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Equilibria, structures, and ligand-exchange dynamics in binary and ternary tI(\MlF~ systems, where L is
glycolate,a-hydroxyisobutyrate, or glycine, have been investigated in 1.0 M NaGijCpotentiometry andH,

170, and!®F NMR spectroscopy. L may be bonded in two ways: either through the carboxylate end or by the
formation of a chelate. In the glycolate system, the chelate is formed by proton dissociation frarhyteoxy
group at around pH 3, indicating a dramatic increase, a factor of at le&statQts dissociation constant on
coordination to uranium(VI). The L exchange in carboxylate-coordinatesl B¢~ follows an Eigen-Wilkins
mechanism, as previously found for acetate. The water exchangk.ated.2 x 10° s7%, is in excellent agreement
with the value determined earlier for YO(aq). The ligand-exchange dynamics of §O—CH,—COO)F3~

and the activation parameters for the fluoride exchangex®@ ®ops = 12 s, AH* = 45.8+ 2.2 kJ mot?, and
ASF = —55.8+ 3.6 J K1 mol%) are very similar to those in the corresponding oxalate complex, with two
parallel pathways, one for fluoride and one for tir@xocarboxylate. The same is true for the L exchange in
UO,(O—CH,—COO)?~ and UG(oxalate)>~. The exchange af-oxocarboxylate takes place by a proton-assisted
chelate ring opening followed by dissociation. Because we cannot decide if there is also a paraltEpendent
pathway, only an upper limit for the rate constant,< 1.2 s1, can be given. This value is smaller than those
in previously studied ternary systems. Equilibria and dynamics in the ternary uraniunglytjne—fluoride
system, investigated ByYF NMR spectroscopy, indicate the formation of one major ternary complex, B9,

and one binary complex, UD, (L = H,N—CH,COQO"), with chelate-bonded glycine; Igg(9) = 13.80+ 0.05

for the equilibrium UQ?t + H,N—CH,COO™ + 3F = UO,(H,N—CH,COO)R?™ and logB(11) = 13.0+ 0.05

for the reaction U@ + 2H,N—CH,COO~ = UO,(H,N—CH,COO). The glycinate exchange consists of a ring
opening followed by proton-assisted steps. The rate of ring opening+18%1, is independent of both the
concentration of H and the solvent, O or D,O.

Introduction 20. It is well-known that the more acidic aromatic hydroxy
groups can be deprotonated when coordinated to metal ions,
for example, in complexes of 5-sulfosalicyl&tégdeprotonation

of aliphatic OH groups in ligands that contain more than one
carboxylate group, such as tartrate, malétend citrate’ 10

are also well documented. Nunes and'&ilave given the most
conclusive evidence for reactions of this type. Examples of

In previous papers, we have discussed the rates and mech
anisms of inter- and intramolecular ligand-exchange reactions
in dioxouranium(VI) complexek:® A prerequisite for these
studies was the possibility of using different NMR-active nuclei
to probe the reactions at differing reactant concentrations and

varying pH. To study the behavior of a certain ligand, L, we q . f aliohatic-hvd boxvl
found it practical to use ternary complexes, which in addition eprotonation of aliphatiax-hydroxy monocarboxylates are

to L also contain coordinated fluoride. Fluoride is an excellent SC&/C€: with one examp_le in lanthanide glycola_te compl'é_xes
NMR probe; at the same time, it prevents the formation of and ?Ssecond |nth_e uranium(V1) complexgs StUd'.ed by Kakihana
hydroxide complexes and the precipitation of hydrous oxides et al The formation of complexe§ .Of this type is expectgd to
at higher pH levels. By using this technique for bidentate have large eﬁectg on both the stability co.ns'tantg aqd the I|ganql-
ligands, it was possible to study the rate and mechanism of exchange dynamics in these systems, with implications for their

chelate ring opening/closure, to identify isomers, and to suggestuse in separation processés.

mechanisms for their interconversion. In the present study, we ) Siva C. 0. Siva E. C.- Nasci VA G Phvs Chom A

continue this line of investigation using glycolatehydroxy- “) 265’8’ 1oasagn o B & Nascimento, M. A. Q. Fhys Chem

isobutyrate, and glycine. We determine if the mode of coordina- (5) Havel, J.; Sommer, [Collect CzechChem Commun1968 33, 529.

tion of the ligand takes place at the carboxylate end only or if (6) gghagirdar, D. V.; Khanolkar, D. 3. Inorg. Nucl Chem 1973 35,
; . - 1.

achela_te involving asecond_donor atom is _formed. The hydroxy (7) Rajan, K. S.: Martell, A. EJ. Inorg. Nucl. Chem 1964 26, 1927,

group is a very weak acfdwith a pK value in the range 17 (8) Markovits, G.; Klotz, P.; Newman, Linorg. Chem 1972, 11, 2405.
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Uranium(VI)—L—Fluoride Systems

The mode of coordination ofi-hydroxy acids in actinide
complexes has been discussed by Ahrféndho stated, “though
still marked the chelate effect is evidently much smaller for
MO22* than for M™, whereas Stanand Balek® concluded
that for U(VI) the increase in stability between acetate and
o-hydroxycarboxylates was due to the formation of chelates for
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acids were determined in separate experiments, and their values agree
very well with those in the literatur®.The equilibrium constants were
calculated and refined using PC-LAKEa least-squares program using
the total hydrogen ion concentration (in the glycolate system) or the
total fluoride concentration (in the-hydroxyisobutyrate system) as
error-carrying variables.

