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bstract

The air stable uranyl and neptunyl phosphine oxide complexes act as good starting material to prepare the air and moisture sensitive phosphinimines

pecies and show a preference for N-donor ligands. Calculations confirmed those observations and proved the U N bond to be stronger than the

O bond. To continue our investigations on transuranyl chemistry, the complexes PuO2Cl2(R3PO)2 have been synthesised as well as new amides
pecies of NpO2

2+ and PuO2
2+ characterised by NMR spectroscopy.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The importance of the actinyl species, {AnO2}2+ (An: U,
p, Pu, Am), in the nuclear industry and in the natural envi-

onment is a particular reason for interest in their chemical
roperties. The uranyl(VI) cation, {UO2}2+, has been the most
xtensively studied due to its high stability and the com-
aratively low radiological hazards associated with depleted
nd natural uranium chemistry. The preparation of the air
nd moisture sensitive complex [UO2Cl2(thf)2]2 [1] facili-
ated a significant increase in nonaqueous uranyl chemistry,
nd is nowadays a widely used precursor to synthesise new
ranyl(VI) species such as [Na(thf)2][UO2{N(SiMe3)2}3] [2],
ith a coordination number of three in the equatorial plane and

he first examples of uranyl-carbon bonds in [UO2Cl2(IMes)2]
IMes = 1,3 dimesitylimidazol-2-ylidene or 1,3, dimesityl-4,5
ichloroimidazol-2-ylidene) [3]. In addition [UO2(OTf)2] has

lso been used in the preparation of uranyl complexes under
nert atmosphere [4]. Finally, Duval et al. recently reported a
eries of air stable uranyl-amide compounds with increased sol-
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bility (in comparison with [UO2Cl2(thf)2]2), which could be
sed as new starting materials to enter air and moisture sensitive
hemistry of the uranyl cation [5,6]. Removing moisture elim-
nates the possibility of hydrolysis and hence competition with
trong oxo and hydroxy donor ligands.

Recent studies at The Centre for Radiochemistry Research
CRR) have focused on the reaction between [UO2Cl2(thf)2]2,
nd softer-N donor ligands (including iminophosphoranes and
enzaminates). The complexes formed have shown out of
lane coordination, promoted U C interaction, and enhanced
he Lewis basicity of the uranyl oxygen [7–10]. In contrast,
ue to higher radioactivity of the transuranic elements, the
ctinyl chemistry of Np, Pu and Am has so far been limited.
lthough, Np(V) has been studied in depth for cation–cation

omplexation [11], nonaqueous Np(V) and Np(VI) chemistry
emains relatively unexplored due to the current lack of suit-
ble precursor. The same can be said for plutonyl chemistry
here only a few research groups have the facilities for clas-

ical coordination chemistry research with plutonium. Our
urrent goal is to extend our investigations on O- and N-donor

igands to {NpO2}2+ and {PuO2}2+, moving towards nonaque-
us inert atmosphere systems, where the actinyl bond can be
robed by coordination of moisture and air sensitive N-donor
igands.

mailto:stephanie.cornet@manchester.ac.uk
dx.doi.org/10.1016/j.jallcom.2007.01.056
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ig. 1. Structure of cis and trans AnO2Cl2(R3PO)2 (An = U, Np, Pu and R = Cy,
h).

. Phosphine oxide ligands

The coordination of phosphorus compounds to the actinides
as often been examined due to their application in several
eparations processes [12,13]. Many uranium phosphine oxide
omplexes have been structurally and spectroscopically charac-
erised [14–18]. The triphenyl phosphine oxide ligand (TPPO)
as been the subject of numerous investigations with both the
ranyl and neptunyl moieties [16,19–22]. At the CRR, we
ave also used TPPO as a co-ligand for uranyl(VI) and nep-
unyl(V) in the preparation of several novel complexes [23–25].
nterestingly the air stable UO2Cl2(Ph3PO)2 complex, which
xists as cis and trans isomers, can be used as a starting
aterial to prepare the air and moisture sensitive complexes.
oth uranyl(VI) alkoxide, [UO2(OR)2(Ph3PO)2], and amide

UO2(N(SiMe3)2)2(Ph3O)2] species have been prepared previ-
usly from this complex [26].

As an extension to the TPPO chemistry, we have added
y3PO (tricyclohexylphosphine oxide) to [UO2Cl2(thf)3]
ffording the complex [UO2Cl2(Cy3PO)2], which presents a
reater solubility in organic solvents compared to its TPPO
nalogue. In addition, reaction of NpO2Cl2·xH2O with R3PO
R = Cy, Ph) yielded the air stable [NpO2Cl2(Ph3PO)2] [20],
nd [NpO2Cl2(Cy3PO)2] as pure crystalline solids in cis and
rans configuration. Access to the laboratories facilities at
EA, Atalante, Marcoule (France) allowed us to extend these

nvestigations to plutonyl(VI) chemistry. Plutonyl chloride was
repared from a Pu(IV) nitrate stock solution. Plutonium(IV)
ydroxide was precipitated with NaOH and the resulting
olid redissolved in perchloric acid and oxidized to Pu(VI)
y addition of silver(II) oxide. Precipitation of PuO2(CO3)
nd re-dissolution in a minimum of HCl afforded PuO2Cl2.
reatment of two equivalents of R3PO ligands to PuO2Cl2
ielded yellow precipitates of [PuO2Cl2(R3PO)2] (R = Cy, Ph).

