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A. INTRODUCTION 

During the Iast few years much interest has been directed towards the 
chemistry of sulfur chelating Iigands and their related transition metal com- 
plexes and a number of good reviews have been published Cl--‘i]. The abund- 
ance of literature dealing with the chemistry and properties of sulPur donor 
&elate compleses obviates the necessity for another exhaustive review in this 
general area but does reveal the need for a more precise and detailed esamina- 
tion of the actinide complexes, especially in view of the many good papers 
published of late. 
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RecenCly the chemistry of the actinide amide compounds has increased con- 
siderably and the phthalocyanine compounds have been studied in detail in 
relation to their ability to stabilize a particular osidation state of the nctinides. 
There has been considerable recent interest in coordination chemistry 
centered around the role of actinide ions as templates in the cyclization and 
condensation reactions which produce compltses of macrocyclic ligands. 
These metal ions have a rich and diverse chemistry because they eshibit high 
coordination numbers and novel coordination geotnetries unknown or unusual 
for d transition metals and because they have available 5f valence orbitals 
which may in some cases possess the appropriate energy and spatial estension 
to be of chetnical significance. 

Many reviews on various aspects of the chemistry of the actinides have 
heen pul~lished with particular attention being paid to aqueous solutions 
[S-11], the structural and preparative aspects of actinides [12], their halides 
113-191, organotnetallic [16,l’i] and carboxylic compounds [ZO] and to 
their electronic spectra [19]_ In a previous review [Zl] we discussed the behav- 
ior of the nctinides, in their various osidation states, towarcts the most usual 
organic chelating ligands: tropolone, S-hydrosyquinoline, @diketones, Schiff 
bases and uzo-derivatives. All these ligands are bidentate or polydentate with 
oxygen or nitrogen donor atoms, and have received the greatest attention. 
Particular attention has been directed towards preparat;ive methods, the geo- 
metry of coordination of the adducts on varying the bite and the coordina- 
tion power of the chelating Iigands and their IR, f\!hIR, UV and PES spectro- 
scopy. However no attention was paid to ;\n--SR, t\n--ScR, An-SR- rued A\n- 
NR2 bonds present, in actinide complexes with chelating ligands. The purpose 
of this review is to cover the lack of information in this field and to draw, 
where possible, some general conclusions concerning the physicochcm~ical 
behavior of actinidc chelate compounds with particular regard to the stabil- 
ity and reactivity of the various _.\n--L bonds and to the ability of the autinide 
ions to alter the normal course of a number of organic cyclooligomerization 
reactions via unusual requirements of coordination geometry and ionic radius. 

The reaction of CS2 with primary or secondary amines, both aliphatic or 
aromatic, gives rise to the dithiocarbamate salts of general formula [ H2NR,]- 
[ IC,NCSS]. The corresponding alkali metal salts are obtained using an alkali 
hydroside as the proton acceptor according to the reaction [ 22---24 ] 

t<,NII + CS2 + MOH *t’c R,NCSSM + H20 

The structure of the dithio cotnpleses can be represented by the valence bond 
formalism shown in Fig, 1. The estent to which resonance fortn c contributes 
to the structure and its effect on the physicochemical properties of these com- 
pounds has been the subject of considerable study 15]_ A detailed IR ittvestiga- 
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tion of a great number of dithiocarbamate compleses has shown [26,27] that 
the resonance for c does indeed contribute considerably to the structure_ 
These conclusions have heen based on an IR band in the region 1550-1480 
cm . -’ ‘Ike energy of this band lies between the stretching frecluency region 
assigned to C-N single bonds (1250-1350 cm-‘) and that assigned to C-N 
double bonds (1690-1590 cm-‘) [ 251 and Can be best explained as vibration 
of a polar C=N’ bond [26,27]. The C=N stretching frequencies of a series of 
N,N-diethyldithiocarbamate complexes vary with the probable arrangement 
of sulfur donors around the central atom and decrease in the order: planar > 
tetfahedral > octahedral > distorted octahedral or pyramidal [27]. 

(i) Actirzide( VI) dithio- and diselenocurbamate complexes 

Uranyl(V1) dit;hiocarbamate cornpluses were mentioned but not character- 
ized as early as 1908 [ 22,33]. At a later date a number of compleses of general 
formula UOI(DTC)I (I-IDTC- dietl~ylditl~io~~rl~~l~~i~ acid) were reported j35]. 
it series of uranyl(Vi) clithiocarbamates has also been prepared in more recent 
years and reported as stable crystalline species containing ethanol of crystalii- 
zation 1361. The highly colored solutions formed when UO:’ is treated with 
dithiocarhamate ligancls have been used in the calorimetric determination of 
uranium [37,3S], and the quantitative precipitation of UO;+ with dithiocar- 
bzamatcs under acid conditions has been reported 139,401. In 1956 uratiyl(V1) 
dithiocarbamate compleses with the stoicheiometry K[ U02( R2DTC).1J were 
reported and on the basis of spectrophotomctric data it was wrongly suggested 
that they could lx lxst described as tho double salt U02(DTC)2 - K2U02- 
( DTC), [ 411. The crystal and molecular structure of [ (CH,)_$ ] 1 UO,DTC), 1 
rweakl the cxistcnce of a trianionic complex [42]. The configuration about 
the uranium atom is depicted in Fig. 2. The positions of the carbon atoms 0P 
the ethyl groups were not esactly defined and have been drawn with dashed 
lines. Sk sulfur atoms are arranged equatorially around the linear uranyl(V1) 

R2N-cf* 
a 
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group. They are not coplanar but staggered with respect to the plane which 
contains the uranium atom and perpendicular to the uranyl(V1) axis; an aver- 
age U-S boncl of 2.SO S and an S-U-S angle of 73.5” have been reported. 

A series of compleses of the type LJ0,(DTC)2(L) (L = neutral monodentate 
ligand) has been reported [43,44,49]. The red UO~(DTC)~(Pli_~PO) and the 
orange-red U02(DTC),(Ph,AsO) cornpluses were prepared according to the 
reaction 

!q UO~(DTC)_~]H,O + L - UO,(DTC),(L) + KDTC + H,O 

using acetone as solvent. UO,(D’I‘C),(P~I,XSO) can also be obtained by addi- 
tion of triphenykarsine oxide to a solution of U02(DTC)I(Ph,PO) in sym- 
clicl~lorocthane and this reaction appears to be immediate from spectral mea- 
surements. This may be esplaincd by assuming that the U-0AsPh3 bond is 
stronger than U-OPPli.~ as already found [45]. The crystal structures of the 
two isomorphous compleses show that the two dithiocarbamate ligands are 
chelated, in one plane, to the uranium atom through the sulfur atoms. In the 
same plane the monodentate ligand Ph,AsO or Ph,PO is coordinated through 
the osygun atom. The uranyl group is normal to the equatorial plane; the 
coordination polyhedron is thus a slightly irregular pentagonal bipyramid, 
the uranium atom having coordination number seven. The U-O bond lengths 
of the lineax uranyl(V1) group are 1.71 f. 0.03 A for U02(DTC),(Ph,_4s0) and 
1.611 2 0.03 and 1.72 t 0.03 A for UO~(DTC)~(P~i~PO)_ The U-S distances, 
averaging 2.54 A, are equal in the two molecules. The U-O (ligand) and As-0 
and P-O distances agree with the corresponding values found in the UO:- 
(NO,),(Ph_,PO), and UO,(CH~,COO)I(Ph,PO), co~nplescs [46,4’i] confirming 
the strong K contribution to the As-0 and P-O bonds (Fig. 3). 

Yellow-orzange crystals of UO,( DTC),(&le,NO) have been obtained by rearA- 
ing UO,(NO,), - 6 l-I,0 in methanol with a stoichiometric amount of potassi- 
um cliethyldithiocarbamate and then adding a slight excess of trimethylamine 
N-oxide (Me,NO) in methanol [dS]. The basic structure of U02(DTC)2- 
(Nc,NO) (Fig. 4) corresponds to that of the analogous compounds UO?( DTC),- 
(PlI,PO) and UO,(DTC),(Pli,.~~sO~. The uranium atom is in a seven coordinate 
pentagonal bipyramidal envi~-oiltl~~nt with the linear uranyl( VI) gt-oup perpen- 
dicular to the equatorial plane which contains four sulfur atoms of two car- 
bamnte groups and the oxygen atom of the ligand at the corners of an irregu- 
lar pentagon. The neutral ligand approaches the central atom more closely 
(2.14 ;I) than in UO,(DTC),(Ph,,PO) (2.34 A) and UOI(D’I’C),(Ph,_AsO) (2.30 
A). The As-0 and P-0 bonds are practically double bond in character 
whereas the N-O bond in Me,NO is a single bond. This suggests a large donor 
ability of the ligand i\IezNO f59 J. The two U-O uranyl bond lengths (1.54 A 
and 1.S6 A) are longer than those found in the arsine and phosphine aside 
derivatives (mean value 1.70 ;'i ) and the v,O-U-Q is consequently lower 
(U0,(D’I’C)2(CH,),N0, S92 cm-‘; U02(D’rC)2(PhJAsO), 901 cm-‘; UO,- 
fD'I'C),fPh.,PO); 910,905 cm-'). 

The stretching modes of the cliettiylclit~iio~~baniate groups of the com- 
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Fig. 3. A perspective view of the complex U02(DTC),(Ph3AsO) or UOl( DTC)2(Ph3PO). 

pleses KUO,(DTC),I-I,O, UO,(DTC),(Ph,PO) and UOZ(DTC),(Ph_,AsO), in 
CHCIJ solution have been found at 1005,995 and 992 cm-’ respectively for 
the vC-S and at 1455,14SO and 14’79 cm-’ respectively for the C-N bond. 
The electronic spectra of these compounds are characterized by two intense 
bands deriving from electronic transitions Iocalized in the uranyl system, and 
corresponding to the charge transfer transitions from the equatorial Iigands 
to the uranium atoms. These cover the extremely weak band centered around 
24 kK. UO1(DTC),(Ph,PO) and U0,(DTC)2(Ph,A~sO) show two band tnasimn 
or shoulders whose energy difference is about 6kK. It was suggested 1431, on 

Fig. 4. The motecular structure of UO~(DTC)~(C~~~3NO. 
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the basis of comparison with Ni(DTC)2 and Co(DTC), whose charge-transfer 
electronic transitions differ in energy by about 6kK [3,53,54], that the two 
electronic transitiotls arise from two molecular orbitals mainly localized on 
the sulfur atoms to the same empty molecular orbital of uranium, thus corre- 
sponding to nfligand) -+ ~(urallium) transitions. The chemical behavior of 
selenium in transition metal diethyldiselenocarbamate complexes is similar to 
that of sulfur 1501 and this has also been found recently for actinides. Crys- 
talline precipitates of UO,(DSeC)I(Ph,PO) and UO,(DSeC),(Ph,AsO) (HDSeC 
= diethyldithiocarbamic acid) were obtained by reaction of UO,(NO,)l * 
6 Hz0 in methanol with the required amounts of potassium diethyldiseleno- 
carbamate in water-diosan solution [51] and subsequent addition of methan- 
olic solution of the appropriate monodentate ligand [ 521. The crystal and 
molecular structure of UO,(DSeC)l(Ph,AsO) was determined by X-ray analy- 
sis (Fig. 5). Each uranium atom is in a pentagonal bipyramid environment. 
The linear uranyl(V1) group is perpendicular to the equatorial plane in which 
the four selenium atoms of the two anionic groups and the oxygen atom of 
the monodentate ligand occupy the corners of an irregular pentagon. The 
uranyl U-O distances are 1.76 and 1.72 A (the O-U-O angle is 170’). Not- 
able dimensional features are the four U-Se bond lengths (mean value = 
2.9s A) and the relatively short U-O (monodentate ligand) distance of 2.25 A. 

