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Abstract 
2,5-Dichloro-2,5,9,9-tetramethyl-decahydro-benzocycloheptene has been prepared using 

addition reaction of α-himachalene and HCl. In addition, this reaction have been theoretically 
studied using DFT methods at the B3LYP/6–31G(d) level of theory. The comparatively low 
activation energies and Parr functions of the nucleophilic α-himachalene and 3,7-
dichlorohimachalane, as well as electrophilic Parr functions of the electrophilic HCl, expounding 
the regio- and stereospecific experimentally observed. 
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1. Introduction 
Essential oils have many biological activities. In herbal medicine, they are used for their 

antiseptic properties against infectious diseases of bacterial origin, for example against 
endocanalar bacteria or at the level of the vaginal microflora (Arnal-Schnebelen et al., 2004) and of 
fungal origin against dermatophytes (Kurkin, 2003). However, they also have cytotoxic properties 
(Sivropoulou et al., 1996) which bring them closer to antiseptics and disinfectants as broad 
spectrum antimicrobial agents. In the phytosanitary and agro-food fields, essential oils or their 
active compounds could also be used as protection agents against phytopathogenic fungi 
(Zambonelli et al., 2004) and microorganisms invading foodstuffs (Mangena et al., 1999). 

To improve the chemical and biological properties, we have studied the action of gaseous 
hydrochloric acid on the sesquiterpene α-himachalene isomer gives regioselectively and 
stereoselectively a dichloride named 3,7-dichlorohimachalane P-2a in the crystallized solid form 
(Figure 1). 
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Fig. 1. Continuation synthesis procedure of 3,7-dichlorohimachalane 

 
Experimental techniques and theoretical methods have been complementing each other 

yielding an accelerated progress in the understanding of materials at atomistic dimensions. We will 
concentrate in this work; our aim is to explicate the mechanism, regioselectivity and 
stereoselectivity experimentally obtained.  

 
2. Experimental 
General procedure for the preparation of products 

-himachalène, (1 g, 4.9 mmol), dissolved in 10 ml of acetic acid, was treated with a stream of 
hydrochloric acid gas until a solid product appeared. The mixture was allowed to stand at 273 K for 
12 h and then at room temperature for 2 h. After filtering under reduced pressure, the compound 
(3,7-dichlorohimachalane) was obtained in a yield of 85%. After evaporation of hexane, the 
appropriate crystals are obtained. 

(1S,3R,6S,7R)-3,7-Dichloro-trans-himachalane 
(C15H26Cl2)Pf= 118-120 °C (Solide blanc) (hexane), 80%RMN 1H (300 MHz, CDCl3) δ 

(ppm): 0.87, 1.04 (H14, H15, s, s); 1.58, 1.6 (H12, H13 , s,s) RMN 13C(75 MHz, CDCl3) δ (ppm): 
20.60 33.19 (C14, C15) ; 34.44, 35.76 (C12, C13) ; 71.15 (C3) ; 75.98 (C7) ; 46.26 (C6) ; 51.55 (C1) ; 
36.34(C11). 

 
3. Computational methods 
The geometric parameters for the reactants, TSs, and products of the reactions studied were 

fully optimized using the density functional theory (DFT) method (Nacereddine et al, 2015). 
The calculations were performed at B3LYP (Becke, 1993) level with the 6-31G (d) basis set 
(Rassolov et al., 2009). All calculations reported in this paper were performed on the Gaussian 09 
(Frisch et al., 2009), using Berny's algorithm (Schlegel, 1982). Atomic electronic populations and 
reactivity indices were calculated using natural population (NPA). The global electrophilicity index 

(Parr et al., 1999) ω, was given by the following expression , in terms of the electronic 

chemical potential µ and the chemical hardness η. Both quantities could be approached in terms of 
the one-electron energies of the frontier molecular orbital HOMO and LUMO, and  as 

 and , respectively. The empirical nucleophilicity index N (Domingo et al., 

2009) based on the HOMO energies obtained within the Kohn-Sham (Kohn et al., 1965), and 
defined as the nucleophilicity was referred to tetracyanoethylene 

(TCE). Electrophylic and nucleophilic Par functions were obtained through analysis of the 
Mulliken atomic spin density (ASD) of the radical anion and radical cation of the reagents. (El Haib 
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et al., 2018; Zeroual et al., 2017; Zoubir et al., 2017; El Idrissi et al., 2017; Ourhriss et al., 2017; El 
Idrissi et al., 2017; Zeroual et al., 2015; Barhoumi et al., 2015; Ryachi et al., 2015). 

