Coordination Chemistry Reviews 254 (2010) 197-214

Contents lists available at ScienceDirect

Coordination Chemistry Reviews

journal homepage: www.elsevier.com/locate/ccr

Review
Oxo ligand functionalization in the uranyl ion (U0,%")

Skye Fortier, Trevor W. Hayton*

Department of Chemistry and Biochemistry, University of California Santa Barbara, Santa Barbara, CA 93106, United States

Contents
B B U o T () o 197
2. Ligand coordination in the uranyl equatorial plane........ 198

3. Interaction of the “yl” oxygen atoms with Lewis acids.... ..
3.1.  Uranyl-cation interactions in diSCrete MOLECUIES . . ... .. oottt ittt ittt e et e et e e et e e e et ee e e iae e iae e e iaeaennns

3.2.  Uranyl-cation interactions in @Xtended SOIIAS . ... ...uiuu ittt ettt ettt ettt e ettt e e e et aaaaas

3.3, Hydrogen bonding in UTANYL ... ... ..ooiuuiet ittt i et ettt et ie ettt ee e et e e et a e e e e e e e e ae e e e e e e e ae e e e aaeeeenaaeeennas

S I ) = 0\ (Y o= Y (o] T8 0 L = o 0 1o ) o P

3.5. Uranyl cation-cation interactions
3.5.1.  Uranyl(VI) cation-cation interactions....

3.5.2. Uranyl(V) cation—cation interactions.....

4,  Synthetic approaches for U-0 DONd CleaVAZE . ......ouuii ittt ittt ettt et ettt ettt e e e e et te e et ee e et e e e iae e e aaeeaaaeeeanns
0 T U1 = 1 3o B 10 1Yo U LU ) o U

4.2. Reductive functionalization of Uranyl 0X0 Lianads .. ... ...cuuueiiiie ittt ettt e e ettt e e e e e e e

4.3. Light-mediated functionalization Of UTAnYL. . ........ooiuiiiiii ittt ittt ettt e e et e et e et ae e e e e e e eainaeas

44. Hydrothermal reduction of uranyl

4.5.  Microbial redUuction Of UTANYL. . .....uuuuui ittt ettt ettt ettt et ettt et ettt e e e e e e et e et ettt
5. Kinetic studies of the aqueous uranyl ion
5.1. Exchange of the “yI” oxygen ligands under acidic CONAItioNS. ... ...oiiuiiiiii et e e e e e iae e eiaaeaeanns 207
5.2. Exchange of the “yl” oxygen ligands under basic CONAItIONS ........ciiuettiie ittt et e e e e e e iee e iae e eaaeaennns 208
5.3.  Exchange of the “yl” oxygen ligands in neptunyl and plutonyl..... .. 209
5.4. Exchange of U022 and U(IV).......couviiiiiiiiiiiie e eeieeeans ... 209
5.5. Exchange of the “yl” oxygen ligands under photolytic conditions.... ..o 211
LTI €00 10T 1 2 211
0 1] (<) 3TN 211
ARTICLE INFO ABSTRACT
Article history: Uranyl (UO,2*) is an exceptionally stable molecular species, characterized by a linear O=U=0 geometry
Received 12 March 2009 and short U-0 bonds. Its two oxo ligands are thought to be inert to exchange and resistant to functional-
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- ! ization. However, a growing body of literature suggests that this assessment may need to be reevaluated.
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This review summarizes the chemistry of the two oxo ligands of the uranyl ion. In particular, we explore
the interaction of the uranyl oxo ligands with Lewis acids, and outline attempts to selectively functional-
ize the oxo ligands of uranyl by chemical means. We also discuss the kinetic and mechanistic knowledge
for oxo ligand exchange under acidic, basic and photolytic conditions.
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1. Introduction

Several reviews have recently appeared which outline the chem-
istry of the uranyl ion [1-5], including articles that focus on the
kinetics and mechanism of equatorial ligand exchange [1], the
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of uranyl with N-donor ligands [5]. These above mentioned arti-
cles have focused mostly on the coordination of ligands to the
uranyl equatorial plane. In contrast, the emphasis of this review
will be the reactivity of the two axial oxo ligands of the uranyl
moiety, the so-called “yl” oxygens, and the kinetics and mecha-
nism of these transformations. The reactivity of the “yl” oxygens
has gained considerable interest in recent years, and thus we feel a
review of this topic is both timely and useful. Instances of “yl” oxy-
gen functionalization are appearing in the literature with increasing
frequency. However, processes that effect the substitution and/or
functionalization of the uranyl oxo ligands are still relatively rare.
By understanding how to effect the selective functionalization of
uranyl, novel strategies for waste treatment and environmental
remediation may be realized. In this regard, we hope this contri-
bution will spur further development in this area.

This review is divided into four main sections: (a) Ligand coor-
dination in the equatorial plane, (b) Interaction of the “yl” oxygen
atoms with Lewis acids, (c) Synthetic approaches for U-O bond
cleavage, and (d) Kinetics and mechanism of uranyl oxo ligand
exchange. Much of this contribution focuses on synthesis and
structural characterization; however, we have also reviewed the
relevant kinetic and mechanistic literature pertaining to oxo ligand
exchange.

2. Ligand coordination in the uranyl equatorial plane

The uranyl (U0,2*) fragment is uniquely characterized by short
U-0(oxo) bond lengths (ca. 1.78 A) and a linear 0-U-O geometry
[6], and it rarely deviates from these parameters. Perturbations of
the O-U-0 angle are usually small (ca. 5°) [7], and rarely exceed
10°, such as in [Cp*U0,(CN)3]?~ (168.40(9)°) and UO,(OATr),(thf),
(Ar=2,6-'BuyCgHs3) (167.8(4)°) [8,9], however these instances are
uncommon. Uranyl co-ligands are almost always confined within
the equatorial plane that lies perpendicular to the O-U-O vec-
tor. Deviations out of the plane are rare and usually require bulky,
chelating ligands to be observed. It has also been suggested that
out-of-plane coordination is more likely with N donors [10]. For
example, out-of-plane coordination is found in [UO,(phen)s]?*,
where the N atoms of the 1,10-phenanthroline ligand are dis-
placed out of the equatorial plane by an average of 0.60A [11,12].
In fact, the coordination geometry of this complex is better
described as a bicapped octahedron than the expected hexago-
nal bipyramid. In another example, the N atoms in [UO,(NCN)3 ]~
(NCN~ =[PhC(NSiMes ), ] ) are displaced out of the equatorial plane
by an average of 0.51 A [10].

The geometry of the uranyl fragment is also maintained when
it is reduced to its pentavalent state (e.g., UO,*). Structural stud-
ies of [UOy(py)s][KI>(Py),] [13,14], [UO,(OPPh3)4][OTf] [15], and

{[UO,(dbm); |4[Ks(Py)10]1}%* [16], reveal slightly longer U-0y; bond
lengths than those observed for UO,2* [6,17]. However, the 0-U-0O
angles are still linear, revealing the underlying uranyl character of
this ion. Examples of out-of-plane coordination for the equatorial
ligands in UO,* have yet to be observed, but this may simply be
a consequence of the limited number of samples that have been
structurally characterized.

In 1M HCIO4 uranyl is coordinated by five waters of solva-
tion (e.g., [UO,(H,0)5]?*) [18]. This structure is also observed
for the perchlorate salt in the solid-state [19]. The formal reduc-
tion potential for UO,2*(aq) has been measured numerous times,
and the accepted literature value is 0.062V (vs. NHE) [20-22]. A
more recent measurement using cyclic voltammetry places the
reduction potential at —0.169V (vs. Ag/AgCl) [23]. A selection of
U(VI)/U(V) reduction potentials for a number of uranium(VI) com-
plexes, including U0, 2*(aq), is shown in Fig. 1. The observed values
span a large range, from 1.91V for UFg to —1.12V for U(O'Bu)g (all
values vs. Fc[Fc*) [24,25]. These redox potentials can be grouped
into two clusters. The first group consists of strong oxidants, namely
UFg and UClg. These two complexes contain simple anionic ligands
and exhibit a predominantly ionic metal-ligand bonding inter-
action. The reduction potential of UClg has not been measured
directly, however a cyclic voltammogram of [NBuzMe],[UClg] in
[NBuzMe][Tf,N] reveals a U(IV)/U(V) couple at 0.01V (vs. Fc/Fc*)
butis devoid of any other oxidation feature out to a potential of 0.8 V
(vs. Fc/Fc*), allowing us to estimate a lower limit for the U(V)/U(VI)
oxidation potential [26,27].

The second group of complexes lies at the other end of the
potential range. These complexes are poor oxidants. Additionally,
they are characterized by strongly m-donating ligands and the pres-
ence of reasonably covalent metal-ligand bonding interactions. Not
surprisingly, uranyl exhibits a potential in-line with its strongly
m-donating oxo ligands, comparable to the other U(VI) complexes
which also contain strong m-donors.

