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Reaction of [UO2(NO3)2] with the hydroxy ketones 3-hydroxy-2-methyl-4-pyrone (Hma) and 3-hydroxy-1,2-dimethyl-
4(1H)-pyridone (Hdpp) in aqueous acidic solutions (pH ∼ 3) yields the compounds [UO2(ma)2(H2O)]‚H2O (1‚H2O)
and [UO2(dpp)(Hdpp)2(H2O)]ClO4 (2), respectively. X-ray diffraction shows that the geometry around the metal ion
in both complexes is pentagonal bipyramid. Uranium ion in the crystal structure of 1 were found to be ligated with
two chelate ma- groups and one unidentate H2O molecule (C coordination mode) at the equatorial plane, while in
2 with two single-bonded Hdpp there were one chelate dpp- and one H2O molecule (P coordination mode). Crystal
data (Mo KR; 293(2) K) are as follows: (1) monoclinic space group C2/c, a ) 14.561(7) Å, b ) 14.871(9) Å, c
) 7.250(4) Å, â ) 95.40(4)°, Z ) 4; (2) monoclinic space group P21/c, a ) 19.080(2) Å, b ) 9.834(1) Å, c )
15.156(2) Å, â ) 104.62(1)°, Z ) 4. 1H NMR measurements indicate that complex 2 retains its structure in
CD3CN solution; however, in DMSO-d6 both complexes adopt the C structure. Line-shape analysis for the 1H NMR
peaks of 2 at various temperatures shows a fast intramolecular exchange process between the chelate dpp- and
one of the single bonded Hdpp ligands and one slower exchange between all three ligands. The activation parameters
and the decrease of the exchange rate by replacing unidentate ligand with DMSO indicate the dissociation of the
unidentate ligand as the rate-determining step for the former exchange. Density functional calculations (DFT) support
this mechanism and give a quantitative interpretation of the electronic structure of the two ligands and the geometries
adopted by the complexes.

Introduction

Uranium contamination in soil and groundwater from the
increased handling of uranium in the nuclear cycle worldwide
and the release of the element from spent nuclear fuel
repositories as well as the military use of depleted uranium
poses a risk to both human health and environment. Although
the effects on health of humans from environmental exposure
to uranium are beginning to be documented, the chemical
toxicity of uranium is still poorly understood.1,2 There has
been considerable interest in the design of selective UO2

2+

chelators suitable for uranium removal from soil, ground-
water, and/or human bodies.3,4 Organic bidentate ligands
containing hard oxygen donor atoms have the ability to match
the equatorial 5-coordinate environment of the UO2

2+ cation,
and so far, they have been presented as good candidates for
selective binding with uranium.3-8 In particular, catechols,
â-diketones, and hydroxy ketones such as 4,5-dihydroxy-
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3,5-benzenedisulfonate (Tiron), 1-hydroxy-2(1H)-pyridinone,
and 1-methyl-3-hydroxy-2(1H)-pyridone (Me-2,3-HOPO)
have demonstrated high efficiency for decorporation of UVI

from body and kidney in animals.9-14 In addition, hydroxy
ketone ligands have the advantage of low toxicity. For
example, maltol (Hma) has been already approved as a food
additive and is sold in health food stores, while hydroxy-
pyridones have been successfully utilized as oral potent
sequestering agents for hard metal ions, such as FeIII , from
the human body.15

Detailed study of the solid state and solution chemistry
of uranium is essential for understanding the in vivo chelation
efficacy of these ligands and the mechanisms in the process-
ing of nuclear waste and materials. The structures of solid
UO2

2+-diketonates and-hydroxy ketonates have revealed
the coordination sphere of metal ion in the equatorial plane
to be defined from the donor atoms of two chelate bidentate
ligands as well as the donor atom of one-unidentate ligand
(C coordination mode, Chart 1).3-6,16-18 However, in solution
the composition of these complexes may vary, including
compounds containing one, two, or three bidentate ligands,
as evidenced by equilibrium analytical methods and NMR
spectroscopy.7,19,20

Herein, we report the synthesis and physicochemical and
structural characterization of two novel uranyl complexes,

namely [UO2(ma)2(H2O)]‚H2O (1‚H2O) and [UO2(dpp)-
(Hdpp)2(H2O)]ClO4 (2). The experimental data are quanti-
tatively interpreted by density functional calculations (DFT).
Complex2 shows a unique structure with one chelate dpp-

and two single-bonded Hdpp ligands (P coordination mode,
Chart 1) coordinated at the equatorial plane of UO2

2+. This
compound is a rare example of a fully characterized uranyl
compound containing three bidentate ligands coordinated to
a uranium ion.21 The1H NMR spectra of1 and2 in solution
reveal that the coordination mode of the hydroxy ketones is
solvent dependent. This may be related to the sulfoxide (e.g.
DMSO) induced enhancement of the extraction-separation
of uranyl cation byâ-diketones in acidic media.5 Variable-
temperature1H NMR spectroscopy shows that the three
ligands in complex2 are exchanging through two exchange
processes, a fast intramolecular exchange between the chelate
and one of the single bonded ligands and a slow exchange
between all three hydroxy ketonates. The possible mecha-
nisms for these two exchange processes are discussed in the
light of these 1H NMR studies and density functional
calculations as well.

Experimental Section

Materials. Reagent grade uranyl nitrate hexahydrate and uranyl
acetate dihydrate were purchased from Merck. 3-Hydroxy-2-methyl-
4-pyrone (Hma), 3-hydroxy-1,2-dimethyl-4(1H)-pyridone (Hdpp),
and sodium perchlorate were reagent grade and were obtained from
Aldrich. All chemicals were used without further purification. IR
spectra were recorded on a Jasco FT-IR 460 plus spectrometer in
KBr pellets. Microanalyses were performed by Desert Analytics,
Tucson, AR. (Caution! Perchlorate salts are potentially explosiVe.
All compounds containing perchlorate should be handled with great
care and in small amounts.)

