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Abstract: B3LYP/6-311++G** calculations and the scaled quantum mechanical force field (SQMFF) 

approach have been used to study the structures and vibrational spectra of three species derived from 

potent S(+) and R(-) ecstasy stimulant. The complete vibrational assignments of free base, cationic, and 

hydrochloride species of both enantiomeric forms of ecstasy have been reported by using the normal 

internal coordinates and the experimental available attenuated total reflectance ATR-IR and FT-Raman 

spectra. SQM calculations predicted that the three species could be present in the IR spectrum of 

hydrochloride species because the IR bands of medium intensity at 2794 cm-1 is assigned to the 

stretching C4-H15 and symmetric CH3 modes of the free base while the strong IR band at 1508 cm-1 is 

assigned easily to NH2 stretching mode of hydrochloride species and NH2 deformation modes of 

cationic species. The calculations reveal the same energy values for both enantiomers, indicating that 

both could exist simultaneously in the two media with similar corrected solvation energies in solution 

probably because the R(-) form is quickly converted to the S(+) one. Three types of charges studied in 

both media evidence higher effect on the N atoms belonging to N-CH3 groups of three species of S(+) 

form of ecstasy in both media than on the O atoms of R1 ring. The high gap value predicted for the 

hydrochloride species of S(+) form in solution supports the low reactivity of this species, in agreement 

to its higher stability evidenced in this medium by AIM and NBO calculations. The predicted 

Ultraviolet-visible and Electronic Circular Dichroism ecstasy (ECD) support the presence of both 

enantiomeric forms in solution while excellent concordance evidence the comparisons between the 

predicted 1H- and 13C-NMR chemical shifts for the three species of S(+) form of ecstasy with the 

corresponding experimental ones.  
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1. Introduction 

For several years our research group has been interested in the study of different species 

containing the N-CH3 group and, in particular, tropane alkaloids because they present different 

biological activities and multiple effects [1-7] while other compounds containing the same 

group show antihistaminic, anti-hypertensive and psychotropic effects [8-14]. Ab-Initio studies 

on some alkaloids have revealed essential changes in the charges, in electronic densities of 

rings and stabilization, and solvation energies when the N-CH3 group is linked to fused rings. 

At the same time, the N-C distance between the two atoms of that group plays an essential role 
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in the stability of species [7]. On the other hand, vibrational studies of 

hydrochloride/hydrobromide forms of scopolamine, morphine, heroin, cocaine, tropane, 

diphenhydramine, cyclizine, 2-CB, gramine, guanfacine, promethazine, naloxone, tolazoline, 

and clonidine combining DFT calculations with the SQMFF methodology have demonstrated 

that the cationic forms of these species are present in the solid phase and aqueous solution [1-

3,5-18]. This way, the strong IR bands predicted between 2700 and 1500 cm-1, and assigned to 

the N-H stretching modes in hydrochloride/hydrobromide species by using B3LYP/6-31G* 

calculations, are not present in the corresponding experimental spectra [1-3,5-18]. Then, the 

presence of Cl atom in the hydrochloride species shifts the N-H stretching modes toward lower 

wavenumbers, as compared with the observed for the cationic species (3350 and 3150 cm-1) 

[19]. Hence, those previous studies have shown that hydrochloride drugs should also be studied 

in their free base and cationic forms and, specifically, in aqueous solution. As a continuation 

of studies related to species containing N-CH3 groups of great medicinal and/or 

pharmacological interest, in this work, the structural, electronic, topological, and vibrational 

properties of three forms of powerful ecstasy stimulant were evaluated [20-23]. The generic 

and chemical names of ecstasy hydrochloride are respectively ecstasy and 3,4-

Methylenedioxymethamphetamine (MDMA), while its IUPAC name is 1-(1,3-benzodioxol-5-

yl)-N-(trideuteriomethyl)propane-2-amine hydrochloride. Then, its Molecular Formula is 

C11H16ClNO2. Structurally, ecstasy has a chiral center, and, for this reason, two S(+) and R(-) 

enantiomers are expected for its free base, cationic, and hydrochloride species. The 

experimental structure of S(+) ecstasy hydrochloride was determined by X-ray diffraction by 

Morimoto et al. [23] but, so far, the structural properties and complete vibrational assignments 

of those three species of ecstasy were not published. Here, it is essential to mention that the use 

of MDMA is internationally controlled because this synthetic drug acts as a central nervous 

system stimulant and has a weak hallucinogenic property for which is broadly used to 

psychiatric therapy and, for these reasons, its use is minimal [20-22]. Therefore, for a long 

time, the first techniques used to control and identify that illicit drug in many preparations were 

mass, NMR, and vibrational spectroscopies together with the gas chromatography [20,22,24-

43]. Usually, the gas chromatography is used for impurity ecstasy samples, while the NMR and 

vibrational spectroscopy are techniques employed to identification and quantification of pure 

substances [20-22,24-31,33-37,39-42]. In this work, the theoretical S(+) and R(-) structures of 

those three ecstasy species were optimized in the gas phase and aqueous solution by using the 

hybrid B3LYP/6-311++G** level of theory [44,45]. The studies in solution were performed 

with the integral equation formalism variant polarised continuum method (IEFPCM) because 

its technique contemplates the solvent effects. At the same time, the uncorrected and corrected 

solvation energies by zero-point vibrational energy (ZPVE) and non-electrostatic terms were 

computed with the universal solvation model [46-48]. For those three ecstasy species, atomic 

charges, molecular electrostatic potential, bond orders, frontier orbitals, and topological 

properties were calculated together with the harmonic force fields by using the scaled 

mechanical force field (SQMFF) and transferable scaling factors [49,50]. Then, the complete 

assignments for the three species were performed by using the corresponding force fields, 

normal internal coordinates, the Molvib program [51], and the experimental available infrared 

spectrum of the free base and hydrochloride ecstasy [20-22,26,52]. Taking into account that 

experimental study, the S(+) form is most active than R(-) one [53,54]. However, the latter 

form is bio-transformed faster than the S(+) one [53], the reactivities and behaviors for the 

three species of both enantiomeric forms were predicted in both media by using the frontier 
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orbitals [55,56] and global descriptors [57-65]. Later, comparisons among the three species of 

both enantiomeric forms were performed. 

2. Materials and Methods 

 The initial S(+) ecstasy hydrochloride structure was that experimental taken from the 

available CIF file determined by X-ray diffraction by Morimoto et al. [23]. The corresponding 

cationic and free base species were modeled, removing first the Cl atom from that initial 

structure of ecstasy hydrochloride and at continuation, the H atom respectively by using the 

GaussView program [66]. This program was also used to model the R(-) structures of ecstasy 

considering those reported structures by Zapata-Torres et al. and Lourenço et al. [31,43]. The 

optimizations of all species of both enantiomers in both media were carried out with the 

Revision A.02 of the Gaussian program [67] and the hybrid B3LYP/6-311++G** method 

[44,45]. The structural differences between the free bases of both enantiomers can be seen in 

Figure 1 through planar and tri-dimensional structures.  

 
Figure 1. Molecular structures of free bases of S(+) and R(-) of ecstasy with the identifications of both rings and 

atoms numbering. 

All species were optimized in solution by using PCM and SMD calculations [46-48] 

while the volume changes were computed with the Moldraw program [68]. The three S(+) 

species of ecstasy and the identifications of the two rings are given in Figure 2, while the 

corresponding to R(-) ones can be seen in Figure 3 together with the atoms labeling.  

 
Figure 2. Molecular structures of the free base, cationic, and hydrochloride species of S(+) ecstasy with the 

identifications of both rings and atoms numbering. 
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Figure 3. Molecular structures of the free base, cationic, and hydrochloride species of R(-) ecstasy with the 

identifications of both rings and atoms numbering. 

 

For all species, natural population atomic (NPA) charges, molecular electrostatic 

potentials, bond orders, main delocalization energies, and topological properties were 

calculated with the versions 5.1 and 2000 of NBO and AIM programs, respectively [69,70] 

while the frontier orbitals were used to calculate the gap values defined as the difference 

between both orbitals [55,56]. Then, the chemical potential (μ), electronegativity (χ), global 

hardness (η), global softness (S), global electrophilicity index (ω) and global nucleophilicity 

index (E) descriptors were computed using reported equations [57-65]. Harmonic force fields 

of all species in both media were computed with the SQMFF approach and the Molvib program 

[49-51]. The vibrational assignments of all bands observed in the experimental available 

infrared and Raman spectra for the free base and ecstasy hydrochloride in the solid phase 

[21,22,26,52] were performed by using the normal internal coordinates and Potential Energy 

Distribution (PED) contributions  10%. To a better correlation, the predicted Raman spectra 

in activities were corrected to intensities [71,72]. The GIAO method [73] was employed to 

predict 1H- and 13C-NMR chemical shifts, which were compared with the corresponding 

experimental ones available from the literature [21,22,27,31,37,40,41]. Finally, Time-

dependent DFT calculations (TD-DFT) calculations were performed to predict the ultraviolet-

visible and electronic circular dichroism spectra of all species in water using the same level of 

theory and the Gaussian 09 program [67]. 

