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ABSTRACT

Here, the structural, topological and vibrational properties of the free
base, cationic and hydrochloride heroin species were theoretically
determined in gas phase and in aqueous solution employing the
hybrid B3LYP/6-31G* method. The results were compared with
those reported for morphine and cocaine. The self-consistent
reaction field (SCRF) and polarised continuum (PCM) methods were
employed to study the solvent effects while the solvation energies
were predicted with the solvation model. The N-CH; groups in the
three species in both media were optimized in equatorial positions
which apparently favour the volume expansions in solution, in
particular, for cationic and hydrochloride species. The three heroin
species presents the higher solvation energy values, as compared
with the corresponding to morphine and cocaine. The charges
studies and the molecular electrostatic potentials (MEP) mapped
surfaces suggest clear electrophilic sites on the N-H group of the
cationic species while the hydrochloride species shows nucleophilic
regions around the Cl atoms but less weak sites on the C=0 groups.
The low bond order values for the Cl atoms in the hydrochloride
species in both media reveal the ionic characteristics of their halogen
H---Cl bonds. The NBO and AIM studies support the high stabilities
of those three heroin species against to the corresponding to
morphine and cocaine while the presence of other groups linked to
tropane ring increase significantly the reactivity of alkaloid,
specifically of its cationic and hydrochloride forms. The predicted
higher global electrophilicity index () for hydrochloride form of
cocaine and the low global nucleophilicity index (E) values in heroin
and morphine could probably explain the different behaviors of these
species in both media. In this work, the known potential
pharmacological properties for the three heroin species were
explained easily with the rule of five states suggested by Lipinski’s
and Veber. The harmonic force fields and the complete vibrational
assignments of the 144, 147 and 150 normal vibration modes
expected respectively for the free base, cationic and hydrochloride
heroin species were here reported for first time by using the SQMFF
methodology and the available infrared and Raman spectra for the
free base and hydrochloride forms.
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INTRODUCTION

The tropane, cocaine, morphine and heroin alkaloids are known drugs with multiple
biological properties for which are used in medicine for the treatment of severe pain [1-8] but
its effects with the continual use, obviously change, generating addiction and dependence [1].
Consequently, when these drugs are used for non-medicinal purposes are named drugs of
abuse and they are categorized as legal or illegal within the forensic science [5-9]. From this
point of view, the detection of these alkaloids and its derivatives are generally performed by
using a simple, quick and direct techniques such as the vibrational spectroscopy due to that in
these cases the evidence clearly should be conserved [3,5,6,8,10-13]. Thus, both infrared and
Raman spectra are tools highly suitable from long time to identify species in different
aggregation states and where the Raman spectroscopy shows wide advantages against to the
infrared in the case of a solid substance where is not necessary a previous sample preparation
[3,5,6,8,10-13]. Besides, the identification of illicit drugs can be also studied with the Surface
Enhanced Raman Spectroscopy (SERS) technique [14]. Obviously, the use of these
spectroscopies are related to the structural studies because to perform the spectral analysis it
is necessary to know the experimental structure and/or when it is unknown, the theoretical
calculations are indispensable to predict the most stable structure [3,10-13]. Currently, the
scaled quantum mechanical force field (SQMFF) methodology is a useful procedure enough
used to perform the complete assignments of compounds combining the normal internal
coordinates with the vibrational spectra and the corresponding harmonic force fields [15] and,
for these reasons, that procedure is very reliable. With this methodology were recently
obtained the scaled harmonic force fields for the base free, cationic and hydrochloride species
of tropane, cocaine and morphine alkaloids by using transferable scaling factors and the
Molvib program [16,17]. This way, the complete vibrational assignments for the three
different forms of those three species were published and, now, these substances can be
totally identified by using the vibrational spectroscopy [10-13]. In those works, the
definitions of all normal internal coordinates of three species with fused cyclical structures
constituted by different rings members and with a tertiary nitrogen atom were completely
elucidated. But, so far, for the heroin alkaloid only the vibration normal modes for the base
free were identified by using scaled frequencies with a scale factor of 0.96 above 800 cm™
and by 1.0013 below 800 cm™ while the other two cationic and hydrochloride species remain
even without to assign [3]. Clearly, in that work the SQM methodology was not used and, for

these reasons, the aims of this work are: (i) to known the most stable structures of base free,
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cationic and hydrochloride species of heroin, (ii) to calculate some structural properties and,
besides, (iii) to perform their complete vibrational assignments by combination of SQMFF
approach with the corresponding normal internal coordinates and the experimental available
infrared and Raman spectra for the base free and hydrochloride forms [18]. Structurally,
heroin is an opiate derivative from morphine, therefore, heroin is known as diamorphine
where two OH groups in the morphine structure were replaced by two acetyl groups forming
heroin and, being it the most potent of the opiates [1]. The structures of heroin hydrochloride
and its polymorph were already published by Canfield et al. [19] and Deschamps et al. [20],
respectively. Then, to achieve those purposes these structures were used to perform the
theoretical calculations based on the density functional theory (DFT) with the hybrid
B3LYP/6-31G* method [21,22] and, after their optimizations, the structural properties and
frequencies were calculated. Later, the complete vibrational assignments of the bands
observed in the experimental available for the base free and the hydrochloride species were
performed by using the normal internal coordinates, the corresponding scaled force fields
computed with the SQMFF procedure and the Molvib program [15-17]. Finally, additional
calculations on the frontier orbitals and some global descriptors were also computed [23-32]
in order to know their reactivities and, also to understand the behaviours of those three
species of heroin taking into account that the disease heroin crystal nephropathy is originated
by heavy heroin abuse [33]. Here, the predicted properties including the solvation energies
for the three species of heroin were compared with those reported for cocaine and morphine
alkaloids [10-13].

Methodology calculations

The three species of heroin were modelled with the GaussView program [34] in accordance to
the experimental structure reported for the hydrochloride form [19] and, later these species
were optimized in gas phase with the Gaussian program Revision A.02 [35] by using the
hybrid B3LYP/6-31G* method [21,22]. Figure 1 shows the three structures of heroin
together with the atoms labelling while Figure 2 are presented the identifications of the five
rings for each structure. On the other hand, the three species in solution were optimized at the
same level of theory but with the self-consistent reaction field (SCRF) method and the
integral equation formalism variant polarised continuum (IEFPCM) model [36,37] while the

solvation model [38] was employed to calculate the solvation energies of the three species.
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Figure 1. Theoretical molecular structures of the free base, cationic and hydrochloride

species of heroin and the atoms numbering.

The Moldraw program [39] was used to calculate all volumes in both media while their
corresponding variations were obtained as the differences between the values in solution and
in gas phase at the same level of theory. The zero point vibrational energy (ZPVE) due to the
electronic energy was employed to correct all energy values because the effects of molecular
vibrations persist even at 0 K. Here, it is necessary to clarify that for the other alkaloids were
also corrected the energy values. Then, with the optimized structures, the natural populations
atomic (NPA) and the Merz-Kollman (MK) charges together with the molecular electrostatic
potentials were calculated at the same level of theory [40,41] while the bond orders and the
presence of donor-acceptor interactions were evaluated with the NBO program [40].

Figure 2. Theoretical simplified structures of the free base, cationic and hydrochloride

species of heroin together with the identifications of their rings.
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The AIM2000 program and the Bader’s theory of atoms in molecules (AIM) were used to
compute the topological properties of the three heroin species [42,43]. Here, the harmonic
force fields by using the B3LYP/6-31G* level of theory were obtained for those three species
by using the SQMFF methodology [15,16] with the Molvib program [17] while their normal
internal coordinates were similar to those reported for the morphine species [11]. In addition,
the assignments of all bands observed in the IR and Raman spectra for the free base and the
hydrochloride species were performed by using potential energy distribution (PED)
contributions > 10%. The use of the frontier orbitals are of interest to explain the reactivities
of heroin species [23,24] while their behaviours can be explained through global descriptors
[11-13,25-32], such as the chemical potential (), electronegativity (y), global hardness (),
global softness (S), global electrophilicity index (@) and nucleophilicity indexes (£)
descriptors [25-32]. The three heroin species were also estimated with some Lipinski's and

Veber's criteria [44,45] in order to evaluate their pharmacological properties.
RESULTS AND DISCUSSION
Structural studies in gas phase and in solution

The results related to total energies, dipole moments, volume variations and solvation
energies for the free base, cationic and hydrochloride species of heroin can easily be seen in
Table 1 compared with the values corresponding to the species of morphine and cocaine in
both media [11,13]. The energy values for the three alkaloids and their species were corrected
by ZPVE, as was explained in the above section. Note that the higher dipole moment values
are observed for the cationic species, specifically in solution, as expected because these
species are charged and, in solution, are highly hydrated with solvent molecules. The higher
value is observed for the cationic species of heroin. On the other hand, the free base of heroin
shows volume contraction while their cationic and hydrochloride species show volume
expansions, as the hydrochloric species of morphine and the cationic species of cocaine. Here,

the free base of cocaine presents similar volume expansion than its cationic form.

Figure 3 are presented the solvation energy and the dipole moment values for the different
species of the three alkaloids in aqueous solution. Heroin presents the higher solvation energy
values for the three species while the free base of heroin has higher solvation energy than
cocaine and morphine but the hydrochloride cocaine species has lower value than the

corresponding to heroin and morphine.
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Table 1. Calculated total energies (E), dipole moments (), volume variations (AV) and
solvation energies (AG) for the free base, cationic and hydrochloride heroin forms
compared with those reported for the morphine and cocaine species in gas and aqueous

solution phases.

B3LYP/6-31G*

HEROIN?
Gas phase corrected by ZPVE
Species E (Hartrees) i (D) V (A%
Free base -1244.5307 3.02 374.6
Cation -1244.9005 15.13 378.5
H-ClI -1705.3389 9.76 404.7
PCM corrected by ZPVE
E (Hartrees) u (D) V (A% AV (A3
Free base -1244.5534 4.65 374.1 -0.5
Cation -1245.0073 21.50 380.1 1.6
H-ClI -1705.3841 15.11 406.3 1.6
Solvation energy (kJ/mol)
AG,” AGpe AG,
Free base -59.54 29.13 -88.67
Cation -280.13 43.01 -323.14
H-ClI -118.56 43.38 -161.94
MORPHINE®
Gas phase corrected by ZPVE
Species E (Hartrees) u (D) V (A%
Free base -939.6185 2.77 292.7
Cation -939.9999 11.71 295.8
H-ClI -1400.4406 7.82 318.3
PCM corrected by ZPVE
E (Hartrees) u (D) V (A% AV (A%
Free base -939.6367 4.86 293.0 0.3
Cation -940.1075 18.34 295.0 -0.8
H-CI -1400.4859 11.63 319.0 0.7
Solvation energy (kJ/mol)
AG,* AGye AG,
Free base -47.74 13.17 -60.91
Cation -282.23 26.96 -309.19
H-ClI -118.82 25.92 -144.74
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COCAINE®
Gas phase corrected by ZPVE
Species E (Hartrees) i (D) V (A%
Free base -1015.7564 1.55 321.0
Cation -1016.1483 9.57 322.5
H-ClI -1476.5594 7.45 353.2
PCM corrected by ZPVE
E (Hartrees) u (D) V (A% AV (A%
Free base -1015.7727 1.86 322.2 12
Cation -1016.2309 13.22 323.7 12
H-ClI -1476.5975 12.58 352.5 -0.7
Solvation energy (kJ/mol)
AG,* AGye AG,
Free base -42.75 28.51 -71.26
Cation -216.66 38.58 -255.24
H-ClI -99.94 38.20 -138.14

AG.*, See text; *This work; "From Ref [11]; °From Ref [13]

On the other side, from Fig. 3 it is observed that the graphic of dipole moment values shows
clearly the higher values for the three species of heroin where the higher value observed for

the cationic form justify evidently its higher solvation energy.
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Figure 3. Solvation energies (upper) and dipole moment values (bottom) for the three

forms of heroin compared with the corresponding to morphine and cocaine.
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Here, the closers values of dipole moments observed for the hydrochloride species of
morphine and cocaine probably support the similar solvation energy values observed in these
two species. On the contrary, the proximities between the dipole moment values observed for
the free base of heroin and morphine cannot be justified by the differences in their solvation
energy values but, probably, the contraction and expansion volume observed for the free base
of heroin and morphine, respectively could justify the differences in their corresponding

solvation energy values.

All optimized geometrical parameters for the three heroin species in the two media by using
the hybrid B3LYP/6-31G* method can be observed in Table 2. Calculated bond lengths are
compared with those experimental ones determined by Canfield et al. [19] and Deschamps et
al. [20] for diacetylmorphine and its polymorph form by using the root-mean-square
deviation (RMSD). On the other side, bond angles were compared with those experimental
values reported by Deschamps et al. [20] and with those theoretical calculated for the free
base of heroin by Pandey et al [3] at the B3LYP/6-311G** level of theory while, the
predicted dihedral angles were only compared with those two experimental values
determined by Deschamps et al. [20] for the polymorphic form of heroin. Here, the better
correlations in bond lengths were predicted for the three heroin species from the experimental
data obtained by Deschamps et al. [20], with RMSD values between 0.029 and 0.020 A while
when the calculated values are compared with the experimental ones obtained by Canfield et
al. [19] the RMSD values increase between 0.047 and 0.035 A. In relation to the bond angles
and for the two comparisons considered, the RMSD values show reasonable and practically
similar concordances with values between 2.0 and 1.6 °. These results evidence, in particular
for the free base, that with a basis set of lower size (6-31G*) similar bond angles values to
those predicted by using 6-311G** basis set are obtained. Hence, these structures can be used
to perform the corresponding vibrational analyses of the three species. Note that the dihedral
angles show high RMSD values due to the great difference between the experimental and
predicted dihedral C10-C16-02-C24 angles. Besides, the hydrochloride species shows a
strong change sign in the dihedral C22-03-C26-C27 angle when the medium change of gas

phase to aqueous solution.
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Table 2. Comparison of calculated geometrical parameters for the free base, cationic
and hydrochloride heroin species in gas and aqueous solution phases compared with the

corresponding experimental ones for hydrochloride morphine.

