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of Bromo-2-phenylbenzofurans:

Synthesis, in vitro Study and Docking Calculations

SH-SY5Y, a twice-subcloned cell
line derived from the SK-N-SH
neuroblastoma cell line (ATCC
CRL-2266 - American Type Culture
Collection, Rockville, MD, EE.UU)
which is used widely in
experimental neurological studies
such as neurotoxicity and
neuroprotection, were grown and
kept in culture as described
elsewhere.Received 00th January
20xx,
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Hripcsak,® F. Borges,’ and D. Vifia*”

Monoamine oxidase (MAO) is an enzyme responsible for metabolism of monoamine neurotransmitters which plays an
important role in the brain development and function. This enzyme exists as two isoforms, and it has been demonstrated
that MAO-B activity, but not MAO-A activity, increases with aging. MAO inhibitors show a clinical value because besides
the monoamine levels regulation they reduce the formation of by-products of the MAO catalytic cycle, which are toxic in
the brain. A series of 2-phenylbenzofuran derivatives was designed, synthesized and evaluated against hMAO-A and
hMAO-B enzymes. A bromine substituent was introduced in the 2-phenyl ring, whereas the position 5 or 7 of the
benzofuran moiety was substituted with a methyl group. Most of the tested compounds inhibited preferentially MAO-B in

a reversible manner, with ICsq values in the low micro or nanomolar range. The 2-(2’-bromophenyl)-5-methylbenzofuran 5

www.rsc.org/

was the most active compound identified (ICsp = 0.20 uM). In addition, none of the studied compounds showed cytotoxic

activity against human neuroblastome cell line SH-SY5Y. Molecular docking simulations were used to explain the observed

hMAO-B structure-activity relationship for this type of compounds.

Introduction

Monoamine oxidase (MAO) is an enzyme responsible for
metabolism of monoamine neurotransmitters. This enzyme plays an
important role in the brain development and function, so MAO
inhibitors are demonstrating great potential as therapeutic agents.'

The MAO enzyme exists as two isoforms, MAO-A and MAO-B.
MAO-A metabolizes serotonin in the central nervous system, and
this inhibitors
tranylcypromine, and moclobemide are clinically used for the

isoform such as phenelzine, isocarboxazid,

treatment of depression. On the other hand, MAO-B isoform is the
main responsible for the central dopamine metabolism, so MAO-B
inhibitors such as selegiline and rasagiline are used for the treatment
of Parkinson’s disease (PD).?

In addition, it has been shown that the brain activity of MAO-B
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increases with age, which does not happen with MAO-A.* Therefore,
besides regulating of monoamine levels, MAO-B inhibitors have
also clinical importance because they reduce the formation of by-
products of the MAO catalytic cycle such as hydrogen peroxide and
aldehyde species.* These products are toxic, particularly in the brain
when they are not rapidly metabolized by glutathione peroxidase and
aldehyde-metabolizing enzymes, respectively.” Moreover, the
problem is compounded because these enzymes may be
dysfunctional in conditions such as PD, corroborating the theory that
excessive MAO activity may result in neurotoxicity and thus
contributes to the degenerative process.’ Increased MAO-B levels
have also been observed in plaque-associated astrocytes in the brains
of Alzheimer’s disease (AD) patients and elevation in hydroxyl
radicals (OH) has been correlated with AP plaque formation.”
Therefore, selegiline is being successfully used in AD.®

Over the years, large number of heterocyclic scaffolds have been
exploited to design inhibitors targeting MAOs.”'® Additionally,
reports of the crystal structures of both MAO isoforms by Binda et
al. have provided relevant information about the selective
interactions and the pharmacophoric requirements needed for the
design of potent and selective inhibitors.""""® The benzofuran
(oxygen heterocycle)
biologically active natural and therapeutic products, and thus

is a common moiety found in many

represents a very important pharmacophore. It is present in many
medicinally important compounds that show biological activity,
including anticancer and antiviral properties.'* Some benzofuran
derivatives are also known as 5-lipoxygenase inhibitors, antagonists
of the angiotensin II receptor, blood coagulation factor Xa inhibitors,

14,15

ligands of adenosine A, receptor and more recently as MAO
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inhibitors.'®?° In general, benzofurans described as MAO inhibitors
have a higher selectivity to MAO-B isoform. In our efforts to
contribute to the development of novel compounds that may be
useful in the treatment of neurodegenerative disorders such as PD or
AD, we are focusing on 2-arylbenzofuran derivatives.?® 2-
Arylbenzofurans have been selected by analogy to 3-
phenylcoumarins previously described by us as potent and selective
MAO-B inhibitors, and preserving the core of trans-stilbene in their
structure.?"?? However, 3-arylcoumarins have been more active than
2-arylbenzofurans described so far. Among the studied benzofuran
series, 5-nitro-2-(4-methoxyphenyl)benzofuran has been the most
active compound, presenting MAO-B selectivity and reversible
inhibition (ICs5,=140 nM).2** Based on these previous experimental
results, and with the aim of finding novel and more selective MAO-
B inhibitors, herein we continue our studies, describing the
synthesis, biological evaluation and docking studies of a new series
of 2-phenylbenzofuran derivatives. Considering that bromine atom
in the benzofuran leads to non-active derivatives, in this paper we
study the influence on the activity of a bromine atom located in
different positions of the 2-phenyl in addition to the presence of a
methyl group at positions 5 or 7 of the benzofuran ring, which have
been revealed as adequate positions for substitution.

