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Two octadecanuclear clusters [Cu, , L n 6 ( p 3 - O H ) 2 4 ( 0 2 ~ C H 2 ~ H 2 N ~ s H , ) ~  ,(H,O), 6(p1 2- 

CIO,)][ClO,] , ,. 16H,O (Ln'" = Gd"' or Sm"') have been synthesized and characterized by X-ray structural 
analysis. The clusters are isostructural, crystallizing in the triclinic space group Pi with Z = 1. In each 
structure six Ln"' are positioned at the vertices of an octahedron with twelve Cu" at the midpoints of the edges 
of the octahedron. The 24 O H -  groups act as p, bridges each ligating one Ln"' and two Cu". The octahedron 
encapsulates an unusual p12-C104- anion of which each oxygen atom co-ordinates to three Cu" at the axial 
positions. Ten of the C,H,N+CH2CH2C0,  - ligands act in the p-carboxylato-0,O' mode, while the other two 
act in the carboxylato-0,O' mode each chelating a Ln"'. resulting in different co-ordination environments for 
the Cu" and Ln"'. 

Polynuclear mixed-metal clusters are of special current interest. 
The nature of the magnetic exchange interactions between 
transition and lanthanoid metal ions with bridging ligands 
has attracted considerable interest both theoretically and as 
regards possible applications. These kinds of compounds 
are also possible precursors to high-temperature superconduc- 
tors." Very recently polynuclear metal complexes have also 
been reported to serve as hosts for small molecules or 
ions.' 

Recently advantage of the zwitterionic characteristic of 
betaine (Me,N+CH,CO,-) has been taken to overcome the 
charge-compensation problem in attaching carboxylate ligands 
to a copper(1r) centre, giving an interesting tetracarboxylate 
complex [CU(O~CCH,NM~,),][NO,]~. l o  The stable 
[CU(O~CC'H,NM~,) , ]~  + core can be used as a 'metallo-ligand' 
to bind other hard metal ions such as Ca" and Li'." 
Encouraged by this fact, we have attempted to synthesize 
mixed-metal Cu"-Ln"' complexes containing carboxylate 
bridges using Me,N+CH,CO, and its derivatives. and have 
succeeded in the preparation of some polynuclear complexes 
containing it or its derivative pyridinioacetate (C5HsN+-  
CH,CO, ~ ) . ' *  Much more interesting is the fact that, Nhen we 
increased the pH value of the Cu"-Ln111-C,H,N+CH,C02p 
reaction system to z 3.5 several polynuclear Cu",,Ln"', (Ln = 
Nd. Gd. c'tc.)  clusters were isolated, [Cu,,Ln,(p,-OH),,(p- 
0,CCI I,NC,H,),,(H,0)18(p~,-C10~)][C104]l ,-nH,O. We 
have now extended our study to polynuclear Cu", 2Ln1116 
compounds containing a higher analogue namely pyridiniopro- 
pionate tC ,H,N +CH2CH,C02 -). X-Ray diffraction analysis 
has shown that although such clusters have analogous 
Cu" , 2Lni", cores to those found in the C,H,NtCH2C0,  
clusters, some of the CSHSN+CH2CH2CO2-  ligands behave 
differently upon co-ordination, resulting in different environ- 
ments about the Cu" and Ln"'. In this paper we report the 
synthesis and crystal structures of two clusters, [Cu, ,lLn6(p,- 

16H20. where Ln"' = Gd"' I or Sm"' 2, respectively. 
OH)24(02CCH2CH2NCsH,), z(H,O), h b l  ,-C~04)1~C~O4117* 

Experimental 
Pyridiniopropionate was synthesized with the literature 
method. '" All other reagents were commercially available and 

used as received. The C,  H and N microanalyses were carried 
out with a Perkin-Elmer elemental analyser. The FT-IR spectra 
were recorded from KBr pellets in the range 4000-400 cm-l on a 
Nicolet 5DX spectrometer. 

CAUTION: Metal perchlorates are potentially explosive. 
Only a small amount of material should be prepared and 
handled with great care. 

Preparation of compounds 

ClO,)] [C10,]1,-16H20 1. A mixture of C,H,N+- 
CH2CH2C0,-  (0.5 g, 3 mmol) and Cu(N03),.6H,0 (0.12 g, 
0.5 mmol) was dissolved in distilled water (3  cm3) and heated 
at 60 "C for 10 min. An aqueous solution ( 2  cm3) of Gd- 
(N03),-6H,0 (0.44 g, 1 mmol) was then added followed by 
an aqueous solution (2 cm3) of NaClO,.H,O (0.7 g. 5 mmol) 
with stirring for 20 min. The resulting deep blue solution was 
adjusted to pH = 3.5 by very slow addition of 0.1 mol dm-3 
aqueous NaOH, and then the solution was allowed to evaporate 
slowly at room temperature. After about 10 d grey-blue 
polyhedral crystals began to  appear, and the product was 
collected within 1 nionth ( c w .  15% yield) (Found: C,  18.55; 
H, 3.10; N, 2.80. Calc. for C,6Hl,,C~,,Cu,,Gd,N1L01s2: C, 
18.45; H, 3.15; N, 2.65%). IR (C'cm l ) :  3430s (br), 3128w, 
3050m, 2966w, 293 1 w, 1623vs, 1 574s, 1489s, 1440s, 1405s, 
1321w, 130Ow, 1145vs, 1 1  10vs, 1082vs, 948w, 878w, 779m, 
68 Is, 632s, 596w and 575m. 

