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Synthesis and Crystal Structure of a First-generation Model 
for the Trinuclear Copper Site in Ascorbate Oxidase and of 
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The synthesis and X-ray crystal structure of a disilver complex [Ag,L1] [BF,], of a bibracchial tetraimine 
Schiff- base macrocycle derived from the silver-templated cyclocondensation of 2.6-diacetylpyridine and 
tris( 2-aminoethy1)amine are reported. The complex crystallises in the monoclinic space group P2,ln (a 
non-standard setting of P2,/c, no. 14) and has unit-cell dimensions a = 11.660(22), b = 28.14(4), c = 
12.1 58(21) A, p = 107.94(13)" with Z = 4. Functionalisation of the pendant arms with salicylaldehyde 
followed by transmetallation with Cull leads to the formation of a trinuclear copper(t1) complex [Cu,La- 
(OH)][CI04],-2H,0 in which there is a single Cull atom 4.9 and 5.9 A distant from a pair of Cu" atoms 
which are 3.6 A apart and hydroxy-bridged. The complex, which crystallises in the monoclinic space 
group P2,(no. 4) and has unit cell dimensions a = 13.997(24), b = 16.043(9), c = 14.353(11) A, p = 
11 8.97(10)" with Z = 2, may be regarded as a first-generation model for ascorbate oxidase. A study of 
the magnetic properties shows that the trinuclear copper(ii) complex can be regarded as  a mononuclear 
site non-interacting with a moderately coupled copper pair (W = -202 cm-'). 

Ascorbate oxidase, laccase and ceruloplasmin constitute a 
group of multi-copper enzymes, known as 'blue' oxidases, which 
catalyse the one-electron oxidation of the substrate with con- 
commitant four-electron reduction of dioxygen to water. '*' The 
copper(r1) atoms present have been classified according to their 
spectroscopic properties: Type 1 ,  or blue, has high absorption in 
the visible region (E > 3000 dm3 mol-.' cm-' at 600 nm) and an 
EPR spectrum with A < 95 x lop4 cm-'; Type 2, or normal, 
has limited absorption and an EPR spectrum typical of small 
molecule copper(r1) complexes ( A  > 140 x lo4 cm-'); Type 
3, which has a strong absorption in the near UV region (A,,, = 
330 nm) and no EPR signal is believed to consist of a pair of 
antiferromagnetically coupled copper(i1)  ion^.^,^ 

Laccase ( M  =: 65 000) is the simplest member of this family 
and contains four copper(1r) atoms (one Type 1, one Type 2 and 
two Type 3);' dimeric ascorbate oxidase contains eight 
copper(r1) atoms and it was suggested that it was a dimer of two 
identical laccase-like sub- unit^.^ Cumulative spectroscopic and 
azide bonding studies on Rhus uernicifevu laccase led to the 
proposal that the Type 2 and Type 3 centres defined a trinuclear 
copper cluster site (I).' 

Type3 'ci ' c l  ' \*/ \ 
H 

I 

The long absence of crystallographic information concerning 
this type of site was redressed with the publication of an X-ray 

t Supplemenmy dutu uvuilable: see Instructions for Authors, J. Chem. 
So(.., Dulton Trans.. 1993, Issue 1, pp. xxiii-xxviii. 

diffraction study of oxidised ascorbate oxidase from zucchini. 
Two crystal forms were analysed, one a dimer (A4 z 140 000) 
and one a tetramer ( M  x 280000). Each sub-unit has four 
copper atoms present bound as mononuclear and trinuclear 
species. The mononuclear copper, bound to two histidines, one 
cysteine and one methionine ligand, is of Type 1 resembling 
plastocyanin; this site is isolated from the trinuclear site by ca. 
15 8,. The Type 2 copper which is 3.9 8, from one Type 3 copper 
and 4.0 8, from the second is co-ordinated to two histidine 
ligands together with a water molecule, or hydroxide anion. The 
trinuclear site may be subdivided into a Type 2 copper and a 
pair of Type 3 copper atoms held in an approximately isosceles 
triangular array. The Type 3 coppers are each co-ordinated by 
three histidine ligands and form a trigonal prism with an 
intermetallic separation of 3.4 A. The X-ray data indicate the 
existence of an 0x0 or hydroxo bridging ligand. The identi- 
fication of the trinuclear site thus provides confirmation of the 
earlier proposals from solution studies. 

The structure has recently been further refined at 1.9 A 
resolution leading to intermetallic separations of 3.66 and 3.78 
8, (Type 2-Type 3) and 3.68 8, (Type 3-Type 3) in subunit A 
and 3.69 and 3.90 A (Type 2-Type 3) and 3.73 A (Type 3-Type 
3) in subunit B.66 The existence of a central oxygen ligand would 
give rise to five-co-ordination of both of the Type 3 copper 
atoms and square planar geometry for the Type 2 copper atom,5 
and EPR studies on Type 2-depleted and reconstructed laccase 
have suggested that there is a central water molecule that could 
point towards the Type 3 pair and bridge with the Type 2 atom.' 
However if there is such an oxygen atom it is not seen in the 
X-ray structure and the Fourier difference map does not show 
any significant density that could correspond with such a 
molecule. Although this structural revision has occurred com- 
parison with the original report is adhered to as this was the 
basis for the generation of our model. 

Modelling studies based on the spatial structure of ascorbate 
oxidase have allowed an assignment of the amino acid 
sequences of laccase and ceruloplasmin to be made.' From this 
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the proposal has been made that laccase has one mononuclear 
copper atom and a trinuclear centre located similarly to that 
in ascorbate oxidase; ceruloplasmin has three mononuclear 
copper atoms and one trinuclear centre. 

Synthetic analogues for the trinuclear site in ascorbate 
oxidase and the related 'blue' oxidases are not very evident. 
There are numerous examples in the literatureg of hydroxo- 
bridged trinuclear copper( 11) complexes, depicted schematically 
below (11). They are mostly based on equilateral triangles of 

n 
i-n'i 

II 

copper atoms with intermetallic distances close to 3.0 A and 
supported by at least one p,-hydroxo bridge; there is a single 
complex derived from a polytopic macrocyclic ligand which has 
a double p,-hydroxo bridge. l o  One hexanuclear copper(I1) 
complex, derived from a polypodal ligand (111, X = N,), has 

m 
X = OH or N3, py = 2-pyridyl 

6+ 

2 

been reported. ' ' There are two approximately isosceles tri- 
angular arrays of copper(I1) atoms present and each has a Type 
3-like pair of copper atoms having a 3.1 1 8, separation sup- 
ported by an endogenous phenoxo-bridge derived from the 
ligand; the third copper is distant from the pair by 7.78 and 7.46 
A respectively. 

