatic and sphenocorona coordination polyhedra for Thl, Th2, Th3
and Th4, respectively, in the structure of 1-4MeCN. The very small
spheres define the vertices of the ideal polyhedra.

Fig. 4 A portion of a chain of tetranuclear cluster and MeCN molecules
parallel to the a crystallographic axis in the crystal structure of 1:4MeCN.
Dashed orange lines indicate intramolecular N-H---O bonds within the
LH™ ligands and dashed cyan lines indicate H bonds involving the lattice
MeCN molecules; dashed light green lines represent the H bonds that
are responsible for the formation of chains.

Fig. 5 Partially labelled plot of the tetranuclear molecule that is present
in the structure of 2:2.4MeCN. Colour scheme: Th, pink; O, red; N, blue;
C, grey. All H atoms have been omitted for clarity.

15672 | Dalton Trans., 2019, 48, 15668-15678
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Fig. 6 A part of a layer parallel to the (-101) plane formed as a result of
C-H---O H bonds (dashed light green lines) between the tetranuclear
cluster molecules in the crystal structure of 2:2.4MeCN, see the text for
details. Only the H atoms involved in H bonds that contribute to the
layer formation are shown.

Table 2 Selected interatomic distances (A) and angles (°) for complex
1-4MeCN

Distances

Th1---Th2 3.776(1) Th2---Th3 3.992(1)
Th1---Th3 3.935(1) Th2---Th4 4.001(1)
Th1---Th4 4.039(1) Th3---Th4 3.816(1)
Th1-01 2.434(3) Th3-02 2.447(3)
Th1-02 2.410(3) Th3-05 2.372(3)
Th1-03 2.205(3) Th3-08 2.436(3)
Th1-04 2.486(3) Th3-09 2.228(3)
Th1-07 2.463(3) Th3-011 2.379(3)
Th1-013 2.335(3) Th3-012 2.574(3)
Th1-015 2.437(3) Th3-N4 2.601(4)
Th1-N1 2.650(3) Th4-01 2.440(3)
Th2-01 2.369(3) Th4-010 2.493(4)
Th2-04 2.566(3) Th4-011 2.598(3)
Th2-06 2.235(3) Th4-012 2.579(3)
Th2-07 2.459(3) Th4-014 2.213(3)
Th2-08 2.511(3) Th4-015 2.479(3)
Th2-010 2.445(3) Th4-019 2.652(3)
Th2-016 2.573(3) Th4-020 2.574(3)
Th2-018 2.612(3) Th4-N5 2.741(4)
Th2-N3 2.636(4) Th4-N7 2.660(4)
Th3-01 2.380(3)

Angles

Th1-01-Th2 103.7(1) Th2-01-Th3 114.4(1)
Th1-01-Th3 109.7(1) Th2-01-Th4 112.6(1)
Th1-01-Th4 111.9(1) Th3-01-Th4 104.7(1)
04-Th1-013 148.7(1) Th1-07-Th2 100.2(1)
06-Th2-010 153.6(1) Th2-08-Th3 107.6(1)
01-Th3-09 150.3(1) Th3-011-Th4 100.0(1)
011-Th4-019 161.2(1) Th1-015-Th4 110.5(1)

the vertexes of a distorted tetrahedron, with a central p,-O*~
ion (O1) bonded to each metal ion. The Th' centres are also
held together by two 3.21 (Harris notation®®) LH™ groups, one
3.221 L~ and four 2.211 L*>~ ligands (Scheme 2). Two slightly
anisobidentate chelating nitrato groups (donor atoms 016/018
and 019/020) complete the coordination spheres of Th2 and
Th4. The core of the molecule is {ThY(j4-O)(u-OR')s} (Fig. 2).
Of interest is the fact that the H atom of one of the acidic -OH
groups of each LH™ ligand is clearly located on the imine nitro-
gen atom (N2 and N6), thus blocking the coordination of the
latter.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Selected interatomic distances (A) and angles (°) for complex
2:2.4 MeCN

