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ABSTRACT

A series of eighteen pyrano[4,3-b][1]benzopyranone derivatives (1a-9b) were synthesized, and structure-activity relationships of their monoamine oxidase (MAO) A
and B, acetylcholinesterase (AChE), and butyrylcholinesterase (BChE) inhibitory activities were evaluated. Most of the synthesized compounds exhibited weak
inhibitory activity toward MAO-A, whereas compounds 2a, 2b, 4a, 4b, 5a, 5b, 6a, 6b, 8a and 8b showed potent inhibitory activities toward MAO-B. Intriguingly,
compounds 5a, 5b, and 8a showed inhibitory activities comparable to pargylin, used as a positive control for MAO-B. Substitution of butoxy at the C3 position or of
chlorine at the C8 position of pyrano[4,3-b][1]benzopyranone increased the inhibitory activity of the compound toward MAO-B. The results of a molecular docking
study supported this structural effect. Most of the compounds exhibited no or slight inhibitory activity toward AChE and BChE, with exo type compounds bearing a
butoxy group, such as compounds 2b, 5b and 8b, showing weak but distinct inhibitory activities toward BChE. This report is the first to identify pyrano[4,3-b][1]
benzopyranone derivatives as potent and selective MAO-B inhibitors. 3-Butoxy-8-chloro-pyrano[4,3-b][1]benzopyranone (5b) may be useful as a lead compound for

the development of MAO-B inhibitors.

1. Introduction

Alzheimer’s disease is the leading cause of dementia, and because
the primary risk factor for Alzheimer’s disease is old age, the number of
affected people is increasing dramatically as the global population ages
and is expected to reach 131 million by 2050 [1]. Unfortunately, there
is no effective treatment for Alzheimer’s disease. Current therapeutic
options, which include acetylcholinesterase and butyrylcholinesterase
(AChE and BChE) inhibitors (donepezil, rivastigmine, and galanta-
mine), and an NMDA receptor antagonist (memantine), provide modest
improvement in memory and cognitive function but are only palliative
and do not prevent progressive neurodegeneration. The free radical and
oxidative stress theory of aging suggests that oxidative damage is an
important factor in neuronal degeneration. Therefore, protecting neu-
ronal cells from oxidative damage could potentially prevent Alzhei-
mer’s disease [2].

Monoamine oxidases A and B (EC 1.4.3.4; MAO-A and MAO-B) are
flavoenzymes that bind to the mitochondrial outer membranes of var-
ious mammalian cell types [3]. MAO-A and MAO-B play an important
role in the oxidative degradation of neurotransmitters such as dopa-
mine, serotonin, and epinephrine. MAO-A and MAO-B share approxi-
mately 70% sequence identity at the amino acid level and were iden-
tified based on their substrate and inhibitor sensitivities. MAO-A
preferentially catalyzes the oxidative deamination of serotonin,
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norepinephrine, and epinephrine, and is irreversibly inhibited by clor-
gyline. In contrast, MAO-B preferentially deaminates dopamine, 2-
phenetylamine, and benzylamine, and is irreversibly inhibited by R-
(-)-deprenyl. The administration of MAO inhibitors has a beneficial
effect in the treatment of several neurodegenerative diseases [4,5].
There is considerable evidence that MAO-B activity increases in the
brain as aging progresses whereas there is no comparable evidence for
MAO-A. Furthermore, MAO-B inhibitors such as selegiline and rasagi-
line have shown efficacy in improving learning and memory deficits in
Alzheimer’s disease animal models and to slow the progression of
Alzheimer’s disease in patients. Therefore, selective MAO-B inhibitors
would likely be of value for Alzheimer’s disease therapy [6-9].

4H-1-Benzopyran-4-ones (chromones, 4H-1-chromen-4-ones) are an
important class of oxygenated heterocyclic compounds that have at-
tracted the attention of organic chemists and biochemists due to their
biological activities [10]. The chromone core structure is found in fla-
vones and isoflavones, which are secondary metabolites that are ubi-
quitous in nature and especially in the plant kingdom and are present in
notable amounts in several plant species. 2,3-Dihydro-1-benzopyran-4-
ones (chromanones, chroman-4-ones) are an important scaffold struc-
ture in drug discovery and development [11]. The chromanone core
structure is found in many natural compounds such as flavanones,
isoflavanones, and homoisoflavanones [12-14].

Chromone and chromanone scaffolds are the pharmacophores of a
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large number of bioactive molecules of both natural and synthetic
origin. These bioactive molecules have been studied as candidate drugs
for treating Alzheimer’s disease, such as ChE inhibitors, MAO in-
hibitors, B-secretase inhibitors and amyloid (3 aggregation inhibitors
[12].

In contrast, there have been few studies on pyrano[4,3-b][1]ben-
zopyranones, which are derived from chromones. Although several
synthetic studies have been conducted[15-18], only a few studies have
evaluated their biological activities[19,20].

In the present study, a series of pyrano[4,3-b][1]benzopyranones
were synthesized and the structure-activity relationships (SARs) of their
MAO and ChE inhibitory activities were investigated in an effort to
further the discovery of new compounds useful for treating Alzheimer’s
disease and to further explore the biological activities of pyrano[4,3-b]
[1]benzopyranones.

2. Results and discussion
2.1. Chemistry

3-Formylchromones behave as heterodienes in hetero Diels-Alder
reactions with enol ethers. The pyrano[4,3-b][1]benzopyranone deri-
vatives (la - 9b) were synthesized by cycloaddition reactions of 3-
formylchromones (Ia-c) with excess selected enol ether (Ila-c) ac-
cording to methods reported previously[15] (Fig. 1).

