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a b s t r a c t 

The enantioselective epoxidation of olefin by Mn II ( R,R -PMCP)(OTf) 2 , H 2 O 2 and H 2 SO 4 was explored by DFT 

calculations and experiments. Theoretical results suggest that [Mn V (O)( R,R -PMCP)(SO 4 )] 
+ species with a 

triplet ground spin state serves as the active species for the olefin epoxidation. It can be generated by the 

H 2 SO 4 assisted O-O heterolysis of Mn III (OOH) species. Mn III -persulfate is also involved in this system, but 

it cannot promote the olefin epoxidation directly, preferring instead to transform into Mn V (O). Actually, 

the asymmetric epoxidation reactions with H 2 O 2 /H 2 SO 4 or Oxone provide similar enantioselectivity in the 

presence of manganese catalyst. These observations further support the transformation of Mn III -persulfate 

to Mn V (O) species. 

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Developing sustainable and efficient catalysts for the oxidation 

f hydrocarbons under mild conditions has attracted considerable 

nterests in synthetic chemistry and the chemical industry [1–5] . 

n this regard, metalloenzymes utilize earth-abundant metal center 

 e.g., iron or manganese) to catalyze a wide range of oxidation re- 

ctions by activating dioxygen under mild conditions, thereby pro- 

iding an unique platform for the development of efficient oxida- 

ion catalysts [ 6 , 7 ]. Over the past decades, a plethora of biomimetic

atalysts capable of chemo- and enantioselectively oxidizing C = C 

nd C-H bonds have been established [ 8 , 9 ]. In particular, iron and

anganese complexes with linear tetradentate nitrogen (N4) lig- 

nds inspired by the nonheme enzymes have been becoming the 

atalyst choice of chemo- and enantioselective oxidations, owing to 

heir facile synthesis and diversification [10–12] . In these catalytic 

ystems, aqueous hydrogen peroxide (H 2 O 2 ) usually serves as the 

erminal oxidant, thus making these systems green and sustainable 

roperty. It should be noted that carboxylic acid, such as acetic 

cid, is a pivotal additive for efficient oxidation catalysis with these 

ron and manganese complexes. 

In the case of nonheme iron(II) complexes, the effect of 

cetic acid (AcOH) was originally observed by Jacobsen and 

oworkers in the study of practical epoxidation olefin with 
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EP-Fe II (MeCN) 2 (SbF 6 ) 2 /H 2 O 2 [MEP = N,N ’-dimethyl- N,N ’-bis(2- 

yridylmethyl)-ethylene-1,2-diamine]. Upon addition of catalytic 

mount of AcOH, Fe II (MEP) complex displayed excellent reactiv- 

ty in the olefin epoxidation [13] . Later, Que and co-workers pro- 

osed a carboxylic acid assisted O-O bond cleavage mechanism, 

n which a highly reactive Fe V -oxo species was generated via a 

eterolytic O-O bond cleavage of an Fe III -OOH precursor in the 

resence of acetic acid [14] . The carboxylic acid assisted mecha- 

ism in the catalytic epoxidation reactions promoted by nonheme 

ron catalyst/H 2 O 2 /carboxylic acid has been supported experimen- 

ally and theoretically [ 15 , 16 ]. In particular, on the basis of density

unctional theory (DFT) calculations for Fe II ( S,S -PDP)/H 2 O 2 /AcOH 

atalytic system {PDP = 2-[[2-(1-(pyridin-2-ylmethyl)-pyrrolidin-2- 

l)pyrrolidin-1-yl]methyl]pyridine}, the DFT investigations support 

he involvement of ( S,S -PDP)Fe IV (O)(AcO 

• ) as oxidizing species via 

he O-O bond homolysis from ( S,S -PDP)Fe III ( κ2-peracetate). This 

oxoiron(IV)-AcO] cation radical has similar electronic structure as 

hat of compound I of P450 [15] . Actually, the multiple-oxidant 

ature has been observed in nonheme iron systems, largely de- 

ending on the binding ligand around iron center. Recently, 

n [Fe V (O)(OAc)(PyNMe 3 )] 
2 + species has been spectroscopically 

rapped by Costas and co-workers, which is capable of hydrox- 
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Scheme 1. Possible intermediates for the Mn II ( R,R -PMCP)(OTf) 2 with H 2 O 2 in the presence of sulfuric acid. 
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Fig. 1. Potential energy profiles for the conversion of Mn III -OOH to manganic per- 

sulfate via Mn V -oxo at B3LYP/Def2-TZVPP//TZVP(Mn, OOH, HSO 4 , N atoms in the 

ligand)-6-31G ∗ (C and H atoms in the ligand) level including zero-point energy and 

