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1. Introduction 

A number of good reviews on various aspects of 
the coordination chemistry of the actinides have been 
published. Except the comprehensive article of 
Comyns in 1960,” which covered all the prepared 
complexes of the Sfelements known at that time, the 
reviews regard particular aspects of the chemistry of 

the actinides. Remarkable attention has been directed 
toward aqueous solution behaviour53~108~112~‘28, 
liquid-liquid ion exchange105~106~12g~‘33~144,317_~l~d~~ 
of the actinides and related complexes, ’ ’ 
and the structural aspects of the actinide com- 
plexes46; in addition organometallic com- 
pounds 8g*100*110 and the electronic s 

g 
ectral studies 

have been discussed and reviewed” . Recently a 
good monograph on the actinide elements has been 
published,6 however there is a lack of information on 
the physico-chemical data and their correlation, 
where possible, with structural investigations on 
chelate complexes. 

A critical discussion of these properties for all the 
known actinide chelate complexes is far too large a 
matter for a review. The aim of this article is to 
present a critical and comparative discussion of the 
behaviour of the actinides in their various oxidation 
states with the most usual organic chelating ligands: 
tropolone, 8_hydroxyquinoline, /3-diketones, Schiff 
bases and azo derivatives. Particular attention has 
been directed toward the preparative methods, the 
geometry of coordination of the adducts on varying 
the bite and the coordination power of the chelating 
ligands, their infrared, n.m.r., electronic spectra and, 
where available, the first results using photoelectron 
spectroscopy. The use of these chelating agents in the 
analytical determination and separation of the 
actinides has been also considered. 

Abbreviations 

Hacac = acetylacetone 
H(HFAA) = hexafluoroacetylacetone 
HBA = benzoylacetone 
HPHD = 1 -phenylhexane-1,3-dione 
HBTA = benzoyltrifluoroacetone 
HTTA = thenoyltrifluoroacetone 
HTHD = dipivaloylmethane 
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HFOD = 1 ,l ,1,2,2,3,3-heptafluoro-7,7-dimethyl- 
octane-4,6-dione 

HDBM = dibenzoylmethane 
HFTA = Z-furoyltrifluoroacetone 
HNTA = 2naphthoyltrifluoroacetone 
HTFA = trifluoroacetylacetone 
Htrop = 2-hydroxycyclohepta-2,4,6-trien-l-one 
HOx = 8-hydroxyquinoline 
HBSB = bidentate Schiff base 
HTRSB = tridentate Schiff base 
HTSB = tetradentate Schiff base 
HPSB = pentadentate Schiff base 
HsalenNRR’ = N,N-RR’-ethylenesalicylaldimine 
H,salen = N,N’-ethylenebis(salicylaldimine) 
H,salophen = N,N’-o-phenylenebis(salicylaldimine) 
Hzglioxamph = glioxalbis(2-hydroxyanyl) 
H,salstien = N,N’-stilbenebis(salicylaldimine) 
HsaldienN(CHa)* = N,N-dimethyl-N’salicylidene- 

I,5diamino-3-aza pentane 
H*saldien = N,N’-bis(salicylidene)-1,.5-diamino-3-aza 

pentane 
H,saldpt = N,N’-bis(salicylidien)-1,7-diamino-4-aza 

heptane 
dmf = dimethylformamide 
dmso = dimethylsulphoxide 

2. The Actinide Ions 

The first and most remarkable peculiarity of the 
actinide elements is the great variety of known oxida- 
tion states, while for the lanthanides the 3t oxidation 
number is the most commonly found (Table I). 

The variety in the oxidation states pertains 
especially to the first half of the actinide group where 
we have a situation in which the Sf, 6d, 7s and 7p 
orbitals (especially from uranium to americium) can 
be involved in bonding. This situation is indicated 
by the fact that the actinides are much more prone 
to complex formation than are the lanthanides where 
the bonding is more ionic since less energy is required 
to convert 5f electrons to 6d electrons than to 
convert 4f electrons to 5d electrons for the lan- 
thanides.ls8 

The difference from the lanthanide chemistry is 
usually attributed to the contribution of covalent 
bonds involving Sfelectrons. 

For the ground state of actinium and thorium it 
is reasonable to believe that Sf orbitals are empty, 
therefore the 6d orbitals seem to be preferred in 
bonding; from protoactinium to neptunium the 
energy difference between the 6d and Sf is not 
larger and beyond neptunium the further electrons 
seem to prefer the Sforbitals (Figure 1). 

The half tilled configuration f’ is therefore 
reached with curium and the completely filled shell 
l4 f with lawrentium. Especially the first electrons 

entering the Sf shell are not well shielded as the 4f 
electrons of the lanthanides and so they can be used in 
bonding. 

Even in the case where the 5f shell is preferred, 
the actinides can exist in high oxidation states, as 
shown for neptunium, plutonium and americium. As 
the 5f shell is filled the participation of 5f electrons 
in bonding becomes more difficult, resulting in a 
much marked stabilisation of the trivalent oxidation 
state for the heavier actinides. 

The actinide complexes generally possess a large 
number of electronic transitions in the near ultra- 
violet, visible and infrared region. These spectra have 
been used for studies about structure and bonding 
of actinide complexes. There are three different 
types of electronic transitions. Transitions may occur 
between two f levels of different angular momentum 
and the absorptions, not much disturbed by the 
environment, are quite narrow; they lie as not very 
intense bands in the ultraviolet, visible and near 
infrared region and generally only the transitions 
involving no change of the spin multiplicity are 
observed. On the contrary the 5f+6d transitions are 
more disturbed by the influence of the environment, 
this causing a broadening of bands, which can be 
observed as very intense in the ultraviolet region. 

Finally the electronic transitions occurring 
between the 5f orbitals and the orbitals of the co- 
ordinated ligands are strongly affected by the nature 
of the ligands. Generally they are quite intense and 
the bright colors of many actinide complexes are 
ascribed to charge transfer bands. 

It was suggested that spectral changes may occur 
in the low energy region both when ligands are 
changed within a given stereochemistry and when 
the coordination number from 6 to 8 would have a 
considerable effect on the spectra. 

The most studied complexes have the electronic 
configuration 5f’ (protoactinium(IV)) and 5p 
(uranium(N)). As shown by Figure 2, the ~-CO- 
ordinated complexes give completely different 
spectra from those of 6-coordinated complexes. 
The differences, however, between dodecahedral and 
square antiprismatic stereochemistry are not very 
appreciable and therefore a correct identification 
of these two stereochemistries from spectral data 
alone is precluded.35 (Figure 2). 

It has been reported, from the analysis of the 
absorption spectra of some uranyl complexes at 77”K, 
that the intensities and the position of the electronic 
transitions are principally determined by the geometry 
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TABLE I. Oxidation States of the Actinides and Lanthanides.a 

19 

89 90 91 92 93 94 95 96 97 98 E 100 101 102 103 
AC Th Pa IJ Np Pu Am Cm Bk Cf Fm Md No Lr 

2 0 0 0 0 0 0 
3 A 0 0 0 0 0 A A A A A A A A A 

4 A 0 0 0 A 0 0 0 

5 A 0 A 0 0 

6. A 0 0 0 

7 0 0 

57 58 59 60 61 62 63 64 65 66 61 ;; 69 70 71 
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Tm Yb Lu 

2 0 0 0 0 0 

3 A A A A A A A A A A A A A A A 
4 0 0 0 

a A = The most stable oxidation state. 0 = Other known oxidation states. 

87 39 91 93 95 97 99 

Atomic number 

Fig. 1. Qualitative representation of electron binding energies 
in the heaviest elements (J. J. Katz and G. T. Seaboeg, “The 
Chemistry of the Actinide Elements”, Methuen, London 
(1957) p. 465). 

of the equatorial coordination of the uranyl(V1) ion, 
the chemical nature of the ligands influencing only 
the vibrational structure of the spectra.86 However, 
even if such a correlation is theoretically possible, 
other observations at 4.2 “K do not confirm unequiv- 
ocally this interpretation.65 

3. Molecular Polyhedra of Complexes of the Actinide 
Ions 

The coordination polyhedra of the actinide ions 
have been extensively investigated and sufficiently 
well characterized in the solid state especially by 
X-ray investigations, while ambiguities remain in 
solution, where a more complicated system takes 
place. 136 These ions generally present very high 
coordination numbers. The coordination number of 
less than six is discouraged by size of metals, with the 
exception of complexes with particular ligands such 
as N(SiMe3);,31 NEt; lo9,1s4 which stabilize low 
coordination numbers. 

L.2 
I I I I I I I 

5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2 

WAVELENGTH ,U 

Fig. 2. The electronic spectra of: a) ol-U(acac), at 77 OK, 
b) p-U(acac), at 77 “K, c) U(DBM), at 300 “K. 

The hexacoordination is usually found for 
actinides in their highest oxidation state, which cor- 
responds to a minimum ionic radius; hepta, octa and 
nona-coordinations are more common. Obviously 
the type of polyhedron obtainable is influenced by 
the nature of the ligand and the configuration 



TABLE II. Geometric Features of Ligands and the Related Complexes Obtained. 

Ligand Donor 
Atoms 

Bite, A Ligand 
Configuration 

Oxidation 
States of 
Actinides 

Types of Complexes reporteda 

OH 

R 
OWN 2.6 Planar 3 

R,R’ = H, aryl 4 
or alkyl group 5 

6 

OYO 2.6 Planar 4 
5 
6 

OWN 2.9 Planar 4 
NWN 2.9 R = aryl, alkyl, 6 

-CH,-CH,-N(CH,),, 
N-aryl or -alkyl 
salicylaldimine 

c=o 
R” 

cYc 2.7 Planar 3 

R,R’ = aryl or 4 
alkyl group 5 

6 

M(Ox), [unknown]. 
WW, [81; M(Ox),L [9] ; M(Ox),HOx [9]. 
MO,(Ox)*xH,O [unknown] ; MO,(Ox)(HOx),.2H,O [unknown]. 
MO,(W, 171; MO,(Ox),HOx [7] ; MO,(Ox),L [7]; MO,(Ox); [S]. 

M(troe), [81; M(trop),L [9] ; M(trop),Htrop [9] ; M(trop); [IO]. 
M(troe),X [91. 
MO,(trop), [7] ; MO,(trop),L [7] ; MO,(trop),Htrop [7]. 

M(TSB), [ 8 proposed] ; M(TSB)L,Cl, [ 8 proposed]. 
MO,(BSB),L [7] ; MO,(TRSB), [7]; MO,(TSB)L [7]; MO,(PSB) [7]. 

M(p-dike), [ 71 ; Cs M(p-dike), [ 81 
M&dike), [8] ; M(p-dike),L [9]. 
M(OEt), --x(p-dike)X [unknown]. 
MO,@dike),L [7] ; MO,@dike),(pHdike) [7] ; MO,@-dike), [ 71. 

a The coordination number found or proposed is reported in parenthesis [ 1. Abbreviations: (PSB) = pentadentate Schiff base; (TSB) = tetradentate Schiff base; (TRSB) = 
tridentate Schiff base; (BSB) = bidentate Schiff base; L = neutral monodentate ligand. 
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Fig. 3. The ionic radius of actinides in the 3+ and 4+ oxida- 
tion state against their atomic number. 

geometries theoretically attainable with monodentate 
ligands provide the most illuminating basis for the 
stereochemical discussion of experimentally pre- 
parable complexes. However we consider in the 
present review only the polyhedra generated by 
bidentate or polydentate ligands with oxygen or 
nitrogen donor atoms, because they have received 
the greatest attention and have been studied in more 
details. 

These ligands may be distinguished by their 
rigidity, coplanarity, distance of the donor atoms 
(bite); the more compact the ligand and the smaller 
the bite, the more effective the ligand in generating 
high coordination structures. Very compact ligands 
are the peroxo group (bite 1.5 t\) and nitrato group 
(2.1 A).‘23 

The difference of the bite and the type of com- 
plexes formed for the examined ligands is given in 
Table IL 

For the tropolonato and oxinato adducts of 
actinides(IV), a ten-coordination has been reported, 
while for /3-diketonato and salicylaldiminato an eight- 

coordination; only for thorium(N) have nine- 
coordinated complexes of the type Th(acac),L been 
reported.24”65 Uranyl(V1) ion reaches in the 
tropolonato and oxinato complexes also the eight- 
coordination, while with P-diketonato and salicyl- 
aldiminato adducts it reaches the maximum value of 
seven. In the oxinato and tropolonato ligands the 
more compact planar conformation and the minor 
intraligand repulsion factor allow a higher coordina- 
tion number. 

The metal ion size and charge offer two other 
parameters to be considered in the type of the 
obtainable complexes. 

In Figure 3 we report the ionic radius of actinides 
in various oxidation states against their atomic 
number. 

The contraction of ionic radius with increasing 
atomic number is connected to the maximum 
obtainable coordination number; with tropolonato 
and 8-hydroxyquinolato ligands it is possible to 
prepare thorium(IV) and uranium(N) ten-coordi- 
nated complexes and only eight-coordinated com- 
plexes of neptunium(IV) and plutonium(IV). 

A. Seven-coordination 

The theoretically possible polyhedra consistent 
with this coordination number are reported in Fig. 4. 

It has been pointed out that the energy differences 
between the different shapes are small compared with 
the intermolecular forces generated by ordering.‘36 

For the actinidyl(V1) ions one polyhedron only 
must be taken into account, and it is given by the 
pentagonal bipyramid - which only allows the trans 
O-M-O group to be linear. Most complexes exhibit a 
mononuclear pentagonal bipyramidal geometry but 
polynuclear configurations have been found also; in 
this case the ligand oxygens bridge two metals. 
Typical examples are given by U02 (acac), , 

n 

a b C d 
Fig. 4. Theoretically possible polyhedra consistent with seven-coordination: a) Pentagonal bipyramid, b) Tetragonal base trigonal 
base, c) Capped trigonal prism, d) Capped octahedron. 
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U02(trop)2 and very probably by Pu02(trop)2; also 
the complex UO,.(salen) is stabilized by analogous 
types of bridges. 

For the actinides in other oxidation states, the 
linear arrangement typical of MO% group is not 
present and even if a variety of seven-coordinated 
complexes would be found, the size and charge of 
metal ions discourage such a geometry; a higher 
coordination number is probably reached in the com- 
plexes for which a seven-coordinated structure would 
be formally proposed. 

Neutral chelate complexes of the type Am(di- 
ketone)3 are reported to be seven-coordinated; 
Am(THD)3 is dimeric with each metal ion sur- 
rounded by seven oxygen atoms. Its coordination 
polyhedron is given by a capped trigonal prism7’ 
(Figure 5). 

A 

B 8 

E 

& 

l B 

B El 

A 

4 

a 

b 
Fig. 5. The dimeric configuration of Am(THD),. 

3. Eight-coordination 

The possible configurations of octa-coordination, 
which is very common in the actinide complexes 
examined, are given in Fig. 6. 

The cube, for its simplicity, may be assumed to be 
the basic polyhedron for eight-coordination. However 
this type of coordination has never been obtained for 
the actinide complexes with the ligands here 
examined; such a polyhedron is present in complexes 
of the type (NE% FWCShl , (NW4 FJ(Ncsehl 
or (NEt4)4 [Pa(NCS),] and (NEt,), [Pa(NCSe),] ; 
cubic coordination may exist for uranium in Na2UFs. 

The hexagonal bipyramid is characteristic of 
actinidyl(V1) complexes, where the apical positions 
are occupied by oxygen atoms. 