~ ~ ~ , , ~ ~ , ~ C L ~ - ~ ~ ~ 2 , ~ ~ 2 ~ ~ ~ ~ ~ ~ 2 ~ ~ s ~ s ~ ' 2 ~ ~ 2 ~ ~ ' ~ ~ ~ ' 2 -  

[ cu I2Sm,(CL3-OH),,(O,CCH,CH,NC,H,),t( H2O)IdCLI 2- 
CIO,)] [CIO,] ,,-16H20 2. This complex was synthesized by the 
above procedure with Sm(NO3),-6H,O instead of Gd(NO3)3* 
6 H 2 0 .  The yield was cu. 10% (Found: C, 18.30; H,  3.10; 
N, 2.50. Calc. for C96H196C118C~12N1201,,Sm,: C, 18.45; 
H, 3.15; N ,  2.70%). IR data (G/cm-'): 3388vs (br), 3085m, 
2973w, 1637vs, 1588s, 1489s, 1405s (br). 1318w, 1300w, 
1145~s.  1 1  IOvs, 1089vs, 990w, 948w, 878w, 772w, 681m, 625s 
and 519m. 

X-Ray crystallography 

A summary of crystallographic data for complexes I and 2 is 
given in Table I .  Data were collected on an Enraf-Nonius 
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CAD4 diffractometer using graphite-monochromated Mo-Ka 
(h  = 0.71069 A) radiation at 294 K. For both complexes, 
determination of the crystal class, orientation matrix, and cell 
dimensions was performed according to established procedures; 
the intensity data were collected using the 0528 scan (5.0" 
min ') mode. Two standard reflections were monitored after 
every 200 data measurements, showing only small random 
variations ( c 1.5%). Data processing was with the NRCVAX 
program package. 

Most of the non-hydrogen atoms in complexes 1 and 2 
were located by direct methods with the SHELXS 86 
program package and subsequent Fourier syntheses were 
used to derive the remaining non-hydrogen atoms. All the 
non-hydrogen atoms were refined anisotropically except the 
two-fold disordered oxygen atoms of the perchlorate anions 
in both complexes, which were subjected to geometric 
restraints. The weighting schemes were w = l/[02(Fo2) + 
(0.0992P)2] for complex 1 and l/[02(Fo2) + (0.0925P)2 + 
73.6PI for complex 2, where P = [max.(Fo2,0) + 2Fc2]/3.  
Hydrogen atoms of water molecules were not located from the 
difference maps; those of the C5H5N+CH2CH2C02 ligands 
were generated geometrically (C-H 0.96 A) and assigned 
isotropic thermal parameters, riding on their parent carbon 
atoms. All the hydrogen atoms were held stationary and 
included in the final stage of full-matrix least-squares 
refinement using the SHELXL 93 program package. Selected 
bond lengths and angles are listed in Table 2. 

Atomic coordinates, thermal parameters and bond lengths 
and angles have been deposited at the Cambridge Crystallo- 
graphic Data Centre (CCDC). See Instructions for Authors, 
J. Chem. SOC., Dalton Trans., 1996, Issue 1. Any request to the 

CCDC for this material should quote the full literature citation 
and the reference number 186/54. 

Results and Discussion 
X-Ray crystallography has established that crystals of 
complexes 1 and 2 are isostructural; each consists of discrete 

cations, perchlorate anions and lattice water molecules. A 
stereoview of the cation in 1 is illustrated in Fig. 1 ,  which may 
be best described in terms of a [ C U , ~ G ~ , ( ~ , - O H ) ~ , ] ' ~ +  core 
of pseudo-cubic Oh symmetry with six Gd"' positioned at the 
vertices of a regular octahedron and twelve Cu" located at 
the midpoints of the twelve octahedral edges, as shown in 
Fig. 2. The polyhedron of twelve Cu" may be viewed as a 
cubooctahedron which is capped on the six square faces by the 
six Gd"'. This Gd-Cu metal fragment is interconnected by 24 
similar p,-OH- ligands that are each linked to one Gd"' and 
two Cu" such that each Gd(p,-OH), fragment is square 
pyramidal and each Cu(p,-OH), fragment is square planar. 
The most interesting finding is the encapsulated pL12-CI04p 
anion at the centre of the Cu",,Gd"', octahedral cage. As 
shown in Fig. 3, this perchlorate anion exhibits the very rare 12- 
co-ordination mode of XO,"--anions. Each of the four oxygen 
atoms is connected to three Cu" [Cu-0 2.263(9)-2.420( 10) A],  
resulting in a pseudo-tetrahedral symmetry. The [Cu, 2Ln6(p3- 
OH)2,(H20~,6(p12-CI0,)]'7 + skeleton in I is very similar to 
those found in the analogous Cu", 2Ln111, clusters containing 
C5H5N+CH2C02-  ligands.13 The p,-OH- groups in 1 
resemble those of a few reported examples of p,-hydroxo- 
bridges found in cubane-like transition or lanthanoid metal 

~ C u 1 2 L n 6 ~ o H ~ 2 4 ~ 0 2 C C H , C H , N C , H , ) , ~ ( H 2 0 ~ 1 6 ~ ~ 1 ~ 4 ~ ] 1  + 

P 

Fig. 1 Stereoview of the structure of the [Cu, 2Gd6(p3-OH)2,(02CCH~CH2NCsHs)l 2(H20)16(p1 2-C104)]1 7 f  cation in complex 1 

Table 1 Crystallographic data for complexes 1 and 2 * 

1 

Formula C9fjH1 96Cll SCu1 2Gd6Nl  2'1 5 2  
M 6294.73 
4 17.73 l(6) 
b/A 1 7.999( 8) 
c'/ A 18.678(4) 
Xi" 72.78(4) 

63.96( 4) 
76.93(6) 

uiA3 5084(6) 
D,/Mgm-3 2.056 
p/mm-' 3.5 13 
F(OO0) 31 10 
Crystal sizeimm 
0 Range/" 1.4-24 
Reflections collected I6 017 
Unique data with I > 30(I) 1 1  920 
Data, parameters 1 1  920, 1194 
Goodness of fit on F Z  1.062 
Final R ,  ( w R 2 )  0.0662 (0.1709) 

PI" 
Yl "  

0.28 x 0.30 x 0.40 

* Details in common: triclinic, space group Pi; Z = 1. 