B3LYP/6-31G**

Parameters Free base Cationic Hydrochloride Exp Exp°®

Gas PCM Gas PCM Gas PCM

Bond lengths (A)

N6-CH; 1453 1460 1.501 1498 1.483 1.492 1.46
N6-C9 1473 1482 1549 1534 1514 1.525 1.44
N6-C14 1463 1468 1520 1511 1.498 1.506 1.45
C8-C9 1555 1553 1552 1550 1.554  1.552 1.53
C9-C13 1565 1563 1.545 1547 1549 1.547 1.62
C7-C8 1545 1548 1547 1548 1544 1548 1.52
C7-C10 1558 1.556 1.561 1556 1.557 1.556 1.55
Cr7-Ci11 1546 1545 1548 1546 1.546 1.545 1.52
C7-C12 1509 1509 1509 1508 1509 1.509 1.57
C12=C15 1382 1384 1383 1.383 1.382 1.383 1.36
C8-C17 1506 1508 1510 1508 1506 1.508 142
C10-C16 1556 1550 1.554 1550 1.558 1.550 1.536(8) 1.55
C16-C19 1510 1509 1.511 1509 1510 1.509 1.480(8) 1.50
C12=C18 1385 1385 1385 1385 1385 1.384 1.38
C17=C19 1334 1336 1334 1335 1334 1.335 1.29
C16-02 1438 1449 1427 1447 1.438 1.448 1.447(6) 1.45
C18-01 1364 1372 1362 1371 1363 1.371 1.37
C10-01 1461 1472 1455 1470 1.463 1.470 1.48
C24-02 1354 1350 1368 1351 1357 1.351 1.338(8) 1.38
C24-04 1212 1220 1209 1219 1211 1.219 1.192(8) 1.23
C22-03 1395 1403 1.382 1401 1.392 1.402 1.403(7) 1.40
C26-03 1374 1371 1389 1373 1377 1.372 1.349(8) 131
C26-05 1204 1214 1202 1213 1204 1.214 1.180(9) 1.20
C24-C25 1510 1503 1505 1,502 1509 1.502 1.496(10) 1.45

RMSD® 0.020 0.020 0.025 0.020 0.021 0.029

RMSD® 0.035 0.035 0.047 0.043 0.040 0.041

Bond angles (°)

Parameters Gas PCM Gas PCM Gas PCM Exp” Calc?
C9-N6-C20 1142 1129 1143 1141 1145 1139 114
C14-N6-C20 112.3 1104 1120 1118 111.8 1113
C9-N6-C14 113.6 1124 1124 112.7 1140 1131
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N6-C9-C8 107.1 1073 106.2 1064 107.0 106.7 106
N6-C14-C11 1111 1116 1105 1109 1109 111.2 111
C19-C16-C10 115.0 115.0 1149 115.0 1153 115.0 113.3(4) 115
C19-C16-02 111.2 1109 1121 111.0 1112 1111 108.7(5) 107
C10-C16-02 107.0 1072 1069 107.2 107.0 107.1 112.5(4) 111
C16-02-C24 1174 1179 116.2 1177 1172 1177 116.8(5)
02-C24-04 124.0 1235 1226 1234 1237 1233 123.6(6) 124
02-C24-C25 1099 1111 1102 1110 1101 1110 112.2(6) 111
04-C24-C25 1259 1253 127.0 1254 126.0 1255 124.1(6) 126
C18-C22-C23 117.8 1181 1175 1180 1178 1181 117.4(6) 117
C18-C22-03 121.8 1224 1224 1225 1218 1223 123.4(6)
C23-C22-03 120.2 1194 1199 1193 1202 1194 119.0(5) 122
C22-03-C26 118.0 1181 1176 1183 1179 1181 117.0(5)
03-C26-05 1240 1229 1228 1228 1237 1228 121.6(6) 123
03-C26-C27 1095 1106 109.6 1105 109.6 110.5 112.4(7) 109
05-C26-C27 126.3 1264 1274 1265 126.6 126.5 125.9(7) 126
RMSD" 1.7 1.6 1.8 1.6 1.7 1.7

RMSD® 1.7 1.8 2.0 1.7 1.7 1.8

Dihedral angles (°)
C8-C9-N6-CH; 165.6 170.2 1685 168.7 1689 170.0
C11-C14-N6-CH;  -172.8 -176.8 -174.4 -1755 -1752 -176.7
N6-C9-C8-C7 656 659 653 656 649 654
N6-C14-C11-C7 -50.0 -50.7 -51.6 -50.3 -504  -49.9
C19-C16-02-C24 798 829 769 821 803 829
C10-C16-02-C24  -153.6 -150.6 -156.1 -151.4 -152.7 -150.5  -83.5(6)
C16-02-C24-04 15 -03 07 -02 -01 -0.9
C16-02-C24-C25 -179.1 178.3 -179.5 1785 179.0 177.8
C18-C22-03-C26  -72.0 -69.0 -68.3 -66.6 -73.4 -684  -94.2(8)
C22-03-C26-05 58 01 -37 1794 59 -0.3
C22-03-C26-C27  173.9 -179.3 1765 179.4 1740 -179.9
02-C16-C10-01 -26.2 -30.7 -291 -31.2 -226 -30.6
RMSD® 520 50.7 545 518 51.1 508

*This work, "Ref [20] for free base heroin; °Ref [19] for free base heroin; “Ref [3] for free
base heroin at the B3LYP/6-311G** level of theory. Bold letters: RMSD values.

Evidently, the CI atoms have influence on its structure in solution and in the environmental,
as expected due to its elevated electronegativity and, as supported by its volume expansion in
solution (see Table 1). Figure 1 shows clearly that the cationic and hydrochloride species of

heroin the N-CHg3 groups are optimized in equatorial position, in relation to N-H groups.
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Evidently, these equatorial forms for these two species favor their volumes expansions in

solution.
Charges, molecular electrostatic potential and bond orders (BO) analysis

Here, two atomic charges, molecular electrostatic potentials (MEP) and bond orders (BO)
were studied for the three heroin species in order to analyze the differences between heroin
and morphine because two acetyl groups are observed in the heroin species while each
morphine species has only two OH groups. Hence, different properties are expected for those
atoms belonging to R1 and R4 rings containing these groups in the three species. Thus,
natural populations atomic (NPA), Merz-Kollman (MK) charges, molecular electrostatic
potentials (MEP) and bond orders (BO) were calculated for the three heroin species by using
the same level of theory in the two studied media [40,41]. Therefore, in Table 3 are presented
MK and MEP values for the three heroin species while in Figure 4 can easily be observed the
variations in the MK charges for the O, N and C atoms of those three species in both media.
These graphics show clearly that the O atoms of those three species present practically the
same behaviours in both media and, only slight variations in the MK charges are observed on
the O1 and O2 atoms of hydrochloride species. However, the charges on N6 atoms in the free
base in both media have negative signs while positive signs are observed on these atoms in
the hydrochloride species in the two media. On the contrary, the MK charges on the N6
atoms in the cationic species in both media are practically nulls. In relation to the charges on
the C atoms, it is observed that the charges on the C7, C8, C9 and C10 atoms, commons to
the R1, R2 and R3 rings, in the free base present different signs in both media while, on C7
and C9 atoms are observed positive signs and, on C8 atoms negative signs. Here, very
important results are observed in the charges on the C8 atoms for the cationic and
hydrochloride species, respectively because the charges on those atoms increase notably in
the hydrochloride species in solution while decrease in the cationic species in this media. On
the contrary, the charges on the C9 atoms became negative and null, respectively in the
hydrochloride and cationic species in solution, as observed in Fig. 4. Note that practically the
same behaviours in the charges values are observed on the remaining C atoms but, in
particular for the cationic species in solution, the charges on the C11, C12, C13 and C14

atoms became similar to the free base and hydrochloride species.
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Table 3. Atomic MK charges and molecular electrostatic potentials for the most stable
free base, cationic and hydrochloride structures of heroin by using the hybrid B3LYP/6-
31G™ level of theory.

MK charges MEP

Atoms Free base Cationic Hydrochloride Free base Cationic Hydrochloride

Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM
10 -0.366  -0.370  -0.338  -0.363  -0,357 -0,330 -22,287  -22,290 -22,177  -22,179 -22,271 -22,269
20 -0.404 -0.412 -0.413 -0.404 -0,393 -0,382  -22,283  -22,283 -22,191 -22,190 -22,275 -22,273
30 -0.348  -0.374  -0.366 -0.368  -0,368 -0,388 -22,268  -22,268 -22,178  -22,177 -22,255 -22,252
40 -0.528  -0.539  -0.510 -0.520 -0,524  -0,528 -22,340  -22,344 -22,252  -22,259 -22,333 -22,335
50 -0.487 -0.503  -0476 -0493 -0496 -0,499 -22330 -22,335 -22,243  -22,250 -22,318 -22,320
6 N -0.393  -0.373 0.016 -0.002 0,234 0,263 -18,354  -18,354 -18,062  -18,058 -18,248 -18,226
7C 0.269 0.266 0.026 0.088 0,120 0,120 -14,715 -14,715 -14,579  -14,578 -14,695 -14,687
8 C -0.134 -0.159 0.131 0.051 0,180 0,271  -14,726  -14,726 -14,573 -14,572 -14,705 -14,697
9C 0.315 0.250 -0.048  0.008 0,012 -0,027  -14,700  -14,700 -14,519  -14,518 -14,656 -14,646
10 C 0.059 0.067 0.120 0.134 0,064 0,061 -14,672  -14,672 -14555  -14554  -14,657 -14,653
11 C -0.332 -0.272 -0.181 -0.190 -0,126 -0,109 -14,735  -14,734 -14,582 -14,580 -14,712 -14,703
12 C -0.388 -0.361 -0.304 -0.386 -0,371 -0,326  -14,750  -14,749 -14,629 -14,628 -14,730 -14,724
13 C  -0.282 -0.301  -0.156 -0.250 -0,281  -0,263 -14,731  -14,731 -14,580  -14,579 -14,696 -14,688
14 C 0.106 0.060 -0.034 0.004 -0,084 -0,085 -14,713  -14,713 -14,527 -14,524 -14,668 -14,656
15 C 0.323 0.317 0.218 0.288 0,290 0,266  -14,731  -14,731 -14,610  -14,608 -14,709 -14,703
16 C 0.436 0.469 0.372 0.406 0,388 0,317 -14,672  -14,672 -14566  -14564  -14,661 -14,658
17 C -0.136 -0.135 -0.292 -0.262 -0,306 -0,337  -14,741  -14,741 -14,621 -14,619 -14,725 -14,721
18 C 0.439 0.415 0.384 0.442 0,397 0,309 -14,689  -14,689 -14,577  -14,575 -14,671 -14,666
19 C -0333 -0336 -0.208 -0.230 -0,209 -0,190 -14,743  -14,742 -14,628  -14,625 -14,729 -14,725
20 C -0.276 -0.296 -0.434 -0.443 -0,467 -0,472  -14,717  -14,717 -14,524 -14,522 -14,670 -14,661
21C  -0.357 -0.353  -0.330 -0.348  -0,340  -0,333 -14,741 -14,741 -14,630  -14,628 -14,722 -14,717
22 C 0.042 0.081 0.126 0.099 0,107 0,184 -14,681  -14,680 -14,574 -14,572 -14,664 -14,659
23C  -0.129 -0.152  -0.134 -0.122 -0,161 -0,186 -14,736 -14,735 -14,630  -14,628 -14,718 -14,713
24 C 0.720 0.720 0.722 0.711 0,722 0,727  -14,618 -14,619 -14,532 -14,534 -14,611 -14,610
25 C -0.467 -0.434 -0.456 -0.438 -0,465 -0,469  -14,740  -14,739 -14,662 -14,665 -14,734 -14,731
26 C 0.748 0.774 0.749 0.768 0,770 0,768 -14,608 -14,610 -14,523 -14,526 -14,596 -14,595
27 C -0.549 -0.550 -0.553 -0.561 -0,553 -0,549  -14,727  -14,727 -14,652 -14,654 -14,718 -14,716
28 H 0.068 0.080 0.027 0.040 0,031 0,008  -1,118 -1,118 -0,965 -0,964 -1,099 -1,093
29 H 0.033 0.059 0.102 0.101 0,084 0,094  -1,119 -1,120 -0,939 -0,938 -1,076 -1,067
30 H 0.062 0.056 0.075 0.069 0,077 0,081  -1,107 -1,107 -0,993 -0,991 -1,093 -1,089
31 H 0.088 0.075 0.060 0.056 0,053 0,061  -1,121 -1,121 -0,966 -0,965 -1,102 -1,092
32 H 0.109 0.094 0.136 0.133 0,092 0,088  -1,118 -1,118 -0,966 -0,964 -1,093 -1,084
33 H 0.075 0.087 0.123 0.140 0,118 0,117  -1,114 -1,113 -0,968 -0,966 -1,081 -1,073
34 H 0.096 0.105 0.074 0.093 0,088 0,084  -1,112 -1,111 -0,962 -0,960 -1,078 -1,069
35 H 0.023 0.034 0.104 0.099 0,062 0,060  -1,130 -1,129 -0,937 -0,934 -1,078 -1,065
36 H 0.078 0.086 0.105 0.096 0,111 0,115  -1,120 -1,120 -0,933 -0,931 -1,077 -1,065
37 H 0.005 -0.002 0.025 0.013 0,015 0,041  -1,107 -1,106 -1,001 -0,999 -1,097 -1,093
38 H 0.116 0.123 0.169 0.168 0,157 0,162  -1,108 -1,107 -0,987 -0,986 -1,092 -1,088
39 H 0.180 0.181 0.190 0.194 0,157 0,167 -1,110 -1,109 -1,001 -0,998 -1,098 -1,094
40 H 0.083 0.092 0.207 0.212 0,156 0,163  -1,124 -1,123 -0,924 -0,921 -1,067 -1,057
41 H 0.117 0.124 0.192 0.195 0,182 0,192 -1,116 -1,115 -0,923 -0,921 -1,068 -1,059

