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Abstract: B3LYP/6-311++G** calculations of the main metabolite of cocaine, benzoylecgonine (BZ)
as free base and in its R and S forms have been used together with normal internal coordinates,
transferable scaling factors, and harmonic force fields in order to perform its complete vibrational
assignments. Identification of this metabolite is important because it is detected in the urine for a
minimum of 5 days after its use and can remain for four months until its complete elimination. Both
forms were optimized in different environments evidencing higher solvation energy in water (-85.79
kJ/mol) than cocaine (-70.21 kJ/mol), with values closer to heroin (-88.67 kJ/mol). Structural,
electronic, topological, and vibrational properties were predicted for those species in both media.
Natural bond orbital studies and the atoms in molecules calculations reveal lower values in solution
stabilities and topological properties. Gap values suggest that both species are less reactive in solution
but both most reactive than cocaine, heroin, morphine, and scopolamine in both media. Comparisons
between experimental NMR, vibrational, and electronic spectra with the corresponding predicted
calculations show very good concordances. The vibrational assignments observed for the two forms
indicate that both species are probably present in both phases.
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1. Introduction

The main metabolite formed by hydrolysis of alkaloid cocaine is benzoylecgonine
which is detected in the urine for a minimum of 5 days after its use [1-7]. A very important
date to keep in mind is that benzoylecgonine can remain in the body until its complete
elimination after four months [1-7]. Its identification is very important not only for forensic
science due to adulterations but also for human health since it is a drug of abuse that produces
many consequences with frequent use [8-15]. Currently, many techniques are used for its
detection, vibrational spectroscopy being one of the fastest and safest [11-15]. The latest
technique requires performing the complete assignments of infrared and Raman spectra and
knowing benzoylecgonine's experimental structures as free bases in its R and S forms [16,17].
The IUPAC name of benzoylecgonine is 3-Benzoyloxy-8-methyl-8-azabicyclo[3.2.1]octane-
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4-carboxylic acid. So far, the complete vibrational assignments of many tropane alkaloids, such
as benzoylecgonine, remain absent because all tropane alkaloids have a bicyclic (N-methyl-8-
a-zabicyclo[3.2.10]octane) structure with two fused piperidine and pyrrolidine ring whose
normal internal coordinates are very difficult to build. Our investigation group reported the
vibrational analyses for the free base, cationic, and hydrochloride species of some tropane
alkaloids combining the vibrational spectra with theoretical calculations [18]. In these cases,
the vibrational spectra are predicted using DFT calculations. Later, the complete assignments
are performed by comparing experimental spectra with the corresponding predicted by using
the harmonic force field and the Molvib program [19-21]. As benzoylecgonine has a chiral
center, in this work, its two R and S forms of its free base species were optimized at the
B3LYP/6-311++G** method in the gas phase and water [22,23]. To apply the SQMFF
methodology, the normal internal coordinates, transferable scaling factors, and the Molvib
program are necessary to obtain the correct harmonic force fields and the potential energy
distribution (PED) [19-21]. Hence, the vibration modes are assigned according to the higher
PED contributions. In general, to perform the assignments of experimental bands observed to
the predicted normal modes of vibration, only contributions of PED > 10 are considered [19-
21]. In addition, for the two R and S free base species of benzoylecgonine, the vibrational,
structural, and topological properties were also predicted and compared with those reported for
the corresponding to cocaine because the activating CHs group is present in cocaine instead of
an H atom in benzoylecgonine. Chemically, cocaine is a carboxylate (methyl (3S)-3-
(benzoyloxy)-8-methyl-8-azabicyclo[3.2.1]octane-2-carboxylate), while benzoylecgonine is
an acid. As cocaine and all tropane alkaloids, benzoylecgonine has the tertiary nitrogen atom
belonging to >N-CHs group related to pharmacological and medicinal properties [24-26].

2. Materials and Methods

The GaussView program was employed to remove the CHs group from the previously
optimized R free base structure of cocaine by applying the B3LYP/6-31G* method to have the
initial structure of the free base of benzoylecgonine [27,28]. Subsequently, the two structures
R and S of benzoylecgonine were optimized with the Gaussian 09 program employing hybrid
calculations B3LYP/6-311++G** both in the gas phase and in the aqueous solution. [22,23,29].
In both optimized structures, chair structures are observed in the piperidine rings, as in cocaine
and scopolamine species [18,27]. The solvent effects were considered for all calculations in
solution with the self-consistent reaction field (SCRF) method and the integral equation
formalism variant polarised continuum (IEFPCM) model [30-32]. The universal solvation
model was used to obtain the solvation energies of two forms of benzoylecgonine in an agueous
solution, while the variations of volumes were computed at the same level of theory the as the
Moldraw program [32,33]. The harmonic force fields were calculated taking into account the
normal internal coordinates, transferable scaling factors, and the SQMFF methodology with
the Molvib program [18-20]. The normal internal coordinates were similar to those reported
for cocaine [27]. Structural and topological properties were predicted by natural atomic
population (NPA) and Merz-Kollman (MK) charges natural bond orbital (NBO), and atoms in
molecules (AIM) calculations [34-37]. In contrast, the reactivities and behaviors of two
benzoylecgonine species were predicted using the frontier orbitals and some descriptors
[18,27]. Comparisons between experimental and theoretical NMR and UV-visible spectra are
necessary in order to see correlations in the structures in both media. Hence, the *H and **C-

NMR spectra of both forms of benzoylecgonine were predicted in an aqueous solution by using
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gage-invariant LCAO (linear combination of atomic orbitals) method [38], while the
ultraviolet-visible spectrum in the same solvent was predicted using Time-dependent DFT
calculations (TD-DFT) at the same level of theory with the Gaussian 09 program [29].

3. Results and Discussion

3.1. Optimizations in both media.

Figure 1 presents the comparison of the R-free base structures of cocaine and its main
metabolite, benzoylecgonine (BZ). The red circle indicates the CHs group present in cocaine
but not in benzoylecgonine.

Benzoylecgonine

Figure 1. Molecular theoretical structures of R free base species of benzoylecgonine alkaloid compared with
the corresponding to cocaine. The red circle on the CH; group shows the difference between both.

R-Benzylecgonine S-Benzylecgonine
Figure 2. Molecular theoretical structures of R and S free base of benzoylecgonine showing the benzyl,
piperidine, and pyrrolidine rings identified by different colors. Al (red), A2 (green), and A3 (yellow)
correspond to benzyl, pyrrolidine, and pyrrolidine rings, respectively.

The two R and S free base species of benzoylecgonine are shown in Figure 2, with their
rings in distinct colors. Thus, Al in red color corresponds to the benzyl ring while the fused
piperidine (A2) ring in green color and pyrrolidine (A3) ring in yellow color, both belonging
to the (N-methyl-8-a-zabicyclo[3.2.10]octane) system. The results of total energies, dipole
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moments, volume variation, and solvation energy for the two forms of the free base can be seen
in Table 1. The solvation energies are also presented in the table. Regarding the table values,
we observed that both forms of BZ present the same energies and dipole moment values.
However, little differences in the volumes are observed. Thus, the R forms in both media show
a higher V value with a slight increase from 305.0 A2 in the gas phase to 307.2 A3 in the
solution.

Table 1. Calculated total energies (E), dipole moments (), volume variations (AV), and corrected solvation
energies (AG) of the R and S forms of the free base of benzoylecgonine in the gas phase and aqueous solution
by using the B3LYP/6-311++G** method.

B3LYP/6-311++G** Method
Benzoilecgonine

Gas phase
Species E (Hartrees) u (D) V (A3)
Form R -977.0880 1.5412 305.0
Form S -977.0880 1.5410 302.4
Agueous Solution
Species E (Hartrees) u (D) V (A3 AV (A?)
Form R -977.1110 1.7832 307.2 2.2
Form S -977.1110 1.7819 302.6 0.2
Solvation energy (kJ/mol)
Species AGun AGre AGc
Form R -60.33 25.46 -85.79
Form S -60.33 25.46 -85.79

AGun, See text.

