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Reversible Binding of Dioxygen by a Copper(@® Complex with
Tris(2-dimethylaminoethyl)amine (Megtren) as a Ligand

Michael Becker, Frank W. Heinemann, and Siegfried Schindler*!*!

Abstract: The copper(l) complex [Cu(Megtren)]ClO, (Megtren = tris(2-dimethyl-
aminoethyl)amine) and the copper(il) complex [Cu(Megtren)Cl]CIO, have been

synthesized and structurally characterized. The copper(l) complex reacts reversibly
with dioxygen at low temperatures to form a quite persistent superoxo complex at
—90°C in propionitrile. At higher temperatures a peroxo complex is formed which is
much more stable in acetone than in propionitrile. A peroxo intermediate is not
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observed when the copper(l) complex of the non-methylated amine tren is treated

with dioxygen.

Introduction

Copper ions are found in the active sites of a large number of
metalloproteins involved in important biological electron
transfer reactions."-? Interest in preparing functioning model
complexes for such copper proteins is twofold: first, the
models provide better understanding of the biological mole-
cules, and second, they assist in the development of new
homogeneous catalysts for selective oxidations under mild
conditions.l>-l

A fundamental step in metalloenzyme redox reactions is
activation upon binding of dioxygen at the active site prior to
reaction with a substrate. Therefore, it is important to gain a
better understanding of the reaction of dioxygen with
copper () complexes.

The first example of a structurally characterized copper
peroxo complex was obtained by Karlin and co-workers by
reaction of [Cu(tmpa)(CH;CN) |PF, (tmpa = tris[ (2-pyridyl)-
methyl]amine) with O, at low temperatures.>® A detailed
kinetic investigation of the reversible reaction of [Cu(tmpa)-
(CH;CN)]* (1) with O, was performed in propionitrile, which,
for the first time, allowed the spectroscopic observation of a
superoxo complex before formation of the peroxo complex.
The influence of steric hindrance as well as the effect of
different donor atoms on the formation of the peroxo
complexes was also studied."'? Since then, various reactions
of copper(1) complexes with dioxygen have been investigated
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and several new copper peroxo complexes with different
dioxygen binding modes have been structurally character-
ized.3-8] Many of the complexes formed by reaction of
copper(1) with dioxygen are only stable at low temperatures.
However, more recently, copper peroxo complexes have been
reported which are quite stable at room temperature.!'>2!
Furthermore, an unusual example of a stable copper peroxo
complex was described by Krebs and co-workers; in this case
four copper ions share one dioxygen ligand.['”]

In our own studies, which investigate the factors influencing
the reactions of dioxygen with Cu! complexes,?>?’! we have
started to use tripodal ligands derived from the parent
compound tris(2-aminoethyl)amine (tren) (Scheme 1). We

_ N N,\\NH (\N/\\N
\/N/NN/ Nng 2 /N\ j /\
HoN N
| 2 /N
X
tmpa tren Megtren

[Cu(impa)(CHLCN)]* = 1, [Cu(Megtren)]* = 2, [(tmpa)Cu(O,)Cu(tmpa)f* = 3,
[Cu(Megtren)O,]* = 4, [(Megtren)Cu(0,)Cu(Megtren)]* = 5, [Cu(tmpa)O,]* = 6,

[Cu{Megtren)Cl]* =7,

Scheme 1. Structures of the ligands found in complexes 1-7.

recently reported that the copper(l) complex [Cu(Megtren)]*
(2) (Megtren = tris(2-dimethylaminoethyl)amine) reacts re-
versibly with O, at low temperatures.?’ Here we describe this
reaction in more detail.
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Results and Discussion

It is well known that copper(11) tren complexes show trigonal-
bipyramidal geometry in the solid state and in solution.[?”
One axial position is occupied by the tertiary amine nitrogen,
while the other is occupied by water or another monodentate
ligand.?” 231 The geometry is important for ligand substitu-
tion reactions because copper(il) complexes with a tetrago-
nally distorted geometry react very fast (close to the diffusion
limit), while copper(il) complexes with trigonal-bipyramidal
geometry react much more slowly.?> Copper(i) complexes
of the related tripodal ligand tmpa also possess a trigonal-
bipyramidal geometry.[

