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A B S T R A C T

The reaction of N-(2-pyridylmethyl)iminodiisopropanol (H2pmidip), sodium azide, and manganese(II) salt in
methanol leads to the isolation of a monomeric manganese complex of [Mn(Hpmidip)(N3)2]·CH3OH (1). The
structure of 1 has been verified by single crystal X-ray diffractometry. The manganese ion in 1 is bonded with
one Hpmidip− as tetradentate and two azido ligands in cis position in which the manganese ion is displayed a
distorted octahedral geometry. One of two hydroxyl groups in the coordinated Hpmidip− ligand is protonated,
while the other one is deprotonated. The manganese ion is assigned as 3+ oxidation state that verified by bond
lengths and bond valence sum. Furthermore, the complex reveals a dimeric structure by OeH⋯O hydrogen
bonding interactions. 1 exhibited selective and effective catalytic properties for various olefins with moderate
yields using m-CPBA (meta-chloroperoxybenzoic acid). The mechanistic studies of 1 for olefin epoxidation have
been investigated by the Hammett study, the OeO bond cleavage of PPAA (peroxyphenylacetic acid) as a me-
chanistic probe, and competitive experiments of cis- and trans-2-octene.

1. Introduction

We are strongly concerned in the preparation of new transition
metal compounds that show the catalytic olefin epoxidations [1]. A
series of coordination compounds that exhibit the catalytic behaviors
have been designed and prepared by using polynucleating ligands in-
cluded functional groups, i.e., hydroxyl and amine moieties [2]. Fur-
thermore, they have been shown interesting structures such as oxygen-
bridged dinuclear and trinuclear complexes as well as unique magnetic
properties, i.e., ferro- and antiferromagnetic couplings. We have re-
cognized that the geometric structures of such compounds are also
dependent on metal ions and anions. As such, these compounds have
attracted much interest, because of their significant structures and
magnetic properties including catalytic effects. In particular, in-
corporation of hydroxyl group into polynucleating ligands has been
confirmed to be a useful method of controlling structure and oxidation
state of coordination complexes [3]. Previously we have reported co-
ordination complexes (Mn, Co) based on an N3O-type tetradentate li-
gand (N,N–bis(2-pyridylmethyl)-2-aminoethanol, bpaeOH) [4]. Two
manganese complexes [Mn(bpaeOH)(NCS)2] and [Mn(bpaeO)(N3)2]

are obtained as octahedral monomers, although they have different
anions and oxidation states via bpaeOH or bpaeO−, respectively. Un-
fortunately, both complexes did not show any catalytic effects for olefin
epoxidations. Unlike the manganese species, two cobalt complexes in
the same conditions are prepared as monomer [Co(bpaeOH)(NCS)2]
and trimer [Co3(bpaeO)2(NO3)(N3)4](NO3) depending on anions (NCS−

and N3
−), respectively. The former is cobalt(II) oxidation state and

displayed a non-catalytic effect, while the latter is Co3+-Co2+-Co3+

mixed-valence species and showed interesting catalytic properties.
Contrary to the above manganese species, other manganese co-

ordination complexes with interesting catalytic oxidation properties
have been reported [5]. For example, complex [MnIICl2(pypz-H)2]
having cis fashion geometry showed 47% conversion and 60% se-
lectivity for catalytic oxidation of styrene (pypz-H=2-(3-pyrazolyl)
pyridine) [5b]. As a Mn(III) complex, five-coordinate [Mn(bhbda)Cl]
displayed 44.1% conversion and 82% selectivity for epoxidation of
styrene using PhIO in acetonitrile (H2bhbda=1,4-bis(2-hydro-
xybenzyl)-1,4-diazepane) [5d]. That is, these manganese complexes are
shown moderate conversions and selectivities in oxidation catalysis
depending on multidentate ligands.
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Very recently, we have reported one trinuclear coordination com-
plex, [(pmidip)2Co3(CH3COO)4], based on deprotonated N-(2-pyr-
idylmethyl)iminodiisopropanol (pmidip2−) [2a]. In the cobalt trimer,
two terminal Co(III) cations are connected to a central Co(II) cation
through tetradentate pmidip2− and acetato ligands, which leads to a
trinuclear Co3+-Co2+-Co3+ species. In this case, the oxidation state and
the structure were very dependent on the pmidip2− ligand and the
complex also showed efficient olefin epoxidations.

