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Abstract: Gas-phase complexes containing dioxouranium(V) cations ([UO]*") ligated with two or three
o-donating acetone ligands reacted with dioxygen to form [UO2(A)2,3(02)]*, where A is acetone. Collision-
induced dissociation studies of [UO,(A)3(0,)]" showed initial loss of acetone, followed by elimination of O,
which suggested that O, was bound more strongly than the third acetone ligand, but less strongly than the
second. Similar behavior was observed for complexes in which water was substituted for acetone. Binding
of dioxygen to [UO_]" containing zero, one, or four ligands did not occur, nor did it occur for analogous
ligated U(IV)O. or U(VI)O; ions. For example, only addition of acetone and/or H,O occurred for the U(VI)
species [UO,OH]", with the ligand addition cascade terminating in formation of [UO,OH(A)s]". Similarly,
the U(IV) species [UOOH]* added donor ligands, which produced the mixed-ligand complex [UOOH(A)s-
(H20)]* as the preferred product at the longest reaction times accessible. Since dioxygen normally functions
as an electron acceptor, an alternative mode for binding dioxygen to the cationic U(V)O- center is indicated
that is dependent on the presence of an unpaired electron and donor ligands in the uranyl valence orbitals.

Introduction with dioxygen to form UQ, which reacts with a second,@
form the U(V) species U .8 In similar fashion, 3" is oxidized
do UO?" and UG?' in serial reactions with @and other
oxidants®10 However, reactions of uranium cations with di-
oxygen to form complexes containing intact @ands have
not been observed in the gas phase.

In the condensed phases, the uranyl dication forms complexes
with dioxygen in any2-peroxo fashior! including the uranyl
peroxy minerals studtite (UO,(H20), and metastudtite (UL
O,(H20),.22 There are several examples in which two [{R
molecules are joined by peroxide inuadioxo modet3—18 In
these condensed-phase systems, a common theme is that binding
of oxygen is very much dependent upon other ligands bound

The structure and reactivity of molecular uranium species
have been topics of ongoing research because they dictate th
behavior of the element at various junctures in the environiment
and in the nuclear fuel cyct& The envelope of possible species
is broad and includes multiple oxidation states, oxide forms,
ligand complexes, and multi-uranium clusters: each of these
can display variable stability and solubilization depending on
the composition, acidity, and oxidizing potential of a contacting
solution87 Prediction and manipulation of uranium behavior
are dependent on a detailed understanding of the reactivity of
the salient species.

Positively charged, oxidized uranium species tend to act as .
Lewis acids, accepting electron density from donor ligands and to the uranium center.

participating in hydrolysis reactions at neutral pH. Uranium in . In contra;t .to perox@g binding, examples of SUperoxo
the lower oxidation states is also highly oxophilic, as shown dioxygen binding to actinide centers are scarce. Reversible

by several gas-phase studies that indicated oxidation by aattachment of dioxygen as superoxide to transition metal centers

number of neutral reagents. For example, gas-phaseetkcts is well known}®24 and attachment of £~ is central to the

(8) Armentrout, P. B.; Beauchamp, J. Chem. Phys198Q 50 (1), 27—36.

(1) Morse, J. W.; Choppin, G. RRev. Aquatic Sci.199], 4 (1), 1-22. (9) Cornehl, H. H.; Heinemann, C.; Marcalo, J.; deMatos, A. P.; Schwarz, H.

(2) Silva, R. J.; Nitsche, HRadiochim. Actel995 70/71, 377—396.

(3) Brookins, D. G.Geochemical Aspects of RadioaetiWaste Disposal
Springer-Verlag: New York, 1984.

(4) Greenwood, N. N.; Earnshaw, Ahemistry of the Element2nd ed.;
Butterworth Heinemann: Oxford, Great Britain, 1997; p 1250.

(5) Schulz, W. W.; Navratil, J. DScience and Technology of Tributyl
PhosphateCRC Press: Boca Raton, FL, 1984.

(6) Choppin, G. R.; Rizkalla, E. N. Solution Chemistry of Actinides and
Lanthanides. IrHandbook on the Physics and Chemistry of Rare Earths

Gschneider, K. A., Jr., Eyring, L., Choppin, G. R., Lander, G. H., Eds;

Vol. 18, Lanthanides/Actinides: Chemistry; North-Holland: Amsterdam,
1994; pp 559-590.

(7) Rizkalla, E. N.; Choppin, G. R. Lanthanides and Actinides Hydration and

Hydrolysis. InHandbook on the Physics and Chemistry of Rare Earths

Gschneider, K. A., Jr., Eyring, L., Choppin, G. R., Lander, G. H., Eds.;

Vol. 18, Lanthanides/Actinides: Chemistry; North-Holland: Amsterdam,
1994; pp 529-558.

10.1021/ja0573209 CCC: $33.50 © 2006 American Chemical Society

Angew. Chem., Int. Ed. Engl996 35, 891-894.

(10) Gibson, J. K.; Haire, R. G.; Santos, M.; Maatn, J.; Pires de Matos, A.
J. Phys. Chem. 005 109, 2768-2781.

(11) Alcock, N. W.J. Chem. Soc. A968 1588-1594.

(12) Kubatko, K.-A. H.; Helean, K. B.; Navrotsky, A.; Burns, P. Science
2003 302 1191-1193.

(13) Bhattacharjee, M.; Chaudhuri, M. K.; Purkayastha, R. Nnbrg. Chem.
1986 25, 2354-2357.

(14) Charpin, P. P.; Folcher, G.; Lance, M.; Vigner, N. E.Agta Crystallogr.
1985 C41, 1302-1305.

(15) Rose, D.; Chang, Y.-D.; Chen, Q.; Zubletdnarg. Chem1994 33, 5167
5168.

(16) Thuery, P.; Masci, BSupramol. Chen2003 15, 95-99.

(17) Thuery, P.; Nierlich, M.; Baldwin, B. W.; Komatsuzaki, N.; Hirose,JT.
Chem. Soc., Dalton Tran4999 1047-1048.

(18) Westland, A. D.; Tarafder, M. T. Hnorg. Chem1981, 20, 3992-3995.

(19) Momenteau, M.; Reed, C. Zhem. Re. 1994 94, 659-698.

