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Structural isomers of [UO,(oxalate)s]*~, [UO,(oxalate)Fs]*~, [UO,(oxalate),F]*~, and [UO(oxalate),(H,0)]*~ have
been studied by using EXAFS and quantum chemical ab initio methods. Theoretical structures and their relative
energies were determined in the gas phase and in water using the CPCM model. The most stable isomers according
to the quantum chemical calculations have geometries consistent with the EXAFS data, and the difference between
measured and calculated bond distances is generally less than 0.05 A. The complex [UO,(oxalate)s]*~ contains
two oxalate ligands forming five-membered chelate rings, while the third is bonded end-on to a single carboxylate
oxygen. The most stable isomer of the other two complexes also contains the same type of chelate-bonded oxalate
ligands. The activation energy for ring opening in [UO,(oxalate)Fs]*~, AU* = 63 kJ/mol, is in fair agreement with
the experimental activation enthalpy, AH¥ = 45 + 5 kJ/mol, for different [UO,(picolinate)Fs]2~ complexes, indicating
similar ring-opening mechanisms. No direct experimental information is available on intramolecular exchange in
[UOs(oxalate)s]*~. The theoretical results indicate that it takes place via the tris-chelated intermediate with an activation
energy of AU* = 38 kJ/mol; the other pathways involve multiple steps and have much higher activation energies.
The geometries and energies of dioxouranium(VI) complexes in the gas phase and solvent models differ slightly,
with differences in bond distance and energy of typically less than 0.06 A and 10 kJ/mol, respectively. However,
there might be a significant difference in the distance between uranium and the leaving/entering group in the
transition state, resulting in a systematic error when the gas-phase geometry is used to estimate the activation
energy in solution. This systematic error is about 10 kJ/mol and tends to cancel when comparing different pathways.

Introduction group®° or bonded to a single carboxylate oxydernn most
The structures of solid uranium(VI) oxalate compounds of these structures, the oxalate is bridging different uranyl

reveal different modes of bonding of the ligand chelated Units. The composition of the complexes have previously

dinated through two oxygen atoms of the same carboxylate
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Table 1. Results from the EXAFS Study

sample/U(V1) speciation model shell Nb.e rbe(R) o2bc (A2) AEo (eV)
A Al U—0ax 2fd 1.78 0.0015 =7.7
UO2(0x)2(aq) U—Oeq 51+0.7 2.38 0.0063
u-C_ 26+1.0 3.25 0.0022
U—-C-0¢ 3f 4.47 0.0028
A2 U—0ax 2f 1.78 0.0015 =7.7
U—0O¢q 5.1+0.7 2.38 0.0062
2.406(1}9
uUu-C_ 4f 3.25 0.0040
3.273
U-C-0¢ 3f 4.47 0.0027
B four-shell fit U—0Oax 2f 1.79 0.0015 7.2
UOA(0X)2F> U-F 1f 2.23 0.0030
2.219
U—0O¢q 404+0.9 2.39 0.0063
2.4369
uUu-C_ 4 3.27 0.0047
3.307(29
U—-C-0¢ 3f 4.49 0.0035
C C U—0Oax 2f 1.79 0.0011 —6.8
UO,(0x)* U—Okq 5f 2.37 0.0054
4
1
2.427(6)9
2.386
uU-C_C 4 3.26 0.0047
4 3.302(2)9
U-C-0¢ 3f 4.40 0.0067
U-C-0-Ce af 4.53 0.0067
(4.50)

a Contributions of individual shells to the total EXAFS oscillation in model C are as follows:Ok}, 61%; U—Oeq 19%; U-C, 7.5%; MS path of
U—0Oax 1.7%; and MS paths (three- and four-legged) ef@-0, 3.2%.P N denotes the number of distances from U to O and C within a given stisll,
the corresponding distance in angatig ando? is the Debye-Waller factor.© 95% confidence limits for the coordination numbek§ &nd bond lengths(
are as follows: U-Oa 8% and+0.005 A; U-Oeq 17% and+0.01 A; U-C, 40% and+0.08 A.?f = parameter fixed during the fitMS pathway.
f Average values from theoretical calculations of the optimized structures in the solvent. The values in parentheses represent the maximsnofdeviation
individual distances from the average valugAverage U-Oqxaiate distance.

with different conclusiorfs® as to the stability of the The main issue in the present study is to determine whether
UO,(oxalate)}*~ complex, where the equilibrium constants bonding isomers can occur also in aqueous solution and to
proposed by Ferri et dlindicate that all oxalates are chelate- study their structures, relative stabilities, and mechanisms
bonded, whereas those of Hafeindicate that the third  of interconversion. The inquiry consists of two parts: in the
oxalate is singly bonded. However, equilibrium analysis first, we used quantum chemical methods to determine the
provides no direct information on the formation of isomers, relative stabilities and structures of different isomers of
or information on the mode of bonding of ligands, a fact [UO,(oxalate)F]3~, [UO,(oxalate)(H,0)]?~ [UO,(oxalate)-

that hampers a more detailed chemical discussion. Informa-Fz]3~, and [UGQ(oxalate)]*~ and compare these data with
tion on solution structures can be obtained from either NMR  structures obtained from solution using EXAFS and from
or EXAFS data; in the latter case, the information is limited the solid state by single-crystal X-ray diffraction. In the
to radial distances from the central atom to the surrounding second part, we investigate possible intramolecular exchange
atom shells and the number of such distances. The bondmechanisms in [Ugfoxalate)k]®~ and [UOy(oxalate}]* .
distances can generally be determined with an error of 1% For the former, we do so by comparing activation enthalpies
or less, whereas the uncertainty in the number of bonds is atobtained experimental§with those obtained by the ab initio
best 10%, but in general much larger (cf. Table 1). Hence, methods described in previous communicatitfiéwhereas

the accuracy of the EXAFS data is often not sufficient to for the latter, no experimental data are available. As discussed
discriminate between structures with different modes of herein, the identification and modeling of solvent water
coordination and/or coordination numbers but similar metal- participation in these reactions is a difficult problem that
to-ligand distances. In previous studiés* we have dem- makes it impossible to calculate the activation entropy with
onstrated how quantum chemical methods can be used botithe same accuracy as the experimental value can be
to estimate the relative stabilities of isomers and to obtain measured.

more precise structure models than from EXAFS data alone. ) ) ) o
Computational Details and Experimental Investigation

(11) SzaboZ.; Aas, W.; Grenthe, Ilnorg. Chem.1997 36, 5369.

