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A computational study of the olefin epoxidation mechanism catalyzed by 
cyclopentadienyloxidomolybdenum(VI) complexes 

Aleix Comas-Vives,[a] Agustí Lledós,*[a] and Rinaldo Poli*[b] 

Abstract: A DFT analysis of the 
epoxidation of C2H4 by H2O2 and 
MeOOH (as models of tert-butylhydro-
peroxide, TBHP) catalyzed by 
[Cp*MoO2Cl] (1) in CHCl3 and by 
[Cp*MoO2(H2O)]+ (13) in water is 
presented. The calculations were 
performed both in the gas phase and in 
solution with the use of the conductor-
like polarizable continuum model 
(CPCM). A low-energy pathway has 
been identified, which starts with the 
activation of ROOH (R = H or Me) to 
form a hydro/alkylperoxido derivative, 
[Cp*MoO(OH)(OOR)Cl] (3) or [Cp*-

MoO(OH)(OOR)]+ (16a) with barriers 
of 24.2(26.5) and 28.1(29.2) kcal mol-1 
for H2O2(MeOOH), respectively, in 
solution. The latter barrier, however, is 
reduced to only 1.0(1.6) kcal mol-1 when 
one additional water molecule is 
explicitly included in the calculations.  
The hydro/alkylperoxido ligand in these 
intermediates is 2-coordinated with a 
significant interaction between the Mo 
center and the O atom.  The subsequent 
step is a nucleophilic attack of the 
ethylene molecule on the activated O 
atom, requiring 12.7(17.2) and 
14.0(17.7) kcal mol-1 in solution 

respectively. The corresponding trans-
formation catalyzed by the peroxido 
complex [Cp*MoO(O2)Cl] (8) in CHCl3 
requires higher barriers for both steps 
(ROOH activation: 33.7(35.2) kcal mol-

1; O atom transfer: 26.9(29.9) kcal mol-

1), which is attributed to both greater 
steric crowding and to the greater 
electron density on the metal atom.  

Keywords: epoxidation catalysis • 
DFT calculations • molybdenum • 
organometallic oxido complexes  

 

Introduction 

The olefin epoxidation reaction is extremely important as a relatively 

easy access way to functionalized organic materials from crude oil 

fractions.  The reaction occurs with organic peroxides such as 

peracids and dioxiranes without the need of a catalyst.[1]  The metal-

catalyzed version has attracted much attention due to the possibility 

to perform more selective, notably enantioselective, transformations.  

Among the possible oxygen delivering agents, H2O2 is the subject of 

the greatest amount of investigations[2] given its low cost and easy 

availability.  However, tert-butylhydroperoxide (TBHP) is still 

heavily used in the research laboratory and industrially because it 

generally outperforms hydrogen peroxide.  Many transition metal 

catalysts have been used to carry out this transformation, including 

high oxidation state oxido complexes (methyltrioxidorhenium, 

dioxido derivatives of Mo and W),[3-7] bis(peroxido) complexes 

[(L1)(L2)MO(O2)2] (M = Mo, W),[8] polyoxometallates,[9-11] a variety 

of oxido complexes generated in situ from Fe and Mn porphyrin, 

salen, and other coordination compounds.[12-15] 

The mechanism of this reaction has been and continues to be the 

subject of controversy.  In many cases, a mechanism related to that 

accepted for organic peracids is proposed,[16] see Scheme 1(a).  

However, this mechanism is easily understood only when H2O2 is the 

oxidant, since the active M-OOH species, Scheme 1(b), can be 

regenerated from the hydroxido product, M-OH, by simple ligand 

exchange.[17]  It cannot be the operative mechanism for the reactions 

using TBHP, unless a second oxygen atom transfer takes place to 

regenerate the active M-OOH species from TBHP and M-OH. 

The fact that a large number of peroxido complexes of 

molybdenum and tungsten have been isolated and fully 

characterized[18] has led to the consideration that a peroxido ligand is 

capable of transferring an oxygen atom to the olefin.  Two reference 

mechanisms are based on this idea, usually referred to as the 

“Mimoun”[19] and the “Sharpless”[20] mechanisms, see Scheme 2.  

Once again, for the reasons outlined above, these two mechanisms are 

easily understood only when H2O2 is used, less so when TBHP is 

involved. 
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Scheme 2 

A number of theoretical investigations have addressed the two 

competing mechanisms shown in Scheme 2, mostly for Mo,[21-29] but 

also for other metals,[30, 31] leading to a clear preference for the 

Sharpless scheme. The need to modify these mechanisms in order to 

account for the activity of TBHP has been presented by Thiel,[32-34] 

but to the best of our knowledge no thorough theoretical investigation 

has followed.  Thiel’s proposal is outlined in Scheme 3.  Essentially, 

the peroxido ligand serves as a depository of the reactant’s proton. 

