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C2H4 + ' / 2 0 ,  - CH3CHO (eq 3) 

Although palladium is the main catalytic component 
responsible for the production of acetaldehyde, copper 
is required as the most effective co-catalyst to re-oxidize 
PdO to Pd2+ with molecular ~ x y g e n . ~  

The oxidative coupling of acetylenes to give diacety- 
lenes is a well-known reaction catalyzed by copper, 
which is synthetically usefuL4 For example, many 

2RC=CR - RC=C-C=CR (eq 4) 

ethynyl compounds are coupled almost quantitatively 
by bubbling oxygen through an acetone solution of the 
acetylene in the presence of a copper(1) chloride- 
tetramethylethylenediamine ~omplex.~b 

Other oxidation reactions catalyzed by copper which 
are beneficial from a synthetic viewpoint include the 
following:5*6 

0 2  

OH 

OH 
(eq 5 )  C02CH3 + ~~0 

C02H + 0 2  + CHsOH - 
7 56 COOH 
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I .  Introduction 
Copper is an important element in oxidation catalysts 

for laboratory and industrial use. Aerobic oxidation of 
2,6-xylenol with copper(1) in the presence of a N-donor 
ligand such as an amine or pyridine produces a 
p-phenylene oxide polymer which is widely used as an 
engineering thermoplastic under the trade name PP0.l 

Me r Me 1 

Me OH O2 Fa" 
Oxidation of ethylene to ethylene glycol is an 

important practical process, since ethylene glycol is a 
major intermediate for synthesis of polyesters and 
polyurethanes. Ethylene glycol is produced directly 
from ethylene by the Teijin process which utilizes a 
Cu/Br system as a catalyst.2 

C2H4 + 1/202 + H20 - C2H4(OH), (eq 2) 

+ 1/20, - + c02 (eq 6 )  

Copper-dioxygen complexes are suggested to play 
important roles in these catalytic oxidation reactions, 
yet few such intermediates have been characterized, 
and the structural factors substantiating the catalytic 
effectiveness of the copper catalysts remain ambiguous. 
The oxidation chemistry of well-characterized copper- 
dioxygen complexes is, thus, expected to provide the 
basis for designing and developing new catalytic oxida- 
tion systems with copper as a main catalytic component. 

Another primary interest in the copper-dioxygen 
complexes stems from the diverse occurrence of copper 
proteins which function as highly efficient biooxidation 
catalysts. In Table 1, the copper-containing proteins 
that bind or activate dioxygen are summarized. As can 
be seen, copper is an abundant element for proteins 
involved in dioxygen metabolism (exceeded probably 
only by iron), and a variety of physiological functions 
are known, dioxygen carrier, oxidase, oxygenase, and 
superoxide dismutase. Copper-dioxygen adducts are 
suggested as key reaction intermediates in these 
enzymatic reactions. The differentiation in the function 
of these proteins is attributed primarily to the coor- 
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Table 1. Copper Proteins Involved in Dioxygen 
Metabolism 

dioxygen transpoW hemocyaninb 

monooxygenation tyrosinase? 

function protein 

He + Oz s Ho02 

X + O2 + 2e- + 2H+ - 
XO + Hz0 

dopamine-5-monooxygenaaed 
phenylalanine monooxygenase' 
peptidylglycine-a-amidating 

methane monooxygenas# 
ammonia monooxygenaseh 

monwxygenasd 

dioxygenation quercetinase' x + 0 2 -  xo2 2,3-dihydroxybenzoate 
2,3-dioxygenasei 

indole dioxygenase' 

O2 + 4e- + 4H* - 2Hz0 cytochrome c oxidasd 
2XH2 + Oz - 2X + 2H20 galactose oxidase' 
XHz + 02 - X + H20z amine oxidase' 

ascorbate oxidase 

oxidation 
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dination structure of the copperdioxygen intermediate 
formed in the protein matrices, dependingon the ligand 
donors, the geometry, and the coordination mode of 
the dioxygen. However, the correlation between these 
structural factors and the function/catalysis of the 
enzymes remains to be elucidated. 

Among these copper proteins, hemocyanin, which is 
a widely occurring oxygen-transport protein for inver- 

laccase' 
superoxide dismutation Cu-Zn SOD 

202- + 2H+ - 0 2  + HzOZ 
a Hcdenotesdeoxyhemcqanin. References7-9. Wi1cox.D. 
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tebrates, arthropods, and mollusks, forms a stable 
dioxygen adduct, so-called oxyhemocyanin. This ad- 
duct exhibits very unusual spectral properties,?-16 which 
are reviewed in detail by Solomon in this issue. These 
characteristic spectral properties of oxyhemocyanin 
have been suggested to reflect the unique coordination 
mode of the peroxide at  the dicopper site in hemocyanin, 
and the bindingmodeofthedioxygeninoxyhemocyanin 
has attracted the attention of many chemists. Ac- 
cordingly, the synthesis and structural characterization 
of dinuclear p-peroxo-copper(I1) complexes which 
mimic the characteristic properties of oxyhemocyanin 
have been the focus of numerous recent and ongoing 
investigations.1621 

Theversatileutility of copper as an oxidation catalyst, 
particularly in biological systems, indicates that for- 
mation of copper-dioxygen complexes is feasible, yet 
the isolation of such species is difficult, because of their 
extreme instability with conventional ligand systems, 
such as simple amines. The stability of copper- 
dioxygen complexes depends strongly on the ligands 
employed, as described below. Because of the thermal 
instability, earlier attempts to isolate and structurally 
characterize copper-dioxygen complexes were unsuc- 
cessful. Recent advancement in low-temperature spec- 
troscopic techniques including UV-vis, resonance Ra- 
man, XAS, however, makes i t  possible to structurally 
identify the thermally unstable copperdioxygen com- 
plexes. Moreover, the development of appropriate 
ligand systems has enabled the isolation and even 
crystallographic determination of the molecular struc- 
tures of copperdioxygen complexes. 

In this article, we focus on the recent development 
of copper-dioxygen chemistry, mainly achieved since 
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1988. The work performed before that time was 
reviewed in detail in the article by Karlin et a1.20 which 
covers the literature before 1987. Several other reviews 
dealing with recent advances in copper-dioxygen 
chemistry have a ~ p e a r e d . l ~ J ~ t ~ ~  

Chemical Reviews, 1994, Vol. 94, No, 3 730 

II. Reactions of Copper(I) Complexes wlth 
Dioxygen 

Many factors affect the reactivity of copper(1) com- 
plexes toward dioxygen. Since the reaction causes one- 
electron oxidation of copper with reduction of dioxygen, 
the oxidation potential of Cu(1,II) couple is one of the 
important factors governing the reaction between the 
copper complex and dioxygen. The redox potentials of 
copper complexes vary dramatically depending upon 
the ligand environment due to the donor set, geometry, 
substituent electronic effect, substituent steric effect, 
and chelate ~ i ~ e . ~ ~ ~ , ~ ~ - ~ ~  The solvent gives a strong effect 
as well. Accordingly, a wide range of reduction po- 
tentials (-1.5 to +1.3 V vs N H E P  is known for copper 
complexes. For copper(1) complexes of positive re- 
duction potential, one-electron reduction of dioxygen 
is a thermodynamically unfavorable process, since the 
EO is -0.33 V for 0 2  + e- - 02-, while the four-electron 
or two-electron reduction of dioxygen to water or 
hydrogen peroxide are favorable reactions. Although 
the reduction potential is a good predictor of the 
reactivity of the copper(1) complex toward dioxygen, it 
is not directly correlated with the feasibility for the 
formation of the dioxygen adduct, since the redox 
potentials are defined for outer-sphere-type electron- 
transfer reactions. 

The feasibility of formation of the dioxygen adduct 
is associated with both thermodynamic and kinetic 
factors. The former factor is directly related to the 
stability of the resultant dioxygen adduct. The ligand 
environment of the copper complex plays the crucial 
role for stability; the contributors to stability include 
again the ligand donor set, geometry, and substituent 
electronic and steric effects. The availability of an open 
coordination site to bind dioxygen and the steric bulk 
of the ligand substituent groups are also important, 
having a striking kinetic effect on the binding rate of 
dioxygen to the copper center. The role of solvent is 
of significance, since the availability of the open 
coordination site is dependent on the solvent, and the 
stability of the dioxygen adduct is influenced by the 
interaction between the dioxygen adduct and the 
solvent, e.g. hydrogen bonding and dipole interaction. 
Finally, factors which protect the dioxygen adduct from 
decomposition are of importance. In particular, the 
shielding effect of ligand substituent groups around 
the coordinated dioxygen is crucial to inhibit attack of 
a secondary copper ion or some other components (such 
as a proton) to cause the facile decomposition of the 
dioxygen adduct. 

The total mix of these factors determines whether 
the reaction between a copper complex and dioxygen 
is facilitated or whether the dioxygen adduct is stable 
enough to be characterized or is even isolable. Since 
the overall effects are quite complex and beyond 
prediction, the design of suitable ligand systems and 
reaction conditions are not easy to accomplish. Ac- 
cordingly, only a limited number of examples of well- 

characterized copper-dioxygen complexes have been 
reported so far. 

I I I .  Superoxo-Copper( I I )  Complexes 
The redox potentials of a number of copper(1) 

complexes are low enough to reduce dioxygen to 
superoxide, and thus these complexes, if they are 
coordinatively unsaturated, are susceptible to dioxygen, 
and potentially it is possible to form a superoxo-copper- 
(11) complex. In many cases, the superoxo-copper(I1) 
complex reacts with another copper(1) ion readily, 
resulting in formation of a p-peroxo dinuclear copper- 
(11) complex. From a theoretical point of view, two- 
electron reduction of dioxygen with a copper(1) complex 
to generate a peroxo-copper(II1) species is possible, 
but with the ligand systems known to date, the redox 
potential Cu(I1,III) is not suitable for the formation of 
such a species. This type reaction step was proposed 
to occur in a biological system,23 however, recent 
evaluation has provided negative evidence.24 Conse- 
quently, a superoxo-copper(I1) complex is an important 
initial reaction intermediate formed in copper-dioxygen 
chemistry in general. Nevertheless, its isolation has 
not been accomplished so far and only a very few 
examples of well-characterized superoxo-copper(I1) 
complexes are known. 

The first mononuclear superoxo-copper(I1) complex 
was reported by Valentine et al.25 Reaction of KO2 
with a Nd macrocyclic copper(I1) complex Cu(tet b)2+ 
in DMSO gave a complex which exhibits a d-d band 
at  672 nm. The presence of the d-d band suggests that 
the formed complex is still cupric, yet the complex was 
EPR silent. This apparent diamagnetism is attribut- 
able to a strong magnetic coupling between the super- 
oxide and the cupric ion, thus lending support to the 
assignment that the formed species is a superoxo- 
copper(I1) complex. The CV data are also consistent 
with the structure. Formation of a superoxo complex 
from a monomeric copper(1) precursor was demon- 
strated by Thompson.26 The reaction of a copper(1)- 
ethylene adduct Cu(C2H4) [HB(3,5-Mezpz)31 with di- 
oxygen gave Cu(02) [HB(3,5-Me2pz)31 as a purple solid. 
The structural identification of the complex was based 
on its diamagnetism and IR spectral change with '802 
substitution. The complex exhibits an intense absorp- 
tion band at  524 (600) [absorption band in nanometers 
( E  in cm-l M-l/Cu)I, which was tentatively assigned to 
0 2 -  --* Cu(I1) LMCT band. However, except the IR 
result, which was not credible [the LPO-~~O) was not 
ascertained firmly], the properties of the complex are 
extremely similar to the p-q2:T2-peroxo dinuclear cop- 
per(I1) complex [Cu[HB(3,5-Mezpz)3112(02) which will 
be described in detail later, raising a debate as to 
whether the complex was misidentified. Treatment of 
a monomeric copper(1) complex with a tripodal tet- 
radentate ligand [(TMPA)Cu(RCN)l+ with dioxygen 
at -85 OC resulted in self-assembly, yielding a trans- 
p-l,2-peroxo complex { [CU(TMPA)]~(O~)]~+ (vide infra). 
However, the initial reaction, explored carefully at  -90 
to -75 "C, indicated the formation of another complex 
that exhibits characteristic bands at  410 (4000) and 
747 ( 1000).27 In conjunction with dioxygen consump- 
tion quantitation and kinetic experiments, the formed 
species was proposed to be a monomeric superoxo 
complex. When a copper(1) precursor with BPQA in 
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resonance Raman spectrum or X-ray crystallography, 
has been provided yet. Clearly, more extensive inves- 
tigations on superoxo copper(I1) complexes must be 
undertaken in the near future. 

