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The ligand exchange reactions in complexes of the typelBg§H-0)s-n, wheren = 1-3 and L is one of the
bidentate ligands picolinate (pic), oxalate (ox), carbonate, and acetate (at);FJQ = picolinate or oxalate),

have been investigated by using an array%f-, 13C—, 10—, and'H-NMR techniques. The rates of exchange
were sufficiently low to allow the identification of isomers, which are those expected for a pentagonal bipyramid
coordination geometry, with the “ylI” oxygens in the apical positions. All ligand exchange reactions were
independent of the concentration of free ligand. Two different fluoride exchange pathways were identified,
intermolecularexchange between coordinated and free fluorideiatrdmolecularexchange between different
fluoride sites within a given complex. The intramolecular exchange reaction kfpiéQF%~ was shown to be

a result of opening/closing of the chelate ring, equivalent to a site exchange between the two “edge” fluorides.
Dissociation of acetate is the major factor determining the intramolecular fluoride exchange reactions in
UOy(ac)R?~. In this same way the broddF-NMR peaks for UGLF(H,0)>~ and UGLF(H,O),™ are a result

of a comparatively slow exchange between coordinated and bulk water. At fRIO,(0x)F(HO),~ forms a
hydroxide-bridged dimer (Ugh(ox).F2(OH),*~, which exists in two isomeric forms.

Introduction In our previous studiés$ of the binary UQ*"—F~ system in

The linear dioxoactinoid(V1) ione.g., UO2* has an unusual aqueous solutio.n we observed that the exchange processes
coordination geometry with two substitution-inert “yI” oxygen Petween the various complexes were so slow on'#ieNMR
atoms forming the apices in a pentagonal or hexagonal bipyra_chemlcal shift scale that both one- and two-dimensional
mid with the substitution-labile ligands in, or close to, the plane Magnetization transfer experiments could be used to study the
perpendicular to the linear axis® Most structural information ~ equilibrium kinetics at-5 °C, but not slow enough to observe
is based on data from X-ray investigations of solid compounds, separate fluoride peaks from the different chemical environments
while the information on aqueous species is inferred from the in the isomers of UgF,(H20)s-+>" (for n = 2 and 3). Our
constitution of complexes, determined by equilibrium analysis previous study indicated that coordinated water had a large
and/or spectroscopic techniques. There is also some directinfluence on the rate of exchange of the fluoride ligands. The
structure information based on large-angle X-ray scattéfing mobility of bidentate ligands is smaller than that of water.
or EXAFS date® In this study the coordination geometry of  Hence, the investigation of ternary complexes with no coordi-
dioxouranium(VI) complexes was determined by identifying nated water molecules or a small number of them might provide
isomers in solutioni.e., extending the classical Werner method jnsight both on isomer formation and dnter- and intra-
to labile complexes. Following Werner this was done by molecularligand exchange mechanisms. In order to explore
varying the_ qlonor_ ator_ns_ an(_;i the der_1t|C|ty_of the_ I_|g§nds L_lsed. this we investigated different U@ —F~—L"~ systems, contain-
The possibility of identifying isomers in rap|d_ equilibrium with ing 0, 1, or 2 coordinated water molecules. The ligafid is
one another depends on the ratesntér- andintramolecular (ilsymmetric bidentate ligand, oxalate or carbonate, an unsym-

exchang.e- reactions betwgen coordinated and freg IlganQ(s), aNGhetric bidentate ligand like picolinate, or the weakly coordinated
the sensitivity of the physical parameter used to distinguish the acetate

isomers, in our case the NMR chemical shift differences of

nuclei in different surroundings. The rate of exchange of agiven ~ Chemical Approach. All schemes will be based on the
ligand depends on all dynamic events in the coordination sphere.assumption of a pentagonal bipyramid geometry for the various
This makes it possible to use one NMR-active donor atom, in complexes. The experimental data confirmed that alternatives,
this casé"F, as a probe to study the dynamics of other ligands e.g., a hexagonal bipyramid geometry, could be excluded.

