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Interest in binucleating ligands centers around 
[l-5] their ability to hold pairs of metal atoms in 
close physical and electronic proximity. This permits 
strong magnetic interactions, doubles the number of 
electrons that can participate in catalysis and electron 
transfer [6-91. With copper complexes, a major 
challenge is in modelling such properties as the 3.6 A 
distance proposed for oxyhemocyanin from EXAFS 
[lo, 1 l] and crystallographic [ 121 data and the 
strong magnetic coupling that appears to be present 
in oxyhemocyanin. Hemocyanin binds oxygen at 
the binuclear copper site, and is crucial to the elec- 
tron transfer process in arthropods and molluscs 
[13]. The magnetic coupling between the metal 
atoms is strong [ 141. Small molecule complexes can 
also catalyze such two-electron transfers [ 15-171, 
and there is a possible correlation between the redox 
properties and the strength of magnetic coupling 
between the metal atoms [ 17-181. 
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The binucleating ligand, LHs (1) has been shown 
to link copper and other metals in homo- and hetero- 
binuclear complexes [19] closely enough to allow 
magnetic superexchange coupling when the metals 
are both paramagnetic. 

Variation of the chain lengths, n and m, allow the 
two binding sites to differ, e.g. to favor planar or 
tetrahedral geometry. With copper, the extreme 
geometries can favor oxidation states II and I, while 
intermediate geometries may favor easy transition 
between the two states, an important consideration 
for electron transfer properties. 
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The binuclear copper complexes, CQLXS, (2) 
of this ligand type have an alkanolic oxygen as a 
common donor bridging the two metals, which are 
further linked by the di- or tri-atomic bridging 
ligand, X. S is a solvent molecule or other neutral 
ligand which is weakly bonded to one of the metal 
atoms in some of the complexes. The metal atoms 
are each in a distorted planar environment made up 
from a tridentate unit of L and one of the atoms of 
X. Though changes in the ligand geometry bring 
about a variety of distortions in the molecular geom- 
etry, the OsN chromophores (‘copper planes’) remain 
at least approximately planar. The principal copper 
planes are joined like butterfly wings by the common 
0 and by the polyatomic ligand X. The angle, I$ (3) 
between the two copper planes gives a measure of 
the extent of the most dramatic distortion. As 
expected [19-211 this angle is found to exert a 
strong influence on the magnetic interaction. 

When the entire molecule Cu?LX approaches being 
flat, the copper planes and the bridging planes Cu- 
0-Cu and Cu-R-Cu are very approximately co- 
planar. Then the magnetic coupling is quite strong, 
as is observed in the pyrazole derivative [19], [CuZ- 
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(Sal,PrO). pz], 4, in which the singlet--triplet separa- 
tion is in excess of 400 cm-’ (-U = 410 cm-‘, R 
= 2.1 l), which makes for interesting comparison with 
dicopper proteins [ 141. Another important feature 
of this complex is that X constitutes a two-atom 
bridge. The coupling is not so strong when X is a 
three atom chain or the molecules are bent, as 
revealed by a systematic study of binuclear com- 
plexes [Cuz(SalzPrO)X]. 
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The binuclear complexes 5 exhibit interactions 
ranging from antiferromagnetic to ferromagnetic. 
In cases with coordinated solvent molecules, one of 
the copper atoms has four strong bonds to L3- and 
X, in an approximate plane; a fifth bond, to the 
solvent molecule, completes a distorted square 
pyramid, the other copper atom is roughly planar. 
The stronger interactions occur when the molecules 
are less bent allowing better overlap of ligand and 
metal dX2- Yz orbitals: values of <lo” for @ corre- 
spond to singlet-triplet separations of around 170 
cm -‘. None of the series 4 has very strong interac- 
tions because not both the Cu-0-Cu bridges and the 
Cu-0-C-0-Cu bridges can simultaneously orient 
for optimal superexchange overlap. 

The stronger coupling can be attributed to the 
favorable superexchange overlap permitted by ap- 
proximate coplanarity of the copper planes and the 
Cu-0-Cu and Cu-0-C-0-Cu bridging. When 
these planes are dramatically misaligned, as the 
pivalate complex [ 191 (X = pivalate, (CH3)3C* 
COO-), the coupling is quite small. In the pivalate 
complex, the analogous dihedral angle between the 
principal copper planes, $, is dramatically increased 
to 60.5”, compared with the small value of less than 
10’ in the molecules described above. This bending 
is accompanied by virtual elimination of the coupling 
(-2.Jx 10 cm-‘). The dramatic bending of the 
molecule also brings the two Cu atoms much closer 
together (3.137(l) a) than in the less distorted 
analogs with small 4, but the Cu-Cu separation is 
still too large to contribute significantly to the 

coupling. The bending is accompanied by a severe 
decrease in the Cu-0-Cu angle, but this angle is 
still much larger than the value where the trend 
towards ferromagnetic should produce essentially 
no coupling (Table I). 

TABLE I. 

X Propionate Acetate Pivalate, 
6 

#atoms 2 3 3 3 
cu-0-b (“) 122.5 130.5 133.5 105.7 
Q(“) 7.4 6.5 7.6 60.5 
- 2J (cm-‘) 410 177 175 10 

Some of the [Cu,LX] complexes exhibit ferro- 
magnetic coupling, but no crystal structures are 
available, so that it is not yet known whether these 
constitute examples of even more values of the 
severe bending, $. These include [Cu*L(PhAc)- 
(2,3,4,6-tetrachlorophenol)] and [CuzL(PhAc)(X- 
pyNO)], where X’ = H, 2-CH3 or 4-CH3, PhAc = 
phenylacetate. 

