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A new tetranuclear complex, [Cu4L4]·2H2O (1), has been syn-
thesized from the self-assembly of copper(II) perchlorate and
the tridentate Schiff base ligand 4-chloro-2-[(E)-(2-hydroxy-
ethylimino)methyl]phenol (H2L). Single-crystal X-ray diffrac-
tion studies reveal that complex 1 consists of a Cu4O4 cubane
core where the four copper(II) centers are linked by µ3-alk-
oxo bridges. Each CuII ion assumes a distorted square-py-
ramidal geometry with CuNO4 chromophore. Variable-tem-
perature magnetic susceptibility data exhibit distinct ferro-
magnetic exchange interaction, corroborating with the geo-
metrical parameters of the structural unit. Theoretical calcu-

Introduction

The development of cluster coordination complexes of
copper(II) is now ubiquitous in material chemistry, mainly
stimulated by their significant contribution to the field of
molecular magnetism and relevance to the active sites of
some metalloproteins. Cubanes are amazing metalloclusters
that have attracted great attention during the past two dec-
ades, because of their intriguing physical properties[1–3]

along with their potential to serve as biomimetic models
of nitrogenases and hydrogenases.[4–6] Several cubane-like
copper(II) complexes containing hydroxo- or alkoxo bridges
have been extensively studied from a magneto-structural
point of view.[7–11] Owing to the flexibility in the coordina-
tion geometry around copper(II) centers, these cubanes can
show ferro- as well as antiferromagnetic exchange interac-
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lations based on DFT method have been used to quantify the
strength of the Cu···Cu magnetic interactions which help to
evaluate the experimental coupling constants: J1 = +64.8, J2

= +24.4 and J3 = +3.0 cm–1. The EPR spectroscopy also gives
some insight on the ferromagnetic S = 2 ground state of 1. In
addition, detailed investigations have been carried out on the
catalytic activity of the complex towards the oxidation of cy-
cloalkanes using H2O2 as terminal oxidant.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

tions depending on the Cu–O–Cu bridging angles and the
varied distortions in the Cu4O4 core. The major aim of
modern magneto-chemists is to develop a better under-
standing of the structural and chemical features governing
the electron spin-spin interactions in these versatile geomet-
ric arrays of four copper ions. In this context, density func-
tional theory (DFT) offers a promising tool that may be
applied to rationalize the mechanism of magnetic exchange
coupling by considering the topology of various magnetic
orbitals.[12–15] The successful theoretical interpretation of
the observed magnetic behavior by the DFT method has
turned it into an emerging field of research and further in-
vestigations on new complexes are essential to establish the
validity of this theory and explore its wide dimensions for
the analysis of complicated single-molecule magnets
(SMMs).

Another reason for interest in multinuclear copper(II)
complexes is because of their important functional role in
many catalytic enzymatic reactions.[16,17] In this background
a special mention may be made of a poorly characterized
particulate methane monooxygenase (pMMO) which is
composed of a tri- or multinuclear cluster of copper that
can carry out catalytic alkane hydroxylation and alkene
epoxidation.[18] Model enzymatic reactions for the oxi-
dation of hydrocarbons in nature have been mimicked with
copper complexes in the presence of several oxidants and
these are also found to be effective in the case of a wide
range of hydrocarbons. The study of the oxidation of cyclo-
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hexane assumes a special position owing to the fact that its
oxidized products are of immense industrial importance.[19]

For example, cyclohexanol finds its main application in the
manufacture of adipic acid which is again a raw material of
nylon-6,6�, soaps and detergents, rubber chemicals, pesti-
cides etc., whereas cyclohexanone is used as an industrial
solvent and activator in oxidation reactions. The search for
the use of multinuclear copper complexes as catalysts has
been a continuing process[20] so as to score out the optimum
or highest yield of one product selectively.

Pursuing our research on phenoxo/alkoxo-bridged multi-
nuclear Schiff base complexes,[21–23] herein we report the
synthesis, spectroscopic characterizations and structural as-
pects of a new tetrameric cubane-like copper(II) cluster
[Cu4L4]·2H2O (1), derived from the NOO donor Schiff base
ligand H2L (1:1 condensation product of ethanolamine and
5-chlorosalicylaldehyde). Magnetic susceptibility measure-
ments (2–300 K) reveal prominent ferromagnetic exchange
interaction in the cubane core. Theoretical calculations
based on DFT formalism allow the assignment of the dif-
ferent magnetic coupling constants and provide a suitable
magneto-structural correlation for the complex. Besides
this, complex 1 shows effective catalytic properties for the
hydrogen peroxide oxidation of cyclohexane and cyclohept-
ane to their corresponding hydroxylated and oxygenated
products affording good yield and turnover number.

