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Copper(I) and copper(II) complexes of the ligand N,N9-bis[29-
(dimethylamino)ethyl]-N,N9-dimethylethane-1,2-diamine
(Me6trien) were synthesized and structurally characterized.
In the solid state the complex cation [Cu(Me6trien)]+ (1) ad-
opts a distorted tetrahedral configuration. Crystallography,
EPR measurements, and UV/Vis spectroscopy indicate that

Introduction

The dioxygen carrier protein hemocyanin (Hc) as well as
many other metalloenzymes involved in important biolo-
gical oxygen transfer reactions contain copper ions in their
active sites.[1,2] A fundamental step in metalloenzyme redox
reactions is the activation of dioxygen, upon binding at the
active site, prior to the reaction with a substrate. Many low
molecular weight model complexes for copper proteins have
been synthesized and their reactions with dioxygen have
been investigated.[1–23] A better understanding of these reac-
tions will assist in the development of new homogeneous
catalysts for selective oxidations under mild condi-
tions.[24,25]

In contrast to enzymes, which react in aqueous solutions
(although the copper ions are located in a relatively hydro-
phobic environment) at ambient conditions, the reactions
of model complexes with dioxygen usually have to be invest-
igated in organic solvents at low temperatures.[7,10,11,26]

Therefore, in order to better model the reactivity of the bio-
logical systems, one should ideally study the oxidations of
copper(I) complexes by dioxygen in water. This endeavor
has been hampered because copper(I) complexes have a
great tendency to disproportionate in aqueous solution.
However, it is well-known that tertiary amine ligands can
stabilize copper(I) in water; for example the copper(I) com-
plex of the macrocyclic ligand 1,4,5,7,7,8,11,12,14,14-deca-
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the analogous copper(II) complex [Cu(Me6trien)Cl]+ has a
square pyramidal geometry in the solid state as well as in
solution. The reaction of 1 with dioxygen was investigated in
different solvents. No copper dioxygen intermediates could
be detected spectrophotometrically during these reactions.

methyl-1,4,8,11-tetraazacyclo-tetradecane is stable towards
oxidation in aqueous solution.[27] Tertiary amines in general
have proven to be useful in stabilizing metal complexes in
low oxidation states,[28,29] and the thermodynamic proper-
ties of a series of CuI and CuII complexes with the tertiary
amines Me6trien, L(1) and L(2) as ligands (Scheme 1) were
investigated earlier.[27,29–34] If dioxygen is excluded, dilute
solutions of the copper(I) complexes of these amines can
easily be synthesized in water by a comproportionation re-
action. As an example, the formation of the copper(I) com-
plex of Me6trien is shown in Equation 1.[31,35]

Scheme 1. Me6trien 5 N,N9-bis[29-(dimethylamino)ethyl]-N,N9-di-
methylethane-1,2-diamine, L(1) 5 N,N9-bis(29-(dimethylamino)-
ethyl)-N,N9-dimethyl-propane-1,3-diamine, L(2) 5 N,N9-bis(29-(di-
methylamino)propyl)-N,N9-dimethylethane-1,2-diamine, Me4en 5
tetramethylethylenediamine, Me6tren 5 tris(2-dimethylamino-
ethyl)amine), Me5dien 5 1,1,4,7,7-penta methyldiethylethylenetri-
amine
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These solutions are stable under inert conditions, but are oxid-

ized immediately to the analogous CuII complexes by dioxy-
gen.[31,35] As part of our ongoing investigation of the reactions of
copper(I) complexes with dioxygen[26,36–42] we therefore investig-
ated these oxidations with the copper(I) complexes of the tertiary
amines Me6trien, L(1) and L(2) in more detail.

Results and Discussion

Synthesis and Crystal Structure of [Cu(Me6trien)][CuCl2]
(1-[CuCl2])

The comproportionation reaction shown in Equation 1
did not allow the synthesis of highly concentrated aqueous
solutions of copper(I) complexes. Nevertheless, white crys-
tals were obtained from the reaction of Me6trien with CuCl
in methanol. The molecular structure of the cation of this
new complex is shown in Figure 1.

