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Structures of Uranyl Complexes

Isolation of a Uranyl [UQO,]* Species: Crystallo-
graphic Comparison of the Dioxouranium(v) and
(vi) Compounds [UO,(OPPh;),](OTYF), (n=1, 2)

Jean-Claude Berthet,* Martine Nierlich, and
Michel Ephritikhine

The occurrence of the actinyl(v) species [AnO,]* (An=T,
Np, Pu, Am) in the nuclear industry and in the natural
environment is a particular reason for the current studies of
their physicochemical properties.!! While various [NpO,]*
compounds have been isolated and crystallographically
characterized,*™! there is scant structural information avail-
able for the other [AnO,]* species, and in particular for
[UO,]*, which is reputed to be unstable towards rapid
disproportionation. Much effort has been devoted to the
formation, detection, and characterization of these species,
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which can be obtained in a transient fashion by electro-
chemical or photochemical reduction of hexavalent [UO,]**
parent compounds. A number of ligands were found to
provide a limited stabilization of the one-electron-reduced
species, and have enabled a series of voltammetric and
spectroscopic experiments in solution.[) Recently, extended
X-ray absorption fine structure (EXAFS) studies were
carried out on the tricarbonatodioxouranates [UO,(COs);]"~
(n=4,5) in water, which showed that a minor geometrical
rearrangement  occured in  the [UO,(CO;);]* —
[UO,(CO,);J°~ reduction.”? In addition to these results,
structural data on  [UO,(COs)]"~ (n=4, 5)1
[UO,(H,0)s]" (n=1, 2)1 and bare [UO,]™* ions (n=1,
2)B1 were predicted from theoretical calculations using a
variety of methods. In this context, the isolation of a
pentavalent uranyl derivative, and the comparison of its
crystal structure with that of its [UO,]** parent compound are
highly desirable.

In the course of our studies on the synthesis and structure
of anhydrous uranyl triflate compounds,'’! we serendipitously
obtained crystals of [UO,(OPPh;),](OTf); here we present
the crystal structure of this pentavalent uranyl compound, and
compare it with that of the uranium(vi) analogue [UO,-
(OPPh;),](OTH),.

[UO,(OPPh;),](OTY), (1) was readily obtained as a pale-
yellow powder in almost quantitative yield upon addition of
four equivalents of OPPh; to a solution of UO,(OTf), in
acetonitrile. Large crystals of 1 were isolated after crystal-
lization from a mixture of acetonitrile and diethyl ether. The
X-ray crystal structure of 1 consists of discrete
[UO,(OPPh;),J** and [OT{]~ ions in a 1:2 ratio;"! a view of
the cation is shown in Figure 1. The geometrical parameters
are classical of hexavalent uranyl complexes; the linear {UO,}
fragment is perpendicular to the equatorial plane defined by
the uranium center and the four oxygen atoms of the OPPh;
ligands. The mean U=0 bond length of 1.76(1) A and the
average equatorial U—O bond length of 2.29(1) A are
identical to those found in [UO,{OP(NMe,);},](15),.*

In one attempt to crystallize complex 1, small red-orange,
cube-shaped crystals were deposited in a small quantity along
with the yellow crystals of the [UO,]** compound. X-ray
diffraction analysis revealed that these crystals were of a new
complex, the pentavalent uranyl derivative [UO,-
(OPPh,),](OTf) (2).'1 The unexpected formation of 2
requires elucidation; all attempts to produce it by reduction
of 1 with UV light or various reducing agents are inconclusive
at this time, and further work is in progress for controlling the
synthesis of 2. Nevertheless, complex 2 was found to be
kinetically stable under an inert atmosphere, which demon-
strates that such [UO,|* complexes can be isolated in the
crystalline form, without suffering disproportionation.

Crystals of 2 are composed of discrete cation—anion pairs;
a view of one of the two independent [UO,(OPPh;),]* ions is
represented in Figure 2. The cations of 1 and 2 adopt the same
perfectly square bipyramidal configuration; in 2, the uranium
center is located at a center of symmetry. The U=O bond
lengths of 1.817(6) and 1.821(6) A are slightly longer than the
Np=O bond (1.797(2)A) in the isostructural
[NpO,(OPPh,),]* ion,? in agreement with the variation in
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Figure 1. View of the [UO,(OPPh;),J** ion in 1, with displacement ellip-

soids set at 30% probability. Selected bond lengths [A] and angles [°]:
U-O1 2.2835(17), U-O2 2.2979(17), U-O3 2.3057(16), U-O4
2.3012(17), U-O5 1.7632(16), U-O6 1.7603(15), O1-P1 1.5250(18), O2-
P2 1.5169(16), 03-P3 1.5214(18), O4-P4 1.5185(16); O1-U-02

89.96(6), 02-U-O3 87.84(6), 03-U-O4 91.99(6), O1-U-O4 90.22(6), O5-

U-06 179.75(8), U-O1-P1 160.05(11), U-02-P2 157.29(9), U-03-P3
145.54(10), U-O4-P4 151.60(9).