We have earlier reported structural studies on mononuclear 
barium and dinuclear silver(1) complexes of a series of bi- 
bracchial tetraimine Schiff-base macrocycles, L'-L3, which 
have shown that the macrocycles fold to present molecular clefts 
into which the metal ions co-ordinate." This mode of metal 
incorporation is not dissimilar to that of the metalloproteins in 
which the requisite metal is bound in a pocket or cleft produced 
by the conformational arrangement of the protein. Investigation 
of the structures suggested that suitable modification of the 
pendant arms would lead to the opportunity to synthesise tri- 
nuclear metal complexes and we here report the intentional 
synthesis and the crystal structure of a trinuclear copper(I1) 
complex, derived from the disilver(1) complex [Ag,(H,L4)]- 
[BF,], 1 via transmetallation, which serves as a first-generation 
model for the trinuclear site in ascorbate oxidase and related 
'blue' copper oxidases. A preliminary account of the X-ray 
crystal structure of the trinuclear copper(I1) complex [Cu,L4- 
(OH)][C104],~2H,0 has been presented.' 

Experimental 
The microanalytical, magnetic and spectroscopic data were 
recorded as previously reported. 

Reaction of Tris(2-aminoethy1)amine with 2,6-Diacetylpyr- 
idine in the Presence of Silver(1) Ions.-The experimental 

R 1 
L' NH2 
L2 OCHs 
L3 2-CsH4N 

procedure for the metal-templated cyclocondensation reactions 
was previously described in ref. 12. 

[Ag,L'][BF,], 2. Yield44%,m.p. 196 "C(decomp.). IR (KBr 
disc): vNH2 3371, 3315, v ~ = ~  1641 cm-'. Mass spectrum 
[positive ion (+ve) fast-atom bombardment (FAB)]: m/z 849 
[Ag2L'(BF,)]+ [Found (required for C30H46Ag2B2F8N10): C, 
38.45 (38.45); H, 5.00 (4.95); N, 14.85 (15.10%)]. 13C NMR 
(CD,CN): 6 170.7, 164.2, 154.7, 150.9, 140.3, 125.4, 124.7,57.6, 
55.1, 53.4, 53.1,48.0,40.2, 18.4, 16.3. 

[Ag,L'][ClO,], 3. Yield 72%. IR (KBr disc): vNH2 3380, 
3323, vCZN 1641 cm-'. Mass spectrum (+ve FAB): m/z 862 
[Ag,L'(ClO,)] [Found (required for C30H46Ag2Cl,N,o08): 
C, 37.20 (37.50); H, 4.80 (4.80); C1, 7.55 (7.35); N, 14.50 
(14.55%)]. 13C NMR (CD,CN): 6 170.6, 164.1, 154.5, 150.8, 
140.3, 125.4, 124.6, 57.5, 54.9, 53.3, 53.0,47.9,40.1, 18.3, 16.2. 

Transmetallation Reactions of the Disilver(1) Complexes 2 and 
3 with Copper(r1) Salts.-The experimental procedure followed 
was the same as that described previously for the transmetal- 
lation reactions in ref. 15. 

[Cu2L'][BF,],*3H,O 4. Yield 88%, m.p. 243 "C (decomp.). 
IR (KBr disc): v ~ = ~  1667 cm-'. Mass spectrum ( + ve FAB): m/z 
934 [Cu,L'(BF,),] + [Found (required for C30Hs2B4C~2- 
Fl6N10O3): C, 33.65 (33.50); H, 4.65 (4.85); N, 13.05 (13.05%)]. 

[Cu,L'][C10,],*2H20 5. Yield 90%. IR (KBr disc): v ~ = ~  
1666 cm-'. Mass spectrum (+ve  FAB): m/z 971 [Cu,L- 
(C10,)J + [Found (required for C,oHsoC~,Cu2N,oO18): 
C, 32.30 (32.55); H, 4.00 (4.55); C1, 12.75 (12.80); N, 12.40 
(12.65791. 

Functionalisation of the Disiluer(1) Complex 2 with Salicyl- 
aldehyde.-A solution of salicylaldehyde (4 mmol) in methanol 
(100 cm3) was added dropwise to a refluxing methanolic 
solution (200 cm3) of [Ag,L'][BF,], 2. The reaction mixture 
was heated at reflux temperature for 18 h and filtered hot to 
remove the product [Ag,(H,L4)][BF4], 1 as a pale yellow 
powder which was recrystallised from acetonitrile. Yield 26%, 
m.p. 200 "C (decomp.). IR (KBr disc): vCZN 1627 cm-'. Mass 
spectrum ( + ve FAB): m/z 1057 [Ag,(H,L4)(BF,)] + [Found 
(required for C4,Hs4Ag,B,F4Nlo0,): C, 46.30 (46.20); H, 4.65 
(4.75); N, 12.45 (12.25%)]. 13C NMR f(CD,),SO]: 6 165.3, 
163.3, 158.0, 149.5, 140.2, 132.8,126.6, 124.0, 120.5,115.9,58.0, 
56.7, 54.9, 47.7, 15.9. 

Transmetallation of the Functionalised Pendant-armed Com- 
plex 1 with Copper(n).-A suspension of the disilver macrocyclic 
complex 1 (0.35 mmol) in methanol (100 cm3) was heated until 
reflux temperature was attained. Acetonitrile (ca. 15 cm3) was 
then added until all the complex had dissolved. A solution of 
copper(r1) acetate monohydrate (0.35 mmol) in methanol (40 
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Table I Crystal structure data 

Compound 
Formula 
M r  

Crystal dimensions/mm 
Crystal appearance 
Space group 
4 
b/A 
CIA 
PI" 
U/A3 

Ncm- 
F( 000) 
h,k,I ranges 
No. unique reflections observed (measured) 
Criterion 
Ro 
Min., max. transmission coefficients 
No. of parameters 
R" 

Max., min. residual peaks in final Fourier difference map/e k3 

Z 
D S R p c m  

R ' W b  

2 

936.1 1 
0.475 x 0.25 x 0.20 
Yellow blocks 
P2,/n [a non-standard setting of P2,/c (no. 14)] 
1 1.660(22) 
28.14(4) 
12.158(2 1 )  
107.94( 13) 
3795( 10) 
4 
I .638 
10.96 
1887.64 

3252 (7228) 
I F O l / W O )  ' 3.0 
0.0836 
0.353,0.397 
493 
0.0974 
0.0677 (0.000 25) 

C30H46Ag2B2F8N10 

0-14,0-35, - 15 to 15 

+ 1 . 1 1 ,  -0.90 

6 

1294.96 
0.4 x 0.3 x 0.1 
Dark green rectangular prism 
f2, (no. 4) 
13.997(24) 
16.043(9) 
14.353( 1 1) 
1 18.97( 10) 
2820(6) 
2 
1.525 ( I  .56) 
13.39 
1329.72 
0-17,0-20, - 18 to 18 
1744 (5167) 

0.0842 
0.639,0.803 
257 
0.1044 
0.0914 (0.0015) 
0.78, -0.75 

C44H.57C13Cu3N10017 

I F o l / w - o )  ' 4.0 

Details in common: crystal system, monoclinic; absorption correction, 8 y scans. 
weighting scheme, w1 = a2(F) + gF2. 