Preparation of [UO2(ma)2(H2O)]‚H2O (1‚H2O). Orange crystals
of 1‚H2O were obtained in 81% yield by layering a methanol (5
mL) solution of Hma (0.15 g, 1.2 mmol) over an uranyl aqueous
solution (5 mL) of UO2(NO3)2‚6H2O (0.20 g, 0.40 mmol).1H NMR
(δ; DMSO-d6) at 293 K: 8.43 (2H, d, C4H), 6.92 (2H, d, C5H),
2.65 (6H, s, C6H).13C NMR (δ; DMSO-d6) at 293 K: 185.8 (C1),
159.2 (C2), 157.2 (C4), 155.7 (C3), 113.8 (C5), 15.02 (C6). The
numbering is according to Figure 1A. The infrared spectrum of
1‚H2O exhibited bands at 1560 (s, CdO), 1209 (s, C-O), and 926
cm-1 (s, UdO). Anal. Calcd for C12H14O10U: C, 25.91; H, 2.54,
Found: C, 25.70; H, 2.66.

Preparation of [UO2(dpp)(Hdpp)2(H2O)]ClO4 (2). Orange
crystals of2 were obtained in 80% yield by slow evaporation, at
room temperature, of an aqueous solution (100 mL) containing 0.1
M NaClO4, UO2(NO3)2‚6H2O (0.125 g, 0.250 mmol), and Hdpp
(0.104 g, 0.750 mmol) at pH) 3.0. 1H NMR at 224 K (δ;
CD3CN): 12.3 (1H, s, O4H), 12.0 (1H, s, O6H), 7.83 (1H, d,
C18H), 7.85 (1H, d, C11H), 7.67 (1H, d, C4H), 7.22 (2H, d, C12H,
C19H), 6.68 (1H, d, C5H), 3.82 (9H, s, C7H, C14H, C20H), 2.64
(3H, s, C6H), 2.47 (3H, s, C13H), 2.44 (3H, s, C21H). The
numbering is according to Figure 1B. The infrared spectrum of2
exhibited the following peaks: 1554 (s, CdO), 1292 (s, C-O),
883 cm-1 (s, UdO). Anal. Calcd for C21H28ClN3O13U: C, 31.37;
H, 3.51; N, 5.23. Found: C, 31.17; H, 3.58; N, 5.06.

X-ray Structure Determination. Crystals suitable for X-ray
diffraction study were obtained directly from the reaction mixtures
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of both complexes. The X-ray structure showed one molecule of
CH3OH to be cocrystallized with1. The intensity data for1 for
these studies were collected on a Syntex P21 4-cycle diffractometer
and data for2 on an Oxford XCalibur using Mo KR (λ ) 0.7107
Å) radiation. Experimental data for this study are listed in Table 1.
Each structure was solved by direct methods using program
SHELX-8622 and refined by full-matrix least-squares techniques.23

The positions of the hydrogen atoms of1 and 2 were calculated
from stereochemical considerations and kept fixed isotropic during
refinement. CCDC reference numbers are 207139 (1‚CH3OH) and
207140 (2).

NMR Spectroscopy. All NMR samples were prepared from
crystalline compounds in DMSO-d6 or in CD3CN at room temper-
ature immediately before NMR spectrometric determinations. All
samples used to NMR measurements were prepared in triplicate,
typically at concentrations of 1-30 mg/mL complex. NMR spectra
were recorded on a Bruker Avance 300 spectrometer at 300 MHz
for 1H and 75.4 MHz for13C NMR. The 1D1H and 13C NMR
spectra were acquired with a 6000 and 19 000 Hz spectral window,
respectively, a 30° pulse width, and a 2.0 s relaxation delay.

T1 measurements were obtained by using the inversion recovery
method. The magnitude 2D1H COSY-45 experiments (pulse
sequence 90°-t1-45°) were acquired using 256 increments
(each consisting of 32 scans) covering the full spectrum (10
ppm in both dimensions). The standard NOESY pulse sequence
(90°-t1-90°-tm-90°) was used in the 2D1H EXSY-NOESY
measurements. These spectra were acquired using 256 increments
of size 2 K (with 40 scans each) covering the full spectrum (10
ppm in both dimensions). The delay time used in the 2D spectra
was based on the measuredT1 values and was 4.5 s. Variable mixing
times ranging from 0.25 to 0.90 s were used. The chemical shifts
were referenced to TMS.

The variable-temperature NMR experiments required that the
NMR spectrometer be calibrated to within(1 °C using a 4%
CH3OH/CD3OD standard for the low temperatures and 80%
ethylene glycol/DMSO-d6 standard for the high temperatures. The
probe temperature was allowed to equilibrate for 10 min prior to
final magnetic homogeneity optimization on the1H FID. For each
sample the temperature was varied in both directions, and in each
case superimposable spectra were obtained. The values of the
reaction rates of the exchange systems were calculated by the trial
and error matching of the experimental spectrum measured at the
specific temperature with a series of theoretical spectra calculated
for different reaction rates. Theoretical line shapes were computed
by using the gNMR program.24 Line widths, chemical shifts, and
spin-spin coupling constants used in the fast exchange were
obtained from the stop exchange values, in the temperature range
224-233 K. The rate constants were fitted as a function of 1/T
according to the Eyring plot [k ) (kBT/h) exp(-∆Gq/RT)].
Activation parameters∆Gq, ∆Hq, and∆Sq were obtained from the
least-squares fit of log(k/T) vs 1/T plots. All errors are random errors
estimated at the 95% confidence level.

Computational Details. The electronic structure and geometry
of the uranyl complexes were computed within the density
functional theory. The hybrid B3LYP method was applied with
Becke’s three-parameter functional,25 and the nonlocal correlation
is provided by the LYP expression.26 A significant reduction in
the size of computations was achieved by replacing the core electron
by a relativistic effective core potential (ECP). Previous studies27-29

have shown that the accuracy of the energy consistent ECPs of
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Figure 1. ORTEP drawing of (A)1‚MeOH and (B)2 at 50% probability
ellipsoids giving atomic numbering. For clarity, the hydrogen atoms of2
and cocrystallized molecules are omitted.