2 

6253.33 
17.751(5) 
18.00 I(7) 
18.689(5) 
72.73(4) 
64.08( 4) 
76.95(4) 
5097( 6) 
2.037 
3.280 
3098 
0.30 x 0.40 x 0.40 
I .4-25 
17 860 
15 505 
I5  505, 1194 
1.109 
0.0658 (0.1764) 

C96H 1 9hC1 1 8cu 1 2Sm6N 1 Z0 1 5 2 
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Table 2 Selected bond lengths (8) and bond angles (") 

Ln( 1)-O(42) 
Ln( I )-O( 12) 
Ln( 1 )-O(4h) 
Ln( 1)-O(5h) 
Ln( 1 )-O( 1 h) 
Ln( I )-O(2w) 
Ln( 1 )-0(3w) 
Ln( 1 )-O( 12h) 
Ln( 1 )-O( 1 w) 
Ln(2)-0( 22) 
Ln(2)-0( 10h) 
Ln(2)-0(3h) 
Ln( 2)-O( 2h) 
Ln (2)-O( 62) 
Ln( 2)-O( 4w) 
Ln(2)-O(6 1 ) 
Ln(2)-0(6h) 
Ln( 3)-O(52) 
Ln( 3)-O(8h) 
Ln( 3)-O( 1 1 h) 
Ln(3)-0(9h) 
Ln(3)-0(7w) 
Ln( 3)-O( 5w) 
Ln( 3)-O( 8w) 
Ln(3)-0(6w) 
Ln( 3)-O( 7h) 
CU( 1 )-O(4h) 
CU( 1)-O(3h) 
CU( 1)-0(5h) 
CU( 1)-O(6h) 
CU( 1)-0(3) 
Cu(1)-O(l1) 
CU( 2)-0(8 h) 
C~(2 ) -0 (  7h) 

O( 42)-Ln( 1 )-O( 12) 
O(42)-Ln( 1)-0(4h) 
O( 12)-Ln( 1 )-O(4h) 
O(42)-Ln( 1 )-O( 5h) 
O( 12)-Ln(l)-0(5h) 
0(4h)-Ln( 1 )-O( 5h) 
O(42)-Ln( 1 )-O( 1 h) 
O( 12)-Ln( 1 )-O( 1 h) 
O(4h)-Ln( 1)-O( 1 h) 
O( 5h)-Ln( I )-O( 1 h) 
O(42)-Ln( 1 )-O( 2 w) 
O( 12)-Ln( 1 )-O(2w) 
O(4h)-Ln( 1 )-O( 2w) 
O(5h)-Ln( 1)-0(2w) 
O( 1 h)-Ln( I )-O(2w) 
O(42)-Ln( 1)-0(3w) 
O( 12)-Ln(l)-0(3w) 
0(4h)-Ln( 1)-O(3w) 
O(Sh)-Ln( 1)-0(3w) 
O( 1h)-Ln( 1)-O(3w) 
0(2w)-Ln( 1 )-O( 3w) 
O(42)-Ln( 1 )-O( 1 2h) 
O( 12)-Ln( I )-O( 12h) 
O(4h)-Ln( 1)-0(12h) 
O(Sh)-Ln( 1)-O( 12h) 
O( 1 h)-Ln( I )-O( 12h) 
0(2w)-Ln( 1 )-O( 12h) 
0(3w)-Ln( 1 )-O( 12h) 
O(42)-Ln( 1 )-O( 1 w) 
O( 12)-Ln( 1 )-O( 1 w) 
0(4h)-Ln( 1)-O( I w) 
O(5h)-Ln( 1 )-O( 1 w) 
O( 1 h)-Ln( 1 )-O( 1 w) 
0(2w)-Ln( 1)-O( 1 w) 
O( 3w)-Ln( 1 )-O( 1 w) 
O( 12h)-Ln( 1)-O( 1 w) 
0(22)-Ln(2)-0( 1 Oh) 
O(22)-Ln( 2)-O( 3 h) 
O( 1 Oh)-Ln(2)-0(3h) 
0(22)-Ln(2)-0( 2h) 
O( 1 Oh)-Ln(2)-0(2h) 
O( 3h)-Ln(2)-0(2h) 

1 

2.430(6) 
2.43 5( 6) 
2.439( 5 )  
2.437( 6) 
2.445(6) 
2.490(7) 
2.501(6) 
2.5 15(5) 
2.556(6) 
2.380( 7) 
2.407( 5 )  
2.457( 5 )  
2.470( 6) 
2.488(6) 
2.507( 5 )  
2.513(5) 
2.5 18( 6) 
2.406( 6) 
2.436(6) 
2.437( 5 )  
2.468(5) 
2.482( 7) 
2.483(6) 
2.481(6) 
2.490(7) 
2.505(6) 
1.942(6) 
1.952(6) 
2.001 ( 5 )  
2.007( 5) 
2.309(11) 
2.3 17( 6) 
1.937(6) 
I .982(6) 

