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’ INTRODUCTION

Molecular self-assembly driven by weak interactions such as
hydrogen-bonding, π 3 3 3π, C�H 3 3 3π, van der Waals interac-
tions, and so forth are currently of tremendous research interest
in the fields of molecule based materials.1,2Among these weak
interactions hydrogen-bonding is the strongest one with bond
energies in the range 0.2�39 kcal mol�1,3 while van der Waals
interactions range around 1 kcal mol�1.4 The directional proper-
ties of the hydrogen-bonding interaction associates discrete
molecules into aggregate structures that are sufficiently stable
to be considered as independent chemical species. Chemistry can

borrow nature’s strategy to utilize hydrogen-bonding as well as
other noncovalent interactions as found in secondary and tertiary
structures of proteins such as the double helix folding of DNA,
hydrophobic self-organization of phospholipids in cell mem-
brane, and so forth.5 In supramolecular chemistry hydrogen-
bonding plays an important role in forming a variety of archi-
tectures.1a,6,7 Thus, the wise modulation and tuning of the
complementary sites responsible for hydrogen-bond formation
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ABSTRACT: Three different ONO donor acetyl hydrazone
Schiff bases have been synthesized from the condensation of
acetic hydrazide with three different carbonyl compounds:
salicylaldehyde (HL1), 2-hydroxyacetophenone (HL2), and 2,
3-dihydroxybenzaldehyde (HL3). These tridentate ligands are
reacted with Ni(OOCCF3)2 3 xH2O to yield three new Ni(II)
complexes having distorted octahedral geometry at eachNi center:
[Ni(L1)(OOCCF3)(CH3OH)]2 (1), [Ni(L

2)(OOCCF3)(H2O)]2 (2), and [Ni(L
3)(L3H)](OOCCF3)(H2O)1.65(CH3OH)0.35 (3).

The ligands and the complexes have been characterized by elemental analysis and IR and UV�vis spectroscopy, and the structures of the
complexes have been established by single crystal X-ray diffraction (XRD) study.1 and2 are centrosymmetric dinuclear complexes and are
structural isomers whereas 3 is a bis chelated cationic monomer coordinated by one neutral and one monoanionic ligand. O�H 3 3 3O
hydrogen bonds in 3 lead to the formation of a dimer. Slight steric and electronicmodifications in the ligand backbone provoke differences
in the supramolecular architectures of the complexes, leading to a variety of one, two, and three-dimensional hydrogen bonded networks in
complexes 1�3 respectively. Variable temperature magnetic susceptibility measurements reveal that moderate antiferromagnetic
interactions operate between phenoxo bridged Ni(II) dimers in 1 and 2 whereas very weak antiferromagnetic exchange occurs through
hydrogen bonding and π�π stacking interactions in 3. All complexes are proved to be efficient catalysts for the epoxidation of alkenes by
NaOCl under phase transfer condition. The efficiency of alkene epoxidation is dramatically enhanced by lowering the pH, and the
reactions are supposed to involve high valent NiIII�OCl or NiIII�O 3 intermediates. 3 is the best epoxidation catalyst among the three
complexes with 99% conversion and very high turnover number (TON, 396).
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have led to its application in supramolecular electronics,8 host�
guest chemistry,9 self-assembly of molecular capsules,10 nano-
tubes,11 and so forth. Themolecular aggregates formed by a variety
of hydrogen-bonding patterns can be systematically analyzed by
applying graph set theory developed by Etter and co-workers.12

Complex networks can be recognized and reduced to combination
of four simple patterns, each specified by a designator: chains (C),
rings (R), intramolecular hydrogen-bonded patterns (S), and
other finite patterns (D).

Transition metal complexes derived from hydrazone Schiff
bases can form diverse supramolecular networks as reported
previously by various research groups13 as well as by us.14 Albeit,
most of these works are based on aryl-hydrazone ligands, and
there are very few reports of metal complexes of hydrazone-Schiff
bases derived from alkyl hydrazides;14c,d,i,15 to the best of our
knowledge, no structural report of Ni(II) complexes of acetyl
hydrazones with extensive supramolecular interactions has been
published so far.

Octahedral Ni(II) Schiff base complexes possess magnetic
interactions covering a broad range, from antiferromagnetism to
ferromagnetism.16 Moreover, interest in epoxidation of alkenes
catalyzed by transition metal complexes is growing because of the
increased use of epoxides in agro- andpharmacological chemistry.17

Although historically Mn(salen) complexes18 were considered as
important candidates for epoxidation of alkenes, recently some
mono and dinuclear Ni(II) Schiff base/macrocyclic complexes
have been shown to be used for this purpose.19,20 The catalytic
efficiency of Ni(II) complexes depends on the nature of terminal
oxidants as well as on the specific ligand environment.

In the present work, we have synthesized three new ONO
donor hydrazone ligands from the condensation of acetic hydra-
zide with three different carbonyl compounds, namely, salicylalde-
hyde (HL1), 2-hydroxyacetophenone (HL2), and 2,3-dihydroxy-
benzaldehyde (HL3) (Scheme 1). We have also prepared and
characterized the three reaction products of these ligands with
Ni(OOCCF3)2 3 xH2O. These three products are formed by
distorted octahedral Ni(II) complexes, formulated as [Ni(L1)-
(OOCCF3)(CH3OH)]2 (1), [Ni(L2)(OOCCF3)(H2O)]2 (2),
and [Ni(L3)(L3H)](OOCCF3)(H2O)1.65(CH3OH)0.35 (3). In-
terestingly, the three complexes show one-, two-, and three-
dimensional (1D, 2D, 3D) H-bonded networks, in 1, 2, and 3,
respectively. The magnetic measurements show the presence of an
intramolecular moderate antiferromagnetic coupling in 1 and 2,
and a weak intermolecular antiferromagnetic interaction in 3 via
O�H 3 3 3O hydrogen bonding and π�π stacking. We have also
evaluated the ability of theNi(II)-hydrazone complexes to catalyze
the epoxidation of various alkenes using NaClO under phase
transfer conditions. The pH dependence of the ClO� based alkene
epoxidation reactions shows dramatic rate acceleration at low pH.
Two probable mechanistic pathways have also been proposed for
the catalytic reactions.

’EXPERIMENTAL SECTION

Materials. All solvents were of reagent grade and used without
further purification. Acetic hydrazide, salicylaldehyde, 2-hydroxyaceto-
phenone, and 2,3-dihydroxybenzaldehyde were purchased from Aldrich
Chemical Co. and used as received. Nickel trifluoroacetate was prepared
by treatment of nickel carbonate (E. Merck, India) with 60% trifluor-
oacetic acid (E. Merck, India) followed by slow evaporation on a steam
bath. It was then filtered through a fine glass-frit and preserved in a CaCl2
desiccator for further use. cis-Stylbene, cyclohexene, trans-4-octene,

styrene, and benzyltributylammonium chloride, used in the catalytic
experiments, were from Aldrich and used as received. Chloroform was of
HPLC grade (Merk). Commercial bleach was used as theNaClO source.
Syntheses of the Hydrazone Ligands [L1H, L2H, L3H]. The

ligand L1H [(E)-N0-(2-hydroxybenzylidene)acetohydrazide] was pre-
pared by the condensation of acetic hydrazide (0.74 g, 10 mmol) with
salicylaldehyde (1.221 g, 10 mmol) in presence of a single drop of glacial
acetic acid in methanol medium (200 mL). On refluxing the methanolic
solution for 5 h a colorless solution was obtained. The solvent was
removed under reduced pressure, and the white residue was purified by
recrystallization to obtain colorless shiny crystals. Yield 1.55 g (87%).
Anal. Calcd. (%) for C9H10N2O2 (M = 178.1 g/mol): C, 60.66; H, 5.66;
N, 15.72. Found: C, 60.58; H, 5.78; N, 15.69. FT-IR bands (KBr, cm�1):
ν(CdN) 1623, ν(CdO) 1684.