In order to explore the dependence of metal ion in the olefin
epoxidations by using the N2O2-type ligand N-(2-pyridylmethyl)imi-
nodiisopropanol (H2pmidip) and azide ion, we have prepared a new
manganese complex. The complex is a mononuclear manganese(III)
complex and shows excellent catalytic effects, contrary to [Mn
(bpaeOH)(NCS)2] and [Mn(bpaeO)(N3)2] [4]. In this paper, we describe
the synthesis, crystal structure, and catalytic activities of [Mn(Hpmidip)
(N3)2]·CH3OH (1).

2. Experimental section

All chemicals used in the synthesis were of reagent grade and used
without further purification. N-(2-Pyridylmethyl)iminodiisopropanol
(H2pmidip) was prepared according to the literature procedure [2a].
Olefins, epoxides, 2-cyclohexen-1-ol, 2-cyclohexen-1-one, benzalde-
hyde, acetonitrile, dichloromethane, dodecane and m-CPBA (65%) were
purchased from Aldrich Chemical Co. and were used without additional
purification. Peroxyphenylacetic acid (PPAA) was synthesized ac-
cording to the literature method [6]. Solvents used in inert-atmosphere
reactions were dried and degassed using standard procedures. UV/Vis
absorption spectra were recorded with a SCINCO S-2100 spectro-
photometer and a Perkin Elmer model Lambda 2S UV/Vis spectrometer.
Infrared spectra were recorded with a Thermo Fisher Scientific IR200
spectrophotometer (± 1 cm−1) using KBr disk. Elemental analyses
were carried out using a Fisons/Carlo Erba EA1108 instrument in air.
Flash column chromatography was performed with 230–400 mesh si-
lica gel using wet-packing method. 1H NMR spectra were recorded on a
Varian AS400 (399.937MHz for 1H and 100.573MHz for 13C spectro-
meter) and chemical shifts were recorded in ppm. Analysis for epox-
idation products was performed by using YL6500 gas chromatograph
(Hewlett-Packard, HP-FFAP or DB-5).

2.1. Synthesis of [Mn(Hpmidip)(N3)2]·CH3OH (1)

To a methanol solution (4mL) of Mn(NO3)2·4H2O (50mg,
0.2 mmol) was added dropwise a methanol solution (4mL) of H2pmidip
(45mg, 0.2mmol) and sodium azide (26mg, 0.4mmol). The color of
the mixture solution became dark brown. The solution was stirred for
20min at room temperature. Dark brown crystals of 1 were obtained by
diffusion of diethyl ether into the dark brown solution for 3 days and
were washed with diethyl ether and dried in air. Yield: 53mg (66%).
FT-IR (KBr, cm−1): 3415, 3133(s, br), 3030, 2947, 2855, 2070, 2042,
1618. Anal Calcd for C12H19MnN8O2: C, 39.78; H, 5.29; N, 30.93;
Found: C, 40.17; H, 5.65; N, 30.98.

2.2. Olefin epoxidations by m-CPBA with manganese catalyst 1

m-CPBA (1×10−1 mmol) was added to a mixture of manganese
catalyst (2.8× 10−3 mmol), substrate (3.5× 10−2 mmol), and solvent
(MeCN/CH2Cl2 (1/1), 1.0mL). The mixture was shaken for 5min at
ambient temperature. Each reaction was analyzed by GC/mass with
10 μL aliquots taken periodically from the reaction solution. Product
yields and conversions were quantified, compared to dodecane as an
internal standard. All reactions were carried out three times, and the
average of conversions and yields are represented. Product yields and
conversions were based on substrate.

2.3. Competitive epoxidations of para-substituted styrenes and styrene for
Hammett plot with manganese catalyst 1

m-CPBA (3×10−2 mmol) was added to a mixture of styrene
(2×10−2 mmol) and para(X)-substituted styrene (2×10−2 mmol, X
=eCN, eCl, eCH3, and eOCH3), manganese catalyst (2.8× 10−3

mmol), and solvent (MeCN/CH2Cl2 (1/1), 1.0mL). The mixture was
shaken for 5min at ambient temperature. GC was used to measure the
amounts of styrenes before and after reactions. The relative reactivities
were analyzed with the following equation: kx/ky= log(Xf/Xi)/log(Yf/
Yi) where Yi and Yf are the initial and final concentration of styrene and
Xi and Xf are the initial and final concentration of para-substituted
styrenes [7].

