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The reaction of Mn(CH3COO)2�4H2O with H2L {H2L ¼ S-(�)-2-[(2-hydroxy-1-
phenylethylimino)methyl]phenol} in the presence of air afforded dark brown crystals of [MnIVL2], 1. Compound
1 crystallizes in the monoclinic chiral C2 space group. Crystals of 1 were further characterized by elemental
analysis, room temperature magnetic moment determination, IR, UV-visible and EPR spectroscopy, cyclic
voltammetry and circular dichroism (CD) studies. Cyclic voltammetry reveals a quasi-reversible redox wave
corresponding to the Mn(IV)/Mn(III) couple. The EPR spectrum at liquid nitrogen temperature consists of a
strong signal at g� 4 and a weak but resolved response at g� 2. The CD spectrum of 1 exhibits a negative band,
such as shown by the enantiopure ligand H2L. Complex 1 was found to catalyze the oxidation of olefins using
iodosobenzene as the oxidant in acetonitrile solutions.

Introduction

Besides the fact that high-valent manganese coordination com-
plexes are relevant to the active site of the oxygen-evolving
complex in photosystem II,1 their catalytic activities towards
organic transformations are equally recognized.2 A major
focus of manganese-catalyzed reactions has been to design cat-
alysts that use chiral ligands for asymmetric oxidations. Man-
ganese(III) complexes with chiral centres have attracted much
interest over the past decade because of their unique catalytic
activity, especially in the context of asymmetric olefin oxida-
tion reactions.3 Even though in most of these olefin oxidation
reactions, Mn(III) compounds have been used as catalysts,
Mn(IV) complexes (which are formed in these reactions) are
found to be responsible for the radical-type epoxidation.4

Therefore, monomeric Mn(IV) complexes that use chiral
ligands are of considerable interest as they have potential to
drive such asymmetric syntheses. Although the number of
mononuclear Mn(IV) complexes, synthesized5 and structurally
characterized,6 is no longer limited, optically active Mn(IV)
monomers are still scarce. We herein describe the synthesis
and crystal structure of a neutral mononuclear Mn(IV) complex
[MnIVL2], 1 { H2L ¼ S-(�)-2-[(2-hydroxy-1-phenylethylimino)-
methyl]phenol} that is chiral. To the best of our knowledge,
this is the first report of a structurally characterized mononuc-
lear Mn(IV) complex that is optically active. We also describe
the oxidation of olefins, catalyzed by 1, using iodosobenzene
as the oxidant.

Experimental

Instrumentation

Microanalytical (C, H, N) data were obtained with a Perkin–
Elmer Model 240C elemental analyzer. A Shimadzu 3101-PC
UV/vis/NIR spectrophotometer was used to record the

electronic spectra. Infrared spectra were collected by using
KBr pellets on a Jasco-5300 FT-IR spectrophotometer. 1H
NMR spectra of the ligand in CDCl3 solution were recorded
on a Bruker 200 MHz spectrometer using Si(CH3)4 as an inter-
nal standard. The room temperature solid state magnetic sus-
ceptibility was measured by using a Sherwood Scientific
magnetic susceptibility balance. Solution electrical conductiv-
ity was measured with a Digisun DI-909 conductivity meter.
A CH-Instruments model 620A electrochemical analyzer was
used for cyclic voltammetric experiments on an acetonitrile
solution of the complex containing tetrabutylammonium per-
chlorate (TBAP) as supporting electrolyte. The three-electrode
measurement was carried out at 298 K under a dinitrogen
atmosphere with a platinum disc working electrode, a plati-
num wire auxiliary electrode and a saturated calomel reference
electrode (SCE). Optical rotation was measured with an
AUTOPOL-II automatic polarimeter (readability �0.01�).
The CD spectra were measured with a Jasco J-810 spectropo-
larimeter. EPR spectra were recorded on a Joel JES-FA200
spectrometer. Gas chromatographic analyses were carried
out in a Shimadzu GC 14B instrument equipped with a
stainless steel packed column (5 m, 5% SE 30) and a flame
ionization detector.

