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ABSTRACT

We investigate the rich stereochemistry of cocaine and its diastereoisomers from a theoretical perspective using density func-
tional theory. The relative stability of the eight considered isomers is discussed, and a comparison of the corresponding internal
coordinates is given. Our results reveal that the S-pseudococaine isomer is the most stable conformation, whereas the natural
occurring isomer (R-cocaine) lies higher in energy. The different isomers’ chemical reactivity is discussed based on the calcula-
tion of the hardness, softness, electrophilicity and dipole moment. It was found that the dipole moment varies over a broad range
from 0.65 to 4.60 D, whereas the other properties are slightly modified. The solvent effect on the energy stability of the cocaine
isomers was studied by considering chloroform, dimethyl-sulfoxide (DMSO) and water as implicit solvents. Our calculations
show that the different isomers’ energy order and their energy gaps are slightly modified due to solvent effects. However, in all
cases, the S-pseudococaine remains the most stable isomer. However, the dipole moment and the chemical reactivity of the
cocaine isomers increase with the solvent polarity.
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1. Introduction
One hundred forty-five years after discovering and rationaliz-

ing stereochemistry by Van’t Hoff and le Bel, it remains a fasci-
nating subject in chemistry and biology. The topic is particularly
interesting in biochemistry and medicinal chemistry, as
stereoisomers of the same molecule may have different physio-
logical effects.1–3 Apart from the interaction with polarized light,
enantiomers with a single chiral atom show identical physical
properties. On the other hand, diastereomers with two or more
chiral centres differ in their geometry and energetics. A detailed
analysis of the structure and changes in geometrical and ener-
getic parameters would enable us to understand many biologi-
cal molecules’ chemical properties and their interaction with
other compounds in their metabolism.4–7 Some diastereoisomers
may not be accessible experimentally, either due to the lack of
synthetic paths or due to their instability. In these cases, informa-
tion can be obtained theoretically from the knowledge of the
corresponding stereoisomers’ relative stabilities and their inter-
nal conversion.

In some particular cases, it becomes primordial to acquire a
complete description of the chemical properties of the different
isomers of a given compound. For example, aspects of cocaine
stereochemistry have even become a legal issue.8 It also has
implications on drug analytics, where it is important to demon-
strate that a sample contains the naturally occurring l-cocaine.9

The l-cocaine isomer is extracted from leaves of the coca
plant. Despite some medicinal benefits, it is considered one
of the most dangerous and addictive drugs, and thus, it was sub-
jected to extensive chemical studies. As shown in Fig. 1, the
cocaine molecule (benzoylmethylecgonine) has the formula

2-(methoxycarbonyl)-3-(benzoyloxy)tropane. Its stereochemis-
try is based on the following principles:
• The tropane ring can exist in four conformers: the six-

membered ring can form either a chair or a boat conformation,
and for both cases, the N-methyl group could be in an axial or
an equatorial position. These stereochemical behaviours have
been studied theoretically or experimentally by X-ray crystal-
lography.10–14 The chair conformation of the tropane ring with
the N-methyl group in an equatorial position is found to be the
preferred one.

• The four chiral carbon atoms, named C1, C2, C3 and C5, lead to
16 different stereoisomer combinations. However, stable
isomers must have C1 and C5 in opposite R-S configurations.
Consequently, only eight stereoisomers are considered: four
diastereoisomers are known as R-cocaine (or l-cocaine),
R-pseudococaine, R-allococaine and R-allopseudococaine and
their corresponding enantiomers S-cocaine, S-pseudococaine,
S-allococaine and S-allopseudococaine.
The synthesis and elucidation of the molecular structure

of cocaine isomers were performed by Willstätter et al.15 These
authors succeeded to synthesize cocaine and pseudococaine,
but the two remaining cocaine isomers (allococaine and
allopseudococaine) had not been isolated. Several decades later,
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Figure 1 Structural formula of the cocaine molecule.
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Findlay16 and Hardegger and Ott11 used classical chemical
methods to investigate the three-dimensional structure of
cocaine and pseudococaine, and in later works Findlay17–18

succeeded to establish the structure of the allococaine and
allopseudococaine isomers. The molecular structure of the
cocaine isomers has been endorsed using NMR spectroscopy12,19