Results and Discussion

Chemistry

Benzofuran derivatives 1-12 were efficiently synthesized by a
Wittig reaction, according to the protocol outlined in Scheme 1. The
desired Wittig reagents, were readily prepared from the conveniently
substituted  ortho-hydroxybenzyl ~ alcohols  Ia-Ic***  and
PPh; . HBr.****?" The key step for the formation of the benzofuran
moiety was achieved by an intramolecular reaction between the
ortho-hydroxybenzyltriphosphonium salt ITa-Ilc and the appropriate
benzoyl chloride.”®*° The benzofuran structures were confirmed by
"H NMR, "*C NMR, mass spectrometry and elemental analyses.

Pharmacology

MAQ in vitro inhibition

The potential effects of the synthesized compounds 1-12 on
hMAO activity were investigated by measuring the production of
hydrogen peroxide (H,O,) from p-tyramine, using the Amplex Red
MAO assay kit (Molecular Probes, Inc., Eugene, Oregon, USA) and
MAO isoforms prepared from insect cells (BTI-TN-5B1-4) infected
with recombinant baculovirus containing cDNA inserts for (MAO-A
or hMAO-B (Sigma-Aldrich Quimica S.A., Alcobendas, Spain).

The inhibition of hMAO activity was evaluated following a
general procedure previously described.’! The test compounds did
not show any interference with the reagents used for the biochemical
assay. The control activity of hMAO-A and hMAO-B using p-
tyramine as the common substrate was 165 + 2 pmol of p-tyramine
oxidized to p-hydroxyphenylacetaldehyde per minute (n = 20).

The results of the hMAO-A and hMAO-B inhibition studies with
our compounds and MAO-B selectivity index are reported in Table
1. Enzymatic assays revealed that most of the test compounds were
moderate to potent hMAO inhibitors at either low micromolar to

2| J. Name., 2012, 00, 1-3
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nanomolar concentrations, showing selectivity toward hMAO-B
isoform.

Considering the ICsy values obtained for MAO-B activity, these
results justify the interest of these compounds.
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Scheme 1. Synthesis of 2-phenylbenzofuran derivatives via Wittig reaction. Reagents
and conditions: a) NaBH,, EtOH, 0°C to rt, 2 h; b) PPhy HBr, CHsCN, 82 °C, 2 h; c)
toluene, Et3N, 110 °C, 2 h.

Reversibility

Reversibility experiments were performed to evaluate the type of
inhibition exerted by derivatives 5 and 6, the most potent MAO-B
inhibitors in this series.

An effective dilution method was used, and selegiline
(irreversible inhibitor) and isatin (reversible inhibitor) were taken as
standards.**** Compounds 5 and 6 resulted reversible hMAO-B
inhibitors but their reversibility degree is lower than that shown by
isatin (Table 2).

Citotoxicity

The cytotoxic effects of two concentrations (1 and 10 uM) of
compounds 1-12 were evaluated by using the human neuroblastome
cell line SH-SYS5Y. Compounds were incubated at 1 uM or 10 uM
and maintained for 24h in cell culture. Afterward, the percentage of
cell viability was measured as MTT reduction.*

This journal is © The Royal Society of Chemistry 20xx
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As depicted in Figure 1, none of the compounds (at 1 or 10 uM
concentration) significantly decreased the viability of SH-SYSY

Published on 07 July 2017. Downloaded by Cornell University Library on 15/07/2017 17:29:02.

cells.
Table 1. /Csy values and MAO-B selectivity index (SI) [/Cso (MAO-A)]/[ICso (MAO-B)] for
the inhibitory effects of test drugs (new compounds and reference inhibitors) on the
enzymatic activity of human recombinant MAO isoforms expressed in baculovirus
infected BTl insect cells.
Compound 1Cso hMAO-A (uM) 1CsohMAO-B (M) S.l.
1 (44.80 +1.28) %° 9.68 +0.59" =11.5°
2 >100 3.9840.27° >25.2°
3 (46.75 +1.33) %’ 0.95 +0.07° =95.2°
4 (53.85+1.54) %" 10.73 +0.72° =9.3°
5 10.99£0.73 0.20£0.01° 55.0
6 >100 0.25£0.02° > 400°
7 >100 (46.15 +2.07) %°
8 >100 0.88 +0.06" >113.6°
9 8.12+0.54 1.1340.08° 7.2
10 (50.95 + 1.46) %" 1.17 +0.08° =85.5°
11 >100 0.34£0.02° >294.1°
12 >100 >100 -
clorgyline 0.0052 + 0.00092 63.41+1.20° 0.000082
R-(-)-deprenyl 68.73£4.21 0.017 +0.0019" 4.043
moclobemide 361.38+19.37 > 1000 <0.36°
[a] In brackets, percentage of inhibition at 100 uM concentration, for these
derivatives /Csp is around 100 uM. [b] Level of statistical significance: P < 0.01 versus
the corresponding ICsp values obtained against MAO-A, as determined by
ANOVA/Dunnett’s. [c] Values obtained under the assumption that the corresponding
ICspagainst MAO-A or MAO-B is the highest concentration tested (100 uM or 1 mM).