Distances

Th1---Th2 4.029(1) Th2---Th3 3.988(1)
Thi1---Th3 3.823(1) Th2---Th4 3.763(1)
Th1---Th4 4.029(1) Th3---Th4 3.942(1)
Th1-O 2.438(3) Th2-N2 2.633(4)
Th1-01 2.483(3) Th3-0 2.379(3)
Th1-02 2.660(3) Th3-02 2.379(3)
Th1-05 2.195(3) Th3-014 2.539(3)
Th1-06 2.467(3) Th3-016 2.435(3)
Th1-07 2.642(3) Th3-017 2.386(3)
Th1-08 2.642(3) Th3-019 2.241(3)
Th1-014 2.585(3) Th3-020 2.413(3)
Th1-N1 2.725(4) Th3-N9 2.618(4)
Th1-N3 2.693(3) Th4-0 2.427(3)
Th2-O 2.384(3) Th4-04 2.440(3)
Th2-01 2.504(3) Th4-06 2.421(3)
Th2-03 2.230(3) Th4-013 2.321(3)
Th2-04 2.462(3) Th4-015 2.235(3)
Th2-010 2.561(3) Th4-016 2.406(3)
Th2-011 2.621(3) Th4-018 2.534(3)
Th2-018 2.497(3) Th4-N7 2.644(4)
Th2-020 2.529(3)

Angles

Th1-O-Th2 113.3(1) Th2-O-Th3 113.7(1)
Th1-O-Th3 105.1(1) Th2-O-Th4 102.9(1)
Th1-O-Th4 111.8(1) Th3-0-Th4 110.2(1)
06-Th1-N1 156.5(1) Th1-01-Th2 107.8(1)
020-Th2-N2 154.0(1) Th2-04-Th4 100.3(1)
02-Th3-017 151.9(1) Th1-014-Th3 96.5(1)
0-Th4-015 148.0(1) Th2-018-Th4 96.8(1)

H o 4 H H
C=N R C=N R
eqpegieqiol
Th Th/\Th Th Th
3.21 2.211

H\
c=N R
@o oii@/
Th

Th/ \Th/

Scheme 2 The crystallographically established coordination modes of
LH™ (R = H), L>" (R = H), L'H™ (R = Me) and (L)~ (R = Me) in complexes
1.4MeCN and 2:2.4MeCN, and the Harris notation that describes these
modes.

The Th".--Th" separations range from 3.776(1) to 4.039(1)
A. The Thi1---Th2 [3.776(1) A] and Th3.--Th4 [3.816(1) A] dis-
tances are shorter than the other four Th'...Th" distances
[3.935(1)-4.039(1) A], because the Th1/Th2 and Th3/Th4 pairs
are linked by three monoatomic O bridges (01, O4, and O7 for
the Th1/Th2 pair; O1, O11, and O12 for the Th3/Th4 pairs),
whereas the Th1/Th3, Th1/Th4, Th2/Th3 and Th2/Th4 pairs
are each connected by two monoatomic O bridges (O1 and one
phenoxido O atom). The Th™~(p-0*>")-Th" angles are in the
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103.7(1)-112.6(1)° range, in agreement with the distorted tetra-
hedral arrangement of the metal centres. Th1 is 8 coordinate;
it is coordinated by seven oxygen atoms, with the Th1-O bond
lengths ranging from 2.205(3) to 2.486(3) A and one nitrogen
atom. Two oxygen atoms are terminal from one LH™ (013) and
one L*~ (03) ligands, four are bridging from a LH™ (04) and
three L*~ (02, 07, and O15) ligands and the seventh oxygen
atom is the oxido group. Th2 is 9-coordinate; it is surrounded
by eight oxygen atoms, with the Th2-O bond lengths ranging
from 2.235(3) to 2.612(3) A, and by one nitrogen atom. One
oxygen atom is bridging from a LH™ (04) ligand, four oxygen
atoms (one terminal, O6; three bridging, 07/08/010) belong to
three 1>~ ligands, two oxygen atoms are from a chelating
nitrato group (016 and O18) and the eighth oxygen is the
oxido group. Th3 is 8-coordinate; it is bonded to seven oxygen
atoms, with the Th3-O bond length ranging from 2.228(3) to
2.574(3) A, and to one nitrogen atom. Two oxygen atoms are
terminal from one LH™ (05) and one L>~ (09) ligands, four are
bridging from a LH~ (012) and three 1>~ (02, 08, and O11)
ligands and the seventh oxygen atom is the oxido group.
Finally, Th4 is surrounded by eight oxygen and two nitrogen
atoms being 10-coordinate. The Th4-O bond lengths range
from 2.213(3) to 2.652(3) A. One oxygen atom is bridging from
a LH™ (012) ligand, four oxygen atoms (one terminal, O14;
three bridging, 010/011/015) belong to two L>~ ligands, two
oxygen atoms are from a chelating nitrato group (019 and
020) and the eighth oxygen atom is the oxido group. The Th-N
bond distances are in the range of 2.601(4)-2.741(4) A and are
typical for 8-, 9- and 10-coordinate species with Schiff bases as
ligands.**™*°

