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ABSTRACT

In this work, a serie of cyclocoumarol derivativeas designed, synthesized, characterized and dtudie
for their potentialities as selective inhibitors ©OX-2. All target compounds have been screened for
their anti-inflammatory activity by the assay of BGproduction. Among them, compoubd exhibited

the most potent inhibitory activity with a PgHnhibition compared to NS-398 (79% and 88%
respectively) and showed non-inhibitory activityyds the COX-1 enzyme. Docking studies revealed
the capacity of this compourid occupy the selective COX-2 cavity establishidgifonal hydrogen
bonds between the oxygen of the methoxy group hadHis90 and Arg513 of the binding site of the
enzyme.

Keywords : Anti-inflammatory, COX-2 inhibitors, COX-1/COX-hibition, Cyclocoumarol,

Cyclooxygenase, Docking study
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1- Introduction

Inflammation is a complex phenomenon affecting ioni of people around the world and is involved
in the development of many human diseases. Thanmflatory response is controlled by a wide variety
of mediators, including prostaglandins (PGs), whitly a major role in the inflammatory response
mediated by cyclooxygenases. The inhibition of ¢haglammatory mediators can treat the disease,
reduce the inflammation but lead to undesirable stfects [1]. Therefore, the development of new
anti-inflammatory drugs represents a real challesayesidering the benefit-risk balance as one obmaj
concerns in therapeutics.

Cyclooxygenase-2 (COX-2) is a key enzyme involvedhie inflammation process particularly in the
conversion of arachidonic acid to prostanoids [2,N&n-steroidal anti-inflammatory drugs (NSAID)
act as selective COX-2 inhibitors by specificallygeting COX-2. Several NSAID have been developed
and approved for commercial use (Fig. 1). None#setdinical trials revealed that despite the redact

of intestinal disorders these inhibitors cause igant cardiovascular, liver and allergic problems

resulting in the withdrawal of certain compoundsirthe market [4, 5].
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Fig. 1. Commercially available COX-2 inhibitors used teat inflammation

In a previous study, the cyclocoumarol, an antiotegg drug, was identified as a potential anti-
inflammatory compound by TOMOCOMD-CARDD method. Tinesilico results were confirmed by
biological studies using a zebrafish model [6]. &@hen these observations and in an attempt to @ursu
the development of new anti-inflammatory agenteptly COX-2 selective inhibitors, a serie of novel
cyclocoumarol derivatives was designed. We herebpont the synthesis and spectroscopic
characterization of these derivatives. The X-rayst@allographic structural analysis is also desctibe
The prepared compounds were evaluated for theibitohy activity on COX-2 and compared with a
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recognized selective COX-2 inhibitor, NS-398. Thatestivity for COX-1 and COX-2 isozymes has
also been evaluated. To our knowledge, the bioddgealuation of COX-2 inhibitory activity of these
compounds is related herein for the first time. Addally, molecular docking studies were carried ou

to understand the binding modes of these new congoto the active site of COX-2.

2. Results and discussion

2.1 Chemistry

The synthetic strategy used to prepare the taepoundsba-g 5a’-g’ is outlined in Scheme 1. The
key intermediates, benzalacetord@sg were synthetized from acetone and the correspgraldehyde

in the presence of aqueous NaOH solution underowgve activation. This optimized procedure has
been previously described [7]. The functionalizedrfarin derivatives4a-g were prepared by 1.4
Michael addition, coupling an equimolar of 4-hydyogumarin3 and the corresponding benzalacetones
2a-g under reflux in water [8]. Inspired by Barkeradt protocol [9] the experimental conditions were
optimized by adding 0.05 equiv. df, N diisopropylethylamine (DIPEA) as catalyst. Wanfari
intermediates were isolated in yields between 2% 3¥6% with reaction times among 4- 48 h. To our
knowledge, the use of DIPEA in water, has nevembeéescribed in literature to prepare warfarin
analoguewia 1.4 Michael addition (See Supplementary dateghdtuld be noticed that the low yield of

27% obtained for compountk could be explained by a laborious workup.