The ligand L2H [(E)-N0-(1-(2-hydroxyphenyl)ethylidene)aceto-
hydrazide] was prepared by the condensation of 200 mL of a methanolic
solution of acetic hydrazide (0.74 g, 10 mmol) with 2-hydroxyacetophe-
none (1.362 g, 10 mmol) following the same procedure as for L1H. In this
case also shiny colorless crystals were obtained. Yield 1.77 g (92%). Anal.
Calcd. (%) for C10H12N2O2 (M = 192.1 g/mol): C, 62.49; H, 6.29; N,
14.57. Found: C, 62.58; H, 6.23; N, 14.49. FT-IR bands (KBr, cm�1):
ν(CdN) 1606, ν(CdO) 1667.

The ligand L3H [(E)-N0-(2,3-dihydroxybenzylidene)acetohydrazide]
was prepared by the condensation of 200 mL of a methanolic solution of
acetic hydrazide (0.74 g, 10mmol) with 2,3-dihydroxybenzaldehyde (1.381
g, 10 mmol) in the presence of a single drop of glacial acetic acid to form a
light yellow solution obtained on 5 h reflux. After removing the solvent
under reduced pressure a light yellow solid was obtained. This solid was
recrystallized to obtain light yellow crystals of L3H. Yield 1.61 g (83%). Anal.
Calcd. (%) forC9H10N2O3 (M=194.1 g/mol):C, 55.67;H, 5.19;N, 14.43.
Found: C, 55.68; H, 5.08; N, 14.49. FT-IR bands (KBr, cm�1): ν(CdN)
1614, ν(CdO) 1664.

Scheme 1. Scheme of Syntheses of the Ligands: HL1, HL2,
and HL3
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Synthesis of [Ni(L1)(OOCCF3)(CH3OH)]2 (1). Ni(OOCCF3)2 3
xH2O (0.213 g, 0.75mmol) was dissolved in 20mLof a 1:1 v/vmixture of
methanol and acetonitrile. Ten milliliters of a methanolic solution of the
Schiff base L1H (0.089 g, 0.5 mmol) was added to the former followed by
one drop of triethylamine, and it was heated to 60 �C with stirring for
30min. The bright green solutionwas kept in a refrigerator at 16 �C.Green
cubic single crystals suitable for X-ray diffraction were obtained within
2 days. Crystals were isolated by filtration and were air-dried. Yield: 0.65 g
(85%). Anal. Calcd. for C24H26F6N4Ni2O10 (M = 761.90 g/mol): C,
37.80; H, 3.41; N, 7.35. Found: C, 37.69; H, 3.60; N, 7.38%. FT-IR bands
(KBr, cm�1): ν(O�H) 3431, ν(CdN) 1547, ν(CdO) 1607, νasym-
(COO�) 1676, νsym(COO

�) 1385, ν(C�F) 1201, ν(Ni�N) 462. UV�
vis bands (CH3CN, nm): LMCT 375, nfπ* 284, πfπ* 240.
Synthesis of [Ni(L2)(OOCCF3)(H2O)]2 (2). Ni(OOCCF3)2 3

xH2O (0.213 g, 0.75 mmol) was dissolved in 10 mL of 2-propanol.
Ten milliliters of a methanolic solution of the Schiff base L2H (0.096 g,
0.5 mmol) was added to the former. One drop of triethylamine was
added into the mixture, and it was heated to 60 �C with stirring for
30min. The bright green solution was kept at room temperature for slow
evaporation of solvent. Green block shaped single crystals suitable for
X-ray diffraction were obtained after 3 days. Crystals were isolated by
filtration and were air-dried. Yield: 0.62 g (82%). Anal. Calcd. for
C24H26F6N4Ni2O10 (M = 761.90 g/mol): C, 37.80; H, 3.41; N, 7.35.
Found: C, 37.75; H, 3.46; N, 7.47%. FT-IR bands (KBr, cm�1):
ν(O�H) 3410, ν(CdN) 1542, ν(CdO) 1596, νasym(COO

�) 1680,
νsym(COO

�) 1376, ν(C�F) 1199, ν(Ni�N) 445. UV�vis bands
(CH3CN, nm): LMCT 344, nfπ* 275, πfπ* 240.
Synthesis of [Ni(L3)(L3H)](OOCCF3)(H2O)1.65(CH3OH)0.35

(3). Ni(OOCCF3)2 3 xH2O (0.213 g, 0.75 mmol) was dissolved in
10 mL of acetonitrile. Ten milliliters of a methanolic solution of the
Schiff base L3H (0.097 g, 0.5 mmol) was added to the former. One drop
of triethylamine was added into the mixture, and it was heated to 60 �C
with stirring for 45 min. The bright green solution was kept in
refrigerator at 16 �C. Green block shaped single crystals suitable for
X-ray diffraction were obtained after 3 days. Crystals were isolated by
filtration and were air-dried. Yield: 0.47 g (79%). Anal. Calc. for
C20.35H23.7N4NiF3O10 (M = 600.02 g/mol): C, 40.70; H, 3.95; N,
9.33. Found: C, 40.59; H, 3.80; N, 9.28%. FT-IR bands (KBr, cm�1):
ν(O�H) 3321, ν(CdN) 1576, ν(CdO) 1611, νasym(COO

�) 1671,
νsym(COO

�) 1387, ν(C�F) 1191, ν(Ni�N) 472 cm�1. UV�vis bands
(CH3CN, nm): LMCT 389, nfπ* 299, πfπ* 240.
Physical Measurements. The Fourier Transform Infrared spectra

were recorded in the range 4000�400 cm�1 on aPerkin-ElmerRX IFT-IR
spectrophotometer with solid KBr pellets. The electronic spectra in HPLC
grade acetonitrile were recorded at 300 K on a Perkin�Elmer Lambda
40 (UV�Vis) spectrometer in a 1 cm quartz cuvette in the range
200�800 nm. C, H, and N microanalyses were carried out with a
Perkin-Elmer 2400 II elemental analyzer. The positive ion ESI-MS was
performed in a QTOF micro mass spectrometer. The magnetic suscept-
ibility measurements were carried out in the temperature range 2�300 K
with an applied magnetic field of 0.1 T on polycrystalline samples of
compounds 1�3 (withmasses of 28.04, 33.75, and 21.12mg, respectively)
with a Quantum Design MPMS-XL-5 SQUID susceptometer. The
isothermal magnetizations were performed on the same samples at 2 K
with magnetic fields up to 8 T in a Quantum Design PPMS-9 equipment
for 1 and 2 and up to 5 T in the SQUID susceptometer for 3. The
susceptibility data were corrected for the sample holder using the same
conditions and for the diamagnetic contributions of the salt as deduced by
using tables of Pascal's constants (χdia =�343.6� 10�6,�314.3� 10�6,
and �332.0 � 10�6 emu.mol�1 for 1�3, respectively). HPLC experi-
ments were performed with a Varian ProStar chromatograph equipped
with DAD 335 detector using a Varian Microsorb-MV 100-5 C18 column
(250 � 4.6 � 1/40 0), with a Zeltec thermostatted heater. Samples were
eluted with a 70:30 acetonitrile/methanol mixture at a flow rate of

