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Abstract 

A new heptadentate compartmental ligand has 
been synthesized by condensation of 3-formylsali- 
cylic acid and 1,5-diamino-3-thiapentane in methanol 
(H4L3. This Schiff base contains an inner NzSOz and 
an outer 0202 site and gives, by reaction with copper- 

(II)? nickel(I1) and uranyl(V1) diacetate, mono- 
nuclear, homo- and heterobinuclear complexes. In the 
mononuclear copper and nickel complexes, the metal 
ion is in the inner NaS02 site, while it is in the outer 
0202 for uranyl; a solvent molecule fills the fifth 
equatorial coordination position in this last complex. 
The physico-chemical properties of the compounds 
are discussed on the basis of infrared, electronic and 
magnetic data and by comparison with the analogous 
complexes with the ligand obtained by reaction of 3- 
formylsalicylic acid and diethylenetriamine (H4Lb). 
The mononuclear copper and the heterodinuclear 
copper-uranyl complexes show anomalously low 
magnetic moments. 

introduction 

In the past we have synthesized several hexaden- 
tate compartmental ligands in which the uranyl(V1) 
ion always occupied the external coordination site 
0202 [l-4] (Schemel). More recently, a new 
series of heptadentate ligands have been prepared and 
their interaction with uranyl(VI), copper(H) and 
nickel(I1) studied [S, 61. The aim of these studies was 
to offer more flexible and versatile ligands for transi- 
tion metal ions and a more appropriate inner site for 
large ions such as UOZ2+. 

As an extension of this investigation, we have syn- 
thesized the heptadentate binucleating ligand H4L,, 
which shows the usual outer 020Z chamber and an 
inner chamber, N2S02, in which a ‘soft’ thioetheric 
donor has been added to the more familiar tetra- 
dentate N202 set. With this ligand it was feasible to 
investigate the influence of the ‘soft’ thioetheric 
sulfur on the prepared complexes and to correlate 
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them with those obtained with the ‘harder’ aminic 
nitrogen, with the possibility to obtain binuclear 
uranyl(V1) complexes, with the consequent forma- 
tion of a U-S thioetheric bond [7]. It must be noted 
that we have recently prepared and characterized, 
also by X-ray diffraction, the uranyl(V1) complex [8] 

0 Elsevier Sequoia/Printed in Switzerland 



162 U. Casellato et al. 

uo, salsen 

UOz(salsen) where 
internal site of the 
this work. 

the Schiff base represents the 
heptadentate ligand reported in 

The present paper describes the preparation and 
the properties of H4L,, its interaction with uranyl- 
(VI), copper and nickel(H) and the physico- 
chemical properties of the complexes. 

Experimental 

1,5-Diamino-3-thiapentane was a K & K product; 
the metal salts were C. Erba products and were used 
without further purification. 3-Formylsalicylic acid 
was prepared according to literature [9]. The Schiff 
base H4Lb was obtained by condensation of 3-formyl- 
salicylic acid and diethylenetriamine and the related 
mono and binuclear uranyl(VI), copper(I1) and 
nickel(I1) complexes were synthesized according to 
references [5] and [6]. 

Preparation of the Llgand H,L, 
(a) The product was prepared by adding at room 

temperature 2 mmol of 3-formylsalicylic acid in 
methanol (20 ml) to 1 mmol of 1,5-diamino-3- 
thiapentane in 3 ml of methanol. The yellow com- 
pounds so formed was filtered, washed with methanol 
and dried in vacua. Anal. Found: C, 57.23; H, 4.85; 
N, 6.78. Required for C2aHZONZS06: C, 57.83; H, 
4.82; N, 6.75%. Yield 65%. 

(b) The ligand was also prepared by mixing a 
methanolic dilute solution of 2 mmol of 3-formylsali- 
cylic acid (60 ml) and 1 mmol of 1,5-diamino-3- 
thiapentane (40 ml) and refluxing the resulting solu- 
tion for 6 h. Anal. Found: C, 58.01; H, 4.90;N, 6.63. 
Required for C2,,H,eN,06S: C, 57.83; H, 4.82; N, 
6.75%. Yield 58%. 