European Journal of Medicinal Chemistry

O
i |
dH a O
R 80-100% R 27-96%

1a-g 2a-g 4a-g
2a, 4a, 5a, 5a' R=H 38-64% (major diastereomer)
2b. 4b. 5b. 5b' R= Me 9-19% (minor diastereomer)
2c, 4c, 5¢, 5¢' R=1{Bu
2d, 4d, 5d, 5d' R= OMe OMe

2e, 4e, 5e, 5¢' R=F
2f, 4f, 5f 5f' R=CF;
2g, 49, 59, 59' R= NO,

O
X
O
5a-g, 5a'-g’

Scheme 1.Synthesis of cyclocoumarol derivativésd-g), (5-a’-g’) (a): Aldehyde (1 equiv), acetone
(13.6 equiv), NaOH (0.6 g /chrof water), microwaves irradiation (40/50 °C, 5 W0-15 min.); (b):
Hydroxycoumarin 8) (1 equiv), DIPEA (5% mole), water [0,6 M], reflu#-48 h; (c): HCI 4% MeOH

(10 equiv), reflux, 22-66 h.

Compound$a-gand5a’-g’ were prepared by cyclisation of corresponding fionalized warfaringla-
g. Heating at reflux of compoundka-g in methanolic HCI 4% afforded, the desired pyranooarins
5a-g and 5a’-g’ with reaction times among 22-66 hhen, purified by flash chromatography major
diastereomerSa-gwere obtained in yields between 38% and 64% ambmndiastereomersa’-g’ were
isolated in yields of 9-19%. The structures of epésomers were confirmed B4 NMR and X-ray

crystallographic analysis.

2.2'H NMR andX-ray diffraction analysis
The'H NMR spectra of cyclocoumarol derivativea-g 5a’-g’ exhibited characteristic signals allowing
an easy distinction between the major and the miiastereomers. To illustrate this, the proton

correlation have been confirmed by 2D NMR (Fign2 8).
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The major diastereomég, displayed an ABX system where diastereotopicqmeti13eq (2.52 ppm)

and H13ax (2.01ppm) were coupled with the benzgtmton in axial position, Hax (4.16 ppm). The

protons H13eq and H13ax were coupled with a gengoapling constant value of 14.0 Hz and the

benzylic proton was coupled with protons H13eq Eidi@ax with a coupling constant of 6,9 and 11,8

Hz respectively, (Fig. 2).

Chemical Shift in ppm

1.70 (s, 3H);

2.01 (dd, 1H, Jgem = 14.0 HzJ13ax-14ax = 11.8 Hz );
2.52 (dd, 1H, H13eqglgem = 14.0 HzJeg-ax = 6.9 Hz );
3.36 (s, 3H,);

4.16 (dd ,1HJax-ax = 11.8 HzJax-eq = 6.9 Hz );
7.24-7.26 (m, 2H);

7.28-7.35 (m, 5H);

7.53-7.58 (ddd, 1H] = 9.4, 7.4, 1.7 Hz);

7.91 (dd, 1HJ = 8.0, 1.3 Hz);

Structural information

C-H

Cizax-H

CizeqH

CorH

Craax-H

CigH, CorH

Ce-H, Gg-H, Ci7H, CigH, CioH
C-H

Cs-H

Fig. 2. Protons correlations and chemical shift valuesiajor diastereomer of cyclocoumata by 2D

NMR.

The minor diastereomésa’ exhibited a typical coupling constant of a berzyroton in equatorial

position. The Heq at 4.19 ppm was coupled withtihe diastereotopic protons H13eq and H13ax with

coupling constants of 3.7 and 7.2 Hz respectivEhe proton H13ax (2.38 ppm) was coupled with

H13eq (2.52 ppm) with a geminal coupling constdritbhl Hz, (Fig. 3).