J. AM. CHEM. SOC. 2006, 128, 3075—3084 = 3075



ARTICLES

Groenewold et al.

functioning of hemoglobii® For actinide complexes, the
autoxidation of [UQ]* to form [UO,]2" and peroxidé® was
speculated to proceed via a superoxo complex H&Q0,) ]
in which uranium was formally oxidized to U(VI). With a single

electron in its valence orbitals and an accessible higher meta

oxidation state, [UG™ satisfies requirements for formation of
a superoxo comple® However, the chemistry of the U(V)

lon Trap Secondary lon Mass Spectrometry (IT-SIMS).The ion
trap secondary ion mass spectrometer (a Saturn 2000 ITMS from Varian
(Walnut Creek, CA), modified using software written in-hod%e¥ is
a unigue instrument for examining the reactivity of metal oxide species.

|Brieﬂy, it functions by bombarding solid metal oxide targets with a 7

keV ReQ™ primary ion (obtained by applying a current of around 3 A
to an amalgam of barium peroxide and rhenium powét9which
sputters ionic oxide species into the gas phase. In our experiments, the

dioxo cation is difficult to study in solution because of itS pimary beam was gated to impact only the sample for the given
tendency to undergo disproportionafidfr 2 reactions in which  jonization time. lonization times were varied from 0.001 to 0.01 s to
two U(V) species react to form U(IV) and U(VI) species, with  achieve high signal-to-noise ratios and comparable abundance-{2000
[UO,]™ functioning as both an electron donor and an electron 4000 countss) for each of the reactant ions examined. The sputtered

acceptor.

ions were trapped in a He bath gas %110~ Torr), and the ion of

The complexity of the uranium systems in the condensed interest was isolated using selected ion stotageor to reaction with

phases obfuscates explicit identification of those factors th
enable oxygen addition. On the other hand, the reactivity o

ionic species can be examined more easily in the gas phase

at 9aseous neutrals. The secondary ions used in this experiment were all
f generated by bombardment of uranium (VI) oxide (Strem Chemicals,

Newburyport, MA)3® The sample was mounted on the end of a 2.7-
mm probe tip with double-sided tape (3M, St. Paul, MN). Isolated ions

because individual ionic species can be isolated prior to reaction.yere then allowed to react with gaseouHacetone, and/or Q@luring
Recent studies have shown that reactions of gaseous uraniuny specified reaction time (83 s) that was systematically controlled.

dioxo cations mirror their behavior in solution, in that non-
covalent complexes form between donor ligands (e #),H
alcohols?! or aceton#) and uranium(1V), -(V), and -(VI) dioxo
cations. Unligated cations having-land 2+ charge®32and
singly charged uranylanion ion pair&*34behave in this fashion.
Less frequently, uranium oxidatighor reductiod® reactions
occurred within the ligated complexes, but in the vast majority
of cases, the cations acted as Lewis acids.

The ion trap was operated at a low mass cutofintd 160 during the
ionization and reaction time periods. After reaction, the product ions
and remaining reactants were scanned out of thé'teaml deflected
onto a venetian blind dynode positioned in front of the multichannel
plate detector, located off-axis between the end of the ion trap and the
primary ion guns®

To determine the reaction pathways and kinetics, the time between
ion isolation and detection was systematically increased. Spectra were
recorded at logarithmically increasing time intervals (approximately

In the present report, we show that complexes containing the 5 measurements per decade) in order to concentrate data collection

U(V) cation [UQ,]* will add molecular oxygen in the gas phase.
In this study, the reactive motif of the U(V) species [k)Ois
shown to be primarily that of a Lewis acid accepting electron

early in the ligand addition cascades, where the chemistry was rapidly
changing. At long reaction times, spectra were not collected at closely
spaced time intervals because the chemistry was not changing rapidly,

density from donor ligands and forming noncovalent complexes and more importantly, the UQarget tended to develop surface charge
in the process. However, it is shown that some ligand complexesunder prolonged bombardment, which put a premium on data collection

of [UOZ* will also add molecular dioxygen, suggesting
donation of electron density from the metal center.

Experimental Section

efficiency. At any given point in time, total ion abundance was
normalized to 1000 ions, which was a convenient number for use in
the kinetic modeling (vide infra).

As an alternative to condensation reactions, isolated complexes were
subjected to collision-induced dissociation (CHD)ons stabilized in

The gas-phase reactivity experiments were conducted using two the quadrupole ion trap have a coherent oscillating ion motion in the

different types of quadrupole ion trap mass spectrometers, one usingion trap and a random component derived from the thermal energy of
particle desorption for ionization (secondary ion mass spectrometry) the system. Dissociation results from hyperthermal collisions with the
and one using electrospray. The two instrumental approaches providedpath gas that are induced by application of a potential on the end caps

corroborating information.
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at a frequency corresponding to the secular frequency of the motion of
the ion. Dissociation of metal complexes containing two or more
different ligands produces fragment ions corresponding to the elimina-
tion of the ligands, whose relative intensities can be correlated with
metal cation affinitied?~** Interpretation of the results of these studies
is tempered by uncertainty regarding the effective temperature of the
dissociating ions, the possibility of reverse activation energy, and the
fact thatAS may not be negligiblé® however, in instances where the
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mechanism for elimination of two ligands is simiféithe fragmentation by setting the isolation width between 5 and 12 mass units (depending
kinetics as reflected by the relative abundances of the fragment ionson the species), the activatiégp at 0.3 (as labeled by the instrument
can be suggestive of the relative binding energies of the eliminated manufacturer, used to adjust thevalue for the resonant excitation of
ligands. the precursor ion during the CID portion of the experiment), and the

The atmosphere within the ion trap secondary ion mass spectrometeractivation amplitude at 1620% (of 5 V). In all cases, activation times
was modified by the addition of low partial pressures of acetop®,H  for CID were 30 ms.
and Q to the He bath gas. Acetone (Optima grade, Fisher, Fairlawn,  Kinetic Modeling. Kinetic rates were extracted from the data by
NJ) was first dried with molecular sieves, which were previously heated using the curve fit feature of Berkeley Madorffawhich is a
to ~175°C and allowed to cool, to remove any dissolved water. The commercially available, general purpose differential equation solver
acetone was then subjected to several fre@zenp—thaw cycles with that utilizes a numerical Rung&utta integration algorithm. This
liquid nitrogen while connected to a roughing vacuum pump. The program uses the downhill simplex method as documentBldimerical
acetone was then admitted to the system as a vapor through a variableMethods in Cor curve fitting*® The model used for this fit was based
leak valve. Oxygen (UHP, Matheson, Newark, CA) af@. (99% on a pseudo-first-order approximation of the reactions with respect to
enrichment, Isotec-Matheson, Miamisburg, OH) were admitted using the acetone, oxygen, and water concentrations. Rate constants were
a separate variable-leak valve. A third variable-leak valve was used to obtained by dividing the rates from Berkeley Madonna by the number
admit water (Optima grade, Fisher, Fairlawn, NJ), which was also density of the secondary reactant (e.g., acetone). The ability of the model
subjected to three freez@ump-thaw cycles with liquid nitrogen while to fit the data was assessed for each ion modeled by calculating the
under vacuum. root-mean-square error (RMS) between the data and the model for each