All products were obtained as a mixture of endo and exo type ad-
ducts. These isomer were determined by the coupling constant between
H-3 and H-4a (J =10 Hz: endo adducts, J = 2.5 Hz: exo adducts). Yields
of endo type adducts with higher amount than that of exo type
(Table 1). Therefore, the structure of endo and exo type adducts (3a, 3b,
6a, 6b, 9a, 9b) by using methyl enol ethers were defined by their
yields.

2.2. Inhibitory activities of the synthetic compounds toward MAOs

Eighteen pyrano[4,3-b][1]benzopyranone derivatives (1a-9b) were
evaluated for MAO-A and MAO-B inhibitory activity according to the
assay methods described in the Experimental section. Most of the
compounds showed weak inhibitory activity toward MAO-A, except for
compounds 6a and 8b, which showed distinct inhibitory activities. In
contrast, compounds 2a, 2b, 4a, 4b, 5a, 5b, 6a, 6b, 8a and 8b showed
potent and selective inhibitory activities toward MAO-B. In particular,
compounds 5a, 5b, and 8a inhibited MAO-B activity most potently,
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Fig. 1. Synthetic protocol for pyrano[4,3-b][1]benzopyranone derivatives.
Reagents and conditions: (a) toluene in a sealed tube, 115 °C.
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Table 1
Synthesis of pyrano[4,3-b][1]benzopyranone derivatives.

Entry R! R? R® Cycloadducts Total yield (%) Ratio of endo/exo
endo exo
1 H H Et la 1b 91 1.9:1
2 H H Bu 2a 2b 93 1.8:1
3 H Me Me 3a 3b 93 3.8:1
4 Cl H Et 4a 4b 93 2.1:1
5 Cl H Bu 5a 5b 94 1.9:1
6 Cl Me Me 6a 6b 93 3.4:1
7 MeO H Et 7a 7b 89 2.0:1
8 MeO H Bu 8a 8b 96 1.8:1
9 MeO Me Me 9a 9b 89 3.1:1

with sub-micromolar order ICs, values similar to pargyline, a positive
control. The inhibition of MAO-B by compound 5b was reversible,
whereas pargyline inhibited MAO-B irreversibly (data not shown).
Compounds 2a, 2b, 4a, 4b, 6a, 6b and 8b showed micromolar order
ICsp values toward MAO-B. Substitution of butoxy at the C3 position or
of chlorine at the C8 position on pyrano[4,3-b][1]benzopyranone ap-
peared to increase the inhibitory activity toward MAO-B, as can be seen
in the comparison of compounds 1 vs. 2,4 vs. 5,7 vs. 8,1 vs. 4,2 vs. 5,
and 3 vs. 6.

2.3. Inhibitory activities of the synthetic compounds toward ChEs

As can be seen in Table 2, most of the compounds showed no in-
hibitory activity to ChEs, although compounds 2a, 5a, and 6a slightly
inhibited AChE activity and compounds 2a, 2b, 5b, and 8b slightly
inhibited BChE activity. These results suggest that exo type and butoxy-
containing pyrano[4,3-b][1]benzopyranones may be useful for re-
cognizing BChE, with the exception of compound 2a. Compound 5b
showed potent MAO-B and weak but distinct BChE inhibitory activities.

2.4. Molecular docking study for calculating the binding energies of
compounds to MAO-B

In an effort to elucidate the mechanism by which compound 5b
exhibits potent and selective inhibitory activity toward MAO-B,

Table 2
ICso values of pyrano[4,3-b][1]benzopyranone derivatives for MAO-A, MAO-B,
AChE and BChE.

Compd. MAO-AICs (WM) MAO-BICso (uM)  SI AChE BChE
ICso (M) ICsp (M)

la 53 > 100 - > 100 > 100
1b 35 35 - > 100 > 100
2a 95 1.2 79 67 44

2b 25 3.2 7.8 > 100 20

3a 28 68 - > 100 > 100
3b 34 34 - > 100 > 100
4a 29 1.5 19 > 100 > 100
4b 33 1.7 19 > 100 > 100
5a 84 0.54 160 76 > 100
5b > 100 0.20 > 500 > 100 21

6a 7.7 2.8 2.8 51 > 100
6b 38 1.7 22 > 100 > 100
7a 15 21 - 94 > 100
7b 19 21 - > 100 > 100
8a 25 0.39 64 > 100 > 100
8b 4.3 1.3 3.3 > 100 27

9a 19 40 - > 100 > 100
9b 14 6.8 2.1 > 100 > 100
PC 4.6 0.22 21 0.20 7.1

The selectivity index (SI) is the selectivity for MAO-B and is given as the ratio of
1Csp value for MAO-A/ ICs, value for MAO-B.
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molecular docking of compound 5b into the ligand binding model site
of MAO-B was examined using a binding model based on the MAO-B
complex structure (6FVZ. pdb) and compared with the binding model of
compound 1b. Though the binding poses of 1b indicated the space
between ligand and protein around Pro104, the chlorine derivative 5b
could fill to that space. On the other hand, the space around Tyr398 was
filled by longer sidechain (buthoxy group). The binding score of ligands
and MAO-B might be influenced by these factors and chlorine and bu-
thoxy derivative (5b) showed more stable energy (5b: —9.51 kcal/mol,
1b: —8.60 kcal/mol). This result was significantly corresponding to
MAO-B inhibitory activities.