Results and Discussion

Fourier Transform Infrared Spectra

The Fourier transform infrared spectrum of complex 1
has been analyzed in comparison with that of the free Schiff
base ligand H2L in the region 4000–200 cm–1. The strong
absorption band at 1601 cm–1 in the spectrum of 1 can be
assigned to the imine stretching frequency of the coordi-
nated Schiff base ligand. The shift of this band towards
lower frequency compared to that of the free Schiff base
ligand (1640 cm–1) indicates the coordination of the imine
nitrogen atom to the metal center.[24,25] The phenolic νAr–O

in the free ligand exhibits a strong band at 1206 cm–1,
whereas in the complex this band is observed in the lower
frequency region at 1179–1187 cm–1, providing evidence for
coordination to the metal ions through the deprotonated
phenolic oxygen atoms.[26] Ligand coordination to the metal
center is substantiated by prominent bands appearing at
445 cm–1 and 370 cm–1 which can be attributed to ν(Cu–N)
and ν(Cu–O), respectively. Several weak peaks observed in
the range 2876-3180 cm–1 are likely to be due to the aro-
matic and aliphatic C–H stretches. In addition, the IR spec-
trum also indicates the presence of water molecules as con-
firmed by the crystal structure. The broad band at 3256–
3440 cm–1 is attributable to O–H stretching vibrations of
lattice water molecules.[24]

UV/Vis Spectra

The electronic spectroscopic data resulting from four in-
teracting copper(II) ions of complex 1 are not straightfor-
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ward to interpret and here the main features of the spectra
are presented on a preliminary basis. The intense band ob-
served around 350–385 nm is clearly charge transfer in ori-
gin and can be attributed to the transition from the coordi-
nated unsaturated ligand to the metal ion (LMCT). Again,
the intense high energy bands at about 245 and 380 nm may
be assigned to the intraligand π�π* and n�π* transitions,
respectively. The broad low-intensity absorption band cen-
tered at 655 nm is a typical d-d band for the copper(II)
ion.[27]

Crystal Structure Description

The molecular structure of [Cu4L4]·2H2O (1) is shown
in Figure 1 as an ORTEP plot with atom-labeling Scheme.
Complex 1 crystallizes in the orthorhombic space group
Pbcn and consists of a tetrameric Cu4L4 moiety along with
two lattice water molecules. Selected bond lengths and
angles as well as interatomic distances are summarized in
Table 1. The tridentate Schiff base H2L which can adopt
both chelating and bridging modes undergoes double de-
protonation during the reaction and the dianionic form of
the ligand L2– coordinates to the metal center through the
imine nitrogen, deprotonated phenolic and alkoxo oxygen
atoms. By a self-assembly process four such [CuL] building
blocks furnish the neutral tetranuclear complex 1 with a
central cubane-like unit. The cubane structure is charac-
terized by a Cu4O4 core where the anionic alkoxo-oxygen
atoms act as µ3-O bridges connecting three neighboring
copper(II) ions. The vertices of the cube are alternatingly
occupied by four copper(II) and four bridging alkoxide oxy-
gen atoms, leading to two interlocked distorted tetrahedra
of copper and oxygen atoms. The cubane is located on crys-
tallographic twofold axis passing through the middle of
Cu1–Cu1# and Cu2–Cu2# vectors. Thus the cubane is
symmetric in nature containing two crystallographically in-
dependent metal ions, Cu1 and Cu2.

Figure 1. ORTEP representation of complex 1. Thermal ellipsoids
have been drawn at 40% probability level. Hydrogen atoms and
lattice solvent molecules are omitted for clarity. Symmetry opera-
tion: # –x, y, –z + 1/2.
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Table 1. Selected bond lengths and bond angles for 1.[a]

Bond lengths [Å]

Cu1–O1A 1.9077(12) Cu2–O1B 1.9055(11)
Cu1–N1A 1.9424(14) Cu2–N1B 1.9276(12)
Cu1–O2B# 1.9507(11) Cu2–O2A 1.9563(10)
Cu1–O2A 1.9732(11) Cu2–O2B 1.9678(10)
Cu1–O2A# 2.4547(10) Cu2–O2B# 2.4387(11)
Cu1···Cu2 3.06 Cu1···Cu1# 3.48
Cu1···Cu2# 3.13 Cu2···Cu2# 3.42

Bond angles [°]

Cu2–O2A–Cu1 102.30(5) O1A–Cu1–O2A 175.72(5)
Cu1–O2B#–Cu2 87.67(4) O2B#–Cu1–N1A 166.75(6)
Cu1–O2B#–Cu2# 106.11(5) O1B–Cu2–O2B 176.70(5)
Cu1–O2A#–Cu2# 89.73(4) O2A–Cu2–N1B 169.43(5)
Cu1–O2A–Cu1# 103.12(4) O2A–Cu1–N1A 84.64(5)
Cu2–O2B–Cu2# 101.29(4) O1A–Cu1–N1A 91.45(6)
O2A#–Cu1–N1A 114.81(5) O2B–Cu1–N1B 85.02(5)
O2B#–Cu2–N1B 108.74(5) O1B–Cu2–N1B 93.64(5)

[a] Symmetry transformations used to generate equivalent atoms:
# –x, y, –z + 1/2.