Calculation of reaction rate constants is critically dependent on time at which a data point was collected and expressing the value as a
accurate determination of the number density of the reactant neutrals.Percentage of the average ion abundance over the time course of the
Pressure measurement was accomplished using a small electrorfXperiment. Good fits were indicated by %RMS values from 1% to
ionization quadrupole mass spectrometer (Transpector 2 residual gas™~30%, which was the case for the abundant ions in the forward ligand
analyzer, Inficon, East Syracuse, NY) that was interfaced to the ion attachment cascades. Lower abundance ions could have values several
trap secondary ion mass spectrometer and was operated to continuousljimes higher, but they still produced fits for models of simple ligand
monitor ion channels corresponding to the components of the vacuum addition and elimination that were good qualitative fits of the data
atmosphere, viz., He, 4, Ny, O,, and acetone. The quadrupole mass PoInts.
spectrometer was carefully calibrated versus a Bayard Alpert ionization  Infrared Multiphoton Dissociation (IRMPD). An IRMPD experi-
gauge. The ionization gauge was, in turn, calibrated against a ment on the [UQdimethylformamide)-,5(Oz)]* complex was con-
capacitance manometer for each gas except He, which was maintainedlucted using a free electron laser interfaced to a Fourier transform ion
at a pressure of k 107 Torr as measured by the quadrupole mass Cyclotron resonance mass spectrometer at the FOM Instituut voor
spectrometer and checked with the ionization gauge. Plasmafysica, Nieuwegein, The Netherlands. The experiment was

Electrospray lonization Mass Spectrometry (ESI-MS).ESI mass describe_d previousl§p.50 Comp!exes_ were formed _usif]g electrospray
spectra were collected using a Finnigan LCQ-Deca ion trap mass 85 described abovg, except using dlmethylformamldelns_tead of acetqne.
spectrometer (ThermoFinnigan Corp., San Jose, CA). The spray Complexes were isolated using the _stored Wavefo_rm inverse Fourier
solutions used in these experiments consisted of the uranyl nitrate ransform techniqu and then dissociated by photoirradiation of the
dissolved to a concentration of 1 mM in 10% (v:v) acetone/water. The iSolated complex ions.
solutions were infused into the ESI-MS instrument using the incorpo-
rated syringe pump at a flow rate of-3 uL/min.

The atmospheric pressure ionization stack settings for the LCQ  Reactions of the U(V) Species [U@". The U(V) species
instrument (lens voltages, quadrupole, octapole voltage offsets, etc.)[UO]* accounted for the most abundant ion in the SIMS
were optimized for maximum ion transmission to the ion trap mass spectrum of UQatm/z 270. The major ions that emerged upon
analyzer by using the autotune routine within the LCQ Tune program. reaction of [UQ]* in an atmosphere containing acetone (A),
Following the instrument tune, the spray neecﬂe volte_lge was maintained H,0, and Q were as follows. After 0.06 s, a substantial fraction
§t+5 kV and the N shegth gas flow a_lt 25 units (arbltrary to the LCQ of [UOJ]* was converted to [UgIA)]* (Figure 1a), and some
instrument, corresponding to approximately 0.375 L/min). The heated of this had further reacted to form diligated [W@)(H0)]"

capillary (desolvation) temperature was maintained 260 At this . . .
relatively high desolvation temperature, the ESI mass spectrum wasamd [UC(A)2]" (Schemes 1 and 1S (Supporting Information)).

dominated by singly charged species including bare and ligated UO After 0.3 s, abundant triligated complexes having compositions
OH*, UO,NOs*, and UQ*. The ion trap analyzer was operated at a [UO2(A)2(H20)]" and [UGx(A)3] ™ formed, and some of these
pressure of~1.5 x 1075 Torr. Helium gas, admitted directly into the ~ Were converted to the tetraligated [W(@),]* (Figure 1b). The

ion trap, was used as the bath/buffer gas to improve trapping efficiency [UO2(A)4] ™ represented the end of the ligand addition cascade,
and as the collision gas for CID experiments. To investigate the involving only acetone and #. In contrast to the behavior of
tendency to add molecular.®ia gas-phase reactions, a certified blend  |igated [UQJ%" in the gas phas& pentaligated [UG™

Results and Discussion

of He with 0.1 or 1.0% @ (Linweld, Wichita, KS) was used. complexes were not formed at the longest times experimentally
Ligand addition reactions ({0 and/or Q) were monitored by the accessible.
isolation and storage of the YOion in the ion trap. The @reagent Most important to the present study, an ion was observed at

was introduced with the He bath gas. ThglHs a contaminant in the n
vacuum system and has been shown in past studies to be present at
partial pressures sufficient to produce pseudo-first-order reaction 47)

z476. This species corresponds to the addition pfdthe

Zahnley, T.; Macey, R.; Oster, ®erkeley Madonnaversion 8.0.1;

conditions. In the present experiments;(Hadded to U@ in the University of California: Berkeley, CA, 2003.

electrospray ion trap. At the acetone concentration used in the spray(48) ;'°We_fSN B. ';-Nﬁm;c;ic‘)?gl Methods in €, 2nd ed.; Oxford University
solvent mixture, no appreciable acetone addition to;U@mplexes (49) ,\,ngfé' D?\-'rv_; Cc>)<rar'nens, J. Eyler, J. R.; Meijer, G.; von Helden, G.; Ridge,
was observed. The multiple-stage CID experim&nigre performed D. P.J. Am. Chem. So@004 126, 14726-14727.

(50) Oomens, J.; Moore, D. T.; von Helden, G.; Meijer, G.; Dunbar, R].C.
Am. Chem. SoQ004 126, 724-725.

(46) Green-Church, K. B.; Limbach, P. 8. Am. Soc. Mass Spectro2000 (51) Marshall, A. G.; Wang, J. T.-C. L.; Ricca, T. 1. Am. Chem. S0d.985
11, 24-32. 107, 7893-7897.
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Scheme 1. Main Reaction Pathways for the Addition of Acetone, H,O, and/or O to [UO_]", Occurring in the lon Trap Secondary lon Mass
Spectrometer?
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aThe complete reaction scheme, which includes lower abundance ions, is found in the Supporting Information, Scheme 1S.

