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Exchange reactions of hexafluoroacetylacetonate (hfacac) in UO(hfacac),DMSO (DMSO = dimethyl sulfoxide) in
0-CsD,Cl; and supercritical CO, (sc-CO,) have been studied using the NMR line-broadening method to compare
reactivity in a nonaqueous solvent with that in sc-CO,. It was found that the exchange rates of hfacac in both
systems are dependent on the concentration of the enol isomer ([Henol]) of hexafluoroacetylacetone and become
slow with an increase in the concentration of free DMSO ([DMSO]). The exchange reaction between free and
coordinated DMSO in UO,(hfacac),DMSO has been also examined in 0-C¢D,Cl, and sc-CO,. As a result, the
exchange rate of DMSO was found to depend on [DMSO]. From these results, the hfacac exchange reactions in
UO,(hfacac),DMSO in 0-CsD4Cl, and sc-CO, were proposed to proceed through the mechanism that the ring-
opening for one of two coordinated hfacac in UO(hfacac),DMSO is the rate-determining step, and the resulting
vacant site is coordinated by the incoming Henol, followed by the proton transfer from Henol to hfacac and the ring
closure of unidentate hfacac. The rate constants at 60 °C and the activation parameters (AH* and AS¥) for the
ring-opening path are 35.8 + 3.2 s7%, 57.8 £ 2.7 kJ-mol™%, and —42.9 + 7.7 J-mol~*-K~* for the 0-C¢D4Cl, system,
and 518 £ 50 s7%, 18.9 + 1.8 kJ-mol~%, and =138 £ 5 J-mol~1-K~* for the sc-CO, system, respectively. Differences
in kinetic parameters between sc-CO, and 0-C4D4Cl, systems were proposed to be attributed to the solute—solvent
interactions such as Lewis acid—Lewis base interactions and hydrogen bondings between sc-CO, and 3-diketones.

Introduction sc-CQ has become of interest as an alternative to organic
solvents, for example, as a separation medium for metal ions
in spent nuclear fuel reprocessing or radioactive waste
treatmenf 1 However, it is well-known that the direct
extraction of metal ions to the sc-G@Phase is difficul®~**

Supercritical CQ (sc-CQ) has been extensively studied
as a medium for organic reactions, extractions, dyeing,
washing, and drying.“ Especially, in the extraction field,
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extent of red shifts in Raman bands of €© used as the
measure for the strength of LALB interactions formed

Hence, the techniques using sc-Cédntaining extractants
such as tributyl phosphate angtdiketones have been
developed extensivefy? between CQ@and the solutes in sc-G&?

To use extensively sc-Gs a medium for the extraction In spite of many studies on the solutgolvent interactions
methods, it is necessary to clarify the factors for controlling as described above, complex formation reactions of metal
the solubility of solutes such as extractants and their metal ions with extractants and ligand exchange reactions of metal
complexes in sc-C®and to design the C&philic com- complexes in sc-CQwhich are the most fundamental data
pounds with selectivity toward metal ions. Thus, many for understanding extraction mechanisms of metal ions in
studies on solutesolvent interactions in sc-Gave been  sc-CQ medium, have not been studied sufficierily*®
performedt?~20 Such studies have revealed that the solubility ~ For uranyl complexes, many studies on ligand exchange
of compounds in sc-C£s enhanced by fluorinatiot:2+25 reactions have been undertaken in aqueous and nonaqueous
Moreover, it has been elucidated that hydrocarbons with solventsi®58 Especially, inter- and/or intramolecular ex-
carbonyl group(s) such as aldehydes, ketones, and acetateshange reactions gf-diketonates in UG[$-diketonato)L
have the Lewis acidLewis base (LA-LB) interactions and [5-diketonates= acetylacetonate (acac), dibenzoylmethanate
hydrogen bondings with sc-GOand that the LA-LB (dbm), hexafluoroacetylacetonate (hfacac),=L oxygen
interactions of solutes play important roles for the enhance- donor ligands such as DMSO, DMF, and so on] have been
ment of solubility of soluted®-3° Recently, we reported that  studied in nonaqueous solvets’ 5052 In the exchange
the CQ-philicity of solutes in sc-C@can be estimated from  reactions of acac in Ufacac)L (L = DMSO, DMF) in
chemical shifts of3C NMR of CQO, in sc-CQ containing 0-C¢DCl,, we found that the apparent first-order exchange
solutes®® More recently, we measured the Raman spectra rate constantsg,) increase and approach limiting values with
of sc-CQ containings-diketones and their uranyl complexes, an increase in concentration of the enol isomer of acetylac-
and clarified that the LA-LB interactions between carbonyl etone (Hacac) and that tkg values decrease with increasing
oxygens ofB-diketones and COcarbon, and the hydrogen  concentrations of free £%52From such results, we proposed
bonding betweer-OH of s-diketones and C&oxygen are the exchange reaction mechanism that the ring-opening for
formed?3? Furthermore, on the basis of this knowledge, we one of two coordinated acac in Y@cac)L is the rate-

measured the Raman spectra of sc,@Ontaining com-

pounds with different donicity (donor number, DN) such as

acetic anhydride, methyl acetatd,N-dimethylformamide

(DMF), dimethyl sulfoxide (DMSO), and found out that the
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determining step, and the resulting vacant site is coordinatedThe optical path length of the cell and the volume of the sample

by the entering Hacac, followed by the proton transfer from
Hacac to acac and the ring closure of unidentate 2t%&c.
As mentioned above, there are sotus®lvent interactions
between CQ@ and fj-diketones or oxygen donor com-
pounds®:32 Hence, such interactions should affect ligand
exchange reactions in Y@@-diketonato)L complexes in sc-
CO, and lead to different phenomena from those in the

are 2.6 cm and 8.1 cinrespectively. The light source is a
semiconductor laser (Nd:Y V) operating at 532 nm with a power
of 100 mW. The high-pressure Raman measurements were per-
formed by the same method as reported previotfsly.
Measurements of the Kete-Enol Equilibrium Constant for
Hexafluoroacetylacetone Hexafluoroacetylacetone has keto and
enol forms (abbreviated as Keto and Henol). The tautomeric ratios
of Hhfacac (2.83x 102 M, M = mol-dm=3) in 0-C¢D,Cl, were

nonaqueous solvents. However, little information is available measured from the areas 8 NMR peaks due to the-CF; of
concerning comparative studies on the exchange reactionKeto and Henol in the range from 40 to 12@. The same

of uranyl complexes in nonaqueous solvents and se¥€0

measurements in sc-G@ontaining Hhfacac (2.9& 10-2 M) were

Such data should be helpful for understanding the differencescarried out in the range from 40 to 12@C at 25 MPa. The

in the reactivity of solutes in nonaqueous solvents and sc-

equilibrium constant¥yeto-enol = [Keto]/[Henol], were evaluated

CO; and for designing supercritical extraction processes of from the ratios measured.

metal ions.