3. Results and Discussion 

3.1. Structural study in both media. 

In Table 1 are summarized the calculated total uncorrected and corrected by zero-point 

vibrational electronic (ZPVE) energies, dipole moments, and volumes for the three species of 

both enantiomers of ecstasy as a free base, cationic and hydrochloride forms in gas and aqueous 

solution phases by using the B3LYP/6-311++G** method. The results of Table 1 show that 

the three species have practically the same energy values in both enantiomers. However, some 

variations in  values are observed among them. Hence, the two enantiomers can exist 

simultaneously in the two media. Note that the corrected values by ZPVE are smaller than the 

uncorrected because the vibrations even persist in zero Kelvin. Besides, in both media, the 
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cationic forms of S(+) and R(-) present high  values but higher values in solution because 

these species are charged in this medium and hydrated with water molecules. Calculated 

volumes for all species of ecstasy in the gas phase and its variations in solution are presented 

in Table 2. 

Slight increase of V in aqueous solution is observed in all species of S(+) and R(-) forms 

with the exception of cationic species of R(-) form, which shows a volume contraction instead 

V expansion in this medium. Table 3 is given the uncorrected and corrected solvation energies 

only due to total non-electrostatic terms, while in Table 4 are also presented the solvation 

energies, including corrections by ZPVE (Gc/ZPVE). 

 

Table 1. Calculated total energy (E) and dipolar moments for the three species of both enantiomers of ecstasy at 

the B3LYP/6-311++G** level of theory. 
B3LYP/6-311++G** method 

S(+)-MDMA 
Gas-phase Aqueous solution 

Freebase Cationic Hydrochloride Freebase Cationic Hydrochloride 

E (Hartrees) -633.549 -633.926 -1094.404 -633.561 -634.029 -1094.446 

E# (Hartrees)  -633.303 -633.666 -1094.146 -633.315 -633.768 -1094.185 

 (Debye) 0.67 14.43 8.75 1.24 18.62 13.38 

R(-)-MDMA Freebase Cationic Hydrochloride Freebase Cationic Hydrochloride 

E (Hartrees) -633.548 -633.927 -1094.126 -633.560 -634.030 -1094.146 

E# (Hartrees)  -633.303 -633.667 -1094.148 -633.314 -633.769 -1094.186 

 (Debye) 1.32 14.24 8.61 2.43 18.43 13.66 

#Value corrected by ZPVE 

Table 2. Calculated Molar Volume (Å3) for the three species of ecstasy in the gas phase and aqueous solution 

by using the B3LYP/6-311G** level of theory. 

B3LYP/6-311++G** method 

Species Gas-phase Aqueous solution V( Vsol -Vgas) 

S(+)-MDMA 

Free Base 216.6 219.2 2.6 

Cationic 219.1 220.0 0.9 

Hydrochloride 243.7 248.0 4.3 

R(-)-MDMA 

Free Base 219.6 222.0 2.4 

Cationic 223.8 223.2 -0.6 

Hydrochloride 247.6 250.0 2.4 

Table 3. Corrected and uncorrected solvation energies by the total non-electrostatic terms for the three species 

of ecstasy in the gas phase and aqueous solution by using the B3LYP/6-311++G** level of theory. 

R(-)-MDMA 

Solvation energy (kJ/mol) 

Species Gu Gne Gc 

Free base -31.47 14.67 -46.14 

Cationic -270.17 27.38 -297.55 

Hydrochloride -52.46 26.75 -79.21 

S(+)-MDMA 

Species Gu Gne Gc 

Free base -31.47 14.00 -45.47 

Cationic -270.17 27.21 -297.38 

Hydrochloride -110.17 26.67 -136.84 

Gu= uncorrected solvation energy, Gne= total nonelectrostatic terms, Gc= corrected solvation energies. 

The results observed in Table 3 show that the corrected solvation energies only by 

complete non-electrostatic terms of cationic species of both forms are practically the same in 

solution probably because the R(-) form is quickly converted to the S(+) one while both free 

base and hydrochloride forms of two enantiomers have values slightly different in this medium. 

When the corrected and uncorrected solvation energies by the total non-electrostatic terms and 
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by ZPVE values are analyzed with detail from Table 4 it is newly observed that the cationic 

species of both enantiomers evidence the same values although slightly lower than those 

uncorrected by ZPVE, possibly due to the transformation of R(-) form to S(+), as was above 

mentioned [53]. 

Table 4. Corrected and uncorrected solvation energies by the total non-electrostatic terms and by ZPVE for the 

three species of ecstasy in the gas phase and aqueous solution by using the B3LYP/6-311G** level of theory. 
R(-)-MDMA 

Solvation energy (kJ/mol) 

Species Gu Gne Gc/ZPVE 

Free base -28.85 14.67 -43.52 

Cationic -267.54 27.38 -294.92 

Hydrochloride -99.67 26.75 -126.42 

S(+)-MDMA 

 Gu Gne Gc/ZPVE 

Free base -31.47 14.00 -45.47 

Cationic -267.54 27.21 -294.75 

Hydrochloride -102.30 26.67 -128.97 

Gu= uncorrected solvation energy by ZPVE, Gne= total nonelectrostatic terms, Gc= corrected solvation energies. 

Table 5. Corrected solvation energies by the total non-electrostatic terms and by ZPVE (Gc/ZPVE) for the three 

ecstasy species compared with reported values for other alkaloids. 

B3LYP/6-311++G** B3LYP/6-31G* 

Ecstasy 
Scopolamineb Heroinc Morphined Cocainee 2-CBf 

Species S(+) R(-) 

Free base -45.47 -43.52 -75.47 -88.67 -60.91 -71.26 -49.31 

Cationic -294.75 -294.92 -310.34 -323.14 -309.19 -255.24 -308.69 

HCl/HBr# -128.97 -126.42 -122.74 -161.94 -144.74 -138.14 -122.58 
aThis work, from Ref [1], from Ref [3], from Ref [5], eFrom Ref [7], from Ref [10] 

Table 5 shows comparisons among corrected solvation energies (Gc/ZPVE) for the three 

ecstasy species with those reported for scopolamine, heroin, morphine, cocaine, and 2-CB (4-

Bromo-2,5-dimethoxyphenethylamine) alkaloids [1,3,5,7,10]. The graphics of Gc/ZPVE for the 

three species of ecstasy are compared with the corresponding to those alkaloids in Figure 4. 

Proximities between 6 and -4 kJ/mol can be easily seen in Fig. 4 for the Gc/ZPVE values of free 

base and hydrochloride species of both forms of ecstasy with the values corresponding to 

psychotropic agent 2-CB and to scopolamine, respectively. However, the higher variations are 

observed for the cationic species of ecstasy with the value corresponding to 2-CB, whose 

observed differences are between -13.94 and -13.77 kJ/mol. These results are in agreement 

with the biological properties evidenced in these three alkaloid species. 

 
Figure 4. Corrected solvation energies by the total non-electrostatic terms and by ZPVE for the three ecstasy 

species compared with reported values for other alkaloids. 2-CB: 4-Bromo-2,5-dimethoxyphenethylamine. 

The high Gc/ZPVE values (most negative values) observed in the cationic forms of all 

compared alkaloids are due to that the hydrochloride species or, hydrobromide in the 

scopolamine case, are present in aqueous solution and they are charged species with high dipole 
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moment values and, as a consequence, are hydrated in solution. The differences observed 

between the Gc/ZPVE values of three species of ecstasy with the corresponding to 2-CB or 

scopolamine could be attributed to the calculations because here the solvation energies values 

are predicted by using the B3LYP/6-311++G** method while in the other alkaloids were 

calculated with the B3LYP/6-31G* level of theory. 

3.2. Geometrical parameters in both media. 

The optimizations for the three species of both S(+) and R(-) forms of ecstasy have 

predicted similar energies values among them, as observed in Table 1, and for another side, 

taking into account that the R(-) form is transformed to the S(+) one here only the calculated 

geometrical parameters for the three S(+) ecstasy species in both media by using the B3LYP/6-

311++G** method are presented in Table 6 compared with the corresponding experimental 

ones, determined by Morimoto et al. [23] for the hydrochloride form. The root means square 

deviation (RMSD) values are used to compare the differences between experimental and 

theoretical ones. Better correlations are observed for the hydrochloride species in both media, 

as expected because its form is experimentally compared. Thus, the RMSD values for bond 

lengths and angles in all species are between 1.016-0.008 Å and 1.3-0.9 º, respectively. On the 

other side, the dihedral N3-C4-C5-C6 and C7-C4-C5-C6 angles show good concordances in 

the three species, as compared with the corresponding experimental ones and, where in general 

the RMSD values of hydrochloride species present reasonable correlations in both media (90.8 

º). Both rings methylenedioxy and phenyl rings are basically coplanar, while the orientation of 

the isopropylamine group with the C7 atom (C7-C4-C5-C6) predicted dihedral angles similar 

to that experimentally reported of 66.4 º [23]. The exhaustive observation of all bond lengths 

shows that the N3-C4 and N3-C13 distances for the free base in both media are predicted with 

lower values than the cationic and hydrochloride ones in both media. On the other hand, the 

calculated bonds N-CH3 lengths of three ecstasy species compared with the corresponding to 

the reported for scopolamine, heroin, morphine, cocaine, tropane, and 2-CB alkaloids species 

in gas and aqueous solution phases by using B3LYP/6-31G* level of theory are presented in 

Table 7 [1-7]. In Figure 5 are graphed the variations in the N-CH3 distances for the three species 

of S(+) forms of ecstasy in both media with those other compared species by using different 

levels of theory. Hence, different behaviors are observed for those three species in the gas 

phase, as compared with the corresponding predicted in aqueous solution. 

Table 6. Calculated geometrical parameters for the three S(+) ecstasy species in both media by using the level 

B3LYP/6-311++G** compared with the corresponding experimental ones for the ecstasy hydrochloride. 

