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Abstract

The new phenoxo-bridged uranyl [(UO;),L,(thf),] [H,L = N(2-oxyphenyl)-3-methoxy salicylaldiminato (C;4H;;NO3)] compound has
been synthesized and characterized. The 3D structure of the free ligand is also reported. The complex crystallizes in the monoclinic space
group P2,/c with lattice parameters a = 19.5915(15) A, b = 10.4096(9) A, ¢ = 17.5216(14) A and § = 99.9960(7)° with z = 4. The com-
pound consists of a dinuclear unit composed of two dioxouranium(VI) ions, bridged by two phenoxide oxygens. The coordination
around each uranium atom can be regarded as approximately pentagonal bipyramidal. The two uranyl groups are separated by
3.9192(5) A. The title complex is one of the few examples for bis-uranyl groups bridged by phenoxo ligands. These types of ligands
are candidates for the sequestration of the uranium from nuclear waste and provide a good selectivity over competing lanthanide cations
in solution. The ligand has been found to selectively bind to a representative actinide (UO,**) rather than to lanthanum (Ln*"), which is
probably related to the larger ionic radii of Ln(I1I). So, the ligand is not suitable to clutch two lanthanide metals via the phenolate bridge
(Ln—Ophenoly-Ln). The spherical shape and the larger size of the Ln(III) ions apparently do not allow a fit within the byte angle of

phenolate bridge.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The development of nuclear science and technology in
particular to the peaceful uses of nuclear energy has been
ongoing for a long period. The reduction of radioactive
waste and further improvement of nuclear safety and reli-
able environment management system are the tasks that re-
main to be solved by exploring the wider application of
nuclear technology [1]. Uranium is one of the elements that
contribute to the long-term radiotoxicity of nuclear waste,
and the mixture of lanthanides and actinides is a compli-
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cated one, from which the actinides should be separated
for recovery. Unfortunately, lanthanide/actinide separa-
tions are among the most difficult separations of all metal
ions [2]. This difficulty is primarily related to the other
identical oxidation states and the almost equal ionic radii
of the involved metals [3]. Because of the safety require-
ments in nuclear waste disposals, lanthanide and actinide
discrimination is an area of worldwide concern.
Phenoxo-bridged uranyl compounds are scarce in com-
parison to the d-block metals. In contrast, as far as we
know, only few publications have been reported in which
phenoxo-bridged uranium compounds are reported [4-7].
An example is the dioxouranium(VI) citrate species [§].
In the course of our studies on the synthesis and structure
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of dioxo-uranium compound with the ligand N(2-oxyphe-
nyl)-3-methoxy salicylaldiminato abbreviated H,L, we
obtained the crystals of [(UO,),L,(thf),]. Herein, we report
the synthesis and characterization of this new bisphenoxo-
bridged uranyl(VI) complex, together with its X-ray struc-
ture and solution NMR studies.

2. Experimental

2.1. Synthesis of N(2-oxyphenyl)-3-methoxy
salicylaldiminato (H,L)

2-(Aminomethyl) pyridine (2.16 g, 20 mmol) dissolved
in ethanol (5 mL) was added to the stirred ethanol solution
of O-vanillin (3.04 g, 20 mmol). The reaction mixture was
stirred overnight. The solvent was removed by rotavapora-
tion. The final red residue was saturated with diethyl ether
to obtain a red solid, which was recrystallized by hot meth-
anol. Yield: 62.8 % (3.33 g), m.p. (104 °C), IR: 1625 cm !
(C=N), '"H NMR (in CD;0D): 8.63 (s, 1H, imine —H),
8.53 (m, 1H, Py), 7.87 (m, 1H, Py), 7.51 (m, lH, Py), 7.
36 (m, 1H, Py), 7.02 (m, 2H, Ar), 6.83 (m, 1H, Ar), 3.85
(s, 2H, Benzylic), 3.31 (s, 3H, OCH;): Mass: theoretical:
2423 (obs.: 243.4). Elemental analysis: Calc. For
CiyH14N,O,: C, 69.40; H, 5.82; N, 11.56. Found: C,
69.01; H, 5.94; N, 11.62%.