Analyzing the orientations, directions, and magnitudes of dipole moment vectors of
both forms of BZ from Figure S1, it is observed that the magnitudes are practically the same
in the two media (1.54 D in the gas phase and 1.78 D in the solution). However, the orientations
and directions slightly change in solution, although the vectors of both R and S forms in the
two media are directed toward the tertiary N atoms. This work used the Moldraw program to
calculate the volume variations [33]. When the V values are compared with the obtained for
the R form of cocaine in both media (321.0 A% in gas phase and 322.2 A2 in solution) by using
hybrid B3LYP/6-31G* calculations, we observed higher volumes in cocaine, as expected
because this alkaloid present a CHs group different from BZ. The dipole moment values in
cocaine change from 1.55 D in the gas phase to 1.88 D in solution with a V expansion of 1.2
A3, Hence, the absence of the CHs group in BZ generates higher V expansion and, as a
consequence, both R and S forms of BZ show higher solvation energies (-85.79 kJ/mol) than
cocaine (-70.21 kJ/mol). Comparing the solvation energies of both forms of BZ with the
corresponding scopolamine (-75.47 kJ/mol), heroin (-88.67 kJ/mol), and morphine (-60.91
kJ/mol), predicted by using B3LY/6-31G* calculations, we observed that the values are closer
to heroin [18,27]. Probably, BZ remains in the body until its complete elimination after four
months due to its higher solubility in water. Here, the uncorrected (AGun) solvation energies
are calculated as the differences between E in solution and E gas phase. For instance, the value
of -85.79 kJ/mol for the form R is calculated from AGun = [-977.1110-(-977.0880)] x 627.51 x
4.18= -60.33 kJ/mol. Then, the corrected solvation energies (AGc) are calculated as the
differences between the uncorrected values (-60.33 kJ/mol) and the non-electrostatic terms due
to the cavitation, dispersion, and repulsion energies (25.46 kJ/mol) computed with the universal
solvation modes from the SCRF calculations [30-32]. Note that free bases of cocaine and BZ
undergo volume expansion in solution because they are basic species that are hydrated in
https://biointerfaceresearch.com/ 4 of 25



https://doi.org/10.33263/BRIAC136.579
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.579

solution. Probably, the higher solvation energy observed for BZ than cocaine supports its
permanence in the human organism for four months.

3.2. Geometrical parameters in both media.

Comparisons of calculated geometrical parameters for the R and S forms of the free
base of BZ in the gas phase and aqueous solution applying the hybrid B3LYP/6-311++G**
method with the corresponding experimental ones for freebase cocaine [16] and ecgonine
hydrochloride [17] are summarized in Table 2.

Table 2. Comparisons of calculated geometrical parameters for the R and S forms of benzoylecgonine in gas
and aqueous solution phases with the corresponding experimental ones for freebase cocaine and ecgonine
hydrochloride.

B3LYP/6-311++G** Method?
Parameters FormR Form S Exp® Exp°®
Gas | Solution Gas | Solution
Bond lengths (A)
N5-CHs 1.461 1.470 1.461 1.470 1.468 1.490
N5-C6 1.473 1.479 1.473 1.479 1.460 1.514
N5-C7 1.478 1.485 1.478 1.485 1.467 1.511
C6-C9(A5) 1.560 1.556 1.560 1.556 1.522 1.537
C7-C10(A5) 1.560 1.556 1.560 1.556 1.527 1.536
C6-C8(A6) 1.557 1.559 1.557 1.559 1.531 1.540
C7-C11(A6) 1.541 1.539 1.541 1.539 1.531 1.524
C8-C12(A6) 1.540 1.541 1.540 1.541 1.518 1.553
C11-C12(A6) 1.528 1.527 1.528 1.527 1512 1.527
C12-01 1.446 1.459 1.446 1.459 1.450 1.420
C15=04 1.213 1.221 1.213 1.221 1.193 -
C15-01 1.350 1.343 1.350 1.343 1.329 -
C14-02 1.363 1.352 1.363 1.352 1.333 1.320
C14=03 1.203 1.215 1.203 1.215 1.188 1.214
02-H35 0.969 0.972 0.969 0.972 - 0.859
C15-C16 1.491 1.488 1.491 1.488 1.499 -
RMSDP 0.021 0.021 0.021 0.021
RMSD® 0.039 0.038 0.039 0.038
Bond angles (%)
C13-N5-C6 114.0 112.0 114.0 112.0 112.6 112.9
C13-N5-C7 114.2 1125 114.2 112.5 113.1 1135
C6-N5-C7(A5,A6) 101.9 101.3 101.9 101.3 100.9 102.1
N5-C6-C9(A5) 105.4 105.4 105.4 105.4 106.2 102.3
N5-C7-C10(A5) 104.8 105.1 104.8 105.1 105.4 102.8
C6-C9-C10(A5) 103.7 103.8 103.7 103.8 103.5 105.2
N5-C6-C8(A6) 106.9 108.4 106.9 108.4 106.8 108.5
N5-C7-C11(A6) 107.7 107.8 107.6 107.8 106.7 106.8
C8-C12-C11(A6) 112.4 1134 112.4 113.4 112.2 111.7
C12-01-C15 117.5 118.3 117.5 118.3 117.7 -
C14-02-H35 106.7 108.6 106.7 108.6 - 107.2
04-C15-C16 124.3 123.7 124.3 123.7 124.8 -
RMSDP 0.77 0.88 0.76 0.88
RMSD¢ 147 1.59 147 1.59
Dihedral angles (°)

C8-C6-N5-CH3(A6) 160.1 164.6 -160.1 -164.7 160.6 164.5
C11-C12-01-C15 151.6 149.8 -151.6 -149.8 -139.0 -
C12- C8-C14-02 170.9 159.1 -170.9 -159.1 179.4 99.6
C16-C15-01-C12 179.6 -178.8 -179.6 178.8 178.1 -
04-C15-01-C12 -0.4 1.2 0.4 -1.2 -1.3 -
C8-C12-01-C15 -83.3 -84.5 83.4 84.4 96.3 -

aThis work, °Ref [39] for freebase cocaine; °Ref [40] hydrochloride ecgonine; A6, six member's ring
(piperidine); A5, five member's ring (pyrrolidine).

These comparisons were performed using the root mean square deviation (RMSD)
values. Hence, better correlations for the bond lengths and angles of both forms in the two
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media are observed with the values of cocaine [16], showing for the distances an RMSD value
of 0.021 A while by using the experimental value of ecgonine hydrochloride [17] the RMSD
values increase a few to 0.039-0.038 A. Here, the most interesting results are observed for the
C14=03 and 02-H35 bonds because, in cocaine, the bond length C14=03 is 1.188 A while
these distances in the two forms of BZ are predicted between 1.215 and 1.203 A. These
enlargements of bonds are attributed to activating the CHs group present in cocaine, while in
BZ is the H atom that is less linked to O2. Other interesting comparisons are observed in the
bond lengths of N5-CHs, which is present in all tropane alkaloids. The values for BZ are closer
to cocaine values [16] but different from the observed for ecgonine hydrochloride [17]. For the
bond, angles are observed in a similar situation. Thus, when the predicted values are compared
with the corresponding cocaine values [16], RMSD values are observed between 0.88 and
0.76°, while by using the other reference [17], the RMSD values increase to 1.59-1.47°. In
relation to the dihedral angles, they show higher differences between the R and S forms, as
expected, because the dihedral C8-C6-N5-CHs (A6) and C12-C8-C14-02 angles in the S form
present negative signs while in the R forms positive ones. Hence, the R forms of BZ in both
media show dihedral C8-C6-N5-CHs values closer to corresponding to experimental A6 six
member's ring of piperidine of hydrochloride ecgonine [17]. Still, different values for dihedral
C12-C8-C14-02 angles are observed. The low RMSD values predicted for bond lengths and
angles suggest that both R and S structures of BZ can be used in the vibrational analyses to
perform their complete assignments using the harmonic force fields calculated from SQMFF
methodology [19-21].

3.3. Charges, molecular electrostatic potentials, and bond order studies.

Atomic natural population (NPA) and Merz-Kollman (MK) charges, together with the
molecular electrostatic potentials (MEP) and bond orders (BO) for the R and S forms of BZ,
are studied in this section. Table S1 of Supporting material shows the MK charges and the MEP
values because these charges are used to predict the MEP values [34]. Table S2 shows the NPA
and BO values for the two forms of BZ by using B3LYP/6-311++G** calculations.