(12) Wahigren, U.; Moll, H.; Grenthe, |.; Schimmelpfennig, B.; Maron, Computational Details. The quantum chemical approach used
L.; Vallet, V.; Gropen, O.J. Phys. Chem. A999 103 8257. here is the same as in our previous studfé4The geometries of
(13) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Moll, H.; SZafo;
Grenthe, l.Inorg. Chem 2001, 14, 3516. (15) SzaboZ.; Grenthe, lInorg. Chem.1998 37, 6214.
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I. 3. Am. Chem. So@001, 123 11999. 41, 5126.
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all of the compounds were optimized at the Hartr€eck level
without the imposition of symmetry constraints and with the energy
contribution of correlation estimated by single-point MP2 calcula-
tions at the structure optimized in the solvent. All calculations were
performed using the Gaussian 98 packadged a solvent model

in which the water is described by a conductor-like polarizable
continuum medium (CPCM31°0of permittivity e, = 80. The solute

is embedded in a shape-adapted cavity consisting of interlocking

Vallet et al.

energy changéU, as shown in Tables-24. Hence, it seems a
reasonable approximation to discuss the relative stabilities of various
isomers in terms oAU.

The rate constants for the ligand exchange reactions can be
calculated from the activation free energies from the equation

K(T) = (ksT/h) exp(~AG'IRT) 1)

spheres centered on each solute atom or group and with standardvhere AG* is the activation free energyf, is the temperature in

UATM (united-atomic topological model) radi?. Geometry opti-

Kelvin, R is the gas constankg is the Boltzmann constant, amd

mizations in solvent often show poor convergence behavior. is Planck’s constant. However, as the accuracy of the theory-
Following Cosentino et aP! we removed the linear search calculatedAG*is at best 16-20 kJ/mol, which corresponds te-2

procedure in the standard Berny algorithm and omitted the orders of magnitudes in the rate constant, it makes little sense to
nonelectrostatic contributions from cavity formation, dispersion, and discuss experimental and calculated rate constants. We therefore
repulsion. These contributions, however, were included in the final compare only experimental and theoretical activation enthalpies
single-point MP2 calculations. The energies for the stable structuresfollowing the arguments detailed in a previous stdtlyThe

of reactants, intermediates, and products are for the geometriescomputed vibration frequencies for the stable isomers are given as

optimized in solvent.

We explored several pathways for intramolecular exchange in

[UO,(oxalate)R]®~ and [UOQ(oxalate}]*~. The transition states were
identified as described in a previous studilhe activation energy
for the ring opening/closure in [UfQoxalate)R]3~ was calculated

Supporting Information.

EXAFS Measurements. EXAFS data were recorded at the
Rossendorf Beamline (ROBL) at ESRF in Grenoble, France.
Transmission spectra were measured at room temperature using a
water-cooled Si(111) double-crystal monochromator of fixed-exit

using the geometries optimized in both the gas phase and thetype E = 5—35 keV). Higher harmonics were rejected using two
solvent. There are a number of possible intramolecular exchangePt-coated mirrors. More information on the EXAFS measurements

pathways in [UQ(oxalate}]*~, and we used the activation energy

can be found in refs 23 and 24. The samples had the following

for the gas-phase geometry as an estimate of their relative activationcomposition: solution A 0.0122 M sodium oxalate, 0.0601 uranyl

energies in the solvent. Full geometry optimization within the

nitrate, pH= 4.4; solution B 0.1208 M potassium oxalate, 0.070

solvent for all pathways would have been too time-consuming, given M sodium fluoride, 0.0601 M urany! nitrate, pH 4.2; solution C
the numerous structures that have to be considered to characterizé.68 M potassium oxalate, 0.0601 M uranyl nitrate,18.5. Three

reaction profile C. Moreover, frequency calculations in the solvent

EXAFS scans were collected from each sample and then averaged.

can only be done numerically and sometimes lead to several For energy calibration of the sample spectra, the K-edge spectrum

imaginary frequencies of low values. We therefore re-optimized

the transition state only for the lowest energy reaction pathway B.

The transition state was identified by its single imaginary mode,

the same as the one found in the gas-phase optimized structure.

(17 038 eV) from an Y foil was recorded simultaneously. The
ionization energy of the U . electron,Eo, was defined as 17 185
eV. The data were treated using the EXAFSPAK softvfare.
Theoretical backscattering phase and amplitude functions used in

The quantum chemical models give the energy change at 0 K data analysis were calculated for different structures of the model
for a static structure. However, the enthalpy, Gibbs energy, and complex [UQ(oxalate}]*~ using the FEFF7 prografi.The MS

entropy can be calculated from the partition functions for the

path O-U—O0 (four-legged path) of the linear Y& unit and the

vibrational and rotational motions. For technical reasons, we only MS paths U-C—O (three- and four-legged paths) were included
performed frequency analyses on gas-phase structures (analytién the model calculations. The EXAFS oscillations were isolated

second derivatives for the CPCM model are not included in the

using standard procedures for pre-edge subtraction, spline removal,

present version of the Gaussian package). We therefore assume@nd data normalizatioff. The amplitude reduction facta®?, was

the vibrations to be identical in vacuum and in solution, following
the argument of Tomasi and Persfolt turned out that the

held constant at 0.9 for all fits. The speciation of the different test
solutions was calculated from the analytical total concentrations

difference in the entropic and thermal contributions between the and the known equilibrium constants. Test solutions A and B
various isomers was small, indicating that the Gibbs energy changecontained more than 99% of [U@xalate}(H,0)]?~ and [UG:-

AG® is, within a few kilojoules per mole, the same as the total

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J.; Cioslowski, J. B.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.9; Gaussian, Inc.:
Pittsburgh, PA 1998.