The oxidizing agent is activated by coordination and becomes 

susceptible to nucleophilic attack by the olefin at the electrophilic 

oxygen atom.  Note that this mechanism, proposed by Thiel for the 

specific oxidation with TBHP (R = tBu), may also operate for H2O2 

(R = H).  Note also that the basic principle is identical to that proposed 

by Sharpless (exogenous attack of the olefin at an electrophilic 

oxygen atom, without coordination).  However, the oxygen is not 

transferred from a coordinated peroxido ligand, rather from the t-

butylperoxido (or hydroperoxido) ligand.  Finally, note that other 

metal-bonded functionalities may exert, in principle, the same proton 

depository function (for instance, oxido ligands).  
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Scheme 3 

Extensive experimental studies carried out with [MoO2X2L2]-

type catalysts and TBHP as oxidant have shown that the source of the 

oxygen atom for the epoxidation is TBHP and not the catalyst’s oxido 

ligands, ruling out the possible involvement of direct oxygen atom 

transfer from Mo(O2) moieties and invalidating both Mimoun and 

Sharpless mechanisms as originally proposed.[35] Thus, the existence 

and stability of peroxido complexes must be related to side processes 

such as the deprotonation of hydroperoxido ligands, Mo-OOH.  

Indeed, a study by Bergman (the first catalytic study using an 

organometallic oxido derivative of molybdenum) has shown that the 

[Cp*MoO2Cl]/TBHP system is effective for olefin epoxidation, 

whereas the peroxido analogue, [Cp*MoO(O2)Cl], is catalytically 

inactive.[36]  Thus, the peroxido compound cannot be implicated as a 

catalytic intermediate in the [Cp*MoO2Cl]-catalyzed epoxidation 

with TBHP.  These findings have later been confirmed by Roesky, 

who also reported the x-ray structure of the [Cp*MoO(O2)Cl] 

compound.[37]  Subsequent studies by Kühn and Romão have shown 

that related complexes with different cyclopentadienyl ligands, as 

well as alkyl derivatives of type [(Ring)MoO2R] (Ring = substituted 

cyclopentadienyl ligand, R = alkyl) are also catalytically active.[38-40]  

In a recent collaborative study, some of us have shown that the 

dinuclear oxido-bridged [(Ring)2Mo2O5] systems are also 

catalytically active when using TBHP in an organic solvent and are 

also active with the same reagent under aqueous biphasic 

conditions.[41] However, they do not yield significant amounts of 

epoxidation product when TBHP is replaced by H2O2.[42]  

Only recently, the use of MeOOH as a model of the tBuOOH 

reagent has been considered in a theoretical study, based on 

compound MoO2Br2(MeN=CHCH=NMe) as catalyst.[35, 43] The 

activation step of the oxidant reported by this study resembles that 

proposed by Thiel, except that an oxido ligand is used as the proton 

depository, see Scheme 4.  Hydrogen bonding between the hydroxido 

proton and the -O atom of the organoperoxido ligand was found to 

stabilize this intermediate.  However, the subsequent step of the 

mechanism is quite different than that proposed by Thiel and involves 

an insertion into the metal-peroxido bond, similar to the pathway 

proposed by Mimoun (though preliminary olefin coordination does 

not occur).  The most puzzling feature of this mechanism is that the 

olefin insertion transition state is calculated as 52 kcal/mol higher in 

energy (63 kcal/mol higher in free energy) than the intermediate, 

which is itself 16 kcal/mol higher in energy (29 kcal/mol higher in 

free energy) than the starting materials (catalyst + MeOOH + olefin).  

This is a prohibitive activation barrier for an efficient catalytic 

process.  For this reason, we thought that a new theoretical 

investigation of the epoxidation mechanism was warranted.[44]  
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Scheme 4 

We have been interested in the aqueous chemistry of the Cp*MoVI 

system[45] and have shown that compound [Cp*2Mo2O5] self-ionizes 

in water to yield a 1:1 mixture of [Cp*MoO2(H2O)]+ and [Cp*MoO3]-, 

then evolving to a different ratio by spontaneous hydrolysis or by 

adjusting the pH with a buffer.[46]   While the dinuclear compound 

may exert the same mechanistic function as [Cp*MoO2Cl] (the Cl 

ligand being replaced by the oxido-bridged Cp*MoO3 group), only 

the cationic complex is likely to exert a catalytic function among the 

charged species, since the water ligand can dissociate rather easily[47] 

and the resulting coordination site may be used for the oxidant 

activation. Useful background information comes from our recent 

computational study of hydration and proton transfer processes for 

the Cp*MoO2
+

(aq) system.[47]  Therefore, we have decided to examine 

the mechanism of the olefin epoxidation process by both Bergman’s 

[Cp*MoO2Cl] system (which may also serve as a model for 

[Cp*MoO2R], R = alkyl, and [Cp*2Mo2O5]) and the [Cp*MoO2]+ 

cation.   Points of interest are: 
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- indentify a low-energy pathway for oxygen transfer from TBHP 