MK Charges
-0.25 ~R Gas Phase N5
3 -0.30 R Aqueous Solution
8 .35 S Gas Phase
& 040 S Aqueous Solution
& -0.45/01
< 050
€ -0.55 03 04
S
2 060 02
-0.65 -
-0.70
NPA Charges
-0.52
; 0.57 . NS
L -uU.
‘8’ 03
a0 04
8 062
[
L ~R Gas Phase
5 _0.67 R Aqueous Solution
< 02 S Gas Phase
S Aqueous Solution
-0.72

Figure 3. Calculated Merz-Kollman (MK) and natural population atomic (NPA) charges of both R and S free
base species of benzoylecgonine by using the B3LYP/6-311++G** method
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Both tables show the mentioned properties on all atoms of both species and in the two
media, while Figure 3 are presented only the values observed for the acceptors and donor's
groups of H bonds. Thus, the O1, 02, 03, O4, and N5 atoms are involved in forming H bonds
in the solution.

Figure 3 shows on those atoms negative MK and NPA charges, but different values are
observed because the MK charges show variations from -0.25 to -0.70 a.u., while the NPA only
variations from -0.56 to -0.70 a.u. Hence, lower variations are observed in the NPA charges.
Both charges on O2 belonging to O2-H35 bonds present the most negative values, while the
H35 atoms have the higher positive values because these atoms are the most labile, as supported
by the low MEP values. Figure 3 evidence that both charges present few changes in the
solution. On the other side, on C atoms of piperidine and pyrrolidine rings of R and S forms,
different MK and NPA charges are observed (in Table S1) because positive MK charges are
observed on C7 and C12 of R and S forms in both media while the NPA charges on C6 and
C12 of R and S forms show positive charges. Very important results are observed in the NPA
charges on N5 of both forms because their values decrease in solution, indicating that these
atoms of R and S species could be hydrated in this medium. On the contrary, the MK on N5 of
the two forms in both media evidences the most negative values.

When MEP values are analyzed for all atoms from Table S1, the tendency observed is
expected due to the different electronegativities: O > N > C >H. The most labile atoms that
have less negative MEP values are the H35 atoms of O2-H35 bonds, as previously mentioned.
In solution, the values on H35 decrease, indicating these atoms are involved in the formation
of H bonds in both species. We can see the nucleophilic and electrophilic sites by analyzing
the mapped MEP surfaces through different red and blue colorations shown in Figure S2. Thus,
the nucleophilic sites are observed on the O atoms corresponding to the COO groups and N
atoms of both free bases species, while blue colors are on the H atoms. Green colors are
observed on the inert sites.

Regarding the bond orders (BO), expressed as Wiberg indexes from Table S2, it is
observed only slight differences in the BO related to C13 and C14 corresponding to the
piperidine and COOH of both species of BZ, respectively, while the H35 atoms present the
lower values because they have higher lability, as supported by the low MEP values.

3.4. NBO and AIM calculations.

The two R and S forms of BZ evidence higher solvation energies than cocaine, and for
this reason, knowing its stabilities in both media are very important to justify why staying
longer in the human body. Here, these studies were performed by using NBO and AIM
calculations [35-37]. In the first case, the E(2) parameters are calculated as donor-acceptor
energy interactions obtained from the second-order perturbation theory analysis of the Fock
matrix with the NBO 3.1 program by using the hybrid B3LYP/6-311++G** method [35]. Main
donor-acceptor energies for the R and S forms of BZ in the gas phase and aqueous solution by
using the hybrid B3LYP/6-311++G** level of theory can be seen in Table S3. Regarding the
table, we observed the same four transitions in both species and the two media, which are the
7%, 7 —>n*, n—>0o* and n—7z* interactions. The first z—z* interactions are related to the
charges transfer from bonding orbital C=C to antibonding C=C of benzyl ring, other
corresponds to the only 7*04-C15—>7*C16-C18 interaction while the other two are related to
transitions from lone pairs of O3 and O4 towards different antibonding o* and 7* orbitals.
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Note that the z—7z* interactions of both species in the two media present higher values.
Evaluating total energies, we observed that the two forms are less stable in an aqueous solution
(1803.79 kJ/mol) than in the gas phase (1836.02 kJ/mol). The R free base species of cocaine
has also evidenced three interactions (z—z*, 7*—>7z* and n—»oc*) and lower stability in
solution but with a total energy value of 1824.32 kJ/mol by using the hybrid B3LYP/6-31G*
level of theory [27]. Obviously, the differences observed are related to the additional CHs group
in cocaine and the lower basis set used.

The stabilities of two species of BZ were also studied, analyzing the possible intra-
molecular interactions from the theory of atoms in molecules (AIM) using the topological
properties calculated with the AIM 2000 program [36,37]. Hence, the electron density, o(r),
the Laplacian values, V?p(r), the eigenvalues (A1, 12, 13) of the Hessian matrix and the [41|/43
ratio are calculated in the bond critical points (BCPs) and ring critical point (RCP). Table S4
shows the results for the two species of BZ by using the hybrid B3LYP/6-311++G** level of
theory. Both forms show the same topological properties in the two media with the formation
of new H bonds and new RCPs, the C14-03:--H29 in the R forms and the C14-03:--H30 bonds
in the S forms and new RCPNs. The molecular graphics for both species in the gas phase
showing the H bonds and RCPNs are given in Figure 4, while Figure S3 shows the molecular
graphics for the two forms of BZ in both media.

Héf © ¢
o® +-9C19 .
e._ C9 6 . . “(’ 14 £ 20
H31 o T \"'2} C13 c1g, &
| C16 " RCP3 s CH40 P % g H40
# ) o ®C2
C10 l\cy. Ris o0 <) el oobib
4 I\ | RCP2 2 e HR Clog RCP3
H27, ’3113 ‘ » € . . =
(8 %GNS ; H39 % ) &C1
" 9 \ D ~ H28 Q‘|5 \‘ > LR
H33 , . ?\ / Ce C17 §ae
13 7 ] . R
‘ H30 P
® g: H29 $ BCP H36
H23 j
@ ® . RCP ®

Figure 4. Molecular graphics of two species of benzoylecgonine in gas phase displaying their H bonds
interactions (BCPs) and ring critical points (RCPs) at B3LYP/6-311++G** level of theory.

The topological properties slightly decrease in solution, as observed in Table S4, while
Figure S3 shows the proximities between the BCPs (red colors) and the RCPNs (yellow colors).
When the densities of the three different benzyls, piperidine, and pyrrolidine ring named RCP1,
RCP2, and RCP3, respectively, are analyzed, we see that the piperidine rings have the lowest
values while the highest values are observed in the pyrrolidine rings, as was also observed in
cocaine [27]. Besides, in the R form of freebase cocaine, H bond interaction was predicted in
the two media but with higher topological properties than BZ [27].

3.5. Frontier orbitals and descriptors studies.

Here, the reactivities of R and S forms of BZ are predicted together with some
descriptors in both media by the B3LYP hybrid level of theory using the basis set 6-311++G**
because Pauling and Datta [39] predicted anticholinergic activities for all tropane alkaloids.
The difference between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is known as gap energy and, in particular, when its
value is low, the species is reactive, while a high gap value indicates that it is less reactive
https://biointerfaceresearch.com/ 8 of 25
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probably due to its higher kinetic stability. Table S5 shows calculated HOMO and LUMO
orbitals, energy band gap, chemical potential (n), electronegativity (), global hardness (),
global softness (S), and global electrophilicity index (®) for the R and S forms of BZ in the
two media by using the same method mentioned above. At the bottom of table S5, the equations
used to calculate the descriptors are presented. R and S species are less reactive in solution
because the gap values are higher than those observed in the gas phase. When the gap values
for both forms of BZ are compared with R forms of cocaine in both media (-4.858 eV in gas
phase and -4.9487 eV in aqueous solution), we observed that cocaine is less reactive in both
media than the two species of BZ probably due to activating CH3 group present in cocaine.
Comparing the gap values of both forms of BZ with the corresponding to other alkaloids such
as scopolamine (5.4004 and 5.4758 eV, respectively, in the gas phase and solution), heroin
(5.6563 and 5.6414 eV, respectively, in the gas phase and solution) and morphine (5.6044 and
5.4750 eV, respectively in gas phase and solution), it is observed that the two species of BZ
are most reactive than the other alkaloids and, specifically in solution [18,27]. The lower
reactivities of both species of BZ probably allow these species to remain in the human body
for a long time. In relation to the descriptors, > y >4 >S > ® and < n are observed for the
less reactive R and S species in solution.

