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Mononuclear copper(II) salen-type Schiff base complexes,
CuIIL1–5 [H2L1 to H2L5 = tetradentate N,N,O,O ligands de-
rived from 2-hydroxybenzaldehyde, 2,4-dihydroxybenz-
aldehyde, 3,5-dibromo-2-hydroxybenzaldehyde, 2-hydroxy-
5-nitrobenzaldehyde, 5-chloro-2-hydroxybenzaldehyde and
1,3-bis(3-aminopropyl)tetramethyldisiloxane, respectively]
were prepared in situ in the presence of a copper(II) salt or
by direct complexation between a copper(II) salt and a pre-
synthesised Schiff base. The compounds {CuL1, CuL1·0.5Py,
CuL2·0.375CH2Cl2, (CuL3)[Cu(4-Me-Py)4Cl]Cl·2H2O, CuL4,
CuL4·CHCl3 and CuL5, as well as the isolated ligand H2L3}
were characterised by elemental analysis, spectroscopic
methods (IR, UV/Vis, 1H NMR, EPR) and X-ray crystallogra-
phy. The formation of a 12-membered central chelate ring in
these complexes is effected by the tetramethyldisiloxane
unit, which separates the aliphatic chains, thus significantly
reducing the mechanical strain in such a chelate ring. We
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dub this a “shoulder yoke effect” by analogy with the load-
spreading ability of such an ancient device. The coordination
geometry of copper(II) in CuIIL1–5 can be described as tetra-
hedrally distorted square-planar. Maximum tetrahedral distor-
tion of the coordination geometry expressed by the parameter
τ4 was observed for CuL1 (0.460), while distortion was minimal
for the two crystallographically independent molecules of
CuL2 (0.219 and 0.284). The Si–O–Si bond angle varies mark-
edly between 169.75(2)° for CuL1 and 154.2(3)° for CuL4·
CHCl3. Charge-density and DFT calculations on CuL1 indicate
high ionic character of the Si–O bonds in the tetramethyldis-
iloxane fragment. The new copper(II) complexes bearing the
disiloxane moiety have been shown to act as catalyst precur-
sors for the aerobic oxidation of benzyl alcohol to benzalde-
hyde mediated by the TEMPO radical, reaching yields and
TONs up to 99% and 990, respectively, under mild and envi-
ronmentally friendly conditions (50 °C; MeCN/H2O, 1:1).

bind to a variety of metal ions.[1] A large number of chiral
and achiral salen-type ligands with preferences for different
metals have been prepared by straightforward condensation
of 2-hydroxybenzaldehyde derivatives with a variety of di-
amines.[2] Their metal complexes can be synthesised either
by reaction of metal salts with presynthesised Schiff bases
in situ or by a condensation reaction of an aldehyde and a
(diamine)copper(II) complex.[3] This synthetic flexibility
has permitted the design of molecular structures with tune-
able properties (chemical, optical, magnetic, electrical), and
numerous derivatives have found applications in many re-
search fields, e.g., biomimetic chemistry,[4] analytical chem-
istry (optical, electrochemical, and chromatographic sen-
sors),[5] materials chemistry (light-emitting diodes OLED,
PLED)[6] and catalysis.[7] Schiff base ligands, however, pro-
vide only a portion of the binding sites required for octahe-
dral coordination, the remaining sites being available for
substrates or small molecules, for example in O2 activation
processes.[8] Schiff base metal complexes are of great impor-
tance for asymmetric catalysis,[9] particularly in the asym-
metric epoxidation of unfunctionalised alkenes.[10–12] Cop-
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per–salen complexes have proven to be efficient in the selec-
tive oxidation of alkanes and alkenes by hydrogen perox-
ide,[13] aromatic hydrocarbons by hydrogen peroxide or tert-
butyl hydroperoxide,[14,15] oxidation of alcohols by hydro-
gen peroxide,[16] stereoselective aldehyde olefination,[17] az-
iridination of olefins,[18] conversion of aldehydes into nitro
alcohols (asymmetric Henry reaction)[19] and asymmetric
synthesis of α,α-disubstituted amino acids.[20]

The diamine aliphatic chain length (n) determines the
type of copper(II) complex formed. Metal–salen-type com-
plexes can be conformationally more rigid or more flexible
so as to adopt a variety of geometries such as planar, um-
brella-type and stepped conformations.[7] Here, 2-hydroxy-
benzaldehyde reacts with aliphatic diamines to give 2:1 con-
densation products of the type H2L (n = 2–8) (Scheme 1).

Scheme 1. Salen-type Schiff bases.

For n = 2–4, mononuclear metal complexes with chelate
ring size alternation 6–5–6,[21] 6–6–6[22] and 6–7–6[23] have
been reported. When n = 5–8, copper(II) complexes with
Schiff bases with a 2:2 stoichiometry, as shown in Scheme 2,
are well-documented in the literature.[24,25] In addition, for
n = 6, pure enantiomers have been isolated, and they crys-
tallise in space groups P41 and P43 according to an X-ray
diffraction study (Scheme 2, right).[26] Systems containing
intramolecular cavities are themselves of great interest,
since they can be used as a reaction field or environment
for selective capture, accommodation, transformation or
transport of guest molecules.[25]

Scheme 2. Cofacial cyclic dimer with 1,7-bis(salicylideneamino)-
heptane and enantiomerically pure copper(II) complexes with 1,6-
bis(salicylideneamino)hexane.

Recently, efforts by us focused on transition-metal com-
plexes using a new ligand type containing a disiloxane
group.[27] This group possesses unusual structural fea-
tures,[28] namely an Si–O bond length of 1.63 Å, which is
small compared with the sum of the Si and O ionic radii
and a high and variable bond angle around the O atom,
which ranges between 135 and 180° with an energy mini-
mum at 145°.[29] In this paper we report on the synthesis
and characterisation of mononuclear copper(II) complexes
with Schiff bases derived from 2-hydroxybenzaldehyde, 2,4-
dihydroxybenzaldehyde, 3,5-dibromo-2-hydroxybenzalde-
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hyde, 2-hydroxy-5-nitrobenzaldehyde or 5-chloro-2-hy-
droxybenzaldehyde and the disiloxane-bearing diamine 1,3-
bis(3-aminopropyl)tetramethyldisiloxane (Scheme 3). The
main objectives of the present study consist of (i) the eluci-
dation of the effect of the disiloxane unit on Schiff base
formation and its coordinating ability, (ii) insight into the
nature of bonding in the disiloxane moiety, which is still
disputed in the literature,[30] and (iii) evaluation of the cata-
lytic oxidation properties of the new copper(II) complexes.
We have a general interest in the metal-catalysed, mild oxi-
dative functionalisation of alkanes and alcohols.[31–49] The
aerobic oxidation of benzyl alcohol to benzaldehyde medi-
ated by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was
chosen as a galactose oxidase model reaction to study the
catalytic oxidation ability of the copper(II)–salen-type
Schiff base complexes bearing a disiloxane moiety.

Scheme 3. Copper(II) complexes prepared in this work.

Results and Discussion

Synthesis and Characterisation

The condensation reaction of 2-hydroxybenzaldehyde
with 1,3-bis(3-aminopropyl)tetramethyldisiloxane in the
presence of three different copper(II) salts (chloride, acetate,
nitrate) afforded the metal complex CuL1, where H2L1 is a
tetradentate N,N,O,O ligand that contains a tetramethyldi-
siloxane unit (Scheme 3). The formation of CuL1 was con-
firmed by ESI mass spectrometry, which showed peaks at
m/z = 518, 540 and 1057 attributable to [M + H]+, [M +
Na]+ and [2M + Na]+, respectively. The IR spectrum is also
in line with the structure proposed for CuL1 with character-
istic stretching vibrations at 1625 cm–1 assigned to the
metal-bound azomethine group and absorptions at 1251,
1081 and 799 cm–1 typical for a dimethylsiloxane moiety.[50]

The complex CuL2 was prepared by starting from 3,5-di-
bromo-2-hydroxybenzaldehyde and 1,3-bis(3-aminopropyl)-
tetramethyldisiloxane in the presence of copper(II) acetate.
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The most abundant peak in the positive ESI mass spectrum
is at m/z = 856. The observed isotopic pattern fits well with
the theoretical one calculated for [M + Na]+. The ligand
H2L3 was prepared in 77% yield by condensation of 2,4-
dihydroxybenzaldehyde with 1,3-bis(3-aminopropyl)tetra-
methyldisiloxane in a 2:1 molar ratio in methanol at reflux.
The formation of the product was verified by FTIR spec-
troscopy where specific absorption bands are observed at
1643 cm–1 (CH=N), 1253 cm–1 (Si–CH3) and 1045 cm–1

(Si–O–Si). The 1H NMR spectrum is also consistent with
the suggested structure. Further reaction of H2L3 with ex-
cess CuCl2·2H2O in the presence of 4-methylpyridine af-
forded the complex [CuL3][Cu(4-Me-Py)4Cl]Cl·2H2O. The
ESI mass spectrum provided evidence for the formation of
CuL3. The peaks at m/z = 572 and 1121 were assigned to
[M + Na]+ and [2M + Na]+. A strong azomethine band at
1622 cm–1 in the FTIR spectrum of the metal complex is
shifted by 21 cm–1 relative to that of the free ligand
(1643 cm–1), indicating coordination of the azomethine ni-
trogen atom to the copper(II) ion. Compounds CuL4 and
CuL5 were prepared in situ by condensation of 2-hydroxy-
5-nitrobenzaldehyde and 5-chloro-2-hydroxybenzaldehyde
correspondingly with 1,3-bis(3-aminopropyl)tetramethyl-
disiloxane in a 2:1 molar ratio in the presence of
CuCl2·2H2O in CH3OH/CH2Cl2 (1:1) and CH3OH/CHCl3
(1:1), respectively. Positive-ion ESI mass spectra showed
peaks at m/z = 608 and 630 for CuL4 assigned to [M +
H]+ and [M + Na]+, respectively, and at m/z = 588 for CuL5

attributed to [M + H]+. The complexes CuL1·0.5Py and
CuL4·CHCl3 were prepared by recrystallisation of CuL1

and CuL4 from a solution of pyridine in methanol and
chloroform, respectively. The formation of mononuclear
copper(II) complexes of H2L1–5 with a chelate ring size
alternation 6–12–6 was confirmed by X-ray diffraction
(vide infra). It is also worth noting that metal–salen com-
plexes modified by the Keggin-type polyoxometalate,