NMR Measurements.The NMR spectra were recorded on Bruker

the latter. There are few investigations of complexes between syp400 and DMX500 spectrometers at5 °C, in general using 5%

UO»2" and amino acid$’-1° This is mainly due to the difficulty
in avoiding the formation of hydrolysis products caused by the

D0 solutions to get locked mode. The temperature was checked using
the chemical shift of methanét.The test solutions were measured in

strong basicity of the amino group. This problem can be avoided 5-mm (for'H and'9F) or 5- and 10-mm (fot’O) NMR tubes. ThéH

by using fluoride as a second ligand, as indicated above.

Experimental Section

Solutions. Stock solutions of uranium(VI) perchlorate and perchloric
acid were prepared as described elsewFeTde sodium perchlorate
was prepared from NaClH,O (analytical grade) and analyzed by
weighing samples dried at 12@C. NaF, glycolic acid,o-hydroxy-
isobutyric acid, and glycine were of analytical grade. The nitrogen gas
was purified by successively passing it through 10% NaOH, 10% H
SO, 1 M NaClQ,, and a G4 filter. In the preparation of the NMR
samples, HCIQ and NaOH were used to adjust pft’O NMR
measurements were performed by usif@-enriched samples (10%).
The enrichment of the oxygens of uranium(VIl) was accompli¥hed
by using HO.

Potentiometric Titrations. All electromotive force (emf) measure-
ments were performed in a thermostated box at 25:0005°C and

monitored by an automated titration system. The glass, fluoride, and

reference (Ag/AgCl) electrodes were from Metrohm. The equilibrium
criterion was an emf that remained constant within 0.1 mV/h for both
electrodes; this took 2630 min after each addition of titrant. All
experiments were made in a NaGl@edium at a constant sodium
concentration, [Ng = 1.00 M. The binary uranium(V#glycolate or
uranium(VIy-o-hydroxyisobutyrate systems were investigated in the
following way: A known amount of HCI@was added to an acidic
uranyl solution, which was then titrated with NaOH in order to calibrate
the glass electrode. Both the initial proton concentratldg) and the
standard potential to the glass electroég) (were determined from
these data using a Gran pf8tAn appropriate amount of glycolic or

o-hydroxyisobutyric acid was then added to the test solution, and the

titration with NaOH was continued until precipitation occurred. The
ternary uranytfluoride—glycolate system was investigated in the same
way; after determination d&, andHo for the starting solution, glycolic
acid was added, followed by titration with NaOH until pH 5—5.5.

These data were used to determine the equilibrium constants of the

binary UQ2t—L system. After a known amount of NaF was added,

the titration was continued by adding NaOH and measuring the potential

of both the glass and fluoride electrodes. By adding fluoride atpH

NMR spectra recorded at 500.1 MHz were referenced to internal
tetramethylsilane. Th&F NMR spectra recorded at 470.5 MHz were
referenced to an aqueous solution of 0.01 M Na®R M NaCIQ, (pH

= 12) at 25°C; the 1O NMR spectra (54.2 or 67.8 MHz) were
referenced to water at Z%&. The proton concentration-(og[H]) in

the NMR samples was measured using a pH meter (Orion) and a HF-
resistant combined glass electrode (Ingold) in which the inner solution
of KCl was replaced 1 M NaCl to avoid precipitation of KCIQin

the liquid junction. The proton concentration was calculated from the
measured-log[H"] corrected for the “Irving factor® in the working
media. The value of-log[D*] in pure D;O solvent was calculated as
described beforgt The line widths were determined by fitting a
Lorentzian curve to the experimental signal using the WIN-NMR
software?” Magnetization transfer experiments were performed using
Gaussian pulses. The ligand-exchange reactions were studied using
different dynamic NMR methods that are well documented in the
literature?®

Results and Discussion

(A) Constitution. The stoichiometry and the equilibrium
constants of the different complexes were determined by
potentiometry. Exceptions are the data for J0@CH,COO)R2~
and the complexes in the glycine system, which were based on
19 NMR integrals. The equilibrium constants refer to the
following reactions:

U0, +pL™ =UO,(H L, P +aH" (1)

and
NUO," + pL™ + IF™ == (UO,)(H_ )L F > P + gH”
)

where L~ denotes glycolate on-hydroxyisobutyrate.
By potentiometry, one cannot distinguish between deproto-
nation of the OH group in the ligand and from coordinated

5, one avoids the presence of HF, which corrodes the glass electrode,yater. This information is provided by the NMR data. The

The fluoride membrane electrode was calibrated before and after the
experiments with a standard NaF solution. The titrations were repeated

using different starting concentrations of U(VI), glycolate, and fluoride.
In the ternary uranytfluoride—a-hydroxyisobutyrate system, we used
a different method. First, the binary U(V)L system was studied as

equilibrium constants and constitution of the different com-
plexes, denoted—11, are given in Table 1 and Chart 1.