The reduction potentials for many uranyl complexes are also
known and a selection of these values is shown in Fig. 2. The ligands
coordinated to the uranyl equatorial plane have a profound effect
on the observed U(VI)/U(V) redox potentials. The largest reduction
potentials belong to neutral complexes containing strongly elec-
tron donating ligands, such as diketiminates and diketonates (Fig. 2)
[31,32]. As a result, powerful reducing agents, such as Cp,*Co, are
required to effect their one-electron reduction [31]. Weaker donors,
such as acetate and DMSO, tend to have a smaller affect on the U0, 2*
reduction potential [23,33].

The coordination of strongly donating ligands to uranyl is also
reflected in the symmetric U=0 stretch (v;) and the asymmetric
U=0 stretch (v3). For instance, in [UO,(H,0)5]%*, v3 is 962 cm™!
while v; is 870 cm~! [34,35]. Upon coordination of strong electron-
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Fig. 1. U(VI)/U(V) reduction potentials (vs. Fc/Fc*) for selected U(VI) complexes. Reduction potential for UFs taken from Ref. [24]. Oxidation potential for
U(NSiMe3 )(N{SiMes },); taken from Ref. [28]. Reduction potential for U(O'Bu)s taken from Ref. [25]. Reduction potentials for U(O'Bu)s_(OCgFs), (n=1, 2) taken from Ref.
[29]. Oxidation potentials for U(NRz)s~ (HNR; =2,3:5,6-dibenzo-7-azabicyclo[2.2.1]hepta-2,5-diene) taken from Ref. [30]. Reduction potential for [UO,(H,0)s]?* taken from

Ref. [23].
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Fig. 2. U(VI)/U(V) reduction potentials (vs. Fc/Fc*) of selected uranyl complexes. Reduction potentials for [UO,(MeCO;)3]>~, [UO2(H20)s]%*, [UO,Cl4]*~ and [UO,(CO3)3]*~
taken from Ref. [23]. Reduction potentials for UO,(Ar;nacnac)(acac), UOy(Arznacnac)(dbm), UO,(Arynacnac)(hfac) taken from Ref. [31]. Reduction potential for
UO,(dbm),(DMSO) taken from Ref. [32]. Reduction potential for [UO,(DMS0)s]%* taken from Ref. [33]. Arynacnac=[(2,6-'Pr,CsH3)NC(Me)CHC(Me)N(2,6-'Pr;CsH3)]~;

dbm =[PhC(0)CHC(0)Ph]; hfac = [CF;C(0)CHC(O)CFs]-.

donating ligands these values drop by ca. 30-60cm~! [35,36]. For
example, in [UO,(C,04)3]*~ vy is observed at 825 cm~! [35]. Like-
wise, in trans-UO,(thf),(0Ar), (Ar=2,6-Ph,CgH3) v is observed at
808 cm~! [9]. This change in U=0 stretching frequency is usually
attributed to a weakening of the U=0 bond upon complexation
of a strong donor [10,34-37]. Sarsfield and coworkers have used
the U=0 symmetric stretch as a guide for predicting oxo lig-
and reactivity [38], and this concept will be explored in detail
in the next section. Moreover, a reasonable correlation exists
between v; and the uranyl(VI)/(V) redox potential for several com-
plexes, including [UO,(0,CMe)s]~, U0,2*(aq), [UO(OH)4]%-, and
[UO,(CO3)3]*~ (Fig.3)[23,35,39]. Interestingly, [UO,Cl4]>~ does not
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Fig. 3. Comparison of symmetric U=0 vibration (v;) and the uranyl(VI) reduction
potential for a selection of uranyl complexes (vs. Ag/AgCl). Reduction potentials
taken from Ref. [23]. Raman data for [U0O,(0,CMe);]-, U0»%*(aq), [UO,Cls]?>~, and
[UO,(CO3)3]* taken from Ref. [35]. Raman data for [UO,(OH)4]?>~ taken from Ref.
[39].
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fit this trend, as it is unexpectedly easier to reduce than U0,2*(aq)
[23]. In contrast to the Raman spectroscopy results, our survey of
the literature found no correlation between reduction potential
and v3, possibly because of the difficulty in accurately assigning
this vibrational mode, as it often overlaps with ligand vibrations
[40].

The electron donating ability of the equatorial ligand set plays
an important role in activating the oxo ligands towards function-
alization and/or substitution. By increasing the electron density
at the uranium metal center, it has been argued that the elec-
trostatic repulsion between the metal and “yl” oxygen atoms is
increased, thereby increasing their Lewis basicity [36,41,42]. While
the nature of equatorial ligand bonding is still being debated, Clark
and coworkers have postulated that 7r-donating ligands can com-
pete for the 6d orbitals involved in the U-Oy; w-bond, making strong
m-donor ligands better ‘activators’ of the U=0 bond [39]. However,
a subsequent DFT analysis on [UO(H;0)z(OH),]2~" (n+m=5) by
Kaltsoyannis and coworkers provided no evidence for competition
of the 6d atomic orbitals between U-Oy; and U-OH [42].

3. Interaction of the “yl” oxygen atoms with Lewis acids

This section explores the interactions of the “yl” oxygen
atoms with Lewis acids, both in discrete molecules and in
extended solids. We also summarize the literature pertaining to
uranyl cation—cation interactions (CCI's), an important subclass of
uranyl-Lewis acid complexes that is relevant to both nuclear fuel
processing and the kinetics and mechanism of oxo ligand exchange.

3.1. Uranyl-cation interactions in discrete molecules

Uranyl-cation interactions in discrete molecules are relatively
rare, but they can be promoted by tuning the equatorial ligand
environment of the uranyl moiety. Addition of strong o-donating
ligands, such as hydroxides [39], alkoxides [43], and amides [10,44],
have been shown to weaken the U-Oy; bond. This phenomenon

- 5 kS

0]
|| NaN(SiMes)z (Me ,Si),N ” N(SiMe
—N(SiMes), o T2 (MegSi) \ / (SiMeg);
| THF (Megsl)zN | | N(SlMeg
(6]
= 805 Cm-1 Vq= 801 cm’1

Scheme 1.
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Fig. 4. Solid-state molecular structure of [Na(THF), ][UO2(N(SiMej3 );)3] taken from
Ref. [44].

is clearly demonstrated in [UO,(N(SiMe3);)n]2~" (n=2-4). Succes-
sive addition of the silylamide ligands to the uranyl ion leads to
a decrease in the U=0 symmetric stretching frequency (vq), from
819cm~! in the bis(amido), to 805cm™! in the tris(amido), to
801 cm! in the tetrakis(amido) (Scheme 1) [44].

This weakening leads to an enhancement of oxo ligand basicity,
reflected by the formation of the Oy; — Na interaction in the solid-
state molecular structure of [Na(THF), ][UO,(N(SiMes);)3] (Fig. 4)
[44]. The coordination environment of the sodium cation in this
complex consists of two THF molecules and one uranyl oxo, afford-
ing a trigonal pyramid geometry. In addition, the presence of a Na-C
contact reveals that one of the silylamide methyl carbons is weakly
coordinated to the cation. The coordination of Na to the uranyl oxo
is also reflected in the U=0 bond lengths, as the sodium bound
U-0y; distance (1.810(5)A) is slightly longer than the terminal
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U-0y,; distance (1.781(5) A) [44]. This structural perturbation is a
common consequence of Oy — M interactions [10,40], and may
serve to activate U=0 bonds to further functionalization. Indeed,
coordination of potassium to an “yl” oxygen atom has been impli-
cated as a key step in the reductive silylation of uranyl (see Section
4.2)[45].

Similar uranyl-cation interactions have also been observed
in the solid-state molecular structures of the uranyl ben-
zaminato complexes [Na(THF), PhCN][UO,(NCN)3] and
[Na(THF)UO,(NCN); J2(142-0) (NCN-=PhC(NSiMe3),~) [10]. The
U-0y; bond lengths in [Na(THF); PhCN][UO2(NCN)s], are unsym-
metrical (e.g., U-0Oy; =1.783(3)and 1.812(3) A)due to the interaction
of the “yI” oxygen with the sodium cation [10], while the uranyl
symmetric stretching frequencies for [Na(THF), PhCN][UO,(NCN)3]
(v1 =773 cm1) and [Na(THF)UO,(NCN);,]»(u2-0) (v1 =757 cm~1)
are also indicative of functionalized U=0 bonds, being much lower
than most uranyl complexes (cf. [UO,Cly(THF);],, v1 =834cm™1)
(Scheme 2) [10]. NMR analysis of [Na(THF);PhCN][UO;(NCN)3]
in CgDg is consistent with the Oy — Na interactions being largely
maintained in solution, as only small amounts of UO,(NCN),(THF)
and free Na[NCN] are present.

