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Two mononuclear manganese(III) and iron(III) complexes with substituted salicylaldimine ligands,
[MnL(H2O)2]Cl·H2O (1) and [FeL(H2O)(Cl)]CH3CN (2) [H2L = N,N�-(1,1-cyclohexane)bis(3-methoxy-
salicylaldimine)] were prepared and characterized. The X-ray crystal structure shows that 1 and 2 centers are
six-coordinate with distorted octahedral geometry. In 1, the hydrogen bonding of water molecules form a
quasi one-dimensional chain structure. The temperature dependence of magnetic susceptibility measurements
for complexes of 1 and 2 was analyzed in terms of the zero-field splitting (D) spin-Hamiltonian formula with
D = 2.0 cm-1 for 1 and J = 7.5 cm-1, and D = 0.01 cm-1 for 2, respectively. The complexes of 1 and 2 activate the
epoxidation of cis-stilbene or �-methylstyrene by NaOCl. With 1 the epoxides were produced in 75% yield
with cis:trans = 12:88 from cis-stilbene and 82% from �-methylstyrene, and with 2 the epoxides were pro-
duced in 43% with cis:trans = 30:70 from cis-stilbene and 71% from �-methylstyrene.
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INTRODUCTION

Groves and co-workers have reported that iron(III) and

manganese(III) porphyrins are good models for the reaction

site of cytochrome P-4501 and have been found to be efficient

catalysts for the epoxidation of olefins.2 The use of manga-

nese(III) complexes of substituted salen ligands [salen =

N,N-(ethylene)bis(salicylideneaminate)] as a catalyst for the

epoxidation of olefins has been widely investigated.2-5 An in-

crease in the enantioselectivities for these substrates has been

achieved by modulating the steric and electronic properties

of the catalyst through varying the substitution pattern at the

salicylidene moiety and the diamine fragment.6-10 Recently,

asymmetric catalysis of epoxide ring-opening reaction with

cobalt(III)(salen) and chromium(III)(salen) complexes has

been reported.11 However, very little attention has been paid

to studies on the epoxidation of olefins using salen-iron(III)

complexes. Recently, we reported the first catalytic activity

in the epoxidation of cis-stilbene with NaOCl of mononu-

clear iron(III) complexes with substituted salen ligands and

found that the iron(III)(salen) complexes having OCH3 group

in positions C(2) of salen moiety make excellent catalysts for

the epoxidation of cis-olefins.12

In this context, we present herewith the preparation,

characterization, and comparison of the mononuclear man-

ganese(III) and iron(III) complexes with substituted salicyl-

aldimine ligands catalyzed epoxidation of cis-stilbene and

�-methylstylene. For the present study, the cyclohexyl and

CH3O groups substituted salicylaldimine ligands (Scheme I)

with Mn(III) and Fe(III) ions were chosen to assess the

structural and electronic factors that influence their mag-

netic properties and catalytic activities of olefins epoxida-

tion.
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EXPERIMENTAL SECTION

Syntheses of [MnL(H2O)2]Cl·H2O (1) and

[FeL(H2O)(Cl)]CH3CN (2)

The Schiff base H2L was obtained from the reaction of

3-methoxy-salicyaldehyde and 1,2-diaminocyclohexane in

methanol.

The manganese(III) and iron(III) complexes with H2L

were prepared according to the standard methods. A metha-

nol solution (30 mL) containing MnCl2�4H2O (1.97 g, 10

mmol) or FeCl3�4H2O (2.97 g, 10 mmol) and the ligand was

refluxed 3-4 h in air, and the desired powder manganese(III)

complex 1 or iron(III) complex 2 were filtered. Single crys-

tals of 1 and 2 were grown from CH3OH/CH3CN solution. In

addition, it found that only complex 1 exhibited a white pre-

cipitate in a silver nitrate solution, this implies that the chlo-

ride atom as an anion exists in 1. Anal. found: C, 52.86; H,

5.09; N, 5.06. Calc. for C22H30ClMnN2O7 (1): C, 52.23; H,

4.83; N, 4.93%. Found: C, 54.61; H, 5.17; N, 6.31%. IR

(KBr) �(CN)/cm-1: 1623. Calc. for C24H29ClFeN3O5 (2): C,

52.76; H, 5.31; N, 5.47%. Found: C, 52.64; H, 5.39; N,

5.52%. IR (KBr) �(CN)/cm-1: 1617.

