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We have previously detailed the chemistry of the reaction 
between dioxygen (02) and the mononuclear copper(1) species 
[(L)Cu(RCN)]+ (la) (L = tris[(2-pyridyl)methyl]amine; R = 
Me or Et), including a kineticdthermodynamics investigation. 1*2 
In reactions with 02, l a  initially forms a spectroscopically 
detectable (A- = 410 nm, E = 4000 M-l cm-l) CdO2 = 1:l 
adduct [(L)Cu(O2)]+ (1b)lC (formally a superoxo-copper(I1) 
species), which further reacts rapidly with l a  to give [{(L)- 

nm), possessing a trans-p- 1 ,2-peroxo-dicopper(II) structure. lb 
C~}2(02)]~+ (IC, Am, = 525, E = 11 500 M-' cm-l; 600 (sh) 

While lb,c can be studied at low temperatures, the room 
temperature stability for these (and other Cu202 c o m p l e ~ e s ) ~ ~ * ~ ~ ~  
is diminished by highly unfavorable reaction entropies, i.e., for 
IC ASo = -220 f 11 J K-l We have also seen that 
the relative stability of Cu-02 1 : 1 species versus (21.12-02 (i.e. 
peroxo-bridged) 2: 1 complexes depends greatly on ligand 
environment and imposed metal coordination, such as when 
pyridyl groups in L are replaced by quin01yl~~~~ or imidazolyl5 
donors.6 Here, we describe the Ozbinding behavior of dicop- 
per(1) complex [(D1)Cu12(EtCN)2I2+ (2a), where D1 is a novel 
dinucleating ligand but sterically and electronically analogous 
to the previously studied mononucleating ligand L. The X-ray 
structure of 2a is reported and details of the reaction of 2a with 
0 2  are described, providing new insights into Cu(I)/02 reactivity 
patterns. 
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Ligand D1 was synthesized starting with ester-substituted 
ligand L',lb followed by reduction with LiAlb,  reaction of the 

L' D' 
L 

resulting alcohol with SOC12, and reductive coupling' of the 
chloromethyl product using [Cu1(CH3CN)4](PF6). After puri- 
fication, interaction of D1 with [Cu1(CH3CN)4]C104 in EtCN 
led to the isolation of [(D1)Cu2(EtCN)2](C104)2 (2a).8 X-ray 
analysis (Figure 1)8 confirms the ligand structure and dinuclear 
complex formulation, possessing an inversion cente? which 
relates the two Cu(1) ion moieties. Each Cu(1) ion is pseudo- 
pentacoordinate, with strong interactions with the propionitrile 
and pyridyl donor groups but with a long C u - N w l d e  distance 
(2.423(4) A); the Cu(1) ligation is the same as that found in 
[(L')Cu(CH3CN)]+.lb In the solid state, the Cu coordination 
spheres extend away from each other, Cu(1). Cu(1) = 1 1.705- 

The 0 2  reaction with this dinuclear complex [(D1)Cu2- 
(EtCN)2](ClO& (2a) is complicated but most intere~ting.~ 
Initial low-temperature binding of 0 2  in EtCN solvent results 
in two types of observable intermediates (Scheme 1). These 
are (i) a 2:l open form [(D1)Cu2(02)(EtCN)12+ (2b), formally 
a mixed-valence CulCun complex, and (ii) a 2:2 open form 
[(D1)Cu2(02)2l2+ (2b'), where both copper ions have bound 0 2  

ligands. These Cu-02 adducts both possess the same UV- 
vis Am, = 416 nm values, with 2b' giving a more intense 
absorption (E = 8900 M-l cm-l), since there are twice the 
absorbing chromophores. Adduct 2b and 2b' cannot directly 
be distinguished spectroscopically or kinetically, since the two 
02-binding sites are identical and behave independently. Nu- 
merical analysis was successful on the basis of the following 
additional assumptionskonstraints: (a) The spectrum of the 2: 1 
open form 2b is the arithmetic mean of the spectrum of the 2:2 
complex 2b' and the parent Cu(1) species 2a. (b) kl' and k-1' 
are coupled statistically to kl and k-1; i.e., kl' = 0.5kl and k-1' 
= 2k-1. The rate and thermodynamic parameters at 183 K are 
kl = (2.0 f 0.1) x 104 M-l s-l and K1 = (2.0 f 0.1) x lo3 
M-l, comparable to those observed for l b  formation. 
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Figure 1. ORTEP diagram (30% ellipsoids) of the cationic portion of 
[(D1)Cu2(EtCN)2I2+ (2a). 