and a conformation study of the piperidine ring of the tropane
nucleus has been performed.12 For the natural occurring
R-cocaine, a molecular structure based on an X-ray diffraction
study has been put forward by Gabe and Barnes.14 The optical
differentiation of the R-cocaine and S-cocaine isomers was
suggested by Eskes20 using a thin-layer chromatographic proce-
dure. The separation of the cocaine, pseudococaine, allococaine
and allopseudococaine isomers has been described using the
ion-pair reverse-phase high-performance liquid chromatogra-
phy.21 An early attempt, to describe the cocaine geometry and its
energetics, has been performed by Villar and Loew using molec-
ular mechanics and semi-empirical calculations.10 Recently,
Fagan et al. have combined chiroptical methods and DFT calcu-
lations to access the structure of cocaine in solution.22

Due to the importance of the stereochemistry of cocaine, we
aim in the present work to give a complete description of
the eight possible stereoisomers of the cocaine molecule using
theoretical methods. Discussion about the relative stability of
these isomers will also be presented.

On the other hand, the disparate biological response of drugs
also motivates an investigation of their reactivity to distinguish
between the active and the inactive stereoisomers. Herein,
global quantities such as electric dipole moment (µ), hardness
(ç), electronegativity (÷) and electrophilicity (ù) have been calcu-
lated and considered as reactivity indices.

Since the cocaine compounds are naturally found as a powder
and the cocaine metabolism occurs in solution, additional study
taking into account the solute–solvent interactions was under-
taken. The solvent’s effect on the relative energy stability of

cocaine isomers was studied by considering organic (chloroform
and DMSO) and inorganic (water) solvents. These solvents were
chosen according to the following criteria: chloroform is an
aprotic low polar solvent with a small dielectric constant (å =
4.8), DMSO is an aprotic polar solvent with a higher dielectric
constant (å = 47.2), while water is a protic high polar solvent with
a large dielectric constant (å = 79).

We also consider these computations as a case study, illustrat-
ing how theoretical methods can help address stereochemistry
problems. They form the second and final part of our work’s
geometrical basis, which will address these model compounds’
theoretical infrared and NMR spectroscopy.

Hence, the remaining part of this work is organized as follows:
we briefly review the methods applied here, discuss the geome-
try and its relation to experiment, investigate the question of the
stability of the isomers, discuss their chemical reactivity and in a
final step, comment on their behaviour in solution, as modelled
by a reaction field.

2. Computational Methods
The molecular structure of the ground electronic state of the

different cocaine isomers (Fig. 2) was fully optimized, within the
framework of density functional theory (DFT) as implemented
in the Gaussian 16 program.23 This optimization was done in
combination with the standard split-valence basis set with
added diffuse and polarization functions 6–311++g(d,p).24,25

This basis set is considered sufficient while doing DFT calcula-
tions.

The structural parameters were calculated at a Hartree-Fock
(HF) starting level. These results were improved using the Becke
three-parameter exact exchange functional (B3)26 combined
with the gradient corrected correlation functional of Lee-Yang-
Parr (LYP) leading to the commonly used B3LYP hybrid func-
tional.27 For the obtained geometries, the frequencies were
determined from the second derivatives of the energy com-
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Figure 2 Optimized structure of the different cocaine isomers.
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puted using analytically calculated first derivatives to establish
the stationary points. All optimized structures were checked by
analysis of harmonic vibration frequencies. Positive values of all
the calculated vibrational wavenumbers and the presence of six
zero-frequency modes confirmed the geometry to be located at
the true local minima on the potential energy surface.

Within the DFT theoretical chemistry tool, the molecules’
ground state’s molecular properties could be derived from the
frontier molecular orbital (FMO) theory. Quantitative defini-
tions of the electronegativity (÷) and the hardness (ç)28 corres-
pond to the first and the second derivatives of the total electronic
energy with respect to the number N of electrons at fixed exter-

nal potential Vex: χ ∂
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Using the usual finite difference formula electronegativity and

hardness are given by: χ = +1
2

( )IP EA and η = −( )IP EA

where IP is the ionization potential, and EA is the electron
affinity.

For closed-shell molecules, the molecular orbital theory based
on the Koopmanns’ theorem enables us to relate the IP to the
HOMO (high occupied molecule orbital) energy and EA is
obtained as EA = –ELUMO, where LUMO refers to low unoccu-
pied molecule orbital.

