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ABSTRACT

Two new N-propargyl-4-(2-oxopyrrolidin-1-yl)-1,2,3,4-tetrahydroquinoline derivatives (4a and 4b), have
been efficiently prepared through a one-pot InCl;-catalyzed cationic Povarov reaction between N-
propargylanilines (1a and 1b), formaldehyde (2) and N-vinyl-pyrrolidin-2-one (3). These compounds
were characterized by ATR-FTIR spectroscopy, 'H/3C NMR spectroscopy, ESI-IT mass spectrom-
etry, and by single-crystal X-ray diffraction. N-propargyl-6-methyl-4-(2’-oxopyrrolidin-1’-y1)-1,2,3,4-
tetrahydroquinoline (4a) and N-propargyl-6-chloro-4-(2’-oxopyrrolidin-1'-yl)-1,2,3,4-tetrahydroquinoline
(4b) are isostructural and crystallize in space group P2;/c. The crystal structures are characterized by
inversion-related interpenetrated helices along the b-axis that form columns along the c-axis. C—H---O,
C—H---C, and C—H---mr(aryl) for 4a and C—H.-O, C—H.--Cl, and C—H..-;r(aryl) for 4b interactions occur
within the columns which are connected by C—H..-(propargyl) interactions. These features were further
visualized by Hirshfeld surface analysis and energy frameworks calculations and evaluated by the Eyxy en-
richment ratio. Molecular dynamics simulations show that these compounds are promising monoamine
oxidase B (MAO-B) inhibitors, since they interact with MAO-B in a similar manner as rasagiline, a drug
commonly used in the treatment of Parkinson’s and Alzheimer’s diseases.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

N-heteroarenes through cascade reaction [3], oxazolidinones, thi-
azolidines, and imidazoles from different heteroallenes [4-7], and

The N-propargylamine scaffold continues to spark great interest
in organic synthesis due to its use as a versatile precursor for ob-
taining heterocyclic compounds of a wide structural diversity. Thus,
it is possible to use N-propargylamines to build pyrrole [1]| and
pyrazine [2] rings from aldehydes, pyridine rings from propinones,
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coumarins from f-keto esters [8], among other heterocyclic nuclei
of biological interest.

Besides being a versatile molecular building block, N-
propargylamine compounds are important in the biological
field due to their potential and direct pharmacological applica-
tion. Derivatives of these compounds have been evaluated and
reported as antioxidants [9], LSD1 inhibitors [10], antiarrhythmic
agents [11], CYP2A6 inhibitors [12], and antitumor agents [13].
In addition, these compounds have commonly been reported as
potential neuroprotective agents against diseases such as Parkin-
son’s and Alzheimer’s, because they contribute to the inhibition
of the monoamine oxidase B (MAO-B) enzyme, one of the main
therapeutic targets in the treatment of these illnesses [14-15].


https://doi.org/10.1016/j.molstruc.2021.132280
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.132280&domain=pdf
mailto:fausto.marin1@correo.uis.edu.co
mailto:yenuro30@gmail.com
mailto:david.ramirez@uautonoma.cl
mailto:arafrom@uis.edu.co
mailto:jahenao@uis.edu.co
mailto:toro.robert@gmail.com
mailto:jmdq2000@gmail.com
mailto:gdiazdedelgado@gmail.com
https://doi.org/10.1016/j.molstruc.2021.132280

EM. Giiiza, Y.A. Rodriguez-Niifiez, D. Ramirez et al.

X~

Selegiline

%

Rasagiline

Fig. 1. N-propargyl amine drugs with high affinity and selectivity against MAO-B.

Selegiline and Rasagiline (Fig. 1) are two examples of irre-
versible drugs that carry the N-propargylamine scaffold and have
high affinity and selectivity for MAO-B, leading to its inhibition
[16]. These compounds form a covalent adduct with the flavin ade-
nine dinucleotide co-factor (FAD) present in the active site of the
enzyme [17]. Some published reports correlate the neuroprotective
effect of these compounds with the presence of the N-propargyl
group [14, 18].

Similarly, the N-propargyl fragment can link to other scaf-
folds of biological interest such as tetrahydroquinolines (THQ) and
tetrahydroisoquinolines (TIQ) aiming at potentiating its activity.
Some authors have reported N-propargyl TIQ compounds as neu-
roprotective and antiparkinson agents [19, 20]. We have previously
synthesized several series of N-propargyl THQ compounds, which
were tested as antioxidant agents [21] and as acetyl (AChE) and
butyrylcholinesterase (BChE) inhibitors, critical therapeutic targets
in the palliative treatment of Alzheimer’s disease. Compounds 4a
and 4b (Scheme 1) showed affinity on the active site of AChE
and BChE and displayed a moderate inhibitory activity on these
enzymes. The bioinformatic analysis carried out through docking
and free energy calculations showed that the stability of the com-
pounds in the active sites of these enzymes was mainly due to
the aromatic fragment of THQ generating -7 stacking type in-
teractions [22]. Based on the information above and keeping in
mind the remarkable activity of N-propargylaniline derivatives as
monoamine oxidase inhibitors, two members of this series of com-
pounds, with different substituents on the C-6 position, were stud-
ied by single-crystal X-ray diffraction and are reported in this con-
tribution. This study was complemented by Hirshfeld surface anal-
ysis, energy frameworks calculations, and contact enrichment ra-
tios. In addition, we studied the possible interaction modes of
these compounds compared to the drug rasagiline through Molec-
ular Dynamics simulations (MDs). Finally, the FAD-ligand adducts
were generated and subjected to MDs, demonstrating clear simi-
larities in how these ligands interact with MAO-B.

With this work we want to emphasize that the crystallographic
analysis together with the study of molecular dynamics constitute
an important synergistic methodology to determine the favored
contacts and the stability of the analyzed compounds in the ac-
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tive site of the MAO-B protein. This can help establish a criterion
to assess the potential therapeutic use of these compounds. This
protocol can be extended to other types of small molecules and
proteins if their crystal structures are available.