Chemical Shift in ppm

1.69 (s, 3H);

2.38 (dd, 1HJgem = 14.0 HzJ13ax-14eq = 7.4 Hz);
2.52 (dd, 1H, H13eqglgem = 14.1 HzJeqg-eq = 3.8 Hz );
3.29 (s, 3H,);

4.19 (dd ,1HJeg-ax = 7.2 HzJeq-eq = 3.7 Hz);
7.21-7.32 (m, 5H);

7.34-7.43 (m, 2H);

7.60-7.62 (m, 1H,);

7.96 (dd, 1HJ = 7.8, 1.2 Hz);

Structural information

Cu-H

Cizax-H

CizeqH

CorH

CigeqH

CigH, G7H, CgH, CgH, Co
H

Ce-H, Cs-H

C-H

Cs-H

Fig.3. Protons correlations and chemical shift valueshiofor diastereomer of cyclocoumat’ by 2D

NMR.
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Crystallography studies d-methoxy-2-methyl-4-phenyl-3,4-dihydropyrano[3@comen-5(2H)-one
(5a and 5a’) and 2-methoxy-2-methyl-(1-(4-methoxyphenyl))-3,4-dibpgirano[3,2-c]chromen-5(2H)-
one (5d) were performed at room temperature on a Rigakuakio diffractometer equipped with a
microfocus source (MicroMax003_Mo) and multilayentocal mirrors (Mo K radiation,A = 0.71075

A). The crystal and structure refinement data ofmpounds5a, 5a and 5d are reported in the
supplementary data.

The crystallographic structure of the two diasterers couples of cyclocoumarbh and5a’ were in
agreement with the literature[10] and confirmed thalocoumarol could be exist in the form of arpai
of diastereomers: (B149/(12R,14R) and (15,14R)/(12R,14S).

In a solid state, minor diastereon®ear’ (125 14R)/(12R,14S) form a preferred half-chair conformation in
which the methoxy and phenyl groups are axially asdudoaxially positioned respectively. This
unusual spatial rearrangement could be explainesl ddgse nonbonded contact between the carbone 15
and the oxygen atom of ketal function of 2.923(2)TAe relative stability of this conformation redte

the dipole interactions of the oxygens bonded &kbtal carbon and is comparable with the anomeric
effect observed in glycosides [10] (Fig. 4).

nonbonded

interaction\

axial free doublet

Fig. 4. Representation of the proposed spatial rearranggeofieninor diastereomer &fa.

For major diastereoméi, containing the enantiomers couples§129)/(12R,14R), only the half-chair
conformation, in which the methyl and phenyl groaps equatorial and pseudoequatorial respectively
is consistent with the values of the coupling cantt determined byH NMR (See experimental

section). Since compoureh possess the all-staggered conformation in whicllmgous nonbonded
6
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interactions occur between the oxygen bonded tokétal carbon and the carbone 15, it is the most

realistic conformation based on steric and dip&fieces.

2.3 Biological evaluation of cyclocoumarol analogue

The inhibitory activity on COX-2 was evaluated termination of the PGEproduction inhibition, the
prostaglandin predominantly overproduced in caseinlbmmation. The synthesis of PgRvas
evaluated after pretreatment with the compounds0atM for 2 h and then treatment with LPS (10
ng/mL) for 24 h. The Raw 264.7 cells were seede?l HF cells / well for 24 h and then processed as
described in the experimental section. RGiels were determined from the culture superratasing

an EIA kit (Cayman Chemical). The results are egped as the mean = SD of independent
experiments. NS-398, a specific inhibitor of COXa#3s used as a reference [11] (Table 1 and Fig. 5).
All the synthesized cyclocoumarol derivatives exith an inhibitory activity of about 50% inhibition
(54, 5b, 5¢, 5€). The compounéd bearing a methoxy group displayed the strongédsbiition of PGE
synthesis compared to the reference NS-398 (79% &B8% inhibition respectively). However,
introduction of electro-withdrawing groups trifllmnethyl andnitro (compoundsf and 5q) led to a
significant decrease of inhibitory activity of CaX{31% and 0% inhibition respectively). Minor
diastereomers were also evaluated and displayecerlanhibiting activities compared to their
corresponding major isomers (Table 1 and Fig. 5).

Table 1 Inhibition of PGE production stimulated by LPS by pharmacologicalnagén the Raw 264.7

cells compared with NS-398 used as reference, 88% dbitiom)

,OMe
0]
CLLTC
0" 0 R
Compounds R % inhibition of PGE ,

5a (5a’) H 50 (27)
5b (5b") CH; 60 (30)
5c (5¢’) t-Bu 52 (45)
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Fig. 5. Evaluation of COX-2 activity inhibition of syntBezed analogues of cyclocoumafa-g 5a’-
5¢g’. Synthesis of PGEafter pretreatment with pharmacological agents; mal determinedA with
major diastereomerga-g B with minor diastereomer®a’-5g’. PGE production was measured in
culture supernatants according to the manufactiiastructions (PGEEIA Kit, Cayman Chemical).
Values are expressed as mean+SEM (*P-value reladigentrol group, * p<0.05; (#P-value relative to

LPS group, #p<0.05).