The interesting reaction of 1 with dioxygen gave rise to the
question of whether the aliphatic ligand tren would also
support the formation of copper dioxygen adducts. To answer
this question we prepared [Cu(tren) JPF,, a complex that has
not yet been described. It turned out that we could not isolate
this complex as a pure solid because it undergoes dispropor-
tionation to a copper(i) salt and copper metal at higher
concentrations. Nevertheless, it was possible to obtain dilute
solutions of [Cu(tren) |PF by mixing stoichiometric amounts
of [Cu(CH;CN),]PF and tren in propionitrile or acetone
under inert conditions. Reaction of dioxygen with these
solutions, under the same conditions used to study the
formation of the copper tmpa peroxo complex,” did not
permit observation of a copper tren peroxo complex. This
behavior was not completely unexpected because we found
that the formation of the peroxo complex [(tmpa)Cu(O,)-
Cu(tmpa) [** (3) was dramatically disfavored when the
reaction of 1 with dioxygen was performed in methanol.
Obviously, copper peroxo complexes with tripodal ligands
made from tren or its derivatives are destabilized by the
presence of protons from either the solvent or the ligand.

To avoid these problems we decided to use the fully
methylated tren ligand that can be easily synthesized.’) When
a solution of Megtren and [Cu(CH;CN),]PF salt in propioni-
trile was allowed to react with O, in a Schlenk tube at — 80°C,
a color change from colorless to deep blue occurred. Such an
intensive color change is typical for the formation of a copper
peroxo complex. The solution became colorless again when
dioxygen was replaced by nitrogen (with slight warming),
indicating the reversible reaction of O, with 2. The cycle could
be repeated several times before the solution turned green
and no further reaction with O, was observed.

Megtren and tmpa are related tripodal ligands but differ in
their donor atoms. In complex 1 the three pyridine nitrogen
atoms of tmpa stabilize the Cu! ion in contrast to complex 2,
where Megtren can provide only aliphatic nitrogen donor
atoms that are not very suitable for stabilization of the Cu!
ion. As a consequence, isolation of a pure solid sample of 2
was quite difficult compared with the facile synthesis of 1.
Solutions containing Megtren and Cu' salts were extremely
sensitive towards traces of dioxygen or moisture (as was
[Cu(tren) |PF¢ described above) and oxidation or dispropor-
tionation of the complex often occurred.

We were able to prepare a small amount of solid 2-BF, but
the crystals were not suitable for X-ray characterization.
Finally, we were able to isolate white needles of 2 as a
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perchlorate salt that could be characterized structurally. An
ORTEP plot of the molecular structure of 2-ClO, is shown in
Figure 1.

Figure 1. An ORTEP view of 2-CIO, The thermal ellipsoids are at the 50 %
probability level and the hydrogen atoms are omitted for clarity.

The geometry is best described as trigonal pyramidal; the
copper ion is surrounded by the four amine nitrogen atoms
with bond lengths of 2.122(7) A for the equatorial Cu—N and
2.200(14) A for the axial Cu—N bonds. Furthermore, weak
interaction with the perchlorate anion cannot be neglected,
since the anion can be regarded as being in the axial position
of a trigonal-bipyramidal arrangement; the distance between
the copper ion and three of the four oxygen atoms is
3.53(1) A. The CI-O bond lengths in the perchlorate ion are
normal and range from 1.419(8) to 1.436(11) A. The copper
ion lies only slightly (0.191(8) A) below the plane of the three
equatorial nitrogens, towards the perchlorate ion.