Uranyl(V1) diethyldithio- and diselenocarbamate compleses with hexa- 
~~~etl~ylphospl~oramide (HMPA) have been reported [ 56 J_ Molecular weight 
and conductivity measurements carried out in solution of sym-dichloro- 
ethane indicate that the comples U02(DTC)2HMPA) is a slightly dissociated 
monomeric species. The coordination geometry is expected to be similar to 
that of UOz(DTC)z(Ph_,PO) [43]. The compound UO,(DSeC),(HMPA) was 
found to behave as a non-electrolyte compound, and a structure similar to 
that of UO~(DTC)(I-~~IP~~) has been proposed. An analogous structure has 
been suggested for the complexes UO,(DSeC)z(Ph,PO), U0,(DSeC),(Me3N0) 
and UOI(DTC)(Me,NO) based on elemental analysis, molecular weight and 
conductivity data; these compleses are monomeric and scarcely dissociated. 

Fig. 5. The motcculru- structure of UO~(~SeC)~(Ph~AsO). 



TABLE 1 

Cryslallographic dala for uranyl(V1) dilhio- and disclcnoc;trbnmaIc complcxcs 

Compound Space group o(n) O(J~) C(‘I) a(“) % Coord. Ref. 
110. 

t(~W~NlWWD’W~l Pm2 1 orthoron~l~ic 19.03 17.21 9.41 4 6 42 
U02(DTC)2(Ph3PO) P2 1112 monoclinic 18.32 9.16 20.97 111.39 4 5 43 
U02(DTC)~(PhJAs0) 1>2 t/n monoclinic 18.28 9.13 20395 111.18 4 5 43 
U02(DTC)2(Me3NO) P212t2t orthoromt~ic 13.82 11.3G 14.dO 4 5 48 
U02(DSeC)z(Ph3tZs0) 1’2 t//t monoclinic 18.59 9.14 21.33 111.52 4 5 52 

- 
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TABLE 2 

Salient bond distances (h) and angles (“) of uranyl(V1) dithio- and diselenocarbnmatc com- 
plcses 

Comples u-o U-O Average S-U-S(Se-U-Se) Ref. 
apical equa- U-S chelate angle 
bond torial (U-Se) 
length length equatorial 

bond length 

E(CH,),Nl [UOtWTCkf 1.72 2.80 73.5 42 
1.69 

U02(DTCf~(Ph3AsOf 1.71 2.30 2.85 68.3 43 
l.il 

UOz(DTC)2(Ph3PO) 1.67 2.31 2.&l 61.9 43 
1.i2 

UOz(DTC)~(AIc3NO) 1.84 2.14 2.S6 62 4s 
1.86 

U02(DScC)z(Ph3PO) 1.76 2.25 2.9s 64.5 52 
i-77 

An appreciable conductivity was found for U0,(DSeC)z(Me3NO); however it 
was not comparable with the values encountered for uni-univalent electrolytes_ 
In the iR spectra the antisymmetric stretch v,O-U-O for UO,(DSeC)I(Ph,AsO) 
is lower than that found for the corresponding phosphine oxide derivative 
(Table 3) thus confirming a systematic trend observed for many1 complexes 
with Ph,PO or Ph,AsO [43,47,57,58]. 

Values of the Y,O-U-O frequency of different complexes were reIated to 

TABLE 3 

Infrared (cm-’ ) and conductivity data for uranyl(VI) dithio- and diselenocarbamates 

Comples vso-u-o vx-0 
(X = P, As, N) 

Ref. 

K[U02(DTC)3] -Hz0 55 880,860 4 3 
UOz(DTC)>(Ph3PO) 4 910,905 1130,1117 (P-O) 43 
U02(DTC),(Ph3AsO) 6 901 880sh (As--O: 43 
U02(DTC)2(Me3NO) 3.4 892 948,939 (N--c Ir 4s 
UO~(DTC)~(H~~PA) - 900 1065 (P-O) 56,162 
UOr(DSeC)z(PhxPO) 4.6 905 1130,1120 (P-O. 162 
U02(DSeC)z(Ph3AsO) 3.0 899 872 (As-O) 162 
UOr(DSeC)z(Me3NO) 25.4 897 950,941 (N-O)b 162 
U02(DSeC)2(HMPA) - 902 1095 (N-O) 56 

D Molar conductivity (cm2 ohm-’ mol-’ ) of 10m3 M solutions in nitromethat at 25°C. 
b The bands should be due to the C-N and N-O bond stretching modes respectively 163 1; 
in the complexes such an assignment is uncertain. 
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the donor ability of the ligands coordinated to the uranium by an oxygen 
atom [59], showing that the larger the ligand donation, the lower the stretch- 
ing frequency of the uranyl group. On this basis the arsine oxide is a better 
donor than the phosphine oxide, a finding which is supported by the stronger 
U-O(ligand) bond observed in the Ph,AsO compIeses [60]. 

The change in position of the v,O--U-O stretching frequency with ligands 
is probably due to vibrational and electronic interactions. Vibrational interac- 
tions [155,156] arise from the coupling of the antisymmetric stretch with 
bending vibrations of the bond to the equatorial ligands. Electronic vibra- 
tions arise from an electronic transfer to uranyl ion from the equatorial 
ligands; such a transfer depends on the donor ability of the ligand. It has been 
found [157] that for a series of complexes formulated as U0,(L),(N0.,)2 (L = 
neutral monodentate ligand) v,O-U-O moved to lower frequencies along a 
series of ligands following the spectrochemical series in order of increasing 
field. From other results [ 15Sf it appears that correIation between the uranyl 
v3 stretching and the position of a given ligand within the spectrochemical 
series is doubtful; the shift of vJO-U-O does not always occur. Furthermore 
UOI(DSeC),(Me,NO) cshibits ~I,O-U--O at S97 cm-‘. A shift to lower frequ- 
encies can also be observed in the spectra of UO,(DTC),(Me,NO) and UO,- 
(NO_,).,(Me,NO) when compared with those of the corresponcling Ph,PO and 
Ph,AsO analogues [43,58]. 

Therefore according to the literature [ 59 1, a larger donor ability of Me,NO 
has been found with respect to both the phosphine and arsine oxide, It may 
also be noted that VP-O and v&-O occur at considerably lower frequencies 
on coordination (the free ligand values are 1195 cm-’ [ 611 and SSO cm-’ [ 623 
respectively) while the vN-0 and K-N (free ligand, 937 and 945 cm-’ [ 631) 
are generally displaced towards higher frequencies [ 641. 

(ii) Actinide(V) dithiocarbamate complexes 

Two protoactinium(V) diethyldithioca.rbamate complexes have been pre- 
pared by the reaction of protoactinium(V) chloride or bromide and sodium 
dietllylditl~ioc~bamate in methylene chloride [65]. The complexes are of the 
type Pa(DTC)AX (X = Cl, Br) and it is significant to note that the complex Pa- 
(DTC); has not been prepared; the protoactinium(V) ionic radius (0.90 K) 
appears to be too small to form a pentakis-complex. The complexes Pa- 
(DTC),X are air sensitive, but stable in anhydrous oxygen-free media. A reac- 
tion occurs when they are dissolved in ethanol with the probable formation of 
an alkoxide species, for example the dark-red Pa(DTC),Cl gives a pale-yellow 
solid which shows bands characteristic of ethoxy groups in the 1000-1100 
cm-’ region in its IR spectrum. 

The C=N frequencies for Pa(DTC).Cl and Pa(DTC).Br are considerably 
lower than the corresponding niobium and tantalum(V) complexes (Table 4). 
This has been explained by assuming that the niobium(V) and tantalum(V) 
complexes can be formulated as [M(DTC)4] ‘X- and then the positive charge 
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IR data (cm-‘) For M(DTC)4X complexes (&:I = Nb(V), Tn(V) and Pa(V); X = Cl- and Br-) 
l651 

-~ 
Ta(DTC)4Ci 
Ta( DTC)4Br 
Pa(DTC)_,Cl 
F%I(DTC)~B~ 
Nb(DTC)$I 
Nb(DTC)sBr 

1525 1001.1015 362 
1522 998,1016 364 
14S5 1000 35’7 31-i 
1.155 1000 35s 
1520 996,1012 362 
1520 99s, 1012 362 

on the cation would facilitate the electron movement from the N(C2H;), 
group towards the metal thus increasing the strength of the C=N bond. In addi- 
tion a medium intensity band at 317 cm-‘, associated with a metal-chlorine 
stretching vibration, has been observed in the case of Pa(DTC),Cl. 

(iii) Actiuide(IV) dithio- and disclenocarbanzate conzpleses 

QLIadr~valet~t tl~o~-iL~m(iV), uraIlium(IV), neptunium and plLlto~liunl(IV) 
diethylditl~iocarbamates are obtained by reaction of anhydrous sodium or 
lithium diethyldithiocarbamate with anhydrous actinide tetrachloride 
(cs,Pucl,. or PUCI, - 3 DMSO in the case of plutonium [66]) or with the hcsa- 
chloride [(C2HT)JI?!]~[_~11C1,,] (An = Th(IV), U(IV), Np(IV), Pu(IV)) in 
ethanol. Benzene is the best solvent for both extraction and recrystallisation 
and large well formed pi&s can be obtained on slow evaporation of the sol- 
vent (Table 5). The compleses can also be prepared in CH,Cl, or CHCI,, where 
no osidation occurs, but the reaction is much slower. The preparation of Pa- 
(DTC),, under similar conditions, was unsuceesful [ 661; I-Iowever on treating 
Pa& with sodium diethyldithiocarbamate in ethanol the red coloration ini- 
tially observed on the surface of PaCl, rapidly disappears and there can be iso- 

TABLE 5 

Reaction conditions for the preparation of actinide(IV) diethyldithiocarbnmates [ 66,67 ] 

Complcs 

Th( DTC)A 
f-J(DTC),, 

Np(DTC)a 

Pu(DTC)4 

Starting material 

[(Cz%)~h’f[ThClt,l 
I(C~f-bM’Jl[U%l; 
UC14 
[(CIHS)~NI~NPC~J 
NPCI, 

1. (&MS )JN 1fpucI6 f 

Cs2PuCi6; PuCIJ - D&IS0 

Mixing time (h) 

16 
0.5 
0.3 
0.5 
0.2 

16 

Color 

Pale yellow 
Yellow 

Orange-red 

Black 
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lated from the solution a yellow solid which has a different powder pattern 
from the other quadrivalent actinide diethyldithiocarbamate compleses and 
which shows an estra band at 1040 cm-’ in the IR spectrum. 

The An( DTC), compleses have essentially the same IR spectra, (Table 6) 
with a strong band at about 1490 cm -I. If the ligands are nitrogen bonded in 
these compleses, this peak would be espected at much lower frequency, so 
they have the ligands bonded to the metal exclusively through sulfur in four 
equivalent four-atom &elate rings. 

U(DTC)J is monomeric in benzene solution [66,68] and it was suggested 
the uranium atom is eight coordinated through the sulfur atoms of the ligands. 
The crystal and molecular structure of Th(DTC), has been investigated 
[69,70]. The crystals arc monoclinic, space group C2/c and z = 4 with Q = 
19.16, b = 11.74, c = 16.11 rf.,j3 = 116.42”. The arrangement of the eight 
sulfur atoms around the thorium atom was previously described as interme- 
diate between the ideal dodecahedron and square antiprism. 

A modified description of the coordination polyhedron for this compound 
based on the criteria [ 71 JSO] for distinguishing between dodecaheclral and 
square antiprismatic coordination, was subsequently reported [ 1791. On the 
basis of these criteria the arrangement of the eight sulfur atoms around the 
thorium atom is close to that of a dodecahedron. The coordination polyhe- 
dron viewed down the crystallographic two-fold axis is shown below. The 
angle of intersection of the plane containing Th, SI, S,, ST and Ss and Th, S3, 
S,, S, and S, is 89.88”. very close to that required for an idealized dodecahc- 

i 

dron (90’) and differs considerably from that of an idealized square antiprism 
(77.4”) [180]. The distances of the ligand atoms from their respective planes 
yield average vaIues of 0.10 and 0.06 t! for the atoms of the type A and B 
respectively. The chelation is along the r?z dodecahedral edges as observed for 
Ti(DTC), [181], the shape of the dodecahedron being specified by the aver- 
age parameters: Th--Sn = 2.876 A, Th-Sa = 2.865 K, Th-S,,: Th-S, = 1.00, 
9* = 34.8”, QB = 82.5”. X-ray powder patterns for quadrivalent thorium, ura- 
nium, neptunium and plutonium diethyldithiocarbamates show that they 
have very similar, if not identical structures and that the unitcell volumes 
decrease with the increasing atomic number of the central metal atom in 
accordance with the actinide contraction (Table 7). The fact that no struc- 
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TABLE G 

IR spectra (cm-’ ) of actinidc( IV) th io. dithio and disel~nocnrbnmate complescs 

Compounda CoIor C-IS M-X RF_?T_ 

Th(DMTOC)., 

Th( I)TOC )J 

U( DTOC)‘$ 

Th(DMTC)., 
Th( DTC)J 

U( D’I’C 1-1 
Th( DSeC)~ 
U( D&C)+ 
Np( DTC)4 

Prif DTC)4 

Pale yellow 1540s 410s (S?), .ISOm (O?) 52 
(530m) 

Pale yellow 1515s 39ss (S), -155s (0) 72 

(525s) 
Yello\v-11rown 1515-1520s 395s (S), 455s (0) 72 

(525s) 
Pale yellow 1495s 365s (410s) if2 
Pale yellow I-lS6s 360s (402s) 66, 67, ‘72 

Yellow 149OS 351s 66,6T, 72 
YeIlow 1495s 355s 72 
Brown 1-165s 350s 72 

Orange-!-cd 1490s - 6T 

Black 14s5s - 67 

n DMTC- = dimethyldithiocn!-bnlnnte ion; DTC- = diethyldithiocarbamotc ion: DRITOC- = 

dimethylthiocarhamatc ion; DTOC- = dieth~lthiocarbalnate ion; D&C- = di~thyldiwleno- 

carbamate ion. 

tural change is observed in the actinide complexes with possibly p--p configu- 
rations is consistent with the decreasing role of metal-ligand electronic effect. 

The An(DTC), complexes react with osygcn and water. Th(DTC), can be 

stored in an inert atxnosphere without decomposition, but U(DTC)4, Np(DTC), 
and Pu(DTC), decompose slowly to form products which are insoluble in 
benzene or chloroform. Th( DTC), solutions in CHCl, are stable for days in 
the absence of oxygen but decomposition products precipitate from U(DTC), 
solutions within 1 day. 

Many of the basic features of the hlossbauer effect in 237Np are now well 