A measure of the agreement between the chemical model
proposed and the experimental data is given by the quantities

described above until the equivalence point of the ligand acid had beenChitotal 8nd Cr ota1 s @ function of-log[H*] and —log[F],
reached. The titration was then continued, this time by adding a NaF respectively (cf. Supporting Information, S1 and S2). The

solution. The protonation constants for glycolic antlydroxyisobutyric

(14) Choppin, G. R.; Rydberg, Bluclear Chemistry Theory and Applica-
tions Pergamon Press: Oxford, 1983.

(15) Ahrland, SActa ChemScand 1953 7, 485.

(16) Stafy J.; Balek, V.Collect Czech Chem Commun 1962 27, 809.

(17) Cefola, M.; Taylor, R. C.; Gentile, P. S.; Celiano, A.J/Phys Chem
1962 66, 790.

(18) Lagrange, P.; Schneider, M.; Zare, K.; Lagrang@alyhedron1994
13, 861.

(19) Lagrange, P.; Schneider, M.; Lagrangel. Lhim Phys Phys.-Chim.
Biol. 1998 95, 2280.

(20) Ciavatta, L.; Ferri, D.; Grenthe, |.; Salvatore,lfforg. Chem 1981,
20, 463.

(21) SzaboZ.; Glaser, J.; Grenthe, Inorg. Chem 1996 35, 2036.

(22) Gran, GAnalyst1952 77, 661.

deviations are small and essentially random. The good agree-
ment between model and experimental data results in a small
estimated uncertainty of the constants, given@sahereo is

the estimated standard deviation in the least-squares refinement.
All complexes have also been identified from NMR, and their

(23) Perrin, D. D.Stability Constants of Metallon ComplexesPart B:
Organic Ligands Pergamon Press: Oxford, 1983.

(24) Ingri, N.; Andersson, |.; Pettersson, L.; Yagasaki, A.; Andersson, L.;
Holmstram, K. Acta ChemScand 1996 50, 717.

(25) Geet, A. L. V.Anal. Chem 197Q 42, 679.

(26) Irving, H. M.; Miles, M. G.; Pettit, L. DAnal. Chim Acta1967, 38,
475.

(27) WIN-NMR, 6.0 ed.; Bruker-Franzen Analytik GmbH.

(28) SzaboZ.; Glaser, JMagn Reson Chem 1995 33, 20.
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Table 1. Values of logg for the Complexes

complex glycolate a-hydroxyisobutyrate

1 2.39 3.32+0.02
2 3.99 5.25+ 0.02
3 5.1 6.95+ 0.03
4 —1.26+ 0.07 <=2

5 0.19+ 0.09 0.59+ 0.03
6 —4.17+ 0.04 —5.23+0.04
7 10.36+ 0.09 10.96+ 0.04
8 11.89+ 0.10 12.96+ 0.06
9 5.1+ 0.1C¢
10 11.09+ 0.10
11 —2.40+ 0.07

@ The protonation constants of the ligands determined in this study
are loggu(glycolate)= 3.594 0.01 and logsn(o-hydroxyisobutyrate)
= 3.785%+ 0.005, where the uncertainty is equal @ Ihe equilibrium
constants for the formation of binary fluoride complexes,B&™, n
=1, 2, or 3, taken from Ahrland and Kullberg (ref 37) are Jog=
4.54, logB, = 7.98, and log3; = 10.41.° Literature valuest Based
on NMR data.

Chart 1. @
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cannot be neglected. The speciation of the test solutions using
the equilibrium constants of Lagrange et al. is not in agreement
with the NMR data.

The potentiometric and NMR data, vide infra, indicate very
clearly that the glycolate ang-hydroxyisobutyrate ligands are
bonded through the carboxylate end in complekes, 5, 7,
and 8. The observed variations in the equilibrium constants
between acetate, glycolate, anehydroxyisobutyrate are pre-
sumably a result of different inductive effects on the carboxylate
group, with stronger complexes formed by the electron-donating
substituents. The amino group in glycine is a stronger electron
donor than the OH group, and we therefore expect that glycinate
coordinated only through its carboxylate end forms stronger
complexes than any of tlee-hydroxycarboxylates; an educated
guess is a lo value between 4 and 4.5. The fact that no such
complexes can be observed is due to the strong basicity of the
amino group, resulting in the formation of a “zwitterion” at
moderate pH and a chelate at higher pH. The inductive effect
is apparent in both the binary and the ternary complexes, as
seen from Table 1.