Table 1. Crystal Data and Structure Refinement for1 and2

param 1 2

empirical formula C13H16O10U C21H28ClN3O13U
cryst size (mm) 0.1× 0.1× 0.1 0.24× 0.017× 0.007
fw 570.29 803.94
temp (K) 293(2) 293(2)
wavelength (Å) 0.710 73 0.710 73
cryst syst monoclinic monoclinic
space group C2/c P21/c
a (Å) 14.561(7) 19.080(2)
b (Å) 14.871(9) 9.835(1)
c (Å) 7.250(4) 15.156(2)
â (deg) 95.50(4) 104.62(1)
V (Å3) 1563(2) 2751.7(4)
Z 4 4
Fcalcd(Mg/m3) 2.424 1.921
abs coeff (mm-1) 10.44 6.03
θ range for data collcn (deg) 1.96-20.03 3.91-20.04
index ranges 0e h e 14,

0 e k e 14,
-6 e l e 6

-18 e h e 18,
-9 e k e 9,
-14 e l e 14

no. of obsd reflcns 678 24 393
no. of indpndt reflcns 733 2571
data/params 5.8 7.18
max/min∆p (e Å-3) 1.033,-0.692 0.527,-0.434
R, wR (obsd data)a 0.0222, 0.0531 0.0587, 0.0833
R, wR (all data)a 0.0239, 0.0533 0.0887, 0.0914

a Refinement method, full-matrix least squares onF2.
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Stuttgart-type30,31 is excellent; hence, we used these for both
uranium and main group atoms, except for the hydrogen atoms,
which were described by Dunning/Huzinaga valence double-ú
basis.32 All the calculations have been done using models of the
ligands, where the methyl substituents have been replaced by
hydrogens. The geometry of all the species studied was optimized
using gradient techniques under the symmetry constraints mentioned
within the text. As the size of the molecules did not permitted
frequency calculations and to ensure that the minima located are
true local minima, each optimized structure has been slightly
distorted and reoptimized using tight convergence in the optimiza-
tion process. All of the calculations were performed using the
Gaussian03 package.33

Results and Discussion

Synthesis of the Compounds.When water-methanol
solutions of [UO2(NO3)2] are treated with 2 or 3 equiv of
Hma, orange crystals of [UO2(ma)2(H2O)]‚H2O (1‚H2O) are
obtained. Using a 1:3 stoichiometry between [UO2(NO3)2]
and Hdpp in aqueous or water methanol solutions allows
for the isolation of a product of composition [UO2(dpp)-
(Hdpp)2(H2O)]NO3. Addition of NaClO4 in the solution
results in exchange of the NO3

- counterion with ClO4
-

producing orange crystals of [UO2(dpp)(Hdpp)2(H2O)]ClO4

(2). Both complexes,1 and 2, are very soluble in DMSO
and sparingly soluble in water, alcohols, and acetonitrile. The
perchlorate salt of2 was preferred for the NMR studies to
the nitrate, because of its higher solubility in polar organic
solvents. The solids and the solutions of these materials are
stable at room temperature for long periods (over 1 month).

X-ray Crystallographic Results. The ORTEP structural
plots for 1‚CH3OH and 2 are presented in Figure 1.
Crystallographic data and interatomic bond lengths and
angles are provided in Tables 1 and 2, respectively.

The coordination environment of the uranium atom in1
is a distorted pentagonal bipyramid with two oxo groups
occupying the apical positions. Four oxygen atoms originated
from two chelate ma- ligands and one water oxygen atom
define the equatorial plane of the pentagonal bipyramid of
1 (Cs1 coordination mode, Chart 1). Both Hdpp and Hma
could be considered as a resonance hybrid of two canonicalforms, I and II (Scheme 1). Thed(C-Oketone) [C(1)-O(1),

1.281(10) Å] of the two chelate ma- groups in1 were found
significantly shorter (∼0.06 Å) than the C-Ohydroxy bonds
[C(2)-O(2), 1.335(10) Å], indicating a double or partial
double bond for the C-Oketone(type I resonance form). The
d[U-O(2)] [2.362(5) Å] in 1 is substantially shorter than
d[U-O(1)] [2.429(13) Å] indicating the stronger preference
of UO2

2+ for the hydroxy than the ketonic oxygen atom. In
general, the binding mode of the organic ligands in the
structure of complex1 (Cs1 mode) is similar to that found
in other uranium(VI) complexes containing bidentate ligands,
such as 2,5-diketones5,6 and hydroxy ketones.4 All these
complexes contain two bidentate chelate ligands, and the
U-O bond distances between the uranium atom and the
ligand donor atoms are in the range of 2.30-2.45 Å. There
is a single example of a bidentate hydroxy ketonate-uranyl
complex, [UO2(Me-2,3-HOPO)2(DMF)], which has been
reported in the literature and characterized by crystallography,
with the ligand in aCa coordination mode (Chart 1).4 The

(30) Kuechle, W.; Dolg, M.; Stoll, H.; Preuss, H.J. Chem. Phys.1994,
100, 7535.

(31) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, H.Mol. Phys.
1993, 80, 1431.

(32) Dunning, T. H., Jr.; Hay, P. J.Modern Theoretical Chemistry; Schaefer,
H. F., Ed.; Plenum: New York, 1976; Vol. 3, p 1.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian 03, revision
A.1; Gaussian, Inc.: Pittsburgh, PA, 2003.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for1a and2

Bond Lengths for1
U-O(1) 2.429(5) U-O(2) 2.362(5)
U-O(4) 2.343(10) U-O(5) 1.759(6)
U-O(1)#1 2.429(5) U-O(2)#1 2.362(5)
U-O(5)#1 1.759(6) C(2)-O(2) 1.335(10)
C(1)-O(1) 1.281(10)

Bond Angles for1
O(1)#1-U-O(1) 74.1(3) O(2)#1-U-O(1) 140.4(2)
O(2)-U-O(1) 67.0(2) O(4)-U-O(1) 142.96(14)
O(5)#1-U-O(1) 87.1(2) O(2)#1-U-O(1)#1 67.0(2)
O(2)-U-O(1)#1 140.4(2) O(4)-U-O(1)#1 142.96(14)
O(5)-U-O(1)#1 87.1(2) O(5)#1-U-O(1)#1 94.4(2)
O(2)-U-O(2)#1 152.5(3) O(4)-U-O(2)#1 76.23(13)
O(5)-U-O(2)#1 91.0(2) O(5)#1-U-O(2)#1 88.6(2)
O(4)-U-O(2) 76.23(13) O(5)-U-O(2) 88.6(2)
O(5)#1-U-O(2) 91.0(2) O(5)-U-O(4) 89.0(2)
O(5)#1-U-O(4) 89.0(2) O(5)#1-U-O(5) 178.1(4)

Bond Lengths for2
U-O(1) 2.433 (10) U-O(2) 2.384(12)
U-O(3) 2.273(9) U-O(5) 2.281 (9)
U-O(7) 1.788(9) U-O(8) 2.472(10)
U-O(9) 1.771(9) C(1)-O(1) 1.334(17)
C(2)-O(2) 1.316(18) C(15)-O(5) 1.297(17)
C(16)-O(6) 1.372(17) C(9)-O(4) 1.366(16)
C(8)-O(3) 1.278(16)

