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Synthesis and Structural Characterization of Crown Thioether 
Complexes of Silver(i) and Copper(ii) t 
Megumu Munakata," Liang Ping Wu, Mikiko Yamamoto, Takayoshi Kuroda-Sowa and 
Masahiko Maekawa 
Department of Chemistry, Kinki University, Ko wakae, Higashi- Osaka, Osaka 577, Japan 

The crown thioether silver(\) complexes {[Ag{(OH),[16]aneS4}]N0,}, 1 and {[Ag{(OH),- 
[16]aneS,}] [O,CMe]}, 2 and the copper(i1) complex [Cu{(OH),[l 6]aneS,}] [CIO,], 3, where 
(OH),[l 6]aneS, = 1.5.9.1 3-tetrathiacyclohexadecane-3,ll -diol, have been prepared by reaction of 
(OH),[l 6]aneS, with the appropriate metal salt. The two silver structures are not isomorphous. 
Complex 1 crystallizes in the monoclinic space group C2 with a = 13.500(4), b = 9.178(2), c = 
8.695(4) A, p = 121.99(2)' and Z = 2. Silver(i) is tetrahedrally bound with four thioether groups 
from four  symmetry-related macrocycles and each ligand molecule in turn co-ordinates to four 
separate silver( I )  ions in an exodentate fashion to yield a three-dimensional tetrahedral polymeric 
network. Complex 2 crystallizes in the orthorhombic space group Pccn with a = 14.1 21 (9). b = 
17.203(8), c = 15.940(3) A and Z = 8. It contains two types of crystallographically different silver(i) 
ions, both of which are co-ordinated by four sulfur atoms from four symmetry-related macrocycles in a 
rather distorted-tetrahedral fashion. The silver atoms are in a two-dimensional sheet arrangement 
interconnected by the macrocycle. Complex 3 crystallizes in the monoclinic space group P2Jc with 
a = 7.820(2), b = 13.853(2),  c = 9.627(2) A, p = 90.85(2)' and Z = 2. The molecule is a discrete 
monomer in which the tetradentate macrocycle is in the endodentate conformation with four  thioether 
donors in a precisely square-planar arrangement around the copper. 

The chemistry of crown thioethers has grown into a field that is 
now undergoing explosive development by a number of groups 
around the world.' Interest in this particular sector of 
macrocyclic chemistry has been focused on the synthesis, 
conformational analysis and co-ordination chemistry of the 
wide range of d-2-27 and p-block28 ions involved. At the 
forefront of these studies have been the complexes of 1,4,7- 
trithiacyclononane ( [9]aneS3), 1,4,7,1O-tetrathiacyclododecane 
([12]aneS4), 1,4,8,11-tetrathiacyclotetradecane ([14]aneS4), 
1,5,9,13-tetrathiacyclohexadecane ([ 1 6]aneS4) and 1,4,7,10, 
I3,16-hexathiacyclooctadecane ([ 1 8]aneS6). An important 
feature is that these macrocycles have remarkable versatility in 
adopting unpredictable geometries and stabilizing unusual 
oxidation states.' 

of copper-(r) and -(II) 
have been the subject of much interest for a long time as simple 
models for blue copper proteins." By contrast, the 
investigation of corresponding silver(1) complexes has developed 
only The reactions of Ag' with the tridentate 
crown thioether [9]aneS3 have been reported in the complex 
cation [Ag([9]aneS3),] + in which the Ag' is sandwiched by two 
trithia ligands,,, and in the trimeric cation [Ag3([9]aneS,)3]3+ 
in which the ligands are bridging.23 Schroder and co-workers 
have characterized the dinuclear silver(1) complex 
[Ag,([ 1 5]aneS,),I2 + with the pentadentate crown thioether 
[ 1 SIaneS, (1,4,7,10,13-pentathiacyclopentadecane), in 
which each macrocycle bridges asymmetrically. In addition, 
polymeric network structures have been reported by Cooper 
and c o - ~ o r k e r s ~ ~  for complexes of Ag' with tridentate 
[ 1 2]aneS3 ( 1,5,9-trithiacyclododecane) and hexadentate 
[ 1 8]aneS6. Surprisingly the co-ordination chemistry of Ag' with 
tetradentate crown thioethers has received less attention. We 
report here two complexes of Ag' and one of Cu" with the 