(18) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995.

(19) Cossi, M.; Barone, VJ. Chem. Phys1998 109, 6246.

(20) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210.

(21) Cosentino, U.; Villa, A.; Piteo, D.; Moro, G.; Barone, V.; Maiocchi,
A. J. Am. Chem. So@002 124, 4901.

(22) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.
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(oxalate)F]*~, respectively, whereas solution C contained more than
95% of the complex [Ug(oxalate)]*~ (cf. Figure S4b).

Table 1 shows the HO bond distances, in the various shells
and the number of these distancsusing models with three and

(23) Matz, W.; Schell, N.; Bernhard, G.; Prokert, F.; Reich, T.; Claussner,
J.; Oehme, W.; Schlenk, R.; Dienel, S.; Funke, H.; Eichhorn, F.; Betzl,
M.; Pronl, D.; Strauch, U.; Httig, G.; Krug, H.; Neumann, W.;
Brendler, V.; Reichel, P.; Denecke, M. A.; Nitsche,H Synchrotron
Rad.1999 6, 1076.

(24) Reich, T.; Bernhard, G.; Geipel, G.; Funke, H.; Hennig, C.; Rossberg,
A.; Matz, W.; Schell, N.; Nitsche, HJ. Radiochim. Act&200Q 88,
633.

(25) George, G. N.; Pickering, I. EXAFSPAK, A Suite of Computer
Programs for Analysis of X-ray Absorption Spect&tanford Syn-
chrotron Radiation Laboratory: Stanford, CA, 1995.

(26) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, M. J.
Phys. Re. B 1995 52, 2995.

(27) X-ray Absorption: Principles, Applications, Techniques for EXAFS,
SEXAFS, and XANE&oningsberger, D. E., Prins, R., Eds.; Wiley-
Interscience: New York, 1988.
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Figure 1. U Ly -edgek3-weighted EXAFS data and corresponding Fourier
transforms measured for (A) W@x),2~(aq), (B) UQ(ox),F*~, and (C)

EXAFS oscillations and the corresponding Fourier transforms. The
contributions of the different shells in [Ufdxalate)]*~ to the
EXAFS oscillations are also given in Table 1. These data can be
compared with the distances obtained from solid-state structures
and quantum chemical calculations in Tables 2 and 3, respectively.
The experimental bond distances obtained from EXAFS data from
solutions of [UQ(oxalate)(H,0)]>~ and [UOy(oxalate)F]3~ are in

good agreement with the theoretical model for the most stable
isomer containing two chelate-bonded oxalate ligands, vide infra.
The experimental standard deviations in the bond distances obtained
from the solid-state structures are, in many cases, large, which
obscures a comparison with the other two data sets. The first fitting
of the EXAFS data for solutions in which [Ufdxalate}]*~ is the
predominant species was made using three shellsNvitked at 2

for the first shell (the U-Oy) distance,N = 4.8 £ 0.6 for the
equatorial oxygen atoms (the second shell), B 3.8+ 0.9 for

the third shell, corresponding to the-C distances. The uncertainty

in the coordination number for the second shell is so large that one
cannot distinguish between four-, five-, and six-coordinate isomers.
However, the bond distances are much more precise and consistent
only with a five-coordinate structure containing two chelate-bonded
oxalates and a third bonded through a single carboxylate oxygen.
We used this structure to refine the EXAFS fit by fixing the
coordination numbers in the second and third shells and optimizing
only the U-O and U-C bond distances, as reported in Table 1;
the resulting changes in the bond distances between the two models
were within the estimated uncertainty. Attempts to fit the experi-
mental data to the other isomers failed.

Results and Discussion

Structure and Thermodynamics. The following discus-
sion is based on the structures and energies reported in Tables
2-5, in Figures 2-7, and in the Supporting Information.
The latter contains the geometry optimized in the gas phase,
figures not shown in the main text, the coordinates of all
atoms in the different complexes, and the vibration frequen-
cies and their intensities.

(a) Structure and Thermodynamics of UQ(oxalate)-
(H20)?" and UO,(oxalateyF3~. The structure of the isomer
of UO,(oxalate)(H,O)?~ with two chelating oxalate ligands
has been discussed in a previous communicatiavhere
data obtained by estimating solvent effects with single-point
calculations using the gas-phase geometry were used without
performing a full geometry optimization in the solvent. One
of the focal points in the present study is to investigate the
structure and coordination in water by comparing accurate
theoretical results with EXAFS data. Hence, we performed
a re-optimization in the solvent of the geometry of the two
five-coordinate isomers, one with two chelating oxalate
ligands and the other with one chelating oxalate and one
bonded “end-on” to both oxygen atoms of the same car-
boxylate group. As in the gas-phase geometry, the two
chelating groups are planar and confined to the equatorial
plane, resulting inCs symmetry (cf. Figure 2b). Solvent
effects induce an increase of the-Q,, distance by 0.02

UO(0x)s*. The solid lines are the experimental data, and the dotted lines 0.05 A and a decrease of the uraniumater distance by

represent the best theoretical fits of the data.