Thull and Testa [21] reported that tricyclic compounds, such as
anthraquinone, xanthene, xanthone, thioxanthone and acridine, selec-
tively inhibit MAO-A activity. Harfenist et al. [22,23] reported that
tricyclic N-arylamide derivatives also inhibit MAO-A activity selec-
tively. In contrast, many chromone and chromanone derivatives, such
as flavones and homoisoflavoninds, inhibit MAO-B activity selectively
[8-11]. The active site structures of human MAO-A and MAO-B were
recently reported [4,5] and show that MAO-B has a bipartite hydro-
phobic cavity comprising an entrance cavity and a substrate cavity. The
substrate cavity in MAO-B has a volume of ~430 A® and the entrance
cavity has a volume of ~290A>. The combined volume of the two
cavities is ~700 A® when the gating Ile 199 is in the open conforma-
tion. The active site of MAO-A differs from that of MAO-B in that it has
a monopartite cavity with a total volume of ~550 A%, It therefore ap-
pears that MAO-B recognizes larger substrates and less stringently than
does MAO-A. Consequently, 5b might be more selective for MAO-B.

3. Conclusion

A series of pyrano[4,3-b][1]benzopyranone derivatives (1a-9b)
were synthesized and their SARs were evaluated with respect to MAO-
A, MAO-B, AChE, and BChE inhibitory activities. This is the first report
identifying pyrano[4,3-b][1]benzopyranone derivatives as MAO-B in-
hibitors. 3-Butoxy-8-chloro-pyrano[4,3-b][1]benzopyranone (5b) may
be useful as a hit compound for the development of novel MAO-B in-
hibitors.

4. Experimental
4.1. Chemistry

All reagents and solvents were purchased from commercial sources.
3-Formylchromone and 6-chloro-3-formylchromone were purchased
from Tokyo Kasei Industry, Tokyo, Japan. 6-Methoxy-3-for-
mylchromone was synthesized according to a previously described
method [24]. Analytical thin-layer chromatography was performed on
silica-coated plates (silica gel 60F-254; Merck Ltd., Tokyo, Japan) and
visualized under UV light. Column chromatography was carried out
using silica gel (Wakogel C-200; Wako Pure Chemical Industry Co.,
Tokyo, Japan). All melting points were determined using a Yanagimoto
micro-hot stage and are uncorrected. 'H NMR and '3C NMR spectra
were recorded on a Varian 400-MR spectrometer using tetra-
methylsilane as an internal standard. MS spectra were measured using a
JEOL JMS-700 spectrometer. Elemental analyses were carried out on a
Yanaco CHN MT-6 elemental analyzer.

4.2. General procedure for preparing pyrano[4,3-b][1]benzopyran
derivatives (1-9)

The cycloadducts (1-9) were synthesized by modifying a previously
reported procedure [15]. A mixture of the corresponding 3-for-
mylchromone (I, 2 mmol), the appropriate enol ether (II, 40 mmol), and
toluene (5mL) was heated at 115°C for 2-8h in a sealed tube. The
solvent was evaporated under reduced pressure. The residue was pur-
ified by silica gel column chromatography (hexane:AcOEt = 10:1) to
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give the title compound. Satisfactory yields were obtained in all cases
and all products were formed as both endo and exo type adducts, with
endo predominating (see Table 1).

4.2.1. 3-Ethoxy-4,4a-dihydro-3H,10H-pyrano[4,3-b][1]benzopyran-10-
ones (1a and 1b)

Reaction time: 4h. Total yield (1a and 1b): 91%. Ratio of en-
doexo = 1.9:1.

The endo adduct (1a): colorless crystal. mp 186-187°C (lit.
176-177 °C[15]). 'H NMR (CDCl3, 400 MHz) &: 7.95 (1H, dd, J = 7.8,
1.7 Hz, H-9), 7.57 (1H, d, J = 1.2 Hz, H-1), 7.45 (1H, ddd, J = 8.3, 7.1,
1.7 Hz, H-7), 7.05 (1H, ddd, J = 7.8, 7.1, 1.1 Hz, H-8), 6.94 (1H, dd,
J = 8.3, 1.1 Hz, H-6), 5.24-5.16 (2H, m, H-3 and H-4a), 4.04 (1H, dq,
J = 9.4,7.1Hz, OCH,), 3.69 (1H, dq, J = 9.4, 7.1 Hz, OCH,), 2.59 (1H,
ddd, J = 13.1, 6.7, 2.1 Hz, H-4p), 2.33 (1H, dt, J = 13.1, 10.0 Hz, H-
4a),1.30 (3H, t, J = 7.6 Hz, CHs). MS (EI) m/z: 246 [M]*. The "H NMR
spectrum was similar to that previously reported [15].