To estimate the closer coordination polyhedra defined by
the donor atoms around the Th™ centres in 1-4MeCN, a com-
parison of the experimental structural data with the theoretical
values for the most common polyhedral shapes with 8, 9 and
10 vertices was performed using the SHAPE program.®® The
best fit was obtained for the triangular dodecahedron (Th1),
the muffin (Th2), the biaugmented trigonal prism (Th3) and
sphenocorona (Th4) (Fig. 3 and Tables S3-S5%).

There are two classical, relatively strong, intraligand H
bonds within the tetranuclear molecule (Fig. S1, Table S1}),
with the protonated nitrogen atoms (N2 and N6) of the LH™
ligands as donors and their terminal, formerly salicylaldehyde,
phenolato oxygen atoms (O5 and O13) as acceptors. A variety
of intermolecular H-bonding interactions are present in the
crystal structure. Three lattice MeCN molecules, three co-
ordinated nitrato oxygen atoms (016, 019, and 020) and one
non-coordinated nitrato oxygen atom (021) act as acceptors,
while the donors are aromatic and aliphatic carbon atoms
from the ligands and MeCN. The overall result is the formation
of chains parallel to the a axis (Fig. 4).

Molecule 2 has a very similar structure (Fig. 5 and S2%) to
that of 1 (Fig. 1). The core, the metal topology, the coordi-
nation polyhedra (Fig. S3, Tables S3-S51) and the coordination
modes of the organic and nitrato ligands are almost identical
in the two structures. In the numbering schemes of the metal
centres, Th1, Th2, Th3 and Th4 in 2 are equivalent to Th4,
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Th2, Th3 and Th1, respectively, in 1. The Th™...Th" distances
and the Th™~(p4-0%>7)-Th" angles are in the ranges 3.763(1)-
4.029(1) A [3.776(1)-4.039(1) A in 1-4MeCN] and 102.9(1)-
113.7(1)° [103.7(1)-112.6(1)° in 1-4MeCN], respectively. At the
supramolecular level, the tetranuclear [Th,O(NO;),(L'H),(L)5]
molecules are connected through H bonds forming layers par-
allel to the (—101) plane (Fig. 6). The acceptors are the non-co-
ordinated oxygen atoms O9 and O12 of the nitrato groups, and
the donors are the imine carbon atom one L'H™ ligand and
one aromatic carbon atom of the iminium phenolato part of
the other L'H™ ligand.

