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A tridentate NNO donor Schiff base ligand [(1Z,3E)-3-((pyridin-2-yl)methylimino)-1-phenylbut-1-en-1-
ol = LH] in presence of azide ions coordinates with cobalt(II) and copper(II) ions giving rise to three
new coordination complexes [Co2(L)2(l1,1-N3)2(N3)2] (1), [Cu2(L)2(l1,3-N3)]�ClO4 (2) and [(l1,1-
N3)2Cu5(l-OL)2(l1,1-N3)4(l1,1,1-N3)2]n (3). The complexes have been characterized by elemental analysis,
FT-IR, UV–Vis spectral studies, and single crystal X-ray diffraction studies. These complexes demonstrate
that under different synthetic conditions the azide ions and the Schiff base ligand (LH) show different
coordination modes with cobalt(II) and copper(II) ions, giving rise to unusual dinuclear and polynuclear
species (1, 2 and 3) whose structural variations are discussed. Magneto-structural correlation for the very
rare singly l1,3-N3 bridged CuII–Schiff base dinuclear species (2) has been studied. In addition, the cata-
lytic properties of 1 for alkene oxidation and the general catalase-like activity behavior of 2 have been
discussed.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction Regarding the magnetic coupling, it is well known that azide
The major task in designing pseudohalide bridged compounds
depends on the proper choice of the bridging ligands as well as
the stereochemical environment surrounding the paramagnetic
centers. The azide ion has been shown to be able to link two or
more metal ions in various modes: where l-1,1 (end-on, EO) and
l-1,3 (end-to-end, EE) are the usual modes but not the only, since
other modes, including l3-1,1,1 [1], l4-1,1,1,1 [2], l3-1,1,3 [3], or
the very rare l4-1,1,3,3 [4] modes have also been observed. The
azide ligand has been a prominent actor in the development of
molecular magnetism since its inception [5]. Primarily, this group
has acted as a structural bridge and magnetic coupler of paramag-
netic metal ions within one-, two- or three-dimensional extended
coordination arrays, rather than discrete molecules, unveiling
interesting phenomena such as ferrimagnetism within homome-
tallic chains [6], or sheets [7].
ll rights reserved.
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ions with a symmetric l-1,1 (end-on, EO) coordination mode, give
rise to ferromagnetic coupling as far as the Cu–N–Cu angle does
not exceeds ca. 104� [8]. On the other hand, for the symmetric l-
1,3 (end-to-end, EE) coordination mode, the magnetic coupling is
strong and antiferromagnetic [9]. Interestingly, for asymmetric
azide bridges, the coupling is weak and antiferromagnetic except
for the EE coordination mode with a long Cu–N bond distance that
may give rise to a weak ferromagnetic coupling [10]. The huge
number of azide cooper(II) complexes [11–21] have lead to several
theoretical and magneto-structural correlations where different
structural parameters as (i) the Cu–N bond distances, (ii) the Cu–
N–Cu bond angles, (iii) the asymmetry of the bridge and (iv) the
torsion angle in the central Cu2N2 entity have been considered
[8–10,22].

Unlike the doubly end-to-end azido bridged copper(II) dinuclear
species, singly end-to-end azido bridged copper(II) dinuclear com-
plexes are still very rare [23–27]. In theses rare examples the cou-
pling is much weaker than in the doubly end-to-end azido bridge
copper(II) complexes, where antiferromagnetic interactions as
strong as �105 cm�1 have been found [20].

http://dx.doi.org/10.1016/j.ica.2011.04.008
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Many Schiff base complexes of metal ions show high catalytic
activity. The oxidation of hydrocarbons using Schiff base com-
plexes has been a field of academic and industrial interest to ana-
lyze the catalytic activity of various metal complexes [28–32]. The
ring opening of large cycloalkanes is usually a difficult process but
Schiff base complexes of cobalt(II) [33] and chromium(III) [34]
were effective in these reactions with significant enantioselectivi-
ty. The manganese(II) complexes of bis(2-pyridinaldehyde)-ethy-
lenediamine and bis(2-pyridinaldehyde)-propylenediamine
ligands have been used in epoxidation of olefins but reasonable
epoxide selectivity was possible only in the presence of PhIO oxi-
dant [35]. The extent of olefins epoxidation was dependent on
OH substitution on the Schiff base ligand. The enantioselective
epoxidation of styrene, indene and 2,2-dimethyl-6-nitro chromene
has been carried out using dicationic chiral manganese(III) salen
complexes [36]. It has also been found that the epoxidation of sty-
rene to styrene oxide with yields as high as 96% has been achieved
by poly-(vinylbenzyl)acetylacetonate complexes of cobalt(II) or
manganese(II) in the presence of isobutyraldehyde under an atmo-
spheric pressure of molecular oxygen at room temperature [37].
Interestingly no other azido-bridged dicobalt complex has been
tested previously for alkene oxidation. Besides, most cobalt com-
plexes previously tested for the oxidation of alkenes with several
oxidants, required large amounts of catalyst and afforded low
t.o.n. In this sense, the study of the catalytic activity of new cobalt
complexes with different topology and ligands provides some clues
for the design of more efficient catalysts.

Recently, the reactivity of both homo- and hetero-polynuclear
copper(II)–Schiff base complexes for H2O2 disproportionation, as
a functional model for Mn-CAT has been investigated [38]. Cata-
lase, one of the three major sensitive protective enzymes in living
organisms, exists in almost all aerobically respiring organisms. It
protects cells from the toxic effects of hydrogen peroxide (H2O2),
the latter being linked to a variety of pathological consequences
such as aging, diabetes and cancer [39–41]. On the other hand
hydrogen peroxide is a ubiquitous metabolite in living systems,
produced at increased levels in a variety of pathological situations.
All living cells have devised a sophisticated machinery to suppress
or at least control H2O2 production. The catalase enzymes which
are able to disproportionate H2O2 into less harmful dioxygen and
water are an important part of this machinery (Eq. (1)).

2H2O2 ! 2H2Oþ O2 ð1Þ

The HO�/HOO� radical formation induces lipid peroxidation,
membrane damage, and cell death [42]. In normal conditions, the
organism protects itself against hydrogen peroxide using the cata-
lase enzyme. However, when a stress occurs, the natural defenses
are insufficient [42]. Because the natural enzyme cannot be used as
a drug due to its instability in solution and to delivery problems,
synthetic compounds able to dismutate hydrogen peroxide have
been designed and studied [43–46].