Macrocyclic thioether complexes 

t Supplementary data auailable: see Instructions for Authors, J.  Chem. 
SOC., Dalton Trans., 1995, Issue 1, pp. xxv-xxx. 

tetradentate crown thioether 1,5,9,13-tetrathiacyclohexa- 
decane-3,ll -diol, (OH),[ 1 6]aneS4, involving two different con- 
formational modes of the macrocycle. 

Although (OH),[ 1 6]aneS, is commercially available, its 
potential for formation of unusual metal complex architecture 
has not been fully explored. The complexation behaviour for 
Cu' has been investigated by polarizing microscopy 29  and the 
formation constants of the complexes with Ag' and Hg" have 
also been measured. 30 However, little information is available 
concerning the structural chemistry of the ligand except one 
report on the mononuclear technetium(v) complex 
[TcN( Cl) { (OH) , [ 1 6) aneS,}] Cl . 

A particularly active field of chemical research in recent years 
has been the design of polymeric metal complexes. Lack of 
knowledge on the structural control of complexes, however, 
makes dramatic developments difficult in respect of designing 
syntheses. Our recent efforts have therefore been focused on 
controlling the structures of polymeric copper( I )  and silver(1) 
c ~ m p l e x e s . ~ ~ - ~ '  We report here the dimensional control of 
crown thioether complexes by the metal ions and the counter 
anions. 

Results 
Crystal Structure of Complex 1.-Direct reaction of an 

aqueous solution of AgNO, with 1 molar equivalent of 
(OH),[ 1 6]aneS, in MeCN affords colourless plate crystals of 
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Table 1 Selected bond lengths (A) and angles (”) for complexes 1-3 

Fig. 1 
complex 1 with the atom numbering scheme 

An ORTEP4’ view of the partial molecular structure of 

W W 

Fig. 2 
show the hydrogen bonds: O( 1) - - - O(2) 2.90(2) A 

Packing diagram for complex 1 along the b axis. Dashed lines 

{ [Ag{(OH),[ 1 6]aneS4)]N0,) 1. The IR spectrum shows an 
absorption at 1371 cm-l corresponding to N-0 stretching 
vibrations, v(N-O), as well as other peaks confirming the 
presence of co-ordinated (OH), [ 16]aneS,. A single-crystal 
structure determination reveals (Fig. 1) that in this complex 
each silver(1) ion is co-ordinated by four thioether groups in an 
essentially tetrahedral geometry with S-Ag-S bond angles 
ranging from 107.6(1) to 113.9(2)”, and Ag-S distances of 
2.643(5) and 2.600(4) A, Table 1 .  These four thioether groups are 
not from a single ligand. Instead, each Ag atom is bound to four 
different sulfurs from four symmetry-related macrocycles as 
illustrated by the partial structure in Fig. 2, and each ligand 
molecule in turn co-ordinates to four separate silver(1) ions in an 
exodentate fashion. The total crystal structure is built up from 
these repeating units to give a three-dimensional tetrahedral 
network. The structure shows that the macrocycle adopts a 
much more flattened conformation with an opened 16- 
membered cavity filled with NO,-. In this huge polymeric 
complex each Ag atom is surrounded by eight of its partners 
interconnected by (OH),[ 16]aneS, in a tetragonal array. There 
is extensive hydrogen bonding in the crystal involving the 
counter anion NO, - sitting inside the cavity of the macrocycle 
and the OH group of the adjacent ligand, H-O(1) - O(2) 
2.90(2) A, Fig. 2. 