All copper(II) centers are pentacoordinate with a NO4

donor set from the Schiff base ligands. For a pentacoordi-
nate metal center, the distortion of the coordination envi-
ronment from TBP to SP can be evaluated by the Addison
distortion index τ, defined as τ = [(β – γ)/60], where β and
γ are the two largest coordination angles around the
metal[28] (τ is zero for a perfect square pyramid, while it
becomes unity for an ideal trigonal bipyramidal geometry).
The coordination geometry around each copper(II) center
is best described as distorted square pyramidal as reflected
from the respective τ values (τ = 0.15 for Cu1 and Cu1#, τ
= 0.12 for Cu2 and Cu2#). The basal plane of the square-
pyramid is constructed by the phenolate oxygen atom, the
imine nitrogen atom of the salicylidene fragment, and two
µ3-alkoxide oxygen atoms while the apical position is occu-
pied by another µ3-alkoxide oxygen atom. Both Cu1 and
Cu2 are deviated from the corresponding mean planes by
0.118 and 0.035 Å, respectively, towards the apical ligand
atom. The Cu–O and Cu–N bond lengths in the equatorial
plane range from 1.9055(11) to 1.9732(11) Å and from
1.9276(12) to 1.9424(14) Å, respectively (Table 1). The api-
cal oxygen atoms show longer Cu–O bond lengths com-
prised between 2.4387(11) and 2.4547(10) Å, being in nice
agreement with the literature values for similar sys-
tems.[1b,29] The elongation of the Cu–O axial bonds is due
to a pseudo-Jahn–Teller distortion of the d9 copper center.
Each Schiff base ligand acts as a tridentate ligand for one
copper(II) ion leading to five- and six-membered chelate
rings with average bite angles of 84.83 and 92.54°, respec-
tively.

In a previous paper,[30] one of the co-authors had pro-
posed a classification of the cubane structures based on the
use of the Cu···Cu distances as a classification criterion.
Thus, this family of complexes are popularly divided in
three classes: (i) the complexes with 2 short and 4 long
Cu···Cu distances are designated as 2 + 4, (ii) those with
4 short and 2 long Cu···Cu distances are called as 4 + 2
compounds, and (iii) finally, the scarce complexes with six
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similar Cu···Cu distances are labeled as 6 + 0 complexes.
Complex 1 clearly belongs to the 4 + 2 class with the four
Cu–Cu separations including Cu1–Cu2, Cu1–Cu2# and
their symmetry related counterparts Cu1#–Cu2#, Cu1#–
Cu2 being significantly shorter [3.06–3.13 Å] than the Cu1–
Cu1# and Cu2–Cu2# distances [3.42–3.48 Å]. The pair of
CuII ions at each face of the cube is linked by double alkoxo
bridges (Figure 1). The bridging Cu–O–Cu angles which de-
termine the sign of the magnetic exchange interactions
through oxygen bridges are in the range 87.67(4)°–
106.11(5)°. Here, the six faces of the cube are not equiva-
lent, the presence of two different types of planes can be
recognized depending on their geometrical aspects.[10] Four
{Cu2O2} faces consist of two different Cu–O–Cu angles
(ca. 88 and 104°) and three short Cu–O distances (ca.
1.96 Å) along with a longer one (ca. 2.45 Å). The last two
{Cu2O2} faces differ by the presence of a unique Cu–O–Cu
angle at ca. 102° and two short (ca. 1.97 Å) and two long
(ca. 2.45 Å) Cu–O distances. The distributions of the short
and long Cu–O bonds in the Cu4O4 core are depicted in
Figure 2. It is evident from the unequal Cu–O as well as
Cu···Cu distances (Table 1) that the cubane core is quite
distorted in shape.

Figure 2. Structural representation of the Cu4O4 core showing the
distribution of the short (thick lines) and long (thin lines) Cu–O
bonds.

Magnetic Studies and DFT Calculations

The magnetic behavior of complex 1 is shown in Figure 3
as a χMT vs. T plot. At 300 K it shows a χMT value of
1.864 cm3 K mol–1 for the tetranuclear copper(II) unit,
which is slightly higher than the expected value of
1.5 cm3 Kmol–1 for four uncoupled S = 1/2 ions with g =
2.0. On cooling, χMT increases to reach a maximum value
of 3.213 cm3 Kmol–1 at ca. 7 K. Below this temperature
χMT decreases to a value of 2.616 cm3 K mol–1 at 2 K. The
shape of this curve clearly indicates dominant ferromag-
netic coupling until 7 K which results from the interaction
of the copper(II) ions through the alkoxo bridges. The de-
crease of χMT observed at low temperature may be attrib-
uted to the intramolecular antiferromagnetic exchange and/
or the presence of the ZFS of the ground state S = 2.
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Figure 3. Temperature dependence of the χMT product for complex
1. The open circles correspond to the experimental points. Solid
line corresponds to the best fit curve while the dashed line corre-
sponds to the simulated χMT curve using the calculated exchange
coupling parameters by the B3LYP functional; g and θ values were
fixed at 2.12 and –0.31, respectively (see text).

The field dependence of magnetization (0–5 T) measured
at 2 K is shown in Figure 4 in the form of M/Nβ (per Cu4

unit) vs. H. The magnetization reaches a value of 4.15 Nβ
at 5 T which is close to the expected S = 2 value of 4 Nβ
for the Cu4 system, indicating the presence of ferromagnetic
interaction between the neighbouring copper(II) ions.

As discussed above, this complex may be classified as a
4+2 class of cubane having 4 short and 2 long Cu···Cu dis-
tances. Although complex 1 presents similar topology to
this family, a detailed structural analysis reveals that it
shows slight differences as much in Cu···Cu and Cu–O dis-
tances as in Cu–O–Cu angles (Figure 2). The main geomet-
rical parameters influencing the exchange coupling path-
ways are given in Table 2.