In the present study, hence, we have examined the ligand

exchange reactions in YfacacDMSO in 0-CsD,Cl, and
sc-CQ to compare the reactivity of the Utfacac)DMSO
in both media.

Experimental Section

Materials. The UQ(hfacacDMSO complex was synthesized
by the same method as reported previod8hkexafluoroacetylac-
etone (Hhfacac, Wako Pure Chemical Ind. Ltd., 99%) was purified
by distillation. Dimethyl sulfoxide (Wako, 99%), DMS@s(Kanto
Chemical Co., Inc., 98 atom% D9);CsH4Cl, (Kanto Chemical Co.,
Inc., 99%),0-C¢D,Cl, (Sigma-Aldrich Co., 98 atom% D), and GD
Cl, (Kanto, 99.8 atom% D) were stored aveA molecular sieves
prior to use. Pure grade G@QTomoe Shokai Co., Ltd., 99.999%)
was used.

Measurements of NMR and Raman Spectra 06-CsD,Cl, and
sc-CQ, Containing Solutes.’H and%F NMR spectra 0b-C¢Ds-

Plots of InKyeto-enol VErsus the reciprocal temperature are shown
in Figure S1 in the Supporting Information. The valueg\¢f and
ASfor Kyeto—enol Were obtained as 219 1.3 kkmol~1 and 28.4+
3.7 3K 1mol~tin 0-CgD.Cl,, and 14.5+ 1.1 k3mol~tand 7.3+
3.1 JK1:mol~1 in sc-CQ.

Kinetic Analyses.Kinetic analyses of ligand exchange reactions
in UO,(hfacac)DMSO were carried out using a computer program
based on a two-site exchange as mentioned previéaslyn the
present studygNMR was used as a computer progréhinput
parameters for this program are the chemical shifts and the full
widths at half-maximum (fwhm) of signals corresponding to the
coordinated and free ligands. ¢rRCsD4Cl,, the chemical shifts and
fwhm at a temperature, in which the exchange is negligibly slow
reactions, are used as the input parameters. In the ss@Xiem,
the chemical shifts and fwhm of NMR signals in sc-£fntaining
only free ligand (Hhfacac and DMSQO) and k[@facac)DMSO
were measured at each temperature and used as input data, because
NMR resolution becomes lower due to the convection of sg-CO
with the approach to the critical density of @®ith an increase in

Cl, containing solutes were measured using a JEOL JNM LA 300 temperaturé? The apparent first-order rate constarks)(for the
WB FT-NMR spectrometer at atmospheric pressure in the temper- ligand exchange reactions were obtained from the bestviéiues

ature range from 40 to 12TC. In the sc-C@system, the pressure

was controlled at 25 MPa in the same temperature range. A zirconia

cell (ZC inner diameter, 5.4 mm; outer diameter, 9.0 mm; length,

152.0 mm) was used as a high-pressure NMR sample tube. NMR

by using the following equations:

=1 P = 1P, k= 1/7, (1)

measurements were performed by the following procedures: (i) Wherez and P with the subscripts of ¢ and f express the mean

putting UQy(hfacac)DMSO into the ZC, (ii) inserting a glass
capillary (diameter, 4.2 mm; length, 142.9 mm) containing DMSO-
ds as an internal lock into the ZC, (iii) adding Hhfacac to the ZC
by using a microsyringe, (iv) fixing the ZC to the TAlI sample

holder and connecting the sample holder with a stainless steel inlet

tube, (v) charging C@gas into the ZC using a syringe pump (ISCO

lifetimes and the mole fractions of the coordinated ligand and the
free one, respectively.

Results and Discussion

Structure of UO,(hfacac)DMSO in 0-C¢D4Cl; and sc-
CO, Containing Free Hhfacac.It has been known that the

Model-260D). The pressure and temperature of the samples wereyQ,(hfacac)L (L = unidentate ligands) complexes have a

controlled by using a back-pressure regulator (JASCO-&3()
and by providing heated air from the lower part of probe,
respectively?!-60

Raman spectra of Ughfacac)DMSO in o-C¢H,Cl, were
measured by a Raman spectrophotometer (JASCO RMP-200)
equipped with a single monochromatic spectrograph system with
a grating of 1800 lines/mm at atmospheric pressure. In the case of
the sc-CQ system, we used a high-pressure cell (TAIATSU Glass

Co., Ltd.), and the pressure and temperature were controlled at 25

MPa and 40 C. The high-pressure cell body (volurse819 cn¥)
is made from stainless steel (SUS316) with three sapphire windows.

(59) Mizuguchi, K.; Lee, S.-H.; Ikeda, Y.; Tomiyasu, B.Alloys Compd.
1998 271-273 163-167.

(60) Kayaki, Y.; Suzuki, T.; Noguchi, Y.; Sakurai, S.; Imanari, M.; Ikariya,
T. Chem. Lett2002 31, 424-425.

pentagonal bipyramidal structure and cause the following
displacement reactions in nonaqueous solvents,

UO,(hfacac)L + L' = UO,(hfacac)L’ + L

2
where L is L itself or other unidentate ligands.