nxnderstood [ 10,177]. The different valence states of neptunium are easily 
distinguished by their isomer shifts, and magnetic phenomena can be studied 
from the hyperfinc splitting. h’lossbauer studies for Np(DTC)_, have been 
carried out but the absence of data for other neptunium chelates does not 
allow any correlation to be drawn. 

Fig_ 6. The coordination polyhedron of Th(DTC)q: view down the crystallographic two- 
fold axis. 



TABLE 7 

Unit-cd1 dimensions for the qundrivalent actinidr(IV) rliethyltfithiocnr~,amates [66] 

Complex Unit-cell Lattice parameters (;\ f Cell 
volume (:\‘) 

u b c PC 1 

Th ( DTC 14 Monoclinic 19.16 11.7-l 16.11 116.12 3245.4 
U( OTC )A idonoclinic 19.04 11.67 16.03 116.40 3190.4 
Np( DTC).t iklonoclinic 19.01 11.6-I 16.00 116.49 31 (is..5 
Pu(DTC).g ~llot~oclinic I Is.96 11.61 15.92 116.50 3136.3 

U(salen)(DTC), (H&en = N,N’-ethylene-his-salicylidenealdimine) was ob- 
tained by adding Tl(DTC) to a solution of U(salen)(Cl), - 2 THF in 2 : 1 molar 
ratio using tctrahydrofuran as solvent 1751. Ry reacting Th(salen)(Cl): - 2 THF 
with Tl(DTC) a white product which was analysed for Th(salen)(DTC), was ob- 
tained 1751. 

The insertion of CS, (X = 0, S, Se) and of COS into the metal-nitrogen 
bond of thoriumf IV) and uranium( IV) dialkylamides An(NR,), has been 
studied [72]. A violent exothermic reaction occurs when CS, or COS is intro- 
duced into a solution of An(NR,), (R = CH,, C?H,, iso-butyl) in n-hesane. 
Thorium diethylcarbamate and diethylosothiocarbamate are the most stable 
with respect to decomposition on standing at room temperature and in the 
case of the uranium( IV) compounds, oxidation of the products resulting from 
the insertion of CO, or COS occurs. The IR spectra of the diethylditbiocarba- 
mates produced by the insertion reaction are identical with those compounds 
produced by other methods [66,67]. ‘1-I NMR spectra of An(DTC), show that 
the two ethyl groups of the l&and are equivalent [67,72], a singlet being ob- 
served for the dimethyl derivatives and a triplet and a quartet for the diethyl 
ones. Howc~er in the spectrum of thorium(IV) diethylosothiocarbamate in 
CDCI,, csing a 60 SIHz instrument, an equal intensity splitting of the triplet 
and quartet oxurred. In the latter case this gives rise to a quintet tnade up of 
two overlapping quartets. From these observations it appears that the chemi- 
cal shift at 60 MHz in CDCIS solution is equal to the coupling constant. At 
100 MHz in CDC13 the quartet was split into two quartets of equal intensity 
centered at r = 6.48, but the two triplets overlapped to form a quartet 
centered at SS5 7. In C,,D,, solution at 60 MHz the quartet is also split in the 
same way. This behavior indicates that rotation about the R,N-C bond is 
slow compared with the NMR time scale as had been observed with COS inser- 
tion products of silylamines [73]. The resolution of the spectrum becomes 
worse as the CDCl, solution is cooled to -50°C and at 50°C there is little 
change in the spectrum. 

Recently it has been shown that it is possible to prepare dial~yldithiocarba- 
mate complexes of uranium(W) starting from uranium(IV) tetrachloride, 



dialkylamide and CS, [ 1591 without the preliminary synthesis of tetrakys- 
(dialkylamiclo)uranium(IV) [72 1. In hydrocarbon solvents the formation of 
U( DTC), probably occurs via the substitution reaction of the chlorine ligands 
of UCl, by the DTC- anion formed in the preliminary fast reaction of Et$?H 
and CS,. 

2 Et,NH + CS: - [NH?EL] [ NEtZCS2] 

4[NH,Et:] [NEt&%] + UCl, - 4[ NHIEtZ]C1 + U(S&NEt,), 

The first strongly esothermic reaction was followed spectroscopically in tolu- 
ene and the C-S stretching vibration of CSI at 2160 cm-’ was found to dis- 
appear a few minutes after the mising of the reagent and was replaced hy the 
typical bands of the dithiocarbamate group. No evidence has been found of 
the U-NR, group being formed and inserting CSI. Cryoscopic molecular 
weight measurements confirm the monomeric nature of U(DTC), in solution 
at the freezing temperature of benzene_ Dry osygen in toluene oxidizes 
U(DTC), at room temperature and, after recrystallization from tetrahydro- 
furan, the reaction product was characterized as the tetrahydrofuran aclduct 
UO,(DTC), - 1.5 THF. The absorption of diosygen was found to be almost 
exactly 1 mol per uranium. The presence of coordinated tetrahydrofuran was 
indicated by the two bands at 1010 and 860 cm -’ in the IR spectrum attri- 
butable to the asymmetric and symmetric C-O stretching vibrations, respcc- 
tively [ 1601. 

Carbon disulfide inserts into the uranium(IV)-nitrogen amidic bond of 
the complex CpZU[N(C,H,),], (Cp = q’C,Hi) to give the corresponding 
dithiocarbamate CplU(DTC),. This was verified by its mass spectrum which 
shows the highest peak at ~~z/e 664 and by ‘I-I NMR spectrum [ 161]_ 

(iu) Actirzide(IIl) ditlziocarbmnate complexes 
Neutral trivalent Pu(DTC)> was obtained by reaction between anhydrous 

plutonium tribromide and the stoicheiometric amount of sodium diethyl- 
dithiocarbamate in anhydrous ethanol; the presence of water causes the preci- 
pitation of basic salts and oxygen must be excluded to prevent oxidation to 
Pu(DTC), 169,741. Pu(DTC), is soluble in CM&N and can be recrystallized 
from anhydrous CH$3,. It is insoluble in benzene which may therefore be 
used for the separation of Pu(DTC), from small amounts of the very soluble 
Pu(DTC); formed during the precipitation. 

Attempts to prepare U(DTC)3 and Np(DTC), have been unsuccessful; reac- 
tions involving neptunium trichloride or tribromide yield initially dark brown 
solutions of presumably trivalent complexes which are rapidly oxidized even 
in the absence of osygen and deposit red crystals of Np(DTC),. Uranium(II1) 
is even less stable than neptunium(II1) and attemps to prepare U(DTC)3 have 
resulted only in the formation of U(DTC)_, even with methylene dichloride as 
the solvent 1743. By treating the ~ris~iethyldithiocarbamate complexes with 
sodium diethyldithiocarbamate and tetraethylammonium bromide in 1 : 1 : 1 



ratio in anhydrous alcohol, complexes of the type (NEt,)[ An( DTC),] (An = 
%p( III) and Pu( III)) have been obtairwd 1741. The pure product has been ob- 
tained by recrystallisation from methyl oyanide-ether or from methylene 
dichloride. These tctrakis compfeses are soluble in anhyclrous methyl cyanide 
and mcthylenc dichloricle, Icss soluble in alcohol and insoiubic in ether, car- 
bond tet.rachloride and isapcntane. 

The IR spectra of Pu(DTC), and [An(D’I’C)~]- (An = Np(III), Pu(II1)) are 
very sit~lilru- to those reported [Jreviously for other diethyldithiocarbamate 
compleses. The C--N stretching vibration occurs at 14SO cm-’ in the [An- 
(DTC);]- complexes. 

Despite the close similarity between the ionic radii of Pu3+ (1.00 A) and 
Nd”’ (0.995 .A) X-ray powder diffraction results indicate Pu(DTC), and Xcl- 
(DTC)., possess a different crystal form. The tctrakis-dietl~ylclitl~io~arbat~~a~e 
oomplcses ‘are isostructural and possess monoclinic symmetry, space group 
P2,fc (C$,) with % = 4 in a unit. cell of climensions a = lf.GS, b = 20.49, c = 
19.14 .&; fl= 106.5” .The neptunium atom is coordinated to eight sulfur atoms 
(see Fig. 7) and the angle of intersection of the planes containing Np, S,, 
S2, S7 and S, and Np, S3, S,, S, and S, is 90.03”; the distances of the 
ligand atoms from their respective planes yield an average distance of 0.09 A ; 
thus on the basis of the dihedral angle and the average distances of the atoms 
from their respective planes the earlier description of the poly~~edrot~ (Fig. 7) 
as a grossly distorted dodecahedron is misleading. The dodecahedron can be 
described by two perpendicular trapezoids and one of them is sufficiently 

Chelation in NEta NP(DTC!), 
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rotated about an axis perpendicular to it to bring one sulfur atom close to the 
plane of the second trapezoid. The chelation in NEt,Np( DTC), [ 1791 is along 
the t7z dodecahedral WI edge, the shape of the distorted dodecahedron being 
specified by the average parameters Np-S = 2SS5 A, Np-S, = 2.S44 A, 
Np-S,, : Np-S, = 1.01, ox, = 36-l”, QR = 79.6” [179]. The mean Np-S 
distance 12.57 A) compxes favorably with the values of 2.87 and 2.50 A 
found for Th(DTC)., [69,70] and [ (CH,),NJ [ UO,(DTC),] [42]. 

The reaction of CS, with a variety of nucIeophiIes X- gives rise to oom- 
pounds known as dithioacicls. The deprotonated forms of these compounds 

interact strongly with metal ions to form compounds where both the sulfur 
atoms are bound to the metal ion. The most versatile reaction for the prepara- 
tion of both dithioaliphatic and dithioaromatic acids is the addition of C’S, 
to a Grignard reagent [ 5,761. 

(i) Actirzide( VI) dithiocarbosyiate complexes 

Two monomeric compleses of formula UOI(DTA),( L) and UO,( DB_-I),( L) 
(HDTA = dithioaoetk acid, HDBA = dithiobenzoic acid; L = Ph ,PO and 
Ph,AsO) have been synthesised and characteriscd [ 57 ]_ They have been pre- 
pared using the following reactions 

CIijOki 
UO>(NO,), - 6 Hz0 + 2 KDTA e UO:(D’rX)I + 2 IWO, + 6 H,O 

UO,(DTA): + L - U02(DTt\)2(L) 

uo~(Cf-f,Coo)~ - 2 H,O + 2 HDBA + L - U02(DBA),(L) + 2 Hz0 + 

+ 2 CH,COOH 

and for UO,(DBA),(PII,PO) a complete S-ray structural dotermination has 
been carried out (Table S). The crystals are monoclinic, space group P2,/c 
with Q = 16.752, b = 11.001, c = 15.6S7 A; f3 = 113O29’; z = 4. The X-ray ana- 

lysis shows that the geometry of the coordination polyhedron in the molecule 
is a slightly irregular pentagonal bipyramid. Two dithioacstate groups are 
chelated to the central atom. The four sulfur atoms lie in the equatorial plane 
and the fifth atom is the osygen of the triphenylphosphine oxide. The uranyl 
group is linear and normal to the plane. _ All distances and angles in the mole- 
cule are comparable with the corresponding ones found in U02(DTC)2- 

(Ph,PO) and UO,(DTC),(Ph,AsO) showing that the substitution of N(C?H i)2 
by a methyl group in the chelated ligands has no detectable influence on the 
bonding of the coordinated atoms. (Fig. S). The U-S distances (mean 2.%1(l) 
A) are larger by ca. 0.05 A than the U-S distance (mean 2.80 ,I) in [(CH,),NJ- 
UOz(DTC)_3] [42]. There is no evidence for the formation of monomeric six 
or bridging five coordinate compleses. FOP ~lranyl~V1) acetate compounds, 





instead, monomeric and dimeric compleses can be obtained by varying the 
solvent and the reaction conditions [47,56,162]. The monomeric compleses 
of the type U0,(CH,COO)2(L)2 (L = neutral monodentate l&and) are hesa- 
coordinated species in the equatorial plane of the uranyl( VI) group as UO,- 
(NO,),(Ph.,PO), and UO,(NO,),(P~I~ASO)~ 1711. The dimer [ UO,(CH,COO)- 
(Ph,PO)f 2 has two UO~(C~~_~COO)~(Ph.~PO) molecules related by a center of 

TABLE 9 

Physieo-c~tc,lnicnl data I‘vr dithivacctatc and dithiobcnxoate uranyI(V1) complexes and 
their cvn~parison with uranyi( VI) :tcetnte :tnalvgs 

Complvs UJO-u-o lG-0 Color ReT. 
(X = P, As) 

UOz(DTA)(PluPO) ‘7” 918 1132,11?.0 OrNtge- 37 
reel 

UOl( DBA)( PhJPO) 9b 920 1137.1123 Red 57 
uo+.x1.~coo)~- 11.9 b ; 2 .-I c 912,905 1150,1132 Grecrt- 47 

(I’hJPO)2 3.2 yellow 
[uo,(c~I.,coo),- ~~‘1 b.c*; 2.1 c 926,920 1138.1120 Light 47 

(PIl3PO)j, 2.5 d pAlOW 

UO,( DTA)(PhpisO) 11 b 910 SS2 Orangc- 57 
pS?llOW 

UO~(DB_~)(P~I~~~O) lr?b 912 %x2, 858 Red 57 
uo~(cI-I.~coo)~- 32.7 b, 11.9~ 595 871, 867 Grcen- -I 7 

(I"h_~ASO)~ lS.S~I yellow 
[uo~(cI-I~coo)~- 12.4 b, 8.1 e 921,910 560 Yellow 47 

(Ph.~ilSO) I:! 11.3” 

Sg Moiar cvttductnnee values ;tt 25°C in ohm-’ cm2 m&‘_ b In nitromethat~e. c In SYW- 
ciiehloroethnnc. tf In s~~rz-tiicliloromett~anc. c* The compound undergoes slow dccompos~tion 
in this solvent. 



symmetry and bridged by acetate groups so that the resulting coordination 
number of the uranium is seven 1471. 

Conductivity measurements show that the dithiocarbosylate compleses 
are slightly dissociated in 1~itroInet~iane and practically undissociated in syln- 
dichloroethane. The complexes are essentially monomeric in this solvent; how- 
ever values lower than the theoretical were observed at 37”C, indicating that 
neutral ligands had been partially lost. This occurred to a greater r-lstent for 
the Ph,PO compleses than for the Ph,AsO analogs. The two charge transfer 
hands expected for (sulftlr)--f(tlranirutl) transitions are found at 25 and 30.5 