χ = 2Ng2β2f(J,T) kB(T – θ) (1)

where

with

Table 2. Main geometrical parameters and the exchange coupling constants corresponding to complex 1.

Cuij
[a] α(Cu–O–Cu)/° d1(Cu–O)/Å d2(Cu···Cu) [Å] JB3LYP

[b] [cm–1] Jexp [cm–1]

Cu12 102.3 1.956, 1.973 3.06 +46.80(2) +64.8
Cu34 102.3 1.956, 1.973 3.06
Cu14 106.1 1.951, 1.968 3.13 +37.45(2) +24.37
Cu23 106.1 1.951, 1.968 3.13
Cu13 103.1 1.973, 2.455 3.48 +4.80(3) +3.0
Cu24 101.3 1.968, 2.439 3.42 +4.59(3)

[a] i and j indicate the copper atom designator considerate in the exchange coupling in each cube face. [b] The number in parentheses
indicates the standard deviation of the least-squares fitting, see computational details.
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Figure 4. Plot of the field dependence of the magnetization at 2 K
for complex 1.

Based on the structural features of complex 1, we can
assume three kinds of J interactions (J1, J2 and J3) that
group the pathways in the opposite faces of the Cu4O4 core
(Figure 5). The analyses of the experimental susceptibility
data have been performed by the use of Equation (1)[31] in
conjunction with an additional Weiss constant (θ).

The En value can be obtained from the following Hamil-
tonian [Equation (2)].

H = –J1(S1·S2 + S3·S4) – J2(S2·S4 + S1·S3) – J3(S1·S4 + S2·S3) (2)

In the fitting process of the experimental data, we ob-
tained different J values for J2 and J3 with the large errors
depending of the starting parameters while the parameters
J1, g and θ converged to the values of about 64 cm–1, 2.12
and –0.31, respectively.
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Figure 5. Different exchange coupling constants in complex 1 (Cu1,
Cu2, Cu3, and Cu4 represent for Cu1, Cu2, Cu1# and Cu2#,
respectively).

To overcome this situation, we employ DFT (B3LYP
functional) calculations by using the experimental atomic
coordinates of the tetranuclear structural unit of the com-
plex, which help us to evaluate the sign and the magnitude
of the three possible exchange pathways.

The DFT calculations (for details, see DFT Methodol-
ogy and Computational Details) lead to the following pa-
rameters: J1 = +46.80(2) cm–1, J2 = +37.45(2) cm–1 and J3

= +4.70(3) cm–1.
Thereafter, we use these values as starting parameters

and introduce in new least square fitting of experimental
data by using Equation (1), which ultimately afford the pa-
rameters: J1 = +64.8 cm–1, J2 = +24.4 cm–1, J3 = +3.0 cm–1,
g = 2.12 and θ = –0.31, with an error R minor than 10–4,
where R = Σ[(χMT)2

exp. – (χMT)2
cal]/Σ(χMT)2

exp.

In Figure 3, the theoretical χMT vs. T plot using the DFT
calculated J values (with g = 2.12 and θ = –0.31) is repre-
sented as a dashed line. One can appreciate the good con-
cordance between the simulated and the experimental fitted
curves.

Additionally, we also evaluate the difference in the set of
the grouped J3 values because of small differences observed
in the structural data, by calculating the two possible inter-
actions. Thus J3 is separated in J3a and J3b, making easy
the correlation between J values and the selected structural
parameters (Table 2). The calculations give the following re-
sults: J1 = +46.80(2) cm–1 and J2 = +37.45(2) cm–1 J3a =
+4.80(3) cm–1 and J3b = +4.59(3) cm–1. Globally, it seems
that the Jij values obtained agree with accuracy to the re-
ported results in the literature.[30]

The spin distribution at the paramagnetic centers is local-
ized in the form of dx2–y2 orbital. A representation of the
calculated spin density for the S = 2 ground state can be
found in Figure 6. Logically considering, the electronic con-
figuration of the CuII cation bears the unpaired electron in
M–L eg-type antibonding orbital,[32] thereby indicating the
predominance of the spin delocalization mechanism. The
polarization mechanism appears to be responsible for very
small negative values on some carbon atoms.

From the previously established magneto-structural cor-
relations of such [Cu4] cubanes, it is evident that the crucial
geometrical parameters which can influence the magnetic
susceptibility values are the bridging Cu–O–Cu angles and
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Figure 6. Spin density distribution for complex 1 corresponding to
the calculated S = 2 ground state B3LYP solution. Positive values
are represented as white surfaces.