Hence, to examine the structures of iidacac)PMSO
in 0-CgD4Cl, and sc-CQ containing free Hhfacac, we
measuredH and **F NMR spectra ofo-C¢D4Cl, and sc-
CO; containing UQ(hfacac)DMSO (1.01x 1072, 1.03 x
102 M) and free Hhfacac (2.8% 1072, 2.96 x 1072 M),

(61) Binsch, G.Top. Stereochen1968 3, 97—-192.
(62) Budzelaar, P. H. MgNMR version 5.0; Adept Scientific.
(63) Li, H.; Ji, X.; Yan, J.Int. J. Energy Res2006 30, 135-148.
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Figure 1. H (a) and'®F (b) NMR spectra 0b-CsD4Cl, containing UQ(hfacac)DMSO (1.01x 1072 M) and free Hhfacac (2.8% 102 M) at 40 and
120°C.
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Figure 2. H (a) and®F (b) NMR spectra of sc-Ccontaining UQ(hfacac)DMSO (1.03x 1072 M) and free Hhfacac (2.96 1072 M) at 40 and
120°C.

respectively. The results are shown in Figures 1 and 2. Information). TheAod values in theo-CsD4Cl, system are

Signals a, b, and c in part (a) in Figure 1 and part (a) in larger than those in sc-GOThis suggests that hfacac of
Figure 2 are assigned as theCH groups of coordinated  UO,(hfacac)DMSO in the 0-C¢D4Cl, coordinates to the
hfacac and free Henol and theCHz group of coordinated  uranyl ion more strongly than that in sc-GO

DMSO, respectively. The-CH, group due to free Keto could From NMR results, it is expected that the<® bond

not be observed in both systems, because the amount of Ket%trength of UQ(hfacac)DMSO in 0-CsH4Cl, is weaker than
is small in the present samples. Signals d, e, and f in part ot of UOy(hfacac)DMSO in sc-CQ, and hence the €O
(b) of Figure 1 and part (b) of Figure 2 correspond to the stretching band of Ughfacac)DMSO in 0-CsH,Cl, should
—CF; groups of coordinated hfacac, and those of free Henol be observed at a lower wavenumber than that in sg-GD
and Keto, respectively. From the area ratios of signals b and fact, the =0 symmetric stretching) bands of UG(hfacacy-
c to a and of signal e to d at 4, it was found that two DMéO (1.0 x 102 M) in 0-CeHiCl» and sc-CQ were

hfacac and one DMSO coordinate to the uranyl ion. The 71 : .
chemical shifts of signals b and ¢ were found to be constant()bserveOI at854 1 and 853+ 1 e, respectively (Figure

regardless of an increase in temperature. These results84 in the Supporting Information). To confirm the signifi-
. . N
indicate that even in the-CsD.Cl, and sc-CQ systems  cance of the differenceAps, 5 cnt) in the v, bands of

containing free Hhfacac the UMfacac)DMSO complex ~ UOAhfacaciPMSO ino-CeH,Cl, and sc-CQ we measured
maintains the pentagonal bipyramidal structure and that thet® Raman spectra of U(acacyDMSO and UQ(acacy-
following equilibrium does not exist in both systems: DMF in 0-CeHClo. Thev, bands of U(acaciDMSO and
UOy(acac)DMF were observed at 83@ 1 and 834+ 1
UO,(hfacac)DMSO + Hhfacac cm%, respectively (Figure S4 in the Supporting Information).
= UO,(hfacac)Hhfacac+ DMSO (3) The Av; value of 4 cn1! should reflect the difference in the
donicity of DMSO and DMF, that is, DMSO coordinates to
Moreover, the chemical shift differenceAd) between  the uranyl ion more strongly than DMF. In addition, the;
signals a and b, and signals d and e are 0.45 and 1.25 ppnvalue between Ughfacac)DMSO (854 cnt) and UQ(acac)-
for the 0-CsD4Cl, system, and 0.32 and 1.09 ppm for the DMSO (830 cm?) in 0-C¢H4Cl; is 24 cnrl, which also
sc-CQ system (Figures S2 and S3 in the Supporting reflects the difference in the strength of the coordination of

352 Inorganic Chemistry, Vol. 47, No. 1, 2008
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Table 1. Solution Compositions and Kinetic Parameters for the Exchange Reactions of hfacag(lifdd@)DMSO in 0-CgD4Cl, (i — xii) and

sc-CQ (I— XII)
[UO2(hfacac)DMSO] [Henol] [DMSO] knf (80°C) AHF AS

solution number 1M 1072M 103M s1 kJ-mol~1 Jmol~1.K—1
i 1.08 0.623 0 8.35 46.4 2.1 —95.84+ 5.5
ii 1.08 1.63 0 18.8 41.31.8 —106+5
iii 1.05 2.31 0 23.4 44.3+ 1.4 —98.54+ 3.7
iv 1.01 2.83 0 27.2 42.3 1.7 —99.14+ 4.8
\% 1.05 4.31 0 43.7 41.+1.8 —98.6+ 5.9
Vi 1.05 5.36 0 48.0 37614 —-110+4
vii 1.05 8.77 0 64.3 36.3 1.0 —109+ 3
Viii 1.01 2.83 0 27.2 42.3 1.7 —99.14+4.8
ix 1.01 2.83 5.01 21.3 443 1.4 —96.8+ 7.5
X 1.01 2.83 10.6 24.1 445 2.7 —95.4+7.6
Xi 1.01 2.83 14.8 18.2 498 2.2 —82.1+6.3
Xii 1.01 2.83 19.9 17.2 46.F 2.7 —90.54+7.3
| 1.03 0.907 0 4.84 253 0.7 —-1624+2
I} 1.06 1.98 0 8.58 24.6- 0.8 —159+ 3
1 1.03 2.96 0 10.4 27.80.9 —1484+ 2
\Y} 1.03 4.09 0 13.4 25.51.0 —1544+ 3
\Y 1.03 4.66 0 17.9 23.81.2 —1564+ 3
VI 0.989 5.62 0 22.9 24.6-1.8 —153+5
VI 0.972 7.50 0 28.7 22.20.8 —157+2
VIl 1.01 2.96 0 10.4 27.80.9 —148+ 2
IX 0.989 2.94 2.01 8.81 276 1.3 —-150+4
X 1.00 2.89 4.78 7.84 2646 1.8 —154+5
Xl 1.03 2.78 6.97 7.00 272 1.7 —152+5
Xl 0.989 2.80 9.67 7.00 265 1.5 —154+4

acac and hfacac. These results are consistent with previougrom thez-values using eq 1. It was also confirmed that the

studies that the; bands of the uranyl complexes shift toward
a lower wavenumber with an increase in the donicity
(strength of coordination) of ligands coordinated to the
equatorial plane of the uranyl moiet®