(or H2O2) to the olefin; 

- understand the difference in catalytic activity between the oxido 

and peroxido derivatives for Bergman’s system, [Cp*MoO2Cl] 

and [Cp*MoO(O2)Cl];   

- find possible reasons for a different performance of TBHP vs. 

H2O2 as an oxidant. 

It is to be noted that the [Cp*MoO2X] system (X = Cl, CH3, 

Cp*MoO3) is isoelectronic with the [MoO2X2L2] system, see Scheme 

5.  Thus, the considerations resulting from our calculations on this 

system may be extrapolated to the more traditional class of 

[MoO2X2L2] catalysts. 
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Scheme 5 

It is also to be noted that in a recent contribution, Colbran et al. 

have shown that a (perarylcyclopentadienyl)molybdenum(VI) 

dioxido complex, although catalytically active in cyclooctene 

epoxidation by TBHP, decomposes to a more active non-

cyclopentadienyl containing catalyst as the reaction proceeds.[48] 

However, an equivalent protonolysis is not necessarily associated 

also to the more robust[45] Cp*Mo bond. Furthermore, the isolobal 

relationship indicated in Scheme 5 makes a mechanistic investigation 

carried out for the Cp*Mo species also relevant to a putative product 

of hydrolytic decomposition. A more recent mechanistic study by 

Kühn et al. on the CpMoO2(CH3)-catalyzed epoxidation does not 

report any catalyst hydrolytic decomposition.[49]   

Results and Discussion 

Ethylene was used as a model substrate for our computational study 

(larger olefins, mostly cyclooctene, have been used for the 

experimental studies), while H2O2 ans MeOOH were the models for 

the oxidant.  On the other hand, the full Cp* ligand was maintained 

in all calculations. The same numbering scheme will be used for the 

two cycles with different ROOH oxidants. Explicit reference to an 

individual system will be made by adding R as superscript, e.g. 3H 

and 3Me refer to the specific examples of intermediate 3. Unless 

otherwise stated, only the solvated energies (ECPCM) will be reported 

in the figures and discussed. Related diagrams reporting the relative 

gas phase energies are available as Supporting Information. 

(a) Study of the [Cp*MoO2Cl] system, 1. 

As stated in the Introduction, compound [Cp*MoO2Cl] was the 

first reported organomolybdenum olefin epoxidation catalyst but a 

theoretical investigation of the catalytic cycle using this compound 

has not been reported, to the best of our knowledge.  In addition, the 

corresponding peroxido complex, [Cp*Mo(O2)OCl], 7, was 

described as catalytically inactive,[36, 37] but a clear mechanistic 

interpretation of this phenomenon does not appear to be available. 

Calculations on this system may also be considered to model the 

action of other [Cp*MoO2X] catalysts (X = CH3 or Cp*MoO3).[38-41]  

These molecules are excellent epoxidation catalysts provided TBHP 

is used as the oxidant and the solvent is apolar.[42]  Chloroform is 

frequently used, therefore the calculations have been carried out by 

introducing the solvent effect by the CPCM in CHCl3. 

On the basis of all previously reported experimental and 

computational investigations on Mo-catalyzed olefin epoxidation,[2, 

21-26, 28-31, 35, 43] it is rather clear that the first step of the catalytic cycle 

consists of the activation of the oxidant molecule.  Therefore, the first 

step of our investigation was an analysis of the coordination and 

activation of the ROOH molecule by 1.  The energy profile is shown 

in Figure 1 while the optimized geometries of the key species are 

given in Figure 2 for R = Me (corresponding views of the systems 

with R = H are in the Supporting Information).  The starting species 

2 features an H bond between the oxidant as proton donor and an 

oxido ligand as proton acceptor, slightly stabilizing the system 

relative to the two separate molecules.  The transition-state TS(2-3) 

is characterized by nearly equivalent MoO∙∙∙H distances and H∙∙∙OOR 

distances, more so for TS(2-3)H reflecting an earlier transition state. 