2. Experimental section
2.1. Materials and methods

Chemical reagents were purchased from Merck, ].T. Baker, and
Sigma-Aldrich, and used without further purification. The reaction
progress was monitored using thin layer chromatography on PF254
TLC aluminum sheets from Merck. Column chromatography was
performed using Silica gel (60-120 mesh). The melting points (un-
corrected) were determined using a Fisher-Johns melting point ap-
paratus. IR spectra were recorded on a FTIR Bruker Tensor 27 spec-
trophotometer coupled to a Bruker platinum ATR cell. Mass spectra
were recorded on an ESI-IT Amazon X (Bruker Daltonics) with di-
rect injection, operating in Full Scan mode at 300 °C and 4500 V
in the capillary, using nitrogen as nebulizer gas with an influx of 8
L/min and 30 psi. Elemental analyses were performed on a Thermo
Scientific CHNS-O analyzer (Model Flash 2000) and were within +
0.4 of theoretical values. Nuclear magnetic resonance (NMR) spec-
tra ('H and 13C) were measured on a Bruker Ultrashield-400 spec-
trometer (400 MHz 'H NMR and 100 MHz 3C NMR), using CDCl;
as solvent and reference. J values are reported in Hz; chemical
shifts are reported in ppm (&) relative to the solvent peak (residual
CHCl; in CDCl3 at 7.26 ppm for protons). Signals were designated
as follows: s, singlet; d, doublet; dd, doublet of doublets; ddd, dou-
blet of doublets of doublets; t, triplet; td, triplet of doublets; q,
quartet; m, multiplet; br, broad.

2.2. Synthesis of N-propargyl-4-(2-oxopyrrolidin-1-yl)-1,2,3,4-
tetrahydroquinolines 4a and 4b

Compounds 4a and 4b were prepared following a previously
reported procedure shown in Scheme 1 [23]. As described be-
fore, 5 mL of an acetonitrile solution (MeCN, HPLC grade) con-
taining 1 mmol of the appropriate N-propargylaniline (1a: R=CHjs,
1b: R=Cl) and formaldehyde (3, 37% in methanol; 1.1 mmol) were
added to a round bottom flask and stirred for 10 min. Then, 5
mL of a solution of InCl3 (20 mol%) in MeCN was added. Stir-
ring continued and, after 20 min, N-vinyl-2-pyrrolidinone (2, 1.1
mmol) was incorporated into the reaction mixture. The mixture
was maintained under constant stirring at room temperature for
3-4 h, monitoring the reaction by TLC. When the reaction reached
completion, it was diluted with water (30 mL) and extracted with
ethyl acetate (3x25 mL). The organic layer was separated and dried
with Na,;SO4. The solvent was removed under vacuum and the

R = N
\©\NH InCl3 (20 mol%)=
MeCN, r.t., 4h. N
1a; R = CHs 4a; R = CHj \%
1b; R =Cl 4b;R=Cl

Scheme 1. Synthesis of N-propargyl-1,2,3,4-tetrahydroquinolines.
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crude product obtained was purified by column chromatography
and eluted with the appropriate mixture of petroleum ether and
ethyl acetate. Translucent yellow plates of the pure tetrahydro-
quinolines 4a and 4b, of size and quality suitable for X ray diffrac-
tion studies, were obtained by slow evaporation of the petroleum
ether:ethyl acetate solvent.

2.3. Characterization by spectroscopic techniques

2.3.1. N-propargyl-6-methyl-4-(2'-oxopyrrolidin-1'-yl)-
1,2,3,4-tetrahydroquinoline (4a)

IR (ATR, cm~1): 3212, 2951, 2890, 2097, 1667, 1500, 1332, 807,
707.

TH-NMR (400 MHz, CDCl3), §: 1.92-2.04 (2H, m, 4'-H), 2.05-2.19
(2H, m, 3-H), 2.14 (1H, t, J=2.3 Hz, 13-H), 2.21 (3H, s, 6-CH3), 2.49
(2H, td, J= 8.1, 2.4 Hz, 3’-H), 3.07-3.29 (2H, m, 5’-H), 3.20-3.38
(2H, m, 2-H), 3.95 (1H, dd, J= 18, 2.4 Hz, 11-Ha), 4.04 (1H, dd, J=
18, 2.4 Hz, 11-Hb), 5.38 (1H, dd, J=8.7, 8.2 Hz, 4-H), 6.68 (1H, d, J=
8.3 Hz, 8-H), 6.72 (1H, s, 5-H), 6.98 (1H, ddd, J= 8.3, 15, 0.6 Hz,
7-H).

13C-NMR (100 MHz, CDCl3), §: 18.42 (4'-C), 20.54 (6-CH3), 27.05
(3-C), 31.63 (3'-C), 41.12 (11-C), 43.9 (5’-C), 47.61 (2-C), 47.77 (4-C),
72.18 (13-C), 79.20 (12-C), 113.3 (8-C), 121.27 (4a-C), 127.66 (6-C),
128.7 (5-C), 129.21 (7-C), 143.21 (8a-C), 175.53 (2'-C).

MS (ESI-IT), m/z (%): 291.1 (56.19) [M+Na]*, 531.1 (6.79) [2M-
CH3+NaJ*, 559.1 (100) [2M+Na]*.

Anal. Caled. for C47H5oN,0 (268.4 g/mol) C, 76.09; H, 7.51; N,
10.44 %. Found: C, 75.98; H, 7.41; N, 10.28 %.

2.3.2. N-propargyl-6-chloro-4-(2'-oxopyrrolidin-1'-yl)-1,2,
3,4-tetrahydroquinoline (4b)

IR (ATR, cm~1): 3209, 2954, 2932, 2887, 2845, 1670, 1488, 1422,
1164, 809.

TH-NMR (400 MHz, CDCl3), 8 1 1.97-2.06 (2H, m, 4'-H), 2.06-
217 (2H, m,3-H), 2.16 (1H, t, J=2.4 Hz, 13-H), 2.48 (2H, m, 3'-H),
3.09-3.28 (2H, m, 5'-H), 3.24-3.43 (2H, m, 2-H), 3.92 (1H, dd, J=
18.3, 2.3 Hz, 11-Ha), 4.04 (1H, dd, J= 18.3, 2.3 Hz, 11-Hb), 5.36 (1H,
dd, J= 9.2, 9.1 Hz, 4-H), 6.67 (1H, d, J= 8.9 Hz, 8-H), 6.85 (1H, dd,
J=2.4, 0.7 Hz, 5-H), 7.10 (1H, dd, J=8.9, 2.6 Hz, 7-H).

