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Abstract: The mechanisms for the exchange of water between(HfD)s]2", [UO,(oxalate}(H,0)]?~ and

water solvent along dissociativB), associativeA) and interchangd) pathways have been investigated with
guantum chemical methods. The choice of exchange mechanism is based on the computed activation energy
and the geometry of the identified transition states and intermediates. These quantities were calculated both in
the gas phase and with a polarizable continuum model for the solvent. There is a significant and predictable
difference between the activation energy of the gas phase and solvent models: the energy barrier for the
D-mechanism increases in the solvent as compared to the gas phase, while it decrease®faanithe
I-mechanisms. The calculated activation energy?, for the water exchange in [U{H,0)s]%" is 74, 19, and

21 kJ/mol, respectively, for thB-, A-, andI-mechanisms in the solvent, as compared to the experimental
value AH* = 26 4+ 1 kJ/mol. This indicates that thB-mechanism for this system can be ruled out. The
energy barrier between the intermediates and the transition states is small, indicating a lifetime for the
intermediatex~10-10s, making it very difficult to distinguish between tiAe andl-mechanisms experimentally.

There is no direct experimental information on the rate and mechanism of water exchangg(ax§li@e)(H,0)]?~
containing two bidentate oxalate ions. The activation energy and the geometry of transition states and
intermediates along thB-, A-, andl-pathways were calculated both in the gas phase and in a water solvent
model, using a single-point MP2 calculation with the gas phase geometry. The activation eégfgi the

solvent for theD-, A-, andl-mechanisms is 56, 12, and 53 kJ/mol, respectively. This indicates that the water
exchange follows an associative reaction mechanism. The geometry &f el |-transition states for both
[UO2(H20)5]?+ and [UOy(oxalate)(H,0)]%~ indicates that the entering/leaving water molecules are located
outside the plane formed by the spectator ligands.

Introduction 1. The quality of the quantum chemical approximations: In
the present case the calculations have been made at the HF/
MP2 level. This approximation was tested in our previous Faper
where a comparison of HF/MP2 and DFT/B3PW91 calculations
showed only minor differences in energy and geometry. We
have also tested B3LYP, which gives virtually the same result.

2. The quality of the solvent model used, in particular the
approximations necessary to describe the second coordination
sphere and the bulk solvent: These issues have been discussed
in our previous papérand also by other investigatérd? and
are the reason we have used a shape adapted dielectric medium
model.

3. The approximations required to compare the activation
energy AU*, calculated by quantum chemistry @ K in a

The coordination chemistry of U(VI) differs from that of the
d-transition and main-group elements in that all labile ligands
are located in a plane perpendicular to the lineaglds. There
are a number of experimental investigatibr¥sof ligand
exchange/substitution reactions on the &don, but no prior
theoretical studies of their intimate mechanisms, i.e. transition
states and activation energies. Mechanistic information can be
obtained from experimental rate laws and activation paranteters,
and/or by using theoretical methods. In the present paper we
will analyze exchange mechanisms for ¥O complexes in
solution using quantum chemical methods. They are based on
the assumption that the calculated activation energy is suf-
ficiently accurate to allow a choice between different mecha-

nisms. The following factors must be considered: (5) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Moll, H.; SZabo
Z.; Grenthe, lInorg. Chem.2001, 40, 3516.
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solvent, with the experimental activation enthalpii* at 298 when part of it is replaced by other ligantf€On the other hand,
K: We will come back to this point in the discussion. we have strong experimental indications that the water exchange

The procedures used to investigate exchange mechanisms wilin complexes such as [Uxalate)i(H20)]?>" is slow!” We
follow the path set by Rotzinger et.&'! and Hartmann et  will investigate if the different behavior of the uranyl complexes
al.1213 on d-transition and main-group elements. Their early is a result of changes in the activation energy and/or the
studies have in general been made by using a gas phase modegubstitution mechanism.
an approximation that was justified by the good agreement The UG2" center exerts a very strong inductive effect on
between experimental values afH* and the theory based coordinated ligands, as indicated, e.g., by the large increase in
activation energyAU*. This agreement may be fortuitous; dissociation constant for glycolate, from approximately 0
associative 4), dissociative D), and interchange mechanisms in free HOCHCOO™ to 107364 when coordinated® and a
(I) are affected in different, but predictable ways by the substantial change in chemical reactivity of coordinated organic
introduction of solvent effects. Rotzinger efal! have recently substrate$? Information on the structure and energy barriers
used a model with a spherical solvent cavity for the geometry along the reaction coordinate is important in understanding
and a shape-adapted cavity for the calculation of energy. observations of this type and exploiting them in chemical
However, it is more appropriate to use a shape-adapted &avity reactions.
for both calculations, as demonstrated, for example, in our study The intimate mechanisms for water exchange in fJO
of the geometry and energy of uranium(VI) fluoride and (H,0)s]?" and [UQy(oxalate)(H,O)]?~ were studied both in gas
hydroxide complexe$jt seems likely that this is also the case phase and solution, in the latter case using a conductor-like
for kinetic parameters. polarizable continuum (CPCM) solvent model with a cavity

In a previous study we measured the rates and activation adapted to the geometry of the solute; from these results we
parameters for the exchange between §30)s]>" and bulk will make an attempt to draw some general conclusions along
water and suggested a dissociative reaction mechanism. Thighe lines indicated above.
proposal was based on geometric considerations; four-coordi-
nated U(VI) complexes with unidentate ligands are more Methods
common than six-coordinated, and on the calculated energy in  \;5qe| Reactions. The experimental data refer to water exchange

the gas phase for the reactions between the first coordination sphere and the bulk solvent. The rate of
exchange between the second coordination sphere and the bulk solvent
[UOZ(Hzo)S]2+ — [UOZ(H20)4]2+-(H20) is known to be very fast and the rate-determining step is thus the