Bond Angles for2
O(7)-U-O(9) 178.8(4) O(7)-U-O(3) 88.3(4)
O(9)-U-O(3) 92.2(4) O(7)-U-O(5) 91.2(4)
O(9)-U-O(5) 87.9(4) O(3)-U-O(5) 151.0(3)
O(7)-U-O(2) 90.3(4) O(3)-U-O(2) 72.2(4)
O(5)-U-O(2) 136.8 (4) O(7)-U-O(1) 89.0(4)
O(9)-U-O(1) 91.4(4) O(3)-U-O(1) 138.2(4)
O(5)-U-O(1) 70.7(4) O(2)-U-O(1) 66.1(3)
O(7)-U-O(8) 88.5(4) O(9)-U-O(8) 90.6(4)
O(3)-U-O(8) 75.8(4) O(5)-U-O(8) 75.2(4)
O(2)-U-O(8) 148.1(4) O(1)-U-O(8) 145.7(4)

a Symmetry transformations used to generate equivalent atoms: (#1)-x
+ 1, y, -z + 1/2.

Scheme 1. Canonical Forms of (A) dpp- and (B) ma-
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mean bond distances in that molecule (U-Ooxo ) 2.432(5)
Å and U-Ophenolate) 2.350(5) Å) are comparable to those
of complex1. Xu and Raymond have synthesized a series
of tetradentate Me-2,3-HOPO ligands and their uranyl com-
plexes.4 These tetradentate ligands contain two Me-2,3-
HOPO units linked with linear chain linkers. The X-ray
structural analysis of these complexes showed the two HOPO
units arranged around the equatorial plane of uranyl ion in
theCs2 mode (Chart 1). The nonexistence of theCs2 structure
for the bidentate hydroxy ketonate-uranyl complexes prob-
ably indicates that this coordination mode is the less stable
one. The linkers of the tetradentate ligands have presumably
forced the HOPOs to adopt theCs2 mode in these complexes.

The coordination environment of the uranium atom in2
is a distorted pentagonal bipyramid with two oxo groups
occupying the apical positions. The equatorial plane of2
consists of an oxygen atom (from water) and four oxygen
atoms originated from three ligands, two of which are single
bonded and one is chelated (P coordination mode, Chart 1).
Thed(C-Oketone) [C(8)-O(3), 1.278(16), and C(15)-O(5),
1.297(17) Å] of the two single-bonded Hdpp ligands in
2 were found significantly shorter (∼0.08 Å) than the
C-Ohydroxy bonds [C(9)-O(4), 1.366(16), and C(16)-O(6),
1.372(17) Å] indicating a double or partial double bond for
the C-Oketone(type I ). On the other hand, the indistinguish-
able C-O bond lengths [C(1)-O(1), 1.334(17), and
C(2)-O(2), 1.316(18) Å] of the chelate dpp- ligand in
complex2 support a catechol typeII resonance form and
increased aromaticity for the pyridinone ring. Remarkably,
in 2, UVI forms very short bonds with the ketonic oxygen
atoms of the two single-bonded Hdpp ligands [U-O(3),
2.273(9), and U-O(5), 2.281(9) Å] and long bonds with
the oxygen atoms of the bidentate dpp- [2.433(10) and
2.384(12) Å] for the U-O(1) and U-O(2) bonds, respec-
tively. The-OH oxygen atoms of the single-bonded ligands
are directed toward the oxygen atoms of the bidentate ligand
(Figure 1), and the distances between them are 2.69(2) and
2.65(2) Å for O(2)-O(4) and O(1)-O(6), respectively. These
O-O distances are shorter than either the sum of van der
Vaals radii of the oxygen atoms (∼2.8 Å) or the distance of
the water hydrogen-bonded oxygen atoms (2.76 Å) but are
comparable to the hydrogen-bonded oxygen atoms of formic
acid (2.67 Å), indicating the formation of strong hydrogen
bonds. These strong hydrogen bonds probably provide the
necessary energy for the stabilization of theP coordination
mode over theC one and are responsible for the lengthening
of d(U-Ochelate).

Assignments of1H NMR Spectra for 1 and 2 and 13C
NMR Spectra for 1. The solution structures were investi-
gated by1H and 13C NMR spectroscopy for complex1 in
DMSO-d6 and by1H NMR spectroscopy for complex2 in
DMSO-d6 and CD3CN. Chemical shifts and assignments of
the compounds and the free ligands in DMSO-d6 and
CD3CN are listed in Table 3. The numbering of the ligands
is shown in Chart 2.

The1H NMR spectrum of1 in DMSO-d6 at 293 K showed
two doublets and one singlet peak assigned to the aromatic
protons and the methyl group of the ligated ma-, respectively.
No peak was observed for the-OH protons, thus supporting
complete deprotonation of the ligands in1. The 13C NMR
spectrum of1 in DMSO-d6 at 293 K showed only six
resonances for the 12 carbon atoms of the two maltolate
ligands. These experimental findings are in agreement with
the symmetric structure of the compound found in the solid
state by crystallography (Figure 1). The1H NMR spectrum
of 2 in DMSO-d6 at 291 K showed signals from ligated
organic molecules and free ligand. On the basis of the
integration of the spectra, it is evident that one out of the
three ligands has been completely dissociated from the
complex, and thus, free Hdpp ligand and at least two UO2

2+

species each containing two chelate dpp- ligands (typeC
coordination mode) were generated.

Chart 1 shows the three possible geometrical configura-
tions for theC coordination mode. The1H NMR spectrum
of 2 gave peaks originating from two uranyl isomers, in a
temperature range from 285 to 313 K. One isomer has been
assigned to the complex containing two chelated dpp- ligands
in theCa and the other in theCs1 coordination mode, based
on the crystallographic data of the bis(hydroxy ketonate)-
uranyl complexes. The protons of the coordinated ligands
in the two isomers have similar chemical shifts, and the peaks
are partially overlapped. With increase of the temperature,

Table 3. Proton Chemical Shifts and Coupling Constants for1 in DMSO-d6 and2 in DMSO-d6 and CD3CN with Numbering According to Chart 2

chem shifts (ppm) [3JH(6)-H(5) (Hz)]

DMSO-d6/293 K DMSO-d6/323 K CD3CN/224 K for2a

protons free ligand 1 free ligand 2 a b c

6 8.02 [5.65] 8.43 [5.21] 7.53 [7.27] 7.67 [6.27] 7.85 [6.91] 7.67 [6.76] 7.83 [6.91]
5 6.33 6.92 6.08 6.34 7.22 6.68 7.22
7 2.24 2.65 2.28 2.61 2.47 2.64 2.44
8 3.63 3.87 3.82 3.82 3.82
OH 8.8 12.4b 12.3 12.0

a a-c are the three coordinated ligands (Chart 2).b In CD3CN this peak appeared at 10.25 ppm.