Syntheses

Enantiopure ligand H2L. (S)-(þ)-2-Phenylglycinol (0.137 g, 1
mmol) and salicylaldehyde (0.122 g, 1 mmol) were stirred
together in methanol (15 mL) for 1 h at room temperature
(see Scheme 1 below). The resulting yellow solution was

y Electronic supplementary information (ESI) available: GC analysis
of the styrene epoxidation; 1H NMR spectrum of (E)-stilbene oxide
produced by the epoxidation of (E)-stilbene. See http://www.
rsc.org/suppdata/nj/b3/b315658c/ Scheme 1
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filtered and the filtrate was kept for 2 days in an open beaker
for slow evaporation. Yellow, needle-shaped crystals, precipi-
tated during this time, were collected by filtration, washed with
hexane and dried at room temperature. Yield: 0.233 g (97%).
Anal calcd (found): C, 74.67 (75.02); H, 6.27 (6.16); N, 5.81
(5.79)%. Mp: 115–116� C. IR (KBr, cm�1): 3214, 1626, 1577,
1491, 1458, 1383, 1273, 1211, 1153, 1118, 1062, 916, 857,
806, 754, 692, 636, 520, 457. UV/Vis [CH3CN; lmax/nm (e)]:
214 (29 060), 255 (14 180), 315 (4290). 1H NMR (200 MHz,
CDCl3): d 3.95 (d, J ¼ 6.12 Hz, 2H, CH2), 4.49 (t, J ¼ 6.49
Hz, 1H, CH), 6.864–7.008 (m, 2H, Ar), 7.269–7.403 (m, 7H,
Ar), 8.5 (s, 1H). 13C NMR (200 MHz, CDCl3): d 67.62,
75.69, 117.08, 118.89, 127.16, 127.90, 128.86, 131.82, 132.72,
139.39, 166.27. [a]25D ¼ �122 (c 0.04, MeOH).

1. To a methanolic solution (15 mL) of ligand H2L (0.241 g,
1 mmol) was added Mn(CH3COO)2�4H2O (0.245 g, 1 mmol).
The mixture was allowed to stir at room temperature in air
for 3 h. The resulting dark brown solution was evaporated
to dryness using rotary vapor and vacuum pump. The solid,
thus obtained, was dissolved in dichloromethane, washed twice
with water, once with brine solution (using a separating fun-
nel) and dried over anhydrous Na2SO4 . The resulting dark
brown solution, on slow evaporation, gave a brown microcrys-
talline solid of 1. Yield: 0.198 g (74.15%). X-Ray quality crys-
tals of 1 were grown from ethanol by the slow evaporation
method. Anal calcd (found): C, 67.54 (67.16); H, 4.91 (4.83);
N, 5.25 (5.33)%. IR (KBr, cm�1): 1616, 1535, 1440, 1312,
1200, 1148, 1022, 943, 897, 802, 756, 700, 640, 611, 579, 540,
457. UV/Vis [CH3CN; lmax/nm (e)]: 210 sh, 240 (44 640),
340 sh, 410 sh, 550 sh. FAB-MS (3-nitrobenzyl alcohol) m/z:
535. Conductivity (CH3CN, 10�3 M solution): 1.7 mho cm2

mol�1, consistent with a neutral compound.

Epoxidation studies

(E)-Stilbene catalyzed by 1. (E)-Stilbene (0.1 g, 0.55 mmol)
and iodosobenzene (0.244 g, 1.1 mmol) were added to a solu-
tion of 1 (0.016 g, 30 mmol) in acetonitrile (5 mL) at room tem-
perature. After stirring for 12 h, the mixture was concentrated
under vacuum and purified with column chromatography
(SiO2 , hexane–ethyl acetate 1:0 to 19:1) to give stilbene oxide
as colorless crystals. Yield: 0.040 g (37%). The product was
identified as (E)-stilbene oxide by comparing its NMR spec-
trum (d �3.85 in CDCl3) with that of reported (E)-stilbene
oxide7 (see also Electronic supplementary information).

