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Abstract: Sharpless et al. has described, while performing the molybdenum catalyzed 

epoxidation reaction of olefins using alkyl hydroperoxides, that molybdenum-oxo moiety is the 

active catalytic species. Thus there is a continuous effort to synthesize molybdenum-oxo 

complexes of different ligand environments. While such works of literature on molybdenum 

porphyrins are plenty but related molybdenum corroles are very less reported. The synthesis and 

characterization of two new oxo-molybdenum(V)-corrolato complexes are described herein. 

Both the complexes were fully characterized by several spectroscopic techniques in conjunction 

with single-crystal X-ray diffraction analysis. The efficacy of the oxo-molybdenum(V)-corrolato 

complexes for catalytic epoxidation reaction of olefins with the help of hydroperoxides have also 

been explored. The catalytic application of oxo-molybdenum(V)-corrolato complexes in the 

epoxidation reaction was not reported earlier. A mechanism has been proposed to explain the 

experimental findings.

KEYWORDS: Corrole / Molybdenum (V) / Oxido-ligand / EPR spectroscopy / Catalysis / 

Epoxidation reaction 
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Introduction
Alkene epoxidation has key importance in the chemical industry and often generates 

useful precursors for commodity chemicals.1,2  Industrially relevant Halcón process deals with 

the epoxidation of propylene and uses molybdenum complexes as catalyst and tert-

butylhydroperoxide (t-BuOOH) as oxidant.3,4 While performing the molybdenum catalyzed 

epoxidation of olefins using alkyl hydroperoxides, Sharpless et al. has described the 

molybdenum-oxo core as an active catalytic moiety.5 Thus the syntheses of molybdenum-oxo 

complexes having different coordination environments are gained valuable insight. 6-8 Due to 

their superior performance, various aspects of molybdenum porphyrin complexes are extensively 

studied and their uses as epoxidation catalysts are also described in detail in the literature.9-14 

Corrole, a contracted porphyrin analogue, has gained a considerable research interest in recent 

times.15-31  The discovery of facile and efficient synthetic protocols for corroles has fueled its 

rapid growth.32-33 Being tri-anionic in nature, smaller cavity size, and also having electron-rich 

core structure, corrole tends to stabilize different metals in their possible higher oxidation states 

in comparison to their porphyrin counterparts.15-31 Thus it is logical to consider that oxo-

molybdenum(V)-corrolato complexes will also act as potent epoxidation catalysts. However, 

similar literatures using corrole as a metal chelator are very limited. Very few research reports 

indeed highlight the fascinating chemistry of molybdenum-corrole complexes.34-40 Such reports 

on their catalytic applications are non-existent. Herein we have reported the synthesis and 

characterization of two new molybdenum corrole complexes. Both the complexes were 

thoroughly characterized by ample spectroscopic techniques in conjugation with single-crystal 

XRD analysis of a representative derivative. The present work thus describes the synthesis of 

two new oxo-molybdenum(V)-corrolato complexes, namely, oxo[5,10,15-tris(4-

cyanophenyl)corrolato] molybdenum (V), 1, and oxo[5,15-bis(4-cyanophenyl)-10-(4-

bromophenyl)-corrolato] molybdenum (V), 2, (Scheme 1). One A3-corrole and one trans-A2B 

corrole has been chosen here in order to modulate the electronic and steric factors of the 

synthesized complexes. This variation of corrole framework (trans-A2B corrole is more 

versatile) might lead to the changes in the energies of molecular orbitals of the respective 

metallo-corrole complexes and thus could cause the difference in their spectroscopic properties.41 

Finally one of the representative derivatives has been tested as an epoxidation catalyst using t-

BuOOH as an oxidant. 
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Scheme 1. Structures of the oxo-molybdenum(V)-corrolato complexes: oxo[5,10,15-tris(4-

cyanophenyl)corrolato] molybdenum (V), 1, and oxo[5,15-bis(4-cyanophenyl)-10-(4-

bromophenyl)-corrolato] molybdenum (V), 2.
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RESULTS AND DISCUSSION

Synthesis and characterization

Oxo-molybdenum(V)-corrolato complexes were synthesized by a slight modification of a 

previously reported synthetic protocol.39 The corresponding free base corroles were dissolved in 

toluene and the molybdenum hexacarbonyl was added and refluxed for 8-10 hours and resulted 

in the formation of oxo-molybdenum(V)-corrolato derivatives (1 and 2) in good yields. 