From the results of NMR and Raman spectra, it is
concluded that the hfacac of Yfacac)DMSO in 0-CeD4-

Cl, coordinates to the uranyl ion more strongly than that in
sc-CQ.

Exchange Reactions between Free Hhfacac and Coor-
dinated hfacac in UQ,(hfacacyDMSO in 0-C¢D4Cl, and
sc-CO,, As seen in Figures 1 and 2, the signals of t#eH
group (a and b) and theCF; group (d and e) for coordinated

kit values evaluated using the signals of th€H group (a
and b) are almost same as those using-tieF; group (d
and e). Theky values for the samples-{ivii) and (I—VII)
listed in Table 1 were measured, and their logarithmic values
were plotted against the reciprocal temperature in Figure 3.
Thekys values in sc-C@are found to be smaller than those
in 0-C¢D4Cl,. However, pressure in-C¢D4Cl, the system
differs from that in the sc-C&system. Hence, thies values

in the 0-CsD,Cl, system (sample vi in Table 1) were
measured at various temperatures under atmospheric pressure
and 25 MPa. The values at 25 MPa were found to be
almost the same as those at atmospheric pressure (Figure

hfacac and free Hhfacac become broad with increasing S6 in the Supporting Information). This indicates that the

temperature, whereas the signate€F; group (f) for Keto

differences inkqs values betweero-CsD4Cl, and sc-CQ

does not show such a broadening. From the similarity to the systems are due to those in the solvents.

NMR spectral changes of UfacaciL (L = DMSO, DMF)

in 0-C¢D4Cl,,%9%2 it was found that Henol exchanges with
the coordinated hfacac in UthfacacDMSO in 0-CeDs-
Cl, and sc-CQ as follows:

UO,(hfacac)DMSO + Henol* =
UO,(hfacac)(hfacac*)DMSG- Henol (4)

where the asterisk denotes the exchanging species.

Hence, we measured signals d and e of the same samples
as those in Figures 1 and 2 at various temperatures to obtain

kinetic data (Figure S5 in the Supporting Information).
The apparent first-order rate constarkg)(for the hfacac
exchange reaction in Ufhfacac)DMSO were evaluated

(64) Zazhogin, A. A.; Lutz, H. D.; Komyak, A. 1J. Mol. Struct.1999
482—-483 189-193.

(65) Koshino, N.; Harada, M.; Nogami, M.; Morita, Y.; Kikuchi, T.; Ikeda,
Y. Inorg. Chim. Acta2005 358 1857-1864.

Furthermore, it is found from Figure 3 that theg values
increase with increasing [Henol] in both systems. Hence, the

100 E

2.6 2.8 3.0 32
VT (107 K™

Semilogarithmic plots ofk, versus 1T for the exchange
reactions of hfacac in UghfacacDMSO in 0-CgD4Cl, and sc-CQ. The
symbols of®, a, ¢, B, O, A, <, andO correspond to data for solutions (i,
iii, iv, vii 1, lll, IV, and VII) in Table 1.

Figure 3.
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Figure 4. Plots ofkys versus [Henol] for the exchange reactions of hfacac
in UOz(hfacac)DMSO. (a): @) 40°C, (a) 60°C, (#) 80°C, (m) 100°C

in the 0-CgD4Cl, system. (b): ©) 40 °C, () 60 °C, (¢) 80 °C, @)
100°C in the sc-CQ@ system.
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Figure 5. Plots ofky, 1 versus [Henol]! for the exchange reactions of
hfacac in UQ(hfacac)DMSO in 0-CsD4Cl,. (@) 40 °C, (a) 60 °C, (#)
80 °C, (m) 100 °C.
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Table 2. Values ofk,, ks, km, andk, in the 0-C¢D4Cl, System at
Various Temperatures

Temperature Ka ko ke kn

°C 1038s 104M-s 102s 101 M-s
40 729+ 104 55.9+0.3 234456 2334 46
60 27.9+ 3.1 27.3+ 0.6 11.5+04 75.7+ 3.4
70 16.3+ 1.5 11.2+0.3 6.89+ 0.26 25.0+2.1
80 8.33+1.77 6.99+0.27 3.75+0.38 10.1+3.1
90 4.23+1.25 4.88+:0.70 2.21+0.18 5.274+1.48

100 291+ 1.28 3.06+:0.47 1.37+0.05 4.944+0.37

knt values were plotted against [Henol] as shown in Figure
4. The kys values for theo-CsD4Cl, system are found to

Kachi et al.

[DMSO] / (107 M)
0.4

0.6 0.8 1.0

1.0 1.5
[DMSO]/ (10 M)
Figure 6. Plots of kst versus [DMSO] for the exchange reactions of
hfacac in UQ(hfacac)DMSO. (a): @) 40°C, (a) 60°C, (¢) 80 °C, (&)
100 °C in the 0-CsD4Cl, system. (b): ©) 40 °C, () 60 °C, () 80 °C,
(O) 100°C in the sc-CQ system.