Considering these results on PGitoduction, we evaluated the dose-response bahafithe most
active moleculéd. Four experiments at different concentrations veereducted at 1M, 5 pM, 10 uM

and 20uM using NS-398 as reference. AulM, a low inhibition for5d (3%) and the reference NS-398
(11%) was noted. At 1M 45% and 61% of inhibition was observed &t and NS-398 respectively.
An activity comparable to NS-398 was observed a0and 20puM with 79% and 89% of inhibition
respectively. These results confirmed that theaned5d displays a dose-dependent inhibition profile
(Table 2, Fig. 6A). We then analyzed if the molecéd had an effect on COX-2 expression. With
regard to the dose-response used, we can sayhthabdlecule 5d does not modify the expression of

COX-2 (Fig. 6B) but only its activity (Fig. 6A).

Table 2 Inhibition of PGE production stimulated by LPS by molecld in the Raw 264.7 cells at

different doses.

% inhibition de PGE,

Dose (uM)
NS-398 5d
1 11 3
5 61 45
10 88 79
20 94 89
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A
PGE, (pg/ml)
350,00 ~
300,00 - *
250,00 -
200,00 - #
150,00 -
100,00 -
50,00 - '
0,00.-, I NN EEN NN
(\o\ \3‘9 \3‘9 \3‘0 \8‘9 Q‘o \3‘9 8‘9 \8‘9 \3‘9
s S
SIRGIROIROIFO IR R

P PR PR @Y DY B D

o5 o5 5 N«

< & > >

$ $ & o
B
5d (M) - - 5 10 20
LPS - + + - +

COX-2 ——————I

B-actin }--——

Fig. 6. Dose-response &@d compound of COX-2 activity (A) and expression (Biibition. (A) PGE,

production was measured in culture supernatantsr@iog to the manufacturer’s instructions (BRGE
EIA Kit, Cayman Chemical). Values are expressethaan+SEM (*P-value relative to control group, *
p<0.05; (#P-value relative to LPS group, #p<0.@B). COX-2 expression was evaluated in the total
cellular pool using Western blot analysfsdctin was used as a loading control and the lhlotva is

representative of three separate experiments).
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COX-2/COX-1 inhibition of majors diastereomebsi-5g was also studied to confirm the COX-2
selectivity. It has been extensively noted in tkerature that non-selective molecules have sitkrsf
affecting especially the gastrointestinal systerhe TTOX-1 activity inhibition assay was performed
without LPS in the medium, measuring the productite of PGE synthesized by COX-1 (Fig. 7A) .

The effect of 10 uM molecule 5d on COX-1 expressias also analyzed (Fig. 7B).

A
PGE, (pg/ml)
1500 -
1000 -
2500
2000 -
1500 -
1000 |
So0
. 7C0ntr0l 5a
B
C 5d
COX-1 [“un

B-actin |-—-|

Fig. 7. Evaluation of COX-1 activity (A) and expression) (Bhibition of synthesized analogues of

cyclocoumarol. (A) PGE production was measured in culture supernatantording to the
manufacturer’s instructions (PGEIA Kit, Cayman Chemical). Values are expressednaan+SEM.

(B) Raw 264.7 cells were treated or not (C, conmtwith 10 puM molecule 5d for 24 h. COX-1

11
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expression was evaluated in the total cellular pesohg Western blot analysiB-actin was used as a

loading control and the blot shown is represengatifthree separate experiments).

The results obtained in the vitro COX-1/COX-2 inhibition study showed that synthesized molecules
display no significant inhibition of COX-1 expressiand activity (Fig. 7B and 7A respectively). This

confirmed the previous results and identified coomutbd as a selective inhibitor of COX-2 activity.