In the square antiprism all eight sites are equi- 
valent; the dodecahedron is composed of two inter- 
penetrating bisphenoids, such that the eight sites are 
divided into symmetrically equivalent sets of four, A 
and B respectively (Fig. 6). 

Two parameters must be considered in the anti- 
prism; they are called s and I and the shape of the 
antiprism is determined by the ratio Z:s or 
alternatively by the angle 8 made by the vector from 
the central atom to one of the ligands with the axis. 
On the contrary three parameters are required to 
specify the shape of the dodecahedron: 8~ and 
8B, which are the angles between the 3 axis with 

C 

d 

I:ig. 6. Theoretically possible polyhedra consistent with eight- 
coordination: a) Hexagonal bipyramid, b) Cube, c) Square 
antiprism, d) Dodecahcdron with triangular faces. 
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M-A and M-B vector, and the ratio of the bond 
lengths rA/rB. There are nine possible stereoisomers 
for M(symmetrica1 bidentate ligand)4: three for the 
square antiprism and six for the dodecahedron. 

For neutral tetrakis complexes the D2 or DZd 
isomers are preferred, these configurations minimising 
the ring strain in the ligands. 

Fig. 7. The two most usual isomers preferred by neutral 
tetrakis complexes. 

The D2 symmetry has been found in the (Y and fi 
form of thorium and uranium tetrakis(acetyl- 
acetonato) while the D2d is present in U(DBM)4. 

The structure in the solid state, however, is not 
always maintained in solution and n.m.r. studies on 
diketone derivatives of uranium(W) have shown a 
symmetry in solution less than D2 or D2d. In solution 
a more flexible framework, in which a rapid intra- 
molecular distorsion from one of the stereochemical 
configurations to another can occur, must be con- 
sidered and in Fig. 8 it is shown how slight distortions 
can convert a cubic isomer into a square antiprism or 
into a dodecahedron. 

8 

Fig. 8. The two most important ways of distorting the 
cube to produce a square antiprism or a dodecahedron. 

The hexagonal bipyramid has two sets of non 
equivalent ligand sites A and B and its shape is 
specified by the ratio of bond lengths rA/rB. This 
polyhedron is not energetically favoured and has 
been found only when a O-M-O linear group is 

present. Such configuration has been proposed for 
U02(Ox); even if no structural data are available. 

C. Nine- and Ten-coordination 
The types of polyhedra compatible with the 

nine-coordination are reported in Fig. 9. 
The Dab tricapped trigonal prism is the most 

usual and stable polyhedron and has been found 
in many transition metal complexes; generally it is 
defined by hybridisation of one s, three p and five d 
orbitals and it is significant therefore that the only 
known examples of the less favourable capped square 
antiprism are confined to lanthanide and actinide 
complexes. 

For complexes of the type [M(bidentate ligand)4 
(monodentate ligand)] with a capped square anti- 
prism configuration, seven isomers are possible. 
Th(trop)4(dmf) and Th(Ox)4(dmso) are two 
examples of this polyhedron. 

In the Th(trop),(dmf) the monodentate ligand 
occupies a vertex adjacent to the cap (C, symmetry) 

a b 

13g. 9. Theoretically possible polyhedra consistent with nine- 
coordination: a) Capped square antiprism, b) Symmetrically 
tricapped trigonal prism. 

a b 

L 

Fig. 10. Theoretically possible polyhedra consistent with 
ten-coordination: a) Bicapped square antiprism, b) Bicapped 
dodecahedron, c) C,y polyhedron based on dodecahedron. 
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while in the complex Th(Ox)4(dmso) the mono- 
dentate occupies the cap above one of the square 
faces of the antiprism (C,, symmetry). No examples 
of Cr symmetry are available at the moment. 

For ten-coordination three polyhedra must be 
considered as shown in Fig. 10. 

No structural data are available with the ligands 
here investigated at the moment and a ten-coordina- 
tion has been proposed only for complexes of the 
type [M(trop)s] - (M = U, Th, Pa) and [Th(Ox),] -. 

4. Tropolonato Complexes 

A, Tropolonato Complexes with Actinides( VI) 
Tropolone (2-hydroxy-2,4,6-cycloheptatrien-l- 

one) can be regarded as the enolic form of a cyclic 
a-diketone; its ability to form very stable solid 
complexes with the uranyl ion in the ratio 2: 1 and 
3:l has been pointed out68 and complexes of the 
type UOa(trop)a and UO,(trop),Htrop have been 
reported14 7 (Table III). 

The yellow-orange compound UOz(trop),Htrop 
was easily prepared by reacting uranyl salts and 
tropolone (molar ratio 1:4) in methanol and drying 
the precipitate at 80 “C. Thermogravimetric analysis 
of the compound indicates that the neutral molecule 
of tropolone is lost at 155 “C and that UOz(trop), is 
obtained. U02(trop)2Htrop is reported as a seven- 
coordinated compound in the solid state, while in 
dimethylsulphoxide it is unstable and liberates a 
molecule of tropolone, very probably with the 
formation of the adduct UOa(trop),(dmso). 

More difficult is a correct discussion of the 
UOz(trop)z complex obtained by Plymale and Smith 
from the reaction in methanol between stoichio- 
metric amounts of uranyl salts and tropolone,147 

c = trop 

b 
Fig. 11. The two polymeric configurations proposed for the 
two forms of UO,(trop),. 

because more recently some different conclusions 
have been reported.64a The complex, according to 
these latter results, must be formulated as 
UOz(trop),(MeOH). Such a complex remains un- 
changed on heating at 80 ‘C, the methanol being 
evolved in the temperature range 142-172 “C. The 
resulting U02(trop)z is stable and non-hygroscopic 
and when treated with benzene (0.02% H20) yields a 
second form of UOz(trop):! which contains variable 
amounts of H,O. These two UOz(trop)z complexes 
are insoluble in inert organic solvents and on the basis 
of their physico-chemical properties they have been 
reported to be not monomers in the solid state. 
Taking into account that the most probable coordina- 
tion number for the uranyl ion in the equatorial 
plane is five, two possible structures have been 
proposed (Figure 11). The structure a in Fig. 11 is 
reported as more stable and assigned to the complex 
UOz(trop)2 on the basis of its stability in water and 
the easy transformation of UOl(trop)zxHzO into 
U02(trop)2 on dehydrating. 

TABLE III. Some IR Data (cm-‘) of Actinide(V1) Tropolonato Complexes. 

Complex v, (O-M-O) Some Characteristic Absorptions 
of Coordinated Neutral Ligand 

Reference 

UO,(troP), 912 64a 
UO,(trop),-xH,O 915 3600-3000 v (OH) 64a 
UO,(trop),EtOH 906 _ 64a 
UO,(trop),py 904 - 64a 
UO,(trop),dmso 896 1018 v (S=O) 64a 
UO,(trop),pyN-0 898 1212 v (N-O) 64a 
UO,(trop),H,O 906 3350,320O v (O-H); 1663 6(OH,) 64a 
UO,(trop),CyO* 914 1696 v (C=O of CyO) 64a 
UO,(trop),PhNH, 899 3500-3200 v (NH); 1616 &NH,) 64a 
UO,(trop),Ph,PO 899 _ 64a 
UO, (trop), Htrop 929 _ 147, 148 
PuO,(trop), 921 _ 148 
PuO,(trop),Htrop 922 _ 148 

*CyO = cyclohexanone. 
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The polymeric form b could represent the con- 
figuration of UOz(trop)zxHzO, the presence of water 
stabilizing this structure by hydrogen bonding 
between some of the chelate oxygen atoms. 

The three complexes UOz(trop)z(MeOH), 
UOz(trop), and U02(trop)zxHz0 react with neutral 
monodentate ligands (L), containing an oxygen or a 
nitrogen donor, in anhydrous benzene to give 
UOz(trop),L adducts. For UOz(trop)zpy and 
UOz(trop)z(EtOH), a complete X-ray investigation 
has been carried out. 26752 The former complex 
crystallized with monoclinic symmetry in the space 
group 12/a with eight molecules in a unit cell. The 
stereochemistry of the complex is shown in Fig. 12. 

Four tropolonato oxygens and the nitrogen of 
the pyridine are coordinated in the plane perpen- 
dicular to the linear uranyl group, so that the co- 
ordination geometry around the uranium atom is 
pentagonal bipyramidal. Fig. 12b shows that the 
ligand molecules are individually approximately 
planar and slightly twisted out of the coordination 
plane.26 

In the case of UO,(trop),(EtOH), the coordina- 
tion plane perpendicular to the uranyl group consists 
of the four oxygen atoms of the two tropolonato and 
the oxygen atom of the ethanol molecule, forming 
a slightly irregular pentagon (Fig. 13). 

The hydrogen atom of the ethanol forms a weak 
hydrogen bond with the oxygen atom of tropolone of 
a neighbouring molecule. This explains the absence of 
the stretching frequency vOH in the range 3600-3 100 
cm-’ in the i.r. spectrum of this complex as in the 
U02(trop),(MeOH) which is, probably, in an analo- 
gous configuration. For U02(trop)2L (L = monoden- 
tate ligand) adducts, an index of coordinating ability 
of the ligands toward the U02(trop), substrate has 
been reported;64b the sequence of relative stability 
by U.V. data is given by: ROH < py < dmso < pyN --f 
0 < PhsPO < Ph,AsO. 

The preparation of Pu02(trop)2Htrop has been 
also reported; 14’ it may be easily obtained by reac- 
tion between plutonyl(V1) nitrate and tropolone in a 
molar ratio 1:4. The visible spectrum in dimethyl- 
formamide or dimethylsulphoxide confirms the 
hexavalent oxidation state of the plutonium. This 
complex exhibits an infrared spectrum and an X-ray 
powder pattern very similar to U02(trop)2Htrop; this 
suggests a seven-coordination for the plutonium(W) 
ion with two bidentate and one monodentate 
tropolone ligands in the solid state. More difficult is a 
correct formulation of the complex reported as 
Pu02(trop)z, obtained by reaction of the stoichio- 
metric amount of plutonyl(V1) nitrate and tropolone 
(1:2); as the complex has been recrystallized from 
dimethylsulphoxide, probably its composition is 
Pu02(trop)2(dmso). 

a b 

Fig. 12. Projection of UO,(trop),Py on the mean equa- 
torial plane (a) and down a direction perpendicular to the 
uranyl group (b). 

Fig. 13. The molecular configuration of UO,(trop),EtOH. 

B. Tropolonato Complexes of Actinides(IV) 
The tetrakis chelate of thorium(IV) Th(trop),, 

prepared by mixing thorium tetrachloride and 
tropolone in molar ratio I :4 in a chloroform solution, 
is isomorphous to Ce(trop), and sublimes without 
significant degradation. r3’ In the gaseous state it 
seems reasonable that an eight-coordination is 
reached and physico-chemical data are strongly 
indicative of a complex in which all four ligands are 
equivalent in solution and in the solid state. The 
analogous uranium tetrakistropolonato may be easily 
prepared by the reaction of an aqueous solution of 
UC14 with tropolone. Tetrakisisopropyltropolonates 
of thorium(IV) and uranium(IV) have also been pre- 
pared in a similar way.r6* 

The tetrakistropolonato derivatives of thorium 
readily form adducts with nucleophilic or basic 
molecules, including water, to form nine-coordinate 
thorium complexes; thus the electron-acceptor 
activity of thorium is evidenced by the formation 
with dimethylsulphoxide of the Th(trop)4(dmso) 
complex.r34 

Pu(trop)4 has been prepared by mixing plutonium- 
(IV) nitrate and tropolone in methanol and 
Np(tropk may be prepared from tropolone dissolved 
in CH2C12, CH3CN or alcohol and NpC14.34’148 

Protoactinium(IV) tetrachloride reacts with four 
molecular equivalents of lithium tropolonate to give 
the blue-green solid Pa(trop)4, very unstable in 
atmosphere. 
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TABLE IV. IR Data (cm-‘) for Actinide(IV) Complexes with Tropolone. 

Compound 

‘Strop), 
Pa(trop), 
U(trw), 
b(trop), 
Pu(troP), 
Th(trop),dmf 
Pa(trop),dmf 
U(trop),dmf 
U(trop),dmso 
LiTh(trop), 
LiPa(trop), 
LiU(trop), 

u(C=O) U(C=C) Other Characteristic Bands Colour 
- 

1592 1512 White 
1591 1513 Blue-green 
1592 1512 Reddish-brown 
1591 1512 Brown 
1590 1513 Red-brown 
1585 1507 1650 v(C=O dmf,l Pale yellow 
1590 1512 1652 v(C=O dmf) Blue-green 
1588 1510 1653 u(C=O dmf) Brown 
1592 1513 1040 v(S=O dmso) Brown 
1595 1518 Pale yellow 
1593 1517 Blue-green 
1592 1517 Brown 

The tetrakistroplonato adducts of the Th, U, Pa 
react with lithium tropolonate to yield Li [M(trop)s] , 
the most convenient preparation employing oxygen 
free dimethylsulphoxide as solvent, while neither 

Wtrop)~ nor Pu(trop)4 react with lithium 
tropolonate. This has been explained as a conse- 
quence of the actinide contraction, neptunium(IV) 
(ionic radius 0.92 a) and plutonium(IV) (ionic radius 
0.90 a) being too small to surround five molecules 
of tropolone. It is thus obvious that Pu(trop&, and 
Np(trop), can be recrystallized unchanged from 
dimethylformamide, while Th(trop)4 and Pa(trop)4 
form isostructural 1 :l adducts of the type 
M(trop&,dmf. The structural conformation analysis 
of Th(trop),dmf has been carried out and the poly- 
hedron of coordination observed in this complex is a 
monocapped square antiprism (Figure 14, Table IV). 

The species Li[M(trop), ] (M = Th, U, Pa) are 
reported as examples of ten-coordination; they are 
highly associated in a saturated chloroform solution. 
Electronic spectra of U(trop), and Li[U(trop),] in 
dmso or dmf are substantially identical, indicating 
that reactions of the type: 

U(trop)4 + n dmso + U(trop),*n dmso 

Li[U(trop)s] + n dmso + U(trop),.n dmso t 
Li’ + trop- 

take place. However, when the spectra of U(trop), 
and Li[U(trop)s] are carried out in nujol mull, where 
no reaction is expected, the spectra of the two 
adducts are very different at room temperature and 
at 77 oK.162 

C. Tropolonato Complexes with Actinides in Other 
Oxidation States 

Substantially only the protoactinium(V) com- 
plexes of the type Pa(trop),X (X = Cl, Br) have been 
obtained by reaction of PaXS or of PaOX, with an 
excess of the ligand in dichloromethane. The prepara- 

. Th 
@N 
@O 

OC 

Fig. 14. The molecular structure of Th(trop),dmf. 

tion of Pa(trop)s from Pa(trop),X and Litrop failed 
because the protoactinium(V) ionic radius (0.90 a) 
appears to be too small to form a pentakis-complex 
and only Pa(trop),OEt may be obtained. This last 
adduct reacts with HC104 to form Pa(trop),C104. 

All the protoactinium(V) tropolonato adducts are 
air stable. Dark-red crystals may be obtained when 
Pa(trop),Cl is dissolved in hot dmso and precipitated 
with isopentane or CH2C12. This adduct has been 
formulated as Pa(trop)Cl.dmso and the z&O, which 
lies at 1045 cm-‘, indicates a very weak lattice 
interaction. 

The infrared spectra of all the actinide tropolonato 
complexes show a very sharp band at around 505 
cm-‘, not present in the spectrum of sodium 
tropolonate. This band has been tentatively asso- 
ciated with the M-O (tropolonate) vibrations. 

