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Abstract

In this work, structural, electronic, topological, and electronic and vibrational spectra of antiepileptic and antiparkinso-
nian drug safinamide (two enantiomers and their mesylate salt) were investigated with the DFT/TD-DFT methodology
in gas phase and PCM solvent model. The absorbance maximum of safinamide was found at 227 nm, and the computed
maximum transition occurred at 226 nm, which was assigned to m— m* transitions due to the chromophores C=C, C=0
and C=N bonds. Electrostatic potential maps of all studied molecules revealed that the C=0 group of (S)-enantiomer was
more nucleophilic than the remaining molecules. Topological analysis suggested that an N-H intramolecular hydrogen
bond especially in solution, and the NBO study showed a clear instability and strong ionic character of the salt. The lower
electrophilicity and nucleophilicity indexes for the (S)-enantiomer than for the (R)-enantiomer, the higher reactivity it
shows. At the same time, it shows higher activity as inhibitor of monoamine oxidase B. The force fields and the complete
assignment of the 117 vibration normal modes of the enantiomers and 144 vibration normal modes of the mesylate
salt are reported. The predicted infrared, Raman, "H-NMR, UV-visible, and ECD spectra were in reasonable agreement
with the corresponding experimental ones. In addition, the interaction with monoamine oxidase was evaluated. This
study provides a structural, vibrational, and electronic characterization of the drug through theoretical insights that will
contribute to further research of the biological interaction mechanism.

Keywords (S)-safinamide - (R)-safinamide - (S)-safinamide mesylate - Vibrational spectra - Molecular structure - DFT
calculations

1 Introduction dopaminergic and non-dopaminergic (glutamatergic)
properties; the former, due to its selective and revers-
Safinamide is an oral a-aminoamide derivative with anti-  ible monoamine oxidase B (MAO-B) inhibition and dopa-

convulsant and antiparkinsonian activity used for the  mine reuptake inhibition and the latter, via blocking of
treatment of Parkinson’s disease (PD) [1-4]. It has both voltage-sensitive sodium and calcium channels, as well
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as glutamate release inhibition [5]. Animal models dem-
onstrated that safinamide has neuroprotective and neu-
rorescuing properties that may be attributed to its non-
dopaminergic activity [6], but there are no data on the
neuroprotective effects of safinamide in humans.

The chemical name of safinamide is (+)-(S)-2-[[p-[(m-
fluorobenzyl)oxylbenzyllamino]propionamide mono-
methanesulfonate; it is a white to off-white, non-hygro-
scopic crystalline solid, water soluble, and shows pH
dependent solubility in aqueous buffers [7]. The most
thermodynamically stable form, the anhydrous form, was
selected for commercialisation. Two orthorhombic con-
formational forms were reported for safinamide, which
differ only in the orientation of 3-fluorobenzyloxy and
propanamide groups [8]. They have a difference of up to
4.7 degrees in the exocyclic angle involving the C1 atom
of 3-fluorobenzyloxy ring, and N-H-O hydrogen bonds are
observed in both structures, since N-H-F hydrogen bond-
ing is present in (I) form, while N-H-N hydrogen bonding
is present in (Il) form. The synthesis of safinamide from (S)-
alaninamide as a single enantiomer can be accompanied
by traces of undesired (R)-enantiomer that can be present
as an impurity and would show signs of toxicity at lower
doses than those of the S-enantiomers [9]. In the last years,
using HPLC methods, it has been possible to identify and
characterize four process-related impurities in the manu-
facture of bulk drug and five degradation products under
oxidative conditions to the bulk safinamide mesylate
[10]. A previous report indicated possible enantioselec-
tive interactions at the enzyme binding site and hence,
the (S)-enantiomer of safinamide exhibited a significantly
higher affinity and selectivity for MAO-B (IC50=0.098 uM
and SI=5918, respectively) than the corresponding (R)-
enantiomer (IC50=0.45 uM and SI=93) [11]. In this con-
text, the knowledge and structural characterization of
the (S)- and (R)-enantiomer of safinamide are relevant to
understand the stereochemical factors involved in their
biological activity. Nowadays, there is no information
about the characteristic properties of both enantiomers
of safinamide and the (5)-safinamide mesylate salt. Thus,
in this study we explore the electronic structure, struc-
tural and vibrational features of those molecules, and
also compare the effects of mesylate group on the stud-
ied properties, because these properties have not been
reported so far. The experimental measurements are also
compared with those of density functional theory (DFT)
calculations, where the stabilization in PCM model, fron-
tier orbitals (HOMO, LUMO), and gap (Eg) energies, IR and
Raman intensity, reactivities, NMR spectrum, and dipole
moments are calculated at that level of theory. Using time-
dependent (TD)-DFT technique, the predicted absorption
of excited states and the optical energy gap are calcu-
lated for all species, and compared with ultraviolet visible
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(UV-Vis) and electronic circular dichroism (ECD) spectra
in aqueous solution. Finally, topological properties are
discussed in detail.

2 Experimental methods

The mesylate salt of the (S)-(+)-enantiomer of safina-
mide, hereafter referred to a SMS, was purchased from
Sigma-Aldrich. FTIR spectra in solid phase were recorded
in a Thermo Nicolet 6700 FTIR equipped with a DTGS KBr
detector and KBr beam splitter. A multiple bounce ATR
smart accessory was used for recording spectra with a
resolution of 4 cm™" and 128 scans. The FTIR spectra were
processed using OPUS version 7.0 software. The Raman
spectrum of SMS in the solid phase was recorded between
3500 and 50 cm™' at room temperature with a Thermo Sci-
entific, DXR Raman Microscope (Thermo Fisher Scientific)
equipped with a laser (excitation line of 1532 nm, 10 mW
of laser power). The Raman spectrum was recorded with a
resolution of 4 cm™" and 300 scans.

The UV absorption spectrum of a 190 uM aqueous
solution of SMS was recorded on a Shimadzu UV-Vis 1800
spectrophotometer in the spectral region of 200-600 nm.
A quartz cuvette with 1 cm path length was used, and all
the solutions were prepared in tri-distilled water.

The electronic circular dichroism spectrum of the same
aqueous solution was recorded in a 1T mm path length
quartz cuvette using a Jasco J-815 CD spectrometer.