0.4 mL/min at 40 �C. Under these experimental conditions, retention
times (Rt) were styrene (Rt = 7.88 min), styrene epoxide (Rt = 7.17 min),
benzaldehyde (Rt = 7.05 min), cis-stylbene (Rt = 8.51 min), cyclohexene
(Rt = 9.47 min), cyclohexene oxide (Rt = 7.13), and trans-4-octene (Rt =
11.39 min). Calibration curves of authentic alkene and product samples
were used to quantify the alkene conversion andproduct selectivity. At least
two independent experiments were performed for each set of reaction
conditions. Blank experiments with the oxidant and using the same
experimental conditions except catalyst were performed. Alkene conver-
sion in absence of the complex was 0�5%.
Crystal Data Collection and Refinement. Intensity data were

collected usingMoKR radiationwith aNoniusKappaCCDdiffractometer at
293 K for 1, on a Bruker X8 APEXII diffractometer at 100 K for 2, and on a
Bruker SMART 1000 CCD diffractometer at 294 K for 3. Data collections
were performed with the COLLECT,21 APEX 2,22 and SMART23 programs
for 1, 2, and 3, respectively. Programs DENZO/SCALEPACK,24 SAINT,25

and SMART23 were used for data reduction of 1, 2, and 3, respectively.
Empirical absorption corrections were carried out by multiscan technique
using DENZO/SCALEPACK for 1 and SADABS26 for 2 and 3. The
structures were solved by direct methods using the SIR9727 program for 1
and 3, and the SHELXS-9728 program for 2. All structures were refined by
full-matrix least-squares methods with the program CRYSTALS29 for 1 or
SHELXL-9728 for2 and 3. In1, the F atoms of the trifluoroacetate anions are
disordered over two orientations, with site occupancy factors of 0.6 and 0.4.
All H atoms of 1 and 2 and most C-bound H atoms of 3 were generated
geometrically and were included in the refinement in the riding model
approximation. In 3, thewatermolecule including theO9 atomwas found to
be disorderedover twopositionswith site occupancy factors of 0.65 and 0.35.
The displacement parameters of the disordered oxygen atomwere restrained
to be the same. A second water molecule (atom O10A) and a methanol
molecule (atoms O10B and C21) were found to occupy the same site, and
were refined with site occupancy factors of 0.65 and 0.35 for the water and
methanolmolecule, respectively.During the refinement, theC�Obondwas
constrained to 1.40(1) Å. The water molecule H atoms were located in a
difference Fourier map and placed at chemically sensible positions, and
refined with the O 3 3 3H and H 3 3 3H distances constrained to 0.86(1) and
1.36(2) Å, respectively, and withUiso(H) = 1.5Ueq(O). TheH atoms of the
methanol molecule were calculated geometrically and refined as riding, with
O�H = 0.86 Å, C�H = 0.96 Å, and with Uiso(H) = 1.5Ueq(C, O). The
ligand hydroxyH atomswere located in a difference Fouriermap and refined
using the riding model approximation, with O�H = 0.86 Å. Selected
crystallographic data, experimental conditions, and relevant features of the
structural refinements for all the complexes are summarized in Table 1.
Catalysis Experiments. Ten micromol of catalyst (7.6 mg of 1, 7.9

mg of 2 or 6.0 mg of 3), 10 μmol of phase transfer catalyst benzyltribu-
tylammonium chloride (3 mg), and 0.4 mmol of alkene (41 μL cyclohex-
ene, 63 μL of trans-4-octene, 71 μL of cis-stylbene or 46 μL styrene), were
suspended in 2 mL of freshly distilled Cl3CH. With stirring and at a
controlled temperature of 20 �C, 2 mL of an aqueous solution of 0.7 M
NaClO were added. In experiments at pH 9�11, the aqueous layer was
prepared beforehand, buffered with Na2B4O7 and adjusted to the desired
pHwith either 4 NNaOH or concentrated HCl. In a series of experiments
at pH 9, 1 μmol of catalyst was used. The reaction was stirred at constant
temperature, and the reaction time formaximal conversionwas determined
by withdrawing periodically aliquots of 20 μL from the Cl3CH layer that
were subjected to HPLC analysis. This time was used to monitor the
efficiency of the catalyst. Aliquots were diluted with 2 mL of acetonitrile
and filtered through a 0.2 μm membrane prior to injection into the
chromatograph. In every case, the epoxide was the only reaction product.

’RESULTS AND DISCUSSIONS

Crystal Structures of [Ni(L1)(OOCCF3)(CH3OH)]2 (1) and
[Ni(L2)(OOCCF3)(H2O)]2 (2). The asymmetric units of 1 and 2
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belong to the same space group (P1), and, interestingly, they
have the same molecular formula, that is, the same number of
atoms of the same elements, connected together in different
ways; hence, 1 and 2 are structural isomers. It is to be noted that
this isomerism arises from the presence of different ligands
whose total empirical formula is the same, but they present
different connectivity; therefore, they are structural isomers,
although they can not be classified as coordination nor ionization
nor linkage isomers.
The asymmetric units of the Ni(II) complexes 1 and 2 are

depicted in Figures 1a and 1b, respectively, and selected bond
lengths and angles are listed in Table 2. Both complexes are
positioned over centers of inversion generating bis(μ-phenoxo)
bridged dinuclear structures where each six coordinate Ni(II) ion
can be defined as distorted NiNO5 octahedra (Figure 2). The
ONO donor Schiff base ligands occupy three of the equatorial
sites with the fourth site occupied by the bridging phenoxo
oxygen atom. One of the axial positions is occupied by the oxygen
atom (O21) of a terminally coordinated trifluoroacetate anion in
both complexes whereas the second axial position is occupied by
an oxygen atom (O31) belonging to a methanol molecule in 1
and to a water molecule in 2. In both complexes the Ni1 atom is
located slightly above the equatorial plane with a small out of
plane deviation (0.050 Å in 1 and 0.036 Å in 2) toward the axial
O21 atom of the CF3COO

� anion. The ONO donor ligands
form effectively planar five and six membered chelate rings

around the metal centers (Figure 2). The phenoxo oxygens
(O1) form centrosymmetric double μ-phenoxo bridges between
the twoNi atoms withNi�O�Ni bond angles of 98.74(12)� and
99.06(15)� in 1 and 2, respectively (Table 2). The twelve cis
angles subtended at the metal center by adjacent N/O donor
atoms vary in the range 78.8(1)�98.1(1)� in 1 and between
79.20(14)�98.07(13)� in 2 whereas the three trans angles are in
the range 167.5(1)�171.01(13)� in both complexes. The devia-
tion of the cis and trans bond angles subtended at the metal
centers from the ideal values (Table 2) may be attributed to
crystal packing forces, such as hydrogen-bonding observed in the
structures and also to the inherent geometrical constraints of the
ligands. The intramolecular Ni 3 3 3Ni distances [3.077 and 3.066
Å in 1 and 2, respectively] are similar to those observed in other
double phenoxo bridged dinuclear nickel systems.30,31

The crystal packing of both complexes shows several intra- and
intermolecular O�H 3 3 3O, N�H 3 3 3O, and C�H 3 3 3O
H-bonds shown in Figure 2 (a and b for 1 and 2, respectively)
and listed in Table 3. 1 presents rotational disorder of the F
atoms of the coordinated CF3COO