So the hardness could be expressed by ç = ELUMO – EHOMO, and

the electronegativity becomes χ = +1
2

( )E ELUMO HOMO .

The global electrophilicity index given by:29

ω χ
η

= =2
2

(E + E )
8(E – E )

LUMO HOMO
2

LUMO HOMO
is a powerful tool for studying

the chemical molecule reactivity, because it contains the
electrophilic effect, described by ÷, and the nucleophilic effect,
described by ç. So, a high ÷ value and a low ç value leads to the
more electrophilic compound.

We have also calculated the electric dipole moment (µ) in
gas and solution phases for the different isomers. It is an impor-
tant molecular property, which describes the polarity of the
molecule, and it is particularly useful for the discussion of the
solute–solvent interactions.

3. Results and Discussion

3.1. Molecular Geometry Optimization and Relative Stability
As a preliminary step, we carried out a DFT calculation using

the 6–311++g(d,p) basis set for the eight stereoisomers of
cocaine taking into account the two possible chair and boat
conformation of the tropane ring.

The obtained results are summarized in Table 1, where we can
remark that the chair conformation is more stable for all studied

isomers than the boat conformation. This result is consistent
with the preferential chair conformation obtained experimen-
tally for all isomers.12,14,19 In the following studies, we will focus
our attention on the cocaine isomers with chair conformation.

The eight stereoisomers’ optimized structure of the title mole-
cule at the B3LYP/6–311++g(d,p) are displayed in Fig. 2. Accord-
ing to their stereochemistry relationship, these compounds are
presented as four enantiomeric groups: R-S cocaine, R-S
pseudococaine, R-S allococaine and R-S allopseudococaine. The
numbering schemes of atoms in the studied cocaine isomers and
the R-S configurations of the chiral carbon atoms are also given.

Table 2 summarizes the geometrical parameters of the natu-
rally occurring R-cocaine isomer, and for the other isomers,
geometries are available on request. As we can see from Table 2
calculations lead to a good accuracy with regard to experimental
results14 for both bond and angle geometrical parameters.
Our calculations well reproduce the bond distances since they
correspond to a maximum discrepancy of a 0.04 Å with the
experimental values. This deviation from the experimental
results is found for C-C bond lengths of the phenyl moiety. Our
results look quite satisfactory with regard to bond angles since
the maximum error is 4 °. Indeed, the calculated internal coordi-
nates for the other isomers reflect a small change in distances
when moving from any isomer to another and they could be sent
on request.

In order to discuss the relative stability of the different
stereoisomers of the cocaine molecule in the gas phase, we give in
Table 3 the Gibbs free energy gaps ΔG at 298.15 K of the studied
stereoisomers. The most energetically favourable stereoisomer
was found to be the S-pseudococaine. By contrast, the naturally
occurring R-cocaine isomer lies 3 kcal mol–1 higher in energy
than the S-pseudococaine compound. This ‘unusual’ behaviour
could be explained by the fact that our study is done in the gas
phase. Whereas natural cocaine is obtained in the condensed
phase, a further stabilization would occur by interaction with
the natural medium’s chemical environment.

In Fig. 3, we display a relative energy plot where we can see
that the most stable isomer is the S-pseudococaine and the least
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Table 1 B3LYP/6–311++g(d,p) electronic energy of the chair and boat
conformations of the cocaine molecule.

Energy/a.u.

Isomer Chair conformation Boat conformation

S-pseudococaine (4R-3R) –1016.4011 –1015.9084
R-pseudococaine (2S-3S) –1016.3995 –1016.2377
S-allococaine (4S-3S) –1016.3985 –1016.1544
S-cocaine (4S-3R) –1016.3977 –1016.3041
R-allococaine (2R-3R) –1016.3980 –1016.3328
R-cocaine (2R-3S) –1016.3969 –1016.2170
S-allopseudococaine (4R-3S) –1016.3931 –1016.0955
R-allopseudococaine (2S-3R) –1016.3796 –1016.2023

Table 2 Intramolecular bond lengths and bond angles of the naturally
occurring R-cocaine isomer.