5. /3-Diketone Complexes 

A. fl-Diketone Complexes with Actinidesf VI) 
Numerous uranyl complexes with P-diketones and 

related dicarbonyl compounds have been reported. 



Actinide Complexes 87 

TABLE V. IR Data (cm-‘) for Pa(V) Complexes with Tropolone. 

Compound W=O) VK=C) v(S=O) V(C10,) Color 

Pa(trop),Cl 1592 1523 
Pa(trop),Br 1590 1520 

Pa(trop),ClO, 1592 1522 

Pa(trop),OEt 1593 1518 

Pa(trop),Cl*dmso 1591. 1520 1045 

1120 
1100 

Yellow 
_ 

Yellow 

Yellow 

Reddish-yellow 

Although they can be obtained with the stoichio- 
metric composition U0&3-dike),.25’87~1s2~1s7 they 
are more usually obtained as U02(/3-dike)2L (L = 
monodentate ligand).56’188 The monohydrate 
U02(acac)2*H20 has been prepared by slow addition 
of an aqueous solution of NaOH to a warm aqueous 
solution containing equivalent quantities of uranyl 
nitrate and acetylacetone. Three different crystalline 
forms of this complex were found, two of which 
yellow monoclinic and orthorhombic and one red 
orthorhombic. These three crystalline forms only 
differ for the cell dimension and the spatial group. 
The red form is unstable and changes into the yellow 
forms in air or in dichloroethane. 

The structure of the yellow monoclinic complex 
U02(acac)2*H20 has been reported.78’79 The poly- 
hedron of coordination is a bipyramid with seven 
oxygen atoms localized at the corners. The pentagonal 
basis of the bipyramid is formed by the four oxygens 
belonging to the chelate rings and the oxygen of 
water molecule (Figure 15). 

No structural data are available for the red form 
of the monohydrate complex. The electronic and i.r. 
spectra for the three monohydrate complexes do not 
account for the difference in the colour of the 
compounds, being almost identical. The photo- 
electron spectrum of U02(acac)2*H20 has been 
recorded at 190 “C. ” At this temperature the mole- 
cule of water is still present in the target chamber, 
consequently the band at 2.74 eV could be due to 
oxygen lone pairs of the water. The bands at 8.42 eV 
and 9.66 eV must be assigned to the big, b,, and 
b b,u 3u, levels of the ligands respectively. The 
following bands at 10 and 11 eV can be suspected to 
derive from nonbonding electrons and probably 
connected with molecular orbitals mainly localized 
on the oxygens of the uranyl group. 

U02(acac),.H20 is readily dehydrated at 100 “C 
under vacuum to give the anhydrous U02(acac),. 
The anhydrous compound cannot be represented by a 
tetracoordination in the equatorial plane. Ebullio- 
scopic measurements in benzene solution show that 
the compound is dimeric. It has been proposed that 

Pig. 15. The molecular configuration of UO,(acac),H,O. 

Fig. 16. The proposed configuration of UO,(acac),. 

the dimer may be held together by coordination of 
acetylacetone oxygen atoms of the adjacent uranyl 
compound as in Fig. 16. 

U02(acac), readily forms adducts with neutral 
ligands containing nitrogen or oxygen as donor 
atoms.2s’90 This, together with the dimeric nature 
of the anhydrous complex, is a clear indication that 
U02(acac)2 is coordinatively unsaturated. 

The infrared spectra of these adducts’37”5’ show 
a very strong band attributed to the antisymmetric 
y3(O-U-O) in the range 910-900 cm-’ ; a second 
band of low intensity, attributed to the symmetric 
vibration of the uranyl group, is sometimes present 
in the range x30-828 cm-‘. 

The U-O stretching of the uranium-oxygen bond 
of acetylacetonato is found in the range 550400 
cm-‘.137 A series of complexes of the type 
U02(acac)2L were studied by thermogravimetric 
methods and by differential thermal analysis.‘*’ In 
all these complexes, the monodentate ligand is 
evolved by a one-step process; the monodentate 
ligands, containing an oxygen donor atom, begin to 
come off in the 83”-107°C temperature range, 
followed by the decomposition of the anhydrous 
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complex in the range 190-227 “C. For complexes 
with monodentate ligands containing a nitrogen 
donor atom the decomposition temperatures were 
much higher. 

The adduct obtained in the presence of ammonia 
for pH control has been investigated. It was pre- 
viously formulated as UOz(acac)zNHa152 and (NH,)- 
Wo2(acac)31. go Elemental analysis and the low 
molar conductivity (0.5 ohm-‘) exclude these for- 
mulations, the compound being correctly formulated 
as the fl-ketoamine adduct in Fig. 17.““* 

CH3 CH3 

Fig. 17. The configuration of UO,(acac),(acacNHR). 

By direct reaction between uranyl acetylacetonate 
and ammonia, the same fi-ketoamine adduct is ob- 
tained. This formulation is in agreement with the i.r. 
and ‘H nmr spectra’* (Tables VI and VII). 

Replacement of ammonia by a wide variety of 
primary or secondary aliphatic amines yields similar 
/3-ketoamine adducts, while tertiary amines yield the 
normal product U02(acac)aNR3.‘* Uranyl dibenzoyl- 
methane yields only the normal adduct U02- 
(DBM)*NHR.‘* 

A large series of uranyl P-ketoenolates have been 
prepared and their properties discussed on the basis 
of infrared and electronic spectra.‘37 J”’ 152*153,157 

The complexes of the type UO;?(P-dike)2H20 
are soluble only in organic solvents containing oxygen 
or nitrogen atoms capable of electron donation; 
they are sparingly soluble or insoluble in CC14 or 
CS2. This behaviour leads to the assumption that the 
interaction occurs by direct coordination of the 
solvent molecules to the central atom as for 
U02(acac)2H,0. In UO&3-dike)2xH,0, where x 
varies from 1 to 2.8, the water is strongly bound and 
is eliminated only with difficulty. The electronic 
spectra of all the uranyl /3-diketone complexes have 
the same shape, scarcely affected by the nature of 
the solvent. Three bands are present in the regions 
240-280, 303-340 and 376-403 nm respectively. 
The first two correspond to those of the complexing 
agent, even if they are shifted to lower and higher 
wavelengths. The shift of the original bands of the 
free ligand in the spectra of the complexes can be 
ascribed to polarization suffered by the ligands as a 

consequence of the coordination around the uranium 
central atom. The third band, absent in the spectra 
of fl-diketones, is due to the uranyl group.1g~‘4g1’s3 

The uranyl fi-diketones are particularly suited to 
an i.r. investigation because of the reliability with 
which the more significant vibrations may be assigned 
and the versatility with which they form base 
adducts. So the influence in the i.r. spectra has been 
investigated varying the chelate ring substituents (Ri, 
R2, R3 in Fig. 18) varying the adducted base B, and 
varying the substituent R in an adducted pyridine 
molecule.g3 

Since the ligand orbitals of the P-diketone group 
are theoretically, energetically and occupationally 
suitable for participation in both (U-+L) donor and 
(L+U) acceptor n-interaction with the uranyl ion, 
electron withdrawing substituents will decrease the 
donor ability of the carbonyl group. This is eviden- 
tiated by the high v(C-0) values in uranyl trifluoro- 
acetylacetonates and it is a general feature of all 
transition and non-transition metal /3-ketoenolates 
comprising electron withdrawing substituents.g7 
At the same time, U-O bonding will be facilitated by 
such substituents, leading to a positive contribution 
to v(U-0). Conversely, electron releasing substi- 
tuents will increase the u-bonding and facilitate 
O+U u-bonding, both effects providing a positive 
contribution to v(U-0). This is evidentiated by the 
monotonic increase in the v(U-0) values with 
electron releasing ability of the substituents. 

Electron releasing pyridine substituents will 
increase the donor ability of the heterocyclic nitrogen 
atom and the resulting increased ligand field strength 
will shift v(U-0) to lower frequencies. Accordingly 
v,(O-U-O) exhibits a marked decrease for strongly 
electron releasing substituents; however this shift is 
not significantly sensitive to the range of substituents 
with positive u. 

Electron releasing /I-ketoenolato substituents lead 
to a decrease in both ~(0~U-O) and v(C-0). 
v(C-0) exhibits similar substituent sensitivity within 
each series of complexes; v(U-0) is especially sen- 
sitive to the substituent in the anhydrous complexes. 
It has been suggested that in the adducts the elec- 
tronic effects of the substituents influence not only 
the electron density in the chelate ring and O-U-O 
bonds but also within the adducted molecule. This 
was substantiated by the nmr spectra of the com- 
plexes UO,@-dike),py. The nmr spectra show that 
P-ketoenolato substituents, which lead to deshielding 
of the pyridine proton in the 4-position, shield the 
proton in the 2-position and vice versa, while the 
3-position is unaffected. It is also observed that the 
decrease in the v3(O-U-O) induced by electron 
releasing pyridine substituents is accompanied by an 
increase in both v(U-0) and v(C-0). 
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TABLE VI. IR Data (cm-‘) for Some Uranyl fl-Ketoenolate Complexes with fl-Ketoamines and Amines9’ 

Complex 

UO,(~~~~);O=C(CH,)CH=C(CH,)NH, 
UO,(acac),*O=C(CH,)CH=C(CH,)NHCH, 
uO,(acac);O=C(CH,)CH=C(CH,)NHC,H, 
UO,(acac);O=C(CH,)CH=C(CH,)N(CH,), 
UO,(acac);O=C(CH,)CH=C(CH,)N(C,H,), 
UO,(acac),.N(CH,), 
UO,(acac),*N(C,H,), 
UO,(DBM);NH, 
UO,(DBM);NH,CH, 
UO,(DBM);NH,C,H, 

VasNH vsNH V(C-0) v(C-0) 
(ketoam) @-dike) 

3312 3214 1585 
1612 
1605 

1575 912 
1578 912 
1578 898 
1525 906 
1597 905 
1568 900 
1575 903 
1542 904 
1538 902 
1532 906 

3335 3260 
3341 3281 
3340 3280 

v,(O-U-O) 

TABLE VII. ‘H Nmr Data (6) for some Uranyl fi-Diketoenolate Complexes with fl-Ketoamines and Ammonia.92 

Complex N-H* * -0 >CH ring >CH adduct NH, 

UO,(acac),*O=C(CH,)CH=C(CH,)NH, 10.80 5.80 5.31 
UO,(acac);O=C(CH,)CH=C(CH,)NHCH, 11.62 5.71 5.35 
UO,(acac);O=C(CH,)CH=C(CH,)NHC,H, 11.52 5.77 5.31 
uO,(acac), *O=C(CH,)CH=C(CH,)N(cH,), 5.77 5.42 
UO,(acac);O=C(CH,)CH=C(CH,)N(C,H,), 5.11 5.45 
UO,(acac);N(CH,), 5.81 
UO,(acac);N(C,H,), 5.82 
UO,(DBM),.NH, 7.20 3.70 

a b 

Fig. 18. Uranyl P-diketone adducts obtained varying R in 
p-diketone (a), the base B (b) and R in pyridine ring (c). 

This implies that the transfer of negative charge 
to uranium which leads to increased electrostatic 
repulsion in the O-U-O bond and hence lowers 
v,(O-U-O), is partly relieved by U-O n-bonding. 

Complexes of the type U02(/3-dike)2(4ZpyN-+0) 
have been investigated by i.r. and nmr spectroscopic 
techniques. The U-O stretching frequency in these 
complexes does not vary with the nature of the 
substituents of the amine N-oxide and thus the 

frequency is comparable to that of aquo complexes. 
No trend between the “substituent parameter” (a) 
of the 4ZpyN+O and the chemical shift data of the 
proton nearest to the nitrogen atom has been 
observed in this type of complexes.‘68 The middle 
proton of the /3-diketones gives a single band and the 
chemical shift is a function of fl-diketones only (Table 
VIII). In an attempt to find out whether sulphoxides, 
which have many similarities with phosphine oxides, 
act as synergists in the system UOJHdiketones/ 
sulphoxides, the complexes U02(/3-dike)2(sulphoxide) 
have been studied.169~*70 The shift in the S-O 
stretching frequencies (47-100 cm-‘) indicates that 
the sulphoxides form a rather strong bond with the 
uranium; this shift is quite similar to the shift in the 
P-O stretching frequencies of the analogous com- 
plexes with tributylphosphate (TBP).73 The chemical 
shift of the middle proton of the P-diketone in these 
complexes is insensitive to the donor ligands and is 
observed as a sharp band (Table IX). 

Benzoylpicolinoylmethane (Hpicmet) and benzoyl- 
nicotinoylmethane (Hnicmet) form uranyl com- 
pounds of the type U02(picmet)2 and U02(nicmet),. 
The nature of these complexes is polymeric, of the 
type shown in Fig. 19; this polymeric configuration 
well explains their insolubility and high thennal 
stability.‘52 

These complexes with concentrated HNO, give 
UOz(Hpicmet)2(N03)2 and U02(Hnicmet)2(N03)2r 
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TABLE VIII. ‘H Nmr Spectra (6) of the Middle CH Proton 
of the @Diketones for the Complexes UO,(@dike),- 
4-Z-pyN-0.‘6* 

CH 

z/ 
&dike 

H CH, OCII,, Cl NO, 

TTA 6.95 7.03 7.03 7.04 7.05 
BTA 7.13 7.18 7.15 7.19 7.23 
BA 6.68 6.67 6.66 6.68 6.75 
DBM 7.47 ~ 7.45 - 7.58 
TAA 6.38 6.37 6.38 6.40 6.41 
HFAA 6.78 6.82 6.79 6.82 6.87 

Fig. 19. The polymeric structure of UO,(picmet),. 

where the nitrate groups are covalently bound to 
uranium; the same complexes may be also obtained 
by treating aqueous solutions of many1 nitrate with 
alcoholic solutions of the fi-diketones. 

Fig. 20. The bridged structure proposed for (UO,),- 
(TTA),OH. 

There are numerous reports on the preparation 
and characterization of uranyl-thenoyltrifluoro- 
acetone complexes. These complexes have been 
synthesized in order to study the extraction of the 
uranyl(V1) ion from acid solution into nonaqueous 
media. The nature and the composition of uranyl- 
TTA complex in aqueous-alcoholic medium were 
investigated by spectrophotometric and potentio- 
metric methods2 The ratio UOJTTA in the 
complex, in dilute solutions, is 2:3 in agreement with 
the bridged structure proposed in Fig. 20. There is 
no evidence of the existence in solution of a 1:2 
complex. 

2H20. The electronic spectra of U02(TTA)Z*2H20 
and of the 2:3 complex formed directly in solution 
(50% alcohol) are identical, with maxima at 337 and 
380 nm. This may indicate that U02(TTA)2*2H20 
exists as a 2:3 complex in this solution. 