Styrene catalyzed by 1. Styrene (0.114 g, 1.1 mmol) and
iodosobenzene (0.49 g, 2.23 mmol) were added to a solution
of 1 (0.032 g, 60 mmol) in acetonitrile (5 mL) and stirred at
room temperature under nitrogen atmosphere. After comple-
tion of the reaction, the solvent was removed under vacuum
and the residue was treated with Et2O (6� 5 mL). The Et2O
washings were combined together and concentrated to a small
volume. Bromobenzene (0.075 g) was added as an internal
standard and the volume was made up to 10 mL. The resulting
solution was analyzed by gas chromatography and the product
was identified as styrene oxide by comparing the retention time
with that of the authentic sample (see Electronic supplemen-
tary information). Yield: 0.070 g (53%). Both epoxidation
products, (E)-stilbene oxide and styrene oxide, were found to
be racemic mixtures, as evidenced by polarimetric studies.

X-Ray crystallography

X-Ray diffraction data were collected at room temperature
(25 �C) for [MnIVL2] on a Siemens P4 diffractometer equipped
with a molybdenum tube and a graphite monochromator. A
dark brown crystal of approximate dimensions 0.62�
0.50� 0.42 mm3 was mounted on a glass fiber using epoxy

resin. Unit cell dimensions were determined from several accu-
rately centered reflections using XSCANS program.8 Scans
were of the o type. Three standard reflections measured after
every 97 reflections exhibited no significant loss of intensity.
The data were corrected for Lorentz polarization effects and
absorption. Additional details of the data collection and
refinement are collected in Table 1.z
The compound crystallized in the chiral monoclinic space

group C2 with four molecules in the unit cell. The structure
was solved by direct methods and refined by least-squares tech-
niques adopting the full-matrix weighted least-squares scheme,
w�1 ¼ s2F 2

o þ (0.0341P)2þ 0.53P, where P ¼ (F 2
o þ 2F 2

c )/3,
on F2 using SHELXS-97 and SHELXL-97 programs, respec-
tively.9 All atoms were located in the difference maps during
successive cycles of least-squares refinement. The sites of the
non-hydrogen atoms were refined anisotropically, whereas
those of the hydrogen atoms were refined isotropically. The
absolute configuration for the compound molecule was
successfully determined by refining the Flack parameter
[0.028(15)].10 The final Fourier difference synthesis showed
minimum and maximum peaks of �0.153 and þ0.112 e Å�3.

Results and discussion

Synthesis of H2L and manganese complex 1

The enantiopure ligand H2L is prepared in quantitative yield in
a Schiff base condensation reaction (shown in Scheme 1) of 1
equiv of (S)-(þ)-2-phenylglycinol with 1 equiv of salicylalde-
hyde in methanol.
Reaction of Mn(II) acetate and the optically pure ligand H2L

afforded the neutral and optically active complex [MnIVL2], 1,
in good yield. Compound 1 was characterized by different phy-
sical techniques including CV, EPR and CD studies. Remark-
ably, oxidation of the manganese(II) center directly to the
manganese(IV) species [MnIVL2] proceeds easily in the presence
of air, indicating that the tridentate ligand L2� containing two
O� donors effectively stabilizes an enigmatic Mn(IV) oxidation
state. Stabilization of Mn(IV) species by similar ligands/pheno-
late oxygens has been previously reported.6(l)

Selected IR data for the complex 1 are given in the
Experimental section. The IR band that conveys important

y CCDC reference numbers 217503 . See http://www.rsc.org/
suppdata/nj/b3/b315658c/ for crystallographic data in .cif or other
electronic format.