2.4. Analysis of the OeO bond cleavage products generated from the
oxidation reactions of substrates by PPAA with manganese catalyst 1

PPAA (4× 10−2 mmol) was added to a mixture of manganese
catalyst (2.8× 10−3 mmol), substrate (0–1.6× 10−1 mmol), and sol-
vent (MeCN/CH2Cl2 (1/1), 1.0mL). The mixture was shaken for 5min
at ambient temperature. Each reaction was analyzed by GC/mass with
10 μL aliquots taken periodically from the reaction solution. Product
yields and conversions were quantified, compared to dodecane as an
internal standard. All reactions were performed three times, and the
average of conversions and yields are represented. Product yields and
conversions were based on substrate or PPAA.

2.5. Competitive epoxidations of cis-2-octene and trans-2-octene by m-
CPBA with manganese catalyst 1

m-CPBA (4× 10−2 mmol) was added to a mixture of trans-2-octene
(0.01–0.08mmol), cis-2-octene (0.01–0.08mmol), and manganese cat-
alyst (2.8× 10−3 mmol). The mixture was shaken for 5min at ambient
temperature. Each reaction was analyzed by GC/mass with 10 μL ali-
quots taken periodically from the reaction solution. Product yields and
conversions were quantified, compared to dodecane as an internal
standard. All reactions were performed three times, and the average of
conversions and yields are represented. Product yields and conversions
were based on substrate or m-CPBA.

2.6. X-ray crystallographic data collection and refinement

Single crystal of 1 was coated with paratone-N oil and the diffrac-
tion data measured at 100(2) K with synchrotron radiation
(λ=0.63000 Å) on an ADSC Quantum-210 detector at 2D SMC with a
silicon (1 1 1) double crystal monochromator (DCM) at the Pohang
Accelerator Laboratory, Korea. The ADSC Q210 ADX program [8] was
used for data collection (detector distance is 63mm, omega scan;
Δω=1°, exposure time is 1 sec per frame) and HKL3000sm (Ver. 703r)
[9] was used for cell refinement, reduction and absorption correction.
The crystal structure of 1 was solved by direct methods [10], and re-
fined by full-matrix least-squares refinement using the SHELXL-2014
computer program [11]. The positions of all non-hydrogen atoms were
refined with anisotropic displacement factors. All hydrogen atoms were
placed using a riding model, and their positions were constrained re-
lative to their parent atoms using the appropriate HFIX command in
SHELXL-2014, except C8 (C8A and C8B). That is, C8 in 1 has large
thermal disorder and thus is treated using PART command without
fixing hydrogen atoms. The crystallographic data and the result of re-
finements are summarized in Table 1.

3. Results and discussion

3.1. Synthesis and characterization

The reaction of one equiv of N-(2-pyridylmethyl)
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iminodiisopropanol (H2pmidip), one equiv of Mn(NO3)2·4H2O, and two
equiv of NaN3 in methanol affords air stable [Mn(Hpmidip)
(N3)2]·CH3OH (1) in good yield (66%). Complex 1 is a mononuclear
complex, which is obtained via tetradentate Hpmidip− and two azido
ligands. Considered the charge of coordinated ligands (Hpmidip−,
2 N3

−), the oxidation state of 1 is 3+, in which it can be attributed to
the oxidizing power of azide anions [4]. Complex 1 displays bonded
Hpmidip− and azido ligands in infrared (IR) spectrum. For example,
strong peaks at 2070 and 2042 cm−1 are displayed in which they are
assigned to the monodentate azido ligands coordinated to manganese
(III) ion [12]. The peaks of the CeH of Hpmidip− showed at 3030,
2947, and 2855 cm−1 and the peak of the OeH of Hpmidip− showed at
3133 cm−1.

3.2. Description of structure of 1

Complex 1 crystallizes in the monoclinic P21/n space group, and the

Table 1
Summary of the crystallographic data for 1.