Two different yellow monoclinic forms crystallize 
from ethanol and methanol, their composition being 
UO,(TTA),*EtOH and U02(TTA)a*3MeOH respec- 
tively, while the orange orthorhombic U02(TTA)2. 
Ha0 crystallizes from benzene or carbon tetra- 
chloride.r7 

The solid complex isolated from an aqueous- The yellow forms change color to orange on 
alcoholic solution has the composition U02(TTA)2. exposure to air at room temperature; X-ray analysis 

TABLE IX. Characteristic IR (cm-‘) and ‘II Nmr (6) Bands for Uranyl(V1) Complexes of the Type UO,@-dike),(sulph- 
oxide).‘69,‘70 

Complexa V(C-0) v,(O-U--O) v(S=O) Chemical Shift 
yCH 

UO,(acac),2H,O 
UO,(acac),dpso 
UO,(acac),dbso 
UO,(acac),dhso 
UO,(TTA),2H,O 
UO,(TTA),dpso 
UO,(TTA),dbso 
UO,(TTA),dhso 
UO,(TTA),diso 
UO,(DBM),ZH,O 
UO,(DBM),dpso 
UO,(DBM),dbso 
UO,(DBM),dhso 
UO,(DBM),diso 
UO,(BTA),dhso 
UO,(BTA),diso 
UO,(BA),dhso 
UO,(BA),diso 

1570 910 _ 5.83 
1565 903 988 5.77 
1570 909 980 5.85 
_ _ _ 5.76 
1615, 1605 900 6.84 
1620,159O 910 980 6.85 
1620, 1590 918 975 6.81 
1613,1604 909 954 6.16 
1613, 1601 914 962 6.78 
1590 894 _ 7.25 
1590 895 983 1.17 
1590 897 960 1.23 
1592 898 971 7.20 
1592 900 963 7.21 
1613,1598 911 946 6.91 
1612,1598 917 968 6.97 
1592 898 957 6.50 
1592 899 917 6.48 

a dpso = diphenylsulphoxide; dbso = dibenzylsulphoxide; dhso = dihcxylsulphoxide; diso = diisopentylsulphoxide. 
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of this compound shows that it is identical with UOZ- 
(TTA)2 *H20; the orange orthorhombic complex 
changes to the yellow monoclinic one when exposed 
to atmosphere saturated with alcohol vapours. 

The i.r. spectra of the monoclinic and ortho- 
rhombic complexes are different in the carbonyl 
stretching region: the yellow adducts show two 
bands, whereas the red a single band. Another 
interesting feature is the shift of the O-U-O asym- 
metric stretching (~a) from 940 cm-r in U02(TTA)2* 
EtOH to 891 cm-’ in the orthorhombic U02(TTA)2* 
HzO. Similarly, the symmetric stretching (vi) shifts 
from 790 cm-’ U02(TTA)2*3MeOH and 800 cm-’ in 
UO,(TTA),*EtOH to 828 cm-’ in U02(TTA)2*Hz0. 

These shifts to higher and lower frequencies of va 
and vi in the monoclinic forms can be ascribed to 
the presence of the molecules of bulky alcohol which 
could constrain the O-U-O group. Substitution of 
the alcohol by water relieves the strain and the shifts 
are reversed. 

The coordinated water in U02(TTA)2*Hz0 can 
be substituted by monodentate ligands to give com- 
plexes of the type U02(TTA)2L. There are con- 
flicting reports73,‘70 on the configuration of the com- 
plex UO,(TTA),(TBP); because two carbonyl peaks 
at about 1600 cm-’ are present in the i.r. spectrum, 
it was supposed that one TTA is monodentate, the 
peak at the higher frequency (1622 cm-‘) being 
ascribed to the free ketonic carbonyl function. 

The splitting of the carbonyl band is not a proof 
of the presence of a monodentate diketone group 
since a similar splitting has been observed in some 
M(TTA)* compounds. ‘** The position of this band in 
a /3-diketone depends on the electronegativity of the 
substituents bound to the C=O group. 

The CF3 group, increasing the force constant of 
the carbonyl bond, shifts the C=O stretching of the 
fluorinated chelates to higher frequency, 

The ‘H n.m.r. spectrum of UO*(TTA)(TBP) shows 
only a single sharp line for the methynic middle 
proton of TTA. If a structure involving monodentate 
diketone is invoked for the complex, this proton 
should have two magnetically different environments; 
the i.r. and ‘H n.m.r. data indicate that both the 
fl-diketones in this complex are bidentate. 

The n.m.r. data show that for a given U02- 
(TTA)*L complex the three different configurations 
in Fig. 2 1 are possible. 

The tram and only one cis configurations have 
been found but there is no way of choosing the cis 
isomers only by n.m.r. data. 

Ternary complexes of the uranyl(V1) ion with 
TTA and 1 ,lO-phenanthroline (phen) or bipyridine 
(bipy) of composition U02(TTA)2*phen and U02- 
(TTA)**bipy have been prepared; no data except 
elemental analyses are available.“’ 

A series of complexes derived from the reaction 
of uranyl(V1) nitrate with l(phenylpropane-1,3- 
dione)ferrocene and 1,l ‘-bis(phenylpropane-1,3- 
dione)ferrocene have been prepared and charac- 
terized.18* Two configurations for 1 ,I’-bis(phenyl- 
propane-l ,3-dione)ferrocene complexes are possible 
(Fig. 22). 

CLS (T T) CIS (F3F3) trans 

Fig. 21. The three possible configurations of UO,(TTA),L. 

b 

B = neutral monodentate ligand 

Fig. 22. Monomeric and polymeric configurations possible 
for the uranyl complexes with l,l’-bis(phenylpropane-1,3- 
dione)ferrocene. 

Molecular weight data seem to exclude a monomeric 
configuration, and suggest a polymeric one. The co- 
ordination of uranyl ion to the /3-diketone fragment 
of ferrocene does not influence the band centered at 
510 run due to the forbidden d-d transition on the 
iron atom. This suggests that direct interactions 
between iron and uranium atoms do not exist. Uranyl 
complexes with tricarbonylchromium benzoylacetone 
have been prepared p” the configuration of the 
complexes is reported in Fig. 23. 

The two i.r. bands in the range 2200?1800 cm-‘, 
characteristic of the C-O carbonyl stretching, were 
not significantly affected by the coordination to 
uranyl of the /3-diketone moiety; this suggests that 
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: , (3 Sr, 
OC---. 

“CO 

L= neutral monodentate ILgand 

Fig. 23. The configuration of UO,(Cr(CO),C,~~,COCHCO- 
CH,),L. 

also in the ligand the fl-diketone is essentially in the 
enolic form. 

Complexes derived from benzoylacetanilidesr’* 
and pyridylacetoacetamide9’ have been characterized. 
Analytical and physico-chemical data indicate that 
the complexes have the general formula UO*(AA)*L 
(AA = chelating ligand) essentially similar to those 
derived from /I-diketones. 

B. /I-Diketone Complexes with Actinides( V). 
This class of compounds is one of the largest 

groups of known uranium(V) compounds; however 
it is also poorly characterized since little more than 
elemental analysis and some physical properties are 
known.r6’ 

The complexes are all alkoxycompounds and may 
be prepared by treating uranium pentaethoxide with 
/3-diketones or fl-diketoesters in different molar ratio 
in benzene.22’23 

The derivatives have the general formula 
U(OEt,-,)Lx (L = /3-diketone or fl-ketoesters and 
x = 1,2,3). The failure to prepare tetra and penta- 
substituted derivatives by refluxing the U(OEt), with 
fivefold excess of ligand for several hours could be 
ascribed either to steric hindrance or to a saturated 
coordination state of the metal in the trisubstituted 
derivative. The /3-diketone compounds will exchange 
their ethoxy groups with t-butoxy group when 
refluxed with t-butyl alcohol. 

A single protactinium compound, the bright 
yellow Pa(acac)*C13, has been reported. This complex 
is prepared by treating PaCIS with an excess of acetyl- 
acetone in dichloromethane solution. Only the 
chelate adduct of neptunium(V) with HTTA and tri- 
butylphosphate has been reported; it has the com- 
position HNPO~(TTA)~TBP.“~ 

C. P-Diketone Complexes with Actinides(IV). 
The complexes of the actinides(IV) with /3-d& 

ketones of the type M(/3-dike)4 have been widely 
studied in order to perform gas-chromatographic 
separation of actinides from fission products. 
/3-diketones have been also used as solvent extraction 
reagents for the actinide elements. These complexes 
are easy to prepare, the most usual method being 
addition of the ligand to an aqueous solution of the 
actinide, with adjustment of the pH with alkali 
until the complex is precipitated (Table X). Thenoyl- 
trifluoroacetone derivatives only may be obtained, 
without any adjustment of the pH, when the stoichio- 
metric amount of HTTA is added to an alcoholic 
solution of the actinide salts.” 

The 1:4 chelates of Np(IV) and Pu(IV) with /3- 
diketones are always formed in their extraction with 
P-diketones. A different stoichiometry of these two 
actinide-TTA complexes can be observed on extrac- 
tion from nitric solutions if the organic phase con- 
tains another complexing agent such as tributyl- 
phosphate or tributylphosphine oxide (L). In this 
case M(TTA),(NO,)*L or M(TTA)2(N03)2*2L can be 
identified in addition to the chelate M(TTA),.‘04 

All the actinides(IV) tetrakis@-diketonato) com- 
plexes are eight-coordinate and a square antiprismatic 
or dodecahedral structure has been found in the 
solid state. 

The thorium and uranium tetrakis(acetylaceto- 
nates) are dimorphic and the crystals of the two 
forms (CJ and fl) are of monoclinic symmetry, but of 
different space group.83’84,176 

The tetrakis(acetylacetonato) complexes of cerium 
and uranium(IV) @-form) correspond to the D2 
symmetry and are ison~orphous.*85”7s For the 
neptunium and plutonium (Y and /3 modifications 
have been found; Np(acac)4 is formed, in non 

TABLE X. Tetrakis(p-diketone) Complexes of Actinides(IV) Known. 

Hacac H(HFAA) 

Th(acac), 
U(acac), U(HFAA), 
Wacac), 
Pu(acac), 

a Identification uncertain. 

HBA 

Th(BA), 
U(BA), 

Pu(BA), 

HPHD HBTA HDBM HTTA HTHD HFOD 

Th(PHD), Th(DBM), Th(TTA), Th(THD), Th(FOD), 
U(PHD), U(BTA), U(DBM), W’TA), 

Np(TTA), a 
U(THD), U(FOD), 

Np(FOD), 
Pu(TTA), 
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aromatic polar solvents such as diethylether or 
acetone, usually below room temperature. The most 
stable form at room temperature seems to be the 
P-modification while the p-form of Th(acac),, trans- 
forms to the o-form at room temperature. /3-Np- 
(acac), has been isolated by extracting it from 
aqueous solutions (pH = 4.5-5.0) into benzene or 
other aromatic solvents and evaporating the resulting 
solution,4’176 an X-ray structural investigation has 
been reported. 

The observed stability of the acetonylacetonato 
complexes at room temperature decreases in the 
order: &Zr(acac), > fl-Ce(acac)4, /I-U(acac),, /I-Np- 
(acac), > P-Th(acac)4 and cr-Th(acac)4 3 a-Ce(acac)4, 
a-U(acac)4, a-Np(acac)4, a-Zr(acack. 

An increase in the M-O bond distance seems to 
stabilize the a-form in comparison with the P-form. 
The molecular structure of /I-M(acac), (M = U, Th, 
Np) is reported in Fig. 24. 

o=c 

o=o 

0 =Th,U,Np 

Fig. 24. The molecular structure of p-M(acac), (M = U, Th, 
NP). 

The square antiprismatic or triangular dodeca- 
hedral structure is lost when the actinide /I-diketo- 
nates are dissolved and there are some ‘H n.m.r. data 
which indicate a less symmetrical structure in solu- 
tion.164 

Mixing two different chelates such as U(EtCOCH- 
COEt), and U(ButCOCHCOBut),, separate signals 
are obtained for all the molecular species including 
the mixed chelate. 

The protons of the groups -COCHCO- for un- 
mixed complexes lie all within 1 ppm, but for mixed 
chelates the shifts are spread out over more than 9 
ppm. This observation has been explained by as- 
suming two or more nonequivalent sites for chelating 
ring in all of these unmixed as well as mixed mole- 
cules. 

In the unmixed complexes the signals from dif- 
ferent sites are not observed separately because they 
reflect the average shifts for the sites. Because the 
internal geometry of the chelate ring is essentially 
independent of the alkyl substituent, only second- 
order effects are available to change the shifts of the 
two different sites from molecule and so the observed 
shift for unmixed chelates vary little. In the mixed 
chelates every ligand occupies one site preferentially. 

On this basis, the ground state polyhedron for 
these complexes cannot be in solution Dz square 
antiprism of Dzd dodecahedron. In both of these 
polyhedra all four coordination sites are equivalent 
and there cannot be two or more nonequivalent sites. 
It was found that the molecular structure of M(diben- 
zoylmethane)4 for uranium and thorium (isomor- 
phous) is a triangular faced dodecahedron;’ by 
contrast in CDC13 solution the ‘H n.m.r. spectra 
indicate that the structure is an undistorted square 
antiprism.“l 

The infrared spectra for a series of uranium and 
thorium tetrakis(P-diketonates) have been carried out 
also in comparison with the very similar ZrN, HfN 
and CeW analogues. The vibrational frequencies in 
the range 1750-500 cm-’ vary only slightly with 
changing mass of the meta1.‘8’72’194 Intense bands 
are found in the 1700-1500 cm-’ region, correspon- 
ding to C=O + C=C stretching vibrations. The multi- 
plicity of the peaks may be due to combination 
bands or to the splitting of the C=O + C=C stretching 
as a result of the lowered symmetry induced by 
asymmetrical ligands. 

In the far i.r. region two bands assigned to the 
metal-oxygen stretching modes are present. The 
M(acac), spectra show one strong band in the 220- 
250 cm-’ region and one in the 397-400 cm-‘. The 
former band is relatively broad and metal sensitive, 
having a tendency to shift toward lower frequency 
with an increase in the mass of the metal and can be 
assigned to the nearly pure M-O stretching mode; 
the latter is assigned to a predominant M-O 
stretching mode. 

The totally symmmetric M-O stretching mode 
appears in M(acac), in the 448-463 cm-’ range as 
weak to medium intensity band (or a shoulder) in 
the infrared spectra and as a strong polarized line in 
the infrared spectra. 

The methods to obtain the tetrakis-adducts cannot 
be used to prepare mixed /I-diketonato complexes 
containing unsubstituted halogen atoms bound to 
the central metal ion. The better method to prepare 
pure uranium(IV) compounds in a good yield is the 
reaction of thallium(I) acetylacetonato with uranium 
tetrahalide in anhydrous organic medium. The 
thallous complex used in the appropriate molar ratio 
allows one to substitute progressively the halogen 
atoms.66 

In this way complexes having the formula 
U(acac)2C12L2 (L = neutral monodentate ligand) have 
been prepared; the simple compound U(acac)zClz has 
not been obtained in the organic media used, the two 
empty coordination positions on the uranium atom 
being filled by the coordination of the solvent used. 
The higher U-O antisymmetric stretching has been 
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found as only one band around 400 cm-‘. The 
second one has not been assigned owing to the 
simultaneous presence in the 270-200 cm-’ region 
of absorptions due to vibrational modes of the 
ligands and of the U-Cl and U-L bonds.66 

The melting points of the uranium(IV) complexes 
decrease as the length of the chain in R for the ligand 
CH3COCH2COR increases; a similar behaviour has 
been found for CF3COCH2COR derivatives.82 

Nearly all of the actinide(IV) compounds sublime 
readily under vacuum and this property provides a 
convenient way of purifying them. The fractional 
sublimation of these chelates has been studied for the 
separation of the actinides from the lanthanides. 

The substitution of fluorine for hydrogen(-CF, 
for -CH3) and replacement of normal alkyl groups 
with branched alkyl groups in the P-diketones 
increases the volatility. However, the most volatile 
of these chelates, U(CF,COCHCOCF,),, is too 
unstable for any practical use. 