Scheme 1 

Communications 

f 2 J K-' mol-') is significantly more positive than that which 
leads to IC (vide supra). This is as originally conceived in the 
design of the ligand, since Cu202 formation is an intramolecular, 
rather than bimolecular, process.12 

In summary, the following can be stated: (a) Intramolecular 
0 2  binding by the two Cu(1) ions in [(D1)Cu2(EtCN)2l2+ (2a) 
significantly increases the kinetic reactivity leading to the 
intramolecular p-peroxo complex 2c. (b) This increased rate 
of formation per se proves insufficient for increased thermo- 
dynamic stability; relative to IC, Cu202 complex 2c is enthal- 
pically destabilized but entropically much more highly favored. 
(c) The D' dinucleating ligand system affords a "look" at several 
types of CdO2 1:l species, 2b and 2b'. Elucidation of such 
LCu-02 structures, spectroscopy, and subsequent chemistry are 
of considerable interest, since these are produced in Cu(1) 
autoxidation processes,13 in reactions of Cu(I1) with superox- 
ide,14 and evidence continues to mount for their intermediacy 
in the action of various copper en~ymes . '~  Such intermediates 
have not yet been detected in the dinuclear copper 02-carrier 
protein hemocyanin16 and other synthetic model  system^,^^^ 
including our own dinuclear m-xylyl-copper c ~ m p l e x e s . ~ ~ ~ ~  

In conclusion, the differences in mono- vs dinucleating copper 
complex chemistry observed here further attest to the great 
sensitivity of Cu(I)/O2 binding and subsequent reactivity to 
detailed ligand environment variations, thus offering impetus 
to the continued engineering of ligands which will provide for 
the tuning and ultimate control of copper-dioxygen chemistry. 
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(2b') 2:2 open 

The ensuing product is a (p-peroxo)dicopper(II) complex 
[(D')C~2(02)]~+ (2c) (Scheme l), as indicated by kinetics and 
the stoichiometry of 02-binding (Cu/02 = 2:1, 183 K, manom- 
etry), as well as the UV-vis spectral similarity to IC (for 2c, 
A,, = 540, E = 11 100 M-' cm-', 600 (sh) nm). Molecular 
models indicate that a trans-p-peroxo-dicopper(II) structure like 
IC could form, even with the -CH2CH;?- linker in D'. The 
formation of this 2: 1 closed form product is very rapid and can 
be described by kbim = klk2k-1 = (3.3 f 0.1) x lo4 M-' s-l 
at 183 K (bim = bimolecular)1° and a small positive activation 
enthalpy of 2 & 1 kJ mol-', quite in contrast with the results 
obtained for IC (Al? = -20 f 2 kJ mol-')." The overall 
formation of 2c is faster relative to IC, and this is entirely due 
to the reduced entropy of activation ( A 9  = -139 f 4 J K-' 
mol-' for 2c vs A 9  = -201 f 5 J K-' mol-' for IC). 
However, this significantly enhanced kinetic reactivity (for 2a - 2c) is not reflected by an analogous increase in thermody- 
namic stability. 2c is enthalpically destabilized (AH" = -35 
f 1 kJ mol-') compared to Cu202 species IC (AW = -81 f 
3 kJ mol-'),lC which is formed from a mononuclear precursor; 
we suggest this is due to some non-negligible strain imposed 
by the -CH2CH2- linker of dinucleating ligand D'. However, 
the overall entropy for the reaction leading to 2c (AS" = -90 
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