The enhanced nucleophilicity of the uranyl oxo ligands,
arising from the electron donation of the equatorial NCN lig-
ands, was further illustrated by the addition of B(CgFs5)3 to
UO,(NCN),(THF), yielding UO{OB(CgF5)3}(NCN), (Eq. (1)) [38].
Several transition metal oxo-borane adducts are known [46-48],
but UO{OB(CgFs5 )3 }(NCN), is the first example of a uranyl complex
functionalized by borane addition. The U-O bond distance of the
borane-coordinated oxo (1.898(3) A) is notably longer than the U-O
bond length of the terminal oxo (1.770(3)A) [38]. The difference is
larger than that observed in [Na(THF),PhCN][UO,(NCN)s], likely a
result of the strong Lewis acidic character of B(CgF5)3. The inter-
action with B(CgFs5)3 is also maintained in CgDg, as indicated by
the Raman and "B NMR spectra. A second B(CgFs )3-uranyl adduct
has recently been reported, namely UO(O{BCgsFs}3)(A'acnac),
(Aracnac =[ArNC(Ph)CHC(Ph)O]~, Ar=3,5-'Bu,CgH3) [49]. The for-
mation of this complex is promoted by the use of an electron rich
B-ketoiminate ligand (ATacnac), and its metrical parameters are
similar to those observed for UO{OB(CgFs)3 }(NCN),.

B(CsFs)3
| = g ||
2 B(CoF
Ph ‘N-..., /N__, h 2B(CeFsls / \ Ph
R THF ” R ” R
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Coordination of a uranyl oxo ligand to a transition metal ion
has also been observed. For instance, complexation of uranyl by
a Schiff-base pyrrole-immine macrocycle, followed by addition
of a 3d transition metal results in the generation of a “Pac-
Man” topology and formation of a Oy — M (M=Mn, Fe, Co) bond
(Eq. (2)) [40,45,50]. As anticipated, the U-Oy, bond of the bridg-
ing oxo ligand is lengthened relative to the terminal U=0 bond.
In the case of manganese, the bridging U-Oy; bond distance is
1.808(4) A, which is longer than the terminal U-Oy; bond length
of 1.768(5)A [40]. This mode of coordination is enhanced by
the geometrical constraints of the ligand but also through the
strongly o-donating imino and pyrrolide groups. In fact, these
complexes exhibit vq stretching frequencies of 811, 804, and
807 cm™1, for Mn, Fe, and Co, respectively [40], which are compara-
ble to those observed for [UO,(N(SiMe3),),]2~" (n=2-4) [44], and
[Na(THF), PhCN][UO,(NCN)3] [10].

MIN(SMeysl, © \
thf, A 3

M= Mn, Fe, Co

Uranyl-cation interactions are not limited to N-donor lig-
and sets and they have also been observed in the solid-state
molecular structures of a uranyl aryloxide [Na(THF)3],[UO5(O-
2,6-Me,CgHs)4] [51], uranyl calixarenes [52-55], uranyl oxalates
[56,57], a uranyl carboxylate [58], and a uranyl salophen com-
plex [59,60]. The uranyl halides, [Na(15-crown-5)],[UO,Br4] and
[Li(12-crown-4)];[U02X4] (X=Cl, Br) [61], also exhibit Oy — M
interactions (Scheme 3). Interestingly, the analogous potassium
salts do not exhibit a cation interaction with the “y1” oxygen atoms.
This observation was rationalized by invoking HSAB theory [61]. A
weak interaction between NO* and uranyl has also been observed
in the solid-state molecular structure of [NO][UO,(NOs3)3] [62],
however disorder of the nitrosonium cation precludes accurate
assessment of the Oy — NO* distances.

3.2. Uranyl-cation interactions in extended solids
Because of their importance in the nuclear fuel cycle and in ura-

nium speciation [63,64], hundreds of uranyl-containing complexes
and minerals have been characterized by X-ray crystallography

[65]. In the solid-state, the uranyl ion can accommodate up to
six atoms in its equatorial plane, and commonly adopts square,
pentagonal, and hexagonal bipyramidal geometries. Uranyl poly-
hedra can link through equatorial vertices, edges and the axial
“yI” oxygen atoms to form extended solids [65]. In fact, interac-
tions with the “yl” oxygen atoms and metal cations, Oy — M, are
reasonably common in these materials. For instance, the simple
metal uranates (which contain the U0,2* ion), such as Li,UO4 [66],
Na,UO4 [67], KU, 07 [68], and MUO4 (M =Mg, Ca, Sr, Ba) [69-71],
each display Oy — M contacts with their respective alkali and alka-
line earth counterions. Similar interactions are also found in a
number of other uranyl materials (e.g., K(H,0)[(UO>)3(3-OH)(t2-
OH)(C7H404N); ], C;H404N = p-nitrobenzoate) [72,73], and several
minerals [74-78]. While these interactions are weak (judging by the
Oy; — M distances) they can serve as linkers between uranyl poly-
hedral, allowing for the assembly of unique topologies. For instance,

(2)

these linking interactions are found in the solid-state molecular
structure of {Li(H>0),[(UO;),Cl3(0)(H;0)]}n, where the Oy — Li
interactions connect separate uranyl polyhedral sheets to build a
3D framework (Fig. 5) [76].

Bridging interactions of the “y1” oxygen atoms in extended solids
are not limited to the Group 1 and 2 metals. Oy; — M contacts have
also been observed with transition metals and main group ele-
ments, such as Ag* [79], Cu?* [80-82], Zn%* [83], Co%* [84], and
PbZ* [85].

3.3. Hydrogen bonding in uranyl

The uranyl “yl” oxygen atoms can also act as hydrogen bond
acceptors [4,39,41,86-96], and these interactions have been
observed in the solid-state molecular structures of many uranyl-
containing materials [88,97], including UO,Cl,-H,0 [86],[U02(S04)
(OH2 )2]2~(benzo—]5—crown—5)~3H20 [87], [C(NH2)3]6[(U02)3(C03)
6]-6.5H,0 [41], [Co(NH3)6]2[UO2(OH)4]3-H20 [39], and [Hpyr],
[UO,(L)]-3H,0 (where pyr=pyrrolidine and L=p-tert-butyl-

(O T}
\ + 4
Br‘--..,__||/Br Na" / 15-crown-5 ” Li*/ 12-crown-4 LR |/X
Br/U\Br || e ol |
u Her h |
w3 0 L X=ClBr
O-1Na

Scheme 3.
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Fig. 5. Uranyl polyhedral sheets of {Li(H20)2[(UO,),Cl3(0)(H20)]}» linked by
0y; — Li contacts. Taken from Ref. [76].

UO,?* (aq) + NPodH 5

tetrahomodioxacalix[4]arene) [90]. Hydrogen bonding does not
appear to disrupt the U=0 bonds as significantly as does the
coordination of metal cations, and the metrical parameters of
the uranyl fragment in these complexes are usually normal.
Hydrogen bonding interactions have also been observed in the
solid-state molecular structure of the uranyl Pac-Man pyrrole-
immine macrocycle (vide supra) in the absence of a transition
metal [91]. The interaction occurs between the endo “yl” oxygen
atom and two pyrrolic hydrogen atoms. In this case, only a small,
but detectable, change is observed in the U-O bond length (e.g.,
bridging U-Oy; = 1.790(4) A, terminal U-Oy; = 1.766(4)A). Because
of the ligand architecture, the hydrogen bonding interactions
are conserved in solution, as indicated by 'H NMR spectroscopy
[91].

Computational studies suggest that H-bonding between the “yl”
oxygens of [UO,(H,0)5]%* and bulk water either does not occur
[98,99], or is rather weak [100,101], depending on the level of
theory used. Similarly, calculations reveal that a hydrogen bond
between the “y1” oxygen in [UO,(H,0)s5]%* and methanol is present

0.1 M HCI / CHCI3
_—

but extremely weak [102]. However, a hydrogen bonding inter-
action is predicted for the pentavalent analogue, [UO,(H,0)s5]",
which exhibits a larger negative charge on its “yl” oxygens than
that observed for uranyl(VI) [98].

Hydrogen bonding with the uranyl oxo ligands has also been
observed in several biological systems. Uranyl is sometimes added
as a heavy atom source for protein crystallography, and the
uranyl oxo ligands are often found to be involved in hydro-
gen bonding with the amino acid side chains of proteins [4].
For example, in the glycoprotein N-cadherin NCD1, hydrogen
bonding occurs between uranyl oxo ligands and the N-H amide
protons of the peptide backbone and an asparagine side chain
[4,103].

The hydrogen bond accepting capabilities of uranyl have also
been utilized in the development of novel ligands which exploit
the rigid geometry of the uranyl fragment. These ligands pos-
sess several coordinating groups built around a central hydrogen
bond donor to generate a cavity that encapsulates the uranyl frag-
ment by equatorial coordination and by hydrogen bonding to the
oxo group [88,89]. This molecular recognition approach generates
ligands with high specificity for uranyl. For instance, the tripodal lig-
and tris[3-(2-carboxy-4-octadecylphenoxy)propyl]Jamine (NPodB)
strongly complexes the uranyl ion with three carboxylate-
containing arms (Eq. (3)) [88]. The NPodB ligand also contains
a tertiary amine which, when protonated with HCI, provides a
proton for a hydrogen bond interaction with the “yl” oxygen.
Although these complexes have not been structurally character-
ized, mass spectrometry supports formation ofa 1:1 complex, while
vibrational spectroscopy is consistent with the presence of a hydro-
gen bonding interaction. These “stereognostic” ligands exhibit
extraction coefficients ranging from ~10!! to ~10' at neutral
pH [88,89].

