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Two new homobinuclear manganese compounds with mixed ligands,

[Mn2(μ1,1–2‐NH2C6H4COO)2(phen)4](ClO4)2(CH3OH) (1), and [Mn2(μ1,3–2‐

NH2C6H4COO)2(bipy)4](ClO4)2 (2) (NH2C6H4COOH = anthranilic acid,

bipy = 2,2′‐bipyridine, phen = 1,10‐ phenanthroline) were synthesized and

thoroughly characterized by elemental analysis, IR, UV and single crystal

X‐ray crystallography. X‐ray structure analysis shows that in the mono‐ and

bidentate carboxylate bridged compounds, Mn–Mn distances of 1 and 2 are

3,461 Å, and 4,639 Å, respectively. The energy of the compounds was

determined with a DFT (Density Functional Theory) calculation on

B3LYP/6‐31G(d,p) optimized geometry by using the B3LYP/6‐31G(d,p) basis

set. These compounds acts as biomimetic catalyst and show catalase‐like

activity for the hydrogen peroxide dismutation at room temperature in

different solvents with remarkable activity (TOF, Turnover frequency = mol

of subst./(mol of cat. × time)) up to 12640 h−1 with 1, and 17910 h−1 with 2

in Tris–HCl buffer). Moreover, the catalytic activity of 1 and 2 has been

studied for oxidation of alcohols (cinnamyl alcohol, benzyl alcohol,

cyclohexanol, 1‐octanol and 1‐heptanol) and alkenes (cyclohexene, styrene,

ethyl benzene, 1‐octene and 1‐hexene) in a homogeneous catalytic system

consisting t‐butylhydroperoxide (TBHP) as an oxidant in acetonitrile. Both

compounds exhibited very high activity in the oxidation of cyclohexene to

cyclohexanone (~80% selectivity, ~99% conversion in 1 h, TOF = 243 h−1

and 226 h−1) and cinnamyl alcohol to cinnamaldehyde (~64% selectivity) as

the main product with very high TOF value (9180 h−1 and 13040 h−1 in the

first minute of reaction) (~100% conversion in 0.5 h) with TBHP at 70 °C in

acetonitrile, for 1 and 2, respectively.
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1 | INTRODUCTION

Aerobic respiration products can be generated by reac-
tive oxygen species (ROS) such as the superoxide anion,
wileyonlinelibrary.com/journ
hydroxyl radical and hydrogen peroxide. These ROS are
associated with numerous pathological conditions,
including atherosclerosis, ischemic, cancer and
Alzheimer's diseases as well as aging.[1] Also, hydrogen
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peroxide, which is among the reactive oxygen species,
can be converted into the reactive hydroxyl radical and
therefore is able to damage a variety molecules within
a cell, leading to oxidative stress and cell death via tran-
sition metals such as Fe2+ and Cu2+ by Fenton chemis-
try.[2] All living cells therefore use elaborated organized
mechanisms to control the level of ROS by using
metalloenzymes such as the superoxide dismutase
(SODs) and catalases (CATs). Manganese‐dependent
CATs has been identified in three bacterial organisms:
Lactobacillus plantarum,[3] Thermus thermophilus[4]

and Thermoleophilum album.[5] Manganese‐dependent
CATs are catalyze disproportionation of H2O2 into H2O
and O2 (2H2O2 → 2H2O + O2) by using a [Mn2(μ‐O/
OH/H2O)2(μ‐RCOO)] structural unit which contains
one carboxylate bridge and one or two bridging O‐
ligands from the solvent (oxo, hydroxo, or aqua)[6] and
protect biological systems against oxidative damage
caused by toxic metabolites (hydrogen peroxide) formed
during aerobic metabolism. They can exist in at least
four different oxidation states: a reduced MnII2 form, a
mixed valence MnIIMnIII form, an oxidized MnIII2 form
and a superoxidized MnIIIMnIV form.[7] However, only
MnII2 ‐ MnIII2 oxidation states are able to catalyze the
dismutation of hydrogen peroxide at extremely high
rates.

During the past two decades, a wide variety of
binuclear manganese compounds have been synthesized
to mimic structural features.[8] However, the best mimic
model has quite slow catalase activity compared to the
enzyme and therefore new type of catalase mimic manga-
nese‐dependent compounds are attracted much attention
in recent years. In addition, the use of inorganic–organic
hybrid compounds as a catalyst for the oxidation of
alcohols and alkenes is of current interest, and some effi-
cient metal organic frameworks used as a catalysts have
been reported.[9] However, most metal‐containing cata-
lysts that are used in industry are very expensive and need
the development of a cheaper, effective and environmen-
tally friendly catalytic system. As a continuation of our
catalytic research,[10] the purpose of this work was synthe-
size new manganese compounds with carboxylate and
nitrogenous base ligands as oxidation catalyst. Here, we
report the synthesis, crystallographic structure and physi-
cal properties of carboxylate bridged homobinuclear com-
pounds of Mn(II), [Mn2(μ1,1–2‐NH2C6H4COO)2(phen)4]
(ClO4)2(CH3OH) (1), and [Mn2(μ1,3–2‐NH2C6H4COO)2
(bipy)4](ClO4)2 (2), (phen = 1,10′‐phenanthroline and
bipy = 2,2′‐bipyridine) and successful application of these
compounds as catalyst toward the disproportionation of
H2O2 and in the oxidation of alcohols and alkenes in differ-
ent organic solvents. Furthermore, some theoretical calcu-
lations are performed with these compounds.
2 | EXPERIMENTAL

2.1 | General

All starting materials and organic solvents were
purchased from commercial sources and were utilized as
received without further purification. IR spectra were
recorded using KBr pellets on a Jasco FT/IR‐300E in the
range 4000–400 cm−1. C, H, N analysis was performed
using a Vario EL III Elemental analyzer. UV–Vis spectra
were recorded on a Shimadzu UV‐2450 spectrophotome-
ter using quartz cells. The intensity data were collected
with using Bruker Smart Apex II single‐crystal diffractom-
eter. All calculations were performed using the SHELXTL
program.
2.2 | Synthesis of compounds

Mn2 μ1;1−2−NH2C6H4COO
� �

2
phenð Þ4

h i
ClO4ð Þ2 CH3OHð Þ; (1)

Mn(ClO4)2·6H2O (401 mg; 1.11 mmol) in methanol
(10 ml) was added to a 5‐ml methanol solution of
anthranilic acid (152 mg; 1.11 mmol). The pH
of anthranilic acid was adjusted to 7 with 5.2 ml NaOH
solution (0.245 M). The white cloudy solution was stirred
for 2 h, then the 5.0‐ml methanol solution of phen
(200 mg; 1.11 mmol) was added to this solution. A yellow
suspension formed immediately. The mixture was
refluxed during 5 h at 50 °C, and the yellow solution
was filtrated off and allowed to stand at room temperature
for a few days. After standing, a crystalline yellow solid
was filtered off and washed with diethylether (205 mg;
Yield: 55.4% m.p.: 257 °C; soluble in polar organic
solvents, Anal. Cal. for C63H48Cl2Mn2N10O13 (1333.84 g)
C, 56.73; H, 3.63; N, 10.50%, Found: C, 54.20; H,
3.31; N,10.35%) (Significant IR bands (KBr, ν cm−1)
(s, strong; m, medium; w, weak): 3458w νN‐H, 1578 m
νC = N; 1624 m νCOOasym; 1426 m νCOOsym; 1519 m
νC = N‐C = Csym; 1147 m νO‐H; 1084s νC‐O;
846 m νC‐N; 723 m νMn‐O‐Mnsym; 622 m νMn‐O‐Mnasym)
UV λmax nm (CH3CN): 202, 227, 270