This structure is quite strained according to the O=Mo-O(H)(OR) 

angle, 64.7° (65.8° for TS(2-3)H), explaining the relatively high 

activation barrier for this proton transfer process (26.5 kcal mol-1 in 

 
Figure 1. Energy profiles in CHCl3 solution (in kcal mol-1) for the ROOH activation and C2H4 epoxidation by [Cp*MoO2Cl] (R = H, dashed lines; Me, plain lines).  The reference 

energy corresponds to the separate reagents ([Cp*MoO2Cl] + ROOH + C2H4). 
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CHCl3 solution; 24.9 for R = H).  We have found a similar situation 

in a recent study of the intramolecular proton transfer leading from 

[Cp*MoO(OH)2]+ to [Cp*MoO2(H2O)]+.[47] In that case, we found 

that the barrier could be dramatically reduced by the proton relay 

action of a water molecule, which is the reaction solvent, since this 

allows a reduced angular distortion. In CHCl3, the solvent molecules 

cannot assure a proton relay mechanism, but the same role may be 

exerted by additional ROOH molecules and also by the corresponding 

ROH co-product, once this has started to form, as shown in Scheme 

6. Nevertheless, the related proton-relay mechanism did not led to a 

significant decrease in the energy barrier.   

 

Figure 2. Optimized geometries and main structural data for the systems in Figure 1 (R = 

Me). Those with R = H are in the Supporting Information. 

MoO X
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Scheme 6 

This step leads to the formation of the activated complex 

[Cp*MoOCl(OH)(OOR)], 3. Note that 3 displays a significant 

interaction between the methyl(hydro)peroxido -O atom and the 

metal center (Mo-O = 2.830 Å, and Mo-O-O = 109.0º for 3Me; 

2.446 Å and 88.7° for 3H), forming what could be formally described 

as an alkylated/protonated metal peroxido [Mo(2-O2)] ligand.  It also 

features an H-bond between the OH ligand as a proton donor and the 

-O atom of the OOH ligand as a proton acceptor.  The nature of this 

product differs substantially from that obtained in the calculations by 

Calhorda et al.,[43] where the two terminally bonded hydroxido and 

tert-butylperoxido ligands in H-O-Mo-O-O-Me establish a H-bond 

between OH as a proton donor and the OOMe O atom as a proton 

acceptor.  It seems that the O atom prefers to donate its electrons to 

the electrophilic Mo center than to engage an H-bond with the OH 

ligand.  Attempts to optimize a structure related to that reported by 

Calhorda et al. did not lead to a stable minimum for this system.  Only 

two additional minima at slightly higher energy could be located for 

the R = H system (3’H and 3”H) where the Mo-OOH moiety is 

oriented in the opposite direction (namely with a pseudo-equatorial 

O atom and a pseudo-axial O atom) and still featuring a weak 

Mo∙∙∙O interaction (ca. 2.8 Å). Views and relative energies of these 

minima are given in the Supporting Information.   

The next step is the oxygen atom transfer from 3 to ethylene.  The 

energy profile is also included in Figure 1 and the transition state 

geometry is shown in Figure 2.  The process starts with the 

establishment of a weak H-bond between the olefin and the OH ligand 

(which is essentially thermoneutral: endothermic by 0.6 kcal mol-1 for 

the Me system, exothermic by 1.0 kcal mol-1 for the H system in 

CHCl3), forming the adduct 4.  The subsequent step is transfer of the 

alkyl(hydro)peroxido O atom to the olefin through transition state 

TS(4-5), while the Mo atom strengthens its interaction with the O 

atom.  The final products, ethylene oxide and [Cp*MoCl(O)(OH)2], 

6, are formed via a H-bonded intermediate 5.  The barrier height (17.2 

and 12.9 kcal mol-1 for the Me and H systems, respectively), appears 

as reasonably small for the rate-determining step of an efficient 

catalytic cycle and much lower than those estimated earlier for other 

model systems on the basis of a different mechanism.[35, 43] Note that 

this barrier is significantly affected by the nature of R, most probably 

because the greater electron donating power of the Me group renders 

the O atom less electrophilic. In order to proceed to a new catalytic 

cycle, product 6 now needs to eliminate ROH. This process presents 

an energy barrier of 13.6 and 17.0 kcal mol-1 for the Me and H 

systems in CHCl3, for an exothermic process by 9.7 and 9.2 kcal mol-

1, respectively. Thus, it is easier than the initial activation of the 

catalyst. 

To conclude, this pathway for the oxygen transfer step is quite 

reasonable once ROOH has been activated.  The rate-limiting step 

calculated for the isolated system is the ROOH activation for R = H 

and the O atom transfer for R = Me, according to the energy profile. 