The exo adduct (1b): pale yellow thin crystal. mp 84-85°C (lit.
83-84°C[15]). 'H NMR (CDCl,, 400 MHz) §: 7.96 (1H, dd, J = 7.8,
1.8 Hz, H-9), 7.54 (1H, d, J = 1.6 Hz, H-1), 7.45 (1H, ddd, J = 8.3, 7.1,
1.8 Hz, H-7), 7.05 (1H, ddd, J = 7.8, 7.1, 1.0 Hz, H-8), 6.94 (1H, dd,
J = 8.3, 1.0 Hz, H-6), 5.32 (1H, br t, J = 2.5 Hz, H-3), 5.20 (1H, ddd,
J =10.5, 6.5, 1.6 Hz, H-4a), 3.86 (1H, dq, J = 9.6, 7.1 Hz, OCH,), 3.62
(1H, dq, J = 9.6, 7.1 Hz, OCH,), 2.55 (1H, ddd, J = 13.0, 6.5, 2.3 Hz,
H-4p), 2.19 (1H, ddd, J = 13.0, 10.5, 2.9Hz, H-4a), 1.20 (3H, t,
J = 7.1Hz, CH3). MS (EI) m/z: 246 [M]*. The 1H NMR spectrum was
similar to that previously reported [15].

4.2.2. 3-Butoxy-4,4a-dihydro-3H,10H-pyrano[4,3-b][1]benzopyran-10-
ones (2a and 2b)

Reaction time: 2h. Total yield (2a and 2b): 93%. Ratio of en-
do:exo = 1.8:1.

The endo adduct (2a): colorless crystal. mp 125-126°C (lit.
120-121 °C [15]). 'H NMR (CDCl3, 400 MHz) &: 7.94 (1H, dd, J = 7.8,
1.8 Hz, H-9), 7.57 (1H, d, J = 1.2 Hz, H-1), 7.45 (1H, ddd, J = 8.3, 7.1,
1.8 Hz, H-7), 7.05 (1H, ddd, J = 7.8, 7.1, 1.0 Hz, H-8), 6.94 (1H, dd,
J = 8.3, 1.0 Hz, H-6), 5.22-5.16 (2H, m, 3-H and H-4a), 3.97 (1H, dq,
J = 9.5, 6.7 Hz, OCH,), 3.60 (1H, dq, J = 9.5, 6.7 Hz, OCH,), 2.59 (1H,
ddd, J = 13.1, 6.7, 2.1 Hz, H-4f3), 2.33 (1H, dq, J = 13.1, 10.0 Hz, H-
4a), 1.68-1.58 (2H, m, CH,), 1.46-1.36 (2H, m, CH,), 0.94 (3H, t,
J = 7.1Hz, CH3). MS (EI) m/z: 274 [M]*. The 1H NMR spectrum was
similar to that previously reported [15].

The exo adduct (2b): yellow thin crystal. mp 50-51 °C (lit. 50-51 °C
[15]). . Epub 2005 Jul 27H NMR (CDCls, 400 MHz) &: 7.97 (1H, dd,
J = 8.0, 1.8Hz, H-9), 7.54 (1H, d, J = 1.6 Hz, H-1), 7.45 (1H, ddd,
J=8.3, 7.1, 1.8 Hz, H-7), 7.05 (1H, ddd, J = 8.0, 7.1, 1.1 Hz, H-8),
6.94 (1H, dd, J = 8.3, 1.1 Hz, H-6), 5.30 (1H, br t, J = 2.5Hz, H-3),
5.20 (1H, ddd, J = 10.5, 6.5, 1.6 Hz, H-4a), 3.80 (1H, dq, J = 9.5,
6.6 Hz, OCH,), 3.55 (1H, dq, J = 9.5, 6.6 Hz, OCH,), 2.55 (1H, ddd,
J =13.0, 6.5, 2.3 Hz, H-4p), 2.18 (1H, ddd, J = 13.0, 10.5, 2.9 Hz, H-
4a), 1.58-1.50 (2H, m, CH,), 1.38-1.28 (2H, m, CH,), 0.90 (3H, t,
J = 7.3 Hz, CH3). MS (ED) m/z: 274 [M]*. The 1H NMR spectrum was
similar to that previously reported [15].

4.2.3. 3-Methoxy-3-methyl-4,4a-dihydro-3H,10H-pyrano[4,3-b][1]
benzopyran-10-ones (3a and 3b)

Reaction time: 3h. Total yield (3a and 3b): 94%. Ratio of en-
do:exo = 3.8:1.

The endo adduct (3a): pale yellow crystal. mp 116-117 °C (lit.
114-115°C [15]). . Epub 2005 Jul 27H NMR (CDCls;, 400 MHz) 8: 7.97
(1H, dd, J = 7.9, 1.8 Hz, H-9), 7.58 (1H, d, J = 1.4 Hz, H-1), 7.45 (1H,
ddd, J = 8.3, 7.1, 1.8 Hz, H-7), 7.06 (1H, ddd, J = 7.9, 7.1, 1.1 Hz, H-
8), 6.96 (1H, dd, J = 8.3, 1.1 Hz, H-6), 5.08 (1H, ddd, J = 8.7, 6.7,
1.4 Hz, H-4a), 3.43 (3H, s, OCHs), 2.49 (1H, dd, J = 13.2, 8.7 Hz, H-
4B), 2.36 (1H, dd, J = 13.2, 6.7 Hz, H-4a), 1.49 (3H, s, CH3). MS (EI)
m/z: 246 [M]*. The '"H NMR spectrum was similar to that previously
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reported [15].