2.1 Computational details

The initial structures of the (S)- and (R)-enantiomers of safi-
namide and of SMS were initially built with the GaussView
program [12], taking into account the experimental struc-
tures reported by Ravikumar [8]. All calculations were per-
formed using the hybrid B3LYP/6-31G* method with the
Gaussian 16 program [13]. The influence of the solvent was
studied by using the self-consistent reaction field (SCRF)
method together with the integral equation formalism
variant polarised continuum model (IEFPCM) at the same
level of theory [14], and the predicted solvation energies
involved in the dissolution process were computed with
the solvation model (PCM/SMD) [15]. Structural properties
of the three species were investigated by using the natu-
ral population atomic (NPA) charges, bond orders (Wiberg
index), molecular electrostatic potentials (MEP), stabiliza-
tion energies, and topological properties were computed
in both media (gas phase and aqueous solution) with the
NBO 6.0 [16] and AIM2000 programs [17]. Here, the Merz-
Kollman (MK) charges were also considered, while the
reactivities were predicted by using the frontier molecular
orbitals and some descriptors [18]. On the other hand, the
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SQMFF methodology [19] and the MOLVIB program [20]
were used to compute the complete assignments for the
two enantiomers and for SMS. The UV-Vis and ECD spec-
tra in aqueous solution were also predicted using time-
dependent density functional theory (TD-DFT).

3 Docking calculations

The binding site for both enantiomers and SMS in the
enzyme cavity was characterized by molecular docking,
using AutoDock 4.2 tool [21] with a semiempirical free-
energy force. The crystal structure of MAO-B was obtained
from Protein Data Bank (available online: http://www.rcsb.
org/pdb, PDB ID: 2V5Z7), and the docking calculation was
performed using Lamarckian genetic algorithm (LGA). To
evaluate the atomic interactions in the binding sites, a
grid point of 80 x 80 x 80 was built, and 0.375 A grid spac-
ing was considered. Safinamide and SMS were treated as
rigid docking, and from the best conformation, the free
energy of ligand binding and the inhibition constant were
estimated.

The best cluster obtained from docking studies of
(5)-enantiomer-MAO-B complex was used to estimate
the donor-acceptor interactions in the active site of the
enzyme-inhibitor complex. NBO analysis was performed
using the ONIOM method, where the ligand was assumed
as the QM region and the residues in the active site as the
MM region. DFT method employing B3LYP/6-31G* basis
set was used for the high-level part of system (ligand), and
AMBER method was used for the remaining part of system.

4 Results and discussion
4.1 Geometry and energy stabilization

The optimized structures of the (S)- and (R)-enantiomers
are shown in Fig. 1, while the structure corresponding to
SMS is presented in Fig. 2. The structural properties includ-
ing solvation energies for the (R)- and (S)-enantiomers of
safinamide and for SMS in gas phase and aqueous solu-
tion are listed in Table 1. The (S)-form is the most stable
enantiomer in both media, its population being ca. 98%
in the gas phase with an energy difference of 9.44 kJ/mol
with the (R)-enantiomer. A decrease in volume and popu-
lation can be observed for the (S)-enantiomer in aqueous
solution, which could be attributed to the rearrangement
of electric charges as a result of interactions with solvent
molecules. The high volume variation for the (R)-enanti-
omer probably indicates a destabilization of this species,
as supported by its higher uncorrected solvation energy
in relation to the (S)-enantiomer. The significant increase

(a

Fig. 1 Molecular theoretical structures of both enantiomers of safi-
namide: a (R)-safinamide and b (S)-safinamide and atom number-
ing. The identification of the aromatic rings is also included

in the dipole moment values for both species from the gas
phase to aqueous solution would be attributed to their
highly hydrated structures in solution. Calculated molecu-
lar geometry parameters of all structures in gas phase and
water are presented in Table S1in Supporting Information
and they are compared with the experimental X-ray crys-
tallographic data [8]. The differences between calculated
and experimental values are between 0.032 and 0.023 A
for bond lengths in both media, while variations in bond
angles are between 2.6° and 0.9°.

The main differences between the (S)- and (R)-enanti-
omer are in the N4-C7 and C7-C15 bonds of the chiral
centre, where the (S)-enantiomer shows lower values in
solution. The dihedral angles for the (S)-(I) form in both
media show lower deviation from experimental data, and
the greater differences observed in the dihedral angles
for the (R)-enantiomer clearly indicates that its presence
is strongly disfavoured.

The slight volume compression in solution observed
for SMS and the higher corrected solvation energy value
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Fig.2 Molecular theoretical
structure of SMS and atom
numbering. The identification
of the aromatic rings is also
included

Table 1 Calculated total (E) and relative energies (AE), dipole moments, volume variation, and solvation energy for the two enantiomers of

safinamide in gas and aqueous solution phases

B3LYP/6-31G*

GAS
Species E (Hartrees) u (D) V(A3 AE (kJ/mol) Population%
S-(1) —1019.0415 3.74 3336 0.00 97.85
R —1019.0379 4.11 336.2 9.44 215
SMS —1683.3535 5.38 406.2
PCM
S —1019.0624 5.65 3324 0.00 94.61
R —1019.0597 6.35 330.5 7.08 539
SMS —1683.3925 9.20 403.6
Solvation energy (kJ/mol)

AGH AG AG, AV (B3
S-(1) —54.82 30.43 -85.25 -1.2
R -57.18 30.68 —87.86 -57
SMS -1044 32.2 -1346 -26

AG! =uncorrected solvation energy: defined as the difference between the total energies in aqueous solution and the values in gas phase

AG,.=total non-electrostatic terms: due to cavitation, dispersion, and repulsion energies

AG_=corrected solvation energies: defined as the difference between the uncorrected and non-electrostatic solvation energies

(= 134.52 kJ/mol) could be attributed to hydration with
water molecules. The high value of corrected solvation
energy in water reveals that the thermodynamic factor
is responsible for the stability of the mesylate salt in that
medium, corresponding with the reported enantioselec-
tive synthesis for safinamide and derivatives [9]. Slight dif-
ferences in the values for bond angles and bond distances
are predicted for gas phase and aqueous medium, in com-
parison to the two experimental forms of (5)-safinamide,
with deviation values around 0.032 and 0.024 A for bond
distances and variations in the bond angles between 2.6°
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and 1.3° respectively. The obtained dihedral angles for the
salt in gas phase has the highest deviation from experi-
mental data; those differences are markedly reduced from
94.2° and 143.5° to 48° and 10° in water.

4.2 Charges and MEP studies

In order to compare the Merz-Kollman and natural popula-
tion atomic charges, only the common parts of the (S)-and
(R)-enantiomers of safinamide and SMS were considered
(Table S2 of Supporting Information). The main differences
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were predicted for the alanineamide group atoms. A
detailed analysis of charges on the C atoms showed that
the highest negative values were predicted for the C9
atom corresponding to the CH; group attached to the
chiral carbon atom C7, while the most positive charges
were observed on the C15 atom for SMS. This last result
agrees with the shorter bond length values observed for
the 03=C15 bond of the carbonyl group. In relation to the
N atoms, the highest NPA and MK charges were observed
on the N5 atoms, as expected, because these atoms clearly
reveal the ionic characteristics of mesylate group. These
results show the importance of the charge distribution
on the structures in both media and besides they support
the nature of the different bonds. The NPA charges pre-
dicted on the C6 and C7 atoms of alanineamide group of
all species were negative, while their predicted MK charges
were positive. The calculated bond orders (BO), expressed
as Wiberg bond index for 02 and O3 atoms of SMS in gas
phase, had lower values than the (S)-enantiomer, and
both atoms increased their values in solution, indicating
different characteristics of these bonds in the salt, espe-
cially in aqueous solution (Table S3), which suggests that
those atoms were solvated by water molecules. A similar
behaviour showed that the N4 and N5 atoms belonging
to the salt whole Wiberg bond index increased as a result
of hydration.