4000~ [UOT Table 1. Forward Rate Constant Values for Addition of Acetone to
[UO]*+ @
3000 a) X
2000 4 [UO,(A) N rate mean 9% efficiency
1000 4 l [Q\OZ(A)(Hzo)] const, Vk, (relative
Y T L b T T forward reaction Vk, values t0 Kapo)
250 300 350 400 450 500
4000+ [UO,(A)] [UOs]* + A — [UOA(A)] + Vi€ 2x10° 10
8 3000 b) [UO,(A)(H,0)" [UOAA)] ™ + A — [UOAA)7]* Vg 2x 10710 10
g 20004 o, Uo,A),l" '\ UO,(A),I [UO2(A)3] ™ + A — [UOx(A)3] * Vks 5% 10710 20
5 1000 \ [UO2(A)3] " + A — [UO2(A) 4]+ Vka 9x 101 4
2 o : T N , / [UO2(A)2]t + 02— [UOo(A)2(02)]"  Vkio 2 x 1071 3
250 300 350 400 450 500 [UOz(A):_:,]+ + O, — [UOz(A)g(Oz)]Jr Vki1 1x 1011 3
4000 4 [UO,A),I!
3000 c) [UO,(A),(0,)]" Y aThe rate constantk) values are in cfhs ! moleculel. Table S1 in
2000 [UO.(A)]" the Supporting Information contains rates calculated for all modeled addition
1000 z 3\1 \ reactions, and Table S2 contains rates for elimination reactions.
0 + T T T T T
250 300 350 400 450 500 . . . .
m/z to be bimolecular and unimolecular, respectively. This is a

Figure 1. [UO,]* formed and isolated in the vacuum atmosphere of the simplified description of the actual physical system, in which

ion trap secon

at background concentrations% x 10~7 Torr), and acetone was added to
a pressure of~1 x 107 Torr. The [UQ]™" reacted for (a) 0.06, (b) 0.3,

dary ion mass spectrometer. Water and dioxygen were presenfy o o o ions are terndRf? in the reactant ion, the neutral

ligand, and the He bath gas; the latter reduces internal energy

and (c) 3 s. in the initially formed complexes, and hence the rate of
: dissociation reactions. Ligand exchange reactions between
1000101 . A S complexes were not considered because of low ion concentra-
[l oA A//h"\A tions in the instrument.
8004 0 In this experiment, the dominant reaction pathway was

400

Normalized Abundance
g
o
1

200

Figure 2. Kin

an atmosphere containing acetong®tHand dioxygen. Data points represent

addition of acetone, reflected by the substantial reaction
efficiencies (compared with average dipole orientation tHéory
of reactions +3 (Tables 1 and S1). The efficiency for the
addition of the fourth acetone was somewhat lower, which may
be the effect of ligands shielding the reactive center for many
approach trajectories. In addition, steric crowding of the JO
(A) 4] appears to lead to greater complex instability, as reflected
in the modeled rate constants for acetone elimination (Table
S2). The tetraligated complex had the largest rate constant for
o 30 acetone elimination, and the observed trend was;[AR]* >

’ [UO(A)]T > [UOx(A)g]" > [UO2(A)7]*. Even with the
elimination reactions, the overall addition of acetone in the gas
phase was efficient, an observation that is consistent with the

o 1+
Ayl WA
U

A7 Yo,

T ML L
1.0 1.5 2.0
Reaction time (s)
etic profile for the major reactions formed from [UP in

the average of three runs. Lines represent the plot of the kinetic model for fact that the ligand is a strong-donor in the gas phas$é>®

each of the ions.

[UO,(A)3]™ complex. At the longest times of these experiments,

all of the ion

(A)3(O2)]™ (Figure 1c).
The temporal variations of the ions observed in this experi- (54

The efficiency observed contrasts with solution-phase behavior,
in which acetone is a weakly binding ligaAt€%61 The

(52) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recombination
Reactions 1st ed.; Blackwell Scientific Publications: London, 1990.

(53) Weishaar, J. CAcc. Chem. Red.993 26, 213-219.

Su, T.; Bowers, M. TJ. Am. Chem. Sod.973 95, 7609-7610.

Su, T.; Bowers, M. TJ. Am. Chem. Sod.973 95, 7611-7613.

abundance was contained in [3(&8)4* and [UQ-

G

ment enabled the reaction pathway in Schemes 1 and 1S to bgse) su, T.: Bowers, M. Tint. J. Mass Spectrom. lon Phys973 12, 347—

deduced, and thus allowed the development of a kinetic model 5
that produced reaction profiles in good agreement with the (58
measured data (Figure 2). The model was developed using®

)

)

)

356.

) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183-5185.

) Eller, K.; Schwarz, HChem. Re. 1991 91, 1121-1177.

) Rodgers, M. T.; Armentrout, P. Blass Spectrom. Re200Q 19, 215-
247

)

5
(57
9

ligand association and dissociation reactions that were assume@s0) Bardin, N.; Rubini, P.; Madic, GRadiochim. Actal99§ 83, 189-194.
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preference of [U@ ™ cations for acetone observed in the present Scheme 2. Reaction Pathways for the Addition of H2O and/or O
study was also consistent with a recent investigation of gas- © [VO2AI", Occurring in the ESI lon Trap
. . . N +
phase [UQJ?" complexe® and with the high coordination ~ © * T A o i A ewo M0, | A
energy of uranyl acetone complexes recently calculated byu™ === H0—U"" T——=H0—UL —= UL
Ny Y P Y 4 ol oo, ;07 || oK,

Marsden and co-workef3.

o
Side reactions with gaseous® were also observed. The 0 ‘&
efficiency of HO addition was higher for the monoacetone \ o T+ o I+
ligated [UQ)] ™ species (reactions 7 and 9 in Scheme 1S) than o lIl,\‘\\A +HO  H0,, || oA
,0—

for the diacetone complex (reaction 8). The temporal behavior
of the lower abundanceJ@-containing complexes is provided

in Figure S1. For unligated [U", [UO2(A)3] ", or [UOx(A)4]", Scheme 3. Serial Collision-Induced Dissociation Reactions of the
addition of water did not occur to a measurable extent. The U(V) Species [UO2(A)3(02)]*, Suggesting Alternating Ligand
fact that HO did not add to [UG|* was somewhat surprising ~ Binding Depending on the Extent of Ligation

P m——
[ \02 H,07 || Yo,
o] o

because this reaction occurs in the absence of ac&aitbpugh A ﬁ ;\'* ﬁ ;'“ ﬁ ;"’
relatively inefficient (ca. 3%) and with a fast back reaction. ’/ “ AL A “ 02, Ay
Addition of H,O to the [UQ]™ di-, tri-, and tetraligated with A7 v0,  ©P II~o, cib I

acetone can be viewed similarly (i.e., occurring with poor

eﬁigigncy and/or fast reve+rse reactions). On t,h? other.hand, O, to form stable complexes, and this prompted a more thorough
addition of HO to [UO(A)]  was remarkably efficient, which examination of the IT-SIMS results. A low-abundance ion

is reflected in the notable abundance of [}&®(H.0)]* in formed atm/z 418 corresponded to [UA)»(05)]* formed from
Figure 1a. The [UQA)(H:O)]" species was not quickly  yo5,(a),]+. Thus, both diacetone and triacetone RUO
stabilized, having a relatively large rate constant for elimination complexes reacted withQo form stable adducts. In contrast,

of Hz0. Also observed were the addition of a secorgDor there was nothing in the mass spectra at any time frame to
acetone ligand to form [UA)(H20)]" and [UG(A)2(H-0)]" indicate addition of @to tetra-, mono-, or unligated [U{'.
atintermediate times. The fact that [Ll@)(HO)]” was formed These conclusions were su'bstantia;ted by the reactions ob-
in abundance likely reflects a fortuitous combination of a highly served in the ESI ion trap experiments. The Jg8)]+ species
undercoordinated uranium cation with sufficient oscillators in was generated as a stable species b)l/ ESI using the relatively
the first acetone ligand enabling stabilization of the complex. high capillary/desolvation temperature of 28G. With the
Addition of H,O to complexes containing more than one acetone conditions employed in the ESI experiments, the predominant
may not occur because additional electron density contributed neutral reagents present in the ion trap were: adventitio H
by the multiple acetone ligands lessens the ability of the weakerand O that were admitted with the He bath gas. In this

