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Two new Fe(III)(salen) complexes, FeL1ClO4 � 2H2O (1) and FeL2ClO4 (2) [L1
¼N,N0-

ethylenebis(3-formyl-5-methylsalicylaldimine) and L2
¼N,N0-cyclohexenebis(3-formyl-5-

methylsalicylaldimine)], have been synthesized and characterized. The catalytic activity of the
complexes for epoxidation of alkenes has been investigated in the presence of two terminal
oxidants PhIO and NaOCl, with two solvents CH3CN and CH2Cl2. As alkenes styrene and
(E)-stilbene have been chosen for investigation; styrene is a better substrate than electron-rich
(E)-stilbene. The study also suggests that unlike their Mn(III) counterparts, 1 and 2 are poor
epoxidation catalysts; catalysis proceeds with formation of one intermediate, rather than
forming more than one intermediate depending on the terminal oxidant used. Use of exogenous
neutral donor ligands such as Py, PyNO and 1-MePy is effective to improve catalytic behavior.

Keywords: Macroacyclic ligands; Fe(III) complexes; Epoxidation of alkenes

1. Introduction

Transition metal salen catalyzed epoxidation of olefins has widespread application in

production of epoxides [1], an interesting class of compound [2, 3] which may be

transformed into a large variety of compounds, and also for intrinsic beauty of the

systems to produce variable yields and enantiomeric excess depending on steric and

electronic factors of the ligands, nature of oxygen sources, nature of the substrates,

solvents and even the nature of the metal ions [4–6]. Extensive work [7–21] makes it

evident that Mn(III)(salen) is by far the best catalyst and competes with the enzyme,

Cyt-P-450, an iron containing mono oxygenase whose activity inspired chemists to

design synthetic analogues. Chemists are exploring the possibility that metals like Ti, V,

Cr, etc. [22–30] may be useful, but very little attention has been paid to Fe(III)(salen)

catalyzed epoxidation of olefins [31, 32], though Fe(III)-porphyrins [33–41] have

already acquired special positions as synthetic analogues of Cyt-P-450. Our group is

active in the study of transition metal-salen catalyzed epoxidation of olefins [42, 43],

and are curious to know whether Fe(III)(salen) catalyzed epoxidation of olefins

proceeds through more than one active intermediate depending on the nature of the
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oxygen source, as observed in Mn(III)(salen) catalyzed reactions [44], along with the

role of donor ligands on the formation of active intermediates, effect of solvents and
influence of substrates. We have synthesized Fe(III) complexes of L1 and L2 (scheme 1),

characterized them and investigated their catalytic efficiencies as epoxidation catalysts,

in presence of (i) two terminal oxidants, PhIO and NaOCl; (ii) two solvents, CH3CN
and CH2Cl2 and (iii) three exogenous neutral donor ligands, and report herein the

results of the study to get a better understanding of the mechanistic pathways followed

by Fe(III)(salen) complexes under different conditions.

2. Experimental

2.1. Methods

Elemental analyses (carbon, hydrogen and nitrogen) were performed using a Perkin-

Elmer 240C elemental analyzer. Infrared spectra (4000–400 cm�1) were recorded at
27�C using a Shimadzu FTIR-8400S with KBr pellets. Electronic spectra (800–200 nm)

were obtained at 27�C using a Shimadzu UV-3101PC with methanol as solvent and

reference. The 1H NMR spectra were recorded on a Bruker AC300 spectrometer.
Magnetic susceptibilities were measured at 27�C using an EG and G PAR 155 vibrating

sample magnetometer with Hg[Co(SCN)4] as reference; diamagnetic corrections were

made using Pascal’s constants. Thermal analyses (TG–DTA) were carried out on a
Shimadzu DT-30 thermal analyzer in flowing dinitrogen (flow rate: 30 cm3min�1).

The electrospray mass spectra were recorded on a MICROMASS Q-TOF mass

spectrometer. The cyclic voltammetric measurements were carried out in dry
acetonitrile solutions with 0.1M tetraethylammonium perchlorate as supporting

electrolyte employing a PAR potentiostat/galvanostat model Versa Stat-II. A three-

electrode system was used in which the counter and working electrodes were platinum

foils and the reference electrode was a saturated calomel electrode. GC analysis was
performed on an AshcoGas Chromatograph Neon-II instrument with a flame

ionization detector.
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Scheme 1. Synthesizing Fe(III) complexes of L1 and L2.
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2.2. Materials

The reagents were obtained from commercial sources and used as received. Solvents
were dried according to standard procedure and distilled prior to use. Styrene and
(E)-stilbene were purchased from Aldrich and used in epoxidation experiments without
further purification.