3.6. NMR study.

Correlations between experimental and theoretical structures of BZ are analyzed by
comparing 1H and 13C-NMR chemical shifts of the R and S forms by applying the root mean
square deviation (RMSD) values. These analyses are very important to produce the vibrational
analyses with the two optimized structures of BZ by using B3LYP/6-311++G** calculations.

Table 3. Calculated *H chemical shifts (5 in ppm) for benzoylecgonine in aqueous solution by using the
B3LYP/6-311++G** method compared with the corresponding experimental in CDsCN solution.

'H-NMR?
H Atorms 6-311++G** Experimental in CD3CNP
R S d ppm Integ. Multiplicity (JHz)

H22 3.67 3.67 3.71 1H dd (3.1; 6.1)
H23 3.34 3.34 3.64 1H dt (6.4; 3.1; 3.1)
H24 3.45 3.46 2.99 1Hdd (3.1)
H25 1.73 2.32 2.26 1H dd (9.8; 6.1)
H26 2.32 1.73 1.89 1H t(9.8;9.8)
H27 2.15 1.54 2.26 1H dd (9.8; 6.4)
H28 1.54 2.15 1.96 1Ht(9.8;9.8)
H29 2.39 1.89 2.33 1H ddd (13.5; 11.3; 3.1)
H30 1.89 2.39 2.14 1H ddd (13.5; 6.5; 3.1)
H31 5.50 5.50 5.32 1H dt (11.3; 6.5; 6.5)
H32 2.26 2.26
H33 2.12 2.12 2.54 3Hs
H34 2.19 2.19
H35 7.10 7.10
H36 8.55 8.55
H37 8.44 8.44 7.96 2H dd (8.5; 1.4)
H38 7.88 7.88
H39 789 789 7.48 2H dd (8.5; 7.3)
H40 8.03 8.03 7.61 1H tt (7.3;1.4)

RMSD 0.36 0.37

aThis work GIAO/B3LYP/6-311++G** Ref. to TMS, °PFrom Ref [7]. In bold letters are shown the differences
between both R and S forms.

https://biointerfaceresearch.com/ 9 of 25


https://doi.org/10.33263/BRIAC136.579
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.579

Hence, Tables 3 and 4 summarize calculated 1H and 13C-NMR chemical shifts for the
R and S forms of BZ in an aqueous solution compared with the corresponding experimental
for benzoylecgonine in CD3CN solution reported by Pedersoli et al. [7].

NMR chemical shifts were predicted for both species of BZ in an aqueous solution by
using a gage-invariant LCAO method reported by Ditchfield [38]. Table 3 shows very good
correlations for both forms of BZ with RMSD values between 0.37 and 0.36 ppm. Note that
the values corresponding to H nuclei of CH2 groups identified by C9, C10, and C11 of the R
form are predicted to be exchanged for the S form. These values are indicated in Table 3 by
letter bold. CH2 groups identified by C9 and C10 belong to the piperidine ring, while the group
identified by C11 belongs to the pyrrolidine ring.

Table 4. Calculated **C chemical shifts (5 in ppm) for benzoylecgonine in an aqueous solution by using the
B3LYP/6-311++G** method compared with the corresponding experimental in CDsCN solution.

13C-NMR?
C Atoms 6-311++G** Experimental®
R S 4 ppm
6 70.8 70.8 65.3
7 66.4 66.4 61.9
8 53.2 53.2 49.3
9 28.2 28.2 24.6
10 26.6 26.6 25.7
11 37.9 37.9 34.6
12 74.3 74.3 66.3
13 40.6 40.6 38.5
14 183.9 183.9 174.0
15 174.9 174.9 166.4
16 134.3 134.3 131.2
17 136.2 136.2
18 135.4 135.4 1304
19 133.9 133.9
20 134.1 134.1 1296
21 140.7 140.7 134.2
RMSD 5.47 5.47

aThis work GIAO/B3LYP/6-31G* Ref. to TMS, PFrom Ref [7]

Regarding the correlations between experimental [7] and calculated 3C chemical shifts
from Table 4, we see that the RMSD values are the same for the R and S species but slightly
higher than the H ones (5.47 ppm). These differences could be associated with the B3LYP/6-
311++G** calculations because this calculation level produces better results for the H nuclei
than the C ones and could also be attributed to solvent because the chemical shifts were
predicted in aqueous solution instead CD3CN solution. These good concordances in the RMSD
suggest that both structures can perfectly be used to perform the corresponding vibrational
studies and assignments of predicted infrared and Raman spectra of the R and S forms of
benzoylecgonine by using the SQMFF methodology.

3.7. Vibrational analysis.

Both forms of BZ in the two media were optimized with C1 symmetries by using the
hybrid B3LYP/6-311++G** method. According to forty atoms present in both species are
expected a total of 114 normal vibration modes where all modes have activity in the infrared
and Raman spectra. Figures 5 and 6 show comparisons of experimental infrared and Raman
spectra of BZ in the solid phase [40] with the corresponding predicted for the R and S forms in
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the gas phase by using the hybrid B3LYP/6-311++G** method. Note the very good
correlations between experimental and theoretical calculations.

Experimental )
Experimental

Absorbance
Raman Intensity

R JJ\ﬂAR
JJMSJJU | SWUVDM

w00 300 20w 1w | 0 4900 3000 2000 1000 0
Wavenumbers/cm™ Wavenumbers/cm'
Figure 5. Comparisons between the experimental Figure 6. Comparisons between the experimental

infrared spectrum of benzoylecgonine in the solid Raman spectra of benzoylecgonine in the solid phase
phase [40] with the corresponding predicted for the 1407 with the corresponding predicted for the R and S
R and S form of the free base in the gas phase by form of the free base in the gas phase by using
using B3LYP/6-311++G** level of theory. B3LYP/6-311++G** level of theory.

The predicted Raman spectra were corrected from activities to intensities to obtain
better correlations [41]. In the region of higher wavenumbers, the experimental IR spectrum
shows the typical broadband attributed to OH stretching modes of the COOH group. Besides,
the R and S forms present practically the same IR spectra. Only a few differences in the Raman
spectra are observed because the S form presents higher intensities in the bands at higher
wavenumbers, as shown in Figure 6. Such differences are associated with the CH2 groups
previously predicted by NMR studies. Here, to calculate the harmonic force fields with the
SQMFF methodology were used the normal internal coordinates for the free base of cocaine,
transferable scaling factors, and the Molvib program [19-21]. PED contributions > 10 % have
been used for the assignments of normal vibration modes. Observed and calculated
wavenumbers for the two forms of benzoylecgonine in the gas phase and their corresponding
assignments are presented in Table 5.

Table 5. Observed and calculated wavenumbers (cm) and assignments for R and S forms of benzoylecgonine
in the gas phase by using the B3LYP/6-311++G** method.