Chart 2. Numbering Arrangements of1 and2
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these resonances coalesce above 45°C resulting in two
aromatic doublets (Figure S1) and two singlets in the
aliphatic region, indicating a fast exchange reaction between
the isomers at this temperature. In contrast, the1H and13C
NMR spectra of1 did not show any splitting or broadening
of the peaks, even at 285 K, indicating that either only one
isomer is present in DMSO-d6 solution, presumably pos-
sessing theCs1 structure, or the isomers are exchanging fast
even at this temperature. However, the latter is rather
improbable. The similarities of the ligands and the structures
between complexes1 and2 in DMSO-d6 solution suggest
that the exchange between the isomers of1 is slow at this
temperature with rates comparable to those of2. To examine
if a UO2

2+ complex containing three coordinated bidentate
ligands is present in the DMSO-d6 solutions, free ligand was
added in up to 20 times the concentration of uranium.
However, the NMR spectra of these solutions did not show
any formation ofP type uranyl species.

The 1H NMR spectrum of2 in CD3CN at 224 K gave
peaks (Table 3) from three different coordinated ligands,
indicating that2 retains its integrity in CD3CN solutions (P
coordination mode). Furthermore, two peaks at 12.2 and 12.0
ppm have been assigned to the two hydroxide protons of
the two single-bonded Hdpp ligands shifted downfield
compared to the chemical shift of the free ligand’s-OH
proton (10.3 ppm) due to the formation of strong hydrogen
bonds. The 2D1H COSY, the chemical shifts, and the
3JH(6)-H(5) coupling constants (Table 3) were used to distin-
guish the proton resonances of the chelate from the two
single-bonded ligands. The3J values are very sensitive to
small differences in the C-C bond lengths and are indicative
for the bond alternation in cyclicπ systems.34 The3JH(6)-H(5)

of a and c rings are slightly larger than the3JH(6)-H(5) of the
chelated ring b (∆(3J) ) 0.15 Hz). For the six-membered
aromatic systems, a 0.15 Hz difference represents a change
of ∼0.02 of the Hu¨ckel π-bond order or 4× 10-3 Å of the
bond distance of CdC.34aThus, the C(6)-C(5) bond distance
of ring b should be only slightly shorter than the respective
bond distances of either ring a or c as evidenced by the3J
coupling constants. This prediction cannot be confirmed by
the crystal structure because the error in the determination
of these bond distances [1.38(2), 1.35(2), and 1.39(2) for
the rings a-c, respectively] is larger than the differences
observed by the NMR. The spectra of2 in CD3CN, at room
temperature, gave broad peaks in the aromatic and aliphatic
regions, thus indicating a dynamic process between the
ligated ligands within the complex.

NMR Study of the Ligand Exchange of 2 in CD3CN.
The dynamic behavior of complex2 was examined using
variable-temperature and 2D1H EXSY NMR spectroscopy.
The CD3CN solution of2 gave well-resolved resonances at
224 K, suggesting that the exchange between the three
coordinated ligands is a slow process at this temperature,
with respect to the NMR time scale. However, upon increase

of the temperature at 10°C the proton signals of the chelate
dpp- (b) coalesce with the respective proton signals of one
of the single bonded bidentate ligands (processa-b),
whereas at higher temperatures (∼68 °C) all signals coalesce
(processa-b-c) to give one doublet and one broad aromatic
peak and two singlets in the aliphatic region. Line-shape
analysis of the aromatic region of the experimental spectra
provided the respective calculated spectra and the rate
constants for the two types of exchange (Figure 2A). The
signals of the methyl protons [C(7)H3] were not simulated
because these peaks were partially overlapped by the broad
water peak. Six different hypothetical exchange mechanisms,
shown in Scheme 2, were used successively for the line
fitting and mechanism 5 yielded the best fit. The rate
constants were fitted as a function of 1/T according to the
Eyring equation to obtain the activation parameters for both

(34) (a) Cooper, M. A.; Manatt, S. L.J. Am. Chem. Soc.1970, 92, 4646.
(b) Cooper, M. A.; Manatt, S. L.J. Am. Chem. Soc.1969, 91, 6325.
(c) Cooper, M. A.; Manatt, S. L.J. Am. Chem. Soc.1970, 92, 1605.
(d) Ammon, H. L.; Wheeler, G. L.J. Am. Chem. Soc.1975, 97, 2326.

Figure 2. (A) VT 1H NMR spectra (300 MHz) of2 in CD3CN (aromatic
region), experimental spectra left and simulated spectra right (rates found
from the Eyring plots used in the simulated spectra), and (B) Eyring plots
for a-b anda-b-c exchanges,∆Ha-b

q ) 65 ( 6 kJ mol-1, ∆Sa-b
q ) 45

( 9 J mol-1 K-1, ∆Ha-b-c
q ) 41 ( 4 kJ mol-1, and∆Sa-b-c

q ) -78 (
5 J K-1 mol-1. Open and filled squares represent the rates for thea-b and
a-b-c exchanges, respectively, calculated from the simulation of the
experimental spectra.

Scheme 2. Different Hypothetical Exchange Mechanisms
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exchange processes (Figure 2B). The three-ligand exchange
of complex2 was confirmed by cross signals in the 2D1H
EXSY experiments (Figure S2). However, the partial overlap
of the proton peaks of ligandsa andc prevented separation
of the two exchange processes,a-b anda-b-c, by 2D 1H
EXSY spectroscopy.