kK and 26.3 and 31.3 kK respectively in the electronic spectra of U01(DTA)2- 
(Ph,PO) and U02(DTA)2( Ph.,_AsO). The very intense band centered around 
33.2 kK is ascribed to the dithioacetate groups. The first charge-transfer band 
for UOI(DB=\)I(I’h_,l’O) is found at 28 kK and that for the arsine aside ana- 
log at 27-S kK; however the second band of these compleses is apparently 
tnasked by the absorption due to the dithiobenzoate groups (32.2 kK), in the 
order of increasing frequencies: DTC- < DTA- < D&L\- (Table 9). 

D. ACTINIDE(VI) THIOETHER COI\IPLF:SES 

The formation of coordinate bonds of the type R. R,S-UOj’ with the typic- 

ally-soft sulfur atom is not to be expected because the uranyl(V1) ion is a 
hard Lewis acid [77]. Although many attempts to isolate thioether-uranyl- 
(VI) compleses have been unsuccessful, one esample is reported 1783 in 
which a thioetheric sulfur atom is clirectly coordinated to uranium(VI). 

The comples cis-clichloro tneso-bis-(t~~~~zs-2-l~ydrosycyclol~esyl)sulpl~ide 
diosouranium(V1) (UO,(OSO)(Cl)l) [75], is obtained by reaction of 
UOJC12 - 3 HI0 in ethyl acetate with an escess of the ligand bis-(2-hydrosy- 
cyclohexyl)sulphide (0) in the same solvent at room temperature. The 
ligand (OSO) (Fig. 9) synthesized by reaction (7O”C, 1 h) of an escess of diso- 
dium sulphide with cyclohesene oxide in alcoholic media, is, on the basis of 
IR and ‘E-1 NMR spectra, a misture of nzeso and raeemic stereoisomers in the 
t,nns-equatorial conformation and does not contain the cis form with equa- 
torial hydrosy-groups for which significant differences should be expected 
for the H, and H: proton signals. The crystal structure of the comples U02- 
(OSO)(Cl), containing the ligand in the wwso form has been determined [7S] 
(Fig. 10). The crystals are triclinic, space group PiI with a = 11.274, B = 1O.1731 
c = 9.367 ji, Q: = 111.41”, p = 97.46” and y = 111.29O with 2 = 2, The uranium 
atom is seven coordinate with the uranyl(V1) group perpendicular to the cqua- 
torial plane. The organic ligand is terdentate, being coordinated to uranium 
through the two oxygen and the sulfur atoms. The uranyl(V1) U-O dist- 
ances are normal_ The two independent U-Cl distances (2.67 A) are consis- 
tent with the sum of the crystal radii (2.68 A) 1791 and with the values found 
in other uranyl(V1) compounds [SO-821, but they are significantly greater 
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than those found in compounds of ~~ral~itl~n(IV) [S3,S4]. The U-O (Iigand) 
distnnccs are chemically equivalent and are eomp~arable with the values usually 
found for W-O(aIcohol) bonds [SS,SS]. The U-S distance (2.94 .L’\), is ca. 
0.1 A longer than U-S bonds in dithioacetate or -carbamatu uranyl(V1) com- 
pieses 143,57 ]_ 

The difference of 0.4 A between U-S(tIlioet~ler) and U-Ofether) bond 
distance (2.55 A) [ 1421 compares well with the difference in covalent radii of 
oxygen and sulfur. Because of the almost symmetrical disposition assumed 
by the ligand the entire molecule can be considered to approsimate to C, 
symmetry. The shift of 0.4 ppn in the ‘E-I NiSII% spectrum observed on coordi- 
nation for both pe3ks relative to the protons of the carbon atoms in positions 
rx to the oxygen and sulfur atoms respectively, indicate a comparable bond- 
ing interaction between uranium and the osygen and sulfur atoms. The strong 
bands at 264, 251 and 223 cm-’ in the IR spectrum of the complex have not 
txwn nssigncd but they are certainly associated with the O-U-O bending 
and the U-Cl asymmetric and symmetric stretching vibrations in a cis configu- 
ration _ 

E. 1,l :\ND 1,2 DI’I‘llIOLATE LIGANDS 

Organic compounds of the type H,CXY react with CSI in the presence of 
a base to give either a dithioacid or a l,f-ethylene dithiolate according to the 
mechanism [ 32,164] 

The formation of l,l-ethylene dithioiates depends on the base used and the 



electron withdrawing character of the X and Y groups [ 5). The maleondini- 
trilcthiol ligand 

NC SH 
‘C’ 

i 
t?,mnt 

NC’ ‘SH 

has the same formula as the ligand 

NC SH 
‘C=C’ 

MC’ --SIJ 

H,lmnt 

The first ligand forms a five membered chelate ring while the seconcl forms a 
four membered chelate ring. The strength of the metal-sulfur bond is of 
particular importance in complexes of the dithiolate ligands and is intimately 
related to the existence of any metal-ligand n-bonding which occurs upon 
chelatc ring formation. The molecular orbitals of the 1 ,l and 1,2-dithiolatc 
I&and systems, which are perpendicular to the principal plane of the ligands, 
‘are delocalized over the atoms which comprise the chelating part of the ligands 
and can overlap with the metal orbitals of corresponding symmetry. In general 
the more substantial metal-ligand x-bonding is found to occur in compleses 
of the 1,Zdithiolates as evidenced by the consistently shorter metal-sulfur 
bond length observed in their structures. The many facile and reversible elcc- 
tron transfer reactions which these complexes undergo and other chemical 
and physical studies support the notion of electron delocalization in the x-sys- 
tem of these complexes. The rr-bonding in compleses containing the l,l-cli- 
thiolato ligancl systems appears to be considerably less important. The four 
membered chelatc rings are highly strained, and the compleses are, in general, 
unable to undergo the easy and reversible osidation and reduction reactions 
characteristic of the l,%dithiolat.e complexes [ 71. 

(i) Acti,zide(VI) and acti,zide(IV) ditlziolate complexes 

hlany attempts have been made to prepare uranium(IV) compleses with 
thiols [66,8’7]. Uranium{ IV) tetrachloride reacts with sodium cis-1 ,%dicyano- 
ethylene-l,%dithiolate in a number of solvents but the ultimate result is the 
decomposition of the ligand. Reaction also occurs between toluene-3,4-dithiol 
and uranium( IV) tetrachloricle in the presence of ammonia and for lithium 
metal, but no pure compound has been isolated [66]. 

Reaction of UCl, and sodium dithiolates in anhydrous osygen-free metha- 
nol and under a nitrogen atmosphere also gives no pure compound but on 
addition of (C,.H,),AsCl to this solution, a crystalline solid can be obtained 
which can be recrystallized from CHlC12/(CI13)2C0. It is sparingly soluble in 
CH2C12, but very soluble in polar solvents such as DMSO, DMF or pyridine. 
Analytical and conductivity data agree with the formation of a 4 : 1 electrol- 
yte of the type: [(C,,r-r,),~~s],[U(S,C,(CN),),] (ref. 57). The magnetic mo- 



nlent (2.62 Bhl) agrees with the values found for other uranium(IV) com- 
pleses. The complcs can be recrystallized, without precautions to exclude 
air, without any change, but if it is recrystallized from pyridine and methanol, 
the colour of the solution changes from brown to olive-green and clark crys- 
tals of [(C,.H,)_&]l[ UOI(SICI(CN)l(py)] are obtained. The same uranyl(VI) 
complcs can be prcparecl by the reaction in methanol of UO,(CH.,COO)z - 
2 13?0 and NaS,C.(CN)I. The uranyI(VI) complex shows in its IR spectrum 
a band at S95-~1~1-~ due to the v,O-U-Q. 

Anionic uranyl(VI) compleses with the ligands f-Izmnt and H#nt have been 
prepared by reaction of UO,(NO,,)I - 6 Hz0 with the sodium salts of the two 
iigands and addition to the resulting solution of tetraalkylammonium salts [SS]. 
The complexes [N(CIH;),],[UO,(mnt),], [N(n-C_,Hi)J]z[UOl(mnt)2] and [N- 
(C,H,), Jz [ UO,(imnt),] always contain one or two molecules of solvent; 
attempts to prepare the corresponding Cs+ or (CH,),N’ analogs failed. 
These complexes are soluble in (CH,),CO, CH,CN, C ;H,N, CM.3,NOI, sparingly 
soluble in EtOI-I and insoluble in I-I,0 and lose the solvent molecule when 
treated with neutral monodentate ligands (L) according to the reaction [ S9] 

[ uo,(mnt)2(S),,] 2- + L - [ UOl(mnt),(L)l ‘- + n S 

[ UOl(imnt),(S),,]‘- + L - [ UOl(imnt),(L)] ‘- + n S 

where tz = 1 or 2 and L = Pll,PO, Ph,AsO and PyN-O. These compleses can 
be recrystallized from acetone/water and probably have a pentagonal bipyra- 
mic.la.l structure like UO,(DTC),(Ph.,PO). [U02( imnt),(S),,] ‘- gives with acetyl- 
acetone a misture of [ UO,(imnt).,]‘- and UOl(acac), and with sodium dic?thyl- 
dithiooarbamate a mixture of [ UOI(DTC)_!]- and [ UO,(inmt).x]J-. 

Y,O-U-O moves from higher to lower frequencies on changing the nature 
of the neutral monodentate ligand, in the order: PhJPO < pyN-0 < Ph.&O. 
‘I%C compound Cp,U[N(C,I-I ;)l]., obtained from the reaction sequence [161] 

UCl, + 4 LiN(C,l-I;), :llr-- [U[ N(C,lI,),], f 4 LiCl 

U[ N(C,FI,),]J + 2 C>H,. f’=% CpJU[ N(CIHi),], + 2 hrH(C$I.;): 

reacts with to!uenc-3,$-dithioi (H:TDT), o-mercaptophenol (I-IIOhlP) and 1,2- 
ethanedithiol (IHIKDT) to give the substituted CplUX. A variable temperature 
‘I I NMR investigation of Cp2U(TDT) shows the app‘arent esistence of dimeric 
composition as the room temperature singlet for the Cp protons splits into 
two peaks having an intensity ratio of approximateiy 2/l at -60°C. A possible 
csplanation is a rapid monomer-dimer equilibrium which is slowed down at 
low temperature. This dimeric tendency is also seen in the mass spectra which 
show nz/e 984 and 920 for [CpzU(OkIP)]I and [Cp,U(EDT)],, respectively. 
The mass spectrum of [ Cp,U(TDT)], does not show the expected dimer; 
howewr it is much less volatile than the other compleses as reflected by the 
fact that a higher temperature is needed to obtain a spectrum and that its 
peaks are of low intensity [ 1611. 



TABLE 10 

Physico-chemical data ror uranyI(VI) dithiolate complcxes [SS] 

C0n1pfes 

] 
(NPr4),[UO~(mnt):PyO) 

1 
(NEL&)2[ uoy 

(mntf~Pil.lASO 1 
(iNPr~):[UO~- 

(mnt)zPh3AsO 1 
(N&)2[UO2- 

(i-mnt)lPh&O ] 
(NPrd)? [ UOz- 

(i-mnt)$%&sO 1 

Crdor AC a 

Green 
Green 
Red 
Red 
Green 
Green 
Orange 

OtYlll~C 

Green 

Green 

Orange 

Orang!e 

146 
110 
15s 
139 
155 
146 
1.16 

135 

151 

141 

141 

150 

138-l 4 1 
173-17s 
165-1GP 
204-210 
175-180 
lSO--Is5 
202-205 

206-208 

lSO-lS.3 

170-li5 

208-213 

210-212 

r+o-u-o 
(cm-’ ) 

Other bat1c1s 
(cm-’ ) 

905 1220 uN-0 
905 1220 UN-O 
905 1216 IJN-0 
905 1216 ZJN-0 
909 1146 VP-O 
909 1119 VP-O 
909 1 l-1 7 z/P-0 

909 1126 VP--O 

900 S7S vxs-0 

900 

900 

a At: (cm’ ohm-’ moi-’ ) in nitromcthirnc (c = 10T3 mol I-‘) at 25-C. 

F. ACTINIDE ALKYLSANl’IlATE CO&lFLISSES 

In general santhates are formed by the reaction between a metal alkoside 
and carbon disulfide. Their structure can be represented by the valence bond 
formalism of Fig. 11. 

IR studies agree that resonance forms 11 and b best describe the structure 
of the xanthate complexes [27-29,331. The minor importance of resonance 
form c is reflected in the structure of a number of santhate compleses [5) in 
which the santhatc ligands contain two significantly different C-S bonds. It 
must be noted however that a different situation has been found in the crys- 
tal structures of potassiutn ethylxanthate 1301 and tris-ethylsanthatc arsenic- 
(III) [31 J. The attempted preparation of actinide(IV) ethyIsanthatc com- 
plexes by reaction of the actinide(IV) tetrachloride with potassium ethylsan- 
thatc in ethanol, methyl cyanide, acetone or chIoroform does not yield any 
identificahle products [66], but the red-orange uranyl(V1) complexes UO,- 

s 0-CHS 
e 

0-f 
(D e 
O= CXS 

R’ ‘se R’ *s R’ ‘se 

a b C 

Fig. 11. Valence bond formalism of alkylxanthntes. 



(ROCS?), (R = methyl, ethyl, n- and iso-propyl, n- and iso-butyl, iso-amyl and 
cyclohesyl) have been isolated in poor yield from concentrated aqueolx solu- 
tions of uranyl(VI) nitrate and the potassium alkylxanthate. They are very 
readily hydrolyzed and are much less stable with respect to decomposition 
than are the corresponding N,N-diaIkyldithiocarbamates [35]. The ability of 
the sulfur atoms to accept electrons released under the mesomeric effect of 
the --NR, group has been proposed [ 5,661 as an important factor explaining 
the stability of dithiocarbamate compleses. When the -NR, group is replaced 
in santhate derivatives hy -OR, which has a much smaller mesomeric effect, 
little evidence for the do~~l~le-bond character in the C-O bond is found and 
santhalates are almost invariably less stable than dithiocarbamates. 

G. ACTINIDE PORPlIYRIN CObIPLESES 

The porphyrins are compounds formed by adding substituents to the nu- 