Compound 1

Empirical formula C13H23MnN8O3

Formula weight 394.33
Crystal system Monoclinic
Space group P21/n
a (Å) 11.561(2)
b (Å) 11.771(2)
c (Å) 13.789(3)
α (°) 90
β (°) 108.59(3)
γ (°) 90
V (Å3) 1778.5(7)
Z 4
dcalc (g cm−3) 1.473
λ (Å) 0.63000
T (K) 100(2)
μ (mm−1) 0.554
F(0 0 0) 824
Reflections collected 15,415
Independent reflections 4982
Reflections with I > 2σ(I) 3930
Goodness-of-fit on F2 1.078
R1

a [I > 2σ(I)] 0.0588
wR2

b [I > 2σ(I)] 0.1707
CCDC no. 1915191

a R1= Σ||Fo|− |Fc||/Σ|Fo|.
b wR2= [Σw(Fo2− Fc2)2/Σw(Fo2)2]1/2.

Fig. 1. Structure of [Mn(Hpmidip)(N3)2] (1). The atoms are represented by
30% probable thermal ellipsoids. The hydrogen atom on the hydroxyl group is
shown as small open circle; all other H-atoms are omitted for clarity.

Table 2
Selected bond distances (Å) and angles (°) for 1.

Mn1eN1 2.249(2) Mn1eN6 1.972(2)
Mn1eN2 2.131(2) Mn1eO1 1.9060(17)
Mn1eN3 1.976(2) Mn1eO2 2.2022(19)
N3eN4 1.192(3) N6eN7 1.194(4)
N4eN5 1.147(3) N7eN8 1.151(4)
N1eMn1eN2 77.09(8) N3eMn1eO1 89.46(8)
N1eMn1eN3 102.92(9) N3eMn1eO2 103.09(9)
N1eMn1eN6 85.08(9) N4eMn1eO1 175.15(8)
N1eMn1eO1 91.54(8) N4eMn1eO2 87.84(8)
N1eMn1eO2 153.50(7) O1eMn1eO2 93.70(8)
N2eMn1eN3 173.77(9) Mn1eN3eN4 121.26(18)
N2eMn1eN6 91.53(9) Mn1eN6eN7 121.60(18)
N2eMn1eO1 84.31(8) N3eN4eN5 177.8(3)
N2eMn1eO2 77.61(8) N6eN7eN8 176.5(3)
N3eMn1eN6 94.68(9)

Fig. 2. Structure of [Mn(Hpmidip)(N3)2] (1) showing hydrogen bonding in-
teractions (dotted line).

Table 3
Olefin epoxidation by m-CPBA with 1 in CH2Cl2/MeCN (1/1).a

Entry Substrate Product Manganese complex 1b

Conversion (%) Yield (%)

1 cyclopentene epoxide 81.3 ± 0.9 34.6 ± 0.6
2 cycloheptene epoxide 99.4 ± 0 44.4 ± 0.4
3 cyclooctene epoxide 98.3 ± 0.1 39.4 ± 1.4
4 cyclohexene epoxide 65.8 ± 4.0 49.6 ± 1.6

2-cyclohexene-1-one 2.7 ± 0.2
2-cyclohexene-1-ol 2.1 ± 0.1

5 1-hexene epoxide 31.1 ± 4.0 7.7 ± 0.9
6 1-octene epoxide 26.4 ± 1.2 5.6 ± 0.3
7 cis-2-hexene cis-oxide 55.7 ± 0.5 39.7 ± 1.9

trans-oxide 2.8 ± 0
8 trans-2-hexene trans-oxide 41.1 ± 3.7 14.7 ± 2.0
9 cis-2-octene cis-oxide 39.5 ± 0.9 31.5 ± 3.1

trans-oxide 2.6 ± 0.7
10 trans-2-octene trans-oxide 20.8 ± 1.0 13.5 ± 0
11 styrene epoxide 58.3 ± 1.5 44.7 ± 2.9

benzaldehyde 2.1 ± 4.8
phenylacetaldehyde 8.3 ± 5.8

12 cis-stilbene cis-stilbene oxide 69.3 ± 1.5 48.3 ± 0
trans-stilbene oxide 5.5 ± 0.9
benzaldehyde 4.6 ± 0.4
2-phenylacetophenone 2.9 ± 0