S( 1 )-Ag-S( 1 ’) 
S( 1 )-Ag-S( 2”) 

S( 1 )-Ag( 1 )-S( 1 ‘) 
S( 1)-Ag( 1)-S(4”) 
S( 2)-Ag( 2)-S( 2’) 
S(2)-Ag(2)-S( 3’) 

Complex 3 
cu-S( 1 ) 
CU * * * O(3) 

S( 1)-cu-S( 1‘) 
S( l)-CU-S(2’) 
S( 1 )-Cu-O( 3) 
S( 2)-cu-O( 3) 
O( 3)-Cu-O( 3’) 

2.643(5) 
1.39(2) 

110.7(2) 
107.6( 1 ) 

2.697(6) 
2.604( 7) 
I .38(3) 

86.9(3) 
94.8(2) 

119.2(3) 
124.7(2) 

2.356( 2) 
2.599(4) 

180.0 
90.54( 5 )  
89.5(1) 
81.6(1) 

180.0 

S( 1 )-Ag-S(2”’) 
S( 2”)-Ag-S( 2”’) 

S( 1 ’)-Ag( 1 )-S(4’) 
S(4’)-Ag( 1 )-S(4”) 
S(2‘)-Ag(2)-S(3’) 
S( 3’)-Ag(2)-S(3”) 

S( 1)-cu-S(2) 
S(2)-CU-S(2‘) 

S( 2)-cu-O( 3‘) 
S( 1 )-C~-0(3’) 

2.6OO(4) 

108.5( 1) 
1 13.9(2) 

2.546(7) 
2.6 5 8( 6) 
1.62( 3) 

127.0(2) 
1 23.6( 3) 
97.3(2) 
93.0(3) 

2.350(2) 
1.408( 7) 

89.46( 5 )  

90 .3  1) 
98.4( 1) 

180.0 

Fig. 3 
2 with the atom numbering scheme 

An ORTEP view of the partial molecular structure of complex 

Crystal Structure qf’ Complex 2.-Crystals of { [Ag((OH),- 
[16]aneS4)][0,CMe]) 1x suitable for X-ray analysis were 
obtained by reaction of Ag0,CMe with 1 molar equivalent of 
(OH),[16]aneS4 using acetone as a diffusion solvent. The 
structure and atom labelling scheme is depicted in Fig. 3. There 
are two types of crystallographically different silver(1) ions in 
the complex and both of them are co-ordinated by four 
thioether groups in a rather distorted-tetrahedra1 fashion. As 
in 1, these four thioether groups come from each of four 
symmetry-related ligands and each ligand molecule is in turn 
co-ordinated to four separate Ag atoms with the e m  
conformation to yield a polymeric network structure. Fig. 4 
indicates a portion of the polymer. The variation of the Ag-S 
bond lengths for Ag(l), 2.546(7) and 2.697(6) A, Table 1, is 
significantly greater than that for Ag(2), 2.658(6) and 2.604(7) A. 
The variation of S-Ag(1)-S angles in the range 86.9(3)- 
127.0(2)” is also remarkable compared with 93.0(3)-124.7(2)” 
for S-Ag(2)-S, suggesting that the co-ordination sphere of 
Ag(1) involves a more severe distortion from regular 
tetrahedral. The silver atoms in the crystal are in a two- 
dimensional sheet arrangement in which atoms Ag( 1) and 
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b 

Fig. 4 
show the hydrogen bonds: O( 1) - Packing diagram for complex 2 along the a axis. Dashed lines 

O(4) 2.67(3) A O(4) 2.54(3), O(2) 

Fig. 5 
the atom numbering scheme 

An ORTEP view of the molecular structure of complex 3 with 

Ag(2) are stacked alternately along a diagonal to the a and c 
axes of the unit cell. Strong hydrogen bonding links the 
MeC0,- anion and the OH group of two adjacent 
(OH),[16]aneS4 ligands, 0 ( 1 )  O(4) 2.54(3) and 
O(2) O(4) 2.67(3) A, holding the sheets together to give a 
three-dimensional network, Fig. 4. 