H

N
)

0.125 0.132 0.186 0.188 0,186 0,193 -1,118 -1,118 -0,923 -0,921 -1,071 -1,062
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43 H 0.159 0.161 0.177 0.179 0,167 0,169 -1,109 -1,109 -1,000 -0,999 -1,090 -1,085
44 H 0.157 0.161 0.178 0.180 0,167 0,170 -1,103 -1,102 -1,003 -1,000 -1,087 -1,082
45 H 0.145 0.133 0.146 0.135 0,142 0,140 -1,112 -1,112 -1,031 -1,037 -1,106 -1,103
46 H 0.134 0.125 0.144 0.139 0,135 0,139 -1,101 -1,100 -1,023 -1,025 -1,095 -1,092
47 H 0.129 0.124 0.141 0.141 0,131 0,134 -1,113 -1,111 -1,036 -1,038 -1,107 -1,105
48 H 0.165 0.163 0.174 0.173 0,167 0,167 -1,092 -1,093 -1,017 -1,020 -1,082 -1,081
49 H 0.151 0.151 0.164 0.167 0,155 0,155 -1,103 -1,102 -1,028 -1,030 -1,093 -1,091
50 H 0.156 0.157 0.173 0.172 0,158 0,159 -1,095 -1,092 -1,019 -1,020 -1,085 -1,081
51H 0.298 0.303 0,056 0,042 -0,808 -0,804 -0,988 -0,981
52 Cl -0,630 -0,708 -64,506 -64,528
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Figure 4. Variations of MK charges on
the atoms from 1 to 27 for the three
forms of heroin in the gas phase (upper)
and in aqueous solution (bottom)
compared with the corresponding to
morphine and cocaine at B3LYP/6-
31G** level of theory.

Figure 5. Variations of MK charges on the
atoms from 28 to 50 for the three forms of
heroin in the gas phase (upper) and in aqueous
solution  (bottom) compared with the
corresponding to morphine and cocaine at
B3LYP/6-31G** level of theory.

If now, the MK charges on the H atoms for the three species in both media are analysed from

Figure 5 similar behaviours are observed. However, the clear differences in the MK charges

are observed on the H51 atoms of the cationic and hydrochloride species in both media

observing the highest and lowest values on the atoms of the cationic and hydrochloride
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species, respectively as expected because they are the less and most labile H atoms,

especially in solution.

The NPA charges for the three heroin species in both media can be seen in Table 4 together
with the BO values. These NPA charges show practically the same behaviours in the three
species in both media, observing only on the C16, C18, C22, C24 and C26 atoms positive
signs while on the remaining C atoms and on the O and N atoms are observed negative signs.
Obviously, on all H atoms are observed NPA charges with positive signs having the higher
values the cationic species than the hydrochloride ones.

When the MEP values on all atoms of the three heroin species are analyzed the tendencies
observed in these forms are in agreement with the higher electronegativities values of the
involved atoms, hence, Cl > O > N > C > H, where the most negative values are observed on
the Cl atoms of hydrochloride species while the less negative values are clearly observed on
the H51 atoms of cationic and hydrochloride species in both media. Now, if the MEP mapped
surfaces for the three species in gas phase are carefully evaluated by the different colorations
from Figure 6, it is possible to observe for the free base strong red colours on both C=0
groups belong to the acetyl groups and, besides a weak red colour on the N atom while weak

blue colours are observed on H atoms that belong to C-H and N-CHj3 groups.

Table 4. NPA charges and Wiberg indexes for the most stable free base, cationic and
hydrochloride structures of heroin by using the hybrid B3LYP/6-31G* level of theory.

NPA charges Wiberg indexes
Atoms Free base Cationic Hydrochloride Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM Gas PCM
10 -0.517 -0.517 -0.503 -0.501 -0.513 -0.511 2114 2112 2.131 2.128 2.120 2.120
20 -0.545 -0.541 -0.550 -0.543 -0.548 -0.545 2.156 2.162 2.138 2.150 2.151 2.155

30 -0.548 -0.548 -0.548  -0.544  -0.549  -0.548 2.153 2.153 2.149 2.155 2.152 2.153
40 -0.604 -0.610 -0.590  -0.599  -0.600  -0.602 2.026 2.016 2.043 2.028 2.031 2.024
50 -0.575 -0.576 -0.566  -0.574  -0.573  -0.573 2.060 2.053 2.072 2.056 2.064 2.056
6 N -0.515 -0.510 -0.451  -0.448 -0.497  -0.484 3.119 3.111 3.472 3.472 3.353 3.387
7C -0.091 -0.090 -0.093  -0.092  -0.092  -0.091 4.004 4.004 4.005 4.004 4.004 4.004
8 C -0.285 -0.286 -0.291  -0.292  -0.302  -0.305 3.942 3.942 3.943 3.943 3.920 3.920
9C -0.046 -0.049 -0.033  -0.036 -0.043  -0.041 3.927 3.928 3.851 3.853 3.884 3.876
10 C 0.107 0.107 0.108 0.106 0.108 0.108 3.849 3.850 3.849 3.850 3.843 3.845
1 C -0.451 -0.452 -0.478  -0476  -0471  -0.473 3.899 3.898 3.879 3.879 3.877 3.877

12 C -0.083 -0.082 -0.106  -0.104  -0.088  -0.088 3.987 3.987 3.982 3.982 3.987 3.987
13 C -0.493 -0.494 -0.496  -0.495  -0.489  -0.492 3.892 3.891 3.875 3.875 3.886 3.884
14 C -0.260 -0.263 -0.257  -0.258  -0.260  -0.259 3.867 3.868 3.779 3.780 3.816 3.810
15 C -0.022 -0.021 -0.052  -0.049  -0.035 -0.036 3.994 3.994 3.992 3.993 3.994 3.994
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16 C 0.033 0.034 0.027 0.027 0.030 0.030 3.845 3.844 3.856 3.854 3.844 3.843
17 C -0.214 -0.213 -0.250  -0.247  -0.220 -0.221 3.950 3.949 3.937 3.937 3.948 3.946
18 C 0.310 0.311 0.316 0.316 0.314 0.315 3.916 3.917 3.916 3.918 3.917 3.918
19 C -0.228 -0.227 -0.184  -0.184  -0.220  -0.215 3.949 3.948 3.938 3.938 3.947 3.947
20 C -0.466 -0.469 -0.475  -0473  -0475  -0.473 3.815 3.816 3.714 3.713 3.753 3.743
21 C -0.241 -0.242 -0.235  -0.235  -0.241  -0.241 3.945 3.945 3.940 3.940 3.944 3.944
22 C 0.246 0.246 0.272 0.270 0.253 0.255 3.902 3.901 3.916 3.915 3.906 3.906
23 C -0.242 -0.243 -0.224  -0.224  -0.238  -0.238 3.947 3.947 3.941 3.939 3.946 3.945
24 C 0.828 0.825 0.828 0.826 0.828 0.824 3.822 3.824 3.815 3.818 3.821 3.823
25 C -0.777 -0.775 -0.780  -0.778  -0.778  -0.775 3.822 3.823 3.815 3.816 3.821 3.822
26 C 0.834 0.829 0.835 0.831 0.835 0.829 3.820 3.823 3.812 3.815 3.818 3.821
27 C -0.776 -0.775 -0.780  -0.778  -0.777  -0.776 3.825 3.824 3.817 3.817 3.823 3.823
28 H 0.270 0.270 0.255 0.256 0.303 0.304 0.931 0.931 0.938 0.938 0.912 0.912
29 H 0.250 0.250 0.275 0.276 0.272 0.277 0.940 0.940 0.926 0.926 0.929 0.926
30 H 0.245 0.245 0.255 0.255 0.252 0.252 0.943 0.943 0.937 0.937 0.939 0.939
31 H 0.239 0.239 0.250 0.249 0.275 0.275 0.946 0.946 0.940 0.940 0.928 0.928
32 H 0.249 0.250 0.289 0.289 0.261 0.264 0.940 0.940 0.918 0.918 0.934 0.932
33 H 0.255 0.256 0.290 0.290 0.271 0.273 0.937 0.937 0.917 0.918 0.928 0.927
34 H 0.250 0.250 0.256 0.255 0.251 0.251 0.939 0.939 0.936 0.937 0.939 0.938
35 H 0.205 0.205 0.269 0.268 0.240 0.243 0.963 0.963 0.930 0.930 0.945 0.944
36 H 0.239 0.240 0.269 0.269 0.266 0.270 0.945 0.944 0.929 0.929 0.931 0.929
37 H 0.257 0.258 0.266 0.267 0.265 0.269 0.938 0.938 0.933 0.933 0.934 0.932
38 H 0.234 0.235 0.247 0.247 0.238 0.238 0.947 0.947 0.941 0.941 0.945 0.945
39 H 0.249 0.250 0.269 0.271 0.253 0.256 0.939 0.939 0.929 0.928 0.937 0.936
40 H 0.189 0.190 0.259 0.260 0.229 0.229 0.969 0.968 0.933 0.933 0.949 0.949
41 H 0.226 0.227 0.263 0.263 0.252 0.257 0.950 0.950 0.931 0.931 0.938 0.935
42 H 0.229 0.230 0.265 0.264 0.263 0.268 0.949 0.949 0.931 0.931 0.933 0.930
43 H 0.237 0.236 0.249 0.249 0.239 0.239 0.945 0.946 0.939 0.939 0.944 0.944
44 H 0.247 0.248 0.264 0.266 0.251 0.253 0.940 0.940 0.931 0.931 0.938 0.938
45 H 0.270 0.265 0.272 0.268 0.270 0.265 0.930 0.932 0.928 0.930 0.929 0.932
46 H 0.256 0.257 0.265 0.265 0.257 0.259 0.936 0.935 0.931 0.930 0.935 0.934
47 H 0.253 0.255 0.265 0.266 0.255 0.257 0.938 0.936 0.931 0.930 0.937 0.935
48 H 0.262 0.260 0.268 0.266 0.264 0.263 0.933 0.934 0.929 0.930 0.932 0.932
49 H 0.255 0.257 0.265 0.266 0.257 0.260 0.937 0.935 0.931 0.931 0.935 0.934
50 H 0.257 0.258 0.267 0.267 0.259 0.260 0.936 0.935 0.930 0.930 0.935 0.934
51H 0.461 0.463 0.410 0.457 0.791 0.789 0.841 0.804
52 Cl -0.710  -0.811 0.514 0.350

Then, in practically all mapped surface of cationic species is observed blue colour because is
form is positively charged indicating regions of electrophilic sites on the five rings and, in
particular, on the N-H group. In the hydrochloride species, the strong red coloration is
observed on the CI atom due to their available lone pairs, for which, this species is highly
nucleophilic around the Cl atoms but less weak on the C=0 groups. Here, slight blue colours,
typical of electrophilic sites, are observed on the C-H, CH, and N-CH3; groups that belong to
the R3 and R5 rings.
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Figure 6. Calculated electrostatic potential surfaces on the molecular surfaces for the
three forms of heroin in gas phase. Color ranges indicate in each figure: from red to
blue. B3LYP functional and 6-31G* basis set. Isodensity value of 0.005.

Now, if the BOs for the three species are evaluated from Table 4, it is possible to observe that
the O2 atoms of free base in both media present the higher values while in the other two
species the higher values are observed in the O3 atoms. The higher BO value for the N6 atom
is observed in the hydrochloride species due to the presence of Cl atom while the C7 atoms in
all species present the higher values than the other ones probably because this atom is
common to the R2, R3, R4 and R5 rings of the three species and, as a consequence they are
strongly linked in a tetrahedral environmental to four C atoms. In relation to the H atoms, the
low BO values are observed in the H51 atoms of cationic and hydrochloride species while for
the free base in both media the low BO values are observed in the H28 and H45 atoms. Note
that the low BO values for the Cl atoms in the hydrochloride species in both media reveal the
ionic characteristics of their halogen H---CI bonds.

NBO and AIM studies

Due to the multiple biological properties that presents heroin and to its powerful effects [1-8]
is useful and necessary to explore their stabilities in both media by using the donor-acceptor
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energy interactions and their topological properties by means of the NBO and AIM2000
programs [40,42] at the level B3LYP/6-31G* level of theory. Thus, in Table 5 are

summarized the main donor-acceptor energy interactions for the three heroin species

compared with those reported for morphine and cocaine [11,13].

Table 5. Main donor-acceptor energy interactions (in kJ/mol) for the free base, cationic

and hydrochloride structures of heroin compared with the corresponding to morphine
and cocaine by using the hybrid B3LYP/6-31G* level of theory.