Using acetylacetone it is possible to separate 
scandium(III), thorium(IV) and uranium(IV) from 
the lanthanides owing to the great difference in 
thermal stability. The scandium(III), thorium(IV) and 
uranium(IV) chelates are volatile whereas the lan- 
thanides are thermally unstable and non volatile.*’ 

The possibility of similar separation of the 
actinides from each other has been also investigated. 
Using HTHD and HFOD, air stable tetrakis-chelates 
have been obtained.r7’ 

The volatility of the M(FOD)4 chelates is approxi- 
mately equal to that of Er(FOD),; despite a mole- 
cular weight of about 1400, compared to 1052 for 
Er(FOD),, the shielding of the M4+ ion by the FOD 
ligands more than compensates for their larger 
molecular weight. 

Although volatilization does not appear to be a 
practical method for separating U(FOD)4, NP(FOD)~ 
and Pu(FOD)~, it may be useful for separating these 
actinides from light lanthanides and trivalent 
actinides. 

Magnetic measurements were carried out on P-di- 
ketone-uranium(IV) complexes from room tempera- 
ture to that of liquid nitrogen or liquid helium.195 
The relationships between the reciprocal molar 
magnetic susceptibility and temperature for U(acac),, 
U(BAC)4, U(TFA)4, U(DBM),, and U(TTA)4 are 
reported in Fig. 25. 

These complexes were found to follow the Curie- 
Weiss law over the temperature range investigated 
except for the lowest part, where a slight positive 
deviation from the straight line is observed. 

The complex U(acac), with square antiprismatic 
structure shows a relatively lower magnetic moment 
(2.92 B.M.) than that of U(DBM),, (3.43 B.M.) 
with dodecahedral structure. 

v 0 
Temperature K 

Fig. 25. Reciprocal susceptibility against temperature of 
complexes: U(DBM), (-*-a-), U(acac), (*..,+..a), 
U(TFA), (- - A - -), U(BA), (- 0 - -- 0 -), U(TTA),) 
(-o--o-). 

Recently the photoelectron spectra of tetrakis 
(acetylacetonato) complexes of thorium(IV) and 
uranium(IV) have been reported.57 The spectra of 
Th(acac), and U(acac), are very similar, apart from a 
band centered at 6.77 eV in the spectrum of the 
uranium complex. This band, weak and broad, absent 
in the thorium complex spectrum, was attributed to 
5f electron ionizations. Such band in the fluorinated 
U(TFA)4 is shifted to 7.83 eV owing to the higher 
electronegativity of the fluorine atoms. The other 
bands in the range 8812 eV were assigned to the 
chromophore. The spectra beginning at 12 eV are too 
much diffuse arising from the overlap of ionization 
bands of electrons localized in the CC and CH 
region. 

D. P-Diketone Complexes with Actinides(III) 
Very few compounds of actinides(II1) with /3-di- 

ketones have been isolated on a preparative scale. 
Complexes of the type M(dike), are unknown for 
U(III) and Np(III), all of which are too readily 
oxidized to the quadrivalent state to sustain prepara- 
tive work-up. These problems do not arise with 
Am(II1); neutral chelate complexes of the type Am- 
(fl-dike)s are easily prepared when ammonia is added 
to an aqueous solution of AmCI, and diketone. 
When an excess of the cesium salt of the /3-diketone 
is added to AmCl, the complex Cs[Am(P-dike),] is 
obtained.40 

The crystal and molecular structures of some of 
these complexes have been reported. Am(THD), is 
monoclinic with space group P21/n.70 The most 
striking feature is the occurrence of Am2(THD)6 
dimer; as a consequence each americium atom is 
surrounded by seven oxygen atoms. The coordination 
polyhedron is described by an octahedron with local 
distortion in the proximity of the extra ligand; a 
distorted capped trigonal prism is the most likely for 
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Fig. 26. The molecular structure of [Am(THD),] *. 

this complex and the coordination geometry is 
illustrated in Fig. 26. 

The molecular character of the Am,(THD), 
crystal accounts for its volatility and ability to sub- 
lime without decomposition; it sublimes at 124”- 
135 “C at IO-’ torr and melts at 216-218 “C. 
Cs[Am(HFA)4] is of orthorhombic symmetry and 
the americium(II1) ion is 8-coordinate; the resulting 
geometry is a dodecahedron of approximately Dz 
symmetry. The crystals isomorphous with Cs[Eu- 
(HFA),] are composed of chains of [Am(HFA),] - 
and Cs’ ions:’ between the chains there are only 
F-*-F contacts, which suggests a reason for the 
volatility. 

The preparation of CS[C~(HFA)~] H20, which is 
isostructural with the corresponding neodimium com- 
pound, has been reported.40s62 It is obtained by reac- 
tion of CsHFA with the stoichiometric amount of 
CmC13 in ethanol. Although similar complexes of the 
higher actinides have not been isolated, it has been 
found that Ac(III), Am(III), Cm(M) and Cf(II1) are 
extracted by substituted 1,3-diketones in the form of 
1:3 chelates. These complexes are reported in Table 
XI. 1’S 

The extraction of the Cf chelates occurs at pH 
values lower than Am and Cm which are extracted 
practically at the same pH, while the AC chelates 
are extracted at higher pH (see Fig. 27). 

Surprisingly the compounds of Ac(II1) with HFTA 
and HTTA, extracted from aqueous solution, have 
the composition Ac(OH)(FTA), and Ac(OH)(TTA), 
respectively; this behaviour contrasts with the 
assumption that an increase of the radius decreases 
the hydrolysis. 

In the extraction of Am(II1) with HTTA/CHC13 in 
the presence of various adducting agents (A), it turns 
out that the formation of adduct chelates Am- 

TABLE XI. Known Actinide(II1) @-Diketone Complexes, 
[M(@dike),]. 

HFTA HTTA HBTA HNTA 

Ac(BTA), Ac(NTA), 
Am(TTA), Am(BTA), Am(NTA), 
Cm(TTA), Cm(BTA), Cm(NTA) 3 

Cf(FTA), Cf(TTA), Cf(BTA), Cf(NTA), 

Fig. 27. Percentage extraction of some trivalent actinides 
with 0.5 A4 HTTA/xylene. 

(TTA)3xA (x = 1,2) improves the transfer of the 
metal ion into the organic phase. The most stable 
adduct chelates are formed by tributylphosphate 
while the most unstable are found with l-nitro- 
butane.“6,‘38>‘59 

6. SHydroxyquinoline and Its Derivative Complexes 

A. SHydroxyquinoline and Its Derivative Complexes 
with Actinides( VI) 

The coordination power of 8-hydroxyquinoline is 
very well known only for uranyl(V1) ion; attempts to 
prepare the analogous neptunyl(V1) and plutonyl(V1) 
adducts failed because the ligand reduces both hexa- 
valent elements to lower oxidation states.‘13 

The reaction between uranyl(V1) salts and 8-ace- 
toxyquinoline leads to the formation of two different 
adducts. One precipitates at pH 6.8 as orange (UOS- 
(OX)~),HOX and the other at pH 5.0 as dark-red 
U02(O~)2HO~.29 It has also been reported that at 
pH 6.8 the composition of the orange compound is 
initially UOz(Ox)zHOx, which would have a less 
thermal stability than the dark-red adduct. It has 
been supposed that the formation of (U02(0x)&HOx 
is due to a partial loss of the neutral ligand on drying 
at 110 “C for 2 hr. ‘I6 When 8-hydroxyquinoline is 
used, only the compound U02(Ox)2HOx is ob- 
tained 80,103,131,‘3’ 

The thermogravimetric behaviour of the two com- 
plexes generated by hydrolysis of 8-acetoxyquinoline 
from aqueous solution is reported in Fig. 28 along 
with that of UOz(Ox)2HOx produced by 8-hydroxy- 
quinoline.28 
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Fig. 28. The thermogravimetric behaviour of: a) UO,(Ox),HOx, b) [IJO,(O ,HOx (both generated by hydrolysis of 8-ace- 
toxyquinoline), c) UO,(Ox),HOx (produced by 8-hydroxyquinoline). 

The two UOz(Ox)zHOx complexes, prepared in 
the two different ways, were found to behave in a 
quite similar manner; they are thermally stable up to 
about 200 “C (Fig. 28) and lose HOx at 200-300 ‘C, 
the remaining organic material is released between 
37.5 “C and 475 “C to form U308. 

The thermogravimetric curve of (U02(0x)2)2HOx, 
Fig. 28 c, is quite similar to that in Fig. 28a and 28b. 

The product obtained by elimination of the HOx 
molecule is always the olive-green complex U02(Ox)2. 
Heating UOz(Ox)zHOx for 48 hr at 210 “C to obtain 
U02(Ox)2 has been found to lead to partial decom- 
position of the bis complex. The best conditions to 
prepare the bis complex U02(Ox)2 are given by 
heating the dark-red compound in uacuo for 4 hr at 
210-215 “C. Heating periods up to 37 hr have little 
effect on the composition of U02(Ox)2.58 

The differential thermal analysis of the complex 
U02(O~)2HOx gives endothermic peaks with maxima 
at 150 ‘C, 300 “C and 450 “C. Since no gaseous 
product is evolved, the peak at 150 “C is due to some 
rearrangement reaction. The peak at 300 “C corre- 
sponds to the loss of the third molecule of 
8-hydroxyquinoline and the peak at 450 “C is due to 
the loss of the remaining chelating agent and to the 
general decomposition of the complex.ro4 

From the i.r. spectra of UOz(Ox)zHOx and 
(UOz(Ox)z),HOx, it is impossible to assess the 
differences in their molecular structure. The peak of 
the antisymmetric va(O-U-O) lies at 891 cm-’ in 
the dark-red complex and at 888 cm-’ in the orange 
one. In the spectrum of U020x2 the peaks at 1056 
and 1068 cm-‘, occurring in the spectra of the dark- 
red and orange compounds, disappear and the v~- 
(O-U-O) shifts from about 890 cm-’ to 920 
cm-1.125 The spectral differences indicate only that 
a drastic change occurs in the configuration of the 
olive-green UOZ(Ox)Z from the similar U02(Ox)2HOx 
and (U02(0x)2)2HOx. 

The complex U02(0x),HOx~CHC13, obtained by 
crystallization from chloroform, has been well in- 

vestigated through X-ray structural determina- 
tions.9”95 The chloroform molecule is present as 
solvent of crystallization; therefore it is not surprising 
that the diffraction patterns of the red crystals are 
different from that of the red powder; the difference 
arises from the molecule of solvent present in the 
crystals, the molecular geometry of the two com- 
plexes being the same7’ (Fig. 29): 

Fig. 29. The molecular configuration of UO,(Ox),HOx. 

The three molecules of 8-hydroxyquinoline are in 
the plane perpendicular to the O-U-O group, giving 
an arrangement which is completely coplanar with 
the uranium atom. The neutral HOx molecule is 
monodentate toward uranium but is bonded via a 
hydrogen bond to a neighbouring molecule by a 
link from its nitrogen to a phenolic oxygen. so the 
conclusion already reported that U02(Ox)2HOx 
was an acid which could be written as H[U020x3] is 
certainly wrong. 38 It is also wrong that the neutral 
molecule is an uncoordinate crystal lattice compo- 
nent. The infrared spectrum of UOz(Ox),HOx ex- 
hibits two bands centered at about 2650 cm-’ and 
2050 cm-’ 6o (Fig. 30). 

These bands are not present in U02(Ox), but 
appear in the hydrochloride salt of 8-hydroxyquino- 
line. The shift of the stretching frequency ‘N-H 
which should lie at 3200 cm-‘, has been attributed 
to strong hydrogen bonding of the type 
‘N-H.. .c1,50~69J2%139 
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cm-l 

Fig. 30. The i.r. spectra of: 
3) UO,(Ox),NH,, 4) HOx. 

1) UO,(Ox),HOx, 2) UO,(Ox),, 

The presence of the 2600 and 2050 cm-’ bands in 
UOz(O~)ZHO~ well agrees with the hydrogen bond 
‘N-H-.*0. Certainly, intermolecular hydrogen 
bonding as suggested by Bullwinkel and Noble38 
cannot occur. A survey of many compounds, in 
which ‘N-H**.0 bonding occurs, shows that the 
most probable N-O distance is 2.8-2.9 A.14’j 

In UOZ(Ox)zHOx the N-O distance is 2.71 A 
which suggests a strong hydrogen bond.9s 

No X-ray structural data, using single crystal, are 
available for the orange (UOz(Ox)2),HOx. It shows 
no powder lines, but only two haloes, corresponding 
to spacing of about 4.2 A and 8.5 A. 

The compound is amorphous and appears to be a 
polymer with chains or layers in which the uranium 
atoms are separated by about 4.2 or 8.5 AJz6 

It has been suggested that the basic polymeric 
unit is composed of the 1:3 and 1:2 compounds 
held together by a bond between the nitrogen atom 
of the monodentate 8-hydroxyquinoline and the 
uranium atom of the I:2 compound. 

The basic polymeric units should be bonded by 
proton bridge between the many1 oxygens of the 1:2 
compound in adjacent units. Since in the infrared 
spectrum of this complex the ‘N-H*.*0 band 
system is present, the proton must be located on the 
nitrogen atom and so another form of configuration 
rnnt6!e proposed for the polymeric (UO,(Ox),),* 

No structural information is available for 
U02(Ox)2, however a tetracoordination in the equa- 
torial plane must be excluded and a higher coordina- 
tion number should be reached via phenolic oxygen 
bridges with a subsequent dimeric or polymeric con- 
figuration. In dry hot dichloroethane the bis-com- 
pound may be recrystallized unchanged; in dichloro- 
ethane saturated with water, in 95% ethanol, 

methanol, acetone, and chloroform it shows the dis- 
protonation to UOz(Ox)zHOx and other U(V1) 
species, always contaminated by adducts of the type 
U02(Ox)2S (S = solvent). In polar solvents such as 
dimethylsulphoxide it forms the complex UOZ(Ox)Z- 
(dmso). 

It is to be noted that in solution both the red 
UOz(Ox)zHOx and orange (UOz(Ox)z)zHOx at high 
pH are converted to the ionic M[UO,(Ox),] (M = 
Na’, NR:, Ph4As’). A ‘H n.m.r. spectrum of this 
ionic complex indicates that all three ligands are 
equivalently bound which implies that the uranyl 
group has an equatorial coordination number six,16 
the three ligands being twisted out of the plane 
normal to the linear uranyl group. An attempt to 
determine the structure was not successful.’ 

Substituted 8-hydroxyquinoline ligands have been 
used to study the uranyl complexes for analytical 
purposes. Generally they are thermally less stable 
than the equivalent 8-hydroxyquinoline adducts. 
So the 2-methyl-8-hydroxyquinoline uranyl complex 
begins to lose the 2Me-molecule of 55 “C and the 
chelate U02(2Me0x)2 has a stability range much 
smaller than that of the 8-hydroxyquinoline che- 
late.‘s7 

These conclusions are in accordance with the 
differential thermal analyses. U0,(2Me-0x)2*2Me- 
HOx gives two fairly large endothermic peaks with 
maxima at 250” and 300 OC, the first endothermic 
peak starts at 55 ‘C.lo4 

Some remarkable differences have been found in 
uranyl complexes with 5,7-dihalo-8-hydroxyquinoline. 
The primary composition U02(5,7X-0x)2*5,7X-HOx 
(X = CI, Br) assigned to the complexes obtained by 
precipitation from an aqueous acetone solution,r3’ 
has been subsequently corrected to U02(5,7X-Ox)2* 
OC(CH,),; the correct composition is difficult to 
assign because of the insolubility of the reagents and 
of the presence of water in the complexes. 