2.3. Synthesis of the ligands and the complexes

2,6-Diformyl-4-methylphenol was prepared according to the literature method [45].
The Schiff bases N,N0-ethylenebis(3-formyl-5-methylsalicylaldimine) (L1) and
N,N0-cyclohexenebis(3-formyl-5-methylsalicylaldimine) (L2) were synthesized by similar
procedure reported earlier [42, 43]. Complexes 1 and 2 were synthesized by similar
procedures as described earlier [43].

2.3.1. FeL1ClO4
. 2H2O (1). Yield: 87% (with respect to L). Anal. Calcd for

FeL1ClO4 � 2H2O: C, 44.36; H, 4.06; N, 5.17. Found: C, 44.33; H, 4.04; N, 5.18.
Selected IR data (KBr, � cm�1): 3403 �(H2O); 1656 �(C¼O); 1622 �(C¼N); 1544
�(skeletal vibration); 1119, 1071, 1030, 998 �(ClO4). UV–Vis (CH3CN) nm�1: 520, 360,
314. ESI-MS: m/z (a.m.u): Calcd ([FeC20H22N2O6]

þ): 464.5, experimental: 464.13.
�eff¼ 5.79B.M. TG analysis: 0.925mg weight loss (6.55% of 14.12mg complex:
expected weight loss: 0.938mg) at 121�C.

2.3.2. FeL2ClO4 (2). Yield: 86% (with respect to L2). Anal. Calcd for FeL2ClO4:
C, 51.52; H, 4.29; N, 5.01. Found: C, 51.51; H, 4.28; N, 5.03. Selected IR data
(KBr, � cm�1): 1650 �(C¼O); 1620 �(C¼N); 1545 �(skeletal vibration); 1142, 1073,
1029, 997 �(ClO4). UV-Vis (CH3CN) nm�1: 518, 363, 312. ESI-MS: m/z (amu): Calcd
([FeC24H24N2O4]

þ): 460.21, experimental: 460.12. �eff¼ 5.82B.M.

N.B. Perchlorate salts are potentially explosive and should be handled in small quantities
with care. No problems were faced with the complexes reported herein.

2.4. Preparation of iodosylbenzene

It was prepared by hydrolysis of the corresponding diacetate with aqueous sodium
hydroxide according to literature method [48]. In every epoxidation experiment freshly
prepared PhIO was used.

2.5. Epoxidation of alkenes catalyzed by 1 and 2

Similar procedure was applied for all epoxidation reactions. Catalyst
(1.00� 10�2mmol), alkene (0.300mmol) and neutral donor ligand (0.1mmol) were
dissolved in 5mL freshly distilled solvent (acetonitrile or dichlorometane). Under
nitrogen, iodosylbenzene or sodium hypochlorite was added portion wise to the
solution. The reaction mixture was then stirred at room temperature. The solution was
buffered to pH 11 using NaH2PO4–NaOH buffer when NaOCl was used as oxidant.
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Identification of the epoxide product was performed by 1H NMR spectroscopy.
Epoxides were prepared following the procedure described by Kochi [7] when PhIO was
used as oxidant and adopting the procedure reported by Jacobsen et al. [10] when
NaOCl was used as oxidant.

3. Results and discussion

3.1. Synthesis procedure and characterization

The two ‘‘side-off’’ compartmental ligands N,N0-ethylenebis(3-formyl-5-methyl-salicy-
laldimine) (L1) and N,N0-cyclohexanebis(3-formyl-5-methylsalicylaldimine) (L2) have
been synthesized and identified by their reported physicochemical properties. Fe(III)
complexes of those two ligands have been prepared following the same procedure as we
reported for the corresponding Mn(III) complexes [43]. The compositions of the
complexes were assigned by elemental analyses and water content was determined by
thermogravimetric analysis. The IR spectral data show a shift of C¼N stretching by
10 cm�1 in 1 and 17 cm�1 in 2 in comparison to that of free L1 and L2, a consequence of
metal binding to imine nitrogens, sustaining coordination of the metal to the Schiff-base
ligands. The IR data also reveal that there is no appreciable shift of C¼O stretch after
complexation, indicating metal ions preferentially bind to the N2O2 site rather than O4