R =C1gHa7 3)
3.4. Uranyl(V)-cation interactions

While there are only a few well defined UO,* complexes,
several of these exhibit Oy — M interactions. For example,
the coordination of potassium to an oxo ligand is observed
in the solid-state molecular structure of the 1-D coordi-
nation polymer {[UOy(Py)s][KIo(Py)2]}x [2,3,13,14]. Similarly,
interactions between the uranyl(V) oxo ligands and potas-
sium have been observed in {[UO,(dbm),]>[u-K(Py)s]a[is-
K(PY)}22", {[UOy(dbm); lo[14-K(MeCN), |[s-K]}> and {[K(18-
crown-6)][UO,(dbm), ]}, [16,104]. These complexes also exhibit
“cation-cation interactions” between the uranyl fragments in the
cluster (Section 3.5.2).

3.5. Uranyl cation-cation interactions
The coordination of an actinyl “yl” oxygen to the metal center of

another actinyl fragment (e.g., Oy; — AnO,™), is commonly referred
to as a cation—cation interaction (CCI). Actinide CCI’s are integral to
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Fig. 6. Uranyl cation—cation interactions (CCIs) with side-on (I) and end-on (II)
coordination.

understanding the solution and solid-state behavior of the actinyl
ions and have been identified in UO,2* and AnO,* (An=U [105], Np
[106-111], Pu [112,113], Am [114]). The prevalence of CCI's is highly
dependent on the actinide involved. For instance, CCI’s are relatively
common for neptunyl(V) (NpO,*)[106,115], but are rarely observed
for UO,2*. The discrepancy between NpO,* and UO,2* likely arises
from the differences in Lewis basicity of their oxo ligands. The nep-
tunium ion in NpO,* possesses a 5f2 electron configuration which
increases the electrostatic repulsion between the metal and its oxo
groups. In contrast, UO,2* has a 5f9 electron configuration and lacks
this electrostatic interaction [6]. Nevertheless, a handful of uranyl-
uranyl CCI's have been observed in the solid-state for uranyl(VI)
[116-132], and these complexes are discussed in detail in the fol-
lowing section.

3.5.1. Uranyl(VI) cation—cation interactions

Uranyl complexes exhibiting cation-cation interactions (CCI's)
can be broadly classified into two structural categories: a side-on
doubly oxo-bridged structure (I) or an end-on singly oxo-bridged
structure (II) (Fig. 6). The latter interaction is relatively flexible
and can pivot at the coordinating “yl” oxygen, and U-Oy;-U angles
from 177° [133] to 110° [122] have been observed in the solid-
state. Structure II has also been probed by theoretical methods
[134].

In the uranyl-containing uranium(VI) oxides, UO3 and UO3-H, 0,
the lack of ancillary ligands is compensated by the formation of CCI's
with neighboring uranyl cations [116,120]. In the solid-state molec-
ular structure of UO3, each “y1” oxygen atom is involved in a side-on
(I) CCI with an adjacent uranyl cation, and the observed Oy — U
distances are 2.38(2) and 2.56(2)A [116]. Similar interactions are
also observed in UO3-H,O [120]. Linking of uranyl polyhedra
through CCI's has also been observed in the solid-state structures
of UO,Cl; (which exhibits structure I) [119], and [3-U0,S04 [117],
a-U0,S5e04 [117], (NH4)3(H20)2{[(UO2)10010(OH)][(UO4)(H20)2 |}
[125], M[(UO2)3(HIOg)(OH)(O)(H,0)]-1.5H,0 (M=Li-Cs) [123],
Sr5(U02)20(U0g)2016(H20)s [126], and Cs(UO3)9U3016(OH)s (all
of which exhibit structure II) [126]. These complexes form 3-
D frameworks, with the exceptions of 3-U0,S04 and UO,SeOy,
which form infinite chains. Their U-Oy bonds are typi-
cally elongated relative to those observed in discrete uranyl
complexes. For instance, the U-Oy; bond length for the bridg-
ing “yI” oxo in Cs[(UO;)3(HIOg)(OH)(O)(H,0)] is 1.827(7)A
[123], slightly longer than the usual U-Oy distance. How-
ever, the U-Oy bonds for the bridging “yl” oxo ligands in
(NH4)3(H20)2{[(UO2)10010(OH)][(UO4)(H20), ]} (av. 1.94A) [125],
and 51'5(U02)20(U05)2016(H20)5 (1.87(1) and 1.967(9)A) [126],
exhibit a significant lengthening.

CCI's are not exclusive to extended solids and have been
observed in discrete molecules in a few instances. For example,
addition of hexafluoroacetylacetone (hfac) to UO3-2H,0 yields the
uranyl trimer [UO,(hfac); |3 [121,135]. The three monomer units in

Fig.7. Solid-state molecular structures of (a) [UO,(hfac), ]; (fluorine atoms removed
for clarity), (b) [NEtzH]2[(UO2)4(0)2(0-S-CsHaN)g], and (c) [UO2{(OPPh;);N}2]3
taken from Refs. [121,122,133], respectively. In (c) only the ipso carbons of the phenyl
groups are shown.

[UO,(hfac), |3 are connected via end-on CCI's (structure II), where
one oxo group from each uranyl cation acts as a bridge between
metal centers (Fig. 7a) [121]. Due to the low precision of the struc-
ture, the bridging U-Oy, bond distances (av. 1.77 A)and the terminal
U-0y; distances (av. 1.70A) [121], are identical by the 3o crite-
rion. The trimeric structure is broken apart in coordinating solvents,
which can disrupt the CCI's [121].

Similarly, the tetrameric uranyl alkoxide complex
[UO,(OCH(iPr);)2]4, synthesized by reaction of UO,Cly(THF)s
with KOCH(Pr), in THF, exhibits bridging, end-on CCI's (II)
linking the four uranium centers [43]. The octahedral coordina-
tion environment of each uranyl cation in [UO,(OCH('Pr);),]4
is completed by two bridging and one terminal diisopropyl-
methoxide groups. As anticipated, the bridging U-Oy; bond length
(1.846(4)A) is longer than the non-bridging U-Oy; bond (1.783(4) A)
[43]. According to NMR spectroscopy, the tetramer is maintained
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in CgDg solutions but exists in equilibrium with UO,(OCH(iPr); ), L,
(L=Lewis base) in polar solvents such as THF.

In the uranyl oxo thiolate complex [HNEt3],[(UO3)4(1t3-0),(0-
S-C5H4N)g] (0-S-CsH4N =2-thiopyridyl), CCI's also act to form a
tetrameric assembly [122]. Each uranyl cation possesses a pentago-
nal bipyramidal coordination environment. However, only the oxo
groups of two uranyl cations are involved in end-on CCI's (II), as
illustrated in Fig. 7b.

Incorporation of uranyl cations into p-benzylcalix[7]arene in
the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) also yields a
uranyl CCI complex [124]. This complex, (UO;)s(L)2(0),(HDABCO)g,
(L=p-benzylcalix[7]arene), contains a hexametallic uranyl clus-
ter where two of the six uranyl moieties exhibit end-on
CCI's.

Another molecule which exhibits CCI’s is the trimetallic com-
plex [UO,{(OPPh;);N}>]3, formed by addition of K[N(Ph,PO);] to
UO,(NO3); [133].Its solid-state molecular structure consists of two
uranyl cations linked by a bridging UO,2* fragment via two end-
on CCI’s (II), U «- Oy;=U=0y; — U (Fig. 7c). Despite the involvement
of the central uranyl cation in the CCI's, minimal distortion of the
O=U=0 bonds is observed, as the bridging U-Oy; bond distances
(1.793(4)A) are only slightly longer than the terminal U-0y; dis-
tances (av. 1.739 A) [133].

3.5.2. Uranyl(V) cation-cation interactions

Reduction of U0,2* to UO,* confers a higher degree of Lewis
basicity upon the “yl” oxygen atoms, promoting the formation
of CCI's. However, CCI's may provide a facile pathway for dis-
proportionation of uranyl(V) to UO,2* and U#* [136], making the
isolation of this class of materials particularly challenging. This dif-
ficulty was overcome by Mazzanti and coworkers, who isolated
a series of uranyl(V) complexes, each containing CCI's [104]. The
solid-state molecular structures of {{UO,(dbm), |2 [ £-K(Py)2]2[ g~
K(Py)]}2-21-2Py and [UO,(dbm);K(18-crown-6)], both possess
CCI's in the solid-state, while an NMR analysis indicates that
the CCI's are preserved in THF solutions. However, addition of
stronger donors, such as pyridine or DMSO, results in forma-
tion of monomeric complexes (e.g., K[UO,(dbm),(DMSO)]) [104].
A more thorough description of this chemistry can be found in
recent reviews by Arnold [3] or Kiplinger [2]. The stabilization
and isolation of these complexes may have technological impli-
cations as they could be employed to model the behavior of the
highly radioactive neptunyl ions which are present in spent nuclear
fuel [104].