Figure 2. View of the first crystallographically independent molecule (A) of CuL2 with atom labelling and thermal ellipsoids at the 50 %
probability level.
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namely SiW11O39
8–, apparently consist of the same se-

quence of chelate rings.[51] The formation of even larger 16-
membered chelate rings has been found in manganese(II)
and nickel(II) complexes with 1,3-bis[3-(imidazol-1-yl)-
propyl]-1,1,3,3-tetramethyldisiloxane.[52]

X-ray Crystallography

The results of X-ray diffraction studies of CuL1,
CuL1·0.5Py, CuL2·0.375CH2Cl2, [CuL3][Cu(4-Me-Py)4Cl]-
Cl·2H2O, CuL4, CuL4·CHCl3 and CuL5 are shown in Fig-
ures 1, 2, 3, 4, 5, as well as in Figures S1 and S2, respec-
tively.

Figure 1. View of the molecule of CuL1 with atom labelling and
thermal ellipsoids at the 50% probability level.
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Figure 3. Fragment of the crystal structure of the complex [CuL3][Cu(4-Me-Py)4Cl]Cl·2H2O with atom labelling and thermal ellipsoids
at the 50% probability level. Only one of two disordered positions for the Cu2 atom is shown. Selected bond lengths [Å] and angles [°]:
Cu1–O1 1.912(5), Cu1–N1 1.965(5), Cu2–N2 2.092(6), Cu2–N3 2.118(7), Cu2–Cl1 2.858(2), Si1–O3 1.604(2); O1–Cu1–O1i 154.4(3), O1–
Cu1–N1 92.8(2), O1i–Cu1–N1 92.7(2), N1–Cu1–N1i 155.2(3), N2–Cu2–N3 85.3(2), Si1i–O3–Si1 166.8(5), N2–Cu2–Cl1 103.8(2), N3–
Cu2–Cl1 102.0(2), Si1i–O3–Si1 166.8(5); τ4 = 0.357; symmetry code for equivalent atoms: i: –x + 1, y, –z + 3/2; ii: 1 – x, y, 3/2 – z.

Figure 4. View of the molecule of CuL4 with atom labelling and
thermal ellipsoids at the 50% probability level.

Compounds CuL1, CuL1·0.5Py, CuL2·0.375CH2Cl2,
CuL4, CuL4·CHCl3 and CuL5 have a molecular structure
in the crystal consisting of the neutral [CuLn] molecules,
where n = 1, 2, 4 and 5. On the contrary, [CuL3][Cu(4-Me-
Py)4Cl]Cl·2H2O has an ionic crystal structure, which is built
up from the analogous neutral CuL3 complexes, [Cu(4-Me-
Py)4Cl]+ cations, Cl– counter-anions and cocrystallised
water molecules in a 1:1:1:2 ratio (Figure 6). The neutral
molecule CuL3 lies on a twofold crystallographic axis with
special positions for the Cu1 and O3 atoms, while Cu2 in
the [Cu(4-Me-Py)4Cl]+ cation is disordered over two resolv-
able positions around the inversion centre with equal prob-
ability (0.5:0.5) (Figure 6). As a result, each Cu2 atom has a
square-pyramidal coordination geometry provided by four
nitrogen atoms of the 4-Me-Py ligands in the equatorial
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Figure 5. View of the first crystallographically independent mole-
cule (A) of CuL5 with atom labelling and thermal ellipsoids at the
50% probability level.

plane and a chlorine atom in the apical position with a
Cu2–Cl1 bond length of 2.858(2) Å. The second Cu2···Cli

contact is equal to 3.812(2) Å. The Cu2 atom comes out
from the mean plane defined by four nitrogen atoms
towards the apical atom Cl1 by 0.477(1) Å. In [CuL3]·
[Cu(4-Me-Pic)4Cl]Cl·2H2O there is precedent for noncova-
lent intermolecular interactions due to the presence of dif-
ferent fragments, which are potential proton donors or pro-
ton acceptors. The crystal structure (Figure 6) is character-
ised as a 3D supramolecular architecture assembled by
means of a complex network of O–H···O, O–H···Cl and C–
H···Cl hydrogen-bonding interactions.

Compounds CuL1·0.5Py, CuL2·0.375CH2Cl2 and CuL5

crystallise with two independent molecules (denoted as A
and B) in the asymmetric unit with close geometrical pa-
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Figure 6. Fragment of the 3D supramolecular network in the crystal structure [CuL3]·[Cu(4-Me-Py)4Cl]Cl·2H2O. Irrelevant H atoms and
siloxane CH3 groups are omitted for clarity, hydrogen bonds are shown by dashed lines: O2–H···O1w [O2–H 0.92, H···O1w 1.74, O2···O1w
2.628(7) Å; O2–H···O1w 160.2°], O1w–H···Cl1 [O1w–H 0.85, H···Cl1 2.34, O1w···Cl1 (1 – x, 1 – y, 1 – z) 3.155(4) Å; O1w–H···Cl1 159.5°],
C13–H···Cl1 [C13–H 0.93, H···Cl1 2.69, C13···Cl1 (1 – x, –y, 1 – z) 3.491(7) Å; C13–H···Cl1 144.2°], C24–H···Cl1 [C24–H 0.93, H···Cl1
2.62, C24···Cl1 (1 – x, –y, 1 – z) 3.477(7) Å; C24–H···Cl1 152.9°].

rameters. The copper atom in CuL1–5 is coordinated by a
tetradentate N2O2 Schiff base ligand with the formation of
two six- and one twelve-membered chelate rings (Figures 1,
2, 3, 4, and 5, as well as Figures S1 and S2). The coordina-
tion geometry of each copper atom can be described as tetra-
hedrally distorted square-planar. The degree of tetrahedral
distortion can be characterised by the parameter τ4, intro-
duced by Houser, to describe the geometry of a four-coordi-
nate metal complex.[53] The value of τ4 ranges from 1 for
perfect tetrahedral geometry to 0 for a perfect square-
planar geometry. Intermediate values serve as an indication
of tetrahedral distortion of square-planar coordination.
The τ4 index, calculated for the investigated compounds
(Table 1) exhibits values ranging from 0.460 for CuL1 to
0.219 for CuL2·0.375 CH2Cl2 (0.284 for the other crystallo-

Table 1. Selected bond lengths [Å] and angles [°] for CuL1, CuL1·0.5Py, CuL2·0.375CH2Cl2, CuL4, CuL4·CHCl3 and CuL5.

CuL1 CuL1·0.5Py CuL2·0.375CH2Cl2 CuL4 CuL4·CHCl3 CuL5

A B A B A B

Cu1–O1 1.882(1) 1.880(3) 1.888(3) 1.884(6) 1.885(6) 1.901(4) 1.893(3) 1.867(4) 1.908(3)
Cu1–O2 1.886(1) 1.886(3) 1.887(3) 1.901(6) 1.902(5) 1.884(3) 1.894(3) 1.900(3) 1.891(3)
Cu1–N1 1.960(2) 1.971(4) 1.972(4) 1.963(7) 1.975(6) 1.974(4) 1.973(3) 1.967(4) 1.970(4)
Cu1–N2 1.963(2) 1.958(4) 1.970(4) 1.975(7) 1.968(6) 1.948(4) 1.984(3) 1.958(4) 1.961(4)
Si2–O3 1.614(2) 1.606(4) 1.616(3) 1.627(7) 1.615(7) 1.639(5) 1.621(4) 1.611(5) 1.611(4)
Si1–O3 1.614(2) 1.610(4) 1.618(4) 1.615(6) 1.624(7) 1.556(5) 1.630(4) 1.606(5) 1.613(4)
O1–Cu1–O2 147.77(7) 151.90(1) 156.56(2) 163.7(3) 160.9(3) 152.76(2) 153.13(1) 151.62(2) 153.41(1)
O1–Cu1–N1 94.52(7) 93.59(2) 92.57(2) 91.5(3) 94.1(3) 93.20(2) 92.95(1) 95.29(2) 93.58(2)
O2–Cu1–N1 95.65(7) 92.48(2) 91.14(2) 90.3(3) 92.7(3) 92.00(2) 92.08(1) 90.40(2) 91.91(2)
O1–Cu1–N2 93.48(6) 92.21(2) 91.36(2) 89.0(3) 88.4(2) 91.84(2) 94.15(1) 93.52(2) 92.04(2)
O2–Cu1–N2 94.26(7) 93.73(2) 93.33(2) 93.3(3) 91.7(2) 93.90(2) 92.88(1) 93.48(2) 93.43(2)
N1–Cu1–N2 147.28(7) 155.07(2) 159.21(2) 165.4(3) 159.0(3) 156.60(2) 153.78(1) 153.77(2) 156.01(1)
Si2–O3–Si1 169.75(2) 165.4(3) 158.4(3) 163.2(5) 161.3(5) 166.4(3) 154.2(3) 158.3(3) 168.3(3)
τ4