� anion, which are rotated
over two sets of sites by about 40� along the C�C bond. In
contrast, 2 does not show this disorder probably because of the
stabilizing effect of the intramolecular O31�H15 3 3 3 F26 inter-
action, which is absent in 1.
In 1 and 2 adjacent dimers are linked via pairs of N10�

H23 3 3 3O23 intermolecularH-bonds to form a 1D supramolecular

Table 1. Crystal Structure Parameters of 1, 2, and 3

1 2 3

empirical formula C24 H26F6 N4Ni2 O10 C24 H26F6 N4Ni2 O10 C20.35H23.7N4NiF3O10

formula weight (g mol�1) 761.90 761.90 600.02

temperature 293 K 100 K 294 K

wavelength 0.71069 Å 0.71073 Å 0.71071 Å

crystal system triclinic triclinic monoclinic

space group P1 (No. 2) P1 (No. 2) C2/c (No. 15)

a (Å) 9.169(5) 7.210(4) 17.7819(10)

b (Å) 9.388(5) 10.186(8) 18.5529(11)

c (Å) 10.615(5) 10.376(6) 15.248(9)

R (deg) 114.555(5) 77.13(2) 90

β (deg) 106.173(5) 73.77(2) 95.7711(10)

γ (deg) 96.843(5) 82.21(3) 90

V (Å3) 768.8(7) 711.1(8) 5005(3)

Z 1 1 8

dcalc (g cm
�3) 1.646 1.779 1.593

μ (mm�1) 1.279 1.427 0.859

F(000) 388 388 2470

crystal size (mm3) 0.08 � 0.09 � 0.11 0.14 � 0.34 � 0.42 0.11 � 0.15 � 0.21

θ range (deg) 2.6�29.4 2.1�26.4 1.6�25.5

reflections collected 6005 4846 24822

ind. reflections 3522 2447 4687

R(int) 0.020 0.038 0.037

reflections used 2566 1817 4687

parameters refined 199 208 390

goodness-of-fit on F2 1.13 1.18 1.00

final R indices R = 0.0573 R1 = 0.0437 R = 0.0353

wR = 0.0631 wR2 = 0.0840 wR = 0.0934

[I > 3σ(I)] [I > 2σ(I)] [I > 2σ(I)]

ΔFmax and ΔFmin 1.16 and �1.21 e Å�3 0.87 and �0.83 e Å�3 0.44 and �0.34 e Å�3
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self-assembly running parallel to the crystallographic c axis
(Figures 3 and 4). The repeating motif of this intermolecular
hydrogen-bond occurs in the form of a ring around an inversion
center and is best described by the basic unitary graph set
R2

2(14).12 Besides these H-bonds, in 2 additional pairs of
O31�H4 3 3 3O12 interactions along the crystallographic a axis

(Figure 4) link centrosymmetrically relatedmolecules to form rings
of graph set R2

2(8) into a 2D supramolecular architecture in the
ac plane.
Structure of [Ni(L3)(L3H)](OOCCF3)(H2O)1.65(CH3OH)0.35

(3). The asymmetric unit of 3 is shown in Figure 5, and the
selected bond distances and angles are listed in Table 4. The
Ni(II) ion displays a distorted octahedral coordination geome-
try with two Schiff base ligands coordinated to the Ni(II) ion as
tridentate ONO chelating agents via the phenolic oxygen (O1
and O4), the azomethine nitrogen (N1 and N3), and the keto
oxygen atoms (O3 and O6). The phenolic oxygen (O4) of one
of the two Schiff bases coordinating the Ni(II) ion undergoes
deprotonation during complexation and behaves as a mono-
negative ligand (L3)�, but the other one (O1) is protonated and
behaves as a neutral ligand (L3H). Therefore, the complex is
monocationic and is stabilized by a trifluoroacetate counteran-
ion in the lattice. The ligands are coordinated to the metal
center with their coordinating atoms in a meridional configura-
tion, being the phenolic (O1 and O4) and keto (O3 and O6)
oxygen atoms in cis orientation to each-other and the azo-
methine nitrogen atoms (N1 and N3) in trans orientation
(Figure 5). The 12 cis angles and the three trans angles
subtended at the metal center show deviations from the ideal
values (Table 4) that may be attributed to the restricted bite
angles imposed by the planar tridentate Schiff bases. The
equatorial plane of the NiN2O4 chromophore is defined by
two phenolic (O1 and O4) and two ketonic (O3 and O6)
oxygen atoms, while the two axial sites are occupied by the two
azomethine nitrogen atoms (N1 and N3). The Ni�N
(azomethine) bond distance is comparable with other bis
chelated Ni(II) complexes of ONO and NNO donor Schiff
base ligands.32,33 The two ligands [L3H and (L3)�] are almost
orthogonal [the angle between the planes of the ONO donor
sets is 88.24(4)�]. Generally in bis-chelated octahedral com-
plexes containing two tridentate ONO or NNO donor ligands,
the two coordinated ligands are identical and present the same
charge.32,34,35 Interestingly, in 3 one of the Schiff base ligands is
protonated and appears as a neutral (L3H) entity whereas the
other one is deprotonated and appears as an anionic (L3)�

ligand. Such behavior of anONOdonor tridentate Schiff base in
a bis-chelated Ni(II) complex is rather unusual.33

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 1
and 2

1 2

Bond Lengths (Å)

Ni1�O1 2.012(3) 1.969(3)

Ni1�O1_aa 2.042(3) 2.064(3)

Ni1�N9 1.998(3) 2.015(4)

Ni1�O12 2.094(3) 2.083(4)

Ni1�O21 2.075(4) 2.083(3)

Ni1�O31 2.114(4) 2.094(3)

Bond Angles (deg)

O1�Ni1�O1_aa 81.3(1) 81.08(13)

O1�Ni1�N9 89.9(1) 89.6(0)

O1_a�Ni1�N9a 170.2(1) 170.41(14)

O1�Ni1�O12 167.5(1) 168.71(13)

O1_a�Ni1�O12a 110.7(1) 110.05(13)

N9�Ni1�O12 78.8(1) 79.20(14)

O1�Ni1�O21 92.0(1) 90.43(13)

O1_a�Ni1�O21a 84.1(1) 84.32(12)

N9�Ni1�O21 98.1(2) 98.07(13)

O12�Ni1�O21 92.8(2) 92.57(13)

O1�Ni1�O31 86.6(1) 88.44(13)

O1_a�Ni1�O31a 85.7(1) 86.69(12)

N9�Ni1�O31 92.0(2) 90.84(13)

O12�Ni1�O31 90.7(2) 90.25(13)

O21�Ni1�O31 169.8(1) 171.01(13)

Ni1�O1�Ni1_aa 98.7(1) 98.92(14)
a Symmetry transformations used to generate equivalent atoms: _a: �x
+1,�y+2,�z+2.