4. Synthetic approaches for U-0 bond cleavage

The activation, functionalization, and substitution chemistry of
transition metal oxo complexes is well established. These metal
systems are often employed in catalysis and as oxo transfer
reagents [137-143]. In contrast, the uranyl cation does not exhibit
this behavior, and only a few examples of oxo functionalization
and/or substitution are known for uranyl. However, a number of
recent reports have demonstrated that controlled disruption of the
[0=U=0]?* fragment is possible and these novel complexes repre-
sent an emerging area of actinide chemistry.

4.1. Uranyl oxo substitution

The coordination of aryloxides to uranyl is known to weaken
the U=0 bonds, thereby promoting the formation of Oy — M
interactions (as observed in the solid-state molecular structure
of [Na(THF)3],[UO,(0-2,6-Me;CgHs )4] [51]). In contrast, the coor-
dination of alkoxides, which are stronger donors than aryloxides
[144], can induce a different mode of reactivity: oxo ligand scram-
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bling [43,145-147]. For example, addition of the strong o-donating
tert-butoxide ligand, 'BuO—, to UO,Cl, in THF leads to the formation
of [UO,(0'Bu),; J[UO(O'Bu)4], in 30% yield (Scheme 4). This com-
plex results from formal substitution of 02~ by 2 equiv. of ‘Bu0O-,
generating “UO(O'Bu),”. This species is subsequently trapped by
UO,(0'Bu), [146]. An insoluble precipitate is formed during the
course of the reaction, which is likely “UO3(THF)x”, whose for-
mation accounts for the missing oxo ligands. In the solid-state
[UO,(OtBu), J[UO(O'Bu)4], contains two asymmetrically bridged
oxo ligands, with U-Ooxo bond lengths of 1.923(6) A and 2.301(6) A.
The latter interaction is comparable to the bridging tert-butoxide
distance of 2.378(6)A [146]. This complex is likely formed via a
CCI-containing intermediate, as evidenced by the isolation of the
tetrameric uranyl alkoxide [UO,(OCH(iPr),);]4 (vide supra) [43].
Interestingly, addition of OPPh3 during the course of the reaction
results in the sole formation of UO,(0'Bu),(OPPh3),, which is sta-
ble to oxo ligand scrambling, possibly because it is unable to form
CCIs [146].

Similar reactivity is also observed upon reaction of KOCH;'Bu
with [UO, Cly(THF), ],. This results in the formation of the homolep-
tic uranium(VI) alkoxide U(OCH,‘Bu)g in low yield (Scheme 4) [43].
The formation of U(OCH,'Bu)g is likely due to oxo ligand scram-
bling, which generates “UO3” as a by-product [43]. The formation of
U(O'Bu)g by alcoholysis of UO,(OMe), with tBuOH probably occurs
in a similar fashion (Scheme 4) [145]. However, it should be noted
that addition of alkoxides to uranyl does not always elicit oxo lig-
and exchange. For instance, UO,(OCHPh, ),(THF), does not undergo
this type of reactivity, possibly because its alkoxide ligands are not
sufficiently electron-donating [43].

Complexation of [HNCsHs],[UO,Cly] with 'Bu-calix[6]arene
and La(OTf)3 results in the surprising substitution of both U=0
bonds, resulting in the formation of a uranium(VI) aryloxide in low
yield [147]. The complex produced, U[(H,L)LaCly(Py)4], (L="Bu-
calix[6]arene), possesses an octahedral uranium(VI) atom ligated
by three phenolate oxygens from each calix[6]arene (Eq. (4)).
Further analysis of the reaction mixture provided crystals of the ura-
nium oxide cluster [ULagOgCly5(OTf)g(Py)9]*~ [147]. This complex
possesses a “UOg” core with each oxygen atom additionally coor-
dinating three lanthanum cations. The oxo ligands in this complex
are likely those displaced from [UO,Cl4]2~ during the formation of
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U[(HaL)LaCly(Py)4]5. In contrast, the use of CsOTf in place of lan-
thanum did not lead to oxo ligand substitution. Instead, a uranyl
calix[6]arene complex with long Oy; — Cs interactions was isolated
[148].

La(OTf);
[HNCsHg]2[UO;Cly] + Hel

Hgl = tBu-calix[6]arene

addition of excess Me3SiX (X =Cl, Br,I) to UO, I, (THF)3 or UO,(OTf),
in MeCN. This results in complete substitution of both oxo ligands,
affording the U(IV) tetrahalides, UX4(MeCN)y, in good yields (Eq.
(6)) [153]. Me3SiOSiMejs is the likely by-product, although it was

[La] = LaClx(py)4
R =1{Bu

An attempt to synthesize a cis uranyl complex by coordination of
a tripodal triamidoamine ligand to uranyl, lead to the unexpected
isolation of a mixed-valent uranium(V/VI) oxo-imido dimer [K(18-
Cl‘OWl’l-G)(EtzO)z ][UO(MZ -NCH,CH, N(CHzCHzNSitBUMez )2 ]2 (Eq.
(5)) [149]. The complex, which can be isolated in 44% yield, is gen-
erated by elimination of a silyl group from an amido nitrogen, loss
of an oxo ligand, and 1e~ reduction; however the exact mechanism
of its formation is unknown [149]. The imido group bridges the two
uranium ions producing a complex reminiscent of the side-on CCI’s
observed for uranyl (i.e., structure I).

[K(18-crown-8)],[UO,Cl,] +

MegtBUSi /SitBuM52 THF
N LiN | — [K(18-crown-6)Et,0]
NLi = Si'BuMe,
(\LiN/]

N

Another interesting example of oxo ligand substitution in uranyl
is the deoxygenation of [PPh4],[UO,Cly] with thionyl chloride
(Scheme 5) [150-152]. This provides [PPh4][UOCI5], which sponta-
neously deposits out of the reaction mixture as red crystals in good
yields. Interestingly, only the PPh,* salt is known, and its successful
isolation depends on its precipitation from the reaction mixture, as
longer reaction times lead to the formation of the U(V) complex,
[PPh4][UCIg]. Interestingly, when NEt;* was used as a counterion,
only [NEt4][UClg] was isolated [151].

4.2. Reductive functionalization of uranyl oxo ligands

The reductive silylation of a uranyl oxo ligand, reported by
Arnold et al. [45], has been recently reviewed [2,3]. In contrast to
this example, complete deoxygenation of uranyl can be achieved by

(4)

not observed in the reaction mixture, while the driving force for
this reaction is probably the formation of strong Si-O bonds.

U0, 15(THE); + 3 Me3SiX “S—QN UX4(MeCN),
X=Cl, Br, |

(6)

The functionalization of the uranyl fragment has also been
accomplished through reduction with U(III) [154]. Thus, treatment
of UO,(OTf), with U(OTf)3 in pyridine/MeCN affords the U(IV) oxide
cluster [Ug(3-0)g(2-0Tf)g(Py)g] in 85% yield. The structural fea-
tures of the uranyl moiety are not preserved upon reduction,

R = SiMes'Bu (5)

as indicated by the long U-O(oxo) bond lengths (av. 2.25(3)A)
[154].

4.3. Light-mediated functionalization of uranyl

The uranyl ion exhibits a long-lived triplet excited state, abbre-
viated *U0,2*, which is accessible by exposure to sunlight [155].
The excited state of uranyl is a powerful oxidant, with a redox
potential of 2.6V, on par with F, [156]. In line with this poten-
tial, *U0,2* can abstract hydrogen from alcohols [157], alkanes
[158,159], arenes [160], and alkenes [161]. However, its photochem-
ical properties also provide a pathway for uranyl functionalization.
For instance, the light-mediated reduction of uranyl-oxalate to
UV0,, with concomitant generation of CO,, is extremely efficient at
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low pH [162]. In fact, uranyl(VI) oxalate is often used as a chemical
actinometer [163]. Similarly, photolysis of [UO,(OPPh3)4][OTf], in
the presence of MeOH or Et;0 results in the formation of the U(IV)
alkoxides [U(OMe),(OPPh3)4][OTf], and [U(OEt),(OPPh3)4][OTf]2,
respectively (Scheme 6) [164]. The reduction is postulated to
occur via oxidation of MeOH by *U0,2* which generates UO,*
and an a-hydroxy radical [102,164]. The a-hydroxy radical is
then capable of reducing a second equivalent of UO,2*. Subse-
quent disproportionation of UO,* generates the U(IV) product
(and UO,2*). The process proceeds similarly with Et,0, via ini-
tial formation of ethanol through C-O bond cleavage and H-atom
abstraction [164]. Interestingly, the formation of U(IV) is reversible
and addition of a H,O/MeCN solution to [U(OR),(OPPh3)4][OTf],
(R=Me, Et) regenerates [UO,(OPPh3)4][OTf], (Scheme 6) [164].
[UOz(DPPMOZ )Z(Ph3P0)][BF4]2 (DPPM02 = CHz{thpo}z) can also
be reduced by photolysis in MeOH [165]. The resulting product,
[U(DPPMO., )3F;][BF4]>, is isolable in 37% yield and is formed by
fluoride abstraction from the BF;~ moiety. Oxidation of this com-
plex back to hexavalent uranyl is also possible with the use of moist
air.