[a] 0.460 0.376 0.314 0.219 0.284 0.359 0.376 0.358 0.387

[a] τ4 =
360° – (α + β)

141°
, where α and β are the two largest θ angles at the Cu atom.
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graphically independent molecule in this complex). The Si–
O–Si bond angle in the dimethylsiloxane unit falls in the
quite broad range between 169.75(2)° for CuL1 and
154.2(3)° for CuL4·CHCl3. Even wider variability of this
bond is documented in the literature. In quartz it is at
143.7°,[54] in hexaphenyldisiloxane this angle is linear,[55]

while in dioxadisiletane it is 93.5°.[56] It should be noted,
that the largest Si–O–Si angle in CuL1 correlates with the
largest distortion of the coordination geometry of cop-
per(II) from square-planar (see τ4 value in Table 1). The
marked variation of the Si–O–Si angle in the compounds
studied indicates the lack of strict directionality of the
bonds between the oxygen and silicon atoms, which pro-
vides evidence for the predominantly ionic nature of Si–O
interactions in the disiloxane moiety. Experimental charge
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density analysis (vide infra) is a suitable technique to inves-
tigate the bonding and electronic characteristics of Si–O
bond, something, which is still a matter of debate.[30,57]

EPR Spectroscopy

Each CuII complex with a distinct ligand (i.e., CuL1,
CuL2, CuL4, and CuL5) was investigated by EPR spec-
troscopy in 1,2-dichloroethane/N,N-dimethylformamide
(DCE/DMF, 1:1) frozen solution at 77 K. There was no
need to investigate complexes differing only by solvation
(i.e., CuL4·CHCl3), nor the complex with an additional CuII

species ([CuL3][Cu(4-Me-Py)4Cl]Cl·2H2O), since this would
exhibit overlapping CuII EPR signals. CuL1·0.5Py was
studied to determine whether the pyridine had an effect in
solution. The EPR spectrum for CuL1 is shown in Figure 7
together with a simulation. The spectrum is of a single spe-
cies in solution that is of essentially uniaxial symmetry with
resolved hyperfine coupling from63,65Cu (I = 3/2, 100%
combined abundance) in the parallel (g�) region. The values
for g� and A� of 2.228 and 540 MHz (180�10–4 cm–1),
respectively, place CuL1 exactly within the expected region
for an overall neutral CuII complex with a dx2–y2 orbital
hole and an N2O2 donor set, according to the Peisach and
Blumberg correlation.[58] Hyperfine coupling from the 14N
ligand atoms is partially resolved in the perpendicular (g�)
region, as is often the case,[59] but it was not worthwhile to
attempt to simulate this effect. In cases of fourfold sym-
metry about CuII, such as in Cu(OEP) (OEP =
2,3,7,8,12,13,17,18-octaethylporphine dianion), the resolu-
tion of ligand 14N hyperfine coupling is such that it can be
well simulated.[60] However, any distortions from this ideal
geometry can lead to slight ligand inequivalence and/or g
rhombicity, which makes simulation a challenge. The EPR
spectra for the other complexes were very similar to that
for CuL1, with CuL5 being nearly identical (see Figure S3),

Figure 7. X-band EPR spectrum (black trace) of CuL1 in DCE/
DMF (1:1) frozen solution at 77 K and 9.22 GHz microwave fre-
quency with simulation (red trace). The simulation uses S = 1/2, g
= [2.043, 2.055, 2.228], A(63Cu) = [50, 50, 540] MHz. Hyperfine
coupling to nitrogen ligands is partially resolved in the experimen-
tal spectrum, but its simulation was not attempted.

Eur. J. Inorg. Chem. 2013, 1458–1474 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1463

indicating that the chloro substituent has no direct effect
on the EPR properties of the CuII site (however, it does
affect the catalytic properties – vide infra). Complexes CuL2

and CuL4 both showed evidence for a minor (ca. 10 %)
component in solution, which may be due to (partial) direct
DMF coordination and/or to slightly different conforma-
tions in solution. Nevertheless, there is overall nothing re-
markable about the investigated complexes in the context
of EPR spectroscopy of tetragonally distorted CuII systems,
except to note that EPR suggests that the complexes are
possibly more planar in solution (whether square-planar or
square-pyramidal) than would be expected based on their
solid-state structures.

DFT Calculations and Experimental Charge-Density
Analysis

Geometry optimisation of CuL1 led to a perfect C2 mo-
lecular symmetry with the C2 rotation axis running through
the Cu and O3 atoms. As expected, DFT-optimised bonds
are slightly longer than those from X-ray crystallography
(Table S1). The above mentioned Houser parameter[53] τ4

= 0.265 (Table S1) for the DFT-optimised CuL1 structure
(without any solid-state influences) indicates that the tetra-
hedral distortion is not caused by solid-state effects and
should be, to a lower extent, preserved in solution as well.
This is in agreement with the largely tetragonal character
indicated by the solution EPR spectra and might explain
the difficulties in fitting the hyperfine coupling from the 14N
ligand atoms. The calculated Si–O–Si bond angle of 162.5°
(Table S1) in the dimethylsiloxane unit, which indicates
ionic Si–O bond character (vide infra), is ca. 7° smaller than
its experimental value, and this difference may be ascribed
to solid-state effects. The geometrical parameters resulting
from higher quality X-ray crystallographic data of CuL1

(Figure S4), which were used for experimental charge-den-
sity analysis, can be compared with those obtained from
routine X-ray measurement (caption of Figure 1 and
Table 1).

As can be seen in Table 2, multipole refinement resulted
in a significant improvement of the agreement between the
experimental and calculated structure factors. Residual den-
sity maps were calculated by a Fourier synthesis where the

Table 2. Summary of the SHELXL and multipole refinement of
CuL1.

SHELXL refinement Multipole refinement

sin θ/λ [Å–1] 1.13 1.13
Nobsd. 21074 448105
Nv 289 306
R(F) – 0.0194
R(F)[a] – 0.0362
wR(F)[a] – 0.0133
R(F2) 0.0274 0.0249
R(F2)[a] 0.0488 0.0282
wR(F2)[a] 0.1012 0.0264
S 1.056 1.9725

[a] All reflections.
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coefficients are differences between the observed and calcu-
lated structure factors corresponding to the converged
multipole model. The maximum and minimum of the resid-
ual density are +0.84 eÅ–3 at 0.51 Å from Cu and
–0.87 eÅ–3 at 0.04 Å from Cu, respectively. The root-mean-
square residual density is 0.072 e Å–3. This residual density
is probably due to poor crystal quality.

Nevertheless, the main features of electron density are
reliably determined. The central atom is bound by four co-

Figure 8. 3D plot of the Laplacian of the electron density around
Cu1 at an isosurface value of 1950 eÅ–5 for CuL1.

Figure 9. Laplacian distribution L(r) ≈ �2ρ(r) in the plane defined by atoms Cu1, O1 and N1 (a) and atoms Cu1, O2 and N2 (b).
Contours are drawn at –1.0 �10–3, �2.0�10n, �4.0�10n, �8.0�10n (n = –3, –2, –1, 0, +1, +2, +3) e Å–5, with positive contours drawn
with a full blue line and negative contours with a broken red line.

Table 3. Selected electron-density properties at bond critical points for CuL1.

Bond Experimental Theoretical optimised geometry

Atom A Atom B dAB [Å] ρb, [eÅ–3] �2ρb [eÅ–5] ε dA [Å] dB [Å] dAB [Å] ρb [eÅ–3] �2ρb [eÅ–5] ε

Cu O1 1.8898 0.712(2) 15.524(4) 0.07 0.9396 0.9503 1.9240 0.5999 12.3048 0.01
Cu O2 1.8993 0.666(2) 15.118(4) 0.08 0.9408 0.9585 1.9241 0.5999 12.3048 0.01
Cu N1 1.9693 0.651(2) 11.546(3) 0.03 0.9728 0.9965 1.9877 0.5993 9.5961 0.01
Cu N2 1.9703 0.617(1) 11.756(4) 0.03 0.9593 1.0110 1.9877 0.5993 9.5985 0.01
Si1 O3 1.6325 1.068(7) 12.05(3) 0.01 0.6893 0.9432 1.6578 0.7524 20.1779 0.00
Si1 C10 1.8783 0.866(5) –0.76(2) 0.13 0.7629 1.1154 1.8831 0.7187 5.0294 0.07
Si1 C11 1.8778 0.789(5) 3.21(2) 0.22 0.7456 1.1322 1.8896 0.7234 4.7426 0.07
Si1 C12 1.8594 1.057(5) –8.19(2) 0.20 0.8155 1.0439 1.8831 0.7194 5.0077 0.08
Si2 O3 1.6267 1.087(6) 14.23(3) 0.03 0.6816 0.9451 1.6578 0.7524 20.1779 0.00
Si2 C13 1.8641 0.842(5) 1.92(2) 0.29 0.7443 1.1197 1.8831 0.7194 5.0294 0.07
Si2 C14 1.8680 0.946(5) –3.78(2) 0.18 0.7748 1.0931 1.8831 0.7194 5.0077 0.08
Si2 C15 1.8687 0.998(5) –6.67(2) 0.11 0.7934 1.0753 1.8896 0.7234 4.7402 0.07
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ordination bonds to O1, O2, N1 and N2. Inspection of the
maximum charge concentrations in the bonding and non-
bonding regions in the valence shell, the so-called valence
shell charge concentrations (VSCCs) shows that there are
four regions of charge concentrations (Figure 8),[61] which
correspond to non-bonding d-orbitals (dxz, dyz). On the
other hand, the depletion of the charge in the regions where
the coordination bonds are formed (dx2–y2 orbital) by inter-
action with the lone pair on oxygen and nitrogen donor
atoms (O1, O2, N1 and N2) is clearly seen (Figure 9).