the out-of-plane shift of the atom coordinated to the bridg-
ing oxygen.[9a,15] Moreover in the case of 4 + 2 class, the
presence of long Cu–O bond lengths in all exchange path-
ways considerably complicates the situation. The simulation
of the magnetic behavior of 1 gives two predominant ferro-
magnetic interactions (J1 and J2) and a relatively weaker
one (J3). The difference in strength between the magnetic
couplings can be attributed to the presence of two long Cu–
O bond lengths in the case of the J3 interaction whilst only
one for either J1 or J2.[10] Hence, the exchange pathway be-
tween the two copper atoms in each of the four Cu···Cu
pairs (Cu12, Cu14, Cu23 and Cu34) involves two short Cu–
O bond lengths resulting in strong ferromagnetic exchange
interactions (J1 and J2). Accordingly, in the respective four
{Cu2O2} planes, the near perpendicular orientation of the
dx2–y2 orbitals of each copper(II) ion leads to the enhance-
ment of the ferromagnetic contribution (Figure 6). On the
other hand, both Cu13 and Cu24 systems involve exchange
interaction with one short and one long Cu–O bond lengths
(Table 2) and the adjacent copper dx2–y2 orbitals are rather
parallel to each other. All these factors are responsible for
the low magnitude of the coupling constant J3.

EPR Spectra

It is well-known that for tetranuclear CuII complexes
with cubane-like structure, EPR spectra are very sensitive
to the core unit.[33] The spectra recorded at room tempera-
ture (r.t.) and liquid nitrogen (LN) temperature on poly-
crystalline complex 1 (Figure 7) are characterized by an al-
most isotropic and broad resonance centered at g = 2.150
(r.t.) and 2.100 (LN). These broad signals are indicative for
a bulk concentration of copper ions having ferromagnetic
interaction and a rapid intramolecular spin-spin relax-
ation.[34,35] The spectrum at LN temperature is better re-
solved and shows the features due to the hyperfine coupling
between the electron and the Cu nuclei (Figure 7, a). These
signals could belong to mononuclear impurities contained
in the solid-state complex, as already observed for some re-
ported tetranuclear CuII cubanes formed by Schiff bases.[36]
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Figure 7. X-band EPR spectra recorded on the polycrystalline
powder of complex 1: (a) LN temperature and (b) r.t.

In order to assign the transitions between the spin states
and to distinguish the spectra associated to each of them,
the variation of the experimental spectra as a function of
temperature must be examined. The series of X-band EPR
spectra of complex 1 recorded between 0 and 9000 Gauss
in the temperature range 5–60 K are shown in Figure 8. The
spectra significantly change from 5 to 60 K exhibiting fea-
tures extending from 0 to 8500 Gauss and it is evident that
the transition around g = 2 gains intensity with the increase
of temperature. In accordance with similar kind of [CuL]4
complexes,[10,29,37] it can be proposed that below 10 K only
the S = 2 spin state contributes to the experimental signal
due to the high value of J. At higher temperatures, the three
S = 1 states associated with the three values of J also be-
come significantly populated and the observed spectrum
originates from the participation of S = 2 as well as all the
S = 1 states. However, since the energy splitting among the
S = 1 levels are very different, the spectrum at 20 K and its
comparison with those recorded at higher temperatures can
give valuable information regarding the first excited S = 1
state. The resonances attributable to S = 1 state are indi-
cated by asterisk marks in Figure 8 (c). If we assume that
the separation between these transitions approximately cor-
responds to the zero-field splitting associated to S = 1 state
and consider the rhombicity as negligible and g ca. 2, a
value of |D| ca. 0.3 cm–1 can be calculated.

At 20 K one can also detect the emergence of the broad
transition centered around g = 2. At 60 K such a transition
dominates the spectrum, which begins to resemble with the
spectra both at liquid nitrogen and room temperature.

The spectrum recorded at 5 K was simulated (Figure 8,
e) with the Hamiltonian in Equation (3).

Ĥ = βH· g· Ŝ + Ŝ· D· Ŝ (3)

A good agreement with the experimental spectrum was
obtained utilizing the following parameters: gx = gy = 2.02,
gz = 2.10, |D| = 0.215 cm–1 and E/D = 0.088. The D and E
parameters are related to the tetragonal and rhombic dis-
tortion, respectively, and the ratio E/D can range between
0 for an axial symmetry and 0.333 in the limit of the maxi-
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Figure 8. X-band EPR spectra recorded as a function of tempera-
ture on the polycrystalline powder of complex 1: a) 60 K; b) 35 K;
c) 20 K; d) 5 K and e) simulated spectrum of S = 2 spin state. The
resonances attributable to the first excited S = 1 state are indicated
with asterisk marks.

mum rhombic distortion. Therefore, our data are consistent
with the structural features described above and eventually
a symmetry corresponding to a slightly distorted axial sys-
tem is represented. On the whole, the S = 2 spectrum of
complex 1 is comparable to that of the recently reported
tetranuclear CuII cubane complex formed by benzyl 2-de-
oxy-2-salicylideneamino-α--glucopyranoside, for which a
D value of 0.246 cm–1 and E/D of 0.036 were measured.[29]

This resemblance mainly arises from the similarity of J1 val-
ues, 64.8 cm–1 for 1 and 64 cm–1 for the glucopyranoside
derivative.