Complexes 1-4MeCN and 2:2.4MeCN are the third and
fourth, respectively, tetranuclear thorium(iv) complexes with
the tetrahedral {ThY (j,-O)} unit. The previously structurally
characterized examples are complexes [Th,OCl3(EO4);],%
where EO4 is the tetracthylene glycolate(—2) ligand, and
[Th,4OCL1{O(CH,),0CH;}c].° Interestingly, the authors note
that the oxido bridge in the former complex is the result of an
oxide impurity from the ThCl, starting material.®” In the latter
complex, the source of the central y,-O*~ unit was verified to
be®® dimethoxyethane (DME) present in the starting
[Th,Cl,_,I(DME),] material, and not adventitious H,O (the
reaction and the manipulation were performed in a strictly
inert atmosphere (N,) under vacuum). In the case of 1 and 2,
the source of the oxido group seems to be H,O from the
solvent (MeCN) and the hydrated thorium(wv) nitrate. Such p,-
O>” groups are extremely rare in An(wv) cluster chemistry
despite their occurrence in the fluorite-type structures.®
Generally, the tetravalent actinides Th-Pu represent some of
the hardest cations of the Periodic table; because of their high
charge density and acidity, these metal ions are particularly
prone to hydrolysis and condensation.”'®

Compounds 1 and 2 are new members of a large family of
complexes of 3d-, 4f- and mixed 3d/4f-metal ions (ref. 47-54
are only representative) containing anionic forms of LH, and
L'H,. However, they join a handful of structurally characterized
An complexes which are listed in Table 4. Unfortunately, no
U(wv), Np(v) and Pu(iv) complexes with any forms of LH, and L'
H, have been reported, so no direct comparison of An com-
plexes with the metal in the IV oxidation state are possible.
The previous An examples were mononuclear (neutral®® and

Table 4 To-date structurally characterized 5f-element complexes of
the anionic forms of LH, and L'H,

Coordination mode

Complex” of the ligand Ref.
[UO,(L),(DMSO0),] 1.111 69
(Bu",N),[UO,(L)(H,PO,),] 1.111 70
[(UO,)5(L),(ExOH), ] 2.211 55
[Th,O(NO;),(LH),(L)s] 3.21,°2.211,% 3.2214 This work

[Th,O(NO;),(L'H),(L)s] 3.21,°2.211,7 3.221¢

“The lattice solvent molecules have been omitted. ” A similar complex
[(UO,),(L"),(EtOH),], where (L")*" is the dianion of N-salicylidene-o-
amino-4-chlorophenol (L"H,; R = Cl in Scheme 1), has also been struc-
turally characterized.®® © For the monoanionic ligands. ¢ For the dianio-
nic ligands.
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anionic**”°) and dinuclear®® uranyl (UO,>") complexes. The com-
pletely different structures between the uranyl and thorium(w)
complexes (Table 4) are attributed to the completely different
chemical nature of the two metal species. In a general sense, as
compared to the hexavalent actinides, which almost invariably
form the well-established actinyl cation (An*"0,>*), the tetrava-
lent actinides adopt more spherical or isotropic coordination
geometries, thus leading to structural units and types that are
quite distinct from those of the hexavalent An ions."® Restricting
this discussion to Th(v) and UY'0,**, Th(wv) exhibits an effective
charge that matches its formal oxidation state, whereas U(vi), in
the form of the uranyl species, behaves as a metal ion with an
effective charge of +3.3."°

A final interesting point is the fact that the 3.210 ligation
mode of LH™ and L'H™ established in the structures of
1-4MeCN and 2-2.4MeCN, respectively, is observed for the first
time in the coordination chemistry of LH, and L'H,.

