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Immobilization of a copper complex based on the tripodal
ligand (2-aminoethyl)bis(2-pyridylmethyl)amine (uns-penp)
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A new derivative of the ligand (2-aminoethyl)bis(2-pyridylmeth-
yl)amine (uns-penp), capable for covalent immobilization on
silica, was synthesized. Silica powder for column chromatog-
raphy and mesoporous monoliths served as surface material.
Functionalized silica was sufficiently characterized with reflec-
tance UV/Vis and FTIR techniques. Copper(l) was successfully
complexed with the immobilized ligand and exhibits reversible
reactivity towards dioxygen at low temperatures. Suspending
the oxygen species with toluene at low temperatures led to
selective oxygenation to benzaldehyde, determined by GC-MS.

Introduction

Benzaldehyde is an industrially important chemical and thou-
sands of tons are produced per year. It is used for a wide range
of products such as dyes, drugs, cosmetics and foods.™ It has
been first synthesized by Wohler and Liebig and since then
several ways of commercial fabrication have been established.”’
The Gattermann-Koch synthesis, the chlorination of toluene
with subsequent hydrolysis of the intermediate product and the
direct oxygenation, catalyzed by transition metal oxides, are

[a] T. Briickmann, J. Becker, Prof. Dr. S. Schindler
Institut flir Anorganische und Analytische Chemie
Justus-Liebig-Universitdt
Heinrich-Buff-Ring 17
35392 Giel3en, Germany
E-mail: siegfried.schindler@anorg.chemie.uni-giessen.de
[b] K. Turke, B. Smarsly
Institut fiir Physikalische Chemie
Justus-Liebig-Universitét
Heinrich-Buff-Ring 17
35392 Giel3en, Germany
[c] M. Weil3, R. Marschall
Fakultdt fiir Biologie, Chemie und Geowissenschaften
Universitdt Bayreuth
Universitditsstral8e 30
95447 Bayreuth, Germany

Supporting information for this article is available on the WWW
under https://doi.org/10.1002/zaac.202100022

™ © 2021 The Authors. Zeitschrift fiir anorganische und allgemeine
Chemie published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution Non-
Commercial License, which permits use, distribution and
reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

Copper(l) complexes with the ligands Me-PTS-uns-penp and
Me-Prop-uns-penp were prepared and characterized to model
the reaction behavior towards dioxygen in solution. Addition-
ally, solid copper peroxido complexes with these ligands were
obtained by precipitation with the sterically demanding anion
tetraphenylborate. Furthermore, these complexes could be
obtained in a reversible reaction by treating corresponding
copper(l) complexes with dioxygen. With all oxygenated copper
complexes catalytic oxidation of toluene was observed.

currently the most common procedures®™® However, these
synthetic routes show some noticeable drawbacks: on the one
hand, toxic reactants and catalysts are required and on the
other hand, a range of side products due to overoxidation are
formed. Furthermore, the huge consumption of energy and the
necessary steps for product separation should be mentioned.
Efforts to improve the industrial process have been reported,
e.g. Gast etal. reported a catalyst-free method for direct
oxygenation by treating toluene with dioxygen at high
pressures and temperatures.” However, again no selective
oxygenation could be achieved. With regard to sustainable
chemistry, it would be desirable to synthesize benzaldehyde
directly without waste/side products by selective oxidation of
toluene at room temperature using a catalyst and dioxygen/air
as the sole oxidant. Several copper containing enzymes exist
which are capable to selectively oxygenate organic substrates
under mild conditions, for example dopamine-f-monooxyge-
nase (DBM), peptidylglycine-a-hydroxylating monooxygenase
(PHM) or tyrosinase.”” Modelling the reactivity of the copper
enzymes with low molecular weight complexes therefore is a
worthwhile approach to succeed in an optimized process for
the synthesis of benzaldehyde. Different “dioxygen adduct”
complexes as active species can form when a copper(l)
compound is reacted with dioxygen. Some examples are shown
in Figure 1.®

Copper(l) complexes with the tetradentate ligand tris(2-
methylpyridyl)amine (tmpa) as well as its derivatives (Figure 2)
react with dioxygen to form a trans-u-1,2-peroxido species
(Figure 1b). The molecular structures for the two complexes
[LCu(O,)Cul*" (L=tmpa and Megtren, Figure 2) have been
reported previously.”® While this binding motif has not been
observed in nature so far (side-on, u-n*n*-peroxido, Figure Te, is
here preferred) it turned out that complexes of this type are
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Figure 1. Examples of copper “dioxygen adduct” species: (a) end-on
superoxido, (b) trans-u-1,2-peroxido, (c) 1'-hydroperoxido, (d) side-
on superoxido, (e) u-*m*-peroxido, (f) bis(u-oxido).
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Figure 2. Tripodal ligand tmpa and derivatives: uns-penp
(R=R,=H), Me,apme and Megtren.

capable to catalytically oxidize toluene selectively to
benzaldehyde.”'” Karlin and co-workers demonstrated that this
reaction could be performed in solution at low temperatures
with yields of up to 40%M" The anion tetrakis
(pentafluorophenyl)-borate was applied to achieve higher
solubility to perform the reaction under homogeneous con-
ditions. Around the same time, it was observed that it is
possible to dramatically stabilize some of the trans-u-1,2-
peroxido copper complexes with (some) tripodal ligands in the
solid state by using tetraphenylborate as an anion.” These
complexes were stable up to temperatures of +100°C in the
solid state and therefore seemed to be promising for heteroge-
neous catalytic oxidation of toluene. While this turned out to be
correct, yields still remained rather low and did not exceed 20%
for the copper/tmpa system that turned out to be most suitable
for this application.

With regard to these findings, it was decided to immobilize
tripodal copper complexes to optimize the catalytic system. As
a sustainable carrier material, mesoporous silica was chosen
that has been thoroughly investigated during the last years. It
has been used to a large extent as grafting material and
therefore has a number of advantages.""'? Due to its wide
application, various linking reagents are available on the
market, suitable for a wide range of functionalization. Further-
more, it is resistant against organic solvents in contrast to
organic surface materials such as polystyrene. Its thermal
resistance and low costs are important features as well.">'¥
Additionally, the generally high surface area is an advantage
and the pore structure can be tailored towards the application.

The major goal would be to covalently graft an active
complex onto a silica surface of a so-called silica monolith
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(Figure 3). Its mesoporous structure in a network of macro pores
are features of such a monolith for an application in a flow
reactor. While the meso pores containing a large surface for a
maximum of immobilization a regular network of macro pores
is advantageous for the mass flow of the substrate through the
monolith. This would allow the construction of a flow reactor in
which the substrate and oxidant (dioxygen/air) would be
combined in a solvent and passed through the monolith. As a
consequence, the reaction would be clean (no fragments of
catalyst decay) and only very few separation steps would be
necessary. Moreover, after the oxygenation the complex could
be easily reactivated by a reducing agent.

Results and Discussion

In general, there are two established immobilization/grafting
processes to obtain functionalized silica: 1. The whole ligand
gets incorporated into the silica framework in form of its metal
complex. For this purpose, a mixture of the “linkable” complex
with a tetraalkoxysilane is hydrolyzed in basic media, leading to
a solid silica compound containing the active material. For
example, Suspéne etal. used a tren-based ligand system
(Figure 4a) incorporated into a mesoporous silica framework.
The immobilization thus allowed stabilization of a copper
oxygen adduct compound that was reversibly formed."™ In a
slightly different way a copper(ll) tmpa complex has been
incorporated into mesoporous silica-alumina (AI-MCM-41) and
the obtained material had been used for catalytic hydroxylation
of benzene to phenol using hydrogen peroxide as an oxidant."®

2. Alternatively and more common is the approach to
covalently graft the active materials onto an actual silica
surface, usually silica gel. In addition, it is possible to precast
the surface material into a suitable shape for further applica-
tions such as a monolith that could be used in a flow reactor
(Figure 3). Two different synthetic routes can be applied to
achieve this: a) first the linker will be attached to the silica
surface and in a second step it will be reacted with the actual
ligand prior to adding a metal salt to form the final active

Substrate

/ Oxygen

Figure 3. Functionalized silica monolith placed into a flow-reactor.
Small picture at the right shows the silica monolith.
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Figure 4. (a) tren derivative for incorporation into silica
framework,"® (b) approach with pre-condensed linker on silica
surface with subsequent attachment of a ligand,"”(c) approach
with pre-combination of a linker with the ligand and subsequent
condensation.!"®

material. This has been accomplished e.g. for the attachment of
the macrocyclic ligand cyclam (Figure 4b) to coordinate cobalt
ions and further bonding to an enzyme.'”’ However, problems
have been observed using this method with amines that can
strongly bind to the surface of the silica and then are not
available anymore for combination with the linker."” For that
reason it seems preferable to apply method b) attaching the
linker with the ligand prior to grafting on the surface of the
silica. For example, this method was applied for covalently
grafting palladium complexes onto a silica surface to perform
Heck reactions (Figure 4c)."®

Based on the previous results we chose (2-aminoethyl)bis(2-
pyridylmethyl)amine (uns-penp, Figure 2, R=H) as a ligand for
the combination with a suitable linker for the attachment at the
terminal amine group. The ligand uns-penp has been first
reported by Mandel et al. and has the advantage that it can be
easily modified.”® A kinetic study has been performed in the
past on the reaction of [Cu(Me,uns-penp)lt (Me,-uns-penp,
Figure 2, R=Me) with dioxygen.”" Very similar to copper(l)
complexes with tmpa or Megtren as ligands it reacts according
to equation 1 (L=Me,-uns-penp) in a first step to an end-on
superoxido complex prior to its reaction with a second copper
(1) unit to form a dinuclear end-on peroxido complex (Figure 1).