R = CIAl/CFo. R' = C w ~ l A J / C w ~ F , ,  where ldl = IF, - FJ; 

cm3) was added dropwise followed by a methanolic solution 
(25 cm3) of copper(i1) tetrafluoroborate hexahydrate (0.70 
mmol). After heating at reflux temperature for 2 h the reaction 
mixture was filtered hot into a solution of sodium perchlorate 
(3.5 mmol) in methanol (20 cm3). The product, [Cu,L4(OH)]- 
[C1O4],-2H2O 6, precipitated as dark green crystals on 
cooling. Yield 7 1 %. IR (KBr disc): v ~ = ~  163 1 cm-' . Mass spec- 
trum ( + ve FAB): mlz 1159 [Cu3L4(0H)(C104),]+ [Found 
(required for C44H,,Cl,Cu,N,,0, ,): C, 40.25 (40.80); H, 4.55 
(4.45); C1, 8.35 (8.20); N, 10.65 (10.80%)]. 

X-Ray Data Collection, Solution and Rejinement for 
Complexes 2 and 6.-Three-dimensional, room-temperature 
X-ray data were collected in the range 3.5 < 28 < 50" on a 
Nicolet R3 4-circle diffractometer by the omega scan method 
using graphite-monochromatated Mo-Ka radiation (h  = 
0.710 69 A). The structures were solved by Patterson and 
Fourier techniques and refined by blocked cascade least- 
squares methods. Complex scattering factors were taken from 
ref. 16 and from the program package SHELXTL17 as 
implemented on the Data General Nova 3 computer, which was 
used for structure solution and refinement. The crystal structure 
data are listed in Table 1. 

For the disilver complex 2 both tetrafluoroborate anions 
were found to be disordered, and a model with two inter- 
penetrating disorder components for each anion was refined 
with constrained T,, symmetry for each component: occupancy 
parameters refined to 0.6710.33 and 0.81 / O .  19. Hydrogen atoms 
were included in calculated positions, with isotropic thermal 
parameters related to those of the supporting atom, and refined 
in riding mode. Refinement converged at a final R 0.0974 
[493 parameters, maximum shiftlestimated standard deviation 
(e.s.d.) 0.3861, with allowance for the thermal anisotropy of all 
non-hydrogen atoms, with the exception of the eight fluorine 
atoms of lower occupancy, and of the boron atoms. 

For the trinuclear complex 6 the unco-ordinated water mole- 
cule was equally disordered between two mutually incompatible 
sites. The perchlorate anions were modelled with C1-0 taken as 
approximately 1.4 A; the anions were finally refined as rigid 
groups. The chlorine atoms of the second perchlorate were 
constrained to be coincident; for the perchlorates based on 
C1( 1 a), C1( 1 b) and Cl(2) the site occupancies of the fragments 

did not differ significantly from 0.5 and hence were fixed at this 
value. Perchlorates based on Cl(3a) and Cl(3b) refined to 
occupancies of 0.75 and 0.25 respectively. Anisotropic thermal 
parameters were applied only to the three copper atoms and the 
full-occupancy chlorine atom, Cl(2). 

Atomic positional parameters with estimated standard devi- 
ations are listed in Tables 2 and 3. 

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

Results and Discussion 
The diprimary amine pendant-armed macrocycle L' was first 
prepared via the barium(I1)-templated [2 + 23 cyclocondens- 
ation of tris(2-aminoethy1)amine (tren) and 2,6-diacetylpyri- 
dine.I8 It has been shown that, as a result of their large ionic 
radius (1.26 A) and stereochemical flexibility, silver(1) ions are 
effective in promoting the formation of similar Schiff-base 
macrocycles." Thus the potential of silver(1) to act as an 
alternative template in the synthesis of L' was investigated and 
found to result in the formation of the dinuclear complexes 2 
and 3 (Scheme 1). 

It has been noted previously that reaction of tren with 

2 

0 0 

+ 

CNH2 

X 

3 CD4 
2 BF4 

Scheme 1 
pendant-armed macrocycle L' 

Metal-ion templated synthesis of the diprimary amine 
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Atomic coordinates ( x lo4) for [Ag2L'][BF4]2 2 with estimated standard deviations (e.s.d.s) in parentheses * 

Y 

I 365( 1 ) 
1971(1) 
2 142(9) 
399(9) 

470( 10) 
2896( 10) 
1 169(9) 
2708(9) 
3 58 5( 9) 
3067( 10) 
608( 10) 

3088( 13) 
3 159( 12) 
2546( 15) 
1903( 13) 
872( 12) 
486( 15) 

-258(10) 

-433( 16) 
- 930( 13) 

482( 12) 
- 1008(12) 
- 2367( 12) 
- 685( 13) 
- 760( I 3) 
1033( 1 5) 
2416(15) 
414(14) 
256( 13) 
335( 13) 

1190(12) 

Y 
1064( I )  
1 999( 1 ) 
290(4) 
792(4) 

1 694( 4) 
2707(4) 
2572(4) 
2 I 70(4) 
1468(4) 
1363(4) 
731(4) 

1 174(4) 
222( 5) 
76(5) 

- 226( 5) 
167(5) 
435(5) 
300( 6) 
559(7) 
926( 5) 

1051(6) 
1441(5) 
1516(6) 
2103(6) 
2564(6) 
3038(6) 
3038( 5) 
2912(5) 
2541(5) 

743(5) 
18 12(5) 

-844(1) 
675(1) 

5(9) 
469( 9) 

- 465(9) 
171(10) 

- loo( 10) 
2309( 10) 
2234(8) 
3 50( 9) 

- 1703(9) 
- 2825(9) 
- 1550( 12) 
- 299( 12) 
1761( 13) 
917(11) 

1162(12) 
2102( 13) 
231 l(15) 
1578( 14) 
674( 13) 

- 132(12) 
- 498( 1 5) 
- 1228( 13) 
-584(14) 
- 434( 14) 

18(13) 
1274( 13) 
2114(13) 
3686( 12) 
2991( 1 1 )  

-F(8a) 

X 

2165(11) 
2563( 14) 
3504( 15) 
408q 12) 
3638( 12) 
4254( 1 2) 
5612(11) 
4141(11) 
4263( 1 1 ) 
2563( 12) 
1170(12) 
6630(2) 
7280(4) 
5641(2) 
6273(6) 
7325(3) 
6742( 1) 
7419(2) 
6990( 13) 
70 1 O( 13) 
5550( 1) 
7745( I ) 
8056(6) 
8482( 2) 
7863(7) 
6580( 1) 
7556( 18) 
6702( 2) 
7026(40) 
8393(28) 
8 105( 39) 

Y 
1457( 5) 
1120(6) 
810(6) 
847(5) 

1 179(5) 
1242(4) 
1 149( 5) 
1420( 5) 
963(5) 
873(5) 
843( 5) 

2528( 1) 
2203(2) 
2658( 1 ) 
2334(3) 
291 8( 1) 
2474( 1 ) 
2089( I ) 
2596(4) 
2845(2) 
2364(3) 
468( 1) 
731(2) 
82( 1 ) 

738(2) 
321(1) 
486( 10) 
321(1) 
770( 16) 
742( 18) 
113(17) 