In the framework of the QTAIM[62] analysis, the Si–O
bonds are highly ionic, as indicated by small electron densi-
ties ρ and their markedly positive Laplacians (Table 3, Fig-
ure 10). The second derivative of the electron density, at the
bond critical points (BCPs) for two bonds Si1–O3 and Si2–
O3 are positive with �2ρ(rBCP) of 12.05(3) and
14.23(3) e Å–5 (Table 3), consistent with that reported for di-
fluorobis[N-(dimethylamino)phenylacetimidato-N,O]silicon
of 7.373 eÅ–5 with predominant ionicity for the Si–O
bond.[57] Our B3LYP calculations produce even higher
�2ρ(rBCP) values for the optimised geometry (Table 3). For
comparison, B3LYP/6-311G calculations of large NaCl
clusters give �2ρ(rBCP) of 1.41 eÅ–5 for typically ionic Na–
Cl bonds. The ionic Si–O bonding is also confirmed by
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NBO population analysis with missing covalent Lewis
structures for Si–O bonds. The Lewis structures cannot be
found in large NaCl clusters with typically ionic Na–Cl
bonds as well. NBO analysis confirmed the highly polarised
character of Si–C covalent bonds as indicated by an ap-
proximately 28 % Si contribution in these bonds (Table S2).
Whereas the calculated small positive �2ρ(rBCP) values of
Si–C bonds in the optimised CuL1 structure indicate non-
covalent bonding, some of their experimental counterparts
are negative (Table 3). This discrepancy can be ascribed to
the errors in experimental data. The values of Si–C BCP
ellipticities (Table 3) indicate either small π electron contri-
butions or, more probably, mechanical strain.

Figure 10. Laplacian distribution L(r) ≈ �2ρ(r) in the Si1–O3–Si2
plane. Contours are drawn at –1.0 �10–3, �2.0� 10n, �4.0�10n,
�8.0�10n (n = –3, –2 –1, 0, +1, +2 +3) eÅ–5, with positive con-
tours drawn with a full blue line and negative contours with a
broken red line.

The VSCCs around O3 revealed an unusual shape (Fig-
ure 11).[61] The lone pairs of O3 tend to couple from two
sides with the silicon bonding vectors, and this is in agree-
ment with the charge in its atomic basin (–1.74 e). On the
other hand, the charges in the atomic basins of Si1 and Si2
are of +2.71 and +2.76 e, respectively, in agreement with
the predominantly ionic character of the Si–O bonds in the
disiloxane unit and consistent with those reported for di-
fluorobis[N-(dimethylamino)phenylacetimidato-N,O]sili-
con.[57]

In agreement with EPR spectroscopy, the copper oxi-
dation state based on d-electron populations is +2 (see

Figure 11. 3D plots of the Laplacian of the electron density around O3 at the isosurface value of 100 eÅ–5 from both sides of atom O3
(a) and (b) in CuL1.
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Tables 4 and 5) with 9 d-electrons (experimental popula-
tions seem to be slightly overestimated). Nitrogen charges
are less negative than those of either phenolate oxygen (O1,
O2) or disiloxane O3 oxygen (O3 being the most negative
one). The significantly less positive NBO charges of Si
atoms (as well as less negative oxygen and nitrogen charges)
might be ascribed to the different type of this population
analysis, which is based on wavefunctions. For comparison,
B3LYP/6-311G calculations of large NaCl clusters give

Table 4. Population of d orbitals at Cu.

Experimental NBO

Orbital dx2–y2 dz2 dyz dxz dxy Σ Σ
[e–] 1.98(1) 1.67(1) 1.82(1) 2.03(1) 2.08(1) 9.58 9.32

Table 5. Charges on selected atoms (e–).

Atom Cu1 O1 O2 O3 N1 N2 Si1 Si2

– – – – – 2.71 2.76
Experimental 1.23 1.05 1.03 1.74 0.83 0.90

– – – – –
QTAIM 1.20 1.05 1.05 1.64 0.96 0.96 2.71 2.71

– – – – –
NBO 1.33 0.80 0.80 1.25 0.62 0.62 1.89 1.89

Figure 12. Spin density distribution in CuL1 (0.05 a.u. isosurface).
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NBO charges of �0.92 e, whereas the QTAIM values are
�0.88 e. Spin density is mainly located at the dxz,yz orbitals
of copper and pz orbitals of oxygen atoms (Figure 12). This
distribution cannot be explained by the SOMO (Single Oc-
cupied Molecular Orbital) or more exactly the α-HOMO
(Highest Occupied Molecular Orbital) of σ-antibonding
Cu–O and Cu–N character, and lower MOs must be em-
ployed (see Figure S5, which shows the LUMO through
HOMO-8).

One point, which deserves to be addressed here, is the
formation of a 12-membered chelate ring upon coordina-
tion of a Schiff base containing a disiloxane unit to cop-
per(II). As indicated by preliminary MP2/6-311G* studies
of the energy dependence of (CH3)3Si–O–Si(CH3)3 on the
Si–O–Si angle, there is a vanishing rotational energy barrier
only for a linear structure (ca. 0.75 kcal mol–1) compared
with the optimal 144° bent structure. The high angular flex-
ibility of the ionic disiloxane segment along with Si–O bond
lengths of 1.658 Å allows for separation of parallel alkyl
chains by up to 3.3 Å in length without significant mechani-
cal strain. Note that the N1···N2 separation is 3.927 Å,
while C8···C17 is 5.616 Å. Such chain separation is much
less probable in the case of the C–O–C segment (or even
the C–C–C segment) because of significantly shorter C–O
bonds of 1.437 Å in (CH3)3C–O–C(CH3)3 [or C–C bonds
of 1.540 Å in (CH3)3C–CH2–C(CH3)3] and the covalent
character of the bonding in them. A much higher energy
barrier corresponds to a linear C–O–C structure (ca.
25.5 kcal mol–1 with respect to the optimal 124° bent struc-
ture). As a result, the optimal C···C separation in the C–O–
C unit is only of 2.54 Å, and its elongation by up to 2.87 Å
should be connected with high energy demands and enor-
mous mechanical strain. Hence, the tetramethyldisiloxane
group displays a kind of shoulder yoke effect by separating
the alkyl chains and significantly reducing the mechanical

Table 6. Activity of the copper(II) salen-type Schiff base complexes in the aerobic oxidation of benzyl alcohol.[a]

Entry Catalyst Reaction conditions Yield [%][b] TON[c] Ref.

1 CuL1 MeCN/H2O, 50 °C, 24 h 68.4 684 this work
2 CuL1·0.5Py MeCN/H2O, 50 °C, 24 h 70.6 706 this work
3 CuL2·0.375CH2Cl2 MeCN/H2O, 50 °C, 24 h 83.3 833 this work
4 CuL4 MeCN/H2O, 50 °C, 24 h 76.9 769 this work
5 CuL4·CHCl3 MeCN/H2O, 50 °C, 24 h 72.1 721 this work
6 CuL5 MeCN/H2O, 50 °C, 24 h 85.9 859 this work
7 CuL5 MeCN/H2O, 50 °C, 48 h 98.8 988 this work
8[d] Cu(NO3)2 MeCN/H2O, 50 °C, 48 h 27.5 275 this work
9[d] CuCl2 MeCN/H2O, 50 °C, 48 h 30.8 308 this work
10[d] CuII complexes of (hydroxyaryl)hydrazo-β-diketones H2O, 80 °C, 6 h 68 68 [32[c]

11[d] multicopper(II) triethanolaminate H2O, 50 °C, 17 h 47 47 [64]

12[d] Cu(salen) toluene, 100 °C, 10 h 99 20 [65]

13[d] self-assembled dicopper(II) diethanolaminate cores H2O, 50 °C, 4–48 h 19–99 19–99 [66]

13[d] CuII–bis(3,5-di-tert-butylsalicylaldimine) toluene, 100 °C, 3 h 6–78 18–234 [67]

14[d,e] CuII-K coordination polymers H2O, 80 °C, 18 h 28–67 28–67 [68]

[a] Reaction conditions: benzyl alcohol (3.0 mmol), catalyst precursor (3 μmol, 0.1 mol-%), TEMPO (0.15 mmol, 5 mol-%), in 5.0 mL of
MeCN/aqueous solution of K2CO3 (1:1) (0.1 molL–1), 50 °C, air (1.0 atm), 24 h, unless stated otherwise. In all cases, selectivity was
� 99% as shown by mass balances. [b] mol of product/100 mol of substrate. [c] mol of product/mol of catalyst. [d] For comparative
purposes. [e] Self-assembled from copper(II) nitrate, potassium hydroxide and azo derivatives of β-diketones, namely 3-(5-chloro-2-hy-
droxy-3-sulfophenylhydrazo)pentane-2,4-dione or 3-(2-hydroxy-5-nitro-3-sulfophenylhydrazo)pentane-2,4-dione.
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strain in the diamine upon formation of a 12-membered
ring.

