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Abstract: In this work the epoxidation reaction of the α- and ɣ-trans himachalene in the presence of meta 

chloroperoxybenzoic acid (m-CPBA) has been studied within the Density Functional Theory (DFT) method at 

the B3LYP/6-311G(d,p) level in dichloromethane as a solvent, in order to shed light on the chemo- and 

stereoselectivity in the course of the reaction. Analysis of the Conceptual Density Functional Theory (CDFT) 

reactivity indices indicate that the m-CPBA will behave as electrophilic while α- and ɣ-trans himachalene will 

behave as a nucleophile and the attacks observed experimentally are correctly predicted by the electrophilic Pk
+ 

and nucleophilic Pk
- Parr functions. The two reactive paths associated with chemo and stereoselectivity approach 

modes of m-CPBA on C=C reactive sites in α and ɣ-trans himachalene have been analyzed. They showed that 

m-CPBA reacted as electrophile whereas α- and ɣ- trans himachalene as a nucleophile. The Monoepoxidation of 

α- and ɣ- trans himachalene leads to the formation of two stereoisomers, on the most substituted double bond 

"C=C», one of the two is a majority. The diepoxidation reaction of α- and ɣ- trans himachalene in the presence 

of m-CPBA gives two more stereoisomers in the other carbon-carbon double bond. 
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1. Introduction   

 

During the past decades, essential oils are ubiquitous 

in our daily lives: in hygiene products, room 

fragrances, in aromatic oils for wellness massages, 

marketed as complexes to purify our air polluted and 

get rid of mites or other insects, or recommended in 

the kitchen to customize some dishes. The use of 

aromatherapy, today very "trendy", dates back to 

very old times 1. The essential oil of the Atlas Cedar 

is primarily constituted (75%) of three sesquiterpene 

bicyclic hydrocarbons: α-cis-himachalene,               

β-himachalene, and ɣ-cis-himachalene which is used 

in the perfume industry 2. Each one of them differs 

from the others only by the seven-membered ring 

double bond positions 3. trans himachalenes are 

synthesized from the three sesquiterpene 

hydrocarbons (cis himachalenes) 4. Benharef et al. 

experimentally reported the synthesis of epoxides 

from α-trans-himachalene and ɣ-trans-himachalene 

by using epoxidation agent well known in organic 

chemistry such as m-CPBA 4,5. The epoxide 

obtained is an important compound which used as an 

intermediate in medical chemistry 6,7, as well as 

polyvalent components in the synthesis of natural 

products 8, and biologically active compounds 9,10. 

The epoxidation reaction of α and ɣ-trans 

himachalene in the presence of m-CPBA take place 

at the terminal oxygen atom of the peroxy acid. 

Thus, A single equivalent of m-CPBA led to 

attacking the double bond C2=C3 and C11=C13 of 

(1-2) respectively producing preferentially the 

product "out" (Scheme 1). The reaction with a 

second equivalent led to an attack on the double 

liaison that remains. Very few theoretical studies 

devoted to epoxidation reaction are found in the 

literature 2. By performing theoretical calculations 

concerning the behavior of (1-2) in the presence of 

m-CPBA, we were able to predict the selectivity 

using reactivity index and activation energies of 

transition states (TS). The two transition states, 

namely, TSout and TSins corresponding the two attack 

modes are located at the B3LYP/6-311G(d,p) level 

of the theory (Scheme 1). Activation and reaction 

energies are calculated for the two reaction channels 

to put in evidence the kinetic and thermodynamic 

controls of these epoxidations. 
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Scheme 1. Pathways of epoxidation reaction of α- and ɣ-trans himachalene in presence of m-CPBA. 

 

2. Computational details 
 

All calculations reported in this study have been 

performed using DFT method at B3LYP/                   

6-311G(d,p) level of theory using the Gaussian 09 

series of programs 11-14. The optimizations at this 

level of theory were performed using the Berny 

analytical gradient optimization method15. Solvent 

effect of dichloromethane (DCM) was considered 

using the polarizable continuum model (PCM) 

developed by Tomasi’s group in the framework of 

the self-consistent reaction field (SCRF) 16,17. The 

transition states (TSs) have been located at 

B3LYP/6-311G(d, p) level of theory. The stationary 

points were characterized by calculations of 

frequency (performed at the same level of theory) to 

verify that the TSs had one and only imaginary 

frequency. Intrinsic reaction coordinate (IRC) 

calculations were also conducted to ensure the TSs 

indeed connect two relevant minima on the potential 

energy surface. 