Investigation on the Possible Mechanisms for the a-b
and a-b-c Processes.The coalescence of1H NMR lines
in the temperature range between-20 and 10°C was
attributed to an intramolecular exchange between the doubly
and one singly bonded hydroxypyridone ligand (a-b) for
the following reasons: (a) The line shape of the resonances
and the exchange rates were not altered by adding small
quantities of free Hdpp to the solution of2. (b) The
intermolecular exchange reactions reported in the literature
for UO2

2+ complexes with bidentate ligands, such as acetyl-
acetone {k(25 °C) ) 5.03 × 10-3 s-1, [UO2(acac)2-
(DMSO)]}35 and nonamethylimidophosphoramide{k(25 °C)
) 3.4× 10-3 s-1, [UO2(NIPA)3]2+},19 exhibit much slower
rates than thea-b [k(25 °C) ) 4.7 × 103 s-1].

Basically, the possible intramolecular mechanisms for the
a-b exchange will involve (i) dissociation of the unidentate
ligand, L, (ii) formation of U-O-C(a) bond and rupture of
U-O-C(b) bond with proton transfer from liganda to b,
(iii) rupture of the hydrogen bond O(b)‚‚‚H-O-C(c),
rotation ofc around the U-OdC(c) bond, and re-formation
of the O(a)‚‚‚H-O-C(c) hydrogen bond, and (iv) reattach-
ment of the unidentate ligand. The relatively high activation
enthalpy (∆Ha-b

q ) 65 ( 6 kJ mol-1) and the positive
entropy (∆Sa-b

q ) 45 ( 9 J mol-1 K-1) indicate that either
the dissociation of the unidentate ligand or the rupture of
U-O-C(b) bond is the rate-determining step. To examine
the former, variable-temperature1H NMR spectra of2 in
CD3CN solutions containing DMSO 1-10 times the con-
centration of the complex were acquired (Figure S3, Sup-
porting Information).1H NMR spectra showed that most of
the complex2 retains its structure in these solutions, with
DMSO gradually replacing L, as was evidenced by the
appearance of the peak at 3.15 ppm, assigned to the methyl
protons of the coordinated DMSO. Structural and kinetic
studies presented in the literature support that DMSO is
stronger and more inert ligand than water for the uranyl
moiety. In fact, the rate constants of the DMSO exchange
in [UO2(DMSO)5]2+ and that of the H2O exchange in
[UO(H2O)5]2+ are 5.53× 103 and 1.6× 106 s-1, respectively,
at 25°C.36-39 The a-b exchange rate decreases drastically
upon the substitution of H2O with DMSO, thus supporting
the dissociation of the monodentate ligand as the rate-
determining step. Actually, the variable-temperature spectra
of these solutions showed only thea-b-c exchange,
indicating that the rate ofa-b exchange for2, with L being

DMSO, is equal to or slower than thea-b-c exchange rate.
Furthermore, the rate ofa-b exchange [k(25 °C) ) 4.7 ×
103 s-1] in CD3CN is of order similar to the intermolec-
ular exchange rates observed for unidentate ligands in re-
lated UO2

2+ complexes, such as [UO2(NIPA)2(EtOH)]2+

[k(25 °C) ) 1.0× 104 s-1] and [UO2(acac)2(DMSO)] [k(25
°C) ) 2.36 × 102 s-1], supporting our assumption.40,41 A
possible mechanism that involves the detachment of L as
the rate-determining step is illustrated in Scheme 3A. The
phenolic oxygen of liganda ligates the uranium atom
forming the intermediateIda-b, which contains two chelate
and one single bonded hydroxypyridone ligand. As evidenced

(35) Fukutomi, H.; Ikeda, Y.Inorg. Chim. Acta1985, 115, 223.
(36) Ikeda, Y.; Tomiyasu, H.; H., F.Bull. Res. Lab. Nucl. React. (Tokyo

Inst. Technol.)1979, 4, 47.
(37) Ikeda, Y.; Tomiyasu, H.; Fukutomi, H.Inorg. Chem.1984, 23, 3197.
(38) Farkas, I.; Banyai, I.; Szabo, Z.; Wahlgren, U.; Grenthe, I.Inorg. Chem.

2000, 39, 799.
(39) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Szabo, Z.; Grenthe,

I. J. Am. Chem. Soc2001, 123, 11999.

(40) Rodehuser, L.; Rubini, P. R.; Bokolo, K.; Delpuech, J.-J.Inorg. Chem.
1982, 21, 1061.

(41) Ikeda, Y.; Tomiyasu, H.; Fukutomi, H.Bull. Chem. Soc. Jpn.1983,
56, 1060.

Scheme 3. Proposed Mechanisms of (A)a-b and (B), (C)a-b-c
Exchange (M) UO2

2+)
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from the structures of the complexes1 and 2 and the
theoretical calculations, the two chelate ligands will ligate
the uranium atom more strongly in the bis-chelateIda-b than
the chelate ligandb in 2. In addition, ligandb will possess
a type I resonance form in the intermediateIda-b. Conse-
quently, the strength of the hydrogen bond betweenc and
b becomes weaker inIda-b allowing c to rotate around
U-OdC(c). Rotation 180° setsc in a position to form a
hydrogen bond witha. The exchange reaction is completed
by opening of the chelate ring ofb and reattachment of L.

The second exchange (a-b-c) which gives coalescence
of 1H NMR lines in the temperature range between 30 and
70 °C may proceed through an intermolecular or an intramo-
lecular mechanism.

Scheme 3B shows a possible intermolecular mechanism.
The closure of liganda is compatible with the negative value
of the activation entropy (∆Sa-b-c

q ) -78 J K-1 mol-1) and
the low activation enthalpy (∆Ha-b-c

q ) 41 ( 4 kJ mol-1).
As we have previously described, the closure of liganda
will reduce the strength of the hydrogen bond between the
phenolic proton ofc and the oxo atom ofb. In a second
step the single-bonded Hdpp,c, dissociates to give the six-
coordinated intermediateIda-b-c. The exchange reaction is
completed by reattachment of ligandc from the side opposite
to the dissociation side ofc. Reattachment from the same
side will exchange onlya with b ligand.

An alternative intramolecular mechanism for thea-b-c
exchange also compatible with the observed activation
parameters is shown in Scheme 3C. The closure of the ring
a is the first step of this mechanism. In a second step, the
protonated chelate ringb opens (Id ′a-b-c) and rotates around
UdO-C(b) bond. Closure ofb will result in the exchange
betweenc and a and in combination witha-b in the
exchange of all ligands.