0.08 A (cf. Table 2). This effect follows the general trends

four shells to describe the experimental data; only the data for Observed on other cation hydrates using extended discrete

[UO,(oxalate)F]3~ justify the use of four shells. Figure 1a and b

descriptions of the outer hydration sh&i3° The structure

shows the agreement between experimental and model-basedn solution differs in some cases significantly from that

Inorganic Chemistry, Vol. 42, No. 6, 2003 1985
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Table 2. Calculated Bond Distances in Angstros for the Various Isomers of Complexes [k{@X),H>0]2~ and [UGx(0x),F]3~ and Crystal Data for
[UOz(OX)szO]Z_ b

shell (&) CPCM geom gas-phase geom
figure U—Oox  U—0Ogx u-C_ u-C_ AUMP2) AG°(MP2) AU(MP2) AG°(MP2)
chemical species  (symmetry) U-Oy (chelate) (carbox) (chelate) (carbox) U-L  (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
[UO4(0x)2H-01?
crystal data Fig 2a 1.62 2.49 - 3.27 - 2.44 - - - -
(cf. ref 3)
two chelating oxalate  Fig 2b 1.726  2.40(2) — 3.268(8) -— 2.54 0.0 0.0 0.0 0.0
(isomer 1) (Cy)
one chelating group, Fig 2c 1.720 2.373(8) 2.50(2) 3.249(4) 2.877 251 51.2 49.3 49.8 48.2
one bonded end-on (Cy)
(isomer 2)
[UOz(OX)zF]37
two chelating oxalate  Fig 3a 1.737 2.432(8) — 3.3074) - 2.219 0.0 0.0 0.0 0.0
(isomer 1) (Cy)
one chelating group, Fig 3b 1.730 2.402 2.53(1) 3.275 2909 2.201 9.2 7.5 6.0 2.3
one bonded end-on (Cy)

(isomer 2)

a All geometry optimizations were done without symmetry constraints at the HF level in the solvent. The values in parentheses indicate the maximum
deviations of individual distances from the average values. The relative energies and free energies, in kilojoules per mole, were determiegubiny sing
MP2 calculations in solvent.

Table 3. Theoretical Datafor the Different Isomers of [Ug{ox)s]?~

CPCM geom gas-phase geom
structure shell (A) AU AG® AU AG®
figure U—Oox U—0Oox  U—Ogx u-_c u-_ u-C_ (MP2)  (MP2) (MP2) (MP2)
isomer N (symm) U-Oy (chelate) (carbox)  (uni) (chelate) (carbox) (uni)  (kd/mol) (kJ/mol) (kJ/mol) (kJ/mol)
two chelating 5 structl 1.730(2) 2.427(6) — 2.386 3.302(2) - 3.459 0.0 0.0 0.0 0.0
groups and one Fig 4a
unidentate (Cy)
one chelating 5 struct2 1.725(1) 2.398(3) 2.53(1) 2.353 3.271(1) 2,902  3.455 38.3 36.7 32.2 32.1
group, one Fig 4b
bonded end-on, (Cy)
and one
unidentate
three chelating 6 struct3 1.727(1) 2.52(1) -— - 3.424(3) - - 36.3 b b b
groups Fig 4c
(Can)
two chelating 6 struct4 1.724(1) 2.46(2)  2.61(4) — 3.36(1) 3.000 - 16.8 18.9 14.0 14.8
groups and one Fig 4d
bonded end-on (C)
onechelating 6 struct5 1.723 2.432(1) 2.58(1) — 3.317(1) 2959 - 20.3 21.4 14.7 15.4
group and two Fig 4e
bonded end-on (Ca)
onechelating 4 struct6 1.725(1) 2.384(3) — 2.325(8) 3.258(2) - 3.42(2) 85.9 775 78.7 78.3
group and two Fig 4f
unidentate (Cy)

a All geometry optimizations were done without symmetry constraints at the HF level in the solvent. The bond distances aré insdagstdcdenotes
the coordination number in the equatorial plane. The values in parentheses indicate the maximum deviations of individual distances from tiaduaverage
The relative energies and free energies, in kilojoules per mole, were determined by single-point MP2 calculations in solvent (CPCM model) using the

geometry optimized either in solvent (CPCM) or in the gas phaSgructure
obtained from X-ray data in the solid stafef. Table 2 and

3 is not stable in the gas phase.

experimental data, indicates that the isomer in Figure 2b is

Figure 2a and b). This is in part due to systematic errors in the predominant one.

the crystal structure determination as indicated, for example,

in U—Oy distances that deviate significantly from 1.75 A.

In the solid state, the oxalate ligands are planar but tilted
out of the equatorial plane to act as bridges between two

uranyl ions, a constraint that is not present in solution.

The calculated energy difference between the two isomers

is 49.3 kJ/mol in solvent. This fact, together with the

(28) Pullman, A. InQuantum Theory of Chemical Reactipixaudel, R.,
Pullman, A., Salem, L., Veillard, A., Eds.; Reidel Publishing Co.:
Dordrecht, The Netherlands, 1981; Vol. II.

(29) Claverie, P.; Daudey, J. P.; Langlet, J.; Pullman, B.; Piazzola, D.;
Huron, M. J.J. Phys. Cheml1978 82, 405.

(30) Martnez, J. M.; Pappalardo, R. R.; Marcos, E. S.; Mennucci, B;
Tomasi, JJ. Phys. Chem. R002 106, 1118.
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Two five-coordinate isomers also exist for ki@xalate)=-,
where the one with two chelating oxalates is the most stable
but the energy difference from the structure including one
chelate and one oxalate bonded end-on is only 7.5 kJ/mol.
This indicates that the two isomers can coexist in solution
and that the exchange between them can take place by oxalate
ring opening, followed by rotation and end-on binding to
one carboxylate group. We will return to this issue when
discussing exchange mechanisms. The energy difference
between the two isomers in Y@xalate)(H,O)?~ is much
larger, 49 kJ/mol. There are significant differences, 0.1 A,
in the U-O,x bond distance between the two isomers (cf.
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Figure 3. Perspective views of the various isomers of jJdXalate)F]3~
optimized in the solvent (CPCM model): (a) ground-state isomer 1 with
two chelating oxalate groups and (b) isomer 2 with one chelating oxalate
group and one bonded end-on. Distances are in dimgstro