Table 3. Values ofk, ko, andk, in sc-CQ System at Various
Temperatures

Temperature ke ko Ko

°C 1M Ls?t 1072?s M-s

40 0.915+ 0.055 38.3:1.5 13.0+ 2.51
60 1.97+0.04 17.9+ 0.7 6.53+ 1.28
70 2.60+ 0.07 13.6+: 0.8 6.714+ 1.46
80 3.83+0.09 9.24+ 0.56 3.42+0.93
90 4.68+0.14 7.53+0.76 1.29+0.13

100 5.72+ 0.16 6.17+ 0.48 0.991+ 0.082

On the other hand, in the sc-G®ystem, the plots dfy
versus [Henol] give straight lines as shown in Figure 4, that
is, the following equation can be derived:

ki = kJHenol]

Thek. values were obtained from the slopes in Figure 4 and
are listed in Table 3.

From these results, it is clear that there is difference in
the exchange reactions of hfacac in fidfacac)DMSO in
0-C¢sD4Cl; and sc-CQ@systems, as will be described later in
the proposed mechanisms.

Effect of Added DMSO on the Exchange Rates of
hfacac in 0-CgD4Cl, and sc-CQ. It has been known that
the coordinated DMSO in Ug3-diketonato)DMSO (3-
diketonates= acac, dbm, hfacac) rapidly exchanges with
free DMSO at room temperatfe¢’*°and that the LA-LB
interactions exist between DMSO and £i@ sc-CQ.3132

(6)

approach constant values with an increase in [Henol]. This Considering these facts, the exchange reaction of hfacac in
result is consistent with the exchange reaction of acac inthe present study should be affected by the free DMSO. To

UO,(acac)L in 0-CgH4Cl,.5%52Plots of 1ky versus [Henol]
give straight lines with intercepts (Figure 5) and result in
the following equation:

1k, = k, + k,[Henol] (5)

The values ok, and k, were obtained from the intercepts

examine the effect of free DMSO on the hfacac exchange
reactions in UQ(hfacac)DMSO in 0-CsD4Cl, and sc-CQ,

the kinetic experiments were carried out using the sample
solutions (viil=xii and VIII—XII) listed in Table 1. The
resultingkys values were plotted against [DMSO] in Figure
6. As seen from this figure, thks values become small,
with an increase in [DMSQ], and the average reduction ratio
(33.3%) ofky¢ values in theo-C¢D4Cl, system is smaller than

and the slopes in Figure 5, respectively, and are listed inthat (25.6%) in sc-C@ This result suggests that the effect

Table 2.
354 Inorganic Chemistry, Vol. 47, No. 1, 2008

of free DMSO on the exchange reaction of hfacac in
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Figure 7. Plots of 1k versus [DMSQ] for the exchange reactions of
hfacac in UQ(hfacac)DMSO. (a): @) 40°C, (a) 60°C, (#) 80°C, @)
100 °C in the 0-CsD4Cl, system. (b): ©) 40 °C, (a) 60 °C, (<) 80 °C,
() 100 °C in the sc-CQ system.
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Figure 8. Plots ofkys versus [DMSQ] for the exchange reactions of DMSO
in UOy(hfacac)DMSO. (a): @) 40°C, (a) 60°C, (#) 80°C, (m) 100°C
in the 0-CgD4Cl, system. (b): ©) 40 °C, (a) 60 °C, () 80 °C, @)
100°C in the sc-CQ system.

UO,(hfacac)DMSO in the sc-C@ system is depressed by
sc-CQ and that the LA-LB interaction between COand
DMSO affects the ligand exchange reaction inj(f@acac)-
DMSO. However, theAH* values forkys in the presence of
free DMSO are almost the same as those in the absence ofind S8 to obtain kinetic data. The apparent first-order rate
free DMSO (Table 1). This suggests that the rate-determiningconstants Kys) for the DMSO exchange reactions in
step in the hfacac exchange should be same regardless oflO,(hfacac)DMSO in 0-CsD4Cl; and sc-CQ were plotted

the presence of free DMSO. The plots of thénd¥alues
against [DMSO] for the-CsD4Cl, and sc-CQsystems give
straight lines with intercepts as shown in Figure 7. These
results give the following equations.

1Kk, = k., + k,[DMSO] (for theo-C,D,Cl, system) (7)
1k = k, + k[DMSO] (for the sc-CQ system)  (8)

The values ofkm, kn, ko, andk, were obtained from the
intercepts and slopes in Figure 7 and are listed in Tables 2
and 3.

Exchange Reactions between Free DMSO and Coor-
dinated DMSO in UO,(hfacac)DMSO in 0-C¢D4Cl, and
sc-CO,. To examine the effect of free DMSO on the
exchange reaction of hfacac in W@facac)DMSO in
0-CsD4Cl, and sc-CQin more detail, the kinetic studies on
the DMSO exchange reactions between free and coordinated
sites in UQ(hfacac)DMSO in both systems were carried
out using sample solutions (xitixvii, XIII —XVIII) listed
in Table 4. In the temperature region of 40 to 1) one
peak corresponding to theCHj; proton signal of DMSO
was observed in both systems (see the left side of Figures
S7 and S8 in the Supporting Information). These results are
consistent with the phenomena observed in DMSO exchanges
in UO,(B-diketonato)DMSO (B-diketonates= acac, dbm,
hfacac) in CRCl,,*4"4indicating that in this temperature
range the free DMSO exchanges very rapidly with the
coordinated DMSO in Ugbhfacac)DMSO in 0-CsD4Cl, and
sc-CQ. However, the coalescence signals of tiéHs group
in the sc-CQ system become broad with an increase in the
temperature in spite of the rapid exchange region (Figure
S8 in the Supporting Information). This is due to the lowering
of the NMR resolution as mentioned in Experimental Section.
In fact, the—CHjs (—CFs) signals of the ligands in sc-GO
containing only UQhfacac)DMSO or ligands also become
broad with increasing temperature (Figure S9 in the Sup-
porting Information). By considering these results, we carried
out the line shape analyses of NMR spectra in Figures S7

Table 4. Solution Compositions and Kinetic Parameters for the Exchange Reactions of DMSO,(hfalfac)DMSO in 0-C¢D4Cl, (xiii — xvii) and

sc-CQ (XII — XVIII)