84.3(2) 
74.7(2) 
74.2(2) 

140.1(2) 
74.9( 2) 
67.2( 2) 
74.6(2) 

I39.0(2) 
66.6(2) 
99.6(2) 

139.3(2) 

136.3(2) 
7 1.4( 2) 

135.4(2) 
80.4(2) 

140.1(2) 
134.6(2) 
135.9(2) 
70.6(2) 
85.9(2) 

136.7(2) 
1 36.8( 2) 
100.5(2) 
64.2(2) 
64.6(2) 
72.7( 2) 
73.2( 2) 
71.0(2) 
7 3.4( 2) 

134.5(2) 

128.5(2) 
68.4(2) 
66.8( 2) 

125.0(2) 
76.9(2) 
75.7(2) 
66.8(2) 

141.3(2) 
66.8(2) 

100.6(2) 

82.2( 2) 

13 1.2(2) 

2 
2.438(7) 
2.445(7) 
2.442( 7) 
2.45?(7) 
2.463(6) 
2.50O( 8) 
2.499(8) 
2.522(7) 
2.57?(8) 
2.394( 7) 
2.43 l(7) 
2.48O( 7) 
2.484( 7) 
2.492(8) 
2.5 13(8) 
2.5 1 ?(7) 
2.538(7) 
2.427( 8) 
2.436(7) 
2.463(7) 
2.482(7) 
2.486( 8) 
2.504(9) 
2.502(8) 
2.503(8) 
2.517(7) 
1 .948( 7) 
1.956(7) 
1.994(7) 
2.0 1 O(7) 
2.27(2) 
2.333(8) 

1.971 (7) 

85.1(3) 

74.6(2) 
139.8(2) 
75.1(2) 
66.h(2) 

138.h( 3) 
74.8(2) 
65.3(2) 
97.h(2) 

140.2(3) 
82.2(3) 

136.2(3) 
7 I .7(3) 

1 3 5.O(2) 
80.4(3) 

140.9(3) 
133.9(3) 
135.4(3) 
71.1(3) 
86.2(3) 

136.5(2) 
135.9(2) 
99.3(2) 
63.6(2) 
63.?(2) 
72.9(2) 
73.1(3) 
72.q 3) 
74.h(3) 

136.0(3) 
132.2(3) 
129.3(3) 
68.3(3) 
66.5(3) 

124.6(3) 
76.3(2) 
75.5( 2) 
65.7(2) 

140.7(3) 
66.7(2) 

100.0(2) 

1.956(7) 

74.8(3) 

CU( 2)-0(4) 
Cu(3)-0( 1 Oh) 
Cu(3)-0( 1 1 h) 

Cu(3)-0(3h) 

Cu(3)-0(2) 

CU( 3)-O(9h) 

CU( 3)-O( 2 1 ) 

Cu(4)-0( 12h) 
Cu(4)-0( 1 h) 
C~(4 ) -0 (  3 1 ) 
Cu(4)-0(4) 
C~(5)-0(4h) 
CU( 5)-O( 1 h) 
C~(5)-0(41) 
CU( 5)-O( 3) 
CU( 6)-O( 12h) 
Cu(6)-0( 5h) 
Cu(6)-0( 8h) 
C~(6) -0(  1 1 h) 
Cu(6)-0(51) 
CU( 6)-0(4) 
O( I)-Cu(6a) 
O( 1 )-Cu( 1 a) 
O( 1 )-Cu( 3a) 
O( 2)-Cu( 5a) 
0(2)-Cu(4a) 
O( 3)-Cu( 2a) 
O( 2h)-Cu( 2a) 
O( 2 h)-Cu(4a) 
0(6h)-Cu(2a) 
0(7h)-Cu(5a) 
0(9h)-Cu(5a) 
O( lOh)-Cu(4a) 

I 
2.290(8) 
1.961 ( 5 )  
1.969(5) 
1.98 l(5) 

2.348(7) 
2.39( 2) 
1.951(6) 
1.972( 5 )  
2.246(6) 
2.331(11 
1.966( 6) 
1.986(5) 
2.281(6) 
2.4 17( 13 
1.966( 6) 

1.982(5) 
1.992(6) 
2.337( 7) 
2.349( 14) 
2.331(10) 
2.350(7) 
2.351(12) 
2.326( 10) 
2.328(9) 
2.263(9) 
1.968(6) 
I .981(5) 
1.969(6) 
1.982(5) 
1.967(6) 
1.95 1 ( 6) 

1 .994( 5 )  

1.977( 5 )  