In the i.r. spectra the C=O stretching frequency 
confirms the presence of acetone in all the reported 
complexes. In the spectra of the dichloro complexes 
only one band at 1690 cm-’ is present, while a 
doublet centered at 1675 cm-’ is present in the 
dibromo species. The coordination of the acetone 
rather than a third molecule of dihalo ligand has been 
explained as a result of the steric hindrance of the 
substituent in the 7-position; the bands due to 
‘N-H.*.0 are not present. Similar conclusions arise 
from other 7- or 2,7substituted 8-hydroxyquinoline 
complexes, for which a 1:3 adduct has not been 
obtained due to intraligand repulsion as shown in 
Fig. 31. 

Their thermal conversion to U02(5,7X-Ox)2 is 
possible but the presence of the relatively large atoms 
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Fig. 31. Configuration of the 1:3 uranyl-2,7-substituted 
Ghydroxyquinoline adducts showing the intraligand repul- 
sions. 

prohibits association and coordinative saturation is 
reached through a water molecule.185 

A different behaviour is given by 7Ph-HOx for 
which the adduct 1:3 has been prepared because in 
the ligand the phenyl group is twisted out of the 
plane of the quinoline ring. 

Bulky substituents in the 2-position as n-butyl, 
phenyl and the like, also prevent the formation of the 
1:3 adduct.s7 

B. 8-hydroxyquinoline and Its Derivative Complexes 
with Actinides( V) 

The complex formation of the pentavalent nep- 
tunium with 8-hydroxyquinoline is particularly 
interesting since no correspondence in the chemical 
behaviour can be observed in the other actinides. 
The addition of the 8-hydroxyquinoline to a solution 
of pentavalent neptunium at pH 5-7 precipitates 
slowly the yellow-green Np02(0x)*2H,0 as granular 
powder.‘13 

The two water molecules can be replaced by di- 
methylsulphoxide to give NpO,(Ox)*2dmso. At 
higher pH Np02(0x)*2Hz0 dissolves and a yellow 
solution containing [Np(Ox),] - is obtained; this 
anion, precipitated as [(C,H,),As] [NpO,(Ox),* 
Hz01 with tetraphenylarsonium chloride, can be 
extracted into chloroform. The following reaction 
scheme has been proposed for the system NpOi/ 
8-hydroxyquinoline:‘13 

OX- OX- 

NpO;- NpO,(Ox)xH,O \ [NpO,(Ox),xH,O]- 
pH 5-7 pH 7-9 

+ 

The various oxinato complexes of Np(V) have 
different absorption spectra so that the formation of 
these compounds can be followed easily. 

The green-brown chelate PuOz(Ox)(HOx),~2H,0 
has been prepared as a flocky solid at pH 5-7.‘13 

It has been reported that the hexavalent plutoni- 
um forms the complex PuO~(OX)~HOX, analogous 
to UOz(Ox)zHOx, 99 but it may be noted that the 
hexavalent transuranium elements undergo reduction 
reaction with %hydroxyquinoline at the pH necessary 
for the precipitation of the oxinato adduct and so the 
previously proposed PuO~(OX)~HOX is not correctly 
formulated. All the neptunium and plutonium 
oxinato complexes maintain the Hz0 molecule even 
after heating at 120 “C (Table X11). 

Very different is the chemical behaviour of Pa(V), 
where a more complicated system takes place as a 
consequence of the hydrolysis of the ion. It has been 
proposed that a complex compound with 8-hydroxy- 
quinoline is formed, the average composition being 
H,[Pa(OH),.,(Ox),.s] .‘17 

With 5,7-dibromo-%hydroxyquinoline, the hy- 
drolysis of Pa(V) is greater and it is supposed that 
the complex Hz [Pa(OH),.(5,7-Br-Ox)] is formed. 

C. SHydroxyquinoline and Its Derivative Complexes 
with Actinides(IV) 

8-hydroxyquinoline was recommended for the 
determination of thorium until 1929.1°3 The com- 
plex may be prepared by using %hydroxyquinoline, 
or 8-acetoxyquinoline and its first formulation was 
Th(0x)4H0x.30’80’102 More recently it has been 
suggested that the thorium-8-hydroxyquinoline ratio 
is not strictly 1:5, but that the composition is very 
difficult to reproduce from one preparation to 
another; the average ratio of bound 8-hydroxy- 
quinoline to thorium was found to be 1:4.9. The 
deficiency of 8-hydroxyquinoline may be due to 
partial hydrolysis of thorium or to the presence of 
coordinated water.ssb’174 

The complex Th(Ox)4HOx gives three endo- 
thermic peaks with maxima at 150 “C, 310 “C and 
410 “C. The peak at 150 ‘C, due to the change of the 
complex to the 1:4 chelate, contains a small endo- 
thermic shoulder at 140 “C. It has been reported that 
Th(Ox)4HOx decomposes thermally according to a 
two-step reaction: 177 

2Th(Ox)4HOx - (Th(Ox)4),.HOx + HOx 

(Th(Ox)4)2HOx -- 2Th(Ox), + HOx 

This could explain the occurrence of the two 
peaks and also the gas evolution peaks found in the 
neighbourhood of 150 “C. The two peaks at 310 “C 
and 410 “C are attributed to the loss of the remaining 
ligand molecules and to the subsequent pyrolysis of 
the chelate 104~130,173,178,190 
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TABLE XII. Actinide(V) Complexes with SHydroxyquinoline and Its Substituted Derivatives Obtained by Precipitation from 
Aqueous or Aqueous Dioxane Solutions 

Metal Ion Ligand 

NP(V) HOx 
Pu(V) HOx 
Np(V) HOx 

NP(V) 2Me-HOx 
Pu(V) 2Me-HOx 
Pu(V) 5,7Cl-HOx 
Pu(V) SSO,-HOx 

Complex 

NpO,(Ox)*2H,O 
PuO,(Ox)(HOx),~2H,O 
(C,H,),AsNpO,(Ox),H,O 

Np0,(2Me-Ox)(2Me-HOx).H,O 
Pu0,(2Me-Ox)(2Me-HOx)*H,O 
Pu0,(5,7C1-0x)(5,7-HOx),~H,O 
Pu(5SO,-Ox)(5SO,-HOx)~~2H,O 

Color PH 

Yellow 5 
Greenish-brown 5-l 
Yellow-green l-9 

Yellow 8.5 
Green 8 
Green 5 
Green 54 

Experimental Conditions 

Water 
Water 
Water; addition of 
(C,H,),AsCl 
Water 
Water 
30% Dioxane-70% water 
50% Dioxane-50% water 

It has been reported that the neutral molecule is 
coordinated to the thorium ion through the 
phenolate oxygen only and that the acidic proton is 
located on the nitrogen atom.” 

In the i.r. spectrum of Th(Ox)4HOx the two 
bands, characteristic of ‘N-H*.*0 bond centered at 
about 2625 cm-’ and at about 2100 cm-‘, are 
present. They are very similar to those observed in 
the spectrum of UOz(Ox)zHOx and, as expected, 
they are not present in the spectrum of Th(Ox)+. 

The coordination number of thorium should be 
nine in Th(Ox)4HOx. It appears to exist only in the 
solid state and in its ‘H n.m.r. spectrum in d5-dmso 
the peaks are broadened as a consequence of ligand 
exchange. 

The ‘H n.m.r. spectrum of Th(Ox), shows only 
one set of ligand resonances indicating that all four 
ligands are magnetically equivalent.17 

On dissolving Th(Ox)4HOx in warm dichloro- 
ethane, the tetrakis-compound immediately pre- 
cipitates; with a large excess of HOx a red solution 
has been obtained and it has been suggested that the 
ion pair [H,Ox] ‘[Th(Ox),] -, in which all ligands of 
the anion are bidentate, may be present.’ 

In dmso the pentakis-compound yields Th(Ox)4* 
2dmso; its i.r. spectrum shows a strong band at 1030 
cm-’ assigned to v(S0) of uncoordinated dmso and 
a weaker band at 970 cm-’ consistent with the 
presence of dmso coordinated through its oxygen 
atom.7 The molecular structure of this adduct is 
shown in Fig. 32.166 

The 8-hydroxyquinoline rings are arranged in a 
square antiprismatic configuration about the metal 
ion; only one dmso is coordinated. The oxine ligands 
are essentially planar and the Th-N distances are 
longer than Th-0. The results of this structure 
investigation suggest that the postulated nine- 
coordination in Th(Ox)4HOx is feasible. 

The formation of the pentakis-complexes is not 
sensitive to substitution in the 7-position of the 8- 
hydroxyquinoline ring with the exception of bulky 
groups, such as r-butyl, which yields the tetrakis- 
compound. 

Fig. 32. The molecular structure of Th(Ox),dmso. 

On the other hand, substituents in the 2-position 
may prevent the formation of the pentakis-complex. 
Fig. 33 shows the best conditions for a complete 
precipitation of Th(2Me-Ox)4. 

With a 125% excess of 2Me-HOx the precipitation 
is not quantitative; with a 150% excess of reagent the 
precipitation of the chelate is at least 99% complete 
at pH 5.5-5.6 and with a 200% excess this degree of 
completeness is attained at pH 5.4-5.5.rB7 
Th(2Me-Ox)4 is stable up to 185 “C where it begins to 
decompose slowly, and for a good determination of 
thorium it can be preferred to 8-hydroxyquinoline 
chelate because this latter begins to decompose at 
about 80 ‘C.18’ 

Fig. 33. Percentage precipitation of Th(2Me-Ox), against pH. 
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TABLE XIII. Known Actinide(IV) Complexes with 8-Hydroxyquinoline and Its Derivatives. 

HOx 

T~(O~);HOX;~ Th(Ox), 
U(Ox), *HOx; U(Ox), b 
Np(Ox), 
PUKW, 

2Me-HOx 

Th(ZMe-Ox), 

Np(2Me-Ox), 

5X-HOx 

Th(5X-0x),.5X-HOx 

Np(SX-Ox), 
Pu(5X-Ox), 

5,7X-HOx 

Th(5,7X-Ox), 
U(5,7X-Ox), 
Np(5,7X-W, 
Pu(5,7X_ox), 

7X-HOx 

Th(7X-0x),*X-HOx 

a The composition of the adduct is very difficult to reproduce and the average U/oxine ratio is l/4.8. 
b 

The existence of 
U(Ox), is not certain. The spectra of the pentakis-complexes show two bands at-2625 cm-’ and 2100 cm-’ due to the ‘N-H***0 
bond system. 

Since the chemistry of the uranium(IV) com- uranium(II1) and neptunium(II1) the oxidation to the 
pounds is similar to that of thorium(IV), one may quadrivalent state occurs too readily to allow the 
predict complexes of the type U(OX)~*HOX. Such preparation of the oxinato adducts. The yellow-green 
complexes have been found using %hydroxyquinoline, Pu(Ox)a can be prepared by mixing a solution of 
5,7-dichloro- and 5,7-dibromo-8-hydroxyquinoline. plutonium(II1) salts and %hydroxyquinoline, in 
They appear to be stable to oxidation since, after presence of sulphite or dithionite as reductants at 
two weeks, there is not apparent decomposition. pH 7.2, under a nitrogen atmosphere. The U.V. 
They are soluble in chloroform but only slightly in spectrum is characteristic of a plutonium(II1) adduct 
acetone and ethyl alcohol. U(OX)~HOX shows and indicates that an amount of plutonium(IV) less 
different TGA curves than the thorium analogue.‘s6 than 4% is present.“* 

The uranium(W) complex begins to lose weight at 
about 130 ‘C, giving a break in the curve at 235 “C 
approximated to U(Ox), but a horizontal weight level 
is not obtained. Also in the cases of the 5,7-dichloro- 
and 5,7-dibromo-oxinato complexes there is no 
evidence for the formation of the 1:4 adduct. 

In the D.T.A. curves of U(OX)~HOX there is little 
evidence that the neutral molecule of Shydroxy- 
quinoline is lost by sublimation. However the exo- 
thermic peak at 225 “C may be caused by a rearrange- 
ment reaction of the 1:4 adduct which may mask the 
endothermic sublimation reaction. The pentakis- 
uranium(IV) and thorium(IV) complexes with oxine 
very probably possess identical structures and even 
if the exact structure is still unknown a ten-coordina- 
tion for U(OX)~HOX should be excluded (Table XIII). 

This compound is very readily oxidised in air 
giving the brown PUN. Different is the behaviour 
of the transplutonium elements, for which the 
oxidation state 3+ is stable and consequently the 
tris-complexes are easily obtained. Am(Ox)3 and the 
analogous complexes with the substituted %hydroxy- 
quinoline are prepared from aqueous or aqueous 
dioxane solution at the appropriate pH value (Table 
XIV). 

Am(Ox)3 is very sparingly soluble in organic media 
while Am(halooxine)a complexes are more soluble. 
The americium(II1) oxinato complex is extracted 
with chloroform as An~(0x)20H.“5 

Plutonium(IV) and neptunium(IV) form with 8- 
hydroxyquinoline and its substituted derivatives 
complexes of the type M(Ox),. These complexes are 
very probably eight-coordinated; compounds with 
more than four ligands per metal atom were not 
obtained. All these complexes are soluble in polar 
organic solvents and the U.V. spectra in CHC13 are 
similar. Neptunium(IV) is extracted into a chloro- 
form solution as Np(Ox), or Np(5,7Cl-O~)~ while 
a very anomalous complex which is ascribed to the 
formation and extraction of basic species is obtained 
for plutonium(IV).‘14 

The tendency to hydrolysis has been found also 
for actinium(III), curium(III) and californium(II1) 
8-hydroxyquinolinato adducts which are extracted as 
Ac(Ox),OH, Cm(Ox)20H and Cf(Ox)(OH)2.74r’17 
This different hydrolytic behaviour is a consequence 
of the different ionic radius of these actinides. 
Am(II1) and Cm(III), on the basis of their very similar 
ionic radii, are expected to form complexes of 
identical composition, while Cf(III), for its smaller 
ionic radius, hydrolyses more strongly and is 
extracted as Cf(Ox)(OH), . The 5,7chlorooxinato 
complexes of all these trivalent actinides are 
extracted as M(5,7CLOx),. 

D. 8-Hydroxyquinoline and Its Derivative Complexes 
with Actinides(III) 

In Fig. 34 the percentage of extraction of oxinato 
complexes against pH shows that the trivalent 
actinides are extracted at pH 4-7 and that Cf(III), 
Am(III), and Cm(II1) are extracted practically at the 
same pH value. 

Complexes of the type M(Ox), are known only 
for plutonium(II1) and transplutonic elements; for 
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TABLE XIV. Actinide(H1) Complexes with 8-Hydroxyquinoline and Its Substituted Derivatives Obtained by Precipitation from 
Aqueous or Aqueous Dioxane Solutions.“’ 

Metal Ion 

Pu(II1) 
Am(II1) 
Am(II1) 
Am(II1) 

Ligand 

HOx 
HOx 
ZMe-HOx 
2,7Cl-HOx 

Composition of the Complex 

Pu(Ox), 
Am(Ox), 
Am(2Me-Ox), 
Am(2,7Cl-Ox), 

Color pH of Precipitation Experimental Conditions 

Yellow-green 1.2 Aqueous Solution 
Yellow-green 5.5-6.5 Aqueous Solution 
Bright green 5.1-5.9 30% Dioxane 
Green 5.76.0 65% Dioxane 

TABLE XV. IR Data (cm-‘) for Uranyl Complexes with Tridentate Schiff Bases. 