Mn2 μ1;3−2−NH2C6H4COO
� �

2
bipyð Þ4

h i
ClO4ð Þ2; (2)

NaOH (4 ml; 0.245 M) in 10 ml of methanol was added
dropwise to a stirred solution of Mn(ClO4)2·6H2O
(350 mg; 0.98 mmol) and anthranilic acid (132 mg;
0.98 mmol) in 20 ml of methanol at 50 °C. The mixture
(pH = 7) was stirred for 2 h, and a yellow suspension
formed immediately. Then 5.0‐ml methanol solution of
bipy (150 mg; 0.98 mmol) was added to the mixture, and
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a yellow solution formed. The solution was refluxed
during 5 h at 50 °C and filtrated off. Crystals were
obtained by slow diffusion and washed with diethyl ether
(125 mg; Yield: 42.3%, d.p.: 243 °C, soluble in polar
organic solvents; Anal. Cal. for C54H44Cl2Mn2N10O12

(1205.77 g) C,53.79; H, 3.68; N, 11.62% Found: C,53.46;
H, 3.65; N, 11.61%) (Significant IR bands (KBr, ν cm−1)
(s, strong; m, medium; w, weak): 3416w νN‐H, 1575 m
νC = N; 1597 m νCOOasym; 1440 m νCOOsym; 1474s
νC = N‐C = Csym; 1087s νC‐O; 846 m νC‐N; 737 m νMn‐
O‐Mnsym; 623 m νMn‐O‐Mnasym) (UV λmax nm (CH3CN):
198, 242, 294
2.3 | X‐ray crystallographic analysis

Yellow color crystals of the manganese compounds 1 and 2
were mounted on a glass fiber and diffraction data for the
complexes collected with Bruker AXS APEX CCD diffrac-
tometer equipped with a rotation anode at 100(2), 293(2)
and 296(2) K, respectively using graphite monochromated
Mo Kα radiation at λ = 0.71073 Å in the incident beam.
Unit cell dimensions were determined by least‐squares
refinement of the complete data set. The data reduction
was performed with the Bruker SMART program
package.[11] The relevant crystal data are summarized in
SP2. The structures were solved by direct methods and
the non‐hydrogen atoms were located through subsequent
difference Fourier syntheses.[12] Structure solution was
found with the SHELXS‐ 97 package using the direct
methods and were refined SHELXL‐97[13] against F2 using
first isotropic and later anisotropic thermal parameters for
all non‐hydrogen atoms. Hydrogen atoms were added to
the structure model at calculated positions. The molecular
drawing was obtained using MERCURY.[14] Geometric
calculations were performed with PLATON.[15]
2.4 | Computational methods

All calculations were carried out by 64‐bit Gaussian 09
software[16] implemented on Linux OpenMandriva. The
structures investigated were optimized before computing
energies, IR and UV spectra by using B3LYP density func-
tional and 6‐31G(d,p) basis set. This level of theory gives a
reasonable result which are generally well agreement with
the experimental X‐ray geometry.[17] The B3LYP approach
includes Becke's three parameter hybrid exchange poten-
tial[18] and the Lee–Yang–Parr correlation functional.[19]
2.5 | Catalase activity

The catalase activity studies were performed by
volumetric determination of the oxygen evolved with a
gas‐volumetric burette (precision of 0.1 ml). A flask with
a stopcock‐equipped gas delivery side tube was connected
to a gas‐measuring burette. A 30% H2O2 aqueous solution
(9.7 × 10−3 mol, 1 ml) was added to closed vessels through
the rubber septum using a syringe, containing acetonitrile
(5.0 ml) solutions of 1 or 2, and the oxygen evolution was
measured volumetrically. The H2O2 / catalyst ratio was
used as 2500. The catalyst concentration in reaction
mixture is 6.47 × 10−4. The mixture of catalyst and H2O2

was stirred at constant temperature in an oil bath. The
same procedure was repeated with all compounds in
different solvents. The catalytic activity of Mn(ClO4)2
toward H2O2 disproportion was tested under the similar
conditions, as stated above in acetonitrile solution. The
volume of oxygen gas was calculated by using the
ideal‐gas equation.
2.6 | General procedure of the catalytic
oxidation experiments

The study of catalytic reactions was performed in 50 ml
flasks with a temperature controller unit. 2 ml
(1.46 × 10−2 mol) of solution of oxidant was added
dropwise to a mixture of substrate and catalyst
(~0.5–1%) at 70 °C. The substrate / catalyst ratio was kept
constant at 265. The reaction mixture was analyzed at
certain time intervals with GC (HP‐5 quartz capillary
column (30 m × 0.32 mm × 0.25 μm) and a FID detector
using nitrogen as the carrier gas (rate of 1.0 ml min−1).
3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of the
compounds

The synthesis of compounds is shown in Scheme 1. The
observed two strong peaks at ~1426 and ~1626 cm−1 for
2 can be assigned to stretching vibration symmetric and
asymmetric carboxylate group, respectively. In the
infrared spectrum of compound 2, the magnitude of
separation (~200 cm−1) indicates bidentate (μ1,3)
coordination of the carboxylate ion according to
Nakamoto's method.[20] However, in the spectrum of 1,
the bands at 1440 and 1597 cm−1 are assigned to νas(CO2)
and νs(CO2); the Δ value (157 cm−1) is not as large as
expected (Δ > 250 cm−1) for monodentate bridging (μ1,1)
modes of benzoate ligation.[21] This is due to the fact that
the carboxylate oxygen (O(6) in Figure 2) not coordinated
to Mn(II) is hydrogen bonded to the neighboring groups,
giving what can be regarded as a ‘pseudo‐bridging’
arrangement.

X‐ray structure analysis was confirm this coordina-
tion. The ν(N–H), ν(C = N) and ν(−C = N–C = C–)
vibrations of rings are observed at 3416; 3458, 1578; 1575
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and 1519; 1474 cm−1, for 1 and 2, respectively. The
medium bands at 723 and 623 cm−1 may be assigned to
stretching vibration asymmetric and symmetric
Mn–O–Mn, respectively.[22] This fact implies the existence
of binuclear manganese core. The IR spectra of the
compounds are all similar, apart from bands due to
vibrations of the N,N ligand and the coordination mode
of the carboxylate groups. The bands centered at ∼1600,
1498, 1480 and 1450 cm−1 are assigned to the bipy. In
the spectrum of 2, the observed bands at 1120 cm−1 and
623 cm−1 are assigned to the perchlorate anion.