cleus of porphine f 1653. The naturally occurring porphyrins are generally 
formecl by aclding substituents to positions l-8 and are named according to 
the number and type of substituent (Fig. 12). Upon removal of the pyrrole 
protons, porphyrins readily complex with a variety of metals. \\‘hile free por- 
phyrins are biologically unimportant, metalloporphyrins are widely found in 
nature. Porphyrins, in common with other macrocyclic Iigands, have a central 
hole of essentially fixed size. In certain complexes the metal is unable to fit 
into this hole and lies out of the porphyrin plane. The ligand ,neso-tetraphen- 
ylporphin (H,TPP) has four phenyl groups in the 9, 10, 11, 12 positions and 
reacts with thorium(IV) tetrakis-acetylacetonate to give Th(TPP)(acac),, the 
first csample of a porphyrin comples of an actinide element f166]. This com- 
plex has been synthesized by refluxing for 3-4 h a 1,2,4-trichlorobenzene 
solution of H,TPP and tetrakis-(2,4-pentanedionato)thorium(IV), purifying 
the residue by chromatography on alumina and recrystallizing the eluate from 
chloroform/methanol. Th(TPP)(acac), is stable to air and water and reacts 
rapidly with HCl to form H,TPP”‘. The mass spectrum shows a parent peak at 
t?z/e 943 attributable to the loss of an acac fragment. The ‘I-I NMR spectrum 

Fig. 12. The metal-free porphyrins. 

Fig. 13. The proposed structure of Th(TPP)(acac)z. 



has peak at S.S7 6 (singlet, pyrrole) S.27 6 (multiplet, ort/20), 7.77 6 (multi- 
plet, meta and pat-a), 4.13 8 (singlet, methyne of the acac), 1.10 6 (singlet, 
methyl of the acac). A structure involving eight-coordination can be tenta- 
tively proposed _ (Fig. 13 f _ 

H. PIITHALOCYANINE LIGAND 

The phthalocyanine molecule (H,Pc) (Fig. 14) contains a ring system of 
four isoindole units linked by aza nitrogen atoms [90-100 J; it is therefore 
closely related to the naturally occurring propbyrins but has aza rather than 
methyne corner links. The two central hydrogen atoms of the structure are 
replaceable by a wide range of metals and th e compounds obtained are usu- 
ally insoluble in common solvents, but have some slight solubility in higher 
boiling aromatic solvents such as quinoline, chlorobenzene and chloronaph- 
tlialene. 

Metal-free phthalocyanine exists in three polymeric forms (cu, /3 and y) 
[90,101] while most other phthalocyanines exist in two (a and 0) [lOl- 
106,109]. The polymorphic forms differ in their IR spectra, X-ray diffraction 
patterns [102,104,110], reflectance spectra [loll conductivity, and resistivity. 

Complete structural studies were carried out with the tnetal-free derivative 
[loo], and the nickel 11071, platinum ClOS] manganese(I1) and iron 
[ lOSa] complexes. Metal-free phthalocyanine and beryllium, cobalt(II), nickel- 
(II), copper(U), manganesc(I1) and iron(I1) phthaloeyanines are isomorphous 
[ lOS]. The phthalocyanines form long flat ribbon-like monoclinic crystals 
(space group P2,/a), the surface of the ribbon being the (001) plane and the 
(010) axis. In the metal-free phthalocyanine, identical molecules occur along 
the b axis at intervals of 4.72 A. The perpendicular distance between planes 
is 3.38 A, close to that observed in graphite (3.4 ..<). The nearest. intermole- 
cular approach is 3.35 ,\ . 

Fig. 14. The metal-free phthaiocyanine. 



TABLE 11 

Cell constants of metal free phthalooyanine and some metal phthalocyaninc complzscs 
[156] u 

U(A) 

H?Pc 
Bc( II) 
Mn( II) 
Fe( II) 
Co(U) 
ISi(I1) 
Cu(II) 
Pt( IT) 

122.2 
121.0 
121.7 
121.6 
121.3 
121.9 
120.6 
129.6 

Phthalocyanine metal compleses may be prepared by various methods, the 
most interesting being at a temperature greater than ca. 200°C in a solvent 

such as quinoline or trichlorobenzene, in which the metal ion serves as a tem- 
plate in the cyckation and condensation reaction which produces complexes 
of macrocyclic ligands [110--l 151. In the absence of basic solvents or addi- 
tives such as urea, ring halogenation may occur. The basic additives or their 
decomposition products are believed to function as halogen acceptors, thus 
minimizing ring attack. 

The same reaction has been also studied with uranyl(V1) [116]. First it was 
assumed that the reaction between dicyanobenzene and UO$’ yielded a nor- 
mal tetradentate phthalocyanine complex even though satisfactory analytical 
data were not obtained [117-1191. Mass spectral data subsequently suggested 
that five dicyanobenzene subunits might be coordinated to uranyl(V1) ion 
[120 3 and the so called uranyl(V1) phthalocyanine is in reality a complex of 
the superphthalocyanine ligand, an expanded five-subunit analog of phthalo- 
cyanine [121,122], Thus the reaction of anhydrous uranyl(V1) chloride with 
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o-dicyanobcnzene in dry 

CN 
4 u 

CN 
42 

Cl*-----+ 

dimethylformamide is 

The presence of large quantities of water in the reagents reduces the yield and 
promotes the formation of the metal-free ph thalocyanine. The yield of the con- 
densation also falls when uranyl(VI) nitrate or acetate are substituted for the 
chloride and more traces of the UO,(Spc) complex are produced in the reaction 
with UO-Br-, UO:F, or UOZSO,. The condensation procedure employing U02ClI, 
phthalic anhydride and urea, with or without molybdate catalyst [90], fails to 
produce UO :(Spc )_ The analytica and mass spectral data provide no evidence for 
ring chlorination during the synthesis. The UOz(Spc) condensation is invariably 
accompanied by the formation of the metal-free phthalocyanine, EI,Pc. The 
strong preference of the uranyl(VI) ion to achieve a pentagonal-bipyramidal 
or hesagonal-l>ipyral-tiidal coordination geometly doubtless alters the normal 
course of the cyclization. The IR spectrum of the blue-black UO,(SPc) gives 
no evidence for CrN which is commonly observed iti (phthaloeyaninato)M- 
(o-dicyanobenzene) [ 123,124]. In this case the extra nitrile is apparently 
coordinated as an independent, displaceable ligand [ 123,124]. A strong band 
at 925 cm-‘, due to the antisymmetric stretching v,O--U-O, is observed in 
the IR spectrum of UO,(SPc). An S-ray diffraction study [122] indicates 
that the reaction above reported does occur and that five o-dicyauobenzene 
units have cyclized in the presence of uranyl(VI) ion, to yield the UO,(SPc) 
superphthalocyanine comples. The blue-black crystals of UO,(SPc) are mono- 
clinic, space group P2,/c, with a = S.210, b = 21.665, c = 18.46’7 A, fi = 
103.16” and Z = 4. The molecular structure (Fig. 15) shows that the coor- 
dination geometry of the uranium atom approsimates an idealized com- 
pressed pentagonal bipyramid. The two axial ligands are oxygen atom with 
an average U-O bond length of 1.74 A. The equatorial cocrdination is by five 
nitrogen atoms. The cyclopcntakis(Ziminoisoindoline) ligand is severely and 
irregularly distorted from the planarity, presumably as a consequence of appre- 
ciable steric strain within the macrocycle. The resulting polyhedron is reported 
in Fig. 16. 

The large equatorial radius of uranium in uranyl(V1) complexes and the 
2.55 A U--N distance observed in other seven-coordinate uranyl(V1) com- 
plexes [55,S5,S6,125,126] seem to preclude the formation of a UO,(PC) 
complex and favour the formation of a larger macrocycle. 

The use of substituted phthalonitrile in the superphthalocyanine condensa- 
tion has also been reported 11631. It is possible to prepare the more soluble 
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Fig. 15. A perspective view, essrntiatiy perpendicular to the mean plane of the macrocyclc, 
of the UOz(SPc) moiecuic. 

Fig. 16. Perspective view OT tlw asinlly comprcsscd pcntigonnl i,ipyramidal coordination 
polyhedron of 111~ UO?(SPc) mokculr. 

pentamethyl derivative UO,(iYle,Spc) using 4-methylphthalonitrile and anhy- 
drous UO&l, in dimethylformamide. 270 MHz ‘H NMR studies indicate that 
the product obtained is a misture of isomers. ‘H NMR studies also suggest 
that in solution UO,(SPc) is distorted from planarity and reveals that the five 
subunit macrocycle is stereochemically dynamic. The analysis of ring current 
induced ‘H NMR shifts indicates considerably reduced rr electron delocaliza- 
tion in UO,(SPc) compared to M(Pc) derivatives. It, appears that the inherent 
strain evidenced by such a molecular structure and the accompanying impair- 
ment of electronic delocalization, lead to significant destabilization of UO,- 
(SPc) and UO,(iYvle,SPc) with respect to phthalocyanine and metallophthalo- 
cyanine products. The electronic spectra of the five-subunit macrocycles are 
considerably different from those of the h4(Pc) derivatives. UO,(SPc) exhibits 
a strong, broad absorption at rather long wavelength (914 nm) with a pro- 
nounced shoulder at about 810 nm and a strong short wavelength transition 
at 424 nm. For UO,(Me,SPc) the methyl substitution causes small displace- 
ments of 10 and -5 nm respectively, in the above maxima. 

The chemical stability of this UO,(SPc) complex 11271 has been studied. 
The reaction of UO#Pc) with various metal salts in dimethylformamide-l- 
chloronaphthalene at 60-130°C results both in displacement of the uranyl 
ion and contraction of the ring system according to the scheme on p. 259. 
Products have been confirmed by IR, mass and visible spectra and the yields 
are practically quantitative. An example of this reaction, monitored spectro- 
photometrically, is reported in Fig. 17, Anhydrous metal salts such as CuCII, 
CoC12 and ZnCl,, when dissolved in dimethylformamide, react with UO?- 



M=Co,Ni,Cu,Zn,Sn,Pb 
X-=ha ltde 

(Sk) to produce the corresponding Al(k) colnples in high yield. Under the 
same conditions the larger Sn” and Pl3” ions also induce the contraction 
along with the forination of Sn(Pc) and Pb(Pc) respectively_ Anhyclrous 
TllCl, in DA‘1 F c:Wscs deuoniposition of UO,(SPc) with no phtlialocy:inine 
production. The methylatecl derivative UOz(Me,SPc) reacts with CuCII in 
rliniettiylforman~itle to yield Cu(hle$c). That the Cu( PC) does not arise via 
metallation of initially forrnecl fIIPc was demonstrated kinetically hy show- 
ing that CuCl, converted adclecl H,Pc to Cu(Pc) at a far slower rate than the 
rate of UOI(SPc) contraction. 

Under identical conditions, nietallation of the free EI,Pc is far slower. .\lso 
waction with trivalent metal salts such as lanthaniclc trilialides yields the cor- 

t 1.0 PC cu 

X,n m 

Fig. 17. Speetrophotometric record of the reaction of UO~(SPc) with CuCl: in 200/l 
l-chiol~onaghth;~lenc/D~l~ :tt 75’C (Cu(Pc) = cupric phthnlocynnine). 



TABLE 12 

Contraction and trmsmetallation reaction of UOz(SPc) and UOz(hIejSPc) [ 12’i,163] 

Starting 
complex 

SoIvent Temp. RKIC- Products Yield 
WI tion 7n 

rime 
(II) 

UO~(SPC) 

UOIISPC) 
UOI(SPC) 

UO#n) 

U02(AIeSSPc) 
UOz(Sf’c) 
UO2(SPc) 
UO#s%z) 

UOz(SPc) 
UO7(SPc) 
UOz(SPc) 

CUCI~ 

CUCl~ 
Cu( t t‘acac)~ 

Cu( tltlcac)~ 

cuc12 
COCI 2 
%nCi?_ 
ZnCl 2 - 4 Hz0 

NiSOJ - G I-i20 
SnC12 
E!-CIJ 

DBIF 120 3 
1 -pen tan01 120 15 
DM F 123 13 

Toluene 

D&IF 
QuinoIine 
D&f F 
D&IF 

D&IF 
D&IF 
DMF 

195” 10 

$5 -17 
110 1.5 
135 30 
135 30 

140 50 
120 3.0 

116 -I 

Cu(Pc) 9.5 
Cu( PC) 87 
Cu(Pc) 23 
UO~(SPC) 75 
Cu(Pc) 33 
UO2(SPc) 6’7 
cll(Mc~Pc) 95 
Co( PC) 59 
Zn(Pc) 46 
HlPC 49 

Zn(Pc) 26 
Ni( Pc) S2 
Sn( PC) s2 
Er( Pc)Cl 37 

responding RI(Pc)X compounds. Reaction with sodium or potassium in reflus- 
ing mesitylene produces the corresponding metal phthalocyatline. Treatment 
OF UO,(SPc) with aqueous and non aqueous acids under a variety of condi- 
tions results in clemctallation accompainecl by ring contraction. 

(ii) .4ctirzidc(lV;) phthalocyatzinate conzpleses 

ThCl, and phthalodinitrile (molar ratio 1 : 1 or 1 : 2) at 230--230°C inter- 
act with evolution of HCI [ 12’i-1291. After estraction of the blue-black solidi- 
fied melt with acetone, a solution of the residue in quinoline gives an elec- 
tronic spectrum characteristic of ph thalocya~iilie-nietal compleses [ 90 f _ 
This contains only one absorption band. The thorium: chloride ratio and the 
evolution of HCl indicates that some of the benzene rings of the phthalocya- 
nine are chlorinated_ The chlorinated product does not sublime: it decom- 
poses with formation of metal-free phthalocyanine derivatives. 

Using ThI, and phtilalodit~itrile at 24O”C, it is possible to prevent halogena- 