Complex u(NH) u(c=N) v,(O-U-O) Color 

UO,(salenNHC,H,), 
UO,(salenNHC,H,), 
UO,(salenN(CH,),), 
UO,(HsalenNHC,H,),(N0,), 
UO,(HsalenNHC,H,),(NO,), 

3231 1625 871 
3234 1628 895 
_ 1624 885 
3414 1654 914 
3260 1634 908 

Pink Crystals 
Orange-red Powder 
Orange-red Powder 
Yellow Powder 
Yellow Powder 

lOOI- 

750 - 
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Fig. 34. The percentage of extraction of oxinato complexes 
of Cf(II1) (........), Am(II1) (-------), Cm(II1) (- -. -), Ac(II1) 
( ---) against pH. 

7. Schiff Base Complexes 

A. Schiff Base Complexes with Actinides( VI) 
The Schiff bases derived from salicylaldehyde have 

been widely studied and a large series of uranyl 
complexes have been characterized. 

Bidentate Schiff base complexes of uranyl(V1) ion 
have been prepared and studied.‘54’1g3 Some of them 
are of the type UOz(HBSB)z(N03)2 where the 
neutral ligands are coordinated to the metal ion. The 
i.r. spectra show that both the nitrate groups are 
coordinated to the central ion as monodentate ligands 
and therefore the uranyl(VI) ion is eight-coordinate. 
A similar configuration has been proposed for the 
analogues U02(HBSB)2X2 (X = Cl-, CH3COO-).‘a’ 
A complex of the type : 

has also been reported. The proposed equatorial 
coordination number four is unusual in the uranyl 
(VI) Schiff bases chemistryt8 more probably this 
compound contains a solvent molecule or is not 
monomeric. 

The reaction between the tridentate Schiff bases 
HsalenNRR’ (derived from salicylaldehyde and N- 
substituted ethylenediamine) and various uranyl(V1) 
salts have been studied.r7’ With UOz(N03)a*6Hz0 
under mild conditions such ligands give complexes of 
the type UOz(HsalenNRR’)2(N03)z where the 
nitrato groups are reported to be coordinated as uni- 
dentate ligands. Because the Schiff bases act as 
bidentate ligands forming six-membered chelate 
rings N-0, the resulting geometry of these adducts 
is an irregular hexagonal bipyramid. On reacting 
thallous(I) derivatives of HsalenNRR’ with UOaCla. 
3Hs0, the complexes UOz(salenNRR’)z were ob- 
tained. The complexes crystallize from ethanol and 
the X-ray structure analysis of UOl(salenN(CH3)& 
shows a pentagonal bipyramidal environment10’s1 
(Table XV, Fig. 35). 

Two oxygen and three nitrogen atoms form the 
base of the bipyramid and the uranyl oxygens occupy 
the apical positions; therefore two modes of ligand 
coordination in the same molecule occur in accor- 
dance with the ‘H n.m.r. spectra, where two peaks 
for CH3 groups have been observed. A projection of 
the molecule down a direction perpendicular to the 
uranyl group is also given in Fig. 35b. 

It may be seen that the complex exhibits an 
overall “stepped” geometry with the CHa-CH2 
car 

1 
on atoms out of the equatorial plane by 0.24 and 

0.5 A. For the complexes UOz(salenNHR)Z a 
similar coordination has been proposed, even if a 
single stretching band for N-H was found. Probably 
the free NH group, not involved in the coordination 
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a 

b 
Fig. 35. Projection of UO,(salenN(CH,),), on the mean 
equatorial plane (a) and down a direction perpendicular to 
the uranyl group (b). 

to the central metal ion, forms a hydrogen bond with 
a phenolic oxygen of a Schiff base ligand with a 
subsequent shift to lower frequency of the N-H 
stretching. 

An interesting group of the quadridentate Schiff 
base uranyl(V1) complexes is represented by the 
N,N’-bis-salicylidenaldinime adducts. They may be 
formulated as U02(TSB)(L) (L = neutral monoden- 
tate ligand47,48Y’45 (Table XVI). The presence of 
ethanol or methanol in the coordination sphere in 
the case of the complexes UO*(TSB)ROH is not fully 
evident in the i.r. spectra, but may be confirmed by 

‘H n.m.r. spectral and X-ray diffraction studies. Such 
complexes undergo substitution reaction of the 
coordinated ethanol with various neutral monoden- 
tate ligands. Interchange reactions of the type: 

UO,(TSB)L + L’ --f U02(TSB)L’ + L 

indicate the following stability sequence depending 
on the nature of the neutral monodentate ligand: 
Ph,PO > dmso > py > aniline > EtOH. 

In order to elucidate the mode of bonding of 
these quadridentate Schiff bases, the X-ray structure 
determinations of the complexes UOz(salophen)- 
EtOH and UO,(salen)MeOH were carried out.1ry’2’13 

In UO,(salen)MeOH, the chelating ligands are bent 
away in opposite direction with respect to the equa- 
torial plane. The N-CCC-N group is in a near gauche 
conformation and its torsion angle is 51.8”. This 
conformation and the maintenance of the trigonal 
nature of the nitrogen cause the salicylaldehyde 
groups to adopt a stepped geometry. In U02(salo- 
phen)EtOH, a cis configuration for the N-C-C-N 
group is dictated by the stereochemistry of the ligand 
and so a boat conformation in the complex is 
required (Fig. 36). 

As for the neutral alcohol molecule, a hydrogen 
bond (which explains the absence in the infrared 
spectrum of the stretching OH in the range 3600- 
3100 cm-‘), takes place between the oxygen of the 
alcohol and the phenolic oxygen of a Schiff base. A 
very interesting complex is given by the aquoglioxal- 
bis-(2-hydroxyanil)dioxouranium(VI), which may be 
obtained as blue-violet crystals by reaction between 
uranyl(V1) salts and the stoichiometric amount of 
2,2’-bisbenzoxazoline in absolute ethanol. The ‘H 
n.m.r. spectra show that a molecule of water is 
present in this complex. The stereochemistry of this 
adduct is shown in Fig. 37.’ The blue-violet color of 
the U02(glioxamph)*H20 complex is probably due 

TABLE XVI. I.R. Data (cm-‘) for Uranyl Complexes with Quadridentate Schiff Bases. 

Complex v(c=N) u,(O-U-O) Other Characteristic Bands Color 

UO,(salophen)(EtOH) 
UO,(salen)(EtOH) 
UO,(sal-1,3_propen)(EtOH) 
UO,(salophen)(py) 
UO,(salen)(pv) 
UO,(sal-1,3-propen) 
UO,(salophen)(PhNH,) 
UO,(salophen)(dmso) 
UO, (salen)(dm so) 
UO,(sal-1,3-propen)(dmso) 
UO,(salophen)(Ph,PO) 
UO,(salen)(Ph,PO) 
UO,(sal-1,3-propen)(Ph,PO) 

1602, 1598 910 - Red Crystals 
1638, 1627 912 - Red-yellow Crystals 
1640, 1620 912 - Red-yellow Crystals 
1605, 1598 895 - Red Powder 
1630, 1620 888 - Red Powder 
1640, 1625 897 Red Powder 
1620 893 3320-3270 u(NH,) Yellow Powder 
1605 892 992 u(S=O) Bright Yellow Powder 
1622 879 991 v(S=O) Orange Powder 
1622 882 995 v(S=O) Orange Crystals 
1604 895 1143 u(P-0) Yellow Powder 
1620 883 1150 v(P-0) Yellow Powder 
1622, 1615 885 1160 v(P-0) Yellow Powder 
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to the mesomery conferred by planarity of the 
coordinated ligand. 

In all the UO,(TSB)L complexes the configuration 
is given by a pentagonal bipyramid around the central 
ion. The U-N distances are always remarkably longer 
than suggested by the difference in covalent 
radii.142’196 In complexes with 3d ions of known 
structure there are two types of bonding to the metal. 
In the complexes of Cu(I1) and Co(I1) the metal- 
nitrogen and metal-oxygen distances are roughly 
equivalent while with titanium(IV) and iron(II1) 
the metal-oxygen bonds are much shorter than 
metal-nitrogen bonds.‘4~‘s’37~96,‘56 This behaviour 

(a) 
C 
C 
0 

(b) 

Cd) 
Fig. 36. Projection of UO,(salen)MeOH and UO,(salophen)- 
EtOH on the mean equatorial plane (a, b) and down a direc- 
tion perpendicular to the uranyl group (c, d). 

(a) 

3 
(b) 

Fig. 37. Projection of UO,(glioxamph)*H,O on the mean 
equatorial plane (a) and down a direction perpendicular to 
the uranyl group (b). 

has been explained by Pearson’s Hard-Soft Acid- 
Base concept.‘43 Nitrogen would be expected to be 
less strongly bound to a hard acid as UOF because 
the oxygen has a relatively higher base strength 
toward such an acid. 

The kinetic data on the reaction between UO: 
and the organic ligand 2,2’-bisbenzoxazoline (H,B) 
were attributed to the reaction: 

UO2(S)?,+ + H2B -----+ UO,(B)(S) + 2H’ 

(S indicates ethanol or water molecules). 

A reaction scheme alternative to the bimolecular 
reaction reported above and also in agreement with 
the available experimental data could be the slow 
isomerization of the molecule H2B to the tautomeric 
Schiff base form as shown in Fig. 38, followed by 
fast coordination to uranyl ion. However some 
evidence that the rate is not independent of (UO:‘] 
indicates that the hypothesis of a direct bimolecular 
reaction is to be preferred. A rate law of the type: 
rate = k[U02(S)nl [H,B] was suggested+. The positive 
value of the entropy of activation (AS = 12.1 e.u.) 
indicates that during the formation of the transition 
state there is a synchronous release of a number of 
solvent molecules and/or protonated solvent mole- 
cules . 

Studies on uranyl complexes with optically active 
quadridentate Schiff bases have been carried out to 
obtain information on the conformation of the 
chelate rings and also on the distortion of the 
complex molecule as a whole.141 
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Fig. 38. Tautomeric isomers of 2,2’-bisbenzoxazoline. 
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Fig. 39. The C.D. (a) and U.V. (b) spectra of the complex 
UO,(sal(-)stien (stien = stilbendiamine) in CHCI, (-), 
CH,OH (- - - - -), dmf (.,......). 

The overall coordination number is again seven. 
Circular dichroism spectra of the complex with sal- 
stien, carried out in different solvents, show that 
significant changes of the curves are found only in 
CHC13 solution where the five-coordination in the 
equatorial plane is removed by dissociation of the 
neutral additional ligand. It must be pointed out that 
no significant change can be detected in the U.V. 
spectra, this suggesting that the C.D. spectra are a 
more useful test for detecting changes in the co- 
ordination number (Fig. 39). 

Using the quadridentate Schiff base HsaldienN- 
(CH,), , complexes of the type UOz(saldienN- 
(CHs),)A (A = Cl, Br, I, NOa etc.) were ob- 
tained.laO They are non-electrolytes in CHzClz 

A 
A= NO: CH3COO;SCN; 

Fig. 40. The proposed configuration of UO,(saldienN- 

(CH,),)A. 

solution, indicating that the bond between uranium 
and the anion is essentially covalent in nature; the ‘H 
n.m.r. spectra indicate that the Schiff base acts as 
quadridentate ligand, so the most probable configura- 
tion in the equatorial plane is given in Fig. 40 (Table 
XVII). This is confirmed by X-ray diffraction 
studies.’ For the analogous uranyl(V1) complexes 
containing the tridentate Schiff base salenN(CH,);, 
the configuration in Fig. 41 was proposed. 

Fig. 41. The proposed configuration of UO,(salenN(CH,),)A. 

For the acetato complexes it is easy to distinguish 
between mono and bidentate character in its mode of 
coordination toward a central metal; for the nitrato 
complexes the splitting of the doubly degenerate 
v3 into vq and vr is not a good guide to distinguishing 
between the two coordination modes. More informa- 
tion about this linking mode arises from the far i.r. 
spectra where the stretching U-O(NOs) is known to 
lie. Two strong i.r. bands are assigned to the urani- 
um-nitrate oxygen stretching for UOz(salenN- 
(CH3)*)N03 at 201 and 252 cm-’ and one band at 
261 cm-r for UOz(saldienN(CH3)2)NOs. A similar 
behaviour has been found for other uranyl nitrato 
adducts.la3 

The U.V. spectra of these UO,(saldienN(CH,),)A 
complexes are very similar, as expected for electronic 
transitions mainly localized on the Schiff base moiety 
bonded to uranyl group, and show three rather 
detectable band maxima in the charge-transfer region 
above 340-350 nm. It may be argued that the apical 
oxygens+f transition of the uranyl moiety, centered 
at about 390-450 nm, has been covered by strong 
absorption corresponding to the charge-transfer from 
equatorial ligands to the uranium atom. Probably a 
charge-transfer n+f from the Schiff base orbitals to 
the f orbitals of the uranium takes place. 
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c c 

C 

C C 

C C 

Fig. 42. The molecular configuration of UO,saldien. 

The potentially pentadentate H*saldien is par- 
ticularly suitable for the preparation of a series of 
seven-coordinate complexes with large cations such 
as UOP. The complex may be obtained as solvate 
from various solvents such as CH,CN, EtOH, C6H6, 
CsHsN; however, all these adducts undergo an easy 
conversion to UOz(saldien).47 

The X-ray molecular structure of UO*(saldien) 
shows that it has the expected seven-coordinate 
geometry3 (Fig. 42). 

Fig. 43. The possible conformations of UO,saldien. 

The molecule lies across a crystal mirror plane 
with the uranyl and NH groups within the plane. 
The solvate UOz(saldien)S is a metastable form, 
which has the same molecular structure with a dif- 
ferent bonding mode of the ligand. 

Figure 43 reports the most stable conformation 
assigned to UO*(saldien) adduct (a) whilst conforma- 
tion (b), apparently less stable, is assumed to occur 
in the solvate adduct. Their interconversion does not 
require inversion of the configuration of the middle 
secondary amine nitrogen atom. 

A series of uranyl(V1) complexes related to UOZ- 
(saldien), with 5-Cl, .5-Br, 3-OMe, 3,5-Cl and 5,6- 
benzo substituents on the salicylic moiety, has been 
reported; they were prepared as solvates and charac- 
terized by their X-ray diffraction patterns and i.r. 
spectra. By contrast, the longer ligand system N,N’- 
bissalicylidene- 1,7-diamino-4-aza-heptane and N,N’- 
bissalicylidene-1,7-diamino-4-aza-methylheptane are 
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much more reluctant to form seven-coordinate urani- 
um(W) compounds. These ligands, with trimethylene- 
diamine chelate rings, appear to be too large for ideal 
coordination to uranyl(VI) ion. 

The synthesis and the characterization of a com- 
plex obtained by reaction of diethylenetriamine 
with 2,6-diformyL4chlorophenol in the presence of 
uranyl(V1) ion has been recently reported.4s This 
complex is quite similar to UO*(saldien) as shown in 
Fig. 44. 

Fig. 44. The proposed configuration of the complex ob- 
tained by reaction of many1 nitrate, dicthylenetriamine 
and 2,6-diformyWchloropheno1. 

In this complex the two uncoordinated formyl 
groups are sufficiently close to each other to allow 
an intramolecular cyclisation by treatment with 
diamines (Fig. 45). 

Fig. 45. The proposed configuration of the cyclic complexes 
obtained from [UO,A] (Fig. 44) and diamines. 

These complexes do not show the i.r. bands due to 
the C=O groups while the absorptions of the co- 
ordinated and uncoordinated C=N azomethyne 
groups are not resolved. No appreciable shift of the 
antisymmetric stretching v3 and bending v2 of the 
O-U-O group was observed after cyclisation. 
These cyclic complexes may act as ligands towards 
transition metal ions and some compounds have been 
reported (Fig. 46). 