The UV spectrum of compounds was taken in acetoni-
trile (SP2). The observed maximum absorptions at
190–300 nm may be assigned to π‐π* transitions of the
K band of the benzene rings and the charge transfer band
to ligand from metal (MLCT).[23]

Molar conductivity measurements allowed verifica-
tion of the stability of compounds and the degree of
dissociation of the compounds in studied solutions.
Compounds 1 and 2 with perchlorate anions, have ΛM

values close to the expected for 1:2 electrolytes (one cation
and two anion) in the solvents: acetonitrile: 296, metha-
nol: 302, water; 229 and tirs‐HCl buffer: 271 S cm2 mol−1.
Thus, in solution these compounds retain their binuclear
structures in solution and also the perchlorate anions are
not coordinated to the manganese ions.
3.2 | Crystal structure of compounds

X‐ray analysis and spectral data consistent with the
structure of the compounds. The structural parameters
of 1 and 2 are in agreement with those reported for com-
pounds with the same [Mn2(μ‐O)(μ‐2‐RC6H4CO2)2]

2+
core.[24] For both compounds, crystallographic data (SP1)
and the some selected bond lengths and angles are listed
in Table 1.

The crystal structure of 1 shows a homobinuclear
cationic complex. The asymmetric unit of complex cation
contains one anthranilate and two phen ligands. Two
perchlorate anions are located outside as counter ions
and one free methanol molecule. The cationic structure
is shown in Figure 1(a). The Mn(II) ions are bridged by
two carboxylate ligands in a monodentate mode (μ1,1)
with Mn…Mn distance of 3.463 Å and a Mn‐O‐Mn angle
of 105.3°. Binuclear Mn(II) compounds displaying this
type of bridging mode are not very common and few
compounds reported in the literature similar enough to
compare the structural parameters (Table 2).[25] The
structure of 1 presented in this work, together with that
published data, represents a Mn(II) complex containing
a pure monodentate bridging carboxylate without any
apparent interaction of the dangling oxygen with Mn(II).
The distance between Mn and the dangling oxygen (O2)
is 3.80 Å which excludes a bonding interaction. The
Mn…Mn distance, 3.463 Å in our case is longer than
reported (3.177 Å)[25i] (Table 2) and is shorter than
3.53 Å and 3.59 Å in the analogous structure[25a,25f,25g],
and is very close the others (~3.45 Å)[25a], and can be
related to the unusual bridging mode.

Anthranilate anion are in a trans position in
an asymmetric unit. All phen rings are nearly
planar (dihedral angle N1C12C11N2–2.14(3)° and
N4C23C24N3–1.60 (3)°). The one oxygen of carboxylate
groups of two different anthranilate bridge two metal
center in mono‐bidentate mode. The six coordination
of each Mn(II) completed by two chelating phen



TABLE 1 Some selected bond lengths (Å) and angles (ο) for compounds 1 and 2.

1 2

Mn(1)‐O(1) 2,160(10) Mn(1)‐O(5) 2,0867(12)

Mn(1)‐O(1)#1 2,193(10) Mn(1)‐O(6)#1 2,1428(12)

Mn(1)‐N(2) 2,247(12) Mn(1)‐N(4) 2,2381(15)

Mn(1)‐N(3) 2,253(11) Mn(1)‐N(1) 2,2711(15)

Mn(1)‐N(1) 2,241(13) Mn(1)‐N(2) 2,2831(15)

Mn(1)‐N(4) 2,270(11) Mn(1)‐N(3) 2,3064(15)

O(1)‐Mn(1)‐O(1)#1 74,6(4) O(1)‐Mn(1)‐O(1)#1 74,6(4)

O(1)‐Mn(1)‐N(2) 96,9(4) O(1)‐Mn(1)‐N(2) 96,9(4)

O(1)#1‐Mn(1)‐N(2) 103,7(4) O(1)#1‐Mn(1)‐N(2) 103,7(4)

O(1)‐Mn(1)‐N(3) 100,6(4) O(1)‐Mn(1)‐N(3) 100,6(4)

O(1)#1‐Mn(1)‐N(3) 95,4(4) O(1)#1‐Mn(1)‐N(3) 95,4(4)

N(2)‐Mn(1)‐N(3) 157,0(4) N(2)‐Mn(1)‐N(3) 157,0(4)

O(1)‐Mn(1)‐N(1) 160,0(4) O(1)‐Mn(1)‐N(1) 160,0(4)

O(1)#1‐Mn(1)‐N(1) 90,0(4) O(1)#1‐Mn(1)‐N(1) 90,0(4)

N(2)‐Mn(1)‐N(1) 74,0(4) N(2)‐Mn(1)‐N(1) 74,0(4)

N(3)‐Mn(1)‐N(1) 93,4(4) N(3)‐Mn(1)‐N(1) 93,4(4)

O(1)‐Mn(1)‐N(4) 90,5(4) O(1)‐Mn(1)‐N(4) 90,5(4)

O(1)#1‐Mn(1)‐N(4) 160,0(4) O(1)#1‐Mn(1)‐N(4) 160,0(4)

N(2)‐Mn(1)‐N(4) 91,1(4) N(2)‐Mn(1)‐N(4) 91,1(4)

N(3)‐Mn(1)‐N(4) 73,9(4) N(3)‐Mn(1)‐N(4) 73,9(4)

N(1)‐Mn(1)‐N(4) 107,2(4) N(1)‐Mn(1)‐N(4) 107,2(4)

Mn(1)‐O(1)‐Mn(4) 105.28(7)

Symmetry code: #1 ‐x + 2,‐y + 2,‐z + 1

SU ET AL. 5 of 17
ligands. Distortion of octahedral geometry around
the Mn(II) ions is observed with Mn‐O distances
(~2.178 Å) much shorter than the Mn‐N distances
(~2.295 Å). All distances are in agreement with the
reported analogous compounds.[24,25] In the dimer,
both Mn atoms are six‐coordinated. As shown in
Figure 1(b), the oxygen–oxygen atom distance is 2.644 Å
in the ring (R4), which is formed with four atoms
(Mn1O1Mn1#O1#). In addition, the close π…π
intraction has been observed between the ring of acid
(ring R1, C26‐C31) and phen ligands (ring R2,
C4C5C6C7C11C12 and ring R3, C16C17C18C19C23C24),
3.654 Å and 4.493 Å, respectively (Figure 1 (b)).

The crystal structure of 2 consists of a homobinuclear
cationic complex and two perchlorate anions as a counter
ion. The asymmetric unit of complex cation consist of two
bipy ligands and one anthranilate anion. The structure of
the cationic complex is shown in Figure 2 (a). The two
Mn(II) ions are bridged by two anthranilate ligands, in a
bidentate syn‐anti mode (μ1,3) with a Mn…Mn distance
of 4.639 Å and a O‐Mn‐O angle of 98.44°. As shown in
Figure 2 b), the diagonal length, which corresponds to
the carbon–carbon atom distance, is 4.235 Å in
the ring R8, which is formed with eight atoms
(Mn1O6C21O5Mn1O6C21O5). In addition, the π…π
interactions have been observed between the ring of acid
(ring R5, C22‐C27) and bipy ligands (ring R6,
N4C11‐C15) and ring R7, N2C6C10), 4.544 Å and
6.320 Å as shown in Figure 2 b).