(b) Structure and Thermodynamics of the UQ
(oxalate)k*” Isomers. We have identified three six-coordi-
nate, two five-coordinate, and one four-coordinate isomer
of UO,(oxalate}*~. The six-coordinate isomers contain three
chelate-bonded oxalate groups (structure 3), two chelate-
bonded oxalates and a third bonded end-on to one carboxy-
Figure 2. Perspective views of the crystal structures and isomers of late group (structure 4), one chelate-bonded oxalate, and two
[UOz(c;xsilratet)(gz(()c)gz‘r ;pg)rni(zl;d ipothfdsgg?enti s(ggnglﬂ\:ﬁ?heR;v O(aghtlg%/n oxalates bonded end-on to a single carboxylate group
g:(y:jgesgrgﬁ;s, and (c) iso'mer gwiLih one chelating oxalate group and o?]e (Strucwre 5)' One of the flve-poordlnqte ISomers Contams
bonded end-on. The uranium atom and the carbon and hydrogen atoms aréw0 chelate-bonded oxalates with the third bonded to a single
black, and the oxygen atoms are gray. Distances are in &ngstro carboxylate oxygen atom (structure 1); the other contains
) ) ) _ one chelate-bonded oxalate, one oxalate coordinated end-
Table 2 and Figure 3a and b), which makes it possible 10 o, to two oxygen atoms of the same carboxylate group, and
identify the coordination mode in solution. The bond one ponded through a single carboxylate oxygen (structure
distances for the isomer with two planar chelating oxalate 2) The four-coordinate isomer contains one chelate-bonded
groups (cf. Figures 2b and 3a) are in excellent agreementoyalate and two bonded through a single carboxylate oxygen
with the EXAFS data, within 0.01 A for the &F distance  (structure 6). Bond distances at the Hartréeck level and
and within 0.04 A for the U-Ogx and U-C distances in both  the relative energy at the MP2 level of the different isomers
UO;(oxalate)(H.0)*~ and UQ(oxalate)F*~. This is within - are given in Table 3, the structures are shown in Figure 4,
the width of the radial distribution, 0.08 A estimated from and structural elements from single-crystal data of solid
the Debye-Waller factor (cf. Table 1). The internal uranyl  uranium oxalate compounds are included in the Supporting
distance is 0.05 A shorter than the experimental value; this Information as Figures S1S3. The effect of correlation on
is a common feature for uranyl complexes, and the difference the relative energy is small, 10 kJ/mol or less (cf. Table 3).
is known to vanish at the correlated level, as discussed in Solute-solvent interactions induce an increase of the@
ref 12. The good agreement between experimental anddistance by 0.020.08 A (cf. Tables 3 and S2). The five-
theory-based UF distances has already been noted for coordinate structure 1 is the most stable and should therefore
UO,F4(H,0)?~ (cf. ref 13). be the predominant one in solution. This is confirmed by
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Figure 4. Perspective views of [Ugloxalate}]*~ isomers optimized in the solvent (CPCM model): (a) ground-state isomer structure 1, (b) structure 2, (c)
structure 3, (d) structure 4, (e) structure 5, and (f) structure 6. Distances are in &rgstro
comparing the bond distances with the experimental EXAFS one chelate has an energy that is 38 kJ/mol above the ground
data; the experimental and theory-based bond distances agrestate, whereas the four-coordinate structure 6 is 86 kJ/mol
to within 0.05 A for the U-O,, and U-C distances (cf. Table  higher. As for UQ(oxalate)F?-, the energy difference
1). The agreement in bond distances between theoretical andetween a chelating oxalate group and one bonded end-on
solid-state structures is also satisfactory; however, theis small, 19 kJ/mol between structures 3 and 4 and only 3.5
accuracy of some of the latter results is not particularly high. kJ/mol between structures 4 and 5.
The main difference between the structures determined by (c) UO,(oxalate*  in Solution: Comparison with
theory and those obtained from X-ray data is the conforma- Equilibrium Constant Data. The stepwise equilibrium
tion of the ligands (cf. Figures 4 and S83); this is not constants, lod,1, for the reaction
surprising as one refers to a solvent model and the other to
the solid state. UO,(oxalate)* 2" + oxalaté” = UO,(oxalate),, ",

There is a systematic trend in the-® distances in the n=0-2 (2)

chelate-bonded oxalate, with the shortest distance, 2.38 A’h b q ined . v by H K. =
being found in the four-coordinate isomer. The distances are ave been determined experimentally by H&ugbg K, =

very near the same in all five-coordinate isomers, 2.40 5.99, logK = 4.65, logK; = 0.36) and by Ferri et dl(log
2.43 A, whereas they are about 24352 A in the K1 = 6.20, logK, = 5.01, logKs = 3.69). The large values
six—coo;dinate isomers. It seems reasonable to attributeOf the first two equilibrium constants indicate a significant
this trend to increasing repulsion between oxygen atoms qhelate effect. lod<s from Ferri et aP indicates that the third
in the coordination plane with increasing coordination ligand also forms a chelate, whereas that from Hivel

number. The bond distance between U and the carboxylate'ntd:jc,ats‘;S unidentate gcl?]rdmatmn.tlnt.one Off ogmﬁ\élous
group bonded end-on is always significantly greater, 0.15 studies,” we measured the concentrations of ox

A, than that in the chelate, as already noticed in,JO UO(oxalate)*" (aq) from the corresponding integrals'at
( o,x alate)r>- ' NMR spectra over a fairly large range of oxalate concentra-

All six-coordinate UQ(oxalate)*~ isomers are less stable tio_ns. We calculated thg 'sp.eciation in thege test solutions
than the five-coordinate ground-state structure 1, structures¥s"9 the two sets of equilibrium constants given above. The

4 and 5 by 17 and 20 kJ/mol, respectively, and structure 3 (31) Aas, W.; SzaboZ.: Grenthe, 1J. Chem. Soc., Dalton Trang999
by 36 kJ/mol. The five-coordinate structure 2 containing only 1311.
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Table 4. Theoretical Datafor [UO2(0x)Fs]3~

structure CPCM geom gas-phase geom
figure shell (A) AU(MP2) AG°(MP2) AUMMP2) AG°(MP2)

chemical species  (symm) U-0y U—Oox  U--+On u-C_ U-F (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
chelating oxalate  struct7  1.750 2.482 - 3.358 2.252(2) 0.0 0.0 0.0 0.0
(isomer 1) Fig 5a