H0 ligand to form stable bonds with uranium. environment, [UQ(A)]* added one bD to form [UOA)-
At the longest reaction times, no8-containing complexes (H,0)]* (Sch’eme 2), but [UGIA)]* did not add @

remained; the rate constant for elimination gf0Hfrom [UO,- The diligated adduct then added, @ generate [UGA)-

(A)2(H0)]" was about 50 times greater than that for the .
JeN e s o (H0)(Op)]T, and it also added a second®ito form [UO,-
elimination of acetone (Table S2), which is another indication (A)Y(H20)]*. At longer reaction times, [UGA)(H,0)(O)]*

of the much stronger binding of acetone in these systems, Thewas also formed: an analysis of the kinetic evolution of the

Cv?tthriilﬂ:iﬁrjtehde:ers?[itwu(taiiﬁliborﬁg?&fg:a:mggng?nmp;iﬁgne ion abundances showed that this ion was formed both from
is that eventually no kO comylexes surviv%}i/n the i(?n tra addition of G to [UOy(A)(H20),]" and from addition of HO
uatly ne pie: P 10 [UOLA)(H20)(02)]". The tetraligated [UGIA)(H,0)+ was
The most interesting observation, however, was the tendency . : .
) - . : also formed in this experiment but showed no tendency to
of di- and triligated [UQ]™ to add Q (Scheme 1, reactions 10 .
further react by adding £

and 11). The addition was plainly observed @z 476, Ligand binding was assessed by fragmenting the dioxygen
ding to [UGA)3(O)]" (Fi 1 d sh d
corresponding to [UGHA)s(O)]™ (Figure 1c), and showed up d complexes?44 [UO,(A)3(02)]" was subjected to CID by

at longer reaction times when most of the ion population ha Vi ial tation f o the i hich
been converted to either tri- or tetraligated species. ThexjUO applying an axial exciation irequency to the lons, whic
(A)3(02)]* showed no tendency to add an additional ligand, increased thg average kinetic energy of the.colllsmns qf the
suggesting that the coordination sites were fully occupied and Zﬁmsﬁgi \évfltgct:ti:ee (ks)?:tr?e?né]esg)usa;e dS:tzge'gferﬁIechStffl the
that the precursor was *. The identification of the ' .

P [Vl [UO2(A)2(O2)]* produced the opposite result, viz.; ®as lost

dioxygen adduct was confirmed in two ways: first, addition of . +
O to the ion trap secondary ion mass spectrometer resulted in!nstead of acetone (i.e., no [WA)(0)]" was detected,

production of a higher fraction of [UA)5(02)]* compared indicating that it was at least 200 times less intense than the
with the other terminal product [UQ)]*, and second, addition ion from O, loss). These results suggest that the binding energy

of 180, to the ion trap shifted the mass of the produchia of O, is intermediate between those of the second and third

480, consistent with the proposed composition. acetone "Qa“ds' . - .
Subsequent experiments that utilized the electrospray ion trap Conclusions on relative binding energy based on competitive

(vide infra) indicated that diligated [Uf" also reacted with  [ragmentation reactions must be considered with caution,
because of uncertainty arising from the possibility of reverse

(61) Fratiello, A.; Kubo, V.; Lee, R. E.; Schuster, R.E.Phys. Cheml97Q activation energy, unequal reaction entropy changes, and
74, 3726-3730. iation in di o ; ; I

(62) Clavaguera-Sarrio, C.. Hoyau, S.: Ismail, N.: Marsden, @. Bhys. Chem. variation in dissociation rates_ W|t_h vanablt_a kinetic energy. In
A 2003 107, 4515-4525. the present case, reverse activation energies are negligible, but

J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006 3079



ARTICLES Groenewold et al.

Scheme 4. Serial Addition of H,0 to the U(VI) Species [UO2((A—H)]", Occurring in the ESI lon Trap, Where (A—H) Is Deprotonated
Acetone

o I+ o 1+ o 1+ 0 I+
| W(A-H) +H0 || WAH)  +H0 | w(A-H) +H,0 H0,, || «(A-H)
U’ H U’ P — ; P e— '

I I || oH, H,0” || YOH,
(o] (o] (o]

variable entropy changes on elimination of acetone versus O  Reactions of the U(VI) Species [UQOH] ™ and [UO,(A—
may alter conclusions on relative ligand binding strength in the H)]*. Complexes containing uranium in the VI oxidation state
[UO2(A)2(O2)]F complex. If the entropy change for elimination  nominally have no electrons in the valence orbitals to react with
of acetone is equivalent to that for elimination of, @hen the dioxygen, and they hence were not expected to form staple O
fact that only Q elimination is observed would indicate that it containing complexes. Nevertheless, the experience with the
is less tightly bound than acetone. However, the entropy increaseU(V) system indicated the possibility of ligands altering the
on loss of acetone could conceivably be smaller, becaus® C  reactivity of the metal center, which prompted investigation of
rotation may decrease upon elimination: if the-G bond in reactions of uranyl complexes in oxygen-containing atmo-
the complex is predominantly a single bond, re-formation of spheres. Addition of @to uranyl systems was not observed to
the carbonyl double bond upon elimination would reduce occur, and this was most vividly illustrated by examining the
rotation and cause a smaller increase in entropy for the overallreactions of the U(VI) complex [USA—H)]* (where (A—H)

process. A smaller entropy change for loss of acetone would js deprotonated acetone), which was formed in the ESI ion trap
add to the energetic requirements for elimination of acetone experiment by CID.