The exo adduct (3b): colorless crystal. mp 132-133°C (lit.
127-128°C [15]). 'H NMR (CDCls, 400 MHz) §: 7.96 (1H, dd, J = 7.9,
1.7 Hz, H-9), 7.52 (1H, d, J = 1.5Hz, H-1), 7.44 (1H, ddd, J = 8.3, 7.1,
1.7 Hz, H-7), 7.04 (1H, ddd, J = 7.9, 7.1, 1.0 Hz, H-8), 6.94 (1H, dd,
J = 8.3, 1.0Hz, H-6), 5.18 (1H, ddd, J = 10.6, 6.7, 1.5 Hz, H-4a), 3.30
(3H, s, OCHj3), 2.58 (1H, dd, J = 12.9, 6.7 Hz, H-4f), 2.08 (1H, dd,
J =12.9, 10.6 Hz, H-4a), 1.59 (3H, s, CHj). MS (EI) m/z: 246 [M]™".
The 'H NMR spectrum was similar to that previously reported [15].

4.2.4. 8-Chloro3-ethoxy-4,4a-dihydro-3H,10H-pyrano[4,3-b][1]
benzopyran-10-ones (4a and 4b)

Reaction time: 4h. Total yield (4a and 4b): 93%. Ratio of en-
do:exo = 2.1:1.

The endo adduct (4a): yellow thin crystal. mp 186-187 °C 1H NMR
(CDCl;, 400MHz) &: 7.90 (1H, d, J = 2.7Hz, H-9), 7.58 (1H, d,
J =1.3Hz, H-1), 7.38 (1H, dd, J = 8.7, 2.7Hz, H-7), 6.91 (1H, d,
J = 8.7 Hz, H-6), 5.22 (1H, dd, J = 9.9, 2.1 Hz, H-3), 5.17 (1H, ddd,
J =9.9, 6.7, 1.3Hz, H-4a), 4.03 (1H, dq, J = 9.5, 7.1 Hz, OCH,), 3.69
(1H, dq, J = 9.5, 7.1 Hz, OCH,), 2.59 (1H, ddd, J = 13.1, 6.7, 2.1 Hz,
H-4p), 2.32 (1H, dt, J = 13.1, 9.9 Hz, H-4a), 1.30 (3H, t, J = 7.1 Hz,
CHo). 13C NMR (CDCl3, 100 MHz) &: 180.0, 159.1, 152.3, 135.0, 127.5,
126.7, 123.6, 119.4, 111.0, 100.6, 70.7, 65.7, 33.4, 15.0. MS (EI) m/z:
280 [M]™*. Anal. Caled for Cq4H13ClO4: C, 59.90; H, 4.67. Found: C,
60.11; H, 4.72.

The exo adduct (4b): colorless thin crystal. mp 129-130 °C. H NMR
(CDCl;, 400MHz) &: 7.91 (1H, d, J = 2.7Hz, H-9), 7.55 (1H, d,
J=1.6Hz, H-1), 7.38 (1H, dd, J = 8.9, 2.7 Hz, H-7), 6.90 (1H, d,
J=8.9Hz, H-6), 5.33 (1H, br t, J = 2.4Hz, H-3), 5.19 (1H, ddd,
J =10.5, 6.5, 1.6 Hz, H-4a), 3.86 (1H, dq, J = 9.6, 7.1 Hz, OCH,), 3.62
(1H, dq, J = 9.6, 7.1 Hz, OCH,), 2.55 (1H, ddd, J = 13.0, 6.5, 2.2 Hz,
H-4f3), 2.18 (1H, ddd, J = 13.0, 10.5, 2.9 Hz, H-4a), 1.21 (3H, ¢,
J = 7.1Hz, CH,). 13C NMR (CDCl3, 100 MHz) &: 179.9, 159.3, 150.7,
134.9, 127.3, 126.7, 123.7, 119.4, 111.7, 98.9, 68.3, 65.0, 31.8, 14.9.
MS (EI) m/z 280 [M]*. Anal. Caled for C;4H;5ClO4: C, 59.90; H, 4.67.
Found: C, 59.73; H, 4.65.

4.2.5. 3-Butoxy-8-chloro-4,4a-dihydro-3H,10H-pyrano[4,3-b][1]
benzopyran-10-ones (5a and 5b)

Reaction time: 4h. Total yield (5a and 5b): 94%. Ratio of en-
do:exo = 1.9:1.

The endo adduct (5a): colorless crystal. mp 152-153 °C. H NMR
(CDCl3, 400MHz) &: 7.90 (1H, d, J=2.7Hz, H-9), 7.58 (1H, d,
J=1.3Hz, H-1), 7.38 (1H, dd, J = 8.8, 2.7Hz, H-7), 6.90 (1H, d,
J = 8.8 Hz, H-6), 5.20 (1H, dd, J = 9.9, 2.1 Hz, H-3), 5.17 (1H, ddd,
J=9.9, 6.7, 1.3Hz, H-4a), 3.98 (1H, dt, J = 9.5, 6.7 Hz, OCH,), 3.61
(1H, dt, J = 9.5, 6.7 Hz, OCH,), 2.58 (1H, ddd, J = 13.1, 6.7, 2.1 Hz, H-
4B), 2.32 (1H, dt, J = 13.1, 9.9 Hz, H-4a), 1.67-1.59 (2H, m, CH,),
1.46-1.36 (2H, m, CH,), 0.94 (3H, t, J = 7.4Hz, CH3). '*C NMR
(CDCl3, 100 MHz) &: 180.0, 159.2, 152.3, 135.0, 127.5, 126.7, 123.7,
119.4,111.0, 100.8, 70.7, 70.0, 33.4, 31.5, 19.1, 13.8. MS (EI) m/z 308
[M]™*. Anal. Caled for C;¢H;,ClO4: C, 62.24; H, 5.55. Found: C, 62.20;
H, 5.58.