. B3LYP/6-311++G** Method?
Experimental®
Form R Form S

IR Raman | SQMP Assignments SQMP Assignments
3409 m 3606 v0O2-H35 3605 | vO2-H35
3324 br 3079 | vC18-H37 3079 | vC18-H37

3071s | 3068 vC17-H36 3068 | vC17-H36
3055 vC21-H40,vC20-H39 3055 | vC21-H40,vC20-H39
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. B3LYP/6-311++G** Method?
Experimental®
Form R Form S
IR Raman | SQMP | Assignments SQMP | Assignments
. B3LYP/6-311++G** Method?
Experimental®
Form R Form S
IR Raman | SQMP Assignments SQMP Assignments
3041w | 3046 vC19-H38,vC20-H39 3046 | vC19-H38, vC20-H39
3035w 3032w | 3033 vC21-H40 3033 | vC21-H40
3006 w 2994 m | 2985 vaCH2(C11) 2985 | vaCH2(C11)
2979 w 2973s | 2976 vC6-H22 2976 | vC6-H22
2973s | 2971 | vaCHs 2971 | vaCHs
2973s | 2968 | vaCH2(C9) 2968 | vaCH2(C9)
2961 m | 2962 vC12-H31 2962 |vC12-H31
2950 m |2953 |vaCH2(C10) 2953 | vaCH2(C10)
2950 m | 2947 vC7-H23 2947 | vC7-H23
2934sh |2936 |vC8-H24 2936 |vC8-H24
2934 sh |2933 vaCHs 2933 | vaCHs
2934 sh |2931 vsCH2(C9) 2931 | vsCH2(C9)
2923 | vsCH2(C10) 2923 | vsCH2(C10)
2899w |2918 | vsCH2(C11) 2918 | vsCH2(C11)
2867 vw |2821 | vsCHs 2821 | vsCHz3
1731s 1713s | 1748 vC14=03 1749 | vC14=03
1692 m 1713s | 1687 vC15=04 1687 | vC15=04
1609s 1601s | 1588 vC17-C19 1588 |vC17-C19
1508w | 1490w | 1568 vC19-C21, vC20-C21 1568 vC19-C21,vC20-C21
vC16-C18 vC16-C18
C19-H38 C19-H38
1504 m 1470w | 1475 ECZO-H39 1475 EC20-H39
1488 m 1453 m | 1451 SCH2(C9), 6CH2(C10) 1451 | 8CH2(C9), 6CH2(C10)
1461 m 1444 | 3.CHs 1444 | 5.CH3
1436 | BC21-H40,8C20-H39 1436 | BC21-H40, C20-H39
1431 | 3CH2(C11) 3CH2(C9) 1431 | 8CH2(C11) 3CH2(C9)
1427 8aCHs 1427 | 6aCHs
1414 m 1426 dCH2(C11) 1426 | 3CH2(C11)
1386 sh 1394w | 1398 pC12-H31 1398 | pCl12-H31
1383w | 1394 | 3sCHs 1394 | 6sCH3
1364 s 1377 p'C8-H24,p'C12-H31 1377 | p'C8-H24, p'C12-H31
1332 m 1343w | 1350 pC6-H22,pC7-H23 1350 | pC6-H22, pC7-H23
1318 w 1338 | p'C8-H24, wagCH>(C11) 1338 | p'C8-H24, wagCH>(C11)
1320m | 1318w |1317 |wagCHa(C11) 1317 |wagCH»(C11)
1312 | BC18-H37,8C17-H36 1312 | BC18-H37,8C17-H36
1303w |[1304 | wagCH2(C10), p'C7-H23 1304 | wagCH2(C10), p'C7-H23
1303 | p'C6-H22 1303 | p'C6-H22
1294 | vC16-C17 1294 | vC16-C17
1289vs | 1277s 1292 | wagCH2(C9) 1292 | wagCH2(C9)
1262 sh 1258 pC6-H22,602-H35 1258 | pC6-H22,602-H35
1248 pC8-H24 1248 | pC8-H24
1245 vC15-C16 1245 | vC15-C16
1239 m 1240 p'C6-H22, pC7-H23 1240 | p'C6-H22, pC7-H23
1222 | wagCH2(C10), wagCH2(C9) 1222 | wagCH2(C10), wagCH2(C9)
1214m [1212w [1213 | pCH2(C10) 1213 | pCH2(C10)
1191w [1180w [1208 | pCH2(C9), pCH2(C11) 1208 | pCH2(CY), pCH2(C11)
1174 w 1161 m 1163 BC20-H39 1163 | BC20-H39
1159 w 1151 | pCHs,pCH2(C10) 1151 | pCHs,pCH2(C10)
1150 | BC21-H40, BC19-H38 1150 |BC21-H40, BC19-H38
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B3LYP/6-311++G** Method?

Experimental®
Form R Form S
IR Raman | SQMP Assignments SQMP Assignments
1135vw | 1136 | pCH2(C11), p'CHs 1136 | pCH2A(C11), p'CHz
Experimental® B3LYP/6-311++G** Method?
Form R Form S
IR Raman | SQMP Assignments SQMP Assignments
1130s 1127 vC11-C12 1127 | vC11-C12
1120 p'CHs pCH3 1120 | p'CH3pCHs
1105vw | 1102 vN5-C13 1102 | vN5-C13
1081 m 1083 w 1095 vC15-01 1095 |vC15-01
1069 w 1073w 1068 vC14-02, 602-H35 1068 | vC14-02, 502-H35
1058 w 1061 vC18-C20 1061 | vC18-C20
1039 m 1036 | tRi(A2),tR2(A2) 1036 | tR1(A2), TR2(A2)
1022 w 1028's 1023 vN5-C7 1023 | vN5-C7
1018 | BRi(Al) 1018 |pBRi(AL)
1010 w 1005 vs 1007 tR1(A2) 1007 |tR1(A2)
1002 yC21-H40, yC19-H38 1002 |yC21-H40, yC19-H38
997 w 993 |BRu(Al), vC19-C21 993 | BRi(Al), vC19-C21
992 | yC17-H36, yC18-H37 992 |yC17-H36, yC18-H37
974 vw | 963 vw 967 TtR2(A2), vC12-01 967 | tR2(A2), vC12-01
960 vC7-C11 960 |vC7-Cl1
g51 | 1C21-H40,1C18-H37 g51 | 1C21-H40,7C18-H37
yC17-H36 yC17-H36
943vw | 944 | PBRi(A3) 944 | BR1(A3)
923 twCH2(C9), vC6-C8 923 | twCH2(C9), vC6-C8
912 vw 910 vC6-C9, vC8-C12 910 vC6-C9, vC8-C12
vC11-C12 vC11-C12
898 vw 887 s 861 vC9-C10 861 | vC9-C10
868 w 857 m 855 yC19-H38, yC20-H39 855 | yC19-H38, yC20-H39
839 m 848 8CO0(C15), 6C1201C15 848 | 6COO0O(C15), 6C1201C15
823 m 822 m 833 wwCH2(C11), vC8-C14 833 | twCH2(C11), vC8-C14
805m |805w  |809 |yCOO(C15) 809 |yCOO(C15)
801 vC7-C10 801 |vC7-Cl10
771 m 788s 771 vN5-C6 771 | vN5-C6
756sh | 762vw | 754 | BRu(A3), PR2(A3) 754 | BR1(A3), BR2(A3)
729's 738w |742 | BR2(A3), CH2(C10) 742 | BR2(A3), twCH2(C10)
721w |715  [yCOO(C15), yC21-H40 715 |yCOO(C15), yC21-H40
714 | BRu(A3) 714 | BRu(A3)
695 m 693 6CO0(C14) 693 | 6COO(C14)
683 m 681 | PBR3(AL) 681 | BR3(Al)
676 | tRi(Al) 676 | tRi(Al)
642 m 656 | yCOO(C14) 656 | yCOO(C14)
621s 628 | PRu(AL) 628 | BRi(AL)
562w | 601 | BR1(A3), tR2(A2) 601 | BR1(A3), tR2(A2)
581 m 551 t02-H35 551 |t02-H35
530w |524m  |537 | 3COO(C14), tR2(A2) 537 |3CO0(C14), tRy(A2)
499 w 489 w 496 pCOO(C15) 496 | pCOO(C15)
459vw  [481 | BR2A(A2) 481 | BRy(A2)
437 vw 446 w 441 tR2(Al), yC16-C15 441 | 1R2(A1), yC16-C15
431w 416 | PR3(A2) 416 | BR3(A2)
411w 406 | tRo(A2) 406 | tR2(A2)
384m  |401 | <Rs(Al) 401 | tRs(Al)
367 tR2(A2), TR3(A2) 367 | 1R2(A2,) TR3(A2)
337s 346 tR1(A2), TR2(A2) 346 | 1R1(A2), TR2(A2)
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. B3LYP/6-311++G** Method?
Experimental®
Form R Form S
IR Raman | SQMP Assignments SQMP Assignments
312w |306 | pCOO(Cl4) 306 | pCOO(C14)
299 w 283 pN5-C13 283 | pN5-C13
. B3LYP/6-311++G** Method?
Experimental®
Form R Form S
IR Raman | SQMP Assignments SQMP Assignments
270 w 271 BC16-C15, 601C12C11 271 | pC16-C15, 601C12C11
223s 252 yN5-C13 252 | yN5-C13
203 tR1(A3), TR2(A3) 202 | tR1(A3), tR2(A3)
194s 195 6C12C8C14 195 |8C12C8C14
171s 177 TwCH3 177 | twCHs
159 | BR3(A2) 159 | PBR3(A2)
1540 154 | yC16-C15, tRa(Al) 153 | yC16-C15, tRo(Al)
116w 119 tR2(A2), TR1(A2) 119 | tR2(A2), TR1(A2)
99md 99 TR3(A2), 6C6C8C14 99 TR3(A2), 6C6C8C14
53ws 55 wCOO(C15) 55 | twCOO(C15)
48 wCOO(C14) 48 | 1,COO(C14)
45 tR2(A2), TR1(A2) 45 | tR2(A2), TR1(A2)
33wd 28 t01-C15 28 101-C15
19 t01-C12, 601C12C8 19 101-C1,2 601C12C8