HEROIN
Delocalization Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
oN6-C9— LP*H51 47.40  59.40
oN6-C14— LP*H51 5150 60.19
oN6-C20— LP*H51 53.50 65.04
AET o, p= 152.4  184.63
7 (2)C12-C15—>7*C18-C22 97.35 97.60 4318 86.27 92.63 92.13
7 (2)C12-C15—>7*C21-C23 74.95 7470 3423 68.00 73.61 73.07
7 (2)C18-C22—»7*C12-C15 78.08 77.79 4381 86.48 8138 81.63
7 (2)C18-C22 —»7*C21-C23 92.54 9254 4510 89.70 9280 9242
7 (2)C21-C23—»7* C12-C15 80.71 80.21 4385 86.61 8197 81.55
7 (2)C21-C23—»7* C18-C22 72.73 7219 3766 7499 7290 7261
AET = 496.36  495.03 247.83 492.05 49529 49341
7 *C18-C22—>7*C12-C15 806.03 851.59 1146.74 1368.75
7 *C21-C23—»7* C12-C15 812,55 828.31 1136.58
AET o, o 1618.58 1679.9 2283.32 1368.75
LP(2)0O1 —» »* C18-C22 121.14 12059 60.61 120.13 12293 122.18
LP(2)02 — 7* 04-C24 206.91 211.21 94.17 200.64 202.27 206.70
LP(2)03 — #* 05-C26 180.49 183.38 82.14 175.35 176.98 180.07
AET p_, 508.54 515.18 236.92 496.12 502.18 508.95
LP(2)04 — o> 02-C24 14392 138.32 7591 14216 14576 139.95
LP(2)04 — o> C24-C25 78.46 75.61 3795 7348 78.12 75.41
LP(2)O5 — o> 03-C26 159.84 15340 8448 157.00 161.89 154.99
LP(2)0O5 — o* C26-C27 78.04 7478 3745 7227 7725 74.19
AET p, o 460.26 44211 23579 44491 463.02 444.54
003-C26—»0c* 03-C22 71.94
71.94
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LP(1)N6 — LP*H51

1233.81 1473.53

LP(4)CI52— LP*H51 690.91 299.54
AET p_, 1 p> 192472 1773.07
AE1qa 3083.74 3132.22 792.48 1433.08 5715.93 4648.12
MORPHINE
Delocalization Freebase Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
oN4-C7— LP*H41 47.38 59.36
oN4-C12— LP*H41 51.58 59.20
oN4-C18— LP*H41 54.00 65.10
AET o, p~ 152.96 183.66
7(2)C10-C13—-»7*C16-C20 89.90 88.15 77.04 7837 8574 84.12
7 (2)C10-C13—»2*C19-C21 81.16 79.25 7396 7230 79.66 78.71
7 (2)C16-C20—»7*C10-C13 87.61 87.36 9776 9556 91.02  90.40
7 (2)C16-C20—»2*C19-C21 78.79 81.04 7538 77.79  78.58 78.46
7 (2)C19-C21—7* C10-C13 73.22 73.80 7775 79.16  73.76 74.26
7 (2)C19-C21—7* C16-C20 78.29 76.38 78.79 78.42  78.08 77.83
AET = 488.97 485.97 480.69 481.60 486.84 483.77
7 C16-C20—»72*C10-C13 764.44  896.73 1040.46 1069.04
7* C19-C21—»7*C10-C13 950.27  992.66
AET o, o 1714.71 1889.39 1040.46 1069.04
LP(2)01 —» =* C16-C20 97.51 10342 9210 10296 100.09 99.13
LP(2)03 — 7~ C16-C20 111.28 106.29 126.34 116.19 114.65 110.53
AET p_, » 208.79 209.71 218.44 219.15 21474 209.66
LP(1)N4 — LP*H41 1238.02 1473.60
LP(4)Cl42— LP*H41 669.88 291.08
AET p, 1 p* 1907.90 1764.67
AEtoa 2412.47 2585.07 699.13 700.75 3802.91 3710.81
COCAINE
Delocalization Freebase Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
oN5-C6— LP*H44 4481  54.30
oN5-C7— LP*H44 58.94  60.99
oN5-C13— LP*H44 63.54  69.26
AET o, 1 p» 167.29 184.55
7 (2)C17-C19—»72*04-C15 95.55 96.56 110.94 107.51 99.23 102.74
7 (2)C17-C19—»7*C18-C20 87.61 87.32 82.56 82.60 88.45  88.16
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7 (2)C17-C19—»7*C21-C22 7746 7758 7127 7181 76.33 7545
7 (2)C18-C20—7* C17-C19 78.79 7829 8051 8101 7775 77.08
7 (2)C18-C20—»7*C21-C22 90.20 90.16 89.79 89.66 89.70  89.54
7 (2) C21-C22—»z* C17-C19 9288 9330 101.53 100.19 9426 9551
7 (2) C21-C22—»7z*C18-C20 76.12 7595 7323 7386 76.20 76.03

AET ., 598.62 599.16 609.82 606.64 601.92 60451
7*04-C15—>7* C17-C19 385.94 384.27 279.22 260.08 304.01 287.33
7= C17-C19—»7*C18-C20 890.55 890.88

AET o, 385.94 384.27 1169.77 1150.96 304.01 287.33
LP(2)0O1 — 0*04-C15 205.36 210.13 165.15 183.13 19429 3641
LP(2)02 — ¢*03-C14 200.97 209.04 264.05 250.09 200.47 206.49
LP(2)03 — 0*02-C14 14534 137.69 11859 124.77 140.78 136.39
LP(2)03 — 0*N5-C14 75.16  42.85

LP(2)03 — 0*C8-C14 81.64 78.63 56.85 64.54 88.57 89.12
LP(2)04 — 0*01-C15 137.02 13213 152.49 14149 139.03 134.60
LP(2)04 — 0*C15-C17 75.24 73.28 70.73 70.68 7353 72.19
AET p_, o 84557 840.89 903.01 877.55 836.67 675.20
LP(1)N5 — LP*H44 1323.30 1540.71
LP(4)Cl45— LP*H44 494.24 244.49
AET p_, 1 p* 1817.54 1785.20
AE ot 1830.13 1824.32 2682.60 2635.15 3727.43 3536.79

The total energy values show clearly that the hydrochloride species of heroin in both media
are highly stables with highest values than the corresponding to morphine and cocaine and,
then, similar results are observed for the free base of heroin although with lower energy
values. However, the cationic species of cocaine are most stable, with practically similar
values in both media, than the corresponding to heroin and morphine. Besides, the cationic
species of heroin in solution shows a rare and high stability not observed in the morphine and
cocaine species, as compared with the value in gas phase. Obviously, these studies clearly
support the high stabilities of those three heroin species against to the corresponding to

morphine and cocaine.

The Bader’s theory of atoms in molecules is very interesting to analyze all types of inter- and
intra-molecular interactions, such as ionic, covalent, H bonds and halogen bonds interactions
[43]. Hence, the AIM2000 program [42] was employed to compute the topological properties
of those three heroin species in the bond critical points (BCPs), ring critical points (RCPs)
and, in both media by using the B3LYP/6-31G* level of theory. Thus, in the BCPs and RCPs
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of all heroin species were calculated the electron density, po(r), the Laplacian values, V2p(r),
the eigenvalues (11, 12, 43) of the Hessian matrix and, the |A1|/A3 ratio. These properties in
both media can be easily seen in Tables 6 and 7 compared with the reported for morphine
and cocaine while in Figures 7, 8 and 9 are perfectly observed the molecular graphics of
those three heroin species in gas phase with the different H bonds (H---H, O---O, H---0O),
BCPs, RCPs and the new RCPs identified. Obviously, the three heroin species have the five
own RCPs which are identified in those figures as R1, R2, R3, R4 and R5 and, where R5
corresponds to tropane ring. For the free base of heroin in gas phase, there are two O5...H45
and 02...05 interactions and two RCPs new, N1 and N2 (fig. 7) while in solution appears a
new H34...H40 interaction. Hence, due to higher number of interactions, the heroin free base
IS most stable than morphine and cocaine ones. But, the higher topological parameters
observed for the tropane ring R3 of morphine, in both media; indicate that the effect of two

acetyl groups in heroin is to reduce those properties.

Table 6. Analysis of the topological properties for the free base and cationic structures
of heroin compared with the corresponding to morphine and cocaine by using the
hybrid B3LYP/6-31G* level of theory.

Free base /HEROIN/Gas

PaEZTiter 0O5---H45/N1 02---O5/N2 RCP1 RCP2 RCP3 RCP4 RCP5
p(re) 0,0040/0,0026 0,0036/0,0026 0,0174 0,0427 0,0185 0,0203 0,0182
V2p(re) 0,0160/0,0132 0,0176/0,0164 0,1162 0,3042 0,1204 0,1604 0,1192
M -0,0038/-0,0021 -0,0032/-0,0021 -0,0117 -0,0460 -0,0132 -0,0149  -0,0122
A2 -0,0035/0,0042 -0,0027/0,0050 0,0563 0,1627 0,0547 0,0752 0,0619
A3 0,0235/0,0113 0,0236/0,0133 0,0716 0,1875 0,0792 0,1000 0,0694
[Aalhs 0,1617/0.1858 0.1356/0.1579 0,1634 0,2453 0,1667 0,1490 0,1758
Distance (A) 2.825 3.282
Free base/PCM
Pal(':rlr;e)ter 05---H45/N1 02---O5/N2 H34---H40/N3 RCP1/RCP2 RCP3 RCP4 RCP5
p(rc) 0,0023/0,0020 0,0038/0,0031 0,0107/0,0105 0,0177/0,0420 0,0185 0,0203 0,0181
V2p(re) 0,0104/0,010 0,0181/0,0181 0,0438/0,0490 0,1184/0,2984 0,1212 0,1600 0,1182
M -0,0020/-0,0016 -0,0033/-0,0026 -0,0105/-0,0089  -0,0117/-0,0455 -0,0131 -0,0148  -0,0125
A2 -0,0017/0,0028 -0,0029/0,0054 -0,0041/0,0047 0,0582/0,1602 0,0558 0,0758 0,0604
A3 0,0140/0,0093 0,0244/0,0153 0,0584/0,0532 0,0718/0,1838 0,0784 0,0989 0,0703
[Aalfhs 0.1428/0.1720 0.1352/0.1699 0.1798/0.1673 0.1629/0.2475 0,1671 0,1496 0,1778
Distance (A) 3.056 3.260 2.120
Cation/HEROIN/Gas
Pa:rzt;ter 05---H45/N1 02---O5/N2 H34---H40/N3 RCP1/RCP2 RCP3 RCP4 RCP5
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p(re) 0.0029/ 0.0023 0.0041/0.0031 0.0097/0.0097 0.0174/0.0426 0.0186 0.0203 0.0177
V2p(ro) 0.0124/0.0120 0.0192/0.0184 0.0412/0.0432 0.01160/0.3052 0.1212 0.1600 0.1100
M -0.0026/-0.0019 -0.0037/-0.0026 -0.0087/-0.0079  -0.0116/-0.0460  -0.0135  -0.0148  -0.0125
A2 -0.0023/0.0037 -0.0032/0.0059 -0.0022/0.0025 0.0558/0.1656 0.0530 0.0747 0.0596
A3 0.0174/0.0101 0.0261/0.0150 0.0520/0.0486 0.0719/0.1855 0.0816 0.1003 0.0629
[Aal/As 0.1494/0.1881 0.1417/0.1733 0.1673/0.1625 0.1613/0.2479 0.1654 0.1476 0.1987
Distance (A) 2.962 3.227 2.153
Cation/PCM
Pa:rz(;ter O5---H45/N1 02---O5/N2 H34---H40/N3 RCP1/RCP2 RCP3 RCP4 RCP5
p(re) 0.00237/0.00205 0.0039/0.0032 0.0102/0.0101 0.0176/0.0420 0.0186 0.0203 0.0179
V2p(re) 0.0104/0.0106 0.0188/0.0188 0.0428/0.0457 0.1184/0.2992 0.1217 0.1600 0.1120
M -0.0020/-0.0017 -0.0035/-0.0028 -0.0095/-0.0083  -0.0116/-0.0454  -0.0133  -0.0148  -0.0127
A2 -0.0017/0.0028 -0.0030/0.0056 -0.0031/0.0035 0.0582/0.1615 0.0544 0.0757 0.0598
As 0.0141/0.0094 0.0252/0.0161 0.0554/0.0505 0.0717/0.1830 0.0806 0.0992 0.0647
[Aal/As 0.1418/0.1808 0.1388/0.1739 0.1746/0.1643 0.1618/0.2480 0,1650 0,1492 0,1963
Distance (A) 3.054 3.243 2.126
Free base/MORPHINE/Gas
PaZTe)ter 0O1---H39 RCPN RCP1 RCP2 RCP3 RCP4 RCP5
p(re) 0.0218 0.0203 0.0177 0.0414 0.0181 0.0184 0.0204
V2p(re) 0.0814 0.1096 0.1181 0.2944 0.1188 0.1206 0.1609
M -0.0260 -0.0197 -0.0116 -0.0451 -0.0122  -0.0131  -0.0147
A2 -0.0178 0.0248 0.0575 0.1581 0.0615 0.0545 0.0748
A3 0.1252 0.1045 0.0721 0.1814 0.0695 0.0791 0.1008
[Aal/As 0.2077 0.1885 0.1609 0.2486 0.1755 0.1656 0.1458
Distance (A) 2.097
Free base/PCM
PaEZTe)ter H28---H34 RCPN RCP1 RCP2 RCP3 RCP4 RCP5
p(rc) 0.0107 0.0105 0.0179 0.0415 0.0181 0.0184 0.0203
V2p(re) 0.0438 0.0492 0.1198 0.2951 0.1178 0.1208 0.1600
M -0.0106 -0.0089 -0.0116 -0.0449 -0.0125  -0.0129  -0.0146
A2 -0.0043 0.0049 0.0593 0.1582 0.0598 0.0557 0.0743
A3 0.0586 0.0531 0.0720 0.1819 0.0704 0.0780 0.1000
[Aalfhs 0.1809 0.1676 0.1611 0.2468 0.1776 0.1654 0.1460
Distance (A) 2117
Cation/ MORPHINE Gas
Parameter
(au) RCP1 RCP2 RCP3 RCP4 RCP5
p(re) 0.0166 0.0434 0.0177 0.0186 0.0166
V2p(re) 0.1104 0.3092 0.1100  0.1207  0.1104
M -0.0119 -0.0447 -0.0123  -0.0139  -0.0119
A2 0.0522 0.1646 0.0598 0.0514 0.0522
A3 0.0700 0.1893 0.0625 0.0831 0.0700
[A1l/As 0.1700 0.2361 0.1968 0.1673 0.1700
Cation/PCM
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Pa:rz(;ter H28---H34 RCPN RCP1 RCP2 RCP3 RCP4 RCP5
p(re) 0.0104 0.0102 0.0177 0.0415 0.0179 0.0186 0.0203
V2p(re) 0.0434 0.0468 0.1194 0.2958 0.1117 0.1216 0.1600
M -0.0098 -0.0084 -0.0115 -0.0448 -0.0127  -0.0132  -0.0147
A2 -0.0036 0.0042 0.0591 0.1594 0.0597 0.0541 0.0743
A3 0.0569 0.0510 0.0717 0.1812 0.0647 0.0805 0.1003
[Aal/As 0.1722 0.1647 0.1604 0.2472 0.1963 0.1640 0.1466
Distance (A) 2.113
Free base/COCAINE/Gas
Parameter
@u) 03---H31 RCPN RCP1 RCP2 RCP3
p(rc) 0.0082 0.0080 0.0202 0.0194 0.0393
V2p(re) 0.0316 0.0348 0.1617 0.1252 0.2660
M -0.0069 -0.0052 -0.0152 -0.0131 -0.0399
A2 -0.0036 0.0043 0.0878 0.0595 0.1489
As 0.0422 0.0356 0.0892 0.0787 0.1569
[Xal/hg 0.1635 0.1461 0.1704 0.1665 0.2543
Distance (A) 2.627
Free base/PCM
Parameter
(au) 03---H31 RCPN RCP1 RCP2 RCP3
p(re) 0.0074 0.0074 0.0201 0.0193 0.0395
V2p(re) 0.0294 0.0307 0.1612 0.1236 0.2654
M -0.0059 -0.0053 -0.0152 -0.0133 -0.0402
A2 -0.0014 0.0016 0.0873 0.0587 0.1469
As 0.0367 0.0343 0.0890 0.0782 0.1586
[Aal/As 0.1608 0.1545 0.1708 0.1701 0.2535
Distance (A) 2.690
Cation/ COCAINE/Gas
Parameter
(au) 03---H44 RCPN RCP1 RCP2 RCP3
p(rc) 0.0419 0.0165 0.0201 0.0188 0.0374
V2p(re) 0.1304 0.0989 0.1614 0.1164 0.2535
M -0.0645 -0.0123 -0.0152 -0.0127 -0.0372
A2 -0.0631 0.0479 0.0877 0.0551 0.1442
A3 0.2580 0.0632 0.0889 0.0741 0.1465
[XallAs 0.2500 0.1946 0.1710 0.1714 0.2539
Distance (A) 1.778
Cation/PCM
Paz:rziter 03---H44 RCPN1 C19---H38 RCPN1 RCP1 RCP2 RCP3
p(rc) 0.0298 0.0145 0.0005 0.0005 0.0201 0.0188 0.0377
V2p(re) 0.0894 0.0827 0.0021 0.0025 0.1612 0.1174 0.2563
M -0.0402 -0.0104 -0.0002 -0.0001 -0.0152 -0.0128 -0.0378
A2 -0.0388 0.0378 -0.0001 0.0002 0.0872 0.0559 0.1455
A3 0.1685 0.0553 0.0024 0.0024 0.0891 0.0743 0.1485
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[Aal/hs 0.2386 0.1881 0.0833 0.0417 0.1706 0.1723 0.2545