The photochemical reduction of uranyl has also been utilized
to produce a series of uranium(IV) perrhenato complexes [166].
[U(ReO4)4L4] (L=tri-n-butylphosphine oxide, triethyl phosphate,
tri-iso-butylphosphate) was synthesized by exposing an ethanol
solution of [UO,(Re0O4),-H,0] to sunlight in the presence of the
corresponding ligand [166].

An attempt to synthesize a phosphine sulfide adduct of uranyl
also resulted in the isolation of a U(IV) complex [167]. Addition
of NaS;PMe, and Ph3PS to UO,Cl,-3H,0 yields small amounts
of [U(S;PMe; )2 (O(S)PMe; )(t-O2PMes )]s (Eq. (7)) [167]. Each ura-
nium atom in [U(Sy;PMe;),(0(S)PMe, )(u-O,PMe, )], possesses a
pentagonal bipyramidal geometry, where four sulfurs and one oxy-
gen atom occupy the equatorial plane, and one ~O(S)PPh; ligand
occupies an axial site. The second axial site is occupied by the bridg-
ing ~0,PMe; ligand. The geometry of the complex suggests that the
oxygen atoms in the ~O(S)PPh, ligands may have been derived from
the uranyl oxo ligands [167], but it is possible that water is also an
oxygen source. The reduction is thought to be light mediated, and
is suspected to generate elemental sulfur as a by-product [167].

MeOH
R = Me hv
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PhsPO OPPh;  H,O/MeCN Ph.PO ||
_>U< 3 ’ 3 >U/Opph3
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Fig. 8. Portion of the solid-state molecular structure of {K(UO)Si,Og¢}x (potassium
cations removed for clarity) taken from Ref. [176].
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4.4. Hydrothermal reduction of uranyl

The reduction of uranyl under hydrothermal conditions is well
established [168-179], and by carefully tailoring the reaction con-
ditions, cleavage of the U-Oy bonds can be effected to afford
extended solids containing both U(IV) [168-174,179] and U(V)
[176-178]. For example, hydrothermal treatment of uranyl and
nickel acetate, in the presence of HF, at 200°C results in the

(7)

formation of the U(IV) fluoride complexes {Ni(H,0)4UFg-1.5H,0},
and {Ni(H,0),UFg(H,0)}, in 62% and 12% yields, respectively [ 179].
The reduction is believed to occur through decarboxylation of the
acetate ligand. Indeed, the reducing agents in these hydrothermal
reductions are often attributed to the organic templating ligands
present in the system [179,180].

Substitution of the uranyl oxo groups upon hydrothermal reduc-
tion is not always complete and the U-Oy; bonds can sometimes
be retained. For instance, the novel pentavalent-uranium silicate
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{K(UO)Si,0¢ }x consists of an octahedral U* cation coordinated by
six oxygen atoms in an extended 3-D framework (Fig. 8) [176]. The
uranium cation exhibits two U-O(oxo) bond lengths of 2.060(2) A
and 2.070(2) A and four U-O(SiO) distances of 2.164(2) A [176]. The
uranium cations are linked via the bridging oxo ligand. The material
was produced by hydrothermal treatment of UO3 with an aqueous
mixture of KOH, KF, and SiO, at 600 °C, and water is postulated to act
as the reducing agent [176]. The addition of fluoride to the reaction
mixture is believed to stabilize the proposed UO,* intermediate and
promote precipitation of the U(V) silicate [176]. Adjusting the reac-
tion stoichiometry has also resulted in the formation of the related
U(V) 3-D framework K3(U306)(Si 07) [177].

In contrast to the reductive functionalization
described above, there are several compounds, includ-
ing (NH4)3(H20)2{[(UO2)10010(OH)][(UO4)(H20)2 ]} and
SI‘5(U02 )ZO(UOG)ZOIG(HZO)G [125,126], which exhibit non-
uranyl U%" ions in their solid-state structures. For instance, in
Sr5(U03)20(U0g)2016(H20)g, one uranium ion is coordinated by
four bridging oxo ligands (with U-O bond lengths of 1.99(1)A and
2.01(1)A) and two bridging hydroxide ligands (with a U-O bond
length of 2.25(1) A) [126]. This coordination geometry deviates sig-
nificantly from that expected for uranyl. However, the mechanism
by which these ions are formed is not known.

4.5. Microbial reduction of uranyl

The uranyl cation is highly water soluble and exhibits appre-
ciable mobility in the environment, especially when complexed
to ions such as carbonate. This mobility has lead to contamina-
tion of groundwater at numerous sites, including waste treatment
and storage facilities [181-183]. A variety of methods have been
developed to remediate these contaminated areas. For exam-
ple, the relatively arduous ‘pump-and-treat’ technique involves
extraction of large volumes of contaminated groundwater fol-
lowed by a number of extensive purification processes [183].
However, a growing body of literature suggests that microbes may
facilitate environmental cleanup by reducing the soluble U0O,2*
cation to insoluble UO, in situ [181,182,184-188]. This represents
a cost effective and low-tech alternative for uranium remediation
[182,187].

The mechanism of microbial uranyl redox conversion is not
understood, and there have been several attempts, both by experi-
mentalist and theorists, to elucidate this transformation [185,189].
In the absence of any other metals, microbes such as Geobacter met-
allireducens, Alteromonas putrefaciens, and Geobacter sulfurreducens,
carry out acetate (or formate, lactate, pyruvate) oxidation utiliz-
ing uranyl as the terminal electron acceptor [184]. The mechanism
of reduction has been explored by X-ray absorption spectroscopy
[185]. Analysis of uranyl solutions incubated with G. sulfurreducens
in the absence of light indicates a quick consumption of the U0,2*
with a concomitant increase in UO,*. Interestingly, at short reaction
times UQ, itself is not observed [185], and is only formed gradually
over the course of several hours. This suggests that the reduction
to U(IV) is independent of the microbial activity [185], and is likely
the result of disproportionation of UO,*. Addition of NpO,™* to these
samples, which is stable to disproportionation under these con-
ditions, did not result in formation of Np(IV), suggesting that the
microbes do not readily reduce actinyl(V) [185]. The presence of
naturally occurring ligands, such as citrate, can effect the outcome
of bioreduction, resulting in the formation of soluble U(IV) com-
plexesinstead of the desired insoluble UO, [ 188]. Bacterial reduction
of uranyl has also been investigated as a means of effecting isotope
fractionation [190].

A recent DFT study on the enzymatic reduction of U0,2* by G.
sulfurreducens is consistent with the mechanism proposed above

[189]. In the computational study, the reaction pathway involves
the preliminary reduction of a uranyl cation to U(V). This is com-
plexed by U(VI), resulting in a cation-cation interaction. A second
reduction step gives a U(V)-U(V) dimer, which then undergoes dis-
proportionation. During this process one of the uranylions is ligated
by an amino acid side chain of the cytochrome c; protein, which
facilitates the electron transfer.

5. Kinetic studies of the aqueous uranyl ion

As mentioned in Section 1, the kinetics of the ligand exchange
in the actinides has recently been reviewed [1], and will not be
covered here. A detailed monograph on the subject is also available
[191]. Instead, the emphasis of this section will be the kinetics and
mechanism of the oxygen exchange for the so-called “yl” oxygen
atoms.

5.1. Exchange of the “yl” oxygen ligands under acidic conditions

Crandall, studying the exchange of H,O in UO,Cl;(H,0)3,
observed that all but two of the oxygen atoms are rapidly
exchanged with the solvent, verifying the formula of uranyl as
UO,2* [192]. The first quantitative measurements of the oxo lig-
and exchange in uranyl were performed by Taube and Gordon in
1961 [193]. They established the rate law shown in Eq. (8), where
k=1.8 x 10->Mh~!, which corresponds to a half-life of ca. 104 h.
Given the inverse first order dependence on [H*], the exchange was
presumed to take place via [UO,(OH)]*. This remarkably long half-
life has been subsequently cited in numerous review articles as an
example of the unique nature of the uranyl fragment [17,194,195].
For comparison, the half-life of oxo exchange in vanadyl, also under
acidic conditions, is approx. 400 min at 0°C [196]. However, Taube
and Gordon also investigated the exchange of oxo ligands at higher
pH ([H*]=0.081 M) and reported a much faster halflife of 575 h (see
Table 4 in Ref. [197]). The exchange of the uranyl oxo ligands has also
been measured using 70 NMR spectroscopy. With this technique,
Rabideau determined the half-life for oxo exchange is 1.3 x 103 h,
in 0.2 M perchloric acid [198], which is comparable to the value
reported by Taube. These results were later verified by Suglobov
and coworkers [199]. It should be noted that each of these studies
was performed at pH < 1, whereas subsequent work was performed
at higher pH (see below):

k[UO,%T]
[H*]

Suglobov and coworkers have also measured the oxo exchange in
uranyl by IR spectroscopy [200,201]. They ascertained that at pH <4
and [UO,2*]<0.03M oxo exchange was inverse 2nd order with
respect to [H*] and 2nd order with respect to [U0,2*] (Eq. (9)), and
suggested that oxo exchange occurred via a uranyl-hydroxo dimer,
[(UO3),(OH),]%*. The exchange, of course, would be promoted
by the strongly o-donating hydroxo ligands which are known to
weaken the U=0 bond (vida supra). However, at higher pH and
higher uranyl concentration, the reaction order deviated from these
parameters. They argued that as the concentration of other uranyl
hydroxides increase (such as [(UO,),(OH)3]*), oxo exchange in
these species becomes important. Suglobov reports a rate constant
of 2.7 x 108 mol L-1 s~ for the low pH/low uranyl concentration
regime. The invocation of [(UO;),(OH),]** as the crucial interme-
diate in oxo ligand exchange is corroborated by the study of uranyl
hydrolysis, where [(UO;),(OH),]%* is the dominant species present
at moderate pH [34,202-205]:

rate =

(8)

2
_ kKeq[UO22"]

rate -
[H]

(9)
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2U702* +2H,0 == [(U"TOy)s(n-OH)5]?* + 2 H*
A
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I( 2)2(1-OH)2] 2 [(UO2)(p-OH)2] 2
Scheme 7.