site as we observed earlier [42–45]. Even in the presence of large excess of metal ion
mononuclear metal complex was isolated [42, 43]. The IR spectral data are informative
regarding the coordination mode of perchlorate ligand in the two complexes. The IR
spectral bands observed at 1119, 1071, 1030 and 998 cm�1 in the spectrum of 1 and at
1142, 1073, 1029 and 997 cm�1 in 2 originated from perchlorate having nearly C2V

symmetry, indicating bidentate coordination of perchlorate in both complexes [46].
The ESI-MS study shows the molecular ion peak for 1 at 464.13 amu and that for 2 at
460.21 amu corroborate well with the molecular compositions of [FeL1

� 2H2O]þ and
[FeL2]þ, for 1 and 2, respectively. The absorption band maximum of Fe(III)(salen) is
very sensitive to the nature of the substituent in the salen ligand. The parent
Fe(III)(salen) complex exhibits characteristic absorption at lmax¼ 470 nm in acetoni-
trile medium. In the presence of NO2 at the 5,5

0 position, blue shifting (470 to 463 nm)
occurs, whereas OMe at the same position causes a red shift (470 to 500 nm); no change
is observed for chloro substituent at the 5,50 position (table 1). In our ligand system
there are methyl and formyl groups at 5,50 and 3,30 positions, respectively, and we have
observed large red shift (470 to 520 nm for 1 and 470 to 518 nm for 2) in both complexes

Table 1. Absorption (lmax nm
�1), magnetic moments and electrochemical data of some Fe(III)(salen)

complexes.

Complex lmax (nm
�1) Magnetic moment at 300K E1/2 vs. (SCE) Ref.

[Fe(salen)Cl] 470 5.37 �0.28 [47]
[Fe(5,50-(NO2)2-salen)Cl] 463 5.11 �0.15 [32]
[Fe(5,50-(Cl)2-salen)Cl] 470 5.14 �0.24 [47]
[Fe(5,50-(OMe)2-salen)Cl] 500 5.61 �0.35 [32]
[Fe(3,30,5,50-(t-Bu)4-salen)Cl] 503 5.65 �0.68 [32]
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in comparison with the parent Fe(III)(salen). The observed room temperature magnetic
moments of 5.79 and 5.82B.M. for 1 and 2, respectively, suggest that in both complexes
Fe(III) is high spin d5, consistent with Fe(III)(salen) complexes reported earlier (table 1)
[31, 47]. The cyclic voltammograms of 1 and 2 in dry acetonitrile exhibit only one
reversible redox couple at �0.111/0.137V and �0.156/0.152V, respectively, indicating
that only a single species is present in solution and the observed reduction potentials
(E1/2) are comparable to the earlier reported values for similar systems (table 1).
The reduction potential (E1/2) is also sensitive to the nature of the substituent in the
backbone of salen.

3.2. Epoxidation of alkenes

The epoxidation reactions are carried out at room temperature with 1 and 2 in the
presence of oxidants iodosylbenzene and sodium hypochlorite in acetonitrile or
dichloromethane. Pyridine, pyridine-N-oxide and 1-methylimidazole are neutral donor
ligands. Both complexes are highly soluble in acetonitrile, but less soluble in
dichloromethane. Both complexes produce a brown solution after dissolution which
fades on addition of the oxidant. When substrates are added, further fading of the color
is observed. In the absence of catalyst (blank experiments) no epoxide formation is
detected under our reaction condition.

3.2.1. Epoxidation of styrene. Table 2 presents the maximum conversion (%), isolated
yield (%) and time required to obtain the maximum yield for styrene epoxidation with
or without the addition of Py, PyNO and 1-MeIm, in the presence of PhIO and NaOCl.
The data reveal that in the absence of neutral donor ligand the isolated yield of styrene
epoxide in CH2Cl2 ranges from 18–25%, whereas better yield (30–41%) is obtained

Table 2. Epoxidation of styrene catalyzed by 1 and 2 in CH2Cl2 or CH3CN using NaOCl and PhIO
as oxidants.