which are not easily studied directlg.g., water. Scheme 1 shows a cartoon of the complexBOXY)(H 20)3-n,
(n=1-3). The charges have been omitted for simplicity. In
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Scheme 1 magnetization transfer experiments, as detailed in the literftife,
which provide information on the exchanging system if the rate is too
slow to have an effect on the line shape (but comparable to the
reciprocal value of the longitudinal relaxation time,Td/of the
exchanging species). The rate constants were obtained by inverting
one of the peaks using a 186elective pulse and then observing all of
the peaks by a delayed)(90° hard pulse. The desired kinetic
information was calculated from the time dependence of the signal
intensities by a nonlinear fitting procedure based on the Btoch
McConnell equations, modified for the transfer of magnetization by
chemical exchang¥;*°eq 1, whereM;i andMi. are thezzmagnetiza-

d[Migy — Mil/dt = RIM;y — M) «h)

tion geometry. If the geometry is hexagonal bipyramid, there tion of sitei at timet and at equilibrium, respectivelyR is the rate
are four and two isomers, respectively, each with three different matrix with the rate constantg (i = j) as off-diagonal elements, and
fluorine sites for both the symmetrical and the unsymmetrical the sum of the exchange ratgsand the relaxation rates )i (j = i)

ligand as the diagonal elements For exchange between more than two sites,
' eq 1 is written as
Experimental Section Mgy = Moy + EXPROIM, ) — Mii] ?)
Chemicals and Solutions. A uranium(VI) perchlorate stock solution ] ) o )
was prepared as described eafieNaF, NaCOs, Nay(C;0s), CHs- The solution after diagonalization &by means oR = XAX™* (X is

COONa, picolinic acid, and 4-nitro- and 4-(3-pentyl)picolinic acids were the eigenvector matriX™* its inverse, and\ the diagonal eigenvalue

used to prepare the various test solutions. The syntheses of 4-(3-pentyl)Matrix) is

picolinate and 4-nitropicolinate are described elsewheYe. The

experiments were made in 1.0 M NaGl@nic medium. The pH was i

measured and recalculated to concentrations using the method suggested Migy = Mi) + Z Gj exp(—/ljt) 3)

by Irving et al., as described befdteSolutions of HCIQ and NaOH =

were used to vary pH’O-NMR measurements were performed by

using 2’0-enriched (about 4%) samples. The enrichment of the “yl” Where

oxygens of U™ was made as described previod3lysing *’O-

enriched water (Isotec Inc 37.8%0). 3*C-NMR measurements were . 1

made using solutions 8¥C-enriched NgC,O,) (Isotec Inc. 99.2%°C) Cj = % Z X Mo = Myl (4)

and NaCO; (Stohler Isotope Chemical 99.3%C). =
NMR Measurements. The NMR spectra were recorded on Bruker

AM400 and DMX500 spectrometers at5 °C if nothing else is

mentioned. BO solutions (5%) were used in the locked mode.

Solutions in 99% CBOD were used for measurements at lower

temperatures. The temperature control/measurement technique was th

same as beforéhowever, temperatures below5 °C were checked

from the chemical shifts of methan®l. The test solutions were

measured in 5 mm (fot®F and'H) or 10 mm (for'’O and*3C) NMR n

tubes with Teflon inserts for the acid solutions. THe-NMR spectra N o (i

recorded at 376.4 or 470.5 MHz were referenced to an aqueous solution vy i) = whvigi) + Z ki ®)

of 0.01 M NaF in 1 M NaCIQ (pH = 12) at 25°C, and the’"O-NMR a

spectra (at 54.2 MHz) to external tap water af@5 3C-NMR spectra

(at 100.6 or 125.7 MHz) antH-NMR spectra (at 400.1 or 500.1 MHz)

were referenced to the methyl signal of sodium 3-(trimethylsilyl)-

propionates, at 25°C. Selective inversion transfer experiments wereé ¢ yho oychange rate is fast on the chemical shift scale, as a result of

performed using a DANTE pulse traifi. The line widths were 4 enanning or coalescence of the peaks, only one peak is observed in
determined by fitting a Lorentzian curve to the experimental signal o spectrum. The band shape can then be calculated from the

using standard Bruker software. In some cases deconvolution of jnqiidual chemical shifts and the relative populations of the exchanging

overlapping peaks was made using the WIN-NMR program, which gnecies by a matrix formalism suggested by Reeves and Bhanv.

yielded both the integrals and the line widtfs. this case the quadratic rate matrix contains the linear combination of
Data Treatment and Dynamic Calculations. The applications of  pseudo-first-order rate constants between the sites involved in the

different dynamic NMR methods are very well documented in the exchange. Then the determination of the kinetic parameters is based

literature, and only a short summary of the ones used here is given. Inon a comparison between the measured and the calculated spectra.
the slow-exchange regime separate peaks for the exchanging sites were

observed in the NMR spectra. We used one- and two-dimensional Results and Discussion

A; are the elements ok, and M, is the initial magnetization of the
sitel.