_ exchange between the first and second coordination spheres; this is
AU = 41.0 k/mol (1) the focus of our enquiry.
2 o It is not possible to include a complete second coordination sphere
[UO,(H,0)51""+(H,0) = [UO,(H,0)ql in the models. We therefore restricted it to a single water molecule
AU = 93.7 kd/mol (2) using the model reactions given in Schemes 1 arid} 2. andA denote
dissociative, interchange, and associative exchange mechanisms, re-
that favor the dissociative reaction 1; the water outside the spectively; the designations will be referred to in the following text.
brackets is located in the second coordination sphere. In theThe effect of the solvent is described by using the CP&¥model as
present study we scrutinize this conclusion using a quantumimplemented in Gaussiang8lt turned out to be both diffi(_:ult and
chemical model that includes the solvent. costly to optimize the geometry of the oxalate complexes in a CPCM
Observations on d-transition and main-group elements indi-  (16) Phillips, B. L.; Casey, W. H.; Neugebauer CrawfordG&ochim.

cate an increased lability of water in the first coordination sphere Cosmochim. Actd997 61, 3041.
(17) SzaboZ.; Aas, W.; Grenthe, Ilnorg. Chem.1997, 36, 5369.

(13) Hartmann, M.; Clark, T.; van Eldik, Rl. Am. Chem. Sod.997, (18) SzabopZ.; Grenthe, lInorg. Chem.200Q 39, 5036.

119 7843. (19) van Axel Castelli, V.; Dalla Cort, A.; Mandolini, L.; Reinhoudt, D.
(14) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995. N.; Sciaffino, L. Chem. Eur. J200Q 6, 1193.
(15) Farkas, I.; Bayai, |.; SzabpZ.; Wahlgren, U.; Grenthe, Inorg. (20) Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin. Trank993 2,

Chem.200Q 39, 799. 799.
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model. For these systems we instead estimated the correlation anddentified by a single imaginary frequency corresponding to the

solvent effects from single-point calculations in the gas phase and in translation of the leaving/entering ligands. Technically, the potential

the solvent using the gas phase geometry. On the basis of the resultsurface was explored by incremental stretching of the selecte@}

for the uranyl aqua ion, the difference in energy in the solvent between bond starting either from the ground-state configuration of the different

a single-point calculation using the gas phase geometry and a completecomplexes or from the intermediates. This distance was then fixed while

optimization is small, cfTable 4 and the Discussion. all the other internal coordinates were re-optimized. The constrained
The D- and A-mechanisms have transition states that are fol- optimization was performed for different values of the OH, distance

lowed by intermediates with coordination numbers four and six. The until an imaginary mode was found. At this point, we located the

I-mechanism describes a concerted pathway with a symmetric transitiontransition state by following the appropriate negative eigenmode.

state, where the entering and leaving ligands are at equal distances fronOccasionally, the automatic optimization procedure in Gaussian98 failed

the reaction center. The preferred reaction mechanism for theseand in these cases we carried out the calculations by making incremental

elementary reactions is the one with the lowest activation energy.  changes of the HOH, distance until the transition state was located.
Computational Details and Method for Identification of Transi- For the D-mechanism we also tested a simplified model without a

tion States. The basis sets and effective core potentials used are the second coordination sphere

same as in a previous communicatfomhere also a description is given

of different solvent models. The calculations in the gas phase and in [U02(|-|20)5]2+ —»{[UQZ(H20)4---H20]2+}* —

the CPCM solvent have been made at the Hartfeeck level for the pn

geometry optimizations and at the MP2 level for energies, using [UO,(H0)]™ +(H0) (9)

Gaussian98! In the CPCM model, the solute is embedded in a shape-

adapted cavity defined by interlocking spheres centered on each solutdUO,(0X),(H,0)]*” — { [UO,(0x),***(H,0)* }* —

ﬁ/ltom or group and with stan(_iard UATM (United Atomlc Topo_loglcal [Uoz(ox)zlz_'(Hzo) (10)
odel¥?radii. The electrostatic and nonelectrostatic terms are included

in the solvation energy derivatives, allowing geometry optimization L . . .

using gradients within the bulk model. In the gas phase calculations V€ Used the permittivity of wate, = 80, for the dielectric continuum.

we computed the vibration frequencies using analytical second deriva- The'lntlmate mechanism was assumed to be the one with the lowest

tives, whereas we used numerical second derivatives in the solventactivation energy. It trned O,FUt that the agreemgnt between the

model. The volume change of the CPCM cavity was used to estimate caIEuIated activation energU®(0K), and the experimental value,

the activation volumeAV*. The experimental value is an important AH'(298K), was within the expected accuracy of the theoretical

mechanistic indicator; however, it is not straightforward to compare Methods used.

AV¥(experimental) withAVF(CPCM) as discussed in a number of

reviews23

The geometry of the reactants, products, and transition states was [UO»(H,0)s]?"+(H,0) was used as a starting structure to
optimized without symmetry constraints. The transition states were explore theD-, I-, andA-mechanisms, cf. Figure 1. The results

Results

(21) 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, I.;
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. AGaussian 98Revision A.9; Gaussian, Inc.:
Pittsburgh, PA 1998.

(22) Barone, V.; Cossi, M.; Tomasi, J. Chem. Physl997, 107, 3210.