Conversion (%) Epoxide yield (%)a

Catalyst Time (h�1) Ligand Solvent PhIO NaOCl PhIO NaOCl

1 2 – CH3CN 43 42 32 30
2 – CH2Cl2 30 23 21 18

1 2 PyNO CH3CN 49 44 41 39
2 PyNO CH2Cl2 41 36 32 29

1 2 Py CH3CN 57 54 53 48
2 Py CH2Cl2 45 41 46 41

1 2 1-MeIm CH3CN 42 37 38 34
2 1-MeIm CH2Cl2 39 30 28 25

2 2 – CH3CN 47 45 41 39
2 – CH2Cl2 36 31 25 23

2 2 PyNO CH3CN 61 55 54 51
2 PyNO CH2Cl2 43 37 36 32

2 2 Py CH3CN 75 72 68 65
2 Py CH2Cl2 57 53 52 49

2 2 1-MeIm CH3CN 58 50 48 47
2 1-MeIm CH2Cl2 41 33 32 28

aIsolated yield based on olefin.
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when CH3CN is solvent; when neutral donor ligands are used the yield of epoxide

increases. In reactions catalyzed by 1 the isolated yield of styrene epoxide in CH2Cl2
ranges from 25–41% when NaOCl is used as oxidant, and 28–46% when PhIO is used.

In reactions catalyzed by 2 the isolated yield of styrene epoxide in CH2Cl2 ranges from

28–49% when NaOCl is used and 32–52% when PhIO is used. When reactions are

carried out in CH3CN, 1 gives 34–48% isolated yield with NaOCl 38–53% when PhIO

is used; for 2 the range is 47–65% with NaOCl and 48-68% with PhIO.

3.2.2. Epoxidation of (E)-stilbene. Table 3 presents the results for (E)-stilbene

epoxidation showing that in the absence of ligand the isolated yield of (E)-stilbene

epoxide in CH2Cl2 ranges from 10–18%, and 17–25% when CH3CN is solvent; ligands

increase yield of epoxide. The results (table 3) are similar to those for styrene.

3.2.3. Influence of solvent. CH3CN is a better solvent than CH2Cl2 for epoxidation of

styrene and (E)-stilbene irrespective of the catalyst as observed for Mn(III)(L1/L2)

catalyzed reaction [44]. Here also the higher solubility of the Fe(III) complexes in

CH3CN than that in CH2Cl2 may be important, although minimization of formation of

benzaldehyde and chlorinated products in styrene epoxidation in CH3CN is also

important for epoxidation of styrene when PhIO is oxidant.

3.2.4. Influence of substrates and terminal oxidant. In Mn(III)(L1/L2) catalyzed

epoxidation the more electron-rich (E)-stilbene gives higher yield of epoxide when

PhIO is oxidant; no yield is detected when NaOCl is oxidant, suggesting the possibility

of another epoxidizing species, probably (salen)Mn(III)OCl, in addition to

Mn(V)¼O(salen) species depending on whether NaOCl or PhIO is used as oxidant.

Table 3. Epoxidation of (E)-stilbene catalyzed by 1 and 2 in CH2Cl2 or CH3CN using
NaOCl and PhIO as oxidants.

Conversion (%) Epoxide yield (%)a

Catalyst Time (h�1) Ligand Solvent PhIO NaOCl PhIO NaOCl

1 2 – CH3CN 27 25 20 17
2 – CH2Cl2 21 19 12 10

1 2 PyNO CH3CN 43 35 33 31
2 PyNO CH2Cl2 31 25 25 20

1 2 Py CH3CN 45 42 38 36
2 Py CH2Cl2 33 31 28 26

1 2 1-MeIm CH3CN 39 30 27 24
2 1-MeIm CH2Cl2 25 21 21 15

2 2 – CH3CN 32 27 25 21
2 – CH2Cl2 24 22 18 16

2 2 PyNO CH3CN 43 42 34 32
2 PyNO CH2Cl2 35 33 27 24

2 2 Py CH3CN 48 46 40 37
2 Py CH2Cl2 37 35 29 26

2 2 1-MeIm CH3CN 36 32 29 27
2 1-MeIm CH2Cl2 31 24 23 20

aIsolated yield based on olefin.
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The very poor yield in (E)-stilbene epoxidation in comparison to styrene when NaOCl is