Interatomic B3LYP/ Exp14 Bond angle/° B3LYP/ Exp14

distance/Å 6–311++g(d,p) 6–311++g(d,p)

1C-2C 1.555 1.532 1C-2C-3C 108.34 107.2
2C-3C 1.541 1.518 2C-3C-4C 113.19 112.2
3C-4C 1.528 1.511 3C-4C-5C 109.79 110.2
4C-5C 1.541 1.531 4C-5C-N 107.56 106.7
5C-6C 1.559 1.527 5C-N-1C 101.90 100.9
6C-7C 1.554 1.535 1C-7C-6C 103.78 103.5
7C-1C 1.558 1.522 7C-6C-5C 103.56 103.8
1C-N 1.474 1.460 6C-5C-N 104.96 105.4
N-5C 1.478 1.467 6C-5C-4C 112.20 111.2
N-17C 1.461 1.468 1C-N-17C 113.84 113.2
2C-15C 1.525 1.509 5C-N-17C 114.13 112.7
15C-20O 1.209 1.188 7C-1C-N 105.42 106.2
15C-19O 1.342 1.334 7C-1C-2C 112.45 113.9
19O-16C 1.439 1.442 2C-1C-N 106.99 106.8
3C-22O 1.449 1.451 1C-2C-15C 107.37 108.2
22O-8C 1.350 1.330 3C-2C-15C 118.37 114.6
8C-18O 1.211 1.193 2C-15C-20O 122.03 128.8
8C-9C 1.491 1.499 2C-15C-19O 114.78 109.1
9C-14C 1.399 1.380 19O-15C-20O 123.19 123.2
14C-13C 1.390 1.387 16C-19O-15C 115.80 116.6
13C-12C 1.395 1.341 2C-3C-22O 112.78 109.6
12C-11C 1.394 1.356 4C-3C-22O 108.61 111.2
11C-10C 1.392 1.383 3C-22O-8C 117.46 117.6
10C-9C 1.399 1.353 22O-8C-18O 123.66 123.8
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stable one is the R-allopseudococaine. For each enantiomeric
pair, we found that S isomer is more stable than its R enantiomer.
For the most stable pseudococaine isomers, the R-enantiomer (2)
is less stable than the S-enantiomer (1) by 1.73 kcal mol–1. For

the enantiomeric allococaine pair, the S enantiomer (3) is more
stable than the R enantiomer (4) by 0.3 kcal mol–1. For the cocaine
enantiomeric pair, we found that S-cocaine (5) is more stable
than R-cocaine (6) by 0,7 kcal mol–1. The allopseudococaine
enantiomeric pair exhibits the same energetic order with the
S-enantiomer (7) more stable than the R-isomer (8). However,
the obtained energy gap of 8.43 kcal mol–1, in this case, is larger
than the previous energy gaps calculated for the three other
enantiomeric groups.

Since the different isomers of the cocaine molecule correspond
to a change in the methoxycarbonyl position from C2 to C4 and
the switch between á and â positions of the methoxycarbonyl
and the benzoyloxy groups, we can establish a relationship
between these isomers and discuss their relative stability. Based
on the different isomers’ equilibrium structures displayed in
Fig. 2, the corresponding changes are summarized in Fig. 4.
From Figs. 2–4, we can expect that relative thermodynamic
stability of the cocaine isomers seems to be related to steric
demand. The most stable cocaine isomers (pseudococaine and
allococaine) have methoxycarbonyl and benzoyloxy groups in
opposite á and â positions, whereas the less stable isomers
(cocaine and allopseudococaine) have the two groups with the
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Table 3 Relative Gibbs free energy (in kcal mol–1) and dipole moment ì (in D) of the cocaine isomers in a vacuum and chloroform, DMSO and water
solvents.

Vacuum Chloroform DMSO Water

ΔG µ ΔG µ ΔG µ ΔG µ

S-pseudococaine 0.000 0.648 0.000 0.828 0.000 0.959 0.000 0.968
R-pseudococaine 1.73 2.538 1.50 3.321 1.27 3.731 1.18 3.756
S-allococaine 1.85 4.190 2.12 5.537 1.72 6.285 1.68 6.329
S-cocaine 2.28 2.462 2.35 2.946 1.90 3.294 1.89 3.323
R-allococaine 2.14 1.912 2.09 2.658 2.28 3.058 2.29 3.082
R-cocaine 3.02 3.101 2.72 3.964 2.58 4.375 2.60 4.397
S-allopseudococaine 5.54 4.587 5.42 5.969 2.70 6.239 2.69 6.281
R-allopseudococaine 13.69 2.382 14.46 3.139 14.67 3.553 14.67 3.577

Figure 3 B3LYP/6–311++g(d,p) relative Gibbs free energy of the eight
cocaine isomers.