Table 2. Reversibility results of hMAO-B inhibition for derivatives 5 and 6 and
reference inhibitors

Comp Slope (AUF/t) [%]™
5 30.5+2.26

6 30.2+2.03
Selegiline 11.40£0.76

Isatin 88.63+5.94

a
fel Values represent the mean + SEM of n=3 experiments relative to control; data

show recovery of hMAO-B activity after dilution

Docking calculations

Molecular docking simulations were performed using the
Schrodinger package (Glide extra precision).” We downloaded the
crystallized structure of the hMAO-B (2V60)* from the Protein
Data Bank. We performed docking simulations following two

This journal is © The Royal Society of Chemistry 20xx
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protocols. In protocol 1 only a water molecule (HOH1159) that
establishes an H-bond with the co-crystallized ligand is retained. In
protocol 2 we retained in the pocket the water molecules in a
distance of 5 A from the ligand. Geometrical quality of the docking
with Glide was previously validated in the hMAO-B (more details in
Methods).*”?

% Cell viability

% Cell viability

Figure 1. Cytotoxic activity after 24 h incubation with compounds 1-12 at 1 pM
concentration (1a) or 10 uM concentration (1b) on SH-SY5Y cells. Cell viability was
measured as MTT reduction and data were normalized as % of control treated with 1%
DMSO. Results are expressed as mean + S.E.M from at least 5 different cultures. No
statistical differences were found with the control group using the one way ANOVA
followed Dunnett’s test.

Prediction of ADME properties

Theoretical ~ calculations were also performed using
Molispiration property program40 to predict some physicochemical
and ADME (absorption, distribution, metabolism and excretion)
parameters of the target compounds and compare with reference
The

expressed as

inhibitors. values of predicted parameters, including

lipophilicity, log P, molecular weight (MW),
topological polar surface area (TPSA), number of hydrogen donors
(nON), number of hydrogen bond acceptors (nOHNH) and
molecular volume, are presented in Table 3.

From the data presented in Table 3, it is significant to highlight
that all the compounds described possess log P values compatible
with those required to cross membranes. Although some of the
compounds such as 1, 2, 3, 5, 6 and 7 show log P values slightly
higher than 5, it is accepted a log P in —0.4 to +5.6 range*' and all
the designed compounds have a log P in this range. In addition,
MAO inhibitors have to pass BBB and this log P value could
improve the penetration in the CNS.

TPSA, described to be a predictive indicator of membrane
penetration, was found to be positive for all the compounds.

As Lipinski’s rule states that, in general, an orally active drug
has no more than one violation of the parameters above described,
these data suppose important information about the potential drug-
likeness of these new bromo-2-phenylbenzofurans.

Table 3. Structural properties of 2-phenilbenzofuran derivatives 1-12, and reference
compounds

J. Name., 2013, 00, 1-3 | 3
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Compound I;)ag IAPZS)/'}, ('\S;A)/c nOH® | nOHNH® Volume® Lipinskif
1 534 13.14 287.16 1 0 215.46 1
2 537 13.14 287.16 1 0 215.46 1
3 539 13.14 287.16 1 0 215.46 1
4 458 13.14 208.26 1 0 197.57 0
5 537 13.14 287.16 1 0 215.46 1
6 539 13.14 287.16 1 0 215.46 1
7 542 13.14 287.16 1 0 215.46 1
8 461 13.14 208.26 1 0 197.57 0
9 494 1314 27313 1 0 198.90 0
10 497 1314 27313 1 0 198.90 0
11 499 1314 273.13 1 0 198.90 0
12 418 13.14 19423 1 0 181.01 0

d;‘:;’;yl 264 324  187.29 1 0 202.64 0

Rasagiline 210 12.03 171.24 1 1 175.10 0

? Log P—expressed as the logarithm of octanol/water partition coefficient.
bTPSA—topoIogicaI polar surface area.

¢ MW - molecular weight.

4 Number of hydrogen bond acceptors (nOH) and donors (nOHNH).

¢ Molecular volume.

fNumber of violations of Lipinski’s rules.

Discussion

Compounds 1-12 were efficiently synthesized by reaction of
ortho-hydroxybenzyltriphosphonium salts and the appropriate
benzoyl chlorides.

The experimental activity results showed that most of the test
compounds are selective MAO-B inhibitors in the low micro or
nanomolar range. Activity results for the most potent derivatives in
this series are similar to those most potent previously described by
us.?

As a rule, 2-phenylbenzofurans substituted at 5 position were
found to be more active molecules as MAO-B inhibitors than the
corresponding 7-methyl-substituted derivatives or those derivatives
unsubstituted in the benzene ring except for derivatives bearing a
bromine atom in para position of the 2-phenyl ring.

Considering that 2-phenylbenzofurans with a bromine atom at
position 5 in benzofuran ring had resulted inactive,” the obtained
results point out that the location of this substituent is at least as
important as its nature for the activity.

4| J. Name., 2012, 00, 1-3
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In addition, in comparison to the previously obtained data, 2***

while the methoxy substituent in para position on the 2-aryl leads to
the best results, when that substituent is exchanged for a bromine
atom, the ortho and meta positions are more favorable for the
substitution.