+0, +Cu'

0. o.__Cu'L
LCUH/ (o} LCu"/ (o) u (1)

Lcu'

The hydrogen atoms of uns-penp need to be substituted by
organic groups to obtain persistent peroxido complexes. If
amine hydrogen atoms are present in the ligand system,
hydrogen peroxide can be formed that would lead to quite
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different reaction behaviour, usually involving radical pathways
initiated by hydroperoxido complexes. Therefore, prior to
modify uns-penp with silyl linker groups, one of the amine
hydrogen atoms was substituted by a methyl group leading to
Me-uns-penp (Figure 5).

Syntheses

The preparation of Me-uns-penp is a bit more of a challenge in
contrast to the facile synthesis of uns-penp or Me,-uns-penp.
While a reductive alkylation reaction with formaldehyde
allowed access to it, yields were very low and a large number of
side products were obtained.”® A different synthetic approach
based on selective protecting and deprotecting reactions of the
fundamental methyl-ethylene diamine structure, followed by
reductive alkylation performed according to the literature
allowed to obtain Me-uns-penp in satisfying yields.**¥

To enable Me-uns-penp for condensation and for covalent
bonding on a silicon dioxide surface several silica linkers are
commercially available that allow a large number of different
possible reactions.”” Alkoxy silane linkers are commonly used
for immobilisation on silica surfaces: on the one hand they can
be managed quite well to obtain sufficient grafting quantities,
on the other hand a lot of derivatives, suitable for a large
number of different reactions are known and available.”® In
here, application of a silane linker containing an alkyl group
with a terminal halide suitable for amine attachment was
chosen. As the most common silane linkers contain more than
one alkoxy group at the silicon atom, there is the possibility of
self-condensation between the linkers/ligands (frameworking)
in the presence of moisture as shown in Figure 6.%”' This effect
can easily suppress a statistical distribution of the immobilized
compounds on the surface of the solids and a distal grafting of
the complexes would not be possible." The commercially
available mono alkoxy linker (3-chloropropyl)dimetylmethoxy
silane (CPDMS) was chosen as suitable starting material for
immobilization. A comparison of both linker molecules is shown
in Figure 6.

The substitution at the precursor ligand led to the product
(2-methyl-(3-propyl)dimethyl-methoxysilane-aminoethyl)bis-(2-
pyridylmethyl)amine (Me-PDMS-uns-penp, (Figure 5). However,
this silane linker as well can undergo self-condensation. In

N/\/N _O., SI/\/\N/\/N
Me-uns-penp Me-PDMS-uns-penp
X @
= = | = \/@
\/\N/\/N SN \Si/\/\N/\/N SN

| 7N |
Me-Prop-uns-penp Me-PTS-uns-penp

Figure 5. Precursor ligand Me-uns-penp and its derivatives for
immobilization and solution experiments.
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Figure 6. Top) Different grafting behaviour of the silane linker, L is
the chosen ligand, (a) mono alkoxy silane linker units that are not
capable of frameworking. It allows a roughly statistical distribution
on a flat surface (b) frameworking of poly alkoxy silane linker units
caused by self-condensation with subsequent immobilization.
Bottom) Reaction of moisture with a mono alkoxy linker attached
to a ligand (c) dimerization caused by self-condensation. (d)
exchange of alkoxy anchor groups with hydroxyl groups.

contrast to its multi alkoxy silane derivatives, there is no prior
frameworking but dimerization could still occur that would
exclude the ability for grafting. (Figure 6¢).*” Furthermore, the
loss of the alkoxy group and a subsequent exchange with a
hydroxyl group could be observed (Figure 6d).

Therefore, all chemicals were properly dried and all
preparations were carried out under inert conditions in a glove
box. As the terminal carbon-chlorine bond of the CPDMS linker
does not feature a sufficient reactivity towards the secondary
amine of the Me-uns-penp ligand, an exchange through a
better leaving group through a Finkelstein reaction was
necessary.” The halide exchange as well as the linker attach-
ment at the ligand were performed in a one-pot reaction in
acetonitrile similar to reactions described previously."*** Con-
trolling the reaction via ESI-MS, after linker addition was
completed, revealed that besides the product mass peak,
dimerization and hydroxyl exchange of the silane group had
occurred (bottom of Figure6). A separation via column
chromatography or by distillation did not lead to a satisfying
yield of pure product. However, the mixture could be purified
by cleaving the dimeric silanol by adding one equivalent of
sodium methoxide and an excess of dimethyl carbonate.””
Afterwards ESI-MS showed only the desired product mass. Even
the hydroxy groups were converted under the basic conditions
leading to the methoxy silane product. This step must be
specifically highlighted as it represents the “bottle neck”
reaction, which was fundamental for a pure product that
precedes a reproducible grafting result and therefore to
successfully apply it in catalysis. The overall synthetic procedure
is presented in Figure 7.

Prior to immobilization of Me-PDMS-uns-penp a test
reaction was performed if this modified uns-penp ligand system
is still capable to support formation of copper “dioxygen
adduct” complexes that could become useful for catalytic
oxidations. Due to the extreme sensitivity of Me-PDMS towards
moisture two analogues of this ligand, Me-PTS-uns-penp and
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Figure 7. Synthesis of Me-PDMS-uns-penp ligand in a one-pot
reaction: 1. linker attachment with prior halide exchange 2. side
products were converted back into the desired species.

Me-Prop-uns-penp (Figure 5) were prepared. Copper(l) com-
plexes from both ligands were synthesized and molecular
structures of both complexes, [Cu(Me-PTS-uns-penp)]BPh, and
[Cu(Me-Prop-uns-penp)]BPh, are presented in Figure 8 (Crystal-
lographic data are reported in the Supporting Information).

It could be confirmed by low temperature stopped-flow
measurements, that both copper(l) complexes reacted with
dioxygen according to equation 1 described above. Time
resolved spectra of the reaction of Cu(Me-PTS-uns-penp)IBPh,
with dioxygen in acetone are presented in Figure 9 and is very

N NG
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Figure 8. Molecular structures of the cations of [Cu(Me-PTS-uns-
penp)1BPh, (left) and [Cu(Me-Prop-uns-penp)IBPh, (right). Ellipsoids
set at 50 % probability; the anions, H atoms, and solvent molecules
are omitted for clarity. Carbon: black; nitrogen: blue; silicon: red;
copper: brown.
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Figure 9. Time resolved spectra of the reaction of [Cu(Me-PTS-uns-
penp)lBPh, with dioxygen in acetone at —81.0°C ([complex]-
=2.0x10"* M, [0,] =4.4x 107> M, total time: 250 s). At 414 nm the
spectra shows the decreasing intensity of the superoxido inter-
mediate. 535 nm shows the increasing intensity of the final
peroxide complex. Time trace at the upper right shows decom-
position of the superoxido species.
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similar to the reaction of [Cu(Me-Prop-uns-penp)lBPh, with
dioxygen (reported in the Supporting Information). Further-
more, the reaction behavior is in excellent agreement with
previous reports on other copper complexes with tripodal
ligands.”'*'% The decomposition of the copper superoxido
complex can be followed by the decrease of the absorbance
maxima at 414 nm (Figure 9, inset). The disappearance of this
band and an increase of a band with a maximum at 532 nm is
the formation of the consecutive reaction to the dinuclear
copper peroxido complex (eq. 1).

While it is difficult to crystallize either an end-on superoxido
or end-on peroxido intermediate complex (only a few examples
have been reported in the literature)®***” it is quite easy to
obtain and crystallize related copper(ll) chlorido complexes as a
model compounds for these intermediates.”® Herein it was
possible to crystallize [Cu(Me-Prop-uns-penp)ClICIO, and its
molecular structure is shown in Figure 10. Crystallographic data
are reported in the Supporting Information.

In contrast to other structurally characterized copper(ll)
complexes with uns-penp derivatives as ligands the copper
centre in [Cu(Me-Prop-uns-penp)CI]CIO, is not coordinated in a
square pyramidal manner but in a trigonal bipyramidal
geometry with a 7 value of 0,83.%%

An essential intention of this work was to obtain an end-on
superoxido copper complex by suppressing the consecutive
formation of the dinuclear copper peroxido complex according
to equation 1. This would allow a better modelling of the active
site of dopamine-f-monooxygenase (DSM) and peptidylglycine-
a-hydroxylating monooxygenase (PHM) and might result in a
more active species with higher yields in catalytic toluene
oxidation. While an end-on superoxido copper complex can be
stabilized with a sterically more demanding ligand it further-
more should be possible to achieve this stabilization through
distal immobilization of the mononuclear copper units on a
silica surface.***” Therefore, the application of a trialkoxy silane
linker was inapplicable due to its tendency towards
frameworking.®? Ligands attached in such a pre-grafted frame-
work may possess distances that would be too short to exclude
formation of peroxido complexes.