Oxygen from the air is the source of oxido ligand here and it also leads to the conversion of Mo 

(0) to Mo (V) oxidation state and no other co-oxidants are necessary for this purpose. Purity and 

identity of the oxo-molybdenum(V)-corrolato complexes are demonstrated by their satisfactory 

elemental analyses and ESI-MS data (Figures S2-S3, see the Supporting Information). As the 

oxo-molybdenum(V)-corrolato derivatives are paramagnetic in nature thus it was not possible to 

characterize these complexes via NMR spectroscopy. However, all the oxo-molybdenum(V)-

corrolato complexes were investigated by X-band EPR spectroscopy.34-40

Crystal Structure

Single crystals of oxo-molybdenum(V)-corrolato complexes were grown at room 

temperature. The crystallographic analysis revealed that a representative oxo-molybdenum(V)-

corrolato complex, 1 is a mononuclear complex having a penta-coordination and with a 

distortion from the square-pyramidal geometry around molybdenum ion (Figure 1 and Figure S1). 

Important crystallographic parameters are summarized in Table S1 (see Supporting Information). 

The Mo=O bond distance is observed as 1.659 Å, and this distance falls in the range of 

previously reported other molybdenum-oxo bond distances.42 Gross et al. has reported earlier 

that the Mo=O bond distance in a related oxo-molybdenum(V)-corrolato complex is 1.684 Å and 

thus it was a bit elongated in comparison to the present case.36 The Mo=O bond distance obtained 

from other structurally characterized oxo-molybdenum(V)-porphyrinato complex was 1.658 Å.42   

The Mo atom points out of the N4 plane axially by 0.74 Å and thus resulted in the dome-shaped 

of the corrole ring. Similar deviation of molybdenum ion is also observed in a related oxo-

molybdenum(V)-corrolato complex as reported by Gross et al., where the molybdenum ion has 

deviated from the mean N4 plane by a distance of ~0.73 Å.36 The deviation of the molybdenum 

atom from the 19-carbon corrolato plane is even more prominent and assumes a value of ~0.93 Å. 
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The Mo‒N bond distances vary from 2.020−2.039 Å and are very much comparable to other 

related metal-nitrogen bonds of molybdenum coordinated corrolato rings.

Figure 1. Single-crystal X-ray structure of 1. Hydrogen atoms are omitted for clarity.

The Mo−N bond distances are in line with the previously reported similar bond distances 

(Mo−N: 2.033−2.039 Å) of related complexes by Gross et al. 36 The N‒Mo‒N bite angles vary 

from 74.71 to 88.82 °.

Electrochemistry

The cyclic voltammetric and differential pulse voltammetric techniques were used in 

order to analyze the redox properties of complexes 1 and 2. The measurements were performed 

in dichloromethane solvent and 0.1 M tetra-n-butyl ammonium perchlorate was used as a 

supporting electrolyte (Figure 2 and Table S2). The oxidation processes at the positive side of the 

reference electrode (Ag/Ag+) were recorded by using a platinum wire working electrode. A 

glassycarbon (GC) working electrode was used specifically for recording the reduction 

processes. Both the molybdenum complexes exhibited one reversible oxidation couple at +0.59 

V for 1 (Ep = 80 mV) and +0.41 V (Ep = 80 mV) for 2 respectively (versus Fc/Fc+). They also 

showed one reversible reduction couple at -0.94 V (Ep = 80 mV)  for 1 and -1.17 V (Ep = 80 
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mV) for 2  respectively (versus Fc/Fc+). Thus the electronic effect of the peripherial meso-

substituents in the corrole framework on tuning the redox potentials of the oxo-molybdenum(V)-

corrolato complexes are significant.36

Figure 2. Cyclic voltammogram (black solid line) and differential pulse voltammogram 

(black doted line) of (a) 1 and (b) 2 in CH2Cl2.The potentials are vs. ferrocene/ 

ferricinium.
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EPR and Magnetism

Both the complexes showed similar kinds of EPR spectra thus only one will be discussed 

here in detail (Figure 3 and Figure S4). Complex 1 shows EPR in fluid solution at room 

temperature (Figure 3). The spectrum shows nine super-hyperfine lines at the center and the six 

hyperfine lines at the periphery. The central nine lines can be easily assigned and can be 

originated due to the coupling of four inner ring nitrogen atoms (14N, I=1) of corrole with the Mo 

isotopes (75% I = 0, 92Mo, 94Mo, 96Mo, 98Mo and 100Mo). The presence of Mo isotopes (25% I = 

5/2, 95Mo and 97Mo) are responsible for the origin of six weaker bands at the wide range of the 

spectrum. 

Figure 3. EPR spectrum of 1 recorded in CH2Cl2 at 298 K. Inset shows the enlargement of 

the central lines (super-hyperfine lines due to four nitrogen nuclei). 