(B) NMR Measurements. (1) The Uranium(VI)—Glycolate
and Uranium(VI) —Glycolate—Fluoride Systems1’O and'H
NMR spectra were recorded for the binary system and are shown
in the Supporting Information (S3 and S4). As a result of fast
exchange between the different complexes and the free ligand,
onel’0O NMR peak was observed for complexg®, and3, in
which only the carboxylate group is coordinated. At higher pH,
separate narrow peaks for the chelate complekes and 6
were observed. This indicates that deprotonation and coordina-
tion of the OH group result in a dramatic decrease in the rate
of ligand exchange. Only one peak is observed for complexes
4 and5. This is a result of fast exchange of the carboxylate-
bonded ligand. ThéH NMR spectra are in accordance with
the 17O observations. Fast exchange between the free ligand
and the carboxylate-coordinated species results in only one
methylene proton peak. Its line width is increasing with pH, as
a result of the formation ob. The chemical shift of the
carboxylate-coordinated ligand in the latter complex is somewhat
different from those irl, 2, and3 but still close enough to the

peak integrals give an independent confirmation of the chemical shift of the free ligand to result in only one exchange-averaged

model proposed.

The equilibrium constants indicate a very large increase in
the K value for the dissociation of the-hydroxy proton, from
17 or higher in free glycolate to 3.64 on coordination to
uranium(VI), an increase of at least 13 orders of magnitude.
The binary a-hydroxyisobutyrate complexes are more stable
than the corresponding glycolate complexes at pHb. Our
NMR data show that this is not due to differences in the ability
to form chelates-both ligands coordinate at the carboxylate end
only—but is presumably a result of the inductive effect obtained
by replacing the Chiprotons in glycolate with methyl groups.

The uranium(VI)-glycine system has been described in two
previous investigations by Cefola et'aland Lagrange et af.1°
The equilibrium constants deduced from the NMR measure-

peak. The line width of the free ligand becomes very narrow

after pH 7 as a result of the formation of complgxn which

the ligand exchange is slow. The chelate-bonded ligand gives
two additional peaks at significantly higher chemical shifts; one

is common for4 and5, and the other is fo6.

In the ternary system3%F NMR spectroscopy was essential
to obtain structure and dynamic information. The pH dependence
of the 1% NMR spectra and the uranium distribution diagram
can be seen in Figures 1 and 2. At lower pH, beside the peaks
of the binary fluoride complexes (UBx(aq), UQFs~, and
UO,F427), broad signals fo7 and8 can be observed. In these
complexes, the dynamics of the ligand exchange is very similar
to that in the corresponding acetate system. The broad peak for
7 is a result of a fast site exchange caused by glycolate and/or

ments are in better agreement with those obtained by Cefola etwater exchange. For compl&x two peaks can be observed in

al. than with the data reported by Lagrange et al., which are 3 @ ratio of 2:1 like those in the acetate system. It was not possible
orders of magnitude larger. We believe that the latter constantsto obtain quantitative information on the concentration depen-
are in error for the following reasons: Lagrange et al. have used dence of the rate of exchange, because the smaller peak overlaps

spectrophotometry in their study. The experiments seem impec-

the one from UGF;~. At pH > 5, chelate complexeS, 10,

cable, but the data interpretation neglected the formation of and1lare formed, each with separate narrow peaks. As a result
hydroxo Comp|exe3, with the argument that they are present in of its different chemical environment, the fluoride in complex

small amounts. This is true, but the molar absorptivity of these
complexes is much high&than those of UgF* and the glycine

9 gives three separate signals with large chemical shift differ-

complexes. Hence their contribution to the measured absorptivity (29) Meinrath, G Radiochim Acta 1997, 77, 221.
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Figure 1. pH dependence of thF NMR spectra for the ternary
U(VI) —glycolate-fluoride system (10 mM Ug™, 100 mM glycolic
acid, and 50 mM fluoride, 268 K). The insets show the coupling of
27.6 Hz between the fluoride sites in complEX
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Figure 2. Uranium(VI) equilibrium distribution diagram as a function
of pH for the ternary U(VI}-glycolate-fluoride system formed by the
total concentrations of 10 mM U®", 100 mM glycolic acid, and 50

mM fluoride.
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glycolate and the carboxylate-coordinated ternary complexes,
whereas separate peaks were observed for the chelate complexes.
The line width of the free ligand increases with the concentration

of 7 and8 (Supporting Information, S6).

(a) Equilibrium Dynamics. The glycolate exchange for Yo
(O—CH,—COO)?~ and UGQ(0O—CH,—COO)F*~ was studied
usingH NMR spectra in RO. The line width of the proton
signal in the binary complex increased with the free glycolate
concentration, whereas it remained constant in the ternary
system. A plot ofkyps Versus the equilibrium concentration of
glycolate is linear (Supporting Information, S7). The slope gives
the rate constant 56% 13 M1 s™1 for the reaction

UO,(O—CH,—COO0)? + HO*~CH,~COO =
UO,(O*—CH,—CO0),2” + HO—CH,-COO™ (3)

In UO,(O—CH,—COO)F3~, the line width of thetH signal
was independent of the free glycolate concentration. The rate
of exchange between coordinated and free glycolate was
therefore determined by magnetization transfer and found to
be 1.2 sl. The rate of fluoride exchange as determined by
magnetization transfer in the same test solutions was 32 s
very close to the value found for other ternary fluoride
complexes. These results indicate that the glycolate and fluoride
exchanges follow two parallel pathways as in the corresponding
oxalate systerd3

The activation parameters for both the fluoride and the
glycolate exchange were determined from the temperature
dependence of th&F and'H NMR spectra. For the fluoride
exchange, we foundH* = 45.8 + 2.2 kJ mot? andAS =
—55.8+ 3.6 J K1 mol™%, and for the glycolate exchange, the
results wereAH* = 55.8+ 0.8 kJ mot! andAS = —42.1+
2.7 J Kt mol™1, where the uncertainty is the estimated standard
deviation in the least-squares fit (Supporting Information, S8).