To investigate if the intermolecular or the intramolecular
mechanism is involved in this exchange, the1H NMR spectra
of CD3CN solution of2 containing free Hdpp (the ratio of
Hdpp to2 was 0.1:1) at various temperatures were acquired.
The broadness of the peaks due to thea-b exchange and
partial decomposition of the complex did not allow quanti-
fication of the a-b-c exchange in the presence of free
ligand. However, the peaks of the free Hdpp did coalesce
with the resonances of the respective protons of the
coordinated ligand at the same temperature range, indicating
that thea-b-c is probably an intermolecular exchange. The
intermolecular exchange reactions reported in the literature
for UO2

2+ compounds containing bidentate ligands, such as
[UO2(NIPA)3]2+, [UO2(acac)2(L)], and [UO2(ox)2F]3-, have
negative activation entropies (-38, ∼-90, and-74 J K-1

mol-1, respectively) in line to the activation entropy of
a-b-c (∆Sa-b-c

q ) -78 J K-1 mol-1) supporting an
intermolecular mechanism, although the possibility of an
intramolecular mechanism cannot be totally excluded.19,37,42,43

Theoretical Calculations.To speed up the calculations,
this theoretical study was undertaken using model ligands

Hma′ and Hdpp′ in which the CH3- groups of Hma and
Hdpp have been replaced by H-. The molecular structures
of the free ligands Hma′ and Hdpp′, as well as those of their
anionic forms, ma′- and dpp′-, have been optimized at the
B3LYP level to explore their structure and electron-donor
abilities. The bond lengths calculated and the Mulliken
charges of the nitrogen and oxygen atoms are given in Figure
3. The bond lengths of the protonated ligands, Hma′ and
Hdpp′, show a preference for a quinone form. In both ligands
the negative charge is localized more on the oxo than on
the phenolate oxygen. The bond length alternation in the
anionic ligands supports a catecholate structure. The key
differences between ma′- and dpp′- ligands is the almost
equal C-Ooxo and C-Ophenolatebond lengths and the equal
charges of the oxo and phenolate oxygen atoms in the latter.
Furthermore, the energy of the highest occupiedσ and π
donor orbitals of the ma′- ligand is higher than that of the
corresponding orbitals of dpp′-, supporting a higher electron-
donor ability of the former.

The calculated bond lengths and angles of the model uranyl
complex [UO2(ma′)2(H2O)] (1′a) are given in Table 4. The
optimized structure, shown in Figure 4, is symmetric (Cs1

coordination mode), very close to aC2V structure. As a result
of the nonequal electron densities on the oxo and phenolate
oxygen donor atoms in the ma′- ligand, the U-Ooxo and
U-Ophenolatebonds are nonequivalent (1.447 and 1.367 Å,
respectively). There is a quite satisfactory agreement between
the calculated structures of1′a and the experimental structure
of 1. Bond distances agree within 0.04 Å, while the largest
deviation of bond angles appears to be about 4°. The greater
discrepancy concerns the calculated longer U-Owater bond
length, longer than the experimental value. The binding
energy of each ma′- ligand, calculated as the energy differ-
ence between the complex and its fragments [UO2(H2O)]2+

and [(ma′)2]2- in their nonrelaxed geometries, is 1062
kJ/mol, which gives a mean bond energy of 531 kJ/mol for

(42) Ikeda, Y.; Tomiyasu, H.; Fukutomi, H.Inorg. Chem.1984, 23, 1356.
(43) Szabo, Z.; Grenthe, I.Inorg. Chem.1998, 37, 6214.

Figure 3. Calculated bond lengths and Mulliken charges of the nitrogen
and oxygen atoms for the free and anionic forms of ligands Hma′, ma′-,
Hdpp′, and dpp′-.
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each U-O bond. An optimization with the model complex
in a Ca coordination mode, resembling the structure found
for [UO2(Me-2,3-HOPO)2DMF],4 gave a second minimum,
1′b, as a nonsymmetric structure ofCs symmetry, located
69 kJ/mol higher than1′a.

The optimized structure for the complex [UO2(dpp′)-
(Hdpp′)2(H2O)]+, 2′, is shown in Figure 4, whereas its
calculated bond lengths and angles are given in Table 5. It
corresponds to the experimental structure, with one bidentate,
dpp′-, and two single-bonded ligands, Hdpp′, coordinated
through the oxo oxygen. The agreement in bond distances
between theoretical and solid-state structures is satisfactory.
The main difference between the structure determined by
theory and that obtained from X-ray data is the conformation
of the two monodentate ligands, which are planar but much
more tilted out of the equatorial plane in the solid state than
in the theory referring to the gas phase. The U-Ooxo and
U-Ophenolate bonds of the bidentate ligand are almost
equivalent (1.481 and 1.420 Å, respectively), whereas the
U-Ooxo bond of the single-bonded ligands is substantially
shorter (1.338 Å). There are strong hydrogen bonds between
the phenolate, O(2), or oxo, O(1), oxygen atoms of the
bidentate ligands and the hydroxyl oxygen atoms of the
monodentate ligand, O(4) and O(6), respectively. The
corresponding O(2)‚‚‚O(4) and O(6)‚‚‚O(1)distances are
2.513 and 2.537 Å, respectively, with the O‚‚‚H-O angle
being 174° in both cases. Test calculations in which the
hydroxyl groups have been rotated by 90° revealed that the
two hydrogen bonds stabilize the complex by 238 kJ/mol.
This value is the upper bound for the hydrogen bond energy
as the structure without hydrogen bonds has not been fully
optimized. The estimated mean binding energy for each of
the four U-O bonds, calculated as the energy difference
between the complex and its fragments [UO2(H2O)]2+,
[dpp′]-, and [(Hdpp′)2] in their nonrelaxed geometries, is
435 kJ/mol. This value is lower than the one found for
complex1′a, quite in line with the predicted higher electron-
donor ability of the ma′- ligand compared to dpp′-.

Finally we have investigated the ring-closing process
by formation of a U-Ophenol by optimizing the complex
[UO2(Hdpp′)2(dpp′)]+ (3) after rotating the hydroxyl group
of one of the monodentate ligands. The optimized structure

of 3 is shown in Figure 4, whereas its calculated bond lengths
and angles are given in Table 5. In this structure one of the
two Hdpp′ becomes a chelate ligand. The new U-O(4)phenol

created has an elongated bond length of 2.514 Å. The ring
closure results in the strengthening of the bond lengths of
the chelate ligand dpp′-, compared to those in the initial
complex, particularly that of the U-O(2)enolate bond. The
calculated electronic energy of the overall process

was found equal to-107 kJ/mol. Such a large reaction
energy would be reflected in a large activation energy for
the ring opening/ring closure reactions. Vallet et al.44 have

(44) Vallet, V.; Wahlgren, U.; Grenthe, I.J. Am. Chem. Soc.2003, 125,
14941.