13C-NMR (100 MHz, CDCl3), §: 18.35 (4'-C), 26.52 (3-C), 314 (3'-
C), 41.04 (11-C), 43.57 (5'-C), 47.59 (2-C), 47.61 (4-C), 72.46 (13-C),
78.62 (12-C), 114.34 (8-C), 122.94 (6-C), 123.11 (4a-C), 127.43 (5-C),
128.45 (7-C), 143.97 (8a-C), 175.60 (2'-C).

MS (ESI-IT), m/z (%): 291. 3111 (100) [M+Na]*, 599 (98.32)
[2M-+Na]*, 886.2 (5.68) [3M-+-Na]*.

Anal. Calcd. for C;5H17CIN,0 (288.7 g/mol) C, 66.55; H, 5.93; Cl,
12.28; N, 9.70%. Found: C, 66.48; H, 5.87; N, 12.08%.

2.4. Single crystal X ray diffraction study

Data collection: yellow-orange plates of compounds 4a and
4b with dimensions 0.66x0.61x0.34 and 0.43x0.41x0.37 mm?3,
respectively, were selected under the microscope. They were
mounted on MiTeGen Dual-Thickness 200 um MicroLoops attached
to a XYZ goniometer head. Intensity data from each crystal were
collected in a Rigaku XtaLAB PRO diffractometer equipped with a
Pilatus 200K detector and a SHINE (curved graphite monochroma-
tor) optics at 293 K. MoK« radiation (A=0.71075 A) from a sealed
tube was used with the diffractometer operating at 50 kV and 40
mA. For compounds 4a and 4b, 1509 and 810 images, respectively,
were collected in steps of 0.50° in w with an exposure time per
image of 30.00 s. The crystals did not experience decomposition
upon exposure to X rays. Final unit cell parameters were deter-
mined from the positions of 17439 and 8499 reflections, respec-
tively, in the approximate range 1.9° < 6# < 30° and were sub-
sequently refined by least squares. Absorption, form, scale factor,
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among other corrections, were done by a multi-scan routine using
a form function based on spherical harmonics. The CrystalClear-SM
Expert [24] package was used for data collection and preliminary
unit cell determination and CrysAlisPro [25] was used for final cell
refinement, integration, and data reduction.

Structure determination and refinement: The structures were
solved with SHELXT [26] and refined by full matrix least-squares
with SHELXL [27], implemented within the OLEX2 software [28].
Positions and anisotropic displacement parameters were refined
for all non-hydrogen atoms. Hydrogen atoms were identified in
the difference Fourier map and refined using a riding model with
their Ujs, equal to 1.2Ueq of the carbon atom to which they are at-
tached. The hydrogen atoms of the methyl groups were assigned
Ujso=1.5U¢q of the corresponding carbon atom. Graphic represen-
tations were produced with Diamond 3.0 [29] and Mercury [30],
structure validation was accomplished with PLATON [31] and the
program enClFer [32] was used for CIF editing.

2.5. Hirshfeld surface analysis, energy frameworks and enrichment
ratio

The calculated Hirshfeld surface mapped over the normalized
contact distance dporm, the associated two-dimensional fingerprint
plots, and the energy frameworks were calculated using CrystalEx-
plorer21 [33]. Hirshfeld surfaces mapped on dporm use the function
of normalized distances from a given point to the closest atom in-
side (d;) and outside (de) the surface [34]. The blue, white, and red
color conventions used for Hirshfeld surfaces show long, van der
Waals, and short interatomic contacts, respectively.

The curvature surfaces (curvedness) and the shape index pro-
vide a greater chemical understanding of the packing of the struc-
ture [34]. A flat area on the surface is indicative of the possibility
of ...t stacking in the crystal while a surface with a large curva-
ture, highlighted as dark blue spots, is indicative of the absence
of such stacking. The shape index is a qualitative interpretation
of the shape of the surface. The shape index is differentiated by
the blue color that indicates "bumps" associated with the donor of
an intermolecular interaction and the red color that represents the
"hollows" associated with the acceptors. The 2-D fingerprint plots
provide a visual representation of the contribution of each combi-
nation of de and d; on the surface.

The calculation of energy frameworks of the interactions in-
cludes the sum of four energy components comprising electrostat-
ics (Egle), polarization (Ejq), dispersion (Egis) and exchange repul-
sion (Erep) [33-34]. The energy was calculated using the molec-
ular wavefunction at the B3LYP/6-31G(d,p) level within a radius
of 3.8 A. Neighboring molecules within this shell are generated
by symmetry operations. The graphical representation of the indi-
vidual energy components of the interactions consists of cylinders
joining the centroids of interacting molecular pairs; the radius of
the cylinders is proportional to the magnitude of the interaction
energy.

The enrichment ratio (Exy) of a pair of elements (X, Y) is de-
fined as the ratio between the ratio of actual contacts in the crys-
tal and the theoretical ratio of random contacts [35]. For pairs of
elements that have a high propensity to form contacts in the crys-
tal Exy > 1 while an Exy value < 1 indicates those that tend to
avoid contacts. The enrichment ratios were determined using the
MoProViewer program [36].

2.6. Molecular Dynamics Simulations (MDs)

MDs were performed to study the interactions of both 4a and
4b (R and S isomers) with MAO-B. First, the crystal structure of
MAO-B in a complex with the rasagiline covalent inhibitor drug
(PDB code: 152Q) [23] was used as reference, and the N-propargyl
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adducts (4a-(S)-FAD, 4a-(R)-FAD, 4b-(S)-FAD, and 4b-(R)-FAD) were
manually assembled following the proposed mechanism of the
MAO-B irreversible inhibition of rasagiline and seleginine [17]. Sec-
ond, the five MAO-B complexes (rasagiline-FAD, 4a-(S)-FAD, 4a-(R)-
FAD, 4b-(S)-FAD, and 4b-(R)-FAD) were prepared using the Protein
preparation wizard from the Maestro Suite [37]. Then, the com-
plexes were optimized and subjected to a conjugate gradient en-
ergy minimization and 270 ns MDs in Desmond using the OPLS3
force field [38-39].