When the exchange rate is fast enough to affect the line shape, but
still too slow on the chemical shift scale to result in a coalescence of
ﬁeaks, the pseudo-first-order rate constants may be calculated from the
line widths of exchanging species:

whereAv; (i) is the nonexchange line width for tlia species an#;
the pseudo-first-order rate constant for the chemical exchange process
between sites andj.

Constitution. The stoichiometry and equilibrium constants

© ZC(;a\éaGtéa, L.; Ferri, D.; Grenthe, |.; Salvatore,Iforg. Chem 1981, for the complexes (see Supporting Information, T1) were
(10) Elman, B.; Hgberg, A. G. S.; Moberg, C.; Muhammed, Folyhe- determined by standard solution chemical methods as described

dron 1986 5, 1917. -
(11) Hoare, J. L.; Cavell, K. J.; Hecker, R.; Skelton, B. W.; White, A. H.  (16) Orrell, K. G.; 3, V.; Stephenson, DProg. Nucl. Magn Reson

J. Chem Soc, Dalton Trans 1996 2197. Spectrosc199Q 22, 141.

(12) Bayai, I.; Glaser, J.; Micskei, K.; T, I.; Z&kany, L. Inorg. Chem (17) Sandstim, J.Dynamic NMR Spectroscop¥cademic Press: London,
1995 34, 3785. 1982.

(13) Geet, A. L. V.Anal. Chem 197Q 42, 679. (18) Forse, S.; Hoffman, R. AJ. Chem Phys 1963 39, 2892.

(14) Morris, A. G.; Freeman, Rl. Magn Reson1978 29, 433. (19) Led, J. J.; Gesmar, J. Magn Reson1982 49, 444,

(15) WIN-NMR; 950901.0 ed.; Bruker-Franzen Analytik GmbH. (20) Reeves, L. W.; Shaw, K. NCan J. Chem 197Q 48, 3641.
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A the two edge fluorides with a rate constant of 30136 s ™.
F, o = | The magnitude of the latter rate constant shows that this
CF "'"-..J/N\ gxchange cannot take place via free fluoride; it must be
S |\O intramolecular
F 0o o] 2. Exchange between coordinated and free picolinate will
B C result in a change of surroundings for the two edge fluorides in
half of the exchanges. This assertion was tested by magnetiza-
A B tion transfer experiments in a solution at the same concentrations
_JL and pH as used in the previous experiment. THeNMR
spectrum consisted of two sets of signals, one for the coordinated
W el T Tt w0 w1 1 and one for the free picolinate ligand (see Supporting Informa-

{ppm) . . . . .
tion, S2). The chemical shift differences were sufficiently large
Figure 1. F-NMR spectrum showing different peaks of k{@ic)- ) y arg

F2* (pic = picolinate), at—5 °C. The inset shows the fluorine for the use of ;eleqtive inversion.of the protons. An example
couplings of 37 Hz for F(C). of magnetization time courses is shoyvn in the Suppprtlng
Information (S3). Signals of both coordinated and free ligand
in a forthcoming communicatio. Through potentiometric ~ were inverted and analyzed simultaneously. The calculated
measurements the species 6, (n = 1-3) and UQL.F pseudo-first-order rate constant, 4£70.2 s'1, was shown to
where L= picolinate, cabonate, or oxalate (the charges are left be independent of the concentration of free picolinate. Hence,
out for simplicity during the whole discussion) were identified. this reaction cannot contribute significantly to exchange between
NMR spectra confirm the 5-fold coordination around 43Q the two edge fluorides (cf. above).
and the integral intensities for the different species were in 3. Exchange of fluoride between Yic)F?~ and UG-
accordance with those expected for the speciation calculated(pic)F,(H,0)~ will have the same effect on the edge fluorides
from the stability constants. UWOF(H20),~ and the polynuclear a5 exchange of the picolinate ligand. This was tested by
complex (UQ).L2F2(OH);?~ were only observed in the oxalate  measuring thé’0-NMR spectrum of a solution of 5 mM U(VI),
system, as discussed below. ¥00z),F*~ was presentintoo 20 mM picolinate, and 15 mM fluoride at pH 6. Separate
small a concentration to be observed. Only one of the ternary 179 peaks were observed for the different complexes, at 1124.2

acetate complexes, U@c)R?", was investigated in detail. ppm for UQypic)R2~, and at 1123.0 and 1121.4 ppm for
NMR Inves.tlgayo.ns. Most spectra Were.recordedaﬁ °C, ~ UOy(pic)/~ and UQ(pic),F~, respectively. Hence, exchange

but it was still difficult to detect some signals even at this of fluoride between U@pic)F2~ and UG(pic)R~ must be

temperature, because of broadening. There are ldFgiiMR slower than the chemical shift difference of 62 Hz and cannot

chemical shift differences between the different complexes, and conripute significantly to the faster exchange between the edge
also between different sites within the same complex. NMR i, orides.