solvation corrections. 
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lating unactivated alkyl C-H bonds [17] . Interestingly, Nam and 

o-worker have demonstrated that nonheme high-spin iron(III)- 

cylperoxo complex with 13-TMC ligand (13-TMC = 1,4,7,10- 

etramethyl-1,4,7,10-tetraazacyclotri-decane) is strong oxidant ca- 

able of oxygenating hydrocarbons prior to their conversion into 

ron-oxo species via O-O bond cleavage [18] . Based on these 

chievements, DFT calculations have definitely helped to predict 

he possible active species and to address mechanistic issues, 

hereby elucidating the multiple-oxidant nature in the catalytic cy- 

le of oxidation reactions in combination with the experimental 

tudies. 

In parallel to iron systems, nonheme manganese complexes 

earing chiral N4 ligands have been shown to be effective cat- 

lysts in the asymmetric oxidations [10–12] . In these manganese 

atalytic systems, carboxylic acids ( e.g. , AcOH) still play a key role 

n the activation of H 2 O 2 together with the manganese complexes. 

n the past decade, Costas [ 19 , 20 ], Bryliakov [ 16 , 21 ] and our group

22–26] have developed a variety of nonheme manganese com- 

lexes for efficient oxidation catalysis. Most of this class of effec- 

ive iron and manganese catalysts thus far possesses same feature 

hat is supported by chiral N4 ligands, thus providing two labile 

is-binding sites for H 2 O 2 activation. In these reactions, it has been 

roposed with indirect experimental evidence that the active inter- 

ediate is Mn 

V -oxo species [ 16 , 27 ]. Compared to well documented

echanism of nonheme iron catalysts, however, the mechanistic 

spects concerning the manganese catalysts are underdeveloped. In 

his context, what kinds of manganese species will involve in the 

anganese/H 2 O 2 catalytic systems, Mn 

V (O), Mn 

IV (O) cation radi- 

al or other possible species [28] ? An in-depth understanding of 

he mechanism is a fundamental task for rational ligand design to- 

ard tuning of enantio-control and reactivity. Previously, a variety 

f manganese complexes with aryl-substituted MCP (MCP = N,N ’- 

imethyl- N,N ’-bis-(2-pyridinylmethylcyclo-hexane-1,2-diamine) N4 

igands by our group have been showed excellent enantiocontrol in 

he asymmetric epoxidation of olefins, in which sulfuric acid could 

ignificantly enhance the activity for olefin epoxidation [ 22 , 29 , 30 ].

ontinuing on this line of research, we report herein the system- 

tic theoretical calculations on the epoxidation mechanism cat- 

lyzed by the manganese modeling catalyst, Mn 

II ( R,R -PMCP)(OTf) 2 
ith H 2 O 2 in the presence of sulfuric acid. Based on the DFT re-

ults, [Mn 

V (O)( R,R -PMCP)(SO 4 )] 
+ with a triplet ground spin state 

erves as the active species for the olefin epoxidation. Interestingly, 

 Mn 

III -persulfate is likely involved in this catalytic system, how- 

ver, DFT results suggest that the energy barrier of its C = C double 

ond epoxidation (18.7 kcal/mol) is higher than that of its trans- 

ormation to a [Mn 

V (O)( R,R -PMCP)(SO 4 )] 
+ species (9.5 kcal/mol). 

n addition, the direct use of Oxone (potassium peroxymonosul- 

ate, 2KHSO 5 ·KHSO 4 ·K 2 SO 4 ) as oxidant also provides a comparable 

nantioselectivity as that of H 2 O 2 /sulfuric acid system. 

High-valent metal-oxo species are highly reactive intermediates 

nvolved in the oxidation of organic substrates by heme and non- 

eme enzymes and their model compounds. In the biomimetic 

anganese catalyst/H 2 O 2 /acid catalytic system, Mn 

V -oxo, Mn 

IV -oxo 

nd Mn 

III -peroxo may be involved as the possible active species as 
2 
hose of nonheme iron catalytic systems. As previously proposed 