2.2. Synthesis of [(UO;),L,(thf),]

A methanol solution of uranyl nitrate (0.25 g, 0.5 mmol,
10 mL) was added to a warm solution of ligand (0.24 g,
1.0 mmol, 30 mL) in CHCI; with 3 equiv. of KOH. The
resultant red solution was kept for stirring overnight. The
solution was filtered and the filtrate kept for slow evapora-
tion after a week, a precipitate was obtained, which was
recrystallized with hot CH;OH:CHCl; mixture. X-ray qual-
ity crystals were obtained from THF after 4 days. Yield
0.482 g (41%). Anal. Calc. for C3sH3gN,O1,U,: C, 37.05;
H, 3.28; N, 2.40. Found: C, 39.93; H, 2.93; N, 3.20%. IR
(Vmax/cm ') 1610 (C=N); 1469 (C=C) and 900 (O=U=0).

2.3. Physical measurements

All the chemicals and solvents were of analytical grade
and used as such without prior purification. (Caution. Ura-
nyl nitrate is a weak radioactive salt and care should be
taken in handling the compound). Infrared spectra
(4000-300 cm ', respectively, 4 cm ') were recorded on a
Perkin—-Elmer Paragon 1000 FTIR spectrometer equipped
with a Golden Gate ATR device, using the reflectance tech-
nique. "H NMR spectra were recorded on a Bruker 300
DPX MHz spectrometer in CDCIl; solution for ligand
and the uranyl complex was recorded in CDs;OD, using
TMS as the internal standard. C, H and N analyses were
performed with a Perkin-Elmer 2400 series II analyzer.
Electrospray mass spectra (ESI-MS) in methanol were
recorded on a Thermo Finnigan AQA apparatus.

2.4. Single crystal X-ray structures

The X-ray data were collected with a Nonius Kappa-
CCD diffractometer using graphite-monochromatized Mo
Ko radiation. An initial unit cell determination was per-
formed using the Nonius Collect software suite [9] and
the pirax [10] indexing program. A complete dataset was
collected, and integrated by the HkL2000 [11] and SORTAV
[12] programs. No absorption correction was applied,
given the small size of the crystal. The structure was solved
using the SHELXS-86 program [13], and refined with SHELXL-
97 [14]. The program pLATON [15] was used for space group
determination, validation and the preparation of diagrams.
Hydrogen atoms were placed at idealized positions and
allowed to ride on the connecting atom. Selected crystal
data are given in Table 1.

3. Results and discussion
3.1. Ligand and metal coordination

The tridentate ligand of N(2-oxyphenyl)-3-methoxy sal-
icylaldiminato (H,L) was successfully synthesized by the
reaction of 2-(aminomethyl) pyridine with O-vanillin in
ethanol. The methanolic solution of uranyl nitrate was
reacted with the chloroform solution of ligand and the
new bisphenoxo-bridged diuranyl complex was obtained
in high yield. Crystals of [(UO,),L,(thf),] suitable for
X-ray studies were grown in THF solvents within 4 days
and the structure was determined.

The IR spectra [16,17] of the complex show subtle differ-
ences in comparison to the free ligand with peaks at

Table 1

Crystallographic data of ligand (H,L) and its complex [(UQO;),L,(thf),]

Compound H,L [(UO,),L(thf),]

Empirical formula C14H13NO3 C35H33N2012U2

Formula weight 243.25 116.74

Temperature (K) 150 150

Crystal system orthorhombic monoclinic

Space group pben P2,/c

a(A) 8.9786(14) 19.5915(10)

b (A) 12.628(5) 10.4096(10)

¢ (A) 20.085(3) 17.5216(10)

B (°) 90 99.9960(10)

V(A% 2277.3(10) 3519.1(4)

VA 8 4

F000) 1024 2192

Calculated density (Mg/m?) 1.419 2.202

Absorption coefficient (mm™") 0.101 9.260

Crystal size (mm) 0.09%x0.15x0.20  0.09x0.15x0.20

Measured reflections 17956 48072

Independent reflections 2491 6917

Rin 0.061 0.098

Reflections with 7> 2a(1) 1644 5166

Final R indices [I > 20(1)] R =10.0482, R =0.0354,
wR, =0.1174 wR, = 0.0698

Goodness-of-fit on F2 1.02 1.02

Largest difference peak —0.23 and 0.23 —1.36 and 1.53

and hole (e A’3)
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1610 cm ™! vic=n) and for the free ligand vc—=n) peak at
1615 cm™'. The absorption band of a similar Schiff base
ligand with a copper and a rhenium complex shows the
vic=n) at 1639 cm ™' [18,19]. A new peak was also observed
at 900 cm ™' (O-U-0), which indicates the presence of a
linear symmetric dioxouranium(VI) group [20]. The uranyl
complex '"H NMR spectrum shows peaks at 3.78 (t, o
THF) and 1.84 ppm (s, p THF) for free THF compared
to 4.06 (s, oo THF), 3.96 (m, B THF) and 1.92 (m, B
THF) for coordinated to UO,*". The above observation
suggests that the labile THF molecules are partially dis-
placed by the stronger Lewis base CD3;OD in solution.