(2) Ligand Exchange Mechanismsin addition to reaction
3, we studied the following reactions:

UO,(O—CH,~COO)F*~ + HO*~CH,~COO =
UO,(O*—CH,—COO)F*~ + HO—CH,—COO  (4)
UO,(O—CH,—COO)F*™ +*F~ =
UO,(O—CH,—~COOW*F~ + F~ (5)

ences. Similar observations were made in the corresponding

picolinate complexesBecause of the small amount®fn the

These reactions are similar to the exchange of oxalate and

test solutions, it was not possible to determine the rates of ligandfyoride in UO,(oxalate}>~ and UQy(oxalate)F3-, studied

exchange. In the dimekQ, there are two fluoride signals with

previously? A similar mechanistic scheme (Scheme 1) will

the same intensity and a coupling constant of 27.6 Hz. The therefore be used but with the important difference that the
structure of the sodium salt of this Comp|eX has been |nVeSt|gatedg|ycolate exchange also involves a protonation/deprotonation

by single-crystal X-ray diffractiod® At pH ~8, the dominant
ternary complex isl1, with three possible isomers. The very

of the ligand. This was investigated by varying the pH between
6.8 and 8, where the line shape of compléxturned out to be

different intensities of the three narrow signals indicate signifi- constant. The mechanistic implications of this will be discussed
cant differences in the thermodynamic stability of the isomers pelow with the ternary glycine system.

as well as slow exchange between them.

Assuming an EigearWilkins mechanism for reaction 3 with

In the 'O NMR spectra, one common peak was observed an outer sphere equilibrium constafgs = 0.018, we find a
for the binary fluoride complexes and the carboxylate- rate of water exchangk,o = 3.15 x 10* s'%, 1 order of

coordinated ternary complexeg &nd 8). When the pH was
increased, separate peaks were observed for compl@aasd

11. Because of its low concentration, th& signal of9 was

not detected (Supporting Information, S5).

magnitude smaller than that in other uranium(VI) systéins,

including the corresponding oxalate system. This indicates a
different reaction mechanism in which other steps such as ring
opening, internal proton transfer, and so forth may play a role.

The 'H NMR spectra are in accordance with the previous Both the rate constant and the activation parameters for the

measurements. One averaged peak can be observed for the free

(30) Farkas, I.; Caegh, I.; SzabpZ. Acta ChemScand 1999 53, 1009.

(31) Farkas, |.; Bayai, |.; SzaboZ.; Wahlgren, U.; Grenthe, Inorg. Chem
200Q 39, 799.
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Scheme 1 that the complexes with deprotonated OH groups are present
0 only in small amounts.
0\“/0\ (a) Equilibrium Dynamics. The deprotonation of the OH
(/U\O group is insignificant in the ternary system and only the
M 0 |\ m carboxylate-coordinated WGHO—IBA)Fz2~ (IBA = —C(CHg)2—
/"4 o Fok COO) complex is present even at higher pH; that is, the system
*%‘1 N"’ H* is similar to the corresponding acetate system, with exchange
— i of L and F following two separate pathways. In the acetate
0 (o] system, the dissociation of the acetate is much faster than that
<o\“/o> O\H/o\ of fluoride, with UOQF3(H,0),2~ as a reactant in the reverse
O/U\O O/U\ OH reaction; cfeq 6. The two broad fluorine signals in a ratio of
a IC! l F 2:1 for UG(HO—IBA)F32~ indicate a dissociation reaction:
o
k
o} k.allk, UOZ(HO—IBA)Fszf k=1 UO,F,(H,0), + HO—-IBA™ (6)
(0 N1 +(HO*-CH,-C00") o
o/lu\\o 0 In the reverse reaction, the line width of W~ depends
b 5 OH, N |/°\ + H* linearly on the free ligand concentration, as found by plottlng
- Kobs (=7 Av(UO3F37)) versus the equilibrium concentration of

— U
o H\F a-hydroxyisobutyrate (Supporting Information, S7). From the
o) slope, we obtairk_; = (3.14 0.1) x 10* M~1 s71, almost the
same as in the acetate case (2.5.0* M~ s71). Given the
fluoride exchange (eq 5) are within the experimental errors, Eigen-Wilkins model withKos = 0.074, the water exchange
identical with those in the corresponding oxalate complex; cf. rate is equal tdaq = 4.2 x 10° s7%, in excellent agreement
Scheme 1. This is an additional indication that the fluoride With the valué! determined earlier at the same temperature for
exchange in these ternary complexes is not strongly influencedUQO2?". This indicates a common mechanism for the reverse
by the second ligand. The activation parameters for the glycolatereaction in both systems. The rate of the dissociation of
exchange (eq 4) are significantly different from those in the o-hydroxyisobutyrate, calculated from the stability constants,
oxalate system. This is not surprising in view of the protonation/ 1S
deprotonation of the ligand in the glycolate system. 3 3 .