The six‐coordination of each Mn(II) ion is completed
by chelation of two bipy ligands with Mn‐N distances that
range from 2.238 to 2.306 Å. The Mn − O bond distances
of the oxo bridges are ∼2.087 Å, and the Mn − N distances
are ∼2.143 Å. The bipy ligands, which are cis position to
acid, are closer to planarity, as indicated by the
N3 − C16 − C15 − C14 and C7 − C6 − C5 − N1 torsion
angles, which are −160.12° and 174.68°, respectively. All
distances and angles for 2 are in agreement with
the reported similar compounds with the same
Mn‐carboxylate bridged mode.[24,8l,8m,8n,9a,9e,9f]

Both compounds have strong intra‐ and intermolecu-
lar interactions in the crystal structure (Table 3). The



FIGURE 1 a) Asymmetric molecular structure of [Mn2(μ1,1–2‐NH2C6H4COO)2(phen)4](ClO4)2(CH3OH) (1) with the atom numbering

scheme and b) π… π interaction and some atom distance in the structure

TABLE 2 Comparision of selected structural data for Mn(II) compounds with monodentate bridging mode, [Mn2(μ1,1‐O)2]

Compound Mn … Mn (Å) Mn‐O‐Mn (o) Ref.

[Mn2(dmb)4(bpy)2(H20)2]bpy 3.532 104.2 25 g

[Mn2(2,6‐dmb)4(Me2Phen)2(H2O)2]2EtOH 3.590 105.1 25f

[{Mn(phen)2}2(l‐3‐ClC6H4COO)2](ClO4)2 3.469 104.9 25a

[{Mn(phen)2}2‐(l‐3‐CH3C6H4COO)2](ClO4)2 3.454 104.6

[{Mn(phen)2}2(l‐4‐ClC6H4‐COO)2](ClO4)2 3.415 102.5

[{Mn(phen)2}2(l‐4‐CH3C6H4COO)2](ClO4)2 3.460 103.7

[MnII2(bpmapa)2(H2O)2](ClO4)2 3.688 107.6 25 h

[MnII2(pbpmapa)2(H2O)2](ClO4)2 3.692 107.9

[(ac)Mn(bbml)2 Mn(ac)](BF4)3.5HO 3.177 105.3 25i

[Mn2(μ1,1–2‐NH2C6H4COO)2(phen)4](ClO4)2(CH3OH) 3.463 105.3 This work

dmb =2,6‐dimethoxybenzoato(1‐), bpy = 2,2′‐bipyridine 2,6‐dmb‐2,6‐dimethoxybenzoate(1–), Me2phen =4,7‐dimethyl‐1,10‐phenanthroline Hbbml = [bis(2‐
benzimidazolylmethyl)amino]‐ethanol, Hac = acetic acid) bpmapa = [bis(2‐pyridylmethyl)amino]propionicacid,pbpmapa = a‐phenyl‐b‐[bis(2‐pyridylmethyl)

amino]propionic acid.
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binuclear complex units interact through hydrogen bonds
between the uncoordinated perchlorate anions and nitro-
gen atom of NH2 group of anthranilate, leading to 2D
chains (Figures 3 and 4). N–HO, C–HO and C–HN type
hydrogen bonds observed among the coordinated bipy,
carboxylate group and free perchlorate anions. Further-
more, π‐π aromatic stacking interactions between the
rings of ligands stabilize the structure.
3.3 | Theoretical calculations

We examined the stability of the following structures of
manganese (II) compounds –[Mn2(μ1,1–2‐NH2C6H4

COO)2(phen)4](ClO4)2(CH3OH) (1), [Mn2(μ1,1–2‐NH2C6

H4COO)2(phen)4](ClO4)2(CH3OH) (2), Mn2(μ1,1–2‐NH2

C6H4COO)2(bipy)4]2(ClO4) (3) and [Mn2(μ1,3–2‐NH2C6

H4COO)2(phen)4]2(ClO4) (4) using computational



FIGURE 2 a) Asymmetric molecular structure of [Mn2(μ1,3–2‐NH2C6H4COO)2(bipy)4](ClO4)2 (2) with the atom numbering scheme and b)

π… π interaction and some atom distance in the structure

TABLE 3 Hydrogen bonding in compound 1 and 2

D − H … A D − H (Å) H … A (Å) D … A (Å) D − H … A (°)

1

N5 − H6B … O2 0.86 2.06 2.696(5) 130

C1 − H1 … O2 0.93 2.53 3.417(4) 160

C22 − H22 … O2 0.93 2.57 3.460(3) 162

C27 − H27 … O1 0.93 2.45 2.779(3) 101

C3 − H3 … O3i 0.93 2.50 3.354(7) 153

C32 − H11A … N5ii 0.96 2.06 3.016(8) 174

C32 − H11C … O3ii 0.96 2.20 2.992(10) 139

C32 − H111C … O6ii 0.96 2.29 3.211(10) 160

C15 − H15 … O4iii 0.93 2.53 3.450(5) 169

C21 − H21 … O2iv 0.93 2.49 3.400(4) 162

2

N6 − H6A … O6 0.83 2.07(3) 2.687(2) 131(3)

C11 − H11 … O5 0.93 2.34 3.209(2) 155

N6 − H6B … O2v 0.87 2.24(3) 3.076(2) 162(3)

C7 − H7 … O4vi 0.93 2.55 3.219(3) 129

C8 − H8 … O6 vii 0.93 2.52 3.076(3) 119

C17 − H17 ... O5id 0.93 2.46(2) 3.260(3) 144

Symmetry codes: (i) 1‐x,1‐y,1‐z; (ii) ‐1 + x,y,z; (iii) 1‐x,1‐y,‐z; (iv) ‐1 + x,y,z; (v) 1/2‐x,3/2‐y,1‐z (vi) x,‐1 + y,z; (vii) ‐x,1‐y,‐z
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methods. 1 and 2 are crystallograpically characterized,
and the other two are created just for comparison pur-
poses. The optimized geometry of the structures was given
in SP3. As shown in Table 4 interestingly, the
monodentate bridged compound 1 which has higher
energy (18.49 kcal/mol) than optimized bidentate bridged
compound 4, was experimentally isolated. We obtained 1
instead of 4 which is calculated theoretically more stable.
It is not easy to give a clear explanation of this behavior of
formation, probably some kinetic or other factors that
cause the formation of the higher energy level of 1.
However, the DFT calculation on B3LYP/6‐31G(d,p)



FIGURE 3 Packing arrangement of molecules of 1 in the unit cell

(a long b axis)

FIGURE 4 Packing arrangement of molecules of 2 in the unit cell

(b axis)

TABLE 4 DFT B3LYP/6‐31G(d,p)//B3LYP/6‐31G(d,p)* energies

and relative energies

Structure 1 (Exp.) 4 (Cal.)

Energy (in Hartree)** ‐ 5539.301020 −5539.330482

Relative energy
(in kcal/mol)

18.49 0.00

Structure 2 (Exp.) 3 (Cal.)

Energy (in Hartree)** −5234.397631
(syn‐syn)

−5234.346811

−5234.39806414
(syn‐anti)

−5234.346811

Relative energy (in kcal/mol) 0.00 31.89 (syn‐syn)
0.00 32.16 (syn‐anti)

*All calculations were carried out by 64‐bit Gaussian 09 software imple-

mented on Linux OpenMandriva.

**1Hartree = 627.50956 Kcal/mole.
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optimized geometry showed that bidentate μ(1,3) syn‐anti
and μ(1,1) syn‐syn bridged compound 2 has 32.16 and
31.89 Kcal/mole more energy than compound 3. This is
the result we expected. The calculated structure 2 is fully
in accordance with the experimental finding.