Crystul Structure of Complex 3.-Treatment of Cu(ClO,),* 
6H,O with (OH),[16]aneS4 in MeOH at ambient 
temperature gave a black cloudy suspension which upon 
addition of a small amount of Et,O deposited black plates of 
[Cu((OH),[ 1 6]aneS4)][C10,],. The molecular structure to- 
gether with the atomic numbering scheme is given in Fig. 5 
and selected interatomic distances and angles are in Table 1. 
The structure consists of a centrosymmetric mononuclear 
[Cu((OH),[ 1 6]aneS,)I2 + cation and two weakly co-ordinating 
CIO, - anions. Discounting interactions between copper and 
perchlorate, the Cu" is co-ordinated by four thioether donors 
in an exact square-planar arrangement (D,,, symmetry) even 
though the macrocycle itself is strongly pleated and twisted. 
Since the Cu atom is located at an inversion centre, the CuS, 
chromophore is crystallographically constrained to be coplanar. 
In addition, although not required by symmetry, the two 
independent Cu-S bonds are equal in length and the S-Cu-S 
angles are 90" indicating a perfect square-planar co-ordination 
environment around the metal. The Cu-S thioether bond 
distances of 2.350(2) and 2.356(2) 8, compare well with those 
found in [Cu( [ l  6]aneS4)][C10,],. l 8  The axial co-ordination 

0 

Fig. 6 Packing diagram for complex 3 along the a axis. Dashed lines 
show the hydrogen bonds: O(2) - . O(5) 2.855(6) A 

sites of the copper(r1) ion are occupied by two 0 atoms from 
two symmetry-related perchlorate anions, at Cu - O(3) 
2.599(4) A, to complete an approximate octahedral CuS,O, 
chr~mophore.~'  Although the O(3) atom cannot be viewed as 
directly bonded to the metal ion, the C u . - . O  distance is 
short enough to suggest at least some weak or semi-co- 
ordination.,l The infrared spectrum of 3 shows a strong and 
slightly split band at 1103 cm-' owing to the v j  mode of the 
ClO,-, consistent with its bonding interaction with copper. 
There is also extensive intermolecular hydrogen bonding 
in the crystal between the counter anion ClO,- and the 
OH group of an ad'acent (OH),[16]aneS4 ligand, 
H-0 OC103- 2.855(6) 8, (Fig. 6). 

Discussion 
Although we have tried to synthesize the corresponding 
copper(1) complex with (OH),[ 16]aneS, by using tetrakis- 
(acetonitrile)copper(I) perchlorate, the copper(1) ion was found 
to be oxidized to copper(I1) even under an argon atmosphere. 
The structure determinations of the three complexes have 
revealed two different types of bonding for the potentially quad- 
ridentate macrocyclic ligand (OH),[ 16]aneS,. In the com- 
pound with copper perchlorate (3), (OH),[ 1 6]aneS, adopts 
the endo conformation with the copper(rx) lying strictly inside 
the macrocyclic ring. On the other hand, in the two polymeric 
silver complexes the metal ions have distorted-tetrahedra1 
geometries and the ligand is turned 'inside out' and adopts the 
exodentate conformation in each case. Even between the two 
silver complexes, 1 and 2, the structural differences are 
significant. Such a change of the metal ion or counter anion 
leading to a totally different structure indicates both the 
remarkable versatility and flexibility of the ligand, which 
has been characterized in other crown thioether complexes, 
and the marked influence of the cations and anions involved. 

Previous conformational analyses ' ,s,8,1 on [I  4]aneS,, 
[ 1 6]aneS, and other macrocyclic thioethers revealed that, with 
the exception of [BlaneS,, each crown thioether has a strong 
preference for exodentate orientation with respect to the 
macrocyclic cavity. Crystals of the various forms of free 
[l 4]aneS, have been shown to have exo  conformation^.^' 
Molecular mechanics studies on [ 1 6]aneS, also showed that 
the lowest-energy conformation is quadrangular with the sulfur 
atoms at the corners of a square, which disfavours endodentate 
chelation. Thus the exo conformational mode of 
(OH),[16]aneS4 observed in our two silver(1) complexes lent 
further support to these general conclusions. In contrast, the 
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formation of the endo-type complex of this ligand in 3 is 
presumed to require reorganization of the macrocycle as in 
[Cu([l 6]aneS4)][C104] 2.  