°°mp?‘red to loss of £ and in the extreme case, this coulql Analysis of a uranyl/acetone/water solution showed a tetra-
result in loss of @, even though the _bond energy c_>f acetone is ligated complex [UGA—H)(A)s]* at mVz 501 that was con-
less than that of @ However, recent infrared experiments have | o 1o [UG(A—H)]* by consecutive CID eliminations of

§how:1 th"?‘ th? double-bopd gh'aratlc.'l[fer (t)f(;he aceltone Cbllrbonylthree acetone ligands. The trapped product ion then reacted with
IS Not Seriously compromised n triigated uranyl COMpIEXes o0 \yater ligands in serial fashion, forming [L(@—H)-

(vide infra)®3 thus, it is unlikely that entropic considerations (H:O)r1_s]* (Scheme 4). This result, and those for the hydroxy
will change the order of ligand binding suggested by the CID urany?_species underséores the ir'nportance of the unpaired
experiments in this system. The conclusion is further SUbStami'electron in the ’U(V) species for fostering @ddition: in the
ated by analogous CID behavior observed in the ESI ion trap present even-electron case, the ligand in £(K3—H)]+ i
for [UOa(A)(H-0L(O)]", which eliminated HO in the first o/ nic with the ligand in the U(V) species [b(@)]*
gﬁgmzzfglz? E;gg\z :Jg fg:ggrfoj\goggt’ ;:P;Z;ﬁt:r%e describ_ed above, the only difference being the_pr(_esence of a
than would elimination of acetone. proton in the latter. The consequence of the “missing” proton
in the U(VI) complex is large, however, since it results in a

Variable fragmentation with respect to kinetic energy is a i H the ligand with lectron localized in th
second source of uncertainty. However, changes in the ratio of Negalive charge on the figand with no electron focalized In the
uranium valence orbitals: this eliminates the possibility of

product ion abundances arising from competitive simple ligand . o

cleavages were not observed over the energies available in thJormmg a stable complex with dioxygen.

quadrupole ion trap. The order of ligand elimination was further ~ The reactions of the analogous hydroxy uranyl cation
evaluated by infrared multiphoton dissociatidf of [UO.- reinforced this conclusiof?. The production of [UQOH]" at
(ligand)(O2)]*, where the ligand was the carbonyl species Mz 287 (Figure 3a) in the ion trap secondary ion mass
dimethylformamide. In the IRMPD experiment, the dominant Spectrometer afforded the opportunity to examine the behavior
reaction observed for [Uflamide}(O,)]* was loss of a single ~ 0f a second U(VI) species reacting competitively with acetone,
amide. While loss of (amide O,) was also observed as a minor water, and dioxygen. The principal conclusion from the experi-
pathway,no loss of only Q was observe& In contrast, the ment was that the hydroxyuranyl cation failed to adda®any
IRMPD behavior of [UQ(amide}(O,)]* showed elimination point, regardless of the nature or extent of ligation. At all
of only O,, which indicated that, in the more undercoordinated reaction times, the chemistry was dominated by addition of
complex, the @ligand was less strongly bound than the amide acetone ligands, which occurred for [@QH] " to the exclusion
ligands. The IRMPD experiments were consistent with the CID of H,O; this was surprising since water was shown to add, albeit

studies of the U@ complexes containing acetone og®and at a slow rate, in a previous stuéy/At intermediate reaction
bound molecular @ suggesting that the strength of Binding times, [UQOH]™ complexes containing two acetone ligands
is intermediate between those of the second and third carbonylwere formed (Figure 3b), and at the longest times, {0B-
ligands. (A)3]* was produced (Figure 3c). The temporal profiles of the

Taken together, the condensation and fragmentation experi-abundances of these ions (Figure 4) indicated the reaction
ments show that the ligand field plays a controlling role in pathway described in Scheme 5, reactions81
dictating whether @binding will occur, as does the presence  Reaction efficiencies for the acetone additions to the hydrox-
of an unpaired electron in the valence orbital of the metal. The jge complexes were 120% (Tables 2 and S4). Addition of a
importance of the U(V) oxidation state in.(inding was  fourth acetone, generating an ion with five equatorial ligands,
highlighted by the reactivity of U(VI) and U(IV) dioxo cations,  \yas not observed at any point. The rate constants calculated
which did not bind dioxygen in a molecular fashion. for elimination of acetone ligands from the complexes (Table

¥ + .
(63) Groenewold, G. S.; Van Stipdonk, M. J.; Oomens, J.; Polfer, N.; Gianotto, S5) reveal a trend [USDH(A)3] [UO_ZOH(A)] > [UO2
A. K., unpublished results. OH(A),] ™. With more than four equatorial ligands, the rate for
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[UO.OH]' Table 2. Forward Rate Constant Values for Addition of Acetone to
4000 - 2 [UO,0OH]* 2
3000 ] a) rate mean % efficiency
2000 - const, Vik, (relative
1000 4 forward reaction Vik, values 10 Kapo)
o+t [UO,OH]™ + A — [UO,OH(A)]* Vikp 3 x 10710 10
250 300 350 400 450 500 [UOOH(A)]" + A — [UO.OH(A)]T  Vk, 5x 10710 20
o 2000 [uo OH]*’ [UOon(A)z]Jr +A— [UOon(A)s]Jr Viks 5x 10710 20
1 2
© 1500 - *
§ 1000 b) [UO,0H(A] aThe rate constank] values are in cfhs ! molecule’’. Table S4 in
S ] [UO.OH(A)T' the Supporting Information contains rates calculated for all modeled addition
2 500 2 2 reactions, and Table S5 contains rates for elimination reactions.
i Xy l A
0 L N L L A R R L L LR R R R LR R
2000 300 350 400 450 500 addition of HO to [UO,OH(A)]* and [UGOH(A),]*, but at
1500.] [UO,0H(A)] no point did the abundance of these ions reach more than a few
1000 ) percent of the total ion population, and at the longest reaction
500.] [UO,OHT" [UO,OH(A),I times, they were not observed. The kinetic profile modeled for
0] | . Lo the low-abundance ions (Figure S2) produced good agreement
280 a0 380 400 480 500 with the data for all ions, except for low-abundance ion pJO
m/z OH(A)(H20)1*, which formed and disappeared at a rate that

Figure 3. [UO2OH]* formed and isolated in the vacuum atmosphere of \as faster than could be reasonably modeled: the addition of

the ion trap secondary ion mass spectrometer. Water and dioxygen were n
present at background concentrations (x 10~7 Torr), and acetone was H20 to [UG,OH(A)]™ was modeled at a rate faster than the

added to a pressure ofl x 1076 Torr. [UO]* reacted for 0.01 (top), 0.3 ~ Maximum indicated by the collision constant, which suggested