A highly nucleophilic centre can be seen in the two
enantiomers, on the C=0 group, and electrophilic cen-
tres on the H atoms belonging to the NH, group, and in
mesylate salt the nucleophilic sites significantly increased
due to the O atoms belonging to the HO-SO;-CH; group.
Thus, SMS showed strong red colours on the O3 and N4

Fig. 3 Calculated electrostatic
potential surfaces on the
molecular surfaces of (S)- and
(R)-enantiomers of safinamide
and (S)-safinamide mesylate
salt (SMS) in gas phase. Colour
ranges, in au: from red — 0.070
to blue + 0.070. B3LYP func-
tional and 6-31G* basis set.
Isodensity value of 0.005

atoms and slight red colours on the O atoms belonging
to the HO-SO;-CH; group, while light blue colours were
observed on the NH, and CH; groups belonging to the
alanineamide moiety, as shown in Fig. 3. The analysis of
molecular electrostatic potential values of all molecules
in both media is presented in Table S3.

4.3 Electronic delocalizations analysis

In order to evaluate the intramolecular interactions, stabili-
ties and delocalization energies for both enantiomers and
SMS, those three elements were analysed as well as the
topological properties of electron density, provided details
of atomic, molecular, and chemical bonding. The differ-
ences in donor-acceptor energy in gas phase and aqueous
solution are given in Table 2. The main contribution to cal-
culated transitions are of inter-ring m— m* character, which
explains their strong delocalization energies between the
two rings. In solution, (S)-enantiomer and the salt showed
strong contribution to delocalization energy from lone
pair orbitals to antibonding (LP — n*) transitions and a
decrease in LP — o* transitions. The results showed that
the main contribution to stabilization energy was between
antibonding n* orbitals of the R1 ring, and from LP (O) or
(N) orbital to antibonding 0*C-N and o*C-0 orbitals, in
agreement with recent reports in gas phase [22]. The total
energies evidence a clear instability of the mesylate salt in
both media, as compared with the two enantiomeric forms
of the free amine due to the strong ionic characteristics of
the alaninamide group in the mesylate salt.

These results would indicate the high stability of the
salt in solution and, probably, its high activity as inhibitor

Mesylate salt
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Table 2 Main delocalization

energy (in kJ/mol) for the two Delocalization >0 R SMS

enantiomers of safinamide Gas PCM Gas PCM Gas PCM

and SMS in gas phase and in

aqueous solution at B3LYP/6- mC8-C10—m*C11-C14 90.16 89.66 88.49 90.16 101.70 97.43

31G* level of theory nC8-C10—m*C12-C13 75.15 74.44 74.57 75.16 80.13 77.12
mC11-C14—m*C8-C10 73.07 73.40 73.65 73.07 68.72 69.97
mC11-C14—m*C12-C13 87.86 87.48 87.69 87.86 83.81 82.68
mC12-C13—m*C8-C10 88.95 86.66 88.36 88.95 88.70 90.87
mC12-C13—m*C11-C14 71.10 71.39 70.68 71.10 76.16 76.08
mC17-C18 »m*C19-C21 74.36 74.78 74.36 74.36 74.49 76.54
mC17-C18 —» m*C20-C22 97.39 97.27 97.10 97.39 97.94 96.14
mC19-C21—m*C17-C18 94.59 93.13 94.38 93.21 94.76 92.38
mC19-C21 — m*C20-C22 79.13 78.71 79.08 79.13 79.13 80.05
mC20-C22— m*C17-C18 76.95 77.04 76.99 76.95 76.83 78.75
mC20-C22 — m*C19-C21 86.36 85.27 86.19 86.36 86.57 84.35
AET,— .« 995.07 989.23 991.54 993.7 1008.9 1002.4
LP(3)F1 — m*C20-C22 84.43 82.51 84.47 84.43 84.31 82.39
LP(2)02 —m*C12-C13 125.10 122.43 125.90 125.11 124.06 126.44
LP(1)N5— m*03-C15 251.46 219.07 238.34 251.47 240.01 261.46
AET,,— . 460.99 42401 44871 461.01 448.4 4703
LP(2)03 — 0*N5-C15 106.50 96.51 107.05 106.50 108.64 97.85
LP(2)03 —0*C7-C15 87.99 80.50 87.86 87.99 92.67 85.73
AET,p— 194.49 177.01 194.91 194.49 201.3 1836
m*C12-C13—>n*C8-C10 922.77 968.50 913.66 922.77 673.48 563.67
m*C14-C11 —m*C8-C10 - - - - 500.68 774.43
AET .« — o« 922.77 968.50 913.66 922.77 1174.16 1338.1
AE;ia 2573.32 2558.75 2548.82 2571.97 2832.8 29944

Total energies expressed in bold letters

of MAO-B [23, 24], due to the extended conformation with
the 3-fluorobenzyloxy moiety and the primary amide
group oriented towards the flavin cofactor [23]. Notably,
diverse electronic and hydrophobic properties of mesylate
salt due to the fluorobenzyloxy group may suggest an
important steric effect as the most likely cause of the
observed increase in affinity [24].

Topological analysis clearly showed the contribution of
some intermolecular contacts present in the molecules.
Thus a strong N4-H38 hydrogen bonding interaction for
two enantiomers in both media, and for the (R)-enanti-
omer in the gas phase, and an additional bond critical
point (BCP), namely H27-H30, were predicted, so two new
ring critical points (RCPs) were calculated (RCP3 and RCP4),
and can be seen in Table S4. These results could justify the
greater stability of (R) against (S), in gas phase, while in
aqueous solution the similar values in the parameters of
RCP1 and RCP2 could support the presence of both forms
in solution.

In relation to SMS, the electron density, the Laplacian
and electron localization function in gas phase revealed
the formation of two (C-H and O-H) hydrogen bond inter-
actions as well as an O-C interaction, as clearly shown in
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Fig. 4 and Table S5. In aqueous solution, additional donor
and acceptor interactions were predicted, thus five dif-
ferent bond interactions could be observed, namely
C44-H28, H50-C10, H26-042, H30-H46, and H46-H26
with lower electron density values. Therefore, the stability
of salt in gas phase (approximating to solid phase behav-
iour) is different than in aqueous solution.