In this paper we present three new azido complexes
[Co2(L)2(l1,1-N3)2(N3)2] (1), [Cu2(L)2(l1,3-N3)].ClO4 (2) and [(l1,1-
N3)2Cu5(l-OL)2(l1,1-N3)4(l1,1,1-N3)2]n (3), exhibiting the l-1,1
(end-on, EO), l-1,3 (end-to-end, EE) and the unprecedented l3-
1,1,1 coordination modes of azide ions with a tridentate NNO do-
nor Schiff base ligand (LH) [47]. Single crystal X-ray diffraction
study revealed that, 1 (brown needle-shaped crystals) is a symmet-
rical double l1,1-azido bridged cobalt(III) dinuclear complex
whereas 2 (brown prismatic crystals) is a unique copper(II) dimer
with a single symmetric l1,3-azido bridge. By changing the molar
ratio of the copper salt, the Schiff base ligand (LH) and the azide
ion we have also obtained a dark blue amorphous product in much
lower yield (compared to that of 2) whose recrystallisation yielded
a few blue needle-shaped single crystals of 3. The X-ray diffraction
study of 3 shows the presence of enolato bridges along with l-1,1
and the rare l3-1,1,1 bridging modes of azide ions resulting in the
formation of a new copper(II) coordination polymer, composed of
vertex shared dicubanes with a vacant vertex. All the complexes
were characterized by elemental analysis, FT-IR, UV–Vis spectros-
copies. Variable temperature magnetic susceptibility measurement
was performed only for 2 since 1 is diamagnetic (dinuclear CoIII

species) and 3 was obtained in a much lower yield even after sev-
eral attempts of its synthesis. Finally, we have also measured the
catalytic properties of 1 for alkene oxidations and the general cat-
alase-like activity behavior for 2.
2. Experimental

2.1. Materials

Benzoylacetone and 2-picolylamine were purchased form Al-
drich Chemical Company. Sodium azide was purchased from Fluka
and were used as received. Cobalt perchlorate hexahydrate and
copper perchlorate hexahydrate were prepared by treatment of
the respective metal carbonates (cobalt carbonate and copper car-
bonate (E. Merck, India)) with 60% perchloric acid (E. Merck, India)
followed by the slow evaporation on a steam bath. Thereafter fil-
tered through a fine glass-frit and were preserved in a CaCl2 desic-
cator for further use. Styrene, cis-stylbene, cyclohexene, trans-4-
octene, m-chloroperbenzoic acid (m-CPBA), N-methylmorpholine
N-oxide (NMO) and 4-phenyl pyridine N-oxide (PNO) used in the
catalytic experiments were purchased from Aldrich and used as re-
ceived. Dichloromethane, acetonitrile and acetone were of HPLC
grade (Merk). Iodosylbenzene (PhIO) was synthesized using re-
ported procedures by hydrolysis of iodobenzene diacetate with a
solution of sodium hydroxide [48]. Styrene oxide and benzalde-
hyde used to obtain HPLC calibration curves were purchased from
Aldrich. The concentration of H2O2 stock solution was determined
by iodometric titration. O2 saturated Cl2CH2 or CH3CN solutions
were used for oxidation assays where O2 was the oxygen source.
2.2. Physical measurements

The Fourier Transform Infrared spectra (4000–400 cm�1) of the
ligand and the complexes were recorded on a Perkin–Elmer Spectro-
photometer RX I FT-IR system as solid KBr pellets. The electronic
spectra of the ligand and complexes were recorded at 300 K on a
Perkin–Elmer k – 40 UV–Vis-spectrometer using HPLC grade
acetonitrile as solvent with a 1 cm quartz cuvette in the range
200–800 nm. C, H, N microanalyses of the ligand and the complexes
were carried out with a Perkin-Elmer 2400 II elemental analyser. The
magnetic susceptibility measurements were carried out in the tem-
perature range 2–300 K with an applied magnetic field of 0.1 T on a
polycrystalline sample of 2 with a Quantum Design MPMS-XL-5
SQUID magnetometer. The susceptibility data were corrected for
the sample holders previously measured using the same conditions
and for the diamagnetic contributions of the salt as deduced by using
Pascal’s constant tables. HPLC experiments were performed with a
Varian ProStar chromatograph equipped with DAD 335 detector
using a Varian Microsorb-MV 100-5 C18 column (250 � 4.6 mm),
thermostated with a Zeltec heater. Samples were eluted with a
70:30 acetonitrile:methanol mixture at 40 �C and a flow rate of
0.4 mL/min. Under these experimental conditions, retention times
(Rt) were: styrene (Rt = 7.92 min), styrene epoxide (Rt = 7.21 min),
benzaldehyde (Rt = 7.05 min), cis-stylbene (Rt = 8.51 min), cyclo-
hexene (Rt = 9.47 min), trans-4-octene (Rt = 11.39 min), m-chloro-
perbenzoic acid (Rt = 7.20 min) and iodosylbenzene (Rt = 8.45 min).
Calibration curves were used to quantify the alkene conversion
and product selectivity. At least two independent experiments were
performed for each reaction condition. Blank experiments with each
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oxidant and using the same experimental conditions except catalyst
were performed. In every case, alkene conversion was null
(PhIO + alkene reaction) or much slower than in the presence of
the complex.

2.3. Synthesis

2.3.1. Synthesis of [C6H5C(OH)@CHC(CH3)@NCH2C5H4N] (LH)
The synthesis and characterization of the Schiff base ligand (LH)

has been done following the method described in the literature
[47]. The 1:1 equimolar condensation of 2-picolylamine and ben-
zoylacetone for 2 h in methanolic medium results in a yellow solu-
tion. The color indicates the formation of the Schiff base ligand
(LH) which was used without further purification. Yield: 0.221 g
(88%). Anal. Calc. for [C16H16N2O]: C, 76.19; H, 6.35; N, 11.11.
Found: C, 76.18; H, 6.31; N, 11.10%.

Caution! Perchlorate salts and azide derivatives in presence of
organic ligands are potentially explosive and should be used in
small quantity with much care.

2.3.2. Syntheses of [Co2(L)2(l1,1-N3)2(N3)2] (1)
The slow addition of 20 mL of a yellow methanolic solution of

the Schiff base (LH) (0.252 g, 1 mmol) to 10 mL of a methanolic
solution of cobalt perchlorate hexahydrate (0.365 g, 1 mmol) re-
sulted in a dark red solution. This solution was stirred for 15 min
at room temperature and then followed by the addition of 2 mL
of an aqueous solution of sodium azide (0.130 g, 2 mmol). The dark
red solution so obtained was gently stirred for 1 h at 40 �C, result-
ing in a color change from dark red to dark brown. The dark brown
solution was then filtered and kept at room temperature. Brown
needle shaped crystals suitable for X-ray diffraction was obtained
after one day. The crystals were filtered and air-dried. Yield:
0.314 g (86%). Anal. Calc. for [C32H30 Co2N16O2]: C, 48.69; H, 3.80;
N, 28.40. Found: C, 48.62; H, 3.77; N, 28.38%.

2.3.3. Syntheses of [Cu2(L)2(l1,3-N3)]�ClO4 (2)
Copper perchlorate hexahydrate (0.37 g, 1 mmol) was dissolved

in 10 mL of methanol by stirring. It was then followed by the sub-
sequent addition of 20 mL of a yellow methanolic solution of LH
(0.252 g, 1 mmol) resulting in a light green solution. While the
solution was stirred, 5 mL of an aqueous methanolic solution of so-
dium azide (0.032 g, 0.5 mmol) were carefully added dropwise to
the light green solution to give a dark green solution. Addition of
sodium azide was immediately stopped when a small amount of
brown colored solid separated. The dark green solution was then
filtered and kept in a refrigerator. Brown prismatic crystals suitable
for X-ray diffraction were obtained after three days. Crystals were
filtered and air-dried. Yield: 0.303 g (82%). Anal. Calc. for
[C32H30Cl1Cu2N7O6]: C, 49.79; H, 3.89; N, 12.70. Found: C, 49.78;
H, 3.85; N, 12.68%.