The previously published results of analogue
compounds two factor effecting the bridging mode of
carboxylate group: the steric and electronic effect of R
group on phenyl ring. In our case, both effect were
eliminated by using same ligand (2‐amino benzoic acid)
in 1 and 2. Under similar reaction conditions, the
analogue compound 2 with the use of NN type bipy
ligand instead of phen ligand shows a μ(1,3) coordina-
tion mode, so the NN type ligand also seems to play an
important role in different behavior observed. This result
consistent with the Gomez group[25a, b, c] published ana-
logue Mn(II) compounds.

While in the crystal structure 1, which is bridged with
one oxygen atom of carboxylate group, the Mn…Mn
distance was found to be 3.461 Å, and the same distance
has been calculated as 3.318 Å. In the case of 2, which is
bridged with two oxygen atoms of carboxylate group, the
crystallographicaly observed interaction distance between
Mn(II) centers was 4.639 Å, and the calculated distance
was 4.710 Å, which is very close to the experimental
value. Furthermore, the calculated bond distances and
angles are good agreement with an experimental values
(SP4). The calculated UV and IR spectrum are also
perfectly match with the experimental value (SP5 and
SP6, respectively).
3.4 | Catalase‐like activity

The disproportionation reaction of H2O2 to H2O and O2

(catalase activity) was studied with crystals of
homobinuclear Mn(II) compounds 1 and 2, and then the
results were compared. It is worth emphasizing that the
catalase activity was studied in acetonitrile (5 ml) with



SU ET AL. 9 of 17
the compound (3.88 × 10−6 mol and 9.7 × 10−3 mol of
H2O2). The H2O2 / cat. ratio was kept constant for all
experiments. The same procedure was repeated with all
compounds in different solvents and Tris–HCl buffer as
solvent. Blank experiments that were performed without
the catalyst showed a negligible decomposition of H2O2.
The catalytic activity of Mn(ClO4)2 toward H2O2 dispro-
portion was tested under the same conditions as those
used for the synthesis 1 and 2, ∼1% of the H2O2

decomposion was observed. The same procedure was
repeated with two compounds using different solvents.
H2O2 rapidly decomposed in the presence of catalytic
amounts of 1 or 2 at room temperature.
FIGURE 5 Disproportionation reaction with 1 a) and 2 b) in

different solvents
3.5 | Solvent effect

In order to find a better solvent for disproportionation of
H2O2 by 1 and 2, acetonitrile, methanol, water and
0.1 M Tris–HCl buffer solution (pH = 7.8) were assayed,
and all experiments were carried out at 25 °C (Table 5,
Figure 5). In a typical experiment, the solution of com-
pound (in 5 ml solvent) was closed in a flask with a rubber
septum. After 10 min. Stirring to get a stable temperature,
1 ml (9.7 × 10−3 mol) H2O2 solution (30%) was injected
and the volume of evolved dioxygen was measured at time
intervals of 1 min. Observed initial rates were expressed as
ml s−1 by taking the volume of the evolved oxygen into
account and calculated from the maximum slope of curve
describing evolution of O2 versus time graph (Table 5,
Figure 5). It was found that the initial rates are strongly
dependent on the solvent. Induction period was not
observed in any of the studied solvents. As shown in
Table 5, when the initial rates are compared, compound
1 appears to be the more effective catalyst, except in the
Tris–HCl buffer solution. Significantly, the activity of 1
is relatively low compared to 2, which is surprising, since
the Mn‐Mn distance (3.463 A° in 1) is smaller than that
TABLE 5 H2O2 disproportionation with 1–2 in different solvents

Complex Solvent
Total O2

(mL)
ʋi × 10−2

(mL s−1)
TOF
(h−1)

1 Acetonitrile 36 0.64 243
Methanol 48 1.08 414
Water 65 1.72 656
Tris–HCl Buffer 69 50.0 12640

2 Methanol 10 0.13 51
Acetonitrile 38 0.67 263
Water 58 1.45 552
Tris–HCl Buffer 78 100.0 17910

Reaction conditions: T = 25 °C, H2O2 = 9.7 × 10−3 mol (1 ml) (1.62 M),
catalyst = 3.88 × 10−6 mol (6.47 × 10−4 M) solvent = 5 ml. Initial rates
defined as V(O2)/t
found in the mangano‐catalase from Thermus
thermophilus (3.60 A°).[4]

When the reaction was carried out at 25 °C in
Tris–HCl buffer solution, which corresponds to the
physiological conditions of the cell environment, the
catalase activity of complexes showed dramatic improve-
ment of oxygen evolution rate of 50 × 10−2 ml s−1 (66% dis-
proportionation) with 1 and 100 × 10−2 mL s−1

(58% disproportionation) with 2. Thus, the results suggest
that both complexes would also be an active catalyst
in vitro. The rate of decomposition is almost 29 times
and 45 times faster in Tris–HCl buffer than in water solu-
tion for 1 and 2, respectively.

The most active decomposition is obtained in Tris–
HCl buffer for both compounds (TOF = 12640 h−1 for 1,
and TOF = 17910 h−1 for 2) (Table 5 and Figure 5). We
could not observe the systematic correlation between the
activity of 1 with the relative dielectric constants of
solvents, whereas the activity of 2 increases in the order
of the relative dielectric constants: Tris–HCl buffer
(TOF = 17910 h−1, ʋi = 100 × 10−2 mL s−1) > water
TOF = 552 h−1, ʋi = 1.45 × 10−2 mL s−1 > acetonitrile
(TOF = 263 h−1, ʋi = 0.67 × 10−2 mL s−1 > methanol



TABLE 6 Base effect on catalase activity of compounds 1–2 in

water

Complex Additive
Add./cat. Total O2

(ml)
ʋi × 10−2

(ml s−1)
TOF
(h−1)

1 Without ‐ 65 1.72 656
NaOH 1:1 44 1.85 865

3:1 43 7.14 2717
5:1 54 41.7 15840

Imidazole 1:1 46 2.17 827
3:1 55 3.03 1189
5:1 54 4.76 1585

2 Without ‐ 58 1.45 532
NaOH 1:1 94 4.76 1806

3:1 108 16.7 6324
5:1 113 62.3 23600

Imidazole 1:1 71 2.70 1060
3:1 98 3.03 1189
5:1 125 4.76 1869

Reaction conditions: T = 25 °C, H2O2 = 9.7 × 10−3 mol (1 ml), cata-
lyst = 3.88 × 10−6 mol, solvent = 5 ml water.
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(TOF = 51 h−1, ʋi = 0.13 × 10−2 mL s−1). The observed
activity in different solvents indicates that Mn(II)‐solvent
coordination is essential to the catalytic cycle.
TABLE 7 Oxidation of alkenes with 1

Time
(min.)

Cyclohexene Styrene E

Tot. conv. (%)f Tot. conv. (%) T

0 0 0

1 36.2 0

15 73.4 8.7

30 82.9 19.3

45 87.4 21.9 1

60 91.5 26.7 2

90 95.2 27.3 3

120 97.3 30.3 3

150 98.1 31.7 3

180 98.8a 32.6 4

240 35.8 4

300 38.5 4

360 38.7 5

1440 51.2b 7

aAfter 3 h. of reaction: product distribution 4.5% cyclohexene oxide, 85.1% cycloh
bAfter 24 h. of reaction: product distribution 2.9% benzaldehyde, 1.8% styrene oxi
cProduct distribution acetophenone one product.
dAfter 24 h. of reaction: product distribution one product hexenoic acid.
eAfter 6 h. of reaction: product distribution 24.9% 1‐hexene‐1‐one, 51% hexanal, 2
fThe yields were determined by using GC.