Spectroscopic studies

In the IR spectra of 1 and 2 (Fig. S4 and S5%), the medium-
intensity and broad band at ~3450 cm™" is attributed to the
y(NH") vibration of the LH™ or L'H™ ligands (vide supra);’" the
broadness of the band is indicative of H bonding. The spec-
trum of 1 exhibits a medium-intensity and a strong band at
1622 and 1604 cm™ ", respectively, which is assigned*®*>>”* to
the C=N stretching vibration, y(C=N), of the Schiff base
linkage. These bands have been shifted to lower wavenumbers
compared with the corresponding band in the spectrum of the
free LH, ligand (1630 cm™, Fig. S61), in agreement with the
protonation or coordination of the imine nitrogen. The appear-
ance of the two bands reflects the presence of two types ( proto-
nated and coordinated) of C=N groups in the complex. The
two bands appear at 1628 and 1602 cm™" in the spectrum of 2.
The band at 1602 cm ™" has been shifted to a lower wavenum-
ber compared with the band in the spectrum of the free L'H,
ligand (1628 cm™", Fig. S7}), whereas the band at 1628 cm™
has remained at the same wavenumber. The latter experi-
mental fact is not unusual.”>”® Extensive experimental and
theoretical studies on complexes with Schiff bases containing
a C=N bond (with the carbon atom attached to an aromatic
ring) have revealed that a change in the s character of the N
lone pair occurs upon coordination or protonation and the s
character of the N orbital involved in the C=N bond increases;
this change in hybridization leads to a greater C=N stretching
constant relative to the free neutral ligands, thus shifting the
v(C=N) vibrational mode to slightly higher wavenumbers. The
IR bands at ~1470, ~1270 and ~1030 cm™" in the spectra
of both complexes are assigned’® to the u;(A4;)[y(N=0)],
V5(B3)[Vas(NO,)] and v,(A44)[vs(NO,)] vibrations of the bidentate
chelating (C,,) nitrato group; the separation of the two highest-
wavenumber stretching bands is ~200 cm™, in agreement
with the bidentate character of the coordinated nitrato
groups.®>”*

The Raman spectra of the well dried samples of complexes
2 and 1 are shown in Fig. 7 and S8, respectively. The charac-
teristic (Caromatic—H) peak appears at ~3050 cm™' in both

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 The Raman spectrum of 2.
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spectra; extra peaks at 2918 and 2860 cm™" in the
spectrum of 2 are due to the v,(CH;) and v4(CH;) modes,
respectively.*®’ The peak at ~1620 cm™' in both spectra is
due to the y(C=N) mode of the Schiff-base linkage;**’® the
clear splitting of this peak reflects the presence of two types of
imine linkages (protonated and coordinated) in the tetranuc-
lear complexes. The two highest-frequency stretching nitro-
gen-oxygen vibrations of the bidentate chelating nitrato
groups are located’®”” at 1477 and 1266 cm™" for 1, and at
1500 and 1284 cm™" for 2.

The "H NMR spectra of 1 and 2 in DMSO-dg (Fig. S9 and
S10%) are extremely complicated, suggesting the presence of
several different species in solution and indicating that the
structures of the complexes are not retained in solution. For
example, the spectrum of 2 shows four signals between § 2.00
and 2.30 ppm, with different integration ratios, attributed""*
to the protons of the methyl groups. The imine protons appear
around & 9 ppm in the form of multiple signals.*® Of particular
interest is the appearance of signals at § values in the region
14.08-13.76 ppm and at ~9.7 ppm. The former can be
assigned to the very acidic protons of -C=NH" groups from
the LH™ and L'H™ ligands; the latter most probably indicates
the presence of -OH groups arising from protonation of the
deprotonated phenolato oxygen atoms, the most possible
proton sources being some of the -C=NH' groups and/or
hydrolysis of [Th(H,0),]'" species; a strong evidence of hydro-
lytic processes comes from the appearance of signals in the
5 4.8-6.2 ppm region assigned'' to coordinated OH™ groups.
Our proposal for the decomposition of the complexes in solu-
tion is reinforced by the molar conductivity values, Ay (1073
M, 25 °C), in DMSO, which are 86 (1) and 69 (2) S cm”® mol™";
these values indicate the presence of ionic species in this
solvent.”®