I_\ 

d 

N a 
(BQPA) (TMQA) 

Figure 1. Tripodal tetradentate ligands used for synthesis 
of superoxo-copper(I1) complexes. 

which one of 2-pyridyl donors in TMPA was substituted 
with a 2-quinolyl group (see Figure 1) was treated with 
dioxygen at  -80 "C, formation of a superoxo adduct 
was not observed and only a product obtained exhibited 
spectroscopic properties very similar to those of the 
trans-p-1,2-peroxo complex { [ C U ( T M P A ) I ~ ( O ~ ) ) ~ + . ~ ~ ~  
While a copper(1) complex with TMQA is unreactive 
toward dioxygen presumably because of the highly steric 
bulk of the ligand due to substitution with three 
2-quinolyl groups, the complex with BQPA containing 
two 2-quinolyl groups reacted with dioxygen. Thus, 
when the yellow solution of the copper(1) precursor 
with BQPA was oxygenated at  -80 "C, an intense purple 
color solution was initially formed; this is ascribed to 
the generation of a trans-p-1,2-peroxo complex {[Cu- 
(BQPA)12(02))2+. However, this color quickly disap- 
peared and transformed to a brown color solution which 
was stable at  -80 "C. The manometric measurement 
indicated the ratio Cu/02 = 1, suggesting the formation 
of a superoxo complex [(BQPA)Cu(02)1+, while its UV- 
vis features [378 (8200)l are considerably different from 
those of the superoxo adduct with TMPA. The 
superoxo complex with BQPA is thermodynamically 
more stable than the trans-p-1,2-peroxo complex, 
whereas with TMPA the trans-p-1,2-peroxo complex 
is more stable. This may be associated with the more 
steric hindrance of BQPA than TMPA, and the initial 
formation of the p-peroxo complex was explained in 
terms of the kinetic "o~ershoot ing".~~~ Very recently, 
a superoxo dinuclear copper(I1,II) complex has been 
reported.28 A dinuclear copper(1) complex with an 
unsymmetric dinucleating ligand (designated as UN- 
0- whose structure is given in Figure 7) reacts with 
dioxygen reversibly to afford a terminal peroxo dinu- 
clear copper(I1,II) complex (the details will be described 
later). One-electron oxidation of the peroxo complex 
with Ag+ yielded a novel superoxo dinuclear copper- 
(I1,II) complex. The same complex was obtained by 
direct dioxygen addition to a mixed-valence copper- 
(1,111 complex with the same ligand which was derived 
from the copper(1,I) complex by one-electron oxidation. 
The complex exhibits a characteristic band at  404 (5400) 
which is tentatively assignable to 0 2 -  - Cu(I1) LMCT 
band. In none of the systems described above, direct 
evidence for the superoxo structure, such as the 

I V. Peroxo-Dlnuclear Copper( I I )  Complexes 

A. Transp-Peroxo Complexes 
The self-assembly of a monomeric copper(1) precursor 

with TMPA in the presence of dioxygen at low 
temperature (below -80 "C) afforded a thermally 
unstable trans-p-1,2 peroxo complex ([Cu(TMPA)l2- 
( 0 2 ) j 2 + .  As described already, the initial intermediate 
formed in this reaction is formulated as a monomeric 
superoxo complex, which was characterized by low- 
temperature UV-vis spectroscopy. The subsequent 
reaction of the putative superoxo complex with a copper- 
(I) precursor results in the formation of the trans-p- 
1,Zperoxo complex as follows: 

rT + 
N-Cu---N=CMe + 0 2  - 

The structure of ([Cu(TMPA)12(02)I2+ was determined 
by X-ray crystallography.m The ORTEP view of the 
p-peroxo complex is presented in Figure 2. The 
molecule sits on a crystallographic inversion center of 
symmetry. The 0-0 bond length of 1.43 8, is typical 
for a peroxide ion coordinated to a transition metal 
ion.ls The coordination environment of the copper is 
best described as distorted trigonal bipyramidal; one 
oxygen atom from the peroxide and the amine nitrogen 
serve as axial ligands. Hence, the unpaired electron of 
the cupric ion lies in the d,z orbital which is oriented 
along the Cu-0 bond. Accordingly, a strong magnetic 
coupling between the two cupric ions through the 
peroxide ion is anticipated. In fact, -25 estimated on 
the basis of variable-temperature magnetic suscepti- 
bilities of ( [CU(TMPA)]~(O~))~+ is as much as 700 cm-1.30 
SCF-Xa-SW calculations performed for a model {[Cu- 
(NH3)412(02)]2+ with an idealized trigonal-bipyramidal 
coordination environment indicated a moderately 
strong antiferromagnetic coupling of -2J = 500 ~ 1 2 1 - l . ~ ~  
([CU(TMPA)]~(O~)]~+ exhibits three characteristic ab- 
sorption bands at  435 (17001, 524 (11 3001, and 615 
(5800). On the basis of the resonance Raman profile 
experiments in conjunction with SCF-Xa-SW calcu- 
l a t i o n ~ , ~ ~  these three bands were assigned to peroxide- 
to-copper charge-transfer bands due to the spin- 
forbidden triplet transition from ?T*,,, the electronic 
dipole-allowed singlet transitions from and ?T*,,, 

respectively. This assignment is based on their energy 
ordering and relative intensities. Thus, the higher 
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/p C44 

-4 
Figure 2. ORTEP view of {[CU(TMPA)I~(O~)]~+. The 
selected bond distances (A) and angles ("1 are as follows: 

(7); 01-Cu-N1, 173.7(3); Cu-01-01', 107.7(2). (Reprinted 
from ref 29a. Copyright 1988 American Chemical Society.) 

energy and more intense bands are assigned to the spin- 
allowed transitions, whereas the resonance enhance- 
ment profile of v,(Cu-0) (561 cm-') endorses the 
assignment of the 435-nm band.3l 

B. p-q2:q2-Peroxo Complexes 
Oxidation of a copper(1) complex Cu(PPh3) [HB(3,5- 

M e ~ p z ) ~ ]  with PhIO afforded a p-oxo dinuclear copper- 
(11) complex [CU[HB(~,~-M~~~Z)~II~O.~~~ The putative 
structure was identified on the basis of the spectroscopic 
analysis including FD-MS and its effectiveness toward 
several oxo-transfer reactions. When the p-oxo complex 
was treated with H202, a novel p-peroxo dinuclear 
copper(I1) complex was formed as shown in eq 9.32b9c 

CW**CU, 4.359(1); 01-01', 1.432(6); CU-Ol,1.852(5); Cu-N1, 
2.104(6); C U - N ~ ,  2.102(6); CU-N~,  2.204(7); CU-N~, 2.082- 

9) 

This complex bears many similarities to those of 
oxyhemocyanin in its magnetic, electronic, and Raman 
spectra as described in detail below. While the X-ray 
structure was not determined, the FD-MS analysis 
supported a dinuclear structure bridged solely by a 
peroxide and thus it is formulated as [Cu[HB(3,5-Mez- 
p z ) ~ ]  1 2 ( 0 2 ) .  Subsequently, with two other more hin- 
dered hydrotris(pyrazoly1)borate ligands employed to 
enhance the stability and crystallinity, analogous 

p-peroxo complexes [Cu [HB(3,5-Ph2pz)3312(02) and 
[C~[HB(3,5-iPr~pz)~l]~(O~) were prepared either by 
direct dioxygen addition to a monomeric copper(1) 
precursor CU(M~~CO)CHB(~,~-P~~~Z)~I or Cu[HB(3,5- 
iPr2p~)~l  and by H202 treatment of a bis(p-hydroxo) 
dinuclear copper(I1) complex [Cu[HB(3,5-iPr2pz)3312- 
(OH):! as shown in eqs 10 and 11, respectively.33 

f7.h or Ph 

(eq 10) 

Slow recrystallization of [Cu[HB(3,5-iPr2pz)3112(02) 
from CH2Cl2 at  low temperature gave solvated crystals 
[C~[HB(3,5-iPr2pz)~ll2(02).6(CH~C12) suitabIe for X- 
ray diffractions. Whereas the quality of the data 
collected was not excellent because of the facile loss of 
solvent of crystallization, the X-ray structure of [Cu- 
CHB(3,5-iPr2pz)3]1~(02).6(CH~Cl2) definitely estab- 
lished the novel coordination mode of the peroxide 
referred to as a planar p-12:92.33 The perspective view 
of the molecule [Cu[HB(3,5-iPr2pz)3112(02) is presented 
in Figure 3. The molecule sits on a crystallographically 
imposed center of symmetry. Thus, the two cupric ions 
and the peroxide ion define a plane; two of the pyrazole 
nitrogens N11 and N31 are tightly bound to each copper 
and are close to the dicopper-peroxo plane as evidenced 
in the expanded view of the N3Cu(02)CuN3 moiety given 
in Figure 4. The other Cu-N (N21) bond distance is 
distinctly elongated. Hence, the coordination geometry 
of the copper is best described as square pyramidal 
with N21 as an apical ligand, although it is very 
distorted. The Cu-Cu separation of [Cu[HB(3,5-iPr2- 
pz)3]]2(02) is 3.56 A, which is considerably shorter than 
that found in the trans-p-1,2-peroxo dinuclear copper- 
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Figure 3. ORTEP view of [Cu(HB(3,5-iPr2pz)3)l~(02). (Reprinted from ref 33b. Copyright 1992 American Chemical Society.) 

with N30 ligand arrangement is also disfavored with 
the hindered tripodal facial capping ligands.) 

Figure 4. Expanded view of the N3Cu(02)CuN3 moiety in 
[Cu[HB(3,5-iPr~pz)3132(0~). 

(11) complex ([CU(TMPA)IZ(OZ))~+ (4.36 A).29 
Two examples of planar p-q2:q2-peroxo complexes of 

La34 and U36 are known and very recently a bent pq2:q2 
coordination mode of the peroxide was found in a V 
complex.36 The driving force. for the unusual coordi- 
nation modes in these complexes is reasonably attrib- 
utable to the high oxophilicity of these elements. 
However, this interpretation cannot be applied to [Cu- 
[HB(3,5-iPr2pz)31I2(O2), since cupric ion is not partic- 
ularly oxophilic. Rather, it seems more likely that the 
p-q2:q2 structure found in [Cu[HB(3,5-iPr2pz)3112(02) 
[or [CU[HB(~,~-M~~~Z)~II~(O~) and [Cu[HB(3,5-Phz- 
pz)3112(02)1 is associated with the strong peculiarity of 
cupric ion to favor a square-pyramidal (tetragonal) 
structure over tetrahedral coordination. If the coor- 
dination mode of the peroxide were a trans-p-1,2 or a 
cis-p-1,2 for [Cu[HB(3,5-iPr~pz)3312(02), a tetrahedral 
coordination geometry would be required which is not 
preferable for cupric ion. (A tetragonal type geometry 

All three p-q2:q2-peroxo complexes with tris(pyra- 
zoly1)borate ligands exhibit essentially identical mag- 
netic and spectral properties as summarized in Table 
2. For instance, the diamagnetic property of [Cu[HB- 
(3,5-iPrzpz)3112(02) is evident from its IH NMR spec- 
trum consisting of very sharp signals located in the 
range of those observed for copper(1) complexes; no 
detectable contact shifts are seen. The diamagnetism 
is also supported by the magnetic susceptibility mea- 
surement in solution determined by the Evans method. 
Two characteristic intense absorption bands are ob- 
served at 349 (21 000) and 551 (790), both of which are 
assignable to 0z2- ---+ Cu(I1) LMCT band, since no such 
bands are observed for other copper(I1) complexes with 
the tris(pyrazoly1)borate ligand (more precise assign- 
ment is discussed below). The Raman spectrum of [Cu- 
[HB(3,5-iPr~pz)3112(02) with 514.5-nm excitation gives 
the v ( 0 - 0 )  band at  741 cm-l, which is shifted to 698 
cm-' when the complex is prepared from 1802.  No band 
attributable to ~(CU-0)  band is detected in the range 
O f  400-600 cm-'. Moreover, the Raman experiment with 
a l:2:1 mixture of 1602/160180/1802 clearly established 
the symmetric coordination mode of the peroxide in 
solution. 