The product obtained by the procedures (a) and 
(b) show a different chemical behaviour as described 
in the Results and Discussion. 

Preparation of Mononuclear Complexes (MH,L,) 

uO,(H,L,I*3H,O (1) 
The complex was prepared by slow addition of a 

methanolic solution of UOz(CH&00)2.2Hz0 (1 

mmol) suspended in the same solvent. The yellow 
solid obtained, after stirring under reflux for several 
hours, was filtered, washed three times with methanol 
and dried in vacua. Anal. Found: C, 32.24; H, 2.85; 
N, 3.57. Required for Cz,H,4N,011SU~UOz(HzL~)~ 
3Hz0: C, 32.52;H, 3.25; N, 3.79%. 

Cu(H,L,)-2H,O (2) and Ni(H,L,)-2H,O (3) 
The complexes were prepared by slow addition of 

a methanolic solution of the appropriate metal 
acetate (1 mmol) to a suspension of H,L, (1 mmol) 
in the same solvent. After stirring under reflux for 
4-6 h, the green solid obtained was filtered, washed 
with methanol (three times for copper and with a 
small quantity for the nickel complex) and dried in 
vacua. Anal. for 2. Found: C, 47.05; H, 3.82; N, 
5.48. Required for C2eH,,0sSCu, Cu(HzLa*2Hz0: 
C, 46.74; H, 4.28; N, 5.45%. Anal. for 3. Found: C, 
46.94; H, 4.14; N, 5.56. Required for CaeH,,OsSNi, 
Ni(HzLa)*2H,0: C, 47.18;H, 4.14; N, 5.51%. 

Preparation of Homobinuclear Complexes (Me,L,) 

(~O~)~(L,I*CH~OH~H,O (4) 
A solution of the ligand was obtained for the addi- 

tion of 4 mmol of LiOH to the stirred methanolic sus- 
pension of H4L, (1 mmol, 30 ml). To this solution 
UOz(CHaC00)2*2Hz0, in a molar ratio 1:2, was 
added. The yellow product obtained was filtered, 
washed with methanol and dried in vacua. Anal. 
Found: C. 25.11: H. 2.50: N. 2.60. Reauired for 
CzoHzzNzd,zSClz,‘(U~z)(L,j&,0H~H,0~C,25.15; 
H, 2.20; N, 2.79%. 

Cuz(L,)*2H20 (5) andNi’L(La)-4Hz0 (6) 
To a methanolic suspension of H4L, (1 mmol, 30 

ml), 4 mmol of LiOH were added. To the resulting 
solution the appropriate metal acetate (2 mmol) was 
added. The green product obtained was filtered, 
washed with methanol and dried in vacua. Anal for 
5. Found: C, 41.39; H, 3.39; N, 4.85. Required for 
CzoHzoNzOaSCuz, Cuz(Ld*2Hz0: C, 41.73; H, 3.48; 
N, 4.87%. Anal. for 6. Found: C, 39.27; H, 3.86; N, 
4.42. Required for CzoH24N,010SNi,, Niz(La*4H,0: 
C, 39.91;H, 3.99;N, 4.66%. 

All these binuclear complexes were also obtained 
by refluxing a methanolic suspension of the mono- 
nuclear complex for several hours with LiOH and the 
appropriate metal diacetate in a molar ratio 1:2: 1. 

Preparation of Heterobinuclear Complexes (MUO, L,) 
(M = Cu, Ni) 

&)T o a methanolic suspension of M(H,L,).2Hz0 
(1 mmol, 30 ml), 2 mmol of LiOH and 1 mmol of 
UOz(CH3C00)2;2Hz0 were added. The suspension 
was refluxed for 6 h. The product obtained, (green 
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for CuU02(L.J and yellow-green for NiUOa(L,)), was 
filtered, washed with methanol and dried in vacua. 

(b) The same NiUOz(L,).2H20 or the analogous 
CuU02(La*CHs0H was obtained by refluxing, for 
several hours, a methanolic suspension of UO,(H,L,)* 
3Hz0, LiOH and M(CH3C00)2*xH,0 in a molar 
ratio 1:2:1. The products obtained were filtered, 
washed in methanol and dried in VQCUO. 