However, even for the H system the transition-state energy of TS(4-

5) is very close to that of TS(2-3) and entropic effects disfavour TS(4-

5) respect to TS(2-3) because two species have been added to the 

system (ROOH and ethylene) in TS(4-5) and only one (ROOH) in 

TS(2-3) (see Supporting Information). From the experimental point 

of view, all previous kinetic studies yield results consistent with the 

rate-determining step being oxygen transfer to the olefin,[50-52] 

including a recent study on a cyclopentadienyl substituted MoVI 

catalyst, CpMoO2(CH3).[49] Thus, our calculated pathway is 

consistent with the experimental observations.  

Given the low barriers obtained for the mechanism outlined in 

Figure 1, we did not consider it worthwhile to explore other pathways, 

notably those involving the insertion of the ethylene molecule into the 

Mo-O bond according to the pathway explored by Calhorda et al.[43] 

For clarity, the two key steps are compared in Scheme 7.  Note that a 

more recent contribution by Calhorda et al. estimates a much reduced 

energy for the rate-determining transition state at the MP2 level,[44] 

which remains however higher than the barrier for our pathway. We 

believe that the -O atom coordination with formation of the strained 

three-membered MoOO(R) cycle is important for the activation of the 

2Me TS(2-3)Me 3Me

4Me TS(4-5)Me 5Me

6Me TS(6-7)Me 7Me
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O atom. Possibly, the incipient bond formation between the Mo and 

-O atoms also contributes to lowering the activation barrier for the 

oxygen atom transfer to the olefin.  This is presumably achieved by 

lowering the energy of the O-O * orbital, which is susceptible to the 

nucleophilic attack by the external olefin.  Indeed, according to a 

previous study on diperoxo complexes of group 6 metals, the lower 

the σ* O-O level the smaller the activation energy.[21]   
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Scheme 7. Comparison of the key (rate-determing) steps of our mechanism and that 

reported by Clahorda et al. The relative energies shown are from the gas phase 

calculations for comparative purposes.  

The mechanism of Figure 1 can therefore be described as a variant 

of the Sharpless mechanism, where the oxygen atom is transferred 

from an alkylperoxido ligand after activation of the oxidant by 

protonation of an oxido ligand.  It is closely related to the mechanism 

proposed by Thiel (Scheme 3),[32-34] with the peroxido function being 

replaced by a simpler oxido function as the proton accepting 

functionality. 

(b) Study of the [Cp*Mo(O2)OCl] system, 8. 

Next, we proceeded to analyze a possible oxygen transfer process 

from the peroxido complex [Cp*Mo(O2)(O)Cl] (8), which was found 

catalytically inactive by the Bergman study.[36] If the peroxido ligand 

in this complex is already sufficiently activated to transfer an oxygen 

atom to the exogenous olefin 

substrate, an elementary process 

leading to the epoxide product and 

to the dioxide complex 1 can be 

envisaged.  The latter would then 

need to be transformed back to 8 by 

interaction with another oxidant 

molecule (H2O2 or TBHP).  The 

lower energy pathway found for the 

oxygen atom transfer process 

involves the attack of ethylene at 

the exo oxygen atom (further away 

from the Cp* ligand).  The 

transition state TS(8-1) is 

illustrated in Figure 3. The relative 

energy barrier height for this 

process is 23.3 kcal mol-1 in the gas 

phase and 23.3 kcal mol-1 in CHCl3, 

namely ca. 10 kcal mol-1 higher 

than for the hydroperoxido 

complex and 5 kcal mol-1 higher 

than for the methylperoxido 

complex.  This result is in good 

agreement with the experimental observation.  A possible reason for 

the higher oxygen transfer barrier for the peroxido (O2
2-) ligand is the 

higher energy of the O-O * orbital relative to that of the ROO- ligand 

in complex 3, as already commented above. In previous theoretical 

work by the groups of Rösch and Frenking it was also concluded that 

the hydroperoxido mechanisms is competitive or superior to the 

peroxido mechanism.[27, 29]   

 
 Figure 3.   Optimized geometry and main structural data for system TS(8-1).  

The above result is not sufficient to discard the action of complex 

8 as a catalyst, because it can still be envisaged that the peroxido 

ligand serves as the depository of a proton for the activation of 

another molecule of ROOH in the same way as shown above for the 

oxido ligand in 1, as in the pathway suggested by Thiel (Scheme 3).[32-

34]  The corresponding energy pathway has also been calculated and 

is reported in Figure 4, while the relevant optimized geometries are 

shown in Figure 5.  A quick comparison of Figure 4 and Figure 1 

shows that the Thiel mechanism (involving compound 8 as the active 

catalyst) is much less favorable than the mechanism involving 

compound 1.  Both the ROOH activation, TS(9-10), and oxygen 

transfer, TS(11-12), steps have much greater activation barriers than 

the corresponding steps for complex 1, TS(2-3) and TS(4-5).  The 

high energy of TS(9-10) is somewhat unexpected, since the system is 

geometrically quite similar to TS(2-3) (cf. Figure 2 and Figure 5.  The 

much higher barrier for TS(11-12) relative to that of TS(4-5) may be 

attributed at least in part to steric compression, as revealed by a 

greater slip of the Cp* ring in the former transition state.  Another 

important factor may be that the Mo center in the peroxide system is 

TS(8-1)