Abbreviations: v, stretching; B, deformation in the plane; vy, deformation out of plane; wag, wagging; t , torsion;
Br, deformation ring ts, torsion ring; p, rocking; Tw, twisting; 8, deformation; a, antisymmetric; s, symmetric; (A1),
benzyl Ringl; (A2), piperidine Ring 2; (As), pyrrolidine Ring 3. @This work, °From scaled quantum mechanics
force field; °From Ref [40]; “From Ref [42].

Clearly, the same assignments evidenced for the R and S forms show that both species
are present in the solid phase. Then, only assignments for some groups are discussed briefly
below.

3.7.1. 4000-2000 cm™ region.

The IR band of medium intensity at 3409 cm™ is assigned to O-H stretching modes
[43,44], while the shoulder at 3324 cm™* and the group of Raman bands between 3071 and 2973
cm can be assigned to aromatic CH stretching modes of benzyl rings in agreement with that
reported in the literature [45,46,47]. In the free base of cocaine, the aromatic CH stretching
mode is predicted between 3108 and 3053 cm™, while the aliphatic ones are between 3035 and
2942 cm [27]. The Raman band and shoulder at 2950 and 2934 cm™, respectively, are
assigned to the aliphatic CH stretching modes (C7-H23 and C8-H24). Antisymmetric and
symmetric stretching modes of methyl and methylene groups [48] are assigned as predicted by
SQM calculations.

3.7.2. 2000-1000 cm' region.

The two intense IR and Raman bands at 1713 and 1692 cm™ are assigned to C14=03
and C14=04 stretching modes, while the group of bands between 1601 and 1490 cm™ is
attributed to C=C of benzyl rings [44, 49, 50, 51]. The CH3s deformation modes in cocaine are
predicted between 1474 and 1409 cm™, while in BZ, they are predicted between 1444 and 1394
cm? [27]. They are assigned in these regions [45, 46, 52], as detailed in Table 5. The
deformation, wagging, rocking, and twisting modes of CH2 groups in cocaine are predicted in
the 1483/1449, 1382/1242, 1230/1167, and 933/744 cm regions [27], while in both species of
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BZ, they are predicted respectively in 1451/1426, 1317/1222, 1213/1136 and 923/742 cm™, in
accordance with the reported for molecules containing similar groups [53,54,55].

3.7.3.1000-100 cm™ region.

In this region, the N5-CHs stretching modes are important because they are present in
all tropane alkaloids. Thus, in cocaine, this mode is predicted at 1113 cm™ [27], while in both
species of BZ is predicted at 1102 cm™ and assigned to the weak Raman band at 1105 cm™.
The N5-C6 and N5-C7 stretching modes of bicyclic rings are predicted in different regions, as
in other alkaloids [18,27]. Here, the strong Raman bands at 1028 and 788 cm™ are assigned to
those two vibration modes. In both species of BZ, three deformations and three torsions for the
benzyl (Al) and piperidine (A2) rings are expected, while only two deformations and torsions
for the pyrrolidine rings, as in the free base of cocaine. Here, the redundant internal coordinates
identified as Bri(A2) were removed, as in cocaine, and for this reason, these coordinates for
the two species of BZ are not observed in table 5 [27]. In this region, the intense Raman bands
at 154, 116, 99, 53, and 33 cm™ were taken from the THz spectrum of cocaine because these
bands are assigned to different groups of cocaine present in both species of BZ [27].

3.8. Force constants.

Scaled internal force constants for BZ's R and S forms applying the hybrid B3LYP/6-
311++G** method have been calculated from harmonic force fields with the SQMFF approach
and the Molvib program [19-21]. These parameters are presented in Table 6 compared with
those reported for cocaine in the same media at the B3LYP/6-31G* level of theory [27].

Table 6. Main scaled internal force constants for the R and S forms of benzoylecgonine in the gas phase and
aqueous solution by using the B3LYP/6-311++G** method compared with the calculated for the free base of
cocaine in the same media.

Benzoylecgonine? Cocaine®
Force Form R FormS Free base
constant Gas Solution Gas Solution Gas Solution
f(vO-H) 7.28 7.09 7.28 7.09
f(WN-CHg) 457 441 457 4.41 4.69 452
f(+C-N) 412 3.96 412 3.96 4.20 4.01
f(VCH2) 4,78 4.80 4.78 4.80 4.85 4.87
f(VCHs) 4.67 4.74 4.67 4.74 4.86 4.92
f(vC-H) 4.98 5.02 4.98 5.02 4.86 491
f(LC-C) 4.94 4.95 4.94 4.95 3.94 3.98
f(SCH2) 0.71 0.69 0.71 0.69 0.74 0.72
f(SCH3) 0.55 0.55 0.55 0.55 0.58 0.56

Units are mdyn A for stretching and mdyn A rad- for angle deformations
aThis work, °From Ref [27] by using B3LYP/6-31G* calculations

Analyzing first the force constants for both species of BZ, we observed that both forms
present the same values, as was also observed in the vibrational analyses. In particular, the
f(vO-H) force constants show lower values in solution, revealing that these groups are hydrated
in aqueous solution, while the f(1N-CHs) constants also decrease in solution because the
tertiary N atoms present lone pairs that apparently are protonated in aqueous solution forming
the cationic species, as in cocaine [27]. For the same reason, a decrease in the f(vC-N) force
constants values of both BZ and cocaine are observed in the solution. In relation to the f(vCH2),
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f(vCHs), f(VC-H), and f(1C-C) force constants, we observed that the values increase slightly in
solution, as observed in cocaine and scopolamine [18,27]. Here, it is necessary to clarify that
the C atoms involved in those constants belong to piperidine and pyrrolidine rings, with the
exception of the C atoms, which belong to the CHs groups (two groups in cocaine). Hence,
those increases in the constants values could be attributed to bond orders that slightly increase
in solution (see Table S2). The higher f(vCH3) and f(6CHzs) force constants values in cocaine
are attributed to the two groups, while the species of BZ only present only a group. Note that
the f(0CH2) presents higher values than the corresponding to cocaine, probably due to the
presence of additional CHs groups in cocaine.

3.8. Ultraviolet-visible spectrum.

The predicted ultraviolet spectrum of benzoylecgonine in an aqueous solution using the
hybrid B3LYP/6-311++G** method compared with the experimental recorded in 0.2 N of
H2S04 solution taken from Ref [56] are shown in Figure 7.

—— Experimental
—R
—S

256.4 nm
233.5nm

Absorbance

T T ] T T T
200 210 230 250 270 290 310 320
Wavelength (nm)

Figure 7. Comparisons between the experimental ultraviolet spectra of benzoylecgonine in 0.2 N H,SO4
solution [43] with those predicted for the R and S forms of the free base in aqueous solution by using the
B3LYP/6-311++G** level of theory

Experimentally, one intense band and a shoulder are observed at 233.5 and 275 nm,
respectively, while in the predicted spectra for both forms of benzoylecgonine, only an intense
band at 256.4 is observed with band energy of 4.836 eV and oscillator strength of f=0.244.
These bands are assigned to z—7z* transitions due to the presence of C=C bonds of benzyl
rings and which are predicted by NBO calculations. The observed differences could be
associated with the calculations because they were performed in different solutions where the
interactions between solute and solvent were not considered.