Catalytic Peroxidative Oxidation of Cyclohexane and
Cycloheptane

We have studied the catalytic activity of the complex
towards cyclohexane and cycloheptane oxidation using hy-
drogen peroxide as oxidant under the same experimental
conditions for both the substrates. It is found that the tetra-
nuclear copper(II) cluster acts as active catalyst for the li-
quid biphasic (acetonitrile/water) oxidation of cyclohexane
and cycloheptane by H2O2 in a slightly acidic medium at
room temperature and atmospheric pressure. Cyclic
alcohols (i.e. cyclohexanol or cycloheptanol) and cyclic
ketones (i.e. cyclohexanone or cycloheptanone) are ob-
tained as the corresponding oxidized products. Optimiza-
tion has been achieved by varying the relative proportions
of nitric acid, hydrogen peroxide as well as time period of
the reactions. In the literature,[38,39] it has been clearly
pointed out that the presence of nitric acid has a positive
role. It can activate the catalyst by promoting unsaturation
at the metal center upon ligand protonation, with simulta-
neous increase in oxidation properties. As a result decom-
position of peroxide is retarded and the peroxo intermediate
gets stabilized.
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Table 3. Peroxidative oxidation of cyclohexane and cycloheptane by complex 1.

Entry Catalyst n(H2O2)/n(catalyst) Time [h] Yield (%) TON[b]

Cyclohexanol Cyclohexanone Total[a]

1 complex 1 150 6 19.2 16.0 35.2 13.0
2 48 26.3 19.6 45.9 17.0
3 300 6 28.1 15.4 43.5 16.1
4 48 32.3 19.5 51.8 19.2
5 750 6 21.6 15.2 36.8 13.6
6 48 29.0 17.3 46.3 17.2
7 Cu(NO3)2 150 48 1.8 1.1 2.9 –
8 300 48 3.4 1.7 5.1 –
9 750 48 3.6 1.8 5.4 –

Entry Catalyst n(H2O2)/n(catalyst) Time [h] Yield (%) TON
Cycloheptanol Cycloheptanone Total

1 complex 1 150 6 17.2 10.0 27.2 10.1
2 48 23.0 12.4 35.4 13.1
3 300 6 18.1 13.4 31.5 11.7
4 48 22.3 14.5 36.8 13.6
5 750 6 20.1 13.7 33.8 12.5
6 48 26.0 16.3 42.3 15.7
7 Cu(NO3)2 150 48 2.1 1.0 3.1 –
8 300 48 3.5 1.7 5.2 –
9 750 48 3.3 2.1 5.4 –

[a] Alcohol + ketone. [b] Turnover number (TON): moles of products divided by moles of catalyst.

During the present study, we have verified that the ad-
dition of nitric acid is mandatory in the hydrogen peroxide
oxidation of cyclohexane and cycloheptane in presence of
complex 1 as the catalyst. The amount of oxidized products
remains almost unchanged in the 10–50 range of n(HNO3)/
n(catalyst), whereas further increase of such ratio decreases
the yield. When the oxidation of the substrate was carried
out in absence of nitric acid, the reaction did not proceed
at all. The highest conversion of the substrate is achieved
when n(HNO3)/n(catalyst) is 10. The geometry around the
Cu center in the catalyst is pentacoordinate having labile
sites like Cu–µ3-alkoxo-oxygen. These would require nitric
acid so as to increase unsaturation at the metal site as a
result of protonation of the NOO donor ligand. Such ob-
servations evoked us to maintain a ratio of n(HNO3)/n(cata-
lyst) = 10 in the rest of the studies.

The results of cyclohexane and cycloheptane oxidation
are listed in Table 3. It is clearly seen from entries of the
table that the product yields are highly influenced by the
relative amounts of hydrogen peroxide, amount of nitric
acid and the reaction period. The maximum overall yield
of 51.8 % was obtained for cyclohexane oxidation, when
n(H2O2)/n(catalyst) ratio is 300 with the reaction time
48 h. Similarly, maximum conversions of cycloheptane to
the corresponding cycloheptanol and cycloheptanone are
26.0 and 16.3 %, respectively and turnover number (TON)
up to 15.7 could be achieved at the higher peroxide-to-
catalyst molar ratio of 750. The results of these oxidation
reactions are comparable with those obtained for other
copper complexes reported earlier.[25,38,40,41] In contrast,
simple copper salt like, Cu(NO3)2 under the same reaction
conditions exhibits a much lower activity towards oxi-
dation of the substrates with 3.9–5.4 % yield, under the
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same peroxide-to-catalyst molar ratio. Thus it is evident
that the presence of N,O-ligands are quite relevant because
such ligands can potentially be involved in proton-transfer
steps.

In the case of complex 1, the coordination environment
around the copper(II) ion is easily accessible for an external
ligand, as a result copper(II) can bind the peroxo group on
treatment with peroxides. This in situ generated intermedi-
ate peroxo-type species seems to be capable of transferring
the oxo-functionality to the organic substrates to give the
corresponding oxidized products. In order to find out the
probable mechanisms, we have carried out the catalytic re-
action of cyclohexane with complex 1 maintaining
n(HNO3)/n(catalyst) ratio of 10 and n(H2O2)/n(catalyst) ra-
tio of 300 in presence of TEMPO (2,2,6,6-tetramethylpiper-
idin-1-oxyl) and diphenylamine. The yield of the reaction
is greatly suppressed in the presence of these compounds.
TEMPO and diphenylamine are well known carbon-radical
trap and oxygen-radical trap, respectively.[42] This indirectly
indicates that oxidation reactions occur mainly by mecha-
nisms involving the formation of both carbon-centered and
oxygen-centered radicals. An organo-hydroperoxide inter-
mediate of the type R-OOH (R = C6H11, C7H13) resulted
from the reaction of a metal-peroxo intermediate, e.g. bear-
ing a CuII–OOH type moiety, with the organo-radical R·