Figure 1. An ORTEP view of 1; the thermal ellipsoids are at the
30% probability level and the hydrogen atoms are omitted for
clarity

Although we had expected to obtain [CuMe6trien]Cl (1-
Cl) when mixing the ligand and CuCl in a stoichiometric
ratio, it is obvious that the presence of the strong coordinat-
ing chloride prevents the reaction with the ligand from
completing. Instead, 1-[CuCl2] is formed. In addition to the
complex cation 1, the asymmetric structural unit contains
two halves of dichlorocopper(I) anions. Each of these holds
a crystallographically imposed center of symmetry at the
copper ion with one independent chloride. The anions are
linear with Cu–Cl distances of 2.107(4) and 2.086(2) Å.
These are very similar to the values that have been reported
in the literature for [CuCl2]– complexes.[43–46]

The tertiary amine tetramethylethylenediamine (Me4en)
can be regarded as one half of Me6trien; the syntheses and
structural characterizations of copper(I) complexes with
Me4en in a ratio of 1:2 were reported earlier.[28,45] The com-
plex [Cu(Me4en)2][CuCl2][45] (2-[CuCl2]) is isostructural
with 1-[CuCl2], and both complex cations adopt a distorted
tetrahedral configuration. Nevertheless, close inspection of
the Cu–N distances in 1 and 2 reveals significant differ-
ences. While for 2 the Cu–N bonds are consistent within
the 3σ criterion [distances from 2.13(1) to 2.16(1) Å],[45] the
two terminal Cu–N bonds in 1 are shorter [2.009(5) and
2.015(5) Å] than the other two Cu–N bonds [2.202(6) and
2.218(6) Å]. This clearly shows that Me6trien in 1 is under
more steric strain than Me4en in 2.

Eur. J. Inorg. Chem. 2000, 7192726720

It is interesting to compare the molecular structure of 1
to the cation of the copper(I) complex [Cu(Me6tren)]ClO4

[3-ClO4, Me6tren 5 tris(2-dimethylaminoethyl)amine].[26]

Me6tren is an isomer of Me6trien. In contrast to the dis-
torted tetrahedral configuration of 1, the geometry of 3 is
best described as trigonal pyramidal (trigonal bipyramidal
if the weakly coordinated perchlorate ion in the axial posi-
tion is included); the copper ion is surrounded by the four
amine nitrogen atoms with distances of 2.122(7) Å for the
equatorial Cu–N and 2.200(14) Å for the axial Cu–N
bonds.

Furthermore, bond lengths and angles in 1 are compar-
able to those of the complex cation of [Cu(Me5di-
en)(CH3CN)]ClO4 (Me5dien 5 1,1,4,7,7-pentamethyldie-
thylethylenetriamine).[47] This compound [bond lengths for
Cu–N 5 2.04, 2.19, and 2.18 Å, and bond angles for N(1)–
Cu–N(2) 5 87.2(4) and N(2)–Cu–N(3) 5 84.6(4)°] is even
more distorted than 1; its geometry was described as irregu-
lar. Me5dien can be regarded as Me6trien missing one arm,
with the missing arm in the copper(I) complex being substi-
tuted by an acetonitrile molecule.

While it is possible to prepare dilute aqueous solutions
of 1 by a comproportionation reaction (Equation 1), neither
2, 3, or [Cu(Me5dien)]1 could be obtained under the same
conditions. However, we could prepare solutions of 3 in
acetonitrile by a comproportionation reaction if Me6tren
was reacted with CuCl2 3 2 H2O and copper powder under
inert conditions. This reaction did not occur if Me6trien or
Me4en were used as ligands under these conditions.

Reaction of 1 with Dioxygen

Thus far, the reactions of dioxygen with model com-
pounds for copper proteins have been investigated mainly
in organic solvents because of the disproportionation of
CuI to Cu0 and CuII in aqueous solutions.[1–4,24,48] For the
same reason, knowledge on the kinetics of the oxidation of
CuI complexes in water is rather limited; usually acetonitrile
is chosen as a cosolvent.[39,49–55] Using the tertiary amines
Me6trien, L(1) and L(2) we tried to overcome these diffi-
culties in order to study the formation of copper dioxygen
adducts in aqueous solution, which would be similar to the
oxidation of deoxy-Hc.

We successfully prepared dilute aqueous solutions of cop-
per(I) complexes according to Equation 1. The kinetic be-
havior of all three amine complexes was similar; a repres-
entative example for the time resolved spectra of the reac-
tion of dioxygen with 1 is shown in Figure 2.