The global electrophilicity index ω is given by the 

following expression 18, ω=(µ²)/2η in terms of the 

electronic chemical potential μ and the chemical 

hardness η. Both quantities may be approached in 

terms of the one-electron energies of the frontier 

molecular orbital HOMO and LUMO, as εHOMO and 

εLUMO, μ≈ (ℇHOMO+ℇLUMO)/2 and η≈ℇLUMO- ℇHOMO, 

respectively 19,20. The nucleophilicity index N 21,22, 

based on the HOMO energies obtained within the 

Kohn–Sham scheme 23, and defined as N=ℇHOMO(Nu) - 

ℇHOMO(TCE). The nucleophilicity is referred to  

tetracyanoethylene (TCE). The electrophilic Pk
+ and 

nucleophilic Pk
- Parr functions 24-32, which allow for 

the characterization of the electrophilic and 

nucleophilic centers of a molecule, were obtained 

through the analysis of the Mulliken atomic spin 

density and can be redefined as follows: k= x Pk
+ 

and Nk= N x Pk
-. Although, we note that the anionic 

and cationic systems, required in the calculations of 

the reactivity indexes were kept at the same 

optimized geometry.  
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3. Results and Discussion  
 

3.1. Monoepoxidation reaction 

3.1.1. Chemical descriptors of α, and ɣ-trans 

himachalene and m-CPBA  

The conceptual DFT (CDFT) is a first method to 

appreciate the reactivity in extreme reactions 33,34. 

Therefore, the global CDFT indices, namely, the 

chemical potential, μ, chemical hardness, η, 

electrophilicity, ω, and nucleophilicity, N, of                  

m-CPBA, α-trans himachalene 1 and ɣ-trans 

himachalene 2 are given in Table 1. 

 

Table 1. Electronic chemical potential, global electrophilicity and global nucleophilicity in eV. 

Compounds µ (eV) ω (eV) N (eV) 

α-trans himachalene (1) -3.03 0.69 2.68 

ɣ-trans himachalene (2) -2.84 0.60 2.85 

m-CPBA -4.76 2.16 1.65 

 

According to the values quoted in the Table 1, we 

can notice that the electronic chemical potential of     

α-trans himachalene (1) (-3.03eV) and ɣ-trans 

himachalene (2) (-2.84eV) are higher than the 

electronic chemical potential of m-CPBA (-4.76eV), 

which means that the electron transfer takes the place 

of (1) and (2) to m-CPBA. The global 

electrophilicity of the m-CPBA (2.16eV) is greater 

than that of (1) (0.69eV) and (2) (0.60eV). 

Therefore, in this cycloaddition reaction, the m-

CPBA will behave as electrophilic while the (1) and 

(2) will behave as the nucleophile that is confirmed 

by the nucleophilicity values. Figure 1 shows the 

optimized structures of α-trans himachalene (1), m-

CPBA and ɣ-trans himachalene (2). The results 

obtained theoretically are in agreement with the 

experimental results 4,5. 

 
Figure 1. Optimized geometries of α-trans himachalene (1) (a), m-CPBA (b) and ɣ-trans himachalene (2) (c). 

 

3.1.2. Comparative analysis of local indices for 

reagents 

The values of local electrophilicity ωk (ωk=ωk.Pk
+) 

for m-CPBA and the local nucleophilicity Nk 

(Nk=N.Pk
-) for atoms of α and ɣ trans -himachalene 

calculated with the function Parr are reported in 

Table 2. 

 

Table 2. Electrophilic and Nucleophilic Parr Functions, local electrophilicity and nucleophilicity.  

 Atoms Pk
+ Pk

- ωk Nk 

α-trans himachalene  

(1) 

C2 - 0.28 - 0.75 

C3 - 0.36 - 0.96 

C11 - 0.08 - 0.21 

C34 - 0.15 - 0.41 

m-CPBA O13 0.00 - 0.00 - 

O14 0.03 - 0.07 - 

O15 0.12 - 0.27 - 

ɣ-trans himachalene  

(2) 

C2 - 0.18 - 0.29 

C3 - 0.18 - 0.30 

C11 - 0.19 - 0.32 

C13 - 0.29 - 0.47 
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These results show that the most favored interaction 

takes place between the O15 oxygen atom of            

m-CPBA (with the highest value of ωk) and the C2 

and C3 atoms of α-trans himachalene (C11 and C13 

of ɣ-trans himachalene) (with the highest Nk value). 

