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The metal-catalyzed epoxidation of alkenes is a very important process in several areas of chemistry including modern organic synthesis 

and the production of pharmaceutical intermediates and monomers for bulk polymers.[1] For economical and ecological reasons, molecular 

oxygen and hydrogen peroxide are the preferred oxidants. However, H2O2 is easier to handle, and it is cheap and forms water as a 

byproduct.[2] Currently, the heterogeneous catalysts that make use of such oxidants require harsh reaction conditions. The development of 

cheap, nontoxic, and selective catalysts that can use hydrogen peroxide as an oxidant is therefore of great interest.[3] In this respect, iron 

catalysts are very attractive, and in the last decade, excellent results have been achieved.[4] Iron complexes bearing nitrogen donor ligands 

were reported as efficient catalysts in the epoxidation of olefins.[5–7] The group of Que intensively studied olefin oxidation with hydrogen 

peroxide in the presence of mononuclear iron catalysts bearing tetra- and pentadentate nitrogen donor ligands.[5] A similar ligand was 

employed by the groups of Costas and Rybak-Akimova with high efficiency.[8] Furthermore, Beller and co-workers reported an extensive 

study on in situ generated Fe catalysts containing monodentate imidazole ligands, and optimization of the system resulted in excellent 

activities and selectivities for a wide range of alkene substrates, including aliphatic olefins.[6] On the basis of these results, these authors 

proposed a reaction mechanism in which the key intermediate is a solvated iron species coordinated to three imidazole molecules.[6d] In 

general, tetradentate non-heme ligands constitute the most commonly used ligands in Fe-catalyzed olefin oxidation reactions, and these 

reactions result in the formation of mixtures of ketones, alcohols, and epoxides.[9] In contrast, the first reports on the use of tridentate non-

heme ligands in the Fe-catalyzed epoxidation of olefins appeared very recently.[10] In these reports, ionic ligands were used in both cases. 

Kozak and co-workers successfully used a series of tridentate amine(bisphenol) ligands in the epoxidation of trans-stilbene.[7c] Niwa and 

Nakada used carbazole based tridentate ligands as surrogate porphyrins in the asymmetric epoxidation of (E)-alkenes and achieved high 

levels of enantioselectivity (up to 97%).[10] 

Here, we report the use of readily available tridentate nitrogen donor ligands 1–4 for the highly active and selective Fe-catalyzed 

epoxidation of alkenes.[11–13] The structure of these ligands is described in Figure 1. 

 

Figure 1. Ligands used in this study. 

First, using ligand 1, the mode of addition of H2O2 was investigated, as this reagent is known to decompose rapidly in the presence of 

iron.[14] The optimization was carried out in acetonitrile by using FeCl3·6H2O as the precursor in the epoxidation of styrene with H2O2 (3 

equiv.) at room temperature. The dropwise addition of the reagent over the reaction period was the most suitable procedure (see the 

Supporting Information). Next, the temperature, solvent, and Fe precursor were optimized in the epoxidation of styrene over a 30 min 

period (Table 1). The reactions were performed by using the catalyst (5 mol%) with H2O2 as oxidant at 50, 25, and 08C (Table 1, entries 1–

3). Although slightly lower conversion was obtained at 08C, higher selectivity was achieved. Subsequent experiments were carried out at 

this temperature. The main byproduct detected was phenylacetaldehyde. Upon testing various solvents, large variations in conversion and 

selectivity were observed (Table 1, entries 3–8). 
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If tert-amyl alcohol and MeOH were used (Table 1, entries 4 and 6), conversions of about 50% were obtained, which was lower than that 

in acetonitrile. However, although excellent selectivity was obtained in tert-amyl alcohol (98%), only 55% of the products formed 

corresponded to the desired epoxide in the case of MeOH. With acetone or THF as the solvent, lower conversions and very low selectivity 

for the epoxide were obtained (Table 1, entries 5 and 8). In dichloromethane, no conversion was observed (Table 1, entry 7). The polarity 

of the solvent thus seems to be crucial to obtain high activity of the catalyst under these conditions. Next, several Fe III precursors were 

used under these conditions and, surprisingly, only FeCl3·6H2O and Fe(NO3)3 gave conversion, although the latter gave lower conversion 

and selectivity (Table 1, entries 3 and 10–13). However, upon using the FeII precursor FeCl2·4H2O, the conversion was moderate but higher 

than for Fe(NO3)3 (Table 1, entry 9). 