(C2v)
chelate opening TSr—s 1.742 2.376 3.600 3.505,4.020 2.232(5) 63.1 58.7 48.2 45.0
(TS) Fig 5b

(Cy)
unidentate oxalate struct8  1.741(1) 2.379 3.432 2.222(4) 47.3 36.7 47.4 354
(intermediate) Fig 5¢

(C)
carbox closure TS 9 1.742(0) 2.432 3.313 3.235,4.673  2.224(4) 55.8 52.7 38.7 36.5
(TS) Fig 5d

(C)
oxalate group struct9  1.745 2.56(1) -— 2.994 2.235(3) 17.8 141 155 10.9
bonded end-on Fig 5e
(isomer 2) (C)

a All geometry optimizations were done without symmetry constraints at the HF level in the solvent. Bond distances are im&ngk&oalues in
parentheses indicate the maximum deviations of individual distances from the average value. The relative energies, in kilojoules per maeninee det

by single-point MP2 calculations in solvent.

results are shown in Figure S4 of the Supporting Information, the transition state geometries were optimized only in the

and the correspondifgC NMR spectra is in Figure S5; these

spectra are consistent only with the equilibrium constants

of Havel, but not with those of Ferri et al. This fact, in
addition to the structure determination of k{Gxalate}*~

gas phase.

First, we make a general remark regarding the importance
of solvent effects on the calculated quantities, on the basis
of a comparison of the structural data for k{Gxalate)R®~

in solution and the relative energy of the tris-oxalate isomers, presented in Tables 4 and S3. In the solvent, alQdy
provides a strong indication that one of the oxalate ligands distances in the equatorial plane decrease by-60040 A;
coordinates through a single carboxylate oxygen. In a recentthis change, as compared to the gas phase, is the same for

paper, Havel et &P reinvestigated the uranyl(\Hoxalate

all isomers. These changes are so small that they do not result

system using spectrophotometry, and they now claim ain a significant change in the size of the cavity used in the

chemical model different from the one they first propdéed

solvent model (cf. Supporting Information). Therefore, we

that, in addition to the mononuclear complexes, also containsdo not expect large changes in the relative stabilities of the

two binuclear species. This equilibrium model is not
consistent with the equilibrium data of Ferri et al. or with
our NMR and EXAFS data.

(d) Structure and Thermodynamics of UQy(oxalate)Fs%~
Isomers. The structures and relative energies of two five-

isomers when using the gas-phase geometry to estimate the
energies in the solvent, as already noticed for the uranyl aqua
ion.** However, in the transition state the difference between
the gas-phase- and solvent-optimized geometries is much
larger, up to 0.3 A, in the distance between U and the leaving/

coordinate isomers (structures 7 and 9) are given in Table 4entering group; still the resulting change in the cavity size
and Figure 5. The most stable isomer contains a chelate-is small (cf. Supporting Information). However, we know
bonded oxalate, and also in this case, the energy differencerom a previous study that the CPCM model does not fully
between the isomers is small, 18 kJ/mol. In a previous account for the hydration when there is charge separation,

experimental study; we determined the activation energy

for the exchange of oxalate and fluoride in this complex,

and we will discuss these data in the next section.
Rates and Mechanisms of Ligand Exchange Reactions.

as in the transition stafé and that the large increase in the
bond distance is an artifact of the simplified solvent model.

A more elaborate model always leads to smaller changes

(cf. ref 16). However, it should also be noticed that the

We will begin the discussion of reaction mechanisms by potential surface is very flat in the vicinity of the transition
using experimental activation enthalpies and theoretical state.

activation energies\U*, for the ternary UGLF5; complex!®

(a) Intra- and Intermolecular Exchange Reactions in

where L is a bidentate ligand, oxalate or picolinate, and thenthe Ternary Complexes UGQLF 3 . The intra- and inter-
continue with the discussion of intramolecular exchange molecular reactions in the ternary complexes,UR3*~ will

mechanisms between the different isomers of(d&alate)* .
Only the UQ(oxalate)R®~ system could be studied using

be discussed in terms of Scheme 1, whereCOO"
represents the bidentate ligand L £X—COO™ for oxalate

quantum chemical methods, as the nonsymmetric picolinateand —CsHsN for picolinate). Both reactions involve a ring
ligands are too large to be handled. Most of the computed opening as the first step; when this is followed by a ligand
activation parameters refer to single-point MP2 calculations rotation and ring closure, there will be an apparent exchange
in the solvent using the solvent-optimized geometry, with between F(A) and F(B) that can only be studied experimen-
an exception for the less favorable intramolecular exchangetally for asymmetric L ligands. For symmetric ligands such

pathways A and C in Ugoxalate}*~ (cf. Scheme 2), where

as oxalate, the reaction must be studied by theory. Structure
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Figure 5. Perspective views of the [Ufbxalate)R]3~ isomers and of the transitions states optimized in the solvent (CPCM model) and reaction profile
(). (a) Ground-state isomer structure 7, (b) chelate opening transition statg {c$ intermediate structure 8 with the oxalate group bonded to one carboxylate
oxygen, (d) carboxylate closure transition statg_ESand (e) isomer structure 9. Distances are in aigsro

Scheme 1. Intramolecular Exchange Pathway in the Ternary Complexes B®—, where X-COO— Represents the Bidentate Ligand L X
—COO- for Oxalate and-CsHsN for Picolinate)

FA), O O, 0 * FA). o
F UO\ ok — F\U N/<° ==
/ X / 7
F(B) u F(B) u F(B) |o| X
Reactant, Isomer 1 Transition state Intermediate,
structure 7 TS, ¢ structure 8
FA), |o| 1 F(A), |
—_— F\Z ____________ O — F\z o _— same Seq.uen?e in
u / reverse direction
AN /1
F®)° o F®° " o
Transition state Isomer 2
TSgq structure 9