In the present work the metal-ion size seems to be one of the 
major factors controlling the bonding mode of (OH),[l 6]aneS,. 
Glick and co-workers studied several copper(i1) complexes of 
12- through 16-membered S, macrocyclic thioethers in an 
attempt to find the ring-size effects on the general structural 
morphology. It was found that macrocyclic tetrathia ethers 
must contain a minimum of 14 atoms in order to provide a 
central cavity large enough to accommodate a divalent, first- 
row transition-metal ion such as Cu". In a series of metal 
complexes of [14]aneS, such as [Ni([14]aneS4)][BF4],' and 
[Cu([14]aneS4)][C10,1," the metal ion is centred in the plane 
of the four sulfur atoms with the ligand adopting the same endo 
conformation in each case. However, with larger metal ions 
such as Hg" (ref. 4) and Cu' (refs. 10 and 13) a switch from the 
endo to the exo conformation is observed because of the 
relatively small cavity in the centre of the macrocyclic ligand 
with respect to the metal-ion size. In analogous metal 
complexes of the more flexible 16-membered ring [ I  6]aneS, 
this pattern still exists. Structural data for the complexes of 
Fe'1,2 Hg" (ref. 8) and Ni" (ref. 42) show that the metal ion in 
each is encircled by an ample macrocyclic ring and its co- 
ordination sphere is completed by apical counter anions. 
Copper(r1) ion is about the same size as Ni" or Fe" and there is 
little doubt about the endo conformation of (OH),[ 1 6]aneS, in 
the copper(r1) complex. What would happen with an even larger 
metal ion such as Ag'? The crystallographic results for 1 and 2 
have shown that Ag' is too big to fit in the cavity of the 
macrocycle, which forces four sulfur-donor atoms to point 
towards the outside of the 16-membered macrocyclic ring and 
donate to four separate metal ions. The present paper 
represents the first structural evidence for an e m  conformation 
of a 16-membered crown thioether about a transition-metal 
ion. 

Another example to demonstrate the importance of macro- 
cyclic cavity size in determining the conformation of the macro- 
cycle is provided by the crystal structure of [Ag([16]ane- 
S,)][ClO,] 2 2  ([ 16]aneS, = 1,3,6,9,11,14-hexathiacyclohexa- 
decane) in which the macrocycle is similar to that of 
(OH),[16]aneS4 except that it contains two extra sulfur atoms 
in place of two carbon atoms. In this complex, although a 
distorted-tetrahedra1 co-ordination sphere around Ag is still 

maintained from four sulfur atoms, a monomeric structure with 
endo conformation of the ligand is observed. This is obviously 
attributable to the larger size of the sulfur-donor atoms, which 
might be expected to increase the cavity size of the macrocycle. 

The metal-ion size in respect to the cavity size of the 
macrocycle, although important, is not the only factor to be 
considered here. While Cu" generally prefers a square-coplanar 
to a tetrahedral co-ordination sphere, most silver(1) crown 
thioether complexes exhibit idealized tetrahedral geometry. 
Thus the generation of two silver complexes of (OH),[ 16]aneS, 
having a polymeric tetrahedral network structure must result in 
part from the strong tendency of Ag' to achieve a tetrahedral 
co-ordination sphere which cannot be obtained simply by 
distortion or rearrangement of the 16-membered macrocycle. 
The same conclusion has been reached previously for the 
copper(1) complex [Cu([ 14]aneS,)]C104. 

Crown thioethers co-ordinated in the ex0 conformation in 
complexes usually tend to bridge metal ions, and are expected to 
form an extensive polymeric network structure. It is noteworthy 
that in metal-ion complexes of crown thioethers with polymeric 
structure such as ([Hg([14]aneS4)I,]) m,4 ([Cu([ 14]aneS4)]- 
cIo4]m,1 ([Ag([18]aneS,)Brl},,25 {[Ag([12]aneS3)(CF3- 
SO,)]-MeCN} oo ([12]aneS3 = 1,5,9-trithia~yclododecane),~~ 
and the two silver complexes of this work the metal ion has 
a tetrahedral environment, presumably due to the steric 
requirements. In other words, no structural evidence appears to 
exist for a polymeric complex of this type involving a square- 
planar or octahedral co-ordination environment about the 
metal ion. This study and previous structural work on 
transition-metal complexes of crown thioethers offer a guide 
to the future design of unique polymeric metal complex 
architecture. 