(c) To a methanolic suspension of CusL, (5) (1 
mmol) a methanolic solution of U02(CHsC00)2+ 
2Hz0 (1 mmol) was added. The green precipitate ob- 
tained, after a reflux of several hours, was washed 
several times with methanol and dried in WCUO. Anal. 

for the CuU02(L,) complex. Found: C, 31.06; H, 
2.41; N, 3.67. Required for C2eH1sN20$XuU, 
CuU02(L,).H20: C, 31.43; H, 2.62; N, 3.67%. Anal. 
for the NiUO,(Ld complex. Found: C, 30.85; H, 
2.70; N, 3.32. Required for CzoHzoNzOroSNiU, 
NiU02(La.2H,0: C, 30.90; H, 2.57; N, 3.60%. Anal. 
for the CuUO,(L,) complex. Found: C, 32.89; H, 
2.74; N, 3.76. Required for CzoHzoNzO1oSCuU, 
CuU02(L,)CHaOH: C, 32.41; H, 2.57; N, 3.60%. 

Results and Discussion 

By reaction of 3-formylsalicylic acid and 1,5- 
diamino-3-thiapentane in methanol, the heptadentate 
Schiff base, H4L,, has been obtained in two different 
modifications (A and B). The first (A) has been ob- 
tained when the reaction is carried out at room tem- 
perature, while the second (B) was obtained in hot 
methanol. A turns into B by refluxing for several 
hours in methanol. Both species are yellow solids, 
which melt above 270 “C; they differ in IR, UV and 
reactivitiy towards metal ions. The reactivity of the 
modification B towards transition metal ions, becomes 
similar to that of A, only when a stoichiometric 
quantity of base (i.e. LiOH) (LiOH/H4L, = 2/l) is 
added, before the reaction with metals takes place. 
An explanation for this different behaviour is dif- 
ficult; and is exacerbated by the low solubility of the 
two samples in organic solvents which prevents a full 
physico-chemical identification. 

By reaction of H,L, with uranyl(VI), copper(H) 
and nickel(H), the reaction scheme (Scheme 2) has 
been obtained. The reaction scheme is similar to that 
obtained with the ligand H4Lb [6] which has an 
aminic NH group instead of a thioetheric sulphur. It 
is thus possible to correlate the physico-chemical 
results of similar complexes with the two ligands. 
With both ligands, as can be seen from Scheme 2, 
mononuclear, homobinuclear and heterobinuclear 
complexes are obtained; the homobinuclear species 
can be obtained in a single stage whereas the hetero- 
binuclear must be obtained step by step. 

For the mononuclear complexes, the coordination 
chamber occupied by different metal ions has been 

“aLb 

detected by infrared evidences and by reactivity. The 
results, below reported, can be considered as indica- 
tions of the site occupancy and not as a definitive 
proof. 

For the mononuclear complexes, the two posi- 
tional isomers can be proposed for copper(I1) or 
nickel(I1) (A) and uranyl(V1) (B), respectively. In this 
last complex the usual equatorial pentacoordination 
around the uranyl(V1) ion is reached by a solvent 
molecule. 

or 

A B 

For Cu(H,L,) and Ni(H2L) complexes the vC=O 
of the carboxylic groups lies, respectively, at 1698- 
1690 cm-‘, completely comparable with that found 
for the free ligand (1700 cm-‘). It has been already 
found that nickel(I1) strongly prefers the internal 
chamber, with hexa-[1, IO] and also heptadentate 
ligands [5, 61. For copper(I1) both isomers have been 
found to exist, depending on the solvent used [lo]. 
For these complexes, however, a change from the 
outer to the inner coordination chamber seems to be 
obtained more easily than the converse. The similari- 
ty of the shape of IR spectra for nickel(I1) and 
copper(l1) mononuclear complexes strongly suggest 
that the central metal ion is in the same inner coordi- 
nation environment. In the homodinuclear Cu,(L,) 
and Ni,(L,) complexes, where both coordination sites 
are occupied, there is a lowering in the vC=O of 160 
cm-‘; it lies at 1635 cm-’ for the copper complex 
and 1610 cm- ’ for the nickel complex. 