 
Figure 4. Energy profiles in CHCl3 solution (in kcal mol-1) for the ROOH activation by [Cp*Mo(O2)OCl] (R = H, dashed lines; Me, 

plain lines).  The reference energy corresponds to the separate reagents ([Cp*Mo(O2)OCl] + ROOH + C2H4).  
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electron richer than in the oxido system (O2
2- is a better electron donor 

than O2-), rendering the Mo∙∙∙O interaction weaker.  Indeed, in 

system 10 the Mo-O distance is much longer (3.008 Å for 10Me and 

2.976 Å for 10H) and the Mo-O-O angle wider (120.9 for 10Me and 

119.2° for 10H) relative to 3.  A related effect is an energy increase 

for the O-O * orbital, thus rendering the O atom less electrophilic.  

Indeed, the molecular orbitals with highest σ* O-O contribution are 

located at 0.144, 1.250 and 1.494 eV for 10H, i.e. much higher than 

for 3H. Once again, the O transfer step is much less favorable for the 

Me system than for the H system because the O atom electrophilicity 

is reduced by the Me donor power. 

 

Figure 5. Optimized geometries and main structural data for the systems in Figure 4 (R = 

Me). Those with R = H are in the Supporting Information.  

The above results also give a hint as to why certain complexes of 

type Cp#MoO2X (Cp# = substituted cyclopentadienyl ring; X = Cl, 

alkyl, etc.), as well as isoelectronic MoO2X2L2 analogues, are 

efficient for the epoxidation reaction when using TBHP as the oxidant 

and much less so when using H2O2. A direct comparison of the 

calculated pathways for H2O2 and MeOOH shows in fact smaller 

barriers for the reaction with H2O2 in each case.  However,  the H2O2 

activation yields a Cp#MoO(OH)(OOH)X intermediate such as 3, 

which may then eliminate water and afford electron-richer peroxido 

complexes Cp#Mo(O2)(O)X such as 8, the latter being less active 

catalysts according to the above calculations.  This water elimination 

process has not been investigated computationally for the chloride 

system, but has been considered for the related cationic system that is 

discussed in the next section.  Note that in some cases, such as the 

recently investigated CpMoO2(CH3) system,[49] the resulting peroxo 

complex is also catalytically active.  However, it was shown that the 

catalytic activity for the TBHP-based epoxidation of complex 

CpMoO(O2)(CH3) is lower than that of CpMoO2(CH3), by an 

estimated factor of 3-5.[49] An analysis of the reason for the catalytic 

activity of CpMoO(O2)(CH3), while Cp*MoO(O2)Cl was found 

inactive, is beyond the scope of the present investigation but is likely 

due to a fine tuning of the activation barriers by the nature of X and 

to the different size of the cyclopentadienyl ring. 

 (c) Study of the [Cp*MoO2]+ system 

This investigation was prompted by our knowledge of the 

speciation of compound [Cp*2Mo2O5] in an aqueous medium[46, 47] 

and by our recent finding that the compound catalyzes cyclooctene 

epoxidation by TBHP in the presence of water.[41, 42]  [Cp*2Mo2O5] 

maintains a dinuclear structure in organic solvents, including polar 

ones such as MeCN and MeOH, but behaves as a weak electrolyte in 

water producing [Cp*MoO2(H2O)]+ and [Cp*MoO3]-.  In addition, 

water dissociation from [Cp*MoO2(H2O)]+ was found to be rapid and 

reversible.[47]  The electron richness of the anionic complex is likely 

to preclude H2O2 (or TBHP) activation and olefin epoxidation 

catalysis, but the cationic complex, which is isoelectronic with 

compound 1, could lead to epoxidation catalysis.  Therefore, we have 

repeated the study described above using this cationic system as a 

catalyst.  

Taking complex [Cp*MoO2(H2O)]+ (14) as the starting point, the 

energy profile limited to the ROOH activation phase is reported in 

Figure 6.  The dissociation of water from [Cp*MoO2(H2O)]+ to yield 

the coordinatively unsaturated [Cp*MoO2]+ species has already been 

reported in our previous study[47] and is shown again here for the 

purpose of comparison.  It requires only 8.7 kcal mol-1 in water.  