Solid-state, room-temperature emission spectra of the free
ligands LH, and L'H, (Fig. S11 and S12,f respectively), and
complexes 1 and 2 (Fig. 8 and S$131) were recorded. The optical
behavior of the two complexes is similar. Upon maximum exci-
tation at 400 nm, the solid complexes show a rather sharp
emission band with a maximum at ~ 540 nm (emission of
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Fig. 8 Solid-state, room-temperature excitation (curve 1; maximum
emission at 540 nm) and emission (curve 2; maximum excitation at
400 nm) spectra of complex 1.

green light). As Th(wv) is non-emissive, the emission can be
assigned to a charge transfer state within the coordinated
organic ligands.**”?# Tetravalent thorium has a 5f° configur-
ation. All of the electrons are spin paired in this electronic state
and emission is not expected.®" It is also hardly oxidizing and
consequently low-energy metal-centered charge-transfer excited
states do not exist.** Additional evidence for the intraligand char-
acter of the green emission in the complexes comes from the
study of the emission properties of the free ligands. Upon
maximum excitation at 497 nm (LH,) or 465 nm (L'H,), the
ligands emit at 540 nm (LH,) and 610 nm (L'H,). The develop-
ment of “turn-on” or “turn-off” fluorescent sensors for Th(wv) is
an area of intense interest due to their potential use for thorium
analysis/identification in nuclear waste investigation.**%>%*

Conclusions and perspectives

Even at the time of submission of the present work, thorium
chemistry continues to surprise the inorganic chemistry
community.®*°! For example, the number of the crystallogra-
phically characterised Th(ur) complexes (mainly with cyclopen-
tadienyl ancillary ligands) increases and the first example of a
square planar thorium complex has been just reported.®
Many scientists believe that with the harmful effects of global
climate change becoming more evident with every passing
year, more research activity and allocated resources will help
the Z = 90 element realize its great potential and become a
truly valuable source of materials in our energy economy.’

As far as the present work is concerned, it is rather difficult
to conclude on a research topic, i.e., Th(v) complexes with
Schiff-base ligands, which is still at its infancy. In this report,
we believe that we have contributed to some extent into the
chemistry of thorium(wv) clusters, and into the coordination
chemistry of LH, and L'H, and related tridentate Schiff bases.
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Complexes 1 and 2 have interesting molecular structures and
contain the extremely rare {Th!¥(1,-0)}'** core. They also join a
handful of fluorescent Th(v) complexes. The observed ligand-
based green emission might indicate that LH, and L'H, and
related tridentate Schiff bases containing naptholate (instead
of phenolate) aromatic rings, can be considered to be fluo-
rescent sensors for toxic Th(v) analysis. The development of
such a fluorescence detection in solution might provide a
simple, rapid, selective and low-cost method for thorium ion
determination. Several fluorogenic optodes for Th(wv), with a
variety of organic molecules as sensing materials, have been
developed in the last 10 years or so. However, some limitations
such as a poor sensitivity, a limited working pH range and
minor or major interference from other metal ions (e.g. AI*",
UO0,*", Ti'", Zr"" and trivalent lanthanides), due to their
similar chemical properties, need to be addressed. Very
recently Kumar and Kumar designed, synthesized, fabricated
and used an excellent 8-aminoquinoline-based fluorescent
optode for the quantification of Th*" in various aqueous, mon-
azite sand and gas mantle samples.®® In the present case, the
ligand L'H, could be, in principle, used as the sensor of Th(iv)
in the presence of UO,>", since the complex of the latter with
(L)*” does not emit light at room temperature under several
excitation wavelengths.>®

Future work will be focused on the study of the coordi-
nation chemistry of tetradentate Schiff bases containing one
—-OH and one -COOH group (instead of two -OH groups) on
different aromatic rings towards Th(iv) and the investigation of
the emission properties of Th(iv) complexes in solution. Work
is also in progress to develop the Th(iv)-oxime/oximate chem-
istry (oximes also contain a C=N group) and synthesize the
almost elusive thorium n*-(O,N)-oximate complexes.”® These
efforts, already well advanced, will be reported in due course.
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