Figure 1. Perspective view of the asymmetric unit of 1 (a) and 2 (b). H atoms are shown as spheres of arbitrary radius.
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The phenolic oxygen atoms (O1 and O2) of the protonated
neutral ligand of one asymmetric unit act as hydrogen bond
donors to the phenoxo oxygen atoms (O4 and O5) of the
deprotonated anionic ligand of an adjacent unit (generated by
the symmetry operation 1�x, y, 1/2�z), forming a dimer via two
pairs of cooperative O1�H10 3 3 3O4

i and O2�H20 3 3 3O5
i

hydrogen bonds (Figure 6 and Table 5). This disposition is
favored by the formation of two close π�π stacking interactions
between the aromatic rings of the symmetry related units
belonging to the hydrogen bonded dimer (Figure 6). The

interplanar average distance between the C1 3 3 3C6 rings is
3.259 Å whereas that between the C10 3 3 3C15 ones is 3.356 Å.
A further insight to the structure of 3 reveals the presence of

several O�H 3 3 3O,N�H 3 3 3O, and C�H 3 3 3O intermolecular
H-bonding interactions (Table 5 and Figures 7a and 7b, where
O10A and O10B, which alternatively occupy the same site of the
lattice, are shown separately).
Note that although one of the two solvent molecules presents

a disorder between a water and a methanol molecule, the
formation of the three-dimensional network of H-bonds is

Figure 2. View of the centrosymmetric dimers in 1 (a) and 2 (b). Intra- and intermolecular hydrogen bonds are indicated by dashed lines.

Table 3. Hydrogen Bonding Interactions in 1 and 2

complex D�H 3 3 3A d(D�H) Å d(H 3 3 3A) Å d(D 3 3 3A) Å —(D�H 3 3 3A) deg

1 C3�H72 3 3 3O12 1.00 2.34 3.272(9) 155

O31�H1 3 3 3O21 0.90 1.91 2.806(9) 179

N10�H23 3 3 3O23 0.99 1.83 2.765(9) 157

2 C3�H31 3 3 3O12 0.93 2.34 3.232(6) 160

C14�H141 3 3 3N10 0.97 2.35 2.707(7) 101

O31�H15 3 3 3O21 0.81 2.13 2.828(5) 144

O31�H15 3 3 3 F26 0.81 2.48 3.102(5) 135

N10�H16 3 3 3O23 0.85 2.07 2.809(5) 145

O31�H4 3 3 3O12 0.83 2.00 2.830(5) 172

Figure 3. Packing diagram of 1 showing the 1D H-bonded network. The six possible positions of the 3 F atoms are indicated. Hydrogen atoms not
involved in H-bonding are omitted for clarity.
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observed in both cases (Figure 8), the only difference being the
stronger H-bond observed when the solvent is a water molecule
compared to the methanol one. This may explain the higher
occupancy factor of the water molecule compared to the
methanol one.
Structural Comparison of the Three Complexes. A com-

parative study of the synthetic and structural aspects of the three
complexes (1�3) reveals that the three Schiff base ligands (L1H,
L2H, and L3H) contain the same amine fragment, (acetic-
hydrazide) but different carbonyl functions (salicylaldehyde,
2-hydroxyacetophenone, and 2,3-dihydroxybenzaldehyde) in
L1H, L2H, and L3H, respectively (Scheme 1), that is, we have
modified the design of salicylaldehyde of L1H by introducing a

methyl group in the side chain in L2H and an extra hydroxyl
group in the aromatic ring in L3H. Interestingly, these small
modifications have led to important structural changes. When
comparing the asymmetric units of 1 and 2, we can see that the
change of an H atom (in L1H) by a �CH3 group (in L2H)
implies a higher steric hindrance in 2 that precludes the
coordination of the CH3OH molecule, in contrast to 1. These

Figure 5. Asymmetric unit of 3 showing the disordered water (O10A)
and methanol molecules (C21�O10B).

Table 4. Selected Bond Lengths (Å�) and Bond Angles (deg)
for 3

Bond Lengths (Å)

Ni1�O1 2.052(2)

Ni1�O3 2.089(2)

Ni1�O4 2.046(2)

Ni1�O6 2.067(2)

Ni1�N1 2.003(2)

Ni1�N3 2.002(2)

Bond Angles (deg)

O1�Ni1�O3 163.97(7)

O1�Ni1�O4 88.74(6)

O1�Ni1�O6 89.03(7)

O1�Ni1�N1 87.07(7)

O1�Ni1�N3 99.34(7)

O3�Ni1�O4 87.95(7)

O3�Ni1�O6 97.88(7)

O3�Ni1�N1 78.29(8)

O3�Ni1�N3 96.18(8)

O4�Ni1�O6 165.79(7)

O4�Ni1�N1 101.98(7)

O4�Ni1�N3 87.50(7)

O6�Ni1�N1 91.92(8)

O6�Ni1�N3 79.02(8)

N1�Ni1�N3 168.73(8)

Figure 4. Packing diagram of 2 showing the 2D H-bonded network. Hydrogen atoms not involved in H-bonding are omitted for clarity.
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steric factors have been balanced since the replacement of a H
atom by a �CH3 group in the Schiff base ligand (differing in
a �CH2� group) implies the replacement of a CH3OH
molecule by a H2O molecule (also differing in a �CH2�
group). As a consequence of these two identical changes, the
two compounds present the same formula with different con-
nectivities of the ligands and constitute a pair of structural
isomers. In 3, a hydroxyl group has been incorporated in the
aromatic ring of the salicylaldehyde. This modification produces
interesting electronic effects (besides the logical steric ones)
giving rise to the formation of extra H-bonds (as compared with
1 and 2). Thus, as can be observed in Scheme 1, the resulting
L3H ligand presents two �OH groups in ortho and meta to the
imine functionality in the aromatic ring that act as strong
H-bond donors giving rise to several H-bonds containing the
O1, O2, and O5 atoms as H-bond donors and the deprotonated
O4 atoms as H-bond acceptor (Table 5). On the other hand, the

additional free (meta) �OH group withdraws electron density
from the aromatic ring and, therefore, from the coordinating
(ortho) �OH group, reducing its electronic density. This
reduced electronic density in the latter �OH group may
be the reason for the absence of a phenoxo bridge by the
ortho �OH group in 3, in contrast to 1 and 2, leading to the
formation of a monomer in 3 instead of a centrosymmetric
dimer, as in 1 and 2.
All complexes present interesting H-bonding topologies in-

creasing from 1D to 2D and to 3D in 1, 2, and 3, respectively. The
differences in the H-bonding network observed between the
isomeric complexes 1 and 2may be attributed to the presence of
different coordinating molecules in one of the axial positions
(a CH3OH molecule in 1 and a H2O molecule in 2). Thus, in 1
the methanolic proton (H1) forms an intramolecular H-bond
but no intermolecular ones. In fact, the only intermolecular
H-bond in 1 occurs between the amide proton (H23) of one unit
with the free trifluoroacetato oxygen (O23) of an adjacent unit
along the c axis described by the basic unitary ring graph model
R2

2(14) which gives rise to a 1D chain supramolecular architec-
ture. In case of 2 the coordinated water molecule has two protons
with favorable orientations to participate in H-bonding. One of
them (H15) forms an intramolecular O�H 3 3 3O interaction
with the trifluoroacetate moiety. The other proton (H4) forms a
H-bond with the coordinated keto oxygen (O12) of a neighbor-
ing molecule, giving rise to a R2

2(8) H-bonding ring pattern that
propagates along the a axis in addition to a R2

2(14) pattern that
propagates along the c axis similar to 1. This additional H-bond-
ing ability of the water molecule in 2 generates in this compound
a 2D H-bonded network in contrast to 1 where the H-bond
network is limited to 1D.
In contrast to 1 and 2, 3 has no symmetry element within the

molecule and, therefore, no symmetrical intramolecular hydro-
gen bond is present. The presence of two lattice water molecules
and one terminal hydroxyl group attached to the Schiff base
makes the trifluoroacetato oxygen (O8) a trifurcated H-bond
acceptor from three different directions while in 1 and 2 the
trifluoroacetate oxygen (O23) is H-bonded only with the free
amide proton along the c axis. Moreover an O�H 3 3 3O R2