Attempts to synthesize lanthanide complexes by using
the above method with a 2:1 mole ratio of the ligand and
metal salts in range of solvents, such as methanol, ethanol,
and a mixture of chloroform and methanol, have remained
without success. Contrary to our anticipation, only the free
ligand was crystallized under these conditions. We also
changed the reaction conditions by using different temper-
atures and times and periods of 3, 6 and even overnight
reflux. These repeated attempts to synthesis lanthanide
complexes starting from LnCl;, La(NOs);, Pr(NO3)s,
GdCl; and Gd(NOj); with the same ligand were also
unsuccessful; the large ionic size (radii, La>": 1.02 A for
eight-coordination; U®™: 0.80 A for 6-8 coordination) is
likely to be the origin. Unlike uranium coordination, this
ligand is not suitable to seize two lanthanide metals via a
similar phenolate bridge (Ln—Opnenon—Ln). Experiments
in which uranyl and Ln(III) were used in comparable
amounts only resulted in the uranyl complexes.

3.2. X-ray crystal structures

The molecular structure of the new N(2-oxyphenyl)-3-
methoxy salicylaldiminato ligand and its uranium complex
and the hydrogen-bonded network structure of the ligand
are depicted in Figs. 1-4; selected crystallographic data
are listed in Table 1 and selected bond distances and bond
angles given in Table 2.

The uncoordinated ligand is noticeably non-planar and
its molecular packing diagram shows a hydrogen-bonded
zig-zag infinite chain network. Among the two phenolic
OH groups, methoxy group substituted phenolic OH is
ionized and the other one is neutral in the reaction medium.
Fig. 2 clearly shows that the imine hydrogen (H—N=C) is
involved in intramolecular hydrogen bonding (H12-O2:
1.888, H12-O1: 2.345). The phenolic OH of the amino-
phenol is involved in intermolecular hydrogen bonding with
the O of the methoxy group and with a deprotonated oxy-
gen of a neighbouring unit. This one-dimensional network
is depicted in Fig. 2.

Contrary to our expectations, the uranium compound
exists as a dinuclear species (Figs. 3 and 4). The molecule
has a centre of symmetry and each uranium is coordinated
in approximately pentagonal bipyramidal geometry by six
oxygen atoms and one nitrogen atom. The uranium ions
are bridged by two phenoxo ligands. Two tetrahydrofuran

H14C

Cl14 H14B

Fig. 1. Molecular structure and labelling scheme for the free ligand N(2-
oxyphenyl)-3-methoxy salicylaldiminato. Thermal ellipsoids are drawn at
the 50% probability level.

Fig. 2. Drawing of the molecular packing of the ligand along the a-axis.
Dashed lines indicate intra- and intermolecular H bonds.

ligands are coordinated to each uranium in a non-adjacent
trans fashion [21]. The coordination is completed by an
imine nitrogen and a terminal phenoxide (not bridging).
The oxo groups of the uranyl moiety lie zrans to one an-
other with a near linear O=U=O bond angles of
177.33(18)° for O(7)-U(1)-O(8) and 179.31(18)° for O(9)-
U(2)-O(10) (Table 2). The U(1)-O(oxo) distances, at
1.776(4) and 1.769(4) A, and the U(2)-O(oxo0) distances,
at 1.769(4) and 1.772(4) A, are identical within experimen-
tal error, and are consistent with the U-O bond lengths
found in seven-coordinate uranyl complexes in the litera-
ture [22-25]. The U-O (phenoxide terminal) bond lengths
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Fig. 4. Packing diagram of [(UO,),L(thf),], viewed along the b-axis. The
hydrogen atoms are omitted for clarity.