Figure 4 Cocaine stereoisomerism summary diagram.
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same á or â positions. In particular, R-allopseudococaine is the
least stable isomer. It lies substantially high in energy due to
steric hindrance involving the methoxycarbonyl group, the
benzoyloxy group and the tropane ring.

3.2. Global Reactivity Indicators
Understanding reactivity is one of the challenging chemistry

tasks, aiming to elucidate the brain’s drug action mechanism. In
the particular case of cocaine, there have been significant
advances in understanding the mechanism of its action on the
central nervous system. It was found that cocaine inhibits the
dopamine transporter, and this action is stereoselective since
only the naturally occurring R-cocaine isomer is active. By
contrast, the other isomers have a less potent effect on the
nervous system.

It is well established30–38 that a given molecule’s kinetic stability
and chemical reactivity is mainly related to the energy gap
between the frontier molecular orbitals, known as HOMO and
LUMO orbitals. Fig. 5 gives the 3D mapped isodensity surface
plots of the HOMO and LUMO orbitals for the different cocaine
isomers. According to this figure, the HOMO is mainly localized
over the tropane ring, and it is of ð bonding character. By
contrast, the LUMO is localized on the benzoyloxy group ring,
and it is of mostly ð-antibonding type orbitals. In electron trans-
fer study, the HOMO orbital acts as an electron donor and the
LUMO orbital behaves as an electron acceptor.

Furthermore, the interaction strength pattern of the cocaine
isomers could be investigated using the hardness (ç), the
electronegativity (÷) and the electrophilicity (ù) global reactivity
indicators.

A hard molecule has a large HOMO-LUMO energy gap,
showing high chemical stability. A soft molecule has a small
HOMO-LUMO energy gap, which means small excitation
energies to the manifold of excited states. Based on the values
obtained at the B3LYP/6–311++g(d,p) level of theory in vacuum

for the HOMO and the LUMO energies (Fig. 5), the hardness
(ç), electronegativity (÷) and electrophilicity index (ù) for the
various cocaine compounds were calculated and tabulated in
Table 4. These results show that S-cocaine is the hardest isomer
with çmax = 4.730 eV whereas R-allopseudococaine is the softest
isomer with çmin = 4.469 eV. These results could be related to the
LUMO destabilization in the S-cocaine and the HOMO
destabilization for the R-allopseudococaine (Fig. 5).

Table 4 shows that S-allopseudococaine has the highest
electronegativity value (3.940 eV) due to a LUMO stabilization,
while the R-allopseudococaine isomer has the lowest electro-
negativity value (3.822 eV) due to a LUMO destabilization. Over-
all, one can remark that for each enantiomeric pair the S-isomer
has a higher hardness than the R-isomer. Still, change in hard-
ness and electronegativity over the studied cocaine isomers is
considered small and hence, their chemical reactivity would be
slightly different in the gas phase.

Furthermore, we can consider a challenging chemistry index,
namely the electrophilicity (ù) which is a quantitative factor that
describes the energy stabilization of a chemical system when
it acquires an additional electronic charge from the external
environment. A high electrophilicity (ù) value indicates good
electrophile character, while a lower value of electrophilicity (ù)
value indicates a less electrophile character. The S-allopseudo-
cocaine has the highest electrophilicity (ù), whereas the
S-cocaine is the least electrophile cocaine isomer (Table 4). Based
on the electrophilicity scale, organic molecules have been classi-
fied as strong electrophiles (ù > 1.5 eV), moderate electrophiles
(0.8 < ù < 1.5 eV) and marginal electrophiles (ù < 0.8 eV).39

Accordingly, the cocaine isomers could be considered strong
electrophiles since their electrophilicity ranges from 1.572 to
1.702 eV.