2.3.4. Syntheses of [(l1,1-N3)2Cu5(l-OL)2(l1,1-N3)4(l1,1,1-N3)2]n (3)
Copper perchlorate hexahydrate (0.55 g, 1.5 mmol) was dis-

solved in 1:1 v/v methanol–acetone mixture (20 mL) by vigorous
stirring. 10 mL of a yellow methanolic solution of the Schiff base
(LH) (0.126 g, 0.5 mmol) were slowly added with stirring to the
copper perchlorate hexahydrate solution to produce a bluish green
solution. Successive very slow addition of 5 mL of an aqueous solu-
tion of sodium azide (0.192 g, 3 mmol) at higher molar ratio com-
pared to that of 2, prevented the precipitation of a brown solid and
resulted in a dark green solution that produced a small amount of
green solid which redissolved upon complete addition of sodium
azide. The obtained dark green solution was then filtered and
was kept at room temperature. A dark blue amorphous product
was obtained in a much lower yield (compared to that of 2) after
a week. Recrystallisation of the dark blue product in 1:1 v/v meth-
anol–acetonitrile mixture resulted in a few blue needle shaped sin-
gle crystals suitable for X-ray diffraction after two weeks. Crystals
were filtrated and air-dried. The IR spectra of the amorphous and
the crystalline product were almost similar to each other but were
not superimposable. Yield: 0.165 g (30%). Anal. Calc. for
[C32H30Cu5N28O2]: C, 33.20; H, 2.59; N, 33.89. Found: C, 33.18; H,
2.53; N, 33.86%.
2.4. Crystallographic data collections and structure determinations

The crystal structure analyses of 1, 2 and 3 were performed
using three different X-ray diffractometers. The equipment used
for each sample is listed with the crystallographic data and the
refinement results in Table 1. Single crystals of 1, 2 and 3 were
coated in Paratone-N heavy oil and mounted in a Cryoloop before
being transferred to the cold stream on the respective diffractom-
eters. The structure of 1 has been solved by direct methods using
the SIR92 program [49] combined to fourier difference syntheses
and refined against F using reflections with [I > 2r(I)] with CRYSTALS

program [50]. The H atoms for 1 were all located in a difference
map, but those attached to carbon atoms were repositioned geo-
metrically. For 2 a semi-empirical absorption correction MULTISCAN

program [51] has been applied to the data sets. Structure solution
and refinement have been performed by using SHELXS-97 and SHELXL-
97 programs [52,53]. For 3 data collection, reduction and absorp-
tion corrections were done with the APEX2 suite of programs [54].
All non hydrogen atoms were refined with anisotropic displace-
ment parameters. All hydrogen atoms were located in calculated
positions to correspond to standard bond lengths and angles.
2.5. Catalysis experiments

2.5.1. Procedure for alkene oxidations
Complex 1 (1 lmol (0.2 mol%) and 20 lmol (4 mol%)) and an

olefin substrate (0.5 mmol) were dissolved in freshly distilled spec-
ified solvent (CH2Cl2, CH3CN or acetone). With stirring and at a
controlled temperature the oxidant (1 mmol in oxidation with
PhIO and m-CPBA, 5 mmol in oxidation with aqueous 30% H2O2,
and O2 saturated solution with dioxygen) was added. Then the
reaction was stirred at constant temperature and the reaction time
for maximal conversion was determined by withdrawing periodi-
cally aliquots of 20 lL from the reaction mixture. This time was
used to monitor the efficiency of the catalyst. Parallel experiments
were carried out by dissolving a neutral donor ligand (NMO and
PNO, 0.5 mmol) together with 1 + alkene. Aliquots were diluted
with 2 mL of acetonitrile and filtered through a 0.2 lm membrane
prior to injection into the chromatograph.
2.5.2. Procedure for catalase-like activity
Volumetric measurements of evolved dioxygen during the reac-

tions of the dinuclear copper(II) complex (2) with H2O2 were car-
ried out as follows:

A 50 cm3 three-necked round-bottom flask containing a DMF
solution of the complex (2 mL, 1 mM) was placed in a water bath
(25 �C). One of the necks was connected to a burette and the others
were stoppered by a rubber septum. While the solution was stir-
ring, H2O2 (0.5 mL, 3.08 M) was injected into it through the rubber
septum using a microsyringe. Volumes of evolved dioxygen were
measured at 1 min time intervals by volumetry. In cases where
imidazole, 1-methylimidazole or pyridine (0.5 mL) was added this
was introduced into the reaction vessel before the addition of H2O2

(in the absence of the base the complex was either inactive or very
weak catalysts for this reaction).



Table 1
Crystallographic and refinement data for 1, 2 and 3.

Complex 1 2 3

Diffractometer used Nonius Kappa CCD Rigaku Saturn Bruker X8 Apex 2
Radiation type graphite monochromatised Mo Ka graphite monochromatised Mo Ka graphite monochromatised Mo Ka
Radiation wavelength (Å) 0.71073 0.71070 0.71073
Empirical formula C32H30Co2N16O2 C32H30Cl1Cu2N7O6 C32H30Cu5N28O2

Formula weight 788.56 771.18 1156.57
Crystal size (mm) 0.05 � 0.05 � 0.16 0.20 � 0.20 � 0.40 0.35 � 0.16 � 0.08
Crystal system monoclinic monoclinic monoclinic
Space group P21/c (No. 14) C2/c (No. 15) C2/c (No. 15)
Crystal color brown brown blue
Z 2 4 4
a (Å) 8.9994(8) 7.818(1) 21.916(3)
b (Å) 22.823(2) 15.889(2) 11.9560(14)
c (Å) 9.3132(5) 26.593(4) 19.004(2)
a (�) 90 90 90
b (�) 115.604(3) 106.682(2) 124.110(3)
c (�) 90 90 90
V (Å3) 1725.0(2) 3164.4(7) 4122.8(8)
T (K) 293 293(2) 100(2)
Density (Mg/m3) 1.518 1.619 1.860
Absorption coefficient (mm�1) 1.019 1.486 2.610
F(0 0 0) 808 1576 2308
h Range for data collection (�) 1.8–25.4 2.9–26.0 2.24–31.73
Reflections collected 5416 10 551 27 619
Independent reflections, (Rint) 2914, 0.080 3023, 0.018 6548, 0.0454
Number of ‘observed’ reflections 1022 2848 4703
Goodness-of-fit (GOF), S 1.19 1.05 0.976
Final R indices [I > 2r(I)] R1 = 0.0424 R1 = 0.0403 R1 = 0.0415

wR2 = 0.0790 wR2 = 0.1064 wR2 = 0.0963
Largest difference in peak and hole (e Å�3) 0.33 and �0.26 0.55 and �0.51 1.168 and �0.759
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2.5.3. Preparation of the haemolysate
Blood from different five human collected in EDTA (20–25 years

old healthy male) was centrifuged (15 min, 2500g). Preparation of
the haemolysate was done as described by Ninfali [55].