This strategy has been applied successfully in the past for a
mononuclear cobalt imine complex. Investigations with “model”
complexes for the actual silyl-based units allowed in the process
structural characterization of an end-on superoxido cobalt
complex.”” Immobilization then proved the ability of this
complex unit to catalytically oxidise n-alkanes."*?

VA
A~
VA

s

Figure 10. Molecular structure of the cation of [Cu(Me-Prop-uns-
penp)CIICIO,. Ellipsoids set at 50% probability; the anions, H atoms,
and solvent molecules are omitted for clarity. Carbon: black;
nitrogen: blue; silicon: red; copper: brown.

ARTICLE

Immobilization

Common silica powder used in column chromatography
(Kieselgel 60 M) was prepared for surface functionalization by
refluxing it in concentrated hydrochloric acid for 24 hours and
subsequent drying at 150°C according to the literature.'®** This
procedure insured sufficient supply of silanol groups, which
serve as anchor positions for ligand condensation. Besides, it
removes potential impurities such as grease and side products
of the fabrication process. Physisorption measurements with
nitrogen of the activated silica gel determined a specific BET
(Brunauer-Emmett-Teller) surface area of 348 m%*/g (Table S1,
Supporting Information). As described above, the spatially
separated immobilization of the ligands should prevent the
formation of dinuclear peroxido copper complexes. To manage
the required distance, an immobilization of only one ligand
molecule per 4 nm? was attempted. Geometrical basis of this
surface concentration is the distance of 0.738 nm between the
silicon atom of the propylene arm and the coordinating
nitrogen atom, positioned between both methyl pyridyl
residues, into a Cu(l) complex with the Me-PTS-uns-penp ligand.
A schematic drawing is pictured in Figure 11.

A statistical distribution of the ligand at the surface was
assumed by the applied concentration of the reaction suspen-
sion containing ligand and the surface material. In accordance
with the Zhuravlev model, a number between 4.6 and 4.9 OH
groups per nm? exists on silica™ Therefore, an adequate
amount of silanol groups is available for this assumption.
Quantification of the resulting reaction solution via transmission
UV/Vis spectroscopy shows that almost all molecules were
successfully grafted on the silica surface (94%, Figure S4,
Supporting Information). However, applying twice the ligand
concentration led to a grafting of only 83% (Figure S4,
Supporting Information). Despite the fact that more hydroxyl
groups should be available the silica surface seems to be
completely functionalized/saturated. One of the reasons for
that effect may be the sterical hindrance of the ligand itself that

g /_)
Zw
+——— 0738 nm ————»

T
=

| <

Figure 11. Schematic drawing of the immobilized copper(l) com-
plex with the Me-PDMS-uns-penp ligand. The double-arrow illus-
trates the distance between the silicon anchor and the axial
nitrogen atom. The red circle is an assumption of the rotational
effect on the surface. The inset shows the molecular structure of
the cation of [Cu(l)(Me-PTS-uns-penp]BPh,.
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makes a further/additional consumption of the silanol groups
through immobilization impossible. In addition, pores, which
were blocked by an immobilized ligand at the entrance, cannot
be accessed by ligand molecules anymore. Physisorption
measurements of the functionalized material resulted in a
reduction of the BET area with regard to the starting surface:
Me-PDMS-uns-penp grafted an area of 47 m%/g, a loss of 14%.
Applying twice the concentration as described above grafting
of 72 m%/g (—21%) was detected confirming the results of the
UV/Vis quantification.

FTIR measurements using diffuse reflectance technique
DRIFTS reveal an immobilization on the silica gel with the Me-
PDMS-uns-penp ligand (Figure 12). Comparison with untreated
silica shows a decrease in intensity of the silanol band
(3734 cm™). Spectra with an enlarged area of interest are shown
in the Supporting Information. Furthermore, the bands with low
intensity between 2965 and 2907 cm™" as well as between 1470
and 1430 cm ™' indicate the presence of an aliphatic group. The
bands of the pyridyl groups with high wavenumbers cannot be
seen due to the huge silanol absorption, however, the bands
between 1600 and 1570 cm™' are visible. Bands at 1245 cm™
and 837 cm™' are slightly visible. They indicate the Si—CH,

T T T
3000 2000 1000

-1
wavenumber/ cm

Figure 12. DRIFTS measurements of pure (black line, bottom) and
functionalized (red line, top) silica gel. The band at 3734 cm™ is
missing for the functionalized sample what indicates a successful
immobilization.

T T T T T T
3000 2500 2000 1500 1000 500
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wavenumber / cm

Figure 13. Comparison of DRIFTS spectra (red line, top) of function-
alized silica gel with Raman spectra (black line, bottom).
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groups, assigned to the presence of the ligand. The additional
Raman spectra underline the successful covalent bonding
(Figure 13). Some of the data obtained from the DRIFT spectra
became clearer from the Raman measurements: the pyridyl
band at 3068 cm™' became much more visible and the band of
the Si—CH, groups is more distinct as well (1245 cm™). The
missing band of the Si-OCH, group at 1085cm™' is an
indication of the covalent Si—O-Si bonding on the silica
surface.*” Treatment of silica with the model ligand Me-PTS-
uns-penp did not lead to comparable spectra, which proved the
necessity of an anchor group to perform a successful immobili-
zation.

A comparison of the surface investigation with the ATR
spectra of the free model ligand Me-PTS-uns-penp is reported
in the Supporting Information. Diffuse reflectance UV/Vis
measurements showed two absorption maxima at 205 and
260 nm what is supposed to be a n/m—ua* transition of the
pyridyl part of the ligand (Figure 14).4¢

As described above monoliths based on mesoporous silica
were applied as well to test for further applications in a flow
reactor. Monoliths were synthesized by sol-gel procedures
(“Nakanishi process”) as described previously.*”=* In contrast to
the procedure applied with silica powder described above the
monoliths were not treated with concentrated HCl because
these rough conditions could cause damage to the cylindrical
shape. No further purification for the monoliths was performed
to avoid deformation. The monoliths were dried at 150°C
overnight. They were obtained with a specific surface of
360 m?/g. Complexing experiments revealed that only the
mantle of the monolith was functionalized due to the
immobilization procedure: to functionalize its surface the
monolith was placed into a special Schlenk tube with a double
bottom to separate the stirring bar from the fragile structure
(Figure S10, Supporting Information). UV/Vis quantification of
the solution after the reaction showed almost complete ligand
consumption (detailed spectra of the surface investigation are
reported in the Supporting Information).

T T T T
400 600 800 1000

wavelength / nm

Figure 14. Diffuse reflectance UV/Vis measurements: Pure (black
line) and functionalized silica (red line). Functionalized species
shows a clear band at 205 and 260 nm caused by m—at* transition
of the pyridyl groups of the ligand.
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Complexation

To determine the actual complexation ability of the grafted
ligands and therefore a quantification of the desired catalytic
properties, an excess of Cu(ll) triflate was suspended into
acetonitrile under inert conditions with a defined amount of
functionalized silica gel. The silica powder apparently showed a
change in colour from colourless to a light blue colour which is
evidence of its complexation ability. However, a determination
of the consumption of copper ions via UV/Vis measurements
was not possible due to the low extinction coefficients in
solution. Investigations with diffuse-reflectance UV/Vis revealed
the ligand w—a* transition as described above together with a
shoulder at 288 nm and a broad maximum around 700 nm,
typically for d-d transitions of copper(ll) ions (Figure 15).5%
Longer exposition with the complexation solution (stirring for
ca. one hour) led to a green powder. The green product showed
an additional maximum at 421 nm. Most likely the copper
complexes reacted with free OH-silyl groups to form copper
silicate bonds (Cu—O-Si) after deprotonation. Exposure to air
yielded again a blue coloured solid after a couple of days that is
comparable in appearance with the blue coloured immobilized
complex described above. Treating immobilized copper(ll)
triflate in acetonitrile with sodium methoxide what act as an
analogue of the proposed Si—O species immediately led to a
green powder. Washing the sample with acetonitrile caused a
colour change to a blue colour as well, which is evidence for a
ligand exchange at the fifth coordination position at the copper
centre.

Copper(l) complexes with triflate or hexafluorophosphate as
anions were attached in the same way as the copper(ll) salt
leading to light yellow air sensitive powders similar to a
previous report on the copper(l) complex with the ungrafted
ligand Me,uns-penp.”