Consequently, the attacks observed experimentally 

are correctly predicted by Parr function. In the end, 

point out that the attack of the C2=C3 α-trans 

himachalene double bond (C11 and C13 of ɣ-trans 

himachalene) is preferable, hence the need to talk 

about stereoselectivity. 

 

3.1.3. Stereoselectivity of reaction between (1-2) 

and m-CPBA 

The studied epoxidation reactions can take place via 

two possible reactive channels corresponding two 

transition states; namely, TSout and TSins have been 

located and characterized by calculations of 

frequency. The geometries of the two TSs is given in 

Scheme1 together with the two new forming bonds 

lengths. Moreover, the relative energies of all 

intermediates are calculated and the results are 

presented in Table 3.  

For α-trans himachalene (1), TSout is located at               

7.84 kcal.mol-1 and is located at 6.46 kcal.mol-1 for              

ɣ-trans himachalene (2) which are low to those 

obtained for inside reactions (TSins of (1) is located 

at 10.35 kcal.mol-1 and for (2), it is located at 9.78 

kcal.mol-1). These results confirm that the outside 

pathway reaction is kinetically more favorable. 

Moreover, the small difference in energy between 

TSout and TSins for (1), (ΔΔE # = 2.51 kcal.mol-1) 

and for (2) (ΔΔE # = 3.32 kcal.mol-1), indicating a 

weak stereoselectivity.  

The thermodynamic profiles of the reaction paths 

between α-trans himachalene (1), ɣ-trans 

himachalene (2) and m-CPBA, with the relative 

enthalpies (H) and Gibbs free energies (G), are 

summarized in Table 3. The inclusion of thermal 

corrections to the electronic energies does not 

substantially modify the relative enthalpies; while 

the activation enthalpies slightly increase by ca. 0.1 

kcal.mol-1. However, the inclusion of entropies to 

enthalpies sharply increases the activation Gibbs free 

energies by between 10 and 12 kcal.mol-1, which 

indicate that the most favorable reaction path 

corresponds to the formation of the product via 

TSout.  

 

Table 3. Energy (ΔE), Enthalpy (ΔH) and Gibbs free energy (ΔG) profiles, in kcal/mol, for the monoepoxidation 

reaction paths between (1-2) and m-CPBA.  

Compounds ΔE ΔH ΔG 

α-trans himachalene (1) - - - 

ɣ- trans himachalene (2) - - - 

m-CPBA - - - 

TSout(1) 7.84 7.90 18.69 

TSins(1) 10.35 10.41 22.40 

TSout(2) 6.46 6.33 16.94 

TSins(2) 9.78 9.72 20.64 

PαOUT -51.58 -122.67 -93.93 

PαINS -50.26 -121.23 -92.61 

PɣOUT -54.34 -125.50 -96.88 

PɣINS -51.07 -122.11 -93.62 

 

The studied epoxidation reactions can take place via 

two possible reactive channels corresponding two 

transition states, namely, TSout and TSins have been 

located and characterized by calculations of 

frequency. The geometries of the two TSs is given in 

Scheme 1 together with the two new forming bonds 

lengths. Moreover, the structure of TSout and TSins 

are given in Table 4. The lengths of O-C forming 

bonds at the regioisomeric for TSout and TSins, 

respectively are: For (1): (C2-O15)=2.275Å and (C3-

O15)=2.244Å; (C2-O15)=2.187Å and (C3-

O15)=2.335Å. For (2): (C11-O15)=2.409Å and 

(C13-O15)=2.209Å; (C11-O15)=2.334Å and (C13-

O15)=2.238Å. 

Recently, many studies have shown a strong 

relationship between the polar character and the 

feasibility of organic reactions, and the broader 

global electron density transfer (GEDT) at the TS is, 

the more polar and thus the faster is the reaction 35. 