Figure 2. View of one of the two independent [UO,(OPPh;),J* ions in
2, with displacement ellipsoids set at 30% probability. Atoms labeled
A are related to those not labeled by a center of symmetry (symmetry

code: —x, —y, 1—2). Selected bond lengths [A] and angles [°] (the corre-

sponding values in the second independent cation are given in brack-
ets): UT-O1 2.427(5) [2.455(6)], U1-O2 2.439(5) [2.431(5)], U1-O5
1.821(6) [1.817(6)], O1-P1 1.502(6) [1.500(6)], O2-P2 1.504(6)
[1.496(5)]; O1-U1-02 88.93(18) [88.57(18)], O1-U1-05 90.3(2)
[89.9(2)], UT-O1-P1 144.5(3) [144.2(3)], U1-02-P2 137.8(3) [139.8(3)].
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the radii of the [UO,J* and [NpO,]* ions.I'¥] The U=0 bond
lengths in 2 are also very close to those of the Np=O bonds
determined by X-ray crystallography in the pentavalent
neptunyl cations [NpO,([18]crown-6)]* (1.800(5) A)B! and
[NpO,(bipy)(H,O);]* (bipy =2,2"-bipyridyl; mean bond
length 1.81(5) A),) but are 0.08 A shorter than those
determined by EXAFS in the uranium(v) anion
[UO,(CO,),]% (1.90(2) A).[ Similarly, the Np=O bonds in
the aforementioned neptunyl cations are approximately
0.05 A shorter than those found in the anionic complexes
[NpOL(CO,):~  (1.86(2) A)i¥1  and  [BaNpO,(OAc);]
(1.85(2) A), as determined by X-ray absorption and X-ray
diffraction methods, respectively. These results are in accord-
ance with theoretical calculations, which predicted that the
variation in An=0O bond lengths, by passing from the bare
[AnO,J* cation to the [AnO,(CO;);]*~ anion, should be
greater for An=U (0.17 A) than for An=Np (0.11 A).B.13]
Since the nature of the equatorial ligands and the electronic
charge of the complex would induce significant variations in
the An=0 bond lengths, the influence of the oxidation state
on the geometrical parameters of [AnO,J** and [AnO,]*
compounds (An=U or Np) can only be evaluated correctly
by comparing the structures of analogous complexes, as is the
case for 1 and 2.

The reduction of 1 to 2 leads to a lengthening of the U=0O
bond by 0.06 A. This value can be compared with the
variation of 0.03 A in the ionic radii of the [UO,]*" and
[UO,]* ions,™ and with the difference of 0.1 A between the
U=0 bond lengths in [UO,(CO;);]*~ and [UO,(CO;);]>, as
measured by EXAFS.[ The theoretical study of the structure
of these tricarbonatodioxouranates using multiconfigura-
tional second-order perturbation theory (CASSCF/
CASPT2) predicted bond lengths of 1.845 and 1.929 A for
the UY'=0 and UY=0 bonds, respectively, and values of 1.707
and 1.758 A for the same bonds in the bare [UO,]** and
[UO,]* ions: these differences of 0.08 and 0.05 A are in
agreement with the values determined from the structures of
1 and 2. Most notably, the U=O bond lengths in 1 and 2
correspond quite perfectly to those calculated in
[UO,(H,0)s]** (1.756 A) and [UO,(H,0)s]* (1.810 A) using
density functional theory and relativistic effective core
potentials.”] In the pairs of neptunyl and plutonyl derivatives
[NPO,(CO5)5]"~ (n=4, 5)1 and [AnO,(H,O)s]"* (An=Np,
Pu; n=1, 2), spectroscopic studies and theoretical calcu-
lations showed commensurate differences (0.06-0.08 A)
between the AnY'=0 and An"=0 bond lengths.!!¢]

The U—O(OPPh;) bond lengths in the two independent
cations of 2 range from 2.427(5) to 2.455(6) A (average
2.44(2) A), the average value being in good agreement with
that of 2.438(4) A found for the Np—O bonds in
[NpO,(OPPh;),]*.1 The mean U-O(OPPh;) bond length in
2 is 0.14 A longer than that determined in 1 and this
difference, which is much greater than the difference in
ionic radii between [UO,]** and [UO,]*['* results from the
lower positive charge of the uranium(v) center of 2, which
induces a weaker interaction with the Lewis base. A similar
situation was encountered with the organouranium com-
pounds [U(n-CgHg){OP(NMe,);}5](BPh,), (n=1 or 2), where
the difference between the mean U—O bond lengths is 0.2 A,
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while the difference between the U* and U3* ionic radii is
only 0.1 A7) The U-O(OPPh;) bonds in 2 are, to the best of
our knowledge, the longest so far measured, longer than, for
example, those found in [UO,(OrBu),(OPPh;),]
(2.40(1) A);[81 the average O—P bond length and U-O-P
angle are respectively 0.02 A longer and 12° smaller than
those in 1. The 0.14 A difference between the mean equatorial
UVY-0 and UY—0 bond lengths of 1 and 2 is greater than that
of 0.07 and 0.1 A determined by EXAFS for the pairs of
complexes [UO,(CO,)s]"~ (n=4, 5 and [NpO,(H,O)s]"™+
(n=1, 2)," respectively. However, comparison of the crystal
structures of 1 and 2 confirms that in cationic actinyl
complexes, elongation of the equatorial An—O bonds is
more important than that of the axial An=O bonds, while the
reverse situation is the case for the anionic derivatives.

Experimental Section

1: A mixture of [UO,(OTf),] (1.00 g, 1.76 mmol) and OPPh; (1.96 g,
7.04 mmol) in anhydrous acetonitrile (50 mL) was stirred for 10 min
at 20°C under an argon atmosphere. After filtration, the yellow
solution was evaporated to dryness, which yielded a yellow powder
(1) which was washed with toluene (2x25mL) and dried under
vacuum (2.8 g, 95%).
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