To build each system, the complexes were solvated with a
pre-equilibrated SPC water model (~15500 water molecules). The
systems were neutralized by adding Na™ counter ions to bal-
ance the net charge of the systems and NaCl at a concentration
of 0.15 M was added to simulate physiological conditions. Each
system was subjected to the default Desmond relaxation proto-
col, and then equilibrated with a spring constant force of 5.0
kcal x mol-! x A-2 applied to the MAO-B secondary structure,
and 5.0 kcal x mol~! x A-2 applied to the FAD co-factor, for
20 ns at constant pressure (1 atm) and temperature (300 K). The
isothermal-isobaric ensemble and the Nosé-Hoover method were
used with a relaxation time of 1 ps applying the MTK algorithm
[40], with a timestep of 2 fs. Then, the last frame was taken, and a
second MDs was performed for 250 ns with a spring constant force
of 1.0 kcal x mol-! x A2 applied to the MAO-B secondary struc-
ture, and 0.5 kcal x mol~! x A=2 applied to the FAD co-factor. The
last 250ns-MDs were used for further analyses here. The restric-
tions applied here were used to keep the binding site of the N-
propargyl as close as possible to that described in the MAO-B crys-
tal (PDB code: 1S2Q) in complex with rasagiline (covalently bound
to FAD). No restrictions were applied to the MAO-B backbone and
side chains of the residues to allow the binding pockets to fit each
ligand.

3. Results and discussion

3.1. Crystal structure of N-propargyl-6-methyl-4-(2'-oxopyrrolidin-
1’-yl)-1,2,3,4-tetrahydroquinoline (4a) and
N-propargyl-6-chloro-4-(2'-oxopyrrolidin-1'-yl)-1,2,3,4-
tetrahydroquinoline

(4b)

Crystal data, experimental details and refinement results are
summarized in Table 1. Bond lengths and bond angles are pre-
sented in the Supplementary Material, Table S1, and torsion angles
are given in Table S2.

3.1.1. Molecular structure

The asymmetric units of 4a and 4b consist of one molecule of
the compound. Fig. 2a and 2b show the molecules with their atom
and ring labeling scheme. Rings B (C1-C4/C9/N1) and C (C4-C9) are
almost coplanar in both compounds. The angle B/C in 4a is 6.48(6)°
and 5.44(10)° in 4b. The five-member ring (Ring A: N2/C13-C16)
is almost perpendicular to rings B and C. In 4a the A/B and A/C
angles are 78.09(7)° and 84.56(7)°, respectively, while in 4b they
are 76.88(11)° and 82.21(10)°, respectively.

The torsion angle N2-C3-C4-C5 is similar in both compounds,
-24.24(15)° and -24.6(2)° for 4a and 4b, respectively. However,
the C16-N2-C3-C4 torsions differ by almost 3° (-74.39(14)° and -
77.00(18)°, respectively). The ring puckering analysis carried out
with PLATON [31] indicates Ring A is twisted on C15-C16 in both
compounds. The analysis of Ring B is not conclusive but, based on
the values of 6 and ¢ [4a: 46.17(15)° and 115.4(2); 4b: 47.5(2)°
and 116.3(3)°)], the rings have conformations between half-chair
and envelope. In 4a, the angle N1-C10-C11 is 113.55(12)° and the
propargyl group makes an angle of 85.47(10)° with the best plane
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trough Rings B/C. The corresponding values in 4b are 113.14(16)°
and 87.21(15)°.

In spite of the differences, the molecules are almost exactly
superimposable. The RMDS values, calculated with Mercury [30],
for the superposition are 0.0620 without allowing flexibility and
0.0578 allowing flexibility. The superposition is shown in Fig. 2c.

A search of the Cambridge Structural Database (CSD), version
2021.2 [41] for N-propargyl-hydroquinolines resulted in thirteen
hits of which nine are the most closely related compounds (Ta-
ble S3). The analysis of the geometry of the N-propargyl group
(N1-C10-C11=C12) in thirty N-propargyl substituted six-member
rings indicates that the mean N1-C10, C10-C11, and C11=C12 bonds
distances are 1475, 1467, and 1.175 A and the mean values for
the N1-C10-C11 and C10-C11=C12 angles are 112.49° and 177.43°.
Therefore, the values observed in 4a [1.4548(16) A | 1.477(2) A |
1174(2) A and 113.55(12)° | 177.68(15)°] and in 4b [1.455(2) A |
1.475(3) A | 1.173(3) A and 113.14(16)° | 177.42(19)°] are within the
values expected for this group.

3.1.2. Intramolecular hydrogen bonds

Table 2 summarizes the hydrogen bonds observed in 4a and
4b. In both compounds, there are two intramolecular hydrogen
bonds involving the O and N of the oxopyrrolidinyl ring. As de-
picted in Fig. 3, both types of intramolecular hydrogen bonds are
represented by the graph set symbol S(5) [42-43].

These intramolecular hydrogen bonds are considered weak
based on their distances and angles. Gilli and Gilli [44] and Desir-
aju and Steiner [45] point out that H---A (A = Acceptor) distances
in H--O and H--N hydrogen bonds in the range of 2.0 to 3.0 A
and C—H---A angles of 90 to 180° are considered weak contacts
with bond energies usually around 4 Kcal mol-!. On the other
hand, molecular dynamics simulations carried out on a similar hy-
drogen bond motif present in a methylimidazolium-methylsulfate
ionic liquid indicate that the enthalpy of formation of these hydro-
gen bonds is -5 k] mol~! [46].