Parameter 
Gas-Phase Aqueous solution 

Exp.b 
Freebase Cationic  HCl Freebase Cationic  HCl 

Bond lengths (Å) 

O1-C9 1.377 1.363 1.373 1.388 1.386 1.387 1.373 

O1-C14 1.433 1.441 1.434 1.440 1.441 1.440 1.429 

O2-C11 1.378 1.363 1.374 1.388 1.386 1.387 1.385 

O2-C14 1.432 1.438 1.433 1.439 1.440 1.440 1.430 

N3-C4 1.468 1.547 1.503 1.478 1.524 1.516 1.497 

N3-C13 1.460 1.503 1.483 1.468 1.495 1.491 1.490 

C4-C5 1.549 1.538 1.543 1.546 1.538 1.539 1.535 

C4-C7 1.528 1.523 1.527 1.526 1.523 1.524 1.517 

C5-C6 1.514 1.517 1.516 1.514 1.515 1.515 1.507 

C6-C8 1.410 1.411 1.409 1.411 1.410 1.410 1.402 

C6-C10 1.399 1.396 1.398 1.400 1.398 1.399 1.392 

C8-C9 1.378 1.378 1.378 1.379 1.378 1.410 1.373 

C9-C11 1.389 1.394 1.390 1.387 1.388 1.388 1.384 

C10-C12 1.404 1.404 1.404 1.405 1.405 1.405 1.408 

C11-C12 1.378 1.378 1.378 1.378 1.378 1.378 1.363 

RMSDb 0.013 0.016 0.008 0.011 0.010 0.013  
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Parameter 
Gas-Phase Aqueous solution 

Exp.b 
Freebase Cationic  HCl Freebase Cationic  HCl 

Bond lengths (Å) 

Bond angles (º) 

C9-O1-C14 104.8 105.8 105.0 104.7 104.8 104.6 105.8 

C11-O2-C14 104.7 106.0 105.0 104.6 104.8 104.5 105.6 

C4-N3-C13 115.4 116.8 117.5 113.3 116.7 116.4 115.3 

N3-C4-C5 109.6 109.4 111.8 110.2 109.1 110.5 110.3 

N3-C4-C7 109.1 107.5 107.9 109.3 107.7 107.9 107.9 

C5-C4-C7 111.8 114.6 113.6 112.1 114.2 113.5 113.3 

C4-C5-C6 114.4 112.1 113.3 114.1 113.0 112.6 111.1 

C5-C6-C8 120.3 119.9 120.2 120.4 119.8 120.2 117.9 

C5-C6-C10 120.4 119.9 120.1 120.2 120.3 120.0 121.8 

C8-C6-C10 119.3 120.2 119.7 119.4 119.8 119.8 120.3 

C6-C8-C9 117.8 117.4 117.6 117.6 117.4 117.4 117.2 

O1-C9-C8 128.4 128.3 128.4 128.3 128.3 128.4 127.9 

O1-C9-C11 109.4 109.8 109.5 109.4 109.4 109.3 110.2 

C8-C9-C11 122.1 122.0 122.1 122.3 122.2 122.2 121.9 

C6-C10-C12 122.4 121.8 122.1 122.4 122.1 122.2 121.9 

O2-C11-C9 109.5 109.6 109.5 109.5 109.5 109.4 109.5 

O2-C11-C12 129.0 128.7 128.9 128.9 128.8 128.8 128.0 

C9-C11-C12 121.5 121.7 121.6 121.6 121.7 121.7 122.5 

C10-C12-C11 116.9 116.9 116.9 116.7 116.8 116.7 116.3 

O1-C14-O2 107.3 107.0 107.2 106.7 106.7 106.6 108.5 

N3-H22-Cl31   174.8   171.0 173.3 

RMSDb 1.2 0.9 1.1 1.3 1.0 1.0  

Dihedral angles (º) 

C14-O1-C9-C8 -169.8 -172.9 170.7 -168.7 -169.3 168.4 177.2 

C14-O1-C9-C11 12.2 8.3 -11.7 13.7 13.1 -14.2 -3.5 

C9-O1-C14-O2 -19.8 -13.3 18.8 -22.1 -21.0 22.8 5.9 

C14-O2-C11-C9 -12.4 -8.5 11.8 -13.9 -13.2 14.2 3.9 

C14-O2-C11-C12 169.6 172.6 -171.0 168.3 169.2 -168.6 -177.0 

C11-O2-C14-O1 19.9 13.4 -18.8 22.2 21.1 -22.8 -6.0 

C13-N3-C4-C5 -98.5 72.7 57.9 79.1 72.1 59.4 65.9 

C13-N3-C4-C7 -159.4 -162.3 -176.5 -157.2 72.1 -175.9 -170.0 

N3-C4-C5-C6 -172.1 -173.5 -174.4 -167.3 -176.9 -173.2 -172.5 

C7-C4-C5-C6 66.7 65.7 63.2 70.7 62.6 65.5 66.4 

C4-C5-C6-C8 -102.9 -100.8 -102.8 -99.5 -100.1 -102.3 108.2 

C10-C6-C8-C9 0.0 -0.2 -0.5 0.0 0.1 -0.5 -0.3 

C5-C6-C10-C12 -179.4 -179.3 -179.1 -179.3 -179.7 -179.2 178.2 

C6-C8-C9-O1 -178.0 -178.8 177.6 -177.7 -177.5 177.4 178.7 

O1-C9-C11-C12 178.3 179.1 -177.6 178.1 177.9 -177.4 -179.3 

C8-C9-C11-O2 -178.0 -178.7 177.8 -177.7 -177.7 177.6 179.0 

C8-C9-C11-C12 0.1 0.3 0.3 0.3 0.1 0.2 -0.0 

C6-C10-C12-C11 -0.3 -0.3 0.1 -0.2 -0.3 0.2 -0.1 

O2-C11-C12-C10 177.9 178.8 -177.4 177.5 177.5 -177.3 -178.5 

C4-N3-H22-Cl31 - - -107.0 - - -129.1 -121.4 

C13-N3-H22-Cl31 - - 19.1 - - -2.7 0.5 

RMSDb 223.8 221.2 90.9 220.2 227,2 90.8  
aThis work, from Ref [23] 

Table 7. Calculated bond N-CH3 lengths of three species of S(+) form of ecstasy compared with the 

corresponding to some alkaloids species in the gas phase and aqueous solution by using different levels of 

theory. 
B3LYP/6-311++G** methoda 

Species 
GAS PHASE AQUEOUS SOLUTION 

Freebase Cationic Hydrochloride Freebase Cationic Hydrochloride 

Ecstasya 1.460 1.503 1.483 1.468 1.495 1.491 

B3LYP/6-31G* method 

Scopolamineb,# 1.462 1.492 1.491 1.466 1.491 1.493 

Heroinc 1.453 1.501 1.483 1.460 1.498 1.492 

Morphined 1.453 1.500 1.483 1.460 1.497 1.493 

Cocainee 1.459 1.493 1.487 1.467 1.492 1.494 

Tropanef 1.458 1.496 1.478 1.467 1.491 1.486 

2-CBg 1.463 1.535 1.476 1.468 1.505 1.497 
#Hydrobromide, aThis work, bfrom ref [7], cfrom ref [5], dfrom ref [1], efrom ref [3], ffrom ref [2], gfrom ref [10], 2-CB: 4-

Bromo-2,5-dimethoxyphenethylamine. 
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Figure 5. Calculated bonds N-CH3 lengths of three species of S(+) form of ecstasy compared with the 

corresponding to some alkaloids species in the gas phase (upper) and aqueous solution (bottom) by using 

different levels of theory. 2-CB: 4-Bromo-2,5-dimethoxyphenethylamine. 

Here, it is essential to mention that all free base species in solution have practically the 

same behaviors than those observed in the gas phase, increasing the values slightly in solution, 

as detailed in Table 7. First, the free base species of S(+) forms of ecstasy in both media (blue 

line) present the lowest distances having the species of scopolamine and cocaine the higher 

values in the gas phase. In comparison, heroin and morphine in both media show lower values. 

However, higher distances are observed when all cationic (red line) and hydrochloride species 

(green line) are compared, presenting the two species of 2-CB the highest values in solution. 

In contrast, their cationic form in the gas phase shows a surprisingly high value. Such 

observations are justified because the N-C distances in the three species of 2-CB correspond to 

primary amines, as shown by red circles in Figure 6; in the species of ecstasy correspond to 

secondary amines (blue circles in Fig. 6) while in the other alkaloids correspond to tertiary 

amines. 

 
Figure 6. Molecular structures of three free base, cationic, and hydrochloride species of ecstasy and 2-CB (4-

Bromo-2,5-dimethoxyphenethylamine) showing in the red circle the primary amines and with blue circles the 

secondary ones. 

Obviously, in the gas phase, a species has greater freedom of movement and, 

particularly, when the N atoms are linked to lighter atoms like (H) in a primary amine, as are 

the cases of three species of 2-CB. On the other hand, the hydrochloride/hydrobromide and 
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cationic species show cross behaviors and closer in the solution where the higher values are 

observed in the cationic species and hydrochloride species of 2-CB, and the smallest value 

presents the hydrochloride species of tropane. Previous, structural, and vibrational studies have 

shown that the hydrobromide or hydrochloride species of some alkaloids are in solution as 

cationic ones [1-5,7,10,12,14]. These studies clearly show the influence of medium on the N-

CH3 distances independently of diverse groups linked to N atom. Besides, Lazni et al. have 

suggested by using combined DFT calculations and NMR studies the fast inversion of N-CH3 

group in solution [74].  