The Cu-Cu distance ranges aroud 3.5 a for the 
mostly flat binuclear complexes, which compares 
with the 3.5 + 0.2 A value suggested from EXAFS 
data for the oxy and met forms of hemocyanin 
[ 121. In [Cu2(3-EtOSalzPrO)(CZH~*COO)(HZO)]Hz- 
0 with a coordinated water molecule, Cu-Cu = 
3.473 8, while in [Cuz(SalzPrO)(ClzCH.COO)], 
with no coordinated solvent molecules, Cu-Cu = 
3.526 8. In [Cuz(SalzPrO)((CH3)3C*COO)DMF], 
there is a solvent of crystallization, weakly bonded 
(2.384 a). [Cuz(SalzPrO)(PhAc)J2*(4-EtPhenol)z, 
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with no coordinated solvent, is a tetranuclear mole- 
cule consisting of pairs of [Cu2(Sa12PrO)(PhAc)] 
units linked via bridging phenolic oxygens, 7. The 
4-ethylphenol molecules are not involved in the 
coordination. 

Acknowledgement 

Support under NSF grants CHE83-00516 and 
CHE83-11449 is gratefully acknowledged. 

References 

E. Sinn and C. M. Harris, Coord. Chem. Rev., 4, 391 
(1969). 
(a) E. Sinn, Coord. Chem. Rev., 5, 313 (1970); (b) U. 
Castello, P. A. Vigato and M. Viladi, Coord. Chem. 
Rev., 4,391 (1969). 
(a) R. Robson, Znorg. Nucl. Chem. Lett., 6, 125 (1970); 
R. Robson, Amt. J. Chem., 2.3, 2217 (1970); (b) B. F. 
Hoskins, R. Robson and H. Schaap, Inorg. Nucl. Chem. 
Lett., 8, 21 (1970); (c) W. D. McFayden, R. Robson and 
H. Schaap, Inorg. Chem., 11, 17?7 (1972); (d) I. E. 
Dickson and R. Robson.Znora. C/rem.. 13. 1301 (1974). 
W. Mazurek, K. J. Berry, K.-S. Murray, M. J. O’Connor, 
M. R. Snow and A. G. Wedd, Znorg. Chem., 21, 3071 
(1982). 

5 M. S. Haddad, S. R. Wilson, K. 0. Hodgson and D. N. 
Hendrickson, J. Am. Chem. Sot., 103, 384 (1981). 

6 R. S. Himmelwright, N. C. Eickmann and E. I. Solomon, 
J. Am. Chem. Sot., lOI, (1979). 

7 R. S. Himmelwright, N. C. Eickmann, C. D. Lubien and 
E. I. Solomon,J. Am. Chem. Sot., 102,5378 (1980). 

8 C. D. Lubien, M. E. Winkler, T. J. Thamann, R. A. Scott, 
M. S. Co, K. 0. Hodgson and E. I. Solomon, J. Am. 
Chem. Sot., 103,7014 (1981). 

9 G. T. Babcock, L. E. Vickery and G. Palmer, J. Viol. 
Chem., 253,240O (1978). 

10 (a) V. McKee, J. V. Daydigan, R. Bau and C. A. Reed, 
J. Am. Chem. Sot., 103,700O (1981); (b) G. L. Woolery, 
L. Powers, M. Winkler, E. I. Solomon and T. G. Spiro, 
J. Am. Chem. Sot., 106,86 (1984). 

11 (a) J. A. Brown, L. Powers, B. Kincaid, J. A. Larreber 
and T. G. Spiro, J. Am. Chem. Sot., 102,421O (1980); 
(b) M. S. Co, K. 0. Hodgson, T. K. Eccles and T. Lontie, 
J. Am. Chem: Sot., 103,984 (1981). 

12 W. P. J. Gavkeha. W. G. J. HOI. J. M. Veriiken, N. M. 
Soeter, H. J. Bak’and J. J. Beintema, Nature (London), 
309,23 (1984). 

13 R. Lontie and L. Van Quickenborne, in H. Sigel (ed.), 
‘Metals in Biological Systems’, Vol. 3, Marcel Dekker, 
New York, 1974, p. 183. 

14 D. M. Dooley, A. Scott, J. Ellinghaus, E. I. Solomon 
and H. B. Gray, Proc. Nat. Acad. Sci. U.S.A., 25, 3019 
(1978). 

15 R. R. Gagne, C. A. Koval, T. J. Smith and M. C. Cimoli- 
no, J:Am. Chem. Sot., 101,4571 (1979). 

16 J. P. Gisselbrecht, M. Gross, A. H. Alberts and J. M. 
Lehn. 1nor.e. Chem.. 19. 1386 (1980). 

17 R. R: Gagne, L. M. Hemling and. D. J. Kistenmacher, 
Inorg. Chem., 19, 1226 (1980). 

18 D. D. Fenton and R. L. Lindvedt, J. Am. Chem. Sot., 
100,6367 (1978). 

19 R. J. Butcher, G. Diven, G. R. Erickson, G. M. Mockler 
and E. Sinn, Inorg. Chim. Acta, 111, L55 (1986); R. J. 
Butcher, G. Diven, G. R. Erickson, G. M. Moekler and 
E. Sinn, unpublished work. 

20 0. Kahn,Inorg. Chim. Acta, 62, 3 (1982). 
21 G. A. Brewer and E. Sinn, Inorg. Chem., submitted for 

publication. 