For the uranyl(V1) mononuclear species UOz- 
(H,La the IR spectrum shows a uC=O at 1655 cm-‘, 
45 cm-’ lower than in the free ligand, in accordance 
with the structure B. An analogous lowering in the 
vC=O is observed in the homobinuclear uranyl(V1) 
complex (UO&(L3. 
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Scheme 2. 

A further evidence of the coordination site 
occupied by UOa*+ derives from the reaction of 
UOa(H,LJ(S) with neutral monodentate coordi- 
nating ligands, such as dimethylsulphoxide (dmso). If 
the complex has the structure (A) no reaction should 
occur, as the equatorial coordination is filled by the 
five donor atoms of the inner chamber. It was well 
established that the uranyl(VI) ion prefers an 
equatorial pentacoordination with chelating ligands 
forming five or six membered rings [ 11, 121. If it has 
the structure (B) on the contrary, the reaction: 

UOz(H,L,)(S) + dmso --+UOz(H,L,3(dmso) + S 

must occur; the solvent molecule directly bonded to 
the central metal ion (in the first case, a molecule of 
crystallization) forms the equatorial pentacoordina- 

tion, and is replaced by dmso. The reaction does 
occur, suggesting the coordination of uranyl(V1) ion 
in the outher OzOz chamber. A new band, due to the 
vS-0 of the coordinate dimethylsulphoxide at 1025 

-’ appears in the infrared spectrum. An analogous 
k:haviour has been found for the outer uranyl(V1) 
ion in the homobinuclear complex (UO,),(L,)(S) 
which, by reaction with dimethylsulphoxide produces 
(UOz),(L3(dmso). In this complex a new band, due 
to the vS-0 appears at 1018 cm-‘. 

As mentioned above the inner uranyl(V1) ion does 
not coordinate to an additionaf dmso molecule, being 
the equatorial coordination of the metal ion saturated 
by the five, NzS02, donor set of the Schiff base. 

It should be noted, however, that chamber change 
in solution cannot be ruled out, depending on the 
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TABLE I. Infrared Data (cm-‘) for the Prepared Complexes. 

- 

Complex IR frequencies in the range 1700-1500 cm-l 
assignable to C-O, C-N and C-C 

Other characteristic bands 

H4L, (cold) 1698vs, 166Ovs, 1600m, 1560m, 1530~s 760m, 740m 

H4L,(hot) 173Ovs, 166Ovs, 1600m, 156Os, 1525s 

UOz(HzL,)*3Hz0 

Cu(HzLa)*2Hz0 

Ni(HaL,).2HaO 

(U02)a(L,)CHs0H*Hz0 

Cua(L,)*2HaO 

Nia(La).4Hz0 

NiUOa(L,).2HaO 

CuU02(L,)*1H20 

H4Lb 

CU(HaLb)*lH# 

Ni(HaLb).2HaO 

UOa(HaLb)*3HaO 

CU,(Lb)*4HaO 

Nia(Lb).2HaO 

(UCa)a(Lb)‘3HaO 

NiUOa(Lb)* 1 Ha0 

CUU0~(L,,)-2H~0 

CUNi(Lb)*2H,O 

1660~s 1610~s 1555~s 905vs (O-U-O) 

1692s, 164Ovs, 1601vs, 1572vs, 1539s 

1685s, 1640~s 1595vs, 1558s 

1658vs, 1605vs, 1555vs, 1530s 920vs (O-U-O) 

1635vs, 1595vs, 1565vs, 1550s 

1638~s 16OOvs, 1565vs, 1540s 

1645vs, 16OOvs, 1555~s 91ovs (O-U-O) 

1655s, 1635~s 16OOvs, 1555~s 91ovs (O-U-O) 

1685vs, 1652vs, 1605vs, 1558~s 3170m (NH) 

168Ovs, 1655vs, 1640m, 1590m, 15.50s 3235m (NH) 

1683vs, 165Ovs, 1600m, 1560s 3235m (NH) 

1660~s 1655vs, 1640m, 1590m, 1565s 3220m (NH), 927vs (O-U-O) 

165Ovs, 1605m, 1570m, 1555s 3240m (NH) 

1647~s 1621m, 1600m, 1565s 3240m (NH) 