(23) Merbach, A. EPure Appl. Chem1982 54, 1479.

for the water exchange in [U{H,O)s]2" are given in Tables
1-4, in Figures -6, and as Supporting Information. The latter
contains information on the total energy and coordinates of all
species and all figures not shown in the main text.
[UOz(Hzo)5]2+, [UOz(HzO)4]2+, and [UOz(H20)6]2+.
(a) Structure and Thermodynamics. The bond distances in
[UO2(H20)s]?+, Figure 2, are in fair agreement with experi-
mental EXAFS structure data from solutfdrconsidering the
systematic errors due to the theoretical approach #3td.
Inclusion of a solvent model in general results in a shortening

(24) Wahlgren, U.; Moll, H.; Grenthe, |.; Schimmelpfennig, B.; Maron,
L.; Vallet, V.; Gropen, OJ. Phys. Chem. A999 103 8257.
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[UO,(H,0)*"(H,0) — [UO,(H;0),]**+(H,0),
AU =62 kJ/mol (11)

[UO,(H,0)5]*"+(H,0) = [UO,(H,0)d*"

AU =16 kJ/mol (12)
However, in the gas phase tBepathway is favored with about
40 kJ/mol as compared to thfepathway, as discussed below,
cf. Table 2. This latter result is in contrast to that obtained in a
Figure 1. Perspective view of the reactant [b(®,0)s]*"+(H-0) for previous study in the gas pha¥esf. eqs 1 and 2, where we
the D-, A-, andl-mechanisms in solvent. The uranium atom and the ;5ed symmetry constraints when calculating the energy of the
hydrogen atoms are black and the oxygen atoms medium gray. different structures.

. . (b) The Dissociative MechanismThe transition statg{UO,-
of the U-OH, bond distances with 0.07 A as compared to the (H20)s++(H20)J2++(H,0)} * and the intermediate [UH,0)4] 2+
gas-phase value, which agrees well with the observations of (,0), for the D-mechanism in the solvent are shown in Figure
Spencer et & and Tsushima et & An extensive discussion  gp ¢c. The spectator ligands in the transition state are located in
has recently been given by Mennucci et&The experimental  the plane perpendicular to the “yI” axis, at distances close to
solution structure data give no information on the orientation those in the ground state. One of the symmetry equivalent
of the water molecules, only on the average bond distance andligands in the intermediate is located above and the other below
its distribution, which is approximately 0.08 A around the the coordination plane, cf. Table 3 and Figure 4c. The activation
average as estimated from the Deby®aller factors from the energyAU* and the activation volumaAV* obtained with use
EXAFS data?* The energy difference between different orienta- of the CPCM model are 74 kJ/mol an#4.6 cn¥/mol,
tions of the water molecules is small, estimated in a previous respectively cf. Table 4. The activation energy in the gas phase
theoretical studif at less than 2 kJ/mol. This indicates that the is 46 kd/mol cf. Table 2, indicating the uncertainty to be expected
complex [UQ(H20)s]2* in solution is a mixture of various  when making mechanistic deductions for solutions using a gas-
conformers in rapid equilibrium. phase model. Equations 3 (Scheme 1) and 9, the latter without

Stable structures, with only real vibration frequencies, have & second coordination sphere, give essentially the same results
been found for [UQH»0)42" (Supporting Information, S1), fFoi;ltﬂg %%ometry, but not for the energy, cf. Tables 2 and 4 and
H 2+ (Figure 2), an H 2+ (Figur h :
I[;thezr( 0|2’1|Oy)5i]n tr(1 e gsl(JJI'\B/en)t,. afrhde[L[JU%_éggH (strgztﬁrg)i' St ; (c) Th(=T Associati\{e MechanismSince the six_—cqordinated .
. . . . - i complex is unstable in the gas phase, the associative mechanism
particular interest because it may be an intermediate in an S .
e . . could only be studied in the CPCM model. It was modeled using

associative pathway. Hay et#lfound two stable isomers in

the gas phase using B3LYP and large core ECPs, one clearl eq 5 (Scheme 1) by stretching one of the OH, bonds in the

Y% i H,0)e]2", cf. Fi We f # =
six-coordinated with WU-water bond lengths between 2.52 and T;eg‘?riﬂlla;ik\%zzgf]o c,n%/ﬁélgl:::‘eTSz:b.le f Tohueng;gmetry
2.61 A, and the other with five water molecules in the first shell ) i :

of the transition state is shown in Figure 5b, with bond distances

and the sixth hydrogen bonded in the second sphere. The lattelyiyen in Table 3. The spectator ligands are also in this case in

structure was found to be 16.9 kJ/mol more stable than the six- (or close to) the plane perpendicular to the “yI" axis. The

coordinated complex. However, all our attempts to find a stable entering and leaving ligands are located above and below this
six-coordinated ion failed in the gas phase: one water moleculepjane, with the angle ¥en—U—H:0eav €qual to 61.8 The

always left the first hydration sphere to a bridging hydrogen energy difference between the transition state and the following
bond position in the second sphere, cf. Figure S2. This differenceintermediate is only 3 kJ/mol; the geometry of the latter is close
might depend on the choice of basis set, as observed on otheko that of the transition state for the interchange mechanism in

systems? or on the choice of computational model. The
intermediate [UQH,0)]2" is stable in the solvent with a very
distorted structure similar to the one found by Hay et&there

the gas phase.
(d) The Interchange Mechanism.For technical reasons, the
transition state could only be identified in the gas phase. The

are four water molecules located close to the equatorial planefastest way to search for it was to increase the two symmetry

at a distance of 2.49 A, while the remaining ones are located
above and below the plane, at 2.65 A from U, cf. Figure 3. The
O—U—-0 angle is 171, with a bending energy of 9 kJ/mol,
which is smaller than the bond energy of a water molecule in
the second coordination sphere.