13 trans-stilbene trans-stilbene oxide 73.7 ± 0.1 37.8 ± 1.1
benzaldehyde 4.4 ± 0
2-phenylacetophenone 8.6 ± 7.0

a Reaction conditions: olefins (3.5× 10−2 mmol), catalyst (2.8× 10−3

mmol), m-CPBA (0.1mmol), and solvent (1.0 mL, CH2Cl2/MeCN=1:1).
b Based on substrate.
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unit cell includes four mononuclear manganese complexes, and the
ORTEP drawing of 1 is shown in Fig. 1. The selected bond lengths and
angles are listed in Table 2. The manganese cation is bonded by two
nitrogen atoms and two oxygen atoms of Hpmidip− ligand and two
nitrogen atoms of azido ligands. That is, the manganese ion adopts a
distorted octahedral geometry with one Hpmidip− ligand and two
azido ligands. The manganese cation (Mn1) is coordinated to two
oxygen atoms of Hpmidip− ligand (av. MneO=2.038(1) Å) and to two
nitrogen atoms of Hpmidip− ligand (av. MneNHpmidip= 2.190(1) Å)
and to two nitrogen atoms of azido ligands (av. Mne-
Nazido= 1.974(1) Å). Interestingly, the H2pmidip ligand in 1 is mono-
deprotonated to give Hpmidip−. The bond distances Mn1eO1 and
Mn1eO2 are 1.9060(17) and 2.2022(19) Å, respectively. From the
difference of MneO bond distance (Δd= 0.2962 Å), we have noticed
that the former is deprotonated and the latter is protonated. The
average MneLHpmidip bond distance is 2.106(1) Å and the MneNazido

bond distnaces are 1.972(2) and 1.976(2) Å, respectively. The average
bond distance of MneL (2.065 Å) is slightly longer than 2.00 Å in
agreement with a high spin MnIII species (S=2) [13]. Bond valence
sum (BVS) calculation gives the valence sum of 3.067 for manganese in
1 [14]. The result means that the manganese cation in 1 is trivalent

clearly. The octahedral coordination sphere of the manganese ion
(Mn1) shows an N4O2 donor set including one Npy (Hpmidip−), Namine

(Hpmidip−), one Oalkoxo (Hpmidip−), Ohydroxyl (Hpmidip−), two ni-
trogens (azido). The bond angles based on the manganese(III) cation are
in the range of 77.09(8) and 175.15(8)°. The coordinated azido ligands
are almost linear and exhibit bending modes with the manganese(III)
ion (∠N3N4N5; 177.8(3)°, ∠N6N7N8; 176.5(3)°, ∠Mn1N3N4;
121.26(18)°, ∠Mn1N6N7; 121.60(18)°) [15a,b]. The shortest distance
of Mn1⋯Mn1(−x+ 1, −y, −z) between the monomeric cations is
4.993 Å. In addition, the oxygen atoms of coordinated Hpmidip− ligand
formed hydrogen bonding interactions [15a,d] with the oxygen atoms
of an adjacent monomeric complex each other, which give rise to a
supramolecular dimeric structure (O2⋯O1(−x+ 1, −y+1, −z+ 1),
2.623 Å, angle O2eH20⋯O1 170.76 deg) (Fig. 2).

3.3. Epoxidation reaction catalyzed by manganese catalyst 1 using m-CPBA

Catalytic ability of manganese complex 1 toward olefin epoxidation
reaction was identified by using m-CPBA (meta-chloroperoxybenzoic
acid) as an oxidant in solvent (CH2Cl2/MeCN, 1:1, 1 mL). Through the
control experiments under various conditions, the synergetic effect in
epoxidation reaction was confirmed to be terminated within 1min and
to be not affected by the direct reaction of substrate and oxidizing
agent. In addition, this complex 1 was robust enough to withstand the
oxidation reaction through the UV/Vis spectrophotometry.