peak assignment was made by systematically varying the known
analytical total concentrations of the components and calculating
. o S ; th
the species distribution from the equilibrium constants given
in the Supporting Information (T1).
Structure and Dynamics in UO,(pic)Fz>~. Threel®F-NMR

4. Exchange between the edge fluorides can also take place
rough chelate ring opening followed by rotation around the
remaining uraniurtligand bond and closure of the chelate ring.
This process will result in a “site exchange” between coordinated
. . . . . ~Nand O in the picolinate ligand, equivalent to exchange between
signals with approximately the same intensity were observed: . ? L

the two edge fluorides. Ring opening is expected to be slower

two fairly proad (146-145 Hz) independent of free fluoride than the rotation and should be sensitive to substituent effects
concentration centered at 144.5 and 123.9 ppm, and one,

. . ! . inthe ligand if it involves the U(VI>-N bond. We studied this
narrower at 121.3 ppm (Figure 1). The latter is a triplet with . o ;
coupling to the other two fluorides’fer = 37 Hz). The by measuring thé’F-NMR spectra of ternary complexes with

. ) . . . ’ two substituted picolinate ligands, 4-nitropicolinate and 4-(3-
relatively high chermcal shiftof the 144.5 ppm S|gnal_|§ propably pentyl)picolinate. For both, three fluorine peaks were observed
a result of proximity to the H-6 proton of the pyridine ring.

The various fluorides in Figure 1 have been assigned from their for the UQLF; complexes. Their chemical shifts were close

. . Lo . . to those observed for the corresponding picolinate complex. The
chemical shifts and spirspin couplings. The following set of signal of the central fluoride was in each case a triplet with

ﬁ?ﬁrltn;?éssvi‘fgﬁSg&gideifﬁg:éggr to explore the mechanlsm330_40 Hz couplings, indicating that the external fluoride
1. 19E-NMR inversion transfer exberiments in a solution of exchange rate is approximately the same in the three complexes.
5 mIM U(VI), 25 mM picolinate, and 100 mM fluoride at pH However, significant differences were observed in the line
! . P N2 - widths of the edge fluorides. In case of 4-(3-pentyl)picolinate
7, where the dominant complex is Wpic)™, were carried this was 96-95 Hz, and for the 4-nitropicolinate complex 670

out. All three 19 signals in this complex and that of free N ) .
fluoride (the line width is 3 Hz) were selectively inverted, and 690 Hz. The _cont_rlbutlor_\ to line broadening from exchange
with bulk fluoride is negligible; hence the rate constants for

the time dependence of their intensities was analyzed by the. 1 1
nonlinear fitting procedure outlined above (cf. Experimental |ntramo_lecular exchange are 13010 s and 190%.1005 '
Section). Figure S1 (in the Supporting Information) shows the respectively. The larger rate constant for the 4-nitropicolinate

time dependence of these signals after selective inversion Ofcomplex is probably a result of a \_/veaker urantamtrogen
the edge fluoride signal @. From these experiments the bond due to reduced electron density on the pyridine nitrogen

following four processes and their pseudo-first-order rate atom resulting from electron withdrawal by the nitro group. In

constants were established: three exchange reactions betweeg'e_sar_ne way the s_llghtly Ic_)wer rate observed for_ the 3-penty|
free and coordinated fluorides, with rate constants 1283 erivatives is conS|st(_ant with the electron-do_natlng character
s for the edge and 24.4 0.6 s for the central fluorides, of the alkyl group. This supports our assumption that the rate-

respectively, and one intramolecular exchange reaction betweend‘ater,mini'_1g step in edge fluoride expha.nge. is chelate ring
opening via N-U(VI) bond breaking (which is still much faster