2(8)
ring graph type is formed in 3 by purely interligand interactions
between two adjacent basal-apical ligand moieties of two neigh-
boring units because of the simultaneous coordination of one
neutral and one monoanionic ligand fragments to the metal
center. In 2 also an O�H 3 3 3O R2

2(8) ring graph type set is
present, but it involves protons from coordinated water mol-
ecules as in this compound all the coordinated ligands are
deprotonated. In summary, the tiny variations introduced in
the ligands (L1H, L2H, and L3H) have generated important
structural modifications in complexes 1�3, especially in their
supramolecular H-bonding architectures, passing from a 1D
chain in 1 (Figure 3), to a 2D sheet in 2 (Figure 4), and to a
3D network in 3 (Figure 8).
Magnetic Properties. The thermal variation of the molar

magnetic susceptibility per Ni(II) dimer times the temperature
(χmT) shows at room temperature a value of about 2.45 cm3 K
mol�1 for 1 and about 2.35 cm3 K mol�1 for 2 (Figure 9). These
values are close to the expected ones for two isolated Ni(II) S = 1
ions with g = 2.21 and 2.17, respectively. When cooling down the
sample, the χmT product smoothly decreases from room tem-
perature down to about 150 K. Below this temperature χmT
shows a more pronounced decrease to reach a value of about 0.1
and 0.06 emu K mol�1 at about 2 K for 1 and 2, respectively

Table 5. Hydrogen Bonding Interactions in 3a

D�H 3 3 3A
d(D�H)

Å

d(H 3 3 3A)
Å

d(D 3 3 3A)
Å

—(D�H 3 3 3A)
deg

O1�H10 3 3 3O4
i 0.82 1.66 2.474(2) 171

O2�H20 3 3 3O5
i 0.82 1.95 2.754(3) 165

O5�H50 3 3 3O8
i 0.82 1.88 2.684(3) 165

C4�H4 3 3 3O8
iv 0.93 2.52 3.391(4) 157

C14�H14 3 3 3O3
ii 0.93 2.50 3.351(3) 153

O9A�H1W 3 3 3O7 0.86 1.91 2.767(17) 173

O10A�H6W 3 3 3O8 0.86 2.10 2.771(7) 135

N2�H2N 3 3 3O9A
iii 0.86 2.05 2.849(18) 155

N4�H4N 3 3 3O10A 0.86 1.93 2.771(6) 166

C21�H21A 3 3 3O9B 0.96 2.10 2.935(6) 144
a Symmetry code: (i) 1�x, y, 1/2�z; (ii) 1/2�x, �1/2+y, 1/2�z; (iii)
1�x, 1�y, �z; (iv) 1/2+x, �1/2+y, z.

Figure 6. Dimeric unit formed by intermolecular O�H 3 3 3O interac-
tion in 3. Hydrogen atoms not involved in hydrogen bonding are
omitted for clarity (symmetry code: (i) 1�x, y, 1/2�z). π�π interac-
tions are also prominent within the dimer.
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(Figure 9). This behavior indicates that both 1 and 2 present
moderate antiferromagnetic coupling, responsible for the pro-
gressive decrease observed below about 150 K. As expected, this
moderate coupling is confirmed by the thermal variation of χm
that shows a rounded maximum at about 25 K followed by a
minimum at about 6 K and a divergence below about 6 K for 1
(inset in Figure 9a). In 2 the thermal variation of χm also shows a
rounded maximum at about 23 K followed by a minimum at
about 7.4 K and a divergence below this temperature (inset in
Figure 9b). These divergences at low temperatures can be
attributed to the presence of a small amount of paramagnetic
monomeric Ni(II) impurity.
Since the crystal structures of both 1 and 2 consist of Ni(II)

dimers connected through a double phenoxo bridge, we have fit
the magnetic properties of both compounds with a simple S = 1

dimer model (the Hamiltonian is written as H =�JSiSi+1) plus a
monomeric S = 1 paramagnetic contribution.36

χm ¼ ð1� cÞNg
2β2

kT
2ex þ 10e3x

1 þ 3ex þ 5e3x

þ ðcÞ2Ng
2β2

3kT
with x ¼ J=kT

This model reproduces very satisfactorily the magnetic data
of both complexes in the whole temperature range with
g = 2.250(2), J = �19.2(1) cm�1 and a monomeric impurity
of c = 4.6(1) % for 1 (solid line in Figure 9a) and g = 2.136(1),
J =�19.5(1) cm�1 and amonomeric impurity of c = 2.8(1) % for
2 (solid line in Figure 9b). Note that the antiferromagnetic

Figure 7. H-bonding network in 3 showing the two different possibilities for the solvent molecules: (a) O9A and O10A atoms and (b) O9B and
O10B atoms. Only the major components of disorder are shown. Symmetry codes: (i) 1�x, y, 0.5�z; (ii) 1�x, 1�y, �z; (iii) 0.5+x. �0.5+y, z;
(iv) 0.5�x, �0.5+y, 0.5�z and (v) �x, 1�y, �z.

Figure 8. Crystal packing of 3 showing the 3D hydrogen bonding network in the yz plane (a) and xy plane (b). Only the atoms involved inH-bonds and
the Ni atoms are shown for clarity.
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J value may also include a zero field splitting (ZFS) of the S = 1,
Ni(II) ions.
A further confirmation of the overall antiferromagnetic cou-

pling is provided by the isothermal magnetization at 2 K that
shows almost linear field dependence up to fields of about 3.5 T
and shows an almost saturation even at 8 T (Figure 10). At 8 T
the magnetization value is about 0.33 μB for 1 and about 0.40 μB
for 2, well below the expected value for two noninteracting S = 1
Ni(II) ions (ca. 4.5 μB for g = 2.25), confirming the presence of
antiferromagnetic interactions in these compounds. The more
linear behavior observed in 2 indicates that in this compound the
amount of monomeric Ni(II) impurity is lower than in 1, in
agreement with the behavior of the χmT product at low
temperatures.
The thermal variation of the χmT product per two Ni(II) ions

for 3 shows at room temperature a value of about 2.33 cm3 K
mol�1, which is the expected value for two independent Ni(II)
ions with a g factor of about 2.16. When the sample is cooled, the
χmT value remains constant down to about 20 K and then shows a
progressive decrease to reach a value of about 0.8 cm3 K mol�1 at
2 K (Figure 11). This behavior suggests that 3 presents a weak,
although not negligible, antiferromagnetic coupling, as is con-
firmed by the thermal variation of the molar magnetic suscept-
ibility (χm) that shows a maximum at about 3 K (inset in
Figure 11). Although a first look at the structure of 3 shows the
presence of isolated Ni(II) complexes with two Shiff-base ligands

connected with themer configuration, a close look at the structure
of 3 shows that these Ni(II) monomers aggregate to form
H-bonded dimers where the aromatic rings stack parallel with a
short interplanar distance and a π�π stacking interaction is
operated between the aromatic rings of one complex with those of
the other complex (Figure 6). According to this dimerization, we
have fit the magnetic properties of 3 to the same simple S = 1
dimer model that we have used for 1 and 2. Unfortunately, this
model gives a very low J value (as expected) which is not able to
reproduce the more pronounced decrease observed in χmT at
very low temperatures. This fact suggests that, given the very low
J value present in the compound, it is also necessary to include a
ZFS in the S = 1 monomers.37 This model satisfactorily repro-
duces the magnetic properties of 3 in the whole tempera-
ture range with the following set of parameters: g = 2.06(3),
J = �0.60(2) cm�1, and |D| = 3.4(2) cm�1 (solid line in
Figure 11). Note that both parameters, D and J, are correlated,
and, therefore, these values might be over or underestimated.
Nevertheless, the D value is within the normal range observed in
similar octahedral Ni(II) complexes.37b