3063( I 1) 
398l( 11)  
4024( 15) 
3195(1 I )  
2299( 12) 
1365( 12) 
1773( 12) 
- 575( 12) 
- 1162(11) 
- 2949( 1 1 ) 
- 3420( 12) 

1436(4) 
2208(9) 
1736(2) 
357( 7) 

1444(3) 
1584(1) 
2072(2) 
597(9) 

2340( 7) 
1327( 15) 
4925( 1)  
5914(3) 
5069(2) 
4035(5) 
4681(8) 
4843( 14) 
3 8 8 2( 2) 
5455(28) 
452 1 (37) 
551 3(28) 

comprise components of the disordered tetrafluoroborate 

'C (18) 

Fig. 1 Molecular structure of the [AgZL']2+ dication in complex 2 

aromatic and heterocyclic dicarbonyls leads to the facile gener- 
ation of Schiff-base macrobicycles both via metal-templated and 
via non-template procedures.*' The non-macrobicyclic nature 
of 2 and 3 is evidenced from their IR spectra in which the 
presence of unreacted primary amine groups is indicated by the 
appearance of two strong peaks between 3280 and 3380 cm-', 
assigned to the symmetric and asymmetric NH, stretching 
modes. An intense absorption around 1640 cm-l arises from 

the stretching vibration of the imino C=N bonds. The products 
were further characterised by positive ion FAB mass spectro- 
metry (major peaks at m/z 849 and 862 corresponding to cations 
generated via the loss of a single counter ion from 2 and 3 
respectively). 

Recrystallisation of 2 from methanol yielded yellow blocks 
suitable for X-ray crystallography. The structure of the dication 
(Fig. 1) shows approximate, but not imposed, Cz symmetry with 
the two six-co-ordinate silver ions bound in the pyridine diimine 
head units of the macrocycle separated by 3.167 A. The two 
imino nitrogen atoms within each pyridine diimine fragment 
show different co-ordination modes. One of the nitrogens acts 
as a bridge between the two silver ions whilst the other is bound 
only to a single ion. The shortest interactions shown by each 
silver ion are to the pyridyl nitrogen and to the primary amine 
on the pendant arm (2.30-2.36 A). There are intermediate 
interactions to a non-bridging imino nitrogen donor (2.46 and 
2.49 A) and to the tertiary amines (2.68 and 2.60 A), whilst the 
longest bonds are to the bridging imino nitrogens (2.68-2.73 A). 
The most obvious deviation from C, symmetry occurs in the 
two silver-tertiary nitrogen bond lengths. The bond lengths and 
angles defining the co-ordination geometry around each silver 
ion are presented in Table 4. 

The overall conformation of the macrocyclic dication is 
folded so as to form a cleft with the metal atoms well hidden at 
one end. The angle between the mean planes through the 
pyridyl fragments [root mean square (r.m.s.) deviations 0.01 1 
and 0.015 .$I is only 5", and their planes lie 3.48 8, apart, 
although the aromatic fragments do not lie face-to-face, but are 
laterally displaced. The silver atoms lie 0.387 and 0.1 17 A from 
the pyridyl planes. In order that two imino nitrogen atoms may 
achieve bridging positions, they are twisted out of the pyridyl 
planes to greater extents [torsion angles N--(2j-C(9)-C( 10)- 
N(3) -42", N(7)-C(24)-C(25)-N(8) - 34"] than are the non- 
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Table 3 

Atom 
C1( 1 a) 
O( 1 la)  
O( I2a) 
O( 13a) 
O( 14a) 
CI( I b) 
0(1 Ib) 
O( 12b) 
O( 13b) 
O( 14b) 
C U )  
O( 2 1 a) 
O( 22a) 
O(23a) 
O( 24a) 
O(2 1 b) 
O(22b) 
O(23b) 
O( 24b) 
Cl(3a) 
O( 3 1 a) 
O( 32a) 
O(33a) 
O( 34a) 
Cl(3b) 
O(3 1 b) 
O(32b) 
O(33b) 
O( 34b) 
CU( 1)  
Cu( 2) 
CU(3) 
O w l )  
O(S1) 
O(S2a) 
O(S2b) 
N(1) 
C(1) 
C(2) 
(33) 
C(4) 
(35) 
C(6) 
(27) 
N(2) 
C(8) 

Atomic coordinates ( x lo4) for [CU,L~(OH)][C~O~]~-~H,O 6 with e.s.d.s in parentheses * 

Y 

5349( 16) 
5092 
596 1 
5957 
4386 
5056( 17) 
5904 
4310 
5483 
4529 
2683(8) 
297 8 
3260 
2933 
I563 
3254 
2396 
3345 
1739 

- 2826( 14) 
- 3228 
- 2698 
- 1818 
- 3563 
- 2368(44) 
- 3253 
- 2752 
- 1769 
- 1698 

2606( 3) 
2736(3) 
1 526( 3) 
2819(13) 
978( 18) 
2 1 O(82) 

2735( 16) 
3358 
3442 
2993 
2352 
2217 
1737(27) 
1 094( 30) 
1827(20) 
1380(27) 

- 384(77) 

Y 

-116 
728( 14) 

99 1 
845 

I194 
649( 13) 

1 I03 
41 0 
- 60 
I144 

- 1688(7) 
- 2466 
- 1063 
- 1660 
- 1565 
- 1834 
- 2450 
- 1239 
- 1230 
- 2702( 12) 
- 3259 
- 1916 
- 2985 
- 2649 
- 1461(39) 
- 1756 
- 980 

-2135 
- 972 
0 

838( 3) 
3487(3) 
788( 12) 

3785( 67) 
2 1 70( 66) 

- 247( 14) 

- 863( 12) 
- 1506 
- 2076 
- 1988 
- 1187 
-612 

2 1 O(23) 
42 l(25) 
655( 18) 

151 l(21) 

452( 15) 
429 

1508 
- 76 
- 55 
- 1 1 1 ( 17) 
- 120 
- I150 

523 
303 

4724( 8) 
5224 
5462 
3892 
4318 
4166 
4994 
565 1 
4085 
3674( 13) 
2819 
333 I 
4479 
4068 
3888(39) 
3989 
2963 
3825 
4773 
- 22( 3) 
2379(3) 

377(3) 
103 1 (12) 

51 3 l(77) 
5296(72) 

- 132(16) 

- 963( 15) 
-401 
- 1096 
- 2205 
- 2720 
- 1917 
- 2336(27) 
- 3458(26) 
- 1529( 19) 
- 1771(23) 

* Estimated standard deviations not quoted for non-pivotal atoms of constrained groups. 