(21) Aas, W.; Moukhamet-Galeev, A.; Grenthe, |. Manuscript accepted for than exchange between free and coordinated picolinate, where
Sixth International Conference “Migration’97” Sendai, Japan. the rate-determining step seems to be dissociation of the
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Table 1. Pseudo-First-Order Rate Constantst(dor Different Scheme 2
Exchange Reactions at5 °C

complex Foord <> Fouik L coora <> Lbuik

UO,(pic)F2~ 12.8+ 0.3 47+0.2 " K

24.44 0.6 % \"’52
UO,(0x)Fs*~ 1414+ 0.8 6.2+ 0.4

21.6+ 2.4 @
UO,(COs)F33~ 15.0+ 2.8 57+2.1 Kops3
UO,(0X)FR(H20)" 15.8+ 1.2
882%;832)53("'20)2 13:2& ig process has been reported ((471.3) x 1 M~1s71)8 The
UO(0x):F> 123+ 1.0 8.7+ 15 rate-determining step is dissociation of acetate with an ap-
UO,(ac)R?~ ~40-50 ~2000 proximate rate constanky,s, &~ 2000 s1, deduced from the
UO,(COs)s* 1.& observed line broadening of coordinated fluoride. It was not
UOoFs* 43.4 possible to study the acetate exchange directly fromhEMR
a For the edge fluorided.For central fluoride¢ By Briicher et af® acetate signals, because of small chemical shift differences and

4By Tomiyasu et af® (M~! s7%). the high concentration of free acetate used.

Exchange between free and coordinated oxalate or carbonate
carboxylate group). Similar internal rotation of “hemilabile” was studied by*C-NMR inversion transfer experiments using

ligands has recently been studied by multinuclear NMR-24 13C-enriched oxalate and carbonate. A rate constant of6.2
However, direct observations of chelate ring opening are rare. 0.4 s was obtained for exchange betweenj(i2)F:? and free
Structure and Dynamics in UO(0x)Fs®~, UO2(CO3)F3%", oxalate. A significantly higher rate constant, 1&22.1 s1,

and UOy(ac)Rs?~. The UQyox)R:*~ and UQ(CO,)Fs* ions for carbonate exchange was measured fop(@Qs)F53~ at pH
haveC,, symmetry, and two narrow peaks in the ratio 2:1 can = 7.82. This is largely due to the contribution of a fast proton-
be observed in theit®F-NMR spectra. Spiaspin coupling catalyzed pathway, as observed recéafigr UOx(CQs)z.4~ In
between the different fluorides results in a triplet for the central, order to confirm this, we varied the pH between 6.5 and 8 and
and a doublet for the two equivalent edge fluorides, i measured the line width of UQCOs)F:®~. The dominant

= 39 Hz for oxalate an@Jg ¢ = 28 Hz for carbonate. Exchange species in these solutions are 400;)F:3~, UO,(COs)s*~, and
between free and coordinated fluoride was studied by magne-free carbonate. The line width of Y@ O3)F3:3~ may therefore
tization transfer experiments as described above for the picoli- depend on the following processes:

nate ligand. The rate constants of exchange for the different

coordinated fluorides in Uglox)R2~ are approximately the UOZ(CO3)F33_ = Uoz(COS)FZZ_ + F 7
same as in Ugpic)R:%-, the edge fluorides exchanging more
slowly than the central onégpdedge)= 14.1+ 0.8 s1 and UOZ(C03)F33’ —~UOF, + CO32’ @8)

kopdcentral) = 21.6 & 2.4 s, while in the corresponding
carbonate complex there is practically no differerigg{edge)

= kepdCentral)= 15.0+ 2.8 st (Table 1). UO,(COyF;” + H" = UO,F;” + HCO,~ 9)
Acetate forms much weaker complexes than both carbonate
and oxalate. The equilibrium constant for reaction 6 was UO,(CO)F,> + H" =UO,(COyF,”> + HF (10)
UO,F;” +ac = UOZ(ac)F32_ (6) In the investigated pH range we found a linear relationship