There was a possibility that the p-q2:q2 structure was 
altered in solution, causing deformation to another 
coordination mode of the peroxide such as trans-1,2. In 
order to test this possibility, the spectroscopic com- 
parison of the solid sample of the complex with the 
solution has been undertaken extensively. The much 
greater thermal stability of [Cu[HB(3,5-Ph~pz)3112(02) 
than [Cu[HB(3,5-Me~pz)31 1 2 ( 0 2 )  and [Cu[HB(3,5-iPr2- 
pz)3112(02) in the solid state allowed the magnetic 
susceptibility measurement by the Faraday method at  
room temperature, which supported the diamag- 
n e t i ~ m . ~ 3 ~  From variable-temperature magnetic sus- 
ceptibilities of [Cu[HB(3,5-iPr~pz)31]2(02), the -2 J was 
concluded to be more than 800 ~111-l.~~ The reflectance 
spectrum of the solid sample of [Cu[HB(3,5-Ph2pz)3112- 
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Table 2. Properties of p-Peroxo Dinuclear Cu(I1) Complexes 
v ( 0 - 0 )  cu-cu 

compound UV-vis (nm) (cm-l) (A) magnetism ref(s) 
([Cu(Cyb)12(0~))~+ 550-600 (540) 52 
[Cu2(XYL-0-)(02)1+ 385 (29001,505 (6000),610 (sh) 803 3.3" 40-42 
[Cuz(N3PY2)(02)I2+ 365 (15 000), 490 (5250), 600 (1200), >850 (-) 3.2" EPR inactive 55 
[Cu2(N4PY2)(02)l2+ 360 (15 OOO), 458 (5000), 550 (1200), 775 (200) 3.4" diamagnetic 55 
[Cuz(N5PY2)(O2)l2+ EPR inactive 55 
[Cuz(N30R)(02)I2+ 350 (20 OOO), 485 (1400), 600 (880), 875 (sh) 3.3" diamagnetic 55 
[Cuz(XYL-F)(02)I2+ 57 
[Cuz(UN)(0z)12+ 360 (11 OW), 520 (1000), 600 (sh) 59 
( [Cu(TMPA)12(0z)J2+ 440 (2000), 525 (11 500), 590 (7600), 1035 (160) 834 4.35 diamagnetic 29 
( [CU(BPIA)I~(OZ))~+ EPR inactive 68 
( [CU(BPQA)I~(O~)]~+ 440 (2000), 535 (10 500), 600 (7600) 67 
([Cu(1,2-Mezim)l2(O2)}2+ 
[Cu2(tpmc)(O2)l2+ 472 (2900), 780 (900) 820 and 771 EPRactive 70 

360 (21 400), 423 (3600), 520 (1200), >600 (-) 

360 (18 700), 435 (4400), 515 (1300), 787(700), 925 (600) 

440 (2000), 535 (11 500), 600 (7600) 

346 (2200), 450 (1450), 500 (1900), 650 (600) 2.8 or 4.3" EPR inactive 65,66 

[Cuz(PY)&s0(02)1+ 390 (4800), 500 (6500), 630 (3400) 45 
[CU2(PY)2(PZ)2Ns0(02)]+ 400 (2500), 505 (4900), 630 (3400) 45 
[CU~(PY)~(DMP)~N~O(O~)]+  390 (3400), 510 (6700), 630 (1600) 45 
(Cuz[B~(NMI)zN3]2(02)}~+ 360 (-), 450 (-), 550 (-) 63 
( C U ~ ( F D ) ~ ( D I E N ) ~ ( ~ ~ ) ) ~ +  360 (-), 504 (1060) 61 
( [Cu(CH3PY 2)2(02))2+ 62 
([C~(PhCH2PY2)12(02))~+ 62 
( [Cu(PhPY2)1z(Oz)j2+ 350 (5500), 485 (310), 680 (70) 62 
[Cu2(UN-0-)(02)1+ 392 (3400), 510 (5400), 642 (2700) 3.28' 46 
([Cu(N4-MePY)l2(02))2+ 440 (sh), 537 (5000), 610 (sh) 69 
([CU(N~-M~~PY)]Z(O~))~+ 378 (22 OOO), 494 (330), 784 (60) diamagnetic 69 
[CU(HB(~,~-M~~~Z)~)]~(OZ) 338 (20 8001,530 (840) 731 diamagnetic 32 
[Cu(HB(3,5-iPr2Pz)3)12(02) 349 (21 OM), 551 (790) 741 3.56 diamagnetic 33 
[Cu(HB(3,5-Ph2~~)3)12(02) 355 (18 OOO), 542 (1040) 759 diamagnetic 33 
oxyhemocyanin 340 (20 OOO), 580 (100) 744-752 3.5-3.7" diamagnetic 7-14 
oxytyrosinase 345 (18 000), 600 (1200) 755 ca. 3.6' diamagnetic 7-14 

355 (14 700), 405 (2500), 530 (400), 645 (315) 
362 (11 400), 415 (2600), 533 (6501, 625 (480) 

a Estimated by EXAFS. 

(02) and mull absorption spectra of [Cu[HB(3,5-iPr2- 
pz)gl 1 2 ( 0 2 )  exhibit two intense bands at ca. 350 and 550 
nm whose features are identical to those of the solution 
spectrum.37 The Raman spectra of solid samples of 
[Cu[HB(3,5-Phzpz)3] 1 2 ( 0 2 )  and [Cu[HB(3,54Pr2pz)3112- 
(02) exhibit the v ( 0 - 0 )  band at  763 and 749 nm, 
respectively, which are nearly the same energies as the 
0-0 stretch for the  solution^.^^*^^ Thus, the spectral 
features of solids are essentially the same as those 
observed for the solutions, indicating that the p-q2:q2 
structure is preserved in solution and that the unique 
properties are intrinsic to the p-q2:q2 structure. 

The resonance enhancement profile for the v ( 0 - 0 )  
Raman feature has been explored for [Cu[HB(3,5-iPr2- 
pz)gl12(02), indicating that excitation of both 350 and 
550-nm bands enhance the v ( 0 - 0 )  band.37 Hence, these 
two characteristic bands are assigned to peroxide-to- 
copper charge-transfer transitions. As described in the 
review by Solomon et al. in this issue, the a* orbital of 
a side-on bound peroxide including the p-q2:q2-peroxide 
splits into two energies designated as a*v and a*,, 
depending upon the orientation to the dzz-yz orbital in 
which the unpaired electron of the cupric ion lies. 
Because the intensity of the peroxide-to-copper LMCT 
band reflects the overlapping population between the 
a* orbital of peroxide and the d orbital of cupric ion, 
the intensity of the a*v - Cu(I1) transition is in general 
lower than that of a*, - Cu(I1). Accordingly, the 350- 
and 550-nm bands are assignable to the a*, - Cu(I1) 
and - Cu(I1) LMCT transition, respectively. The 
Raman and IR spectra of a solid sample of [Cu[HB- 
(3,5-Ph2pz)3112(02) have been examined in detai1.37 A 
broad band is observed in the Raman spectrum at 1144 
cm-l which is shifted to 1098 cm-l upon isotopic 
substitution. This band is attributable to the overtone 

of the ~(CU-0)  band whose fundamental vibration 
frequency is 572 cm-l. The fundamental vibration is, 
however, not observed because it is a symmetrically 
forbidden transition. Another isotopically susceptible 
band is detected at 331 cm-' in the IR spectrum, which 
was assigned to the Bzu vibration mode of the Cu202 
chr~mophore .~~ On the basis of these vibrational data, 
the 0-0 force constant, which is correlated with the 
0-0 bond strength directly, was determined by normal 
coordinate analysis, for the p-q2:q2-peroxide to be 2.4 
mdyn/A. Since the 0-0 force constants calculated for 
a trans-p-1,2-peroxo complex and an asymmetric ter- 
minal peroxo complex (vide infra) are 3.1 and 2.9 mdyn/ 
A, respectively, the 0-0 bond strength in the p-q2:q2- 
peroxo complex is weakened significantly as compared 
with other structural types of peroxo complexes. 

In order to provide a theoretical basis for under- 
standing the unusual properties of the p-q2:q2-peroxo 
complexes, extended H u ~ k e P ~ ~  and S C F - X L U - S W ~ ~ ~ ~ ~  
calculations have been carried out. The theoretical 
treatment and the interpretation of the p-q2:q2-peroxo 
complex based on SCF-Xa-SW calculations is described 
in detail in the review by Solomon in this issue. These 
calculations endorse the enormously strong antiferro- 
magnetic property of the p-q2:q2-peroxo complex re- 
sulting in seeming diamagnetism even at  room tem- 
perature. The HOMO and LUMO orbitals derived from 
the Huckel calculations are schematically indicated in 
Figure 5.33b The strong antibonding nature between 
Cu d,, and 02 a*, is evident in the LUMO, while the 
HOMO orbital interaction is nearly negligible. The 
strong destabilizing interaction in LUMO thus causes 
an enormously large HOMO-LUMO gap, accounting 
for the strong antiferromagnetic coupling between the 
two cupric ions through the p-q2:q2-peroxide ion. Al- 
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Figure 5. HOMO-LUMO orbitals of [(NH&Cu12(02) cal- 
culated by extended Huckel calculations. (Reprinted from 
ref 33b. Copyright 1992 American Chemical Society.) 
though the model used for the SCF-Xa-SW calculations 
is not the same as that used for Huckel calculations, 
the HOMO and LUMO have orbital shapes very similar 
to those shown in Figure 5. A large HOMO-LUMO 
gap is also noticed which gives rise to an -25 value as 
great as 5660 cm-1.38 Another notable result derived 
from the SCF-Xa-SW calculations is a considerable 
interaction in the HOMO orbitals between the 0z2- u* 
and Cu dX2-y2. This indicates that 0 2 %  u* acts as a a-acid, 
which accepts electron density from the cupric ions. 
Since the 0z2- u* is an antibonding orbital, this 
interaction weakens the 0-0 bond significantly, ac- 
counting for the unusually low v ( 0 - 0 )  and more directly 
the small 0-0 force constant of the p-$:$-peroxo 
complex. The SCF-Xa-SW calculations further led to 
estimates of the energies of the transitions from Oz2- 
a*, and a*, to cupric ion, which lends support to the 
assignment of the 350- and 550-nm bands to 0z2- - Cu(I1) and Oz2- a*, - Cu(I1) LMCT transitions, 
re~pectively.~~ 

C. Terminal-Peroxo Complexes 
A dinuclear copper(1) complex with a dinucleating 

ligand XYL-0- having a phenoxo bridging group was 
demonstrated to bind dioxygen at low temperature 
quasi-reversibly, yielding an intensely purple colored 
complex.40 The v ( 0 - 0 )  of 803 cm-l ascertained by 
resonance Raman spectroscopy as well as the dioxygen 
absorption stoichiometry (Cu/Oz = 2) suggested that 
the formed dioxygen adduct is a peroxo complex. [CUZ- 
(XYL-O-)(Oz)]+ exhibits visible bands at 385 (2900), 
505 (ca. 6000), and 787 (700), with a shoulder at 610 
nm. The 385-nm band is assigned to phenoxo-to-copper 
LMCT band while the 787-nm band is attributable to 
the d-d transition of the cupric ion. A Gaussian 
resolution of the spectrum reveals the feature around 
600 nm to be a strong band at 503 (6300) with a weaker 
component a t  625 (l100).41 Besides the ~(0-0) band, 
the detailed resonance Raman study on [Cuz(XYL- 
0-1 ( 0 2 ) 1 +  indicated an isotopically susceptible band at 
488 cm-' which was assigned to ~(CU-0) band.41 The 
intensity of 40-0) band showed significant enhance- 
ment from both the 503- and 625-nm absorption bands, 

R = H, X Y = 2-pyridyl (XYL-0') 
R = Me, X = Y = 2-pyridyl ((Py),N,O) 
R = Me, X = Y = 1-pyrazolyl 
R = Me, X= Y = 1-(3,5-dimethypyrazoIyl) 
R = Me, X = 2-pyridy1, Y = 1-pyrazolyl ((Py),(Pz),N,O) 
R = Me, X 2-pyridy1, Y = 1-(3,5-dimethylpyrazolyl) ((Py),(DMP),N,O) 

Figure 6. Dinucleating ligands having a phenoxo bridge. 

indicating that these two absorption bands are attrib- 
utable to peroxide-to-copper charge-transfer transi- 
tions. The ~(CU-0) band is also enhanced with 503- 
nm excitation, but less enhanced from the 625-nm 
transition. In conjunction with the SCF-Xa-SW cal- 
culations, the bands at  503 and 625 nm are assigned to 
0z2- a*g - Cu(I1) and 0z2- a*, - Cu(I1) LMCT band, 
respectively. While from the ligand structure, a cis- 
p-1,2 coordination mode of the peroxide was expected, 
the Raman experiments with mixed-labeled dioxygen 
excluded this possibility, rather the terminal type 
coordination mode of the peroxide was strongly sug- 
gesteda41 On the other hand, EXAFS results indicated 
that the Cu...Cu separation is 3.3 A for [Cuz(XYL-0-)- 
(OZ) ]+ .~~  This rules out a p1,l bridging structure since 
the crystal structures of other complexes with the 
phenoxo bridging ligand XYL-0- show that a p 1 , l  
geometry is only compatible with a Cw-Cu separation 
of less than 3.15 A.43144 Hence, the asymmetric terminal 

coordination mode of the peroxide with a weak inter- 
action between the free end of the peroxide and the 
second copper was concluded to be the most plausible 
structure. 