3.3. Natural population atomic (NPA) charges, bond orders (BO), and molecular electrostatic 

potentials (MEP) studies. 

Rudyk et al. [6,7] have suggested that the charges on the N and C atoms belonging to 

N-CH3 groups in some tropane alkaloids could, in part, be indicative parameters to predict the 

potency of these alkaloids because those groups are commons to all alkaloids. Hence, taking 

into account that the S(+) ecstasy species are secondary amines and have N-CH3 groups, the 

natural population atomic (NPA) and Mulliken charges, bond orders and molecular 

electrostatic potentials were studied for the three species by using the NBO 3.1 program [69] 

and Merz-Kollman (MK) charges [75]. Hence, calculated atomic MK, Mulliken, and natural 

population (NPA) charge on the essential atoms of three ecstasy species in gas and aqueous 

solution phases by using B3LYP/6-311++G** level of theory can be seen in Table 8. Behaviors 

of three atomic charges on the O, N, H, and Cl atoms of three S(+) ecstasy species in both 

media can be seen in Figure 7. 

Table 8. MK, Mulliken, and Natural population atomic (NPA) charges observed on atoms of the three S(+) 

ecstasy species in gas and aqueous solution phases by using B3LYP/6-311++G** levels of theory. 
S(+)-MDMA Gas Phase 

 Freebase Cationic Hydrochloride 

Atoms MK Mulliken NPA MK Mulliken NPA MK Mulliken NPA 

1 O -0.442 -0.152 -0.544 -0.397 -0.134 -0.528 -0.436 -0.148 -0.539 

2 O -0.444 -0.155 -0.545 -0.396 -0.127 -0.524 -0.414 -0.144 -0.539 

3 N -0.811 -0.006 -0.679 -0.176 -0.044 -0.541 0.070 -0.017 -0.630 

4 C 0.504 -0.684 -0.006 0.127 -0.643 0.012 0.131 -0.612 0.004 

13 C -0.002 -0.306 -0.359 -0.230 -0.276 -0.359 -0.372 -0.320 -0.362 

22 H 0.381 0.215 0.344 0.301 0.317 0.424 0.014 0.082 0.389 

30 H    0.294 0.342 0.421 0.251 0.324 0.384 

31 Cl       -0.607 -0.460 -0.696 

S(+)-MDMA Aqueous Solution 

Atoms MK Mulliken NPA MK Mulliken NPA MK Mulliken NPA 

1 O -0.497 -0.220 -0.571 -0.475 -0.217 -0.568 -0.496 -0.218 -0.569 

2 O -0.476 -0.223 -0.572 -0.484 -0.217 -0.569 -0.479 -0.216 -0.570 

3 N -0.985 -0.174 -0.708 -0.127 0.080 -0.539 0.027 0.252 -0.595 

4 C 0.630 -0.556 -0.009 0.372 -0.647 0.012 0.339 -0.677 0.011 

13 C 0.086 -0.352 -0.372 -0.311 -0.351 -0.358 -0.296 -0.396 -0.364 

22 H 0.443 0.261 0.362 0.334 0.351 0.449 0.209 0.103 0.458 

30 H    0.312 0.372 0.446 0.277 0.378 0.433 

31 Cl       -0.903 -0.798 -0.911 

 

Rigorous inspections of all values presented in Table 8 and Fig. 7 for the free base 

species, it is observed that the three types of charges follow the same behaviors in both media. 

In contrast, the behaviors change in the cationic and hydrochloride species. Hence, in the free 

base species, the Mulliken charges have different behaviors than the other ones. Thus, higher 

values are observed in the Mulliken charges on N3 in both media, while the MK and NPA 

charges show the most negative values on N3 in the two media. On the other hand, the MK 
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charges on C4 and C13 in both media have positive values, while the Mulliken charges in both 

media show for these atoms negative values. The three charges show positive values on H22. 

Evaluating the charges on the atoms of cationic species in the two media, it is observed that the 

Mulliken charges show the most negative values on C4 while the MK charges the most positive 

on these atoms. The NPA charges on the H22 and H31 present the most positive values than 

the other ones. 

 
Figure 7. Behaviors of atomic MK, Mulliken, and NPA charges on the O, N, H, and Cl atoms of the free base 

(upper), cationic (medium), and hydrochloride (bottom) species of S(+) form of ecstasy in both media. 

The three charges have different behaviors on all atoms of hydrochloride species in the 

two media; hence, the MK charges show the most negative values on O1, O2, C13, and Cl31 

while the NPA charges on O1, O2, N3, C13, and Cl31 and the Mulliken charges show values 

less damaging on the O1 and O2 atoms and most negative on C4. The three charges evidence 

positive values on the two H atoms, although the MK charge shows practically a null value on 

H22 in the gas phase. These studies show that the three types of charges have a higher influence 

on the N atoms belonging to N-CH3 groups of three species of S(+) form of ecstasy in both 

media than the O atoms of R1 ring. Besides, as mentioned above, the three ecstasy species are 

secondary amines where the H22 and H30 atoms are linked to N3 atoms of three species. 

Molecular electrostatic potentials (MEP) were also predicted for the three species of 

S(+) form of ecstasy species in both media by using the B3LYP/6-311++G** level of theory. 
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These values are presented in Table 9, together with the bond order (BO) expressed as Wiberg 

indexes. As expected, the MEP values for the three species follow the tendency: Cl > O > N 

>C >H atoms where the most negative values are observed on the Cl atoms in both media. In 

contrast, the less negative ones are predicted on the H atoms because these atoms are most 

labile. Note that the H30 atoms of methylenedioxy groups of cationic species are the most 

labile in both media. Thus, in the mapped MEP surfaces of those three ecstasy species which, 

are presented in Figure 8, are expected strong red colors on the two O atoms of methylenedioxy 

ring and on the N atoms evidencing in these regions nucleophilic places where reactions with 

reactive potential electrophiles can occur. On the other hand, all blue color surfaces are 

expected on the cationic species in both media, which are typical electrophilic regions, as 

observed in alkaloids species [1-5,7,10] while in the free base and hydrochloride species the 

blue colors are easily observed on the N-H groups of methylenedioxy groups. Finally, inert 

regions with green colors are expected on the phenyl rings of those three species. 

Table 9. Calculated molecular electrostatic potentials (a.u.) observed on some atoms of the three species of S(+) 

ecstasy in the gas phase and aqueous solution by using B3LYP/6-311++G** levels of theory. 

Atoms 

B3LYP/6-311++G** 

Molecular electrostatic potentials 

Gas-phase  Aqueous solution 

Freebase Cationic Hydrochloride Freebase Cationic Hydrochloride 

1 O -22.324 -22.228 -22.308 -22.336 -22.258 -22.317 

2 O -22.325 -22.229 -22.309 -22.337 -22.265 -22.321 

3 N -18.413 -18.101 -18.306 -18.415 -18.063 -18.244 

4 C -14.742 -14.546 -14.695 -14.742 -14.517 -14.656 

13 C -14.757 -14.549 -14.708 -14.757 -14.525 -14.673 

22 H -0.793 -1.070 -0.990 -1.060 -0.745 -0.976 

30 H - -0.792 -0.979 - -0.744 -0.904 

31 Cl - - -64.519 -  -64.565 

Bond order (Wiberg Index) 

Atoms 
Gas-phase  Aqueous solution 

Freebase Cationic Hydrochloride Freebase Cationic Hydrochloride 

1 O 2.093 2.119 2.100 2.060 2.064 2.062 

2 O 2.090 2.124 2.100 2.058 2.062 2.061 

3 N 2.984 3.414 3.274 2.949 3.406 3.343 

4 C 3.954 3.868 3.909 3.952 3.885 3.893 

13 C 3.864 3.759 3.802 3.857 3.766 3.775 

22 H 0.887 0.822 0.857 0.873 0.800 0.795 

30 H  0.824 0.856  0.802 0.814 

31 Cl   0.528   0.173 

 

Figure 8. Calculated electrostatic potential surfaces on the molecular surfaces of the free base, cationic and 

hydrochloride species of S(+) form of ecstasy. Color ranges are indicated in units a.u. B3LYP functional and 6-

31G* basis set. Isodensity value of 0.005. 

Bond orders (BO), expressed as Wiberg indexes, are interesting parameters that predict 

the strength of different bonds in the different media. Here, the BO values of the O and N atoms 

increase in the cationic species in both media, as compared with the other two species. In 
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contrast, the C and H atoms in the cationic species decrease the values. These variations in the 

BO can be attributed to an increase of the capacity donor of H bonds of O and N atoms, which 

are related to the lower MEP values observed on these atoms from Table 9 and to the lower 

MK charges observed on the cationic species in both media. 

3.4. Stability study by using NBO and AIM analyses. 

The NBO 3.1 program is useful to compute the donor-acceptor energy interactions by 

using Second-Order Perturbation Theory Analysis of Fock Matrix in NBO Basis, expressed as 

E(2), as reported by Glendening et al. [69]. The total energy of these different delocalization 

energies can predict the stability of a species; hence, the values for the three S(+) ecstasy 

species can be seen in Table 10. The essential delocalization energies are observed from 

bonding orbitals corresponding to C=C, N-C bonds, or lone pairs of N, O, and Cl atoms to 

antibonding orbitals corresponding to C=C and N-H bonds. These different →*, n→*, 

n→*, *→*, →n*, and n→n* transitions are similar to those observed in scopolamine 

species [7]. Note that the →n* and n→n* interactions are only observed for the hydrochloride 

species in the gas phase, while the LP(4)Cl31→ *N3-H22 interaction is only observed for 

this species in solution. Hence, different behaviors are observed for the three ecstasy species 

in both media. Total energies are observed for the hydrochloride species in both media being 

higher in solution. 