Marked differences upon coordination of the 
second metal ion are noted in the i.r. spectra, princi- 
pally in the bands associated with the v(C=N, UC-O 
and va(O-U-O) modes. The K=N is shifted to 
higher frequencies while the vC-0 to lower. The 
simultaneous shift in the binuclear complexes to 
higher and lower frequencies for YC=N and vC-0 
modes respectively, is due to the coordination of the 

2c104- 

x H,O 

x= 0,2,3 

Complexes @02Rg (Cl O,), 

Fig. 46. The configuration of the binuclear complexes 
obtained from [UO,B] (Fig. 45) and cobalttlI), nickel(II1 
and copper(H) perchlorate. 

second metal which localizes the C=N double bond 
and seems to reduce the amount of partial double 
character of the phenolic C-O link. 

The only significant change of the modes of uranyl 
(VI) group is the shift to higher frequencies of the 
antisymmetric stretching v,(O-U-O) on going from 
mononuclear to binuclear complexes. This shift 
could be explained by a decreased tendency to 
transfer charge from the phenolic oxygens to the 
uranium upon coordination of the second ion (Table 
XVIII). 

The electronic spectra of the binuclear complexes 
do not allow an unambiguous identification of the 
stereochemistry about the 3d transition metal ion. 
The magnetic moments well agree with a distortion 
of the N202 chromophore from planar towards 
tetrahedral arrangement. 

B. Schiff Base Complexes with Actinides(IV) 
Few chelate compounds of uranium(IV) with 

Schiff bases have been characterized and the interest 
in preparing such complexes lies in the production of 
stable high-coordinated adducts for studies of the f 
electronic system. The first known example of this 
type is NN’-ethylenebis(salicylideneiminato)uranium 
(IV), U(salen)2.36,‘60 The complex was prepared by 
reaction of the uranium(IV) tetrasalicylaldehydato 
with an excess of dry ethylenediamine under a 
nitrogen atmosphere. More recently the same 
complex was prepared by reacting UC149dme 
(dme = dimethoxyethane) with a thallous derivative 
of H,salen in tetrahydrofuran (THF). The complex 
is generally soluble in common organic solvents and 
stable toward either decomposition or air oxidation 
both in the solid’state and in solution. The complex 
is assumed to contain a single uranium(W) atom 
complexed by two quadridentate molecules, this 
implying an eight-coordination geometry. Attempts 
to prepare U(salen), under mild conditions failed. 
UC14 reacts with H,salen in THF at room tempera- 
ture to give a yellow-orange 1 :l product, formulated 
as UC14H2salen*2THF,42 which by treatment with 
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TABLE XVIII. IR Data (cm-‘) for Cyclic Uranyl Complexes Containing a Second Metal Ion. 

Compounda u(NH) u(C=N) u(C -0) v,(O-U-O) Color 

UO,A 3252 1630 1320 892 
UO,Ba 3241 1633 1308 896 
UO,BaNi(ClO,),*2H,O 3235 1674, 1638 1291 926 
UO,B,Cu(ClO,), 3222 1661,1634 1282 922 
UO,B,Co(ClO,), 3251 1667,1636 1289 921 
UO,Bb 3200 1628 1310 885 
UO,BbNi(ClO,);3H,O 3239 1655, 1645 1298 925 
UO,BbCu(ClO,),*EtOH Not Resolved 1655,1623 1290 924 
UO,BbCo(ClO,), *2H,O 3260 1650,1635 1298 925 
UO,Bc 3174 1630 1307 897 
U0,BcNi(C10,),.3H,0 3230 1667,1632 1287 920 
UO,BcCu(ClO,),~2EtOH 3228 1667, 1629 1289 927 
UO,B,Co(ClO,);2H,O 3240 broad 1650, 1639 1285 924 
UO,Bd 3230 broad 1632 1314 897 
UO,BdNi(ClO,), 3294,3197 1662, 1629 1292 920 

Orange-red Powder 
Orange Powder 
Yellow Powder 
Green Powder 
Yellow Powder 
Orange-red Powder 
Yellow Powder 
Green Powder 
Yellow Powder 
Orange-red Powder 
Yellow Powder 
Green Powder 
Yellow Powder 
Orange-red Powder 
Yellow Powder 

a For the meaning of the labclling A, B,, Bb, Bc, Bd see Fig. 49, 50, 5 1. 

pyridine in CHCla followed by heating in wcuo at 
1.50 “C for two days yields the green UsalenClz. The 
nonelectrolytic nature of the complex should account 
for a structure in which the coordination number six 
is present, but a higher coordination number is 
probably reached by oxygen bridges. The complex, 
recrystallized from THF, yields the green 
U(salen),Clz*(THF)2. The same complex may be ob- 
tained by treating the thallous derivative of H,salen 
in THF with a stoichiometric amount of UC14*2dme 
in THF followed by precipitation with n-hexane. The 
complex is not stable to air and on exposure to 
moisture it decomposes rapidly. The coordination of 
THF groups is confirmed by two bands at 1030 and 
870 cm-’ in the i.r. spectrum, attributed to the 
asymmetric and symmetric C-O stretching respec- 
tively. As previously supposed for U(salen),, 
U(salen)zClz*(THF), is monomeric and the uranium 
atom is octacoordinated with the chloro groups on 
opposite sides of the salen ligand. A ligand redistribu- 
tion reaction in THF between U(salen)z and UCl,, has 
been studied; equimolecular quantities of UCL4 and 
U(salen)* react with dipyridine according to the 
following stoichiometry:43 

UC& + U(salen)z + 2 dipy 4 2 U(salen)Clzdipy 

The final product, U(salen)Cl,dipy, is probably 
preceded by the formation of the 1: 1 U(salen)zUC14 
species. Also the conjugate bases of acetylacetone, 
dipivaloylmethane and N-methylsalicylideneimine 
(mesal) react with equimolar quantities of U(salen)* 
and UC& yielding the mixed complexes U(salen)- 
(acac), , U(salen)(THD)z and U(salen)(mesal), . These 
reactions were carried out in THF in the presence of 
anhydrous ammonia. The complexes resulting from 
the reactions were separated quite easily after 

elimination of ammonium chloride. These reactions 
proceed in two separate steps: the first one is the 
reaction of U(salen)* with UC& over a time sufficient 
to reach the equilibria: 

U(salen)* t UC& t, U(salen)* *UC14 

U(salen)Z .UC14 +e 2 U(salen)Cl* 

in such a way that U(salen)Cl, is the predominant 
species. 

The formation of the 1: 1 adduct U(salen)z.UC14 
seems to be a necessary requirement for the redistri- 
bution reaction to take place. It has been shown that 
U(salen)z and U(acac), do not react appreciably 
under comparable conditions. The mixed uranium 
(IV) complexes were also obtained by reacting pre- 
formed U(salen)Cl* with HTHD in the presence of 
ammonia. Proof of the existence of mixed complexes 
of uranium(W) was obtained by mass spectrometry 
of U(salen)(acac), and U(salen)(THD)z which appear 
to be the most volatile compounds among those 
prepared. The mixed complexes U(salen)(chelate), 
are monomeric as shown by cryoscopic molecular 
weight determinations. For these complexes a mono- 
meric structure has been proposed in which the 
uranium atom attains its usual eight-coordination and 
salen donor atoms may have a substantially planar 
arrangement. Th(salen)z and Th(salen)Clz*(THF)2 
have been prepared using the same method as the 
uranium(W) analogues; they are yellow, the former 
stable in air, the latter unstable. 

Their infrared spectra are very similar to the 
analogous uranium(IV) complexes. The peaks 
assigned to the stretching frequencies v(C=N) fall 
for Th(salen)* at 1632 and 1622 cm-‘, for 
Th(salen)Cl,*(THF), at 1625 cm-‘; they lie at 1632 
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and 1623 cm-’ for U(salen)z and 1628 cm-’ for 
U(salen)Clz*(THF)Z. In the far infrared region, the 
absorption due to the vibrational modes of Th-Cl 
and U-Cl in the mixed complexes should contribute 
to the broad band at about 260-240 cm-‘. 

8. Azo Complexes 

A. Arsenazo Derivatives 
The functional groups responsible for the forma- 

tion of complexes between the ligands arsenazo and 
actinides are: 

*‘?;n OH 0; N;N;03H2 

to 3, 

Thorium(IV), uranium(IV) and uranyl(V1) ion 
form covalent bonds with the groups AsOsH, and 
OH. A special role is played by the M-N coordinate 
link. In addition to the considerable increase in 
stability resulting from the formation of two six- 
membered, almost aromatic chelate rings, complex 
formation leads to the transfer of some positive 
charge to the chromophoric centre of the molecule 
(the azo group), resulting in a marked deepening of 
the colour. 

l-(o-arsonophenylazo)-2-naphthol-3,6-disulphonic 
acid (apans) was first reported to form in solution a 
thorium(IV) complex in which the ratio Th:apans is 
2~3. 41’54”20’121 Spectrophotometric analyses indicate 
on the contrary that in the complex the correct ratio 
Th:apans is 1:2.14’ It was found that the analogous 
uranium(IV) complex also contains two molecules of 
apans per metal ion.77 

2,2’-l&dihydroxy-3,6-disulpho-2,7_naphthylene- 
bis(azo)dibenzene arsenic acid (arsenazo III) is an 
extremely sensitive calorimetric reagent for thorium 
and uranium. With uranyl(V1) ion it forms only a 
complex with 1: 1 composition; this is confirmed by 
measurements in solution and also by the non-depen- 
dence of the electronic spectrum on the UO:+:arsen- 
azo III ratio; the spectrum remains unchanged from 
1 :l to 10’ :l. A possible structure of this complex is 
given in Fig. 47. 

HO35 SO,H 

Fig. 47. A possible configuration of the uranyl complex with 
arsenazo III. 

Fig. 48. The suggested coordination around Th(IV) in 
Th(arsenazo III) (a) and Th(arsenazo III), (b). 

The molar absorptivity increases with the acidity 
of the solution independently of the type of acid 
used and of the metal/ligand ratio. In acid solution 
(11.6 M HNOs) another complex is present, which 
differs only in the molar absorptivity at 656 nm 
(8.8 X lo3 for this species vs. 5.3 X lo3 for UO*- 
arsenazo).27 With thorium(IV) and uranium(IV), 
arsenazo III forms the complexes M(arsenazo III) and 
M(arsenazo III)2. A greater 1igand:metal ratio in the 
complexes is prevented by hindrance; the ligand: 
metal ratio in the complex is always 1:2 when a large 
excess (1 O-20 fold) of the ligand is used. 

It has been suggested that in Th(arsenazo III) the 
ligand is coordinated as shown in Figure 48a) while in 
Th(arsenazo III)Z it is bound as in Figure 48b).“’ 

Recently the behaviour of the Th-arsenazo III 
system in acid solution has been reported.27 In Fig. 
49 the molar absorptivity, at 662 nm, against acidity 
of the solution for Cwsenao 111 3 Cmed and for 
Cmetd 9 Carsenazo III are reported. 

It may be noted that the previously reported 
species MzL2, ML3 and ML4 (L = arsenazo III) are 
not present.3 9 

PH, Ho 

Fig. 49. The molar absorptivity at 662 nm against acidity 
for the systems: a) Conc.arsenazo III % Conc.metal; 
2) Conc.metal s Conc.arsenazo III. 

B. Pyridylazo Derivatives 
The functional groups responsible for the forma- 

tion of complexes between pyridylazo ligands and 
actinide ions are : 

OH 
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Such ligands were used principally as analytical re- 
agents for the determination of traces of uranium.21 

l-(2-pyridylazo)2-naphthol (HPAN) has been des- 
cribed to form in alkaline aqueous solution (pH = 8) 
containing complexing agents such as EDTA, the 
uranyl-PAN complex in the molar ratio 2:1.4y~163 
The addition of complexing agents is very effective 
in eliminating interference from other ions. No 
spectrophotometric evidence is available for the 
formation of complexes containing a molar ratio 
different from 2:l. Below pH 4 no complex forma- 
tion between uranium and HPAN was observed.“’ 
These ligands may coordinate to the central metal 
ion with the pyridine nitrogen, the azo nitrogen 
farthest from the heterocyclic one and the o-hydroxyl 
group. In the most probable configuration of the 
resulting complexes the two ligands must act one as 
bidentate and the other as tridentate in accordance 
with uranyl tridentate Schiff base derivatives.‘0’5”‘79 
A more complicated behaviour has been found for 
the system uranyl-4~(2-pyridylazo)resorcinol 
(H,PAR). Potentiometric titrations have shown that 
complexes containing a 1igand:metal ratio greater 
than 2: 1 were not formed,sl while in alkaline medium 
(pH > 8.5) a complex I:2 is formed.76 A study on 
the complexation of uranyl(VI) ion with H2PAR in 
aqueous solution at pH < 8.5 with an excess of ligand 
demonstrated that two different uranyl 1: 1 chelates 
were formed, one at pH < 4 and the other at pH 
> 6.‘67 At pH < 4 it was found that the complex 
[U02(HPAR)] + was formed according to the 
following equilibria: 

UO;+ + HaPAR’ F==+ [U02(HPAR)]+ + 2H’ 

UO:+ + H2PAR I [U02(HPAR)]+ + H’ 

In the second formation region at pH > 6 the complex 
[U02(HPAR)] + undergoes a reaction according to the 
following equilibrium: 

WdHPAR)I + - U02(PAR) + H’ 

Continuous variation plots indicated the existence 
of a I:1 complex over the pH range 3.1-8. Solid 
compounds, not well characterized, may be pre- 
cipitated at pH = 1.85 as deep red crystals and at pH 
3.35 as dark red-brown crystals when ammonia 
(0.5 M) is added dropwise to a perchlorate solution 
(1M) of uranyl(VI) salts and H2PAR. 

C. Thiazolylazo Derivatives 
Little information is available about the inter- 

action of the actinide ions with thiazolylazo dyes. 
Because of their similarity with pyridylazo ligands, 
they are used as possible analytical and complex 
forming reagents; however the corresponding com- 

plexes have not been isolated in the solid state. The 
equilibria involved, the composition and the stability 
of the chelates obtained by the reaction of uranyl(V1) 
salts and I-(2-thiazolylazo)-2-hydroxy-4-dimethyl- 
aminobenzene, 2-(2-thiazolylazo)-l-hydroxy-S-di- 
ethylaminobenzene, 4-(2thiazolylazo)-resorcinol 
(TAR), 2-(2-thiazolylazo)-4-methoxyphenol (TAMR) 
and 2-(2-thiazolylazo)-5methoxyphenol (TAMH) 
have been studied. The 1igand:uranyl ratio of the 
complexes obtained in solution is always 1:l. A 
green-violet crystalline product was obtained by 
treating a perchlorate solution (1M) of uranyl nitrate 
and TAR with ammonia (1M). The precipitate 
formulated as U02TAR.2H20 strongly absorbs H20; 
no physico-chemical measurements on this complex 
were carried out. The complexes derived from TAMR 
and TAMH can be easily extracted into amyl alcohol 
or isobutylmethylketone. The spectrophotometric 
results show that the chelates U02TAMH(N03).S 
and U02TAMR(N03)*S (S = solvent) are the species 
extracted into the organic phase. 

9. Conclusions 

The present review is, to the best of our know- 
ledge, the most complete source of information 
dealing with preparative methods and physico-chemi- 
cal data on actinide complexes in their various 
oxidation states with the most usual coordinating 
organic ligands. Considerable additional work would 
be required on the transplutonium elements to better 
define their coordinating properties, especially in 
the solid state. 

It is hoped that research workers and teachers 
will find this compilation useful. 
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