The structure is exceptional because of the weak interaction
of the perchlorate anion with the copper(i) cation. Especially
after crystallizing 2-ClO, from acetonitrile, we had expected
to find an additional acetonitrile molecule coordinated to the
copper ion in the axial position (instead of perchlorate) as had
been found for 1 and a structurally characterized derivative of
1.81 Comparison of these complexes with 2-Cl1O, reveals that
bond lengths and angles are quite different. In the derivative
of 1 the copper ion lies 0.568 A above the plane of the three
equatorial nitrogens, towards the acetonitrile molecule; the
axial nitrogen atom is only weakly coordinated (Cu—N =
2.439(8) A).I%l Because in 2-ClO, the axial nitrogen atom is
coordinated more strongly to the copper ion it may not need
an additional acetonitrile in its coordination sphere. There-
fore, it only interacts weakly with the perchlorate ion in the
solid state. Compound 2-ClO, resembles the complex [Cu-
(Mesdien)(CH;CN)[CIO, (Mesdien = 1,1,4,7,7-pentamethyl-
diethylethylenetriamine) more closely (the bond lengths and
angles are similar) if Mesdien is regarded as Megtren missing
one arm.P”) But even in this case an acetonitrile molecule is
coordinated and interaction with the perchlorate ion was not
observed. The Cambridge Structural Data Base does not show
any other example of such a weak interaction between a Cu'
ion and three oxygen atoms as in 2-ClO,.8
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Figure 2. Reaction of 2 with dioxygen at —60°C in dry propionitrile ([complex]=0.27mwm, [O,] =4.4mm, At=

was characterized further by its
resonance Raman spectrum in
propionitrile. The intense peak
for the oxygen —oxygen stretch-
ing frequency v(O—O) was ob-
served at 880 cm~! compared
with 826 cm~! for 3.5

At —90°C the formation of 4
alone can be observed. The
reaction was studied under
pseudo-first-order  conditions
([0,]>>[2]) and the absorb-
ance-time trace at 410 nm was
fitted to an exponential func-
tion. A plot of the observed rate
constant kg, vs. [O,] showed a
linear dependence with an in-
tercept that indicated a rever-

550 600 . . . .
sible reaction. The kinetic find-

ings demonstrate that at low
temperature complex 2 reacted
with dioxygen in a stoichiomet-
ric ratio of 1:1 to form 4. This

compound is much more persis-

0.1s).
1.6
164,
14+
8 12
3
1.2+ 5 081
a
©
0.4
1.0+

tent than 6 under the same
conditions. Complex 6 immedi-
ately underwent further reac-
tion to give the peroxo com-
plex, while 4 only reacted slow-
ly to yield 5. The formation of 4

0.05

0.8 -

absorbance

0.6

0.4

0.2 f

0.0 + t t

became much faster at higher
temperatures. Therefore, only
its decomposition could be ob-
served with simultaneous pro-
duction of the peroxo complex
5 (see Figure 2). Above —20°C
the formation of 5 was too fast
to be observed spectroscopical-
ly under these conditions.

0.10 0.15 0.20
time (s)

400 500 600 700 800
wavelength (nm)

Figure 3. Reaction of 2 with dioxygen at 20°C in dry acetone ([complex]=0.5mwm, [O,] =0.92mm, At=4 ms).

The insert shows the absorbance vs. time trace at 555 nm.

When 2 was treated with O, at low temperature in a
stopped-flow instrument the spectral changes for the forma-
tion of dioxygen adducts were observed. An example of the
time-resolved spectra at —60°C is shown in Figure 2.