Catalytic Activity Studies

The aerobic oxidation of benzyl alcohol to benzaldehyde
mediated by TEMPO was chosen as a galactose oxidase
model reaction for studying the catalytic oxidation ability
of the copper(II) salen-type Schiff base complexes bearing
a disiloxane moiety, according to the overall reaction of
Equation (1). The obtained results are summarised in
Table 6 and show that the studied complexes act as efficient
catalysts providing yields of up to 99% (based on the
alcohol) and turnover numbers (TONs) up to ca. 990 mol
of product per mol of catalyst. Due to the utilisation of
TEMPO, which acts as a radical scavenger in preventing
the subsequent free radical autoxidation of aldehyde to
acid, the system exhibits a remarkably high selectivity
towards the formation of benzaldehyde (� 99 %), as con-
firmed by mass balances.[63] According to GC–MS analysis,
only traces of benzoic acid were identified under the applied
reaction conditions, i.e. no significant further oxidation of
benzaldehyde to the carboxylic acid was detected. Control
reactions carried out either in the absence of the metal com-

(1)
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plex or without the TEMPO radical indicate that no ap-
preciable alcohol oxidation reaction occurs (yield � 5%).

With regard to the influence of the ligand substituents at
the aromatic ring on the catalytic activity, one observes that
the presence of an electron-withdrawing substituent (halo
or nitro group) has a substantial promoting effect on the
activity (Table 6, Entries 3–6 vs. 1, 2). Oxidation catalysed
by the phenyl-unsubstituted complex, CuL1, proceeds with
only moderate efficiency (benzaldehyde yield of 68 %), while
the introduction of the chloro substituent, in CuL5, in-
creases the benzaldehyde yield up to 86% (Table 6, Entry 6)
under the same experimental conditions. The presence of
bromo substituents, in CuL2, has a comparable catalytic en-
hancing effect (Table 6, Entry 3), whereas a less pronounced
influence is exhibited by the nitro group in CuL4 (Entries 4
and 5).

The solvent of crystallisation in the sample has a small
but measurable effect. The presence of pyridine (a basic spe-
cies) in the unsubstituted complex results in a slight yield
increase (from 68 to 71%, Entries 1 and 2, respectively)
whereas chloroform (an acidic compound) in CuL4 leads to
a slight decrease (from 77 to 72 %, Entries 4 and 5, respec-
tively). Prolonging the reaction time to 48 h leads to the
quantitative conversion of benzyl alcohol to benzaldehyde
(99% yield) by using the catalyst precursor CuL5 (Table 6,
Entry 7), while the use of Cu(NO3)2 or CuCl2 as a catalyst
led to only ca. 30% yield of benzaldehyde (Table 6, En-
tries 8 and 9), thus showing the importance of CuII com-
plexation by the Schiff base ligand, as observed[64–70] for
other N-donor ligands.

In order to search for optimal conditions, the catalyst
amount was varied from 0.03 to 0.3 mol-% (i.e., 1–10 μmol)
for the reactions carried out at 50 °C for 24 h (Figure 13),
with other conditions remaining constant. A common trend
of increasing yield with catalyst amount was observed up
to ca. 3 μmol of catalyst, beyond which no further activity
increase occurred (Figure 13a). Hence, that catalyst amount
was selected for typical experiments as indicated above
(Tables 6 and 7). On the other hand, a decrease of the cata-
lyst amount leads to a TON enhancement for all systems
(Figure 13b), reaching TONs up to 1750 for 1 μmol of
CuL4, although giving a lower yield (59 %).

Figure 13. Effect of amount of catalyst on the yield (a) and TON (b) in the aerobic oxidation of benzyl alcohol by copper(II) salen-
type Schiff base complexes using TEMPO/air. Reaction conditions: benzyl alcohol (3.0 mmol), catalyst precursor (1–10 μmol), TEMPO
(0.15 mmol, 5 mol.-%), in 5.0 mL of MeCN/aqueous K2CO3 (1:1) solution (0.1 molL–1), 50 °C, air (1.0 atm), 24 h.
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Table 7. Activity of the copper(II) salen-type Schiff base complex
CuL5 in the aerobic oxidation of different alcohols.[a]

Entry Substrate Yield [%][b] TON[c]

1 benzyl alcohol 85.9 859
2 4-chlorobenzyl alcohol 88.2 882
3 4-methylbenzyl alcohol 76.4 764
4 1-hexanol 11.4 114
5 1-heptanol 6.5 65
6 1-phenylethanol 3.1 31
7 cyclohexanol 2.8 28

[a] Reaction conditions: alcohol (3.0 mmol), catalyst precursor
(3 μmol, 0.1 mol-%), TEMPO (0.15 mmol, 5 mol-%), in 5.0 mL of
MeCN/aqueous solution of K2CO3 (1:1) (0.1 molL–1), 50 °C, air
(1.0 atm), 24 h. [b] mol of product/100 mol of substrate. [c] mol of
product/mol of catalyst.

We have also examined the effects of bases other than
K2CO3 (Figure 14, Table S3) (Supporting Information), but
none of the tested ones (NaOH, pyridine or triethylamine)
was as effective as carbonate. This is consistent with the

Figure 14. Effect of type of base in the aerobic oxidation of benzyl
alcohol by copper(II) salen-type Schiff base complexes using
TEMPO/air. Reaction conditions: benzyl alcohol (3.0 mmol), cata-
lyst precursor (3 μmol, 0.1 mol-%), TEMPO (0.15 mmol, 5 mol-%),
in 5.0 mL of MeCN/aqueous base (1:1) solution (0.1 molL–1),
50 °C, air (1.0 atm), 24 h.
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higher coordinating ability of the other bases, thus compet-
ing with the substrate and/or O2 for coordination to the
catalytically active copper centre.

The aerobic oxidation reactions of para-substituted (4-
chloro- and 4-methyl-)benzyl alcohols were also studied by
using the CuL5/air/TEMPO system. The former alcohol,
bearing an electron-withdrawing substituent, exhibits a
higher reactivity than the latter (Table 7, Entries 2 vs. 3),
but the relation with the expected[71] TEMPO electrophilic
attack to the C–Hα bond is not clear. Conflicting (promot-
ing vs. hampering) effects are found in the literature.[66,72]

Linear aliphatic alcohols (1-hexanol and 1-heptanol) are
much less reactive, leading to yields of only 11 and 6% of
the respective aldehydes (Table 7, Entries 4 and 5). Second-
ary alcohols (1-phenylethanol and cyclohexanol) are not
appreciably oxidised to the corresponding ketones (Table 7,
Entries 6 and 7). The low catalytic activity concerning sec-
ondary alcohols can be attributed to steric hindrance and
to the absence of stabilisation by the H-bond of the Cu(–O–
C·RR�)(TEMPOH) intermediate bearing a secondary C
radical instead of a primary one,[71] and this is in accord
with other TEMPO-mediated systems.[73]

In summary, the overall yields and TONs (up to 99 %
and 990, respectively) achieved in this work, under mild
conditions, are higher than those observed for other CuII

catalysts with triethanolaminate,[64] diethanolaminate,[66]

salicylaldimine[67] and (hydroxyaryl)hydrazo-β-diket-
ones[32a,32b] (Table 6, Entries 10–14). A copper(II)–salen
complex[65] (Table 6, Entry 12), related to ours, can also
bring about efficient alcohol oxidation in terms of yield
(99%), but the system requires a higher temperature
(100 °C), an unfriendly solvent (toluene), a higher catalyst
loading (5 mol-%) and exhibits a lower activity (TON up to
20) in comparison with our catalysts, e.g. CuL5 (Table 6,
Entries 6 and 7), thus showing the importance of the dis-
iloxane moiety in the complexes reported in this work. This
can possibly relate to (i) a decrease of the steric hindrance at
the metal atom in our complexes having the long disiloxane
chain[70] (12-membered chelate ring vs. the five-membered
ring in the case of the salen ligand), and (ii) the amphiphilic
character of the bifunctionalised tetramethyldisiloxane
group (coexistence of a hydrophobic moiety with polar co-
ordinated groups), which could promote molecular interac-
tions favourable to the catalytic reaction.[74]

Moreover, the high yields of benzaldehyde (relative to the
starting benzyl alcohol) obtained with our catalysts are
comparable with those achieved when using many other
systems. These include self-assembled dicopper(II) diethan-
olaminate cores,[66] bis(3,5-di-tert-butylsalicylaldimine)cop-
per(II),[67] bis(2-{[(4-fluorophenyl)imino]methyl}pyrrolido)-
copper(II),[31b] FeII and CuII complexes bearing azathia
macrocycles,[69] CuBr2/polymer-based pyridylimine li-
gand,[70] copper coordination polymers based 1-(2,4-di-
fluorophenyl)-1,1-bis[(1H-1,2,4-triazol-1-yl)methyl]ethanol[75]

or other Cu catalytic systems[68,76] with bipyridine, pyrazole
or Schiff base ligands.

The detailed mechanism of the TEMPO-catalysed oxi-
dation of alcohols (R–CH2OH) with the above copper(II)–
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salen-type Schiff base complexes could not be established.
The reaction can proceed by means of the mechanism pro-
posed by Semmelhack (alcohol being oxidised by uncoordi-
nated TEMPO+ formed upon oxidation of TEMPO by
CuII)[76e] or by that of Sheldon (copper-centred oxidative
dehydrogenation by TEMPO of the alkoxide ligand
RCH2O– derived from the alcohol, to form an R–C·HO
radical and TEMPOH)[76f] or related ones discussed on the
basis of theoretical studies.[71,76g] Electron transfer from the
R–C·HO radical to CuII leads to the aldehyde RCHO and
CuI. TEMPO-mediated aerobic oxidation of CuI regener-
ates CuII, whereas TEMPO is regenerated upon aerobic oxi-
dation of TEMPOH.[31,71,76a,76b,76d,76f,76h] Furthermore, the
anti-oxidant ability of TEMPO to suppress the further oxi-
dation of aldehyde to acid is also known, acting as a radical
scavenger and terminating free radical chains.[63,76h] The in-
teraction of TEMPO with a copper catalyst precursor was
confirmed in our systems by the detection of the adduct
[CuL5(TEMPO)]+ [m/z (%) = 744 (10)] in the ESI-MS(+)
spectra of reaction solutions (diluted with MeOH) contain-
ing CuL5, benzyl alcohol and TEMPO in MeCN/aqueous
solution.