Table 4. Selected Bond Distances (Å) and Bond Angles (deg)
Calculated for Complexes1′a and1′ba

1′a 1′b 1′a 1′b

U-O(1) 2.447 2.465 U-O(2) 2.367 2.367
U-O(4) 2.386 2.396 U-O(5) 1.772 1.774
U-O(1)#1 2.447 2.334 U-O(2)#1 2.367 2.472
U-O(5)#1 1.772 1.774

O(1)#1-U-O(1) 76.7 76.9 O(2)#1-U-O(1) 141.6 142.0
O(2)-U-O(1) 65.2 65.3 O(4)-U-O(1) 141.6 141.9
O(5)#1-U-O(1) 89.2 92.9 O(2)#1-U-O(1)#1 65.2 65.1
O(2)-U-O(1)#1 141.6 142.2 O(4)-U-O(1)#1 141.6 141.2
O(5)-U-O(1)#1 89.2 92.0 O(5)#1-U-O(1)#1 91.0 92.0
O(2)-U-O(2)#1 153.1 152.7 O(4)-U-O(2)#1 76.6 76.1
O(5)-U-O(2)#1 91.0 88.5 O(5)#1-U-O(2)#1 88.4 88.5
O(4)-U-O(2) 76.6 76.6 O(5)-U-O(2) 88.4 90.0
O(5)#1-U-O(2) 91.0 88.5 O(5)-U-O(4) 88.6 86.8
O(5)#1-U-O(4) 88.6 86.8 O(5)#1-U-O(5) 177.3 173.4

a Numbering scheme as in Figure 4.

Figure 4. Optimized geometries of the complexes1′a, 1′b, 2′, and3.

[UO2(dpp′)(Hdpp′)2(H2O)]+ f

[UO2(dpp′)(Hdpp′)2]
+ + H2O
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shown that in the case of uranyl oxalate complexes the
thermodynamic barriers are much lower in water-assisted
reactions. Thus, this transformation could be accessible in
solution.

Conclusions.Two novel uranyl-hydroxy ketone com-
plexes1 and2 were crystallized from aqueous solution. The
structure of2 revealed a novel coordination mode (P) for
the hydroxy ketonate ligands. Strongly coordinating solvents,
such as DMSO, appeared to favor theC coordination mode
overP, as evidenced by1H NMR studies.1H NMR spectra
of 2 in CD3CN showed that the complex preserved theP
coordination mode after substitution of the H2O unidentate
ligand with DMSO, indicating that the type of the unidentate
ligand did not influence the coordination mode of the

bidentate ligands on uranyl. Solvation effects are probably
responsible for the preference for theC structure in DMSO
solution. TheCs1 > Ca > Cs2 stability order was predicted
for the three possible isomers ofC structure UO2

2+-hydroxy
ketonate complexes, based on crystallographic and1H NMR
data. Theoretical calculations confirmed thatCs1 is more
stable thanCa. On the basis of the solid and solution
structural data and the DFT calculations, the stabilization of
the P coordination mode of the ligands in complex2 is
attributed to the strong hydrogen bonds between the two
single bonded Hdpp and the chelate dpp-, as well as to the
catecholate resonance form of the chelate dpp-. The VT 1H
NMR studies demonstrated that the coordinated ligands in
compound2 are involved in two exchange processes: a fast
intramolecular exchange between ligandsa and b and a
slower exchange, possibly intermolecular, amonga-c. The
calculated activation parameters and the decrease of the
exchange rate upon replacement of the H2O unidentate ligand
by DMSO led us to propose the dissociation of the unidentate
ligand and formation of an intermediate, containing two
chelate and one single-bonded hydroxy ketonates, as the
possible mechanism for thea-b process. The theoretical
calculation also agrees with the proposed mechanism.

Supporting Information Available: Figure S1, variable-
temperature spectra (aromatic region) of 20 mM2 in DMSO-d6,
Figure S2, 2D1H EXSY NMR spectra of2 in CD3CN at -25 °C
in the aromatic region, with mixing timetm ) 200 ms, Figure S3,
variable-temperature spectra (aromatic region) of 20 mM2 and 100
mM DMSO in CD3CN, and crystallographic data in CIF format
for complexes1 and 2. This material is available free of charge
via the Internet at http://pubs.acs.org.

IC049167+

Table 5. Selected Bond Distances (Å) and Bond Angles (deg)
Calculated for Complexes2′ and3a

2′ 3 2′ 3
U-O(1) 2.481 2.439 U-O(2) 2.420 2.363
U-O(3) 2.338 2.347 U-O(5) 2.338 2.298
U-O(7) 1.767 1.758 U-O(8) 2.512
U-O(9) 1.767 1.771 U-O(4) 2.514

O(7)-U-O(9) 176.1 174.6 O(7)-U-O(3) 89.1 88.3
O(9)-U-O(3) 90.61 86.6 O(7)-U-O(5) 89.5 88.6
O(9)-U-O(5) 88.9 90.2 O(3)-U-O(5) 151.0 97.3
O(7)-U-O(2) 91.5 91.7 O(3)-U-O(2) 73.0 122.4
O(5)-U-O(2) 136.0 140.2 O(7)-U-O(1) 92.8 91.6
O(9)-U-O(1) 90.0 93.1 O(3)-U-O(1) 136.8 171.1
O(5)-U-O(1) 72.1 73.7 O(2)-U-O(1) 63.9 66.5
O(7)-U-O(8) 87.2 O(9)-U-O(8) 88.9
O(3)-U-O(8) 74.4 O(5)-U-O(8) 76.6
O(2)-U-O(8) 147.4 O(1)-U-O(8) 148.7
O(9)-U-O(4) 86.5 O(4)-U-O(2) 62.4
O(7)-U-O(4) 92.6 O(4)-U-O(5) 157.0
O(4)-U-O(1) 128.8 O(4)-U-O(3) 60.1

a Numbering scheme as in Figure 4.

UO2
2+-Hydroxy Ketone Compounds

Inorganic Chemistry, Vol. 43, No. 26, 2004 8345