A second point of interest in the present study is that 
(OH),[l 6]aneS, having two hydroxyl groups shows a unique 
ability to form hydrogen bonds. The common feature of the 
three complexes in this paper is the presence of the extensive 
intermolecular hydrogen-bonding network connecting the 
cations and the counter anions. Similar hydrogen bonding has 
been observed in [TcN(Cl){ [ 1 6]aneS,(OH),}]C1.31 Such 
hydrogen bonding is also an important factor in determining 
the conformation of the ligand in the two silver(r) polymeric 
structures reported here. In contrast to 1 in which NO,- is 
connected to only one hydroxyl group with relatively medium 
strength (0 0 2.90 A), Fig. 2, the counter anion MeCO, - in 

Table 2 Crystal and refinement data for complexes 1-3 

Formula 
A4 
Crystal system 
Space group 
alA 
blA 
CIA 

$1; 3 

Z 
D J g  ~ r n - ~  
F(000) 
Crystal sizelmm 
p(Mo-Ka)/cm- 
Scan type 
Scan ratelo min-' 
2Qmaxi" 
No. reflections measured 
No. observed [F, > 30(F0)] 
No. parameters 
R 
R' 
Goodness of fit 

1 

498.44 
Monoclinic 
c2 
1 3.500(4) 
9.178(2) 
8.695(4) 
12 1.99(2) 
91 3.8(2) 
2 
1.81 1 
508 
0.10 x 0.15 x 0.08 
15.51 
0-20 
4.0 
55.0 
1 I68 
725 
105 
0.06 1 
0.06 1 
1.81 

C12H24AgNO5S4 

2 

cl  4H2,Ag0,S4 
495.47 
Orthorhombic 
Pccn 
14.121(9) 
1 7.203( 8) 
15.940(3) 

3872.2( 1) 
8 
1.700 
2032 
0.10 x 0.10 x 0.05 
14.59 
0-20 
8.0 
54.9 
4935 
1319 
199 
0.084 
0.095 
3.30 

3 

59 1 .oo 
Monoclinic 

7.820(2) 
13.853(2) 
9.627(2) 
90.85( 2) 
1042.8(3) 
2 
1.882 
606 
0.10 x 0.10 x 0.05 
17.40 
0-20 
4.0 
55.0 
2662 
1364 
133 
0.042 
0.046 
1.39 

I 2H24C12Cu01 Os4 

p2 1 l c  
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Table 3 Atomic coordinates for complex 1 

Atom Y v 
0 

- 0.01 88( 3) 
- 0.3 108( 3) 
- 0.288(2) 

1 z 

1 
I 

0.414(1) 

-0.300(2) 
- 0.226(2) 
-0.103 1 )  

0.1 18(2) 
0.209( 1 ) 
0.326( 2) 

0 
0.1636(5) 
0.3456( 5 )  
0.378(2) 
0.298( 2) 
0.099(2) 
0.165(3) 

0.268(2) 
0.3 18(2) 
0.26 1 (2) 
0.156(2) 
0.232(2) 

0.2 I l(2) 

0 
0.2334( 6) 
0.1829( 5 )  

-0.163(3) 
1 
1 

1 z 
0.387(2) 

0.04 1 (3) 
- 0.038( 3) 

0.102(2) 
0.392( 3) 
0.5 18( 2) 
0.663(3) 

Table 4 Atomic coordinates for complex 2 

X 

3 
4 

4 
0.6 5 32( 4) 
0.3095(4) 
0.3 504( 4) 
0.7030( 5 )  
0.436(2) 
0.571( 1) 
0.545( 2) 
0.468( 1 ) 
0.436(2) 
0.469( 2) 
0.580( 2) 
0.748(2) 
0.726( 2) 
0.722(2) 
0.568(2) 
0.5 17( 3) 
0.424(2) 
0.26 l(2) 
0.283(2) 
0.278( 1) 
0.497(2) 
0.498(2) 