During the reaction, only the buildup of the product
[Cu(Me6trien)]21 (4) could be observed spectrophotometr-
ically. No intermediate – neither a copper superoxo nor a
peroxo complex – was detected. A change in pH from 7.0
to 10.0 did not alter the reaction rates significantly. Also,
the rates did not depend on the concentration of dioxygen
or the ionic strength. But they increased when the pressure
was raised. However, these observations must be treated
with caution since a detailed kinetic analysis was not pos-
sible. Computational fitting of the absorbance vs. time
traces demonstrated that several reaction steps were in-
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Figure 2. Reaction of 1 with dioxygen at 25 °C in water; the com-
plex was prepared by the comproportionation reaction shown in
Equation 1 ([1] 5 0.5 m, [O2] 5 0.6225 m, ∆t 5 20 s and
pH 5 8.0)

volved which presumably included higher order terms. To
resolve these kinetic traces the spectra of intermediates and
broader concentration windows for both reactants would
be required.

This behavior was not unexpected because earlier investi-
gations, mainly by Zuberbühler et al., showed that the kin-
etics of the reactions of copper(I) complexes with dioxygen
in water are generally very complicated.[49–53,56–59] Most of
these studies were performed in the presence of acetonitrile
using the initial-rate treatment for the data analysis. Similar
to our measurements, no copper peroxo intermediates were
detected spectrophotometrically; often hydrogen peroxide
was observed as a product.

To test whether hydrogen peroxide gave rise to additional
reaction paths during the oxidation of 1 with dioxygen we
investigated the reaction of H2O2 with 1 [as well as the cop-
per(I) complexes of L(1) and L(2)]. The oxidation pro-
ceeded smoothly, but again complex kinetic behavior was
observed and acceptable fitting of the data was not possible.

When small amounts of H2O2 were added to an aqueous
solution of the copper(II) complexes, changes in the UV/
Vis spectrum were not detected. When larger amounts were
added (. tenfold excess) bubbles of dioxygen resulting from
decomposition of H2O2 were observed.

A comparison between the oxidation of 1 and of deoxy-
Hc shows clear differences in the reaction behavior. Deoxy-
Hc reacts much faster than 1 (ca. 10000 times) with dioxy-
gen (this rate is not dependent on pressure).[60,61] Further-
more, in contrast to the oxidation of 1, the reaction of the
protein is reversible. A major reason for these differences is
the fact that the active site of deoxy-Hc is a preorganized
dinuclear copper(I) site while 1 is mononuclear. In accord-
ance with this, it has been shown earlier that a preorganized
dinuclear copper(I) complex reacted extremely fast with di-
oxygen in organic solvents.[62] Presently, we are designing
new dinuclear copper(I) complexes with tertiary amines in
order to develop a system that will react similarly to the
protein.
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Recently, we found that 3 reacts reversibly with dioxygen
in propionitrile or acetone at low temperatures, forming
copper superoxo and peroxo complexes.[26][40] This reaction
cannot be investigated in aqueous solution because dispro-
portionation of 3 occurs. An investigation in methanol dem-
onstrated that the peroxo complex is not stable in the pres-
ence of protons.[26]

The assumption that 1, an isomer of 3, would form di-
oxygen adducts in organic solvents as well, could not be
confirmed. The only effect observed when 1 was reacted
with dioxygen in methanol, acetone, or propionitrile was a
decrease of the overall reaction rate compared to the studies
in aqueous solutions. Lowering the temperature to –90 °C
also slowed down the oxidation rate. No dioxygen interme-
diates could be observed spectrophotometrically under
these conditions.

For comparison we also investigated the reaction of di-
oxygen with 2 (prepared in situ from [Cu(CH3CN)4]PF6

and Me4en) in propionitrile or acetone. The kinetic meas-
urements did not provide evidence for the reversible forma-
tion of a peroxo intermediate and again an acceptable fit-
ting of the data was not possible. However, it is known (also
from kinetic studies) that peroxo and oxo-bridged dinuclear
copper species are formed when copper(I) complexes of
Me4en, Et4en and similar ligands (in a stoichiometric ratio
of 1:1) are reacted with dioxygen in organic solvents.[63–70]

Recently, a bis µ-oxo-copper complex and a trinuclear clus-
ter with two µ3-oxide ligands were obtained (and structur-
ally characterized) from the reaction of copper(I) complexes
of peralkylated-1,2-cyclohexanediamines with dioxy-
gen.[18,71]

Synthesis and Crystal Structure of [Cu(Me6trien)Cl]ClO4

(4-Cl–ClO4)

Copper(II) complexes of Me6trien were easily prepared.
The molecular structure was solved for 4-Cl–ClO4; its cation,
with a square pyramidal geometry, is shown in Figure 3.