(center), ad 1 s (bottom). that there may be additional reactions forming BO®i(A)-
(H20)]*. At the longest reaction times, no,@-containing
1000 complexes were present in the spectra, suggesting that (as for
900 the U(V) complexes described above) the water-containing
| 0 7+ O complexes slowly eliminate #, forming species that continued
A, || wOH . S o
@ 800+ SUS to react with acetone. This implies that tth_Hcontalnlng
5 700 A ‘|;|) A complexes are less stable than those containing only acetone,
2 | and the rate constants produced by the kinetic model were 2
é 600 orders of magnitude higher for elimination of,® than for
B 500] elimination of acetone for complexes having the same extent
N | of ligation (elimination rate constants are provided in the
E 400-_ ﬁ‘\\\gﬁ Supporting Information, Table S5).
S 300 A—hJ"\A A second set of low-abundance ions were observea/at
1 o 327, 385, 443, and 501 (Scheme 5S), corresponding ta{UO
200'_ (A—H)(A)n=0-3]". The (A—H) represents deprotonated acetone
100 4 (the enolate), and a reasonable suggestion for its initial formation
o] ' would be H transfer from an acetone to the hydroxy ligand,
0.00 0.05 0.50 075 1.00 forming a complex containing (AH) and water. This complex

was observed in ESI-MS experiments (see above) and can
_ o _ e . eliminate HO. The resulting enolate ion then undergoes addition
Figure 4. Kinetic profiles of the major ions formed from [JOH]™ in an of up to three additional acetone molecules. Rate constants for
atmosphere containing acetone(Hand dioxygen. Abundances normalized . .. .
to 1000 ions total (see Scheme 3) are plotted versus time. Data points S€duential addition  of the_ acetone ligands to the enolate
represent the average of three runs; error bars represgnstandard complexes were somewhat imprecise (Table S4), which reflected
deviation. Lines represent the plot of the kinetic model for each of the ions, yncertainty in measurement of the low abundances of the
generated using the mean data values. See Figure S2 (Supporting Informa- _ L - i [t
tion) for the kinetic profiles of the lower abundance ions. enolgte bear!ng ions rather.than react|V|ty trends, this I|.n.1|tat|on
notwithstanding, the reaction pathway involving addition of

acetone ligands to the [WQA—H)]* complex is reasonable and

Reaction time (s)

Scheme 5. Reaction Pathways for the Addition of Acetone and/or

H20 to [UO,OHJ*, Occurring in the lon Trap Secondary lon Mass accounts for the appearance of these ions at various times during

Spectrometer2 the course of the ligand addition cascade.

o ¢ o 1+ o T+ o T+ These cascading ligand addition reactions showed that the

ﬁ&DM A_i',“«\\om, _il,-““‘OHM» A”'uﬂ»\“‘OH uranykanion pair complexes were highly reactive, functioning

I Vi A I Vi, -A YA VoA A7 A as Lewis acids toward electron-donating ligands, but at no point

2"-8’7 35 83 o was molecular addition of dioxygen observed, yvhich was similar
aThe full scheme is found in the Supporting Information, Scheme 5S. to the behavior of complexes of yet another dioxo uranium ion,

[UOOH]*.
acetone elimination is presumably even faster, as the hydroxy Reactions of the U(IV) Species [UOOH]}. The reactions
complex with five equatorial ligands is not observed at all. of [UOOH]* were studied by IT-SIMS, where the ion was made

During the course of the acetone addition reactions, side in sufficient abundance to enable reactivity investigations, but
reactions (Scheme 5S) produced low-abundance ions from thewere not studied by ESI-MS because there was not a facile
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2500 Table 3. Forward Rate Constants and Efficiencies Modeled for

[UOOH]"

2000 the Reactions of [UOOH]™ in a Mixed Acetone, Water, and
1500_: a) Dioxygen Atmosphere?
1000 - rate mean % efficiency
500 constant, Vk, (relative
0"| oo e e e e e e et et —T—] forward reaction Vk, value 10 Kapo)
240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 [UOOH]* + A — [UOOH(A)]* VK, 5x 10710 20
2500 [UOOHT' [UOOH(AYHO)N'  [UOOH(A) (H.O) [UOOH(A)]* + A — [UOOH(A),]* M 2x 1070 10
2000 [UOOHA [UOOH(A),]* + A — [UOOH(A)3]* Vks 6x 1070 30
1500 4 b) [UOOH(A) [UOOHA)T [UOOH(A)g]* + A — [UOOH(A)J]* Vi, 2x 107 10
1000 [UO,OHT" ’ [UOOH(H,0)]* + A — [UOOH(A)(H.0)]* Vi 2x 107 100
500 ] 4 [UOOH(A)(H:0)]* + A — [UOOH(A)2(H.0)I*  Vks 3x 107 10
od— A b A [UOOH(A)o(Hz0)]* + A — [UOOH(A)3(H0)]F Vk; 1 x 10710 5
240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 [UOOH]* + H,0 — [UOOH(H0)]* Vkg 1x 101 30
2500 ) [UOOH(A)]* + H,0 — [UOOH(A)(H0)]* Vkg  2x107°° 100
2000 4 woonay || [JOOH(A)J* + H,0— [UOOHWIHO)* Mo 3x 1071 1
1500 c) [VOOHALHON - [UOOH(A)]* + H,0 — [UOOH(A)(H:0)]*  Vkiy 3x 1070 10
1000 |
500 l [UOOH(A),] aThe full set of rate constants for the [UOOH§xperiments are found
o I O WU | W .k- —— in Tables S7 and S8 in the Supporting Information.
240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540
m/z

Figure 5. [UOOH]* formed and isolated in the vacuum atmosphere of add acetone (reaction 5, Scheme 6), and there was no tendency
the ion trap secondary ion mass spectrometer. Water and dioxygen wereto add a second #0. Both reactions 5 and 9 produce the mixed-
present at background concentration$ (x 10~7 Torr), and acetone was ; + iah i
added to a pressure of1l x 1076 Torr. [UOOH]" reacted for (a) 0. (b) !Igand adduct [UOOH(A)(bD_)] ! \_NhICh is the most abundant
0.06, and () 1 s. ion after about 0.1 s of reaction time. The very fast appearance
of this ion and the relatively large RMS value (Table S9) for

. ) . the temporal profile of the [UOOH@#D)]* suggest that there
means for forming the U(IV) species using electrospray. The 5y pe 4 third contributor to [UOOH(A)@®)]*. It is speculated
[UOOH]™ is an intriguing cation because uranium is in the IV that some fraction of the diacetone adduct [UOOH[Amay

_(:]:X|dat|ont_s tatef, tvr\]nth twobt_atlelct_r onsllnl the valen%? ofrbltals; Ehuts be converted to [UOOH(A)(kD)]" by hyperthermal collisions
I occupation of these orbitals IS Solely responsible for reactivity iy H-,0, and in fact collision-induced substitution reactions

with dioxygen, then there is a possibility that @ddition might have been evidenced by the products of CID of uranyl
also be observed in complexes of this ion. complexest

The reactivity pattern for [UOOH] (Figure 5) bore many N N .