O(Sh)-Cu(l)-0(6h) 
0(4h)-Cu( 1)-0(3) 
O( 3 h)-Cu( I )-O( 3) 
O( Sh)-Cu( 1 )-O( 3) 
0(6h)-Cu( 1)-0(3) 
0(4h)-Cu( 1 )-O( 1 1 ) 
O( 3h)-Cu( 1 )-O( 1 1 ) 
O( 5h)-Cu( 1 )-O( 1 1 ) 
O( 6h)-Cu( 1 )-O( 1 1 ) 
0(3)-C~( 1 )-O( 1 I )  
0(8h)-Cu(2)-0(7h) 
0(8 h)-Cu( 2)-0(4) 
O( 7h)-Cu( 2)-0(4) 
O( 1 Oh)-Cu( 3)-O( 1 1 h) 
O(9 h)-Ln( 3)-0(7 h) 
O( 7w)-Ln( 3)-O( 7h) 
0(5w)-Ln(3)-0(7h) 
0(8w)-Ln(3 )-O( 7h) 
0(6w)-Ln(3)-0(7h) 
0(4h)-Cu( 1)-O(3h) 
0(4h)-Cu( I)-0(5h) 
O( 3 h)-Cu( 1 )-O( 5h) 
0(4h)-Cu( 1)-0(6h) 
O( 3h)-Cu( 1 )-O( 6h) 
O( 11 h)-Ln(3)-0(7h) 
0(4h)-Cu(5)-0(4 1 ) 
O( 1 h)-Cu( 5)-0(4 I ) 
O( 4h)-Cu( 5)-O( 3) 
O( I h)-Cu(5)-0(3) 
O(4 l)-Cu(5)-0(3) 
O( 12h)-Cu(6)-0(5h) 
O( 12h)-C~(6)-0(8h) 
O( 5h)-C~(6)-0(8h) 
O( 12h)-C~(6)-0( 1 1 h) 
0(5h)-C~(6)-0( 11 h) 
0(8h)-Cu(6)-0( 1 1 h) 
O( 1 2h)-Cu( 6)-O( 5 1 ) 
0(5h)-C~(6)-0(5 I )  
O( 8h)-Cu(6)-0( 5 1 ) 
O( 1 1 h)-Cu( 6)-O( 5 1 ) 

O( 12h)-C~(6)-0(4) 
O( la)-Cu(6)-0(51) 

179.4(2) 
76.2(4) 

102.4(4) 
103.5(3) 

88.3(2) 
92.9(2) 
86.3(2) 
94.3(2) 

160.9(3) 
84.4(2) 
7 5.8( 4) 

106.1(3) 
1 76.5( 3) 
64.9(2) 

135.8(2) 
72.5(2) 
72.1(2) 

128.6(2) 
178.4(2) 
86.3( 2) 
94.8(2) 
93.7( 2) 
85.1(2) 

10 1.9(2) 
88.1(2) 
88.3( 2) 
73.2(3) 

10 1.2(3) 
158.1 (3) 
83.7(2) 
95.9(2) 

176.8(2) 
178.3(2) 
94.7( 2) 
85.7( 2) 
93.0(2) 
94.1(2) 
89.2(2) 
87.6(3) 

159.8(3) 
76.1(3) 

75.9(3) 

2 
2,3 2( 3) 
I .946( 7) 
1.945(7) 
1.982(7) 
1.980(7) 
2.338(8) 
2.32(3) 
1.938(7) 
1.968(7) 
2.243 (8 ) 
2.23(3) 
I .949(7) 
1.977(7) 
2.283(8) 
2.47(3) 
1.973(7) 
1.966(7) 
1.985(7) 
1.993(7) 
2.359(8) 
2.3 7( 3) 
2.30( 2) 
2.31(2) 
2.43( 2) 
2.27(3) 
2.45(4) 
2.2 3( 2) 
1.950( 7) 
1.986(7) 
1.960(7) 
1.977(7) 
1.967( 7) 
1.958(7) 

179.5( 3) 
78.5(6) 

I00.8(6) 
104.1(5) 
7 5 3 5 )  
87.9(3) 
92.7(3) 
86.4( 3) 
94.0( 3) 

162.0(5) 
84.4(3) 
77.7( 8) 

109.1 (9) 
1 76.4( 3)  
64.4( 2) 

135.3 3) 
72.7(3) 
72.3(2) 

1 29.0( 3) 
179.2( 3) 
86.1 (3) 
94.3 3) 
94.2(3) 
85.2(3) 

100.9(2) 
88.1(3) 
89.1(3) 
73.2( 10) 

100.7(9) 
147.8( 10) 
83 .3  3) 
96.2(3) 

177.6(3) 
177.9(3) 
94.4( 3) 
85.9(3) 
92.8(3) 
9 4 3 3 )  
87.8(3) 
87.8(3) 

16 1.3(6) 
7 3.9( 9) 
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O( 22)-Ln( 2)-O( 62) 
O( 10h)-Ln(2)-0(62) 
O( 3h)-Ln(2)-0(62) 
O( 2h)-Ln( 2)-O(62) 
O( 22)-Ln( 2)-O(4w) 
O( 1 Oh)-Ln(2)-0(4w) 
0(3h)-Ln(2)-0(4w) 
O( 2h)-Ln( 2)-O(4w) 
O(62)-Ln( 2)-0(4w) 
0(22)-Ln(2)-0(61) 
O( 1 Oh)-Ln(2)-0(61) 
0(3h)-Ln(2)-0(61) 
0(2h)-Ln(2)-0(6 1 ) 
0(62)-Ln(2)-0(61) 
0(4w)-Ln(2)-0(6 1 ) 
O(22)-Ln( 2)-O( 6h) 
O( 1 Oh)-Ln(2)-0(6h) 
O( 3h)-Ln(2)-0(6h) 
0(2h)-Ln(2)-0(6h) 
0(62)-Ln( 2)-O(6h) 
0(4w)-Ln(2)-0(6h) 
0(61)-Ln(2)-0(6h) 
O( 52)-Ln( 3)-O( 8h) 
0(52)-Ln( 3)-O( 1 1 h)  
0(8h)-Ln(3)-0( 1 I h)  
O( 52)-Ln( 3)-O( 9h) 
O(8h)-Ln( 3)-O( 9h) 
O( 1 1 h)-Ln( 3)-O(9h) 
0(52)-Ln(3)-0( 7w) 
O( 8h)-Ln( 3)-O( 7w) 
0(1 lh)-Ln(3)-0(7w) 
0(9h)-Ln( 3)-O( 7w) 
O( 52)-Ln(3)-0(5w) 
O( 8h)-Ln( 3)-O( 5w) 
O( 1 1 h)-Ln( 3)-O( 5w) 
0(9h)-Ln( 3)-O(5w) 
0(7w)-Ln(3)-0(5w) 
O( 52)-Ln( 3)-O(8w) 
O( 8h)-Ln( 3)-O( Sw) 
O( 1 1 h)-Ln( 3)-O( 8w) 
0(9h)-Ln( 3)-O( Xw) 
O( 7w)-Ln( 3)-O( 8w) 
O( 5w)-Ln( 3)-O( 8w) 
0(52)-Ln(3)-0(6w) 
0(8h)-Ln(3)-0(6w) 
O( 1 1  h)-Ln(3)-0(6w) 
O( 9h)-Ln(3)-0(6w) 
O( 7w)-Ln( 3)-O(6w) 
O( 5w)-Ln(3)-0(6w) 
0(8w)-Ln(3)-0(6w) 
O( 52)-Ln( 3)-O( 7h) 
0(8h)-Ln(3)-0(7h) 