The spectral features are similar to UV/Vis spectra of
known copper superoxo and peroxo complexes.> !l There-
fore, we assigned the absorbance maxima to the superoxo
complex [Cu(Megtren)O,]* (4) (Amax =412 nm, &~ 4000 cm™!
M~!) and peroxo [ (Megtren)Cu(O,)Cu(Megtren) [+ (5) (Apax =
560 nm, & =~ 10000 cm~'M~!) complexes accordingly. Complex
4 has nearly identical spectral features to [Cu(tmpa)O,]* (6)
(Amax =410 nm, £ =4000 cm~'M~"). But the absorbance max-
imum of 5 is shifted by 35 nm towards lower energy compared
with that of 3 (1. =525 nm, ¢ =15000 cm~'mM~!). Complex 5
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900 1000 Nitriles are excellent ligands

for copper() and compete
strongly with dioxygen [Eq. (1)
and (2)]. Therefore nitriles

[Cu(L)RCN]* + O, = [Cu(L)O,]* + RCN 1)

[Cu(L)O,]" +[Cu(L)RCN]" = [Cuy(L),0,]," + RCN @

are not ideal solvents for these reactions. This is also true for
dichloromethane because it reacts with 1.8] Methanol on the
other hand destabilizes the peroxo complex (as discussed
above), but we could still observe the transient formation of
the peroxo intermediate at low temperatures. In the end,
acetone proved to be the solvent of choice and, compared
with propionitrile, the peroxo complex 3 was highly stabilized
in this solvent.?"!

When complex 2 is allowed to react with dioxygen in
acetone at — 90 °C the formation of 4 was much faster than in
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propionitrile. For this reason only a minor part of the reaction
could be observed. Additionally, a larger amount of 4 was
formed. These findings clearly demonstrate that in solution—
in contrast to the solid state—a nitrile molecule is coordinated
to 2 [Eq. (1) and (2)]. Even more dramatically, the change of
solvent affected the stability of 5. Unlike in propionitrile, it
was possible to observe the formation of 5 in acetone at room
temperature. The spectral changes during the reaction of 2
with dioxygen in acetone at 20°C are shown in Figure 3 (the
absorbance time trace for the formation and decomposition of
the peroxo species is shown as an insert).

So far, efforts to isolate crystals of the peroxo complex § at
low temperatures for structural characterization have been
unsuccessful. Comparison with the spectral data for 3 suggests
that it is most likely a trans-u-1,2-peroxo complex. In contrast,
a copper(l)) complex, [Cu(Megtren)Cl|CIO, (7-ClO,), was
easily obtained. An ORTEP plot of the crystal structure of its
cation is shown in Figure 4.

cn 22

Figure 4. An ORTEP view of 7. The thermal ellipsoids are at the 50 %
probability level and the hydrogen atoms are omitted for clarity.

Complex 7 has a nearly ideal trigonal-bipyramidal geom-
etry with the chloride ion in an axial position and the copper
ion positioned slightly below the plane (0.208(3) A) of the
three equatorial nitrogens, towards the chloride ion. Bond
lengths and angles are similar to those of other Cu'' complexes
derived from Megtren.***! Furthermore, the structure of 7
compares well with that of complex 2, as both are charac-
terized by a crystallographically imposed threefold axis (C;
symmetry). While the bond lengths for the equatorial Cu—N
bonds in 2 and 7 are comparable, the axial Cu—N bond is much
shorter in 7 (2.040(6) A). This is different for the copper tmpa
analogue, [Cu(tmpa)CI]|ClO,, in which the C—N bond lengths
are all very similar (2.050—-2.072 A).B5! The angles N,,-Cu-
Neguatorial (84.55(7)°) are slightly larger in 7 than in [Cu(tm-
pa)Cl]ClO, (80.8—81.5°), while the angles in the plane are
very similar. The Cu—Cl bond lengths are identical in the two
complexes.

Comparison of the two complexes is quite useful because
[Cu(tmpa)CI]CIO, is structurally very much similar to the
peroxo complex 3.1 3] Therefore, we suggest that the com-
plexes 5§ and 7 should also have a similar structure. The UV/
Vis spectra of 7 in solution (water, A=876nm, &=
248 cm~'m™1) are typical for trigonal-bipyramidal Cu! com-
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plexes and confirm that this geometry is retained in solu-
tion.B

Taken together the findings show that the oxidation of 2, as
with complex 1, is not accompanied by the dramatic geometry
change normally observed for copper(l) oxidation reactions.
This is most likely the reason for the facile formation of
tripodal copper dioxygen adducts of 2. Furthermore, as
discussed above, once the trigonal-bipyramidal copper peroxo
complex is formed it should be more stable towards ligand
substitution reactions, than an analogous square-pyramidal
copper peroxo complex.