similarities to that of [UQ]™, but with the following excep- Both [VOOH(A)(H.0)]" and [UOOH(A)}] ™ continue to add
tions: (a) the [UOOH] complexes did not add dioxygen, (b) &" additional Ilgand, as depicted in the kinetic profile (Flgure
complexes containing multiple 40 ligands were not formed ~ ©6) and by reactions 3, 6, and 10 (Scheme 6) and by reaction 12

in abundance, and (c) a complex containing acetone ana H (Schgme 6S). Ap importgnt observa'ti.on is that, despite the rapid
ligand was the dominant product at the longest time scales ddition of the first HO ligand, additions of subsequent®
accessible (the terminal addition product was primarily [UOOH- ligands are somewhat disfavored (reaction 10 is particularly
(A)5(H-0)]*, with lower abundance ions corresponding to inefficient), presumably because the presence of two valence
[UOOH(A)4]*, [UOOH(A)(H20)]*, and [UGOH(A)3] T (Fig- electrons in the U(VI) system together with two donor ligands
ure 5c)). generates enough repulsive character at the U center that
A careful examination of the temporal reaction profile showed approach of a weak donor is discouraged. A second surprising
initial production of the monoacetone complex [UOOH(A)] observation is that, at the longest time frames investigated (to
[UOOH(H,0)]* at lower abundance, and a minor amount of 3 S), a complex containing one@ ligand [UOOH(A}(H,0)]"
oxidation (vide infra). Once formed, [UOOH(A)]displayed a was still most abundant and did not appear to be converting to
dramatic preference for addition of,8 (reaction 9, Scheme the all-acetone complex [UOOH(4) . The rate constants for
6), this being preferred by a factor of 10 over addition of a elimination of acetone and 0 from [UOOH(A)(H-O)]* are
second acetone ligand (reaction 2, and see reaction efficiencieslow (Table S8), which suggests that this ion is relatively stable.
in Tables 3 and S7). Conversely, theGHadduct preferred to  However, it is not expected to be as stable as the all-acetone

Scheme 6. Reaction Pathways for the Addition of Acetone and/or H,O to [UOOH]*2

OH OH OH OH OH
l.lj Viy +A I WA Vky +A WA Wiz +A Lll«\\\\A Vi +A A"n, .~\‘\A
I Maea 1 Tea I Mer A VA A7 I A
1, 0 7 (o] 1, 7,
N . % % W % %, s T % 5 503
‘No %% 20 o, 20 4, 20
” ‘/zo OH 20 OH 20 OH 20 OH
| WA Mks+A | WA Vig +A WA VA A, | (A
H,0—U ~—=H,0—U <—H20—U'\ - U\
Il Vs -A | kA | YA Mir-AH0" || YA
(o) (o] o
289 aa7 405 463

aThe full scheme, including low-abundance ions, is found in the Supporting Information, Scheme 6S.
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Figure 6. Kinetic profile for the major product ions produced from
[UOOH]" in an atmosphere containing acetoneOtHand dioxygen. Data

would suggest that addition of the first twedonor ligands
would involve the two 5f¢, orbitals via an electrostatic
interaction” The resulting localization of the unpaired electron
in ad, orbital may enable efficient overlap with tb& orbital

of dioxygen!®2268enabling formation of a weak covalent bond.
Evidence for electron transfer from the metal center to an
acceptor ligand has been observed for U(Ill) complexes in
situations wherer-back-bonding is possibRE; 73 but it has not
been previously observed for U(V) complexes. Transfer of one
electron from the U(V) center to Owould result in any?!
superoxo complex, in which £s attached end-on to the metal.
In transition metal and actinide chemistry, dioxygen binding
resulting inn?-bound peroxy complexes is also common, but
this requires two unpaired electrons, which are not present in
the ligated [UQ]* molecule. The role of the two donor ligands
may be two-fold, i.e., localizing the unpaired electron in an
orbital conducive to electron transfer to th# orbitals of Oy,

as mentioned above, and increasing the overall basicity of the
metal center. This explanation for the reactivity of ligated

points represent the average of three runs. Lines represent the plot of thefUO,] " thus bears some similarity to that offered by Mehdoui
kinetic model for each of the ions. Low-abundance ion profiles are depicted et al. for U(lll) complexes, where strongerdonating ligands

in Figure S3 (Supporting Information).

fostered stronger-back-bonding withz-acceptor ligand$? 7>

system, suggesting that, at very long ion lifetimes, the all-acetone  The candidate superoxo and peroxo structures would benefit
complex should be formed from the complex containing a single from study using computational approaches, and in fact

H.0.
The U(IV) species did not add molecular, @t any point

preliminary density functional theory calculations in our labo-
ratories have generated not only ghsuperoxo structure but

during the ligand addition reactions, but it did undergo irrevers- also anz,? side-bound peroxo structure. The variable results

ible oxidation with Q to form [UO,OH]*, with an efficiency

highlight the fact that DFT calculations of actinide complexes

(Vkip) that was in reasonable agreement with a previous are not simple on account of relativistic effects and sqirbit

measurement made using IT-SINMSThe hydroxyuranyl cation

coupling/®-78 and the present experimental measurements are

proceeded to add acetone as shown in Schemes 1 and S3, wit need of a determined computational investigation to provide
reactions occurring in parallel with the addition reactions of a better understanding of the electronic configuration and

[UOOH]*. An additional possibility for the appearance of the
product [UQOH(A),] " cations is oxidation of acetone-ligated

[UOOH]* precursors, as described by reactions-18 in

Scheme 6S. Additional electron density from the strongly
donating acetone ligands may actually make these reaction
more efficient. Modeling of the kinetic profiles of these ions
did not support this hypothesis but did suggest that, while

[UOOH(A),] " oxidation was highly efficient fon = 0 and 2,

complexes with one and three acetone ligands were largely
unreactive. This result suggests that, as in the case of the diox
U(V) complexes, the reactions of dioxo U(IV) complexes with
dioxygen are very sensitive to alterations in the ligand field.

Conclusions

The addition of Qto ligated [UQ]™ complexes is reminiscent
of additions to transition metal complextg0.22-24.64.65yhere

the availability of an unpaired electron and a higher oxidation
state fosters formation of metasuperoxide complexes. The fact

that prior equatorial ligation is required points toward specific
involvement of the unoccupied or partially occupied valence

orbitals of the uranyl system, which are twqQ and two ¢,
orbitals of 5f parentagé&®’ whose relative energy levels in

ligated complexes are not known. Theoretical considerations (74

(64) Wallace, W. T.; Wyrwas, R. B.; Whetten, R. L.; Mitric, R.; Bonacic-

Koutecky, V.J. Am. Chem. So2003 125 8408-8414.

(65) Yoon, B.; H&kinen, H.; Landman, UJ. Phys. Chem. 2003 107, 4066~
4071.
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Phys. Lett.1984 105 308-316.
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S
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reactivity of ligated forms of the [Ug™ molecule and the
structures of complexes resulting from their reactions.
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