4. Conclusions

In this investigation, the theoretical structures of R and S forms of the free base of
benzoylecgonine were determined in the gas phase and aqueous solution using the hybrid
B3LYP/6-311++G** method. Comparisons between experimental 1H- and 13C-NMR, IR,
Raman, and ultraviolet spectra with the corresponding predicted by calculations show that the
level of theory performs very good concordances among them while the same vibrational

assignments observed for the R and S forms indicate that both species are probably present in
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the solid phase and aqueous solution. The highest positive MK and NPA charges on H35 atoms
of O2-H35 groups show that these atoms are the most labile than the others, as supported by
the low MEP values. NPA charges on N5 of both forms decrease in solution, indicating that
these atoms could be hydrated in this medium. NBO calculations show that the two forms are
less stable in aqueous solution, while the gap values suggest that both species are less reactive
in solution, but both most reactive than cocaine, heroin, morphine, and scopolamine in both
media. Here, scaled internal force constants and complete assignments of the 114 vibration
normal modes expected for those two species of benzoylecgonine are reported for the first time.
The force constants related to OH and N-CH3 groups decrease in solution, revealing that the
two species are hydrated in solution.
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Supplementary Data

Table S1. Atomic MK charges and molecular electrostatic potentials for R and S form of benzoylecgonine by
using the hybrid B3LYP/6-311++G** level of theory.

MK charges MEP
Atoms R Form S Form R Form S Form
Gas Solution Gas Solution Gas Solution Gas Solution

10 -0.473 | -0.459 -0.490 -0.488 -22.329 | -22.327 -22.323 | -22.327
20 -0.632 | -0.650 -0.640 -0.657 -22.324 | -22.321 -22.324 | -22.321
30 -0.563 | -0.588 -0.565 -0.587 -22.383 | -22.387 -22.383 | -22.386
40 -0.553 | -0.563 -0.557 -0.562 -22.387 | -22.390 -22.387 | -22.390
5N -0.254 | -0.287 -0.243 -0.276 -18.403 | -18.403 -18.403 | -18.403
6C -0.087 0.006 -0.068 -0.068 -14.730 | -14.728 -14.730 | -14.728
7C 0.205 0.196 0.171 0.229 -14.737 | -14.738 -14.737 | -14.738
8C -0.168 | -0.218 -0.122 -0.100 -14.748 | -14.747 -14.748 | -14.747
9C -0.047 | -0.126 -0.092 -0.113 -14.769 | -14.768 -14.769 | -14.768
10C -0.206 | -0.207 -0.154 | -0.207 -14.771 | -14.770 -14.771 | -14.770
11C -0.599 | -0.598 -0.536 -0.550 -14.775 | -14.774 -14.775 | -14.774
12C 0.579 0.539 0.582 0.598 -14.704 | -14.701 -14.704 | -14.702
13C -0.393 | -0.402 -0.483 -0.473 -14.751 | -14.752 -14.751 | -14.752
14 C 0.723 0.788 0.718 0.758 -14.642 | -14.643 -14.643 | -14.643
15C 0.587 0.607 0.608 0.576 -14.645 | -14.645 -14.645 | -14.645
16 C 0.060 0.039 0.039 0.086 -14.757 | -14.755 -14.757 | -14.755
17C -0.146 | -0.151 -0.144 | -0.156 -14.767 | -14.766 -14.766 | -14.766
18C -0.183 | -0.180 -0.169 -0.192 -14.766 | -14.765 -14.766 | -14.765
19C -0.116 | -0.130 -0.122 -0.132 -14.767 | -14.767 -14.767 | -14.767
20C -0.094 | -0.103 -0.106 -0.113 -14.767 | -14.767 -14.767 | -14.767
21C -0.138 | -0.100 -0.118 -0.112 -14.763 | -14.763 -14.763 | -14.763
22 H 0.148 0.126 0.143 0.139 -1.111 | -1.109 -1.111 -1.109
23 H 0.094 0.100 0.096 0.084 -1.115 | -1.116 -1.115 -1.116
24 H 0.102 0.110 0.085 0.077 -1.101 | -1.103 -1.101 -1.103
25H 0.026 0.048 0.069 0.079 -1.116 | -1.115 -1.119 -1.118
26 H 0.061 0.079 0.034 0.042 -1.119 | -1.118 -1.116 -1.115
27H 0.068 0.077 0.056 0.068 -1.121 | -1.120 -1.118 -1.117
28 H 0.068 0.074 0.057 0.073 -1.118 | -1.117 -1.121 -1.120
29 H 0.194 0.205 0.125 0.124 -1.128 | -1.127 -1.120 -1.120
30H 0.143 0.146 0.177 0.178 -1.120 | -1.120 -1.128 -1.127
31H 0.063 0.075 0.052 0.053 -1.111 | -1.109 -1.111 -1.109
32H 0.139 0.148 0.155 0.153 -1.116 | -1.115 -1.120 -1.120
33H 0.130 0.133 0.163 0.166 -1.121 | -1.120 -1.115 -1.115
34H 0.153 0.156 0.175 0.174 -1.115 | -1.115 -1.115 -1.115
35H 0.430 0.435 0.432 0.440 -0.961 | -0.957 -0.961 -0.957
36 H 0.137 0.146 0.137 0.144 -1.106 | -1.106 -1.106 -1.106
37H 0.168 0.163 0.165 0.165 -1.107 | -1.105 -1.107 -1.105
38 H 0.125 0.128 0.125 0.131 -1.103 | -1.102 -1.103 -1.102
39H 0.117 0.119 0.119 0.126 -1.103 | -1.103 -1.103 -1.103
40H 0.132 0.118 0.126 0.125 -1.100 | -1.100 -1.100 -1.100

Table S2. NPA charges and Wiberg indexes for R and S form of benzoylecgonine in gas phase and aqueous
solution by using the hybrid B3LYP/6-311++G** level of theory.

NPA charges Wiberg indexes
Atoms R Form S Form R Form S Form
Gas Solution Gas Solution Gas Solution Gas Solution

10 -0.556 -0.556 -0.556 -0.556 2.167 2.170 2.167 2.170
20 -0.699 -0.693 -0.699 -0.693 1.967 1.977 1.967 1.977
30 -0.592 -0.596 -0.592 -0.596 2.047 2.033 2.047 2.033
40 -0.613 -0.619 -0.613 -0.619 2.006 1.994 2.006 1.995
5N -0.574 -0.566 -0.574 -0.566 3.089 3.082 3.089 3.082
6C 0.002 0.004 0.002 0.004 3.934 3.937 3.934 3.937
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NPA charges Wiberg indexes
Atoms R Form S Form R Form S Form
Gas Solution Gas Solution Gas Solution Gas Solution