CAT activity was determined with the following procedure.
40 lL of the haemolysate was added to a tube containing
1000 lL of sodium phosphate buffer saline (PBS, 0.01 M, pH 7.4),
and 1000 lL of 9.7 M H2O2 (dissolved in sodium phosphate buffer)
and 20 lL of 2 (1 mM) was added to start the reaction. Evolved
dioxygen (mL) was recorded following the reduction of hydrogen
peroxide during 3 min by volumetry. All statistical analyses were
performed using Statistica software release 6.0. Analysis of vari-
ance was performed and means were separated using Fisher’s pro-
tected least significant differences (LSD) test at P 6 0.05.
3. Results and discussion

3.1. Fourier Transform IR spectroscopy

The IR spectra of 1, 2 and 3 have been analyzed in comparison
with that of the free ligand LH in the region 4000–400 cm�1.
Although derived from the same Schiff base ligand (LH); the IR
spectra of 1, 2 and 3 are quite different from one another except
the characteristic IR bands for the azide ligand centered in the re-
gion 2022–2084 cm�1 for all three complexes. In the spectra of 1, 2
and 3 well resolved sharp bands with a bifurcated peak at 2057,
2022 (1), 2078, 2068 (2) and 2084, 2050 (3) cm�1 are observed
and assigned to mN@N stretching of the azide moiety coordinated
to different metal centers simultaneously [56,57]. The characteris-
tic imine stretching band at 1624 cm�1 for LH has been consider-
ably shifted to lower frequencies 1609 (1) and 1610 (2) and 1612
(3) cm�1 in the spectra of the complexes, and thereby clearly indi-
cate coordination of the imine nitrogen with the metal centers in
the respective complexes. Moreover, in the spectra of the com-
plexes disappearance of the well defined band at 3412 cm�1 for
enolic OAH stretching frequency (observed in the spectrum of
the free ligand); clearly supports that on complexation the ligand
(LH) undergoes deprotonation. The coordination of the deproto-
nated ligand to the metal centers in the respective complexes is
also supported by the appearance of a strong CAO absorption band
at 1094 (1), 1060 (2) and 1054 (3) cm�1. The coordination of the
heterocyclic nitrogen atom (pyridyl nitrogen of the deprotonated
Schiff base ligand [L]�) to the metal centers is evidenced by the
low energy pyridine ring in-plane and out-of-plane vibrations in
the spectrum of the LH (621 and 412 cm�1), which in the spectra
of the complexes shift to higher frequencies at 623, 641, 661 and
422, 430, 437 cm�1, respectively [58]. Unlike the spectra of 1 and
3 an additional characteristic strong bifurcated absorption band
is observed in the region 1060–1124 cm�1 for 2, indicates the pres-
ence of perchlorate anions in the complex. Finally the coordination
of the nitrogen atom to the metal center is evidenced by the
appearance of the sharp mMAN bands obtained at 411 (1), 409 (2)
and 406 (3) cm�1, respectively.
3.2. UV–Vis spectroscopy

UV–Vis spectra of the ligand and the complexes (1 and 2) have
been recorded at 300 K in HPLC grade acetonitrile solution but due
to the poor solubility of 3 in acetonitrile medium, solid state Nujol
mull absorption electronic spectrum was recorded for 3. It has
been already reported earlier [47] that the spectra of the free li-
gand (LH) shows two intraligand charge transfer (CT) bands at
331 and 248 nm whereas the spectra of all three complexes show
three different CT bands at 450, 322, 266 nm (1), 402, 324, 258 nm
(2) and 406, 328, 262 nm (3). Accordingly in 1, 2 and 3 the bands
obtained at 322, 266 nm, 324, 258 nm and 328, 262 nm are as-
signed to intraligand charge transfer transitions respectively but
since the spectrum of the free ligand has no CT bands in the region
402–450 nm hence we can conclude that CT bands obtained at 450,
402 and 406 nm in 1–3, respectively, are associated to L ? M
charge transfer transitions. Besides these allowed bands, the three
compounds also show much weaker and less well defined broad



Table 2
Selected bond lengths (Å) and angles (�) for 1.

Bond lengths (Å)
Co(1)–O(13) 1.869(5)
Co(1)–N(1) 1.922(7)
Co(1)–N(8) 1.886(6)
Co(1)–N(21) 1.921(9)
Co(1)–N(31) 1.999(6)
Co(1)–N(31)#1 2.024(7)

Bond angles (�)
O(13)–Co(1)–N(1) 177.7(3)
O(13)–Co(1)–N(8) 94.9(3)
O(13)–Co(1)–N(21) 91.1(3)
O(13)–Co(1)–N(31) 87.2(3)
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bands at 630 nm (1), 600 nm (2) and 634 and 682 nm (3) which are
assigned to the d–d transitions in the respective complexes. The
band at 630 nm for 1 is attributed 1A1g ?

1T1g transition for the dis-
torted octahedral cobalt(III) ion, whereas d–d transition at 600 nm
for 2 is attributed to structurally well characterized square planar
copper(II) complexes [59]. Unlike 1 and 2, the two broad d–d bands
obtained for 3 are in good agreement with the simultaneous pres-
ence of two different coordination environments in the complex.
The band at 634 nm is associated with a copper(II) center having
a distorted octahedral geometry and the d–d transition at
682 nm indicates the presence of copper(II) ions residing in a dis-
torted square pyramidal geometry [60,61].
O(13)–Co(1)–N(31)#1 88.6(3)
N(1)–Co(1)–N(8) 85.1(3)
N(1)–Co(1)–N(21) 86.6(3)
N(1)–Co(1)–N(31) 93.2(3)
N(1)–Co(1)–N(31)#1 93.7(3)
N(8)–Co(1)–N(21) 94.3(3)
N(8)–Co(1)–N(31) 170.9(3)
N(8)–Co(1)–N(31)#1 93.2(3)
N(21)–Co(1)–N(31) 94.6(3)
N(21)–Co(1)–N(31)#1 172.6(3)
N(31)–Co(1)–N(31)#1 78.0(3)
Co(1)–O(13)–C(12) 125.3(5)
Co(1)–N(1)–C(2) 125.6(6)
Co(1)–N(1)–C(6) 115.4(5)
Co(1)–N(8)–C(7) 113.0(5)
Co(1)–N(8)–C(9) 126.0(6)
Co(1)–N(21)–N(22) 120.1(8)
Co(1)–N(31)–N(32) 117.6(5)
3.3. Structural description of the complexes

3.3.1. [Co2(L)2(l1,1-N3)2(N3)2] (1)
Complex 1 is a centrosymmetric end-on azido bridged cobalt(III)

dinuclear species with a Co(1)� � �Co(1) separation of 3.127 Å
(Fig. 1). The dinuclear unit is formed by two units of deprotonated
NNO donor Schiff base ligands [L]�, two l1,1-bridging azide ions
and two terminally coordinated azide ions. The asymmetric unit
forming the dinuclear unit is shown in Fig. 2. Bond lengths and an-
gles of 1 are listed in Table 2. The cobalt center is six coordinated
and presents a slightly distorted [CoN5O] octahedral geometry,
mainly due to the coordination of the deprotonated NNO donor
Schiff base ligand [L]� and three azide ions (Fig. 1).
Fig. 1. l-1,1-Azido bridged cobalt(III) dinuclear unit (1).