Solution Number [U@(hfacac)DMSO] [DMSQ] kas (80 °C) AH* AS
102M 103M st kJmol* Jmol~1-K~1
xiii 1.01 2.65 5.89x 10* 11.5+0.2 —122+1
Xiv 1.05 3.61 8.15¢< 10* 11.8+0.8 —119+1
XV 1.05 5.16 1.1% 10° 104+ 0.4 —120+ 2
XVi 1.05 6.68 1.42< 1P 11.3+04 —116+ 3
Xvii 1.08 8.81 1.78x 1P 10.6+ 0.6 —115+ 2
X 1.07 1.29 1.54x 1C° 17.8+0.8 —131+3
XIvV 1.07 2.20 2.29x 10° 15.6+£ 0.7 —142+ 2
XV 1.07 4.56 5.43x 10° 12.0£ 0.7 —141+ 4
XVI 1.04 8.37 8.67x 10° 15,5+ 0.9 —128+2
XVII 1.07 9.28 9.72x 10° 14.8+0.8 —129+ 2
XVIII 1.04 10.1 11.1x 108 16.3£ 0.8 —123+2

Inorganic Chemistry,
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Table 5. Values ofky, andk; at Various Temperatures and Kinetic Parameters irotigD4Cl, and sc-CQ Systems
TemperaturéC 40 60 70 80 90 100
0-CsD4Cl k/10" M~t-s71 1.184+0.02 1.74+0.02 1.93+ 0.02 2.19+ 0.03 2,51+ 0.02 2.87+0.02
AH*F=11.2+ 0.5kImol™}, ASF = —74.14+ 1.6 Jmol~1-K1
sc-CQ k/10P M~ 157t 4.31+0.23 7.08+ 0.17 8.74+ 0.14 10.7+ 0.2 11.9+0.21 13.3+ 0.3

AH* = 13.4+ 1.1 kImol~1, ASF = —93.54 3.2 3mol-1-K 1

against [DMSO)] as shown in Figure 8. From this figure, the [Henol] as shown in Figures 4. This suggests that the hfacac
following equations can be derived. exchange reactions in UMfacac)DMSO proceed as-
sociatively. However, the associative (A) mechasfshould

be ruled out in both systems, because indt&D4Cl, system
thekys values for the hfacac exchange reaction do not increase
linearly but asymptoticically with increasing [Henol], and
These results suggest that the DMSO exchange reactions i the 0-CsD4Clz and sc-C@ systems thé, values do not

UO,(hfacac)DMSO in both systems proceed associatively. decrease linearly with an increase in [DMSO] as shown in
The k, andk, values obtained from the slopes in Figure 8 Figure 6.

= k[DMSQ] (for the 0-C4D,Cl, system)
kys = k,[DMSO] (for the sc-CQ system)

9
(10)

are Ilsted in Table 5. The values kofare fairly smaller than

Considering the similarity to the acac exchange reactions

those ofk,. This difference must be due to that the associative in UO,(acac)L (L = DMSO, DMF)3952 two mechanisms

approach of free DMSO to Ughfacac)DMSO is hindered
by the formation of the LA-LB interaction between free
DMSO and sc-C@

Mechanism. The exchange reactions of hfacac in
UO,(hfacac)DMSO in 0-C¢D,Cl, and sc-CQ depend on

356 Inorganic Chemistry, Vol. 47, No. 1, 2008

shown in Scheme 1 should be proposed. In Mechanism 1 (|
— Il =1l = " — 1), ky is expressed as follows.

(66) Langford, C. H.; Gray, H. BLigand Substitution Processed/. A.
Benjamin: New York, 1966.
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ky = k k,[Henoll/(k_, + k,[Henol]) (11)

1k = 1k; + k_4/(k;ky)[Henol] ™ (12)

Eq 12 is consistent with eq 5 for theCsD4Cl, system,
and hencek, andk, are related as follows:

ko= Ly, ky = k_y/(kiko)

In the sc-CQ system, it is expected that the ring closure
of unidentate hfacac in the H> | pathway occurs more
rapidly than the coordination of the incoming Henol* {h
I), because of difficulty in the approach of the relatively
bulky Henol* to intermediate Il through the existence of the
LA —LB interaction and hydrogen bonding between Henol
and CQ.31% Thus, the conditiork_; > ky;[Henol] should
hold under the experimental conditions in the sc;Gstem,
and the following eq 14 can be derived from eq 11.

Ky = (kk/k_,)[Henol] (14)

(13)

Eq 14 is consistent with eq 6, and hergas related as

follows:
Ko = Kikolk_y (15)

In Mechanism 2 (=V — Il —IlI"'—1"), V is an outer-
sphere complex andos is the outer-sphere complex forma-

tion constant. In this mechanisiky is given by eq 16952
Ky = kKodHenoll/(1 + KodHenol]) (16)
1k, = 1k, + 1/(kKo9[Henol] (17)

Eq 17 is also consistent with eq 5. Hence, the following
relationships are obtained.

ka= 1/, ky = 1/(kKog)
If the condition,KodHenol] < 1, holds in the sc-Cgsystem,

(18)

k. = kk,[Henoll/(k_, + k,[Henol] + k,[DMSO])

1k = (k_; + k[Henol])/(k,k,[Henol]) +
ky/(k k,[Henol])[DMSO] (22)

(21)

On the other hand, in Mechanism 2, DMSO* forms an
outer-sphere complex (Ywith UO,(hfacac)DMSO. From
this mechanism, the following equations are derived.

ky; = kKodHenol]/(1+ KodHenol] + Ko [DMSQO])  (23)

1k, = (1 + KogdHenol])/(kKogdHenol]) +
Kod/(kKodHenol)[DMSO] (24)

It is apparent that eqs 22 and 24 are correlated with eqs 7
and 8 as follows.

k., = k, = (k_; + k[Henol])/(k;k;[Henol]),
k,= kp = kyf(k,k;[Henol]) (25)
kK, =k, = (1 + Kgg[Henol])/(k KodHenol]),
Ky = ky = Kos/(kKodHenol]) (26)

From eqs 13, 15, 18, and 20, the relationskpf= k and
ko/k—; = Kos can be derived. The values kf or k;, ka/k_;

or Kos, ka/kz, andKog' in 0-CsD4Cl, and sc-CQsystems were
calculated from the valueskd{ kp, km, kn, ke, Ko, andky) in
Tables 2 and 3 and the average value (28¥02 and 2.83

x 1072 M) of [Henol] in solutions viii-xii and VI — XII,
respectively. The results are listed in Tables 6 and 7 with
the activation parameters fég or k in 0-C¢D4Cl, and sc-
CO, systems.