A series of copper(1) complexes with a dinucleating 
ligand containing the same xylyl frame as in XYL-0- 
in which, however, the side-arm pyridine donors are 
replaced with other N-ligand donors such as pyrazole 
were prepared (Figure 6).45 Among these complexes, 
the copper(1) complexes having the ligands with all four 
pyridyl groups substituted with 1-pyrazolyl or 1-(3,5- 
dimethylpyrazolyl) were not stable due to dispropor- 
tionation. However, the other complexes are reactive 
toward dioxygen affording the peroxo complexes at  -78 
"C in CH2Clz. For instance, the complex with two 
pyridyl and two 3,5-dimethylpyrazolyl groups yielded 
a dioxygen adduct which exhibits the visible bands at 
390 (3400) and 510 (6700) with a shoulder at 630 nm.45 
Other dioxygen adducts give rise to the similar visible 
spectra. Because these features are in excellent accord 
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Figure 7. Dinucleating ligands effective for preparing fi-peroxo-copper complexes. 

with that of [Cu2(XYL-0-)(02)1+, the coordination 
mode of the peroxide is suggested to be asymmetric 
terminal. When these dioxygen complexes were allowed 
to warm to room temperature, irreversible decompo- 
sition occurred, resulting in formation of a p-hydroxo 
dinuclear copper(I1) complex.45 

Very recently, an unsymmetric ligand having a 
phenoxo bridging group (designated as UN-0- whose 
structure is shown in Figure 7) has been prepared.46 
The dinuclear copper(1) complex with this ligand reacts 
with dioxygen reversibly at -80 OC, giving an intensely 
purple solution with LMCT absorption maxima at  392 
(3400), 510 (5400), and 642 (2700). The coordination 

mode of the peroxide in [Cuz(UN-0-)(02)1+ is pre- 
sumably the same as that in [CU~(XYL-O-)(O~)]+ on 
the basis of its spectral similarity. This complex is much 
superior in terms of thermal stability and thus its 
isolation in a solid state form was successfully achieved.& 

D. Other Complexes 
As described above, there are two alternative reaction 

pathways to prepare the p-peroxo dinuclear complexes 
starting from copper(1) complexes. One preparation 
method is dioxygen addition to a dinuclear copper(1) 
complex having a dinucleating ligand. The other one 
is the self-assembly of a monomeric copper(1) precursor 
in the presence of dioxygen. In both cases, the copper- 
(I) center must be coordinatively unsaturated and thus 
the maximum number of the ligand donors employed 
is four. The first demonstration of the beneficial use 
of a dinucleating ligand in preparing a p-peroxo complex 
was demonstrated by Osborn et al.,47 whereas the self- 
assembly was first reported by Wilson et al.48 Both 
contributions were accomplished in late 1970s. Un- 
fortunately, the characterization of the dioxygen adduct 
was not since no solid evidence supporting 
the p-peroxo structure was provided. Particularly, the 
self-assembly formation of the p-peroxo complex was 
carried out with a N5 ligand, which does not satisfy the 
above criterion, and thus the formation of the p-peroxo 

complex may be debatable.50-51 In conjunction with 
low-temperature spectroscopy, much more extensive 
endeavors to synthesize and characterize p-peroxo 
dinuclear copper(I1) complexes including the examples 
described already have been undertaken recently; these 
attempts were also carried out on the basis of the same 
synthetic strategies applied for these earlier works. 

1. N3-N3 Dinucleating Ligand System 

A dinuclear copper(1) complex formed in situ between 
C U ( M ~ C N ) ~ B F ~  and a dinucleating ligand containing 
a cyclohexyl spacer with four arms consisting of 
2-benzylimidazole (Cyb in Figure 7) reacts with air at 
5 OC, causing a color change of the solution from pale 
yellow to deep violet.52 A broad intense band was 
observed at  550-600 nm with a minimum absorption 
coefficient estimated to be 540 cm-l M-l/2Cu. The violet 
solution showed no apparent change at  0 OC for 30 min. 
When nitrogen was bubbled through the solution, the 
violet color disappeared gradually and bubbling of 
dioxygen again gave the violet solution. Thus, the 
copper(1) complex binds dioxygen reversibly. Unfor- 
tunately, the structure of the formed dioxygen adduct 
has not been identified fully. 

Karlin and co-workers reported the synthesis of a 
dinuclear copper(1) complex with a ligand in which two 
bis(2-pyridylethy1)amine units are linked with an 
n-butyl chain (N4PY2 in Figure 7).53 This dinuclear 
copper(1) complex reacts with dioxygen at low tem- 
perature quasi-reversibly. The dioxygen adduct shows 
visible bands at  360 (15 000), 458 (5000), and 550 (1200) 
with a d-d band at 775 (200). Although resonance 
Raman spectroscopy was not applied because of its 
instability under photoirradiation, from the dioxygen 
consumption amount, the dioxygen adduct was sug- 
gested to be a p-peroxo dinuclear complex formulated 
as [Cuz(N4PY2) (02)12+.  The dinuclear structure of the 
oxygenated species was also supported from the ob- 
servation that the complex is EPR silent, which is 
attributable to the strong antiferromagnetic coupling 
between the two cupric ions through the peroxide ion. 
The recent evaluation30 showed that the complex is 
virtually diamagnetic. On the basis of EXAFS studies 
which estimated the Cw-Cu separation of ca. 3.4 A, a 
cis-p-peroxo or a bent p-v2:v2 structure was suggested." 
However, an X-ray crystal structure of this complex 
has not been successfully determined yet. 
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the complex was exposed to dioxygen at room tem- 
perature, hydroxylation of the one arene ring proceeded 
(see eq 17) and no stable dioxygen adduct was ob- 
tained.m To inhibit the aromatic hydroxylation, the 
phenyl ring was replaced with furan. The dinuclear 
copper(1) complex with the ligand (FD)2(DIEN)2 ab- 
sorbs ca. 0.5 equiv of dioxygen at 5 "C, suggesting the 
formation of a p-peroxo dinuclear copper(I1) complex.'jl 
The complex is not very stable and the reaction is 
followed by slower dioxygen uptake due to irreversible 
degradation to give a dinuclear copper(I1) complex. (In 
the presence of methanol, the product was identified 
as [Cuz[(FD)2(DIEN)21 (OH)(OMe)12+.) The transient- 
ly formed p-peroxo complex exhibits two intense 
absorption bands at 360 and 504 (1060), which are 
attributable to peroxide-to-copper charge-transfer tran- 
sitions. 

Similar dinucleating ligands with variation of the 
methylene spacer to n-propyl and n-pentyl chains have 
been ~ r e p a r e d . ~ ~ , ~ ~  Both dioxygen adducts obtained 
with these ligands exhibit three characteristic bands at 
ca. 360, 400-500, and 500-600 nm, similar to those of 
[Cu(N4PY2)(02)12+. The resemblance implies the 
formation of a p-peroxo complex in which the coordi- 
nation mode of the peroxide is essentially identical to 
that of [Cuz(N4PY2)(02)]2+. However, as summarized 
in Table 2, there are significant differences seen in the 
absorption wave numbers, absorption coefficients, and 
Cu...Cu separations (estimated for the complex with 
N3PY2 to be 3.2 A by EXAFS). These differences may 
reflect structural variations in the Cu202 chromophore 
possibly associated with ligand constrains due to the 
spacer size. 

A related dinuclear copper(1) complex was prepared 
with a ligand having an arene spacer referred to as 
XYL-H in Figure 7.43956 When this complex was treated 
with dioxygen, instantaneous hydroxylation yielding a 
phenoxo-bridged dinuclear copper(I1) complex oc- 
curred. This type of ligand hydroxylation will be 
described later in this review. Although an intermediate 
was observed transiently in the hydroxylation reaction, 
it was too unstable to be characterized. However, when 
the 1-position of the arene ring was substituted with 
floride to inhibit the hydroxylation, a relatively stable 
dioxygen adduct was trapped.67 This complex exhibits 
characteristic absorption bands at 360 (18 700), 435 
(4400), and 515 (1300). Since the spectral features are 
reasonably in accord with that of [Cuz(N4PY2) (02)12+, 
the coordination mode of the peroxide was suggested 
to be identical. Formation of a similar dioxygen adduct 
was noted when a chloro-substituted ligand (XYL-C1) 
was employed.% An unsymmetrical dinucleating ligand 
UN with an arene bridge was prepared (see Figure 7).59 
It is of interest that the stability of the dioxygen adduct 
is much enhanced with this ligand as compared with 
the one prepared with XYL-H. Accordingly, the 
dinuclear copper(1) complex reacts with dioxygen at 
-80 "C, forming a p-peroxo complex (on the basis of 
dioxygen consumption) which exhibits visible bands at 
360 (11 000) and 520 (1000) with a shoulder band at  
600 nm. From its resemblance, the structure of the 
dioxygen adduct was demonstrated to be similar to that 
of [Cu2(N4PY2)(02)I2+. However, it is noteworthythat 
the spectrum is more similar to the p-q2:q2-peroxo 
complex [Cu(HB(3,5-iPr2pz)3)]~(02), since there is no 
intense band in 400-500-nm region. Whereas the 
reaction of [Cu2(XYL-H)I2+ with dioxygen is rapid and 
irreversible even at -80 "C, dioxygen binding to [CUZ- 
(UN)12+ is reversible. Thus, when the solution of the 
latter dioxygen adduct generated at  -80 "C was heated 
briefly and evacuated under a vacuum, decoloration 
and reversion of the reduced dinuclear copper(1) 
complex were effected. Four oxygenationjdeoxygen- 
ation cycles can be carried out without severe decom- 
position (-20%). When the dinuclear copper(1) 
complex was treated with dioxygen above 0 "C, hy- 
droxylation of 1-position of the arene ring as observed 
for [Cu2(XYL-H)I2+ occurred.69 

A macrocyclic ligand having Ne ligand donors MX2- 
(DIEN)2 was used for preparing a dinuclear copper(1) 
complex. An aerobic reaction of the ligand with 2 equiv 
of Cu1(MeCN)4(C104) gave [CU~(MXZ(DIEN)~)I 2+. When 

2. Self-Assembly of Monomer with N3 Ligand 

Since the dinucleating ligands containing bis(2- 
pyridylethy1)amine moieties are effective for preparing 
a p-peroxo dinuclear copper(I1) complex as described 
already, monomeric copper(1) complexes derived with 
the tridentate ligands R-substituted bis(Bpyridylethy1)- 
amines (see Figure 8) were explored to test whether 
they could afford p-peroxo complexes. The structure 
of [Cu(PhPY2)1+ was determined by X-ray crystal- 
lography, establishing a nearly T-shape structure.62 The 
complexes [Cu(RPY2)1+ react with dioxygen in a 
stoichiometry of Cu/02 = 4:l above 0 "C, implying the 
formation of p-oxo dinuclear copper(I1) complexes. 
However, at -80 "C, the stoichiometry is 2:l for Cu/02, 
and the resulting copper(I1) complexes exhibit char- 
acteristic absorption bands.62 For instance, {[Cu(CH3- 
PY2)]2(02))2+ gives absorption bands at 355 (14 700), 
405 (25001, 530 (400), and 645 (315). The other 
complexes show similar spectra. Although the intensity 
of the band at ca. 400 nm is considerably lower, the 
overall features of the spectra are almost in accord with 
that of [Cu2(N4PY2)(02)12+, implying that the com- 
plexes derived from the monomeric precursors adopt 
a p-peroxo coordination mode close to that of [Cu2- 

A series of similar tridentate ligands containing 
imidazole groups instead of pyridine has been synthe- 
sized.63 Among these complexes, only the copper(1) 
complexes with Bz(NMI)2N3 and Bz(NBzI)2N3 react 
with dioxygen at -80 "C. On the basis of the visible 
spectral features, the oxygenated species has been 
identified as a p-peroxo dinuclear copper(I1) complex 
whose structure is similar to that of [Cu(CH3PY2)12- 
( 0 2 ) .  

(N4PY2) ( 0 2 ) 1 2 + .  