between the rate of carbonate exchange and the hydrogen ion

calculated from the fluorine peak integrals and the known concentration (Supporting Information, S3). From the slope of
stability constants for the binary complexX8s< ~ 10 ML, a Ielast-lsquares fitted line, a rate constant of (7.6.5) x 10
The small value does not allow a decision to be made on whetherM ™ ™% was calculated for the proton-catalyzed carbonate
acetate coordinates through one or two carboxylate oxygens_dISSOCIatlon, eq 9. Hence the contribution of this process to
However, there are two fluorine NMR peaks in the ratio 2:1in the ratel constant for carbonate exchange, measured &t pH
UOx(ac)R?>~, which clearly indicates five-coordination and 7-:82 by'C magnetization transfer, is approximately 11.5.s
therefore a bidentate coordination of acetate. These peaks ard N€ rate constant of dissociation of carbonate as glvler_1 by eq 8
much broader, about 700 Hz, than those in the othesllF® is the difference between these two values,5.2.1 s, e,
complexes. This is not a result of fast exchange between freeClose to the rate constant for exchange of oxalate and picolinate
and coordinated fluoride as indicated by a fluorine magnetization I these complexes. The intercept 27:23.9 s represents
transfer experiment made by inverting the free fluoride signal. the sum of the rate constants for dissociation of fluoride and
The rate constant for both fluoride siteskigs; ~ 40—50 s1. carbonate (egs 7 and 8). Using the ablove rate constant for eq
The larger uncertainty is due to difficulty in integrating the broad 8; We obtain a rate constant of 21:55.9 s for the dissociation
lines. The rate is independent of free fluoride and acetate Of fluoride, eq 7. This value is in fair agreement with the
concentrations, indicating a mechanism with two parallel fluoride excha_nge rate constant obtaln_ed in ffe inversion
pathways (cf. Scheme 2). transfer experiment, at pHE 6.83, mentioned above (150

The new pathway in Scheme 2 involves complete dissociation 2-8 S*)- The contribution of proton-catalyzed fluoride exchange
of acetate Kypsy followed by rapid exchange between coordi- (€4 10) is therefore negligible in this pH region.

nated and free fluoridek§ps3. The rate constant for this latter Structure and Dynamics in UO,LoF. Three isomers are
possible for the picolinate complex (Figure 2), but only one
(22) Fokken, S.; Spaniol, T. P.; Kang, H.; Massa, W.; Okud&@rgano- peak, at 178.3 ppm, was observed in #ie-NMR spectrum.
metallics1996 15, 5069. This could be a result of fast exchange between the isomers
(23) gﬁf&?rlogézsécf*é%rg'“a' S. A.; Kokunov, Y. V.; Buslaev, Ylrferg. and free fluoride, but magnetization transfer experiments showed
(24) Sakharov, S. G.; Buslaev, Y. A.; Tkaclrorg. Chem 1996 35, 5514. that such exchange was slow, 12:61.5 s'. Alternatively,

(25) Ahrland, S.; Kullberg, LActa ChemScand 1971, 25, 3457-3470. exchange could take place via internal rotation of coordinated
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Figure 2. Isomers of and intramolecular exchange pathways foE(piﬁ))zFi

picolinate, as described above. It was not possible to “freeze o
out” the different isomers in aqueous solution; in LID at <x

—54 °C (prepared by dissolving solid Na[y@ic):F]) two
fluoride signals and two sets of proton signals were observed,
indicating the presence of two isomers under these conditions o o]
(Supporting Information, S5). The cross peaks in the phase- /
sensitive proton 2D-EXSY spectrum (Supporting Information,
S6) show exchange between the H-6 atoms of the two pyridine OH
rings, and Figure 2 demonstrates exchange of the magnetically <