Fig. 2. Asymmetric unit of 1 with the atom labeling scheme.

Co(1)–N(31)–Co(1)#1 102.0(3)
Co(1)#1–N(31)–N(32) 122.9(6)

Symmetry transformations used to generate equivalent atoms: #1 1 � x, �y, �z.
The equatorial sites of the two Co(1) centers are occupied by a
deprotonated enolato oxygen atom of [L]� and by thee nitrogen
atoms: N(1), a pyridyl nitrogen of [L]� and two azido nitrogen
atoms: N(31), from a l1,1-N3 bridge and N(21), from a terminally
coordinated azido ligand. The two axial sites of the cobalt(III) cen-
ters are occupied by two nitrogen atoms: an imine nitrogen, N(8),
of the Schiff base ligand and the symmetry related N(31) atom of
the second l1,1-N3 bridge. Thus the two cobalt(III) centers of the di-
mer are connected by two l1,1-N3 bridges that connect a basal po-
sition of one cobalt(III) ion with an axial position of the other and
vice versa. Both azide ligands, (the terminal N21–N22–N23 and the
bridging one, N31–N32–N33) are almost linear with N21–N22–
N23 and N31–N32–N33 angles of 174.1(12)� and 178.3(9)�, respec-
tively. The dimers are quite well isolated in the structure and do
not present any H-bond (Fig. S1).
3.3.2. [Cu2(L)2(l1,3-N3)]�ClO4 (2)
Unlike the cobalt complex (1), 2 is a singly l1,3-N3 bridged cop-

per(II) centro-symmetric dimer with the central N(4) atom of the
l1,3-N3 bridge located on an inversion center. The copper(II) cen-
ters in 2 are four-coordinate, exhibiting a slightly distorted
square-planar geometry, and present a CuN3O environment
formed by a pyridyl, N(1) and an imine nitrogen atom, N(2), both
from [L]�, an azido nitrogen atom, N(3) of the l1,3-bridging azide
ligand and a deprotonated enolato oxygen atom, O(1) of [L]� (in
trans with the pyridyl N(1) atom, Fig. 3). The Cu–O bond distance
is, as expected, shorter than the three Cu–N bond distances (Ta-
ble 3). The overall N2OCu–N3–CuN2O centro-symmetric dinuclear
unit is almost perfectly planar, with a maximum deviation of only
0.06 Å from the average plane (Fig. 4). Furthermore, the complete
dinuclear unit, including the Schiff base ligand, is also almost per-
fectly planar (Fig. 5). The charge neutrality of the complex
[Cu2(L)2(l1,3-N3)]+ is achieved by a perchlorate counter ion located



Fig. 3. Asymmetric unit of 2 with the atom labeling scheme.

Table 3
Selected bond lengths (Å) and angles (�) for 2.

Bond lengths (Å)
Cu(1)–O(1) 1.887(2)
Cu(1)–N(1) 1.983(2)
Cu(1)–N(2) 1.920(2)
Cu(1)–N(3) 2.009(2)

Bond angles (�)
O(1)–Cu(1)–N(1) 177.79(10)
O(1)–Cu(1–N(2) 95.06(9)
O(1)–Cu(1)–N(3) 89.23(10)
N(1)–Cu(1)–N(2) 83.75(10)
N(1)–Cu(1)–N(3) 92.02(10)
N(2)–Cu(1)–N(3) 175.26(10)
Cu(1)–O(1)–C(10) 125.58(17)
Cu(1)–N(1)–C(1) 127.2(2)
Cu(1)–N(1)–C(5) 114.20(17)
Cu(1)–N(2)–C(7) 125.2(2)
Cu(1)–N(2)–C(6) 114.97(16)
Cu(1)–N(3)–N(4) 129.86(18)

Fig. 4. l-1,3-Azido bridged copper(II) dinuclear unit (2).

Fig. 5. Packing diagram of 2 showing the planarity of the dinuclear units along the
c-axis and the lattice perchlorate ions.
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between the planar dimeric monocationic units. As in 1, neither in-
tra nor intermolecular H-bonding interactions are detected in 2.

A search in the CCDC data base shows that 2 is the first singly
l1,3-N3 bridged symmetrical, four coordinated, copper(II)–Schiff
base dinuclear species [23–27]. The Cu(1)� � �Cu(1) separation in 2
is 5.789 Å and is shorter than that of the earlier reported copper(II)
complexes with single l1,3-N3 bridges (6.086(7) Å) [21] but is sim-
ilar to those of other copper(II) complexes with l1,3-bridging cya-
nate (5.8 Å) and thiocyanate ligands (5.499 Å) [62]. As expected,
the Cu(1)� � �Cu(1) separation in 2 is considerably longer than that
typically observed in doubly l1,3-N3 bridged copper(II) species
(5.264(1) Å) [63] since the two Cu(II) atoms are located in trans rel-
ative to the 1,3-azido bridge.
3.3.3. [(l1,1-N3)2Cu5(l-OL)2(l1,1-N3)4(l1,1,1-N3)2]n (3)
X-ray crystal structure analysis shows that 3 [Cu5(l-OL)2(l1,1-

N3)4(l1,1,1-N3)2]2+ is a doubly l1,1-azido bridged coordination poly-
mer with l1,1-azide ions connecting copper centers. The polymer is
propagated along the c axis. Along the c axis copper bound Schiff
base ligands alternate, related by 2-fold axes. The polymer is com-
posed of vertex sharing defect dicubanes with one vertex unoccu-
pied already seen [64,56]. Each dicubane is linked to the next via a
symmetric double l1,1-azido bridge link linking Cu(1) to its sym-
metry equivalent (Fig. 6). The bond lengths and angles for 3 are
listed in Table 4. However, there are three distinct copper centers.
Cu(1) is bound by four azido ligands but its fifth and longest con-
tact is with the Schiff base enolato oxygen atom [O(1) = 2.486 Å
forming a ‘‘long bond’’]. Cu(2) is chelated by the tridentate NNO
Schiff base with its fourth and fifth sites filled by a short bond of
a l1,1-bridging azide and a relatively ‘‘long bond’’ formed by a
l1,1,1-bridging azido ligand. Both five coordinate copper centers
are square pyramidal but Cu(1) is more distorted towards trigonal
bipyramidal geometry than Cu(2), as reflected in their Addison [65]
parameters 0.22 and 0.03, respectively. Unlike Cu(1) and Cu(2),
Cu(3) lies on a center of inversion, and is coordinated solely to azi-
do ligands with typical Jahn-Teller distorted octahedral geometry
(Fig. 7). The longest Cu–N contacts involves the triply bridging azi-
do nitrogen [N(10)] and its symmetry equivalent. There are two
unique double-bridging terminal azido ligands in the defect cub-
ane, one, involving N(7), is significantly asymmetric, with the long-
er contact (2.025(2) Å) to Cu(3) and the shorter to Cu(1)
(1.978(2) Å). The other azido N(13) bridges Cu(2) and Cu(3) in a
symmetric fashion (2.031(2), 2.037(2) Å). The double azido bridge
which links the cubanes is also symmetric but the Cu(1)–N dis-
tances are shorter: 1.990(2) Å to N(1) and 1.988(2) Å to N(4). The
one unique triply bridging azido is quite asymmetric in the manner
to which it binds to the three copper centers. Its closest contact is



Fig. 6. l-1,1 and l-1,1,1-Azido bridged pentanuclear Cu5 units of 3 showing the
vacant cubane core. Symmetry code �x, �y, �z + 1 relates the atoms generated by
the center of inversion at Cu(3) of the asymmetric unit (half these labels need
suffixes to denote the symmetry relationship).