Table 10. Main delocalization energy (in kJ/mol) values of the three S(+) ecstasy species in the gas phase and 

aqueous solution by using the B3LYP/6-311++G** level of theory. 

B3LYP/6-311++G** 

Delocalization 
Gas-phase Aqueous solution 

Freebase Cationic Hydrochloride Freebase Cationic Hydrochloride 

C6-C10→ *C8-C9   73.84 68.38 72.19 74.53 74,40 74.65 

C6-C10→ *C11-C12   80.84 67.63 76.24 82.05 78,67 79.67 

C8-C9→ *C6-C10 81.93 83.52 82.43 81.22 81,05 81.34 

C8-C9→ *C11-C12   82.47 78.88 81.55 83.18 83,64 83.64 

C11-C12→ *C6-C10   74.49 84.52 77.71 73.74 75,95 75.74 

C11-C12→ *C8-C9   85.90 87.36 86.48 85.82 85,44 85.61 

Σ→* 479.47 470.29 476.6 480.54 479,15 480.65 

LP(2) O1→  *C8-C9 104.96 122.27 109.35 97.39 99,15 97.94 

LP(2) O2→ *C11-C12 103.41 120.05 107.64 96.22 98,77 97.31 

LP(4)Cl31→ *N3-H22      111.52 

Σn→* 208.37 242.32 216.99 193.61 197,92 306.77 

*C8-C9→ *C6-C10 992.67   999.48 1209,94 1179.39 

*C11-C12→ *C6-C10 907.77   862.96 1077,06 1051.52 

Σ*→* 1900.44   1862.44 2287.00 2230.91 

N3-C4→ LP*(1)H22   44.39    

N3-C13→ LP*(1)H22   46.19    

Σ→n*   90.58    

LP(1)N3 →  LP*(1)H22   1200.1    

LP(4)Cl31 →  LP*(1)H22   836.13    

Σ n→n*   2036.23    

ΣTOTAL 2588.28 712.61 2820.4 2536.59 2964,07 3018.33 

Thus, higher energy values are predicted for the free base and hydrochloride species in 

the gas phase, while in solution, the cationic and hydrochloride species present higher total 

energies. Hence, the total energies reveal the high stability of cationic and hydrochloride forms 

in solution. Here, it is challenging to understand the existence of cationic form if the 

hydrochloride one is most stable in both media. Hence, in order to justify why these 

discrepancies occur, AIM calculations were also performed below. 
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The Bader’s theory of atoms in molecules is a practical tool to predict different types 

of interactions knowing the topological properties through version 2000 of AIM program 

[70,76]. Later, the electron density, (r), the Laplacian values, 2(r), the eigenvalues of the 

Hessian matrix (1, 2, 3) and the |λ1|/λ3 ratio are calculated in the bond critical points 

(BCPs) and in the ring critical points (RCPs) for the free base, cationic and hydrochloride 

species of S(+) form of ecstasy. Table 11 shows these parameters for the three species in both 

media at the B3LYP/6-311++G** level of theory. Here, only for the hydrochloride species in 

the gas phase is observed an interaction of hydrogen bond C13-H27···H17 while in solution 

besides it is observed other ionic interaction N3-H30···Cl31 (closed-shell interaction). Hence, 

in both interactions |λ1|/λ3 < 1 and 2(r) > 0 while when is covalent (shared interaction) the 

interaction present high (r) and 2(r) values, the ratio 1/3> 1 and 2(r) < 0 [77]. These 

new H bond interactions formed in the hydrochloride species in both media can be easily seen 

in Figure 9. A new RCPN is formed with the C13-H27···H17 interaction, while RCP1 and 

RCP2 correspond to the RCPs of methylenedioxy and phenyl rings, respectively. In free base 

and cationic species are seen the own RCPs of two rings. 

Table 11. Analyses of the Bond Critical Points (BSPs) and Ring Critical Points (RCPs) of the three S(+) ecstasy 

species in gas and aqueous solution phases by using the B3LYP/6-311++G** level of theory. 

Gas-phase   

Parameter# 
Freebase Cationic Hydrochloride   

RCP1 RCP2 RCP1 RCP2 RCP1 RCP2 H22-Cl31   

(r) 0.0488 0.0215 0.0484 0.0214 0.0487 0.0215 0.0879   

2(r) -0.33 -0.1572 -0.3312 -0.1568 -0.3304 -0.1572 0.0084   

1 -0.0555 -0.0159 -0.0565 -0.0157 -0.0558 -0.0159 -0.1539   

2 0.1810 0.0805 0.1873 0.0801 0.1828 0.0804 -0.1537   

3 0.2043 0.0926 0.2004 0.0923 0.2036 0.0927 0.3160   

1/3 -0.2717 -0.1717 -0.2819 -0.1701 -0.2742 -0.1715 -0.4870   

Distance       1.699   

Aqueous solution 

Parameter# 

Freebase Cationic Hydrochloride 

RCP1 RCP2 RCP1 RCP2 RCP1 RCP2 RCPN H17-H27 H22-

Cl31 

(r) 0.0487 0.0215 0.0476 0.0217 0.0478 0.0217 0.0108 0.0108 0.0337 

2(r) -0.33 -0.1572 -0.3224 -0.158 -0.3232 -0.158 -0.0468 -0.0436 -0.07 

1 -0.0555 -0.0159 -0.0538 -0.0159 -0.0536 -0.0159 -0.0087 -0.0091 -0.0428 

2 0.1810 0.0805 0.1784 0.0808 0.1779 0.0806 0.0022 -0.0020 -0.0427 

3 0.2043 0.0926 0.1979 0.093 0.1988 0.0932 0.0535 0.0549 0.1555 

1/3 -0.2717 -0.1717 -0.2719 -0.171 -0.2696 -0.1706 -0.1626 -0.1658 -0.2752 

Distance         2.092 

 

Figure 9. Molecular graphic for the hydrochloride species of S(+) ecstasy in aqueous solution showing the 

geometry of all their critical bond points (BCPs) and ring critical points (RCPs) by using the B3LYP/6-

311++G** method. 
Here, it is essential to observe that the H22···Cl31 distance notably increases in 

solution, as a consequence of the hydration. The formation of two new H bond interactions 
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supports the high stability of hydrochloride species in solution in accordance with the NBO 

studies. But, the N3-H30···Cl31 is ionic, indicating, in this case, the formation of the cation. 

3.5. Frontier orbitals and global descriptors studies. 

To investigate the chemical reactivity and kinetic stability of a species, Parr and Pearson 

have suggested calculating both frontier orbitals and their differences named gap [55,56]. Later, 

a series of global descriptors can be computed with these gap values using known equations 

reported in the literature [57-65]. Hence, for the three S(+) ecstasy species in both media, the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) were computed together with the chemical potential (μ), electronegativity (χ), global 

hardness (η), global softness (S), global electrophilicity index (ω) and global nucleophilicity 

index (E) descriptors in order to predict their reactivities and behaviors in both media. Thus, 

the results for the three species in the two media and by using the B3LYP/6-311++G** level 

of theory are presented in Table 12. Analyzing the gap values, we observed that the cationic 

species is the most reactive in both media because its species has the lowest gap value, as 

expected because it charged species is the most unstable while the reactivity of free base 

increases in solution due to the protonation of >N-CH3 group. On the contrary, the reactivity 

of hydrochloride form is less reactive in solution, in accordance with its higher stability 

evidenced by AIM and NBO calculations in this medium. 

Table 12. Frontier orbitals, gap values, and global descriptors for the three S(+) ecstasy species in the gas phase 

and aqueous solution by using the B3LYP/6-311++G** level of theory. 

Gas-phase 

Orbitals (eV) Freebase Cationic Hydrochloride 

HOMO -5.8504 -8.6342 -6.2559 

LUMO -0.4762 -4.7130 -0.9878 

GAP 5.3742 3.9212 5.2681 

Descriptors 

 -3.1633 -1.9606 -2.6341 

 -2.6871 -6.6736 -3.6219 

 3.1633 1.9606 2.6341 

S 0.1581 0.2550 0.1898 

 1.1413 11.3582 2.4900 

E -8.500 -13.084 -9.540 

Aqueous solution 

Orbitals (eV) Free base Cationic Hydrochloride 

HOMO -5.9104 -5.9076 -5.9893 

LUMO -0.4762 -0.4762 -0.5361 

GAP 5.4342 5.4314 5.4532 

Descriptors 

 -2.7171 -2.7157 -2.7266 

 -3.1933 -3.1919 -3.2627 

 2.7171 2.7157 2.7266 

S 0.1840 0.1841 0.1834 

 1.8765 1.8758 1.9521 

E -8.676 -8.668 -8.896 

 = - [E(LUMO)- E(HOMO)] /2; = [E(LUMO) + E(HOMO)] /2; = [E(LUMO) - E(HOMO)] /2; S = ½;  = 2/2 E=m*h 

 

Probably, the high values of global electrophilicity index (ω) and global nucleophilicity 

index (E) in the gas phase justify the low gap value of cationic species in this medium while 

the lower value in solution could be justified by the lower values of those two indexes, as 

observed in Table 12. When the gap values for the three ecstasy species are compared in Table 

13 and Figure 10 with those reported for heroin, morphine, cocaine, tropane, scopolamine and 

2-CB alkaloids in both media by using B3LYP/6-31G* basis set [1-3,5,7,10] we observed that 
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the free base of cocaine in both media have the low gap values and, hence, this species is the 

most reactive and, then, the species of ecstasy is the most reactive in the two media. Analyzing 

the gap values for the cationic species, the species of ecstasy is the most reactive in the gas 

phase (3.9212 eV), while in solution, the species of morphine is the most reactive. The gap 

value for the cationic species of 2-CB was not presented because the B3LYP/6-

31G*calculation has optimized this species with an imaginary frequency. If now are evaluated, 

the hydrochloride/hydrobromide the cocaine species is the most reactive in both media. Note 

that the three tropane species have low reactivities in the two media and are the less reactive, 

having its cationic species the highest gap value (9.5595 eV). The behaviors of gap values in 

the three species of ecstasy are practically similar to those corresponding to scopolamine. 