A more recent study by Grenthe and Szabé has confirmed
the reaction order presented by Suglobov [206]. The Grenthe
group used 70 NMR spectroscopy to monitor the incorporation
of labeled oxygen into uranyl. They studied the reaction between
—log[H*]=1.48 and —log[H"]=2.64, and obtained a rate constant
of 2.11 x 10~2 h~1. They also synthesized a bridged hydroxo com-
plex, [UO,(oxalate)F(;4-OH)],4~, and observed no exchange of the
“y1” oxygen in this species over the course of a week. From this
experiment they inferred that a water molecule coordinated to the
equatorial plane was required for oxo exchange. Grenthe disputes
the involvement of [(UO,),(OH)3]* in the exchange mechanism,
as there is little evidence that such a species exists. Instead, they
propose that [(UO,)30(0OH)3]*, a 3 oxo-bridged trimer, is a likely
intermediate in the higher pH regime.

The combined studies of Suglobov and Grenthe [201,206], cast
some uncertainty on the original results of Taube [193]. Grenthe
suggests that the complicated experimental procedure of Taube and
Gordon may have introduced error into their results. However, it
should be noted that the Taube experiments were performed at a
significantly higher uranyl concentration [193,198],and under these
conditions a different mechanistic pathway could be operative.

A mechanism consistent with the available experimental data is
shown in Scheme 7 [206]. Exchange is presumed to proceed via the
hydroxide bridged dimer of uranyl (A) [201], however a structure for
the transition state which is ultimately responsible for oxo ligand
exchange has not yet been proposed.

5.2. Exchange of the “yl” oxygen ligands under basic conditions

Significantly less experimental work has been performed on
the exchange of the uranyl oxo ligands under basic conditions. A
preliminary study, using 70 NMR spectroscopy, was performed
by Clark and coworkers [39]. This study used [NEt4][OH] as the
hydroxide source to prevent precipitation of the normally insol-
uble uranyl hydroxide. Under these highly basic conditions the
uranyl species present in solution was thought to be [UO,(OH)5 3.
However, [UO,(OH)4]2~ was the species isolated in the solid-state.

H
",H-.___o/

HZO 0| l -HQO OH
| = | = |_
U—0OH Uu—~o U

Scheme 8.

It should be noted that conflicting evidence exists concerning
the prevalence of [UO,(OH)5]3>~ and [UO,(OH)4]%~ under these
conditions (see below) [207,208]. The 70O NMR signal for the
oxo ligands in [UO,(OH)s]3- showed significant broadening upon
warming, suggesting oxygen exchange with the OH~ co-ligands. A
line broadening analysis provided the following activation param-
eters: AH'=9.8+ 0.3 kcal/mol and AS!=—-18+4 cal/mol K, which
indicates “a thermally accessible and slightly ordered transition
state” [39]. Confirmation of oxo ligand exchange was made with
Raman spectroscopy, as solutions of [UO,(OH)s 3", prepared in 98%
H, 180, displayed a vy at 752 cm™". This is 34 cm~! lower than the
vibration observed using unenriched H,O. Clark et al. speculate that
the strongly donating hydroxide ligand weakens the U=0 bonds (as
evidenced by the low v; values) making oxo exchange facile, and
they propose a water assisted proton-transfer to account for the
observed activation parameters (Scheme 8).

Szabé and Grenthe have recently reinvestigated the exchange of
the oxo ligands in uranyl under highly alkaline conditions [206].
They followed a solution of U70,2* in 3.5M [NEt4][OH] by 170
NMR spectroscopy and observed no change in the peak integral,
suggesting that no exchange is occurring. They also suggest that
the line-broadening observed by Clark et al. is not due to oxo lig-
and exchange but due to two-site exchange between [UO,(OH)5 |3~
and [UO,(OH)4]%-, the two dominate uranyl species in solution. A
similar conclusion was also drawn by an earlier paper [209].

As noted above, several authors doubt the prevalence of
[UO,(OH)s5]3~ in highly alkaline environments and, based on theory
and EXAFS measurements, they have suggested that [UO,(OH)4]2~
predominates under these conditions [207,208,210]. In particular,
the equatorial U-O bond lengths in [UO,(OH)5]3~ as determined by
DFT do not match the U-O(hydroxide) bond lengths for the uranyl
hydroxide complex as measured by EXAFS [208,210].

The exchange of uranyl oxo ligands under basic conditions has
also been investigated by DFT. In a 1998 contribution, Schreck-
enbach and coworkers proposed an oxo exchange mechanism
for [UO,(OH)4]?~ which proceeded via cis-uranyl intermediate B

*ﬁ —li *0 2-
3 HO-_!_~OH HO\”/OH
B —
[u OQ(OH).q] HO/ I“‘::-'-;.:.O\ HO//\
T ) 0
*O\\ 7‘ O\H +H20
H—O,
B
1+
H\ _
* o0 o
H, .T Ox.!_—-OH
0x5'l_~OH oS PO
e
HO "
[So 1y
OH

Scheme 9.
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(Scheme 9) [211]. Oxo ligand exchange in UO,(OH), was also pre-
dicted to proceed via a cis-uranyl intermediate [212].

Subsequently, Schreckenbach and Shamov re-investigated the
oxygen exchange in uranyl hydroxide, again using DFT, and deter-
mined that oxo exchange under highly basic conditions by a
different mechanism was possible [213]. They propose a novel
pathway, whereby oxo exchange occurs via a uranium trioxide
intermediate, [UO3(OH)3]3~-H,0 (Scheme 10). A water assisted
proton shuttle was invoked to facilitate oxo ligand exchange.

Scheme 10 represents an improvement over previously sug-
gested mechanisms, as it has the advantage of avoiding the
high-energy cis-uranyl intermediate proposed in earlier studies
[211,212,214]. Interestingly, the largest activation barrier for this
process occurs upon formation of [UO,(OH)s >~ from [UO,(OH)4 ]2~
and OH~ (and not hydroxide deprotonation).

5.3. Exchange of the “yl” oxygen ligands in neptunyl and plutonyl

Exchange of the “yl” oxygen atoms in neptunyl (NpO,™, n=1,
2) and plutonyl (PuO,™*, n=1, 2) under acidic conditions has also
been investigated [215-218], and the comparison of these results
with those observed for uranyl is potentially insightful. Because of
the paramagnetism of these actinyl ions, 70 NMR spectroscopy
could not be used as a monitoring technique. Instead, the actinyl
ion was precipitated as its ferricyanide salt, and combusted in
the presence of HgCl,. The mass composition of the resulting CO,
was then measured by mass spectrometry. This is a similar pro-
cedure to that originally used by Taube [193]. The radioactivity of
Np and Pu significantly complicates measurements, as radiolysis
generates the lower-valent actinide ions, which can catalyze oxo
ligand exchange. As a result, experiments were performed under
a Cl, atmosphere to quickly re-oxidize the products of radiolysis.
Given these difficulties, the lower-limit for the oxo ligand exchange
in PuO,2* was found to be slow, with t;;>10%h (typical condi-
tions: 0.15M Pu0,2*, 1.0M HClO4) [217]. This is comparable to
the results observed for uranyl [193]. Further experiments deter-
mined that PuO,* was a competent catalyst for oxo ligand exchange,
but Pu(Ill) and Pu(IV) were not [215]. From the observed accel-
eration of the exchange in Pu0,2*, for a given amount of PuO,*,
a half-life of ca. 200h was calculated for the oxo exchange in
PuO,* (conditions: 0.11 M Pu0,2*,0.0058 M PuO,*, 0.457 M HCIO,).
Surprisingly, this is significantly longer than the half-life for oxo
exchange determined for UO,*. In addition, the authors noted a
pronounced acceleration of the oxo ligand exchange upon addi-
tion of 6.5M HF to 0.11 M Pu0,2* (t1/2 =17 h). The neptunyl system

(NpO,™, n=1, 2) was also investigated [216]. The half-life for the
oxo ligand exchange in NpO,2* was found to be t; 12 =15h (typical
conditions: 0.32 M Np0O,2*, 1.0 M HCIO,4). At lower acidities (0.25 M
HClO4) the half-life increased considerably (1, =220 h). These half-
lives, however, are considerably shorter than those observed for
either uranyl or plutonyl. The results for the pentavalent ana-
log, NpO,* were qualitative, but not surprisingly they indicate
that oxo ligand exchange in this species is faster than in NpO,2*
[216].