———KGB0, g0 + Me-PDMS-uns-penp + Cu(l)OTly,,,

——— KG60, gygioq + Me-PDMS-uns-penp + Cu(ll)OTr .,
KGB0,0s5105 + Me-PDMS-uns-penp + Cu(l)OTf + O,

——— KGB0, 4,gi06 + 2% Me-PDMS-uns-penp + Cu(l)OTf + O,

T T
600 800

wavelength / nm

Figure 15. Comparison of copper complexes on functionalized
silica: blue and green lines show the spectra of the blue and green
coloured Cu(ll)triflate complexes. The orange coloured spectrum
shows the absorbance of the immobilized copper(l) triflate complex
after its reaction with dioxygen. The red line shows the spectrum of
the immobilized copper complex on a ligand-saturated silica
surface.
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Reactivity towards Oxygen

As described above, time resolved UV/Vis spectra obtained in
solution for the oxygenation of the complexes [Cu(l)(Me-PTS-
uns-penp]BPh, and [Cu(l)(Me-Prop-uns-penplBPh, showed the
formation of transient superoxido and peroxido complexes.
Therefore, it was assumed that these reactions could take place
in the solid state as well, similar to findings reported
previously.” The sterically demanding anion tetraphenylborate
allowed precipitation of peroxido copper complexes from
solution that turned out to be extremely stable.””) In comparison
with these compounds the new complexes reported in here
were much less stable in the solid state. Overnight, the
characteristic blue/purple colour of the 1,2-peroxido species
had faded and a grey coloured solid remained. Reflectance UV/
Vis spectra revealed - as expected - the lack of the absorbance
of a peroxide species (Figure-S11+S512, Supporting Informa-
tion). In contrast and as reported before, the complex with the
symmetric substituted Me,uns-penp as a ligand kept the blue
colour quite persistently.”

The blue coloured copper peroxido complexes could also
be obtained by exposure of the corresponding solid copper(l)
complexes towards dioxygen. However, treating the solid
model compounds [Cu(l)(Me-PTS-uns-penp]BPh, and [Cu(l)(Me-
Prop-uns-penp]BPh, with dioxygen turned the yellow coloured
complexes into green coloured solids instead (Figure S13,
Supporting Information). While the colour change indicated the
formation of an end-on superoxido copper complex UV/Vis
spectra did not really support this. Reflectance UV/Vis spectra
showed a single maximum around 330 nm (Figure S14, Sup-
porting Information) and not at around 410-440 nm where it
would have been expected for a superoxido species.'”?
Keeping the complexes under an argon atmosphere the green
colour changed back into a light yellow coloured solid within
days. The colour change could be accelerated by moderate
heat (~50°C) under an argon flow within minutes (Figure S15,
Supporting Information). The green colour however, could be
reestablished by treating the complexes again with dioxygen,
therefore demonstrating reversible reactivity. Further character-
ization of the green coloured solid has been unsuccessful so far.
In contrast, the copper(l) complex with Me,uns-penp as ligand
exhibits two maxima at 318 nm and 540 nm after exposure to
dioxygen (Figure S14, Supporting Information) clearly showing
the formation of the blue/purple dinuclear peroxido complex
[(Me,-uns-penp)Cu(0,)Cul(Me,-uns-penp)]* .

Immobilized [Cu(uns-penp;mmop)1(OTf) as well shows a strong
sensitivity towards dioxygen: at room temperature the yellow
powder immediately turned irreversibly into a light blue
coloured solid, resembling the copper(ll) product complex
described above with the same spectroscopic features (Fig-
ure 15, orange and blue spectra). In contrast when the complex
was reacted with dioxygen at —80°C a dark green solid was
formed. Flushing the reaction vessel with argon led back to the
yellow coloured copper(l) complex. This process can be
repeated for several times (Figure 16) until the compound is
warmed under dioxygen that again led to the irreversible
formation of the blue compound (Figure 15, orange spectre).
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Figure 16. Reversible reaction of the immobilized copper(l) complex
with dioxygen at low temperatures (—80°C).

Attempts to reactivate this compound, most likely a copper(ll)
species, by reducing it with ascorbate as described previously
were not successful.*?

Due to the instability of the “oxygen adduct” complex at
moderate temperatures no spectroscopic characterization could
be obtained so far. Due to the green colour of the compound
the formation of a end-on superoxido complex is proposed.
Efforts to obtain the proposed superoxido species by addition
of KO, (in combination with cryptand[2.2.2]) to an immobilized
copper(ll) complex, according to a procedure described by
Bailey et al. failed.

The monolith was treated in the same way as the
functionalized silica powder and showed the same reactivity
towards dioxygen at low temperatures.

Catalysis

In general, all catalytic reactions were performed heterogene-
ously. For this purpose, the solid copper complex was
suspended in a defined volume of toluene. In case of the model
complexes, oxygen treated solid [Cu(Me-Prop-uns-penp)IBPh,
and [Cu(Me-PTS-uns-penp)lBPh, were suspended with toluene
and stirred at room temperature. Due to the sensitivity at
moderate temperatures of the immobilized copper oxygen
species, [Cu(uns-penpimmes)1’, it was treated with dioxygen at
—80°C, covered with toluene and kept at this temperature for
120 h. Afterwards the toluene layer was separated by applying
a PTFE syringe filter (pore size 20 um). The products were
determined by GC-MS technique. GC-MS data and a more
detailed description of the procedure are reported in the
Supporting Information. Table 1 shows the results and reaction
conditions. Obviously, all compounds exhibit a catalytic activity
towards the oxidation of toluene. The catalytic activity of the
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“free” complexes [Cu(Me-Prop-uns-penp)lBPh, and [Cu(Me-PTS-
uns-penp)IBPh, is in accordance with the results for [Cu-
(Me,uns-penp)Ol,(BPh,), (that reached a conversion to benzal-
dehyde of 15%) reported previously by Wiirtele et al.”

It should be pointed out however, that the proposed green
coloured copper superoxido complexes [(Me-Prop-uns-penp)
Cu(0,)IBPh, and [(Me-PTS-uns-penp)-Cu(O,)IBPh, do not seem
to be involved in the catalytic oxygenation process in contrast
to our expectations. Deep blue solids, obviously the peroxido
complexes [Cu(Me-Prop-uns-penp)Ol,(BPh,), and [Cu(Me-PTS-
uns-penp)0l,(BPh,), were formed once the corresponding
copper(l) complexes were suspended in toluene under dioxy-
gen. This effect was not observed if the treatment with toluene
was carried out under an argon atmosphere. Under these
conditions the green compound turned back into the yellow
coloured copper(l) complex instead and no oxygenation
reactions could be detected.

Processing the catalytic reaction with preformed [Cu(Me-
Prop-uns-penp)Ol,(BPh,), and [Cu(Me-PTS-uns-penp)O]l,(BPh,),
led to similar conversion of 18% and 14%, respectively
(Table 1). However, here as well no oxygenation of toluene was
observed under an argon atmosphere, clearly indicating the
necessity of the presence of dioxygen.

Conversion was also achieved with the immobilized species
[Cu(uns-penpimmes)] ™, however, yields were rather low. The silica
approach delivers a slightly higher conversion to benzaldehyde
by comparison with the monolith (Table 1). The reason for this
could be the nearby positioning of the ligands on the surface of
the monolith that can lead to peroxide formation/deactivation.
Even though there is no huge influence of the anions detected
with regard to the conversion it turned out that the immobi-
lized oxygenated complex with PF,~ as an anion was much
more stable towards decomposition. Even at moderate temper-
atures, the green colour of the oxygenated complex with this
anion can be observed for a short time while the complex with
triflate already decomposed immediately.

Conclusions and Outlook

We succeeded with the immobilization of a copper complex
system that is known to oxygenate toluene selectively to
benzaldehyde, however in only moderate yields. Superoxido

Table 1. Results of the catalytic reaction of free and immobilized copper oxygen complexes into toluene.

Catalyst™ Duration Temperature Conversion™
[Cu(uns-penpPimmoblsiicaOTF 120 h —80°C 3%
[Cu(uns-penpimmonlsiicaPFs 120 h —80°C 5%
[Cu(uns-penPimmob)monolith OTF 120 h —80°C 1%
[Cu(Me-Prop-uns-penp)]BPh, 70 h rt. 21%
[Cu(Me-PTS-uns-penp)]BPh, 70 h rt. 18%
[Cu(Me-Prop-uns-penp)]BPh,™ 70 h rt. 18%
[Cu(Me-PTS-uns-penp)1BPh, 70 h rt. 14%

were obtained by precipitation at low temperatures.