X 

I 642( 28) 
I558( I 8) 
51 5(23) 

32( 19) 
- 399( 27) 

- 472(26) 
- 1589(27) 

144 
- 309 

394 
1573 
1958 
3087(27) 
3777(28) 
3429(22) 
4554( 33) 
5005(34) 
4452(22) 
4792(26) 
3974(28) 
3546(21) 
3876( 26) 
456 1 (29) 
2570(26) 
3507(24) 
2998( 19) 
347 l(25) 
3038( 17) 
3750 
3388 
241 3 
1651 
201 1 
1267( 16) 
4559(31) 
3868( 30) 
2749( 22) 
1 909( 24) 
793( 13) 

1248( 17) 

- 100 
- 1189 
- I468 
- 648 

485 
1196(16) 

Y 
1983( 19) 
2909( 15) 
3 196(2l) 
3002(24) 
3072( 15) 
2749(21) 
2372( 24) 
2763( 13) 
2747 
2726 
2733 
2875 
2789 
27 1 O(22) 
3388(25) 
2166(19) 
2005( 29) 
1342(26) 
554( 18) 
- 5(24) 

- 779(22) 
- 855( 17) 
- 1460(24) 
-2198(24) 

3252(22) 
3486(23) 
3903( 15) 
4526( 19) 
5030( 12) 
5737 
6265 
6103 
5436 
4945 
4441(13) 

177(27) 
627(29) 
678( 19) 
600( 20) 
630( 14) 
490 
483 
578 
546 
638 
700( 14) 

- 739(24) 
- 88 I (  17) 
- 1773(22) 
- 1 554(24) 
- 456( 18) 

1 8( 24) 

1 594( 15) 
1278 
1910 
3014 
340 1 
2683 
3074(25) 
382 l(26) 
2729(22) 
2908(34) 
35 12(32) 
3272(21) 
2734( 25) 
2225(24) 
1105(19) 
735(23) 

1346(27) 

260( 2 1 ) 
848( 18) 

1360(22) 
1864( 1 5) 
2495 
303 1 
3049 
233 1 
1751 
1128(15) 
4286(27) 
465 5( 29) 
3742(20) 
3880( 24) 
3021( 13) 
3284 
2523 
1337 
1172 
1902 
1543( 15) 

- 536(26) 

- 852(24) 

Table 4 Co-ordination geometry about atoms Ag( 1) and Ag(2) in complex 2; bond lengths in A, other entries are the angles (") subtended at silver by 
the nitrogen atoms in the first column and the bottom row 

Ag( I t N (  1) 
Ag( 1 ) - W )  2.347( 13) 67.5(4) 
Ag(l W ( 3 )  2.733( 13) 13334)  66.1(4) 
Ag( 1 )-N(8) 2.684( 10) 83.2(3) 108.6(3) 107.9(3) 
Ag( 1 )-N(9) 2.680( 13) 68.4(4) 136.0(4) 157.9(4) 67.3(3) 

2.462( I 1) 

Ag( 1 )-N( 10) 2.316(11) 121.8(4) 129.9(4) 91.5(4) 12 1.0(4) 74.5(4) 
N(1) N(2) N(3) N(8) N(9) 

Ag(2)-N(3) 2.682( 1 1 ) 
Ag(2)-N(4) 2.596( 12) 69.4( 4) 

Ag(2)-N(6) 2.489( 14) 86. I(4) 69.4(4) I22.1(4) 
Ag(2)-N(7) 2.359( 10) 105.5(4) 136.7(4) 132.4(4) 67.3(4) 
AgWN(8)  2.7 1 3( 1 2) 108.6(3) 156.7(4) 88.2(4) 133.8(4) 66.5(4) 

Ag(2)-N(5) 2.297( 13) 12 1.0(4) 7 4 3 4 )  

N(3) N(4) N(5) "6) N(7) 

bridging imines [torsion angles N( l)-C(4)-C(5)-N(2) - 6O, 
N(6)-C( 19)-C(20)-N(7) - 17"]. Bond lengths in the macro- 
cycle are all unexceptional and there are no noteworthy inter- 
molecular contacts. 

The NMR spectral data for 2 are consistent with the macro- 
cycle adopting a solution conformation similar to that deter- 
mined in the solid state wherein the C, .symmetry reflects the 
different co-ordination modes of the two imino nitrogen donors 
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on each pyridine diimine fragment. In the crystal structure one 
nitrogen is bound to a single silver ion whilst the other acts as a 
bridge between both the silvers (Fig. 1). The I3C NMR spec- 
trum of 2 shows two separate signals for each carbon atom, 
except for those arising from the para-pyridine [S,-(C,) 140.31 
and pendant arm [e.g. S,(Ci) 40.2) carbon atoms. This is shown 
clearly by the rneta-pyridine [&(Cb, cb') 125.4, 124.71, ortho- 
pyridine [Sc(Cc, C,') 154.7, 150.91, imino [&(Cd, cd') 170.7, 
164.21 and methyl [S,(C,, C,') 18.4, 16.31 carbon resonances. 
These signals may be attributed to the molecule retaining C2 
symmetry in solution. 

The 'H N M R  spectrum may be similarly interpreted; two 
doublets [SH(H,, Hb') 7.90, 7.84, 3J(H,-H,, Hb') 8 Hz] are 
detected reflecting the inequivalence of the meta-pyridine 
positions on each ring together with two methyl signals [&(He, 
He') 2.3 1,2.02] which demonstrate the inequivalence of the two 
methyl environments. This is further illustrated by their dif- 
ferent multiplicities; whereas the former is a singlet, the latter 

Table 5 
CD3CN 

Proton NMR spectral assignments for [Ag2L1][BF4]2 2 in 

a 

Atom 

Ha 

He 
Hfl 
H f 0 

H,l 

H, 
Hfa' and HrO' 
Hgl' and HgO' 
H, and Hi  

Hb and Hb' 

HsF 

Y.. S 
N"2 NH2 

G,(multiplicity) 
7.92 (t) 
7.90 (dd), 7.84 (dd) 
2.31 (s) 
3.92 (td) 
3.52 (dt) 
ca. 2.72 (dm) 
ca. 2.91 (tm) 
2.02 (t) 
3.32 (m) 
ca. 2.44 (m), 2.85 (m) 
3.0-2.6 

Coupling constants/Hz 
3J(Ha-Hb,Hb') = 8 
4J(Hb-H,') = 1 
'J(Hf,-HfB) = I 1.5 
3J(Hf,-H,,) = 2.5 
3J(Hf,-H,8) = ca. 12 
3J(HfB-H,,) = 2.5 
3J(HfB-H,8) = 2.5 
'J(He'-Hfa',HfB') = 1.25 

signal has triplet character as a result of long range coupling 
['J(H,'-H,') 1.25 Hz] with the methylene group (Hf') adjacent 
to the imino nitrogen atom, confirmation of which may be 
derived by irradiation of the methylene signal at 6, 3.31 which 
causes the methyl triplet to collapse to a singlet. The spectrum 
was analysed using appropriate decoupling experiments and the 
' H-'H shift-correlated (COSY) two-dimensional NMR spec- 
trum; the chemical shift assignments and coupling constants are 
summarised in Table 5.  

The conformationally rigid nature of the macrocycle L' in the 
disilver complex 2 may be demonstrated by variable-tempera- 
ture 'H N M R  studies, which show the spectrum to be essen- 
tially temperature independent in the range 297-228 K. The 
'09Ag NMR spectrum of 2 recorded at 18.6 MHz in CD3CN 
shows a clearly resolved singlet at SAg 565 indicative of a single 
non-labile silver environment in solution. The observed chem- 
ical shift value is consistent with those reported for other silver 
complexes with nitrogen donors 2 1  and although the two silver 
ions were shown to be in close proximity in the crystalline state, 
no '09Ag-'07Ag coupling arising from the '09Ag'07Ag isotop- 
isomer was detected. 