Benzofurans 5 and 6 bearing a bromine atom in ortho or meta
positions respectively of the 2-phenyl ring, were the most active
hMAO-B inhibitors of the described series. In general, the presence
of a bromine atom on the 2-phenyl ring improves the MAO-B
activity of these derivatives. Based on the experimental results, we
performed molecular docking calculations with Glide®* in the
hMAO-B crystal structure (PDB code: 2V6O)36 to obtain detailed
information on the key interactions and preferred binding modes
adopted by the compounds. Docking protocol and validation are
explained with more details in Methods and in previous research
developed by our group.37'3 942

Docking simulations showed two alternative binding solutions
for the analyzed compounds. Compounds adopted a conformation
where the benzofuran moiety occupies the hydrophobic entrance
cavity whereas the 2-phenyl is oriented towards the catalytic cleft.
An alternative and inverted binding mode was detected for some
compounds in which the 2-phenyl is placed in the hydrophobic
cavity and the benzofuran is oriented towards the FAD cofactor.
However, additional docking simulations retaining water molecules
in the hMAO-B pocket pointed out the first described binding mode
as the preferred binding solution. Similar binding patterns were
found for a structural related set of compounds in a previous study
by our group.” It is worth noting that the similar compound 2-(2-
benzofuranyl)-2-imidazoline in the crystallized 2XFN hMAO-B
structure® is bound in a distinct side of the substrate-binding cavity
with H-bonds with Prol02 and Tyr326. Although our docking
reproduced with reliability the crystallized binding in 2XFN, the
simulations did not yield any pose for our compounds in the same
2XFN binding area. The binding mode for the most active
compound in the 7-methyl benzofuran series, compound 3, is shown
in Figure 2a, where the benzofuran moiety occupies the hydrophobic
entrance cavity whereas the 2-phenyl is oriented towards the
catalytic site. The compound placed the 7-methyl substituent in the
same hydrophobic area where the co-crystallized coumarin ¢17
(Figure 3) positioned the chlorine atom at meta position of the
phenyl ring. Figure 2a shows the superposition of both poses
(compound 3 and co-crystallized ¢17) along with the hydrophobic
surface calculated inside the hMAO-B.

The pose of compound 3 was stabilized through n-n stacking
interactions between the residue Tyr326 and the 2-phenyl scaffold in
the ligand. The other compounds in the series with 7-methyl
substitution showed lower hMAO-B activity. In fact, as an example,
compound 1 with bromine at ortho position yielded a similar binding
mode but slightly shifted towards the catalytic cleft and with the
consequent disruption of some hydrophobic interactions with the
entrance cavity (see Figure 2b).

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Hypothetical binding modes for the studied compounds extracted from the
docking in the hMAO-B. The co-crystallized coumarin €17 (2V60) is also shown for
comparative purposes (green carbons). Hydrophobic surface in the pocket is
represented in grey color. m-mt stacking interactions with residue Tyr326 are
represented in blue dashed lines. Ribbons in the protein are partially omitted for
clarity. a) Binding mode for compound 3 (grey carbons). b) Pose determined for
compound 1 (pink carbons). c) Pose extracted from docking for compound 5 (turquoise
carbons). d) Residue interaction contributions for the binding with compound 5 (sum of
Coulomb, van der Waals and hydrogen bond energies).

Compounds 5 and 6, the most active compounds in the studied
series, yielded similar binding modes pointing the 5-methyl towards
the hydrophobic entrance cavity. The benzofuran is also slightly
shifted towards the catalytic cleft compared to compound 3.

However, in this case the shift allows accommodating the 5-
methyl substituent in the hydrophobic area (see Figure 2c with the
pose described for compound 5). We calculated the contribution of
the different residues of the pocket to the interaction with compound
5 (see Figure 2d). Key residues in ligand recognition are GIln206,
Leul71, Cys172, 1le198 and Phel68.

H_O

Cl\©/\o oo

Figure 3. Chemical structure of c17 (7-(3-chlorobenzyloxy)-4-carboxaldehydecoumarin)

Compound 7, with bromine substituent at para position of the 2-
phenyl ring, showed a drastic loss of hMAO-B activity. Molecular
docking showed two alternatives to explain the decreased binding
affinity. Docking with water molecules in the pocket (protocol 2, see
Methods) yielded a pose for compound 7 with the benzofuran
oriented towards the FAD cofactor and the 2-phenyl pointing
towards the hydrophobic entrance cavity. Disruption of the preferred
binding mode could influence in ligand binding energy.

In the second binding alternative provided by docking with a
water molecule in the pocket (protocol 1), the compound maintained
the preferred binding mode but the bromine substituent in the 2-
phenyl ring is placed very close to an area that would be occupied

This journal is © The Royal Society of Chemistry 20xx
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for a water molecule (HOH1351) in the hMAO-B crystallized
structure (distance between bromine and oxygen atom is 1.39 A, see
Figure 4a). The proposed binding mode causes the displacement of
the HOH1351 water molecule by the bromine atom. This process
could be energetically expensive for the formation of the ligand-
protein complex. Moreover, compound 11 showed a binding
solution with the benzofuran placed in a similar area as compound 3
and with the bromine substituent in a larger distance from the
catalytic cleft, compared to compound 7 (see Figure 4b). Due to the
better accommodation in the pocket, compound 11 showed also good
inhibitory effect values in the AMAO-B.