Figure 3. An ORTEP view of the cation of 4-Cl–ClO4; the thermal
ellipsoids are at the 30% probability level and the hydrogen atoms
are omitted for clarity

Structural characterization of copper complexes with
Me6trien or the related amines L(1) and L(2) (Scheme 1)
was not available until recently, when the structure of the
CuII complex [CuL(1)](ClO4)2 [L(1) 5 N,N9-bis[29-(di-
methylamino)ethyl]-N,N9-dimethylpropane-1,3-diamine]
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Table 1. Selected bond lengths and bond angles with standard deviations in parentheses for 1-[CuCl2], 4-Cl–ClO4 and 5 3 2 H2O

Bond lengths (Å) for 1-[CuCl2]
Cu(1)–N(1) 2.009(5) Cu(1)–N(4) 2.015(5)
Cu(1)–N(2) 2.202(6) Cu(1)–N(3) 2.218(6)
Cu(2)–Cl(1) 2.107(4) Cu(2)–Cl(1)[a] 2.107(4)
Cu(3)–Cl(2)[b] 2.086(2) Cu(3)–Cl(2) 2.086(2)

Bond angles (°) for 1-[CuCl2]
N(1)–Cu(1)–N(4) 146.8(2) N(1)–Cu(1)–N(2) 87.3(2)
N(4)–Cu(1)–N(2) 119.3(2) N(1)–Cu(1)–N(3) 117.7(2)
N(4)–Cu(1)–N(3) 86.4(2) N(2)–Cu(1)–N(3) 84.5(3)
Cl(1)[a]–Cu(2)–Cl(1) 180.0 Cl(2)[b]–Cu(3)–Cl(2) 180.0

Bond lengths (Å) for 4-Cl–ClO4
Cu–N(2) 2.072(5) Cu–N(1) 2.158(4)
Cu–N(3) 2.082(5) Cu–Cl(1) 2.420(2)
Cu–N(4) 2.125(5)

Bond angles (°) for 4–Cl–ClO4
N(2)–Cu–N(3) 82.4(2) N(4)–Cu–N(1) 100.0(2)
N(2)–Cu–N(4) 156.0(2) N(2)–Cu–Cl(1) 103.5(2)
N(3)–Cu–N(4) 85.4(2) N(3)–Cu–Cl(1) 102.7(2)
N(2)–Cu–N(1) 83.6(2) N(4)–Cu–Cl(1) 99.2(1)
N(3)–Cu–N(1) 155.9(2) N(1)–Cu–Cl(1) 99.6(1)

Bond lengths (Å) for 5 3 2 H2O
Cu(1)–O(1) 1.911(4)
Cu(1)–O(1)[c] 1.915(4)
Cu(1)–N(1) 2.027(4)
Cu(1)–N(2) 2.040(4)
Cu(1)–Cu(1)[c] 2.976(1)

Bond angles (°) for 5 3 2 H2O
O(1)–Cu(1)–O(1)[c] 77.9(2) O(1)[c]–Cu(1)–N(2) 170.7(2)
O(1)–Cu(1)–N(1) 172.7(2) N(1)–Cu(1)–N(2) 86.7(2)
O(1)[c]–Cu(1)–N(1) 97.4(2) O(1)–Cu(1)–Cu(1)[c] 39.0(1)
O(1)–Cu(1)–N(2) 97.2(2) O(1)[c]–Cu(1)–Cu(1)[c] 38.9(1)
N(1)–Cu(1)–Cu(1)[c] 136.0(1) N(2)–Cu(1)–Cu(1)[c] 135.7(1)
[a] –x, –y, –z. – [b] 1 – x, –y, –z. – [c] –x 1 1, –y 1 1, –z 1 1.