The relative energy of complexes with different numbers of
coordinated water ligands is not the same in the gas-phase an
solvent modelg*26.22However, the five-coordinated complex
is always the most stable one. The energy changk for
reactions 11 and 12 in the CPCM solvent is given in Table 4
and favors the associative pathway, cf. eq 12.

(25) Spencer, S.; Gagliardi, L.; Handy, N. C.; loannou, A. G.; Skylaris,
C.-K.; Willets, A. J. Phys. Chem. A999 103 1831.

(26) Tsushima, S.; Suzuki, Al. Mol. Struct.200Q 529, 21.

(27) Mennucci, B.; Mafnez, J. M.; Tomasi, 1. Phys. Chem. 2001,
105 7287.

(28) Hay, P. J.; Martin, R. L.; Schreckenbach,JGPhys. Chem. 2000
104, 6259.

related U-H,O distances in [UQH,0)s]?". The activation
energyAU* in the gas phase is equal to 38 kJ/mol. The transition
state, Figure 6b, has, symmetry and a geometry that is close
to the intermediate found for th&mechanism in solution, cf.
Figures 5c and 6b.

An estimate of the activation energy for thenechanism in

&olution was made by a single-point MP2 calculation in the

solvent using the gas-phase geometry. This activation energy,
21 kJ/mol, cf. Table 4, is very close to the energy of the
A-intermediate, 16 kJ/mol, as are their geometries, cf. Tables 1
and 3.

(e) Conclusion.The activation energy for th&/I-mechanisms
is much lower than that foD, indicating that the latter can be
ruled out as a pathway for water exchange in pQ0O)s]2".
TheA- andl-pathways are in this case so similar that they cannot
be distinguished with the methods we have used.

The [UOx(oxalateh(H,0)]2~ System.The water exchange
in [UOy(oxalate)(H>0)]>~ was studied in order to explore how
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Table 1. Calculated Bond Distances and Point Group Assignment for the Species Participating in the Water Exchangée* Reaction

chemical species sym figure d(u—0) (A) H---Oy (A)
[UO(H0)42" Dan 2.48,2.48, 2.48, 2.48
[UO2(H20)s)?" (reactant) Cs 2.53
{[UO(H20)s++(H:0)]2"} (D) C. 2.46, 2.48, 2.48, 2.49, 3.40 2.06
[UO(H20)42*+(H-0) (D-intermediate) Cs 2.46,2.46, 2.48, 2.48, 4.00 2.05,2.05
[UO2(H,0)5]?"+(H20) (reactant) Cs Figure S2 2.52,2.52,2.54,2.54,2.54,4.38 1.93,1.93
{[UOx(H-0)s+++(H:0) [+ (H-0)}* (D) C. 2.45,2.47, 2.47, 2.48, 3.52, 4.06 1.97,2.03, 2.03
[UOx(H;0)4]2++(H.0), (D-intermediate) Can 2.47,2.47, 2.47, 2.47, 3.94, 3.94 2.07, 2.10, 2.07, 2.10
{[UO(H20)s++2(H0) 2} * (1) Cx Figure 6b 2.54,2.54, 2.54, 2.54, 2.79, 2.79

a2 The geometry optimizations have been made without symmetry constraints at the HF level in the gas -pt@skerdtes the hydrogen bond
distance between the water oxygen in the second coordination sphere and hydrogen atoms of the water in the first coordination sphere.

Table 2. HF and MP2 Energy Changeal, in kJ/mol) in the Gas the equatorial plane. In [Ufoxalate)(H,0)]%~, Figure 7, the

Phase foD-, andl-Mechanisms for Water Exchange in oxalate groups are slightly tilted with respect to the uranyl axis,
[UO(H-0)s resulting in a symmetry close ©s. The U-Oy distances are
_ _ AU(SCF)  AU(MP2) 2.36 and 2.42 A and the tYwater distance is 2.62 A. The
chemical species (kJ/mol)  (kJ/mol) oxalate distances are in good agreement with X-ray data from
[UO(H,0)s]2* (reactant) 0 0 solid®® and EXAFS data from solutio#?, 2.38 A, while the
{[UOz(H20)42'+"(H20)]2+}_*(D) , 319 37.0 U—H,0 distance is 0.17 A longer than the experimental value.
%Bgzgﬂzggﬂz+g:§8§ E'rje'g‘ctgr:?)ed'ate) 28'5 23'2 Part of this, at least 0.07 A, is due to the neglect of solvent
{[UO(H20)s++(H20)]2*+,(H:0)}*(D) 30.1 45.7 effects in the geometry optimization, as discussed for the uranyl
[UO3(H20)4)%*+(H20), (D-intermediate) 37.4 42.9 agua ion. The energy changd,), for reactions 13 and 14 favors
{[UO2(H20)4++-2(H0)]>"}¥(1) 38.1 38.1 the dissociative pathway in the gas phase and the associative

aThe experimental activation parameters Ak = 26 + 1 kJ/mol pathway in the solvent, as was the case for the water exchange
andAS' = —40 £ 5 J/(motK). in the aqua ion.

[UO,(oxalate)(H,0)]* +(H,0) —
[UO,(oxalate)]* +(H,0), (13)

AU(gas phaseF 8 kd/mol; AU(CPCM)= 54 kJ/mol

[UO,(oxalate)(H,0)]* - (H,0) — [UO,(oxalate)(H,0),]*
(14)

Figure 2. Dioxouranium(VI) aqua ion [UH,O)s]?" in solvent. The AU(gas phasey 25 kd/mol; AU(CPCM)= —5 kJ/mol

uranium atom and the hydrogen atoms are black and the oxygen atoms

medium gray. The solvent effect is very large, and results in a small

thermodynamic stability of the six-coordinated intermediate. The
slightly larger stability of [UQ(oxalate}(H,O),]2~ over
[UO,(oxalate)(H,0)]?~ is below the accuracy of the quantum
chemical methods used. In an EXAFS study to be repétted
we have established that the [W@xalate)]? (aq) complex
contains only one coordinated water.