The exo adduct (5b): pale yellow crystal. mp 96-97 °C. 'H NMR
(CDCl3, 400MHz) &: 7.91 (1H, d, J=2.7Hz, H-9), 7.55 (1H, d,
J=1.6Hz, H-1), 7.38 (1H, dd, J = 8.8, 2.7Hz, H-7), 6.90 (1H, d,
J =8.8Hz, H-6), 5.31 (1H, br t, J = 2.6 Hz, H-3), 5.18 (1H, ddd,
J =10.5, 6.5, 1.6 Hz, H-4a), 3.80 (1H, dt, J = 9.5, 6.6 Hz, OCH.,), 3.56
(1H, dt, J = 9.5, 6.6 Hz, OCH,), 2.55 (1H, ddd, J = 13.0, 6.5, 2.2 Hz, H-
4B), 2.18 (1H, ddd, J = 13.0, 10.5, 2.9 Hz, H-4a), 1.58-1.50 (2H, m,
CH.), 1.38-1.28 (2H, m, CH,), 0.90 (3H, t, J = 7.4 Hz, CH3). °C NMR
(CDCl3, 100 MHz) &: 179.9, 159.3, 150.7, 134.9, 127.3, 126.7, 123.7,
119.4,111.7, 99.1, 69.3, 68.3, 31.8, 31.4, 19.2, 13.8. MS (EI) m/z: 308
[M]™*. Anal. Caled for C,¢H;,ClO4: C, 62.24; H, 5.55. Found: C, 62.12;
H, 5.36.
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4.2.6. 8-Chloro-3-methoxy-3-methyl-4,4a-dihydro-3H,10H-pyrano[4,3-b]
[1]- benzopyran-10-ones (6a and 6b)

Reaction time: 4h. Total yield (6a and 6b): 93%. Ratio of en-
do:exo = 3.4:1.

The endo adduct (6a): pale yellow crystal. mp 152-153 °C. 'H NMR
(CDCl;, 400 MHz) &: 7.92 (1H, d, J = 2.7Hz, H-9), 7.60 (1H, d,
J=1.4Hz, H-1), 7.39 (1H, dd, J = 8.7, 2.7 Hz, H-7), 6.92 (1H, d,
J = 8.7 Hz, H-6), 5.06 (1H, ddd, J = 8.6, 6.7, 1.4 Hz, H-4a), 3.43 (3H, s,
OCH3), 2.48 (1H, dd, J = 13.3, 8.6 Hz, H-4p), 2.35 (1H, dd, J = 13.3,
6.7 Hz, H-4a), 1.49 (3H, s, CHs). 3¢ NMR (CDCl3, 100 MHz) &: 180.2,
159.2, 152.4, 134.9, 127.4, 126.7, 123.8, 119.4, 110.0, 104.0, 71.0,
50.1, 35.7, 22.6. MS (EI) m/z: 280 [M] *. Anal. Calcd for C;4H;3ClO4: C,
59.90; H, 4.67. Found: C, 59.64; H, 4.62.

The exo adduct (6b): colorless crystal. mp 148-150 °C. 1H NMR
(CDCl;, 400 MHz) 6: 7.91 (1H, d, J = 2.7Hz, H-9), 7.53 (1H, d,
J=1.5Hz, H-1), 7.37 (1H, dd, J = 8.8, 2.7 Hz, H-7), 6.90 (1H, d,
J = 8.8 Hz, H-6), 5.17 (1H, ddd, J = 10.6, 6.7, 1.5 Hz, H-4a), 3.30 (3H,
s, OCH3), 2.58 (1H, dd, J = 12.9, 6.7 Hz, H-4p), 2.08 (1H, dd, J = 12.9,
10.6 Hz, H-4a), 1.60 (3H, s, CHs). '3C NMR (CDCl3, 100 MHz) §: 180.0,
159.4, 150.7, 134.9, 127.2, 126.7, 123.7, 119.4, 111.6, 102.9, 69.7,
49.7, 37.3, 22.2. MS (EI) m/z: 280 [M]*. Anal. Calcd for C;4H;5ClO4: C,
59.90; H, 4.67. Found: C, 59.90; H, 4.43.

4.2.7. 3-Ethoxy-4,4a-dihydro-8-methoxy-3H,10H-pyrano[4,3-b][1]
benzopyran-10-ones (7a and 7b)

Reaction time: 8h. Total yield (7a and 7b): 89%. Ratio of en-
do:exo = 2.0:1.

The endo adduct (7a): pale yellow thin crystal. mp 166-167 °C (lit.
159-161°C [15]). 'H NMR (CDCl;, 400MHz) &: 7.55 (1H, d,
J = 1.3Hz, H-1), 7.38 (1H, d, J = 3.2 Hz, H-9), 7.05 (1H, dd, J = 9.0,
3.2Hz, H-7), 6.89 (1H, d, J = 9.0Hz, H-6), 5.20 (1H, dd, J = 9.9,
2.1 Hz, H-3), 5.14 (1H, ddd, J = 9.9, 6.7, 1.3 Hz, H-4a), 4.04 (1H, dq,
J =9.6, 7.2Hz, OCH,), 3.81 (3H, s, OCH3), 3.69 (1H, dq, J = 9.6,
7.2Hz, OCHy), 2.57 (1H, ddd, J = 13.1, 6.7, 2.1 Hz, H-4f3), 2.31 (1H,
dt, J = 13.1, 9.9 Hz, H-4a), 1.30 (3H, t, J = 7.1 Hz,). MS (EI) m/z: 276
[M]*. The '"H NMR spectrum was similar to that previously reported
[15].