Table 4
Selected bond lengths (Å) and angles (�) for 3.

Bond lengths (Å) Bond lengths (Å)
Cu(1)–N(7) 1.978(2) Cu(3)–N(7)#1 2.025(2)
Cu(1)–N(4) 1.988(2) Cu(3)–N(7) 2.025(2)
Cu(1)–N(1) 1.990(2) Cu(3)–N(13) 2.037(2)
Cu(1)–N(10) 2.043(3) Cu(3)–N(13)#1 2.037(2)
Cu(2)–O(1) 1.908(2) Cu(3)–N(10) 2.455(3)
Cu(2)–N(16) 1.940(2) Cu(3)–N(10)#1 2.455(3)
Cu(2)–N(17) 1.975(2) N(1)–Cu(1)#2 1.990(2)
Cu(2)–N(13) 2.031(2) N(4)–Cu(1)#2 1.988(2)

Bond angles (�) Bond angles (�)
N(7)–Cu(1)–N(4) 99.93(11) N(13)–Cu(3)–N(10)#1 97.63(8)
N(7)–Cu(1)–N(1) 175.38(9) N(13)#1–Cu(3)–

N(10)#1
82.37(8)

N(4)–Cu(1)–N(1) 76.65(11) N(10)–Cu(3)–N(10)#1 180.0
N(7)–Cu(1)–N(10) 86.96(10) N(2)–N(1)–Cu(1)#2 128.35(8)
N(4)–Cu(1)–N(10) 162.15(8) N(2)–N(1)–Cu(1) 128.35(8)
N(1)–Cu(1)–N(10) 97.21(11) Cu(1)#2–N(1)–Cu(1) 103.29(15)
O(1)–Cu(2)–N(16) 93.81(9) N(5)–N(4)–Cu(1) 128.30(8)
O(1)–Cu(2)–N(17) 173.25(9) N(5)–N(4)–Cu(1)#2 128.30(8)
N(16)–Cu(2)–N(17) 82.93(10) Cu(1)–N(4)–Cu(1)#2 103.41(16)
O(1)–Cu(2)–N(13) 88.95(9) N(8)–N(7)–Cu(1) 126.42(19)
N(16)–Cu(2)–N(13) 175.06(10) N(8)–N(7)–Cu(3) 123.04(18)
N(17)–Cu(2)–N(13) 93.89(10) Cu(1)–N(7)–Cu(3) 106.64(11)
N(7)#1–Cu(3)–N(7) 180.0 N(11)–N(10)–Cu(1) 120.34(19)
N(7)#1–Cu(3)–N(13) 89.94(10) N(11)–N(10)–Cu(3) 130.9(2)
N(7)–Cu(3)–N(13) 90.06(10) Cu(1)–N(10)–Cu(3) 90.61(11)
N(7)#1–Cu(3)–

N(13)#1
90.06(10) N(14)–N(13)–Cu(2) 115.56(18)

N(7)–Cu(3)–N(13)#1 89.94(10) N(14)–N(13)–Cu(3) 114.3(2)
N(13)–Cu(3)–N(13)#1 180.0 Cu(2)–N(13)–Cu(3) 112.94(11)
N(7)#1–Cu(3)–N(10) 104.37(9) C(3)–N(16)–Cu(2) 125.5(2)
N(7)–Cu(3)–N(10) 75.63(9) C(4)–N(16)–Cu(2) 114.55(18)
N(13)–Cu(3)–N(10) 82.37(8) C(9)–N(17)–Cu(2) 126.5(2)
N(13)#1–Cu(3)–N(10) 97.63(8) C(5)–N(17)–Cu(2) 114.55(19)
N(7)#1–Cu(3)–

N(10)#1
75.63(9) C(1)–O(1)–Cu(2) 125.04(19)

N(7)–Cu(3)–N(10)#1 104.37(9) – –

Symmetry transformations used to generate equivalent atoms: #1 �x, �y, �z + 1 #2
�x, y, �z + 1/2.

Fig. 7. Asymmetric unit of 3 with the atom labeling scheme.
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with Cu(1) (2.043(3) Å) and its longest contact, rather longer than a
conventional bond (‘‘long bond’’), is 2.570(3) Å to Cu(2) which is
bound by the Schiff base and forms a long axial contact with re-
spect to the square plane defined by the Schiff base and l1,1-bridg-
ing azide N(13). Cu(2) is displaced by only 0.085 Å from this plane.
In contrast N(1), N(4), N(7) and N(10) which bind Cu(1) cannot
effectively be defined as one plane but rather as two, with the
plane containing Cu(1), N(1) and N(4) inclined at 17.46� to the
plane defined by Cu(1), N(7) and N(10). This also describes the
twist of the polymeric bridge as it is propagated along the c axis
(Fig. 8).

There are many hundreds of copper cubane structures in the
CSD (version November 2009), but few involve predominantly N-
binding ligands. Two structures in the CSD codes IBOBOQ [66]
and RIZPAS [67] possess a Cu3N4 core and BIWVOT [68] has a
Cu3N3O core which is closest to 3. However, this core face-shares
with its neighbor defect cubane as opposed to the vertex sharing
found in 3. The polymer in BIWVOT is propagated by double end-
to-end azido bridges rather than the double end-on bridges as seen
in 3, which means that the cubane units are closer in 3 (3.121 Å)
than in BIWVOT where the closest bridged Cu� � �Cu contact is
4.438 Å.
3.4. Magnetic properties

The thermal variation of the molar magnetic susceptibility per
copper(II) dimer times the temperature (vmT) for compound 2
shows at room temperature a value of ca. 0.50 emu K mol�1

(Fig. 9). This value is significantly lower than the expected one
for two non interacting CuII S = 1/2 ions (0.75 emu K mol�1 for
g = 2.0). When cooling down the sample, the vmT product shows
a pronounced decrease to reach a plateau of ca. 0.01 emu K mol�1

at ca. 50 K. Below this temperature vmT remains constant and al-
most negligible down to 2 K (Fig. 9). This behavior indicates that
compound 2 presents a strong antiferromagnetic coupling, as indi-
cated by the low vmT value at room temperature and by the fact
that the vmT plot shows a pronounced decrease starting above
room temperature. As expected, this strong antiferromagnetic cou-
pling leads to an S = 0 spin ground state. The very low vmT value
observed at low temperatures comes from the presence of a small
amount of paramagnetic impurity (probably as copper(II) mono-
mers). This strong antiferromagnetic coupling is also confirmed
in the thermal variation of the molar magnetic susceptibility
(vm) that shows a broad maximum near room temperature (inset
in Fig. 9). The paramagnetic impurity is also clearly observed as a
Curie-type tail at low temperatures.