4.4 Electronic and chemical properties

Experimental and calculated electronic spectra for two
enantiomers and safinamide salt in aqueous solution are
graphically presented in Fig. 5a, while the experimen-
tal ECD spectrum of mesylate salt together the calcu-
lated spectrum are shown in Fig. 5b. SMS exhibited the
absorption maximum at 227 nm and three very weak
bands between 260 and 280 nm. The maximum peak
obtained from TD-DFT was 226 nm, which was assigned
to m— m* transitions due to the chromophores C=C, C=0
and C=N bonds, according to NBO analysis (Table 2). A
similar value was reported by Mali et al. for the UVVis
spectrum of mesylate salt in methanolic solution [25].
Probably, the weak bands experimentally observed
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Fig.4 Molecular graphic for

SMS ain gas phase and b in ®
aqueous solution calculated at p BCP
B3LYP/6-31G* level of theory RCP

by using the AIM2000 program
that shows the bond critical
point (BCP) interactions and
the ring critical point (RCP)

Fig. 5 Comparisons of experi- (a)

- @

mental and calculated UV-Vis
(@) and ECD (b) spectra of the
two (S)- and (R)-enantiomers
and safinamide mesylate salt in
aqueous solution

Absorbance

Experimental
— 8-
=R

Mesylate salt

-16 4

T T T T T T
200 220 240 260 280 300 200 220 240 260

-24

Wavelength/nm Wavelength/nm

between 260 and 280 nm could be attributedton—n~  spectrum was found to be fully compatible with the
transitions, which were also predicted by NBO analysis  experimental results.

in Table 2. Considering the measured absorbance spec- The measured ECD spectrum of mesylate salt was con-
tra, we can also conclude that the predicted absorbance  sistent with the one calculated using the TDDFT method.
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On the other hand, the experimental ECD spectrum of SMS
in aqueous solution showed a strong correlation with the
one predicted, as it was expected, while the predicted
ECD spectra for two safinamide forms presented a nega-
tive Cotton effect, clearly evidencing their differences with
the corresponding experimental results.

Highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) are known as
Frontier orbitals and the energy differences between
two orbitals is recognized as energy gap [26]. Both gap
and electronic distribution of two orbitals are important
parameters to characterize the kinetic stability, chemical
reactivity and spectroscopic properties [27]. As it can be
seen in Fig. S1, the HOMO orbital is mainly located on the
central aromatic rings having bonding characters, while
LUMO orbitals are mainly located on the two rings in the
enantiomer molecules but over the atoms between rings
for SMS, indicating a high antibonding nature. Note that
in SMS the HOMO orbital is symmetrically distributed on
the central aromatic ring, with a contribution to N-H bond,
which could explain its greater instability in solution.

We also calculated HOMO-LUMO energy gap (gap)
using the B3LYP and CAM-B3LYP methods, which are listed
in Table S6. The corresponding gap in water calculated by
B3LYP method was found as 5.52 eV and 5.40 eV for the
(S)-enantiomer and (R)-enantiomer, and the value for the
SMS was equal to 5.57 eV, therefore, the gap for SMS was
0.07 wider than for the other species. As it can be seen, the
energies gap calculated using CAM-B3LYP method, shows
an increment in their values for all studied media. Those
results are consistent with reports that indicate that DFT-
B3LYP gives a more reasonable result for the optical band
gap values than CAM-B3LYP functional [28].

The results showed a higher reactivity of the salt, espe-
cially in agueous solution, while for the (S)-enantiomer,
the gap energy increased slightly in solution. The gap and
energy variations of the frontier orbitals together with
the behaviours of the descriptors for the three species
can be seen in Fig. S2. When SMS descriptors were ana-
lysed in depth, we observed low electronegativity and
global hardness values but higher chemical potential and
global softness values that indicate their tendency to react
quickly and stabilize after interaction with nearby elec-
tronic charges [24]. The (R)-enantiomer showed the high-
est hardness value because it was the least reactive, while
SMS was the most reactive and, for this reason, unstable.
The lower electrophilicity and nucleophilicity indexes of
the (S)-enantiomer could support its higher reactivity in
relation to the (R)-enantiomer. As observed by Morales-
Bayuelo et al. [29], the possibility of targeting either a cata-
lytic active site (CAS) or a peripheral anionic site, MAO-B
depends on the length of the bond. Taking into account
that MAO-B inhibition is due to a retrodonation process on
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the central ring that is determined by steric and electronic
effects [29], we think that the orientation of the propana-
mide group in the (S)-enantiomer is also an important fac-
tor for the activity of this molecule in biological media.

4.5 NMR and vibrational studies

The "H-NMR chemical shifts of (R)- and (S)-enantiomers
and SMS were calculated at the B3LYP/6-31G* level of
theory using the GIAO method [30]. The obtained results
are listed in Table S7 and compared with experimental val-
ues reported by Leonetti et al. [24] and by Liang Zou [31],
by means of the RMSD values. In general, the chemical
shift differences between all molecules were not large, as
shown by the corresponding RMSD values. Experimentally,
the methyl protons appeared as a doublet at 1.59 ppm,
while the theoretical chemical shift was predicted at
around 1.87 ppm; for the mesylate salt the methyl signal
was shifted upfield at 1.45 ppm. The most pronounced
differences were observed in the methylene group, thus
(S)-safinamide signals at 4.22 ppm and 5.19 ppm observed
experimentally were assigned to methylene hydrogen at
C6 and C14 respectively (H23-H24 and H34-H35 respec-
tively); for SMS these signals appeared slightly displaced
upfield (4.01 ppm and 5.16 ppm respectively). The theo-
retical chemical shifts predicted for the aromatic protons
of both enantiomers and for the mesylate salt were in
agreement with the experimental ones.

Both enantiomers and SMS were optimized with C,
symmetries in the two media by using the B3LYP/6-31G*
method. One hundred and forty-four normal vibration
modes were expected for SMS, while 117 normal vibra-
tion modes were predicted for any of the enantiomers, all
active in the IR and Raman spectra. The theoretical spectra,
for all species, and experimental IR and Raman spectra of
safinamide mesylate salt in solid state were also analysed
in detail, as indicated in Figs. 6 and 7. The experimental
spectra in the solid state and the predicted Raman spectra
in gas phase for SMS showed a good correlation in Raman
activities (see Fig. S3 and S4). The vibrational assignments
for all species in aqueous solution were performed with
the SQMFF procedure and taking into account that the
scale that were used are those defined for the 6-31G* basis
set. Table 3 shows the observed and calculated wavenum-
bers and assignments for all species in gas phase.