1670~s 1655vs, 1630m, 1560s 3230m (NH), 903vs (O-U-O) 

1655vs, 1635vs, 1600m, 1565s 3235m (NH), 9OOvs (O-U-O) 

1600~s 1565m, 1555s 3220m (NH), 9OOvs (O-U-O) 

1640~s 1600m, 15658 

solvent used. An X-ray structural determination 
would be necessary; unfortunately we were not able 
to grow good crystals for such an investigation. 
The v3 O-U-O is shifted to higher frequencies on 
going from the mononuclear U02(H,L&*CH30H 
(900 cm-‘) and U02(HzLJ*dmso (900 cm-‘) to the 
binuclear (UOz)z(L3*CH30H (9 19 cm-‘) complexes; 
an opposite trend was observed for the uranyl(V1) 
complexes with H4Lb (925 cm-’ for U02(H2Lb), 903 
cm-’ for LizUOz(Lu) and 900 cm-’ for (UOZ)Z(Lb); 
a lower value was found for LiUOz(Lb)dmso 896 
cm-’ and for (UO&(Lb)dmso 897 cm-‘). This 
different behaviour for apparently similar systems 
cannot yet be explained. As already reported [19, 
201 the vs O-U-O is probably due to vibrational and 
electronic interaction; consequently it is rather dif- 
ficult to understand, on this basis, the influence of 
the uranium-monodentate ligand bond. 

The homodinuclear copper and nickel complexes 
are easily prepared by reaction of the mononuclear 
precursor and the appropriate metal acetate or of 
H,L,, metal(I1) acetate and LiOH in molar ratio 1 :2:4. 

The heterodinuclear complexes can be prepared by 
the different pathways reported in Scheme 2. In addi- 
tion to the step by step procedures ((a) and (b) of the 

Scheme) starting from the different mononuclear 
complexes, transmetallation reaction (c) can be used. 

It must be noted, however, that in solution a 
migration reaction, particularly for the copper(H) and 
uranyl(VI) ions, cannot be ruled out from one site to 
the other, and a correlation between the properties 
of the complex in the solid state and in solution is 
not completely sure. The very low solubility of the 
complexes does not help in obtaining a correct 
knowledge of this eventual phenomenon . We are now 
trying to prepare more soluble complexes with similar 
ligands in order to understand completely the chemi- 
cal behaviour of the species prepared in solution. 

For the heterodinuclear CuUO,(La and NiUO,- 
(L,) complexes, there is a lowering of the vC=O of 
E445 cm-’ in respect to the mononuclear complexes 
(1655 cm-’ and 1655 cm-’ respectively), com- 
parable with the values obtained for the homodi- 
nuclear complexes. The presence of the uranyl(VI) 
ion is easily detected by a strong band at 900 cm-’ 
and 905 cm- ’ for CuU02(L,) and NiUO,(LJ, respec- 
tively, due to v3 O-U-O. 

A comparison of the magnetic data obtained for 
the H,L, and H4Lb complexes offers interesting 
analogies and remarkable differences. The nickel(H) 
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complexes with both of ligands show a comparable 
magnetic behaviour; the mononuclear Ni(H2L.J has 
a peff of 3.16 B.M.; the heterodinuclear UO,Ni(La 
3.22 B.M. (uranium(V1) is obviously diamagnetic); 
for the homodinuclear Ni,(L,) neff is 4.34 B.M. The 
values obtained for Ni(H2Lb), UO,Ni(L,) and Ni,- 
(Lb) are 2.83, 2.87, and 4.22 B.M., respectively. 
These values indicate that the magnetic interactions 
between the paramagnetic centres are rather weak. 