The fact that at least the most potent compounds (5 and 6) inhibit
MAO-B reversibly and that none have toxic effects at active
concentrations, makes these derivatives may be of interest for further
studies.

TYR326 ,

Figure 4. a) Hypothetical binding mode calculated for compound 7 inside the hMAO-B
(the co-crystallized coumarin c17 in green color is shown for comparative purposes.
Blue dashed lines represent m-mt stacking interactions). However, for this binding mode
to occur, compound 7 should displace the water molecule HOH1351 present in the
crystallized hMAO-B protein. This fact could negatively affect the complex formation.
Although different water molecules in the pocket are shown, pose was extracted from
docking performed using protocol 1 with only the water molecule HOH1159 retained in
the pocket. b) Comparison between the poses determined by docking for compounds 7
and 11. Compound 11 is shifted towards the hydrophobic entrance cavity and bromine
substituent is further from the water molecules placed in the catalytic site.

Experimental

The general synthetic procedures and spectral data for all are given
below.

General methods

Starting materials and reagents were obtained from commercial
suppliers and were used without further purification. Melting points
(mp) are uncorrected and were determined with a Reichert Kofler
thermopan or in capillary tubes in a Buchi 510 apparatus. 'H NMR
and C NMR spectra were recorded with a Varian INOVA 500
spectrometer using DMSO-dg or CDCl; as solvent. Chemical shifts
(8) are expressed in parts per million (ppm) using TMS as an internal
standard. Coupling constants J are expressed in hertz (Hz). Spin

J. Name., 2013, 00, 1-3 | 5
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multiplicities are given as s (singlet), d (doublet), t (triplet) and m
(multiplet). Mass spectrometry was carried out with a Kratos MS-50
or a Varian MAT-711 spectrometer. Elemental analyses were
performed by a Perkin-Elmer 240B microanalyzer and were within +
0.4% of calculated values in all cases. The analytical results were >
95% purity for all compounds. Flash Chromatography (FC) was
performed on silica gel (Merck 60, 230400 mesh); analytical TLC
was performed on precoated silica gel plates (Merck 60 F254).
Organic solutions were dried over anhydrous sodium sulfate.
Concentration and evaporation of the solvent after reaction or
extraction were carried out on a rotary evaporator (Biichi Rotavapor)
operating at reduced pressure.

Synthesis

General procedure for the preparation of 2-
hydroxybenzylalcohols: Sodium borohydride (6.60 mmol) was
added to a stirring solution of 2-hydroxybenzaldehyde (6.60 mmol),
in ethanol (20 mL), in an ice bath. The reaction mixture was stirred
at room temperature for 1 h. After that, the solvent was removed, 1
N aqueous HCI solution (40 mL) was added to the residue and
extracted with diethyl ether. The solvent was evaporated under
vacuum to give the desired compounds Ia-Tc. 22
General  procedure for the  preparation of  2-
hydroxybenzyltriphenylphosphonium bromide: A mixture of 2-
hydroxybenzylalcohol (16.27 mmol) and PPh;-HBr (16.27 mmol) in
CH;CN (40 mL) was stirred under reflux for 2 h. The solid formed
was filtered and washed with CH;CN to give the desired compounds
[la—IT¢ 202427
General procedure for the preparation of 2-phenylbenzofuran
1-12: A mixture of 2-hydroxybenzyltriphenylphosphonium bromide
(1.11 mmol) and benzoyl chloride (1.11 mmol) in a mixed solvent
(toluene 20 mL and Et;N 0.5 mL) was stirred under reflux for 2 h.
The precipitate was removed by filtration. The filtrate was
concentrated, and the residue was purified by silica gel
chromatography (hexane/EtOAc 9:1) to give the desired compounds.
27-29

2-(2 ~bromophenyl)-7-methylbenzofuran (1): yield: 32%; mp: 65-67
°C; '"H NMR (500 MHz, CDCls): § = 2.61 (s, 3H, CHz), 7.10-7.23 (m,
2H, H-3, H-6), 7.27-7.40 (m, 1H, H-5), 7.46 (t, 1H, H-4*, J = 7.6), 7.50
(d, 1H, H-5", J=7.4), 7.54 (d, 1H, H-4, J=1.9), 7.74 (d, 1H, H-6", J =
8.0), 8.01 ppm (dd, 1H, H-3’, J = 7.9, 1.6); *C NMR (125 MHz,
CDCl;): & = 15.58, 103.92, 121.19, 122.22, 122.60, 123.33, 126.85,
127.21, 129.10, 129.38, 130.32, 132.92, 135.25, 154.29, 156.32 ppm;
MS (EL 70eV): m/z (%): 288 (100) [M+2]", 286 (97) [M]', 207 (12), 178
(24); Anal. caled for C;sH;;BrO: C 62.74; H 3.86, found: C 62.75; H
3.88.