Geometry optimization calculations were carried out to obtain the global minima for the 
reactants and products, and to locate the saddle point for the TS. Stationary points were 
characterized by frequency calculations. All reactants and products had positive Hessian matrices. 
All TSs had only one negative eigen value in their diagonalized Hessian matrices, and their 
associated eigenvectors were confirmed to correspond to motion along the reaction coordinate 
under consideration. TSs were located using the (QST2) algorithm. Intrinsic reaction coordinate 
(IRC) calculations were carried out for all events to verify that the localized TSs connected with the 
corresponding minimum stationary points associated with reactants and products (Fukui, 1970). 

 
4. Discussion 
This section was divided into three parts: (1) an analysis of the reactivity indices of the 

reagents. (2) Next, an analysis of the reactivity local indices of the reagents. (3) Finally kinetic 
study. 

4.1. Comparative analysis of the conceptual DFT indices of the reagents 
The global indices, namely, the electronic chemical potential, μ, chemical hardness, η, 

electrophilicity, w, and nucleophilicity, N, of the reagents involved in these addition reactions are 
given in Table 1. 
 
Table 1 DFT/B3LYP/6-31(d) chemical hardness, electronic chemical potential, electrophilicity and 
nucleophilicity in eV, of the α-himachalene, 3,7-dichlorohimachalane and HCl acid 
 

Molecule η µ ω N 

α-himachalene 6.64 -2.74 0.56 3.45 

6-chloro-α-
himachalene 

6.99 -3.07 0.67 2.95 

HCl 9.39 -4.32 0.99 0.50 

 
The electronic chemical potential of α-himachalene and 3,7-dichlorohimachalane, -2.74 and -

3.07 eV respectively are slightly higher than that of HCl -4.32 eV. Thus, the α-himachalene and 3,7-
dichlorohimachalane will have a tendency to exchange electron density with the HCl along these 
addition reactions, suggesting non-polar reactions.  

α-himachalene and 3,7-dichlorohimachalane,  presents an electrophilicity w index of 0.56, 
0.67 eV and a nucleophilicity N index of 3.45, 2.95 eV respectively, being classified as a moderate 
electrophile and as a strong nucleophile according to the electrophilicity54 and nucleophilicity55 
scales. Note that HCl presents an electrophilicity w index of 0.99 eV and a nucleophilicity N index 
of 0.50 eV, HCl will participating in these reactions as electrophilic derivative. 

 
4.1. An analysis of the reactivity local indices of the reagents 
By approaching a non-symmetric electrophilic/nucleophilic pair along a polar or ionic 

process, the most favourable reactive channel is that associated with the initial two-center 
interaction between the most electrophilic center of the electrophile and the most nucleophilic 
center of the nucleophile. Recently, Domingo proposed the nucleophilic  and electrophilic  
Parr functions, derived from the changes of spin electron-density. 

Accordingly, the HOMO, LUMO, Electrostatic potential maps, nucleophilic  and 

electrophilic  Parr functions centers of the reagents involved in this addition reaction (see Fig. 2). 
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Fig. 1. the HOMO, LUMO, Electrostatic potential maps, nucleophilic  

and electrophilic  Parr functions 
 

Therefore, it is predictable that the most favourable electrophile–nucleophile interaction 
along the nucleophilic attack of α-himachalene on HCl acid in a polar process will take place 
between the most nucleophilic center of α-himachalene, the C2 carbon atom, and the most 
electrophilic center of HCl, the H hydrogen atom. We also note that the HOMO orbital of α-
himachalene is totally localized on the C2 = C3 double bond, which shows that the attack of one 
mole of chloridhyric acid is regiospecifically on this double bond. This prediction is in complete 
agreement with the experimental observations.  

 
4.3. Study of the reaction paths associated with the addition reaction of α-

himachalene with HCl 
Due to the non-symmetry of the two reagents, the addition reaction of α-himachalene and 

3,7-dichlorohimachalane with HCl can take place along four isomeric channels: one pair of 
stereoisomeric channels and one pair of regioisomeric ones (figure 3). In this part we want to study 
the stereoselectivity observed experimentally. 