Table 1 Crystallographic data for 1

Empirical formula C30H26MnN2O4

FW 533.47

Crystal system Monoclinic

Space group C2

l/Å 0.71073

a/Å 23.052(7)

b/Å 8.9826(8)

c/Å 12.684(3)

b/� 107.504(12)

U/Å3 2504.8(10)

Z 4

m/mm�1 0.567

T/�C 25

Independent reflections 2637

Rint 0.0138

Obs reflections [F > 4s(F)] 2552

R1
a [F > 4s(F)] 0.0236

wR2
b 0.0622

a R1 ¼ SkFo|� |Fck/S|Fo|.
b wR2 ¼ [S{w(F2

o �F2
c )
2}/S{w(F2

o)
2}]

1
2.
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information is the peak due to the n(OH) vibration, which
occurs as a broad feature in the IR spectrum. For the free
ligand there is a strong peak at 3214 cm�1 present before com-
plexation. This band is missing in the IR spectrum of complex
1, indicating deprotonation of the ligand on complexation/
coordination with the Mn(IV) center.

Crystal structure of 1

As one would expect, compound 1 crystallizes in a chiral space
group, which is C2 in the present case. The asymmetric unit
contains two independent MnL (half of the complex) units,
in which each manganese occupies a special position lying on
a crystallographic C2 axis. Therefore, in the crystal structure,
two independent mononuclear Mn(IV) complexes are paired
and both have the same enantiomeric configuration. The over-
all geometry about the central manganese ion is octahedral
with an N2O4 core, whereby two chiral ligands coordinate
through ONO donor atoms. The tridentate ligands are meri-
dionally coordinated to the manganese center in 1. The four
oxygen atoms are located at the four corners of an approxi-
mately square plane (equator) and two N donors occupy trans
(axial) positions and complete the octahedron (Fig. 1). The
average Mn–N and Mn–O bond lengths for 1 are 1.975(2)
and 1.879(2) Å, respectively. These average Mn–N and Mn–
O bond distances are comparable to those for various reported
Mn(IV) complexes containing similar ligation.6h,6l In the
MnN2O4 coordination sphere, the O–Mn–O and O–Mn–N
angles are close to 90� (within �5�). Selected bond lengths
and angles are presented in Table 2. The optical activity of
the Mn complex 1 is induced by the enantiopure ligand, H2L.

Electronic spectrum and circular dichroism

The electronic spectrum of ligand H2L in MeCN (inset, Fig. 2)
is characterized by three intraligand charge transfer transi-
tions, judging from their molar extinction coefficient values.
The UV-visible spectrum of the manganese complex 1 in
MeCN is dominated by an intense absorption band at 240
nm and two shoulders at �350 and �420 nm. The circular

dichroism (CD) spectrum of the synthesized chiral ligand
H2L [S(�)] shows a negative band around 315 nm as shown
in Fig. 2. The CD spectrum of 1, as expected, exhibits a nega-
tive band but shifted in position (at around 340 nm) as com-
pared to the band of the free ligand H2L. This red shift in
the band positions is also consistent with the respective electro-
nic spectra. Deprotonation of ligands during complex forma-
tion might produce this slight shift in the band positions. It
may be noted that the present circular dichroism is of a ‘‘Type
II ’’ nature, as described by Moscowitz.11

EPR spectroscopy

The complex 1 is paramagnetic as expected for a Mn(IV) d3 sys-
tem. The room temperature magnetic moment of meff ¼ 4.20
(at 298 K) for complex 1 indicates an S ¼ 3/2 spin state.
The EPR measurements were performed with the X-band fre-
quency (9221.599 MHz) at liquid nitrogen temperature. The
major feature of the spectrum is a strong and broad signal at
g� 4 and a weak but resolved response at g� 2 (Fig. 3). This

Fig. 2 The circular dichroism spectra of 1 (solid line) and the ligand
H2L (dashed line) in acetonitrile solution. Inset: electronic spectra of 1
(solid line) and the ligand H2L (dashed line) in acetonitrile solution.

Fig. 1 Thermal ellipsoid plot (50% probability) and atom labelling
for 1.