7 is the predominant oxalate isomer, and there is no a chelate ring opening followed by the formation of an
experimental evidence for the presence of significant amountsintermediate through ring closure at the carboxylate end; by
of Structure 9 in solution. The intramolecular exchange the reverse sequence, we then return to Structure 7, a process
between the two isomers in a computer experiment involves that results in ligand rotation for nonsymmetric ligands L.
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Scheme 2. Mechanisms for Intramolecular Oxalate Exchange in f(¢Qalate)]*—

1
o .
same sequence in
reverse direction
(0]
(0]
Structure 6
0 same sequence in
u \OO@O ~ reverse direction
Structure 3

'''''

— e, e o) same sequence in
) ("'o | 0)\/(0 ) O//H \0%40 == reverse direction
|
o]
0;2/ o O{ (¢}
0
Structure 5
Structure 2 TSzs

Intermolecular exchange of L has been investigated experi-experimental and theory-based activation enthalpies for the
mentally}+1Sbut would be very difficult to study by quantum  ring opening in the oxalate and picolinate systems and the
chemical methods, because the charge of the system changesimilar experimental activation enthalpy for the inter-
along the reactions path, making the CPCM results molecular L exchange indicate similar mechanisms. The rate
somewhat uncertain. However, as the intermolecular reactionconstants for oxalate and picolinate exchange &tC are
must involve an intramolecular chelate ring opening/ring practically the same at 6.2 0.2 and 4.7+ 0.2 s},
closure, leading to the ring-opened intermediate (structurerespectively. These facts make us believe that the detailed
8), there is a mechanistic link between the two reactions. mechanistic analysis for the oxalate system is also applicable
Chelate ring opening is the slow step in the intramolecular to other systems where L is a bidentate ligand.
exchange reactions between F(A) and F(B). The average (b) Intramolecular Exchange Reactions between U@
experimental value of the activation enthalpy for picolinate (oxalatel*~ Isomers.No direct experimental data are avail-
systemsAH* = 45 4 5 kJ/mol, reported in Table 1 of ref  able for reactions of this type; however, such reactions
15, is close to that for the oxalate system obtained from involve chelate ring-opening/ring-closure reactions of the
theory, AU* = 63 kJ/mol. We suggest that the chelate ring type discussed for the UOFs*~ complexes (Scheme 1). The
opening takes place without assistance of water, because th@nly experimental kinetic information available refers to the
short bond U-F distances would result in a significant rate and mechanism of the intermolecular exchange reaction
“crowding” of the transition state in the A ahidnechanisms.
In addition, water in the second coordination sphere will UO,(oxalate)(H,0)*~ + *oxalaté = UO,(*oxalate)(H,0)*
preferentially be hydrogen bonded to coordinated fluoride + oxalaté™ (3)
and thereby prevent access to uranium; this is consistent with
the change in mechanism of water exchafhgem associa-  This reaction has an activation enthalpy of 812 kJ/mol,
tive in UOy(oxalate)(H-O)*" to dissociative in UGFy(H,0)". as determined by*C NMR measurementd; the NMR
The oxalate ring opening/ring closure in L(Oxalate)R*" spectra exhibited two broad peaks, one for the complex and
might involve the isomer with oxalate bonded to both oxygen one for the free ligand (cf. Figure S6 in the Supporting
atoms of the same carboxylate group as a second intermediinformation), indicating rapid exchange on the NMR time
ate, but the ligand “rotation” could also take place from the scale within the complex. The exchange reaction consists
intermediate with Structure 8. of several steps, at least one of which must involve chelate
We have previously discussédhe mechanism for inter-  ring opening/ring closure that can be explored using the
molecular L exchange in UDF3%". For the picolinate and  theory method discussed in the preceding text. The chemi-
oxalate systems, we found that the activation enthalpies arecally most reasonable intramolecular exchange mechanisms
60 + 3 and 70+ 6 kJ/mol, respectively. The very similar  are given in Scheme 2, with the corresponding transition state
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Table 5. Geometrie3 of the Transition States and Activation Energies for Mechanism€Af the Intramolecular Exchange in Y@©x)s*~

shell (&)
figure U—0Oox U—0O0x U—0Oox
transition state (symm) U-0Oy (chelate)  (carbox) (uni) U-++Op? AU} AU} AG, AG}
mechanism A
trans chelate opening TS;-6 1.722(2) 2.45(1) - 2.365 2.354, 3.558 85.0 6.3 82.0 4.5
(struct 1— struct 6) Fig S4b 1.722(1) 2.44(1) - 2.386 2.354,3.507  93.7 15.0 90.7 13.2
(Cy)
mechanism B
chelate closure TSi-3 1.720(1) 2.547(1) 2.557,2.749 27.9 c 26.7 c
(struct 1— struct 3) Fig7 38.0¢ 2.0(3)
(Cy)
mechanism C
carboxylate closure TS1-4 1.722 2.52(1) 2.588, 2.789 155 15 145 -0.4
(struct 1— struct 4) Fig S7a
(Cy)
chelate opening TSi—2 1.719(3) 2.49(1) 2.61(5) 2.433,3.031 25.1 6.9 22.9 5.7
(struct 4— struct 2) Fig S7b
(Cy)
carboxylate closure TS5 1.721 2.48(1) 2.60(2) 2.487, 3.029 1.2 18.8 -0.2 16.5
(struct 2— struct 5) Fig S7c
(C)

aGeometries of the transition states were optimized in the gas phase at the HREdckdevel. The structure of transition state;T$Swas reoptimized
in the solvent. The parenthesis denotes the maximum deviations of individual distances from the average values. Distances am@sn Bmgsirery
mechanistic step starting with structureand going to structurae, we calculated the activation energyu*m, and free energy of activatiomG*m. as well as
the relative energy and free energy between the transition state and strrw,cmlﬁ and AGﬁ, respectively. These are single-point MP2 calculations in
solvent using the optimized structures in the gas phaghke first and second O, values refer to the distance to the coordinated oxygen end and moving
oxygen atom, respectively, in the opening/closing oxalate grb8fructure 3 is not stable in the gas phas8ingle-point MP2 calculation in solvent using
geometries optimized in solvent.