R 
I 

R=CH3 (CHlPY2) 
=PhCH, (BzPYZ) 
=Ph (PhPYZ) 

9' 
R = CHI (Bz(NMOzN3) 

=PhCH, (BdNBzOZN3) 

Figure 8. Tridentate chelating ligands explored to generate 
r-peroxo-copper complexes. 
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Cu(EtCN)]+ and [(BIPA)Cu(EtCN)I+. Low-temper- 
ature oxygenation of [(BPIA)Cu(EtCN)]+ resulted in 
the generation of a trans-p-1,2-peroxo complex which 
was confirmed on the basis of manometric measure- 
ments, its EPR silence, and close similarity of its UV- 
vis spectrum compared to that of {[(TMPA)C~IZ(OZ))~+. 
By contrast, [ (BIPA)Cu(EtCN)] + reacted with dioxygen 
at  -80 "C to give an intensely red-colored solution (Amm 
= 330 nm), but the dioxygen adduct is unstable and not 
characterized fully.ss 

Suzuki et al. synthesized a series of tetradentate 
ligands N4-Me,PY (n = 1-3) in which 6-methyl groups 
are introduced into TMPA (Figure 9).69 The oxygen- 
ated product formed from a copper(1) precursor with 
N4-MePY showed a visible spectrum identical to that 
of { [CU(TMPA)]Z(O~))~+, indicated formation of a trans- 
p-1,2-peroxo complex. Whereas the monomeric copper- 
(I) complex with N4-Me3PY was inert toward dioxygen 
at  low temperature, N4-MezPY reacted with dioxygen 
at -70 "C reversibly. The electronic spectrum of the 
oxygenated complex showed an intense band at 378 
(22 000) with two weak bands at  494 (330) and 784 (60). 
The dioxygen uptake was ca. 0.5 per mole of the 
monomeric copper(1) precursor, suggesting formation 
of a p-peroxo complex, yet the spectrum is clearly 
distinctive from {[Cu(TMPA)] ~ ( O Z ) } ~ + .  The structural 
identification of the oxygenated species remains to be 
determined.69 

A dinuclear copper(1) complex with a macrocyclic Ng 
ligand tmpc was prepared and its reactivity toward 
dioxygen was e~plored.~O The dinuclear structure of 
the copper(1) complex was established by X-ray crys- 
tallography. The coordination geometry about each 
copper atom is best described as a distorted trigonal. 
The basal plane consists of one nitrogen from the ligand 
frame amine and two pyridyl nitrogens from pendant 
groups. The remaining amine nitrogen is not coordi- 
nated to the copper. When the copper(1) complex was 
treated with dioxygen at  -85 OC, the electronic spectrum 
exhibited two bands at  472 (2900) and 700 (900). The 
excitation of the 472-nm band enhances Raman bands 
at  820 and 771 cm-l, which are shifted to 773 and 727 
cm-l, respectively, upon isotopic substitution with ' 8 0 2 .  

This result is indicative of the formation of two 
structurally distinct p-peroxo complexes, which were 
proposed to be intra and inter peroxo-bridged com- 
plexe~.~O From the structures of other dinuclear copper- 
(11) complexes with tpmc [Cu2X(tpmc)13+ (X = F-, C1-, 
B r ,  OH-, N3-, NOz-, or MeCOO-), each copper(I1) ion 
in the intraligand pperoxo complex was proposed to 
possess a five-coordinate structure with a N40 ligand 
donor set, while the coordination mode of the peroxide 
is still ambiguous. 

A 

A h 

(BPIA) (BIPA) 

ACH3 ACH3 

0 0 H 3 C 3  

(N,.MePY) (N,-Me,PY) (N4-MelPY) 
Figure 9. N4 ligands analogous to TMPA. 

Very recently, a tridentate Ns ligand in which one of 
6-methyl-2-pyridyl groups in a tetradentate N4 ligand 
N4-Me3PY (see Figure 9) was replaced with phenyl was 
~repared.6~ The ligand is essentially analogous to 
PhCH2PY 2, although the chelating size is different. 
The copper(1) complex with the ligand binds dioxygen 
at -70 OC. The oxygenated complex exhibits no band 
at  400-500 nm, but gives rise to two characteristic bands 
at  360 and 540 nm. The spectral feature is very similar 
to that of [Cu[HB(3,5-iPr~pz)J]~(0~), indicative of the 
formation of a p-f++-peroxo complex. 

To provide insights into the structural factors which 
control dioxygen binding and activation in imidazole 
(histidine) ligated copper proteins, monomeric copper- 
(I) complexes with 1,2-dimethylimidazole (1,2-Mezim) 
have been prepared and their reactivity toward dioxygen 
wasexamined.65 Anaerobic treatment of [Cu(CH&N)& 
(PF6) with 2 equiv of 1,2-Mezim gave a h e a r  two- 
coordinate complex which does not react with dioxy- 
gen.66 However, one additional molar equivalent of 1,2- 
Me2im yielded a putative three-coordinate complex 
which reacted with dioxygen readily, producing a 
dioxygen adduct. The dioxygen adduct is EPR silent 
and exhibits four characteristic absorption bands: 346 
(2200),450 (1450),500(1900),and650 (600).& Although 
the EXAFS of the dioxygen adduct is more consistent 
with a bent p-q2:q2-peroxo bridging structure with 2.84-A 
Cw-Cu separation, the UV-vis spectroscopic properties 
and the reactivity (described later) suggested a trans- 
p-1,2-peroxo structure as a more likely model.@ 

3. N4 Ligand System 

As described already, a monomeric copper(1) complex 
with a tripodal tetradentate ligand TMPA or a 
2-quinolyl-substituted derivative BPQA reacts with 
dioxygen at  low temperature to give a relatively stable 
trans-p1,2-peroxo complex.27b~67 As related ligand 
systems, imidazolyl-containing ligands BPIA and BIPA 
(Figure 9) have been synthesized, and the reaction of 
the copper(1) complexes with these ligands and dioxygen 
was explored.68 The X-ray analysis of [(BPIA)ZCUZI~+ 
revealed a dimeric structure, in which each copper(1) 
ion is coordinated in a trigonal pyramidal N4 environ- 
ment with ligation of the imidazolyl group of the BPIA 
donor to the adjacent copper(1) ion. Conductivity 
measurements indicated that the copper(1) complexes 
are monomeric in EtCN, and thus formed [(BPIA)- 

E. Spectral Criteria for Structural Classification 
As summarized in Table 2, p-peroxo dinuclear copper- 

(11) complexes exhibit characteristic spectral features 
depending upon the coordination mode of the peroxide. 
While the spectroscopic characterization has not been 
completely pursued due to thermal instability, UV-vis 
spectral data are available for all complexes. The p-q2: 
+peroxo complex, whose structure has been definitely 
established by X-ray crystallography, gives intense 
bands at  -350 (20 000) and -550 (1000). On the other 
hand, the other structurally determined trans-p-1,2 
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peroxo complex gives characteristic bands at  440 (2000) 
and 525 (11 500) with a shoulder at  ca. 600 nm. On the 
basis of the similarities of the spectral features and 
ligand donors, some of the complexes reported to date 
are reasonably suggested to possess either of these 
coordination 'modes of peroxide. A number of com- 
plexes with N3-N3 dinucleating ligands exhibit three 
characteristic bands at  ca. 360 (15 000-20 000), 420- 
490 (1500-55001, and 520-600 (1000). From the ligand 
structures and the Cu-Cu separation estimated by 
EXAFS, cis-p-1,2 and bent p-q2:q2 structures have been 
proposed, with the latter structure demonstrated to be 
more plausible. Given the structure as a bent p-+:q2, 
the ca. 350- and 520-600-nm bands are ascribed to a*, - Cu(I1) and x*" - Cu(I1) LMCT bands, respectively, 
by analogy to [Cu[HB(3,5-iPr~pz)3112(02). The other 
420-490-nm band may be ascribed to another 0Z2- - 
Cu(I1) LMCT transition which is forbidden for the 
symmetric planar pq2:q2-peroxide but allowed when 
the Cu202 chromophore is bent. The variations in the 
wavelength maxima and absorption coefficients par- 
ticularly of the 420-490-nm band may reflect the degree 
of bending depending on the ligand spacer size. While 
these interpretations seem to be reasonable, more 
credible structural identifications, ultimately X-ray 
structures of the supposed bent p-q2:q2-peroxo complex 
will be required. The well-characterized phenoxo- 
bridged peroxo complexes adopting an unsymmetrical 
terminal coordination mode gives two characteristic 
bands at 505 (6000) with a shoulder at ca. 620 nm. No 
intense band is observed for this structural type complex 
in the region of 300-500 nm except the band at  ca. 400 
(3000-4000), which is assignable to a phenoxo-to-copper 
charge-transfer band. Hence, the UV-vis spectral 
features appear to be a good index to distinguish the 
coordination mode of peroxide. However, it is note- 
worthy that these criteria are only applicable to 
complexes having comparable ligand systems, because 
the peroxide-to-copper charge-transfer transition is 
strongly dependent on the orientation of the copper d 
lobe of an unpaired electron with respect to the peroxide 
x* orbital. Thus the complex with a NrN4 ligand, for 
instance, gives rise to distinctive spectral features from 
that of N3-N3 ligand complexes.70 

F. Reactivity of the Peroxo Complexes 

1. pq2:q2-Peroxo Complexes 
The reactivity of the planar p-q2:q2-peroxo complex 

[Cu[HB(3,5-Mezpz)3]]2(02) has been explored.71 This 
complex is not thermally very stable and, thus, spon- 
taneously decomposes to a putative p-oxo dinuclear 
copper(I1) complex [Cu[HB(3,5-Me~pz)311~0 with evo- 
lution of dioxygen at room temperature. This spon- 
taneous decomposition is interpreted in terms of a 
mechanism involving 0-0 bond homolysis of the 
peroxide as illustrated in Figure 10. The Cu(I1)-0' 
radical generated in the 0-0 bond homolysis as 
proposed for p-peroxo dinuclear iron(II1) complexes72 
couples with a copper(1) complex which is in equilibrium 
with the peroxo complex at  room temperature in a 
solution, yielding the p-oxo complex. Support for the 
existence of an equilibrium between the p-q2:q2-peroxo 
complex and a copper(1) species lies on the observation 
that the addition of PPh3 or CO to a solution of the 
p-q2$-peroxo complex at  room temperature results in 

Kitajima and Moro-oka 

L E PPh3, CO I 

Figure 10. Homolytic cleavage proposed for p-T2:+peroxo- 
dicopper(I1) complex. 

instantaneous reductive ligand displacement to afford 
the corresponding copper(1) complexes, Cu(PPh3)- 
[HB(3,5-Mezpz)31 and Cu(C0) [HB(3,5-Me~pz)~], re- 
spectively, with evolution of dioxygen. The first-order 
dependence of the consumption rate of [Cu[HB(3,5- 
Me2pz)3]]2(02) with respect to its concentration in the 
spontaneous decomposition is also in accord with the 
mechanism, if the 0-0 bond homolysis is the rate- 
determining step.71 

The Cu(I1)-0' species formed in the 0-0 bond 
homolysis functions as a weak hydrogen acceptor so as 
to react with cyclohexene to generate a cyclohexyl 
radical. Accordingly, under argon in CH2C12, the 
spontaneous decomposition of [Cu[HB(3,5-Me~pz)3]12- 
(02) in the presence of cyclohexene results in formation 
of 1-chloro-2-cyclohexane in a low yield, whereas under 
dioxygen, 2-cyclohexen-1-one and 2-cyclohexen-1-01 are 
formed catalytically. Only a trace amount of cycloxene 
oxide is obtained. The labeling experiment indicated 
that the incorporated oxygen atom in the products 
comes from the exogenous dioxygen but not from the 
p-T2:q2-peroxide. Moreover, the rate of consumption 
of [Cu[HB(3,5-Me2pz)dI~(O~) in the presence of cy- 
clohexene/dioxygen is identical to the spontaneous 
decomposition rate under argon. Therefore, the cat- 
alytic oxidation of cyclohexene under a dioxygen 
atmosphere was suggested to proceed by the classical 
radical chain reactions initiated by hydrogen atom 
abstraction from cyclohexene with the Cu(I1)-0' in- 
termediate. The oxidizing capability of the Cu(I1)-0' 
generated from [Cu[HB(3,5-Me2pz)3112(02) is not mark- 
edly high and the complex is ineffective for oxidations 
of other substrates including sulfides and alkanes. 

As described below, the p-$:q2-peroxo serves as a 
synthetic model for not only oxyhemocyanin but also 
oxytyrosinase, whose properties are extremely similar 
to those of oxyhemocyanin, Since tyrosinase catalyzes 
the oxidation of phenols, particularly tyrosine, the 
reaction of [Cu[HB(3,5-Me2pz)3112(02) with phenols 
was examined. The anaerobic reactions gave diphe- 
noquinones as sole products, whereas under aerobic 
conditions, the oxidations proceed much faster and 
benzoquinones are also formed as minor products.71 
The formation of diphenoquinones as major products 
strongly suggests a free-radical-type reaction mecha- 
nism via a phenoxo radical as a reaction intermediate. 
In fact, kinetic experiments indicated that there are 
two distinct reaction pathways responsible for the 
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formation of a phenoxo radical.71 One reaction step is 
the H* radical abstraction from a phenol by the Cu- 
(II)-O* radical generated by the 0-0 bond homolysis. 
The other reaction pathway is the acid/base reaction 
of [Cu[HB(3,5-Me~pz)3112(02) with a phenol resulting 
in formation of a phenoxo cupric complex initially, 
followed by Cu-0 homolysis to afford a phenoxo radical. 
This reaction is competitive to the H' abstraction 
pathway of a phenol, being faster when the concen- 
tration of the phenol is high and/or a t  low temperature 
where the rate of the 0-0 bond homolysis is negligible. 
The diphenoquinones are yielded by the oxidative 
coupling of the phenoxo radical, the mechanism of which 
is well established as a classical type radical reaction. 
The formation of benzoquinones, on the other hand, 
was ascribed to the direct addition of dioxygen to the 
phenoxo intermediate to form a peroxy phenoxo radical. 
The reaction is accelerated due to the resonance 
structure of the cupric phenoxo complex as indicated 
in eq 14. The ortho (or para) position of a phenoxide 
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W 

(eq 14) 
coordinated to cupric ion is more accessible to a radical 
addition due to the contribution of its radical structure 
than that of the free phenol. Although the phenoxo 
complex could not be isolated in the reaction system 
with [Cu[HB(3,5-Me~pz)Jl2(02), the low-temperature 
reaction of [Cu[HB(3,5-iPr~pz)~ll~(O~) and a phenol 
such as p-fluorophenol gave a phenoxo-copper(I1) 
complex which is isolable; Cu(OC6H4-p-F) [HB(3,5-iPrz- 
pz)g] was structurally characterized by X-ray crystal- 
10graphy.~~ This result is indicative of the nucleophilic 
property of the p-q2:q2-peroxo complexes. 