(b) Water Exchange. The dissociative mechanism was
studied following reaction 6 (Scheme 2) by progressively
increasing the B-OH, distance in [UQ(0x)x(H,0)]>~+(H20)
(Figure 8a). The activation energyJ* was 21 and 56 kJ/mol,
in the gas phase and solution, respectively, with the geometry
of transition state and intermediate shown in Figure 8b,c. The
Figure 3. Perspective view of the hexacoordinated intermediate,fuo ~ €nergy difference between the transition state and the intermedi-
(H-0)gJ?* formed in theA-mechanism in the solvent. The uranium atom ~ ate in the solventAU/¥, is small, 3 kJ/mol. The agreement
and the hydrogen atoms are black and the oxygen atoms medium graybetween the dissociative model 10, without water in the second

coordination sphere, and model 6 (Scheme 2) is good. In the
different spectator ligands influence the activation energy and/ transition state the leaving water is located outside the coordina-
or the mechanism for the water exchange. The water exchangetion plane, but returns to this plane in the intermediate, cf. Figure
was investigated both with the gas phase and CPCM models,8 b,c.
in the latter case using a single-point MP2 calculation and the  The transition state for th&- andl-pathways was investigated
gas-phase geometry. The results of the quantum chemicalby stretching one or both of the *DH, bonds in the
calculations on the oxalate system are given in Tables 5 and 6,intermediate [UGQ(0ox)2(H20),]2~, Figure 9c. The water ex-
Figures 710, and the Supporting Information. change can take place with the entering/leaving water molecules

(a) Structure and Thermodynamics.The computed distance  either in the trans or the cis position. It was only possible to
between uranium and oxygen in [Y@©xalate)]?~ is 2.35- -

2.39 A (Figure S4). The complex has a symmetry closB40 Bzg%)liasylladevan, N. C.; Chackraburtty, D. Mcta Crystallogr.1972
which is a stable minimum with two planar oxalate groups in  (30) Grenthe, et al. Unpublished results.
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Figure 4. The D-mechanism for the uranyl(VHaqua ion. Perspective views of the reactant jH0)s]?"+(H,0) (a), the transition staUO,-

(H20)4+++(H20)]2*+(H20)} ¥ (b), and the four-coordinated intermediate

black and the oxygen atoms medium gray. The thin lines denote the distance between nonbonded atoms, the dark dashed lines hydrogen bond

Vallet et al.

C

[408,0)4]%*+(H20) (c). The uranium atom and the hydrogen atoms are

interactions. The light dashed bond denotes the leaving water in the transition state.

Table 3. Calculated Bond Distances and Point Group Assignment for the Species Participating in the Water Exchangée* Reaction

chemical species sym figures d(u—0) (A) H---0 (A)
[UO4(H20)4%* Dan Figure S1 2.42,2.42,2.42,2.42
[UO2(H,0)s)%" (reactant) ~Cs Figure 2 2.46,2.47,2.47,2.47,2.48
{[UO2(H20)s°*+(H0)17}* (D) C Figure S3b 2.42,2.42,2.43,2.43, 3.60 1.84
[UO2(H20)4)?*+(H20) (D-intermediate) Cs Figure S3c 2.43,2.43,2.44,2.44, 4.04 1.90, 1.92
[UO4(H20)s5)%"+(H20) (reactant) ~Cs Figure 1 2.46,2.47,2.47,2.48,2.49,4.31 1.87,1.88
{[UO2(H:0)s++(H,0))?*,(H,0)} * (D) C Figure 4b 2.42,2.43,2.43, 2.44, 3,55, 3.99 1.93,1.92,2.10
[UO2(H20)4]%"+(H20), (D-intermediate) Con Figure 4c 2.44,2.44,2.46, 2.46, 4.03, 4.03 1.97,2.01,1.97,2.01
{[UO2(H:0)s+++(H0)12} (A) C Figure 5b 2.47,2.49, 2.49, 2.50, 2.54, 2.90
[UO2(H20)6)?" (A-intermediate) ~C, Figure 5¢ 2.48,2.48,2.51,2.51, 2.65, 2.65
{[UO2(H20)s+-2(H0)]2}* (1) C Figure 6b gas-phase structure gas-phase structure

a2 The geometry optimizations have been made without symmetry constraints at the HF level in the solvent (CRPCM)ehbtes the hydrogen
bond distance between the water oxygen in the second coordination sphere and hydrogen atoms of the water in the first coordination sphere.

Table 4. HF and MP2 Energy ChangeAl, in kJ/mol) and Volume ChangedY, in cm¥mol) in the Solvent (CPCM) fob-, A-, and

I-Mechanisms for Water Exchange in [W®,0)s]?" 2

CPCM geometry gas-phase geometry

chemical species AU(SCF) (kJ/mol) AU(MP2) (kJ/mol) AV (cm¥/mol) AU(MP2) (kJ/mol)

[UO2(H,0)s)%* (reactant) 0 0 0

{UO,(Hz0)s++(H20)]2} ¥ (D) 50.9 59.2 +4.9

[UO2(H20)4)%",(H20) (D-intermediate) 43.6 54.5 +3.6

[UO2(H20)s)%™+(H20)) (reactant) 0 0 0 0
{[UO4(H20)s°+++(H20)]?*+(H:0)} * (D) 62.0 74.0 +4.6 70.1
[UO4(H20)s)2*+(H20), (D-intermediate) 53.7 61.8 +4.2 65.8
{[UO2(H20)5+++(H20)12}* (A) 21.0 18.7 -3.0