Distance (A) 1.942 4,038

Table 7. Analysis of the topological properties for the hydrochloride structures of

morphine and cocaine by using the hybrid B3LYP/6-31G* level of theory.

Hydrochlonde HEROIN/GAS
Parzmeter
() 05--H45N1 01051 Cl5s2—HI8  Cls2--H5 N3 CI52--H31'N4 RCP1 RCPI RCP3 RCP4 RCP:
plre) 0.0051/0.0029 0.0038/0.0027 0.0101 0.0736 0.0053 0.0063/0.0062 0.0172 0.0428 0.0186 0.0203 0.017%
V) 0.01960.0148  0.0184/0.0162 00316 0.0948 0.0366 0.0202/0.0220 01148 03036 0.1216 0.1603 0.1136
I -0.0045-0.0024  -0.0034/-0.0020 00081 01194 00076 -0.0038-0.0034 00118 -0.0439 -0.0136 -0.0149 -0.0126
ko 0.00460.0047  -0.0028/0.0031 -0.0051 -0.1193 0.0056 -0.0016/0.0020 0.0547 0.1646 0.0333 0.0750 0.0608
ha 0.0291/0.0126 0.0245/0.0131 0.044% 0.3336 00388 0.0257/0.0233 0.0720 0.1870 0.0818 0.1002 0.0633
i 0.1684/0.1904 0.1388/0.1527 0.1804 03579 0.1569 0.1479/0.1459 0.1639 02435 0.1663 0.1487 0.1930
Distance (4) 2723 3261 2781 L7535 3.0535
Hydrochlonds” HEROINPCAL
Parameter (an) 05--H45N1 01051 C152---H51 H34—H40 N3 RCP1 RCPI RCP3 RCP4 RCP:
[ 0.0022/0.001%  0.0038/0.0031 0.0412 0.0104 0.0103 0.0176 0.0420 0.0186 0.0203 0.0178
Vplz) 0.0093/0.0101 0.0183/0.0183 0.0767 00436 0.0467 01180 0.2593 0.1220 0.1600 0.1116
Ly 0001900016 -000034/-0.0027 00525 00055 00084 00117 0.0436 00134 0.0148 -0.0127
ha S0.0016/0.0026  -0.00290.0034 -0.0323 00029 0.0032 0.0575 01616 0.0546 0.0758 0.0596
la 0.01340.0090 0024600133 0.1817 0.0360 0.0318 0.0720 0.1833 0.0208 0.0992 0.0647
)R 0.1418/0.1777 0.1382/0.1742 0.283% 0.1656 0.1622 01625 02488 01663 0.1452 0.1963
Distanca (A) 1079 3.236 2036 2133
Hydrochloride MORPHINE GAS
Paramster (a1) Cl2—H22 RCPN1  CHI—HIS RCPNZ CHI—H# RCPN3 RCP1 RCP2 RCP3 RCF4 RCF5
plre) 0.0103 0.0038 0.0063 0.0064 00724 0.009% 0.0176 0.0414 00178 0.0186 0.0204
i) 00329 0.0380 0.0208 0.022 0.0837 0.0380 0.1176 0.2847 0.1132 01212 0.1608
Ry -0.0083 -0.0081 -0.0040 -0.0033 0.1168 -0.0081 00116 -0.0431 00126 -0.0134 00147
o -0.0033 0.0038 -0.0019 0.0025 0.1166 0.00358 0.0569 0.1593 0.0602 0.0334 0.0748
a 00465 0.0402 0.0268 0.0238 0.3291 0.0402 0.0723 0.1803 0.0633 0.0812 0.1007
Rl 01812 02013 01495 01471 03349 02013 0.1604 02501 01524 01630 01460
Distanca () 2760 3.038 1.762
Bydrochlonde MORFEINE PCI
Parameter (21) HIT—H34 RCPN 01—H39 RCPNZ RCFI RCP2 RCF3 RCF4 RCP
pir:) 0.0108 0.0106 0.0207 0.0158 0.0176 0.0414 WEORE] 00185 00203
Vp(r) 0.0430 0.0480 0.0800 0.1042 0.1178 0.2948 01117 01216 0.1602
e 00104 -0.0086 -0.0237 -0.0187 00117 00443 00126 00132 00147
o -0.0044 0.0052 00143 00192 0.0574 0.1597 0.0591 0.0347 0.0742
a 0.0396 0.0524 0.1182 0.1036 0.0720 0.179% 0.0632 0.0801 0.1007
Rl 0.1743 0.1641 0.2003 0.1805 0.1623 0.2496 0.1833 01648 0.1460
Diztance (A4) 2101 7133
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Hydrochlonde COCAINE'GAS

Parameter (an) 03-01 RCPN1 Cl45—H31 RCENZ CH5-—H3I7 RCPN3 CH5—HH RCPN4 RCP1 RCPI RCP3
pir.) 0.0143 0.0126 0.0105 0.00%2 00083 0.0061 0.0603 0.0092 0.0202 0.0189 0.0381
Vpir) 0.0301 0.0629 0.0341 0.0376 00276 0.0253 0.0584 00376 01617 01186 02380
[ -0.0124 00100 -0.0086 -0.0068 -0.0067 -0.0039 -0.0508 00063 00152 00127 00377

ha -0.010% 00172 00064 00080 -0.0062 0.0053 -0.0900 00080 0.0879 00353 0.1459

Ra 00734 0.0357 0.0492 00363 00403 0.0234 02783 0.0363 0.0851 0.0759 0.1458
Rl 0.158% 01753 0.1748 01873 0.1654 0.1667 03248 0.1873 0.1706 01673 02517

Dristanea (4) 2750 2744 1838 1.E43
Hydrochloride’ COCAINEPCM

Paramater (an) 03--01 RCPN1 Cl4z—-H31 RCPEN2 CH45--HI7 RCPN3 Cl5—-HH RCPN4 RCP1 RCP2 RCP3
pir:) 0.0141 00128 0.0034 0.0027 0.0369 0.0027 0.0201 0.0188 0.0380
Vp(n) 00487 0.0616 00100 0.0107 0.0728 00107 01612 01176 02378
I 00126 00093 -0.0023 S0.0006 0.0453 -0.0006 0.0152 0.0128 0.0373

ha -0.01035 00184 -0.0021 0.0026 -0.0431 0.0026 0.0873 0.0543 0.1430

ha 0.0718 0.0348 0.0144 0.0087 01832 0.0087 0.0889 0.0758 01502
bl 0.1755 0.1734 01597 0.0690 02778 00650 0.1710 01689 0.2457

Distanca (1) 1753 3133 7309 7088
o
7 RCP
Qxff\ BCP
¢ -
C

Figure 7. Details of the molecular model for the free base of heroin in gas phase showing

the geometry of all their bond critical points (BCPs) and ring critical points (RCPs) at

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

Free base
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Figure 8. Details of the molecular model for the cationic form of heroin in gas phase
showing the geometry of all their bond critical points (BCPs) and ring critical points
(RCPs) at the B3LYP/6-31G* level of theory.

Analyzing the cationic heroin, there are observed three O5...H45, 02...05 and H34...H40
interactions and four new RCPs in both media indicating clearly its higher stability against to
morphine and cocaine ones. The hydrochloride heroin species are clearly most stable than the
morphine and cocaine ones due to the observed five new interactions in gas phase and only
four in solutions. Table 7 shows that the topological properties for the tropane rings of heroin
and morphine have practically the same values although the number of interactions favours
clearly to heroin. Here, the cocaine species present lower numbers of interactions and RCPs
and, for these reasons, are the most unstable species. Hence, these AIM studies support
evidently the higher stabilities of the three forms of heroin, as compared with those observed

for morphine and cocaine.
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Figure 9. Details of the molecular model for the hydrochloride form of heroin in gas
phase showing the geometry of all their bond critical points (BCPs) and ring critical
points (RCPs) at the B3LYP/6-31G* level of theory.

Frontier orbitals and global descriptors studies

The above NBO and AIM studies have revealed that the free base and hydrochloride species
of heroin are most stable than those corresponding to morphine and cocaine, however, the
cationic cocaine species is most stable in the two media than corresponding to morphine and
heroin. Hence, it is very important to analyze and know why the cationic form of cocaine is
most stable than those corresponding to heroin and morphine. These differences could
probably be explained if the reactivities and behaviours for those three heroin species are
analyzed in both media by using the frontier orbitals and some global descriptors [23-30].
Consequently, for the free base, cationic and hydrochloride structures of heroin the HOMO
and LUMO, energy band gap [23,24], chemical potential (x), electronegativity (y), global
hardness (), global softness (S), global electrophilicity index () and global nucleophilicity
index (E) [25-30] were calculated. Thus, in Table 8 those parameters for all heroin species
computed in both media by using the hybrid B3LYP/6-31G* level of theory are presented
together with the corresponding to morphine, cocaine and tropane alkaloids [11-13]. Then,
the behaviours of all these tropane alkaloids in both media can be easily seen in Figures 10,
11 and 12. Analyzing first the HOMO, LUMO and Gap values for the free base, it is
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observed that cocaine in both media present the most negative HOMO and LUMO values and
low gap values while tropane alkaloid in both media has the highest positive LUMO and gap
values. Thus, the tropane alkaloid presents most negative HOMO and most positive gap
values than the other ones while the LUMO values are practically similar in all alkaloids.
Here, the cationic species of morphine is the most reactive than the other ones but cation
heroin is most reactive than cation cocaine. In these cationic species, the behaviors of all
descriptors are comparable in all alkaloids with exception of global nucleophilicity index (E)
for tropane alkaloid that notably presents the lower values than the other ones.