The above discussed mechanisms are distinct from that
of galactose oxidase, which catalyses the oxidation of d-
galactose to d-galactohexodialdose where a protein-bound
phenoxyl radical, coordinated to Cu, behaves as an H-atom
abstractor from the alkoxide ligand.[76b] In our copper sys-
tem, such a role is played by TEMPO and not by the Schiff
base ligand.

Conclusion

Copper(II) complexes CuL1–5 with five new Schiff bases
based on 2-hydroxybenzaldehyde, 2,4-dihydroxybenz-
aldehyde, 3,5-dibromo-2-hydroxybenzaldehyde, 2-hydroxy-
5-nitrobenzaldehyde, 2-chloro-2-hydroxybenzaldehyde and
1,3-bis(3-aminopropyl)tetramethyldisiloxane, respectively,
which contain a tetramethyldisiloxane unit, have been pre-
pared in situ and characterised by FTIR, UV/Vis, EPR
spectroscopy and X-ray diffraction methods. Charge den-
sity calculations performed on CuL1 along with DFT calcu-
lations provided evidence for high ionicity of the Si–O
bonds in the tetramethyldisiloxane unit. The formation of
a 12-membered central chelate ring in these complexes is
presumably governed by the tetramethyldisiloxane unit,
which separates the aliphatic chains, thus significantly re-
ducing the mechanical strain in a 12-membered chelate
ring. We can call this a chemical analogy to a shoulder
yoke, which spreads out the load on the bearer. Copper(II)–
salen-type Schiff base complexes bearing a disiloxane
moiety, in particular those with electron-withdrawing sub-
stituents (chloro, bromo, and nitro) in the aromatic ring,
show high catalytic activity and selectivity in the aerobic
oxidation of benzyl alcohol to benzaldehyde mediated by
the TEMPO radical, under mild conditions (aqueous acet-
onitrile at 50 °C – a solvent system environmentally more
friendly than neat organic solvents). The presence of a base
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is fundamental and potassium carbonate, with a low coor-
dinating ability, is the best one among those screened.

Experimental Section
Starting Materials: 1,3-Bis(3-aminopropyl)tetramethyldisiloxane,
[H2N(CH2)3(CH3)2Si]2O, benzyl alcohol, and 2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (TEMPO) were purchased from Fluka and
Aldrich. Copper(II) chloride dihydrate, copper(II) acetate mono-
hydrate and copper(II) nitrate, 2-hydroxybenzaldehyde, 2,4-di-
hydroxybenzaldehyde, 3,5-dibromo-2-hydroxybenzaldehyde, 2-hy-
droxy-5-nitrobenzaldehyde and 5-chloro-2-hydroxybenzaldehyde
were from Aldrich, pyridine from Fluka and 4-methylpyridine (4-
Me-Py) from Merck.

Physical Measurements: Fourier transform infrared (FTIR) spectra
were recorded by using a Bruker Vertex 70 FTIR spectrometer.
Analyses were performed in the transmission mode in the range
400–4000 cm–1 at room temperature with a resolution of 2 cm–1

and accumulation of 32 scans. The samples were incorporated in
dry KBr and measured as pellets. 1H NMR spectra were acquired
in CDCl3 at 25 °C with a Bruker Avance DRX 400 MHz spectrom-
eter operating at 400.13 MHz. Chemical shifts are reported in ppm
and are referenced to chloroform [δ(1H) = 7.26 ppm]. EPR spectra
were recorded at 77 K with a modified Varian E-4 spectrometer as
described previously.[77] Electrospray ionisation mass spectrometry
(ESI-MS) was carried out with a Bruker Esquire 3000 instrument,
and the samples were dissolved in methanol.

X-ray Diffraction Measurements: Crystallographic measurements
were carried out with an Oxford-Diffraction XCALIBUR E CCD
diffractometer by using graphite-monochromated Mo-Kα radia-
tion. The crystals were placed at 40 mm from the detector. The unit
cell determination and data integration were carried out by using
the CrysAlis package of Oxford Diffraction.[78] All structures were
solved by direct methods using SHELXS-97 and refined by full-

Table 8. Crystallographic data, details of data collection and structure refinement parameters for CuL1, CuL1·0.5Py, CuL2·0.375CH2Cl2,
[CuL3][Cu(4-Me-Py)4Cl]Cl·2H2O.

CuL1 CuL1·0.5Py CuL2·0.375CH2Cl2 [CuL3][Cu(4-Me-Py)4Cl]Cl·2H2O

Empirical formula C24H34CuN2O3Si2 C53H73Cu2N5O6Si4 C195H246Br32Cl6Cu8N16O24Si16 C48H66Cl2Cu2N6O7Si2
Mr 518.25 1115.60 6925.66 1093.23
T [K] 200(2) 293(2) 293(2) 293(2)
λ [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic monoclinic
Space group C2/c P1̄ P21/c C2/c
a [Å] 21.6361(16) 12.3215(15) 20.838(3) 18.558(2)
b [Å] 11.067(3) 15.3519(17) 12.7452(8) 9.9019(10)
c [Å] 23.2134(13) 18.583(3) 26.593(5) 29.742(4)
α [°] 90 68.055(12) 90 90
β [°] 105.529(8) 75.606(12) 109.519(18) 102.925(13)
γ [°] 90 67.293(11) 90 90
V [Å3] 5355.5(15) 2985.3(7) 6656.9(16) 5326.8(11)
Z 8 2 1 4
ρcalcd. [gcm–3] 1.286 1.241 1.729 1.363
Crystal size [mm] 0.60�0.40�0.40 0.25�0.20�0.15 0.40�0.05�0.02 0.10�0.05�0.01
Reflections collected/unique 11938/5248 17339/11568 35767/13063 9342/5174

(Rint = 0.0229) (Rint = 0.0736) (Rint = 0.0886) (Rint = 0.0884)
μ [mm–1] 0.931 0.841 5.618 0.997
R1

[a] [I � 2σ(I)] 0.0333 0.0689 0.0828 0.0846
R1

[b] (all data) 0.0442 0.1247 0.1865 0.2353
GOF[c] 1.051 0.999 1.013 0.956
Δρmax/min [eÅ–3] 0.357/–0.336 0.583/–0.452 1.383/–1.372 0.630/–0.537

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2. [c] GOF = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2; n = number of reflections,

p = total number of parameters refined.
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matrix least squares on Fo
2 with SHELXL-97[79] with anisotropic

displacement parameters for non-hydrogen atoms. All H atoms at-
tached to carbon atoms were introduced in idealised positions (dCH

= 0.96 Å) by using the riding model with Uiso(H) = 1.2Ueq(parent
C atom). Positional parameters of the H atoms for the H2O mole-
cule and OH groups were verified by the geometric parameters of
the corresponding hydrogen bonds. The main crystallographic data
together with refinement details are summarised in Tables 8 and 9.
Selected bond lengths and bond angles are given in Table 1, while
those for [CuL3][Cu(4-Me-Py)4Cl]Cl are in the caption of Figure 3.
CCDC-883049 (for CuL1), -883050 (for CuL1·0.5Py), -883051 (for
CuL2·0.375CH2Cl2), -883052 (for [CuL3][Cu(4-Me-Py)4Cl]Cl·
2H2O), -883053 (for CuL4), -883054 (for CuL4·CHCl3), -883055
(for CuL5) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

DFT Calculations: The geometry of CuL1 in the doublet spin state
was optimised (by starting from the experimental X-ray diffraction
structure) at the B3LYP level of theory by using standard 6-311G*
basis sets of the Gaussian 03 library for all atoms without any sym-
metry restrictions with the Gaussian 03 program package.[80] The
stability of the obtained structures was tested by vibrational analy-
sis (no imaginary vibrations). The electronic structure of CuL1 was
investigated by using QTAIM (Quantum Theory of Atoms-in-Mo-
lecule) topological analysis of electron density.[62] The results are
evaluated in terms of atomic charges q obtained by the electron-
density integration over atomic basins (up to the 0.001 eBohr–3

level). Bond characteristics were evaluated in terms of electron den-
sity ρ, its Laplacian �2ρ [Equation (2)]:

�2ρ = λ1 + λ2 + λ3 (2)

and bond ellipticity ε [Equation (3)]:

ε = λ1/λ2 – 1 (3)



www.eurjic.org FULL PAPER

Table 9. Crystallographic data, details of data collection and structure refinement parameters for CuL4, CuL4·CHCl3 and CuL5.