The exo adduct (7b): yellow solid. mp 88-90 °C (lit. 83-84 °C [15]).
1H NMR (CDCl3, 400 MHz) 6: 7.54 (1H, d, J = 1.6 Hz, H-1), 7.40 (1H, d,
J = 3.2Hz, H-9), 7.05 (1H, dd, J = 8.9, 3.2Hz, H-7), 6.88 (1H, d,
J =8.9Hz, H-6), 5.31 (1H, br t, J = 2.6 Hz, H-3), 5.14 (1H, ddd,
J =10.4, 6.5, 1.6 Hz, H-4a), 3.86 (1H, dq, J = 9.6, 7.1 Hz, OCH>), 3.81
(3H, s, OCH3), 3.62 (1H, dq, J = 9.6, 7.1 Hz, OCH,), 2.53 (1H, ddd,
J =13.0, 6.5, 2.4 Hz, H-4p), 2.18 (1H, ddd, J = 13.0, 10.4, 2.9 Hz, H-
4a),1.20 (3H, t, J = 7.1 Hz, CHs). MS (EI) m/z: 276 [M]*. The "H NMR
spectrum was similar to that previously reported [15].

4.2.8. 3-Butoxy-4,4a-dihydro-8-methoxy-3H,10H-pyrano[4,3-b][1]
benzopyran-10-ones (8a and 8b)

Reaction time: 4h. Total yield (8a and 8b): 96%. Ratio of en-
do:exo = 1.8:1.

The endo adduct (8a): pale yellow crystal. mp 112-113 °C. '"H NMR
(CDCl;, 400 MHz) 6: 7.57 (1H, d, J = 1.3Hz, H-1), 7.38 (1H, d,
J =3.2Hz, H-9), 7.05 (1H, dd, J = 9.0, 3.2Hz, H-7), 6.88 (1H, d,
J = 9.0 Hz, H-6), 5.18 (1H, dd, J = 10.0, 2.1 Hz, H-3), 5.14 (1H, ddd,
J =10.0, 6.7, 1.3 Hz, H-4a), 3.97 (1H, dt, J = 9.4, 6.7 Hz, OCH,), 3.82
(3H, s, OCH3), 3.60 (1H, dt, J = 9.4, 6.7 Hz, OCH,), 2.57 (1H, ddd,
J =13.1, 6.7, 2.1 Hz, H-4p), 2.31 (1H, dt, J = 13.1, 10.0 Hz, H-4a),
1.68-1.60 (2H, m, CH,), 1.46-1.36 (2H, m, CH,), 0.95 (3H, t,
J = 7.4Hz, CH3). *C NMR (CDCl3;, 100 MHz) &: 181.0, 155.1, 154.4,
151.5,123.8,122.7,118.8, 111.5, 107.9, 100.6, 70.4, 69.7, 55.7, 33.3,
31.3, 19.0, 13.6. MS (ED) m/z: 304 [M]*. Anal. Calcd for C1,H,00s: C,
67.09; H, 6.62. Found: C, 67.22; H, 6.60.

The exo adduct (8b): yellow oil. 'H NMR (CDCls, 400 MHz) 8: 7.55
(1H, d, J = 1.6 Hz, H-1), 7.40 (1H, d, J = 3.2Hz, H-9), 7.05 (1H, dd,
J =19.0, 3.2Hz, H-7), 6.88 (1H, d, J = 9.0Hz, H-6), 5.30 (1H, br t,
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J = 2.6 Hz, H-3), 5.14 (1H, ddd, J = 10.5, 6.5, 1.6 Hz, H-4a), 3.82 (3H,
s, OCH3), 3.80 (1H, dt, J = 9.5, 6.5Hz, OCH,), 3.55 (1H, dt, J = 9.5,
6.5Hz, OCH»), 2.53 (1H, ddd, J = 13.0, 6.5, 2.2 Hz, H-4f), 2.17 (1H,
ddd, J = 13.0, 10,5, 2.9 Hz, H-4a), 1.58-1.20 (2H, m, CH,), 1.38-1.30
(2H, m, CHy), 0.90 (3H, t, J = 7.4 Hz, CHs). *C NMR (CDCl3, 100 MHz)
8: 181.0, 155.4, 154.4, 150.0, 123.9, 122.9, 119.0, 112.4, 108.0, 99.0,
69.1, 68.0, 55.8, 31.9, 31.4, 19.2, 13.8. MS (EI) m/z 304 [M]*.

4.2.9. 3,8-Dimethoxy-3-methyl-4,4a-dihydro-3H,10H-pyrano[4,3-b][1]
benzopyran-10-ones (9a and 9b)

Reaction time: 4h. Total yield (9a and 9b): 89%. Ratio of en-
do:exo = 3.1:1.

The endo adduct (9a): yellow solid. mp 93-95 °C. H NMR (CDCls,
400 MHz) 6: 7.58 (1H, d, J = 1.4 Hz, H-1), 7.40 (1H, d, J = 3.2 Hz, H-
9), 7.06 (1H, dd, J = 9.0, 3.2 Hz, H-7), 6.90 (1H, d, J = 9.0 Hz, H-6),
5.03 (1H, ddd, J = 8.6, 6.7, 1.4 Hz, H-4a), 3.82 (3H, s, OCH3), 3.43
(3H, s, OMe), 2.48 (1H, dd, J = 13.2, 8.6 Hz, H-4p), 2.34 (1H, dd,
J =13.2, 6.7 Hz, H-4a), 1.48 (3H, s, CH3). '>C NMR (CDCl;, 100 MHz)
8:181.3, 155.3, 154.5, 151.8, 124.0, 122.9, 119.0, 110.6, 108.1, 103.9,
70.6, 55.8, 50.0, 35.7, 22.7. MS (EI) m/z: 276 [M]*. Anal. Calcd for
C15H160s5: C, 65.21; H, 5.84. Found: C, 64.99; H, 5.79.