(3) The Uranium(VI) —a-Hydroxyisobutyrate and Urani- k; = k_4[UO,F; ][HO—IBA "J/[[ UO,(HO-IBA)F;" ] =
um(VI) —a-Hydroxyisobutyrate —Fluoride Systems As ob- k_,B(UO,F, )/BUO,(HO—-IBA)F,2) =250 s (7)
served in the binary glycolate system, only one exchange-
averaged peak was observed in #i® NMR spectra of the  Thjs value is in accordance with the one calculated from the

binary uranium(VI)-a-hydroxyisobutyrate system at lower pH  gpserved line broadening for YMIO—IBA)F 2~ and is smaller
(Supporting Information, S9). When the pH is increased, the than that in the acetate system1(300 s1).

line width first increases as result of the eXChange between the (4) The Ternary Uranium(V') _G|ycine_F|u0ride System_

free aqua ion and the first carboxylate-coordinated complex  goth equilibria and dynamics were investigated 8y NMR
The peak gets successively narrower as the pH increasesspectroscopy, the latter in both,® and BO. The spectra,
presumably as a result of the disappearance of’0@s the  measured as a function of pH from 2 to 8.5 at different total
complexesl, 2, and3 are formed. The chemical shift difference  concentrations of fluoride and glycine, indicate the formation
between the aquo ion and the first complex seems to be largergf gne major ternary complex, WOFs2~ (Supporting Informa-
than that between the complexes. At ptb.5, separate peaks  tjon, S12). The presence of thrééF peaks of the same
were observed for complex&and6 as a result of the slow  magnitude confirms structu where L is chelate-bonded. All

exchangeH NMR spectra are not very informative because peaks have the same line width, indicating the same dynamics
of the large concentration difference between the coordinated ¢ 5| sites. The equilibrium constant lég = 1.894+ 0.05 for

and the free ligand and the small chemical shift difference the reaction
between their methyl signals. As a result, individual peaks

cannot be resolved for the chelate complexes. UO,F,>” + H,N—CH,COO0 =
The ternary system was investigated by btk and 1’0 . _
NMR spectroscopy. In one set of experiments, the pH was UO,(H,N—CH,COO)R" +F (8)

changed, and in the other the total fluoride concentration was

varied at an approximately constant pH of6. The pH- was calculated from the peak integrals of the fluoride species

dependent’> NMR spectra and an equilibrium uranium and the concentration of free glycinate (the error indicates the

distribution diagram are shown in the Supporting Information, €'Tor from integration). Using the known equilibrium constant
S10 and S11. ?n addition to the peaks gfpthe l?inary fluoride fOr the formation of UGF,*", we calculated logls = 13.80+
complexes, only the signals of the carboxylate-coordinated 0-0° for the reaction

complexes/ and8 were observed. Complékhas one relatively P _ L

broad peak, whered; like the glycolate and acetate systeins, UO,™ + H,N-CH,COO +3F =

has two peaks with a 2:1 intensity ratio. These peaks are UO,(H,N—CH,COO)R~ (9)
narrower than those in the corresponding acetate complex,

indicating a slower exchange with the free ligand. Three  The only fluoride-containing species at higher pH are one
additional peaks with the same (small) intensity, presumably ternary complex, U@ Fz>~ (L = H,N—CH,COO"), and
from 9, were observed at higher pH. Th#® NMR spectra at UOyF42~. In addition, there is no evidence for hydroxide
different pH levels contain only one narrow peak, confirming complexes. Hence the total concentration of uranium(V1),fU]
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Figure 3. Measured (B) and calculated (A¥ NMR spectra for the
peaks of UQ(glycine)R?~ (10 mM UQ,2", 300 mM glycine, and 200 A . . -80
mM fluoride, pH= 8.5) The calculation of the pseudo-first-order rate 0.001 oo 0.1 1 10
constants is detailed in the text. The free fluoride signal at around 0 Detay {s]
ppm is not shown. Figure 4. Plots of peak intensity from &F NMR magnetization
transfer experiment for Ugglycine)R>~ (@, v, andO) against variable
is equal to [UGLF327] + [UO2F427] + [UO,L™] + [UO4L ). delay after selective inversion of the free fluoride sigmg)l. (The solid

At the high concentration of free glycinate in the test solutions, lines are generated by a simultaneous analysis of all the experiments

[UO,L "] < [UO4L]. Using this experimental information, we inverting the signgls of the complex. .
can calculate the equilibrium constant for the reaction shapes and varying the rate constant for the exchange until they
were the same (Figure 3).

The amino group is a strong base, and we therefore

2- -
UOLFs™ +L° =UO.L, +3F (10) investigated the pH dependence of the rate of exchange from
19F spectra at different pH values between 6.5 and 8.5. These
as logKio = —0.80=+ 0.05. By use of this value and Ig#y = boundaries were set by precipitation at high pH and insufficient
13.80+ 0.05, we obtain the equilibrium constant Ifg: = concentration of the complex below pH 6.5. We observed that
13.0+ 0.05 for the reaction the line width of coordinated fluoride increased with decreasing
pH, which we interpreted as the result of a fast proton-catalyzed
U022+ + 2L =UO,L, (11) glycine exchange. Similar observations were made #®,D

where we also noted a pronounced reverse isotope effect.