The reactivity of [CUZ(N~PY~) (OZ) ]~+  has been 
explored in The X-ray structure of the complex 
is not available; however, as described above, a bent 
p-q2:q2 structure is suggested to be the most plausible. 
The reaction of the complex with CO causes the 
stoichiometric displacement of the bound dioxygen, 
affording the CO adduct as does [Cu[HB(3,5-Mez- 
pz)J 12( 0 2 ) .  However, [Cu(N4PY 2) (02)l 2+ oxidizes 
PPh3 to OPPh3 quantitatively. Whereas the other 
structural complexes [Cu2(XYL-0-)(02)1+ and ([Cu- 
(TMPA)I~(OZ))~+ are reactive, [Cu2(N4PY2)(02)12+ is 
inert toward protonation and acylation, indicative of 
its relatively low nucleophilic reactivity. This behavior 
is also consistent with the observation that [CUZ- 
(N4PY2)(02)l2+ does not react with an electrophile CO2, 
while it reacts with SO2 to give [Cu2(N4PY2)(S04)- 
(MeCN)212+. The fact that [Cuz(N4PY2)(O2)l2+ is less 
nucleophilic than planar p-q2:q2-peroxo complexes may 
be associated with the bent structure. The reaction 
pattern toward phenol is, however, very similar; 2,4- 
di-tert-butylphenol is oxidized to 3,3',5,5'-tetra-tert- 
butyl-2,2'-dihydroxybiphenol, an apparent radical cou- 
pling product.74 

Anaerobic reactions of {CUZ[(FD)Z(DIEN)ZI ( 0 2 ) j 2 +  
with phenols and related compounds give the corre- 
sponding radical coupling product selectively, as seen 
for the reaction between [Cu[HB(3,5-Me~pz)~ll(O~) and 
phenols.75 A copper(I1) complex obtained from CuCl2 
and (FD)z(DIEN)z in methanol, presumably a methoxo 
complex, is also effective for oxidation of phenols but 

its activity is much lower, and virtually ineffective for 
oxidations of 3,5-di-tert-butylcatechol and 3,4-di- 
methylaniline. Since both of the substrates are not 
oxidized catalytically under dioxygen, whereas the other 
phenols are oxidized, it seems likely that the copper- 
(11)-catalyzed oxidation is a necessary part of the 
catalytic activity in the presence of excess dioxygen. 
Although the mechanism of the reaction between the 
peroxo complex and phenols remains to be elucidated, 
the oxidation of phenol presumably proceeds via a 
phenoxo-copper(I1) intermediate as proposed for the 
oxidation of phenols with [Cu[HB(3,5-Me~pz)311~(0~).~~ 

2. Other Structural Complexes 

The reactivity patterns of two structurally distinct 
peroxo complexes were compared with that of [Cuz- 
(N4PY2)(02)]2+.74 Both terminal peroxo complex [CUZ- 
(XYL-0-)(02)]+ and truns-p-1,2-peroxo complex ([Cu- 
(TMPA)2] (O#+ have been tested for a variety of 
reactions as applied for [Cu2(N4PY2)(02)12+. Both 
complexes exhibit comparable reactivities. They react 
with PPh3 to give the corresponding copper(1) adduct; 
no formation of OPPhB was detected. Protonation of 
the complexes with HBF4 or HPF6 gives nearly sto- 
ichiometric yields of Hz02. The low-temperature 
reaction between 2,4-di-tert-butylphenol and [Cuz- 
(XYL-O-)(02)]+ results in the formation of the hydro- 
peroxo complex [Cu2(XYL-O-)(OOH)l+, and warming 
the solution gives a phenoxo complex. {[Cu(TMPA)l2- 
(OZ))~+ reacts with these substrates in a similar manner. 
Both complexes react with COZ and 502, affording 
p-carbonato and p-sulfato complexes. Together with 
the product distributions obtained in the reactions with 
Ph&+ and 4-X-C6H4MgBr (X = Me, F), it was 
concluded that both peroxo complexes are nucleophilic. 
Thus, the reaction chemistry of these complexes 
essentially parallels that of planar p-q2:q2-peroxo com- 
plexes. 

When the putative p-peroxo complex [CUZ( 1,2-Mez- 
im)6(02)I2+ was treated with TMPA, {[Cu(TMPA)12- 
(02 ) l2+  was produced.66 The addition of phosphines 
effected the liberation of dioxygen, yielding the cor- 
responding copper(1)-phosphine complexes. While the 
complex reacted with protons to liberate hydrogen 
peroxide, treatment with CO2 resulted in the formation 
of a carbonato complex [Cu~(1,2-Mezim)6(C03)12+. 
These results suggest that the p-peroxo complex is 
nucleophilic as well as ( [CU(TMPA)I~(O~) )~+ .~~  

3. Ligand Hydroxylations 

A considerable number of ligand oxidations has been 
reported, where aerobic treatment of a copper(1) 
complex, mostly dinuclear, yields an isolable dinuclear 
copper(I1) complex with an oxidized ligand. Repre- 
sentive examples are in eqs 15-17.43~60~80 As described 
already, a dinuclear copper(1) complex [Cu2(UN)] 2+ 
reacts with dioxygen at -80 OC, to form a relatively 
stable p-peroxo complex [Cu~(UN)(02)1~+.~~ When the 
solution was warmed to room temperature, the aromatic 
ring was hydroxylated, affording a dinuclear copper- 
(11) complex [CU~(UN-O-)(OH)]~+.~~ These observa- 
tions imply strongly that the ligand hydroxylation 
proceeds via the p-peroxo complex. The reaction 
mechanism of aerobic oxidation of [Cu2(XYL-H)I2+ to 
[Cu2(XYL-O-)(0H)l2+ was studied in While 
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respecti~ely.8~-~~ Protonation of [Cu2(XYL-O-) (02)1+ 
at low temperature causes a color change of the solution 
from deep purple to green.92 Whereas the original 
peroxo complex is not effective for oxidation of PPh3 
to OPPh3, the protonated complex does. The proto- 
nated species also oxygenates tetrahydrothiophene to 
tetrahydrothiophene S-oxide, quantitatively. A de- 
tailed structural study mainly based on EXAFS sug- 
gested that the protonated species is a p-1,l-hydro- 
peroxo dinuclear copper(I1) complex (eq 18).92 The 
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PY 

Figure 11. Electrophilic oxo insertion proposed for hydrox- 
ylation of [Cuz(XYL-H)12+ via a bent p-peroxo intermediate. 
(Reprinted from ref 77. Copyright 1992 American Chemical 
Society.) 

the p-peroxo intermediate could not be identified 
spectroscopically owing to its instability, on the basis 
of the closely related ligand structure to UN, it was 
demonstrated that the reaction proceeds via a p-peroxo 
intermediate whose structure is similar to [Cu(UN)- 
( 0 2 ) 1 2 + .  When a methyl group is introduced at the 
l-position of the aromatic ring in the ligand, migration 
of the methyl group was noted during the ligand 
oxidation.76 Since the reaction pattern is similar to the 
NIH shift, a mechanism is proposed which involves an 
electrophilic attack of a bent p-+:+peroxide to the 
CH bond of the aromatic ring as illustrated in Figure 
1 1 . 7 7  

2+ A 2+ 

Pl 2+ fi 

P N \  I ,/N> 
HN-CU CU-NH 

(eq 17) 

Several examples of similar aromatic ligand hydrox- 
ylations and other types ligand oxidations including 
oxidative dehydrogenation of amines and aliphatic 
hydroxylation have been r e p ~ r t e d . ~ ~  These reactions 
are also supposed to proceed via a p-peroxo complex. 
However, the spectroscopic identification of the inter- 
mediate has not been accomplished in any of these 
systems, and the detailed mechanistic exploration 
remains to be undertaken. 

V. Other Peroxo-Copper(I I )  Complexes 
It is known that protonation and acylation of a peroxo 

transition metal complex lead to the formation of the 
corresponding hydroperoxo and acylperoxo complexes, 

H 
(eq 18) 

same species is also produced by dioxygen treatment 
of a dinuclear copper(1) complex in which a phenol group 
is attached as shown in eq 19. A similar protonation 

2+ 2+ 

H 
(eq 19) 

reaction to yield p-1,l-hydroperoxo complex was found 
to occur for [Cu2(UN-O-)(02)]+ as we11.a The asym- 
metric dinucleating ligand UN-O- enhances the thermal 
stability of the resultant hydroperoxo complex more 
than that of the complex with XYL-0-, and thus the 
hydroperoxo complex was successfully isolated as a 
solid. The acylation of [Cu2(XYL-0-)(02)1+ with 
m-ClC~H4C(O)C1 results in the formation of an acyl- 
peroxo complex [Cu~(XYL-O-)(m-C1C~H4C(0)OO)12+ 
which was also obtained by the reaction of p-hydroxo 
complex [CU~(XYL-O-)(OH)]~+ with m-C1C6H4C(0)- 
OOH.93 The acylperoxo complex was isolated as crystals 
and structurally determined by X-ray crystallography, 
the ORTEP view being given in Figure 12. Consistent 
with the frequency (1745 cm-l) of v(C0) which is almost 
identical to that of free m-C6H4C(O)OOH, the acyl 
carbonyl group does not interact with the copper ion, 
and the coordination of the acylperoxo group is p-1,l 
as predicted for the hydroperoxo complex. While this 
is the first X-ray structure of an acylperoxo-transition 
metal complex, the 0-0 distance of 1.46 A is typical for 
a peroxide bound to a transition metal ion found in 
other peroxo15 or alkylperoxo complexes.9P100 As well 
as the hydroperoxo complex, the acylperoxo dinuclear 
copper(I1) complex is effective for oxo-transfer reactions 
to PPh3 and tetrahydrothiophene. [Cu~(XYL-0-)(02)1+ 
also reacts with EtOC(0)Cl and (CF3C0)20 to form 
acylperoxo complexes and Et3OPF6 to produce an 
alkylperoxo complex.74b The formation of a hydro- 
peroxo or an acylperoxo complex was also found when 
a truns-pu-1,2-peroxo complex {[CU(TMPA)J~(O~))~+ was 
treated with proton or benzoyl chloride, but the details 
of the structure and reactivity of the complexes have 
not been reported.74b 
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n r  -8 
Figure 12. ORTEP view of [CU~(OOC(O)C,~H~-~-C~)(XYL- 
0-)]2+.  The selected bond distances (A) and angles (") are 
asfollows: Cul--Cu2,3.197; Cul-Ol,1.948(8); Cul-O2,1.971- 

Cul-01-Cu2, 109.8(3); Cul-02-Cu2, 108.3(4). (Reprinted 
from ref 93. Copyright 1987 American Chemical Society.) 

The reaction of a bis(p-hydroxo) dinuclear copper(I1) 
complex [Cu[HB(3,5-iPr2pz)31 12(OH)2 with 2 equiv of 
m-C1C6H&(O)OOH and ROOH gave monomeric acyl- 
peroxo- and alkylperoxo-copper(I1) complex Cu[m- 
C6H&(0)00] [HB(3,5-iPr2pz)3] and Cu(RO0) [HB(3,5- 
iPr2pz)3], respectively (eqs 20 and 21). 

(9); CU2-01,1.959(8); C~l-O2,1.973(90); 02-03,1.463(12); 

m-Clc,H&(O)OC+i 

S I  

ROOH 

32 

Figure 13. ORTEP view of Cu(PhMe2COO) [HB(3,5-iPrz- 
pz)J. The selected bond distances (A) and angles (O) are as 

112.1(4). (Reprinted from ref 102. Copyright 1993 American 
Chemical Society.) 