was reported.[72] L(1) differs from Me6trien by an addi-
tional –CH2– group. The bond lengths for Cu–N in 4-Cl–
ClO4 (Table 1) are similar to those generally found for other
tertiary amine copper(II) complexes, and differ only slightly
from those for [CuL(1)](ClO4)2.[72] The main difference be-
tween the two structures is that [CuL(1)](ClO4)2 has a tetra-
gonally elongated trans-CuN4O2 coordination sphere with
Cu–O distances of 2.562(7) Å while 4-Cl–ClO4 is clearly
square pyramidal with a Cu–Cl bond length of 2.420(2) Å.
No interaction between copper and the perchlorate anion
was observed. A direct structural comparison of [CuL(1)]-
(ClO4)2 with 4-(ClO4)2 was not possible since the obtained
crystals of the latter were not suitable for X-ray crystallo-
graphy. The Cu–N bond lengths in 4-Cl–ClO4 are slightly
longer than those in the analogous copper complex [Cu-
(trien)(SCN)](SCN), with the nonmethylated amine [Cu–N
bond length from 2.008(7)–2.030(5) Å].[73] Similarly, the
Cu–N bond lengths of [CuL(1)](ClO4)2 are longer than in
the analogous nonmethylated complex [Cu(2,3,2-tet)]-
(ClO4), (Cu–N bond length from 2.016(6)–2.032(6) Å).[74]

The molecular structure of [Cu(Me5dien)(H2O)(OCMe2)]
was described as distorted square pyramidal [bond lengths
Cu–N 5 2.036, 2.034, and 2.022 Å, and bond angles for
N(1)–Cu–N(3) 5 158.8(3) and O(1)–Cu–N(2) 5 172.1(4)°]
with the acetone molecule in the axial position [bond length
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Cu–O 5 2.222(6) Å].[47] All Cu–ligand bond lengths in this
complex are shorter than in 4-Cl–ClO4.

The bond lengths for the two isomeric complexes 4-Cl–
ClO4 and 3-Cl–ClO4 [Cu–Naxial 5 2.040(6) and Cu–
Nequatorial 5 2.186(2) Å] are similar with the exception of
the Cu–Cl bond length, which is shorter in 3-Cl–ClO4

[2.234(2) Å].[26] Bond angles are different for the two com-
plexes. Complex 4-Cl–ClO4 has square pyramidal geometry,
while the molecular structure of 3-Cl–ClO4 must be de-
scribed as trigonal bipyramidal.

The different solid state geometries of the two complexes,
4-Cl–ClO4 and 3-Cl–ClO4, are retained in solution. An ab-
sorbance maximum for 4-Cl–ClO4 in water at 643 nm (ε 5
248 cm–1–1) is typical for a tetragonal distorted copper(II)
complex; this coordination is further confirmed by the EPR
spectrum [g values: g(x) 5 2.042, g(y) 5 2.066, g(z) 5 2.229;
nuclear hyperfine coupling constants: A(x) 5 20 G, A(y) 5
18 G, A(z) 5 168 G]. The same behavior was observed for
4-(ClO4)2 [λmax 5 643 nm (ε 5 248 cm–1–1); g values:
g(x) 5 2.039, g(y) 5 2.064, g(z) 5 2.241; nuclear hyperfine
coupling constants: A(x) 5 19 G, A(y) 5 26 G, A(z) 5 169
G]. These data are in accord with the results of our earlier
measurements with solutions of 4-SO4.[29] Furthermore,
they are comparable to those reported for [CuL(1)](ClO4)2

as discussed above.[72] In contrast, 3-Cl–ClO4 represents a
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typical trigonal bipyramidal complex with an absorbance
maximum at 876 nm (ε 5 447 cm–1–1). The trigonal bipyr-
amidal geometry was confirmed by EPR measurements [g
values: g(x) 5 2.170, g(y) 5 2.187, g(z) 5 2.010; nuclear
hyperfine coupling constants: A(x) 5 88 G, A(y) 5 96 G,
A(z) 5 81 G]; the spectral parameters are consistent with
those measured in the solid state.[75]

Synthesis and Crystal Structure of
[Cu2(Me4en)2(OH)2](ClO4)2 3 2 H2O (5 3 2 H2O)

Crystalline salts of [Cu(Me4en)2Cl]ClO4 could not be
synthesized. This was expected since it was previously sug-
gested that the CuII ion is too small to form a 1:2 complex
with Me4en.[76] When we reacted Me4en with a mixture of
CuCl2 and Cu(ClO4)2 in the same way as 4-Cl–ClO4 was
synthesized, we obtained [Cu2(Me4en)2(OH)2](ClO4)2 (5)
instead. The molecular structure of 5 is shown in Figure 4
(bond lengths and angles are given in Table 1).