The results obtained in the epoxidation reactions of diverse olefin
substrates by 1 with m-CPBA were summarized in Table 3. In the case of
cyclic olefins, like cycloheptene, cyclopentene and cyclooctene, the
corresponding products were produced with moderate yields (34.6 to
44.4%, entries 1–3). Besides, cyclohexene gave cyclohexene oxide
(49.6%) as a primary product along with trace amount of 2-cyclohexen-
1-one (2.7%) and 2-cyclohexen-1-ol (2.1%) as by-products (entry 4).
These observations suggest that the free radical reaction of olefin by
reactive species was barely involved in the oxidation reaction [6a,16].
Also, 1-hexene and 1-octene, well-known as difficult-to-epoxidize due
to the electron deficient environment, were oxidized to the corre-
sponding epoxides with low yields (7.7% and 5.6%, entries 5 and 6)
[17]. cis-2-Hexene and cis-2-octene were used to examine the stereo-
chemistry of the epoxidation reaction. They were mainly oxidized into
cis-2-hexene oxide and cis-2-octene oxide (39.7% and 31.5%, entries 7
and 9) with slight amounts of trans-2-hexene oxide and trans-2-octene

Fig. 3. Hammett plot for relative reactivities of para-substituted styrenes to
styrene by manganese catalyst 1 with m-CPBA.

Scheme 1. Plausible degradation pathway of PPAA by manganese catalyst 1.

J. Choi, et al. Inorganica Chimica Acta 498 (2019) 119174

4



oxide (2.8% and 2.6%, respectively). On the other hand, trans-2-hexene
and trans-2-octene were converted only to trans-2-hexene oxide (14.7%,
entry 8) and trans-2-octene oxide (13.5%, entry 10), respectively.
Styrene, aromatic olefin, produced styrene oxide (44.7%, entry 11) as a
major product and small amounts of benzaldehyde (2.1%) and

phenylacetaldehyde (8.3%). Whereas cis-stilbene was converted to cis-
stilbene oxide (48.3%, entry 12) and trace amount of trans-stilbene
oxide (5.5%), 2-phenylacetophenone (2.9%) and benzaldehyde (4.6%),
trans-stilbene produced trans-stilbene oxide (37.8%, entry 12) with
slight amount of benzaldehyde (4.4%) and 2-pheylacetophenone
(8.6%).

Product distribution analysis of these aromatic olefins indicates that
either the peroxyl radical or MnIV]O species is somewhat involved in
epoxidation reaction as the epoxidizing agent since these species are
known to produce radical-induced products [18]. On the other hand,
catalytic epoxidation ability of manganese complex 1 is better than
those of [MnIICl2(pypz-H)2] [5b] and [Mn(bhbda)Cl] [5d].

3.4. Hammett study of competition experiment using para-substituted
styrenes and styrene

To examine the electronic character of the reactive intermediates
involved in the epoxidation reaction and to consider the effect of sub-
stituents on the catalytic reaction rate, we conducted competition ex-
periments using para-substituted styrenes and styrene. The Hammett
study displayed a ρ value of −1.11, indicating that the electronic

Table 4
Product yields derived from PPAA mediated by 1 in the absence and the presence of cyclohexene in CH2Cl2/MeCN (1/1).a

Entry Cyclohexene
[mM]

Heterolysisb Homolysisb Heterolysis/Homolysis
[5/(6+7+8)]

Oxidation productsc

5 6 7 8 oxide one ol

1 0 49.0 ± 3.2 24.5 ± 2.0 1.8 ± 0.1 – 1.87(65.1/34.9) – – –
2 20 49.0 ± 1.2 22.7 ± 0.4 1.7 ± 0.1 – 2.01(66.8/33.2) 8.7 ± 0.5d 1.2 ± 0d 0.9 ± 0.1d

3 40 58.7 ± 0.2 20.1 ± 0.1 1.4 ± 0.1 – 2.73(73.2/26.8) 11.2 ± 0.5b 1.3 ± 0b 1.1 ± 0b

4 80 65.1 ± 0.7 20.6 ± 0.8 1.4 ± 0.1 – 2.95(74.7/25.3) 17.1 ± 0.1b 1.4 ± 0b 1.2 ± 0.2b

5 160 71.9 ± 0.3 18.4 ± 0.6 1.3 ± 0 – 3.65(78.5/21.5) 27.6 ± 0.6b 1.7 ± 0.1b 1.8 ± 0.1b

a Reaction conditions: cyclohexene (0–1.6×10−1 mmol), catalyst (2.8× 10−3 mmol), PPAA (4×10−2 mmol), and solvent (1.0mL, CH2Cl2/MeCN=1:1).
b Based on PPAA; 5–8 indicate phenylacetic acid, benzaldehyde, benzyl alcohol, and toluene, respectively.
c oxide, -one, and -ol indicate cyclohexene oxide, 2-cyclohexen-1-one, and 2-cyclohexen-1-ol respectively.
d Based on the substrate.