2-(3’-bromophenyl)-7-methylbenzofuran (2): yield: 72%; mp:
44-45 °C; '"H NMR (500 MHz, CDCl): 8 = 2.63 (s, 3H, CHy), 7.05
(s, 1H, H-3), 7.12-7.20 (m, 2H, H-5, H-6), 7.33 (dd, 1H, H-4, J =
9.9,5.9), 745 (dd, 1H, H-6’, J = 7.6, 0.4), 7.50 (ddd, 1H, H-5°, J =
7.9, 1.9. 0.9), 7.79-7.83 (m, 1H, H-4"), 8.05 ppm (t, 1H, H-2*, J =
1.7); *C NMR (125 MHz, CDCly): & = 15.63, 104.18, 122.02,
122.20, 122.63, 123.35, 125.52, 127.24, 129.30, 129.42, 130.72,
131.42, 132.84, 154.29, 158.12 ppm; MS (EL, 70eV): m/z (%): 288
(100) [M+2] ", 286 (97) [M]", 207 (5), 178 (15), 152 (5); Anal. calcd
for C;sH;BrO: C 62.74; H 3.86, found: C 62.76; H 3.90.
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2-(4°’-bromophenyl)-7-methylbenzofuran (3): yield: 50%; mp:
66-67 °C; 'H NMR (500 MHz, CDCly): & = 2.61 (s, 3H, CH3), 7.04
(s, IH, H-3), 7.11-7.19 (m, 2H, H-5, H-6), 7.44 (d, 1H, H-4, J="1.5),
7.58-7.62 (m, 2H, H-2, H-6), 7.77 ppm (d, 2H, H-3", H-5", J = 8.5);
BC NMR (125 MHz, CDCly): & = 15.58, 102.75, 122.22, 122.63,
123.35, 124.46, 127.23, 127.50, 129.39, 129.98, 132.10, 154.32,
158.30 ppm; MS (EI, 70eV): m/z (%): 288 (100) [M+2]", 286 (98)
[M], 206 (10), 178 (15); Anal. caled for C;sH;;BrO: C 62.74; H
3.86, found: C 62.78; H 3.89.

7-methyl-2-phenylbenzofuran (4)*’: yield: 45%; mp: colorless
liquid; "H NMR (500 MHz, CDCly): & = 2.62 (s, 3H, CH;), 7.04 (s,
1H, H-3), 7.11 (d, 1H, H-6, J=7.2,), 7.16 (t, 1H, H-5, J=7.5), 7.37
(t, 1H, H-4’, J = 7.4), 7.42-7.51 (m, 3H, H-4, H-3’, H-5"), 7.91 (d,
2H, H-2’, H-6’, J = 7.4 ); 3C NMR (125 MHz, CDCl;): § = 15.10,
101.16, 118.30, 121.40, 122.9, 124.90, 125.20, 128.40, 128.65,
128.70, 130.70, 153.85, 155.50 ppm; MS (EL 70eV): m/z (%): 208
(100) [M]", 193 (15), 165 (5); Anal. calcd for C;sH;,0: C 86.51; H
5.81, found: C 86.54; H 5.84.

2-(2°’-bromophenyl)-5-methylbenzofuran (5): yield: 22%; mp:
49-51 °C; '"H NMR (500 MHz, CDCly): & = 2.49 (s, 3H, CH3), 7.16
(dd, 1H, H-6, J = 8.4, 1.4), 7.19-7.25 (m, 1H, H-4"), 7.42 (s, 1H, H-
3), 7.43-7.46 (m, 2H, H-4, H-5"), 7.49 (d, 1H, H-7, J = 0.7), 7.73
(dd, 1H, H-6’, J = 8.1, 1.1), 7.98 ppm (dd, 1H, H-3*, J=17.9, 1.7);
BC NMR (125 MHz, CDCly): & = 21.30, 101.39, 112.92, 121.20,
123.69, 126.12, 126.93, 127.99, 129.10, 130.33, 132.00, 133.02,
135.26, 155.71, 157.59 ppm; MS (EI, 70eV): m/z (%): 288 (100)
[M+2]", 286 (97) [M]", 207 (12), 178 (23); Anal. calcd for
Cy5H;BrO: C 62.74; H 3.86, found: C 62.75; H 3.89.

2-(3-bromophenyl)-5-methylbenzofuran (6): yield: 22%; mp:
90-94 °C; '"H NMR (500 MHz, CDCly): & = 2.47 (s, 3H, CH3), 7.00
(s, 1H, H-3), 7.14 (d, 1H, H-6, J = 8.3), 7.33 (d, IH, H-5", J = 4.1),
7.38-7.44 (m, 2H, H-4, H-7), 7.48 (d, 1H, H-4’,J=8.9), 7.79 (d, 1H,
H-6", J=7.8), 8.02 ppm (s, 1H, H-2"); *C NMR (125 MHz, CDCl,):
6 =21.25,101.83, 112.93, 122.16, 123.75, 125.53, 126.15, 128.10,
129.52, 130.73, 131.42, 131.99, 132.83, 155.69, 159.47 ppm; MS
(EL 70eV): m/z (%): 288 (100) [M+2], 286 (97) [M]", 206 (10), 178
(26), 152 (10); Anal. caled for C;sH;;BrO: C 62.74; H 3.86, found:
C 62.74; H 3.88.