Conditions: 1.45 × 10−2 mole of TBHP, subs./cat.(in mol) = 265, 70 °C, solvent =
3.6 | Base effect

The addition of some organic and inorganic base during
catalytic reaction has previously been shown to improve
the catalase activity.[26] It was suggested that the base
deprotonates the H2O2 to initiate the catalytic reaction
via binding to active center of catalyst. In contrast to those
reported Mn(II) compounds, 1 and 2 exhibited catalase
activity without addition of base (SP7 and SP8). Despite
this, to further understand H2O2 decomposition by
binuclear Mn‐carboxylate 1 and 2, we investigated the
effect of strong inorganic base (NaOH) and weak hetero-
cyclic organic base (imidazole) which are known to exist
in the vicinity of the active sites of the mangano enzymes.
Base in different mole ratios of catalyst (catalyst/base, 1:1,
1:3 and 1:5) was added to the flask before H2O2 was intro-
duced. Experiments were carried out in water at 25 °C.
Lag phase was not observed for the reaction with or
without addition of NaOH. In Table 6 (SP7 and SP8),
the turnover numbers for the disproportionation of H2O2

by the manganese compounds in the absence and pres-
ence of different amounts of base are compared. Our
observations showed that the addition of both type of base
enhanced the activity of compounds. Similar to related
thyl benzene 1‐octene 1‐hexene

ot. conv. (%) Tot. conv. (%) Tot. conv. (%)

0 0 0

3.9 0.4 13.6

6.1 2.9 36.4

9.0 4.9 46.5

1.3 5.9 56.8

2.6 9.7 66.0

6.8 26.6 77.8

7.5 43.2 78.7

8.9 55.0 81.3

1.4 57.3 82.9

3.3 71.0 84.6

9.1 86.7 88.2

3.0 92.7 100 e

9.4c 98.0d

exene‐1‐on, 9.2% 1,2‐hexenediol.

de, 39.1% acetophenone, 7.4% 2‐phenyl ethanol.

4.1% 2,5 hexenedione.

acetonitrile.
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published studies, the initial reaction rates of our catalytic
system increased with increasing base concentration.
Interestingly, the base enhancement was not stoichiomet-
rically proportional to the base concentration, which
probably suggests that they may not only coordinate to
manganese. In contrast to imidazole addition, addition
of NaOH causes a significant enhancement of the rate.
The dramatic improvement of activity with addition of
three equivalent NaOH was obtained for both com-
pounds, and the initial rates increased ~24 times (1.72 x
10−2 ml s−1 (TOF = 656 h−1) to 41.7 x 10−2 ml s−1

(TOF = 15840 h−1) for 1 and ~43 times (1.45 x ml s−1

(TOF = 532 h−1) to 62.3 x 10−2 ml s−1 (TOF = 23600 h−1)
for 2 compared to without base. On the contrary, the addi-
tion of imidazole less effective than strong base (Table 6).
The initial rates increased ~3 times with addition of three
equivalent imidazole for both compounds.

Nonetheless, published results showed that the
catalase activity only occurred between MnII,II to MnIII,
III, and higher oxidation states than MnIII are catalyti-
cally inactive.[27] Thus the activities of manganese ion
containing compounds with different oxidation states
and different numbers of carboxylate ligands and also in
different bridging coordination modes (i.e. μ1,1 and μ1,3)
are not comparable. There are other manganese
compounds having carboxylate ligands that have been
TABLE 8 Oxidation of alkenes with 2

Time
(min.)

Cyclohexene Styrene E

Tot. conv. (%) Tot. conv. (%) T

0 0 0

1 15.2 0.8

15 66.4 3.6

30 80.4 5.4

45 85.0 5.6 1

60 85.4 6.8 1

90 92.4 7.4 2

120 96.2 7.6 3

180 98.0 9.4 3

240 98.9a 10.0 4

300 10.6 4

360 10.7 5

1440 25.2b 8

aAfter 4 h. of reaction: product distribution 3.9% cyclohexene oxide, 84.1% cycloh
bAfter 24 h. of reaction: product distribution 2.5% benzaldehyde, 1.0% styrene oxi
cProduct distribution acetophenone one product.
dAfter 24 h. of reaction: product distribution one product hexenoic acid
eAfter 3 h. of reaction: product distribution 28.9% 1‐hexene‐1‐one, 45.4% hexanal,

Conditions: 1.45 × 10−2 mole of TBHP, subs./cat.(in mol) = 265, 70 °C, solvent =
reported, but the correlations between manganese
compounds' activity and the coordination modes of their
bridging carboxylate ligands, the ligand type and the
number, etc. are not fully understood.[28] The catalase
activities of analogous μ1,3‐RCOO bridged binuclear
Mn(III) compounds with other substituents on the
benzoate ligands have been reported under similar
experimental conditions.[9,25c] For compounds with
bidentate bridging mode, in our case Mn(II) compounds
with bidentate carboxylate bridged have a quite good
correlation between the catalase activity. Only one
reported catalase activity result was found for compound
which hasmonodentate bridged.[25h] In acetonitrile at 30 °C
conditions, in our case, the initial disproportionation rate
(0.64 × 10−2 ml s−1) of 1 is similar with compunds
[MnII2(pbpmapa)2(H2O)2](ClO4)2 (0.3 x 10−2 mL s−1)
and [MnII2(bpmapa)2(H2O)2](ClO4)2 (2.1 x 10−2 ml s−1).
3.7 | Oxidation activity

The catalytic ability of homobinuclear manganese
compounds 1 and 2 in oxidation of alcohols and alkenes
with TBHP has been studied in acetonitrile at 70 °C.
Substrate / catalyst ratio (265) was kept constant in all
catalytic reactions. Turnover numbers are around 30–50,
while the turnover frequencies are only moderate
thyl benzene 1‐octene 1‐hexene

ot. conv. (%) Tot. conv. (%) Tot. conv. (%)

0 0 0

0 2.4 16.1

5.7 6.2 20.0

5.9 8.9 37.5

4.1 12.2 45.3

7.1 16.8 52.4

3.6 35.2 85.6

1.0 45.9 94.3

8.5 62.2 100e

1.9 75.9

3.0 83.0

5.2 94.2

5.7c 99.0d

exene‐1‐on, 10.9% 1,2‐hexanediol

de, 21.3% acetophenone

25.7% 2,5 hexenedione

acetonitrile
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(TOF = 2–20 h−1) in the synthetic catalytic oxidation
systems using H2O2 and TBHP. In our oxidative system,
poor activity for styrene (TOF = 8 h−1 with 2), moderate
activity for styrene, ethyl benzene and 1‐octene (TOF= 34–
51 h−1) and good activity for cyclohexene and 1‐hexene
were obtained for both compounds (TOF = 152–302 h−1).
3.8 | Oxidation of alkenes

The catalytic oxidation of cyclohexene, styrene, 1‐hexene,
1‐octene and ethyl benzene exhibit good activity without
adding any additives. The Mn(II)/TBHP/olefin/CH3CN
system showed higher activity with electron‐rich alkenes
(i.e. cyclohexene) and relatively low activity with
electron‐deficient alkenes (i.e. ethyl benzene and styrene)
FIGURE 6 Alkene oxidation with compounds 1 (a) and 2 (b)

TABLE 9 Catalytic activity comparison of compounds 1 and 2 for alk

Complex

Cyclohexene Styrene Ethy

TON TOF (h−1) TON TOF (h−1) TON

1 243 243 80 40 100

2 226 226 25 8 102

TON = turnover number (mol of substrate/mol of catalyst)
under similar reaction conditions. The experimental
results that are shown in Tables 7, 8 and Figure 6
represent the maximum total conversions and depend
on the time for oxidation using TBHP as an oxidant in
at 70 °C in CH3CN.