Table 8. Calculated HOMO and LUMO orbitals, energy band gap, chemical potential
(u), electronegativity (x), global hardness (x), global softness (S), global electrophilicity
index (w) and global nucleophilicity index (E) for the free base, cationic and
hydrochloride structures of morphine, cocaine and tropane by using the hybrid
B3LYP/6-31G* level of theory.

HEROIN?
Frontier orbitals (eV) Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
HOMO -5.7490 -5.7471 -8.7639 -8.7907 -5.8841 -5.1808
LUMO -0.0927 -0.1057 -3.3371 -3.4150 -0.5817 -0.7339
|GAP| 5.6563 5.6414 5.4268 5.3757 5.3024 4.4469

Descriptors (eV)

X -2.8282 -2.8207 -2.7134 -2.6879 -2.6512 -2.2235

n -2.9209 -2.9264 -6.0505 -6.1029 -3.2329 -2.9574

n 2.8282 2.8207 2.7134 2.6879 2.6512 2.2235

S 0.1768 0.1773 0.1843 0.1860 0.1886 0.2249

® 1.5083 1.5180 6.7459 6.9284 19711 1.9667

E -8.2606 -8.2545 -16.4174 -16.4035 -8.5711 -6.5755

MORPHINE®
Frontier orbitals (eV) Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
HOMO -5.5670 -5.3367 -8.5413 -8.4347 -5.8917 -5.1973
LUMO 0.0374 0.1383 -3.3524 -3.4103 -0.4500 -0.6133
|GAP| 5.6044 5.4750 5.1889 5.0244 5.4417 4.5840
Descriptors (eV)

X -2.8022 -2.7375 -2.5945 -2.5122 -2.7209 -2.2920

u -2.7648 -2.5992 -5.9469 -5.9225 -3.1709 -2.9053

n 2.8022 2.7375 2.5945 2.5122 2.7209 2.2920

S 0.1784 0.1826 0.1927 0.1990 0.1838 0.2182
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o 1.3639 1.2339 6.8155 6.9811 1.8476 1.8414
E -7.7475 -7.1153 -15.4288 -14.8785 -8.6274 -6.6589
COCAINE®
Frontier orbitals (eV) Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
HOMO -5.9267 -6.0125 -9.3162 -9.2302 -5.6938 -4.9833
LUMO -1.0687 -1.0638 -3.8694 -3.7642 -1.1856 -1.3020
|GAP| 4.858 4.9487 5.4468 5.4660 4.5082 3.6813
Descriptors (eV)
X -2.4290 -2.4744 -2.7234 -2.7330 -2.2541 -1.8407
u -3.4977 -3.5382 -6.5928 -6.4972 -3.4397 -3.1427
n 2.4290 24744 2.7234 2.7330 2.2541 1.8407
S 0.2058 0.2021 0.1836 0.1829 0.2218 0.2716
® 2.5183 2.5297 7.9799 7.7229 2.6244 2.6828
E -8.4959 -8.7546 -17.9548 -17.7568 -7.7534 -5.7845
TROPANE ALKALOID®
Frontier orbitals (eV) Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
HOMO -5.4945 -5.6725 -12.9365 -12.9433 -5.5910 -4.9043
LUMO 2.0561 1.9886 -3.3770 -3.4183 1.2336 1.0076
|GAP| 7.5506 7.6611 9.5595 9.5250 6.8246 5.9119
Descriptors (eV)
X -3.7753 -3.8306 -4.7798 -4.7625 -3.4123 -2.9560
u -1.7192 -1.8420 -8.1567 -8.1808 -2.1787 -1.9483
n 3.7753 3.8306 47798 4.7625 3.4123 2.9560
S 0.1324 0.1305 0.1046 0.1050 0.1465 0.1691
® 0.3914 0.4429 6.9598 7.0263 0.6955 0.6421
E -6.4905 -7.0557 -38.9872 -38.9613 -7.4343 -5.7592

7 = - [E(LUMO) - E(HOMO))/2; 11 = [E(LUMO) + E(HOMO)]/2; = [E(LUMO) — E(HOMO)]/2:
S =Y¥m; 0 = p’2n; E=p#n

*This work, "From Ref [30], “From Ref [31]

Here, heroin and morphine have practically the same behaviours in both media but the
HOMO values for heroin in both media are slightly most negative in heroin than in morphine.
Here, the free base of heroin is most reactive than morphine but cocaine is the most reactive
of all alkaloids while tropane the less reactive. In relation to the descriptors, heroin and
morphine present similar behaviours in both media while the higher differences are observed
in the values for cocaine and tropane. Thus, the free base of cocaine presents higher
electronegativity (y) and global electrophilicity index (w) values while lower chemical

potential (x) and global nucleophilicity index (E) than the other alkaloids. If now the cationic

Citation: Silvia Antonia Brandan et al. ljsrm.Human, 2018; Vol. 10 (2): 97-140.



www.ijsrm.humanjournals.com

species are analyzed from Figure 8 and Table 10, it is observed analogous behaviors in both
media.

GAS PHASE Aqueous solution
8 GAP 8 GAP
s’ K
54 LUMO s 4 LUMO
g2 E 2
£ .4 £
S S
£ 2 £ 2
= &
£ g -
£
6 I HOMO '(’| HOMO
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~—HEROIN -=-MORPHINE COCAINE —— TROPANE
3
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S 2
) Z -l
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s 2
Z £
£ ]
=]
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Figure 10. Frontier orbitals (upper) and descriptors values (bottom) for the free base of
heroin in gas and aqueous solution phases compared with the corresponding to
morphine, cocaine and tropane at the B3LYP/6-31G* level of theory.

Evidently the presence of other groups linked to tropane ring increase significantly the
reactivity of alkaloid, specifically of its cationic form. When the hydrochloride species are

compared, the lower HOMO, LUMO and gap values are observed for cocaine while the

higher values for tropane.

GAS PHASE AQUEOUS SOLUTION
GAP n

GAP

_~

)

&

HOMO LUMO

Frontier Orbitals (e}’)
Frontier Orbitals (e})

&

=~HEROIN

14 - -=- MORPHINE
B COCAINE
~~TROPANE

Descriptors (e})
R
Descriptors (e})

Figure 11. Frontier orbitals (upper) and descriptors values (bottom) for the cationic
form of heroin in gas and aqueous solution phases compared with the corresponding to
morphine, cocaine and tropane at the B3LYP/6-31G* level of theory.
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Figure 12. Frontier orbitals (upper) and descriptors values (bottom) for the
hydrochloride form of heroin in gas and aqueous solution phases compared with the

corresponding to morphine, cocaine and tropane at the B3LYP/6-31G* level of theory.

These forms for heroin and morphine have comparable values but, the hydrochloride heroin
form is the most reactive than the other ones while tropane is the least reactive of all alkaloids.
Here newly it is evidenced that when other groups are linked to tropane ring the reactivity of
alkaloid increases the reactivity of hydrochloride form. The behaviors of descriptors for this
form is similar to the free base showing clearly that tropane alkaloid is the less reactive and,
for this reason, that species has the most global hardness (y) values in both media. The
hydrochloride form of cocaine has higher global electrophilicity index (w) while the heroin
and morphine ones have the lower global nucleophilicity index (E) values. These results
could suggest a probable explanation why the hydrochloride heroin form in gas phase is the

most reactive than the other ones but in solution, the cocaine species is the most reactive.

Here, the potential pharmacological properties for the three heroin species were analyzed
taking into account the rule of five states suggested by Lipinski’s and Veber [44,45]. Hence,
the three species could present absorption or permeation because: (i) the cationic and
hydrochloride species have a only NH group (< number than 5 H-bond donors), (ii) the
molecular weights for the three species are between 369.411 and 423.89 g/mol <<< than 500
and, (iii) the three species have only an N and five O atoms H-bond acceptor (< 10 H-bond
acceptors). Accordingly, the three heroin species could present potential pharmacological

properties, as they are broadly known.
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Vibrational analysis

The three heroin species in both media were optimized with C; symmetries by using hybrid
B3LYP/6-31G* level of theory. The number of normal vibration modes expected for the free
base, cationic and hydrochloride structures are 144, 147 and 150, respectively which present
activities in both infrared and Raman spectra. The experimental available infrared and Raman
spectra for the free base and the hydrochloride forms of heroin in solid state were taken from
Ref [18]. Both spectra are compared in Figures 13 and 14 with the corresponding predicted
to the free base, cationic and hydrochloride heroin forms in gas phase by using B3LYP/6-
31G™ level of theory. Note that very good correlations are observed among experimental and
theoretical ones, especially when the Raman activities obtained by the calculations are

converted in Raman intensities by using known equations [46,47].

Experimental

Free base

Absorbance

Cationic

Hydrochloride

4000 3000 2000 1000 0
Wavenumbers/cm-1
Figure 13. Comparisons between the experimental available FTIR spectrum of
hydrochloride form of heroin in the solid state [18] with the corresponding predicted for
the free base, cationic and hydrochloride species in the gas phase at B3LYP/6-31G*

level of theory.
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The most intense band, predicted in the IR spectrum of hydrochloride form at 1817 cm™
which is shifted up to 1746 cm™ by using SQM calculations, is attributed to the N6-H51 and
CI52-H51 stretching modes, in form similar to the observed in morphine [11]. Here, the
intensities ratio between the most intense bands in the predicted IR spectrum of
hydrochloride form is different from those observed in the experimental spectrum, as
observed in Figure 13, indicating probably that the hydrochloride form is present as cationic
species, as was also observed in the spectra of morphine and cocaine [11,13]. Obviously, the
differences among experimental and theoretical spectra can be in part associated to the
calculations performed in gas phase, for the isolated molecules and, also to the packing forces
because these forces were not considered here. The SQMFF procedure, the Molvib program,
the normal internal coordinates for the three heroin species and scale factors predicted at the
6-31G™* level of theory [16] were used to obtain the harmonic force fields. Only, potential
energy distribution (PED) contributions > 10 % were considered to perform the complete
assignments for the three heroin species. Table 9 are presented the observed and calculated
wavenumbers together with the proposed assignments while the discussions of some

assignments by regions are presented below.

Experimental Free base

A_ML Free base

I Cationic

Raman Intensity

Experimental Hydrochloride

Hydrochloride

i mak

4000 3000 2000 1000 (

Wavenumbers/cm-1

Figure 14. Comparisons between the experimental available Raman spectra of free base
and hydrochloride species of heroin in the solid state [18] with the corresponding
predicted for the free base, cationic and hydrochloride species in the gas phase at
B3LYP/6-31G** level of theory
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Table 9. Observed and calculated wavenumbers (cm™) and assignments for the free

base, cationic and hydrochloride species of Heroin in gas phase

Experimental

B3LYP/6-31G* Method®

Freebase Hydrochloride Freebase Cationic Hydrochloride
FTIR® Raman® FTIR® Raman® SQMP Assignments SQMP Assignments SQMP Assignments
3483vw 3452w 3400w 3078 vC23-H44 3268 vN6-H51 3081 vC23-H44

3393sh 3082m 3077 vC19-H39 3095 vC19-H39 3080 vC19-H39
3059vw  3060m 3228sh 3055 vC21-H43 3090 vC23-H44 3057 vC21-H43
3051 vaCH4(C27) 3077 vaCH3(C20) 3053 vaCH3(C27)
3052sh 3049 vaCH3(C25) 3067 vC21-H43 3051 vaCH3(C25)
3047sh 3032 vC17-H38 3058 vaCH3(C27) 3047 vaCH3(C20)
30355 3041sh 3039m 3007 vaCHs(C27) 3058 vaCHy(C20) 3039 vaCH3(C20)
3007 vaCH3(C25) 3056 vaCH3(C25) 3035 vC17-H38
2981s 2996sh 2995m 2985 vaCH3(C20) 3048 vC17-H38 3009 vaCH3(C25)
2982 vC10-H30 3033 vaCH,(C14) 3008 vaCH3(C27)
2969sh 2962 vaCHo(C11) 3010 vaCH3(C25) 3008 viCH2(C14)
2043w 2947sh 2945 viCHs(C27) 3010 vaCH3(C27) 2994 vC10-H30
2943 vaCH3(C20) 2988 vC10-H30 2983 vaCH,(C11)
20695 2940 vsCH3(C25) 2984 v:CHo(C11) 2963 vC9-H29
29695 2940 viCH2(C14) 2978 v:CHy(C14) 2959 v:CH3(C20)
2951vs 2939 viCH4(C13) 2974 v:CH3(C20) 2954 viCH,(C14)
2924sh  2927vs 2947w 2951vs 2924 vC9-H29 2967 vC9-H29 2951 vaCH,(C13)
2951vs 2916 vC16-H37 2952 vaCH,(C13) 2946 vsCH3(C27)
2941sh 2939sh 2914 viCH,(C11) 2949 v:CHs(C27) 2941 v:CHy(C25)
2906 viCH,(C13) 2944 v:CHs(C25) 2936 viCHy(C11)
2928 vsCH(C13) 2923 vC16-H37
2915sh  2917s 2914 viCHy(C11) 2920 v:CHy(C13)
2889w 2897vs 2867sh 2879s 2891 vC8-H28 2906 vC16-H37 2894 vC8-H28
2826w 2857s 2826 viCH,(C14) 2829 vC8-H28
2808sh  2794s 2819 vsCH3(C20)
1775s 1757w 1754s 1773w 1785 vC26-05 1795 vC26-05 1787 vC26-05
1755s  1737m 1733vs 1754s 1756 vC24-04 1767 vC24-04 1759 vC24-04
1751sh  1649m 1674s 1746 vN6-H51
1658w  1624m 1645s 1661 vC17-C19 1658 vC17-C19 1664 vC17-C19
1635w 1645s 1626 vC12-C18 1626 vC12-C18vC21-C23 1626 vC12-C18
1607w 1606 vC18-C22vC12-C15 1604 vC18-C22vC12-C15 1606 vC18-C22vC12-C15
1499w 1498w 1492 pe2s-radveaz-c23 1497 pC23-H44 1499  p'N6-H51 dN6H51CI52
pC21-H43vC15-C21
1490sh 1484m 1484w 1483 8,CH3(C20) 1494 BC23-H44pC21-H43
1474m 1470 SCH,(C14) 1470 8:CH3(C20) 1469  §'.CH3(C20)5,CH4(C20)
1462sh 1460sh 1462 8,CH3(C20)
1458m 1459sh 1456 SCH,(C14) 1458 SCH,(C14)
1452sh 1451s 1451 8,CH3(C20) 1448 SCH(C11)
1445 8,CH3(C25) 1445 3,CH3(C25)
1444 5CH,(C11) 1444 5CH,(C11) 1444 vC18-01
1440sh  1442sh  1439s 1435vs 1442 SCH(C11) 1442 vC18-01 1441 §,CH3(C27)3CH,(C14)
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1440sh