The monomeric five-coordinate structure of the 
thermally unstable acylperoxo complex with a bidentate 
coordination mode of the acylperoxo group was esti- 
mated on the basis of the IR and EPR spectrum. [v- 
(CO) is observed at  1640 cm-l which is significantly 
down-shifted from that of free m-C6H&(0)OOH.101] 
Although this complex reacts with PPh3 instantaneously 
to afford OPPh3 with formation of a monomeric 
benzoate complex Cu(m-C1-C6H4C00)[HB(3,5-iP2- 
p ~ ) ~ ] ,  its oxidizing capability is not markedly high, being 
ineffective for epoxidation of cyclohexene. Cu(PhMe2- 
COO) [HB(3,5-iPr2pz)31 was crystallized and its mo- 
lecular structure was determined.lO2 As shown in Figure 
13, it adopts a distorted tetrahedral geometry with the 
mean 0-0 distance of 1.46 A which is typical for such 
a bond.9P100 Exploration of the reactivity of Cu- 
(tBuOO)[HB(3,5-iPr2pz)31 indicated that the alkyl- 
peroxo complex is not very effective for oxo-transfer 
reactions. The complex reacts only with substrates such 
as PPh3 which are easily oxidized. The alkylperoxo 
complex is essentially nucleophilic, since it oxidizes 
tetrahydrothiophene S-oxide but not tetrahydro- 
thiophene. When the oxidation reaction was carried 
out a t  room temperature, the complex undergoes 
spontaneous decomposition accompanied by the oxi- 
dation of solvent (pentane). The reaction with cyclo- 
hexene and pentane gave typical radical type reaction 
products such as dicyclohexenyl and butyl pentyl 
peroxide, suggesting that the oxidation reaction pre- 
dominantly proceeds via classical type radical reactions 
initiated by tBuOO' which is generated by the reductive 
cleavage of the Cu-0 bond of the alkylperoxo complex. 

follows: Cul-01, 1.816(4); Cul-N11, 1.982(6); Cul-N21, 
1.949(6); Cul-N31, 2.161(6); 01-02, 1.460(6); Cul-01-02, 

VI .  Biological Relevance 

A. Coordination Mode of the Peroxide in 
Oxy hemocyanin 

Hemocyanin is a ubiquitous dioxygen carrier for 
invertebrates, containing a dinuclear copper site to 
which dioxygen is bound as The resonance 
Raman exploration with mixed labeled dioxygen es- 
tablished that the peroxide coordination is symmetric.14 

(eq 21) 
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Whereas the two copper ions are divalent in the 
dioxygen binding state (so-called oxyhemocyanin), 
oxyhemocyanin is EPR silent and in fact, diamagnetic 
at  room temperature, due to an enormously strong 
antiferromagnetic coupling (-2J > 600 cm-l) between 
the two cupric ions.12J3 Furthermore, instead of d-d 
bands normally observed at 600-700 nm for cupric 
complexes, oxyhemocyanin exhibits two intense bands 
at ca. 350 (-20 000/2Cu) and ca. 580 (-lOOO), both 
attributable to 0 2 % -  Cu(I1) LMCT transitions. Other 
intriguing features of oxyhemocyanin associated with 
the C U ' ~ O ~ ~ - - C U * ~  chromophore include the abnormally 
low v ( 0 - 0 )  frequency (ca. 750cm-l) and a characteristic 
band at  ca. 450 nm detected only in the CD spec- 
t r ~ m . ' - ~ J ~ ~  In the generally accepted scenario, the 
existence of an endogenous bridging ligand was believed 
to be responsible for the strong magnetic interaction. 
On the basis of this interpretation, dioxygen was 
suggested to be bound at  the dinuclear copper site in 
hemocyanin in a cis-coordination mode as schematically 
illustrated in eq 22. 

His His His His 
\ I  x , n /  

* His-Cu' CU-His HiS-\C;'(X)'d,/_His 0 2  

HIS / \ His His / '0-0' \His 
(eq 22) 

As a most plausible candidate for the endogenous 
bridging ligand, tyrosine phenoxide was proposed 
previously; however, this possibility is now excluded 
since the 3.2-A resolution X-ray analysis of the reduced 
state hemocyanin from a lobster (Punulirus interrup- 
tus) established that there is no amino acid residue 
within 6 A from the dinuclear copper site where each 
cuprous ion was found to be surrounded by three histidyl 
nitrogen ligands.104Jm Thus, another small ligand, most 
possibly hydroxide, has more recently been accepted 
as the endogenous bridging ligand. 

Support for the cis-p-1,2 coordination mode of the 
peroxide with an endogenous ligand mainly lies in the 
detailed spectroscopic studies performed by Solomon 
and co-workers on metazidohemocyanin which is pre- 
pared by azide ion treatment of oxyhemocyanin.lWlo8 
Because metazidohemocyanin is EPR silent as well as 
oxyhemocyanin, it was suggested that simple ligand 
displacement between the peroxide and azide occurs 
with preservation of the endogenous bridging ligand 
which is responsible for the strongly antiferromagnetic 
behavior. Azide ion has a irnb HOMO which is very 
similar to the ir* valence level of peroxide. In analogy 
to peroxide, irnb splits into rnb, and rnbv when azide 
bridges between two cupric ions. Whereas the rnbv - 
Cu(I1) LMCT band is too weak to be observed, the irnbu - Cu(I1) transition appears as an intense optical band, 
which splits further into two bands when the azide 
bridging mode is cis-p-1,3 because of the transition 
dipole coupling.108J0g The detailed comparison of the 
absorption spectrum of metazidohemocyanin with those 
of a series of dinuclear copper-azide model complexes 
led to a conclusion that the azide ion in metazidohe- 
mocyanin adopts a cis-p1,3 coordination mode with 
an endogenous bridging ligand, most likely hydroxide."O 
Since the azide ion favors the same coordination mode 
as does peroxide, this strongly supports the hypothesis 
that the peroxide coordination mode in oxyhemocyanin 
is a cis-p-1,2 as indicated in eq 22. On the other hand, 

the possibility that oxyhemocyanin adopts a truns-p- 
1,2 coordination mode of peroxide is excluded, because 
the properties of a model complex {[Cu(TMPA)l2- 
( 0 2 ) l 2 + ,  whose structure was determined by X-ray 
crystallography, do not fit with those of oxyhemocyanin 
as evidenced in Table 2. 

The striking and unusual magnetic and spectral 
characteristics of oxyhemocyanin have fascinated many 
inorganic chemists, and the synthesis of a p-peroxo- 
dicopper(I1) complex modeling the active site of oxy- 
hemocyanin has been a long-standing challenge in 
bioinorganic ~hemistry. l~-21J~ ' -~~~ Despite extensive 
efforts, however, no synthetic complex that closely 
mimics the physicochemical characteristics of oxy- 
hemocyanin had been known before the planar &: 
q2-peroxo complexes, [CU[HB(~,~-R~~Z)~IIZ(OZ), were 
synthesized. This implies that the CU(OZ~-)CU chro- 
mophore in oxyhemocyanin is structurally, and con- 
sequently spectroscopically unique among copper di- 
oxygen complexes. Therefore, the remarkable simi- 
larities of the p-q2:q2-peroxo complexes to oxyhemocy- 
anin in their physicochemical characteristics including 
the Cu-Cu separation, magnetic property, UV-vis, and 
Raman spectra (see Table 2) have raised a new 
possibility that the peroxide coordination in oxy- 
hemocyanin also adopts p-q2:q2 without an additional 
bridging ligand. 

The coordination mode of the peroxide in oxy- 
hemocyanin has been generally believed to be a cis- 
p 1 , 2  with an endogenous bridging ligand, most likely 
hydroxide as described already. However, the existence 
of the additional bridging ligand has not been proved 
experimentally, despite many spectroscopic investiga- 
tions. Given the coordination mode of the peroxide as 
p-72:q2, it is not necessary to consider the hypothetical 
presence of the additional ligand other than the peroxide 
and thus the binding of dioxygen at the dinuclear copper 
site in hemocyanin is interpreted by a simple dioxygen 
addition as illustrated in eq 23.16*33J12J13 

His His 
0 2  

His 
\ I  

His-Cu Cu-His 
/ \ \ 

His' His His' His 
(eq 23) 

Structural comparison of the NaCu(Oz)CuN3 moiety 
in [Cu[HB(3,5-iPr2pz)Jl2(02) and the X-ray structure 
of deoxyhemocyanin from P. interruptuslMJo5 supports 
this new binding model. Each cuprous ion in deoxy- 
hemocyanin is surrounded by three histidyl nitrogen 
atoms from the rotein chains, with the Cu.-Cu 
separation of 3.54 The coordination structures of 
the two cuprous ions closely resemble each other; each 
consists of two short Cu-N bonds and a third distinctly 
elongated Cu-N bond. This feature is schematically 
indicated in Figure 14 as A. It is noteworthy that the 
four nitrogen and two cuprous ions proximately sit on 
the same plane and the two apical nitrogen atoms relate 
to each other in a trans configuration. All these 
structural features of the coordination environment of 
the dicopper site in dioxyhemocyanin are very close to 
the N3Cu(02)CuN3 moiety found in [Cu[HB(3,54Pr~- 
pz)3]12(02) (see Figure 4), except for the longer Cu- 
Napicd distance in the protein. Accordingly, dioxygen 
would fit in the planar N2Cu-CuN2 frame in deoxy- 
hemocyanin, without a serious structural change, re- 
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Figure 14. Schematic representation of the dinuclear copper 
site in deoxy hemocyanin: (A) Panulirus interruptus (from 
ref 105) and (B) Limulus polyphemus (from ref 114). 

sulting in the peroxide binding in the p-q2:q2 mode. Very 
recently, the crystal structure of Limulus polyphemus 
subunit type I1 hemocyanin in the deoxygenated state 
has been determined to a resolution of 2.18 A.114 The 
dinuclear copper site revealed in this protein has the 
structural features distinctive from that found in 
Panulirus interruptus deoxyhemocyanin; the C w C u  
separation of 4.61 A is much longer, and each copper 
coordination environment is nearly trigonal planar with 
Cu-N ligand distances between 1.92 and 2.16 A. The 
schematic diagram of the copper site is presented as B 
in Figure 14. The unexpected long Cw-Cu separation 
found in Limulus deoxyhemocyanin suggested the 
requirement of a relatively large structural change when 
dioxygen is bound at  this site. In fact, this was 
confirmed by X-ray structural determination of oxy- 
genated state of the hemocyanin (vide infra). 

The 2.4-A resolution structure of oxyhemocyanin 
from L. polyphemus has been reported by Magnus et 
al. very recently, which confirmed that the peroxide is 
bridged between the two cupric ions in a planar p-q2:q2 
coordination mode but not in a cis-p-l,2 with an 
additional bridging ligand.l15 The overall structural 
features of the N3Cu(02)CuN3 chromophore including 
the Cu..-Cu separation of 3.6 A and the 0-0 distance 
of 1.4 A revealed in the oxyhemocyanin are very similar 
to those found in [C~[HB(3,5-iPr2pz)3112(02).~~ 

Given the coordination mode of the peroxide in 
oxyhemocyanin as p-q2:q2, the question arises as to how 
the (p-hydroxo) (p-1,3-azido) bridge in metazidohe- 
mocyanin can be constructed from the p-q2:q2-peroxo 
bridge by simple azide treatment of oxyhemocyanin. 
To address this question, the reaction of the model 
complex [Cu(HB(3,5-iPr2pz)3)12(02) with azide was 
explored.lle The reaction between the p-q2:q2-peroxo 
complex and NaNdH20 proceeded readily, resulting 
in formation of a dinuclear copper(I1) complex con- 
taining a novel (p-hydroxo)(p-1,3-azido) bridge, the 
structure of which was established definitely by X-ray 
crystallography (eq 24).l16 

Since the properties of the p-azide complex including 
the Cu-Cu separation, magnetism, vmP(N3), and UV- 
vis spectral features are similar to those known for 
metazidohemocyanin, the complex serves as an accurate 
synthetic analogue for the dinuclear copper site in 
metazidohemocyanin. The labeling experiment indi- 
cated that the bridging hydroxide originates from water. 
While the detailed mechanism remains to be solved, 
this notable transformation found in the small synthetic 
model complex suggested that the p-q2:q2-peroxo bridge 
in oxyhemocyanin is converted into the (p-hydroxo)- 
(p-1,3-azido) bridge in the presence of azide ion, where 
the hydroxide comes from water. 