1 

1 3 1.2( 2) 
1 38.3( 2) 
140.3(2) 
75.32)  
8 1.4( 2) 

135.5(2) 
70.4( 2) 

134.6(2) 
84.3(2) 
80.2(2) 

143. l (2 )  
133.6(2) 
122.3(2) 
51.4(2) 
67.2(2) 

138.2(2) 
99.7(2) 
65.2(2) 
64.0(2) 
78.4(2) 
72.3(2) 

116.5(2) 
76.1 (2)  
73.6(2) 
67.3(2) 

137.4(2) 
97.7(2) 
65.4(2) 
83.8(2) 

138.9(2) 
72.7(2) 
73.7(2) 
84.6( 2) 
74.9( 2 )  

139.7(2) 
1 3 5 3 2 )  
I38.8(2) 
139.4(2) 
134.9(2) 
136.0( 2) 
73.2(2) 
82.1(2) 
8 1 3 2 )  
69.7(2) 

13 1.7(2) 
129.5(2) 
130.6(2) 
69.9( 2 )  
69.0(2) 
69.7(2) 

1 38.1 (2) 
64.4( 2 )  

2 
132.1(3) 
139.1 (3) 
I39.8(3) 
75.9(2) 
82.2( 3) 

134.6(2) 
7 0 . 3  2) 

134.0(2) 
83.8(3) 
8 1.3(2) 

144.4( 2)  
134.0(2) 
122.4( 2) 
5 1.2(2) 
67.3(3) 

138.2(3) 
98.4(2) 
65.0(2) 
63.3( 2) 
78.2(3) 
72.4(2) 

1 16.6( 2)  
75.33) 
73.8(3) 
67.2(2) 

136.8( 3) 
9 7 3  2) 
64.5(2) 
84.1 (3) 

I38.6( 3) 
72.8(2) 
73.8(2) 
84.9( 3) 
74.q 3) 

139.9( 3) 
135.0(3) 
I39.2(3) 
140.3 3) 
135.1(3) 
135.2(3) 
73.3(3) 
82.0( 3) 
81.8(3) 
7O.2( 3) 

131.33) 
130. I(3) 
131.3(3) 
70.3(3) 
69.0( 3) 
70.0(3) 

137.7( 3) 
64.3( 2) 

O( 5h)-Cu( 6)-O( 4) 
0(8h)-Cu( 6)-0(4) 
O( 1 1 h)-C~(6)-0(4)  
0(51)-C~(6)-0(4)  
Cu(Ga)-O( 1 )-CU( 1 a )  
Cu(6a)-O( 1 )-Cu(3a) 
Cu( 1 a)-O( 1 )-Cu( 3a) 
Cu( 5a)-0( 2)-Cu( 4a) 
Cu( 5a)-0(2)-cu( 3) 
Cu(44-0(  2)-Cu( 3) 
Cu('a)-O( 3)-Cu( 1 ) 
Cu( 2a)-0( 3)-Cu( 5 )  
CU( 1 ) -0(3)-C~( 5 )  
Cu( 2)-0(4)-cu(4) 
CU( 2)-0(4)-C~( 6) 
Cu(4)-0(4)-Cu(6) 
Cu(4)-0( 1 h)-Cu( 5 )  
Cu(4)-O( 1 h)-Ln( 1 ) 
Cu( 5 ) - 0 (  1 h)-Ln( 1 ) 

Cu(2a)-0(2h)-Ln(2) 
Cu(4a)-0(2h)-Ln( 2) 

Cu( 1)-0(3h)-Ln(2) 
Cu(3)-0(3h)-Ln(2) 

Cu( I)-0(4h)-Ln( 1 )  
Cu(5)-0(4h)-Ln( 1 )  

Cu(6)-0(5h)-Ln( 1 )  
Cu( 1 )-O(5h)-Ln( 1 ) 

Cu(2a)-0(6h)-Ln(2) 
Cu( I )-O( 6h)-Ln( 2 )  

Cu(2)-0( 7h)-Ln(3) 
Cu( 5a)-0( 7h)-Ln( 3) 

Cu( 2)-O( 8h)-Ln( 3) 
Cu(6)-0( 8h)-Ln( 3) 

Cu(5a)-0(9h)-Ln(3) 

Cu(2a)-0(2h)-Cu(4a) 