There is, therefore, a great difference between this cationic complex 

in water and the isoelectronic [Cp*MoO2Cl] complex in CHCl3: Cl- 

dissociation from [Cp*MoO2Cl] is very energy demanding (61.7 

kcal/mol) in a non-polar solvent such as CHCl3.   This dissociation 

leaves the coordination position in [Cp*MoO2]+ available for H2O2 

binding and activation. 

 

Figure 6.  Energy profile in water solution (in kcal mol-1) for the activation of ROOH (R 

= Me, plain lines; H, dashed lines) by [Cp*MoO2(H2O)]+ (14).   

Coordination of H2O2 to this unsaturated species leads to a 

substitution product 16 that is only slightly destabilized relative to the 

aqua complex 14.  This different stability reflects the greater donor 

power of H2O relative to H2O2 and MeOOH. The isomeric 

[Cp*MoO(OH)(OOR)]+ species (17a) is even lower in energy, being 

located at -20.6 (for R = H) and -21.2 (for R = Me) kcal/mol from 16 

in water solution.  The optimized geometries for the Me systems are 

shown in Figure 8. The Mo-O distance of 2.391 Å and the Mo-O-

O angle of 89.2º suggest a significant interaction between Mo and 

O, similar to and even stronger that that experienced by complex 3, 

as expected from the unsaturation of this system.   
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The intramolecular proton 

transfer leading from 16 to 17a 

requires a rather high activation, 28.7 

(R = H) or 29.2 (R = Me) kcal mol-1 in 

water solution. In this activation, one 

proton of the ROOH molecule 

migrates to one oxo ligand, whereas 

the O-O-R moiety becomes 

covalently bonded to the Mo atom.  

The migrating proton is located 

approximately midway between the 

two oxygen atoms in the transition 

state TS(16-17) (also shown in Figure 

8). Note that this transition state is 

related to that obtained for the ROOH 

activation by 1, TS(2-3) (Figure 2).  

However, the Mo-O(H)OR bond is 

already fully formed in the precursor 

to TS(16-17), whereas it is in the process of being established in 

TS(2-3). The O-Mo-O angle involving the donating and accepting O 

atoms in TS(16-17) has quite significantly narrowed relative to 16. 

This is most probably the main reason for such a high activation 

barrier. Following the same strategy previously used to investigate a 

similar intramolecular proton transfer process leading from 

[Cp*MoO(OH)2]+ to [Cp*MoO2(H2O)]+,[47] we considered the 

participation of additional water molecules as proton relay agents.[47, 

53-56] 

 

Figure 8. Optimized geometries and main structural data for the systems in Figure 6 (R = 

Me). Those with R = H are in the Supporting Information.   

Indeed, the addition of just one water molecule is sufficient to 

dramatically decrease the barrier to only 1.6 kcal/mol for both R = H 

and Me in solution, see Figure 6.  Therefore, the water-assisted 

pathway should be the preferred one. The additional water lowers the 

energy of both starting (16 to 16’) and final (17a to 17’) systems 

through the establishment of a hydrogen bond.  Thermodynamically, 

the process is exothermic by 13.9 (R = H) or 13.7 (R = Me) kcal mol-

1 in water solution. The related optimized geometries are shown also 

in Figure 8, including that of the transition state TS(16’-17’), which 

is relaxed with a O-Mo-OOH angle of 94.8º.  An analysis of the 

various O-H distances shows that the donating O-H bond has already 

largely broken, whereas the incipient O-H bond has not yet formed to 

a great extent.  Therefore, the transition state may be more correctly 

described as having a [Cp*MoO2(OOR)]∙(H3O+) character.  To 

conclude this part, the calculations suggest that the ROOH activation 

process is very facile.  The slowest step is the H2O dissociation from 

14, which requires only 8.7 kcal mol-1 in solution, considering a 

dissociative mechanism.   

We now turn to the oxygen transfer step from the activated 

oxidant to the olefin.  Starting from 17aH, we were able to locate two 

pathways with practically equivalent activation barriers, where the 

transferred oxygen atom is the O atom in one case (transition state 

TS(18-19)H) and the O atom in the other case (transition state TS(21-

22)H). The energy profiles of these two pathways are comparatively 

shown in Figure 8.  The first pathway starts with an H bonding 

interaction between the ethylene  electron density and the 

hydroperoxido proton, leading to the 18H structure accompanied by a 

significant stabilization, and continues with a 1,2-proton shift from 

the O to the O atom leading to the bis(hydroxido) derivative 20 

through an intermediate 19 with an H-bonded epoxide product. This 

pathway would certainly occur through a prohibitively high energy 

transition state when R = Me, therefore calculations along this 

pathway were not done.  