In the 4000-2700 cm™" region, the infrared peaks from
3450 to 3200 cm™' could be easily attributed to asym-
metric and symmetric vN-H stretching modes, while
the broad band observed in the infrared spectrum at
around 3070 cm™' can be assigned to the overlapping
of vC-H stretching modes belonging to aromatic rings.
Similarly, the experimental bands observed in the region
below 3000 cm™' can be assigned to the asymmetric and
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Fig.6 Comparisons between the experimental FTIR spectrum of
safinamide mesylate salt (SMS) in the solid state with the corre-
sponding theoretical spectrum for (S)- and (R)-enantiomers, and
the one predicted for the salt in gas phase at B3LYP/6-31G* level of
theory

symmetric vCH; and vCH, stretching modes, as indicated
in Table 3. The ring C-H stretching bands exhibited intense
band in both experimental and theoretical Raman spec-
tra. The two bands at 3019 cm™' and 2943 cm™' in Raman
spectra which correspond at 3013 cm™" and 2940 cm™'
in IR spectra involves the asymmetric v,CH; and v,CH,
modes for all molecules. The Raman bands at 2966 cm™’,
2927 cm™" and 2897 cm™' are assigned to symmetric v,
CH; and v,CH, modes for all molecules. Those vibrations
appear as shoulder in IR spectra. Note that the theoretical
calculations overestimated the position of these bands
with respect to the experimental results, for this reason
theoretical frequencies were scaled by SQMFF methodol-
ogy to obtain better agreement with the experiment.

In the 1700-1000 cm™’ region, in-plane deformation,
wagging, rocking modes corresponding to the N-H, NH,,
CHj;, CH,, and CH groups are expected. Thus, the strong
band located in the infrared spectra at 1689 cm™' was
clearly assigned to vC=0 stretching modes of three species
although these modes for (R)- and (S)-enantiomeric forms

Experimental Mesylate salt

Theoretical Mesylate salt

Theoretical S-(I)

\ I T

Theoretical R

4000 3000 2000 1000 0
Wavenumbers/cm™

Raman Intensity

Fig.7 Comparisons between the experimental Raman spectrum of
safinamide mesylate salt (SMS) in the solid state with the theoreti-
cal one for its two (S)- and (R)-enantiomers, and the one predicted
for the salt in gas phase at B3LYP/6-31G* level of theory

were predicted by calculation at 1740 cm™'. In agreement
with predicted frequencies, the IR bands located from
1628 to 1584 cm™' which were observed at 1616 cm™,
1612 cm~' and 1590 cm™' in Raman spectrum could be
easily attributed to the vC=C and vC-C stretching modes
of aromatic rings. The band of medium intensity observed
at 1674 cm™' was attributed to bending 6NH,. The calcula-
tions predicted the BC-H and BN-H in-plane deformation
modes between 1515 and 1491 cm™, thus, the bands of
medium intensity observed in experimental IR spectrum
at 1515 to 1491 cm ' and 1511 cm™" and 1490 cm™" in
Raman spectrum were clearly assigned to these vibration
modes. The symmetric and antisymmetric deformations,
wagging, and rocking modes for CH; and CH, groups were
attributed to the IR and Raman bands between 1472 and
1223 cm™' because they were predicted by SQM calcula-
tions in this region [19]. The two v_SO; stretching modes
expected for the mesylate salt were attributed to the
Raman band located at 1276 cm™', as it was predicted by
calculation at 1283 cm™', while the remaining mode was
attributed to the Raman band at 1093 cm™". The strong
band observed at 1254 cm™ in IR spectrum and 1255 cm™'
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Table 3 Observed and calculated wavenumbers (cm™') and assignments for both enantiomers of safinamide and its mesylate salt

Experimental® B3LYP/6-31G* method?
Safinamide mesylate Safinamide
IR solid Raman solid S-(1) R
SQMP  Assignments® SQMP  Assignments® SQMP  Assignments®
3447sh - 3558 v,NH, 3559 v,NH, 3549 v,NH,
3377m  3383sh 3438 v.NH, 3425  v.NH, 3419 v.NH,
3330m 3333sh 3353 v(N4-H26)
3263 m 3267sh 3334 v(042-H50) 3343 v(N4-H26) 3323 v(N4-H26)
- 3174 m 3100 v(C22-H41)
- - 3096 v(C14-H33) 3095 v(C13-H32) 3094 v(C13-H32)
- - 3091 v(C13-H32) 3095 v(C19-H37) 3094 v(C22-H41)
- 3085(15) 3085 v(C21-H40) 3091 v(C22-H41) 3090 v(C19-H37)
- - 3079 v(C11-H31) 3080 v(C14-H33) 3082 v(C14-H33)
- - 3075 v(C19-H37) 3076 v(C18-H36) 3077 v(C18-H36)
3072 sh 3073(31) 3072 v,CH;(C42) 3065 v(C21-H40) 3066 v(C21-H40)
3066(31) 3065 v(C10-H30)
3064 v,CH;(C44) 3052 v(C10-H30)
3042 sh 3042(7) 3048 v(C18-H36) 3048 v(C10-H30)
3031sh 3036 v(C11-H31) 3036 v(C11-H31)
3013m  3019(12) 3012 v,CH,4(C9) 3018 v,CH, 3017 v,CH,
2997sh  2998(12) 2995  v,CH,(C9) 2987  v,CH, 3001 v,CH,
2980sh  2966(11) 2968  v,CH,(C42) 2970 v,CH,(C6) 2983 v,CH,(C6)
2940m  2943(23) 2940  v,CH,(C6) 2925 v,CH,(C6) 2935 v,CH,
2927(8) 2930 v,CH,(C9) 2924 vCH, 2928 v,CH,(C6)
2897w 2897(8) 2924 v,CH,(C16) 2922 v,CH,(C16) 2922 v,CH,(C16)
2860 w 2859(8) 2883 v,CH,(C16) 2902 v(C7-H25) 2889 v(C7-H25)
2818m 2826w 2806  v,CH,(C6) 2878 v,CH,(C16) 2878 v,CH,(C16)
2786 m - 2767 v(C7-H25)
1689 vs 1696(3) 1745 v(C15-03) 1740 v(C15-03) 1743 v(C15-03)
1628 sh 1616(13) 1619 v(C10-C13) 1619 v(C18-C20) 1619 v(C10-C13)
1614 m 1612(13) 1613 v(C18-C20) 1617 v(C10-C13) 1618 v(C18-C20)
1589 m 1590(6) 1600 v(C20-C22),v(C17-C19) 1600 v(C20-C22) 1600 v(C20-C22)
1584 sh 1578  v(C8-C10), v(C11-C8) 1579  v(C11C8),v(C12C14) 1580  v(C13C12), v(C11C8) v(C8C10)
1574 m 1576 sh 1570 6NH,
1553 sh - 1555 BC14-H33 1532 6NH, 1540 6NH,
1515m 1511 1514 BC21-H40 1514 BC11H31 1515 BC1TH31v(C12C14)
1491 m 1490sh 1493 BC19-H37 1493 v(C17C19) 1493 v(C17C19)
1468 6aCH;(C9) 1484 BN5-H26 1490 BN5-H26
1472 sh 1475 sh 1467 6CH,(C6) 1467 S8CH,(C16) 1469 6aCH,
1470 sh 1464 S8CH,(C16) 1462 6aCH, 1468 S8CH,(C16)
1456 m 1457(5) 1455 wagCH,(C16) 1456 6aCH, 1461 6aCH,
1446sh 1453 6aCH;(C9) 1455 v(C17C18) 1455 v(C17C18)
1434 sh 1425 6aCH;(C44) 1442 S6CH,(C6) 1441 S6CH,(C6)
1425vw  1425(4) 1425 wagCH,(C6) 1425 v(C14-C11) 1425 v(C14-C11)
1417 sh 1420(3) 1420 baCH;(C44)
1402w 1402sh 1397 wagCH,(C16) 1398 wagCH,(C16) 1398 wagCH,(C16)
1373 m 1379(3) 1394  p'C7-H25, wagCH,(C6) wagCH,(C6) 1370  wagCH,(C6)
1371sh 1379 BC14-H33 1363 6sCH; 1359 6sCH;
1364 6sCH;(C9) 1341 pCH,(C6) 1342 pC7H25
1328vw  1327sh 1328 6sCH;(C44) 1333 pC7H25 1334 v(C15-N5)
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Table 3 (continued)