The polar nature of the epoxidation reactions has 

been analyzed by calculation of the GEDT at the 

TSs, and the corresponding GEDT values are 

reported in (Table 4). The natural population analysis 

shows that the electron-density flow takes place from 

(1) or (2) to m-CPBA In monoepoxidation reactions, 

the values of the GEDT are 0.348e at TSαins, 0.340e 

at TSαout, 0.311e at TSɣins, and 0.344e at TSɣout.  
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Table 4. Optimized geometries of the stationary points involved in the monoepoxidation reaction of the α- and 

ɣ-trans himachalene and m-CPBA. The lengths are given in angstroms, while the angles are given in degrees  
 

TSins (1) TSout (1) 

 
 

 

d(C2-O15)=2.275                d(C3-O15)=2.244 

A(C2-O15-C3)=35.16         GEDT= 0.348e 

d(C2-O15)=2.187            d(C3-O15)=2.335 

A(C2-O15-C3)=35.02     GEDT= 0.340e 

TSins (2) TSout (2) 

 

 

d(C11-O15)=2.409                d(C13-O15)=2.209 

A(C5-O15-C15)=34.07         GEDT= 0.344e 

d(C11-O15)=2.334          d(C13-O15)=2.238 

A(C5-O15-C15)=34.59   GEDT= 0.311e 

 

3.2. Diepoxydation reaction 

3.2.1. Chemical descriptors of the PαOUT, 

PɣOUT and m-CPBA 

The electrophilicity index of m-CPBA (2.16eV), are 

higher than that of the reagents (3) and (4) (0.74eV 

and 0.63eV). Therefore, in this epoxidation, the m-

CPBA behaves as an electrophile while (3) and (4) 

will behave like nucleophiles (Table 5). The 

chemical potential of (3) and (4) (-3.21eV and -

2.96eV) is higher than that of m-CPBA -4.76eV), 

which implies that the electron transfer takes place 

from PαOUT, PɣOUT to the m-CPBA. 
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Table 5. Electronic chemical potential, global electrophilicity and global nucleophilicity in eV. 

Compounds µ (eV) ω (eV) N (eV) 

PαOUT(3) -3.21 0.74 2.35 

PɣOUT(4) -2.96 0.63 2.63 

m-CPBA -4.76 2.16 1.65 

 

According to our calculations, we found the same 

value of the transitions energies TSout and TSins for 

the reagent (3) (TSout is lower than TSins) (Table 6). 

For the reagent (4), the formation of P’ɣOUT is 

more energetically favorable, which are in good 

agreements with the experimental results 4,5.   

The thermodynamic profiles of the epoxidation 

reaction paths between PαOUT, PɣOUT, and           

m-CPBA are summarized in Table 6. The results 

demonstrated that the inclusion of thermal 

corrections to the electronic energies does not 

substantially modify the relative enthalpies; while 

the activation enthalpies slightly increase by ca. 0.2 

kcal.mol-1. However, the inclusion of entropies to 

enthalpies strongly increases the activation Gibbs 

free energies by between 10 and 12 kcal.mol-1, which 

indicate that the most favorable reaction path 

corresponds to the formation of the product via 

TSout which are completely agreement with 

experimental results 4,5. The structure of all TSout 

and TSins is given in Table 7. 

 

Table 6. Energy (ΔE), Enthalpy (ΔH) and Gibbs free energy (ΔG), in kcal/mol, for the diepoxidation reaction 

paths between PαOUT, PɣOUT, and m-CPBA.  

Compounds ΔE ΔH ΔG 

PαOUT (3) - - - 

PɣOUT (4) - - - 

m-CPBA - - - 

TSout (3)    9.74       9.91  20.26 

TSins (3)    9.77       9.97  21.39 

TSout (4)    7.90       7.96  18.82 

TSins (4)  11.98     12.04  23.53 

P’αOUT -50.01 -120.79 -92.24 

P’αINS -49.88 -177.08 -91.99 

P’ɣOUT -51.51 -122.61 -94.12 

P’ɣ INS -49.19 -120.16 -91.48 

 

In diepoxidation reactions, the values of the GEDT 

are 0.35e at TSins (3), 0.34e at TSout (3), 0.33e at 

TSins (4), and 0.45e at TSout (4) (Table 7). The 

relatively high GEDT values found at the TSs, 

indicating the relatively polar character of these 

epoxidation reactions. All these results obtained 

theoretically are in agreement with those obtained 

experimentally 4,5.  
 