Figure 6 shows the global electrophilicity ù versus the LUMO
orbital energy for the different cocaine isomers. This figure
shows an excellent linear correlation relationship (y = –0.750x +
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Figure 5 HOMO and LUMO 3D plots of the title compounds.
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0.451) between electrophilicity ù and LUMO energy for all
studied isomers with the correlation coefficient R2 = 0.98.
This result is well consistent with the corresponding chemical
meaning of electrophilicity ù and previously given LUMO
energy, which expresses that both ù and ELUMO = –EA is related
to a molecule’s capability to accept an electron. Such a linear
relationship was found in some previous work.40–42

Additionally, the chemical reactivity of a given molecule and
its interaction with a polar medium could be investigated using
its electric dipole moment. Thus, in Table 3 we also give the
dipole moment µ of the ground state in the gas phase of the
different cocaine isomers using B3LYP method with the
6–311++g(d,p) basis set. We can see that all cocaine stereo-
isomers are polar, and the highest value of the dipole moment is
obtained for the S-allopseudococaine isomer (µ = 4.587D). By
contrast, the most stable S-peudococaine isomer has the smallest
dipole moment (µ = 0.648D).

For the pseudococaine, allococaine and allopseudococaine
enantiomeric pairs, there is a large difference (around 2D) in
the dipole moment between each of the R and S stereoisomers.
However, in the cocaine enantiomeric pair, a small difference of
0.7D is found between the R and S stereoisomers’ dipole
moment. This remarkable spread of dipole moment cannot be
without influence on the diastereomers interacting with their
environment, such as solvents, bio-membranes, binding to
receptors or physicochemical properties, such as the tertiary
amine pKa value. The dipole moment magnitudes can be related
to the relative position or orientation of methoxyloxy and
benzoyloxy groups to the N-methyl substituent.

Moreover, the electric dipole moment is a vector characterized
by its magnitude and orientation, an important parameter in

many chemical processes.43–47 The dipole moment vectors for
title compounds have been obtained theoretically at the B3LYP
method with the 6–311++g(d,p) and displayed in Fig. 7. One
can see that for cocaine enantiomeric group there is a small
change in magnitude and orientation of the dipole moment
while for the allococaine pair, a larger change of both magnitude
and orientation of the dipole moment is found. However, for the
pseudococaine and allopseudococaine enantiomeric pairs, a
notable change in magnitude is found and, interestingly, the
dipole moment orientation rotates by about 180 °.

3.3 Solvent Effects
In this section, the relative stability and chemical reactivity of

cocaine isomers are investigated in solution phase by consider-
ing solvents with varying dielectric constants. They are inspired
by classical solvents used in a chemical laboratory, such as
chloroform (å = 4.8), DMSO (å = 47) and water (å = 80). Based on
the polarizable continuum model (PCM), the solvent effect on
the electronic structure of the title isomers was explored. For
each isomer, equilibrium energy, electric dipole moment, hard-
ness, electronegativity and electrophilicity was calculated using
the B3LYP method and the 6–311++g(d,p) basis set.

The optimized geometrical parameters for the cocaine isomers,
namely bond lengths, bond angles and dihedral angles were
calculated at the same level of theory as previously described.
For the naturally occurring R-cocaine, we give in Table 5 selected
parameters calculated in the gas phase and the presence of
chloroform, DMSO and water solvents. Comparing the given
internal coordinates shows that solvation had no noticeable
effect on bond lengths and bond angles involving carbon or
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Table 4 Medium effect on hardness, electronegativity and electrophilicity. All values are in eV.

Gas Chloroform DMSO Water
ç ÷ ù ç ÷ ù ç ÷ ù ç ÷ ù

S-pseudococaine 4.663 3.927 1.653 4.564 4.000 1.752 4.532 4.047 1.807 4.531 4.051 1.810
R-pseudococaine 4.586 3.911 1.668 4.518 3.990 1.762 4.486 4.039 1.818 4.485 4.043 1.822
S-allococaine 4.584 3.906 1.664 4.514 3.974 1.750 4.502 4.017 1.792 4.501 4.020 1.795
S-cocaine 4.730 3.857 1.572 4.544 3.956 1.722 4.492 4.012 1.792 4.490 4.016 1.796
R-allococaine 4.530 3.918 1.694 4.496 3.980 1.761 4.502 4.017 1.793 4.500 4.019 1.794
R-cocaine 4.640 3.928 1.659 4.490 3.976 1.760 4.464 4.002 1.794 4.463 4.005 1.797
S-allopseudococaine 4.559 3.940 1.702 4.532 3.986 1.753 4.504 4.027 1.800 4.502 4.029 1.803
R-allopseudococaine 4.469 3.822 1.634 4.464 3.918 1.719 4.460 3.972 1.768 4.459 3.975 1.771

Figure 6 Electrophilicity versus LUMO energy.