2-(4°’-bromophenyl)-5-methylbenzofuran (7): yield: 35%; mp:
195-197 °C; 'H NMR (500 MHz, CDCl;): & = 2.47 (s, 3H, CH;),
6.98 (s, 1H, H-3), 7.13 (d, 1H, H-6, J = 8.4), 7.37-7.43 (m, 2H, H-4,
H-7), 7.59 (d, 2H, H-2’, H-6’, J = 8.6), 7.74 ppm (d, 2H, H-3’, H-5’,
J = 8.6); *C NMR (125 MHz, CDCl5): 8 = 21.25, 100.46, 112.92,
123.69, 124.46, 126.14, 127.52, 127.99, 129.99, 131.82, 132.07,
155.72, 159.83 ppm; MS (EI, 70eV): m/z (%): 288 (100) [M+2]",
286 (98) [M]", 206 (10), 178 (15); Anal. calcd for C;sH;;BrO: C
62.74; H 3.86, found: C 62.76; H 3.88.

S-methyl-2-phenylbenzofuran (8)*°: yield: 55%; mp: 128-130 °C;
"H NMR (500 MHz, CDCly): & = 2.47 (s, 3H, CH3), 6.97 (s, 1H, H-
3),7.11 (d, 1H, H-6, J=8.3), 7.37 (d, 2H, H-3’, H-5’, J = 7.5), 7.40-
7.49 (m, 3H, H-4, H-7, H-4’), 7.84-7.90 ppm (m, 2H, H-2’, H-6’);
BBC NMR (125 MHz, CDCly): & = 21.28, 101.00, 110.58, 120.64,
124.77, 125.46, 128.33, 128.68, 129.22, 130.53, 132.26, 153.24,
155.89 ppm; MS (EI, 70eV): m/z (%):MS (EL, 70eV): m/z (%): 208
(100) [M]", 193 (25), 165 (10); Anal. caled for C;sH;,0: C 86.51; H
5.81, found: C 86.53; H 5.85.

This journal is © The Royal Society of Chemistry 20xx
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2-(2 -bromophenyl)-benzofuran (9)30: yield: 30%; mp: 36-38 °C; 'H
NMR (500 MHz, CDCL): & = 7.23 (s, 1H, H-3), 7.28-7.30 (m, 1H, H-
4, 7.32-7.37 (m, 1H, H-5), 7.42-7.47 (m, 1H, H-7), 7.55 (m, 2H, H-6,
H-5), 7.66 (d, 1H, H-6°, J=7.8), 7.73 (d, 1H, H-4, J = 9.0), 7.99 ppm
(dd, 1H, H-3*, J = 7.9, 1.6); °C NMR (125 MHz, CDCL): & = 107.12,
111.15, 120.65, 121.34, 122.80, 124.85, 127.41, 128.82, 129.38, 129.70,
131.30, 134.25, 153.25, 154.29 ppm; MS (EIL, 70eV): m/z (%): 274 (100)
[M+2]", 272 (97) [M]’, 195 (10), 180 (20); Anal. calcd for C1sHsBrO: C
61.57; H 3.32, found: C 61.58; H 3.35.

2-(3 -bromophenyl)-benzofuran (10)30: yield: 35%; mp: 83-85 °C;
'H NMR (500 MHz, CDCLs): & = 7.07 (s, 1H, H-3), 7.26 (d, 1H, H-4, J
=7.4),7.34 (td, 2H, H-5, H-6, J = 8.1, 1.9), 7.44-7.52 (m, 1H, H-7), 7.55
(d, 1H, H-4, J =8.2), 7.62 (d, 1H, H-6", J = 7.6), 7.77-7.83 (m, 1H, H-
5%), 8.04 ppm (s, 1H, H-2"); >C NMR (125 MHz, CDCL): & = 102.40,
111.22, 121.15, 122.85, 123.20, 123.45, 124.82, 127.75, 128.84, 130.32,
131.30, 134.43, 154.25, 154.84 ppm; MS (EIL, 70eV): m/z (%): 274 (100)
[M+2]", 272 (98) [M]", 195 (15), 180 (22); Anal. calcd for C1sHsBrO: C
61.57; H 3.32, found: C 61.59; H 3.34.

2-(4 -bromophenyl)-benzofuran (11)30: yield: 45%; mp: 158-160 °C;
'H NMR (500 MHz, CDCLy): § = 7.05 (s, 1H, H-3), 7.24-7.28 (m, 1H, H-
5), 7.34 (td, 1H, H-6, J= 8.0, 3.9), 7.54 (d, 1H, H-7, J=8.2), 7.58-7.63
(m, 3H, H-4, H-2", H-6"), 7.72-7.78 ppm (m, 2H, H-3", H-5"); *C NMR
(125 MHz, CDCl3): 6 = 101.82, 111.10, 120.98, 122.47, 123.15, 124.58,
126.32, 129.10, 129.36, 131.92, 154.74, 154.87 ppm; MS (EL 70eV):
m/z (%): 274 (100) [M+2]%, 272 (97) [M]', 195 (12), 180 (25); Anal.
calcd for C14HoBrO: C 61.57; H 3.32, found: C 61.58; H 3.36.