Thus the EPR spectrum leads to the conclusion that the oxo-molybdenum(V)-corrolato 

complexes are indeed monomeric in nature and the ground state is a doublet.34
 The EPR signal 

due to Mo isotopes (75% I = 0)  is very intense over a temperature range and thus clearly 

indicates that unpaired electron largely occupies the dxy orbital of the Mo ion.34 The following 
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parameters are obtained from EPR measurements of compound 1: giso = 1.974, A95/97Mo = 4.589 

mT, A14N = 0.208 mT (Table S3). The obtained g vlaue of 1.97 suggests a strong covalent nature 

of the coordinate bonds with the metal center. All these parameters match nicely with the 

previously reported other oxo-molybdenum(V)-corrolato complexes.34-40

Figure 4 shows the inverse molar magnetic susceptibility (m
-1) vs. Temperature (T) plot of 

compound 1. The curve shows typical Curie-Weiss behavior. We have not observed any 

appreciable magnetic ordering down to liquid helium temperature. The room temperature 

magnetic moment was observed as 1.62  for 1 and 1.72  for 2 at 300K (Figure S5) 

corresponds to one unpaired electron in each case. Thus there is no appreciable 

Mo(V)·····Mo(V) interaction in the solid state. The observed magnetic moment tally well with 

the previously reported other oxo-molybdenum(V) complexes.43

Figure 4. Plot of inverse molar magnetic susceptibility (m
-1) versus temperature (T) for 1.
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The catalytic efficiency of oxo-molybdenum(V)-corrolato complexes (1 and 2) for the 

epoxidation of olefins were optimized by performing the experiments under various reaction 

conditions. The details of the optimization of reaction conditions using cyclohexene as a model 

substrate for catalyst 1 and 2 are summarized in Table S4 and S5 (see the supporting 

information). The initial results indicated that the catalyst 1 exhibited superior catalytic 

performance than catalyst 2. This observation can be corroborated well with the observed redox 

potential of MoV/MoIV couple. The observed redox potential of MoV/MoIV couple of 2 (-1.17 V) 

is more negative than 1 (-0.94 V) vs Fc/Fc+ in CH2Cl2. Thus, we focus our discussion on the 

compound 1 in the following part (vide infra). All the catalytic reactions of compound 1 were 

carried out in a closed 10 mL single neck round bottom flask over an ice bath at 0ºC and an oil 

bath at 80ºC with constant stirring. Cyclohexene, norbornene, and 3-bromo-1-propene were used 

as model substrates for optimization of reaction conditions using catalyst 1. The influence of 

reaction time, types of oxidants, solvent amount, types of solvents and the effect of catalyst 

loading were also investigated. The optimized reaction conditions for the selective epoxidation 

of 0.25 mL (2.46 mmol) of cyclohexene are as follows : 0.356 mg (0.0005 mmol) of complex 1 

and 0.05 mL (0.5 mmol)  of t-BuOOH were taken together in 1.3 mL of benzene and were stirred 

at 80°C for 15 h.  A good conversion with excellent selectivity to cyclohexene oxide was 

observed. Selectivity for epoxidation is determined from the percent of epoxide in total product. 

The product identification and the percentage of conversions were determined by analyzing the 
1H NMR spectrum of the crude reaction mixture (Figure S6-S24). The details of the optimization 

of reaction conditions at 80°C and  at 0°C are summarized in Table 1, Table 2, Table S4 and 

Table S6 respectively. Cyclohexene was used as a model substrate for the optimization of 

reaction conditions using catalyst 1 at 80°C. While at 0°C, norbornene, cyclohexene, and 3-

bromo-1-propene were used as  model substrates for optimization of reaction conditions.

In order to optimize the reaction conditions and to investigate the role of catalyst, 

cyclohexene epoxidation was carried out at 80°C for 17 h under air with a  molar ratio of [Mo-

catalyst]: [t-BuOOH]: [alkene] = 1:1000:5000.12 Using cyclohexene, nearly 99% conversion of 

the substrate [Table 1, Entry 2] to product was observed showing the effectiveness of the 

catalyst. However, in absence of the catalyst, only 14% conversion to cyclohexene oxide was 

observed  [Table 1, Entry 1]. While optimizing the reaction time, we get the best conversion 
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(99%) after running the reaction for 15 h [Table 1, Entry 3]. It was also remarked that the shorter 

reaction time reduces the reaction yield significantly [Table 1, Entry 4, 5]. 