1440sh

1428sh

1376m

1371sh

1359w

1351sh

1326w

1291w

1276w
1276w
1250sh

1237vs
1237vs

1216s

1197s
1189sh

1177w
1162w
1152w
1139w
1127w
1115w
1103w
1094w
1074w

1442sh

1442sh

1423m

1391w

1387sh

1367w
1367w

1346w

1331sh

1312w
1306sh

1297sh

1277m
1277m

1241m

1227sh

1217m
1200sh
1181sh

1172w
1151w
1141sh
1130w
1111m

1097sh
1085sh
1068sh

1439s
1439s
1439s

1425m

1425m

1425m
1403w

1368s
1368s

1360sh

1360sh

1336m

1296w

1296w

1272w
1272w

1238vs
1238vs

1224s

1212s

1196s
1175s
1175s
1153s

1142sh

1127m

1075w

1435vs
1435vs
1435vs
1435vs
1430sh
1430sh
1430sh
1403w

1376sh

1352m

1331m

1309w

1309w
1275m

1275m

1246sh
1234m
1234m

1228sh

1211w

1189m

1156w
1145w
1131w

1110w

1085w
1061m

1440

1439
1436
1427
1424

1397

1393

1368
1367
1361

1360

1358
1352
1345
1334
1329
1315
1297

1291

1272
1256
1244
1240
1234

1226

1216
1202
1191
1185

1175
1153
1145
1131
1120

1097
1089
1067

5.CH3(C27)

8:CH3(C25)
8,CH3(C27)
SCH,(C13)
3:CH3(C20)

wagCH,(C14)

pBC17-H38vC16-C19

pC9-H29
8CH3(C25)
8sCH3(C27)
pC10-H30
wagCH,(C11)

p' C9-H29
wagCH,(C13)
pC16-H37
vC21-C23vC12-C15
pC8-H28
p'C16-H37pC16-H37
p'C16-H37p'C8-H28
pCH,(C14)
pCH,(C11)

p'C10-H30
pCH,(C11)
pCH,(C13)
vC24-025C00(C24)
vC22-03

BR3(A3)

BR1(A4)
$CO0(C26)
BRi(A4)
BC19-H39

pCH,(C13)
BR1(A5)
vC21-C23
pCH4(C20)
vC7-C8 PRy(AL)

BRy(AL)vC7-C11
vN6-C20vC7-C10
R;(A5)

1440
1437
1435
1434
1433
1424
1418
1404

1392

1378
1367
1367
1364

1363

1358
1348
1346
1334
1330

1317

1298

1277
1274
1256

1249

1228

1226

1219
1204
1198
1185
1180
1169
1149

1133
1120
1104

1094
1065
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8,CHs(C25)
8.CH3(C27)
8:CH3(C25)
3CH,(C13)
8.,CHs(C27)
p'N6-H51
pN6-H51
§,CH3(C20)
BC17-H38 BC19-
H39vC16-C19
wagCH,(C14)
wagCH,(C11)
3:CH3(C25)vC24-C25
vC26-C27

wagCH,(C13)
vC13-C15
pC10-H30
pC16-H37
pC9-H29
pC8-H28 p' C9-H29
vC21-C23

p'C10-H30
p'C16-H37

pCH,(C11)
p'C8-H28
pCH,(C13) vC7-C8

vC22-03vC22-C23

BRa(A3) BRy(Ad)
vC15-C21 BC21-H43
pCH,(C14)
vC24-02
BRu(A4)
vC7-C12
BC19-H39 BC17-H38
$CO0(C26)
p'CH(C20)
vC21-C23

pCH;(C20)
BR1(AS5)
vC7-C11

BRi(AD)
vC16-02

1440

1438
1436
1434
1430
1400

1396

1388
1375
1368
1364
1362

1361

1356
1348
1342
1335
1326
1313

1285

1284

1256
1245

1236
1232

1225

1209
1201
1194
1187
1179

1150
1142

1123
1109

1098
1067

§.CH3(C25)

8.CH3(C27)
8.CHs(C27)
3CH,(C13)
pN6-H51tN6-H51
8.CH5(C20)
BC17-H38 BC19-
H39vC16-C19
wagCH,(C14)
wagCH,(C11)
3:CH3(C25)
pC10-H30
wagCH,(C13)

8,CH3(C27)vC26-C27

pC9-H29
pC16-H37pC10-H30
pC8-H28
vC21-C23
pC16-H37p'C8-H28
p'C16-H37

p'C10-H30

pCH,(C11)

pCH,(C13) p' C9-H29
vC22-C23vC22-03

vC24-02vC24-C25
pCH,(C14)

vC13-C15

pCH,(C13)
vC15-C21
vC26-03
BC19-H39BC17-H38
BR1(A4)p'CH3(C20)

VC21-C23pC23-Hd4
PR1(AS) pCH5(C20)

vC10-C16
BR1(AS) pCH5(C20)

BRy(AL)vC7-C11
vC10-C16vC7-C8
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1056m

1041m

1013w

1006sh

989w

980w

966w
962sh
945w

910w
892sh
887w
871w

838w
822sh
819w
776w
766w
758vw
750vw
728w
716vw
690vw
680w
661w

1051sh
1048sh

1043w

1028w

1006sh
997w

972w

964sh

951sh
938w
931sh
927sh
909sh
899w
886w

860w
832sh
815w
805sh
771sh
763sh
757m
750sh
727sh
718sh
697vw
680sh
672w
652w

616vs
607sh
592sh
578sh
571m

549sh

1045s

1035sh

1017m

1017m
1002m
1002m

974sh

965m

933w
920m
909m
891sh
871m
871m

833m
814m
796sh
780m
767m

742w

723w

688w
659w
649w

620w

596w

584w

571w

556w

1055sh

1032w

982sh

970w

960sh

937w

908m
902sh
871m
871m

830w
817w
796w
774w

760sh

748sh

728w

690w

634sh

613vs

604sh

578w

555w

1057
1053
1049
1048

1039

1022

1010

1003
991

978

966
959

937
931
924
909
904
879
867

854
826
810
782
769
756
740
720
716

680

651
638
621
605
601
592
572
564
557
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pCH;(C25)
vC16-02
p'CH;(C27)
vN6-C14vC8-C9

vNB-C9p'CH5(C20)

vC8-C17

pCH;(C27)

vC18-01vC13-C15
p'CH3(C25)

302C16C19

802C16C10
vC11-C14

3C14N6C20

vC7-C12vC26-C27
7,CH,(C14)
yC21-H43
1,CH,(C13)
vC10-01
vC26-03
R;(A3)vC26-03

vC9-C13

vC10-C16

yC19-H39

7 CHA(C11)
BRy(A2)
BRy(A4)
TRy(A3) TR1(A4)

Ry (A4)
Ry (A4)

yC17-H38

vC24-C25
BR3(A3)
TR1(A4)BR3(A3)
TRy(AL)
yCOO(C24)
yCOO(C26)
yC22-03
Ry(A3) TR;(A3)
R3(A4) TRo(A2)

1058
1056

1049

1044

1028

1005
1002
994
989

984

976
955
946
941

922
908
896
885
866
859
851
827
809
774

761
746
730
711
707

678
648
638
620
604
597
591
574
563
556

Ry(A3)
pCH;(C25)

p'CH,(C27)yCOO(C26)
PR1(A5) pCH5(C20)

vC8-C9vC7-C10
vC9-C13vC8-C17

pCH3(C27)

pCH3(C27)

p'CH5(C25)
yC19-H39vN6-C20

tR1(A1)yC19-H39

vC11-Cl4

yC17-H38vC10-01

yC23-H44yC21-H43
yC23-H44

1,CHo(C13)
vC24-02
1,CH,(C14)
TR1(A3) BR4(A5)
BRy(A5)
vC26-035C2203C26
vN6-C14
vC10-C16
yC21-H43
tRy(AL)

1,CH,(C11)
BR2(A2)
Ry (Ad)
vN6-C9
TR(A3) TR1(A4)

BR2(A4)
5CO0(C24)
BR3(A3)
TR1(A4) BR3(A3)
TRy(AL)
yCOO(C24)
yCOO(C24) yCOO(C26)
TRy(A4) yC22-03
TRA(A3)TR;(A3)
TR(A3) TR3(A4)

1062
1057
1050
1049

1040

1018

1012

1007
997
989

980

962
952
940
927
921
903
896
878
865

862
827
807
7
767
760
744
726
715

681

650
640
623
605
601
591
576
566
559

pCH;(C20)
pCH;(C25)
vC16-02p'CH5(C25)
p'CH4(C27)
vC8-CYvCI-C13
vC7-C10

vN6-C20vC8-C17

vC11-C14

pCH5(C27) 5CO0(C26)
VN6-C14
p'CH3(C25)

802C16C10

yC17-H38
tR1(A3)
vC7-C12
yC23-H44
wCH:(C14)
BR3(A3) tR3(A5)
2CH,(C13)
vC26-03
vC26-035C2203C26

vC10-01
vC10-C16
yC21-H43
tR1(Al)
BR2(A2)1,CH,(C11)
vN6-C9
TRy (A3)tR1(A3)
TR1(A4)TtR2(A2)
TR (A3) TR1(A4)

yC19-H39BR,(Ad)

5C00(C24)
BR3(A3)TR,(AL)
TR1(A4)BR;(A3)
TRy(AL)
yCOO(C24)
yCOO(C26)
yC22-03
TR,(A3)tR,(A3)
R3(A4) yCOO(C26)
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544sh  543sh  540sh 544 tRa(A) 535 R3(A4) 540 TR3(A4)tR,(A4)
524m 522w 528sh 522 BRo(A4) 518 BR1(A5) 520 BRy(A5)
513sh  518m 507 3CINGC20 516 SCINBC20
495sh 498 BR3(A4)
485m 493w 483w 490 BR3(A4) 496 PBRs(Ad) pCOO(C26) 496  PRa(Ad)pCOO(C26)
474sh 477 BRy(A5) pCOO(C24) 475 BR(AS)BR,(AL) 479 BR(AS)BR,(AL)
460w 466w 456w 453 BR3(A1) 444 BR3(A1) 451 BR3(AL)
449sh 444w 435m 439 BR3(A3) 436 BR4(A3) 441 BR3(A3)
431m 420w 410w 406 BR3(A5) 407 pCOO(C24) 417 1Ry(Al) pCOO(C24)
401w 413sh 394w 392 BR,(A3) 391 BR3(AS)BR,(A3) 401 BR3(AS)BR,(A3)
364sh 365w 357 TRy(A3) 356 TRy(A3)TR,(A3) 360 TR1(A3)TR,(A3)
342w 342m 342 PN6-C20 340 5C14N6C20 350 3C14N6C20
pCOO(C26)
324w 334sh 336 tRi(A3) tR(A3) 330 TR1(A3) BRy(A5) 336 TR1(A3)TR,(A3)
315sh 318w 320 tR;(Al)tRs(Al) 326 Ry(AL) TR(A1) 324 1Rs(Al) 502C16C19
305w 303sh 301 R, (A5) 310 Ry(A3) TR;(A1) 313 R;(A3) TR,(A1)
283w 280sh 285  1Rs(A5) tRo(A5) 283 TR3(A5)TR,(A5) 287 TRy(A5)
276sh 272m 275 pC22-03 271 pC22-03 277 pC22-03
261sh 264sh 259 R3(A5) 260 R;(A3) TR3(A3) 265 R3(A3)
254m 249m 256 R (A5) 257 TR3(A5)TR(A5)
237m 235m 241  tR4(A3)yC22-03
227sh 223sh 219 1,CHs(C20)tR,(A5) 224 VH51-CI52
214 tRy(A3)1Rs(A5) 216 $502C16C10 207 $C1602C24
200sh 204sh 203 tRy(A3)BRy(A3) 204 5C1602C24 204 VHS51-CI52tR,(A3)
196sh 194w 194 7,CH3(C20) 184 7,CH3(C20)
1665 170s 165 Ry(A3) 164 Ry(A3) 162 Ry (A3)
158sh 161sh 158 $5C1602C24 156 R3(A5) 155 TR3(A5)TR:(A3)
140s 142w 133 tRy(A2) 5C2203C26 128 TR1(A2) 137 TR1(A2)
1165 114sh 109  tR(A3) tRy(A5) 109 R,(A3) TR,(A5) 113 TRy (A3)
100s 107vs 100 1,CH3(C25) 99 7,CH3(C25)
92sh 91sh 94 7,CH3(C25) 90 1,CH3(C27)
87sh 84sh 84 TR1(A3) TR4(A3) 86 7,CH3(C27) 85 R;(A3) TR4(A3)
83 R1(A3) TR,(A3) 83 R3(A3)
74 102-C24 75 102-C24502C16C19 74 102-C24
62  t.CHs(C27)103-C22 63 TuCHs(C27)tR1(AL)
60 1,CH3(C27) 60 TR1(A1)TR:(A3)
50 103-C2 53 103-C2 52 103-C2
44 103-C21R;(A3)
38 103-C22 37 103-C22 35 1,C00(C24)
29 1,C00(C24) 33 1,C00(C24) 31 103-C22
19 TRy (Al) 16 TRy(Al) 16 TRy(Al)

Abbreviations: br, broad; v, stretching; B, deformation in the plane; vy, deformation out of plane; wag, wagging;
T, torsion; PBg, deformation ring tg, torsion ring; p, rocking; tw, twisting; 8, deformation; a, antisymmetric; s,
symmetric; (Ay), Ringl; (A,), Ring2; (As), Ring3; (A4), Ring4; (As), Ring5.