tion of the benzene ring. After extraction of escess of nitrile and sublimation 
at 550°C and lo-’ torr, which involves evolution of iodine, dark violet crys- 
tals of cliphthaloc~~anine-thorium(IV), ‘I%(Pc)~, can be obtained. Dark-violet 
cliphthalocyanine uranium(IV), U(Pc),, is formed analogously from UI, and 
phthalodinitrilc [130]. These products are thermally wry stable and are air 
rcsista?lt- Th(Pc): can be sublimed at 600°C in a N 2 stream at 1 atm. and both 
Th(Pc), and U(Pc), arc sparingly soluble in C,,H,, or THF but more soluble in 
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py, quinoline, 1,2,4trichlorobenzene, l-Cl-naphthalene or hesamethyl bro- 
mide of phosphoric acid [ 1303. IR spectra of both compleses are almost iden- 
tical and very simiiax to that of the analogous tin complex [128]. Th(Pc), is 
diamagnetic while U(Pc), is par&magnetic (3.1 BM between 100 and 239 I<), 
the mass spectrometric molecular weights are 1256 for Th(Pc), and 1262 for 
U(Pc),. The molecules are barely fragmented at an electron energy of 50 eV, 
which confirms the very great stability of the compounds in agreement with 
the behavior on sublimation. For these compounds antiprismatic or bipyra- 
midal structures have been suggested, as for the tin compound [ 1311, because 
the mutual steric hindrance between the two ligands would be less in the archi- 
median antiprismatic arrangement [ 131 J. 

The thermal stability of Th(Pc): and U(Pc)? has been studied by differen- 
tial thermal analysis and thermovolumetric analysis [ 16’71 and compared with 
a series of lsnthanide bisphthalocyaninate compleses of the type Ln(Pc)- 
(I-IPc). As Fig. 15 shows, two intense endothermic peaks have been recorded 
on the heating curves of the Ln(Pc)(I-IPc) compleses whereas on the heating 
curves for Th(Pc), and U(Pc), there is a single endothermic peak at 676 and 
693°C respectively. The endothermic peak at higher tempernture is attributed 
both for Ln(Pc)(HPc) and Th(Pc), or U(Pc)? to the decomposition of the 
complcses to a black substance. The enclothermic peak at lower temperature 
in the lanthanide compleses has been ascribed to the reaction [ 16’73 

2 LnfPc)(HPc) - [Lnz(Pc),] + Ii2 + 4 C,Ii,N, 

where C,H,N, = phthalonitrile. The crystal and molecular structure of U(PcJl, 
more recently determined by -X-ray diffraction analysis (132), confirms the 

500 700 900 t.‘C 

Fig. 18. DiUcrentinl thermal anaIysis of the t,isphthalocyarlinate complexes (heating rate 
10 K min-‘) in an argon atmosphere: (3) Gd(Pc)(HPc); (b) Yb(Pc)(HPc); (c)‘l’h(Pc)~; (cl) 
IJ(Fc),_. 



eight coordination around the central metal ion. The crystals are of monoclinic 
symmetry and have a space group C2/c with n = 18.74, b = 18.73, c = 15.61 A, 
p = 113.6”, 2 = 4. The asymmetric unit contains haIf a formula unit of U(Pc),. 
The structure of the molecule is reported in Fig. 19. The nitrogen atoms of 
the pyrrole rings of two phthalocyanine ligands are in an S-fold coordination 
around the uranium atom. The four pyrrole nitrogen atoms of each Iigand 
form a square with a side of 2.80 A _ The uranium atom is equidistant from 
a11 the pyrrole nitrogen atoms (2.43 A) and the distance of the uranium atom 
from the planes defined by the pyrrole nitrogen atoms of the two Iigands is 
1.40 A. The two plitfia~ocyal~itle groups are rotated by about 37” from a pris- 
matie configuration about the uranium atom so that the geometry with 
respect to the nitrogen atoms deviates by about S” from that of a square anti- 
prism. They are not planar but saucer-shaped with the four nitrogen atoms at 
the base of the saucer. The sp’ orbitnls at the nitrogen atoms forming cr-bonds 
to the uranium atom are thus bent so as to be directed towards the uranium 
atom. The mean bond lengths and angles do not differ appreciably from those 
of other metal-phthalocyaninato complexes such as Cn( PC) [ 1331, Pt( Pc) 
[134], Sn(Pc) [13’i], hIn,(Pc),(py),O [135] or from the metal free H,Pc 
[ 1361. A comparison of U(Pc): with the complexes reported above, indicates 
that the uranium( IV) does not show any special properties and that the bond- 
ing hetwcetl the iigand and the actinide atom is comparable to that for other 
n1ctuIs. 

One cstcnsion or the group of compounds with phthaloeynnine ligancls to 
other actinicles was first detected mdiochemicully for protactinium( IV) and 

Fig. 19_ hIol~culnr structure of U(Pc)z: (3) projection of the molecule onto the plane 0T 

the pyrrole nitrogen atoms; (b) projection of the molecule along the crystatfographic two 

fdtl iISiS. 
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neptunium(IV) [ 138,139] through the reactions 

‘W(Pc), (II, y) 2J”u(Pc)- ,*,J 2“JNp(Pc), (p-) I ,,’ = 2.35 days 

The esistcnce of Pa(PcfJ and N~(P~z)~ is shown by the observation that the 
specific activitiw of ‘“Pa and ‘“Wp remain constant in the sublimates ob- 
tainccl on rcpcated sublimation of the irradiated Th(Pc), and U(Pc),. ‘.3”‘N13- 
(PC), was also chemically synthesized on the tracer scale from irradiated urani- 
um metal, (‘.‘W + 23”Np) using the normal synthetic method for the prqxam- 
tion of Us from UI, and phthalodinitrile, yielding U(Pc): + “‘“Np(Pc)2. 
This preparation also indicates the possible existence of the hitherto un- 
recorded NpI, [ 138,139f. Weighable quantities of Pa(Pc), were prepared in 
the same way as the thorium(IV) and uranium(IV) compounds from Pal, and 
pl~tl~alodinitrilc [ 138,139]. 

PaI; may also be used as starting material. This is surprising since Pa” can 
otherwise be converted into Pa”’ only with very strong reducing agents. PaPc2, 
like ThPc2 and UPC, can be sublimed without decomposition and is stabfe in 
air, whereas Pa”’ conil~ouncls are generally extremely sensitive to 0 1 and 
moisture. In the preparation of An(Pc), (An = Pa(IV), Th(IV), U(W)) the 
electron donor-acceptor compleses (EDA complexes), An(Pc),I,, are pro- 
posed as intermediates. The sandwich configuration of the MPc, complexes is 
thus formed immediately. By analogy with SnPcT, [ 1063 a monophthalocya- 
ninato actinide diiodide should have been espected as the first stage. The EDA 
complexes arc also formed from AnPcl and I, in naphthalene. The black com- 
pletely insoluble compounds lose I2 at 250°C. For ED.4 complexes of arom- 
ntic hydrocarbons with I,, the cscitation energy for the ED:\ bond is a linear 
function of the ionization energy of the hydrocarbons. The EDA band of 
MPc,I, complexes (X = 530 nm) fits well into this system- 

The II3 spectrum from 4000 to 400 cm-’ for PaPc, is practically identical 
with the corresponding spectra of ThPc, and UPC, and is characteristic of me- 
tal phthalocyanines. It may be assumed from spectra of MPc, complexes 
between 4000 and 10 000 cm-’ (absence of f---f transitions) and from their 
ESR spectra that the compounds have a center of symmetry. 

Thf, reacts with perfiuorophthalodinitrile at 240°C to give a perfluoro- 
plltflaIocyaIti~lato compound having the composition Th(Pcf)I. This is in con- 
trast to the reaction with phthalonitrile. In Th(Pc’)I thorium has the formal 
osidation number 3. It has been fomid by mass spectrometry that Th(Pc’), is 
formed from Th(Pc’)I by thermal decomposition (mol. wt. from mass spec- 
trometry 1830). These complexes are the first known example of the esistence 
of the per~~loroplit~ialocyanitie ring [138,139]. 



26.1 

I. ACTINIDE(V1) COMPLEXES WITH 2,6-DIACETYLPYRIDINE-BIS(2’-PYRIDYLHY- 

nri_uox~) 

The Iigand 2,6-dia~etyIp~~ridi~le-bis( 2’-py~idylhydrazone) 

can be obtained by reaction of 2,6&acetylpyridine and 2-pyridylhydrazine in 
alcoholic media [142]. It is a pentadentate ligand capable of undergoing depro- 

Fig. 20. The molecular structure of [UO~(~~L)(NO~)~~~UO~(NO~)~~. 
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tonation reactions when it is coordinated to transition metal ions allowing 
ionic complexes to be transformed into neutral complexes, as found for other 
polyaza ligands derived from pyridine-Z-aldehyde [ 140,141,143-l 50). 

2,6-dia~etylpyridine-bis(~‘-pyridyillydrazo~le) has been utiIized for prepar- 
ing the first pcntaaza complex, with diazinie sequences, of uranyl(V1) ion, 
containing uranyl( VI)-nitrogen amidic bonds 11511. Treatment of UO,- 
(NO,)2 - 6 HZ0 in ethylacetate with the ligand in different ratios and at differ- 
ent temperatures affords the same red product with a uranium : ligand ratio 
of 3 : 2 [ISl]. The IR spectrum of this compound shows a band at 3283 cm-’ 
due to N-H, a more intense one at 940 cm-’ due to v3 O-U-O and bands 
characteristic of coordinated pyridine fl53] in the region 1620-1440 cm-‘. 
An X-ray investigation Il.521 has been carried out on this compound as spec- 
troscopic evidence does not provide unambiguous information on the bond- 
ing mode of the ligand and geometry around the uranium. The crystals are 
triclinic, space group Pi, Q = 14.07, b = 10.80, c = 10.12 A; CY = 63.8, /I = 75.6, 
y = 78.8”; z = 1. The molecular structure of the complex is unusual: two 
highly distorted octacoordinated complex cations are electrically balanced 
by the unespccted uranyl(VI) tetranitrate counteranion. The resulting molecu- 
lar structure, viewed along the c axis, is shown in Fig. 20. The unit cell con- 
tains two cations [ U02(H2L,)N0.1]* related by a center of symmetry and a 
[UOANO,),] ‘- anion at the center of symmetry_ The cation comprises a 

Fig. 21. Equivalent resonance forms (1,2,3) in terms of the valence bond structure and 
delocalized electronic structure (4) of the complex UO?(L). 



system of four strained five-membered rings with a monodentate nitrate 
group in the coordination sphere of the UO$‘. In the anion two nitrate 
groups coordinate as bidentate and two as monodentate nitrate groups, lead- 
ing to the 6-fold coordination of osygen atoms in the equatorial plane nor- 
mal to m-any1 group [ 1541. 

By suspending [ UO,(I-I,L)(N0,)],[U02(N0,)G] in anhydrous acetonitrile 
in the presence of an escess of l,S-bis(dimethylamino)naphthalene depro- 
tonation of the ligand occurs and a black product, stable in the solid state, 
has been quantitatively obtained. This black compound is non-conducting in 
nitrobenzenc solution and although the IR spectrum is rather complex, there 
is no evidence for N-H and NO; stretching vibrations, and the v,O--U-O is 
iowered to 9 11 cm- ’ _ 2,6xiiacetylpyridine-bis(2’-pyridylhydrazone) is easily 
recovered from this black compound when it is treated with dilute mineral 
acids and water. The structure reported in Fig. 21 has been proposed for this 
black compound; it is highly stabilized by the presence of the 5-5-5-5 chela- 
tion mode, which allows the highest resonance of the system. 

J. XCTINIDE(IV) AiUIDE COMPLEXES 

The compleses of the last, section contain the amidic An-NR, bond which 
is stabilized by the extensive mesomeric nature of the organic ligancls. It is 
also possible to prepare complexes in which such a mesomeric stabilizing 
effect is not present. The starting material For the preparation of uranium- 
(IV) amide compleses is tetrakis-(diethylamido)-uranium(IV), U[N(C,H,),], 
synthesized by the reaction of lithium diethylamide with uranium( IV) tetra- 
chloride in diethylether [X68--1703. After filtration of LiCl and removal of 
the solvent, the uranium amide was purified by distillation under vacuum. An 
emerald-green liquid which crystallizes at 35.5-36.5% was obtained. In the 
crystalline state the complex esists as a dimer, with two nitrogen atom bridges 
between two uranium atoms [lTO]. Its molecular structure (Fig. 22) shows 
five nitrogen atoms which are at the corners of a distorted trigonal bipyramid. 
Two of these bipyramids share an edge to make a dimeric complex located 
on a center of symmetry_ The uranium atoms are 4.00 .A apart_ The three 
nonbridging U-N distances average 2.22 A whereas the bridging U-N dist- 
ances are 2.47 and 2.57 .A. This compound undergoes an aminolysis reaction 
when treated with a secondary amine [173] and the trinuclear 
U,(CH,NCH,CH2NCH,),,, (U,(T)MED),,), and the tetranuclear 
U~~CH~NC~~CH~NCH~)~,, (U~(D~lED)~) [X74], have been synthesized this 
way according to the reactions 

3 U[N(CJIA23-1+ 6 CH,NHCH&H:NHCH, -+ U,(CH,NCH,CH2NCHJ),, 

+ 12 HN(C,H& 



and 

‘I U[N(C2Hj)z], + 8 CI-I,NHCH,C~I,NI-ICH, + U,(CH,NCHICI-I,NCH.,), 

+ 16 H?4(CJii)l 

at 77 K using pentane as solvent. The structural analysis [ 1731 of the trinu- 