A series of various oxidants were screened in order to find out the best possible oxidant 

for this catalytic reaction. Here, t-BuOOH has been turned out to be the best oxidant with a 

conversion of 99% [Table 1, Entry 3]. t-BuOOH  has a better thermal stability  and thus activate 

the catalyst to participate in the reaction. Using hydrogen peroxide in the oxidation reactions, 

generates lower yield of epoxides [Table 1, Entry 15]. The solvent volume has also effect in the 

catlytic reaction  and it was also observed that 1.3 mL of  solvent gives the best result [Table 1, 

Entry 3]. Further decrease in solvent amount does not change much in the result [Table 1, Entry 

11, 12]. For this study, a series of different solvents, such as benzene, toluene, THF, 1,4-dioxane, 

acetonitrile and DCE were screened. The most appropriate solvent turned out to be benzene 

[Table 1, Entry 3]. Although both DCE and benzene gave identical results but benzene is the 

cheaper alternative. Its enhanced solubility may dictate the good conversion in the reaction. The 

polar solvents like acetonitrile and tetrahydrofuran give negligible conversion of olefin [Table 1, 

Entry 6, 10]. 1,4-Dioxane shows a significant conversion of 78% [Table 1, Entry 8]. Similarly, 

99% and 57% conversion of cyclohexene was observed in presence of dichloroethane and 

toluene, respectively [Table 1, Entry 7, 9]. The percent of conversion is maximum, i.e, 99% at a 

molar ratio of [Mo-catalyst, 1] : [t-BuOOH]: [alkene] = 1:1000:5000 (catalyst loading = 0.02%). 

While decreasing the catalyst loading to 0.01% {[catalyst]: [t-BuOOH]: [alkene] = 

0.5:1000:5000} and 0.005% {[catalyst]: [t-BuOOH]: [alkene] = 0.25:1000:5000}  [Table 1, 

Entry 13, 14], a reduction in reaction yield was observed. 

The catalytic epoxidation reaction was optimized thoroughly at 80°C. In 

most cases, alkenes to alkene oxides conversion are satisfactory under this optimized condition. 

However, unspecified decomposition probably occured at the end of the reaction and thus 

resulted in the loss of active catalyst. It was indeed very difficult to isolate and characterize the 

intermediate species while performing the reaction at 80°C.  and thus essentially hinder the study 

of the reaction mechanism. We have tried to perform the column chromatography in order to 

recover the catalyst and have obtained a new pink color  species as a major end product (Figure 

S27). In order to sort out these difficultes, the epoxidation reactions were performed at variable 

temperatures. While studying the catalytic epoxidation reactions at room temperature, it was also 

observed  that the substrate to product conversion was also very much similar to that of the 80°C.
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Table 1. Optimization of cyclohexene a, b epoxidation at 80°C under variable reaction conditions 

using oxo-molybdenum(V)-corrolato complex, 1 as catalyst.

Entry Catalyst c

(mmol)

Solvent 

(mL)

Oxidant 

(mmol)

Time

(h)

% Conv.d

1 - C6H6, 1.3 TBHP, 0.5 17 14

2 0.0005 C6H6, 1.3 TBHP, 0.5 17 99

3 0.0005 C6H6, 1.3 TBHP, 0.5 15 99

4 0.0005 C6H6, 1.3 TBHP, 0.5 14 97

5 0.0005 C6H6, 1.3 TBHP, 0.5 12 96

6 0.0005 CH3CN, 1.3 TBHP, 0.5 15 7

7 0.0005 DCE, 1.3 TBHP, 0.5 15 99

8 0.0005 Dioxane, 1.3 TBHP, 0.5 15 78

9 0.0005 Toluene, 1.3 TBHP, 0.5 15 57

10 0.0005 THF, 1.3 TBHP, 0.5 15 -

11 0.0005 C6H6, 0.5 TBHP, 0.5 15 75

12 0.0005 C6H6, 1 TBHP, 0.5 15 65

13 0.00025 C6H6, 1.3 TBHP, 0.5 15 89

14 0.000125 C6H6, 1.3 TBHP, 0.5 15 86

15 0.0005 C6H6, 1.3 H2O2, 0.5 15 61

a Amount of cyclohexene used = 0.25 mL (2.46 mmol). b Under air. c Oxo-molybdenum(V)-

corrolato complex, 1. d % of conversion were established by 1H NMR. 
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However, the problem associated with the unspecified decomposition still persisits  and 

eventually makes it difficult to study the reaction mechanism. While studying the reaction at 

0°C, we have observed almost similar conversion of substrate to product  as that of 80°C without 

any significant decomposition of the catalyst (Figure S25-S27). The facile isolation and 

characterization of the intermediate species to a certain extent at 0°C thus remain viable. 

Table 2. Optimization of norbornene a, b epoxidation at 0°C under variable reaction conditions 

using oxo-molybdenum(V)-corrolato complex, 1 as catalyst.