Y 
1 
4 

4 
0.1 77 1 (4) 
0.1289(4) 
0.1741 (4) 
0.1254(4) 
0.06 1 (2) 
0.048( 1 ) 
0.183(2) 
0.079( 1) 
0.124(2) 
0.123( 1) 

0.1 18(2) 
0.089( 1 ) 
0.1 59( 2) 
0.1 19(2) 
0.1 12(2) 
0.1 OO( 2) 
0.111(2) 
0.085(2) 
0.149( 1 ) 
0.146( 3) 
0.138(2) 

0.100( 1)  

0.3374(2) 
0.41 22(2) 
0.4602( 3) 
0.4949(4) 
0.7974(3) 
0.76 19(4) 
0.358(2) 
0.887( 1) 
0.21 l(2) 
0.202( 1 )  
0.492( 1) 
0.404( 1) 
0.409( 2) 
0.497(2) 
0.590( 1 ) 
0.65 1 ( 1) 
0.755(2) 
0.83 l(2) 
0.847(2) 
0.746( 1) 
0.66 5( 2) 
0.603( 1 )  
0.075(2) 
0.1 67( 2) 

2 is located between the two-dimensional sheets of the cations 
and involved in rather strong hydrogen bonds (0 0 2.54 
and 2.67 A), Fig. 4. As a result there is appreciable constraint in 
the latter structure including severely distorted tetrahedral 
CuS, and a much twisted macrocycle. Further investigation on 
this system with other anions is underway to clarify this point. 
Moreover, this type of hydrogen-bonding interaction also 
affects the bond length between the carbon atom and the 
attached hydroxyl group. As seen in Table 1, the C-0 distances 
in 1 [ 1.39(2) A] and 3 [ 1.408(7) A] are comparable, while the 
corresponding bond lengths of O( 1)-C(2) [ 1.38(3) A] and 
0(2)-C(8) [I 1.62(3) A] for 2 differ significantly. The unusual long 
bond distance of 0(2)-C(8) in 2 appears to be due to the 
asymmetric hydrogen bonding of the MeC0,- anion to both 
hydroxyl groups, Fig. 4. 

In conclusion copper(rr) ion forms a monomeric complex 
with (OH),[ 1 6]aneS4 of endo conformation because the metal 
ion prefers a square-planar geometry and fits well the cavity size 
of the ligand. On the other hand silver(1) ion forms a polymeric 
complex with the ligand in exodentate conformation because of 
the large metal-ion size and the tetrahedral co-ordination mode. 
The structures and dimensionalities of the polymeric silver(1) 
complexes are further modified by the counter anion because 
of hydrogen bonding between the hydroxyl groups of the 
ligand and the counter anion. The dimensionality of the 

Table 5 Atomic coordinates for complex 3 

Atom Y 

0 

0.2692(2) 
0.0536(2) 

- 0.2261(2) 

-0.3538(7) 
-0.3029(7) 
- 0.1260( 7) 
- 0.1 192(7) 
-0.2977(7) 
- 0.1906( 8) 
- 0.0025(8) 

0.2856(7) 
0.3738(8) 
0.3025(7) 

- 0.2448(8) 

1: 

0 
- 0.0263( 1 ) 
-0.0351( 1 )  

0.1655( 1 )  

0.0448( 3 ) 
0.01 82(4) 

0.2492( 3) 
0.2263( 4) 
0.2317(4) 
0.1 804( 4) 
0.1 5 1 3 4 )  
0.0620(4) 
0.1307(4) 

-0.0842(4) 

- 0.0862(4) 

0 
0.3519( 1) 
0.1008( 1) 
0.0320( 1) 
0.2897(7) 
0.4367(5) 
0.2469( 5 )  
0.4330( 5 )  

- 0.0542(5) 
- 0.1658(6) 
- 0.1 2 52( 6) 

0.0227(6) 
0.1589(6) 
0.2259( 6) 

- 0.230 1 (6) 

(OH),[ 16]aneS, complex is thus controlled by the counter 
anion as well as the metal ion. 