y Bryliakov/Talsi and co-workers, still, the manganese catalytic 

ystem started from an Mn 

III -hydroperoxide species, followed pro- 

onation of the hydroperoxide ligand by the coordinated acid in 

n 

III -hydroperoxo intermediates facilitates the O-O bond cleav- 

ge, generating Mn 

V -oxo species as reactive epoxidizing interme- 

iates. As shown in Scheme 1 , possibly, [Mn 

V (O)( R,R -PMCP)(SO4)] + 

 , Mn 

III -persulfate 4 can be generated from Mn 

II ( R,R -PMCP)(OTf) 2 
 with H 2 O 2 as the oxidant in the presence of sulfuric 

cid. Previously, we have briefly studied the formation of 

Mn 

V (O)( R,R -PMCP)(SO 4 )] 
+ 3 from its precursor, Mn 

III -OOH species 

 2 ) by DFT calculations [29] . The results showed that the trans- 

ormation occurs reasonably via an O-O bond heterolysis by the 

id of coordinated sulphuric acid. For this process, as shown in 

ig. 1 , the calculated ground state for complex 2 is the quin- 

et spin state. In addition, low-spin singlet 2 is involved, how- 

ver, the singlet state is more than 33.0 kcal/mol higher in en- 

rgy than quintet one. In the first step, cleavage of the O-OH 

ond of 2 leads to the formation of Mn-oxo 3 , in which a spin

hange from the higher quintet spin to triplet spin state oc- 

urs (two-state reactivity) [ 31 , 32 ]. In this case, the transition state 

TS) TS23 in triplet and quintet states are found to be 13.0 and 

2.4 kcal/mol, respectively. Possibly, cyclic Mn 

III -persulfate is in- 

olved as previously reported ( S,S -PDP)Fe III ( κ2-peracetate) species. 

ctually, DFT calculations support the formation the Mn 

III - 

ersulfate through the O-O bond coupling reaction with a barrier 

f 11.2 kcal/mol. The potential energies of triplet Mn 

V -oxo ( 3 3 ) and

uintet Mn 

III persalt ( 5 4 ) are equal, indicating that both species 

an possibly exist in the reaction system and act as epoxidizing 

eagent. 

Fig. 2 shows the key geometric parameters and spin-state 

nergies of Mn 

V (O) 3 , Mn 

III -persulfate 4 without the resulting 
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Fig. 2. Key geometric parameters and spin-state energies of Mn V (O) 3 , Mn III - 

persulfate 4 . 
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Table 1 

Asymmetric epoxidation of olefins. a 

Entry Catalyst Yield (%) ee (%) 

1 ( R,R )-PMCP-Mn(OTf) 2 81 50 

2 ( R,R )-DBP-MCP-Mn(OTf) 2 80 60 b 

3 ( R,R )-PMCP-Mn(OTf) 2 57 95 b 

4 ( R,R )-MCP-Mn(OTf) 2 5 90 b 

5 ( R,R )-DBP-MCP-Mn(OTf) 2 94 97 b 

6 ( R,R )-DBP-MCP-Mn(OTf) 2 59 92 c 

a Reaction conditions: olefin (0.25 mmol, 1 equiv.), catalyst 

(0.5 mol%), H 2 SO 4 (3.0 mol%) in CH 3 CN (1.0 mL) were added 

into a Schlenk tube at -20 °C, and 30% H 2 O 2 (1.5 equiv.) in 

CH 3 CN (0.5 mL) was added dropwise over 1 h using a sy- 

ringe pump and then stirred for another 1 h. The yield and ee 

values of styrene epoxide were determined by GC. For chal- 

cone isolated yield are reported, and the ee values were de- 

termined by HPLC equipped with a Daicel OD-H column. 
b Data from ref [29] . 
c Oxone (0.6 equiv.) was used as oxidant, in CH 3 CN and 

H 2 O (1.5 mL, CH 3 CN/H 2 O = 2:1) 0 °C for 2 h. 
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 2 O. The bond length of Mn–O in 

3 3 is 1.699 Å, similar to the

n-O bond length ( i.e. , 1.71 Å) of an S = 1 Mn 

V O complex,

( S -PMB)Mn 

V (O)(OAc)] + ( S -PMB = ( S )- N -methyl-1-(1-methyl-1 H -

enzo-[ d ]imidazol-2-yl)- N -((1-((1-methyl-1 H -benzo[ d ]-imidazol-2- 

l)methyl)pyrroli-din-2-yl)-methyl)methanamine) [33] . Especially, 

he 3 3 has the shortest distance of O1-O3, providing a justification 

f the lowest transition state in the formation of Mn 

III -persulfate 

 than those of singlet- and quintet states (2.326, 3.078 and 3.443 
˚ ). 