[a] Active oxygenated species were prepared according to the description in the experimental section [b] conversion to benzaldehyde [c]
the oxygen species were formed by exposure of the corresponding solid copper(l) complexes with dioxygen [d] copper peroxido adducts
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and peroxido copper complexes have been assigned previously
as active catalytic species. Unfortunately, the intention to model
the active site of the peptidylglycine-a-hydroxylating monoox-
ygenase (PHM), an end-on copper superoxido species, through
immobilization was not really successful. While we observed
green solids when reacting corresponding copper(l) complexes
with dioxygen, indicating the formation of such species, it was
not possible to obtain analytical data to support this, mainly
due to the lability of these complexes. Furthermore, it was
observed that oxygenation reactions still seemed to be mainly
caused by the blue/purple dinuclear copper peroxido com-
plexes instead. The expectation that an immobilized copper
superoxido complex might result in a more active species with
higher yields in catalytic toluene oxidation therefore were not
fulfilled. However, it is quite important that it could be shown
that the immobilized complexes are capable to bind dioxygen
reversible at low temperature and that they are still able to
selectively oxidize toluene to benzaldehyde, despite the low
yields. A big advantage here lies in the fact that GC-MS
measurements showed a pure product solution without any
detectable side products. This is in contrast to the applied solid
model complexes for the immobilized species where different
side products were observed (e.g. products of the decomposi-
tion of the anion BPh,”). Despite the problems and the low
yields encountered, in principle we were successful to demon-
strate that the approach to immobilize active copper complexes
in silica have their potential for future applications in catalytic
oxygenation reactions. Optimization of the catalytic system is
still necessary (probably tridentate ligands might be better than
the tripodal ligands applied herein) and most likely a system
should be developed that allows the immobilization of neutral
copper(l) complexes to avoid problems with anions.

Experimental Section

Materials and Methods

All chemicals were purchased from commercial suppliers. Extra dry
solvents were refluxed under argon over drying agents prior to
transfer into the glove box. All reaction vessels were dried under
vacuum with a hot air gun. Nal and K,CO; were dried in vacuum at
250°C and stored under argon. [Cu(MeCN),]* salts were synthe-
sized according to the literature.*” Storage and preparation of air
sensitive compounds were carried out in an argon glove box
(MBraun, Garching, Germany; water and dioxygen <0.1 ppm). NMR
measurements were performed with a Bruker Avance Il 400 MHz
(AV Il 400) and Bruker Avance Ill HD 400 MHz (AV Il 400). Solid UV/
Vis spectra were recorded using a Perkin EImer Lambda 750 UV/Vis-
NIR spectrometer using a Harrick praying mantis. All shown spectra
were converted applying the Kubelka-Munk equation. FTIR meas-
urements were performed using a Bruker Alpha spectrometer
equipped with either a DRIFT or an ATR module. Raman spectro-
scopy was executed on a SENTERRA dispersive Raman microscope
(Bruker optics) equipped with a Nd:YAG laser (A..=532 nm). For
determination of the specific surface for silica gel and monoliths,
the Brunauer-Emmett-Teller method (BET) was used. A Hi-Tech SF-
61SX2 low-temperature stopped-flow unit equipped with a diode
array spectrophotometer (Hi-Tech, Salisbury, UK) was used for
kinetic measurements in solution. A two-syringe setup was used. A
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detailed description has been reported previously.”?" UV/Vis spectra
in solution were obtained with an Agilent 8453 spectrometer. GC-
MS measurements were performed using an Agilent Technologies
5977B with a 7820 A GC system. Crystallographic structure determi-
nation is described in the Supporting Information.

Syntheses

N,N-Boc-methylethylenediamine: The protected precursor was
synthesized according to the literature:* N-methylethylenediamine
(2.00 g, 27.7 mmol) was dissolved in 50 mL dichloromethane. The
solution was cooled to 0°C in an ice bath and a solution of ethyl
trifluoroacetate (3.83 g, 27.7 mmol) in 50 mL dichloromethane was
added dropwise over a period of 40 minutes under argon. After the
addition was complete, the resulting mixture was stirred for
another 60 minutes at room temperature. Finally, the solvent was
removed under vacuum. The colourless oil obtained, soon turned
into a white solid. The product was dissolved in another 100 mL of
dichloromethane. Di-tert-butyldicarbonate (5,89 g, 27.7 mmol) in
10 mL dichloromethane was added to the product solution at 0°C
under argon. The reaction mixture was stirred for 90 minutes at
room temperature and quenched with 30 mL of a saturated sodium
hydrogen carbonate solution and 30 mL of ethyl acetate subse-
quently. The aqueous phase was extracted three times with ethyl
acetate. The combined organic layer was washed with brine, dried
over MgSO,, filtrated and concentrated with a rotary evaporator.
The resulting oil slowly turned into a white solid. The product was
placed into a vessel with 75 mL methanol and 25 mL of a 2-3 mol/L
sodium hydroxide solution and stirred at room temperature for two
hours. Methanol was removed and the aqueous layer was extracted
three times with ethyl acetate. The combined organic layer was
washed with brine, dried over magnesium sulphate, filtrated and
the solvent was removed in vacuum. The crude product was
obtained as a pale yellow oil (3,74 g, 21.5 mmol, 79%) and was
used without further purification. "H-NMR (400 MHz, CDCl;, 24°C, §
[ppm]): 3.31 (br, 2 H, NH,), 2.88 (s, 5 H, NCH3/CH,), 2.63 (s, 2 H, CH,),
146 (s, 9 H, C(CH;);) ESI-MS (m/z): [M+H]": 175.15; [M+Na]":
197.13; 2 M+H]": 349.28; [2 M+Nal*: 371.47;

(2-methylaminoethyl)bis(2-pyridylmethyl)amine (Me-uns-penp):
Reductive alkylation was performed similar to published
procedures.”” N,N-Boc-methylethyelenediamine was dissolved in
60 mL dichloroethane, 2-pyrdinecarboxaldehyde (4.82 g,
45.1 mmol) and sodium triacetoxyborohydride (13.63 g, 64,4 mmol)
were added. The solution was stirred overnight under argon.
Afterwards the reaction suspension was quenched with 60 mL of
2 mol/L NaOH solution and extracted three times with dichloro-
methane. The organic layers were combined, washed with brine,
dried over MgSO,, filtrated and the solvent was removed in
vacuum. The obtained brown oil was treated with 100 mL of half
concentrated hydrochloric acid. The brown solution was refluxed
overnight. NaOH solution (6 mol/L) was slowly added up to a pH of
14 while cooling in an ice bath. The resulting solution was extracted
three times with dichloromethane, washed with brine, dried over
MgSO,, filtrated and the solvent was removed in vacuum. Kugelrohr
distillation led to a pure product which was stored in the glove box
(3.11g, 56%). Overall yield 45% (respectively 2.00g N-meth-
ylethylenediamine). '"H-NMR (400 MHz, CDCl,, 24°C, 6 [ppm]): 8.53
(d, 2 H, py-H), 7.65 (td, 2 H, py-H); 7.48 (d, 2 H, py-H), 7.14 (t, 2 H,
py-H), 3.85 (s, 4 H, py-CH,), 2.75 (t, 2 H, NCH,CH,N(CH,py),), 2.67 (t,
2 H, NCH,CH,N(CH,py),), 2.31 (s, 2 H, NCH;) C-NMR (101 MHz,
CDCl,, 24°C, 6 [ppm]): 159.6, 149.0, 136.4, 122.9, 121.9, 64.4, 60.8,
53.9, 49.4, 36.3 ESI-MS (m/z): IM+H]*: 257.18; [M+Na]": 279.16

(2-methyl-(3-propyl)dimethyl-methoxysilane-aminoethyl)bis(2-
pyridylmethyl)amine (Me-PDMS-uns-penp): Alkylation of an amine
via S\2 reaction and halide exchange into acetonitrile has been
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reported previously.">*" The preparation was carried out in an
argon box: Me-uns-penp (0,859, 3.32 mmol) was dissolved in
40 mL of acetonitrile and transferred into a 100 mL-two-neck
Schlenk flask. Nal (5.00 g, 33.4 mmol) and K,CO; (5.00 g, 36.2 mmol)
were added. When the Schlenk Flask was removed from the argon
box it immediately was covered with aluminium foil. While applying
an argon counter flow (3-chloropropyl)dimethylmethoxysilane
(650 pL, 0,69 g, 4,14 mmol) was added via an Eppendorf pipet. The
reaction mixture was refluxed under argon at 90°C for two days.
The reaction progress was controlled by sampling the mixture
above the free neck of the flask for ESI-MS measurements. After
there was no further mass of the precursor ligand detected,
dimethyl carbonate (0,5 mL, 0,47 g, 5,19 mmol) and sodium meth-
oxide (0,18 g, 3,33 mmol) dissolved in 3.5 mL of dry methanol were
added under argon to transform the side products into the desired
product.®” The reaction was continued overnight. Afterwards the
solvent was removed by transferring it into a cold trap. The
resulting solid was treated with dry pentane under argon. The
suspension was separated via an equipped pre-dried Schlenk frit,
end-capped with a flask suitable for Kugelrohr distillation. After
transferring the pentane into a cold trap, the crude product was
purified via Kugelrohr distillation and then stored in an argon box
(0,66 g, 51%). 'H-NMR (400 MHz, CDCl,, 24°C, & [ppm]): 8.48 (d, 2 H,
py-H), 7.60 (td, 2 H, py-H); 7.51 (d, 2 H, py-H), 7.09 (t, 2 H, py-H), 3.83
(s, 4 H, py-CH,), 3.36 (s, 3 H, SIOCH,), 2.67 (t, 2 H, NCH,CH,N(CH,py),),
2.52 (t, 2 H, NCH,CH,N(CH,py),), 2.24 (t, 2 H, NCH,CH,CH,Si), 2.12 (s,
3 H, NCH,) 1.41 (m, 2 H, NCH,CH,CH,Si), 0.48 (t, 2 H, NCH,CH,CH.Si),
0.04 (s, 6 H, Si(CH,),) C-NMR (101 MHz, CDCl;, 24°C, & [ppm]):
160.0, 149.1, 136.4, 122.9, 121.9, 61.6, 61.0, 55.8, 52.3, 50.4, 42.6,
21.0, 13.5, —2.6 ESI-MS (m/z): [M+H]*: 387.26; [M+Na]*: 409.24 IR
(ATR, v~ [cm™"]): 3052 (w), 3009 (w) 2933 (m), 2827 (m), 1589 (s),
1570 (m), 1427 (m), 1433 (s), 1362 (m), 1305 (w), 1250 (s), 1188 (m),
1146 (m), 1085 (vs), 1047 (s), 1015 (m), 994 (m), 981 (m), 882 (m),
836 (vs), 757 (vs), 729 (s), 634 (w), 615 (m), 470 (w), 404 (s)