2-phenylbenzofiran (12)305 yield: 85%; mp: 120-122 °C; 'H NMR
(500 MHz, CDCL): & = 6.96 (s, 1H, H-3), 7.34-7.15 (m, 3H, H-5, H6,
H4’), 7.36-7.43 (m, 2H, H-3°, H-5), 7.50 (d, 1H, H-7, J=8.2), 7.58-
7.63 ppm (m, 3H, H-4, H-2’, H-6"); ®C NMR (125 MHz, CDCL): & =
101.20, 111.16, 120.88, 122.91, 124.24, 124.92, 128.52, 128.77, 129.21,
130.49, 154.89, 155.92 ppm; MS (EL, 70eV): m/z (%): 194(100) [M]",
166 (45); Anal. calcd for Ci4H;00: C 86.57; H 5.19, found: C 86.60; H
5.23.

Determination of human MAO isoforms activity

The effects of the tested compounds on hMAO isoform enzymatic
activity were evaluated by a fluorimetric method. Briefly, 0.1 mL of
sodium phosphate buffer (0.05 M, pH 7.4) containing the tested drugs in
several concentrations and adequate amounts of recombinant hMAO-A
or hMAO-B required and adjusted to obtain in our experimental
conditions the same reaction velocity [165 pmol of p-tyramine/min
(hMAO-A: 1.1 pg protein; specific activity: 150 nmol of p-tyramine
oxidized to p-hydroxyphenylacetaldehyde/min/mg protein; hAMAOB: 7.5
ng protein; specific activity: 22 nmol of p-tyramine transformed/min/ mg
protein)] were placed in the dark fluorimeter chamber and incubated for
15 min at 37
concentrations) 200 uM Amplex Red reagent, 1 U/mL horseradish

°C. The reaction was started by adding (final

peroxidase and 1 mM p-tyramine. The production of H,O, and,
consequently, of resorufin was quantified at 37 °C in a multidetection
microplate fluorescence reader (FLX800TM, Bio-Tek Instruments, Inc.,
Winooski, VT, USA) based on the fluorescence generated (excitation,
545 nm, emission, 590 nm) over a 15 min period, in which the
fluorescence increased linearly.

Control experiments were carried out simultaneously by replacing the
tested drugs with appropriate dilutions of the vehicles. In addition, the
possible capacity of the above tested drugs for modifying the
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fluorescence generated in the reaction mixture due to non-enzymatic
inhibition (e.g., for directly reacting with Amplex Red reagent) was
determined by adding these drugs to solutions containing only the
Amplex Red reagent in a sodium phosphate buffer. The specific
fluorescence emission (used to obtain the final results) was calculated
after subtraction of the background activity, which was determined from
vials containing all components except the hMAO isoforms, which were
replaced by a sodium phosphate buffer solution.

Reversibility

To evaluate whether compounds 5 and 6 are reversible or
irreversible hMAO-B inhibitors, a dilution method was used.? A
100X concentration of the enzyme used in the above described
experiments was incubated with a concentration of inhibitor
equivalent to 10-fold the ICs, value. After 30 min, the mixture was
diluted 100-fold into reaction buffer containing Amplex Red reagent,
horseradish peroxidase and p-tyramine and the reaction was
monitored for 15 min. Reversible inhibitors show linear progress
with a slope equal to = 91% of the slope of the control sample,
whereas irreversible inhibition reaches only =~ 9% of this slope.
Control test were carried out by pre-incubating and diluting the
enzyme in the absence of inhibitor.

Cytotoxicity

SH-SYS5Y, a twice-subcloned cell line derived from the SK-N-SH
neuroblastoma cell line (ATCC CRL-2266 - American Type Culture
Collection, Rockville, MD, EE.UU) which is used widely in
experimental neurological studies such as neurotoxicity and
neuroprotection, were grown and kept in culture as described
elsewhere.®

For experiments SH-SY5Y cells (1.10%/mL) were seeded in each
well of 96-well culture plate. After overnight incubation, solution of
compounds 1-12 in DMSO (1%) was added to the cells.

Cells treated with DMSO 1% were used as negative control. After
further incubation for 24 h, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyltetrazolium (MTT) assay was performed to measure cell
viability.**

Briefly, 10% of MTT solution (5 mg/ml in PBS) was added to each
well. After incubation for 2 h at 37 °C, MTT solution was removed
and 100 pL of DMSO was added to dissolve the crystals formed.
Then, absorbance at 540 nm was read using a microplate reader. The
percentage cell viability was calculated as [Absorbance
(treatment)/Absorbance (negative control)] 100%.

Molecular Docking

Molecular docking simulations were performed using the
Schrodinger package.> We downloaded the crystallized structure of
the h(MAO-B (2V60)* from the Protein Data Bank. The protein is
with  the 7-(3-chlorobenzyloxy)-4-
carboxaldehydecoumarin (¢17). We prepared the protein structure

co-crystallized ligand

through different steps: addition of hydrogens, cap termini,
optimization of tautomers and protonation states of the residues,
optimization of the H-bonding networks, etc.

Ligands were also pre-processed using LigPrep that generated
tautomers, protonation states at neutral pH and optimized molecular
structures. We performed docking simulations following two
protocols: 1) retaining only a water molecule (HOH1159) that
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establishes an H-bond with the co-crystallized ligand, and 2)
retaining in the pocket water molecules in a distance of 5 A from the
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