[2.224(4) and 2.214(4) A] also show good agreement with
literature values [21,22]. The U-(p-O) bond distances
[U(1)-0(1) 2.402(4) A, U(1)-0O(4) 2.429(4) A, U(2)-0(1)
2.391(4) A and U(2)-O(4) 2.454(4) A] and U—(p-0)-C
bond angles [U(1)-O(4)-C(15) 115.3(3)°, U(1)-O(1)-C(1)
135.6(4)°, U(2)-0O(4)-C(15) 137.6(4)° and U(2)-O(1)-C(1)
114.6(3)°] are asymmetric, due to the restriction in bonding
imposed by the length of the C-N bridge in the ligand.
The U-O(THF) bond distances [U(1)-O(11) 2.431(4) A,
U(2)-0(12) 2.428(4) A] are similar to those found in the
literature [21].

Uranium is known to exist in solution as the uranyl
dication, in which the atoms are arranged in a linear fash-
ion with the uranium at the centre. The uranyl cation
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Table 2

Selected bond lengths (A) and bond angles (°) for the complex
[(UOy)sLa(thf),]

Bond lengths ( A )

U(1)-0(1) 2.402(4)
U(1)-0(4) 2.429(4)
U(1)-0(5) 2.224(4)
U((1)-0(7) 1.776(4)
U(1)-0(8) 1.769(4)
U((1)-0(11) 2.431(4)
U(1)-N(2) 2.498(5)
U(2)-0(1) 2.391(4)
U(2)-0(2) 2.214(4)
U(2)-0(4) 2.454(4)
U(2)-0(9) 1.769(4)
U(2)-0(10) 1.772(4)
U(2)-0(12) 2.428(4)
U((2)-N(1) 2.528(5)
Bond angles (°)

O(1)-U(1)-0(4) 66.76 (13)
O(7)-U(1)-0O(8) 177.33(18)
O(1)-U(2)-0(4) 66.54(13)
0(9)-U(2)-0(10) 179.31(18)
U(1)-0(1)-U(2) 109.73(15)
U(1)-0(4)-U(2) 106.79(19)
0O(2)-U(2)-N(1) 69.38(17)
O(5)-U(1)-N(2) 71.10(16)
O(1)-U(1)-0(5) 156.53(14)
0(4)-U(2)-0(12) 82.16(13)
O(1)-U(1)-0(4) 66.76 (13)
O(7)-U(1)-0(8) 177.33(18)
O(1)-U(2)-0(4) 66.54(13)
0(9)-U(2)-0(10) 179.31(18)
U(1)-0(1)-U(2) 109.73(15)
U(1)-0(4)-U(2) 106.79(19)
0O(2)-U(2)-N(1) 69.38(17)
O(5)-U(1)-N(2) 71.10(16)
O(1)-U(1)-0(5) 156.53(14)




338 R. Kannappan et al. | Inorganica Chimica Acta 359 (2006) 334-338

favours ligands with coordinate through oxygen and nitro-
gen atoms, and the above oxyphenyl ligands act as chelat-
ing ligands forming the complex. In the case of uranyl
cation, the most stable ligands contain 5-6 co-ordinating
donor sites to generate a chelate ring around the uranium
centre. In the present case, the ligands with solvent
(THF) will lead to the sequestration of the uranium and
we believe that this will help to achieve a high selectivity
over competing cations in solution.

4. Concluding remarks

In summary, we have prepared the new ligand N(2-
oxyphenyl)-3-methoxy salicylaldiminato (H,L) and its
di-p-phenoxo-bridged diuranyl(VI) complex and for both
compounds detailed crystallographic studies have been
presented. It appears that this salicylaldiminato ligand is
suitable for uranium (UO,*"), but does not bind to lan-
thanides (La, Pr, Eu and Gd). Uranium exists in aqueous
solution as the uranyl cation (UO,*"), where the atoms
are arranged in a linear fashion with the uranium at the
centre. The above oxyphenyl ligand is free and flexible
to accommodate two uranyl moieties via two phenolate
bridges. Apparently, the spherical shape and larger size
of the Ln(III) ions do not allow to generate such a pheno-
late bridge.

We are presently involved in attempts to synthesize
related uranyl compounds with only oxygen-donor ligands;
and with competition studies from lanthanides and uranyl
to improve the separation of uranium species in waste
liquids from the nuclear fuel cycle.

5. Supplementary material

Crystallographic data for the free ligand and the uranyl
complex are available upon request from the Cambridge
Crystallographic Data center, 12 Union Road, Cambridge
CB2 1EZ, UK, fax: +44 1223 336 033; www: http://www.
ccdec.cam.ac.uk or by e-mail from: deposit@ccdc.cam.
ac.uk. Please quote the deposition numbers in all corres-
pondences (CCDC Nos. 278628 and 245201, respectively).
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