Fig. 8. 1D polymeric chain structure of 3 viewed along the c axis.
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Fig. 9. Thermal variation of the vmT product per copper(II) dimer for 2. Inset shows
the thermal variation of the molar magnetic susceptibility, vm. Solid lines represent
the best fit to the model (see text).

A. Ray et al. / Inorganica Chimica Acta 375 (2011) 20–30 27
Since the structure of compound 2 shows the presence of CuII

dimers with 1,3-N3 (end-to-end) bridges, we have fit the magnetic
properties to a simple Bleaney and Bowers S = 1/2 dimer model
with an extra paramagnetic contribution arising from a small frac-
tion of copper(II) monomers and a Na term to account for the tem-
perature independent paramagnetism (the Hamiltonian is written
as H = �JS1S2): [69,70]

v ¼ ð1� cÞ2Ng2b2

kT
1

3þ e�x
þ ðcÞNg2b2

2kT
þ Na; where x ¼ J=kT:

This model reproduces very satisfactorily the magnetic data of 2
in the whole temperature range with g = 2.240(9), J = �362(2)
K = �252(1) cm�1, Na = 220 � 10�6 emu mol�1 and c = 0.4(1)% (so-
lid line in Fig. 9).

As expected, the magnetic coupling is strong and antiferromag-
netic, in agreement with the magneto-structural correlations
established for azide-bridged copper(II) complexes and with DFT
calculations. These calculations show that the l1,3-N3 bridges give
rise to strong antiferromagnetic interactions when the azide bridge
connects equatorial positions in a square planar or square pyrami-
dal geometry (Fig. S2) [9]. These calculations, performed for an
ideal square pyramidal geometry, indicate that, given the struc-
tural parameters of 2, the coupling should be very strong and anti-
ferromagnetic, in agreement with the experimental value.
3.5. Catalytic studies

3.5.1. Catalytic properties of 1 for alkene oxidations
The ability of 1 to catalyze the oxidation of styrene was investi-

gated using various oxidants including PhIO, H2O2, m-CPBA and O2.
O2 was found not to be a good oxidant under conditions used here,
but the complex showed to be an efficient catalyst for the styrene
oxidation when PhIO is the oxidant. In Cl2CH2, the presence of
0.2 mol% 1 catalyze the oxidation of styrene with PhIO to yield
75% conversion in 3 h, and 90% conversion in 6 h (Table 5).

Analysis of the styrene oxidation profiles (Fig. 10) shows that 1
presents high selectivity towards the formation of styrene epoxide,
yielding 83% of epoxide and 15% benzaldehyde. Addition of a neu-
tral base, either NMO or PNO, has no effect on the styrene conver-
sion or epoxide selectivity. Kinetic profiles show that
benzaldehyde is mostly formed during the reaction course of epox-
idation and is not due to subsequent oxidation of the styrene epox-
ide, but results from a reaction that takes place in parallel to
styrene epoxidation. Fig. 10 also shows data obtained after a sec-
ond addition of 500-times excess of styrene-PhIO over the catalyst
left in the reaction mixture. The kinetic curves show that the sty-
rene oxidation rate and epoxide selectivity after the second addi-
tion are essentially the same as in the first kinetic run. The fact
that the catalyst retains its activity after successive additions evi-
dences its robustness, affording turnover numbers as high as 900
(twice the t.o.n. of the first run). However, it must be noted that
the electronic spectra taken at the end of the reaction differ from
that of the starting complex, suggesting that 1 is a pre-catalyst that
transforms into the active species upon reaction with the oxidant,
the resting form of which differs from the starting complex.

When H2O2 was used as an oxygen source, the styrene oxida-
tion catalyzed by 1 was found to be solvent dependent, being ace-
tone better than Cl2CH2 or CH3CN to carry out the catalysis. This is
probably due to the formation of 2-hydroxy-2-hydroperoxypro-
pane that stimulates gradual availability of the oxidant, limiting
its decomposition [71,72]. In acetone, catalyst 1 converted 34% of
styrene in 4 h. It is evident from Table 5 that between H2O2 and
PhIO, the later acts as a better oxidant with respect to both styrene
conversion and epoxide selectivity. The lower efficiency of the
complex to catalyze the epoxidation of styrene with H2O2 can be
attributed to catalyst deactivation in aqueous medium and partial
H2O2 disproportionation. Also in this case, addition of a neutral do-
nor ligand (NMO or PNO) showed no effect on the styrene conver-
sion or epoxide selectivity. When 0.2 mol% of 1 was used, no
catalytic effect was observed on the rate of styrene oxidation with
m-CPBA at 0 �C. However, after increasing the proportion of cata-
lyst in the reaction mixture to 4 mol% (catalyst:styrene:m-
CPBA = 1:25:50), styrene was catalytically oxidized by the m-
CPBA-1 system (Table 6). With this oxidant, it was found that the
styrene oxidation in CH3CN gave superior yield in a time shorter
than in CH2Cl2. The 1-m-CPBA system was further explored in
CH3CN for the other alkenes listed in Table 6. As it can be observed,
oxidation rates of cyclohexene and trans-4-octene are faster than
those of styrene and cis-stylbene, which indicates that the catalyst
favors the oxidation of the more electron rich substrates over the
less ones. This result would suggest an electrophilic character for
the active site of catalyst. However, given that a similar trend is
found for the oxidation of these alkenes with m-CPBA alone –
although at a much slower rate –, this interpretation should be ta-
ken with care.

It is interesting to compare the catalytic performance of 1 with
that of other Co-based systems. Complexes of the Co-salen family
have been reported to catalyze the epoxidation of cyclohexene
with PhIO in Cl2CH2 at 25 �C, to yield 66% conversion (t.o.n. = 6.6)



Table 5
Catalytic oxidation of styrene with 1.

1 (lmol) Solvent Styrene (mmol) Oxidant (mmol) Time (h) T (�C) t.o.n. Conversion (%) Epoxide (%)

1 CH2Cl2
a 0.5 PhIO (1) 6 20 450 90 83

1 Acetoneb 0.5 H2O2 (5) 4 0 170 34 59

a 5 mL.
b 1 mL. t.o.n. = converted mol/mol metal catalyst.
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Fig. 10. Reaction profiles of the styrene oxidation with PhIO catalyzed by 1 in
Cl2CH2, at 20 �C. Experimental conditions: 0.5 mmol styrene, 1 mmol PhIO, 0.2 mol%
catalyst, 5 mL CH2Cl2. Second addition of 0.5 mmol styrene + 1 mmol PhIO at
t = 360 min.

Table 6
Oxidation of alkenes with m-CPBA catalyzed by 1, at 0 �C.