CU( 1 )-O( 3h)-Cu( 3) 

CU( 1 )-0(4h)-Cu( 5 )  

CU( 6)-O( 5h)-Cu( 1 ) 

CU( 2a)-O( 6h)-Cu( 1 ) 

CU( 2)-0( 7h)-Cu( 5a) 

CU( 2)-0(  8h)-Cu( 6) 

CU( 5a)-0(9h)-C~( 3) 

Cu(3)-0(9h)-Lt1(3) 
Cu(4a)-O( 1 Oh)-Cu( 3) 
Cu(4a)-O( IOh)-Ln(2) 
Cu(3)-0( IOh)-Ln(2) 

Cu(3)-0( I 1 h)-Ln(3) 
Cu( 6)-O( 1 1 h)-Ln( 3) 

Cu(4)-O( 12h)-Ln( I ) 
Cu(6)-0( I2h)-Ln( 1 ) 

Cu(3)-0( 1 1 h ) - C ~ ( 6 )  

Cu(4)-0( 12h)-Cu(6) 

complexes,'"s20 as well as in a tetranuclear Cu,Dy, complex.2 
Each pair of the adjacent non-bonding Cu Cu is linked by a 
single hydroxide bridge with the Cu . 9 Cu distances in range 
3.336(3)-3.458(3) A. Each Gd"' is linked to  four adjacent Cu" by 
four p3-OH- bridges with non-bonding Cu * Gd separations 
of 3.461(2)-3.572(3) A, and each pair of Gd"' in each edge of the 
octahedron is separated at distances of 6.983( 1)-7.033( 1 )  A. 
Noteworthy is the fact that except for the analogous C,H,N+- 
CH,C02-  cluster^,'^ there is only one other known example 
of a 12-co-ordinate X0,-type anion.2' In [Hg,(O,Ge)] each 
oxygen atom of the tetrahedral [GeO4l4- anion has three non- 
equivalent bond distances to Hg1'.22 Since the chlorine atom of 
the present perchlorate anion is located at a crystallographic 
inverse centre, the oxygen atoms of the anion are required to be 
distributed over two centrosymmetrically related orientations; 
the resulting crystal-disordered average geometry of the central 
[Cu,,Gd,(p,-OH)2,(p,2-C10,)] l 7  + kernel thereby conforms 
ideally to the O,, symmetry. 

I 
1032( 3) 
73.6(3) 

103.8(3) 
I58.2(3) 
93.0(3) 
9 1.4( 3) 
91.2(3) 
94.4( 3) 
9 1.9(4) 
92.8(4) 
92.8( 3) 
89.5(3) 
91.0(3) 
92.4( 3) 
92.6( 3) 
9 0 . 3  3) 

1 19.3(3) 
I06.0(3) 
103.1 (2)  
1 15.3( 3) 
106.7( 2) 
10 1 .33)  
1 16.8(3) 
106.8( 2 )  
10 1.9(2) 
1 19.4(2) 
103.8(2) 
103.9(2) 
117.1(2) 
107.3 2) 
103.1(2) 
112.8(2) 
104.9(2) 
102.9(2) 
112.5(3) 
103.6(2) 
I O4.0( 2) 
1 17.7(3) 
107.6( 2) 
103.3(2) 
1 18.2(3) 
105.9(2) 
I04.2( 2) 
12 1.4(3) 
104.7(2) 
104.7( 2) 
115.5(3) 
105.7(2) 
102.9( 2) 
116.1(2) 
104.2(2) 
104.7(2) 

2 
I01.8( 8) 
75.9( 8 )  

106. I (  8) 
157.35) 
94.1(5) 
89.8(6) 
89.1(6) 
93.1(1 I )  
95.4( 9) 
91.7( 1 1 )  
93.9( 5 )  
88( 1) 
89( 1) 
93.5(8) 
90.6(9) 
91.9(8) 

120.4(4) 
106.3(3) 
103.6(3) 
1 14.7(3) 
107.0( 3) 
10 1.4(3) 
1 16.2(3) 
106.4( 3) 
102.4( 3 )  
I 18.8(3) 
104.2(3) 
105.2( 3) 
1 I7.3(3) 
107.7( 3) 
102.3( 3) 
112.1(3) 
105.4(3) 
103.3(3) 
112.1(3) 
103.9(3) 
104.4(3) 
I 15.7( 3) 
107.4( 3) 
103.7( 3) 
I I8.5(3) 
106.0( 3) 
104.4( 3) 

104.1(3) 
105.3(3) 
1 15.4(3) 
106.3( 3) 
l02.5( 3) 
11 5.6(4) 
105.0( 3) 
105.0( 3) 

122.4(4) 

It is notable that, although large polynuclear transition-metal 
clusters have been widely investigated and a few bimetallic Cu"- 
Ln"' complexes have been structurally characterized, only 
several relatively larger C~l l , ,Ln '~~,  clusters have recently been 
r e p ~ r t e d , ~  where the maximum metal nuclearity is 10. Thus the 
mixed (p,-hydroxo)( p-carboxylato-0, 0')-bridged Cu", , Ln"', 
cation in I and the analogous C,H,N+CH,CO,- clusters 
reported previously constitute the largest among mixed Cu"- 
Ln"' clusters. 