from the substrate can be proposed which has been re-
ported for some other complexes also.[41,43] Thereby, final
oxygenates are formed through H-abstraction or direct de-
composition of the different free radicals e.g., alkoxyl (RO·)
and alkylperoxyl (ROO·) generated from the homolytic de-
composition of this organo-hydroperoxide intermediate.
The proposed mechanistic pathway of the cycloalkane oxi-
dation is summarized in Scheme 1.
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Scheme 1. Probable mechanistic pathway of catalytic oxidations of
cycloalkanes.

Conclusions

In this paper, we presented a comprehensive discussion
on the synthesis and structural characterizations of a new
cubane-like CuII Schiff base complex. Variable-temperature
magnetic susceptibility studies show that the tetranuclear
copper cluster exhibits prominent intramolecular ferromag-
netic spin exchange, associated with the close proximity of
the copper centers and almost perpendicular arrangement
of the adjacent Cu-magnetic orbitals (dx2–y2) bearing the un-
paired electrons. DFT calculations based on the X-ray crys-
tal structure have been used to model the exchange process
leading to the evaluation of the exchange coupling con-
stants which are in conformity with the previous theoretical
study on analogous complexes. The origin of two strong (J1

and J2) and a weak (J3) ferromagnetic interaction can be
explained by considering the distribution of long and short
Cu–O bond lengths within each {Cu2O2} face. The X-band
EPR spectra recorded at low temperatures also confirm the
ferromagnetic S = 2 ground state of 1. Apart from the inter-
esting magnetic properties, the complex is also found to
possess efficient catalytic activities in the peroxidative oxi-
dation of cyclohexane and cycloheptane which may proceed
through an intermediate copper-peroxo species following
radical mechanism. The corresponding cyclic alcohols and
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ketones are obtained in good amounts where total yields
up to 52 % can be achieved depending upon the reaction
conditions.

Experimental Section

Physical Measurements: The Fourier transform infrared spectra of
the ligand and the complex were recorded on a Perkin–Elmer Spec-
trum RX I FT-IR spectrophotometer with a KBr pressed pellet in
the range 4000–200 cm–1. The electronic spectra were recorded on
a Perkin–Elmer Lambda 40 (UV/Vis) spectrometer using HPLC
grade acetonitrile as solvent in the range 800–200 nm. Elemental
analyses were carried out on a Perkin–Elmer 2400 II Elemental
Analyser. Electron paramagnetic resonance (EPR) spectra of 1
were recorded on the polycrystalline powder with a X-band Varian
E-9 or a Bruker EMX spectrometer at room temp. and LN tem-
perature. For low temperature studies (5–35 K), an Oxford Instru-
ment continuous-flow liquid helium cryostat and a temperature-
control system were used. The spectra were simulated with the
computer program Bruker WinEPR SimFonia.[44] Magnetic suscep-
tibility measurements for the complex were carried out on polycrys-
talline sample with a Quantum Design SQUID MPMS-XL suscep-
tometer apparatus working in the range 2–300 K under magnetic
field of approximately 500 G (2–30 K) and 1000 G (35–300 K).
Diamagnetic corrections were estimated from Pascal Tables. Gas
chromatography analysis was performed with an Agilent Technol-
ogies 6890N network GC system equipped with a fused silica capil-
lary column (30 mm �0.32 mm) and a FID detector.

DFT Methodology and Computational Details: The exchange cou-
pling constants in the tetranuclear CuII cubane studied in this paper
have been calculated using the following computational methodol-
ogy, described previously in the literature.[45,46] For the calculation
of the exchange coupling constants for any polynuclear complex
with n different exchange constants, at least the energy of n + 1
spin configurations must be calculated. In the case of the present
tetranuclear complex, we have calculated the energy corresponding
to eight different spin distributions to obtain by least-squares fit-
ting the four exchange coupling constants with their standard devi-
ations indicated in brackets. The eight spin distributions calculated
correspond to the high spin solution, one S = 2: [+,+,+,+], four S
= 1: [–,+,+,+], [+,–,+,+], [+,+,–,+], [+,+,+,–] and three S = 0:
[+,+,–,–], [+,–,–,+], [+,–,+,–]. The hybrid B3LYP functional[47] has
been used in all calculations as implemented in Gaussian 03.[48] The
guess functions were generated with Jaguar 6.0.[49] Basis sets pro-
posed by Schaefer et al.[50] have been employed throughout: a tri-
ple-ξ all electron basis set with two p polarization function for cop-
per atoms[51] and a double-ξ all electron for the other elements. All
energy calculations were performed including 10–8 density-based
convergence criterion.