 

Table 13. Gap values for the three S(+) ecstasy species in the gas phase and aqueous solution by using the 

B3LYP/6-311++G** level of theory. 

B3LYP Method 

Species 
Freebase Cationic Hydrochloride 

Gas PCM Gas PCM Gas PCM 

Heroinb 5.6563 5.6414 5.4268 5.3757 4.4469 5.3024 

Morphinec 5.6044 5.475 5.1889 5.0244 4.584 5.4417 

Cocained 4.858 4.9487 5.4468 5.466 3.6813 4.5082 

Tropanee 7.5506 7.6611 9.5595 9.525 5.9119 6.8246 

Scopolaminef 5.4004 5.4758 5.6356 5.6289 5.4026 4.9239 

Ecstasya 5.3742 5.4342 3.9212 5.4314 5.4532 5.2681 

2-CBg 5.4613 5.4804 4.4055 # 3.8178 5.513 
aThis work, bfrom ref [5], cfrom ref [1], dfrom ref [3], efrom ref [2], ffrom ref [7], gfrom ref [10], #Imaginary frequencies 

 

Figure 10. Gap values for the hydrochloride species of S(+) ecstasy in the gas phase and aqueous solution by 

using the B3LYP/6-311++G** method compared with the corresponding to alkaloids species in both media by 

using B3LYP/6-31G* level of theory. 

 These studies show that all hydrochloride/hydrobromide forms are the most reactive 

species in solution, except for morphine, probably because they have higher solvation energies 

(between -162 and -122 kJ/mol), as compared with the free base species  
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3.6. NMR study. 

The predicted 1H- and 13C-NMR chemical shifts in aqueous solution calculated by using 

the GIAO method [73] and the B3LYP/6-311++G** level of theory are compared with the 

available experimental ones in CDCl3 taken from the literature [27,40-42] in Table 14 together 

with the corresponding RMSD values. Good correlations are observed between the predicted 

chemical shifts and the experimental ones of three specie with RMSD values for the 1H nucleus 

between 0.4 and 0.3 ppm. On the contrary, the RMSD values slightly increase between 19.9 

and 3.6 ppm for the 13C nucleus, where the higher value presents the hydrochloride form 

probably due to that its cationic species is present in solution. In general, the theoretical values 

are overestimated about the experimental ones. 

Table 14. Observed in CDCl3 and calculated 1H and 13C chemical shifts ( in ppm) for the three ecstasy species 

in aqueous solution by using the B3LYP/6-311++G** level of theory. 

Atoms 
1H-RMNa 

Expb 
Freebase Cationic HCl 

15 H 2.3 3.3 3.0  

16 H 1.8 2.2 2.1 2.7 

17 H 3.1 3.4 3.3 2.7 

18 H 0.8 1.2 0.9 1.1 

19 H 1.2 1.3 1.1 1.1 

20 H 0.8 1.2 1.6 1.1 

21 H 7.0 7.0 6.9 6.8 

22 H 0.7 4.5 10.4  

23 H 6.9 7.0 7.0 6.7 

24 H 7.0 7.1 7.1 6.7 

25 H 2.3 2.8 2.4 2.6 

26 H 2.6 3.1 2.9 2.6 

27 H 2.7 3.2 2.9 2.6 

28 H 6.1 6.2 5.8 6.0 

29 H 5.8 5.8 6.2 6.0 

30 H - 4.1 3.3  

RMSD  0.3 0.4 0.3  

Atoms 13C-RMN Expc 

4 C 66.2 66.5 81.6 59.3 

5 C 43.8 39.8 57.5 41.3 

6 C 142.9 136.3 155.0 132.3 

7 C 20.2 18.6 34.5 17.7 

8 C 116.1 116.4 133.6 112.5 

9 C 154.1 154.6 172.1 150.3 

10 C 127.4 127.8 145.3 125.7 

11 C 152.1 153.7 171.1 149.1 

12 C 113.2 113.5 131.0 111.6 

13 C 36.0 34.5 49.7 32.8 

14 C 105.7 106.1 123.0 104.0 

RMSD  4.5 3.6 19.9  
aThis work GIAO/B3LYP/6-311++G** Ref. to TMS, bFrom Ref [40-42], cFrom Ref [27,42]. 

 

3.7. Vibrational study. 

B3LYP/6-311++G** calculations have optimized the three species of S(+) ecstasy with 

C1 symmetries and, as the free base, cationic and hydrochloride species have respectively 29, 

30 and 31 atoms in its structures the expected normal vibration modes are 81, 84 and 87 and, 

where all modes are active in both IR and Raman spectra. Figures 11 and 12 show comparisons 

between the experimental available attenuated total reflectance ATR-IR and FT-Raman 

spectra, respectively, for the hydrochloride species of ecstasy [20,28,29,33,52] with the 

corresponding predicted for the free base, cationic and hydrochloride species in the gas phase 

at the B3LYP/6-311++G** level of theory. 
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Figure 11. Experimental infrared spectrum of hydrochloride ecstasy compared with the corresponding predicted 

for the free base, cationic, and hydrochloride species by using B3LYP/6-311++G** level of theory. 

 

Figure 12. Experimental Raman spectrum of hydrochloride ecstasy species compared with the corresponding 

predicted for the free base, cationic, and hydrochloride species by using B3LYP/6-311++G** level of theory. 
 

 The SQMFF methodology and the Molvib program, together with the normal internal 

coordinates and scaling factors, were employed to obtain the harmonic force fields of three 

ecstasy species [49-51]. Later, the complete assignments of all bands observed in the 

experimental vibrational spectra were performed using potential energy distributions (PED) 

contributions  10 %. Table 15 is given observed and calculated wavenumbers and assignments 

for the free base, cationic, and hydrochloride species of ecstasy in the gas phase. The rigorous 

examinations of both spectra show the probable presence of three species in the solid phase 

quickly because the three very intense IR bands at 1496, 1253, and 1042 cm-1 are assigned to 

vibration modes of three species while in the corresponding predicted spectra only two strong 

bands are observed. Note that the two anti-symmetric and symmetric NH2 stretching modes of 

cationic and hydrochloride species of ecstasy are predicted at higher wavenumbers and 

observed respectively as weak bands in the IR and Raman spectra between 3327 and 3330 cm-
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1. On the other hand, the experimental IR band at 2794 cm-1 can be assigned to the symmetric 

mode of CH3 group corresponding to the free base because the SQM calculations predict this 

mode only for this species at 2795 cm-1. Besides, the aliphatic the C4-H15 stretching mode for 

the free base species is predicted at 2774 cm-1, while for the other two species, these modes are 

predicted at higher wavenumbers. Better correlations are observed in the Raman spectra in the 

region of higher wavenumbers when the corresponding spectrum predicted in activities were 

transformed into intensities by using known equations [71,72]. Discussions of some 

assignments are presented by the regions below. 

Table 15. Observed and calculated wavenumbers (cm-1) and assignments for the three S(+) ecstasy species in 

gas and aqueous solution phases by using the B3LYP/6-311++G** level of theory. 