The most significant structural difference between cluster 1 
and the analogous C,H,N'CH2C02- cations results from the 
different ligating modes of the carboxylate groups. In the latter 
cations all the C,H,N+CH,CO,- ligands act uniquely in the p- 
carboxylato-0,O' mode, each bridging a Cu" and a Ln"'. In 
contrast, only ten of the C,H,N+CH2CH,C02- ligands act in 
the p-carboxylato-O,O' mode, while the other two [defined by 
0(61), 0(62),  C(61), efc. and their symmetry equivalent atoms] 
act in the carboxylato-O,O' mode each chelating a Gd"'. The 

2446 J.  Cliern. Soc., Dulton Truns., 1996, Pages 2243-2448 

http://dx.doi.org/10.1039/DT9960002443


Fig. 2 
CH,C02 
open circles. Symmetry code: a 1 - s, 2 - y ,  - 2  

Perspective view showing the structure of the octadecanuclear cation in complex 1 .  For clarity, only the CCO, units of C,H,N+CH,- 
are shown (solid lines). The Gd atoms are speckled, the Cu atoms are hatched, the CI atoms are cross-hatched, and the 0 atoms are 

I 

G 

301 

Fig. 3 Perspective view showing the structure of the octahedral cage 
of [Cu, 1Gd6(p3-0H)24]18 + encapsulating a p l  ,-C104- anion in 
complex I 

existence of the two chelated carboxylate groups makes the 
cation in  I different from the analogous C,H,NfCH2C02 
cations,13 and hence it is unique among the Cu",,Ln"', 
complexes. The external linkage of one carboxylato oxygen 
atom to each Cu" of the ten results in a six-co-ordinate oxygen 

environment about the Cu" with the Cu-0 bond lengths 
characteristic of an elongated octahedron, in which the axial 
positions are occupied by one carboxy oxygen atom [Cu-0 
2.246(6)-2.337(7) A] and one perchlorate oxygen atom [Cu-0 
2.309( 11)-2.420( 10) A], while the equatorial positions are 
occupied by the four p3-OH- groups at much shorter Cu-0 
bond distances [ 1.942(6)-2.007(6) A]. Such an elongated 
octahedral geometry about Cu" has frequently been ob~erved . '~  
On the other hand, as a pair of C,H,N+CH,CH,CO,- ligands 
ligates the Gd(2) and Gd(2a) atoms in the chelate mode, no 
carboxy oxygen atom co-ordinates the axial positions of atoms 
Cu(2) and Cu(2a), resulting in a five-co-ordinate oxygen 
environment about the two Cu" concomitant with the axial 
0-0 bond associated with the p12-C10,p anion having 
slightly shorter lengths [2.263(9) and 2.290(6) A for Cu(2a)-0(3) 
and Cu(2)-0(3), respectively] as compared with those for the 
six-co-ordinate copper(I1) centres. It is noteworthy that no 
five-co-ordinate copper(1r) centre is present in the C,H,N+- 
CH2C02-  clusters. The observation of the chelated C,H,N'- 
CH2CH2C02- ligands in 1 may be rationalized on the basis 
that with the additional methylene group between the carboxy 
group and the nitrogen atom as compared to C,H,N+- 
CH,CO,- the positively charged nitrogen atom has a much 
weaker inductive effect on the carboxy group, hence C,H,N+- 
CH,CH,CO,- has a smaller 0-C-0 bond angle.24 This 
smaller angle may enhance the chelate tendency of the carboxy 
group toward larger metal ions.' 

Although all three crystallographically independent Gd"' are 
nine-co-ordinated, each is surrounded by different ligands, 

J. Chem. SOC., Dalton Trans., 1996, Pages 2443-2448 2447 

http://dx.doi.org/10.1039/DT9960002443


different from those in the CsH5N+CH2CO2- cations, which 
also arise from the different ligation behaviours of CsH5N+- 
CH2CH2C02- and C,H5N+CH2C0,- ligands in the 
octadecanuclear cations. In the CSH,N+CH2C02 - cations 
each Ln'" is co-ordinated by four p3-OH- ligands, three aqua 
ligands and two oxygen atoms of a pair of p-carboxylate 
groups. In contrast, besides the four p3-OH- ligands, the co- 
ordination environments of the Gd"' in 1 are completed by three 
aqua ligands and two oxygen atoms of a pair of p-carboxylate 
groups, by two aqua ligands, one oxygen atom of a p- 
carboxylate group and two oxygen atoms of a chelated 
carboxylate group, and by four aqua ligands and one oxygen 
atom of a p-carboxylate group for atoms Gd(l), Gd(2) and 
Gd(3), respectively. The polyhedron of nine oxygen atoms 
around each Gd"' may be described as a distorted monocapped 
antiprism, analogous to those found for a large number of nine- 
co-ordinate lanthanoid(1ri) complexes. ' 3,26 The Gd-0 (hy- 
droxo) bond lengths are 2.407(5)-2.5 lS(6) A, Gd-0 (aqua) bond 
lengths 2.48 1 (6)-2.556(6) A, while Gd-0 (carboxy) bond lengths 
fall in the range 2.380(7)-2.435(6) A, with the longest ones 
[2.488(6) and 2.513(5) A] being associated with the chelated 
CSH5N+CH2CH2C02 - ligands. 

Since the crystal structure of complex 2 is isostructural with 
that of 1 only trivial geometric differences are observed between 
the two clusters. Owing to the slightly different ionic radii of the 
two lanthanoid(rI1) ions,27 the Sm-0 bonds in 2 are slightly 
longer than the corresponding Gd-0 bonds in 1, following 
the trend in the ionic radii. On the other hand, the corre- 
sponding Cu-0 bond lengths and O-M-0 bond angles are 
very similar (Table 2). The maximum difference between the 
corresponding O-M-0 bonds is 2.3", and most have differences 
of I "  
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