A further confirmation of the weak antiferromagnetic coupling
in 3 is provided by the isothermal magnetization at 2 K that
shows a linear dependence with the magnetic field with a value of
1.1 μB at 5 T and no saturation (Figure 10). This value is well
below the expected value of about 2.1 μB for an isolated Ni(II)

Figure 9. Thermal variation of the χmT product per Ni(II) dimer for 1 (a) and for 2 (b). Inset shows the thermal variation of χm. Solid line is the best fit
to the S = 1 dimer model with a paramagnetic impurity (see text).

Figure 10. Isothermal magnetization at 2 K for compounds 1�3 per
Ni(II) dimer.

Figure 11. Thermal variation of the χmT product per two Ni(II) ions
for 3. Inset shows the thermal variation of χm. Solid line is the best fit to
the S = 1 dimer model with a ZFS (see text).
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complex. Note that the magnetization in 3 is above those of 1
and 2 [in all cases the magnetization represented in Figure 10
corresponds to a Ni(II) dimer]. This result agrees with the
lower antiferromagnetic coupling found in 3 when compared
with 1 and 2.
As already described in the structural section, 1 and 2 are

Ni(II) dimers with a double phenoxo bridge. Magneto-structural
correlations for such Ni(II) complexes with double phenoxo
bridges indicate that the most important parameter controlling
the exchange coupling is the Ni�O�Ni bond angle. Thus, when
this angle is close to 90� the coupling is ferromagnetic, and it
decreases as the angle becomes larger with a crossing point to
antiferromagnetic coupling near 97�98�.38 In 1 and 2 the
Ni�O�Ni bond angles are both very similar [98.74(12)� and
99.06(15)�, respectively] and slightly above the crossing point
and, therefore, the magnetic coupling is expected to be weak and
antiferromagnetic for both compounds, in agreement with the
experimental data.
A second structural parameter that has also been claimed to

play an important role in determining the magnetic coupling in
these doubly phenoxo bridged Ni(II) complexes is the torsion
Ni�O�O�Ni angle. For angles above about 170� an anti-
ferromagnetic coupling is anticipated.38c In case of 1 and 2 the
Ni�O�O�Ni torsion angles are 180� (since both dimers
are centrosymmetric). From previous magneto-structural
correlations,38c this torsion angle is expected to give rise to
an exchange coupling constant close to�20 cm�1, in excellent
agreement with the experimental results in both complexes.
Finally the magnetic coupling must include the zero field

splitting (ZFS) expected forNi(II) complexes. In fact, the thermal
variation of χmT shows that the theoretical models are above the
experimental points at very low temperatures. Unfortunately, all
the attempts to fit the magnetic data of both compounds with a
S = 1 dimer model including a ZFS led to unrealistic J and D
parameters since they are strongly correlated.37 Furthermore, the
presence of a paramagnetic impurity also precludes the determi-
nation of realistic D parameters in both compounds given its
strong influence at low temperatures.
In 3 the situation is different since now the very weakmagnetic

coupling is due to the presence of hydrogen bonding and π�π
stacking interaction that leads to a short interplanar distance
between the aromatic rings of the Shiff base ligands of two
symmetry-related monomers (Figure 6). Such weak interactions,
already observed in other similar Ni(II) monomers with Shiff
base ligands,39 are expected to give rise to very weak antiferro-
magnetic coupling since density functional theory (DFT) calcu-
lations in a similar Ni(II) monomer show that most of the spin
density is located on the Ni(II) ions with a weak delocalization
on the aromatic rings.40

Catalytic Epoxidation of Alkenes. The effect of different
oxidants on the catalytic activity of 1, 2, and 3 in the oxidation of
styrene, cis-stylbene, cyclohexene, and trans-4-octene was eval-
uated. When PhIO in acetonitrile, H2O2 in 1:1 acetone/H2O or
O2/aldehyde in Cl2CH2 were used as the oxygen source, no
oxidation products were detected in the reaction mixtures, even
when increasing the temperature, reaction time, oxidant, or
catalyst concentrations. However, 1, 2, and 3 showed activity
to catalyze the oxidation of cis-stylbene, cyclohexene, trans-4-
octene, and styrene in a Cl3CH/H2O biphasic medium in the
presence of benzyltributylammonium chloride as phase transfer
catalyst (PTC) using NaOCl as oxidant. It was observed that at
20 �C, the four investigated alkenes were selectively oxidized to

the epoxide. Conditions used for epoxidation by this catalytic
system are summarized in Table 6. Maximal conversion was
reached after 6 h; increase of the reaction time did not result in
higher yields of epoxide, probably because of catalyst inactiva-
tion. In the biphasic reaction system, the three complexes are
mainly present in the interphase and in the aqueous layer. This is
supported by the colored aqueous layer and interphase in
comparison with the colorless organic layer. During the reaction,
the color of the catalyst changed from green to deep blue, and
after 6 h it turned to beige. The presence of the complex in the
aqueous layer was confirmed by UV�vis spectra of samples of
the upper layer taken immediately after mixing and 30 min after
the beginning of the reaction (as shown for 1 in Figure 12). The
change in the spectral pattern means that the starting complex
transforms into another species during the reaction. Ligand
dissociation can be disregarded since the observed bands differ
from those of the free ligand. Moreover, the shift of the ligand-to-
metal charge transfer (LMCT) band to shorter wavelengths
suggests structural and electronic changes from the starting high-
spin complex to a higher valence or low-spin one. In the case of
the dinuclear complexes 1 and 2, the IR data of the solid
recovered at the end of the reaction (Figure 13) show that
ligated trifluoroacetate groups were displaced from the axial sites

Table 6. Oxidation of Alkenes with Hypochlorite Catalyzed
by 1, 2, and 3a,b

alkene catalyst conversion (%) t.o.n.c

cis-stylbene 1 13 5

2 25 10

3 28 11

styrene 1 19 8

2 29 12

3 33 13

cyclohexene 1 15 6

2 26 10

3 30 12

trans-4-octene 1 18 7

2 30 12

3 35 14
aReaction conditions: alkene (0.4 mmol); catalyst (10 μmol); OCl�

(1.4 mmol); Cl3CH (2 mL)/H2O (2 mL); T = 20�C; t = 6 h, pH = 12.
bOxidation product: epoxide. c t.o.n.: amount of epoxide/amount of
catalyst.