A search of the CSD [41] and a statistical analysis with Mercury
[30] of compounds containing an oxopyrrolidinyl ring bonded to a
tetrahydroquinoline indicate that the intramolecular C—H---O and
C—H---N hydrogen bonds observed in 4a and 4b are in the range of
distances and angles of the compounds reported in the database
(see Table S4 of the Supplementary Material). The C—H---O con-
tacts in 4a and 4b are 2.45 and 2.44 A and have angles of 103
and 102°, respectively. For the C—H---N the corresponding values
are 2.54 and 2.55 A and 103 and 101°. The mean values for the
compounds in the database, as can be seen in Table S4, are 2.42 A,
2.58 A, 105°, and 99.5°, respectively. Although weak, these contacts
play an important role in stabilizing the molecular conformation
and the crystal packing of both compounds.

3.1.3. Intermolecular hydrogen bonds

Fig. 4 shows the sequence of intermolecular hydrogen bonds
in 4a and 4b, respectively. Both compounds display a helical ar-
rangement of medium strength hydrogen bonds between the O
atom of the oxopyrrolidinyl ring (01) and the propargyl hydro-
gen (H12) involving molecules related by the 2;-screw along the
b-axis (Table 2). In addition, molecules related by translation along
the b-axis are connected by weak interactions between C10—H10A
and C17 of the methyl group on ring C of compound 4a (Fig. 4a).
This interaction is replaced by a stronger C10—H10A.--Cl1 hydrogen
bond in compound 4b (Fig. 4b). The hydrogen bonding scheme can
be described as a sequence of alternating motifs represented by a
fourth-order graph set with symbol R2(22) [42-43].

3.14. C-H---m Interactions
Two types of C-H---r interactions are observed in compounds
4a and 4b: one involves the aromatic ring (ring C) and one in-
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Table 1

Crystal data and details of the structure determination of compounds 4a and 4b.

Journal of Molecular Structure 1254 (2022) 132280

Crystal data

Compound 4a

Compound 4b

CCDC Deposition Number 2082183 2082184
Formula Cy7H20N,0 Cy6H17CIN, O
Formula Weight, M, 268.35 288.76

Crystal System Monoclinic Monoclinic
Space group P2;/c (No. 14) P2;/c (No. 14)
a [A] 12.2048(4) 12.1080(6)

b [A] 10.2934(3) 10.3426(3)

c [A] 12.9760(5) 12.9506(7)
B[] 116.827(5) 116.548(7)
VA 1454.71(11) 1450.78(14)

Z 4 4

D [g cm~3] 1.225 1.322

n(Mo Ke) [mm~—'] 0.077 0.260

Crystal shape, color Plates, yellow Plates, yellow
Crystal Size [mm?] 0.34x0.61x0.66 0.37x0.41x0.43
Data Collection

Temperature [K] 293 293

Radiation [A] MoKa 0.71075 MoKa 0.71075
6 range [°] 1.9 <6 <302 1.9<6 <294
Dataset -15:16; -14:14; -17:17 -16:13; -14:13; -16:17

Tot. data, Uniq. data, Ry

25791, 3947, 0.044

13774, 3466, 0.024

Observed data [I > 20(I)] 3335 2721

Refinement

Nref, Npar 3947, 182 3466, 181

R[F? > 20(F?)], wR(F?), S 0.0453, 0.1388, 1.05 0.0400, 0.1158, 1.13
Apmin | Apmax [e A3 -0.19, 0.21 044, 034

(2)

(b)

(©)

Fig. 2. (a) Molecular structure of compound 4a and (b) of compound 4b, showing the atom and ring labeling scheme. Ellipsoids are drawn at the 30% level of probability.

(c) Superposition of the molecules of 4a (magenta) and 4b (blue). The hydrogen atoms of the methyl group of 4a are omitted.

volves the triple bond of the propargyl moiety (Fig. 5). The geome-
tries of these interactions are summarized in Table 3. Fig. 5a and
5b show the sequence of C-H.--w(Cg3) (dark-red) interactions be-
tween molecules related by the c-glide plane. Fig. 5c and 5d depict
the geometry of C-H-.-w(C=C) contacts showing that the interac-
tions in 4b are shorter than in 4a. In addition, molecules related by
translation are connected through C-H..-CH3 (4a) or C-H---Cl (4b)
hydrogen bonds along the b-axis and by C-H...7r(C=C) interactions
with inversion related molecules to form tapes in the bc plane as
represented in Fig. 5e and 5f.

3.1.5. Packing arrangement

The structures may be viewed as a stacking of columns formed
by inversion-related helices. Each helix is formed by molecules re-
lated by the 2;-screw axis along b and the connectivity within
the helix is due to hydrogen bonds between the propargyl moiety
and the oxygen atom of the oxopyrrolidinyl ring (C12—H12.--01),

the C10—H10A.--C17 for 4a and C10—H10A.--Cl11 for 4b interac-
tions, and the C—H---r(Cg3) interactions. The inversion-related he-
lices are interpenetrated and form columns that run along c, con-
nected by the C—H...w(C=C) contacts which occur approximately
along the [101] direction. Fig. 6a and Gb present views of the
structures along the b- and c-axes (depicted only for 4b). In
Fig. 6¢c and 6d, the molecules are colored based on the symmetry
operation.

3.2. Hirshfeld surface analysis, energy frameworks, and enrichment
ratio

The Hirshfeld surfaces [34] of both compounds are similar
(Fig. 7a and 7d). The surfaces of the structures reveal two intense
red spots corresponding to the hydrogen bonding interaction C—
H---O between the propargyl group and the oxygen of the oxopy-
rrolidinyl fragment. Additionally, two small red spots are observed
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Table 2
Hydrogen bond lengths (A) and bond angles (°).

D-H.-A D-H(A) H--A(A) D-A(A) D-H.-A(°)

Compound 4a

C3-H3---01 0.9800 2.4500 2.8389(16) 103.00
C5-H5---N2 0.9300 2.5400 2.8772(13) 102.00
C10-H10A---C17! 0.9700 2.9000 3.7034(1) 166.00
C12-H12..01 0.9300 2.3000 3.221(2) 173.00
Compound 4b

C3-H3---01 0.9800 2.4400 2.829(2) 103.00
C5-H5:--N2 0.9300 2.5500 2.8783(17) 101.00
C10-H10A.--CI1ii 0.9700 2.8200 3.5931(16) 137.00
C12-H12..01V 0.9300 2.2900 3.2080(3) 170.00

Symmetry Codes: i) x, -1+y, z; ii) 1-x, 1/2+y, 1/2-z; iii) X, 1+y, z; iv) 1-x, 1/2+y,

3/2-z.