 

 
 
Fig. 3. The competitive reactive channels associated with the addition reaction of α-himachalene 
and 3,7-dichlorohimachalane with HCl. B3LYP/6-31G(d) relative energies, are given in kcal mol-1. 
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The activation energies associated with the competitive channels are 19.09 (TS1a), 29.76 
(TS1b), 39.62 (TS1c), 26.37 (TS2a), 96.56 (TS2b) and 43.99 (TS2c) kcal mol-1. Some appealing 
conclusions can be drawn from these relative energies: (i) the activation energy associated with the 
addition reaction of α-himachalene with HCl via TS1a is 19.09 kcal mol-1 lower in energy than TS1b 
(29.76) and TS1c (39.62), (ii)the activation energy associated with the addition reaction of 3,7-
dichlorohimachalane with HCl via TS2a is 26.37 kcal mol-1 lower in energy than TS2b (96.56) and 
TS2c (43.99) indicating that the formation of the product P1a and P1a are kinetically very favored.  

(ii) These addition reactions are exergonic by 5.23 and 2.93 kcal mol-1 (P1b and P2b). Note 
that the most favourable reactive channel associated with the addition reaction involving the P1a 
and P2a are exergonic by only 5.46 and 5.00 kcal mol-1, the formation of the product P1c and P2c is 
endothermic by 1.01 and 2.08 kcal mol-1, consequently, the products P1a and P2a do not only 
kinetically favored but also the thermodynamically in good agreement with experimental 
observations. 

Optimized TSs involved in the addition reactions between of α-himachalene and 3,7-
dichlorohimachalane with HCl, including some selected distances, are given in Figure 4.  

 

 
 
Fig. 4. B3LYP/6-31G(d) optimized geometries of the TSs involved in the addition reactions 
between α-himachalene and 3,7-dichlorohimachalane with HCl. Distances are given in Angstroms. 

 
At the TSs associated with the addition reaction between α-himachalene and HCl, the 

distances between the atoms involved in the formation of the C–Cl and C–H single bonds are: 
2.453 °A (C3–Cl) and 1.285 °A (H–C2) at TS1a, 1.288 °A (H–C2) and 2.487 °A (C3–Cl) at TS1b and 
1.310 °A (H–C3) and 2.412 °A (C2–Cl) at TS1c. 

At the TSs associated with the addition reaction between 3,7-dichlorohimachalane and HCl, 
the distances between the atoms involved in the formation of the C–Cl and C–H single bonds are: 
2.509 °A (C7–Cl) and 1.260 °A (H–C13) at TS2a, 1.227 °A (H–C2) and 2.693 °A (C7–Cl) at TS2b 
and 1.389 °A (H–C73) and 2.240 °A (C13–Cl) at TS2c. Consequently, the products P1a and P2a are 
favored. 

To better understand the reaction mechanism of this addition reaction, we chose some points 
on IRC for the analyst’s figure 5. 
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Fig. 5. The IRC profile of the favorable TS-1a together with the position of the selected points of 
the addition reaction between α-himachalene and HCl 

 
At P1, which is the first point after TS-1a, where the inter-atomic distances between C2-H and 

C3-Cl are 1.18 Å and 2.42 Å respectively, in this product, the double bond is not disappeared and 
the simple bonds not formed yet, in the product P2 the lengths of bonds C2-H and C3-Cl are 1.12 Å 
and 2.15 Å, and firstly the single bond C2-H was formed. In the product P3 the chlorine atom 
approaches the C3 carbon atom and the bond between the two atoms is not formed, in product P4 
the C3-Cl bond is formed on the α-side, therefore the molecular mechanism of HCl addition on α-
himachlene is non-concerted. 

 
5. Conclusion 
2,5-Dichloro-2,5,9,9-tetramethyl-decahydro-benzocycloheptene has been synthesized using 

addition Reactions between α-himachalene and HCl, our experimental results shows that this 
reaction is regio- and stereospecific. To understand the mechanism and regio- and 
stereospecificity, this reaction have been theoretically studied using DFT methods at the B3LYP/6–
31G(d) level of theory. The reactive channels corresponded to the regioselective and stereoselective 
approach modes have been explored and characterized. We can summarize the results of the 
present study in the following points: 

The relatively low activation energies found for both addition reaction are explain by the high 
nucleophilic nature of both α-himachalene and 3,7-dichlorohimachalane, and the moderate 
electrophilic nature of HCl, giving a good explanation of the experimental conditions of these 
addition reaction. 

Analysis of the computed nucleophilic Parr functions of the nucleophilic ethylenes α-
himachalene and 3,7-dichlorohimachalane, as well as electrophilic Parr functions of the 
electrophilic HCl justifying the regioselectivity and stereoselectivity obtained experimentally. 
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