5.4. Exchange of UO2* and U(IV)

The exchange of U0O,2* with U(IV) in hydrochloric acid solu-
tions was monitored using 233U as a tracer [219,220]. The exchange
was found to be 2nd order with respect to U(IV), 1st order with
respect to UO,2*, and inverse 3rd order with respect to H*. Addi-
tion of chloride had no effect on the rate. Similarly, light had no
effect on the reaction rate. In contrast, a subsequent study in per-
chloric acid found that the exchange was 1st order with respect to
U(IV), 1st order with respect to UO,2*, and inverse 3" order with
respect to H* [221]. Arate law which accounts for this data is shown
in Eq. (10) [221]. It has also been observed that addition of SO4%~
increases the rate of exchange, while addition of F~ decreases the
rate [222]. In the case of F~, at least, it is likely that a uranium fluo-
ride complex is formed which is relatively inert. The change in the
reaction order with respect to U(IV) in going from HCI and HCIO4
is not understood, but it has been pointed out that the results in
HCl were collected over a limited concentration range [220]. Subse-
quent work at high concentrations of HCI (<8 M) reveal an increase
in the rate of exchange with increasing concentration of HCI, imply-
ing that a different mechanism is operative, probably involving
the formation of a chloride complex [223]. The exchange reaction
has also been studied in a mixed aqueous-organic solvent system
[224-227]. As with the HCI system, the mechanism of exchange
likely varies with the change in ratio of water to organic solvent
[224]. The UO,2*-U(IV) exchange has also been investigated as a
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_ [UIVIIUVD]
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means of isotope fractionation [228]. UO,* is greater than that observed for UO,2* (by a factor of 107 in
[U(V)][UO,2*] 0.08 M HClO4) [197], making UO,* a catalyst for oxo exchange in
rate = I<3—22 (10) the parent ion. The rate of electron self-exchange for this complex
[H*]" + Ky[H"] has been calculated using Marcus theory and ranges between 1 and
[UOH3*|[H 15M-1s~1 (Scheme 14) [236]. This closely matches the value deter-
where Ky = [YOH"l[H+] ; ; ; —1¢-1
H [U%] mined by Taube in an earlier study (52 M~! s=1) [197]. The electron

The mechanism of the U0,2*-U(IV) exchange likely involves
conproportionation to UO,* [229,230]. The conproportionation of
uranium(VI) and uranium(IV) is pH dependent, but at pH=2-2.5,
solutions which simultaneously contain U0,2*, UO,*, and U#* can
be prepared, where the dominant species present is UO,* [230].
Under these conditions Keq is around unity (Scheme 11) [231]. At
other acidities however, the disproportionation of UO,* is reported
to be rapid [21,105].

The kinetics of U(V) disproportionation are well established and
are 2nd order with respect to UO,* and 1st order with respect to
H* (Eq. (11)) [105,197,232-235].

rate = k[UO,* °[H*] (11)

Combining Egs. (10) and (11) generate Scheme 12, where
intermediate C is common to both UO,* disproportionation and
U0,2*-U(IV) exchange [221].

Intermediate C is likely a cation-cation complex, as suggested
by Steele and Taylor, who have studied the disproportionation of
U(V) by DFT (Scheme 13) [136]. Their cation-cation intermediate
exhibits a single donor interaction, where one “yl” oxygen of aUO,*
ion coordinates to the equatorial plane of a second UO,* ion (inter-
mediate D). This arrangement is supported by several solid-state
molecular structures [16,106,123], and corresponds to structure II
as shown in Fig. 6. Protonation of the two oxo ligands of one uranyl
fragment then generates a U0, 2*-U(IV) complex (E). Electron trans-
fer occurs after the first protonation event.

The implication of Schemes 12 and 13 is that U(IV) can also
catalyze the oxo ligand exchange in UO,2*, but the experiments
by Taube suggest that U(IV) is not as competent catalyst as U(V)
(see below) [197]. A complicating factor in the disproportiona-
tion of UO,* is its ability to form a cation-cation complex with
UO,2* (which is generated by the disproportionation reaction)
(Scheme 14). This dimeric species has been observed spectro-
scopically and was shown to slow the rate of disproportionation
[105,232].

This cation-cation complex also plays an indirect role in the oxo
ligand exchange of uranyl(VI). The rate of oxo ligand exchange in

V02" +U0," [U,0,P* *U0,* + UO,2*

Scheme 14.

exchange in uranyl(VI)-uranyl(V) has also been studied by theoret-
ical methods [237]. The intermediates studied included hydroxide,
fluoride, or carbonate-bridged species (Scheme 15), where the
hydroxide-bridged dimer exhibits the most efficient electron trans-
fer.

The calculated rate constant for the hydroxide bridged dimer
(26 M~1s71) is close to the experimentally determined value. The
self-exchange reaction for the neptunyl(VI)-neptunyl(V) system
has also be studied by theory [238].
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5.5. Exchange of the “yl” oxygen ligands under photolytic
conditions

The exchange of the “yl” oxygen ligands in uranyl can also
be photo-induced. This was first demonstrated by Taube and
Gordon [197]. They assumed that photolysis was transiently gen-
erating UO,*, which could then catalyze oxo ligand exchange,
however a subsequent theoretical study by Vallet suggests that
this mechanism is unlikely [239]. The mechanism of photo-induced
oxo exchange has also been studied by Suglabov and coworkers
[199,240,241]. They proposed that, upon photolysis, *U0,%* oxi-
dizes water generating UO,* and -OH. Oxo exchange then occurs in
UO,"* before being quenched by the hydroxyl radical (Scheme 16).
Interestingly, concerted exchange of both oxo ligands appears to
occur at a faster rate than the exchange of a single oxo ligand
[199,240,241]. Complicating the reaction scheme is the known elec-
tron exchange that occurs between UO,2* and UO,* (see Section
5.4).

According to Vallet and coworkers however, the small amount
of UO,* present under these conditions cannot explain the extent
of oxo ligand exchange [239]. With no reducing agent present, and
without a substrate to oxidize, very little UO,* should be formed.
*U0,2* can oxidize water to form UO,*, but the hydroxyl radical
quickly reacts with this ion, reforming U0,2* [242].

Okuyama et al. have proposed an alternate mechanism, whereby
the photoexcited uranyl ion undergoes facile “yl” oxygen exchange
(as opposed to the transiently generated UO,* ion) [243]. The quan-
tum yield exceeds unity, suggesting that after oxo ligand exchange
the photoexcited uranyl can sensitize another uranyl ion, which can
then undergo exchange itself (Scheme 17).

The mechanism of photoinduced oxo exchange has also been
studied by DFT [239]. Vallet concluded that oxo ligand exchange
proceeds via intramolecular proton transfer in the photoexcited
uranyl ion (*U0,2*). The process is facilitated by a second coor-
dination sphere water molecule and generates a bis(hydroxo)
intermediate F (Scheme 18). Oxo ligand exchange can then occur
by facile isomerization of the two hydroxo ligands. This mechanism
agrees with that proposed by Okuyama [243].

The computational study also found two excited states for the
uranyl ion: a so-called “o” state, which is characterized by equal
U-0y; bond lengths (both 1.76 A) and a so-called “7” state, which is
characterized by asymmetric U-Oy; bond lengths (1.71 and 1.94 A).
The “o™” state corresponds to the normal luminescent excited state

VO, + UM +2H,0 — > 2U0," +4H"

2U0," +4H*

UO2* + U + 2 H,0

Scheme 19.

of uranyl, while the “7” state is slightly higher in energy and respon-
sible for oxo ligand exchange. In addition, the more distant oxo
ligand of this state exhibits a partial positive charge and significant
radical character [239].

Photo-stimulated oxo exchange has been qualitatively studied
using 170 NMR spectroscopy [244] and IR spectroscopy [200]. In
addition, exchange of U(VI) with U(IV) was also found to be photo-
accelerated [245]. The mechanism probably involves oxidation of
U#* by *UO,2* generating 2 equiv. of UO,* (Scheme 19). UO,* can
then disproportionate via its usual mechanism [105].

6. Summary

In recent years we have witnessed a renaissance of uranyl
chemistry. Significant advancements include the synthesis of
the imido analogs of uranyl [246,247], the synthesis and struc-
tural characterization of many new pentavalent uranyl complexes
[13,16,31,104,248], and the controlled silylation of the uranyl oxo
ligands [45]. Eventually, these discoveries may lead to improve-
ments in nuclear fuel processing (of which uranyl is a major
component) and new methods for decontamination at legacy sites.
The uranyl ion has long been regarded as a unique molecular frag-
ment. The experiments described in this review have not changed
this assessment, but they have served to lift some of the mystery
surrounding this species, allowing us to better understand how its
unique properties arise.
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