Experimental®

B3LYP/6-31G* method?®

Safinamide mesylate Safinamide
IR solid Raman solid S-(1) R
SQMP  Assignments® SQMP  Assignments® SQMP  Assignments®
1322sh 1320 pC7-H25, BC14-H33 1323 p'C7H25, v(C15-N5) 1322 BC14H33
1316 v(C17-C18) 1316 v(C21C22), v(C19C21) 1316 v(C21-C22)
1311w 1309(5) 1307  pC7-H25 1313 BC11H31, BCT10H30 1311 p'C7H25
1301 v(C13-C12) 1306 v(C8-C10) 1307 p'C7H25, v(C13-C12)
1290 w 1288(3) 1283 BC18-H36 1284 BC21H40, pCH,(C16) 1284 BC21H40, pCH,(C16)
1275sh  1276(3) 1282 v,50,
1254 s 1255(12) 1265 v(C20-F1) 1265 v(C20-F1) 1266 v(C20-F1)
1264  v(C21-C22) 1251 v(C12-02) 1251 v(C12-02)
1248(8) 1251 v(C12-02) 1234 pCH,(C16) 1232 pCH,(C16)
1237 sh 1239(6) 1235 pCH,(C6) 1231 pCH,(C16) 1230 pCH,(C6)
1223vw  1223(10) 1222 pCH,(C16)
1214(7) 1205 v(C14-C11)
1195 1196sh 1198 v(C8-C6) 1189 v(C8-C6) 1186 v(C8-C6)
1173vs  1183(12) 1174 v(N4-C7) 1176 ~ BC10H30, BC13H32 1175  BC10H30, BC13H32
1166(4) 1171 BCI13-H32 1162 PC21H40, BC19H37
1161(5) 1161  BC22-H41 1161 BC21H40, BC19H37
1139w 1139sh 1140 BC11H31, v(C17-C16) 1141 BC18H36, v(C17-C16) 1141 BC18H36, v(C17-C16)
1115w 1116sh 1130 v(N4-C6) 1130 pCH; 1126 V(N4-C7), pCH,
1105w 1104 sh 1106 BC10H30, v(C19-C21) 1108 BC14H33v(N4-C7) 117 BC14H33
1095sh  1093(3) 1101 v,50, 1101 p'CH, 1099 pNH,, p'CH,
1078 w 1077sh 1083 v(C7-C9) 1088 PpNH, 1078 v(C7-C9), tN4-H26
1075 BC10H30, v(C19-C21) 1076 BC22H41 1075 BC22H41, v(C19-C21)
1060 sh 1060sh 1056 BN5-H26, v(N4-C7) 1047 v(N4-C6) 1040 v(N4-C6)
1041 vs 1044(31) 1038 v(C16-02) 1039 v(C16-02) 1037 v(C16-02)
1011 BRy(A,), v(C12-C14) 1011 BRy(A) 1028 &(C6N4C7)
1001w 1003(51) 1001 BR,(A,) 1001 BR,(A,) 1010 BR(A,)
994 w 991(4) 999 pNH,, pCH,(C9)
989 p'CH;(C44) 990 v(C7-C9) 1001 BR;(A,)
977 w 978sh 981
980  pCH,(C42)
971  yC21-H40 970  yC21H40 970  yC19H37
966 h 968 yC10-H30, yC11-H31 961 T™wCH,(C16) 962 T™wCH,(C16)
954w 953sh 959 T™wWCH,(C16), yC11-H31 956 T™wWCH,(C6) 950 yC11H31
943 sh 948sh 943 yC10-H30 949 yC11H31
928 m 926sh 920 T™wCH,(C16), v(C12-C14) 942 yC10H30 937 yC10H30
920 T™wCH,(C16), v(C17-C16) 919 T™wCH,(C16), v(C17-C16)
908 sh 909 sh 902  twCH,(C6) 908  v(C7-C9), TwCH,(C6)
896 w 897sh 893 yC19-H37 894  yC22H41 894  yC22H41, yC19H37
872w 863(23) 865 yC18-H36 865 yC18H36 866 yC18H36
857 m 859(27) 847 v(C12-C14) 857 yC14H33, TwCH,(C6) 858 yC14H33
834 m 831(7) 845 yC11-H31 845 v(C13-C12) 847 yC18H36
825 m 831 yC13-H32 831 yC14H33 834 yC14H33
p'CH,(C42) 816  yC13H32 818  yC13H32
801w 802sh 802 yC14-H33 807 yC13H32 804 yC13H32, yC10H30
794
786(7) 784 yC22-H41 787 yC19H37 786 yC22H41, yC21H40
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Table 3 (continued)
Experimental® B3LYP/6-31G* method?
Safinamide mesylate Safinamide
IR solid Raman solid S-(1) R
SQMP  Assignments® SQMP  Assignments® SQMP  Assignments®
778 vs 777(8) 776 v,S0O; 776 v(C7-C15) 780 v(C7-C15)
750(4) 752 749 TR,(A,) 762 TN4-H26
745 w 746(8) 743 yC15=03 736 yC15=03 740  yC15=03
721 sh 718(5) 725 v(C7-C15) 731 ™N4-H26, TR,(A,)
704w 704sh 697  TR,(A,), TRy(A,) 711 TRy(A,) 710 TRy (A,)
680 m 695  v(C44-543),v,S0, 698  TR,(A,)
674  TRy(A,), BR,(A,) 672 TRy(A,) 673 TRy(A,)
650sh 652 TR(A,) 647  PBR,(A,), BRy(A,) 648 PBR,(A,), BRy(A,)
636(8) 644  BR,(A,) 635  BRs4(A,) 636  PBRs(A,)
630sh 630  PBRs(A,), S(N4C6C8) 617  TwNH, 603  TwNH,
580sh 561  yC20-F1, BR,(A,) 577 TR,(A,) 573 TwNH,
555(8) 555  yC20-F1,yC17-C16 558  yC20F1,yC17C16 558  yC20F1,yC17C16
536(4) 526 ™NH, 542 8(N4C7C15) 544 pC15=03
521(9) 519 BR,(A,), INH, 520 BR,(A,) 520 BR,(A,)
510 sh 515 pC15=03, 6(C6N4C7) 515 S6(C9C7N4)
498  BC12-02 504  yC1202 498  yC1202
493(3) 493 6,50, BR,(A) 496  pC15=03
482sh 485 pC17-C16 488 C1202 487 3C1202, 6(C1202C16)
457 §,50,, 6,50, 475 §(COC7N4), 8(C6N4ACT) 450 TRy (A,), TRy(A,)
449 5.50,,6.50,
444sh 441 TRy(A,), TRy(A) 441 TR,(A,) 440  TR,(A,)
426sh 428 8(C7C15N5) 417 3C20-F1 417 3C20-F1
419sh 420 3C20-F1, 411 TR,(Ay)
408sh 412 TR,(A,), TRy(A,) 409  TR,(A,)
350(6) 352 §(N4C7C15), TRy(A,) 379 TRy(A,) 396  8(C7C15N5)
342(11) 334 6,50, 356 wagNH,
325 6,50; 328 3C8C6 350 BC8C6
313sh 323 BC8-Co6 323 6(C7C15N5), yC8C6 315 TR,(A,), YC8C6
292(4) 306 1543-049-H26-N4 296 wagNH,
276 6(C9C7C15) 275 6(C9C7C15)
260(8) 268 p'SO; 263 6(C9C7C15) 260 pBC17C16
247(15) 247  BC12-C16 256 BC17C16
236 TRy(A,), 241 TN4-C7,8(C9C7C15) 238 TRy(A,)
227(10) 232 §(COC7N4) 236 TR,(A,) 232 TR,A)
216 t™N4-H26, TWNH, 222 TtRyAy)
210 TwCH;(C9) 218 TwCH; 214 TwCH;
197(6) 198 1543-049-H26-N4
186  t™wWSO3;TWCH;(C44)
176(9) 166 TR,(A;), TWNH, 167  8(C1202C16) 168 5(N4C6C8)
150 6(546049Na50) 147 ™N4-C7 TR,(A,) 154 TN4-H26
122(100) 117 TN4-C7 114 TN4-C7TtN4-H26 128 TN4-C7
97(90) 96 8(C9C7C15)
75(82) 76 v(049-H26) 83 ™wC1202 81 ™wC1202
67 TN4-C7
61 TN4-H26 61 1C7-C15 wagNH, 62 6(02C16C17)
50 TN4-H26, tN4-C7 50 TN4-C7 59 1C7-C15
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Table 3 (continued)