Table 5 Selected internal coordinates of the R-cocaine isomer in the gas
phase and chloroform, DMSO and water solvents.

Distances/Å and Gas phase Chloroform DMSO Water
angles /°

C1-C2 1.555 1.558 1.559 1.559
C10-C11 1.392 1.392 1.393 1.393
C1-N 1.474 1.474 1.475 1.475
C3-O22 1.450 1.453 1.454 1.454
C15=O20 1.209 1.214 1.216 1.216
C1-H31 1.090 1.090 1.090 1.090
C1-C2-C3 108.3 108.3 108.3 108.3
C1-N-C5 101.9 101.8 101.7 101.7
C2-C15=O20 122.0 121.9 121.8 121.8
C3-O22-C8 117.4 117.9 118.2 118.2
H29-C17-H30 107.7 107.9 108.0 108.0
C10-C11-C12 120.1 120.1 120.1 120.1
H31-C1-N-C17 42.0 42.5 42.6 42.6
H37-C3-O22-C8 30.8 29.6 29.9 29.9
O18=C8-C9-C10 179.5 179.4 179.0 179.0
C9-C10-C11-C12 179.0 179.0 179.0 179.0
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hydrogen atoms, but for C-O or C-N distances, small changes
were found.

Moreover, the solvent effect on the thermodynamic stability
has been investigated, and the obtained relative energies of
cocaine isomers in solution are collected in Table 3. These results
show that S-pseudococaine remains the most stable isomer in
gas and solution phases. In the low polar chloroform solvent,
the energetic order is still the same as previously found in
vacuum. However, the different isomers’ energy gaps are
slightly larger in a solution for the S isomers. By contrast, two
opposite behaviours are found for the R-isomers: R-pseudo-
cocaine and R-cocaine are stabilized, but the R-allococaine and
R-allopseudococaine isomers are destabilized. The largest
increase of energy is obtained for R-allopseudococaine, where
the relative Gibbs free energy gap becomes 14.46 kcal mol–1 in
chloroform instead of 13.69 kcal mol–1 in the gas phase. However,
in the considered polar solvents (DMSO and water) and apart
from R-allococaine and R-allopseudococaine isomers, all the
remaining compounds are stabilized in solution. Curiously, the
S-allopseudococaine isomer is quite affected by the DMSO and
water presence, since it is stabilized by more than 2.7 kcal mol–1

when moving from gas phase to solvent medium. Indeed,
aprotic (DMSO) and protic (water) solvents give rise to similar
effects since the implicit continuum solvation model does not
explicitly consider solvent–solute hydrogen bond interactions.

For a further discussion of the solvent effect on the stability of
the cocaine isomers, it is useful to consider a widely used quan-
tity, namely the electric dipole moment. In the last decades,
the solvent’s significant effect on the dipole moment has been
reported in the literature.48–51 It is found that the dipole moment
is bigger in solution than in the gas phase. The dipole moment
increases when going from lower to higher dielectric constant,
i.e. with the solvent polarity.

In the present work, the solvent effect on the dipole moment of
cocaine isomers is shown in Table 3. The computed values of the
dipole moments in the gas phase, chloroform, DMSO and water
solvents are collected. These results are displayed in Fig. 8. Our
results show a substantial increase in the dipole moment of

cocaine isomers when going from the gas phase to solution and
thus a gradual increase with increasing the solvent’s polarity. In
particular, the dipole moment of the S-allococaine and the
S-allopseudococaine isomers have the highest values (around
6.3D) in DMSO and water with an increase of 2D relative to the
gas phase values. The S-allopseudococaine isomer exhibits the
highest dipole moment either in vacuum or in solution. This
result could explain the energy stabilization previously found
due to its electrostatic interaction with DMSO and water. On the
other hand, solvents slightly affect the dipole moment of the
most stable S-pseudococaine isomer, and its magnitude remains
less than 1D. The computed dipole moment of the remain-
ing R-pseudococaine, S-cocaine, R-cocaine and R-allococaine
isomers increases gradually, with an average change of 1 D, with
increasing polarity of the solvent.