The asynchronicity of the formation of the bonds in 

the reaction studied can be measured by the 

difference between the lengths of the two σ bonds 

forming in the reaction such that Δd = | d(O15  ̶C2) - 

d(O15 ̶ C3) | (for α-trans himachalene (1)). For the 

two reaction paths associated with the participation 

of the C2=C3 double bond of the (1), the 

asynchronicity at TSs is from 0.03 in TSout to 0.15 

in TSins for monoepoxidation pathway. In 

diepoxidation pathway, the asynchronicity at TSs is 

from 0.01 in TSout to 0.02 in TSins (See Tables 8). 

In the case of ɣ- trans himachalene (2), the 

asynchronicity at TSs is from 0.10 to TSout and 

from 0.20 to TSins in monoepoxidation reaction, and 

from 0.08 in TSout to 0.19 in TSins. From all these 

results, we can conclude that the TS is associated 

with the most favorable chemo-isomeric outside 

path, which is less asynchronous than that associated 

with the chemo-isomeric path inside (See Tables 9).  
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Table 7. Optimized geometries of the stationary points involved in the diepoxidation reaction of the PαOUT (3), 

PɣOUT (4) and m-CPBA. The lengths are given in angstroms, while the angles are given in degrees  
 

TSins (3) TSout (3) 

 
 

 
d(C11-O15)=2.559               d(C34-O15)=2.082 

A(C11-O15-C34)=32.24         GEDT= 0.349e 

d(C11-O15)=2.436          d(C34-O15)=2.109 

A(C11-O15-C34)=34.02     GEDT= 0.350e 

TSins (4) TSout (4) 

 

 

d(C2-O15)=2.172                d(C3-O15)=2.362 

A(C2-O15-C3)=34.82         GEDT= 0.338e 

d(C2-O15)=2.309          d(C3-O15)=2.222 

A(C2-O15-C3)=34.99   GEDT= 0.451e 

 

Table 8.  Bond distances and bond differences (in Ǻ) of the two newly formed bonds at the transition structures 

of Monoepoxidation and Diepoxidation of α-trans himachalene (1). 
 

 Mode #1 « TSout » Mode #2 « TSins » 

Monoepoxidation  d (O15  ̶C2) d (O15  ̶C3) Δd d (O15  ̶C2) d (O15  ̶C3) Δd 

2.27 2.24 0.03 2.18 2.33 0.15 

Diepoxidation  d (O15  ̶C11) d (O15  ̶C34) Δd d (O15  ̶C11) d (O15  ̶C34) Δd 

1.44 1.43 0.01 1.45 1.43 0.02 
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Table 9. Bond distances and bond differences (in Ǻ) of the two newly formed bonds at the transition structures 

of Monoepoxidation and Diepoxidation of ɣ- trans himachalene (2). 
 

 Mode #1 « TSout » Mode #2 « TSins » 

Monoepoxidation  d (O15  ̶C11) d (O15  ̶C13) Δd d (O15  ̶C11) d (O15  ̶C13) Δd 

2.33 2.23 0.10 2.40 2.20 0.20 

Diepoxidation  d (O15  ̶C2) d (O15  ̶C3) Δd d (O15  ̶C2) d (O15  ̶C3) Δd 

2.30 2.22 0.08 2.17 2.36 0.19 

 

4. Conclusion 
  

The chemo- and stereoselectivity of the reaction 

between α and ɣ- trans himachalene and m-CPBA 

were studied within DFT method at B3LYP/           

6-311G(d,p) in dichloromethane as a solvent. The 

analysis of the global electrophilicity and 

nucleophilicity indices showed that the α- and             

ɣ-trans himachalene behave like a nucleophile, while 

the m-CPBA behaves like an electrophile. 

Regioselectivity found experimentally was 

confirmed by local electrophilicity indices and 

nucleophilicity ωk and Nk. The calculation of the 

activation energies shows for the two reactive paths 

associated with chemo and stereoselectivity 

approach modes of m-CPBA on α and ɣ- trans 

himachalene have been analysed for both mono- and 

diepoxidation reactions. The Monoepoxidation of              

α and ɣ- trans himachalene leads to the formation of 

two stereoisomers, on the most substituted double 

bond "C=C" for α and ɣ- trans himachalene, 

respectively one of the two is the majority. Also, the 

diepoxidation reaction gives two more stereoisomers 

in the other carbon double bond for α and ɣ-trans 

himachalene, respectively. 
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