As seen from Tables 6 and 7, th&s values in sc-C@
system are less than 1. This result supports that the condition
of KogHenol] < 1 in Mechanism 2 holds in sc-G@ystem.
However, theKos values ino-CgD4Cl; and sc-CQ systems
are much larger than the value (0.86 % expected from
the Fuoss-Eigen equatiof’ (for an interaction distance of

the following equation can be derived and is consistent with 7 A) and the value (4.9 M at 25 °C) obtained for the

eq 6.
ks = kKodHenol] (29)

It is likely that the values oKqgHenol] are less than 1 in
the sc-CQ system because Ufacac)DMSO and Henol

are noncharged species, [Henol] in the present study is in

the range from 9.0% 1072 to 7.50 x 1072 M, and the
approach of Henol to Ugthfacac)DMSO should be inhib-

DMSO exchange in the Ufacac)DMSO in CD,Cl,.4"

Therefore, it is proposed that the exchange reactions of
hfacac in UQ(hfacac)DMSO in 0-C¢D,Cl, and sc-CQ
proceed through Mechanism 1.

Comparisons of Kinetic Parameters foro-C¢D,4Cl, and
sc-CO, Systems.On the basis of Mechanism 1, we discuss
the differences in the kinetic parameters for the exchange
reactions of hfacac in Ughfacac)DMSO in theo-CsD,Cl;

ited by the intermolecular interactions between Henol and &nd SC-C@systems. Thé values in theo-CeD4Cl, system

C0O,.3132Thus, k; is related as follows:
k. = kKos

Furthermore, the DMSO exchange reactions
UO,(hfacac)DMSO in 0-CgD4Cl, and sc-CQ systems

(20)

in

are smaller than those in sc-gQrables 6 and 7). This
suggests that the ring-opening of coordinated hfacac in
UO,(hfacac)DMSO takes place more easily in sc-gan

in 0-CsD4Cly, that is, the hfacac ligand of Ughfacac)-
DMSO in sc-CQ coordinates to the uranyl moiety more
weakly than ino-CsD4Cl,. This consideration is supported

proceed associatively. Hence, it is expected that the freepy the results of structural experiments using NMR and
DMSO participates in the hfacac exchange reaction in Raman spectrometers (Figures-S4 in the Supporting

UO,(hfacac)DMSO as shown in Scheme 1. In Mechanism
1, DMSO* competes with Henol* in the coordination to the
vacant site of intermediate Il. In this mechanisky; is
expressed as follows:

Information), and the fact that th&H* value fork; in sc-
CQO, system is smaller than that ®CsD4Cl,. Furthermore,

(67) Fuoss, R. MJ. Am. Chem. S0d.958 80, 5059-5061.
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Table 6. Values ofk; or kj, ka/k-1 or Kos, kalke, andKos' at Various Table 8. Values ofk-1, ky, andks in the 0-C¢D4Cl, System at Various
Temperatures and Kinetic ParametersKpor k; andks Pathways in the Temperatures
0-CsD4Cl, Systent
G472 SV Temperature k-1 ko ka2
Temperature  kj ork ko/k-1 or Kos Kos oC 1Fst 10 M-Los1 10 M-Los1
o —1 -1 -1
€ s M kafko M 40 0.915+ 0.201 1.29+ 0.07 1.18+0.02
40 13.7+ 1.9 141+ 3.0 9.16+0.61 120+ 26 60 2.20+ 0.40 2.24+0.20 1.74+ 0.02
60 35.8+ 3.2 10.2+1.6 7.78t£0.70 79.4+10.1 70 2.97+ 0.69 4.34+ 0.94 1.91+ 0.03
70 61.3+5.5 146+ 1.3 4.40+0.95 64.1+8.0 80 5.29+ 2.49 6.23+ 2.68 2.19+0.03
80 120+ 23 11.9+ 2.3 3.48+1.48 41.5t12.7 90 11.2+7.28 9.69+ 5.60 2.50+ 0.03
90 236+ 70 8.67+2.6 258+1.49 31.0+87 100 7.79+4.72 7.424+3.07 2.87+ 0.02
100 344+ 151 9.51+4.2 3.87+1.60 46.3-3.5

aThe assumptionkz > ky.
aKinetic parameters fok; or k: AH* = 57.84 2.7 k3mol™%, AS" =

—42.94 7.7 Jmol~1-K~1, Table 9. Values ofk-1, kp, andks in sc-CQ System at Various
Temperatures
Table 7. Values ofk; or ki, ko/k—1 or Kos, ka'ke, andKos' at Various
Temperatures and Kinetic ParametersKpor k andks Pathways in Temperature k-1 ke ke
sc-CQ Systent °C 10st 18 M Lst 1M Ls?
Temperature  kjork ko/k—1 or kos Kod 40 1.26+ 0.49 4.97+ 1.56 4.31+ 0.23
o - - a1 60 1.92+ 0.46 7.29+ 1.60 7.08£ 0.17
c 1¢s M~ keke M~ 70 1.74+ 0.48 7.34+1.85 8.74+ 0.12
40 2.33+0.56 0.393+0.088 86.8+26.8 34.1+7.0 80 2.84+ 0.87 14.3+ 4.15 10.7+£0.2
60 5.18+0.50 0.3804+0.036 97.1+21.2 36.9+-7.3 90 7.03+ 1.65 28.4+5.24 11.9+ 0.2
70 6.18+ 0.74 0.422£0.049 119+ 30 50.2+ 11.0 100 8.65+ 4.56 30.1+ 15.2 13.3£ 0.3
80 7.61+£0.75 0.503+0.048 744216 37.6+10.3 .
20 11.6+1.72 0.404:0.059 41.9-7.7 157+18 #The assumptiors = kz.
100 15.9+1.76 0.348+0.053 44.2+37.0 17.3-135
2 Kinetic parameters fok, or k : AH* = 18.9+ 1.8 k3mol™%, ASF = The values ok-; andk; n theo-CeD,Cl, system are folun_d
—138+ 5 Fmol KL to be larger than those in sc-GQrables 8 and 9). This is