Figure 4. An ORTEP view of the cation of 5 3 2 H2O; the thermal
ellipsoids are at the 30% probability level and the hydrogen atoms
are omitted for clarity

A crystal structure of 5 was described earlier by Pavkovik
and co-workers.[77] It is not identical with the structure we
report here because the latter holds two additional water
molecules. This leads to significant differences in the dimen-
sions and the volume of the unit cell. Furthermore, bond
lengths and angles in the coordinated Me4en of the complex
described by Pavkovik (bond length C–C 1.377 Å and bond
angles of 116.2° and 115.9° around the carbon atoms) do
not correspond to the expected C–C bond lengths in this
ligand. The authors do not discuss this, but possibly it is
due to a disorder in the CH2–CH2 group. In contrast to
these findings, we obtained a bond length of 1.493(3) Å for
the two carbon atoms and bond angles of 109.2(5)° and
109.6(5)°, which are typical for a C–C bond in Me4en.[78]

Conclusion

The study has shown that copper(I) complexes with re-
lated polymethylated aliphatic amines react very differently
with dioxygen. Even though it was possible to oxidize 1 [or
the copper(I) complexes of L(1) and L(2)] or 2 with dioxy-
gen in different solvents, no dioxygen complexes could be
observed as intermediates during these reactions. In con-
trast, it was shown earlier that the reaction of 3 with dioxy-
gen at low temperatures in nitrile solvents allowed the ob-
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servation of copper-superoxo and -peroxo complexes as in-
termediates.[26]

The reason for the different behavior towards dioxygen
can be explained by the different geometries of the cop-
per(I)/copper(II) complexes of these ligands. While 3 has a
trigonal bipyramidal geometry; in solution a nitrile molec-
ule replaces the weakly coordinated perchlorate,[26] 1 and 2
are best described as pseudo-tetrahedral. The coordination
geometry of 3 already closely resembles that of the cop-
per(II) complex, the peroxo product.[26] This is not the case
for 1 and 2. When the pseudo-tetrahedral 1 is oxidized it is
turned into the distorted square pyramidal 4. Evidence for
the retention of the coordination geometry in solution is
provided by UV/Vis and EPR spectroscopy. Thus, 1 has to
undergo a geometrical rearrangement during the reaction
with dioxygen; it may even be necessary for one arm of the
four dentate ligand to open up before the copper(I) complex
can react with dioxygen. Furthermore, the dioxygen ligand
in a tetragonal elongated copper complex is kinetically
more labile to substitution than in a trigonal bipyramidal
geometry. This may be an important reason for the differ-
ence in behavior.[79]

It was also found that the nature of the ligand affects the
stability of the copper(I) or copper(II) complexes. It was
also responsible for the different behavior concerning com-
proportionation. Furthermore, the study clearly demon-
strates that the reactions of copper(I) complexes with dioxy-
gen vary with the solvent used.

The present findings fit well with recent reports on differ-
ent copper(I) complexes that showed the influence of the
ligand and the solvent on the formation of copper com-
plexes with different peroxide binding modes; hereby an
equilibrium of a peroxo complex with a bis µ-oxo copper
species was discovered.[4,5,7,19–23] While it is still not possible
to exactly predict the pathway for the reaction of a cop-
per(I) complex with dioxygen, the findings presented here
allow a better understanding of these reactions.