[UO2(H20)6)?" (A-intermediate) 20.8 15.8 —-3.4

{[UO(H20)4+++2(H,0) 12} (1) 21.2

aColumn 5 refers to single-point MP2 calculations in the solvent using the gas phase geometry, cf. Table 1. The experimental activation parameters

are AH* = 26 + 1 kJ/mol andASf = —40 + 5 J/(motK).

identify transition states and intermediates in the trans case. The (c) Conclusion.Based on the comparison of the activation

activation energy for thé-mechanism isAU* = 29 and 12

energies, the water exchange in the oxalate system follows an

kd/mol, in the gas phase and solvent models, respectively, withassociative pathway. The corresponding activation energy is not
the geometry of the transition state shown in Figure 9b. The significantly different from that found in the [UgH20)s]2*
distances between U and the entering and leaving water in thesystem.

transition state are 2.62 and 3.00 A, respectively. The energy

difference,AU/*, between the intermediate and the transition pjiscussion

state in theA-mechanism is 16 kJ/mol, resulting in a lifetime
for the intermediate 01078 s as estimated by the relationship

T= % exp{AU,'IRT}; Z~ 10" s™? (15)

which is probably too short to be noticed experimentally.

The I-mechanism has an activation eneryy* = 53 kJ/
mol, significantly larger than that for thtmechanism and close
to the value found for th®-mechanism. The distance between
uranium and the entering/leaving water in thgansition state
is 3.10 A, cf. Figure 10b, slightly shorter than in th
mechanism, indicating that it is o§-type.

The Accuracy of the Model. (a) Methods UsedFirst a
general comment on the methods used, as already mentioned
in the Introduction, the various structures have been studied at
the Hartree-Fock level, with energies calculated at the MP2
level. A previous studyshowed that correlation had only a small
effect on the uraniumligand bond distances in the equatorial
plane—the largest effect was observed in the internal uranyl bond
distance. There is a general tendency of the quantum chemical
method to give uraniumwater distances that are up to 0.12A
longer than the experimental values. This is a systematic error
and we can therefore assume that it is constant along the reaction
pathway.
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a b c

Figure 5. The A-mechanism for the uranyl(VHaqua ion. Perspective views of the reactant jH30)s]?™(H20) (a), transition stat¢[UO,-
(H20)s+++(H20)]>*}* (b) and the six-coordinated intermediate [k8,0)s]2* (c). The uranium atom and the hydrogen atoms are black and the
oxygen atoms medium gray. The thin lines denote the distance between nonbonded atoms, the dark dashed lines hydrogen bond interactions. The
light dashed bond denotes the leaving water in the transition state.

Table 5. Calculated Bond Distances and Point Group Assignment for the Water Exchange Reaction in the Uranyl Oxalate lon
[UOz(C204)2(H20)]27 a

chemical species sym figures d(u—0) (A) H:+-0 (A)
[UO4(Cx04)7]?~ ~Do Figure S4 2.33,2.35, 2.36, 2.39
[UO4(C,04)2(H20)]? (reactant) Cs Figure 7 2.36,2.36,2.42,2.42,2.62
{[UO2(C304)2*++(H20)]>"}#(D) ~Cs Figure S5b 2.35,2.35, 2.38, 2.39, 3.20 1.90,1.92
[UO4(C204)2]?+(H20) (D-intermediate) ~Cs Figure S5¢ 2.34,2.35,2.38,2.38,5.48 1.97
[UO2(C204)2(H20)]?>"+(H20) (reactant) C: Figure 8a 2.35,2.38,2.41,2.42,2.61,5.48 1.96
{[UO2(C204)22++(H20)]~+(H0)}* (D) C: Figure 8b 2.34,2.35, 2.36, 2.39, 3.45, 5.47 1.93,1.97
[UO2(C204)7]?~+(H20), (D-intermediate) Con Figure 8c 2.35,2.35,2.37,2.37,5.48,5.48 1.97,1.97
{[UO2(C204)2(H20)-++(H20)]> "} (A) Cs Figure 9b 2.42,2.42,2.44,2.44,2.62, 3.00 2.03,2.03
[UO2(C204)2(H20)2]%~ (A-intermediate) Con Figure 9c 2.45,2.45,2.45,2.45, 2.67, 2.67 -
{[UO2(C204)2++-2(H0)]2}¥ (1) Ca, Figure 10b 2.40, 2.40, 2.40, 2.40, 3.10, 3.10 2.10,2.10

a2 The geometry opimizations have been made without symmetry constraints at the HF level in the gas -pt@stertdtes the hydrogen bond
distance between the water oxygen in the second coordination sphere and hydrogen atoms of the water in the first coordination sphere.