These results therefore suggest that the nature of the counterion present in the precursor has a greater effect than the oxidation state 

of the Fe center of this complex, which is in agreement with previous reports.[15] 

 

Next, the L/Fe ratio was optimized in the epoxidation of styrene by using values between 0.25 and 2, and the results are summarized in 

Figure 2. The results show that in the absence of a ligand, the system is inactive and that the conversion increases with the L/Fe ratio until 

it reaches a maximum at L/ Fe=0.5. At higher ratios of L/Fe, the conversion decreases rapidly. The value of the optimum ratio suggests the 

potential activity of dimeric species containing one tridentate ligand. Such an observation is in agreement with previous reports in which 
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dimeric species were isolated, characterized, and used in the Fe-catalyzed epoxidation of several alkenes.[6] In all cases, the selectivity for 

the epoxide product remained excellent, and this indicates that the amount of ligand present does not influence significantly the selectivity 

of the reaction. 

The identity of the catalyst was investigated by ESI-TOF analysis, and the isolation of dimeric species by using a ligand/Fe ratio of 1:2 was 

attempted unsuccessfully. Several signals corresponding to high molecular weight compounds were detected by ESI-TOF, but no species 

could be unambiguously identified. 

Ligands 1–4 were tested in the Fe-catalyzed epoxidation of styrene by using a L/Fe ratio of 0.5 with H2O2 as the oxidant at 08C over 30 

min. The results are described in Table 2. Upon use of ligands 1, 3, and 4, high conversions and selectivities for the epoxide were observed 

(Table 2, entries 1, 8, and 9). 

 

However, upon use of ligands 2a,b containing an N-alkyl group at the central nitrogen atom, lower conversions were obtained, although 

the selectivity remained high. Upon use of ligands 2c–f containing an amide group or coordinating imidazole substituents, a very low 

amount or no reaction product was detected. These results clearly indicated that the nature of the substituents at the central N atom of 

these ligands is crucial to obtain an active catalytic species. Indeed, the highest conversions were obtained if the ligand contained an NH 

group. The introduction of an alkyl group at the central N atom decreased the activity of the catalysts from about 80% to about 50%. 

Furthermore, for substituents c–f, the activity of the catalyst was totally inhibited. Notably, the presence of imidazole NH groups in ligands 

2d and 2f did not provide catalytic activity to these systems. Beller and co-workers previously observed that slight variations in the 

substituents of the ligands drastically affect the activity of the catalyst.[6g] 
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In view of these results, ligands 1 and 4 were used in the Fe-catalyzed epoxidation of several alkene substrates. The results are presented 

in Table 3. For substituted styrene substrates bearing electron-donating groups, excellent conversions and selectivities were obtained for 

both catalytic systems (Table 3, entries 1–6). The presence of electron-withdrawing substituents such as chloride, fluoride, and NO2 resulted 

in lower values with the formation of the corresponding aldehyde as the byproduct (Table 3, entries 7–12). If trans-stilbene was used, 

excellent conversions and selectivities were also obtained (Table 3, entries 13 and 14). However, if the cis isomer of stilbene was the 

substrate, lower conversions were obtained and a strong decrease in selectivity was observed (Table 3, entries 15 and 16). In these cases, 

2-phenylacetophenone was detected as a byproduct, and for cis-stilbene as the substrate, about 40% of the trans epoxide was also formed. 

This observation is in agreement with the results described in the literature.[6d,16] In the case of cis-cyclooctene, somewhat intermediate 

activities and selectivities were obtained (Table 3, entries 17 and 18). In this case, the corresponding ketone was the byproduct. 