Transmetallation of 2 and 3 with copper(r1) salts resulted in 
the formation of the dinuclear copper(I1) species [Cu,L']- 
[BF4],-3H20 4 and [CU~L ' ] [C~O, ]~~~H,O 5 (Scheme 2). The 
spectra of the dinuclear copper(1r) complexes are similar to 
those of the disilver(1) precursors, demonstrating that the 
macrocycles remain intact during the transmetallation pro- 
cedure. The most significant differences are an increase in 
intensity of the bands arising from the counter ions (ca. 1080 
and 620 cm-' for C10,- and ca. 1060 cm- ' for BF,-) and the 
observation of a broad band around 3400 cm-' indicating the 
presence of water. The positive ion FAB mass spectra of the 
dicopper(1r) complexes show fragmentation patterns corre- 
sponding to the sequential loss of counter ions from the parent 
molecule 4 (X = BF,) {[Cu2L'X3]+ m/z 934, [Cu2L'X2]+ 
847, [Cu,L'X]+ 760) and 5 (X = C104) {[Cu,L'X,]+ m/z 
971, [Cu2L'X2]+ 872, [Cu2L'X]+ 771). The nature of 
the products were also confirmed by elemental analysis. We 
were unable to grow crystals of these complexes suitable for 
crystallographic analysis. A study of models built on the 
premise that the copper atoms were held within the macrocyclic 
periphery, as were the silver atoms in the precursor complex, 
indicated that suitable modification of the pendant arms should 
facilitate the incorporation of a third copper atom leading to the 
derivation of a trinuclear copper(1r) complex in which the metal 
cluster would be held within the molecular cleft. 

Derivatisation of complex 2 was achieved through reaction 
with salicylaldehyde (Scheme 3) yielding the dinuclear silver(1) 
complex 1. It is evident from the IR spectrum that the pendant 
arms have been functionalised, as a single imine peak of 
enhanced intensity at 1627 cm-' is present and no primary 
amine bands are detected. The positive ion FAB mass spectra of 
1 show major peaks corresponding to the sequential loss from 
the parent molecule of first the two perchlorate ions [m/z 1057 
(39)- and 969 (loo%)] and then a iingle silver ion -[mi,- 861 

2CuXp.n H20 

2 
3 

x2 

X 
BF4 
clod 

MeOH or 
MeOH-MeCN 

4 
5 

Scheme 2 Transmetallation reactions of the disilver(1) complexes 2 and 3 with copper(r1) salts 
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Scheme 3 

2 

Functionalisation of the pendant arms of the 

MeOH 

w 
6 ( ' H ) "  

1 

disilver( I)  macrocyclic complex 2 

~~ ~ 

Table 6 Proton and I3C NMR assignments of the functionalised di- 
silver complex 1 .  Labels refer to both carbon and attached hydrogen 
atoms where appropriate 

n 

Ha 7.99 (2 H, t) Hj 8.50 (2 H, s) 
H, 7.81 ( 4 H , d )  HI  7.04 (2 H, d) 
H, 2.24 (12 H, s) H, 6.65 (2 H, t) 
H, 3.64 (8 H, t )  H, 7.18 (2 H, t) 
H, 3.25 (12 H, br) H, 6.56 (2 H, d) 
H h  H, 9.83 (2 H, br) 
H, 3.85 (4  H, br) 

6(' T) 

C ,  140.2 c, 47.7 
C, 124.0 Cj 163.3 
c, 149.5 C, 120.5 
C ,  165.3 CI 126.6 
C, 15.9 C, 118.0 
C, 58.0 C, 132.8 
C ,  56.7 C, 115.9 
Ch 54.9 C, 158.0 

In (CD,),SO. Values given as 6 (relative integral, multiplicity); s = 
In (CD,),SO at 63 singlet, d = doublet, t = triplet, br = broad. 