7~

nonequivalent protons of the major isomél(and A2 are U”F
structurally equivalent) with the similar magnetically equivalent | I\
protons of a minor isomerB( or C). The cross peaks in the
latter spectrum (Supporting Information, S6), resulting from Figure 3. Isomers of UGLF2(H:0).
NOE, were used for assigning these protons, and this assignment
was in accordance with the 2D COSY spectrum. Only two of N UOx(pic)F(H20)™ (Figure 3; X= N, Y = O). However,
the three possible isomers shown in Figure 2 were identified, only three fluoride peaks were observed, two at about 155 and
and it is assumed that the minor symmetrical isom@.isThe 160 ppm and the third under the W@ic)R? peak at 144.6
third isomer,C, which has all of the negatively charged groups PPmM. The reason for finding three peaks instead of six is
adjacent to one another, is considered to be less stable and narobably a result of small chemical shift differences between
observed. Clearly the isomerization reactiomisamolecular fluorides in similar chemical surroundings in the three isomers.
and we assume that the findings in §ID are also valid in ~ The observed peaks were very broad compared to signals for
aqueous solutions. From 1D proton spectra, measured in thecomplexes with no coordinated water, indicating another
temperature range54 to —90 °C, it was possible to integrate  €xchange pathway for the fluorides as discussed below. The
the separate proton signals for the two isomers and to calculateratio of the observed intensities, 1:1.5:2, differs from the
the equilibrium constant as a function of temperature, giving €xpected ratio 2:2:2, reflecting small differences in thermo-
AH° = 4.94 0.3 kJ mot (Supporting Information, S7). From  dynamic stability between the isomers.
this the equilibrium constan¢(—5 °C) = [B]/[A], ([A] = [A1] There are three different fluorides in the two isomers of
+ [A2]) was calculated as approximately 0.5. From the UOx(0x)F(H20)>" and UQ(COs)F2(H20)?" (Figure 3; X=Y
measured line widths and the calculated populations, the = O). Statistically one expects twice as much of the unsym-
exchange rates at different temperatures were also calcdfated, metrical isomer, resulting in a 1:1:1 ratio for the different
giving AH* = 26.94+ 0.5 kJ mot! andASF = 82.9+ 0.6 J fluoride peaks. Three broad peaks are observed itPERBIMR
mol~1 K~1 (Supporting Information, S8). A comparison spectrum of UQox)F(H.0)?~ (Figure 4), confirming the
between measured and calculated spectra obtained using thesexistence of two isomers. One peak, probably from the
data is given in the Supporting Information (S9). The internal symmetrical isomer at 134 ppm, is about 1.5 times higher than
rotation rate constant at5 °C is calculated to be approximately the other two, indicating a stability difference between the
1500 s, which is 5 times larger than the value obtained for isomers similar to that observed for the picolinate complex. In
UOa(pic)R2~. There is only one isomer of Ux),F~, and the 1%F-NMR spectrum of the corresponding carbonate complex
only one narrow peak (at 146.1 ppm) was observed in the only two broad peaks, with an intensity ratio 2:1, were observed
fluorine spectrum. The pseudo-first-order rate constant for (133 and 140 ppm). The 133 ppm peak is probably the result
exchange between coordinated and free fluoride, as measured@f two overlapping peaks with similar chemical shifts (see
by inversion transfer, was 12.3 1.0 s1. This value is Supporting Information, S10).
approximately equal to the fluoride rate constant of exchange The rate constant for exchange between free and coordinated
for the edge fluorides in UEDxR:3?~. The exchange rate fluoride, studied by magnetization transfer, was 158
constant with oxalate was determined BZ-NMR inversion 1.2 st for UOx(ox)F(H0)?~ and 14.4+ 3.0 st for
transfer experiments as 8% 1.5 s1. This value is close to UO,(COs)F,(H20)%, i.e., very close to the values observed for
the exchange rate constant for exchange of oxalate #d3iB=3- UO,LF3®~. Hence the observed broad lines cannot be due to
as discussed above. exchange with free fluoride or oxalate/carbonate, because these
Structure and Dynamics in UO,LF»(H20). There are three  rates are too slow to affect the line width. The most likely
different isomers and six magnetically different fluoride sites reason for the broadness is site exchange between coordinated
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Figure 4. *F-NMR spectra of a solution containing 5 mM W0, 10 o
mM oxalate, and 20 mM fluoride, pE 6.5 (a) at—5 °C and (b) at 25 H 0
°C. The free fluoride signal at around O ppm is not shown. (See details 0o o 18 O, 0‘ 0
in the text.) A U~
U
. 0= /”\\o/”\F
UO(0x)F 07 YN H
i UOx0x)Fa(H,0)" . N .
UOF* UO,(0x)F(H,0); ; Figure 7. Hydroxide-bridged isomers of (Uf2(0x).F(OH)*.
U02F2 ::
b.) : in solution (including the binary complexes) indicate that
exchange between them does not involve the binary complexes,
W5 170 185 180 155 | 150 | 145 140 13 or external fluoride, but occurs via slow water exchange of the

{ppm)

type mentioned above. The rate constant for exchange of
coordinated water is estimated at 1800 ssing the line width
(590—-600 Hz) of the major isomek(= wAv1/2(bs), i.€., close

to the value for UQ(ox)R(H>0)?".