Physical Measurements

IR spectra were recorded on a Bio-Rad FTS-40 FTIR

spectrophotometer as KBr pellets in the 4000-400 cm-1 re-

gions. The temperature dependence of the magnetic suscepti-

bility of polycrystalline samples was measured between 2

and 300 K in a field 1 T on a MPMS quantum design SQUID

magnetometer. Diamagnetic corrections were made using

Pascal’s constants.13

X-ray Crystal Structure Analysis

Crystallographic data were collected for compounds of

1 and 2 on an Enraf-Nonius CAD4 diffractometer with graph-

ite-monochromatized Mo K� radiation (� = 0.7107 Å), 2� - �

scan mode at 293 K. N independent reflections and No with I >

2.0 �(I) were observed. The structures were solved by direct

method and refined (based on F2) by a full-matrix least-

squares method using the SHELXTL software package;14 the

function minimized was �w(�Fo� - �Fc�)
2 and unit weights were

used. All non-hydrogen atoms were readily located and re-

fined with anisotropic thermal parameters: R1 = ��Fo - Fc� /

��Fo� and wR2 = (�(w�Fo
2 - Fc

2�)2 / ��w�Fo
2�2)1/2. The summary

of the crystal and diffraction data is given in Table 1, and the

selected bond distances and angles are given in Table 2.

Reaction of NaOCl with cis-Stilbene and

�-Methylstyrene Catalyzed by [MnL(H2O)2]Cl�H2O (1)

and [FeL(H2O)Cl]CH3CN (2)

An unbuffered, undiluted solution of commercial so-

dium hypochloride (13% w/w, 0.40 mL, 0.56 mmol) was

slowly added to a solution of cis-stilbene (0.101 g, 0.56

mmol) or �-methylstyrene, and complex 1 (0.01 g, 0.02
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Table 1. Crystallographic Data for Complexes 1 and 2

1 2

Formula C22H30ClMnN2O7 C24H29ClFeN3O5

M 524.87 530.80
Space group C2/c P21/n

a (Å) 18.131(4) 14.3706(6)
b (Å) 17.732(3) 13.5500(5)
c (Å) 7.869(2) 14.9261(5)
� (o) 90 90
	 (o) 111.30(2) 118.644(1)

 (o) 90 90

V (Å3) 2357.3(8) 2550.7(2)
Z 4 4
T (K) 293(2) 295(2)
Dcalc (mg m-3) 1.479 1.382
N 2709 10896
No 2709 4458
R1 0.0444 0.0518
wR2 (F2) 0.0986 0.1104

Table 2. Selected Bond Distances (Å) and Bond Angles (Å)
of 1 and 2

Compound 1

Bond lengths

Mn-O(1) 1.885(2) Mn-O(3) 2.214(2)
Mn-N(1) 1.987(2)
Bond angles

O(1)-Mn-N(1a) 173.84(9) O(1a)-Mn-N(1) 173.85(9)
O(3)-Mn-O(3a) 177.4(2) O(1)-Mn-O(1a) 93.98(12)
O(1)-Mn-N(1) 92.16(9) O(1a)-Mn-N(1a) 92.17(9)
N(1a)-Mn-N(1) 81.69(13) O(1a)-Mn-O(3a) 89.47(10)
O(1)-Mn-O(3a) 92.32(10) N(1)-Mn-O(3a) 89.94(11)
N(1a)-Mn-O(3) 89.46(10) N(1)-Mn-O(3) 88.07(10)
Compound 2

Bond lengths

Fe-O(1) 1.908(2) Fe-O(2) 1.918(2)
Fe-O(5) 2.242(3) Fe-N(1) 2.105(3)
Fe-N(2) 2.094(3)
Bond angles