Concerning the second pathway (optimized geometries in Figure 

9), the first step is an endoergic reorientation of the O-O-R group (7.4 

and 6.9 kcal mol-1 for R = H and Me, respectively) from a 

perpendicular to a parallel arrangement (17b), to which the ethylene 

may attack at the O atom after an initial approach through a slightly 

stabilizing (for 21H) or thermoneutral (for 21Me) H-bond with the O-

H group.  A direct olefin attack at 17a did not allow us to locate an 

oxygen transfer pathway.  Like for compound 1 (Figure 1), the olefin 

attack is exogenous, without formation of metal-carbon bonds, 

through the transition state TS(21-22) in which the Mo center 

strengthens its interaction with the O atom.  The transition state 

TS(21-22) for this cationic system is closely related to TS(4-5) of the 

neutral chlorido system 1 Figure 1. Like for TS(4-5), the barrier is 

slightly higher for the Me system than for the H system, for the same 

reasons discussed above. The barrier height (16.1 and 17.7 kcal mol-

1 for the H and Me systems in water with respect to 17a) is also close 

to the barrier leading to TS(4-5) (12.9 and 17.2 kcal mol-1 in CHCl3).  

This pathway leads to the same products, [Cp*Mo(O)(OH)2]+
 (20) 

and ethylene oxide, as the 1,2 proton shift discussed above, through 

the H-bonded intermediate 22, only slightly different than 19.  The 

regeneration of the starting complex 14 by intramolecular proton 

transfer, assisted by additional water molecules, occurs by a low-

16Me TS(16-17)Me 17aMe

16’Me TS(16’-17’)Me 17’Me

 
Figure 7.  Energy profiles in water solution (in kcal mol-1) for the oxygen atom transfer from 17a to ethylene (R = Me, plain 

lines; H, dashed lines).  
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energy pathway, as shown in our previous study.[47]  Clearly, both 

pathways are energetically viable, although only that through TS(21-

22) may take place when using TBHP as the oxidant. 

Conclusion 

The present study has unveiled a low-energy pathway for olefin 

epoxidation catalyzed by cyclopentadienyl MoVI systems.  The initial 

H2O2 activation follows the same general path described in other 

recent computational studies,[35, 43] with protonation of an oxido 

ligand and generation for a hydroxide hydroperoxido intermediate, 

but unlike the previous study the latter is found to adopt an 

asymmetric 2 coordination mode, with a weak interaction between 

the -O atom and the metal center.  This interaction is critical for the 

activation of the -O atom toward an exogenous nucleophilic attack 

by the olefin substrate, leading to significantly lower activation 

barriers for the oxygen atom transfer to the olefin relative to the 

previous study.  This mechanism closely corresponds to what has 

been proposed by Thiel et al., except that an oxido ligand is the 

depository of the oxidant proton rather than a peroxido ligand.  An 

analogous mechanism is found both for [Cp*MoO2Cl] (1) and 

[Cp*MoO2(H2O)]+ (13) complexes. The study also provides a 

rationale for the lower activity of peroxido derivatives relative to the 

oxido analogues, and for the lower activity of H2O2 relative to THBP.  

The former oxidant may undergo isomerization of the reactive 

hydroperoxido intermediate through proton transfer, leading to less 

reactive peroxido derivatives.  Therefore, the design of an efficient 

catalytic system for olefin epoxidation by H2O2 should only provide 

a basic site for transfer of one of the two H2O2 protons. 

 

Figure 9. Optimized geometries and main structural data for the systems in Figure 8 (R = 

Me). Those with R = H are in the Supporting Information.   

Computational Details 

Calculations were carried out using the Gaussian 03 package[57] at the DFT level by means 

of the B3LYP functional.[58-60] For the Mo atom, the LANL2DZ pseudopotential[61] was 

used with the addition of f polarisation functions.[62] The 6-31G(d) basis set was used for 

C atoms whereas additional diffuse functions [6-31+G(d)] were added for O and Cl atoms 

due to their anionic character. For the hydrogen atoms, the 6-31G(d,p) basis set was 

employed. IRC calculations were made in order to get the two minima linked by every 

transition-state.[63-65]  Solvent effects were included by means of CPCM single point 

calculations using chloroform ( = 4.9 at 25°C) for the neutral systems and water ( = 

78.39 at 25°C) for the cationic catalyst.[66, 67] For these calculations, an extended basis set 

was used for C, O and H: 6-311++g(d,p). Additional spheres were included for all the 

hydrogens except for the Cp* hydrogens by means of the SPHEREONH option. Thus, all 

the presented energies both in the figure and in the text are electronic calculations taking 

into account solvent effects unless explicitly stated. Both free energy values in the gas 

phase and in solution can be found in the Supporting Information. Frequency calculations 

were made in order to check the presence of one imaginary frequency in transition-state 

geometries. 
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