Compounds 1 (98.8%, after 3 h.) and 2 (98.9% after
4 h.) showed the highest activity of cyclohexene oxidation
to cyclohexanone (yields 84.1% and 85.1% with 1 and 2,
respectively) with the small amounts of 1,2‐hexendiol
and cyclohexene oxide. Cyclohexene has two fragments
that are accessible to attack by the catalytically active spe-
cies (the double bond and relatively weak C–H bonds).
FIGURE 7 Alcohol oxidation with compounds 1 (a) and 2 (b)

ene oxidation in 1 hour reaction

l benzene 1‐octene 1‐hexene

TOF (h−1) TON TOF (h−1) TON TOF (h−1)

50 230 46 207 138

34 202 51 227 152
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Comparison of the rates of epoxidation and C–H bond
oxygenation could give valuable information on the
nature of the oxidizing species. In our catalytic system,
the absence of the epoxidation product indicates that the
reaction proceeded mainly through C−H bond activation.
The allylic ketone formation strongly shows that the
catalytic oxidation undergoes by radical oxidant.[9]

Compound 1 oxidized mainly cyclohexene to cyclohexa-
none (76%), and other products – 2‐cyclohexen‐1‐ol
(2.6%), cyclohexene oxide (4.5%) and 1,2‐cyclohexendiol
(8.4%) – and TON is 243 within 1 h (TOF = 243 h−1) based
on the total yield of products (total conv. 91.5% in 1 h.,
Tables 5 and 7). Compound 2 exhibits very fast oxidation
reaction under the similar conditions (100% conversion in
1 h with 85.4% conversion: 2‐cyclohexen‐1‐one (69.6%),
cyclohexene oxide (4.7%), 2‐cyclohexen‐1‐ol (2.8%) and
1,2‐cyclohexendiol (8.3%), and the TON is 226 within
1 h (TOF = 226 h−1) based on the total products
(Tables 7, 8).

Very low catalytic activity was observed for oxidation
of electron deficient styrene with 1 and 2. The major final
product is acetophenone (85% selectivity, 51.1% yield with
1 and 76% selectivity, 25.2% yield with 2) after 24 h
TABLE 10 Oxidation of alcohols with 1

Time
(min.)

Cinnamyl alcohol Benzyl alcohol

Tot. conv. (%) Tot. conv. (%)

0 0 0

1 57.4a 21.6

15 87.3 31.4

30 97.8 36.4

45 100.0b 41.1

60 43.0c

90 48.2

120 52.7

150 57.5

180 62.2

240 71.5

300 79.1

360 84.8

1440 100.0d

aAfter 1 min. of reaction: product distribution 13.9% benzaldehyde, 43.5% cinnam
bAfter 45 min. of reaction: product distribution 15.8% styrene, 41.6% benzaldehyd
cAfter 1 h. of reaction: product distribution 40.0% benzaldehyde, 3.0% benzoic aci
dAfter 24 h. of reaction: product distribution 100% benzoic acid.
eAfter 24 h. of reaction: product distribution selectivity 100% cyclohexanone.
fAfter 6 h. of reaction: product distribution 24.7% heptaldehyde, 4.9% heptanoic a
gAfter 24 h. of reaction: product distribution selectivity 100% heptaldehyde.

Conditions: 1.45 × 10−2 mole of TBHP, subs./cat.(in mol) = 265, 70 °C, solvent =
reaction (Tables 7, 8). Styrene oxidation shows the slowest
kinetic profile among the other olefins (Figure 6).

The oxidation of ethyl benzene to acetophenone with
excellent selectivity exhibited a high conversion for both
compounds (~100% conversion) with TBHP in acetonitrile
at 70 °C. In contrast to reported Mn(II) compounds,
remarkable results have been obtained for terminal
olefins 1‐hexene, and 1‐octene gave ~100% conversion
for both catalysts. Although 1‐hexene, which is a rather
hard oxidation substrate, 1 and 2 exhibited very high
activity for the oxidation of 1‐hexene, affording 51% and
45.4% hexanal, for 1 and 2, respectively, as a major
product with the formation of other products, 24.9%;
28.9% 1‐hexene‐1‐one and 24.1%; 25.7% 2,5 hexenedione
for 1 and 2, respectively. The TOF value of 1 is 138 h−1

(after 6 h) and 152 h−1 (after 3 h) for 2 (Table 9).
In comparison to other similar Mn(II) compounds, 1

and 2 are generally superior, according to their higher
conversion and selectivity.[29] For example, in our previ-
ous work,[10a] when a binuclear Mn(II) compound,
[Mn2(μ1,3‐C6H5COO)2(bipy)4](ClO4)2, in acetonitrile with
TBHP as oxidant in 70 °C, by the same stoichiometric
amounts as this paper, after 4 h. reaction, while the
Cyclohexanol 1‐octanol 1‐heptanol

Tot. conv. (%) Tot. conv. (%) Tot. conv. (%)

0 0 0

26.8 1.03 3.5

37.7 8.8 8.9

41.5 10.6 9.0

42.5 11.5 9.1

44.9 12.8 9.1

47.9 13.5 9.2

51,1 15.0 26.4

53.3 21.5 26.5

55.8 24.5 27.0

71.7 28.6 43.2

75.7 31.9 43.6

77.6 33.0f 44.9

88.2e 46.6 67.2g

aldehyde.

e, 20.4% cinnamaldehyde, 22.3% 3‐phenyl glycidole.

d.

cid, 2.0% octanoic acid.

acetonitrile.
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conversion of 94.3% in the oxidation of cyclohexene, the
conversion of ~100% was obtained with 1 and 2 after
1.5 h. The good catalytic activity was obtained for oxida-
tion of ethyl benzene with 1 (79.4%) and 2 (85.7%) than
in our previous work (11.0%) in total conversion after
24 h reaction.
3.9 | Oxidation of alcohols

Compounds 1 and 2 exhibited high activity for the
oxidation of primary alcohols, cinnamyl, benzyl alcohol
and cyclohexanol and low activity for 1‐octanol and
1‐heptanol. The time‐dependent catalytic activity results
are compared in Figure 7 and Tables 10 and 11. Among
the studied alcohols, cinnamyl alcohol is the most active
one and resulted in ~100% conversion in 45 min.
(TON ~266) with both compounds. It should be noted that
the catalytic rate of cinnamyl alcohol oxidation is
extremely high: TOF = 13040 h−1 and 9180 h−1 in first
minute of the reaction, respectively with 1 and 2. Primary
aliphatic alcohols were oxidized to carboxylic acids as
TABLE 11 Oxidation of alcohols with 2

Time
(min.)