Entry Catalyst c

(mmol)

Solvent d 

(mL)

Oxidant 

(mmol)

Time

(h)

% Conv.e

1 - 1.3 TBHP, 0.5 17 3

2 0.0005 1.3 TBHP, 0.5 17 99

3 0.0005 1.3 TBHP, 0.5 15 99

4 0.0005 1.3 TBHP, 0.5 14 96

5 0.0005 1.3 TBHP, 0.5 12 93

6 0.0005 1.3 TBHP, 2.5 15 0

7 0.0005 0.5 TBHP, 0.5 15 70

8 0.0005 1 TBHP, 0.5 15 78

9 0.00025 1.3 TBHP, 0.5 15 80

10 0.000125 1.3 TBHP, 0.5 15 75

11 0.0005 1.3 - 17 0

a Amount of norbornene used = 231.6 mg (2.46 mmol). b Under air. c Oxo-molybdenum(V)-

corrolato complex, 1. d Benzene: Toluene (9:1). e % of conversion were established by 1H NMR.
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From the above observations, it can be concluded that the temperature essentialy plays an 

important role in stabilizing various reactive intermediates. A series of different olefins were 

screened for epoxidation reactions at optimized condition. The catalytic epoxidation reactions 

were performed at the 0°C and 80°C respectively with a series of substrates.  Table 3 describes 

the catalytic activity with respect to the conversion of substrates into the respective epoxides 

with turnover numbers (TONs). In general, aliphatic alkenes have been transformed 

in good yields to epoxide as compared to aryl-substituted alkenes. An excellent conversion was 

observed in cyclohexene, cyclooctene (except for 80°C) and norbornene [Table 3, Entry 1-3] 

with a TON > 4820 and thus reveals the effectiveness of the catalyst in the epoxidation of 

alkenes in both the temperatures. At 80°C, except para-substituted styrene and cyclooctene, other 

substrates show a good conversion of 60% or more to their respective products with a TON > 

2500 [Table 3, Entry 4-8]. However, 3-bromopropene shows a quite good conversion succeeding 

the cyclic aliphatic alkenes both at 0°C and 80°C [Table 3, Entry 6]. The catalyst is unable to 

genarate the desired epoxides in case of α,β-unsaturated carbonyl compounds [Table 3, Entry 11, 

12].  At 0°C, cyclopentene shows significant conversion [Table 3, Entry 13]. Ledon et al., have 

reported the rate of cyclohexene oxide formation catalyzed by different molybdenum complexes. 

Reaction conditions are similar to the present case, however, contrary to the present one, all the 

reactions they performed were in a strictly inert atmosphere. For Mo(CO)6, they have observed a 

turnover number of 283 h-l and for a molybdenum porphyrin complex, OMo(TPP)OMe,  it was 

observed as 51 h-l.12 Herein, we have observed the rate of cyclohexene oxide formation is 321 h-l 

(at 0°C). The participation of aerial O2 probably increases the rate of epoxide formation here. In 

order to confirm the role of aerial O2, the epoxidation reactions were performed in both aerial 

and also in strictly nitrogen atmosphere. We have observed a clear difference in the yield of the 

epoxide formation reactions. For this purpose, the epoxidation reactions were performed  for 

complex 1 at 0°C for 15 h with a  molar ratio of [Mo-catalyst]: [t-BuOOH]: [alkene] {alkene = 3-

bromo-1-propene or cyclohexene}= 1:1000:5000 under air and nitrogen respectively. A 

significant decrease in reaction yield was observed in the case of nitrogen atmosphere (Table S4, 

Entry 6 and Table S6, Entry 4). Epoxidation reaction promoted by aerobic O2 (irradiation by 

visible light) by a oxo-Mo(V)-porphyrinato complex was reported earlier.44 
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Table 3. Alkene epoxidation by t-BuOOH in the presence of oxo-molybdenum(V)-corrolato 

complex, 1.

a Reaction conditions: benzene and toluene (9:1 ratio) at 0°C and pure benzene at 80°C under air. 

Relative molar ratio [Mo-catalyst]: [t-BuOOH]: [alkene] = 1:1000:5000. b % of conversion were 

established by 1H NMR. c Turn Over Number (TON) = (% conversion × mmol of substrate) / 

(100 × mmol of cat. used). d The values in the parentheses indicate the isolated yields.