MHz. 
~~~ ~ 

(64%)]. The complex was further characterised by elemental 
analysis and 'H and I3C NMR (Table 6). The aromatic and 
methyl protons gave rise to well resolved signals in contrast to 
those of the ring and pendant arm methylene groups. This 
indicates that 1 shows fluxionality at room temperature as 
compared to the diprimary amine pendant-armed precursor 2. A 
more thorough investigation of the dynamic processes was 
precluded by the poor solubility of the complexes in suitable sol- 
vents. 

Transmetallation of 1 (Scheme 4) was effected by addition of 
1 equivalent of copper(r1) acetate monohydrate and 2 equiv- 
alents of copper( 1 1 )  tetrafluoroborate hexahydrate to a refluxing 
solution of 1 in methanol-acetonitrile. The addition of an excess 

O N -  

[CU~L~(OH)](CIO~]~.~H~O 6 

H,L~ 

Scheme 4 Synthesis of the trinuclear copper(n) macrocyclic complex 
[Cu3L4(0H)][C1O4],~2H,O. (i) Cu(MeCO,),*H,O, 2Cu(BF,),* 
6H,O, MeOH-MeCN, (ii) NaCIO,, EtOH 

of sodium perchlorate led, on cooling, to the isolation of dark 
green crystals. Elemental analysis indicated the formation of the 
tricopper(r1) hydroxo species [ C U , L ~ ( O H ) ] [ C ~ O ~ ] ~ ~ ~ H , O  6 in 
which the salicylaldimine pendant arms have been deproton- 
ated. The stability of the Cu3(OH) moiety is apparent from the 
positive ion FAB mass spectrum of the complex in which the 
two peaks of highest intensity, at m/z 1 159 and 1061, correspond 
to the loss of one and two perchlorate ions respectively from the 
parent molecule. Additional peaks at mjz 1139, 1042 and 941 
arise from cationic species in which the hydroxide ion has also 
been lost. The source of the hydroxide ion is most likely to be 
water present in the reaction medium, originating either from 
the hydration sphere of the copper(1r) salts employed in the 
transmetallation or alternatively from the solvent itself. 

X-Ray crystallography confirmed the presence of a discrete 
trinuclear copper species bound within the macrocyclic frame- 
work (Fig. 2). The cluster is comprised of a p-hydroxo-bridged 
pair, Cu(1) and Cu(2), and a non-bridged copper atom Cu(3). 
The two metal ions of the dinuclear moiety are separated by 
3.62 A with a Cu(1)-O(H1)-Cu(2) angle of 138.2'. A scalene 
triangular array is completed by the third copper atom Cu(3) 
with Cu(1) Cu(3) and Cu(2) Cu(3) distances of 5.89 and 
4.95 A respectively. 

The co-ordination geometries around the copper atoms of the 
hydroxo-bridged pair, Cu( 1) and Cu(2), may be described as 
distorted square-based pyramidal. The basal donors of the 
former are provided by the nitrogen atoms, N( l), N(2) and N(8), 
of one pyridine diimine unit and the bridging hydroxide O(H1). 
The axial site is filled by the oxygen atom O(S1) of a water 
molecule. The other copper atom, Cu(2), of the dinuclear moiety 
is co-ordinated by the donor atoms, O(2) and N( lo), of a salicyl- 
aldimine pendant arm, a tertiary amino nitrogen N(7) of the 
macrocyclic ring, the bridging hydroxide O(H1) and one of the 
imine nitrogen atoms N(6) of the second pyridine diimine unit. 

The third copper atom Cu(3) also has a distorted square- 
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C(41) 
Fig. 2 The molecular structure of the [CU,L"(OH)]~' in complex 6 

Table 7 Co-ordination geometry about atoms Cu( l), Cu(2) and Cu(3) in complex 6; bond lengths in A, other entries are the angles (") subtended at 
copper by the atoms in the first column and the bottom row 

Cu( 1 )-O( H 1 ) 
Cu(1)-O(S1) 2.243( 24) 86.3(9) 
CU( 1 )-N( 1 ) 2.002( 24) 167.5(8) 104.5(9) 
CU( 1 kN(2) 2.166(26) 106.5(9) 90.7(10) 
CU( 1 )-N( 8) 2.040( 24) 9 1.4(9) 100.4( 1 1) 

1.880( 19) 

1) O(S1) 

Cu(2)-0( H 1 ) 1.995(20) 
Cu(2)-N(6) 2.294(3 1 ) 9 1.9( 1 0) 
Cu(2)-N(7) 2.1 54( 26) 89.8( 10) 80.5( 10) 
CU( 2)-N( 1 0) 1.964(33) 169.6( 11) 96.0( 12) 
Cu( 2)-O(2) 1.905(20) 87.9(9) 118.4(10) 

OW 1 ) N(6) 

80.1 ( 1 0) 
8 0 4  10) 
"1) 

84.9( 12) 
161.1(11) 
N(7) 

CU( 3)-N( 3) 2.050(27) 
CU( 3)-N(4) 1.955(24) 77.3( 11)  
CU( 3)-N( 5 )  2.283(25) 1 2 1.9( 9) 76.5(9) 
CU( 3)-N(9) 1.949(26) 89.4( 1 1)  1 65.1 ( 1 2) 1 16.9(9) 
CU( 3)-O( 1 ) 2.003(24) 155.0(9) 99.9( 10) 80.5(9) 89.3(10) 

N(3) N(4) N(5) N(9) 

pyramidal co-ordination environment derived from the donors, 
0(1) and N(9), of the second pendant arm, a tertiary amino 
nitrogen N(3), together with the remaining imine nitrogen N(4) 
from the second macrocyclic head unit and a pyridyl nitrogen 
N(5). The co-ordination mode of the pyridyl nitrogen N(5) to 
the copper ion Cu(3) is unusual since the copper atom lies 1.17 
8, out of the plane of the pyridine ring; thus the nitrogen lone 
pair does not point directly at the metal ion. The bond lengths 
and bond angles defining the co-ordination geometries around 
the three copper atoms in 6 are presented in Table 7. 

The macrocycle adopts a twisted conformation in which the 
two planar pyridyl units [l: N(l), C(1), C(2), C(3), C(4) and 
C(5); 2: N(5), C(14), C(15), C(16), C(17) and C(18); r.m.s. 
deviations 0.024 and 0.049 8, respectively] are inclined at 64". 
Co-ordination of the two planar salicylideneimine pendant 
groups [l: N(9)-0( 1); 2: N( 10)-O(2); r.m.s. deviations of six- 

membered rings 0.042 and 0.054 8, respectively] by the two 
copper atoms Cu(2) and Cu(3) is facilitated by a bending of the 
macrocycle away from the cleft conformation exhibited in 
earlier structures. A molecular cleft, with an average interplanar 
separation of 3.37 A and interplanar inclination angle between 
six-membered rings of 4.8", is formed between the second 
pendant salicylideneimine unit and the seamd pyridyl ring. One 
of the perchlorate anions is weakly co-ordinated to a copper 
atom, while the other anions are involved in a hydrogen- 
bonding network with the disordered water molecules. The 
chiral conformations of the chelate rings Cu(2)-N(6)-C-C- 
N( 7)-C-C-N( 10) and CU(~)-N(~)-C-C-N(~)-C-C-N(~) are 
66 and 6h. Intermolecular and intramolecular hydrogen bonds 
are present between the salicylideneimine oxygen atoms, O( 1 ) 
and 0(2), and the copper-co-ordinated water molecule, O(S 1 ), 
and intermolecular copper distances for 6 are Cu(1) * - .  
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Table 8 
of mono-hydroxo-bridged dicopper(i1) complexes having Cu-0-Cu angles in the range 100-145" are given in ref. 271 

Magnetic and structural parameters for [Cu3L4(OH)I3 + 6 and related mono-hydroxo-bridged dicopper(l1) complexes [fuller compilations 

Complex cation a - 2 J/cm- ' e(cu-o-cu)/o r(cu-o)/A Cu - Cu/l$ Ref. 
[ Cu , L ' (OH)] + 820 132 1.85 3.38 23 
[Cu,L4(OH)I3 + 202 138 1.88, 1.99 3.57 This work 
CCu,(dPm)2(tpe)(OH)l3 + 360 138 1.96 3.66 27 
CCu m p y  )4(OH)I + 322 I42 1.93 3.65 25 
[CU,L'(OH)]~ + 240 142 1.87, 1.91 3.57 26 
[Cu, L'(OH)(C104)]z + 1000 144 1.92 3.64 24 

a L5 = 1,4-bis[( 1 -oxa-4,1 O-dithia-7-azacyclododecan-7-yI)methyl]benzene, tpe = 1,1,2,2-tetrakis(2-pyridyl)ethane, dpm = di(2-pyridyl)methane, 
bipy = 2,2'-bipyridine, L6 = macrocycle derived from the condensation of 2,6-diacetylpyridine and 3,6-dioxaoctane- 1,8-diamine, L7 = sexadentate 
macrocycle, 1,  I3-dioxa-4,7,10,16,19,22-hexazacyclotetracosane. 8 is the angle subtended by the copper atoms at the bridging ligand. Copper- 
hydroxo ligand bond length. 

1.25 r I 

1 .o 

0.75 

Y 0.50 I- 

0.25 

7- 

m 

5 

3 

o.ooo 1 0  100 200 300 

TIK 
Fig. 3 The variation with temperature ( T )  of the molar susceptibility 
xM (0) and the product xMT (A) for complex 6 