(2-methyl-(3-propyl)trimethylsilane-aminoethyl)bis(2-
pyridylmethyl)-amine (Me-PTS-uns-penp): Me-uns-penp (0.75 g,
2.9 mmol) was dissolved in 30 mL acetonitrile, mixed with K,CO,
(4.9 9, 355 mmol) and (3-chloropropyl)trimethylsilane (0,55 mL,
0,49 g, 3.2 mmol) and covered with aluminium foil. The suspension
was heated to reflux for two days under argon. The solvent was
removed by rotary evaporation and the residue was treated with
diethyl ether and filtered. The obtained solution was concentrated
and the crude product was purified via Kugelrohr distillation
(0.65 g; 60%). The product was stored in absence of oxygen and
moisture in an argon box. "H-NMR (400 MHz, CDCl;, 24°C, 6 [ppm]):
8.50 (d, 2 H, py-H), 7.62 (td, 2 H, py-H); 7.52 (d, 2 H, py-H), 7.11 (t, 2
H, py-H), 3.84 (s, 4 H, py-CH,), 2.68 (t, 2 H, NCH,CH,N(CH,py),), 2.53
(t, 2 H, NCH,CH,N(CH,py),), 2.24 (t, 2 H, NCH,CH,CH,Si), 2.13 (s, 3 H,
NCH,) 137 (m, 2 H, NCH,CH,CH,Si), 0.37 (t, 2 H, NCH,CH,CH,Si),
—0.07 (s, 9 H, Si(CH,)5) *C-NMR (101 MHz, CDCl;, 26°C, 6 [ppm]):
160.1, 149.2, 136.5, 123.0, 122.0, 62.0, 61.1, 55.84, 55.7, 52.4, 42.8,
21.9, 144, —1.5 ESI-MS (m/z): [M+H]*: 371.26 IR (ATR, v [cm']):
3051 (w), 3009 (w)2950 (m), 2795 (m), 1589 (s), 1570 (m), 1472 (s),
1433 (s), 1362 (m), 1303 (m), 1247 (s), 1172 (m), 1146 (m), 1121 (m),
1047 (m), 1016 (m), 994 (m), 982 (m), 835 (vs), 775 (vs), 691 (m),634
(w), 613 (m), 513 (w), 472 (w), 404 (w)

(2-methyl-propyl-aminoethyl)bis(2-pyridylmethyl)amine (Me-
Prop-uns-penp): Me-uns-penp (1.00 g, 3.9 mmol) was mixed with
n-iodopropane (0.7 g, 4.1 mmol) and K,CO; (2.5g, 18.1 mmol) in
20 mL of acetonitrile. The mixture was stirred under argon at 50°C
for two days. The solvent was removed by rotary evaporation and
the residue was dissolved in diethyl ether and filtered. Removing
the solvent in vacuo and purification via Kugelrohr distillation
yielded the product as a yellow oil (0,65 g, 56%). The product was
stored in the absence of oxygen and moisture in an argon box. 'H-
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NMR (400 MHz, CDCl;, 23°C, 6 [ppm]): 8.49 (d, 2 H, py-H), 7.61 (td, 2
H, py-H); 7.52 (d, 2 H, py-H), 7.10 (t, 2 H, py-H), 3.83 (s, 4 H, py-CH,),
2.67 (t, 2 H, NCH,CH,N(CH,py),), 2.52 (t, 2 H, NCH,CH,N(CH,py),),
221 (t, 2 H, NCH,CH,CH;), 2.14 (s, 3 H, NCH;) 140 (m, 2 H,
NCH,CH,CH;), 0.80 (t, 2 H, NCH,CH,CH;) *C-NMR (101 MHz, CDCl,,
24°C, 6 [ppm]): 160.0, 149.1, 136.4, 122.9, 122.0, 61.0, 60.24, 55.7,
52.26, 42.7, 20.5, 12.0 ESI-MS (m/z): [M+H]": 299.22 IR (ATR, v~
[cm~'1): 3063 (w), 3009 (w), 2958(m), 2933 (m), 2873 (m), 2801 (m),
1676 (w), 1589 (s), 1570 (s), 1472 (s), 1433 (s), 1362 (m), 1305 (m),
1249 (m), 1216 (m), 1147 (m), 1122 (m), 1083 (M), 1047 (s), 994 (s),
892 (m), 842 (m), 755 (vs), 613 (s), 516 (m), 468 (m)

Me-uns-penp;.mop(silica gel): Silica gel for column chromatography
(Kieselgel 60 M, Macherey-Nagel, Germany) was prepared by
refluxing it in concentrated hydrochloric acid for 24 h followed by
washing it with demineralized water for neutralisation.*® Me-PDMS-
uns-penp (56 mg, 0.14 mmol) was dissolved in dry toluene,
suspended with 1.00 g of prepared silica gel and stirred for at least
30 minutes. The condensation on the silica surface was performed
at 130°C under argon for 24 h.”* Additionally, the functionalized
powder was filtered with a glass frit pore 4, washed with toluene,
ethanol and diethyl ether. The material was transferred into an
argon box, suspended in 10 mL of acetonitrile and 0.5 mL trimeth-
ylamine and stirred for ten minutes. The powder was washed again
with acetonitrile, diethyl ether and dried in vacuum. The final
functionalized silica gel was kept under argon in a glove box. IR
(DRIFTS, v~ [em™"]): 2963, 2910, 1601, 1575, 1482, 1439, Raman
(raman shift, v~ [em~'1):3069 (s), 2962 (s), 2906 (s), 1661 (m), 1575
(m), 1224 (m), 1053 (s), 1010 (s), 833 (w), 636 (w), 486 (w) UV/Vis
(diffuse reflectance, A [nm]): 205, 260

Me-uns-penp;,m.p(monolith): A silica monolith (108 mg), pre-dried
at 150°C, was placed in a Schlenk reactor (Figure S10, Supporting
Information) and covered with 60 mL of dry toluene with Me-
PDMS-uns-penp (8.0 mg, 0.03 mmol). The reactor was heated to
reflux for 24 h under argon.*™ The monolith was placed into a petri
dish and first covered with toluene, then with ethanol and finally
with diethyl ether for 15 minutes each. Further preparation took
place in an argon box. The monolith was treated with 1.0 mL
trimethylamine in 20 mL acetonitrile for ten minutes. Afterwards
the monolith was treated again with first acetonitrile and finally
with diethyl ether each for 10 minutes. The monolith was dried in
vacuum and stored in a glove box. IR (DRIFTS, v~ [cm™"]): 2961,
1601, 1573, 1480, 1439 Raman (raman shift, v~ [cm™"]): 3079 (w),
3069 (w), 2964 (w), 2909 (w), 1228 (w), 1052 (w), 1009 (vw), UV/Vis
(diffuse reflectance, A [nm]): 205, 260

[Cu(Me-uns-penp;.mop(silica gel))1(SO;CF;),: 200 mg of Me-uns-
penpPimme, Were suspended in a solution of 100 mg copper(ll)
trifluoromethanesulfonate in 10 mL acetonitrile and stirred for one
hour. Blue powder can be obtained by interrupting the reaction
after ten minutes. The green product obtained after approximately
one hour of complexation reaction. Both products were washed
properly with acetonitrile and diethyl ether. After drying in vacuum,
products were stored under argon. UV/Vis (diffuse reflectance, 4
[nm]): 205, 260, 288, (421 for the green product)

[Cu(Me-uns-penp;,mop(silica gel))IX (X: SO,CF;~, PF;): 50 mg of
[Cu(MeCN),IX was dissolved in dry acetonitrile under inert con-
ditions. 100 mg functionalized silica were suspended in the copper
solution. After one hour the yellow solid was removed from the
suspension, washed several times with acetonitrile and diethyl
ether and dried in vacuum. The silica appears as a yellow solid and
was stored under argon. UV/Vis (diffuse reflectance, A [nm]): 205,
260, 288

[Cu(Me-uns-penp;,mos(monoltih))]ISO;CF;:  The  functionalized
monolith was placed into a petri dish und covered with a solution
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of 50 mg [Cu(MeCN),] SO,CF; dissolved in 20 mL acetonitrile. After
ten minutes, the monolith was kept in acetonitrile and diethyl
ether, each time for ten minutes, to remove the remaining copper
salt. After drying in vacuum the monolith had turned into a yellow
colour. UV/Vis (diffuse reflectance, A [nm]): 205, 260, 288

Cu(l) and Cu(ll) complexes with the derivatives of uns-penp
described below were prepared under argon similar to published
procedures for related complexes.®?