Conclusions

We have shown that a copper(l) complex with the aliphatic
tripodal amine Megtren as a ligand reacts reversibly with
dioxygen at low temperatures. During this oxidation a much
more stable superoxo complex is formed than during a similar
reaction of the copper(l) tmpa complex. The peroxo complex
is highly stabilized if the reaction takes place in acetone
instead of nitrile solvents. The overall findings show that
copper compounds with ligands derived from derivatives of
tren are well suited for the activation of dioxygen. Therefore,
we have started to investigate a whole series of copper(l)
complexes with modified tren ligands.

Experimental Section

Materials and methods: Reagents and solvents used were of commercially
available reagent-grade quality. Megtren, [Cu(CH;CN),]* salts and 1 were
synthesized and characterized according to literature methods.!® 3 I
Preparation and handling of air-sensitive compounds were carried out in
a glove-box filled with argon (Braun, Garching, Germany; water and
dioxygen less than 1 ppm). UV/Vis spectra were measured on a Hewlett
Packard8452 A spectrophotometer. Resonance Raman spectra (excitation
frequency of 5145 A) were measured in propionitrile at —70°C in a low-
temperature, four-window cell. Time-resolved UV/Vis spectra of the
reactions of dioxygen with copper(l) complexes were recorded with a
modified Hi-Tech SF-3L low-temperature stopped-flow unit equipped with
a J&M TIDAS 16-500 diode array spectrophotometer (J&M, Aalen,
Germany). Data fitting was carried out in the integrated J&M software
Kinspec or the program Specfit (Spectrum Software Associates, Chapel
Hill, NC, USA).

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

[Cu(Megtren) JC10, (2-ClO,): [Cu(CH;CN),JCIO, (0.33 g, 1 mmol) was
added with stirring to a solution of Megtren (0.23 g, 1 mmol) in a small
amount of acetonitrile in a glove-box. Colorless crystals suitable for X-ray
characterization were obtained by diffusion of diethyl ether into this
solution. Yield: 39 mg (10%); CuC,,H;N,ClO,: caled C 36.64, H 7.69, N
14.24; found C 36.38, H 8.21, N 13.95.

[Cu(Megtren) |BF, (2-BF,): [Cu(Megtren) |BF, was synthesized in the same
way as [Cu(Megtren)]|ClO, from [Cu(CH;CN),BF,. Yield: 30%:;
CuC,,H;)N,BF,: caled C 37.86, H 7.94, N 14.71; found C 37.54, H 8.18, N
14.50.

[Cu(Megtren)CI]CIO, (7-C10,): A solution of Cu(ClO,),-6H,0 (0.46 g,
1.25 mmol) and CuCl,-2H,0 (0.21 g, 1.25 mmol) in water (20 mL) was
added to a solution of Megtren (0.576 g, 2.5 mmol) in methanol (10 mL).
The solution was stirred for a few minutes and then filtered. Turquoise
crystals suitable for X-ray analysis were formed soon afterwards. Yield:
0.75 g (70%); CuC;,H;3N,CLO,: caled C 33.61, H 7.05, N 13.06; found C
33.61, H 727, N 13.00.
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Table 1. The crystal data and structure refinement for 2-ClO, and 7-ClO,.
Complex [Cu(Megtren) ]CIO, [Cu(Me,tren)CI]CIO,
empirical formula C,,H;,CICuN,O, C,,H;,Cl,CuN,O,
formula weight 393.39 428.84
temperature [K] 200(2) 293
crystal system hexagonal rhombohedral
space group Po6; R3c
a[A] 9.923(3) 9.988(2)
b [A] 9.923(3) 9.988(2)
c[A] 10.991(5) 33.535(7)
a [ 90 90.0
A 90 90.0
v [°] 120 120.0
volume [A3] 937.2(6) 2897(1)
V4 2 6
o [Mgm™] 1.394 1.475
« [mm~1] 1.328 1.429
F(000) 416 1350
crystal size [mm?] 0.80 x 0.25 x 0.10 0.50 x 0.30 x 0.30
diffractometer Siemens P4 Nicolet R3m/V
scan technique  scan  scan
O-range for data collection 2.3 1t027.0 2.6 to 27.0
index ranges —1<h<11, —12<k<1,-1<I<14 —1<h<12, -12<k<11, —42<1<42
reflections collected 1939 4418
independent refl. 790 1404
Rin 0.0971 0.0336
observed reflections [F > 40(F)] 563 989
data/restraints/parameters 790/1/69 1404/1/100
goodness of fit on F? 1.025 0.911
R1 [Fy>40(F)]& 0.0612 0.0285
wR, (all data)l® 0.1506 0.0695
Flack parameter x*/ —0.08(6) —0.01(2)
q"® 0.0747 0.0467
b 0.5287 0
largest diff. peak and hole 0.619 0.193