A “saturation” type of curve (S12) was observed wheg
for the glycine exchange is plotted versus pH or pD. The
following empirical rate law describes the observations:

We used the same protonation constants for glycine as in
Lagrange et al®

(a) Equilibrium Dynamics. The NMR line shape of coor-
qlinated fluoride is affected py all inter- and intrgmglecular Kype= ax[H*]/(l + b><[H+]) (12)
ligand-exchange processeEhe interpretation of the kinetic data
is facilitated if one can use more than one nuclear probe. The results can now be discussed using Scheme 2, which is
Unfortunately 'H NMR spectroscopy could not be used in this analogous to the one used previodslput with the addition
case because the methylene signal for the coordinated ligandof a proton-assisted pathway.
coincides with the water peak in,8 and BO. We therefore The coordinated amino group is not available for proton
had to rely on® NMR spectroscopy alone (magnetization attack; hence the first step is a ring opening/closure with rate
transfer and line shape analysis) to obtain information on both constants; andk-1, respectively. The ring-opened intermediate
the fluoride and glycine exchanges. The magnetization transfercan react along two parallel pathways, by either dissociation of
experiments were made using a test solution in which the glycinate or protonation of the NHgroup followed by dis-
predominant species are Y®I,N—CH,COO)R?~ and free sociation of the zwitterion. The rapid fluoride and glycinate
fluoride (Figure 3). The small amount of UB?2~ (<5%) can exchange results in the loss of spispin coupling between the
be neglected in the data treatment. By inverting all fluoride coordinated fluorides.
signals from the ternary complex and free fluoride and studying  The dissociation of fluoride takes place along a separate
their time dependence, we could separate the inter- andpathway with the rate constakyi The rate law for the glycine
intramolecular exchange reactions and determine their pseudo-e€xchange deduced from this mechanisfi %
first-order rate constants. This was done by a nonlinear fitting +
proceduré (see Figure 4), which gave the rate constants 48 and — KikeK[H] (13)
70 s1 for the inter- and intramolecular fluoride exchange bs ko, + k3K[H+]
reactions, respectively, as described in the following. It is not . o
straightforward to calculate the rate of glycine exchange from We have neglected the pathway describettbyvhich is slower
the 1F line width because the coupling between the fluoride than the proton-assisted reaction, as indicated by comparison
sites has to be considered. The following procedure was used:With the experimental rate law. The reciprocal plot of eq 12
Model spectra were calculaf@dt different values of the rate  (S€e Figure 5) is linear with an intercepkidand a slope-./
constant for glycinate exchange using a coupling constant of kikeK. From these quantities, we obtain far129+ 3 and 143
35 Hz (observed earlier in similar compleXpsand the 2 *and fork-i/ksK (2.3+ 0.1) x 10~ and (0.14+ 0.02)
experimental rate constant 48'dor the exchange between free < 107 M s in H,O and RO, respectively.
and bonded fluoride. The glycine exchange rate was then : -
determined by comparing the measured and calculdkeline (33) ;3;5%%’75’ Hayes, J. C.; Neumann, H. MAm Chem Soc 1954

(34) Curtis, N. F.; Osvath, S. Rnorg. Chem 1988 27, 305.
(32) Reeves, L. W.; Shaw, K. NCan J. Chem 197Q 48, 3641. (35) Yeh, A.; Taube, HJ. Am Chem Soc 198Q 102, 4725.
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slight broadening of the fluoride peaks with decreasing pH and
the absence of spirspin coupling. The latter indicates that
either the rate of fluoride exchange or the rate of ring opening/
dissociation of oxoacetate is higher than-3% s™1, estimated
from the typical spir-spin coupling in ternary carboxylate
fluoride complexeg.Because the rates of ligand exchange do
not vary much among different ternary compleXeswe will

use the experimental information from the glycolate complex
11, found at higher pH, for the comparison with the glycinate
complex9. The®F line width of complexl1is constant in the

pH range 7#8.5, where the rate of fluoride exchange was
measured as 12°& The rate of glycolate exchange was 1.2
s 1 at pH= 8.5. Both these rates are lower than that required
for the loss of spir-spin coupling in the glycolate compléx
Previous experimental d&tahow that the rate of dissociation
of the fluoride does not change significantly in the pH range
7—8.5. The most likely explanation for the observed loss of
spin—spin coupling in the glycolate compléxin the pH range

the solvent and is of the same magnitude as that found in the®-8-7.2 is a proton-catalyzed glycolate exchange. Previous
picolinate system. There is a large reverse isotope effect on thestudies of the carbonate analogue of compRindicate that a

subsequent steps in the mechanism, indicatingdH bonding
to the “free” NH, group. This interpretation is supported by
the activation parameters for the glycine exchangdf = 90
+ 10 kJ/mol andASF = 120 + 30 J/K mol. These values are

change from pH 8.5 to 7 will increase the rate of exchange of
carbonate by more than 1 order of magnitude. We infer from
this that a similar increase in the rate of exchange may also
occur for the glycolate exchange & The experimental data

approximate and were calculated from the temperature depen-for 9 and11 are consistent with both the mechanism proposed
dence of the fluoride signals in the complex, assuming that the for the glycine system and a mechanism involving a proton-

change in line shape is mainly due to the glycinate exchange.catalyzed ring-opening reaction. For the latter mechanism, the
The activation entropy is similar to the one found for the proton- rate constant is equal to

catalyzed exchange in the binary U(Vgarbonate systert.