clear compound shows that this complex is a cluster containing three uranium 
atoms in a line bridged by nitrogen atoms. The central uranium atom is on a 
center of symmetry and is 3.543 .4 from the tertninal atoms; the uranium 
atoms are joined by triple nitrcgen bridge bonds, each of which is from a 
different clitnetliylethylenecliamine ligand. The central uranium atom is on a 
center of sytntnetry with six chemically equivalent nitrogen atoms ahout it at 
the corners of an elongated trigonal antiprism with an average U-N distance 
of 2.37 ,f. The two equivalent terminal uranium atoms are at the center of 3 
distorted trigonal prism of sis nitrogen atoms, including both nitrogen atoms 
of each of the three cl~metl~yletie ligands. The sis nitrogen ucighbors of the 
terminal uranium atoms define a figure which is closer to a trigonal prism 
than to a regular octahedron (Fig. 23). 

In the tetrnnuclear U,(DMrt;D), 11741 (Fig. 24) the four uranium atoms are 
at the corners of a square of side 3.6 ,i, twistecl so that each uranium is 0.7 .A 
from a mean plane. The uranium atoms are chemically and crystallographically 
equivalent and each is bonded to six nitrogen atoms in a highly distorted tri- 
gonal prism. Four of these nitrogen atoms act as double bridges to two neigh- 
boring uranium atoms in the ring. The other two nitrogen neighbors define 
an irregular polyhedron which can be clescribed as a distorted trigonal prism. 
The entire tetramer has symmetry 222 and conforms approximately to the 
higher symmetry 42n2 _ Half of the dimethylene diamido ligands are singly 
coordinatecl to uranium at each nitrogen, while the other half OF the ligancls 
participate in bridging with both nitrogen atoms. The U-U distance in the 
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tetramer is slightly longer than in the trimer; so as in the trimer molecule it is 
unlikely that there will he any magnetic interactions above 4.2 K. 

It must be noted that for the uranium amides, if the R groups of the amide 
are bulky, then oligomerization is prevented [X71]_ This occurs for the com- 
pies U[N(C~,H5)2].1, (U(DPA),), obtained either by the aminolysis reaction or 
by reaction of UCi, with LiN(C,,H,)2. The crystal structure of this compies 
Cl71 3 (Fig. 25) shows that it is a monomer in the solid state and exhibits four- 
coordination for uranium(IV). The dark intense red color of U(DPA), is prob- 
ably due to the involvement of the aromatic rings of the amide group in the 
iigand in metal charge-transfer transitions. These transitions can be followed 
throughout the course of the aminoiysis reaction, suggesting the formation of 
intermediates during the exchange. The original green solution of U[N- 
(C,H,),J, slowly changes from yellow to red in a period of approximately 6 h. 
This color change suggests that the diethyiamine groups are siowiy exchanged 
with diphenyiamide groups, shifting the visible transitions to longer wave- 
lengths with the replacement of each diethylamide (Tables 13 and 14). 

The electronic spectra of mononuclear and poiynuciear uranium amides (Fig. 
26) show marked similarities of these compounds suggesting that the iigand 
has little effect on the nature of the f-f transitions. The differences between 
spectra of U[ N(CIH,),], and U(DPA),, run in benzene and diethylether, are 
attributed to the compiexing ability of the solvents. For the trinuclear 
U~(D~ED)~, the close similarity of the spectra in the two solvents has been 
explained [ 1731 by the assumption that the molecule is trimeric in solution 
with the coordination sites on the uranium atoms either filled or effectively 
blocked by the ligands. The large upfieid shifts observed in the ‘H NMR spec- 
tra of UIN(CzHs),]l, in ether solvents, agree with electronic spectra and are 

Fig. 24. The molecular structure of U4(DMED)g. 

Fig. 25. The molecular structure of U[(N(C,H5)2]4. 
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TABLE 14 

Salient bond distances (-+) for mononuclear and polynuclear uranium(W) amide com- 
pleses 

Compound U-U U-N (bridging) U-N (terminal) Ref. 

ULNGHs 12 1-1 4.004 2.46.2.57 2.22 a 169 
U( DPA),, 2.21,2.25, 2.27, 2.35 171 
U3(DMED)6 3.543 2.57 D 2.21 a 173 
U4(DMED)s 3.60 a 2.50 = 2.25 0 174 

= Average value. 

I I I I I I I I I 

J 800 1000 1200 1400 1 
sn p 

10 

Fig. ‘26_ The electronic spectra of mononuclear and polynuclear uranium amides: (a) 
mononuclear U[N(C~H~)~]J; (b) dinuclear U[N(C2H5)2)4]~; (c) trinuclear U~(DMED)C,. 



TABLE 15 

Magnetic data for the mononuchr U(DPA)J, rlinudear U[ N(CzHs)z l-1 ZWCI trinwlcar 
rJ.,(DILIED)(, u 

ComI~ound CM /-b,,(B~I) (K) Ref. 

U( DPA)J 1 .oo 2.84 24 -8 171 
U[N(C,Hs)z IJ 1.052 2.81 -2.4 169 
U3(DM’IED)o O.iS 2.50 30.5 153 

u The complescs ~oIlow the Cut-k-Weiss law ysI = Cxl/(T + 0) per twanium atom. 

probably due to pseudocontact shifts since these solvents can coordinate to 
the metal ion and lower the symmetry of the molecule. The magnetic behavi- 
or of mononuclear LJ(DPA),, dinuclear U[N(C,H,),]J and the trinuclear 
U.~(D~~~D)‘, has been investigated in the temperature range 4.2-100 K. At 
temperatures of 20 K for U(DPA), and 10 K for U[N(C2H.i)l]-I the susceptibil- 
ity becomes temperature independent, while above 30 K for the first com- 
pies and 20 K for the second the susceptibility follows the Curie-\Yeiss law; 
for the trinuclear comples the susceptibility follows the Curie-Weiss law 
tl~ro~iglio~~t the measured temperature range (Table 15). 

K_ CONcLUSIONS . 

Chelate compounds of the actinide ions, in various oxidation states, COW 

taining four membered &elate rings with bidentate sulfur or selenium donors 
in the molecule are easy to obtain; they have been available for a long time 
but only recently have they been we11 characterized through the determina- 
tion of the structures of several actinide(IlI), (IV) and (VI) dithio and diseleno- 
earbamate and thiocarbosylate compounds. Some general considerations 
which emerge from these studies are of interest. 

There are many similarities, but also some remarkable differences, between 
actinide compleses with dithio and diseleno groups and actinide compleses 
with ligands forming bidentate oxygen donor chelate rings e.g. nitrate or ace- 
tate. \\‘ith the uranyl(VI) ion all of these ligands, with the exception of disele- 
nocarbamate, give the anions [ UO,(NO,)J]-, [ UO,(CH,COO),]-, [ UO1- 
(DTC),]-, i).l which the uranyl ion is hesacoordinated. These compleses, when 
treated with monodentate oxygen donor ligands, behave in a different manner. 
Uranyl(VI) nitrate gives rise only to the hesacoordinated complexes UO,- 
(NOJ)z(L)2; uranyl(Vi) acetate gives the hesacoordinate U01(CHJC00)2(L)2 
and the dimeric pentacoordinated [ U0,(CH,COO),(L)]2. [ UO,(DTC),]- 
gives only the pentacoordinate complexes U02(DTC)3(L). The bite, i.e. the 
distance between the donor atoms of the bidentate ligancl is the most irnpor- 
tant factor in determining the coordination geometry of the uranyl( VI) com- 
plexes; the bite is ca. 2.1 A for NO,, ca. 2.2 a for CH,COO-, ea. 2.5 x for 
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(C,H,)$JCSS and ca. 3.2 ,‘\ For (C1Hj)2NCSe; [52,178]. 
The anion [ U02(NOJ)J]- exists in the solid state and on the basis of X-ray 

diffraction has the structure [ 1541 shown in Fig. 27. 
[An(CH,COO), J- has been reported [ 1721 to be absorbed on an anion- 

exchanger and to be efficiently estracted by tertiary amines or long-chain 
quatcrnruy ammonium salts dissolved in an organic diluent [ 1721. In these 
solutions the tetraacetate anions [ An(CH,COO)4] - have been identified but 
it is still doubtful that they really exist. [ UO,(DTC),]- and [ UOI(DSeC)A]- 
do not exist at all. 

The acetate ion often acts as a bridging biclentate figand giving rise to 
dimerie uranyl(V1) complexes; with clithioacetate and dithiohenzoate ions 
only mononuclear compleses have been obtained. 

U(CH,COO), is polymeric with the uranium( IV) atom decacoorclinatecl 
while U(DTC), is a well defined monomer. 

The santhate complexes ‘are Iess stable than dithiocarbamate analogs 
owing to the absence of an O=C bond. 

When sulfur acts as a monodentate donor forming an An-SIX bond it is 
less stable and more difficult to obtain. 

It has been thought that thioethers cannot coordinate to an actinoid ion; 
UO,(OSO)(Cl), shows that when sulfur is in an appropriate position in a 
chelating ligancl it can bind to a “jtarcl” ion. This must be more cleepiy studied 
in the future in order to compare tjle stwngtjl and the reactivity of U-N 
(aminie), U-O (etheric) and U-S (thioetheric) bonds in &elate complexes. 

Template reactions conslitute an estensive class of chemical transformations 
in which a metal ion serves as a framework for the coordinative cyclization of 
an organic ligand. The possibility of creating new espanded macrocycles by 
performing the oligomerization reaction in the presence of large coordina- 
tively specific actinide templates has been investigated. The present finding 
indicates that aotinide ions may be capable of altering the normal course of a 
number of organic cycle-oligomerization reactions via unusual requirements 
of coordination geometry and ionic radius. Much attention could be paid to 

this approach in the ftrtur-e. 



The very high reactivity of the U-NR2 amidic bond could be studied in 
more detail in the future in order to further understand its chemical proper- 
ties and reactivity and to prepare new compounds by the aminolysis reaction 

U(NR,)4 + _x HNR; - U(NR,),-,(i?R;), +x HNRl 

A remarkable characteristic of these uraniumamide systems is their tendency 
to oligomerization. Further work on f‘-electron metal amide compleses is 
necessary to determine the generality of this oligomerization reaction. 

REFERENCES 

1 

2 

3 
4 

5 
ti 
7 
S 
9 

10 

11 

12 

13 

I 1 
15 
16 
17 
1s 

19 

20 
21 
23 
23 

24 
2 6 

26 
27 
25 

29 

30 

S.E. Livingstone, Quart. Kev. (London). 19 (1965) 3S6. 
C.XI. Harris antI S.E. Livingstonc, in F.P. Dwycr and D.P. ~l~~llor (Eds.), Clteltt~i+ 
Agents and hIeta Chelates, t\cttrletnic Press, New York, 1964, p. 95. 
C.K. Jorgensen. Inorganic Cotnpleses, Academic Press, London, 1963. 
H.B. Gray, in R.L. Carlin (Ed.), Transition i\Ietaf Chemistry, Vol. 1, E:. fb-nolci, LOtldotl, 
1965, 1,. 2-10 
D. Coucouvanis, Prog. Inorg,. Chem.. 11 (1970) 233. 
J.A. &lcCleverty, Pro@. lnorg. Chem., 10 (196s) -19. 
1~. Eiscttlxr#, Proyr. Inorg. Chem., 12 (lQ70) 295. 
JAI. Cleveland, Coot-d. Chrm. Rev., S (1970) 101. 
.-\.D. Jones and G.R. Choppin, Actinidcs Rev., 1 (1969) 31 1. 
C. Krller, The Chemistry of the Tr~ttlsttr~~n~tttn Elements, Verlag Chemic, Gml~f-I, 
Wcinheim Berg&r., t%rm;tny, 1971. 
:\.E. ZIInrtell and L.G. Silten, Stability Constants, Spcc. Pub. nos 17 and 25; supp_ no. 1, 
Chum. Sot. (London) 1971. p. 196-l. 
L. Cattalini, U. CroatLr), S. Dcgrtto and E. Tottdello, Inorg. Chim. AcLa, Rev., 5 (197 1 ) 
19. 
D. Brown, in K.W. Bagnttll (Ed.), Inorganic Chemistry, Series I, Vol. 7, Butterworths, 
London 
D. Brwti 

19’73, II. 87. 
, 2\rlv::n. Inorg:. Chcm. Rrtdioehcm., 12 (1969) 1. 

J.J. KnLis twd J. Sheft, _Advan. Inorg:. Chem. Radiochem., 2 (1960) 195. 
H. Gysling and hl. Tsutsui, Atlv. Organomet. Chem., 9 (19'70) 361. 
R.G. Hayes ttnd J.L. Thomas, Organomet. Chem. Rev., SA, 7 (1971) 1. 

B. Kanellakopulos and K.W. Bagnall, in K.W. Bagnatl (Ed.), Inorganic Chemistry, 
Series I, Vol. 7, Buttcrworths, London, 1973, p. 299. 
J.L. Ryan, in K.W. Bagnall (Ed.), Inorganic Chemistry, Series I. Vol. 7, Butterworths, 
London, 1972,p. 323. 

U_ Caseiiato. I\I. Vidali and P.A. Vigato, Coordin. Chem. Rev., 26 (1975) 85. 
U. Casellato, M. Vidati and P.A. Vigato, Inorg. Chim. Acta, 18 (1976) 77. 
M. Delepine, Bull. Sot. Chim. Fr. (4). 3 (1908) 643. 
S. Takagi and Y. Tanaka, J. Pharm. Sot. Jpn., 69 (1949) 296; Chem. Abstr., 44 (1950) 
1910. 
J. Von Braun, Chem. Bet-., 35 (1902) 817. 
L-J. Bellamy. The Infrared Spectra of Complex Molecules, Chapman and Halt, London, 
1975, p. 295. 
J. Chatt., L.A. Duncanson and M.L. Vennnzi, Nature (London), 177 (19G5) 1042. 
J. Chatt, L.A. Duncanson and M.L. Venanzi, &omen Kemistilehti B, 29 (1956) 75. 
L.H. Little, G-W. Poling and J. Leja, Can. J. Chem., 39 (1961) 745. 
C.W. Watt and B.J. McCormick, Spectrochim. Acta, 21 (1965) 753. 