Furthermore, the solvent effect on the chemical reactivity of
the title compounds was studied using the computed electro-
negativity, hardness and electrophilicity global indices. The
obtained values are also given in Table 4. These results show that
opposite change in electronegativity and hardness occurs when
going from vacuum to solution phase. The electronegativity
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Figure 7 Electric dipole moment of the cocaine isomers.

Figure 8 Solvent effect on the dipole moment of cocaine isomers.
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exhibits the same behaviour as presented by the dipole moment,
i.e. an increase with the dielectric constant. The least stable
R-allopseudococaine isomer has the smallest hardness and
electronegativity in all solvents. Also, Table 4 shows that the
electrophilicity of the different compounds increases with
increasing the solvent polarity. The more electrophile isomer
in water becomes the R-pseudococaine instead of the S-allo-
pseudococaine isomer in a vacuum.

The medium effect on the linear electrophilicity–LUMO
energy relationship, previously found in a vacuum has been
studied in chloroform, DMSO and water. Thus, the correspond-
ing electrophilicity versus LUMO orbital energy plots are
displayed in Fig. 9a, Fig. 9b and Fig. 9c, respectively. These
figures show an excellent linear correlation relationship

between electrophilicity (ù) and LUMO energy in the three
solvents’ cases since the correlation coefficient is very close to
unity (R2 ~ 0.99).

The Gibbs free energy of solvation of the title compounds was
also computed, and the corresponding results are gathered in
Table 6 and displayed in Fig. 10. All obtained values are negative,
which means that the solvation is an exergonic process. This
figure shows that solvation energy decreases with increasing the
solvent’s polarity. The larger change in Gibbs free energy of
solvation is found for the S-allopseudococaine isomer, which
could be related to its higher dipole moment value previously
found. Furthermore, Fig. 10 and Fig. 8 show that the solvation
energy and the dipole moment exhibit similar behaviour due to
the solvent effect, i.e. a primarily large decrease from chloroform
to DMSO and then little change from DMSO to water.

4. Conclusion
In this work, the relative stability and chemical reactivity of the

eight possible cocaine isomers have been studied theoretically
using a DFT method and the 6–311++g(d,p) basis set. The
ground state’s calculated geometry structure agrees very well
with the experimental values for bond distances and bond
angles. In the gas phase, the naturally occurring R-cocaine
isomer is higher in energy than the most stable S-pseudococaine
isomer. The presence of a solvent has a slight effect on the
sequences of cocaine isomers ordered relative to their stability.
Such a small solvent effect also occurs for geometrical parame-
ters. However, a noticeable increase of the dipole moment and
electrophilicity index, with the increase of the solvent polarity is
found. At the same time, the global hardness exhibits a small
decrease when solvent polarity increase.

So, according to our results, we can say that the thermody-
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Table 6 Solvent effect on the Gibbs free energy of solvation.

Isomer ΔGsolvation/kcal mol–1

Chloroform DMSO Water
1: S-pseudococaine –5.9 –8.2 –8.3
2: R-pseudococaine –5.8 –8.3 –8.6
3: S-allococaine –5.4 –8.3 –8.5
4: S-cocaine –5.6 –8.6 –8.7
5: R-allococaine –5.7 –8.1 –8.2
6: R-cocaine –6.0 –8.6 –8.7
7: S-allopseudococaine –6.0 –11.2 –11.4
8: R-allopseudococaine –5.1 –7.4 –7.5

Figure 9 Electrophilicity versus LUMO energy in (a) chloroform, (b)
DMSO and (c) water, respectively.

Figure 10 Solvent effect on the Gibbs solvation free energy.

(a)

(b)

(c)
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namic stability of cocaine isomers is mainly related to steric
demands. By contrast, the chemical reactivity and kinetic stabil-
ity could depend on both steric and electronic effects.

Nevertheless, there is no single simple rationalization of the
diastereomers’ relative stability. Local dipoles can be combined
to notably different global ones, but give no guide to stability.
Certainly, steric demands of the bulky side groups play a role.
Thus, we are faced with a level of complexity where intuitive
approaches to molecular properties fail, and only solid quantum
chemistry may give an answer.

Local dipoles and their interaction form the basis of vibrational
spectroscopy. The large spectrum of net dipole moments
observed in this study points at differences in the IR spectrum
between diastereomers even using non-polarized infrared
radiation. They may also contribute to a different local environ-
ment that may manifest as a chemical shift in NMR spectroscopy.
The second and final part of our work will address these issues.
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