—1.639 —0.329

[a] Ri=Z||F,| — |FI/ZIF|s wR=(Z[w(F3—F2)VEw(FSY )P [b] w=1/[0*(F3)+(qx Py’ +rP], P=((F3+2F2)/3.

Single-crystal X-ray structure determinations: Crystal data and experi-
mental conditions for the two complexes are listed in Table 1. The
molecular structures are illustrated in Figures 1 and 4. Selected bond

Table 2. Selected bond lengths [A] and bond angles [°] with standard
deviations in parentheses for the complexes 2-ClO, and 7-CIO,.

lengths and angles with standard deviations in parentheses are presented in 2-CIO,
& & ons in par p Cu(1)-N@)#1 2122(7)  Cu(1)-N(@2)#2 2122(7)
Table 2. Intensity data were collected with graphite-monochromated Moy,
radiation (1=0.71073 A). The collected reflections were corrected for Cu(1)-NQ) 2.122(7) - Cu(1)-N(1) 2200(14)
Lorentz and _ol.arization éffects An empirical correction with psi-scans of N@)#1-Cu(1)-N@y#2 - 11920(7) N@)#2-Cu(1)-N(1) 848(2)
20 reﬂectionsp (73°<20<26 7T —po 4820, Tpux=0 5784)p was per- N@)#1-Cu(1)-N(2) 11920(7) - N(2)-Cu(1)-N(1) 848(2)
S = eT =SS0 Dmin = A0S may = T p N@)#2-Cu(1)-N(2)  11920(7)  N(2)#1-Cu(1)-N(1) 84.8(2)

formed for 2-ClO,, while absorption effects in 7-ClO, were neglected.
The structures were solved by direct methods and refined by full matrix

#l:—y+2,x—y+2 2 #2:—x+y, —x+2,z2

least squares methods on F2.! Hydrogen positions of 7-ClO, were 7-ClO,

geometrically positioned and allowed to ride on their carrier atoms during Cu(1)-N(1) 2.040(6)  Cu(1)-N(2)#2 2.186(2)

the refinement; their isotropic displacement parameters were tied to those Cu(1)-N(2) 2.186(2)  Cu(1)-CI(1) 2234Q2)

of the adjacent carbon atoms by a factor of 1.5. For 7-ClO, all the hydrogen Cu(1)-N(Q2)#1 2.186(2)

atom positions were taken from a difference Fourier synthesis and refined N(1)-Cu(1)-N(2) 84.55(7)  N(2)#1-Cu(1)-N(2)#2  119.11(2)

with a common fixed isotropic u parameter./ ) N(1)-Cu(1)-NQ2)#1 84.55(7)  N(1)-Cu(1)-Ci(1) 180.0
N(2)-Cu(1)-N(2)#1 119.11(2)  N(2)-Cu(1)-CI(1) 95.45(7)
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