F. nlazii and C. Tadini, Z. Kt-istatfogr. Kristailgeometrie, Kristatfphys., Kt-istallchem., 
118 (1963) 375. 



31 C. Carrai and G. Gottardi, Z. Kristallogr. Kristallgeomotrie, Kristallphys., Kristallcl~em.. 
113 (1960) 373. 

31 R. Compper and \V. Topfl, Chcm. Ber., 95 (1962) 2861. 
33 WI.,, Shankaranarayana and CC. Patil, Can. J. Chem., 19 (1965) 1123. 
3-1 &I. Delepine, CR. Acad. Sci., Ser. C, 144 (1907) 1125. 
35 L. Malatesta, Gazz. Chim. Ital., 69 (1939) 408. 
36 R.G. Jones, E. Bindshalder, G.A. Martin Jr., J.K. Thirtle and H. Gilman, J. Am. Chem. 

Sot., 59 (1957) 4921. 
37 C.J. Rodden, Analytical Chemistry of Llte Manhattan Project, hlcGraw-Ilill, New York, 

1950, p_ 1070. 
36 E.B. SandelI, Calorimetric Determination of Traces of Metals, Interscience, New York, 

1950, p_ 603. 
39 K. Gleu and R. Schwab, Angew. Chem., 62 (1950) 320. 
-10 I.D. Muzyka, E.D. Romanenko and N.N. Tananacva, Russ. J. Inorg. Chem.. 11 (1966) 

6ltS. 
41 R.A. Zingaro, J. Am. Chem. Sot., 78 (1956) 3568. 
42 K. Bawmnn and Z. Dori, Chem. Comrnun., (1968) 636. 
-13 R. Gra&uti, B. Znrli, t\. Cnssol. G. Bombieri, E. Forseilini and E. Tondello, Inorg- 

Chem., 9 (1970) 2116. 
-14 A. Cassol, B. Zarli and E. Tondello, Annu. Meet., Chim. Inorg., (1968) 121. 
-15 S. Degetto, L. Baracco, G. Rlnrangoni and E. Celon, J. Chem. Sot. Dalton Trans., 

(197G) 1615. 
46 C. Pannttoni. R. Graziatti, U. Croatto, B. Zarli and C;. Bombieri, Inorg. Chint. Acta, 2 

(1965) 43. 
47 C. PanatLoni, ii. Graziani, G. Bandoli. B. Zarli and G. Bombieri, Inorg. Chent., 8 

(1969) 320. 
-IS E’. Forscllini, C:. Uombieri, R. Grxiani and B. Zarli, Inorg. Nucl. C&em. Lctt_, S (1972) 

i61. 
-!‘J TM. Siddal, III and CF. Voisin, J. Inorg. Xucl. C&em., 3-1 (1972) 2078. 
50 C. Furlani, E. Cervone n1lt1 F. Diomedi Cnmassei, Inorg. Chem., 7 (1968) 265. 
51 D. Barnard and D.T. \Voodbritlge, J. Cltem. Sot., (1961) 2922. 
52 B. Znrli, R. Gr;tziani, E. Forscllini, U. Croatto and G. Bontbieri, Chcnt. Commun., 

(1971) 1501. 
53 C.K. Jorgensen, Orbitals in i\toms and ~IolccuIes, Academic Press, London, 1962. 
54 C.K. dorgensen, Proc. Symp. Coord. Chent., 11 (1965) 1964. 
55 C. Bnndoli, D.A. Clentcnte, F. Benetollo. M. Vidali, P-A. Vigato and U. Casellato, 

Inorg. Nucl. Cttem. Lett., 9 (1973) 433. 
56 B. Zarli, C,. Dnll’Olio and I,. Sindcllari, J. Inorg. Nucl. Chent., 38 (1976) 491. 
57 G. Bomhieri, IJ. Croatto, E. Forsellini, B. Znrli and R. Graziani, J. Chem. Sot., (1972) 

560. 
55 J-1. I3utlock, J. Inorg. Nuct. Chem., 29 (1967) 2355. 
59 S.&I. Sinitsynn and NM_ Sinitsyn, Russ. J. Inorg. C&em., 10 (1965) -199. 
60 F.A. Ihrt and J.E. Newbery, J. Inorg. Nucl. Chem., 30 (1968) 318. 
61 F.A. Cotton, R.D. Barnes ant1 E. Bannister, J. Chem. Sot., (1960) 2199. 
62 D.M.L. Goodgame and F-A. Cotton, J. Chetn. Sot., (1961) 2298. 
63 P.A. Gigucre and D. Chin, Can. J. Chem., 39 (1961) 1214. 
6-l S.H. ftunter, V.&l. Langford, C.A. Rodley and C.J. Wilkins, J. Cltem. Sot. A, (1968) 

305. 
65 P.R. Heckley. D.G. Holah and D. Brown, Can. J. Chem., -19 (1971) 1151. 
GG K.W. bgnnll, D. Brown and D.G. Holah, J. Chem. Sot. A, (1968) 1119. 
67 J.P. Uiblcr and D.G. Karraker, Inorg. Chem., 7 (1966) 982. 
68 K.W. Bngnall and R.G. Holah, Nature (London), 215 (1967) 623. 
69 U. Brown, D.G. ffolah and C.E.F. Rickard, Chem. Commun., (1969) 280. 
‘70 D. Brown, D.G. t_Iolah and C.E.F. Rickard, J. Chem. Sot. A, (1970) 423. 



275 

71 
73 
73 
7-I 
75 

76 

77 
7s 

79 
so 

81 

S2 

s3 
84 

S5 

86 

87 
ss 
S9 
90 
91 

92 
93 
9-l 
95 
96 
97 
9s 
99 

tJ.L. Hoard and J.V. Silverton, Inorg. Chem., 2 (1963) 235. 
K.W. Bagnall and E. Yanir, J. Inorg. Nucl. Chem., 36 (1974) 777. 
C. Glidewell and D.W. Rankin, J. Chem. Sot. A, (1970) 279. 
D. Brown, D.G. Holah and C.E.F. Rickard, J. Chem. Sot. A, (1970) 7S6. 
L. Doretti. F. Madalosso, S. Sitran and S. Faieschini, Inorg. Nucl. Chem. L&t., 12 
(1976) 817. 
M.S. Kharasch and 0. Reinmuth, Grignard Reactions of Nonmetallic Substances, 

Prentice-Hall, New Jersey, 1954, p. 1287. 
R.G. Pearson, J. Am. Chem. Sot., 85 (1963) 3533. 
L. Baracco, G. Bombieri, S. Degetto, E. Forsellini, G. Marangoni, G. Paolucci and R. 
Graziani, J. Chem. Sot. Dalton Trans., (1975) 2161. 
R-D. Shannon and C.T. Prewitt, Acta Crystatiogr. Sect. B, 26 (1970) 104. 
D.A. Clemente, G. Bandoli, F. Benetoito and A. Marzotto, 3. Cryst. Mol. Struct., 4 
(1974) 1. 
L. Di Sipio, E. Tondello, G. Pelizzi, G. Inglctto and A. Montenero, Cryst. Struct. 
Commun., 3 (1974) 29’7. 
R. Graziani, G. Bombieri, E. Forsellini and G. Paotucci, J. Cryst. Mol. Struct., 5 
(1975) 1. 
J-F. de Wet and S.F. Darfow, fnorg. Nucl. Chem. Lett., 7 (1971) 1041. 
G. Bombieri, D. Brown and R. Graziani, J. Chem. Sot. Dalton Trans., (1975) 1873. 
G. Bandoli, D.A. Clemente, U. Croatto, M. Vidali and PA. Vigato, Chem. Commun., 
(1971) 1330. 
G. Bandoli, D.A. Clemente, U. Croatto, M. Vidali and P.A. Vigato, J. Chem. Sot. Dalton 
Trans., (1973) 2331. 
W. Dietzsch and E. Hoyer, J. Inorg. Nucl. Chem., 5 (1969) 63.5. 
L. Zimmer and K.H. Lieser, Inorg. Nuct. Chem. Lett., 7 (1971) 563. 
L. Zimmer and K-H. Lieser, Inorg. Nucl. Chem. L&t., 7 (1971) 1163. 
A.B.P. Lever, Advan. Inorg!. Chem. Radiochem., 7 (1965) 27. 
J.S. Anderson, E.F. Bradbrook, A-H. Cook and R.P. Linstead, J. Chem. Sot., (193s) 
1151. 
P-A. Barrett, C.E. Dent and R.P. Linstead, J. Chem. Sot., (1936) 1’719. 
P.A. Barrett, D.A. Frye and R.P. Linstead, J. Chem. Sot., (1935) 1157. 
G-T. Byrne, R.P. Linstead and A.R. Lowe, J. Chem. Sot., (1931) 1017. 
G. Delacote and M. Schott, Physica Status Solidi, 2 (1962) 1460. 
C-E. Dent and R.P. Linstead, J. Chem. Sot., (1934) 1027. 
R.P. Linstead, J. Chem. Sot., (1934) 1016. 
R.P. Linstead and A.R. Lowe, J. Chem. Sot., (1934) 1022. 
R.P. Linstead and A.R. Lowe, J. Chem. Sot., (1934) 1031. 

100 J-M. Robertson, J. Chem. Sot., (1936) 1195. 
101 &I. Shigemitsu, Bull. Chem. Sot. Jpn., 32 (1959) 607. 
102 N.A. Ehert Jr. and H-0. Gottlieb, J. Am. Chem. Sot., 74 (1952) 2606. 
103 C. Hamann and I. Storbeck, Naturwissenschaften, 50 (1963) 327. 
104 F.W. Karasek and J.C. Decius, J. Am. Chem. Sot., 74 (1952) 4716. 
105 D-N. Kendall, Anal. Chem., 25 (1953) 382. 
106 W.J. Kroenke and M.E. Kenney, Inorg. Chem., 3 (1964) 251. 
107 J-M. Robertson and I. Woodward, J. Chem. Sot., (1937) 219. 
10s J.M. Robertson and I. Woodward, J. Chem. Sot., (1940) 36. 
108 (a) J.F. Kitner, W. Dow and W-R. Scheidt, Inorg. Chem. 15 (1976) 1685. 
109 D.J.E. Ingram and J.E. Bennett, Discuss. Faraday Sot., 19 (1955) 140. 
110 F.A. Hamm and E. Van Norman, J. Appl, Phys., 19 (1949) 1097. 
111 D. St. C. Black and E. Markham, Rev. Pure Appl. Chem., 15 (1965) 109. 
112 D.H. Busch, Helv. Chim. Acta, Fast. Extraordinarius, Alfred Werner Commemora- 

tion Volume, 1967. 
113 N-F. Curtis, Coord. Chem. Rev., 3 (1968) 3. 



D.H. Busch. Ii. Farmery, V. Katovic, A.C. hIelnyk, CR. Spernti and N.E. Tokel, Adv. 
Chem. Ser.. 100 (1971) 44. 
L.F. Lindoy and D.H. Busch, Prep- Inorg- React., 6 (19il) 1. 
R.D. Shannon and C-T. Prcwitt, Acta Crystaflogr., Sect. B, 25 (1969) 925. 
N.A. Frigerio, U.S. Patent, 1962, No. 303’7391. 
J.E. Blow, J. Schlabitz, CC. Walden and A. Demerdache, Can. J. Chem., 42 (196-l) 
2201. 
J.S. Kirin, P.N. hIoskalev and V. Ya. Alishin, J. Gen. Chem. USSR, 37 (1967) 265. 
W. Hagenberg, R. Gradl and F. Lux. GDCh-I-Iauptversammluna, GDCh-Fachgruppe, 
Kern, Radio and Strahlenchemie, Karlsruhe, Sept. 1971, quoted in K-IV_ Bagnaii, The 
t\ctinide Elements, Elsevicr, Amsterdam, 1972, p. 225 and in ref. 1%. 
I*‘. Lus, Proc. 10th Rare Earth Rcs. Conf., Carefree, Arizona, May 19’73, p- S’il. 
V.W. Day. T.J. RInrks and W.A. Wachter, J. Am. Chem. Sot., 97 (1975) 1519. 
I.M. Keen. Platinum Met. Rev., S (196-l) l-13. 
1.M. Keen and L3.W. Malerbi, J. Inorg. Nucl. Chcm., 2’7 (1965) 133 1. 
D.A. Clemente, G. Bandoli, F. Benetollo. I\I. Vidali, PA. Vigato and U. Casellato, 
J. Inorg. Nucl. Chem., 36 (1974) 1999. 
G. Bandoli. L, Cnttnlini. D.A. Clemente, hl. Vidali and P.A. Vipato, Chem. Commun., 
(1972) 3+;_ 

276 

11-t 

115 
116 
117 
118 

119 
l!?O 

I1 
1% 
123 
1z.1 
125 

I”6 

1’77 
128 
129 
130 
131 

132 
133 

13-t 
135 
136 
137 

138 
139 

l-10 
l-11 
L-13 

l-13 
1-l -I 
l-15 
l-16 
l-I7 
t-t5 
l-I9 
150 
151 
152 

T.J. itlarks and D.R. Stojakovic, Chem. Commun., (1975) 28. 
P.A. Barrett, CM. Dent and R.P. Linstead, J. Chem. SW., (1936) 1719. 
L.\V. \Volf and H. J&an, J. Prakt. Chem., 1 (1955) 25i. 
F. Lus, D. Dempf and D. Graw, Angew. Chem. Int. Edn. En@., 7 (1968) S19. 
W.C. Fernelius, Q.E. Burk and 0. Grummit, Chemical &chitec~urc, Interscience, 
N.Y., 126s. p. 26. 
A. Gieren and W. Hoppe, Chetn. Commun., (1971) -113. 
C.J. Brown, J. Chem. Sot. 31, (19GS) 8-tS8. 
C.J. Brown, J. Chem. Sot. A, (19GY) Z-195. 
L.H. Vogt, Jr., A. Zalkin and D.H. Templeton, Inorg. Chem., 6 (1967) 1725. 
B.F. Hoskins, S.A. Mason and J.C.B. White, Ciwm. Common., (1965) 551. 
RIK Friedei, B.F. Hoskins. R-L. Mason and +%A. hinson, Chem. Commun., (1970) 
-too. 
I’. Lux and F. Anlmentofp-Schmitft, Radiochim. Acta, -I (1965) 113. 
1~. Lus, D. Brown, D. Dempf, R.D. I:ischer and W. Hagenberg, Angew. Chem., S 
(19ti9) s9-1. 
F. Lions and K.V. I\Iartin, J. Am. Chem. Sot., SO (1958) 3858. 
13. Chiswell, J.F. Celdard. A.T. Philfip and F. Lions, Inorg. Chem., 3 (1964) 1272. 
G. Bombieri, U. Croatto, R. Gr:lziani, E. Forsellini itnd L. Magon, Rcta CrysLallogr., 
Sect. B, 30 (196.1) -fO7. 
B. Chiswell and F. Lions, Inorg. Chem., 3 (197-l) -I90. 
B. Chiswell, Inorg. Chim. Acta, G (195”) 629. 
l3. Chiswell, F. Lions and M.L. Tomiison, Inorg. Chem., 3 (1964) -192. 
R.W. Green, P.S. Hallan and F. Lions, Inorg. Chcm., 3 (1961) 1541. 
C-F, Bell and D.R. Rose, Inorg. Chem., i (196s) 325. 
B. Chiswell, Aust. J. Chem., 21 (1968) 1997. 
B. Chiswetl, Xnst. J. Chem., 21 (1968) 3561. 
R-J. Oicott and R.H. Helm, Inorg. Chim. Acta, 3 (1969) 431. 
G. I’aolucci and G. Marangoni, Inorg. Chim. Acta, 2-l (1977) Lj-Lc,. 
ti. Bandoli, D.A. Clemcnte, G. Marangoni and cf. Paolucci, Chem. Commun., (1978) 

153 J.D. Curry, MA. Robinson rmd D.H. Busch, Inorg. Chem., 6 (1967) 1570. 
154 1.1. Knpshukov, Yu. F. Volkov, E.P. Moskvicher, LA. Lebedev and G.N_ Yakovlev, J. 

Struct. Chem., 12 (1971) 77. 
155 L.H. Jones, Speelrochim. Acta, 10 (1958) 325. 



277 

1.56 L.H. Jones, Spectrochim. Acta, 11 (1968) 409. 
157 S.P. McGlynn, J.K. Smith and W.C. Neely, J. Chcm. Phys., 35 (1961) 105. 
158 P.A. V&to, U. Casellato, M. Vidnli, D.A. Clemente and G.. Bnntloli, J. Inorg. Nucl. 

C&em.. 35 (1973) 4131. 
159 F. Caldernzzo, G. Del’Amico, R. Netti and ivI. Pasquali, Inorg. Chem., 1’7 (1978) 471. 
160 F. Calderazzo, &I. Pasquali and T. Salvatori, J. Chem. Sot. Dalton Trans., (197-L) 1102. 
161 J.D. Jamerson and J. Takats, J. Organomet. Chem., iS (1974) C23-C25. 
162 B. Zarli, L. Volponi, L. Sindcllari and C. DePaoli, .J. Inorg. Nucl. Clmn., 35 (19i.7) 

231. 
163 T.J. Marks and D.R. Stojakovic, J. Am. Chem. Sot., 100 (1978) 1695. 
164 K-A. Jensen and L. Hem-i&n, Acta Chem. Scan&, 22 (1068) 1107. 
165 D. Ostfeld and &I. Tsutsui, Accounts Chem. Res., ‘7 (1974) 52. 
166 C.P. Wang and W. De \V. Hnrrocks Jr., Tetrahedron Lett., 31 (1975) 2637. 
167 P.N. &loskalen, V. Ya. Miskin, E.M. Rubstov and IS. Kirin, Russ. J. Inorg. Chem. 3-l 

(1976) 1 z-13. 
168 G.W. Watt and K.F. Gacld, Inorg. Nucl. Chem. Lett., 9 (1973) 203. 
169 J-G_ Reynolds, A. Zalkin, D.H. Templeton, N-31. Edelstein and L.K. Templeton, 

Inorg. C&em., 15 (1976) 2dVS. 
170 R.G. Jones, G. Karmas, G.A. Martin Jr. and Ii. Gilman, J. Am. Chem. Sot. 78 (1956) 

4285. 
171 J.G. Reynolds, A. Zalkin, D.H. Templeton and K.M. Eclelstcin, Inorg. Chem., 16 

(1977) 1090. 
372 J.L. Ryan and W.E. Keder, Adv. Chem. Ser., 71 (1967) 335. 
173 3-G. Reynolds, A. Zslkin, D.H. Templeton and NM_ Edelstein, Inorg. Chem., 16 

(1977) 599. 
174 J.R. Reynolds, A. Zalkin, I1.H. Templeton and N.&I. Edclstein, Inorg. Chcm.. 16 

(19i7) 18%. 
175 R. Graziani, B. Zarli and G. Bnndoli, Ric. Sci., 37 (1967) 9%i. 
176 R.P. Linstead and J.i\I. Robertson, J. Chem. Sot., (1936) li36. 
1’57 W.L. Pillinger and J.A. Stone, in I.J. Gruverman (Ed.), Miissbnucr EfTecl Mcthodologv, 

Vol. 4, Pienum Press, New York, 1968, p. 21’7. 
17s S.J. Lippard, Progr. Inorg, Chem., 8 (1967) lG9. 
179 D. Brown, D.G. Holah, C.E.F. Rickard and P.T. Moseley, U.K.A.fs.A. Rept. AERE-R- 

6907,197l. 
lS0 S.J. Lipparcl and B.J. Russ, Inorg. Chem., 7 (1968) 1686. 
IS1 M. Colapietro, A. Vaciago, D.C. Bradlcy, M.B. Hursthouse and 1-F. Rendall, Chem. 

Commun., (1970) i43. 