S.No Subs. Product % Conversion a, b TONc

0°C 80°C 0°C 80°C
1

O
98 (82)d 99 (83)d 4822 4871

2

O

100 22 4920 1082

3
O

100 100 4920 4920

4 O 38 99 1870 4871
5 O 15 50 738 2460

6 Br Br
O

83 66 4084 3247
7 Br

Br
O 22 65 1082 3198

8
O

21 62 (48) d 1033 3050

9
O

0 7 0 344

10 Cl O
Cl 0.01 13 0.49 640

11
O O

O

0 - 0 -

12
O O

O

0 - 0 -

13
O

76 - 3739 -

14 Br Br
O

0.02 - 0.1 -
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It is well established that the Mo-complexes can catalyze the epoxidation reaction of olefins with 

the help of hydroperoxides irrespective of the oxidation state of the starting complex.45 Sheldon 

et al. have demonstrated that the catalysts (Mo-complexes) are modified to some active species 

at the beginning of the reaction. 46 EPR studies highlight the oxidation state distribution in 

various reactive intermediates. At the very beginning of the reaction, the EPR peak arises due to 

the d1 Mo(V) species disappeared after the addition of t-BuOOH and thereafter addition of the 

substrate. The recorded spectrum after the end of the reaction is also devoid of any EPR signal. 

As we have used the Mo(V) complexes as a catalyst, thus it is highly unlikely that it will be 

reduced in such oxidizing conditions (in presence of t-BuOOH). Thus the active species might be 

a Mo(V) or a higher oxidation state complex. We have observed that all the oxo-

molybdenum(V)-corrolato complex is consumed during the catalytic reactions. This is as per the 

previous literature reports.5 The disappearance of the EPR signal clearly indicates that a high-

valent Mo species is probably involved in the catalytic cycle. While performing the catalytic 

reaction at 0ºC, we have not observed any traces of free base corrole at the end of the reaction 

(Figure S25). Here after, we have tried to perform the column chromatography in order to 

recover the catalyst. But, instead we obtained a new green color compound as a a major  end 

product (Figure S26). The hypsochromic shift of ~14 nm in the Soret band to 425 nm and 

bathochromic shift of ~100 nm in the Q-bands of UV-Vis spectra of the green species as 

compared to the oxo-molybdenum(V)-corrolato catalyst is observed (Figure S26). In addition to 

that, a new band at around 334 nm is also observed. This band probably arises due to the 

interaction of the -systems of the two closely spaced macrocycles. The blue-shift of the Soret 

band with a magnitude of ~100 nm in the dimeric corrole complexes are documented earlier.30 

ESI-MS (m/z = 714.29) indicates typical molybdenum coordination to the corrole cavity (Figure 

S28). In addition to that FT-IR spectra indicate the appearance of a very intense stretching 

vibration at 735 cm-1 (Figure S29). The asymmetric stretch of a bent Mo-O-Mo bridge is 

typically observed in this region and is characteristic of the µ-oxo-bridged Mo complexes.47-48 

But due to the presence of some impurities in the green intermediate, we are unable to assign the 

NMR data. From all these observations we have proposed a catalytic cycle (Scheme 2). Thus it is 

proposed that the oxo-Mo(V) corrole catalyst in presence of t-BuOOH gives µ-oxo-bridged oxo-

Mo(VI)-corrolato dimeric species as intermediate and tert-butyl alcohol (by-product). However, 

an alternative structural motif of the µ-oxo-bridged oxo-Mo(VI)-corrolato dimeric species cannot 
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be ruled out by the above mentioned experimental data. This dimeric species upon addition of 

cyclohexene (substrate) proceeds through a transition state to yield cyclohexene oxide as product 

along with some probable µ-oxo-bridged Mo(IV)corrolato dimeric species and some unidentified 

monomeric species.

Scheme 2. Proposed mechanism for alkene epoxidation by oxo-molybdenum(V)-corrolato , 1 

in presence of t-BuOOH.

Conclusions

In conclusion, we have synthesized two new oxo-molybdenum(V)-corrolato complexes. 

Single-crystal X-ray structural analysis reveals that the Mo=O bond distance is 1.659 Å and is 

very close to the previously reported Mo=O bond distances in oxo-molybdenum(V)-porphyrinato 

complex (1.658 Å). Both the molybdenum complexes exhibited one reversible oxidation couple 
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and one reversible reduction couple versus Fc/Fc+. The electronic effect of the peripherial meso-

substituents in the corrole ring on tuning the redox potentials of the molybdenum complexes is 

evident from the observed change in redox potentials of two oxo-molybdenum(V)-corrolato 

complexes. EPR spectra indicate that the oxo-molybdenum(V)-corrolato complexes are 

monomeric and the ground state is a doublet. The obtained g value of ~1.97 suggests a strong 

covalent nature of the coordinate bonds with the metal center. The room temperature magnetic 

moment was observed as (1.62  for 1 and 1.72  for 2) corresponds to one unpaired electron. 