Table 5
Product yields derived from PPAA mediated by 1 in the absence and the presence of 1-octene in CH2Cl2/MeCN (1/1).a

Entry 1-octene
[mM]

Heterolysisb Homolysisb Heterolysis/Homolysis
[5/(6+7+8)]

Oxidation products

5 6 7 8 1-octene oxide

1 0 49.0 ± 3.2 24.5 ± 2.0 1.8 ± 0.1 – 1.87(65.1/34.9) –
2 20 46.4 ± 4.4 18.9 ± 1.8 2.7 ± 0.1 – 2.14(68.2/31.8) –
3 40 49.6 ± 0.4 18.9 ± 0.2 2.4 ± 0.1 – 2.33(70.0/30.0) –
4 80 55.9 ± 4.7 20.0 ± 0.6 2.6 ± 0.1 – 2.47(71.2/28.8) 0.4 ± 0.1c

5 160 60.0 ± 0 21.6 ± 0.5 2.6 ± 0.1 – 2.48(71.3/28.7) 1.8 ± 0c

a Reaction conditions: 1-octene (0–1.6×10−1 mmol), catalyst (2.8× 10−3 mmol), PPAA (4×10−2 mmol), and solvent (1 mL, CH2Cl2/MeCN=1:1).
b Based on PPAA; 5–8 indicate phenylacetic acid, benzaldehyde, benzyl alcohol, and toluene, respectively.
c Based on the substrate.

Table 6
Competitive epoxidations of cis-2-octene and trans-2-octene by 1 with m-CPBA
in MeCN/CH2Cl2 (1/1).a

Entry Substrate Concentration
[mM]

Product yield (%) Ratio of cis-
to trans-
oxidecis-oxide trans-oxide

1 cis-/trans-2-
octene

10/10 18.3 ± 1.2b 7.6 ± 0.1b 2.4
2 20/20 15.2 ± 0.6b 5.4 ± 0.2b 2.8
3 40/40 11.7 ± 0.3c 4.0 ± 0.2c 2.9
4 80/80 17.1 ± 0.1c 5.0 ± 0.3c 3.4

a Reaction conditions: substrate (0.01–0.08mmol), catalysts (2.8× 10−3

mmol), and m-CPBA (4×10−2 mmol).
b Based on substrate.
c Based on m-CPBA.

Scheme 2. Possible mechanism for the formation of the reactive intermediates responsible for the olefin epoxidation from the reaction of manganese catalyst 1 with
peracid.
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character of the reactive intermediates is electrophilic (Fig. 3) [19]. The
absolute ρ value obtained with complex 1 is larger than those reported
for the epoxidation of para-substituent styrenes with
[MnII(CF3SO3)2(MCP)] (ρ=−0.67; MCP=N,N′-dimethyl-N,N′-bis(2-
pyridylmethyl)cyclohexane-trans-1,2-diamine) [20], MnIIIsalen
(ρ=−0.3) [21], MnIIItetraphenylporphyrin (ρ=−0.41) [6b].

3.5. Product distribution of the OeO bond cleavage of PPAA with
manganese catalyst 1

The patterns of OeO bond cleavage catalyzed by complex 1 were
investigated by using PPAA (peroxyphenylacetic acid), which has been
sometimes used as a mechanistic probe. To evaluate the pathway
leading to either heterolytic or homolytic cleavage, the degradation
products formed from the reaction of PPAA and the catalyst were
quantitatively determined [6a,16,22a,23]. Phenylacetic acid (PAA, 5) is
formed through heterolytic cleavage of the OeO bond (pathway (a) of
Scheme 1), whereas benzaldehyde (6), benzyl alcohol (7), and toluene
(8) are formed via homolytic cleavage (pathway (c)). Also, the direct
oxidation reaction of the MnIIIeOOC(O)R intermediate (2) with sub-
strate produces PAA (pathway (b)) [22].