CuL4 CuL4·CHCl3 CuL5

Empirical formula C24H32CuN4O7Si2 C25H33Cl3CuN4O7Si2 C24H32Cl2CuN2O3Si2
Mr 608.26 727.62 587.14
T [K] 293(2) 293(2) 293(2)
λ [Å] 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic
Space group C2/c P1̄ P21/c
a [Å] 35.797(9) 9.5865(3) 15.1286(8)
b [Å] 9.3728(7) 13.0494(5) 12.1703(8)
c [Å] 25.292(6) 13.2635(5) 31.983(2)
α [°] 90 96.237(3) 90
β [°] 134.27(4) 93.386(3) 103.450(6)
γ [°] 90 96.310(3) 90
V [Å3] 6077(2) 1635.18(10) 5727.2(6)
Z 8 2 8
ρcalcd. [g cm–3] 1.330 1.478 1.362
Crystal size [mm] 0.25�0.15�0.15 0.25�0.15 �0.10 0.20�0.10�0.10
Reflections collected/unique 21968/5963 22821/6400 29637/11225

(Rint = 0.0907) (Rint = 0.0239) (Rint = 0.0550)
μ [mm–1] 0.843 1.033 1.060
R1

[a] [I � 2σ(I)] 0.0756 0.0663 0.0701
R1

[b] (all data) 0.1856 0.0726 0.1299
GOF[c] 1.020 1.011 1.016
Δρmax/min [eÅ–3] 0.423/–0.249 1.513/–1.659 0.756/–0.816

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2. [c] GOF = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2; n = number of reflections,

p = total number of parameters refined.

at bond critical points (BCP) where λ1 � λ2 � 0 � λ3 are the
eigenvalues of the Hessian of the BCP electron density. PROAIMV
software[81,82] was used for QTAIM analysis of Gaussian 03 results.
Alternatively, NBO (Natural Bond Orbital) analysis[83] (in terms of
atomic charges and bond occupancies) was performed. MOLE-
KEL software[84] was used for visualisation purposes.

Data Collection for Experimental Charge-Density Analysis: A single
crystal of CuL1 was selected and mounted in the cold nitrogen
stream. The data were collected at 100.0(1) K with an Oxford Dif-
fraction Kappa geometry GEMINI R diffractometer equipped
with a Rubi CCD area detector by using graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å) at 50 kV and 40 mA. Crystal-to-
detector distance was 53 mm. The diffraction data were collected
with a large and equally distributed redundancy at eight different
detector positions: 2θ = �10.97, �24.90, �38.91 and �66.22°,
where θ is the Bragg angle. The strategy was to measure with 53 ω
runs with a frame width of 1.0°. According to the θ dependence of
the diffracted intensities, the chosen exposure times were 24, 48, 90
and 120 s, respectively. The maximum resolution reached at this
experimental setting was 1.13 Å–1. A total of 472405 symmetry-
equivalent and redundant intensities were collected and integrated,
and the Lorentz-polarisation and a FACE-absorption correction
were performed with CrysAlis CCD RED software.[78] Average re-
dundancy was 14.3 with an internal agreement of 2.60% and R(σ)
= 0.012. A total of 448105 reflections were used for multipole re-
finement. Details of the X-ray diffraction experiment conditions
and the crystallographic data for CuL1 are given in Table S4. The
crystal structure was solved and refined by using SHELXS-97 and
SHELXL-97.[79] Starting parameters for multipole refinement were
taken from a routine SHELXL refinement, and all other refine-
ments were carried out on F2 by using the XD suite of programs.[85]

As the equivalent data are collected with a different value of TBAR
(distance of primary and diffracted beam through the crystal), all
nonaveraged data were used in the refinements. A complete atom-
centred multipole refinement was carried out with the nonspherical
atomic electron density given by the expression:[86]

Eur. J. Inorg. Chem. 2013, 1458–1474 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1470

ρat(r) = Pcρcore(r) + Pvκ3ρvalence(κr) + �
lmax

l = 1
κ�3Rl(κ�r) �

l

m = 0

Plm�dlm�(θ,φ).

The H atoms were treated with one bond-directed dipole (l = 1),
other atoms were refined up to octapoles, for Cu and Si atoms the
hexadecapole level (lmax = 4) was used. The local coordinate sys-
tems to define multipoles were used as follows: for non-hydrogen
atoms: x-axis – direction to the closest atom, y-axis – perpendicular
to the x-axis and oriented towards the second closest atom; for
hydrogen atoms: z-axis – direction to the bonding carbon atom and
x-axis – perpendicular to the z-axis. The same type of hydrogen
atoms (sp3 or sp2 hybridisation) was constrained to have the iden-
tical multipole expansions. The strategy for refinement was as de-
scribed previously.[87] The results of refinement are summarised in
Table 2.

Synthesis of Complexes

CuL1: A solution of 1,3-bis(3-aminopropyl)tetramethyldisiloxane
(1.02 g, 4.1 mmol) in methanol (5 mL) was added, whilst stirring at
room temperature, to a solution of 2-hydroxybenzaldehyde (1.00 g,
8.2 mmol) in methanol (5 mL). The mixture was stirred at 60 °C
for 3 h. The orange solution was then added to a solution of
CuCl2·2H2O (0.70 g, 4.1 mmol) in methanol/dichloromethane (2:1)
(6 mL). The mixture was stirred at room temperature for 10 min.
A clear dark-green solution generated prismatic dark-green crystals
of good quality upon standing at room temperature after 3–4 h.
These were separated by filtration, washed with methanol and dried
in air. Yield 0.68 g (32.0%). C24H34CuN2O3Si2 (518.26): calcd. C
55.62, H 6.61, N 5.41; found C 55.49, H 6.39, N 5.35. IR (KBr
pellet, selected bands): ν̃max = 3051, 3025 (m, C–H aromatic), 2951,
2921 (m, C–H from Si–CH3), 2907 (m, C–H aliphatic), 1625 (s,
C=N), 1600, 1538 (aromatic ring), 1448 (m, CH2), 1394 (m, br.),
1251 (s, Si–CH3), 1081 (s, Si–O–Si), 799 (s, Si–CH3), 577, 609,
469 cm–1. UV/Vis (CHCl3): λ (ε) = 367 (10315), 306 (9340), 268
(19990 m–1 cm–1) nm. ESI-MS, positive (CH3OH): m/z = 518 [M +
H]+, 540 [M + Na]+, 1057 [2M + Na]+. By starting from copper(II)
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acetate or copper(II) nitrate the same product was obtained in a
yield of 32.3 and 14.9%, respectively. The identity of the products
was established by comparing their IR spectra with that of CuL1

prepared from copper(II) chloride, the structure of which has been
confirmed by X-ray diffraction (vide infra).

CuL1·0.5Py: To CuL1 (0.21 g, 0.40 mmol) in a mixture of dichloro-
methane (5 mL) and toluene (2 mL) was added pyridine (0.4 g,
0.5 mmol), and the resultant green solution was stirred at room
temperature for 10 min, filtered and allowed to stand undisturbed
at room temperature. Dark-green prismatic crystals formed were
separated after 3–4 d by filtration, washed with methanol and dried
in air. Yield 0.19 g (85.1%). C26.5H36.5CuN2.5O3Si2 (557.81): calcd.
C 57.06, H 6.60, N 6.28; found C 56.85, H 6.83, N 5.85. IR (KBr
pellet, selected bands): ν̃max = 3050, 3023 (m, C–H aromatic), 2954,
2926 (m, C–H from Si–CH3), 2909 (m, C–H aliphatic), 1626 (s,
C=N), 1600, 1538 (aromatic ring), 1449 (m, CH2), 1394 (m br.),
1251 (s, Si–CH3), 1074 (s, Si–O–Si), 799 (s, Si–CH3), 608, 471,
451 cm–1. ESI-MS, positive (CH3OH): m/z = 518 [M + H]+, 540
[M + Na]+, 1057 [2M + Na]+.

CuL2: 1,3-Bis(3-aminopropyl)tetramethyldisiloxane (0.22 g,
0.9 mmol) in CH3OH/CH2Cl2 (1:1) (5 mL) was added to a solution
of 3,5-dibromsalicylaldehyde (0.51 g, 1.8 mmol) in CH3OH/CH2Cl2
(1:1) (5 mL) whilst stirring. The reaction mixture was heated at
60 °C for 3 h and then slowly poured into a solution of Cu(OAc)2·
H2O (0.20 g, 1.0 mmol) in CH2Cl2/THF (3:1) (8 mL). The mixture
was stirred at room temperature for 10 min and then allowed to
stand undisturbed. Dark-green small crystals formed were sepa-
rated after 3 d, washed with methanol and dried in air. Yield 0.26 g
(34.0 %). C24.375H29.75Br4Cl0.75CuN2O2Si2 (848.68): calcd. C 34.50,
H 3.53, N 3.30; found C 34.35, H 3.46, N 3.17. IR (KBr pellet,
selected bands): ν̃max = 3066 (m, C–H aromatic), 2953, 2924 (m,
C–H from Si–CH3), 1624 (s, C=N), 1581, 1509 (aromatic ring),
1443 (m, CH2), 1253 (s, Si–CH3), 1065 (s, Si–O–Si), 783 (s, Si–
CH3), 619, 475, 414 cm–1. UV/Vis (CHCl3): λ (ε) = 394 sh (9470),
379 (10610), 304 (11536), 279 (21866 m–1 cm–1) nm. ESI-MS, posi-
tive (CH3OH): m/z = 856 [M + Na]+.