oxidant was rationalized by the greater steric effect exerted by (E)-stilbene, lowering the

stabilization of the (salen)Mn(III)OCl-(E)-stilbene adduct. For 1 and 2, styrene is a

better substrate irrespective of the oxidant with little change in yield of epoxide for

styrene and (E)-stilbene on changing from PhIO to NaOCl. This suggests that Fe(III)

complexes, unlike their Mn(III) counterpart, generate the same active intermediate on

reaction with PhIO and NaOCl. We assume that Fe(III) catalyzed reactions proceed

with formation of a sterically crowded intermediate similar to (salen)Mn(III)OX, which

stabilizes the intermediate-substrate adduct to a greater extent with the less crowded

olefin, and thus styrene becomes a better substrate than (E)-stilbene.
In order to determine the nature of 1 and 2 in the catalytic cycle, we studied the

UV-Vis spectral changes for the complexes in the presence of PhIO (1.00� 10�3mmol

complex in 5mL dry acetonitrile was treated with 0.300mmol of PhIO). Both

complexes exhibit nearly identical changes in their spectral patterns after addition of

PhIO, as shown in figure 1(a) and (b). The spectrum obtained 1 h after addition of PhIO

shows: (i) a new shoulder at �500 nm with disappearance of the band at �520 nm,

(ii) drastic reduction of the absorbance at �360 nm and (iii) disappearance of the band

at �314 nm. All observations suggest the formation of a higher valent Fe(oxo) after

addition of PhIO, consistent with earlier studies [31, 32]. After 1 day, the spectra

obtained do not match either the original or the spectra 1 h after addition of PhIO.

Fresh addition of PhIO and alkenes yielded no epoxidation. Cyclic voltammetry of both

complexes 1 h after addition of PhIO failed to measure the redox potentials of the

Fe(oxo) species, probably due to instability of Fe(IV) and Fe(V) species under the

electrochemical conditions.

3.2.5. Influence of neutral donor ligands. The effect of Py, PyNO, and 1-MeIm on the

yield of epoxide are depicted in tables 2 and 3. In all cases conversion and yield

increases in presence of ligand; with ligands, the poor catalysts 1 and 2 are converted to

moderately good catalysts for epoxidation of olefins. The order of efficiency is

Py4PyNO4 1-MeIm. Through electron donation the ligand stabilizes the higher

valent metal oxo-species and consequently increases epoxide yield. Among the ligands,

300 400 500 600 700 800
0.0

0.4

0.8
(a) (b)

Complex 1+PhIO
after one day

Complex 1+PhIO after 1 h

Complex 1

A
bs

or
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A
bs

or
ba

nc
e

Figure 1. UV–Vis spectral pattern of complex 1 (a) and complex 2 (b): 2.00� 10�3M solution of complex in
dry acetonitrile at 25�C, after 1 h reaction with PhIO (0.300mmol) and after 1 day of the reaction.
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1-MeIm has the highest electron-donating ability and Py the least; the order of
efficiency of the ligands is reverse to their electron-donating order, suggesting steric
effect. 1-MeIm exerts the largest steric effect, destabilizing the higher valent Fe(oxo)
intermediate lowering epoxide yield. This explanation strengthens our earlier

assumption of the formation of sterically crowded intermediate in Fe(III)-salen
catalyzed epoxidation.

4. Conclusion

In summary, our results verify that epoxidation depends on metal ion. When

Mn(III)(salen) was used for epoxidation of olefins two different active intermediates,
[L-O-Mn(III)(salen)X] and [O¼Mn(V)(salen)X], were formed depending upon oxidant.
But, Fe(III)(salen) epoxidation of olefins proceeds with formation of only one active oxo
intermediate irrespective of the terminal oxidant used. Fe(III)(salen) catalyzed
epoxidation of olefins is not much influenced by terminal oxidant but very dependent
on the nature of the substrate. The ligands play an important role for Fe(III)(salen)

catalyzed epoxidation of unfunctionlized olefins, enhancing the catalytic activity.
Balance of steric and electronic factors of the exogenous ligand may be crucial to obtain
maximum epoxidation in Fe(III)(salen) catalyzed epoxidation of unfunctionlized olefins.
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