(a) (b) 2

Fig. 3. Intramolecular hydrogen bonds in (a) compound 4a and (b) compound 4b.

All intramolecular hydrogen bonds are represented by the graph set symbol S(5). (yellow circles) that show the participation of the triple bond of

Hydrogen atoms not involved in hydrogen bonding have been omitted for clarity. the propargyl as an acceptor in an H---7r interaction with a hydro-

R H10A

1-x, -1.5+y, 0.5-z 1-x, -0.5+y, 0.5-z 1-x, 0.5+y, 0.5-z

(a)

1-x, -0.5+y, 1.5-z 1-x, 0.5+y, 1.5-z  1-x, 1.5+y, 1.5-z

H10A

(b)

x, -1+y, z X,y 2 x, 1+y, z

Fig. 4. View of the hydrogen bonding scheme for (a) compound 4a and (b) 4b.
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X, ¥, -1+z x, 0.5-y, -0.5+z X Y2z X, 0.5-y, 0.5+z

(a) (b)

2.8465(1) A
<

H8 2542204

~ . ~ & T
) 295742) A"
b 73.455(3)
( ) - ¢ X, 1y, -z
28106(3) A )

H8

s

/ N
~ X \2.“:4{3“ ¢
I" \ ~
28982(3) A
c12 2-x,1-y, 2-z

(d)

(e) ®

Fig. 5. Views of C-H.--C, C-H---Cl, and C-H---7r interactions present in compounds 4a and 4b. C-H..-7(Cg3) interactions in (a) compound 4a and (b) compound 4b. (c) and
(d) Geometry of the C-H..-w(C=C) interactions in 4a and 4b. (e) C-H...7(Cg3) (dark red), C-H..-w(C=C) (orange), and C-H.-C (green) interactions in 4a. (f) C-H...w(Cg3),
C-H---(C=C) and C-H---Cl (green) interactions in the structure of 4b.
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Table 3
Geometry of C-H.--m(ring) and C-H...m(C=C) interactions in 4a and 4b calculated with PLATON [31].

X-H--1r Geometry parameters(®) Symmetry Code

Compound 4a

C16-H16B.--Cg3 d y H-Perp x,1/2-y,1/2+z
2.86 A 10.60° 2.81 A
X-H...Cg X..-Cg X-H, T
118° 3.429(2) A 39°

C18—H18-.-7(C=C) HS8...w HS...C11 HS...C12 X, 1-y, -z
2.847(1) A 2.8542(2) A 2.9574(2) A
H...-C11-m H..-C12-w
83.330(3)° 73.455(3)°

Compound 4b

C16-H16B---Cg3 d y H-Perp x,1/2-y,1/2+z
2.86 A 14.57° -2.77 A
X-H---Cg X...Cg X-H, &
116° 3.395(3) A 40°

C18—H18...7(C=C) HS8...w H8...C11 HS...C12 2-x, 1-y, 2-z
2.8106(3) A 2.8424(3) A 2.8982(3) A
H...C11-7 H---C12-1
80.977(4)° 75.602(4)°

@) (g3 is the centroid of ring C, defined by atoms C4/C5/C6/C7/C8/C9 and 7 (C=C) is the midpoint of the C11=C12 bond. The geometry of
the contacts is defined by the following parameters: d = H---Cg distance; y = angle between Cg-H vector and ring C normal; H-Perp = per-
pendicular distance of H to ring plane C; X-H...Cg = X-H-Cg angle (°); X..-Cg = distance of X to Cg; X-H, = = angle of the X-H bond with
the m-plane.

(c) (d)

Fig. 6. (a) View down the b-axis and (b) down the c-axis of the packing arrangement of 4a and 4b (depicted only for 4b). (c) and (d) show the same packing diagrams
colored according to symmetry operators. Light grey: x, y, z; green: -x, 1/2+y, 1/2-z (21 screw axis); gold: -x, -y, -z (Inversion); magenta: x, 1/2-y, 1/2+z (c-glide plane).
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Compound 4a

Compound 4a

Compound 4b

Fig. 7. Hirshfeld surface for compounds 4a and 4b mapped with dnom (a and d), shape index (b and d), and curvedness (c and f). The red spots in a) and d) indicate the
shortest interactions; g) and h) show neighboring molecules connected by C—H(propargyl)---O and C—H---7r(propargyl) interactions in both compounds.

gen of the benzene ring as shown in Fig. 7g and 7h. The surface of
compound 4b shows a light spot on the chlorine atom indicating
that it participates in an intermolecular interaction. The shape in-
dex representations (Fig. 7b and 7e) show red areas for the H...7w
interactions between the benzene rings and the propargyls present
in both structures. The curvedness plots do not show flat areas
where the aromatic rings are located (Fig. 7c and 7f), which in-
dicates that the presence of 7.7 interactions in the packing can
be discarded. On the other hand, planarity is observed on the sur-
face where the propargyl and the carbonyl of the oxopyrrolidinyl
are located, indicating a slight stacking in these groups due to the
C—H..-0 hydrogen bond where they participate.

Fig. 8 shows the fingerprint plots [34] calculated with Crys-
talExplorer21 [33] for compounds 4a and 4b as explained in
Section 2.5. Fig. 8a and 8f represent the overall plots and the in-
teractions between pairs of atom types are shown in Fig. 8b-e and
8g-m for 4a and 4b, respectively. In the structures of 4a and 4b
the greatest contributions on the surfaces correspond to the H---H

contacts (63.4% and 46.3%), indicating the existence of short in-
teractions, that may be repulsive or attractive. The H..-7r interac-
tions (contributing 24.8% and 25.4% for 4a and 4b, respectively)
and O---H hydrogen bonds (9.9% and 10.0%) follow in importance.
In compound 4b the contribution of the Cl---H bond is evident with
a value of 14.9%.