1P NMR spectra of PuO2Cl2(R3PO)2 exhibited major sig-
als at �-110.2 and -144.5 ppm for Cy and Ph, respectively.
ue to the common stability of the trans isomer (versus cis)

or actinyl species we assigned these two resonances to be

a

c

Fig. 2. Comparison in calculated bond strengths (by fragment approach with ADF))
ompounds 444–445 (2007) 453–456

rans species. This represents a significant shift compared
o {UO2}2+ (UO2Cl2(Cy3PO)2 � 73.0 ppm) and {NpO2}2+

NpO2Cl2(Cy3PO)2 � 49.8 ppm) complexes, and can perhaps
e explained by the paramagnetism of the f2 system although
urther studies are required (Fig. 1).

. Phosphinimines ligands

We have recently reported our initial investigations into
hosphinimine chemistry with uranyl and neptunyl, and
re contunuing to research this area [27]. The reaction
ith the N-donor phosphinimines (R3PNH) to solutions of
O2Cl2(R3PO)2 resulted in the selective displacement of the
O ligands and the formation of the phosphinimine complexes

O2Cl2(R3PNH)2, which have been structurally characterised.
olution NMR experiments suggested that cis and trans isomers
xist in solution, with the cis isomer expected to be the minor
pecies due to greater steric repulsion between the bulky
hosphinimine ligands. A large difference in chemical shift
etween the NH 1H NMR signal (R = Ph � 6.54 ppm, R = Cy, �
.82 ppm for trans isomers) compared to the uncomplexed lig-
nd (Ph3PNH � 1.01ppm, Cy3PNH � −0.51 ppm) is observed.
oreover, a short U–N interaction is observed in the crystal

tructure (2.370(1) Å for R = Ph and 2.350(2) Å for R = Cy) com-
ared to other uranyl containing N donor ligands [20,27–29],
uggesting a strong U–N bond. In order to gain further insight
nto these observations, relavistic, gradient corrected density
unctional theory has been used to study these compounds. Total
onding energy calculations have been carried out both in gas
hase and by inclusion of a solvent model, suggested that the
rans isomer is the major species. Energy decomposition (using
he fragment approach with ADF) and Mayer bond orders
emonstrated that the U–N bond of the phosphinimine species
s stronger and more covalent compared to the analogous U–O
ond in the phosphine oxide complexes (Fig. 2). NMR chemical
hifts of the N-H 1H NMR have been calculated for the cyclo-
exyl complex, in the gas phase or CD2Cl2, solution and showed
imilar chemical shift compared to the experimental results.

This N-donor preference has also been demonstrated for
p(VI) chemistry [27], representing our first foray into inert

tmosphere transuranium chemistry. NpO2Cl2 (R3PNH)2 com-
lexes have been characterized by both 1H and 31P NMR
pectroscopy and Raman spectroscopy.

. Novel starting reagents—neptunyl and plutonyl

mide complexation

The synthesis of the uranyl and neptunyl phosphinimines
omplexes from phosphine oxide complexes shows that the lat-

for U–N and U–O in the uranyl phosphinimine and phosphine oxide ligands.
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Fig. 3. 1H NMR spectra of NpO2Cl2L2 and

er can be used as good starting material to enter nonaqueous
ransuranyl chemistry. However, investigations on new precur-
ors to anhydrous {NpO2}2+ and {PuO2}2+ chemistry remain
ecessary. Duval et al. [5] recently described the preparation of
ome uranyl-amide complexes generated by reaction of UO2Cl2
ith two equivalents of the organic amides iPrC(O)NR2 (R = iPr,

Bu, sBu). We choose to apply similar reactions between those
mide ligands and NpO2Cl2, and PuO2Cl2. Reaction of a solu-
ion of AnO2Cl2 in MeOH with a methanol solution of L
esulted in a color change from a pale yellow to a deep yel-
ow (An = Np) or orange (An = Pu) solution. 1H NMR spectra
n CH2Cl2 showed the broad signals assigned to the amides
ith no significant chemical shift changes with the free ligand

Fig. 3), signal broadening due to complexation to the paramag-
etic transuranic metal centres.

. Conclusion

In recent years, we have used well-characterised moisture
ree uranyl starting reagents to access coordination chemistry
ith N-donor ligands that are both air and moisture sensitive.
hrough both experimental measurement and computational
alculations, we have shown that phosphinimine ligands more
trongly (and covalently) coordinate to the uranyl(VI) cation.

urrent research is now focussed on the neptunyl and plu-

onyl cations, with the synthesis of phosphine oxide and organic
mide starting reagents as a mean of accessing inert atmosphere
ransuranic actinyl chemistry. The initial preparation of neptunyl

[
[

[

Cl2L2, where L = diisopropylisobutyramide.

hosphinimine complexes indicates that this approach should be
uccessful.
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