O(1)-Fe-N(2) 164.51(12) O(2)-Fe-N(1) 166.28(11)
O(5)-Fe-Cl(1) 177.18(9) O(1)-Fe-O(2) 100.87(10)
O(2)-Fe-N(2) 88.99(11) O(1)-Fe-N(1) 89.36(11)
O(1)-Fe-O(5) 85.02(12) N(2)-Fe-N(1) 79.20(12)
N(2)-Fe-O(5) 83.67(13) O(2)-Fe-O(5) 86.55(11)
O(1)-Fe-Cl(1) 96.26(8) N(1)-Fe-O(5) 85.25(12)
N(2)-Fe-Cl(1) 94.60(10) O(2)-Fe-Cl(1) 95.66(8)



mmol) or complex 2 were dissolved in methylene chloride

(10 mL). After complete addition, the mixture was stirred at

25 �C for 10 h under an atmosphere of nitrogen. The methy-

lene chloride was removed under reduced pressure. The or-

ganic products were extracted with diethyl ether, dried with

Na2SO4 and filtered. The products analysis by 1H NMR spec-

troscopy, 1,4-dibromo-benzene in CDCl3 as an internal stan-

dard, showed the presence of cis-stilbene oxide (single �

4.25) and a trans-stilbene oxide (single � 3.85) or �-methyl-

styrene oxide.

RESULTS AND DISCUSSION

Crystal Structure Description of Complexes 1 and 2

The X-ray crystal structures and atom numbering

schemes for complexes 1 with Cl- and H2O, and 2 without

CH3CN are illustrated in Figs. 1-2, respectively. The selected

bond distances and angles relevant to the metal coordination

sphere are listed in Table 2.

All of the structures illustrated the coordination geome-

try around each metal atom and can be described as a dis-

torted octahedral for 1 and 2. In compound 1 the equatorial

sites are occupied by the N2O2 donor atoms of the ligand L

with the bond distances of Mn-N = 1.987(2) Å and Mn-O =

1.885(2) Å, and the apical oxygen atom of H2O with Mn-O =

2.214(2) Å. The displacements of the Mn(III) ions from O(1),

O(1a), N(1), and N(1a) equatorial planes of 1 are zero. This

zero displacement of Mn(III) ion from the N2O2 plane in 1

may be due to the two apical water ligands, which make hy-

drogen bonds between the hydrogen atoms of coordinated

H2O and the oxygen atoms of two free crystalline water mole-

cule with O(4)���H-O(3) = O(4a)���H�-O(3a) = 2.079 Å, thus

then to form a quasi polymeric chain (Fig. 3).

In compound 2, the carbon atoms of the cyclohexyl

ring, C(8)-C(13), are in disorder. Two apical sites are occu-

pied by the chloride and oxygen of water with Fe-Cl(1) =

2.3504(12) Å and Fe-O(5) = 2.242(3) Å, and the basal coordi-

nation plane consists of the N2O2 donor atoms of the L ligand

with the average bond distances of Fe-N = 2.0995(10) Å and

Fe-O = 1.913(2) Å. The displacement of the Fe(III) ions from

O(1), O(2), N(2), and N(1) equatorial planes of complexes 1

is 0.167 Å which is smaller than that of 0.46 Å observed for

Fe(salen)Cl.12,15-16 The displacement of metal ion from N2O2

plane reflects the strain exerted by the ligand structure.

Studies of the iron(III)-salen systems have shown that

the metal to imine nitrogen bond distance is sensitive to the

electronic spin state of the metal ion. The metal to imine ni-

trogen distances are in the range 2.00 
 2.10 Å for the high-

spin state and in the range 1.93 
 1.96 Å for the low-spin

case.17 In the structure of complex reported here the mean

Fe-N bond distances of 2.0995(10) Å for 2, suggest that the
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Fig. 1. Perspective view of complex 1 with the atom numbering scheme. Thermal ellipsoids are drawn at 30% probability
level.



iron(III) ion in 2 is in the high-spin state (S = 5/2), which is

consistent with the results of room temperature magnetic sus-

ceptibility measurements (see below).

Magnetic Susceptibility

Variable-temperature magnetic studies were performed

on dried, powder samples of Mn(III) complex 1 and Fe(III)

complex 2 in the temperature range 2-300 K. Plots of �mT

versus T for 1 and 2 are shown in Fig. 4. The value �mT of 1

decreases from a value of 2.87 cm3 mol-1 K at 300 K rapidly

with decreasing temperature until it reaches a value of 0.015

cm3 mol-1 K, which is characteristic of an antiferromagnetic

exchange interaction. The analysis of the magnetic suscepti-

bility of 1 was constructed by the combination of the aniso-

tropic zero-field splitting and the Heisenberg one-dimen-

sional isotropic spin exchanging chain, using expression (1)

derived by Fisher.18-19

�m(chain) = �o (chain) + ��ZFS (1)

where �o (chain) = [Ng2�B
2S(S + 1)/3kT][(1 + u)/(1 - u)]

with
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Fig. 2. Perspective view of complex 2 with the atom numbering scheme. The solvent CHCN3 is omitted for clarity. Thermal
ellipsoids are drawn at 30% probability level.