Experimental 
B3LYP/6-311++G** method 

Freebase Cationic Hydrochloride 

IRc Rad SQMb Assignmentsa SQM
b 

Assignmentsa SQMb Assignmentsa 

3327w 3330w 3367 N3-H22 3322 aNH2 3327 aNH2 

3327w 3330w   3274 sNH2   

3073vw 3070s 3053 C12-H24 3077 C12-H24 3072 C12-H24 

  3044 C8-H21 3057 C8-H21 3059 C8-H21 

3030sh 3037m 3021 C10-H23 3052 aCH3(C13) 3037 C10-H23 

 3000w 2978 aCH2(C14) 3034 aCH3(C13) 3016 aCH3(C13) 

2969m 2968s 2967 aCH3(C7) 3030 C10-H23 3012 aCH3(C13) 

  2953 aCH3(C13) 3004 aCH2(C14) 3000 aCH3(C7) 

  2937 aCH3(C7) 3002 aCH3(C7) 2997 aCH2(C14) 

  2933 aCH2(C5) 2970 aCH3(C7) 2972 aCH3(C7) 

  2916 aCH3(C13) 2954 C4-H15 2949 aCH2(C5) 

2933m 2933s 2896 sCH2(C5) 2951 sCH3(C13) 2933 sCH3(C13) 

2894m 2875sh 2881 sCH3(C7) 2938 aCH2(C5) 2931 C4-H15 

2865sh 2849sh 2857 sCH2(C14) 2915 sCH2(C14) 2896 sCH2(C5) 

2794m 2794m 2795 sCH3(C13) 2903 sCH3(C7) 2895 sCH3(C7) 

2794m 2794m 2774 C4-H15 2895 sCH2(C5) 2882 sCH2(C14) 

1615w 1629s 1605 C8-C9 

C9-C11 

1601 C9-C11 

C8-C9 

1605 C8-C9 

C9-C11  1609m 1591 C11-C12 1590 C11-C12 

C6-C8 

1593 C11-C12 

C6-C8 1508s 1502m   1578 δNH2 1522 sNH2 

1496vs  1476 δCH2(C14) 

C9-C11 

1479 δCH2(C14) 

C9-C11 

1477 δCH2(C14) 

C9-C11  1468sh 1473 N3-H22 1469 δCH2(C14) 1467 δCH2(C14) 

 1456sh 1466 δCH2(C14)   1454 δaCH3(C13) 

δNH2 1448s 1442s 1445 δaCH3(C13)  1445 δaCH3(C13) 1453 δaCH3(C13) 

wagNH2  1436sh 1438 δaCH3(C7) 1443 δaCH3(C7) 1444 δaCH3(C7) 

  1432 δaCH3(C7) 1437 δaCH3(C13) 1441 δaCH3(C7) 

  1426 δCH2(C5) 

δaCH3(C13) 

1432 δaCH3(C7) 1432 δaCH3(C13) 

1428sh  1423 δaCH3(C13) 

δaCH3(C7) 

1430 C10-C12 

C10-H23 

1427 δaCH3(C13) 

δCH2(C5)   1420 δCH2(C5) 1415 δCH2(C5) 1422 δCH2(C5) 

    1408 wagCH2(C14) 1413 δsCH3(C13) 

  1404 wagCH2(C14) 1400 δsCH3(C13) 1406 wagCH2(C14) 

    1393 wagNH2 1392 ρNH2 

 1398w 1395 δsCH3(C13) 1367 δsCH3(C7) 1364 δsCH3(C7) 

1377w 1360s 1355 δsCH3(C7) 1362 δsCH3(C7)  

ρNH2 

1352 δsCH3(C13) 

δsCH3(C7) 1345w 1337s 1340 ρ'C4-H15 1351 C6-C10 1343 C6-C10 

 1337s 1335 δsCH3(C7) 

ρC4-H15 

1337 wagCH2(C5) 1321 ρ'C4-H15 

 1329sh 1323 C6-C10 1321 ρ'C4-H15 1307 ρC4-H15 

1293sh 1280w 1284 wagCH2(C5) 

ρ'C4-H15 

1290 ρC4-H15 

ρNH2 

1291 wagCH2(C5) 

1273sh  1265 C8-H21 1268 C8-H21 1269 C8-H21 

C10-H23 1253vs 1247s 1234 C10-

C12O1-C9 

1244 C10-C12 1238 O1-C9 

1226sh 1200w 1198 ρ'CH3(C13) 

ρ'CH3(C7) 

    

  1197 ρCH2(C5) 1215 ρCH2(C5) 1209 ρCH2(C5) 

1194m  1192 ρCH2(C14) 1190 R1(A1) 

O2-C11 

1193 O2-C11 

1166w 1155w 1169 ρCH2(C14) 

R1(A1) 

1173 ρCH2(C14) 1179 ρCH2(C14) 

ρ'CH3(C13) 1138sh  1121 ρCH3(C13)  

N3-C4 

1166 ρ'CH3(C13) 1171 ρCH2(C14) 

C8-H21 1130w 1115w 1111 C12-H24 

C10-C12 

C10-H23 

1119 C12-H24 

C10-H23 

1114 C12-H24 

C10-C12 1106w 1098s 1096 ρCH3(C13) 

N3-C13 

1103 ρCH3(C13) 1089 R1(A1) 

1078sh 1070w 1082 R1(A1) 1094 O1-C9 

C5-C6 

1085 ρCH3(C13) 
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Experimental 
B3LYP/6-311++G** method 

Freebase Cationic Hydrochloride 

IRc Rad SQMb Assignmentsa SQM
b 

Assignmentsa SQMb Assignmentsa 

1062sh  1057 ρ'CH3(C13) 

ρCH3(C7) 

1053 ρCH3(C7) 1071 ρ'CH3(C13) 

1042vs 1042m 1042 wCH2(C14) 

ρ'CH3(C7) 

1040 C4-C7 1055 C4-C7 

  1035 wCH2(C14) 

ρ'CH3(C7) 

1027 wCH2(C14) 

O2-C14 

1037 wCH2(C14) 

O2-C14   1024 C4-C7 

N3-C13 

C4-C5 

1005 wCH2(C14) 1018 ρ'CH3(C7) 

 1000w 1008 wCH2(C14) 998 ρ'CH3(C7) 1008 wCH2(C14) 

947sh  929 C10-H23 942 N3-C13 1005 N3-C13 

939m  917 O1-C9 

C6-C8 

927 C12-H24 930 C10-H23 

 910w 913 O1-C14 

O2-C14 

922 O1-C9 920 O1-C9 

C5-C6 875w 887w 900 ρCH3(C7) 

N3-C4 

904 O1-C14 

O2-C14 

911 O1-C14 

O2-C14  850sh 872 C8-H21 872 C4-C5 886 C4-C5 

ρCH3(C7)  843sh 842 ρ'CH3(C7) 856 C8-H21 866 C8-H21 

816m 813vs 819 C12-H24 818 C10-H23 844 N3-C4 

    809 wCH2(C5) 824 wCH2(C5) 

  798 O2-C11 805 C10-H23 

C12-H24 

812 C12-H24 

 772s 784 wCH2(C5) 787 wNH2 796 C9-C11 

O2-C11 776w  774 R1(A2) 

R1(A1) 

748 N3-C4 770 N3-C4 

730sh  722 R2(A2) 725 wNH2 764 wNH2 

680vw 715vs 714 N3-H22 724 R2(A2) 723 R2(A2) 

644w 667s 713 R1(A1) 706 R1(A1) 709 R1(A1) 

613w 650w 636 R1(A2) 632 R1(A2) 642 R1(A2) 

606w 604m 602 R3(A1) 599 C6-C5 598 R3(A1)  

C6-C5 540w 535w 535 R3(A1) 531 R3(A1) 540 R3(A1) 

463vw 457w 475 δC7C4N3 446 δC5C4C7 

δC7C4N3 

456 δC5C4C7 

δC7C4N3 439w  438 R2(A1) 438 R2(A1) 445 R2(A1) 

425w 425w 426 R2(A1) 418 R2(A1) 430 R2(A1) 

409sh 393sh 394 δC5C4C7 379 δC5C4C7 414 R2(A1)  

νH22-Cl31  370vs 357 C4N3C13 

δC5C4N3 

346 δC4N3C13 

δC5C4N3 

387 R2(A1) 

ButtC11-C9  358s 325 ButtC11-C9 321 ButtC11-C9 325 wC5-C6 

 350sh 300 C6-C5 289 C6-C5 305 δC4N3C13 

 266vs 239 R2(A2) 232 ButtC11-C9 

R2(A2) 

279 C6-C5 

νH22-Cl31  250sh 227 C6-C5 

 δC5C4C7 

222 wCH3(C7) 239 R2(A2) 

 238sh 211 wCH3(C7) 205 wCH3(C7) 

wCH3(C13) 

221 wCH3(C7) 

 202w 192 R3(A1), 

R2(A1) 

185 R3(A1) 193 R3(A1) 

R2(A1)       186 δC5C4N3 

 139sh 185 wCH3(C13) 175 wCH3(C13) 170 wCH3(C13) 

 127sh 133 R1(A2)   133 R1(A2) 

 115sh     128 N3H22Cl31 

 103vs   97 R1(A2),R2(A2) 86 N3-H22 

 91vs 95 N3-C4 72 N3-C4   

  69 C6-C5 65 δC6C5C4 65 N3-C4 

δC6C5C4   41 C4-C5 42 wC5-C6 35 C4-C5 

  27 wC5-C6 26 C4-C5 27 C4-C5 

N3-H22       22 wC5-C6 

Abbreviations: ν, stretching; wag, wagging; , torsion; , rocking; w, twisting; , deformation; a, antisymmetric; s, symmetric; 

(A1), Ring R1; (A2), Ring R2; aThis work, bFrom scaled quantum mechanics force field B3LYP/6-311++G** method; cFrom 

Ref [52]; dFrom Ref [28,29,33]. 

3.7.1. 4000-2000 cm-1 region.  

In this region are expected the CH3, CH2, and NH2 anti-symmetric and symmetric 

stretching modes corresponding to the three species and the aromatic and aliphatic C-H 

stretching modes. The IR band at 3327 cm-1 is assigned to the N3-H22 stretching mode of the 

free base and to the two NH2 stretching modes expected for the cationic and hydrochloride 

species because of the SQM calculations predicted these modes in that region.  

The group of IR and Raman bands between 3073 and 2794 cm-1 is assigned as predicted 

by SQM calculations to CH3, CH2, and NH2 anti-symmetric modes. Symmetric stretching 

modes corresponding to the three species and to aromatic and aliphatic C-H stretching modes 
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are assigned, as detailed in Table 15. Here, the IR band of medium intensity at 2794 cm-1 can 

be assigned to symmetric CH3 and C4-H15 stretching modes of the free base because the SQM 

calculations predicted these modes respectively at 2795 and 2772 cm-1. The Raman bands and 

shoulders between 2933 and 2794 cm-1 are assigned to symmetric CH2 stretching modes, as 

predicted by calculations and as were assigned in similar species [1-3,7,10,11-19]. 