Cu(3') 6.06 and Cu(2) Cu(3') 6.53 A (i: -x, y - 0.5, - z). 
The UV/VIS spectrum of the trinuclear copper(I1) complex 6 

is dominated by an intense absorption with A,,, at 376 nm. The 
high molar extinction coefficient ( E  = 7400 dm3 mol-I cm-') of 
this band indicates that it arises as a result of ligand-to-metal 
charge transfer. No such feature is observed in the absorption 
spectra of 5; thus it appears that this electronic transition 
originates from interaction with either a deprotonated phenolic 
oxygen atom or from the hydroxide ion. A lower intensity broad 
band with h,,, at 627 nm ( E  = 440 dm3 mol-' cm-I) is assigned 
as d d  in character, but the spectral region of most relevance to 
ascorbate oxidase,22 at ca. 330 nm, is obscured by the intense 
absorption of the ligand system. 

The electron spin resonance (ESR) spectrum of 6 is relatively 
uninformative. The solid-state spectrum recorded at 3.8 K 
shows a single broad signal with no discernible hyperfine 
coupling. The observed g value of 2.107 is consistent with that 
derived from the magnetic studies. At higher temperatures the 
signal is further broadened reflecting the partial population of 
the triplet state of the dicopper moiety. Repetition of the ESR 
experiment in frozen acetonitrile solution at 128 K did not yield 
any additional information. 

Magnetic susceptibility measurements carried out on 6 are 
consistent with a system composed of an antiferromagnetically 
coupled copper( 11) pair and a third magnetically independent 
copper(I1) ion. The magnetic behaviour of 6 is illustrated in Fig. 
3 as the temperature dependence of the molar susceptibility and 
of the xMT product over the range 5-300 K. The latter exhibits a 
plateau at xMT 2 0.4 K cm3 mol-' at low temperature ( T  < 25 
K) and then an increase with temperature until xMT = 1.09 K 
cm3 mol-' at 300 K .  On the other hand the low-temperature 
value clearly identifies a S = 

Owing to the long distances from Cu(3) to the pair of 
copper atoms the data have been analysed using equation (1) 

ground state. 

xM = ( 2 N P 2 g I 2 / k T ) [ 3  + exp( -2J/kT)]-' + 

in which the first (Bleaney-Bowers) term and the second (Curie) 
term account for the pair [Cu(l), Cu(2)] and for Cu(3) 
respectively. It was necessary to include a Weiss constant (0) in 
the Curie expression to account for the small increase of XMTat 
the lowest temperatures; t i p .  represents the temperature 
independent paramagnetism. The best fit of the data was 
obtained with the following values for the parameters; g1 = 
2.063, g2 = 2.056, 2J  = -202 cm-I, 0 = 0.32 K, t i p .  = 
4.4 x lo4 cm3 mol-'. The use of the different Land& factors g,  
and g, is justified by the different environments of Cu(3) and of 
the copper atoms of the pair. The excellent agreement between 
the experimental data and the theoretical values justifies the 
validity of the model. Lastly it must be noted that the small 
ferromagnetic interaction discernible at T < 12 K (0 = 0.32 K) 
cannot be due to an intramolecular interaction between Cu(3) 
and the pair since at these temperatures the S = 1 level of the 
pair is not populated. It therefore reflects intermolecular 
interactions between Cu(3) atoms from neighbouring mole- 
cules. Accordingly the three-copper unit can be described as a 
mononuclear site non-interacting with a moderately coupled 
copper pair (W = -202 cm-I). 

There is a limited number of mono-p-hydroxo dicopper 
complexes 23-26 and no magnetostructural correlation emerges 
from their comparison (Table 8). Owing to the tetragonal 
environment of Cu( 1) and Cu(2) the metallic component of their 
magnetic orbitals will be d,z - ,,z which points towards the 
equatorial ligands. As a consequence strong overlap is expected 
with the hydroxo-bridge. The high value of the Cu-0-Cu 
angle (137.8") should give rise to a strong antiferromagnetic 
interaction but the long Cu(2)-OH bond (1.995 A) 
counterbalances this effect and a moderate interaction is 
observed (2J = - 202 cm-'). The origin of this elongated Cu-0 
bond is to be found in its trans position relative to the Cu-N 
imine bond. The strong binding of the salicylaldimine moiety 
[Cu(2)-0(2) 1.905, Cu(2)-N( 10) 1.964 A] induces a weakening 
of the two other equatorial bonds [Cu(2)-N(7) 2.154, Cu(2)- 
O(H1) 1.995 A]. 

Conclusion 
The [2 + 21 cyclocondensation of 2,6-diacetylpyridine and 
tris(2-aminoethy1)amine in the presence of silver(r) ions pro- 
vides a useful route for the high yield synthesis of a dinucleating 
Schiff-base macrocycle L' bearing two primary amine pendant 
arms. The macrocyclic imine bonds are relatively stable and 
functionalisation of the pendant arms may be effected through 
further condensation reactions with aromatic carboxaldehydes. 

The salicylaldehyde derivative 1 of the disilver diprimary 
amine pendant-armed complex 2 may be transmetallated with 
copper(I1) salts yielding the trinuclear complex [Cu3L4(0H)]- 
[C104]3*2H20 6, the structure of which shows a trinuclear 
copper(I1) cluster held within the ligand perimeter. The cluster is 
comprised of a Type 2-like copper atom and a Type 3-like centre. 
The Type 2 atom is 4.9 and 5.9 A distant from the two copper 
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Fig. 4 A comparison of the trinuclear copper co-ordination sites in 
ascorbate oxidase ( a )  and the model complex 6 (b). His = histidyl 
residue, im N = imine nitrogen, py N = pyridyl nitrogen, sal 
N = salicyl nitrogen, sal 0 = salicyl oxygen, tert-N = tertiary amine 
nitrogen; distances in A 

atoms of the Type 3 centre. The two copper atoms of this centre 
are 3.6 8, apart and bridged by a hydroxy group the origin of 
which appears to be water from the reaction medium with the 
two copper(n) atoms acting in concert as a superacid pair to 
promote the generation of a nucleophile. There are significant 
differences between the co-ordination geometries found in 6 and 
the metallobiosite (Fig. 4); the detection of a hydroxo-bridge in 
6 does however give credence to the notion that the bridge in 
ascorbate oxidase is of the same type. The presence of the 
hydroxo-bridge reinforces the statement made by Coughlin 
and Lippard24 that the stability and ubiquity of the Cu2- 
(OH)3+ moiety (as detected in Type 3 centre models) suggests 
that the endogenous bridging protein ligand proposed for Type 
3 biosites might simply be the hydroxide anion itself, generated 
from accompanying water molecules. 

The trinuclear copper(r1) complex cannot be claimed to 
provide a precise replication of the ascorbate oxidase cluster; 
the co-ordination spheres of the metal ions differ both in terms 
of the nature and the geometric arrangement of the donor 
atoms. The small molecule derived cleft has a greater degree of 
conformational freedom than the more highly defined protein- 
aceous clefts and so the need to design in features to constrain 
this mobility is apparent. The trinuclear copper(I1) complex 
does however serve as a first-generation model for a Type 3 
oxidase site in that it reproduces features of the biosite to a 
greater extent than any synthetic complex previously reported. 
It also provides food for thought with respect to the compar- 
ative identity of the Type 3 sites in haemocyanins and ‘blue’ 
oxidases-are they similar as suggested from extended X-ray 
absorption fine structure (EXAFS) studies on haemocyanins 
and tyrosinase or are they different as hinted at by studies on 
small molecule models? 
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