#
TS_‘_2

Figure 7. Perspective view of the transition state (Tg in mechanism

B, going from the reactant with two chelating oxalate groups and one singly

bonded oxalate group (structure 1) to the intermediate with three chelating

oxalate groups (structure 3). The geometry was optimized in the gas phase.
Figure 6. Energy reaction profile for mechanism C using gas-phase The dashed line denotes the distance to the entering/leaving oxygen atom.
optimized structures. All energies are in kJ/mol (cf. Tables 5 and 3). Distances are in angstres.

geometries and activation energies listed in Table 5; someence, 2 kJ/mol, between the intermediate and the transition
consist of many steps involving intermediates and transition state indicates a very short lifetime of the former. Mechanism
states, such as mechanism C in Scheme 2. The reactiorC consists of many steps; however, the activation energy
profiles must be symmetric, so only one-half of the mech- between the intermediates with structures 4 and 2 and
anism (including structures 6, 3, and 5) is shown in Scheme transition states TS, and TS—4 are small, 1.5 and 6.9 kJ/

2 and in the energyreaction coordinate diagrams (Figure mol, respectively. This is less than the thermal energy at
6). Two of the exchange pathways involve only one 300 K and we can therefore describe the reaction with an
intermediate; mechanism A is a chelate ring opening leading “effective” reaction pathway from structure 1 to structure 5
to a four-coordinate intermediate (structure 6, cf. Figure S6) with one activation energy of 41 kJ/mol (16 25 kJ/mol).
with an activation energy (85 kJ/mol) that is significantly On the basis of the quantum chemical calculations using the
higher than those for the other pathways and also larger thangas-phase geometry, we conclude that the most favored
that found in UQ(oxalate)R®~. Mechanism B involves  pathway for intramolecular exchange in k{Gxalate)*~
chelate ring closure to the six-coordinate tris-chelating involves the tris-chelated intermediate (structure 3), which
intermediate (structure 3), with an activation energy of 28 has an activation energy that is 13 and 57 kJ/mol lower than
kJ/mol (cf. Figure 7). By re-optimizing the geometry of the those for pathways A and C, respectively.

transition state in solvent, we observed that the distance to There is an additional mechanistic detail that is not
the entering/leaving carboxylate oxygen increased by 0.2 A apparent from Scheme 2: the chelate ring opening from
as observed in the ternary complexes and that the activationstructure 1 can take place either in the cis or trans position
energy increased from 28 to 38 kJ/mol. The energy differ- from the unidentate oxalate. The cis opening involves less
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interference with adjacent ligands and has an activation less than 0.06 A and 10 kJ/mol, respectively. However, there
energy that is 9 kdJ/mol lower than that of the trans opening. might be a significant difference in the distance between
(c) Exchange Mechanisms in UGL,A Complexes, uranium and the leaving/entering group in the transition state.
where A is a Unidentate Ligand.If L is an asymmetric This results in a systematic error of about 10 kJ/mol when
bidentate ligand, there are two possible orientations of the the gas-phase geometry is used to estimate the activation
ligand, resulting in two isomers. It was not possible to study energy in solution; however, the difference in activation
the intramolecular exchange in the k{ficolinate)F— system energy between different pathways is expected to be smaller.
in water experimentally; instead, the reaction was investi- A comparison of the experimental activation enthalpies,
gated in CROD and dimethyl sulfoxide. The activation AH¥(298 K), for the intra- and intermolecular exchanges in
energies in the two solvents are 26.9 and 45.9 kJ/mol, UO,(oxalate)R®~ with the theory-based activation energy for
respectively, indicating a very strong solvent dependence.the chelate-opening step provides a strong indication that
This is consistent with an A mechanism involving the solvent both reactions begin with a chelate ring-opening step without
as observed for the water exchange inJ(¢Ralate)(H,O0)". any water assistance. The situation might be different in-UO
The intermolecular exchange of oxalate in }(@xalate)F>~ (oxalate)L. complexes where the computed activation energy
has been studied experimentally, and the activation enthalpyfor the chelate-opening step is twice as large as that obtained
is AH* = 43 4+ 3 kJ/mol. This reaction must involve the experimentally.
opening of the oxalate chelate ring, and accordingly, the No direct experimental information is available on the
activation enthalpy for this process must be lower than 43 intramolecular exchange mechanism inj(fxalate)*. We
kJ/mol. Some preliminary ab initio calculations on &O  have explored three different reaction pathways starting from
(oxalate)F®~ led to a value of 87 kJ/mol. The high barrier the five-coordinate isomer. The computed activation energies
for this purely dissociative ring opening indicates that it indicate that the intramolecular exchange follows a mecha-
cannot be the first step in the mechanism; a water-assistechism in which a tris-chelated intermediate is formed; the
reaction might result in lower activation energy as a result activation energy using geometries optimized in the CPCM
of hydrogen bonding between the water molecule and the solvent is 38 kJ/mol.

coordinated ligand. However, this is still speculative, and  acknowledgment. This study was financially supported
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O'OS_A' Quantu.m Chem',cal methods Ca'_q also be used to Supporting Information Available: All crystal and computed
predict the relative energies of structural isomers that agreegyy ,ctures not presented in the text (Figures-S3, S6-S7);
well with experimental data. Theoretical methods are there- gquilibrium distribution diagrams for the binary uranium(¥l)
fore important when selecting models for the interpretation oxalate system (Figure S4); fluoride NMR spectra for the binary
of solution EXAFS data of complexes for which solid-state uranium(VIy-oxalate system (Figure S5); structural data for all
structures are not available. structures optimized in the gas phase and not presented in the main
We have tested the effect of solvent models on the text(Tables S3S3); coordinates and total energies of all computed
structures and energies of dioxouranium(V1) complexes, as Structures (Tables S4); frequencies calculated in the gas phase of
compared to the corresponding quantities in the gas phase.a” ground-gtate isomers (Table S5). This material is available free
For ground states, the two models are in good agreement®f charge via the Intemet at hitp://pubs.acs.org.
with differences in bond distance and energy typically of 1C026068S

Conclusions
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