The next issue is to decide whether the “}Fg) intermediate
in Scheme 2 is identical with the known complex Fg§H,0),.
This was done by investigating whether the line width of the
19F NMR signal of UQF3(H>0),~ was independent of the
equilibrium concentration of free glycine. The fact that the line . )
width remained constant indicates that the back reaction betweentVhich has the same form as eq 13f the rate constant for
“UO,F3" and glycine is independent of the concentration of the (proton-independent) ring opening, is sm# is the
UO,F3(H:0);~; that is, the two species are not identical. €quilibrium constant for the (fast) protonation of the coordinated
“UOF3" is an intermediate whose coordination geometry differs 0xoacetate ligand, arid is the rate constant for the dissociation
from that of the species in the-hydroxyisobutyrate system  of the protonated ligand. For complekl, we can obtain
discussed above. experimental data only at high pH, wheqgis the predominant

In the following section, we will make a comparison between term. For comple, we have data at lower pH indicating that
the rates of exchange of glycine discussed above and those othe H"-dependent terms also contribute. From the available
glycolate in complexes of typ@ Because of the low concentra-  information, we conclude thak is less than 1.2 8. The
tion of the glycolate complex, we could not measure the rates oxoacetate has electron pairs available for proton attack. In
of exchange; the only experimental information available is a addition, it is a much stronger base than the corresponding
glycine complex. Both these facts make a proton-catalyzed ring
opening more plausible than a ring opening followed by
protonation as in the glycine system.

_ kot Koky[H]

P 1K HT (14)

(36) Banyai, I.; Glaser, J.; Micskei, K.; T, I.; Z&any, L. Inorg. Chem
1995 34, 3785.
(37) Ahrland, S.; Kullberg, LActa Chem. Scand.971, 25, 3457.
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Supporting Information Available: Titration curves for the binary
and ternary systems investigated at various U(VI) and ligand concentra-

I . . tions (S1 and S2), pH-dependehO and 'H NMR spectra and
The substitution of chelate-bonded L involves two consecutive equilibrium U(V1) distribution diagram as a function of pH for the

r_eactions, a_chelate ring opening which is followed _by dissocia- U(VI)—glycolate system (S3 and S4), pH dependence offeand

tion. There is no proton catalysis in the ring-opening step for 1y NvR ‘spectra for the U(VH-glycolate-fluoride system (S5 and

ligands such as picolinate and glycinate, which do not have free g) piots of the observed rate constants against the equilibrium

electron pairs when coordinated. The first step also involves aglycolate andx-hydroxyisobutyrate concentrations #8in the binary

ring opening in ligands containing free electron pairs, such as giycolate system and UBs~ in the ternaryo-hydroxyisobutyrate

carbonate, oxalate, and oxoacetate. However, this is proton-fluoride system (S7), Eyring plot of the temperature dependence of

catalyzed with indications of a parallel non-proton-assisted the rate constant for the exchanges between(glgx),F~ and free

pathway. fluoride or free glycolate (S8), pH-dependéi® NMR spectra and
The rate constant for the ring opening is correlated with the equilibrium distribution diagram for the U(VHa-hydroxyisobutyrate

donor strength of the coordinated ligand, with the smallest values system (S9), pH-dependefiE NMR spectra and equilibrium distribu-

for coordinated oxoacetate and oxalate, with a charge &f tion diagram for the U(VB-a-hydroxyisobutyratefluoride system

In the same way, the rate constant decreases with increasindS10 and S11), pH dependence of tfeNMR spectra and equilibrium

donor strength of the nitrogen, but the difference is smaller than distribution diagram for the U(Vh-glycine—fluoride system (S12),

expected between aliphatic and aromatic amines. protpn concentratipn dependence of the pseudo-first-order rate for
In the acetate, glycolate, anghydroxyisobutyrate complexes ~ 9lycine exchange in the UfH:N—CH,~COO)R?" complex (S13),

8, in which the ligand is bonded only at the carboxylate end, and temperature-dependéfft NMR spectra in the U(Vyglycine—

the exchange reaction seems to follow an Eig@filkins fluoride system and Eyrlpg plot of the temperatu_re depe_nd_ence Qf the

mechanism. The situation is different for the other ligands rate constant for the glycine exchange (S14). This material is available

(carbonate and glycine), for which the intermediate 4BQis free of charge via the Internet at http:/pubs.acs.org.
not identical with UQF3(H20),™. IC000400N