H2L3: 1,3-Bis(3-aminopropyl)tetramethyldisiloxane (0.90 g,
3.6 mmol) in methanol (5 mL) was slowly added whilst stirring to
a solution of 2,4-dihydroxybenzaldehyde (1.00 g, 7.2 mmol) in
methanol (20 mL). The reaction mixture was heated to reflux for
10 h, allowed to cool to room temperature and filtered. The filtrate
was poured into excess water, and the yellow precipitate formed
was filtered off, washed with methanol and dried in air. Yield 1.35 g
(76.7%). C24H36N2O5Si2 (488.72): calcd. C 58.98, H 7.42, N 5.73;
found C 58.49, H 6.57, N 5.84. IR (KBr pellet, selected bands):
ν̃max = 3053 (m, C–H aromatic), 2953, 2928 (m, C–H from Si–
CH3), 2900 (m), 2876 (m), 1642 (s, C=N), 1538 (aromatic ring),
1474 (m, CH2), 1253 (s, Si–CH3), 1080 (s, Si–O–Si), 793 (s, Si–CH3)
cm–1. 1H NMR (400.13 MHz, CDCl3): δ = 8.30 (s, 1 H, CH=N),
7.14 (s, 1 H, Ar), 6.22 (s, 1 H, Ar), 6.13 (s, 1 H, Ar), 3.47 (s, 2 H,
N–CH2–), 1.60 (s, 2 H, –CH2–CH2–CH2), 0.53 (s, 2 H, –CH2–Si–
), 0.06 [s, 6 H, (CH3)2Si–O–] ppm.

[CuL3][Cu(4-Me-Py)4Cl]Cl·2H2O: A solution of CuCl2·2H2O
(0.38 g, 2.24 mmol) in methanol (5 mL) was slowly added to a solu-
tion of H2L3 (0.55 g, 1.12 mmol) in methanol (10 mL) at room tem-
perature. The mixture was stirred for 10 min, and then toluene
(10 mL) and 4-methylpyridine (0.2 mL) were added. The solution
was allowed to stand undisturbed at room temperature. Green pris-
matic crystals were filtered off after 3–4 d, washed with methanol
and dried in air. Yield 0.4 g (32.7%). C48H66Cl2Cu2N6O7Si2
(1093.24): calcd. C 52.73, H 6.09, N 7.69; found C 53.22, H 5.88,
N 7.62. IR (KBr pellet, selected bands): ν̃max = 3050, 3023 (m, C–
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H aromatic), 2949, 2918 (m, C–H from Si–CH3), 2905 (m, C–H
aliphatic), 2856 (m), 1622 (s, C=N), 1537 (aromatic ring), 1446 (m,
CH2), 1253 (s, Si–CH3), 1071 (s, Si–O–Si), 799 (s, Si–CH3), 603,
476, 462 cm–1. UV/Vis (CHCl3): λ (ε) = 353 (14970), 306 sh (18556),
289 (36892), 256 (47516 m–1 cm–1) nm. ESI-MS, positive (CH3OH):
m/z = 572 [M + Na]+, 1121 [2M + Na]+.

CuL4: A solution of 2-hydroxy-5-nitrobenzaldehyde (0.61 g,
3.62 mmol) in CH3OH/CH2Cl2 (1:1) (10 mL) was added to a solu-
tion of 1,3-bis(3-aminopropyl)tetramethyldisiloxane (0.45 g,
1.81 mmol) in CH3OH/CH2Cl2 (1:1) (10 mL). The mixture was
heated at 70 °C (oil bath) for 2 h. CuCl2·2H2O (0.31 g, 1.81 mmol)
in CH3OH/CH2Cl2 (1:1) (8 mL) was then added, and the solution
was allowed to stand at room temperature. Small crystals of good
quality formed very rapidly and were separated by filtration,
washed with methanol and dried in air. Yield 0.4 g (36.3%).
C24H32CuN4O7Si2 (608.26): calcd. C 47.39, H 5.30, N 9.21; found
C 46.89, H 4.91, N 9.02. IR (KBr pellet, selected bands): ν̃max =
2955 (w), 2924 (m, C–H from Si–CH3), 1632 (s, C=N), 1603 (s),
1555 (m, aromatic ring), 1474 (m, CH2), 1317 (vs), 1252 (m, Si–
CH3), 1059 (m, Si–O–Si), 800 (m), 783 (w, Si–CH3), 619, 474 (w),
415 (w) cm–1. UV/Vis (CHCl3): λ (ε) = 363 (37200), 450 sh
(940 m–1 cm–1) nm. ESI-MS, positive (CH3OH): m/z = 608
[M + H]+, 630 [M + Na]+.

CuL4·CHCl3: A solution of 2-hydroxy-5-nitrobenzaldehyde (1.21 g,
7.21 mmol) in CHCl3/CH3OH/CH2Cl2 (10:7:5) (22 mL) was added
to a solution of 1,3-bis(3-aminopropyl)tetramethyldisiloxane
(0.90 g, 3.63 mmol) in CH3OH/CH2Cl2 (3:5) (8 mL). The mixture
was heated at 70 °C (oil bath) for 2 h. CuCl2·2H2O (0.61 g,
3.6 mmol) in CH3OH/CH2Cl2 (1:1) (8 mL) was then added, and
the solution was allowed to stand at room temperature. Small crys-
tals of good quality formed very rapidly and were separated by
filtration, washed with methanol and dried in air. Yield 0.6 g
(22.9%). C25H33Cl3CuN4O7Si2 (727.62): calcd. C 41.27, H 4.57, N
7.70; found C 40.68, H 3.95, N 7.14. IR (KBr pellet, selected
bands): ν̃max = 2924 (m, C–H from Si–CH3), 1632 (vs), (C=N),
1556 (s, aromatic ring), 1474 (s, CH2), 1315 (vs), 1253 (m, Si–CH3),
1059 (s, Si–O–Si), 838 (m), 800 (m), 757 (m, Si–CH3), 658 (m), 417
(w) cm–1. UV/Vis (CHCl3): λ (ε) = 450 (sh, 940), 363 (37200). 363
(37200), 450 (sh, 940 m–1 cm–1) nm. ESI-MS, positive (CH3OH):
m/z = 608 [M + H]+, 630 [M + Na]+.

[CuL5]: A solution of 1,3-bis(3-aminopropyl)tetramethyldisiloxane
(0.24 g, 0.96 mmol) in CH3OH/CHCl3 (2:3) (5 mL) was added
whilst stirring at room temperature to a solution of 5-chloro-2-
hydroxybenzaldehyde (0.30 g, 1.92 mmol) in CH3OH/CHCl3 (1:1)
(10 mL), and the mixture was stirred at 60 °C for 3 h. The orange
solution was then added to a solution of CuCl2·2H2O (0.18 g,
1.04 mmol) in CH3OH/CHCl3 (1:1) (4 mL), and the reaction mix-
ture was stirred at room temperature for 10 min. A clear dark-green
solution generated prismatic dark-green crystals of good quality
after 3–4 h on standing at room temperature. These were separated
by filtration, washed with methanol and dried in air. Yield 0.2 g
(35.5%). C24H32Cl2CuN2O3Si2 (587.14): calcd. C 49.09, H 5.49, N
4.77; found C 48.78, H 5.89, N 4.30. IR (KBr pellet, selected
bands): ν̃max = 3051 (w, C–H aromatic), 2955 (m), 2926 (s, C–H
from Si–CH3), 1626 (s, C=N), 1528 (m, aromatic ring), 1462 (s,
CH2), 1385 (vs), 1254 (s, Si–CH3), 1070 (vs., Si–O–Si), 835 (s), 800
(s), 779 (s, Si–CH3), 662 (m), 451 (w) cm–1. UV/Vis (CHCl3): λ
(ε) = 452 sh (735), 378 (5525), 305 (5800). 363 (37200), 450 sh
(940 m–1 cm–1) nm. ESI-MS, positive (CH3OH): m/z = 588
[M + H]+.

Oxidation of a Primary Alcohol (Benzyl Alcohol) by Using
TEMPO/Air: The reactions were carried out in 20 mL round-bot-
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tom flasks equipped with condensers under atmospheric pressure
of air. Typically, to an MeCN/aqueous solution of K2CO3 (1:1)
(5.0 mL, 0.1 molL–1), were added alcohol (3.0 mmol), catalyst
(3 μmol, 0.1 mol-% vs. substrate) and TEMPO (0.15 mmol, 5 mol-
% vs. substrate). The reaction solutions in all cases were vigorously
stirred by using magnetic stirrers, and an oil bath was used to
achieve the desired reaction temperature. After the oxidation reac-
tion, the reaction mixtures were neutralised by using 1 m HCl and
then extracted with ethyl acetate (EtOAc) (10 mL). The organic
phase was used for chromatographic analyses by using acetophe-
none as the internal standard, whereafter a small aliquot was taken
and analysed by gas chromatography (GC) using a Fisons Instru-
ments model 8160 gas chromatograph equipped with a DBWAX
capillary column (column length 30 m; internal diameter 0.32 mm;
film 0.25 μm; helium as the carrier gas) and an FID detector. GC–
MS was also performed by using a Perkin–Elmer model Clarus
600 GC–MS/EI/CI/FID equipped with a BPX5 capillary column
(column length 30 m; internal diameter 0.32 mm; film 0.25 μm; he-
lium as the carrier gas). The ionisation voltage was 70 eV. The
products were identified by comparison of their retention times
with those of authentic samples and by comparing their mass spec-
tra with fragmentation patterns obtained from the NIST spectral
library stored in the computer software of the mass spectrometer.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP view of CuL1·0.5Py (molecule A); ORTEP view of
CuL4·CHCl3; EPR spectra of CuL1·0.5Py, CuL2, CuL4, and CuL5;
ORTEP plot of CuL1; frontier spin orbitals and corresponding or-
bital energies ε of CuL1; comparison of experimental bond lengths
[Å] and angles [°] with those resulting from DFT calculations of
CuL1; NBO bond occupancy and percent of Si contribution for
CuL1; effect of base in the aerobic oxidation of benzyl alcohol by
the copper(II) salen-type Schiff base complexes CuL1–5 using
TEMPO/air.
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