The inverse molar magnetic susceptibility (m
-1) vs. temperature (T) plot shows typical Curie-

Weiss behavior. A series of different olefins were tested for epoxidation reaction using the 

synthesized oxo-molybdenum(V)-corrolato complex, 1 at 0°C and 80°C and showed the catalytic 

activity of 1 with respect to the conversion of substrates to their respective epoxides and their 

corresponding TONs. We have also proposed a catalytic cycle for this epoxidation reaction. UV-

Vis, IR, EPR and ESI-MS data help us to deduce the catalytic cycle for this epoxidation reaction. 

The alkene epoxidation reactions mediated by oxo-molybdenum(V)-corrolato complexes in 

presence of t-BuOOH were not reported earlier.

EXPERIMENTAL SECTION
Materials: The precursor’s pyrrole, styrene, 4-methylstyrene, 4-chlorostyrene, cyclooctene, 1-

hexene, 1-octene, norbornene, 6-bromo-1-hexene, 3-bromo-1-propene, Cyclopentene, 5-Bromo-

1-pentene, 2-Cyclohexen-1-one, 2-Cyclopenten-1-one, chloranil, tert-butylhydroperoxide (t-

BuOOH) and tetrabutylammonium perchlorate (TBAP) were purchased from Sigma- Aldrich, 

USA. All the reaction products {7-oxabicyclo[4.1.0]heptane,  9-oxabicyclo[6.1.0]nonane, 2-

butyloxirane, 2-hexyloxirane, 3-oxatricyclo[3.2.1.02,4]octane, 2-phenyloxirane, 1-Bromo-2,3-

epoxypropane, 2-(p-tolyl)oxirane, 2-(4-chlorophenyl)oxirane},  6-Oxabicyclo[3.1.0]hexane, 7-

Oxabicyclo[4.1.0]heptan-2-one were purchased  from Sigma-Aldrich, USA. Molybdenum 

hexacarbonyl and cyclohexene were purchased from ACROS Organics. 4-bromobenzaldehyde 

and 4-cyanobenzaldehyde were purchased from Merck, India. Other chemicals were of reagent 

grade. All the high temperature experiments were performed in an oil bath and all the low 

temperature experiments were performed in an ice bath. Hexane and CH2Cl2 were distilled from 

KOH and CaH2 respectively. 5,10,15-tris(4-cyanophenyl)corrole and 5,15-bis(4-cyanophenyl)-

10-(4-bromophenyl)-corrole are synthesized by following earlier reported protocols.32
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Physical Measurements: UV−Vis spectral studies were performed on a Perkin−Elmer 

LAMBDA-750 spectrophotometer. FTIR spectra were recorded on a PerkinElmer 

spectrophotometer with samples prepared as KBr pellets. The NMR measurements were carried 

out using a Bruker AVANCE 400 NMR spectrometer. Tetramethylsilane (TMS) was the internal 

standard. Electrospray mass spectra were recorded on a Bruker Micro TOF-QII mass 

spectrometer. Cyclic voltammetry measurements were carried out using a CS350 

electrochemical test system (China). A glassy carbon working electrode, a platinum wire as an 

auxiliary electrode, and an Ag-AgCl reference electrode were used in a three-electrode 

configuration. Tetrabutylammonium perchlorate (TBAP) was the supporting electrolyte (0.1 M), 

and the concentration of the solution was 10−3 M with respect to the complex. The half-wave 

potential E0
298 was set equal to 0.5 (Epa + Epc), where Epa and Epc are anodic and cathodic cyclic 

voltammetric peak potentials, respectively. The scan rate used was 100 mV s−1.The magnetic 

susceptibility of the samples were measured by using a superconducting quantum interference 

device (SQUID) manufactured by Quantum Design, USA. EPR spectra at X-band frequency (ca. 

9.5 GHz) were obtained with a Bruker EMX (ER 073) System. The measurements were carried 

out in synthetic quartz glass tubes.

Synthesis of oxo[5,10,15-tris(4-cyanophenyl)corrolato] molybdenum (V), 1: 1 was prepared 

by a slight modification of a previously reported synthetic procedure of oxo-molybdenum(V) 

compound. 39 50 mg (0.08 mmol) of the 5,10,15- tris(4-cyanophenyl)corrole was dissolved in 25 

mL of toluene. 110 mg (0.42 mmol) of the molybdenum hexacarbonyl was added to the reaction 

vessel under reflux condition over an oil bath and stirring was continued for 8 - 10 h. The color 

of the reaction mixture gradually changes from green to greenish-red and the consumption of 

starting material was monitored by TLC. The solvent was evaporated by using a rotary 

evaporation and pure dark red colored compound was isolated by column chromatography 

through silica gel bed (100-200 mesh) using CH2Cl2 as an eluent. Re-crystallization from 