Table 6. HF and MP2 Energy Changes (in kd/mol) and Volume Changes (ffnuot) in the Solvent (CPCM) fob-, A,- andI-Mechanisms
for Water Exchange in [U&C,04)s(H-0)]?~, Calculated in the Gas Phase and in the Solvent (CPCM) Using the Gas-Phase Geometry

AU(SCF) AU(MP2) AU(MP2)
(kJ/mol) (kJ/mol) (kJ/mol) AV
chemical species gas phase gas phase CPCM (cm®mol)

[UO2(C204)2(H20)]? (reactant) 0 0 0 0
{[UO2(C;04)2+++(H20)]>}* (D) 14.5 20.6 53.8 4.6
{[UO2(C;04)2]%+(H20) (D-intermediate) -111 3.8 53.0 4.6
[UO2(C204)2(H20)]%+(H20) (reactant) 0 0 0 0
{[UO2(C204)2*++(H20)]>+(H20)} * (D) 13.7 21.3 56.3 4.1
[UO2(C204)2)? +(H20), (D-intermediate) -75 8.0 53.5 4.0
{[UO2(C204)2(H20)-++(H20)]>}* (A) 35.8 28.8 11.7 -35
[UO2(C204)2(H20),])%" (A-intermediate) 34.0 24.9 —4.6 —6.3
{[UO2A(C304)2°++2(H20)127}* (1) 42.9 40.6 53.2 -0.3

Correlation affects the energy of the ground state, the do. We have found that it is important to keep a small core; in
transition state, and the intermediates in different ways, resulting a test calculation on reduction of urarfjlthe large core ECP
in an increase in the activation energy for themechanism included in Gaussian98 gave a reaction energy that was about
and a decrease in activation energy forfemechanisms, and 20 kJ/mol more endothermic than that obtained with the small
corresponding energy changes in the intermediates, cf. Tablescore ECPs used by us (35 vs 16 kJ/mol).
2 and 4. However, correlation effects are moderate, at most 12 (b) Activation Parameters. The experimental data provide
kJ/mol. information onAH* andAS' at 298 K. The quantum chemical

Recently, Tsushima et &.have studied uranyl coordinated models used here give a static picture (at O K) of the energy
by five and six water molecules in the gas phase and solution,and geometry changes along a particular reaction pathway.
using B3LYP, large core ECPs, and the PCM model. It appears Following the arguments of Katakis and Gordéwe assume
that the geometries have been optimized with symmetry that AU*(OK) &~ AU¥(298K). These two quantities differ by the
constraints. There are a number of significant discrepancieschange in thermal energfC,* dT — /C, dT, whereC, andC,*
between our results and theirs. Our experience is that it is are the molar heat capacity in the initial and transition states,
important to relax symmetry constraints wherever possible, and respectively. This difference should in general be small; as an
we believe the symmetry constraints imposed by Tsushima etexample it amounts to 2 J/K/mol for reaction 9 as obtained in
al. to be one important reason for the differences observed. (32) vallet, V.; Maron, L.; Schimmelpfennig, B.; Leininger, T.; Teichteil,

Another factor may be that they are using a larger core than we SEz-:&g)BrOloen. O.; Grenthe, I.; Wahigren, U. Phys. Chem A999 103
(31) Tsushima, S.; Yang, T.; Suzuki, £hem. Phys. Let001, 334, (3é) Katakis, D.; Gordon, GVlechanisms of inorganic reactiond/iley
365. & Sons: New York, 1987.
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Figure 6. Thel-mechanism for the uranyl(\VHaqua ion. Perspective
views of the reactant [UgH,0)s]>"+(H.0) (a) and symmetric transition
state {[UO,(H20)4++(H20)2]%}* (b). The uranium atom and the

Vallet et al.

agreement between calculated and measured activation energies.
However, this was probably fortuitous, since Rotzifgara

later study noticed that the solvent model had an important effect
on the activation parameters that even led to changes in the
preferred reaction pathway. The shape of the cavity has a large
effect on the estimation of the hydration energy as discussed
previously®35 A spherical cavity may be appropriate for highly
symmetric octahedral complexes, but not for those with a
pronounced nonspherical shap&for which the cavity volume

is significantly overestimated, cf. Table 5 of ref 36. We have
therefore used the CPCM model with shape-adapted cavity in
our calculations. The uranium radius used to build the cavity
has been taken from the standard database in Gaussian98.
However, Barone et &k found that fine tuning of the metal
radii was essential to accurately reproduce the experimental
solvation free energy. This adjustment cannot be performed for
actinides as such data are not available. Nevertheless, we
checked how the reaction energy for eq 9 is affected by a change
of the radius of uranium from 1.86 to 1.74 A. This was 10 kJ
mol and the change for reactions (3), (4) and (5) of Scheme 1
are expected to be smaller and insignificant for the mechanistic
conclusions.

The main contribution to the hydration energy comes from
the electrostatic interactions, which decrease with increasing

hydrogen atoms are black and the oxygen atoms medium gray. Thecavity volume. Clearly, the solvent effect along the reaction

thin lines denote the distance between nonbonded atoms, the dar

the leaving water in the transition state.

Figure 7. Perspective view of [UC,04)2(H,0)]>. The uranium

atom, the carbon atoms, and the hydrogen atoms are black and the

oxygen atoms medium gray.

Gaussian98. The correction for zero-point energy, which affects
AU* should be small in our case, as no covalent bonds are
broken or formed. Furthermore, we haXél = AU + A(PV)

~ AU for reactions in solution. Henc&U*(0K) ~ AH¥(298K)
seems to be a reasonable approximation.

The quantum chemical methods allow the calculation 8f

; ) ' - kpathways is not the same for the transition state/intermediate
dashed lines hydrogen bond interactions. The light dashed bond denote

and the reactants. The general conclusion supported by our
calculations is an increase of the activation barrier for the
D-mechanisms and a decrease for &lemechanisms which

is consistent with the larger cavity volume in the transition state
for theD-mechanism. This is also in agreement with the results
from Rotzinge? showing a decrease in the activation energy of
about 20 kJ/mol for aV/I-mechanisms as compared to the gas
phase, and an increase of about 20 kJ/mol fBrmechanism

for water exchange in octahedral complexes. Hartmannlét al
observed that the computed activation energy in the gas phase
for an A-pathway was larger than the experimental value and
suggested that this difference might be due to solvent effects;
the discussion above indicates that this is correct. The results
presented above indicate that it is possible to estimate the effect
of solvation for different reaction mechanisms.