Experimental Section

General Remarks: Reagents and solvents used were of commer-
cially-available reagent-grade quality. Distilled water was used for
the preparation of aqueous solutions. The ligand Me6trien was
either synthesized as the free amine,[80] as a hydrochloride salt sim-
ilar to a published procedure[81] or purchased from Aldrich.
[Cu(CH3CN)4]1 salts were synthesized and characterized according
to literature methods.[82,83] CuCl was either synthesized according
to a published procedure[84] or purchased from Aldrich. It was
purified in a glove box under an inert atmosphere by washing the
light green crystals with methanol until the solid was uniformly
white. Preparation and handling of air-sensitive compounds was
carried out in a glove box filled with argon (Braun, Garching, Ger-
many; water and dioxygen less than 1 ppm). Air sensitive aqueous
solutions were handled by Schlenk techniques or in a glove bag.
UV/Vis spectra were measured on a CARY 5G UV/Vis-NIR spec-
trophotometer. Electron spin resonance measurements at X-band
frequency were obtained using a Bruker EMX-113 spectrometer.
Samples in methanol/DMF (3:1 mixtures) were measured at 100 K.
Time resolved spectra of the reactions of dioxygen with copper(I)
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Table 2. The crystal data and structure refinement for 1-[CuCl2], 4-Cl–ClO4 and 5 3 2 H2O

Complex 1-[CuCl2] 4-Cl–ClO4 5 3 2 H2O

Empirical formula C12H30Cl2Cu2N4 C12H30Cl2CuN4O4 C12H38Cl2Cu2N4O12
628.44Formula weight 428.38 428.84

Temperature (K) 200 293 200
Crystal system monoclinic orthorhombic monoclinic
Space group P21/n Pna21 P21/c
a (Å) 14.461(4) 13.075(5) 7.855(1)
b (Å) 14.916(4) 79.721(5) 15.124(2)
c (Å) 8.977(2) 14.861(5) 11.320(2)
β (°) 97.34(2) 90.0 106.77(1)
Volume (Å3) 1920(1) 1889(1) 1287(1)
Z 4 4 2
Density calcd. (Mg/m3) 1.482 1.508 1.621
Absorpt. coeffic. (mm–1) 2.489 1.461 1.918
F(000) 888 900 652
Crystal size (mm) 0.80 3 0.40 3 0.40 0.53 3 0.45 3 0.34 0.60 3 0.40 3 0.30
Diffractometer used Siemens P4 Nonius CAD4 MACH3 Siemens P4
scan technique ω scan ω-2θ scan ω scan
θ range for data collect. (°) 2.5 to 27.1 2.5 to 24.05 2.31 to 27.00
Index ranges –18 , h , 18, –19 , k , 0, –14 , h , 14, –11 , k , 11, –10 , h , 1, –1 , k , 19,

–11 , l , 3 0 , l , 10 –14 , l , 14
Reflections collected 5465 14208 3679
Independent refl., Rint 4214, 0.0255 2693, 0.1243 2803, 0.0565
Obs. reflect. [Fo $ 4σ (F)] 2411 2406 1923
Data/restraints/parameters 4214/0/184 2693/23/ 214 2803/0/230
Goodness of fit on F2 1.064 1.009 1.057
R1

[a] 0.0789 0.0461 0.0560
[Fo . 4σ (F)]

wR2
[a] (all data) 0.2429 0.1306 0.1467

abs. structure parameter[88] – 0.03(3) –
q,r[a] 0.138, 0 0.100, 0 0.0664, 0.8047
Largest diff. peak and hole 3.426, –1.231 0.457, –0.262 0.830, –0.530
[a] R1 5 Σ| Fo| – | Fc || /Σ| Fo|; wR2 5 {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}1/2; w 5 1/[σ2(Fo
2) 1 (q 3 P)2 1 r 3 P] where P 5 (Fo

2 1 2 Fc
2)/3.

complexes were recorded on a modified Hi Tech SF-3 L low tem-
perature stopped-flow unit (Salisbury, UK) equipped with a JM
TIDAS 16–500 diode array spectrophotometer (JM, Aalen, Ger-
many). Data fitting was performed using the integrated JM soft-
ware Kinspec or the program Specfit (Spectrum Software Associ-
ates, Chapel Hill, USA). Dioxygen saturated solutions for the kin-
etic measurements were obtained by passing dioxygen through the
solvent for 20 minutes described earlier.[7,10,11,26] Concentration of
dioxygen was varied by mixing dioxygen saturated solutions with
argon saturated solutions in syringes.

Caution! Perchlorate salts are potentially explosive and should be
handled with great care.