Alkene Solvent Time (h) Conversion (%)

Styrene CH2Cl2 5 67
CH3CN 3 95

Cis-stylbene CH3CN 3 94
Cyclohexene CH3CN �1a 99
Trans-4-octene CH3CN �1a 98

Reaction conditions: alkene (0.5 mmol), catalyst (20 lmol), m-CPBA (1 mmol),
solvent (1 mL).

a The first aliquot taken a few minutes after the reaction started showed maximal
conversion.
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in 2 h [73]. Other Co complexes of the same family were found to
yield 35 mol% of styrene epoxide (t.o.n. = 7) in 3.5 h, in DMF and
0 �C, when H2O2 was used as terminal oxidant [74]. Co-calix [57]
pyrrole complexes were found to catalyze styrene epoxidation by
O2/ethylbutyraldehyde with 68% of epoxide formation
(t.o.n. = 68), after 24 h [75]. In all these systems, the catalysts are
used in high proportion and low t.o.n. are achieved. An improved
catalytic system for cyclohexene oxidation was obtained with a
heterogeneous system: LDH-hosted Co-salen complex, which
yields 53% of epoxide (t.o.n. = 98) using O2/aldehyde as oxidant
[76].

Therefore, although less active for epoxidation of alkenes than
Mn catalysts [77–81], the high turnover numbers and the retention
of activity after successive additions of oxidant, places the catalytic
activity of the 1-PhIO system above those of other cobalt catalysts
reported so far for alkene oxidation in homogeneous phase.
Fig. 11. Time-course profiles of dioxygen evolution (mL) from the reaction of H2O2

(1 mL, 30 %) with: (j) just imidazole (0.5 mL) and (N) 2 (2 mL, 1 mM) with
imidazole (0.5 mL) in DMF at 25 �C.
3.5.2. Catalase-like activity studies for 2
The catalase-like function of 2 to disproportionate H2O2 into

H2O and O2 was examined at 0 and 25 �C by volumetric measure-
ments of evolved dioxygen. The complex 2 was insoluble in water
therefore, catalytic activities of the complexes were determined in
N,N-dimethylformamide. Experiments were repeated several times
to ensure consistency of the results. The time course of the dioxy-
gen evolution is shown in Fig. 11. The reactivity studies indicated
that the complex itself is catalytically almost inactive, but the
decomposition of H2O2 is enhanced in the presence of a base such
as 1-methylimidazole (1-MeimH), imidazole (imH) or pyridine (py)
because of their strong p-donating ability. However, it is observed
that base itself causes only a very slight disproportionation of the
peroxide. For 2, the dioxygen evolution rate was reached after
the reaction was initiated and the evolution profile followed by a
short slow period process to finish the reaction. When the catalytic
process ceased, the evolved dioxygen gas corresponds to 100%
decomposition of hydrogen peroxide, implying that the complex
catalysts are efficient towards peroxide dismutation.

When studied at 0 �C the oxygen evolution profile was sigmoi-
dal and evolution ceased in 17 min. On the other hand, the cataly-
sis became faster and the evolution ceased in 8 min at 25 �C. At this
stage the evolved dioxygen corresponded to 100% decomposition
of the added hydrogen peroxide (Fig. 12). Different concentrations
are tested for heterocyclic base and H2O2 to find optimal ratio
(Fig. 13). By observing the profiles, we can find that the maximum
catalytic activities occur near the point where the concentrations
of imidazole are equal to that of H2O2. The same result was ob-
served when 1-methylimidazole or pyridine was used instead of
imidazole. But it was found that 1-methylimidazole appears to
be the most efficient base for peroxide disproportionation. This fact
means the catalytic activity of the complex is related with the pKa
of the added heterocyclic base, indicating that the ability of 1-
methylimidazole for binding proton is larger than that of imidazole
and pyridine [82]. This is also consistent with the pKa of pyridine
(5.2), imidazole (7.1) and 1-methylimidazole (7.4).

The catalytic results indicate that 2 has reasonably good cata-
lase activity and may be suitable as a functional model for the
pseudocatalase enzyme.



Fig. 12. Time-course profiles of dioxygen evolution (mL) from the reaction of H2O2

(1 mL, 30%) with: 2 (2 mL, 1 mM) and imidazole (0.5 mL) in DMF at (a) 0 �C and (b)
25 �C.

Fig. 13. Plot of initial rates of dioxygen evolution vs. the concentration ratios of 1-
methylimidazole to H2O2.
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3.5.3. Effect of 2 on catalase activity of haemolysate
The effect of 2 on catalase activity of haemolysate to dispropor-

tionate H2O2 into H2O and O2 was examined in N,N-dimethylform-
amide at room temperature. The catalytic activity of haemolysate
was investigated in the presence and absence of the complex. The
catalase activity of the control group changes significantly in the
experimental group but the catalytic degradation of H2O2 is inhib-
ited by the complex (Fig. S3). This result may be due to l1,3-azido
bridges of the complex. Because it is known that the activity of cat-
alase is inhibited by several compounds, including its natural sub-
strate, H2O2 (concentrations >0.1 M and reaction times >30 s),
azide, acetic acid, formic acid, fluoride, cyanide, hydroxylamine,
carbon monoxide, heavy metals (Cu2+, Pb2+) and 3-amino-1,2,4-tri-
azine [83–85].

The interesting aspect of 2 is that in spite of l1,3-bridging azi-
do ligand, it exhibits catalytic activity and catalyses the dispro-
portionation of hydrogen peroxide in presence of added base,
as observed in the literature [86]. On the other hand, it is found
that at pH 7.4 and in presence of excess hydrogen peroxide the
catalytic activity of blood haemolysate is inhibited by the
complex.

Moreover, the effect of complex concentration on the degrada-
tion of H2O2 by haemolysate has been investigated. For this pur-
pose the hydrogen peroxide concentration is kept constant and
the concentration of 2 is varied (1–40 mM). It was found that inhi-
bition of blood haemolysate increases with the increasing of the
complex concentrations (Fig. S4). Thus, at low complex concentra-
tions the inhibition of haemolysate varies linearly with the com-
plex concentration, but over 5 mM complex concentrations,
inhibition of blood haemolysate by the complex is increasing
slightly.
4. Conclusion

Three new cobalt(III) and copper(II) complexes, formulated as
[Co2(L)2(l1,1-N3)2(N3)2] (1), [Cu2(L)2(l1,3-N3)].ClO4 (2) and [(l1,1-
N3)2Cu5(l-OL)2(l1,1-N3)4(l1,1,1-N3)2]n (3) have been synthesised
with the tridentate NNO donor Schiff base ligand [(1Z,3E)-3-((pyri-
din-2-yl)methylimino)-1-phenylbut-1-en-1-ol = LH] and azide
ions. Interestingly, 2 is the first dinuclear copper(II) square planar
complex with a tridentate Schiff base and a single l1,3-azido
bridge. Another intriguing fact in this complex is the presence of
a very strong antiferromagnetic exchange interaction (J =
�252(1) cm�1) through the single l1,3-azido bridge. This value is
more than twice the highest value reported to date for a double
l1,3-azido bridged copper(II)-dinuclear compound (J = �105 cm�1)
[21]. Last, but not the least, the high turnover numbers and the
retention of activity after successive additions of oxidant, places
the catalytic activity of the 1-PhIO system above those of other co-
balt catalysts reported so far for alkene oxidation in homogeneous
phase and 2 have shown to have reasonably good catalase activity.
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