Experimental 
All preparations were performed using usual Schlenk 
techniques. The reagents AgNO, and Ag0,CMe were obtained 
from Wako Co., Japan; (OH),[16]aneS4 (Aldrich) was used 
without further purification, and Cu(C1O,),~6H2O was dried 
for 7 h at 60 "C under reduced pressure. All solvents were dried 
and distilled by standard methods before use. Infrared spectra 
were measured as KBr discs on a JASCO FT/IR-8000 
spectrometer over the range 200-4000 cm 

Preparations.-{[Ag((OH),[l6]aneS4}]NO,f, 1.  A 
solution of AgNO, (1 7.0 mg, 0.10 mmol) in water (1.5 cm3) was 
placed in a glass tube (diameter 5 mm) and a solution of 
(OH),[16]aneS4 (32.9 mg, 0.10 mmol) in MeCN (1.5 cm3) 
gently added. The glass tube was then sealed and allowed to 
stand at  ambient temperature for 2 d, giving colourless plates, 
yield ~ 6 0 %  (Found: C, 28.40; H, 4.40; N, 3.00. Calc. for 
C,,H,,AgNO,S,: C, 28.90; H, 4.80; N, 2.80%). 

{ [Ag{(OH),[l 6]aneS,)][O,CMe]} co 2. An aqueous solution 
(2.0 cm3) of Ag0,CMe (21.7 mg, 0.13 mmol) and a solution of 
(OH),[16]aneS4 (42.7 mg, 0.13 mmol) in MeCN (2.0 cm3) were 
mixed and stirred for 10 min under Ar. The resultant colourless 
solution was filtered and the filtrate transferred to a glass tube 
(diameter 5 mm) and then layered with acetone (2.0 cm3). 
The tube was allowed to stand at ambient temperature for 
4 d, giving colourless plates in the diffusion solvent, yield ~ 4 5 %  
(Found: C, 34.20; H, 5.25. Calc. for C,,H,,AgO,S,: C, 33.95; 
H, 5.50%). 

[Cu{(OH),[ 1 6]aneS4}][C10,], 3. Dropwise addition of the 
solution of Cu(C1O,),~6H2O (25.0 mg, 0.067 mmol) in MeOH 
(2.0 cm3) to a solution of (OH),[lb]aneS, (20.1 mg, 0.062 
mmol) in MeOH (4.0 cm3) produced a black cloudy suspension 
which was stirred for 1 h at room temperature. Removal of the 
black solid through filtration gave a clear dark yellow-green 
solution, which was sealed in a glass tube with Et,O (2.0 cm3). 
After standing at ambient temperature for 1 week black plate 
single crystals were obtained, yield z 20% (Found: C ,  24.20; H, 
3.95. Calc. for C,,H,,C1,CuOl,S4: C, 24.35; H, 4.05%). 

Crysta/lography.-Details of the crystal data collection and 
processing, structure analysis and refinement for complexes 1-3 
are given in Table 2. The unit-cell data and intensities were 
collected on a Rigaku AFC-5R four-circle diffractometer with 
graphite-monochromated Mo-Ka radiation (h  = 0.710 69 A). 
All three structures were solved by a direct method 
(MITHRIL) 43 and refined by full-matrix least-squares 
minimization of Cw(lF,J - FC1), with anisotropic thermal 
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parameters for all the non-hydrogen atoms. Isotropic hydrogen 
atoms were located by Fourier-difference synthesis and refined 
on the associated C or 0 atoms. All of the calculations were 
performed using the TEXSAN crystallographic software 
package44 on a micro VAX computer. Reliability factors are 
defined as R = C/lF0I - ~ F c ~ ~ / X ~ F o ~  and R' = [Cw(lFoI - 
~Fc~)2/XwFo2]~, where w = 4FO2/o2(Fo2). Atomic scattering 
factors and anomalous dispersion terms were taken from ref. 
45. The final atomic coordinates are given in Tables 3-5. 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 
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