Cinnamyl alcohol Benzyl alcohol

Tot. conv. (%) Tot. conv. (%)

0 0 0

1 81.9a 27.6

15 97.6 32.9

30 98.5 35.2

45 99.2b 35.8

60 100.0 36.9c

90 37.5

120 38.8

150 39.4

180 41.6

240 48.9

300 49.6

360 52.9

1440 76.3d

aAfter 1 min. of reaction: product distribution 2.9% styrene, 27.4% benzaldehyde,
bAfter 45 min. of reaction: product distribution 18.9% styrene, 40.1% benzaldehyd
1.9% cinnamic acid.
cAfter 1 h. of reaction: product distribution 43.2% benzaldehyde (selectivity 100%)
dAfter 24 h. of reaction: product distribution 39.5% benzaldehyde, 36.8% benzoic a
eAfter 24 h. of reaction: product distribution selectivity 100% cyclohexanone.
fAfter 6 h. of reaction: product distribution 24.9% heptaldehyde, 6.1% heptanoic a
gAfter 6 h and 24 h. of reaction: product distribution selectivity 100% heptaldehyd

Conditions: 1.45 × 10−2 mole of TBHP, subs./cat.(in mol) = 265, 70 °C, solvent =
their secondary oxidation products, whereas secondary
alcohol (cyclohexanol) were oxidized to the cyclohexa-
none (77.6% with 1 and 45.8% with 2 in acetonitrile, 6 h)
without carbon–carbon chain cleavage. These results
supports the reports that benzylic alcohols are more
reactive than aliphatic alcohols.[26]

Primary aliphatic alcohol, 1‐octanol, was oxidized to
heptaldehyde and its carboxylic acid in a moderate
conversion of 33.0% with 1 and 32.1% with 2 in 6 h.
reaction.; heptaldehyde (24.7%), heptanoic acid (4.9%)
and octanoic acid (2.0%) with 1 and heptaldehyde (24.9%)
and heptanoic acid (6.1%) with 2 (Table 10, for 1). Benzyl
alcohol converted to the benzaldehyde and benzoic acid
(total conv., 100% and 76.3% in 24 h with 1 and 2, respec-
tively) (Tables 10, 11). In the first 1.5 h of reaction, the
maximum aldehyde conversion was obtained (45.3%) with
79% aldehyde selectivity; further, the reaction proceeds,
and the over oxidation observed in 100% benzoic acid
formed in 24 h reaction with 1. Whereas for 2, during the
same time intervals, 39.4% aldehyde formation was
observed as one product in 1.5 h and after a 24 h reaction,
the product distribution is 39.5% aldehyde and 36.8%
Cyclohexanol 1‐octanol 1‐heptanol

Tot. conv. (%) Tot. conv. (%) Tot. conv. (%)

0 0 0

25.9 5.8 3.5

37.3 10.8 8.8

41.8 11.7 9.0

42.9 12.3 9.1

43.2 12.7 9.1

43.2 13.3 14.2

43.4 13.8 24.4

44.3 20.7 26.4

44.4 23.9 17.4

45.0 27.2 28.9

45.1 30.0 23.7

45.8 32.1f 27.9 g

50.7e 47.6 35.5g

48.9% cinnamaldehyde, 2.7% 3‐phenyl glycidole.

e, 25.4% cinnamaldehyde, 8.1% 3‐phenyl glycidole, 2.2 3‐phenyl‐1‐propanol,

.

cid.

cid.

e.

acetonitrile.



TABLE 12 Catalytic activity comparison of 1 and 2 for alcohol oxidation

Complex

Cinnamyl alcohol Benzyl alcohol Cyclohexanol 1‐octanol 1‐heptanol

TON TOF (h−1) TON TOF (h−1) TON TOF (h−1) TON TOF (h−1) TON TOF (h−1)

1 153a 9180 58 3480 71 4260 3 180 9 540
232b 928 84 336 100 400 23 92 24 96

2 217a 13040 73 4380 69 4140 15 900 9 542
259b 1036 87 348 99 396 29 116 20 80

aReaction time 1 min.
bReaction time 15 min.
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benzoic acid. 1‐heptanol was oxidized also in moderate
yield with only one product of heptaldehyde (32.1% for 1
and 27.9% for 2 in 6 h) (Tables 10, 11). It should be noted
that the initial catalytic rate of benzyl alcohol
(TOF = 3480 h−1 with 1, TOF = 4380 h−1 with 2) and
cylohexanol (TOF = 4260 h−1 for 1, TOF = 4140 h−1

for 2) is very high for both compounds (Table 12). In com-
parison of our previous work, we obtained that the previ-
ous work has better catalytic activity in oxidation of
benzyl alcohol, cylohexanol 1‐octanol and 1‐heptanol.[10a]
4 | CONCLUSION

Two homobinuclear Mn(II) compounds with different car-
boxylate‐Mn coordination modes (mono‐ and bidentate),
[Mn2(μ1,1–2‐NH2C6H4COO)2(phen)4](ClO4)2(CH3OH) (1)
and [Mn2(μ1,3–2‐NH2C6H4COO)2(bipy)4](ClO4)2 (2),
which aremimic to the catalase enzyme, were synthesized,
characterized and shown to be catalase‐like, and their
catalytic properties were investigated for various alcohols
and alkenes. The theoretical calculations showed that
bidentate coordination mode has lower energy than
monodentate coordination. We found that the compound
with a bidentate bridging carboxylate ligand exhibits
higher catalase‐like activity than compounds with
monodentate carboxylate ligands. Both complexes
exhibited remarkable activity (TOF up to 12640 h−1 with
1, and 17910 h−1 with 2) in Tris–HCl buffer at room
temperature. Moreover, we have also found that, besides
TOF, the rate of the reaction dramatically increase with
the addition of base (NaOH) whereas the increase in
imidazole addition is weak.

We determined that in terms of the comparison of
catalytic efficiency of mono‐ and bidentate‐bridging
modes, binuclear Mn(II) compounds 1 and 2 are quite
close to each other in studied alcohol and alkene
oxidation. The compounds exhibited very high catalytic
activity in the oxidation of cinnamyl alcohol and moder-
ate activity in benzyl alcohol and cyclohexanol and poor
activity in linear alcohol 1‐octanol and 1‐hexanol when
TBHP was used as an oxidant in an acetonitrile solvent.
In particular for cinnamyl alcohol, a conversion ratio
57.4% (TOF = 9180 h−1) and 81.9% (13040 h−1) and
aldehyde selectivity up to 76% and 93% were observed in
the first minute of reaction at 70 °C in acetonitrile for 1
and 2, respectively. The oxygen transfer activity of 1 and
2 towards various alkenes and alcohols decreases in the
following order: Cyclohexene > 1‐hexene > 1‐octene >
ethyl benzene > styrene and cinnamyl alcohol > benzyl
alcohol > cyclohexanol > 1‐octanol > 1‐hexanol. Thus,
electron‐rich cyclic olefin is more active than the
electron‐poor terminal olefins. This reflects the electro-
philic nature of oxygen transfer from manganese‐oxo
intermediate to the olefin double bond.
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APPENDIX A

CCDC 1458044 and 827685 contain the supplementary
crystallographic data for [Mn2(μ‐2‐NH2C6H4COO)2(phen)4]
(ClO4)2(CH3OH) (1) and [Mn2(μ‐2‐NH2C6H4COO)2(bipy)4]
(ClO4)2 (2). These data can be obtained free of charge via
http://www.ccdc.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223–336‐033; or
Email: deposit@ccdc.cam.ac.uk.
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