Structure and Equilibrium Constant for (UO 2),(0x).-
F2(OH),*~. By increasing the pH of solutions 5 mM in
uranium(VI), 30 mM fluoride, 10 mM oxalate, at5 °C, we
observed two narrow singlets in the fluorine spectrum at 128.07
. i i i . . i and 128.32 ppm (in addition to signals for k(GX)FR:3",

70 165 60 S5 150 45 140 135 190 UO,(0x),F3~, and UQ(ox)R2"). Their intensities and line

(ppm) . . L . .
Figure 5. F-NMR spectra of a solution containing 5 mM W0, 5 widths were the same and increased with increasing pH, until

mM oxalate, and 3 mM fluoride at pH 4.4 (a) at—5 °C and (b) at precipitation occured at pH 8.3. From the reaction stoichi-
25°C. They show the existence of two isomers of {8X)F(H.0), ™. ometry and the strong tendency of uranium(Vl) to form
hydroxide-bridged polynuclear complex€g8we suggest that
water and fluoride, taking place via exchange with external the peaks refer to the two dimeric isomers shown in Figure 7.
water. The rate constant estimated from the line broadening is!n order to check this, the stability constant for reaction eq 11
approximately 1600, which is 2 orders of magnitude slower Was estimated from the peak integrals. From these values,
than water exchange for the hydrated uranyl ion at the same
temperaturé® Precise data could not be obtained for the  2UOQ,(0x)F + 2H,0 = (UQ,),(0x),F,(OH),* + 2H"
corresponding picolinate complex because of overlapping (11)
fluoride peaks.

There are few studies of variations in the rate of exchange gptained at different concentrations of reactants and at different
of coordinated water in binary (or ternary) complexes ML q values of pH, a constant value lég= —11.9 was obtained.
is varied. The main reason for this is the experimental prom the known stability constant for the formation of
difficulties associated with studying reactions of this type using UO»(0x)F-, the value log8 = 7.9 was obtained for reaction
the traditional methods of fast kinetics. Fukutomi et®have 12. The fluoride peaks coalesce at 26, indicating fast
investigated the water exchange in the ternary,A46H,0—
DMSO system and found that the coordination of DMSO
resulted in a decrease in rate by 1 order of magnitude.

200" + 20¢” + 2F +2H,0=

Structure and Dynamics in UG,LF(H 20).. We were only (UO,),(0x),F,(OH),"™ + 2H" (12)
able to obtain information for the oxalate system. In a solution
of 5mM U(VI), 5 mM oxalate, and 3 mM fluoride atpH 4.4 oy change between the isomers. We did not study the kinetics

and—5 °C, UO(0x)F(H,0)," is the dominant species present, ot his exchange because of the very low concentration of the
and two broad peaks, one at 148.1 ppm and the other at aboUisomers. However, we suggest that it occurs via fluoride

163-165 ppm, are observed in th& spectrum; these peaks  yissociation in the dimer rather than via cleavage of a hydroxide
coalesce at 28C (Figure 5). This information is consistent bridge.

with the presence of both of the two possible isomers, Figure
6. The narrow lines observed for the other complexes present(27) Grenthe, 1.: Fuger, J.: Konings, R. J. M.; Lemire, R. J.; Muller, A. B.:

Nguyen-Trung, C.; Wanner, HChemical Thermodynamics of Ura-
(26) lkeda, Y.; Soya, S.; Fukutomi, H.; Tomiyasu,HInorg. Nucl. Chem nium North-Holland: Amsterdam, 1992; Vol. 1.
1979 41, 1333. (28) Bricher, E.; Glaser, J.; T, I. Inorg. Chem 1991, 30, 2239-2941.




Dioxouranium(VIl) Complexes Inorganic Chemistry, Vol. 36, No. 23, 1995375

Acknowledgment. We are grateful to the Swedish Institute results (S1, S3) for Ugpic)F?", line width dependence of tHéC-
and to Franz Georg och Gull Lilienroth’s Stiftelse for research NMR signal of UQ(CO3)F:*~ on pH (S4),*H-NMR spectra (S5)H
fellowships covering Z.Sz.’s stay in Stockholm. Dr. Kingsley 2D-EXSY (S6), temperature dependence of the equilibrium constant

J. Cavell (University of Tasmania, Australia), Dr. Ferena & (S7) and the rate constant (S8), and calculated and measured temperature
(ICN-Alkaloida, Hungary), and Ms. Maria J. Gonzalez (KTH, dependent'H-NMR spectra (S9) for Ugpic).F~, and **F-NMR
Sweden) are thanked for providing us with some ligands. spectrum (S10) of URCO;)Fz(Hz0)*~ (10 pages). Ordering informa-

. . . . o tion is given on any current masthead page.
Supporting Information Available: Listings of equilibrium con-

stants, logB,q for the reactions UG™ + pL + gF~ == UO,L R (T1),
1H-NMR spectrum (S2) an¥#F and'H selective magnetization transfer  1C9708172