7C -0.008 -0.010 -0.008 -0.010 3.936 3.937 3.936 3.937
8C -0.338 -0.338 -0.338 -0.338 3.973 3.974 3.973 3.974
9C -0.415 -0.416 -0.415 -0.416 3.929 3.928 3.929 3.928
10C -0.414 -0.416 -0.414 -0.416 3.931 3.930 3.931 3.930
11C -0.400 -0.401 -0.400 -0.401 3.928 3.928 3.928 3.928
12C 0.126 0.131 0.126 0.131 3.859 3.856 3.859 3.856
13C -0.355 -0.359 -0.355 -0.359 3.853 3.855 3.853 3.855
14C 0.830 0.824 0.830 0.824 3.835 3.839 3.835 3.839
15C 0.802 0.800 0.802 0.800 3.840 3.840 3.840 3.841
16C -0.159 -0.160 -0.159 -0.160 4.004 4.004 4.004 4.004
17C -0.154 -0.152 -0.154 -0.152 3.954 3.954 3.954 3.954
18C -0.157 -0.156 -0.157 -0.156 3.951 3.953 3.951 3.953
19C -0.207 -0.207 -0.207 -0.207 3.965 3.965 3.965 3.965
20C -0.206 -0.206 -0.206 -0.206 3.965 3.965 3.965 3.965
21C -0.179 -0.178 -0.179 -0.178 3.966 3.966 3.966 3.966
22H 0.220 0.216 0.220 0.216 0.954 0.956 0.954 0.956
23H 0.207 0.206 0.207 0.206 0.959 0.959 0.959 0.959
24H 0.249 0.246 0.249 0.246 0.941 0.943 0.941 0.943
25H 0.211 0.211 0.208 0.208 0.958 0.958 0.959 0.959
26 H 0.208 0.208 0.211 0.211 0.959 0.959 0.958 0.958
27 H 0.205 0.206 0.206 0.206 0.960 0.960 0.960 0.960
28 H 0.206 0.206 0.205 0.206 0.960 0.960 0.960 0.960
29H 0.235 0.237 0.206 0.205 0.948 0.947 0.960 0.960
30H 0.206 0.205 0.235 0.237 0.960 0.961 0.948 0.947
31H 0.207 0.208 0.207 0.208 0.961 0.961 0.961 0.961
32H 0.197 0.197 0.161 0.162 0.963 0.963 0.978 0.978
33H 0.161 0.162 0.197 0.197 0.978 0.978 0.963 0.963
34H 0.196 0.196 0.196 0.196 0.963 0.964 0.963 0.963
35H 0.482 0.485 0.482 0.485 0.772 0.769 0.772 0.769
36 H 0.227 0.228 0.227 0.228 0.951 0.950 0.951 0.950
37H 0.232 0.229 0.232 0.229 0.948 0.949 0.948 0.950
38 H 0.207 0.207 0.207 0.207 0.959 0.959 0.959 0.959
39H 0.207 0.207 0.207 0.207 0.959 0.959 0.959 0.959
40H 0.205 0.205 0.205 0.205 0.960 0.960 0.960 0.960

Table S3. Main donor-acceptor energy interactions (in kJ/mol) for R an S forms of benzoylecgonine in gas
phase and aqueous solution by using the hybrid B3LYP/6-311++G** level of theory.
Benzoilecgonine

Delocalization R Form S Form
Gas Solution Gas Solution
7 (2)C16-C18»7*04-C15 91.25 93.34 91.25 93.34

7 (2)C16-C18—»72*C17-C19 88.03 87.45 88.03 87.45
7 (2)C16-C18—»7*C20-C21 77.08 77.12 77.08 77.12
7 (2)C17-C19—»7*C16-C18 79.21 78.71 79.21 78.71
7 (2)C17-C19—»2*C20-C21 90.71 90.83 90.71 90.83
7 (2) C20-C21—»7z* C16-C18 93.80 94.30 93.80 94.30
7 (2) C20-C21—»7z* C17-C19 76.08 75.70 76.08 75.70

AET 75 2+ 596.15 | 597.45 596.15 597.45
7*04-C15—>7* C16-C18 44513 | 418.29 445.38 418.50
AET 7 2 44513 | 418.29 445.38 418.50
LP(2)03 — 0*02-C14 145.38 | 136.94 145.38 136.94
LP(2)03 — 0*C8-C14 76.95 72.52 76.95 72.48
LP(2)04 — 0*01-C15 131.59 | 125.73 131.59 125.78
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Benzoilecgonine
Delocalization R Form S Form

Gas | Solution Gas Solution
LP(2)04 — 0*C15-C16 71.52 69.22 71.56 69.22
AET P o 425.44 | 404.42 425.48 404.42
LP(2)01 — n*04-C15 193.28 | 199.80 193.28 199.76
LP(2)02 — »*03-C14 175.73 | 183.71 175.73 183.67
AETLpo 2 369.01 | 383.52 369.01 383.43
AETotal 1835.73 | 1803.67 | 1836.02 | 1803.79

Table S4. Analysis of the topological properties for R an S forms of benzoylecgonine by using the hybrid
B3LYP/6-311++G** level of theory.

R form
Gas phase
Parameter (a.u.) 03---H29 | RCPN RCP1 RCP2 RCP3
p(re) 0.0078 0.0078 0.0218 0.0205 | 0.0415
V2p(r) 0.0284 0.0316 0.1600 0.1252 | 0.2496
M -0.0059 -0.0051 -0.0172 -0.0143 | -0.0429
A2 -0.0023 0.0027 0.0878 0.0606 | 0.1454
A3 0.0365 0.0341 0.0893 0.0788 | 0.1471
[Ail/As 0.1616 0.1496 0.1926 0.1815 | 0.2916
Distance (A) 2.666
Aqueous solution
Parameter (a.u.) 03---H29 | RCPN RCP1 RCP2 RCP3
p(re) 0.0072 0.0072 0.0218 0.0204 | 0.0416
V2p(r) 0.0268 0.0280 0.1592 0.1228 | 0.2488
M -0.0054 -0.0051 -0.0171 -0.0146 | -0.0431
A2 -0.0011 0.0011 0.0871 0.0590 | 0.1439
A3 0.0332 0.0321 0.0893 0.0783 | 0.1481
[Ail/As 0.1626 0.1589 0.1915 0.1865 | 0.2910
Distance (A) 2.722
S form
Gas phase
Parameter (a.u.) 03---H30 RCPN RCP1 RCP2 RCP3
p(re) 0.0078 0.0078 0.0218 0.0205 | 0.0415
V2p(re) 0.0284 0.0316 0.1600 0.1252 | 0.2496
A -0.0059 -0.0051 -0.0172 -0.0143 | -0.0429
A2 -0.0023 0.0027 0.0878 0.0606 | 0.1454
A3 0.0365 0.0341 0.0893 0.0788 | 0.1471
[A1|/As 0.1616 0.1496 0.1926 0.1815 | 0.2916
Distance (A) 2.666
Aqgueous solution
Parameter (a.u.) 03---H30 RCPN RCP1 RCP2 RCP3
p(re) 0.0072 0.0072 0.0218 0.0204 | 0.0416
V2p(r) 0.0268 0.0280 0.1592 0.1228 | 0.2488
M -0.0054 -0.0051 -0.0171 -0.0146 | -0.0431
A2 -0.0011 0.0012 0.0871 0.0590 | 0.1438
A3 0.0332 0.0322 0.0893 0.0783 | 0.1481
[Aalfhs 0.1626 0.1583 0.1915 0.1865 | 0.2910
Distance (A) 2.722
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Table S5. Calculated HOMO and LUMO orbitals, energy band gap, chemical potential (i), electronegativity
(), global hardness (), global softness (S), global electrophilicity index (w) and global nucleophilicity index
(E) for R an S forms of benzoylecgonine by using the hybrid B3LYP/6-311++G** level of theory.

Frontier orbitals (eV) R Form S Form
Gas Solution Gas Solution
HOMO -6.2823 | -6.3468 | -6.2820 -6.3470
LUMO -1.5426 | -1.5755 | -1.5426 -1.5760
IGAP| 4.7397 47712 4.7394 4.7710
Descriptors (eV)

3.9124 3.9611 3.9123 3.9615

-3.9124 -3.9611 -3.9123 -3.9615

-1.5985 -1.5978 -1.5984 -1.5975

-0.3128 -0.3129 -0.3128 -0.3130
® -4.7879 -4.9099 -4.7880 -4.9119

7 = - [E(LUMO) - E(HOMO)]/2; 1 = [E(LUMO) + E(HOMO)]/2;
n = [E(LUMO) — E(HOMO)1/2; S = Yom;00 = p?/2n

wmwiS |E R

u=1.5412

v

n=1.7819

Figure S1. Dipole moment values for the for R and S forms of benzoylecgonine in gas phase and aqueous
solution at the B3LYP/6-311++G** level of theory showing the corresponding magnitudes and orientations of
their vectors.
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(R) +0.053 a.u.

@ 1 0.053 a.u.

Figure S2. Calculated electrostatic potential surfaces on the molecular surfaces of the R (upper) and S (bottom)
forms of free base benzoylecgonine in gas phase. Color ranges. In au: from red -0.053 to blue +0.053. B3LYP
functional and 6-31G™ basis set. Isodensity value of 0.005.

Gas Aqueous solution

Figure S3. Molecular graphics for the R and S forms of benzoylecgonine in gas phase and aqueous solution at
the B3LYP/6-311++G** level of theory showing the formation of new H bonds and RCPNs.
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