3.7.2. 2000-1000 cm-1 region.  

The strong IR and Raman bands between 1629 and 1502 cm-1 are assigned to the 

expected C=C stretching modes corresponding to R2 ring while the IR band at 1508 cm-1 that 

appear with medium intensity in Raman at 1502 cm-1 is assigned to NH2 stretching mode of 

hydrochloride species and to NH2 deformation modes of cationic species, as predicted by SQM 

calculations. Then, the very intense IR band at 1496 cm-1 is independently assigned to CH2 

deformations modes or C9=C11 stretching modes commons to both R1 and R2 rings of three 

species [1-3,7,10]. The strong IR band at 1448 cm-1 can be simultaneously assigned to CH3 and 

CH2 deformation modes of three species or NH2 deformation or wagging NH2 modes of 

hydrochloride species. On the other hand, the very intense IR bands at 1253 and 1042 cm-1 can 

be assigned to C10-C12, O1-C9, or C4-C7 stretching modes of three species or CH3 rocking 

and CH2 twisting modes of free base species. The group of IR and Raman bands and shoulders 

between 1444 and 1000 cm-1 can be attributed to three C-H in-plane deformation modes of R2 

ring, wagging and rocking modes of CH3 and CH2 groups and rocking modes of aliphatic C4-

H15 groups of three species of ecstasy, as predicted by calculations and as is perfectly detailed 

in Table 15.  

3.7.3. 1000-20 cm-1 region.  

In this region, the C-H out-of-plane deformation (C-H), twisting CH3, CH2 and NH2 

modes, C-N, O-C, and C-C stretching modes and deformations (R) and torsion (R) modes of 

two R1 and R2 rings corresponding to the three species are expected. Here, these modes are 

assigned, taking into account the frequencies predicted by SQM calculations and according to 

assignments reported for species containing similar groups [1-3,7,10,11-19, 60-62,64], as is 

detailed in Table 15. 

3.8. Force constants. 

The scaled internal force constants for the three species of S(+) ecstasy calculated by 

using the B3LYP/6-311++G** level of theory with the SQMFF methodology and the Molvib 

program [49-51] are presented in Table 16 together with the reported for scopolamine alkaloid 

and psychotropic agent 2-CB [7,10]. When the force constants are compared for the three 

species, it is observed that the f(N-H), f(N-CH3) and f(C-N) constants decrease its values in 

the cationic and hydrochloride species due to incorporations of H atoms in the cationic species 

and Cl atom in the hydrochloride one. A similar effect can be seen in 2-CB and in the 

hydrobromide scopolamine species when the Br atom is added to cationic species [7,10]. Note 

that the free base of scopolamine species does not present an N-H bond because this tertiary 

amine contains the >N-(CH3)2 group, while the species of 2-CB is a primary amine (C-N-H2) 

and of ecstasy is a secondary amine (HN-(CH3)2). Then, the structural differences between the 

ecstasy and scopolamine species also affect f(C-N) constants decreasing the values in the 

corresponding cationic and hydrochloride/hydrobromide species. The f(CH2) and 
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f(CH3)force constant values present approximately similar values in ecstasy and in the 

compared species. 

Table 16. Scaled internal force constants for the free base, cationic, and hydrochloride species of S(+) ecstasy 

in the gas phase and in aqueous solution by using the B3LYP/6-311++G** method. 

Force 

constant 

B3LYP/6-311++G** method B3LYP/6-31G* 

S(+) Ecstasya Scopolamineb 2-CBc 

Freebase Cationic HCl Freebase Cationic HBr Freebase Cationic HCl 

f(N-H) 6.29 6.04 4.19  6.04 2.81 6.24 6.10 4.35 

f(N-CH3) 4.69 3.95 4.33 4.76 3.93 3.71 3.59 3.16 4.50 

f(C=C) 6.42 6.42 6.43       

f(C-O)R2 4.74 4.87 4.78 3.99 4.11 3.99 5.41 5.25 5.40 

f(C-N) 4.48 2.94 3.85 4.27 3.20 3.72    

f(CH2) 4.69 4.76 4.73 4.82 4.85 4.84 4.79 4.91 4.84 

f(CH3) 4.67 4.91 4.87 4.81 5.11 5.09 4.76 4.92 4.86 

f(C-H)R2 5.07 5.12 5.12 5.14 5.15 5.15 5.24 5.25 5.24 

f(C-H) 4.26 4.81 4.74 4.84 4.85 4.86    

f(C-C) 3.94 3.98 3.97 3.91 3.89 3.91    

f(CH2) 0.75 0.75 0.75 0.76 0.76 0.76 0.78 0.78 0.78 

f(CH3) 0.54 0.54 0.54 0.58 0.56 0.56 0.59 0.58 0.59 

Units are mdyn Å-1 for stretching and mdyn Å rad-2 for angle deformations, athis work, bfrom ref. [7], cfrom ref. [10]. 

3.9. Electronic circular dichroism (ECD) and Ultraviolet-visible spectra. 

The ultraviolet-visible spectra of the free base, cationic, and hydrochloride species of 

S(+) and R(-) forms of ecstasy were predicted in aqueous solution by using TDDFT 

calculations and the B3LYP/6-311++G** method. These spectra are presented In Figure 13, 

while the predicted electronic circular dichroism spectra (ECD) for the three species of S(+) 

and R(-) forms are presented in Figure 14. 

 

Figure 13. Predicted ultraviolet-visible spectra of the free base, cationic, and hydrochloride species of S(+) and 

R(-) forms of ecstasy in aqueous solution by using B3LYP/6-311++G** level of theory. 

In the electronic spectra of the free base and cationic species are observed three bands 

and a shoulder while in the spectrum of hydrochloride species are observed two bands and a 

shoulder. Thus, in the free base, the bands are located at 146.5, 168.3, and 196.3 nm while the 

shoulder at 260 nm. In the cationic species, the three bands are at 135.5, 164.4, and 197.2 nm, 

and the shoulder is located at 257.6 nm. In the hydrochloride species, the two bands are 

observed at 164.9 and 197.7 nm while the shoulder at 257.6 nm. In the predicted UV-Vis of 
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three species of R(-) form, only an intense band is observed, which is located in the free base 

at 237 nm while in the cationic and hydrochloride species at 269.6 and 298.4 nm, respectively. 

The bands of intensities maxima in both forms can be assigned to →* transitions which 

usually are observed between 210-230 nm and are attributed to C=C groups [57,60]. 

 

Figure 14. Predicted electronic circular dichroism spectra of the free base, cationic, and hydrochloride species 

of S(+)and R(-) forms of ecstasy in aqueous solution by using B3LYP/6-311++G** level of theory. 

 The shoulders observed in the three species of S(+) form are probably related to three 

species of R(-) form because these forms are quickly bio-transformed to the S(+) form, as 

suggested by Johnson et al. [53]. The free base is protonated in solution while the hydrochloride 

form is as cationic one; hence, both species are as cationic in solution. The other bands of low 

intensities observed in the three species of S(+) form could be associated with n→* 

transitions, which are also predicted by NBO calculations. The ECD spectra of three species of 

R(-) form show that the positions of negative bands are those observed as maxima in the UV-

Vis spectra for the free base, cationic, and hydrochloride species at 237, 270 and 300 nm, 

respectively. The ECD spectra of three S(+) forms show the presence of negative bands 

corresponding to the R(-) forms; hence, in solution, the presence of racemic mixture can be 

predicted when the rotatory strength for the three are graphed in Figure 14. 

 

4. Conclusions 

 In this work, the structures of the free base, cationic, and hydrochloride species of S(+) 

and R(-) enantiomers of ecstasy have been theoretically determined in the gas phase and 

aqueous solution by using B3LYP/6-311++G** calculations. On the other hand, the bands 

observed in the experimental available attenuated total reflectance ATR-IR and FT-Raman 

spectra were assigned entirely by using the scaled quantum mechanical force field (SQMFF) 

approach and the Molvib program. SQM calculations predicted that the three species could be 

present in the IR spectrum in the solid phase because the IR bands of medium intensity at 2794 

cm-1 is assigned to the stretching C4-H15 and symmetric CH3 modes of the free base while the 

strong IR band at 1508 cm-1 is assigned easily to the NH2 deformation modes of cationic and 

hydrochloride species. The calculations reveal the same energy values for both enantiomers, 

indicating that they could exist simultaneously in the two media with similar corrected 
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solvation energies in solution probably because the R(-) form is quickly converted to the S(+) 

one. Three types of charges studied in both media evidence higher effect on the N atoms 

belonging to N-CH3 groups of three species of S(+) form of ecstasy in both media than on the 

O atoms of R1 ring. The high gap value predicted for the hydrochloride species of S(+) form 

in solution, about other ones, support the low reactivity of this species, in agreement to its 

higher stability evidenced in this medium by AIM and NBO calculations. The predicted 

Ultraviolet-visible and Electronic Circular Dichroism ecstasy (ECD) support the presence of 

both enantiomeric forms in solution. The predicted 1H- and 13C-NMR chemical shifts for the 

three species of S(+) form of ecstasy show excellent concordance with the corresponding 

experimental ones. 
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