The interaction energies between the central molecule and
neighboring molecules in the 3.8 A radius are shown in Table S5
and the graphical representation is shown in Fig. S1 of the Supple-
mentary Material. In the two structures the most important sta-
bilization energies are observed in molecules that are located at
approximately 6-8 A from the central molecule with symmetry op-
erations -X, -y, -z and X, -y+1/2, z+1/2. They are followed by the
interactions of neighboring molecules with operations -x, y+1/2,
-z+1/2. The other energies with a significant contribution to the
stabilization of the structure are present in neighboring molecules
at a distance between 9-10 A. Table S5 shows that the dispersive
energy dominates over the electrostatic energy.
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Fig. 8. Fingerprint plots for compounds 4a and 4b showing all contacts (a and f) and those for specific contacts (b—e and g—m). The percentage of surface area included is

shown for each plot.

In compounds 4a and 4b the H---O bond contributes to stabi-
lization with energies of -16.6 kJ/mol and -15.5 kJ/mol respectively,
represented as diagonal cylinders in the dimer chain of molecules
seen along the b-axis (Fig. 9a, 9b, and 9c). The dimer chains are
connected by the short H---7r interactions that involve the propar-
gyls and have significant energy values of -19.5 kJ/mol in com-
pound 4a and -22.3 kJ/mol in 4b (see Table S5). As shown by the
topology of the energy frameworks, this interaction is observed
in the diagonal between the chains when projected onto the ac
plane. The view down the c-axis (Fig. 9d, 9e, and 9f) shows that
the strongest interactions occur in a zig-zag fashion along the b-
axis.

The different interactions were also evaluated using the Eyy
enrichment ratio, calculated with the program MoPro [35-36].
The highest contributions of the Hirshfeld surface correspond to
the H..-H interactions. However, the Eyy values (Table 4) indicate
that dispersive forces are not very favored in the packing. In the
structure of compound 4a, the Exy values of the O---H contacts
(Eoy = 142), C--H (Ecy = 1.28) and N---H (Eyy = 1.18) indicate
they are the most enriched, showing the propensity to form these
interactions. The contribution of N---C interactions is small while
C.--C and O---C are not very favored; on the other hand, in com-
pound 4b, the most enriched contacts are Cl---N (E¢y = 5.13), O---H
(Eoq = 1.65), C---H (Ecy = 1.36) and Cl---H (Eyy = 1.28). In this case

10

the N---C (Exc = 1.08) contact is slightly favored while the least fa-
vored are those with Eyy < 1. In both structures the N---N, N...0,
and O---O contacts are completely avoided with Exy = 0.0.

3.3. Characterization of the N-propargyl binding mode in MAO-B
through MDs

To study the interactions of both 4a and 4b with MAO-B, we
manually assembled the adducts 4a-(S)-FAD, 4a-(R)-FAD, 4b-(S)-
FAD, and 4b-(R)-FAD using as reference the structure of MAO-B in
complex with the rasagiline covalent inhibitor drug, as well as the
reported mechanism of the MAO-B irreversible inhibition of rasag-
iline and seleginine [17]. In Fig. 10 the 2D-structures of the pro-
posed adducts used in this work are shown.

The five complexes were subjected to MDs to study how dif-
ferent N-propargyl derivatives interact with MAO-B when they are
covalently bound to the FAD. Fig. 11a shows how the Root-mean-
square deviations (RMSDs) of the position for all backbone atoms
of the MAO-B do not change more than 0.5 A along the 250ns-
MDs. This is mainly due to the restriction applied to the atoms of
the secondary structure, and also to the stability of the crystal dur-
ing the simulation. The results allow us to be sure that the binding
site of rasagiline coming from the crystallographic 3D-structure did
not suffer major conformational changes, thus allowing us to study
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Fig. 9. Energy frameworks calculated for compound 4b viewed down the b-axis (a-c) and down the c-axis (d-f). The energy frameworks are represented within 2x2x2 unit
cells. The radii of the cylinders were scaled to 70 arbitrary units with a cut-off value of 10 k] mol~'. Egj, Egis, and Ecor are represented (left to right) in red, green, and blue,

respectively.

Table 4

Hirshfeld contact surfaces, derived random contacts and enrichment ratios for 4a and 4b. The data values obtained from CrystalExplorer are
written in italics in the table. The enrichment ratios were not computed when the ‘random contacts’ were lower than 0.9%, as they are not

meaningful.
Compound 4a Compound 4b
Atoms H C N 0] H C N 0 Cl
H 66.4 Contacts % 46.3 Contacts x
C 24.8 0.0 - - 244 0.0 - - -
N 1.9 0.0 0.0 - 0.7 0.3 0.0 - -
[0} 9.9 0.0 0.0 0.0 10.0 0.0 0.0 0.0
Cl / / / / 14.9 1.6 0.9 0.0 0.0
Surface % 66.77 27.27 1.08 4.88 56.78 26.05 0.96 5.00 11.21
H 45.38 Random Contacts % 32.37 Random Contacts %
C 35.96 7.12 - - 29.05 6.51 - - -
N 1.39 0.55 0.01 - 1.06 0.47 0.01 - -
0 6.63 2.63 0.10 0.24 5.78 2.60 0.09 0.26 -
Cl / / / / 13.16 5.91 0.22 1.18 1.34
H 0.86 - Enrichment 0.74 - - Enrichment
C 1.28 0.45 - - 1.36 0.44 - - -
N 1.18 0.76 0.0 - 0.23 1.08 0.00 - -
[0} 1.42 0.17 0.0 0.0 1.65 0.20 0.00 0.00 -
Cl / / / / 1.28 0.83 5.13 0.11 0.06

alterations at the level of the side chains of the residues that inter-
act directly with the ligands. The changes of the RMSDs for each
ligand (Fig. 11) show that rasagiline remains very stable during the
entire simulation. Nevertheless, the other ligands show minor con-
formational changes, in order to quickly stabilize and properly fit
into the binding site. It is worth mentioning that during the simu-
lation the part of the adduct that is "re-adjusted"” is only the ligand
portion, and that the FAD remains quite stable throughout the sim-
ulation (Fig. 11b).