*This work, "From scaled quantum mechanics force field; ‘From Ref [18]; “From Ref [18]
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Bands Assignments

3500-2000 cm™ region. In this region are expected the N-H stretching modes only for the
cationic heroin species, the aromatic and aliphatic C-H stretching modes and the
antisymmetric and symmetric stretching modes of CH, and CHj3 groups for the three species.
In clonidine hydrochloride the N-H stretching modes for cationic and hydrochloride forms
were assigned at 3427 and 1711 cm™ [48], in tropane alkaloid at 3419 cm™ and 1626 cm™
[12], in cocaine are assigned at 2982/2981 and 2545 cm™ [13] while in morphine at 3356, and
1855 cm™ [11]. In heroin, these modes are assigned to 3483 and 1674 cm™. In heroin species,
the aromatic C-H stretching modes are assigned at higher wavenumbers than the aliphatic

ones, as reported in morphine [11].

In the three heroin species, the antisymmetric and symmetric CH; modes are predicted by
SQM calculations between 3077 and 2819 cm™ and, for this reason, they are assigned to the
IR and Raman bands located between 3052 and 2808 cm™, as in morphine (3206/2865 cm™),
cocaine (3056/2845 cm™) and tropane alkaloids (3098/2966 cm™) [11-13]. On the other hand,
in cocaine, the antisymmetric and symmetric CH, modes are predicted at 3009/2938 cm™
[11], in tropane species at 3024/2911 cm™ [30] while in morphine at 3036/2821 cm™. Hence,
the bands between 3033 and 2906 cm™ are easily assigned to these modes of heroin species,
as predicted by calculations. Here, the intense IR band observed in the spectrum of free base
at 2794 cm™ and at 2455 cm™ with medium intensity in the Raman spectrum of the
hydrochloride form could be attributed to dimeric species not considered here. Obviously, the

symmetrical modes are associated to the most intense Raman bands.

2000-1000 cm™ region. Here, the C=0, C=C and C-O stretching modes, the N-H stretching
mode for the hydrochloride species, antisymmetric and symmetric CH; deformation modes,
CH; deformation modes, C-H, CH, and CHj; rocking modes and CH, wagging modes are
predicted by B3LYP/6-31G* calculations of those three heroin species. The assignments of
all these modes can be seen in Table 9. The strong IR bands at 1754 and 1733 cm™ in the
spectrum of hydrochloride form are assigned respectively to the two C26=05 and C24=04
stretching modes while the intense Raman band at 1674 cm™ is assigned to the N-H
stretching mode for the hydrochloride species, as was explained in the above section. The
intense Raman band at 1645 cm™ is simultaneously assigned to two C17=C19 and C12=C18
stretching modes predicted in the same regions for the three heroin species. Note that the

strong IR and Raman bands at 1439 and 1435 cm™, respectively can be indistinctly assigned
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to C8-01 stretching modes and to CH3 and CH, deformation modes because the calculations
have predicted some of these modes in this region. In this region, results few commons were
obtained, for instance, the two deformation modes of acetyl group, identified in the three
heroin species as 63CO0(C26) and (3CO0O(C24), are predicted by SQM calculations between
1240 and 1007 cm™ when normally these modes are assigned between 800 and 600 cm™
[28,49-51], including in cocaine [13]. Evidently, these groups in the three heroin species are
strongly influenced by the different five fused rings, especially the 3COO(C26) group linked
to aromatic R4 ring in the three species. Apparently, in the heroin species the two acetyl
groups do not present movements free as in the cocaine species and, for these reasons, in the
following section, the force constants were also calculated in order to explain these
differences. Other unusual obtained result was observed in the expected deformations ring
modes of R1, R3, R4 and R5 rings because these modes are normally predicted and assigned
below 1000 cm™ [25,27,29, 31,32] and, here, in the three heroin species some of these modes
(BR; and BR3) are predicted from 1228 cm™, as observed in Table 9.

2000-1000 cm™ region. In this region are expected the vibration modes of acetyl groups
(wagging, yCOO; rocking, pCOO and twisting, twCOO modes), deformation (BR;, PR, and
BR3) and torsion (tRy, TR, and tR3) rings of five rings and, other skeletal vibrations (C-C and
C-O stretching modes, OCC, CNC, COC, OCO deformations and, CH3 and CH twisting
modes. Here, it is necessary to clarify the only for the R2 ring of five members is expected
two deformations and two torsions rings. All these modes were assigned in accordance to the

SQM calculations and, as detailed in Table 9.

Here, the identifications of N6-CHj stretching modes (N6-C20) in the three heroin species are
of interest because they play a very important role in the pharmacological and medicinal
properties of all tropane alkaloids and, for these reasons, they are here analyzed. In the three
tropane species these modes were assigned at 1128, 1086 and 1031 cm™, in the cocaine
species at 1113, 1058 and 1052 cm™ and, in the free base of morphine at 1160 cm™, in the
cationic form at 984 cm™ and in the hydrochloride form of this species at 1047 cm™. Here, in
the free base, cationic and hydrochloride forms of heroin that mode is assigned to the bands

at 1094, 989 and 1017 cm™, respectively, in accordance to the calculations.
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Force constants

For the three heroin species in both media were computed the harmonic force constants from
their corresponding harmonic force fields obtained at B3LYP/6-31G* level of theory by
using the SQMFF procedure [16] and the Molvib program [17]. The scaled internal force
constants are presented in Table 10 compared with those reported for morphine, cocaine and
tropane alkaloids in both media [11-13]. Analyzing first the force constants for the three
heroin species, it is observed that the presence of Cl atom in the hydrochloride species
drastically reduce the force constant f(»N-H) values in both media, observing for the
hydrochloride form a low value in gas phase. When this constant is compared with the other
alkaloids cocaine present the higher values in both media. Comparing then the f(¥N-CHs)
force constants, the cationic forms of all alkaloids in both media have the lower values than
the other ones probably due to the presence of N-H groups positively charged and, hence, the

values slightly increase in solution.

Table 10. Scaled internal force constants for the free base, cationic and hydrochloride
heroin species compared with the corresponding to morphine, cocaine and tropane

species in gas and aqueous solution phases.

B3LYP/6-31G*

Heroin®
Force constant Free base Cationic Hydrochloride

Gas PCM Gas PCM Gas PCM
f(WN-H) 5.93 5.93 2.67 4.54
f(W-CHy) 4.83 4.67 4.04 4.09 4.38 4.26
f(+C=0) 12.50 11.62 12.67 11.62 12.55 11.65
f(+C-0) 5.07 5.06 4.39 5.04 5.05 5.05
f(+C-O)gr 5.23 4.92 5.30 4.98 5.27 491
f(vC-N) 4.88 477 376 4.01 4.30 417
f(vCH,) 4.69 4.73 4.84 4.89 4.83 4.89
f(VCH3) 4.88 491 5.01 4.98 4.98 5.02
f(1C-H)g 5.14 516 5.18 5.17 5.15 5.18
f(+C-H) 4.72 4.81 4.71 4.84 4.77 4.85
f(+C-C) 4.18 4.33 4.24 4.33 4.19 4.33
f(6CO0) 1.36 1.39 1.38 1.37 1.37 1.37
f(6CH,) 0.74 072  0.73 0.72 0.73 0.72
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f(6CH,) 0.57 056  0.55 0.56 0.55 0.54
Morphinge”
Force constant Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
f(+O-H) 7.12 7.13 7.21 7.13 7.13 7.05
f(WN-H) 5.93 5.98 2.73 4.61
f(VN-CHj,) 4.83 4.69 4.05 4.15 4.37 4.25
f(+C-N) 4.74 4.59 3.67 3.91 4.20 4.03
f(vCH,) 4.69 4.72 4.85 4.90 4.82 4.89
f(vCH,3) 4.70 4.76 5.08 5.12 5.01 5.09
f(vC-H) 4.65 4.71 4.62 4.77 4.72 4.79
f(+C-C) 5.74 5.73 6.04 5.77 5.79 5.78
f(6CH,) 0.74 0.73 0.73 0.72 0.73 0.72
f(6CH,) 0.58 0.57 0.56 0.56 0.56 0.56
Cocaine’
Free base Cationic Hydrochloride
Force constant Gas PCM Gas PCM Gas PCM
f(WN-H) 491 555 3.23 4.79
f(WN-CH3) 4.69 452 417 4.23 431 4.17
f(vC-N) 4.20 4.01 3.41 351 3.71 3.54
f(VCH,) 4.85 487 491 493 4.88 4.93
f(vCHy3) 4.86 4.92 5.07 5.09 5.04 5.08
f(vC-H) 4.86 491 493 5.02 4.91 4.98
f(+C-C) 3.94 3.98 4.06 4.09 4.08 4.11
f(6CO0) 1.46 1.43 1.52 1.45 1.49 1.45
f(SCH,) 0.74 072 075 0.73 0.75 0.73
f(0CH3) 0.58 0.56 0.57 0.56 0.57 0.56
Tropane®
Force constant Free base Cationic Hydrochloride
Gas PCM Gas PCM Gas PCM
f(WN-H) 597 598 2.70 4.69
f(WN-CHjy) 4.69 4.52 4.09 421 4.42 4.26
f(1C-N) 4.16 397 31 3.35 3.73 3.48
f(vCH,) 4.78 4.78 4.88 4.88 4.85 4.87
f(VCH3) 4.72 479 5.0 5.13 5.03 5.11
f(VC-H) 4.78 482 492 4.99 4.90 4.96
f(vC-C) 4.05 4.06 4.17 421 4.16 4.20
f(6CH,) 0.74 0.72  0.75 0.72 0.74 0.73
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f(0CH3) 0.58 0.57 0.56 0.56 0.56 0.56

Units are mdyn A for stretching and mdyn A rad™ for angle deformations
*This work; "From Ref [11]; “From Ref [13]; °From Ref [12]

The f(»C=0) constants values corresponding to the acetyl groups change in solution, as
expected because these groups are probably hydrated in solution while the f(+C-O)g constants
corresponding to the C-O bonds of R2 rings practically do not change in the three species but
in solution slight decreasing are observed in the different forms. The other f(1C-O) constants
practically present the same values. Here, the assignments of deformation modes of acetyl
groups (6CO0) to higher wavenumbers than those reported values for other compounds with
similar groups [28,49-51] could be justified by the higher values observed in the f(COO)
force constants, for example, in relation to the cocaine value. The other force constants

observed in Table 10 present practically the same behaviors in both media.
CONCLUSIONS

Here, the structures of the free base, cationic and hydrochloride heroin species were
theoretically determined in gas phase and in aqueous solution employing the hybrid
B3LYP/6-31G* method. The solvent effects were studied by using the SCRF and PCM
methods while the solvation energies were predicted with the solvation model. The three
species in both media were optimized with N-CH3 groups in equatorial positions which
apparently favour the volume expansions in solution. The three Heroin species presents the
higher solvation energy values, as compared with the corresponding to morphine and cocaine.
The charges studies and the MEP mapped surfaces suggest clear electrophilic sites on the N-
H group of the cationic species while the hydrochloride species shows nucleophilic regions
around the CI atoms but less weak sites on the C=0 groups. The low BO values for the CI
atoms in the hydrochloride species in both media reveal the ionic characteristics of their
halogen H---Cl bonds. The NBO and AIM studies support the high stabilities of those three
heroin species against to the corresponding to morphine and cocaine. Here, the presence of
other groups linked to tropane ring increase significantly the reactivity of alkaloid,
specifically of its cationic and hydrochloride forms. The predicted higher global
electrophilicity index (w) for hydrochloride form of cocaine and the low global

nucleophilicity index (E) values in heroin and morphine could probably explain the different
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behaviors of these species in both media. In this work, the broadly known potential
pharmacological properties for the three heroin species were explained easily with the rule of
five states suggested by Lipinski’s and Veber. The harmonic force fields and the complete
vibrational assignments of the 144, 147 and 150 normal vibration modes expected
respectively for the free base, cationic and hydrochloride heroin species were here reported

for first time by using the SQMFF methodology.
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