B. Mechanlsm of Tyrosinase 
Tyrosinase is a monooxygenase which catalyzes the 

oxidation of phenol to benzoquinone. The active site 

OH 0 

of tyrosinase consists of a pair of copper ions, and the 
dioxygen adduct, so called oxytyrosinase, exhibits 
spectral features which closely resemble those of 
oxyhemocyanin (Table 2). Hence, the coordination 
mode of the peroxide in oxytyrosinase is reasonably 
suggested to be planar p-q2:q2. The reaction of the model 
compound [Cu[HB(3,5-Me2pz)3112(02) and hindered 
phenols merely yields diphenoquinones but not ben- 
zoquinones. Since diphenoquinones are apparently 
radical reaction products, the formation of such prod- 
ucts may be accepted as a negative indication for a 
tyrosinase reaction mimic. However, when phenols are 
hindered like those used for the model study, tyrosinase 
also gives diphenoquinones primarily.117J18 Therefore, 
the reaction chemistry of [Cu[HB(3,5-Me2pz)3312(02) 
may provide mechanistic insight into the catalysis of 
tyrosinase. As described already, the anaerobic oxi- 
dation of phenols with [Cu[HB(3,5-Mezpz)31 1 2 ( 0 2 )  was 
proposed to proceed via phenoxo radical which is 
generated by two distinct reaction pathways. One is 
the spontaneous 0-0 bond cleavage of the peroxide to 
afford Cu(I1)-0' species which abstracts H' from 
phenol. The other one is acid/base replacement be- 
tween the acidic phenol and the basic peroxide to give 
a phenoxo intermediate which undergoes reductive 
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n 1 ; HB(3,biPr2pz), 
(n = 2 ; HB(3,bMeppz), ) 

Figure 15. Mechanism of phenoxo radical formation in the reaction of a p-q2:+peroxdicopper(II) complex with phenol. 
The phenoxo intermediate formed between [Cu[HB(3,5-Me~pz)~1]2(02) was suggested to have a dinuclear structure,71 whereas 
the corresponding complex with HB(3,5-iPrzpz)a is monomeric, whose structure was confirmed by X-ray crystallography, due 
to the more steric hindrance of the ligand.73 
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R 
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Figure 16. Proposed mechanism of tyrosinase catalysis (from 
ref 118). 

Cu-0 bond cleavage, resulting in formation of phenoxo 
radical (see Figure 15). 0-0 bond homolysis may not 
occur in tyrosinase if the two copper ions are held by 
the protein chains so as to reverse the cleavage. On the 
other hand, there is a high possibility that the latter 
type reaction to form a phenoxo intermediate does occur 
in the initial reaction step in the catalysis of tyrosinase. 
Presumably only one phenol molecule is accessible to 
the active site because of space limitations and for- 
mation of the phenoxo intermediate is suggested to 
cause formation of a hydroperoxo intermediate as shown 
in the mechanism of Figure 16. Unfortunately, the 
reaction chemistry of hydroperoxo copper complexes 
is scarcely known. However, in light of the reactivity 
of the alkylperoxo complex, Cu(tBuO0) [HB(3,5-iPr2- 
pz)3] described above,lo2 it seems highly likely that the 
hydroperoxo intermediate undergoes Cu-0 bond ho- 
molysis. In this case, it is reasonable to assume that 
the phenoxo radical and HOO' couple to each other 
instantaneously in the coordination sphere of the 
dinuclear copper site to give a hydroperoxybenzo- 
quinone which is converted to benzoquinone, complet- 
ing the catalytic cycle, as illustrated in Figure 16. The 
formation of hydroxylbenzoquinone may occur via a 
concerted mechanism, since the ortho position of the 
phenoxo group bound to cupric ion is activated to be 
susceptible to the radical coupling. This may be the 
most plausible mechanism for tyrosinase catalysis 
deduced from the model studies. When the phenol is 
hindered, the inner-sphere coupling between the phe- 

noxide and hydroperoxide does not occur effectively 
and thus the phenoxo radical is released from the active 
site to give the diphenoquinone via free radical mech- 
anism. 

On the other hand, there is another possible mech- 
anism which involves a direct electrophilic attack of 
the p-q2:q2-peroxide to the CH bond of the phenol as 
demonstrated by Karlin et al. for the mechanism of the 
aerobic arene hydroxylation of copper(1) complexes. 
The SCF-Xa calculations% have indicated that the ~1.92: 
q2 is less negative than other peroxide coordination 
modes, such as trans-p-l,2 and terminal ones, because 
the T.* electron interacts with the copper d orbital more 
strongly than with the others. In addition, the peroxide 
u* orbital works as a T acid when the coordination mode 
of the peroxide is p-q2:q2. If the peroxide 0-0 bond 
aligns its empty CT* orbital with the T-T orbital of the 
phenol, the electrophilic attack and the following 0-0 
bond cleavage is predicted to be facilitated. Since a 
considerable number of ligand hydroxylations are now 
known, this possibility should be taken into account in 
considering the mechanism of tyrosinase. However, as 
described already, in none of these ligand hydroxylation 
reactions, has the identification of the p-peroxo inter- 
mediate been credibly accomplished. Moreover, all of 
these systems are ineffective for oxo-transfer reactions 
of externally added substrates. Thus, the hypothesis 
that the putative p-q2:q2-peroxo intermediate is elec- 
trophilic so as to incorporate oxygen into CH bond of 
phenol directly remains to be proved. Consequently, 
there are two possible reaction mechanisms for tyro- 
sinase in which a p-q2:q2-peroxo species is a key reaction 
intermediate. One is the mechanism involving initial 
formation of a phenoxo hydroperoxo intermediate 
followed by a radical type oxidation. The other is the 
direct electrophilic insertion of peroxide oxygen into 
CH bond of tyrosine. Clearly, more extensive inves- 
tigation on the reactivity of p-peroxo (particularly p-q2: 
q2) complex is necessary to lead to a conclusive catalytic 
mechanism of tyrosinase. 

C. Future Perspectives 

As described above, the synthesis and structural 
characterization of p-q2:q2-peroxo dinuclear copper 
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complexes have provided insight into the detailed 
coordination structure of the peroxide in hemocyanin 
and tyrosinase. The reaction chemistry of the complex 
has also shed light on new facets of the reaction 
mechanism of tyrosinase. However, a unified view of 
the reactivity of peroxo-copper complexes has not been 
achieved. A number of questions remain to be an- 
swered; for example, are these complexes highly reactive 
or not, electrophilic or nucleophilic? The reactivity 
probably depends on many structural factors including 
the coordination mode of the peroxide, coordination 
geometry and ligand donor set around the copper, and 
availability of a reaction site with a the proper orien- 
tation to facilitate the oxo-transfer reaction to the 
substrate. More extensive explorations on peroxo- 
copper complexes not only of p-v2:q2 but also of other 
structural types are apparently necessary for a better 
understanding of the reaction mechanism of tyrosinase, 
which should also shed light on the functional role of 
the copper ion in some other copper monooxygenases. 

Several monooxygenases containing a monomeric 
copper site are known and are listed in Table 1. The 
credible characterization of monomeric superoxo- or 
peroxo-copper complexes and their reaction chemistry 
is a clear direction for future studies. These studies 
may also be relevant to other copper-containing oxidases 
such as amine oxidasellg and galactose oxidase120 whose 
active site is monomeric and the direct interaction 
between the copper and dioxygen is possibly involved. 
Very recently, a methane monooxygenase from 
Methy lococcus capsulatus  (Bath) was found to contain 
copper ions.121 On the basis of analytical and spec- 
troscopic results, this particular enzyme is suggested 
to contain a novel exchange-coupled trinuclear copper 
cluster as  its active site. While the magnetic property 
is distinctive, an isosceles triangle shaped trinuclear 
copper site is already known to be present in laccase122 
and ascorbate oxidase.123 Dioxygen is presumably 
bound and activated at  the trinuclear copper site. The 
synthesis and characterization of a trinuclear copper 
dioxygen complexes is a significant challenge to bio- 
logical inorganic chemists. 

Copper dioxygen complexes are supposed to play 
crucial roles in other metalloproteins as well. Cyto- 
chrome c oxidase, a key enzyme in respiration, contains 
a hetero-bimetallic active site consisting of a copper 
and a heme.124 The four-electron reduction of dioxygen 
to water catalyzed by this enzyme may proceed via a 
peroxo bridged copper/ heme intermediate,125 while 
another possibility that copper does not participate in 
dioxygen binding has been put forth.126 Initial attempts 
to synthesize this type of complex have emerged.127J28 
Another notable enzyme that may involve a copper 
dioxygen species is Cu,Zn superoxide dismutase.129 It 
is generally accepted that the zinc ion in this enzyme 
which is connected to the copper through a bridging 
imidazolate group is required as a structural template, 
and copper but not zinc is responsible for binding of 
superoxide. A hetero-dinuclear copperlzinc dioxygen 
complex is an intriguing synthetic analogue of the 
enzymatic intermediate, whose chemistry may shed new 
light on the mechanism of this physiologically important 
reaction. 
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VII. Abbreviations 

EXAFS 
XANES X-ray absorption near-edge structure 
XAS X-ray absorption spectroscopy 
XPS X-ray photoelectron spectroscopy 
LMCT ligand-to-metal charge transfer 
FD-MS field desorption mass spectroscopy 
SCF-Xa-SW self-consistent field-Xa-scattered wave 
tetb rac-5,7,7,12,14,14-hexamethyl-l,4,8,11-tet- 

HB(3,5-Mezpz)3 hydrotris(3,5-dimethyl-l-pyrazolyl)bo- 

HB(3,5-Phzpz)3 hydrotris(3,5-diphenyl-l-pyrazolyl)borate 
HB(3,5-iPr~pz)~ hydrotris(3,5-diisopropyl-l-pyrazolyl)bo- 

extended X-ray absorption fine structure 

raazacyclotetradecane 

rate 

TMPA 
BPQA 

BQPA 

TMQA 
CYb 

XYL-H 

XYL-c1 

XYL-O- 

UN 

UN-0- 

N4PY2 

MX2(DIEN)2 

(FDMDIENh 

PhPY2 

CHsPY2 

PhCH2PY2 

Bz(NMI)zN3 

B z ( N B z I ) ~ N ~  

1,2-MezIm 
BPIA 

BIPA 

N4-MePY 

N4-Me2PY 

tmpc 

N30R 

PhIO 
OC6H4-p-F 
m-ClCsH4- 

C(0)OOH 
EtOC(0)Cl 

rate 
tris[ (2-pyridy1)methyllamine 
bis[(2-pyridyl)methyl] [2-quinolyl)methyl] - 

bis[(2-quinolyl)methyll[2-pyridyl)methyll- 

tris[(2-quinolyl)methyll amine 
Ibis [N,N-bis [(2-benzimidazolyl)methyl] - 

amino] methyl] cyclohexane 
a,a’-bis[Nfl-bis 12- (2-pyridy1)ethyll aminol- 

m-xylene 
a,a’-bis[Nfl-bis [2- (2-pyridy1)ethyll aminol- 

2-chloro-m-xylene 
a,a’-bis[NJV-bis[2-(2-pyridyl)ethyll aminol- 

m-xylen-2-olate 
2- [ [N,N-bis [ 2- (2-pyridy1)ethyll amino] - 

methyl]-6- [N,N-bis[2-(2-pyridyl)-  
ethyl] aminol benzene 

2- [ [N,N-bis [ 2-(2-pyridyl)ethyl]amino] - 
methyl] -6-[Nfl-bis[ 2-(2-pyridyl)ethyl] - 
aminol phenolate 

1,4-bis[Nfl-bis[2-(2-pyridyl)ethyll aminol- 
butane 

3,6,9,17,20,23-hexaazatricyclo 123.3.1. 111J51 - 
triaconta-1(29),2,9,11(30),12( 13),14,16,- 
23,25,27-decaene 

3,6,9,16,19,22-hexaazatricyclo[22.2.1.111J4]- 
octacosa-1(26),2,9,11,13,15,22,24-oc- 
taene 

N,N-bis[2-(2-pyridyl)ethyll -N-phenyl- 
amine 

N,N-bis[2-(2-pyridyl)ethyll-N-methyl- 
amine 

N,N-bis [ 2- (2-pyridyl)ethyl] -N-benzyl- 
amine 

NJV-bis [2-(l’-methyl-2’-imidazolyl)ethyl] - 
N-benzylamine 

N,N-bis[2-(l’-benzyl-2’-imidazolyl)ethyl] - 
N- benzylamine 

1,2-dimethylimidazole 
bis[(2-pyridyl)methyll [ [2-(l-methylimid- 

azolyl)] methyllamine 
bis [ 12- (1-methylimidazoly1)l methyl] [ (2-pyr- 

idyl)methyl] amine 
bis[(2-pyridyl)methyl] [6-methyl-2-pyri- 

dy1)methyll amine 
bis [(6-methyl-2-pyridyl)methyll[ (2-pyri- 

dyl)methyl] amine 
1,4,8,11-tetrakis[(2’-pyridyl)methyl]- 

1,4,8,11-tetraazacyclotetradecane 
NJVJV’JV’-tetrakis[(2-pyridyl)methyll-1,3- 

diaminoprop-2-yl biphenylcarboxylate 
iodosobenzene 
p-fluorophenolate 
3-chloroperoxybenzoic acid 

ethyl chloroformate 

amine 

amine 
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(CF3CO)zO trifluoroacetic anhydride 
Et30PFs triethyloxonium hexafluorophosphate 
PhMezCOOH cumene hydroperoxide 
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