Table 2 Selected bond lengths and angles for 1

Mn(1)–O(1) 1.867(2) N(1)–C(2) 1.484(3)

Mn(1)–O(2) 1.900(2) O(2)–C(5) 1.316(3)

Mn(1)–N(1) 1.9696(18) C(1)–C(2) 1.524(4)

O(1)–C(1) 1.403(3) C(2)–C(10) 1.513(3)

N(1)–C(3) 1.285(3) C(3)–C(4) 1.423(3)

O(1)–Mn(1)–O(2) 173.78(10) N(1)–C(2)–C(10) 115.9(2)

O(1)–Mn(1)–N(1) 84.97(10) N(1)–C(2)–C(1) 102.7(2)

O(2)–Mn(1)–N(1) 89.60(9) C(10)–C(2)–C(1) 117.2(2)

C(1)–O(1)–Mn(1) 112.54(17) N(1)–C(3)–C(4) 124.8(2)

C(3)–N(1)–C(2) 126.8(2) C(9)–C(4)–C(3) 118.9(2)

C(3)–N(1)–Mn(1) 124.97(17) C(3)–C(4)–C(5) 122.1(2)

C(2)–N(1)–Mn(1) 108.09(14) O(2)–C(5)–C(6) 119.3(2)

C(5)–O(2)–Mn(1) 125.15(17) O(2)–C(5)–C(4) 122.9(2)

O(1)–C(1)–C(2) 108.2(2) C(15)–C(10)–C(2) 122.1(3)
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corresponds to strong axial distortion with small zero-field
splitting, 2D� hn (hn 0.31 cm�1 at the X-band frequency).
The 55Mn hyperfine structure is resolved (A ¼ 87.7 G) at
around g ¼ 2. This type of spectral feature has been seen in
similar MnO4N2 complexes with achiral ligands such as MnIV-
(azc)2 (H2azc ¼ 2-hydroxy-20-carboxy-5-methylazobenzene).6h,6j

Cyclic voltammetry

The cyclic voltammogram of 1 in 0.1 M TBAClO4/CH3CN
(platinum working electrode, 298 K) shows a nearly reversible
reduction at �0.37 V vs. SCE (DE ¼ 92 mV), which can be
assigned to the [MnIVL2]þ e�Ð [MnIIIL2]

� couple (Fig. 4).

Epoxidation of olefins

In order to determine the catalytic activity of the monomeric
manganese(IV) complex 1, the oxidation reactions of (E)-stil-
bene and styrene were performed in acetonitrile solutions using

iodosobenzene (PhIO) as the oxidant. In these oxidation reac-
tions, compound 1 was found to activate PhIO at room tem-
perature to give the corresponding epoxidation products,
(E)-stilbene and styrene oxides in moderate yields. For (E)-stil-
bene, the product was isolated and characterized by NMR
spectroscopy and the turnover was found to be �7.0. For styr-
ene, the epoxidation reaction was monitored by GC using bro-
mobenzene as an internal standard to quantify the final yield.
The turnover for the formation of styrene oxide was deter-
mined to be �10.0. It is important to note that, in both epox-
idation reactions, the oxidized products were identified as
racemic mixtures, although the catalyst 1 contains chiral cen-
ters. The possible reason for this non-enantioselectivity might
be the degradation of the catalyst (by detaching of the enantio-
pure ligands) during the binding process of the substrate to the
manganese center.

Conclusions

A new chiral octahedral manganese(IV) complex with a N2O4

coordination environment has been described. The oxidation
state of manganese was confirmed by IR and EPR studies as
well as X-ray crystallography and a magnetic moment determi-
nation. The chirality of the complex was also evidenced by cir-
cular dichroism studies. Complex 1 provides the first example
of a structurally characterized enantiopure mononuclear man-
ganese(IV) compound. The title complex 1 catalyzes the oxida-
tion of (E)-stilbene and styrene to their corresponding epoxides
using iodosobenzene as the oxidant.
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