[Cu(Me-PTS-uns-penp)IBPh,: A solution of [Cu(MeCN),IPF, (0.19 g,
0.51 mmol) in 2 mL acetone was added dropwise with stirring to a
solution of Me-PTS-uns-penp (0.20 g, 0.54 mmol) in 0.5 mL acetone.
Additionally, sodium tetraphenylborate (0.19 g, 0.56 mmol) was
added to the yellow coloured complex solution. The final solid was
obtained by adding the solution into approximately 40 mL of
pentane. The yellow compound was filtered of, washed with diethyl
ether and dried in vacuum. Single crystals for X-ray diffraction were
obtained by diffusion of diethyl ether.

[Cu(Me-Prop-uns-penp)]BPh,: A solution of [Cu(MeCN),]PF; (0.24 g,
0.64 mmol) in 2mL acetone was added dropwise to a stirred
solution of Me-Prop-uns-penp (0.20g, 0.67 mmol) in 0.5mL
acetone.  Additionally  sodium  tetraphenylborate.  (0.24 g,
0.70 mmol) was added to the yellow coloured complex solution.
The final solid was obtained by adding the solution into
approximately 40 mL of diethyl ether. The yellow compound was
filtered of, washed with diethyl ether and dried in vacuum. Single
crystals for X-ray diffraction were obtained by ether diffusion.

[Cu(Me-Prop-uns-penp)CI]CIO,: Me-Prop-uns-penp (50 mg,
0.16 mmol) was dissolved into 4 mL of methanol. CuCl,-2H,0
(14 mg, 0.08 mmol) and of Cu(ClO,),-6H,0 (31 mg, 0.08 mmol) were
added. After brief stirring suitable crystals for X-ray analysis could
be obtained by slow evaporation of the solvent.

Supporting Information (see footnote on the first page of this
article): Additional information about time resolved stopped flow
measurements, calibration values via UV/Vis measurement, BET
values, spectra of surface investigations, schematic drawing of the
monolith reactor, additional results of oxygen treatment, GC-MS
and crystallographic data.

Acknowledgements

Financial support is gratefully acknowledged by the Deutsche
Forschungsgemeinschaft (DFG SPP1740, SCHI 377/13-2). Open
access funding enabled and organized by Projekt DEAL.

Keywords: immobilization monolith copper complex

tripodal ligands - superoxido complex

[11 A. Andersen, Int. J. Toxicol. 2006, 25 Suppl 1, 11-27.

[2] F. Wohler, J. von Liebig, Ann. der Pharm. 1832, 3, 249,282.

[3] E. Breitmaier, G. Jung in Organische Chem, Thieme Verlag,
Stuttgart, 2009, Vol. 6, p.318.

[4] F. Wang, J. Xu, X. Li, J. Gao, L. Zhou, R. Ohnishi, Adv. Synth.
Catal. 2005, 347, 1987-1992.

[5] E.V. Boikov, M. V. Vishnetskaya, A. N. Emel’Yanov, I. S. Tomskii,
N. V. Shcherbakov, Russ. J. Phys. Chem. A 2008, 82, 2233-2237.

[6] S. Gast, J.H. Matthies, U.S. Tuttlies, U. Nieken, Chem. Eng.
Technol. 2017, 40, 1445-1452.

[7]

(8l
9]
[10]

(11

[12

n3
[14]

[15

[16

[17

[18]
[19]

[20

[21]

[22

[23]

[24]

[25]

[26
[27

28
[29]

[30]

[31]

[32
[33

[34]

[35]

[36]

ARTICLE

E.I. Solomon, D. E. Heppner, E. M. Johnston, J. W. Ginsbach, J.
Cirera, M. Qayyum, M. T. Kieber-Emmons, C. H. Kjaergaard, R. G.
Hadt, L. Tian, Chem. Rev. 2014, 114, 3659-3853.

L. M. Mirica, X. Ottenwaelder, T.D. P. Stack, Chem. Rev. 2004,
104, 1013-1045.

C. Wirtele, O. Sander, V. Lutz, T. Waitz, F. Tuczek, S. Schindler,
J. Am. Chem. Soc. 2009, 131, 7544-7545.

H.R. Lucas, L. Li, A. A.N. Sarjeant, M. A. Vance, E.l. Solomon,
K. D. Karlin, J. Am. Chem. Soc. 2009, 131, 3230-3245.

F. Hoffmann, M. Cornelius, J. Morell, M. Froba, Angew. Chem.
Int. Ed. 2006, 45, 3216-3251; Angew. Chem. 2006, 118, 3290-
3328.

M. Ferré, R. Pleixats, M. Wong Chi Man, X. Cattoén, Green
Chem. 2016, 18, 881-922.

P. K. Jal, S. Patel, B. K. Mishra, Talanta 2004, 62, 1005-1028.

S. Sun, Y. Cao, J. Feng, P. Wu, J. Mater. Chem. 2010, 20, 5605-
5607.

C. Suspéne, S. Brandeés, R. Guilard, Chem. Eur. J. 2010, 16, 6352—
6364.

M. Yamada, K. D. Karlin, S. Fukuzumi, Chem. Sci. 2016, 7, 2856—
2863.

K. Szymanska, K. Odrozek, A. Zniszczot, G. Torrelo, V. Resch, U.
Hanefeld, A.B. Jarzebski, Catal. Sci. Technol. 2016, 6, 4882-
4888.

B. Karimi, D. Enders, Org. Lett. 2006, 8, 1237-1240.

L. D. White, C. P. Tripp, J. Colloid Interface Sci. 2000, 232, 400-
407.

J. B. Mandel, C. Maricondi, B. E. Douglas, Inorg. Chem. 1988, 27,
2990-2996.

M. Weitzer, M. Schatz, F. Hampel, F.W. Heinemann, S.
Schindler, Dalton Trans. 2002, 686-694.

G. C. Kuang, J. R. Allen, M. A. Baird, B. T. Nguyen, L. Zhang, T. J.
Morgan, C. W. Levenson, M. W. Davidson, L. Zhu, Inorg. Chem.
2011, 50, 10493-10504.

C. Komiya, K. Aihara, K. Morishita, H. Ding, T. Inokuma, A.
Shigenaga, A. Otaka, J. Org. Chem. 2016, 81, 699-707.

M. Schatz, M. Leibold, S.P. Foxon, M. Weitzer, F. W. Heine-
mann, F. Hampel, O. Walter, S. Schindler, Dalton Trans. 2003,
1480-1487.

J. W. Park, Y. J. Park, C. H. Jun, Chem. Commun. 2011, 47, 4860-
4871.

B. Arkles, Gelest, Inc. 2014, 1-76.

D. Huebner, V. Koch, B. Ebeling, J. Mechau, J. E. Steinhoff, P.
Vana, J. Polym. Sci. Part A 2015, 53, 103-113.

H. Finkelstein, Ber. Dtsch. Chem. Ges. 1910, 43, 1528.

L. Li, W. Liu, H. Zeng, X. Mu, G. Cosa, Z. Mi, C. J. Li, J. Am. Chem.
Soc. 2015, 137, 8328-8331.

E. Suzuki, M. Akiyama, Y. Ono, J. Chem. Soc. Chem. Commun.
1992, 136-137.

M. Weitzer, S. Schindler, G. Brehm, S. Schneider, E. Hérmann, B.
Jung, S. Kaderli, A.D. ZuberbUhler, Inorg. Chem. 2003, 42,
1800-1806.

S. Schindler, Eur. J. Inorg. Chem. 2000, 2311-2326.

M. Schatz, M. Becker, F. Thaler, F. Hampel, S. Schindler, R.R.
Jacobson, Z. Tyekldr, N.N. Murthy, P. Ghosh, Q. Chen, etal.,
Inorg. Chem. 2001, 40, 2312-2322.

C. Wirtele, E. Gaoutchenova, K. Harms, M. C. Holthausen, J.
Sundermeyer, S. Schindler, Angew. Chem. Int. Ed. 2006, 45,
3867-3869; Angew. Chem. 2006, 118, 3951-3954.

R.R. Jacobson, Z. Tyeklar, A. Farooq, K.D. Karlin, S. Liu, J.
Zubieta, A. Farooq, R. R. Jacobson, Z. Tyeklar, K. D. Karlin, et al.,
J. Am. Chem. Soc. 1988, 110, 3690-3692.