Experimental® B3LYP/6-31G* method?

Safinamide mesylate Safinamide
IR solid Raman solid S-(1) R

SQMP  Assignments® SQMP  Assignments® SQMP  Assignments®
46 TN4-C7,TN4-H26
41 6(S43049H26) 44 1C7-C15 38 TN4-C6
38 56(02C16C17), yC8-C6
34 TN4-H26, tN4-C7 30 TN4-C6 36 TN4-H26, tN4-C7
26 1546-049, IN4-C7
21 5(049H26N4) 20 TN4-H26 20 TN4-H26
15 TN4-C6 17 102-C16 15 102-C16
13 TwC1602 12 TwC1602 11 TWC8C6, TWC1602

9 102-C16, TWC1202

v, stretching; B, in-plane deformation; v, out-of-plane deformation; wag, wagging; t, torsion; B, deformation ring Ty, torsion ring; p, rocking;
Tw, twisting; §, deformation; a, antisymmetric; s, symmetric; (A,), Ring1; (A,), Ring2

2This work

bFrom scaled quantum mechanics force field

in Raman spectrum was assigned to the v(C-F) stretching
modes as it was predicted by calculations. The associated
vibrational modes, including C-N and C-C vibrations,
according to the calculated results, were attributed to
1214 cm™" and 1196 cm™' in Raman spectrum by v(C-C)
stretching modes and 1173 cm™" and 1115 cm ™" in IR spec-
trum by v(C-N) stretching modes. The very strong band at
1041 cm™" in IR spectrum observed at 1044 cm™" in Raman
spectrum was assigned to v(C-0) stretching mode.

For the 1000-10 cm™" region, the N-H, NH,, CH,, CH,,
and CH group torsion and twisting modes, and the defor-
mation (Bg) and torsion (tz) modes corresponding to the
two rings were assigned taking into account the calcula-
tions and the assignments for similar compounds [32, 33],
as it can be seen in Table 3.

4.6 Force Field analysis

The force constants for the (S)- and (R)-enantiomer of safi-
namide and SMS were calculated from their corresponding
force fields expressed in Cartesian coordinates and were
then transformed to normal internal coordinates using
the MOLVIB program [20], as it is presented in Table S8
where they are compared with those reported for potas-
sium borosulphate salts [34]. The f(vC=0), f(vCH,), and
f(vCH,) constants for the (S) form were slightly lower than
those corresponding to the (R) form. This variation can be
perfectly justified because those three C=0, CH,, and CH;
groups belong to alaninamide, which is the most reactive
group in the (S) form, as it was revealed by MEP studies
and gap energies. In general, for all species the values

decreased in solution with some exceptions, for instance,
in the f(vC-H), f(vCH,), and f(vCH;) constants. Note that the
f(vC=0) constants notably decreased in all species in solu-
tion, as it is expected, because these regions clearly are
sites of H bond formation. Lower values for f(vNH,) con-
stants of salt were calculated, which can be easily attrib-
uted to its higher capability of H bond formation and the
higher reactivity due to its ionic nature, as supported by
the AIM and gap energy studies. When the f(vS=0) force
constants for the mesylate salt in both media were com-
pared with those reported for borosulphate, we observed
higher values in these two compounds because both salts
have SO, instead of SO; groups, like the mesylate salt.
Here, the higher values in the f(vS=0) and f(§0=5=0) con-
stants observed for borosulphate were attributed to the
presence of a higher number of sulphate groups in this
salt than in mesylate salts.