CH2Cl2/CH3OH solution yielded dark red X-ray quality crystals of the compound. Yield: 54% 

(32 mg). Anal. Calcd for C40H20MoN7O (1): C, 67.61; H, 2.84; N, 13.80; Found: C, 67.45; H, 

2.90; N, 13.92. λmax/nm (/M-1cm-1) in dichloromethane: 438 (142400), 506 (12000), 547 

(19800), 595 (34900) (Figure S30). FT-IR spectra (as KBr Pellet): (MoVO) = 966 cm-1 (Figure 

S31). HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C40H21MoN7O 713.0865; Found 713.1850 

(Figure S2).
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Synthesis of oxo[5,15-bis(4-cyanophenyl)-10-(4-bromophenyl)-corrolato] molybdenum (V), 

2: 50 mg (0.076 mmol) of the 5,15-bis(4-cyanophenyl)-10-(4-bromophenyl)corrole  was 

dissolved in 25 mL of toluene. 110 mg (0.42 mmol) of the molybdenum hexacarbonyl was added 

to the reaction vessel under reflux condition over an oil bath and stirring was continued for 8- 10 

h. The color of the reaction mixture gradually changes from green to greenish-red and the 

consumption of starting material was monitored by TLC. The solvent was evaporated by using a 

rotary evaporation and pure dark red colored compound was isolated by column chromatography 

through silica gel bed (100-200 mesh) using CH2Cl2 as an eluent. Re-crystallization from 

CH2Cl2/CH3OH solution yielded dark red X-ray quality crystals of the compound. Yield: 56% 

(33 mg). Anal. Calcd for C39H20BrMoN6O (2): C, 61.27; H, 2.64; N, 10.99; Found: C, 61.18; H, 

2.75; N, 10.88. λmax/nm (/M-1cm-1) in dichloromethane: 437 (118600), 508 (10800), 547 

(15300), 596 (29700) (Figure S32). FT-IR spectra (as KBr Pellet): MoVO) = 965 cm-1 (Figure 

S33). HRMS (ESI-TOF) m/z: [M]+ Calcd for C39H20BrMoN6O 764.9930; Found 765.1447 

(Figure S3).

Synthesis of cyclohexene oxide: 2.5 mL (24.6 mmol) of cyclohexene and 3.56 mg (5×10-3 

mmol) of catalyst were dissolved in 13 mL of mixture of benzene and toluene (9:1). 0.5 mL (5 

mmol) of t-BuOOH was added to the reaction vessel kept over an ice bath at 0ºC with constant 

stirring for 15 h. The colour of the reaction mixture changes from dark red to reddish-pink. The 

spot of the desired product, i.e., 1, 2-epoxycyclohexane (colourless) was detected through TLC. 

The desired compound was then isolated by column chromatography through silica gel bed (100-

200 mesh). The solvent was evaporated by using a rotary evaporation and dried in high vacuum 

to obtain the colourless liquid; yield: 1.98 g, 82%; 1H NMR (400 MHz, CDCl3) δ 3.10 (bm, 2H), 

1.91(m, 2H), 1.79(m, 2H), 1.38(m, 2H), 1.23(m, 2H) (Figure S34). 13C {1H} NMR (101 MHz, 

CDCl3) δ 52.21, 24.52, 19.51 (Figure S35). NMR data is in agreement with authentic sample 

(commercially available).

Synthesis of styrene oxide: 2.82 mL (24.6 mmol) of styrene and 3.56 mg (5×10-3 mmol) of 

catalyst were dissolved in 13 mL of benzene. 0.5 mL (5 mmol) of t-BuOOH was added to the 

reaction vessel kept over an oil bath at 80ºC with constant stirring for 15 h. The colour of the 

reaction mixture changes from dark red to reddish-pink. The spot of the desired product, i.e., 

styrene oxide (pale yellow) was detected through TLC. The desired compound was then isolated 

by column chromatography through silica gel bed (100-200 mesh). The solvent was evaporated 
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by using a rotary evaporation and dried in high vacuum to obtain the pale yellow liquid. Yield: 

1.42 g, 48%; 1H NMR (400 MHz, CDCl3) δ 7.29-7.41 (5H, m), 3.86 (1H, dd, J = 3.9, 2.7 Hz), 

3.13 (1H, dd, J = 5.6, 4.1 Hz), 2.80 (1H, dd, J = 5.6, 2.6 Hz) (Figure S36).13C{1H} NMR (101 

MHz, CDCl3) δ 137.56, 128.33, 127.99, 125.36, 52.10, 50.93 (Figure S37). NMR data is in 

agreement with authentic sample (commercially available).
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