Materials: 5-chlorosalicylaldehyde and ethanolamine were pur-
chased from Sigma Aldrich, USA. Copper(II) perchlorate hexahy-
drate was prepared by the treatment of basic copper(II) carbonate,
CuCO3·Cu(OH)2 (E. Merck, India) with 80% perchloric acid (E.
Merck, India) followed by slow evaporation on a steam bath. It
was then filtered through a fine glass-frit and preserved in CaCl2
desiccator. All the chemicals and solvents employed for the synthe-
ses were of analytical grade and used as received without further
purification. Cyclohexane, cycloheptane, cyclohexanone, cyclo-
hexanol, cycloheptanone, cycloheptanol, cyclopentanone were pur-
chased from Sigma Aldrich, USA and used as received. Solvents
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used for spectroscopic studies were purified and dried by standard
procedures before use.[52]

Caution! Perchlorate salts are potentially explosive in the presence of
organic materials. They should be prepared in small amounts and
handled with extreme care.

Synthesis of the Schiff Base Ligand (H2L): Ethanolamine (0.12 mL,
2 mmol) was added to a solution of 5-chlorosalicylaldehyde
(0.313 g, 2 mmol) in 20 mL methanol and the mixture was refluxed
for 1 h at 65 °C. Then a deep yellow solution was obtained which
upon cooling yielded yellow crystalline solid as the ligand. The
product was collected by filtration, washed with diethyl ether and
dried at room temperature. Yield 0.170 g (85%). C9H10ClNO2

(199.63): calcd. C 54.15, H 5.05, N 7.02; found C 54.17, H 5.02, N
7.04. FT-IR (KBr, cm–1): ν(C=N) 1640 cm–1. UV/Vis (λ, nm): 261,
393.

Synthesis of [Cu4L4]·2H2O (1): The appropriate quantity of solid
Schiff base ligand H2L (0.199 g, 1 mmol) was dissolved in 20 mL
of methanol. This ligand solution was added dropwise to a 10 mL
methanolic solution of Cu(ClO4)2·6H2O (0.370 g, 1 mmol) with
constant stirring. The mixture was refluxed for 45 min at 60 °C.
The resulting deep green solution was then filtered and the filtrate
was left undisturbed. After 5 d green plate shaped X-ray diffraction
quality single crystals appeared. Yield 0.886 g (82%).
C36H36Cl4Cu4N4O10 (1080.69): calcd. C 40.01, H 3.36, N 5.18;
found C 40.04, H 3.32, N 5.15.

Experimental Procedure for Catalytic Studies: The catalytic hydro-
carbon oxidation reactions by complex 1 involving cyclohexane
and cycloheptane as substrates were carried out with the following
procedure: 2.5–10.0 mmol of hydrogen peroxide (30% in H2O) was
added to the metal complex (0.025 mmol) in 3 mL of acetonitrile
in a two-neck round-bottomed flask fitted with a condenser. To
this solution, HNO3 (0.250 mmol) was added followed by the ad-
dition of 0.927 mmol of substrate. The reaction was initiated by
stirring the above mixture for 48 h at room temperature under at-
mospheric pressure. Aliquots were collected after regular time in-
tervals and 90 µL of cyclopentanone was added as internal stan-
dard. The substrate and products from the reaction mixture were
extracted with 10 mL of diethyl ether and they were analyzed by
gas chromatography. The identification was achieved by compari-
son with known standards.

X-ray Crystallographic Study: A diffraction-quality single-crystal of
1 was mounted on an Oxford Diffraction Gemini-R diffractometer
equipped with a graphite monochromator and Cu-Kα radiation (λ
= 1.5418 Å). The crystallographic data collection was performed
using multi scan technique at 200 K. Data collection and the unit
cell refinement were performed using CrysAlisPRO software.[53]

The structure of the complex was solved by direct method pro-
cedures with SHELXS,[54a] and refined by full-matrix least-squares
based on F2 with SHELXL.[54b] The non-hydrogen atoms were re-
fined with anisotropic factors. All hydrogen atoms were positioned
geometrically treated as riding on the bound atom and those of the
water molecules were located in difference Fourier maps. All of the
crystallographic computations and graphical works were carried
out using PLATON99[55] and ORTEP[56] programs. A summary of
the crystallographic data and details of the structure refinements
are listed in Table 4.

CCDC-727916 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Eur. J. Inorg. Chem. 2009, 4385–4395 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4393

Table 4. Crystallographic data and refinement parameters for 1.

Empirical formula C36H36Cl4Cu4N4O10

Formula weight 1080.69
Crystal dimension [mm] 0.1242 �0.1087�0.0215
Crystal system orthorhombic
Space group Pbcn
a [Å] 19.0796(5)
b [Å] 22.1237(7)
c [Å] 9.3677(4)
V [Å3] 3954.2(2)
Z 4
T [K] 200(2)
λCu-Kα [Å] 1.5418
Dc [g cm–3] 1.815
µ [mm–1] 5.446
F(000) 2176
θ [°] 4.00 to 73.78
Total data 21296
Unique data 3891
Observed data [I�2σ(I)] 2225
R[a] 0.0554
Rw

[b] 0.1208
Goodness-of-fit on F2, S 0.925
Rint 0.0926
∆ρmax [e Å–3] 0.531
∆ρmin [e Å–3] –0.481

[a] R = Σ(|Fo – Fc|)/Σ|Fo|. [b] Rw = {Σ[w(|Fo – Fc|)2]/Σ[w|Fo|2]}0.5.
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