4.7 MAO-B inhibitor properties and NBO analysis

In this paper we will describe just one of the structures;
we evaluated the energetic stability and nature of (S)-
safinamide interactions in MAO-B binding site. Our results
showed that (S)-safinamide binds non-covalently to the
enzyme in front of the flavin adenine dinucleotide (FAD)
cofactor in the active site, as shown in Fig. 8. The analy-
sis revealed that the amine group was directed towards
the flavin group of FAD, while the fluorobenzene ring
was directed away from the site. In addition, the car-
bonyl group of safinamide was directed towards hydro-
phobic residues of Tyr60, Phe343, and Tyr398, and the
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Fig.8 Active site of MAO-B-(S)-
safinamide. The FAD cofactor
and safinamide are green-stick
and cyan ball-and-stick repre-
sentation, respectively. On the
right, the residues of binding
pocket are shown as sticks, and
safinamide is presented in ball-
and-stick style in grey colour

fluorobenzene ring interacting with lle199, Phe168, and
Leu167 hydrophobic residues, too. The analysis confirmed
that safinamide interacted with MAO-B in the hydropho-
bic active site, a structural requirement for inhibiting the
enzyme [11].

The binding energy of the most thermodynamically sta-
ble conformation was found to be — 8.8 kcal mol™" with
an inhibition constant of 0.35 uM. The last value was near
to K; of 0.5 pM reported for safinamide bound to human
MAO-B [24]. The binding site interaction was investigated
by NBO calculation. The residues in the binding cavity

lle199

induced an electric charge rearrangement on the safi-
namide molecule, with a decrease in all atomic charges.
The main donor-acceptor energy interaction energies
resulting from NBO calculations are given in Table 4. The
interaction energies of safinamide with Tyr60 residue were
estimated within 3-8 kJ mol™' from two lone pairs of the
oxygen atom of C=0 group to C-H Tyr60. The distance pre-
dicted by this interaction is 2.0 A, as it is shown in Fig. S5.
Another important electronic delocalization contribution
was observed by interaction with Leu167 residue, confirm-
ing the hydrophobic interaction at that site. A similar kind

Table 4 Main delocalization

Delocalizati
energy (in kJ/mol) for the clocalization

binding site of safinamide with

Tyr60- — NH, (safinamide)
MAO-B at B3LYP/6-31G* level

0C5-H152 — 0*N323-H314

Safinamide — Tyr60

8.23 LP (1) 0O318— 0*C7-H153 15.75

of theory
LP(2) 0318— 0*C7-H153 30.85
Leu167 — C-H (fluorobenzene ring of safinamide) Safinamide —Leu167
0(C22-H180— 0*C308-H339 29.88 0(C308-H338— 0*C22-H180  26.63
Phe168 — NH, (safinamide) Safinamide —Phe168
0C27-H175— 0*C308-H339 1.45 0(C308-H339—0*C22-H180  6.37
0C27-H175— 0*C316-H334 19.98 0(C308-H339— 0*C27-H175 18.35
0C29-H177 — 0*C316-H334 5.81 0(C316-H334— 0*C27-H175 7.61
mC304-C308 — 0*C27-H175 8.40
Cys172 — C-H (middle ring of safinamide) Safinamide — Cys172
0C41-H198 — 0*C305-H332 8.27 mC299-C300— 0*C39-H189 6.19
LP 035 — 0*C3071-H333 6.23 mC3071-C305 — 0*C37-H184 36.41
0(C305-H332—0*C41-H198  8.40
GIn206 — NH, (safinamide) Safinamide — lle199
LP 067 — 0*N323-H313 1237 0(C316-H334— 0*C58-H218 10.66
Phe343 — NH, (safinamide) Safinamide — Phe343
nC74-C76 — 0*C320-H329 535 0(C320-H328 — 0*C76-H237  5.98
0C76-H237 — 0*C320-H329 8.40 0(C320-H329— 0*C76-H237  7.69
Tyr398-— NH (safinamide)
mC95-C96 — 0*N311-H321 10.41
0097-H262 — 0*N311-H321 8.36
LP(2) 097 — 0*N311-H321 7.56
Main delocalization energies from MAO-B residues to safinamide expressed in bold letters
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of interaction was predicted for Phe168 and Cys172 resi-
dues. A strong interaction from the lone pair of O atom
to safinamide with a distance of 2.0 A also contributed to
Cys172-safinamide interaction. Finally, strong interactions
were predicted from Tyr398 to N-H group of safinamide
with a distance of 2.2 A. Those results show the importance
of carbonyl and amine groups of safinamide as MAO-B
inhibitors [11].

5 Conclusions

The electronic spectrum, structural and electronic fea-
tures of the antiepileptic and antiparkinsonian drug safi-
namide in two (S) and (R) enantiomer forms and their
(S)-safinamide mesylate salt were examined using DFT
method. Our results showed that the geometries of the
molecules are optimized in the C1 configuration and the
calculated geometry is in good agreement with experi-
mental data. The theoretical charge density distribution,
in gas phase and aqueous solution, indicated the (S)-enan-
tiomer corresponds to the S-(I) polymorphic form experi-
mentally observed. Depending on the total energy, the
(S)-enantiomer in aqueous solution is more stable than
the other species. The experimental absorption bands
were attributed to electronic transition in the calculated
spectrum from m— ¥, which contributed to the stability
of molecules, and (S)-enantiomer and SMS evidenced a
high contribution of LP — m* interaction. Topological and
NBO analysis revealed the strength and chemical bonding
details of all molecules, as well as the presence of an intra-
molecular N-H hydrogen bonding interaction with higher
contribution for (S)-enantiomer. The frontier orbitals, gap,
absorption, NMR, IR, and Raman spectra were examined
in detail. The studies of the frontier orbitals explain the
greater reactivity of the salt, and the lower electrophilicity
and nucleophilicity indexes of the (S)-enantiomer would
support its greater reactivity and probably, its higher activ-
ity as MAO-B inhibitor. The complete assignments of vibra-
tion normal modes for the salt and its two enantiomers
are reported, and they are in reasonable agreement with
the corresponding experimental data. The electrostatic
potential maps show a high electronegative region on
the C=0 group and electrophilic centres on the H atoms
belonging to the NH, group. The theoretical charge den-
sity study clearly afforded satisfactory details of structural
information and charge density distribution that are the
necessary parameters to interpret the drug-receptor inter-
actions between the safinamide molecule and monoam-
ine oxidase enzyme. Finally, the importance of safinamide
polar groups in MAO B inhibition was analysed by using
NBO calculation.
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