Figure 12. UV�vis spectra of 1 in water (blue) and the aqueous layer
(red) after 30 min of reaction.
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during the reaction and that the ligand is still bound to the metal
in the final form of the complex.
A study of the influence of pH on the amount of epoxide

generated in the epoxidation of styrene catalyzed by 2 was
undertaken to optimize the conversion to the epoxide. The
results are summarized in Table 7. As it can be seen, turnover
numbers increase as the pH decreases, up to 98% conversion to
epoxide after 6 h at pH 9. If the amount of catalyst was decreased
to 1 μmol, the maximum turnover reached 328 providing 82%
yield of epoxide after 2 h. The blank reactions at this pH (i)
without the Ni complex as well as (ii) without the ligand, that is,
in the presence of Ni(NO3)2, resulted in the formation of 20%
and 24% epoxide, respectively, after 6 h. The efficiency of the
three catalysts to oxidize styrene was compared at pH 9. At this
pH, 3 showed to be more efficient than the dinuclear catalysts,
yielding 99% conversion to epoxide with turnover of 396 after 2 h
of reaction. At this pH, the three catalysts showed to be active
after complete conversion of the alkene, since a new addition of
alkene resulted in conversion to epoxide with retention of
efficiency (similar t.o.n. and conversion for the first and second
addition of styrene). As shown in Tables 6 and 7, at pH 12,
complexes 2 and 3 are better than 1 to oxidize alkenes withOCl�,
while at pH 9, 3 is the best among the three catalysts.
From the basic spectroscopic studies and pH control experi-

ments, we can anticipate that, on lowering the pH, more HOCl is
formed in the medium which helps in efficient catalysis with
Ni(II) complexes. Formation of HOCl in a pH 9 aqueous

solution and benzyltributylammonium chloride assisted phase
transfer of HClO to CHCl3 medium could operate to provide
sufficient concentration of HClO in the organic phase for
effective epoxidation of alkenes. In the organic phase, two
possible mechanisms are predictable based on some previous
works reported by Burrows et al. and also by Freire et al.41 On
lowering the pH, sufficient amount of dichlorine monoxide is
formed according to the reaction:

2HClO S Cl2O þ H2O ð1Þ
Reaction of Cl2O with 1 and 2 would likely generate a

NiIII�Cl entity by the axial displacement of the trifluoroacetate
moiety, and in case of 3, such complex entity could be formed
through ligand shift facilitated by ligand protonation at lower pH.
The NiIII�Cl complex may exchange Cl� for ClO�, and
homolytic cleavage of NiIII�OCl bond would generate ClO 3 ,
an effective epoxidising agent [path a, Scheme 2]. Another
alternative possibility is the formation of higher valent NiIII-
oxo radical that can provide a competitive pathway toward
formation of epoxide [path b, Scheme 2]. The formation of
NiIII�OCl or NiIII�O 3 intermediates is dependent upon the
nature of the ligand field and lability of the terminal oxidants.
Indirect evidence in favor of the formation of the higher valent
species lies in the blue shift of the LMCT band of the starting
complex during the catalytic reaction (Figure 12).
Considering that the axial approach of the oxidant to the metal

center is needed for the formation of a high valent intermediate,
the steric factors around Ni must be of major importance. This
explains the fact that the dinuclear complexes, with reduced steric
hindrance around the metal center, are appropriate to catalyze
epoxidation by ClO�. In the case of the mononuclear Ni(II)
complex, initial ClO� attack is enforced to occur through ligand
shift, whichmay be facilitated by protons. Therefore, at low pH, 3
is more reactive than 1 and 2.
The activity shown by the present Ni(II)-hydrazone catalysts

for alkenes oxidation with ClO� at pH 9 is higher than that
found for reported mono- and dinuclear nickel(II) Schiff-
base,19j,20,41 mononuclear Ni(II)-multiazamacrocyclic,19d and
porphyrinic19j complexes. Besides, the 100% selectivity of the
present Ni(II) complexes for catalytic epoxidation with ClO�

Figure 13. IR spectra of 1 (blue) and solid (red) recovered at the end of
the reaction.

Table 7. Influence of the pH on theOxidation of Styrene with
OCl� Catalyzed by 1, 2, and 3a

catalyst conversion (%) t.o.n.b pH

2 29c 12 12

2 32c 13 11

2 45c 18 10

2 98c 39 9

2 82d 328 9

80 320 9e

1 80d 320 9

79 316 9e

3 99d 396 9

95 380 9e

aOxidation product: epoxide. Reaction conditions: styrene (0.4 mmol);
OCl� (1.4 mmol); Cl3CH (2 mL)/H2O (2 mL of buffered solution);
T = 20�C. b t.o.n.: amount of epoxide/amount of catalyst. c t = 6 h,
catalyst (10 μmol). d t = 2 h, catalyst (1 μmol). e 2nd addition of alkene.

Scheme 2. Possible Mechanism for the Epoxidation of
Alkenes by NaOCl with the Ni(II) Complexes
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strongly differentiates these complexes from the more conven-
tional systems based on salen and other Schiff base ligands,19j,41,42

for which selectivity ranges from 15 to 45% depending on the
alkene. Therefore, the present results show that Ni(II)-hydrazone
complexes satisfy ligand requirements for acceptable activity and
high selectivity in the epoxidation of alkenes with ClO�.

’CONCLUSION

We have explored the important structural modifications
observed in three octahedral Ni(II) complexes originated by
small variations of a Shiff base ligand with a potentially
tridentate ONO donor hydrazone moiety. These Shiff base
ligands have been modified only in the carbonyl function while
keeping the amine part intact. Thus, in ligand L1H the carbonyl
group carries a H atom that reduces the steric hindrance
allowing the coordination of a CH3OH molecule to complete
the coordination sphere of the Ni(II) ion in 1. In contrast, the
inclusion of a�CH3 in the carbonyl group (in L

2H) has led to a
more sterically hindered 2, where a water molecule has replaced
the CH3OH ligand, (leading to a couple of unusual complex
isomers 1 and 2). Interestingly, this change implies a higher
ability of 2 to form H-bonds as shown by the 2D H-bonded
network present in 2 (with R2

2(8) and R2
2(14) motifs)

compared to the 1D H-bonded network in 1 (with a R2
2(14)

motif). A second modification has led to the synthesis of L3H
where we have included electronic effects in the ligand with an
electron withdrawing �OH group in meta position in addition
to the ortho �OH group with respect to the azomethine
functionality in the aromatic ring of the Schiff base ligand. This
second�OH group seems to be at the origin of the absence of a
double phenoxo bridge in 3 (which was present in 1 and 2)
precluding the formation of a Ni(II) dimer. The unusual
presence of a protonated L3H ligand in 3 increases the number
of H-bonds and leads to the formation of a 3D H-bonded
network in this complex (with a R2

2(8) motif). Although 3 is a
Ni(II) monomeric complex with two Schiff base ligands, the
mer disposition of these two ligands leads to a H-bonded dimer
with short interplanar contacts between the aromatic rings of
two adjacent complexes, leading to the association of the
molecules with π�π overlap. The magnetic properties of the
three complexes (moderate antiferromagnetic coupling in 1
and 2 and very weak one in 3) are easily explained from the
structural parameters of the double phenoxo bridges and the
hydrogen bonding as well as the π�π interactions. All the
Ni(II)-hydrazone complexes are active catalysts in the epoxida-
tions of cis-stylbene, styrene, cyclohexene, and trans-4-octene
by NaOCl under phase transfer conditions. Conversions up to
99% and TON up to 396 are obtained at reduced pH implying
the intermediacy of a high valent nickel�oxygen species, either
NiIII�OCl or NiIII�O 3 , whose formation is facilitated by the
displacement of labile terminal CF3COO

� moiety in 1 and 2
and by the proton assisted ligand shift in 3.
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