Interestingly, the use of 1-octene as the substrate gave low conversions but high selectivity (Table 3, entries 19 and 20). 

In all cases, very similar results were obtained with both ligands, and this indicates that these ligands possess similar behavior under 

these conditions. The isolated yields were also determined for most substrates and showed the synthetic utility of this methodology (Table 

3, entries 1, 3, 5, 7, 9, 13, and 17).  

The catalytic systems bearing tridentate ligands 1 and 4 are therefore highly active and selective for the transformation of aromatic olefins, 

whereas lower conversions and selectivities were obtained with aliphatic olefin substrates. 

In conclusion, we have developed and tested Fe-based catalysts bearing tridentate nitrogen donor ligands 1–4 in the selective epoxidation 

of olefins by using hydrogen peroxide as the oxidant. The optimum L/Fe ratio was revealed to be 1:2, and this suggests the formation of 
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dimeric iron species bearing one tridentate ligand. However, further work is required to determine the role of this species in the catalysis 

system and is currently ongoing in our laboratory. The presence of substituents at the central N atom of the ligands drastically lowers the 

activity and selectivity of the system. C2-symmetric ligands 1 and 4 form efficient catalytic systems for the epoxidation of aromatic olefins. 

Lower conversions and selectivities were obtained for aliphatic olefin substrates. 

Experimental Section 

Materials and synthesis 

All reagents were purchased from commercial suppliers (Sigma–Aldrich, Fluka, Merck) and used without further purification. Ultrapure 

iron sources were purchased from Aldrich [for example, iron- (III) chloride hexahydrate puriss. p. a., Reag. Ph. Eur., ≥99%; total impurities: 

≤0.001%]. Ligand 1 (2,2’-dipicolylamine, DPA) was also purchased from Sigma–Aldrich. Ligands 2–4 were synthesized according to reported 

procedures and their identities and purities were confirmed by comparison with their published NMR data.[11–13] 

Instrumentation 
1 H NMR and 13C{1H} NMR spectra were recorded with a Varian Mercury VX 400 (400 and 100.6 MHz, respectively) or a Varian 400-MR 

spectrometer in CDCl3 with chemical shifts (δ) referenced to CDCl3 (7.26 ppm for 1H, 77.23 ppm for 13C) or TMS (0.00 ppm). HPLC analyses 

were performed with an Agilent Technologies series 1200 instrument equipped with a UV detector with a ZORBAX Eclipse XDB-C18 4.6x150 

mm, 5 μm column. GC analyses were performed with an Agilent 6850 Series GC with FID detection equipped with a column HP-INNOWAX 

(30 m lengthx0.25 mm I.D.x0.25 μm film). GC–MS analysis were carried out with a Agilent 7890A with a MS 5975C detector by using a HP5-

MS column (30 m, 0.25 mm, 0.25 μm). ESI-TOF analyses were run with an HPLC series 1200, Agilent Technologies coupled with a Time-of-

Flight series 6210, Agilent Technologies detector. 

General procedure for the epoxidation of olefins 

In a test tube, FeCl3·6H2O (13.5 mg, 0.05 mmol) and the appropriate ligand (0.025 mmol) were dissolved in MeCN (15 mL). After 10 min of 

stirring at room temperature, the reaction mixture was cooled to 0 ⁰C and the olefin (1 mmol) was added. To the stirred mixture, a 5% 

solution of hydrogen peroxide in acetonitrile (diluted from 30% aqueous, 2.05 mL) was added dropwise over a period of 30 min. After 

addition of the oxidant, a saturated solution of NaHCO3 (20 mL) was added. The organic layer was separated in a separating funnel, and the 

aqueous fraction was extracted with dichloromethane (3x5 mL). The combined organic layer was washed with 10% NaHCO3 solution and 

brine. The washed organic layer was dried with MgSO4, filtered, and concentrated. The oxidation product obtained was purified by 

chromatography over silica gel (hexane/ethyl acetate/triethylamine=94:1:5). The products were analyzed by 1H NMR and GC–MS, and their 

identities were confirmed by comparison with reported results. 
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