Then, asymmetric epoxidation by Mn-oxo 3 was calculated, 

tyrene was chosen as a model substrate. As shown in Fig. 3 , 

tyrene can bind to the Mn-oxo 3 and two diastereomeric com- 

lexes form with different stabilities. In the case of the triplet 

 , the energy difference in both diastereomeric complexes is 2.0 

cal/mol. In the first step, a radical intermediate ( IM3 ) is gen- 

rated after the reaction of Mn-oxo 3 with styrene. The profile 

hows that this step has the lowest energy barrier of 2.6 kcal/mol 

n the triplet surface. The calculated results suggest this step is 

he enantioselectivity-determining step. The relative free energy of 

S1( R ) is 0.5 kcal/mol higher than that of TS1( S ) , which suggests

he major epoxide product is S -configuration. This result is also 

greement with the experimental observation. Inspection of the 

eometric details of preferred TS1 demonstrates that the phenyl 

roup on the PMCP ligand plays a key role in tuning the enanti- 

control of the reaction. Bulkier group will lead to higher enan- 

ioselectivity, for example, ( R,R )-DBP-MCP-Mn(OTf) 2 having 3,5-di- 

ert -butyl-phenyl groups on the ligand provide a better ee value 

 Table 1 , 60% ee vs. 50% ee ) [29] . When ( R,R )-MCP-Mn(OTf) 2 com-

lex, without phenyl group, was used as catalyst in the epoxida- 
ig. 3. Energy profiles for the styrene epoxidation by Mn V -oxo at B3LYP/Def2-TZVPP//TZ

ections. 

3 
ion reaction, it provided a poor yield. Consistently, the formation 

f Mn 

V -oxo from ( R,R )-MCP-Mn(OTf) 2 has an increased energy bar- 

ier of 15.1 kcal/mol (Fig. S1 in Supporting information), compared 

o that of ( R,R )-PMCP-Mn(OTf) 2 (13.0 kcal/mol). Finally, the IM3 

ndergoes an intramolecular ring closure to produce the epoxide. 

his step also including a spin state change from triplet to quin- 

et. Besides, to gain more insight into the possible Mn 

III -persulfate 

 , we have computationally examined the epoxidation styrene by 

 ( Fig. 4 ). The styrene epoxidation by 3 is exothermic in each step,

hile the epoxidation by 4 is endothermic in the first step. Besides, 

his pathway has an energy barrier of 18.7 kcal/mol, even much 

igher than that of transformation of 4 to Mn-oxo 3 (9.5 kcal/mol). 

aken together, these results imply that Mn 

III -persulfate 4 is not an 

poxidizing species. Instead, it may serve as a reservoir for the for- 

ation of reactive Mn 

V (O) species during the oxidation reactions. 

n fact, the direct use of Oxone as an oxidant also provided a com- 

arable enantioselectivity as that of H 2 O 2 in the presence of sul- 

uric acid, when ( R,R )-DBP-MCP-Mn(OTf) 2 was used as the catalyst 

 Table 1 , entries 5 and 6) [ 34 , 35 ]. The lower yield attributes to its

ad solvability in organic solvent, despite water is used as a sol- 
VP(Mn)-6-31G ∗ (other atoms) level including zero-point energy and solvation cor- 
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Fig. 4. Energy profiles for the styrene epoxidation by Mn III -persulfate at 

B3LYP/Def2-TZVPP//TZVP(Mn)-6-31G ∗ (other atoms) level including zero-point en- 

ergy and solvation corrections. 

Fig. 5. IGM for two isomers of triplet TS1 . 
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To further understand the enantioselectivity, the independent 

radient model (IGM) [36] of S - 3 TS1 and R - 3 TS1 was established

o elucidate the possible interactions. As shown in Fig. 5 , the S iso-

er has an additional T-shaped π- π (T π- π ) between phenyl on 

he ligand and the styrene, while the R isomer has only parallel- 

isplaced π- π (PD π- π ) interaction between the pyridine of the 

igand and styrene [37] . Besides, the deformation energy of S - 3 TS1 

somer is about 1.6 kcal/mol lower than that of R isomer. Taken 

ogether, the additional T-shaped π- π interaction and less defor- 

ation make the S - 3 TS1 more favored. 

In summary, DFT calculations were performed to investigate the 

echanism of the asymmetric epoxidation of olefin by ( R,R )-PMCP- 

n(OTf) 2 /H 2 O 2 /H 2 SO 4 catalyst system. The computational results 

uggest that [Mn 

V (O)( R,R -PMCP)(SO 4 )] 
+ is an epoxidizing reagent, 

nd it promotes the epoxidation reaction with a low barrier. A 

yclic Mn 

III -persulfate species is also involved in this catalyst sys- 

em, however, it cannot participate in the epoxidation directly due 

o the higher energy barrier. 
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