The exo adduct (9b): yellow thin crystal. 107-108 °C. 1H NMR
(CDCl;, 400MHz)8: 7.52 (1H, d, J = 1.5Hz, H-1), 7.39 (1H, d,
J = 3.2Hz, H-9), 7.04 (1H, dd, J = 9.0, 3.2Hz, H-7), 6.88 (1H, d,
J =9.0Hz, H-6), 5.12 (1H, ddd, J = 10.6, 6.7, 1.5 Hz, H-4a), 3.82 (3H,
s, OCHs), 3.29 (3H, s, OCH3), 2.56 (1H, dd, J = 12.9, 6.7 Hz, H-4p),
2.06 (1H, dd, J = 12.9, 10.6 Hz, H-4a), 1.59 (3H, s, CHs). 13C NMR
(CDCl3, 100 MHz) 8: 181.2, 155.5, 154.3, 150.1, 123.9, 122.9 119.0,
112.3, 108.0, 102.7, 69.3, 55.8, 49.6, 37.5, 22.3. MS (EI) m/z: 276
[M]™". Anal. Caled for C;5H;60s: C, 65.21; H, 5.84. Found: C, 65.24; H,
5.80.

4.3. Biological assays

Recombinant human monoamine oxidase A (MAO-A), MAO-B,
acetylcholinesterase, horse serum butyrylcholinesterase, pargyline and
kynuramine were purchased from Sigma-Aldrich Japan Co., Tokyo,
Japan. Neostigmine and 5,5-dithiobis(2-nitrobenzoic acid) (DTNB)
were purchased from Tokyo Chemical Industry Co., Tokyo, Japan.

4.4. MAO inhibitory assay

MAO inhibitory activity was assayed using the method of Novaroli
et al. [25]with minor modifications. Briefly, 140 uL of 0.1 M potassium
phosphate buffer (pH 7.4), 8 uL of 0.75 mM kynuramine, and 2 pL of a
dimethyl sulfoxide (DMSO) inhibitor solution (final DMSO concentra-
tion of 1% (v/v) and final concentrations of the inhibitors of 0 —
100 uM), were preincubated at 37 °C for 10 min. Diluted human re-
combinant enzyme (50 puL) was then added to obtain a final protein
concentration of 0.0075 mg/mL (MAO-A) or 0.015 mg/mL (MAO-B) in
the assay mixture. The reaction mixture was further incubated at 37 °C
and the reaction was stopped after 20 min by the addition of 75 pL of
2 M NaOH. The product generated by MAO, 4-quinolinol, is fluorescent
and was measured at Ex 310 nm/Em 400 nm using a microplate reader
(Molecular Devices SPECTRA MAX M2). Each data points of samples
were triplicate. The sample solution was replaced with DMSO to pro-
vide a negative control and pargyline was used as a positive control.
The ICso values were calculated from a line through two points which
sandwiched the point of 50% (ICso) by plotting the remained activity
(%) related to control (100%) versus the logarithm of the inhibitor
concentration to obtain a sigmoidal dose-response curve.

4.5. AChE and BCHhE inhibitory assays

AChE and BChE inhibitory activities were assayed using the method
of Oboh et al. [26] Briefly, 2uL of pyrano[4,3-b][1]benzopyranone
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derivatives dissolved in DMSO, 6 L of 0.06 mg/mL acetylthiocholine or
0.12 mg/mL butyrylthiocholine dissolved in 0.1 M phosphate buffer
(pH 8.0), 180 uL of the buffer, 6 L of 0.3 mM DTNB dissolved in the
buffer, and 6 puL of 0.15 U/mL AChE or 0.075 U/mL BChE dissolved in
the buffer were added and mixed in a 96-well plate. Enzyme activity
was determined as the change in absorbance at 412nm every 5min
during 30 min with a micro-plate reader (Molecular Devices SPECTRA
MAX M2). The sample solution was replaced with DMSO as a control.
Neostigmine was used as a positive control. The calculations of ICsq
values were described above.

4.6. Molecular docking study

The MAO-B crystal structure was retrieved from the Protein Data
Bank (PDB code: 6FVZ) and imported into the Auto-Dock program
(Version 4.2). The structures of compounds 1b and 5b were drawn
using ChemBioDrawUltra 11.0 and subjected to energy minimization
using molecular mechanics (MM2). AutoGrid was used for calculating
the grid maps and the grid was centered on the ligand binding site of
MAO-B such that it would totally cover the ligand molecule. The cen-
troid of the grid map was set to X: 17, Y: 129, Z: 26, number of grid
points X:60 Y:60 Z:70. The maximum number of energy evaluations
was set to 250,000. Both ligand and receptor docking were performed
using the Lamarckian Genetic Algorithm (Runs 20) after using the de-
fault parameter settings generated by AutoDockTools for docking. The
calculated binding energies of 1b and 5b were the average for each
enantiomer.
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