Solvent effects induce a general shortening of the urafrium
ligand bond, the effect being small: 0:08.06 A for the
spectator ligands and larger for the distances to the entering/
leaving water molecule. Single-point calculations at the opti-
mized gas-phase structure seem to provide a good estimate of
the effects of hydration, as shown by the results on the uranyl
aqua ion, cf. Table 4. The reason is that the potential surface is
shallow around the transition state and intermediate, as noticed
in the calculations. This is an important finding because it allows

that can be compared with experimental data. However, the y,o estimation of solvent effects also in systems where a

calculated quantity is strongly model dependent, being based

on the harmonic approximation for the calculation of vibration
energy levels, and in addition not taking rotation energy levels

into account. Furthermore, by using a homogeneous solvent

model without a full second coordination sphere it is not possible
to take full account of the entropy contribution originating from

molecular interactions between the first coordination sphere and

the solvenB* For these reasons we have not uge® as a
mechanistic indicator.

(c) The Solvent Model.The first quantum chemical inves-

complete geometry optimization would be both complex and
expensive, as is the case for the U(VI) oxalate complexes.
The Water Exchange.The large difference between the first
coordination spheres in [UQH0)s]2" and [UQ(oxalate)-
(H20)1?>~ will affect their second coordination spheres and
possibly also the rate and mechanism of water exchange. The
guantum chemical results indicate a change from lida
mechanism in [UQH,0)s]?" to a pure A-mechanism in
[UO(oxalate}(H>0)]?>~, but no large change in activation
energy. There is no direct experimental information on the water

tigations of water exchange mechanisms were made by using a

gas-phase modér-1213This model was justified by the good

(34) Searle, M. S.; Williams, D. HIl. Am. Chem. So4992 114, 10690.

(35) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.
(36) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Soonian, J.; Frisch,
M. J.J. Phys. Cheml1996 100, 16098.
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Figure 8. The D-mechanism for the uranyl(VHoxalate complex. Perspective views of the reactant J0gD,).(H-0)]?>~+(H.0) (a), transition
state{ [UO2(C,04)2++(H20)]>+(H20)}* (b), and four-coordinated intermediate [&{0,04)2]? +(H20). (c). The uranium atom, the carbon atoms,
and the hydrogen atoms are black and the oxygen atoms medium gray. The thin lines denote the distance between nonbonded atoms, the dashed

lines hydrogen bond interactions.
)
H 203 A & ’.t
\-,,,_:_ - \
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a b ¢

Figure 9. The A-mechanism for the uranyl(VI)-oxalate complex. Perspective views of the reactapili)(H.0)]>"+(H,0) (a), transition state
{[UO2(C304)2(H20)-++(H20)]?"}* (b), and six-coordinated intermediate [e{0,04)2(H20)]>~ (c). The uranium atom, the carbon atoms, and the
hydrogen atoms are black and the oxygen atoms medium gray. The thin lines denote the distance between nonbonded atoms, the dashed lines
hydrogen bond interactions.

determining release of water. The experimental activation
energy, AH* = 31 kJ/mol¥” is very close to that for water-
exchange in [UQH20)s]2", AH* = 26 kd/mol*> and in fair
agreement with the calculated activation energy for #e
mechanism in [UQoxalate}(H20)]%~, AU* = 12 kJ/mol.

The structures of the transition state in ti¥&-mechanisms
and the intermediate in th&-mechanism clearly show that the
“yI" oxygens in uranium(VI) do not prevent the entry of ligands
a from above and below the coordination plane. This is important,
especially when using uranium(VI) complexes as templates and/
or catalysts in organic synthesis.

Conclusion

A comparison of the experimental activation energ*-
(298K) with the theory based quantithU*(OK) and the
geometry of reactants, transition states, and intermediates for
the reactions studied here provide strong evidence that the water

b exchange in [UQH,0)s]?" takes place through aA- or
Figure 10. The I-mechanism for the uranyl(\Vjoxalate complex. I-mechanism. The difference between the two pathways is smal,

Perspective views of the reactant [6(0,02):(H:0)~(H:0) (a) and indicating th_at it will not pe _possmle_to distinguish be_tween
transition statd [UOx(C,04)+++(H20)2]2"}* (b). The uranium atom, the them expenmental]y. This is also in agreement with the
carbon atoms, and the hydrogen atoms are black and the oxygen atomé€latively low experimental value afH* = 26 kJ/mol and the
medium gray. The thin lines denote the distance between nonbondednegativeAS* = —40 J/(k:mol). In [UO(0x)2(H20)]>~ the water
atoms, the dashed lines hydrogen bond interactions. exchange seems to follow a purmechanism, with an
activation energy similar to that for the pentaaqua complex. The
exchange for the oxalate system, only indirect evidence from dissociative pathway for the water exchange in f(H3O)s] %+
the experimental rate law for the oxalate exchange reaétion: has a much higher activation energy than those forAHe
mechanisms and can safely be excluded. In the same way, the
[UO,(0x),(H,0)*” + [*ox] ™ = D/I-pathways in [UQ(ox)x(H20)]>~ can be excluded because
_ _ their activation energies are much larger that that for the
[UO,(0X),(HO)* + (047 pcchanom. ?

With v = KexUO2(0x)2(H20)*"][0x?7]. This second-order rate Acknowledgment. This study has been supported by a
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12008 J. Am. Chem. Soc., Vol. 123, No. 48, 2001 Vallet et al.

Supporting Information Available: All the structures not This material is available free of charge via the Internet at
presented in the text (Figures S$5) and the coordinates and  http://pubs.acs.org.
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