The magnetic moments of Cu(H,L,) (1.92 B.M.), 
U02Cu(Lr,) (1.99 B.M.) and Cu,(Lr,) (1.96 B.M. or 
1.39 B.M. per copper atom) indicate that there is an 
antiferromagnetic interaction between copper(I1) ions 
in the binuclear species. The mononuclear and the 
heterobinuclear complexes show a normal magnetic 
behaviour, typical of a copper(I1) ion. On the 
contrary, the copper(H) complexes of H,L, show an 
anomalous magnetic behaviour with respect to the 
analogous H4L,, complexes and to the complex ob- 
tained by reaction of copper(H) acetate monohydrate 
and the preformed Schiff base (o-OH-C6H4-CH= 
N-CH,-CH,),S (H,salsen). This complex. which 
strongly resembles the internal site SN,02 has a 
normal magnetic moment (JJ,~ = 1.73 B.M.). Cu- 
(HaL,) shows a magnetic moment of 0.75 B.M., 
comparable to that obtained for the heterodinuclear 
CuU02(L,) (0.86 B.M.). The homodinuclear Cu,(L,) 
hasapeffof 1.16B.M. 

The same results have been obtained for the 
copper complexes when the synthesis is carried out 
with anhydrous solvent and in an inert atmosphere. 

It should also be noted that all the samples ob- 
tained by the different pathways show the same value 
of magnetic moment (within the experimental error). 
Even if complexes containing some copper(I) species 
can be supposed for the explanation of the magnetic 
data, the stability of the complexes, in the solid state 
and in solution, seems to be an indication of copper- 
(II) ions strongly interacting with each other. 

The EPR spectra, carried out at room temperature 
in the solid state, on Cu(H,L), Cu2(L,) and Cu- 
(salsen) well agree with the magnetic data. The strong 
signal at 3270 Gaus, typical of an isolated copper(I1) 
ion, in Cu(salsen) strongly decreases for Cu,(LJ, with 
an indication of a copper(copper(I1) antiferro- 
magnetic interaction. This signal decreases more for 
the mononuclear species. The values for the mono- 
nuclear copper complex is the most surprising and is 
difficult to explain. 

Electronic spectra of the copper(I1) and nickel(I1) 
complexes, carried out in dimethylsulphoxide, are 
reported in Table II. The copper(I1) complexes with 
HgLb, strongly indicate detectable bands in the 680- 
720 nm range while the analogous nickel(I1) com- 
plexes have a band or a shoulder at 530-570 nm and 
additional bands at 850-1000 nm; the nickel(I1) is in 
a non planar configuration, in accordance with the 
magnetic data. 

TABLE II. Electronic (nm) Data of the Prepared Com- 

pounds. 

Complex Electronic data (nm) 

Cu(HzL,)-2H20 625,450. 393,339 

Ni(H2L,). 2Hz0 1600,950,615,368 

U02(HzL,)*3Hz0 393 

Cuz(L,)*2Hz0 390,340,305 

Ni*(L,)-4H20 308,200 

(U02),(L,)*CH30H-Hz0 500,470,374 

NiUO,(L,)-2H,O 970,600,450,399 

CuUO*(La)~lH~O 700,470,450,362 

Cu(salsen) 600,440,367,300 

UOz(HzL,,)*3H20 560,470,380 

Ni(HzLb)-2HzO 930,780,550,420,365 

Cu(H,L,)*lH,O 575,415,350 

Ni2(Lb)*2HzO 980,770,600,550 

Cuz(L,,)*4Hz0 630,435,350 

(UOz)z(Lb)-CH@H 575,485,375 

CUNi(Lb).2H# 625,355 

CuU&(L,,)‘3H20 600,460,365 

NiU@(Lb)-lH20 870,770,600,420,375 

The uranyl(V1) complexes show, in the 500-400 
nm range, bands or shoulders due to a charge transfer 
L-UO, or to internal transitions in the O-U-O 
group. For the copper(I1) complexes with H,L,, 
owing to their low solubility in dimethylsulphoxide, 
the d-d bands are not clearly identifiable while they 
are seen in the Cu(salsen) complex. Nickel(I1) with 
HaLb complexes show d-d bands or shoulders due to 
the nickel(I1) ion in a non planar coordination. By 
comparison of these results with the EPR and 
magnetic data, it magnifies the difficulty in correct 
evaluation of the oxidation state of the copper in 
these complexes. Nevertheless, the information 
obtained, clearly indicates that on moving from H4Lb 
to H4L, (ie. changing the fifth internal donor set 
from NH to S) there is a drastic variation on the 
physico-chemical properties of the copper complexes. 

This different behaviour must be studied in more 
depth in the future, and by employing other similar 
ligands. 
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