The results of product distribution of the OeO bond cleavage by the
reaction of 1 with PPAA were summarized in Tables 4 and 5. First of all,
a control experiment using PPAA as oxidant under the same reaction
conditions as used for m-CPBA was conducted in the absence of sub-
strate (entry 1 of Tables 4 and 5). Phenylacetic acid as a heterolytic
cleavage product (65.0%) and homolytic cleavage products (35.0%)
were produced in a ratio of 1.87. The results indicate that the
MnIIIeOOC(O)R species (2) underwent the distribution of heterolysis
(65.0%) and homolysis (35.0%) of OeO bond to produce MnV]O (3)
and MnIV]O (4), respectively [24]. In the case of easy-to-oxidize
substrate, cyclohexene, the increase of substrate concentration (from 0
to 160mM) caused the ratio of heterolytic to homolytic products to
increase from 1.87 (65.1/34.9) to 3.65 (78.5/21.5) (entries 1–5 of
Table 4) [6a,22a]. These results suggest that MnIIIeOOC(O)R species
might be involved in the epoxidation reaction according to the increase
of concentration of cyclohexene. In the case of difficult-to-oxidize
substrate, 1-octene, the ratio of heterolysis to homolysis increased to
less extent from 1.86 (65.0/35.0) to 2.48 (71.3/28.7) (entries 1–5 of
Table 5) [6a,23a,23c,24]. These results indicate that the MnIIIeOOC(O)
R species might be involved to small extent in the epoxidation reaction.

3.6. Competitive reactions of trans-2-octene and cis-2-octene by m-CPBA
with manganese complex 1

To get further information about the selectivity of cis- and trans-2-
octene by the active intermediates formed under the catalytic reaction
systems, we carried out competition experiments between cis-2-octene
and trans-2-octene. The ratio of cis- to trans-2-octene oxides increased
from 2.4 (18.3/7.6) to 3.4 (17.1/5.0) depending on the increase of the
concentration of substrates from 10 to 80mM, respectively (entries 1–4
of Table 6). In the light of the preference of the MnIIIeOOC(O)R species
for cis over trans-olefins due to the steric hindrance between trans-type
substrate and MnIIIeOOC(O)R species, this result indicated that
MnIIIeOOC(O)R species might be involved to some extent in the
epoxidation reactions [25].

3.7. Mechanism

Based on the results obtained in this study, the reasonable me-
chanism for the olefin epoxidation is proposed in Scheme 2. Peracid as
oxidant reacts with catalyst 1 to produce MnIIIeOOC(O)R species (2)
which is divided into MnV]O (3) and MnIV]O (4) species through the
heterolytic and homolytic cleavage of OeO bond (pathway (a) and (b)
of Scheme 2). The MnV]O species might be responsible for the pro-
duction of epoxide and high stereochemical retention, whereas a

MnIV]O species might be ascribed to the radical-type oxidation such as
the formation of allylic oxidation products and loss of stereospecificity.
Also, under the extreme condition such as high concentration of olefin,
MnIIIeOOC(O)R species (2) would be a probable reactive species for
epoxidation (pathway (c)). Finally, the oxidants MnV]O and MnIV]O
are responsible for epoxidation reaction and radical-type oxidation as
key active intermediates, and MnIIIeOOC(O)R species has partially
participated under the high concentration of olefin substrates.

4. Conclusion

We have prepared and characterized a novel mononuclear manga-
nese species from H2pmidip and Mn(II) metal ion. The species obtained
is a mononuclear manganese(III) complex showing distorted octahedral
geometry and is displayed as dimeric structure through OeH⋯H hy-
drogen bonding interactions in the solid state. The complex showed
selective and effective catalytic activities for olefin epoxidation using
m-CPBA. To understand the olefin epoxidation reaction, we conducted
mechanistic studies such as the Hammett study, the use of PPAA as a
mechanistic probe, and competitive experiments of cis-2-octene and
trans-2-octene. Based on the mechanistic studies, the reactive species
MnV]O and MnIV]O are common reactive oxidants, and
MnIIIeOOC(O)R intermediate has partially participated to epoxidation
reaction under the high concentration of olefin substrates.
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