T. Hoppe, S. Schaub, J. Becker, C. Wiirtele, S. Schindler, Angew.
Chem. 2013, 125, 904-907; Angew. Chem. Int. Ed. 2013, 52,
870-873.

Z. Anorg. Allg. Chem. 2021, 560-571 www.zaac.wiley-vch.de

570 © 2021 The Authors. Zeitschrift fir anorganische und allgemeine Chemie

published by Wiley-VCH GmbH.

85U8017 SUOWIWOD A1TeR1D 3edlidde au Aq pausenob aJe Sejoie YO ‘@SN Jo SN I0j AReiq18ulUQ A1 UO (SUORIPUOD-PUe-SWLR/WOO" A3 1M Afeiq Ul |uo//Sdny) SUORIPUOD pue swie | 8 88s *[220z/TT/y2] uo Ariqiiauliuo Ao |im ‘eiseAIuN-BigeIT1-snsnt A 22000TZ0Z 92ez/200T 0T/I0p/Wod™ A8 1M AReid i jeuluo//sdny wouy papeojumoq |


https://doi.org/10.1002/adsc.200505107
https://doi.org/10.1002/adsc.200505107
https://doi.org/10.1134/S003602440813013X
https://doi.org/10.1002/ceat.201700045
https://doi.org/10.1002/ceat.201700045
https://doi.org/10.1021/cr400327t
https://doi.org/10.1021/cr020632z
https://doi.org/10.1021/cr020632z
https://doi.org/10.1021/ja807081d
https://doi.org/10.1002/anie.200503075
https://doi.org/10.1002/anie.200503075
https://doi.org/10.1002/ange.200503075
https://doi.org/10.1002/ange.200503075
https://doi.org/10.1039/C5GC02579F
https://doi.org/10.1039/C5GC02579F
https://doi.org/10.1016/j.talanta.2003.10.028
https://doi.org/10.1039/c0jm01269f
https://doi.org/10.1039/c0jm01269f
https://doi.org/10.1002/chem.200903148
https://doi.org/10.1002/chem.200903148
https://doi.org/10.1039/C5SC04312C
https://doi.org/10.1039/C5SC04312C
https://doi.org/10.1021/ol060129z
https://doi.org/10.1006/jcis.2000.7224
https://doi.org/10.1006/jcis.2000.7224
https://doi.org/10.1021/ic00290a020
https://doi.org/10.1021/ic00290a020
https://doi.org/10.1039/b107927c
https://doi.org/10.1021/ic201728f
https://doi.org/10.1021/ic201728f
https://doi.org/10.1021/acs.joc.5b02399
https://doi.org/10.1039/b208740e
https://doi.org/10.1039/b208740e
https://doi.org/10.1039/c1cc00038a
https://doi.org/10.1039/c1cc00038a
https://doi.org/10.1002/pola.27454
https://doi.org/10.1002/cber.19100430257
https://doi.org/10.1021/jacs.5b03220
https://doi.org/10.1021/jacs.5b03220
https://doi.org/10.1039/C39920000136
https://doi.org/10.1039/C39920000136
https://doi.org/10.1021/ic025941m
https://doi.org/10.1021/ic025941m
https://doi.org/10.1002/1099-0682(200011)2000:11%3C2311::AID-EJIC2311%3E3.0.CO;2-7
https://doi.org/10.1021/ic000924n
https://doi.org/10.1021/ja00219a071
https://doi.org/10.1002/ange.201205663
https://doi.org/10.1002/ange.201205663
https://doi.org/10.1002/anie.201205663
https://doi.org/10.1002/anie.201205663
https://doi.org/10.1002/anie.201205663

Journal of Inorganic and General Chemistry

ZAAC ARTICLE

Zeitschrift fir anorganische und allgemeine Chemie

I°]

[37]1 S. Fujinami, A. Hashimoto, K. Komiyama, S. Nagatomo, T. [47] R. Meinusch, R. Ellinghaus, K. Hormann, U. Tallarek, B.M. §
Kitagawa, M. Suzuki, H. Hayashi, H. Furutachi, Bull. Chem. Soc. Smarsly, Phys. Chem. Chem. Phys. 2017, 19, 14821-14834. &

Jpn. 2004, 77, 59-72. [48] K. Nakanishi, N. Soga, J. Am. Ceram. Soc. 1991, 74, 2518-2530. 57

[38] M. Becker, F. W. Heinemann, S. Schindler, Chem. A Eur. J. 1999,  [49] T. Hara, S. Mascotto, C. Weidmann, B. M. Smarsly, J. Chroma- H
5,3124-3129. togr. A 2011, 1218, 3624-3635. s

[39] A.W. Addison, T.N. Rao, J. Chem. Soc. Dalton Trans. 1984,  [50] L.Jianmin, Z. Yugeng, Cryst. Res. Technol. 1991, 26, 331-337. g
1349-1356. [51] D. Maiti, D-H. Lee, K. Gaoutchenova, C. Wirtele, M.C. g

[40] Y. Kobayashi, K. Ohkubo, T. Nomura, M. Kubo, N. Fujieda, H. Holthausen, A. A. Narducci Sarjeant, J. Sundermeyer, S. Schin- B
Sugimoto, S. Fukuzumi, K. Goto, T. Ogura, S. Itoh, Eur. J. Inorg. dler, K. D. Karlin, Angew. Chem. 2008, 120, 88-91. 2
Chem. 2012, 4574-4578. [52] C.E. Elwell, N. L. Gagnon, B. D. Neisen, D. Dhar, A.D. Spaeth, 5

[41] F. Carré, R. ). P. Corriu, E. Lancelle-Beltran, A. Mehdi, C. Reyé, R. G. M. Yee, W. B. Tolman, Chem. Rev. 2017, 117, 2059-2107. 5
Guilard, J. Sykora, A. Van Der Lee, J. Chem. Soc. Dalton Trans. [53] C.C. Liu, T.S. Lin, S. 1. Chan, C. Y. Mou, J. Catal. 2015, 322, 139- §
2003, 3,3211-3215. 151, _ 8

[42] K. Machado, P.B. Tavares, C. Freire, G.S. Mishra, Polyhedron [54] W.D. Bailey, N.L. Gagnon, C.E. Elwell, A.C. Cramblitt, C.J. B
2014, 69 119-126 Bouchey, W. B. Tolman, Inorg. Chem. 2019, 58, 4706-4711. 3

[43] E. M. Soliman, Anal. Lett. 1997, 30, 1739-1751. (>3] /1\6?2 ’?g‘;‘s‘rase"ara' O.5. Owereh, Catal. Commun. 2010, T1, g
[44] L.T. Zhuravlev, Colloid. Silica Fundam. Appl. 2005, 173, 261- g : %
266. &

[45] G. Socrates, Infrared and Raman Characteristic Group Frequen- e
cies. Tables and .Charts, Vol. 3 Wiley-VCH, Weinheim, 2001'. Manuscript received: January 16, 2021 §

[46] M. Hesse, H. Meier, B. Zeeh in Spektrokopische Methoden in Der  Revised manuscript received: February 17, 2021 g
Organischen Chemie, Vol. 8, Thieme Verlag, Stuttgart, 2012. Accepted manuscript online: February 17, 2021 §

[e]

:

E

S

8

g

g

3

2

15

Z

2

&

z

3

£

g

|

]

3

g

=

g

9

=

%

=%

8

9

E

8

3

g

3

&8

g

§

.

3

g

g

3

E

Z. Anorg. Allg. Chem. 2021, 560-571 www.zaac.wiley-vch.de 571 © 2021 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie g
published by Wiley-VCH GmbH. [


https://doi.org/10.1002/(SICI)1521-3765(19991105)5:11%3C3124::AID-CHEM3124%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1521-3765(19991105)5:11%3C3124::AID-CHEM3124%3E3.0.CO;2-D
https://doi.org/10.1039/DT9840001349
https://doi.org/10.1039/DT9840001349
https://doi.org/10.1002/ejic.201200177
https://doi.org/10.1002/ejic.201200177
https://doi.org/10.1016/j.poly.2013.11.025
https://doi.org/10.1016/j.poly.2013.11.025
https://doi.org/10.1080/00032719708001690
https://doi.org/10.1039/C7CP01846K
https://doi.org/10.1111/j.1151-2916.1991.tb06794.x
https://doi.org/10.1016/j.chroma.2011.04.008
https://doi.org/10.1016/j.chroma.2011.04.008
https://doi.org/10.1002/crat.2170260316
https://doi.org/10.1002/ange.200704389
https://doi.org/10.1021/acs.chemrev.6b00636
https://doi.org/10.1016/j.jcat.2014.12.005
https://doi.org/10.1016/j.jcat.2014.12.005
https://doi.org/10.1021/acs.inorgchem.9b00090
https://doi.org/10.1016/j.catcom.2010.05.012
https://doi.org/10.1016/j.catcom.2010.05.012
https://doi.org/10.1016/j.catcom.2010.05.012