[Cu(Me6trien)][CuCl2] (1-[CuCl2]): In a glove box, a solution of
Me6trien (1 g, 4.34 mmol) in 10 mL of methanol was added, with
stirring, to a suspension of CuCl (0.42 g, 4.34 mmol) in 10 mL of
methanol. The solution turned slightly green and a small amount
of red copper metal deposited. After filtration, diethyl ether was
added to precipitate the complex. The white solid was filtered off
and washed with diethyl ether. Drying in vacuum yielded 0.4 g
(43%). – Cu2C12H30N4Cl2: calcd. C 33.64, H 7.07, N 13.07; found
C 33.89, H 7.14, N 13.13. Colorless crystals of 1-[CuCl2] were ob-
tained from vapor diffusion of diethyl ether into a methanol solu-
tion of CuCl and Me6trien.

[Cu(Me6trien)Cl]ClO4 (4-Cl–ClO4): To a solution of Me6trien
(1.152 g, 5 mmol) in 15 mL of methanol was added a solution of
CuCl2 3 2 H2O (0.42 g, 2.5 mmol) and Cu(ClO4)2 3 6 H2O (0.92 g,
2.5 mmol) in 20 mL of water. The solution was stirred for 15 mi-
nutes and filtered. After several days turquoise crystals formed suit-
able for X-ray analysis. Yield 1.4 g (65%). – CuC12H30N4Cl2O4:
calcd. C 33.61, H 7.05, N 13.06; found C 33.57, H 7.38, N 12.99.
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[Cu(Me6trien])(ClO4)2 [4-(ClO4)2]: To a solution of Me6trien
(0.576 g, 2.5 mmol) in 15 mL of methanol was added a solution of
Cu(ClO4)2 3 6 H2O (0.92 g, 2.5 mmol) in 20 mL of water. Crystals
immediately formed and more water was added, while heating the
solution on a water bath, until most of the solid material was dis-
solved. After filtering the solution, deep blue crystals formed on
standing for one day. Yield 0.65 g (50%). – CuC12H30N4Cl2O4 3 1
CH3OH: calcd. C 29.75, H 6.53, N 10.67; found C 29.67, H 6.52,
N 10.93.

[Cu2(Me4en)2(OH)2](ClO4)2 (5): To a solution of Me4en (1.16 g,
10 mmol) in 25 mL of methanol was added a solution of
Cu(ClO4)2⋅6H2O (0.92 g, 2.5 mmol) and CuCl2 3 2 H2O (0.42 g,
2.5 mmol) in 25 mL of water. The solution was stirred for 10 min
and filtered. Soon afterwards crystals began to form which were
suitable for X-ray analysis. Yield 0.55 g (35%). – Cu2C12H38N4-
Cl2O12: calcd. C 22.93, H 6.09, N 8.92; found C 23.03, H 5.73,
N 8.83.

X-ray Crystallographic Study: Crystal data and experimental condi-
tions for 1-[CuCl2], 4-Cl–ClO4 and 5 3 2 H2O are listed in Table 2.
The molecular structures are illustrated in Figures 1, 3, and 4. Se-
lected bond lengths and bond angles with standard deviations in
parentheses are presented in Table 1. Intensity data were collected
with graphite monochromated Mo-Kα radiation (λ 5 0.71073 Å).
The collected reflections were corrected for Lorentz and polariza-
tion effects (but not for absorption). The structures were solved by
direct methods [85,86] and refined by full matrix least squares
methods on F2.[85,87] Hydrogen atoms of 4-Cl–ClO4 were calculated
for idealized geometries and allowed to ride on their preceding
atoms, their isotropic displacement parameters were tied to those
of the adjacent atoms by a factor of 1.5. For 1-[CuCl2] and 5 3 2
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H2O the positions of all hydrogen atoms were localized in a differ-
ence Fourier synthesis. The positions and a common isotropic dis-
placement parameter were kept fixed during the refinement of
1-[CuCl2]. The high residual electron density of 1-[CuCl2] (3.426 e
A–3) is located near the copper atom (0.877 Å), and can be attrib-
uted to absorption effects. For 5 3 2 H2O the positional parameters
were refined with a fixed common isotropic displacement para-
meter. Crystallographic data (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-107373 (1-[CuCl2]), –130856
(4-Cl–ClO4), –130857 (5 3 2 H2O). Copies of the data can be ob-
tained free of charge from The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ (Fax: int. code 1 1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk).
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