Fig. 3. View of the formation of one-dimensional molecular chain in complex 1. Weak intermolecular hydrogen bonds are
shown by dotted lines.



u = coth[JS(S + 1)/kT] - [kT/JS(S + 1)]

��ZFS = (��� - ��)

= [2Ng2�B
2S(S + 1)/15kT][DS(S + 1)F/kT]]

F = [(1 + u)(1 + �)/(1 - u)(1 - �)] + 2u/(1 - u)

and � defined by

� = 1 - [3ukT/JS(S + 1)]

Careful variation of D and J then gave a best fit with J = -7.50

cm-1, D = 0.01 cm-1, and g = 2.10 shown in Fig. 4. The

antiferromagnetic interactions are the result of super-ex-

change operating via hydrogen bonding water molecules in

the structure.

The plot of �mT vs T for 2 is illustrated in Fig. 4. Above

ca. 50 K the �mT value is 4.32 cm3 mol-1 K and is independent

of temperature. Below 50 K it begins to decrease quite rap-

idly, with a marked curvature in the plot, reaching a value of

2.12 cm3 mol-1 K at 2 K. This behaviour is generally reminis-

cent of a 6A1 state of Fe(III), having considered zero-field

splitting and weak intermolecular magnetic interactions.12,19-21

The observed magnetic data were analysed with the ax-

ial symmetry spin Hamiltonian,20,21 H = gi�BHSi + D[Siz
2 -

(1/3)S(S + 1)], let g�� = g� = g and derived the equation (2)

�m = (��� + 2 ��)/3 (2)

where

��� = [Ng2�B
2/4k(T-�)][{1 + 9exp(-2x) + 25exp(-6x)}/

{1 + exp(-2x) + exp(-6x)}]
�� = [Ng2�B

2/4k(T-�))[{(9 + 8/x) - (11exp(-2x)/2x)

- (5exp(-6x)/2x)}/{1 + exp(-2x) + exp(-6x)}]

with x = D/kT

A least-squares fitting of the data to Eq. 2 gave g = 2.00,

D = 2.50 cm-1, and � = -1.20 cm-1, here the � value of -1.20

cm-1 indicative of a weak intermolecular antiferromagnetic

interaction.

Epoxidation of cis-Stilbene and �-Methylstyrene

An unbuffered, undiluted solution of NaOCl at 25 �C

under N2 atmosphere was found to react readily with

[MnL(H2O)2]Cl (1) and [FeL(H2O)(Cl)] (2) complexes in the

presence of cis-stilbene or �-methylstyrene to produce cis-

stilbene oxide and trans-stilbene oxide or �-methylstyrene

oxide.

With 1 the epoxides were produced in 75% yield with

cis:trans = 12:88 from cis-stilbene and 82% from �-methyl-

styrene, and with 2 the epoxides were produced in 43% with

cis:trans = 30:70 from cis-stilbene and �-methylstyrene ox-

ide 71% from �-methylstyrene. These data clearly show that

the cis-stilbene produced higher yields of trans-epoxide, and

the relative reactivity of epoxidation by using Mn(III) com-

plex is higher than that of Fe(III) complex as catalyst. It has

been observed that cis-stilbene reacts with iron-porphyrin

complexes to give high yields of cis-stilbene oxide contain-

ing a minor amount of the corresponding trans isomer.1-5 Nev-

ertheless, the epoxidation cis-olefins catalyzed by Mn(salen)

derivatives essentially favors the production of trans-

epoxide products.7-9 We propose at this moment that the

mechanism accounts for the selective formation of trans-

epoxides from cis-olefins by using complex Mn(III)

(salen)8,22-24 (as shown in Scheme II) including a radical inter-
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Fig. 4. Temperature dependence of �mT for complexes
1 (- � -) and 2 (- � -). The solid line is calculated
with the fitted parameters reported in the text.
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mediate with rotational collapse could explain the present re-

sults. That the relative yields of epoxidation by using Mn-

complex are higher than those of Fe-complex as catalyst

could be explained by saying that the radical intermediate of

1 is more stable than that of 2.
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