We also analyzed the chemical nature of the drug interaction
with MAO-B over the time of the simulations. The data were cate-
gorized and summarized in two types: Contact interaction frequen-
cies at 4 A for each ligand (Fig. 12a), and also as interaction frac-
tions mainly distributed as hydrophobic, water bridges and hydro-
gen bonds (Fig. 12b). The heat-map allows to identify that residues
G58, Y60, F168, L171, C172, 1198, 1199, Q206, Y326, F434, Y398,

1

and Y435 are forming the binding site of all the N-propargyl com-
pounds, a binding that is governed mainly by hydrophobic contacts
(Fig. 12 and Fig. 13) such as the C-H---w interactions which occur
in 4a and 4b. This indicates that although ligands 4a and 4b are
more voluminous than rasagiline, they interact in a similar way
with MAO-B once they are covalently bound to the FAD. There are
also certain interactions mediated by hydrogen bonds and water
bridges, mainly with the Q206 and Y326 residues (Figs. 12b and
13).

3.4. Chemical synthesis and spectroscopic analysis

The synthesis of compounds was carried out through the
cationic version of the Povarov reaction described earlier [23]. The
desired compounds were obtained in high yields (95% for 4a and
91% for 4b). The compounds (obtained as a racemic mixture) were
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Fig. 10. 2D-structures of the proposed adducts. A) Rasagiline-FAD. B) 4a-(S)-FAD. C) 4a-(R)-FAD. D) 4b-(S)-FAD. E) 4b-(R)-FAD.
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Fig. 11. a) Time dependence of the RMSD for Ligand atoms (blue) and MAO-B backbone atoms (green) during the 250 ns unrestrained MDs for Rasagiline, 4a-(S), 4a-(R),
4b-(S) and 4b-(R). b) Comparison between the starting conformations (green) and the final conformations (gray) of Rasagiline, 4a-(S), 4a-(R), 4b-(S) and 4b-(R) in the 250 ns

unrestrained MDs.
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Fig. 12. A) Contact frequencies heat-map of ligands rasagiline, 4a-(S), 4a-(R), 4b~(S) and 4b-(R) with residues of the MAO-B binding site at 4 A during the 250 ns MDs.
The bar shows the frequency scale. B) Interactions between the residues of MAO-B and ligands rasagiline, 4a-(S), 4a-(R), 4b-(S) and 4b-(R), categorized into three types:
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Fig. 13. Interaction site of Rasagiline, 4a-(S), 4a-(R), 4b-(S) and 4b-(R) in MAO-B.
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characterized by ATR-FTIR, 'H-NMR, 3C-NMR spectroscopy, and
ESI-MS. ATR-FTIR allowed to identify an absorption band for the
propargyl fragment vibrations (3212 cm~! for 4a, and 3209 cm™!
for 4b) and the carbonyl group vibration (1667 cm~! for 4a, and
1670 cm~! for 4b). ESI-MS showed an adduct [M+Na]* in both
compounds, 4a and 4b, that corresponded to 291.1 and 311.1 m/z,
respectively. "H-NMR spectra revealed a triplet signal at 2.14 and
2.16 ppm for 4a and 4b, respectively, which correspond to a hy-
drogen of the propargyl fragment.

4. Conclusions

The synthesis of N-propargylamines continues to be of interest
in the development of new drugs to treat neurodegenerative dis-
orders such as Huntington’s, Parkinson’s and Alzheimer’s diseases
[14]. The well-known MAO-B inhibitors selegiline (1) and rasagi-
line (2) are drugs used in the treatment of Parkinson’s disease (PD)
which bear an N-propargylamine group. Since the therapeutic ef-
fect of these drugs is related to the ability of the N-propargyl group
to form an adduct with the FAD co-factor [17] the synthesis of new
propargylamines which may target multiple neurodegenerative dis-
eases, have neurorestorative capability, and have fewer undesirable
effects is of utmost importance. In this contribution, it has been
shown that the InCl3 catalyzed cationic Povarov reaction is a feasi-
ble and easy route to new N-propargylamines. Single crystal X ray
diffraction studies allowed to determine the structure of the new
compounds, 4a and 4b, which may form adducts with the FAD co-
factor. The description of their crystal structures in terms of hydro-
gen bonds and C-H.--7 interactions and the subsequent Hirshfeld
surface analyses, energy frameworks and Exy enrichment ratio cal-
culations provided greater insight into factors that help stabilize
the structure and that may play an important role in inhibiting
MAO-B by interacting with different donors and acceptors within
the MAO-B cavity. Molecular dynamics simulations indicate that 4a
and 4b interact with groups within that cavity in a similar way as
rasagiline. As reported by Tandari¢ and Vianello [17] the efficient
binding of rasagiline (and even more efficient for selegiline) is due
to hydrophobic C-H---w and =7 interactions with neighboring
residues (active site tyrosines and FAD) and favorable N-H.--7r in-
teractions. The fingerprint plots obtained in the Hirshfeld surface
analysis showed that in compounds 4a and 4b there is a high con-
tribution from H---7r(Cg) and H.--7r(C=C) contacts (24.8% and 25.4%,
respectively) which can account for favorable interactions. In addi-
tion, O---H interactions, which represent 9.9% and 10.0% (4a and
4b), provide opportunities for hydrogen bonding within the active
site. This is consistent with the propensities to form those interac-
tions obtained from the contact enrichment ratios. As it was dis-
cussed in Section 3.2, O---H, C---H, and N---H interactions in com-
pound 4a and Cl.--N, O---H, C.--H, and CI---H interactions in 4b are
highly favored and therefore will play an important role on the
binding to MAO-B. Therefore, these and other related compounds
containing aromatic substituents and groups rich in m-electrons
should be explored to assess their potential as therapeutic alter-
natives for the treatment of neurodegenerative diseases. Several
related compounds have been prepared in our laboratory and are
being studied. The results of these studies will be published else-
where.

Supplementary data
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