also reasonably explained by the £AB interaction between

the AS value fork; in the sc-CQ system is more negative  CQ, and Henol in the sc-CSyystem, that is, thie ; pathway
than that ino-CsD4Cl,, as listed in Table 7. This is considered should be blocked by the interaction of g@etween the
to be due to the formation of intermolecular interactions end of the unidentate hfacac in the intermediate I, and the
between unidentate hfacac and £6% existence of the intermolecular interaction between Henol

The values oks are larger than those &f in both systems  and CQ makes the approach of the relatively bulky Henol*
(Tables 6 and 7). This is reasonable, becauseitamdks to the intermediate Ik, pathway) difficult. Furthermore,
pathways correspond to the coordination of Henol and thek, values in theo-CsD.Cl, System are much smaller than
DMSO to the vacant site in the intermediate Il, and the the ki[Henol] values (8.04x 10° to 6.51 x 10° s°%), and
DMSO molecule with smaller size and Iarger doniCity than those in the Sc-ngstem are almost equiva|enﬂ@Heno|]
Henol (donor number (DN) of DMSG- 29.8, DN of Hacac  values (4.51x 10 to 2.26x 10° s1). From these resullts, it
= 20.0y® should more easily coordinate to such a site. The js reasonable to consider that the rate-determining step in
exchange reactions of DMSO in Y@facac)DMSO in the exchange reaction of hfacac in ffacac)DMSO in
0-CeD4Cl, and sc-CQ@ systems depend on [DMSO] and  o-C4D,CI, and sc-CQ is the ring-opening for one of two
hence should proceed associatively as mentioned abovecoordinated hfacac in Uhfacac)DMSO.
From this viewpoint, it is reasonable to presume that the
values ofk; are equal to or larger than ttkg andk, values Conclusions
listed in Table 5 because the free DMSO should enter more In the present study, we have examined the structures of

easily the vacant site of the intermediate Il in Scheme 1 . UOy(hfacac)DMSO complex ino-CsD4Cl, and sc-CQ@

compared with the association to complex I. On the basis of and the ligand exchange reactions of 4@acac)DMSO
this assumption, the values kf; andk,, which should be in both media usingH and F NMR spectroscopy. As a

equivalent to or smaller than the real values, were estimatedresult it was found that the UghfacacDMSO complex
from the values oky/k-; andks/k, in Tables 6 and 7 using ’

theky andk; values in Table 5. The results are listed in Tables
8 and 9 with theks values. It is found that thé& and ks
values in theo-C¢D,Cl, system are about 250 and 25 times
larger than those in sc-GQrespectively (Tables 8 and 9).

These differences are also exp!alned by the-ILA8 interac- DMSO depend on [Henol] and decrease with an increase in
tions and the hydrogen bondings between free Henol or [DMSQ] and that the exchange rate constants of DMSO in
DMSO and CQ because such interactions should inhibit the UO,(hfacac)DMSO depend on [DMSO]. From these results

associative entering of Henol and DMSO to the coordination it was proposed that the exchange reaction of hfacac in

site of intermediate II. UO,(hfacac)DMSO proceeds through the mechanism, where

(68) Linert, W.: Fukuda, Y.: Camard, ACoord. Chem. Re 2001 218 the ring-opening for one of two coordinated hfacac in
113-152. UO,(hfacac)DMSO is the rate-determining step, the resulting

in both media has a pentagonal bipyramidal structure, and
that hfacac of U@hfacac)DMSO coordinates to a uranyl
moiety more strongly iro-C¢D4Cl; than in sc-CQ.

Furthermore, it was found that in bothCsD4Cl, and sc-
CO, systems the exchange rates of hfacac in(b@cac)-
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vacant site is coordinated by the incoming Henol, followed  Supporting Information Available: Plots of InKyeto-enol VErsus

by the proton transfer and the ring closure of unidentate reciprocal temperature (Figure S and'*F NMR spectral data
hfacac. The rate constant at 6@ and its activation  in 0-CsD4Cl; and sc-CQ containing only UQ(hfacac)DMSO or
parametersH*, AS) for the ring-opening process are 35.8 ligands (Hhfacac and DMSO) (Figures S2, S3, and S9); Raman
+ 3.2 st 57.8 4+ 2.7 kIJmol?, and —42.9 + 7.7 J spectra of the 8O bond 1) for UOy(f-diketonato)l (-
mol~1-K 1 for the 0-C¢D4Cl, system, and 518 50 st 18.9 diketonates= acac, hfacac, I= DMSO, DMF) in 0-GD4Cl, and

+ 1.8 kImol%, and—138+ 5 J mofrL-K~1 for the sc-CQ sc-CQ (Figure S4); experimental and calculated line shapésiof
system. The values of the rate constants corresponding to®"d *°F NMR spectral data im-C¢D.Cl, and sc-C@ containing

the ring closure of unidentate hfacac, the coordination of free ligands (Henol and DMSO) and thg coordinated ligand (hfacac
Hhfacac to the vacant site, and the DMSO exchange in the@"d DMSO) in UQ(hfacaciDMSO (Figures S5, S7, and S8);
sc-CQ system are smaller than those in th€sD4Cl, one. sem|log.ar|thm|c‘plo.ts okhf.versus reciprocal temperature (Figure
It is proposed that such a difference is due to the existenceS6)' This material is available free of charge via the Internet at
of the solute-solvent interaction between Hhfacac or DMSO http://pubs.acs.org.

and CQ under supercritical conditions. IC701234Q
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