2.4 Molecular modeling

To understand the ability of the synthesized compsuto inhibit COX-2 activity and to get some
insights on their binding mode into the COX-2 bmglisite, the selected compounds were docked into
the binding site of COX-2, defined using the costajlized selective COX-2 inhibitor as a reference,
SC-558 (PDB ID: 1CX2). The choice of the PDB stanetwas based on a previous benchmarking study
[12] in which the selected structure 1CX2 was asded with the highest performance in discrimingtin
COX-2 inhibitors from decoy compounds [13], i.eegumed inactive compounds. The predicted
conformations of the ligand in the binding site &vgrenerated with the docking software AutoDock
Vina and Surflex-dock that display different comf@tional search algorithms and different scoring
functions. To validate our docking protocols withtdDock VINA and Surflex-Dock, a preliminary re-
docking study of the 1CX2 co-crystallized ligange selective COX-2 inhibitor SC-558, was performed
in the 1CX2 active site. We were able to reprodheeexperimental binding mode of the co-crystatlize
SC-558 with a RMSD (root mean square deviation).dD5 A and of 1.067A with AutoDock VINA
and Surflex-Dock respectively. We then performe@ tmolecular docking of our synthesized
cyclocoumarol analogues associated with the beastlan worst PGEinhibition potency (respectively
compound5d and compoundsg) to understand their structure-activity relatiopsh Both docking
software predicted similar binding mode for compbitd with a RMSD value computed between
AutoDock VINA and Surflex-Dock poses equal to 0.5%6 As presented in Fig. 8, the coumarin

scaffold of compounéd is predicted to be bound in the COX-2 binding pibeket formed by Met113,

12
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Val116, Val349, Tyr355, Leu359 and Leu 531 [14] atabilized through hydrogen bonds with Arg120

and Tyr355.

Fig. 8. Binding mode of compoun®d in the binding site of COX-2.

The methoxybenzene moiety of compouttis accommodated in a cavity that could not be sk

in the COX-1 structure [14] and the oxygen atonthaf methoxy group is linked by hydrogen bonds to
His90 and Arg513. This ability to occupy the sealextCOX-2 cavity is a common feature of COX-2
selective inhibitors and could explain the COX-gstvity experimentally observed for compoubd

We re-scored the compousd docking pose with the HYDE scoring function resgtin a predicted

affinity in the uM to nM range (Fig. 9), consistenith experimental results (see Biological section)

(A)

13
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Fig. 9. Predicted affinity of compounfid (A) in the nM to pM range and of compoubd (B) in the

KM to mM range using the HYDE scoring function iemplented in SeeSAR.

We then explored the binding mode obtained for caump 59 that displayed no PGEnhibition
potency in the biological experiments. The predidiending mode of compouristy was very similar to

the predicted binding mode of compousdi(Fig. 10).

?' - a
ArngO Tyr355

Fig. 10.Binding mode of compoun8lg in the binding site of COX-2.

The coumarin scaffold of compourisy is stabilized in the COX-2 binding site pocketnfimd by
Met113, Vall16, Val349, Tyr355, Leu359 and Leu 3Biough hydrogen bonds with Arg120 and
Tyr355 and the nitrobenzene moiety is oriented tdw#he COX-2 specific cavity [14]. However, nitro
group are known to be weak hydrogen bond accefitétsand the additional hydrogen bond observed
between compoun8d and the COX-2 specific cavity could be lost withngpound5g which could
explain the loss of experimental activity. Re-segrihe compoun8ég docking pose with HYDE scoring
function led to an estimated affinity in the rargfjanM to uM activity (Fig. 9), which is in accordea

with the experimental results.

3. Conclusion

In summary, based on finding selective COX-2 inoitsi for inflammation treatment, a serie of novel

cyclocoumarol derivatives was designed, synthesiziearacterized and biologically evaluated. Most of
14
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the synthesized compounds exhibited significantbitdry activity on COX-2 without any significant
inhibition on COX-1 activity. Among these, 2-metlyo2-methyl-(1-(4-methoxyphenyl))-3,4-
dihydropyrano[3,2-c]Jchromen-5(2H)-one, (compolsd), have showed the highest anti-inflammatory
activity with a dose-dependent inhibition profil@he molecular modeling study allowed us to
understand the inhibitory potential of synthesizethpounds and suggested that the remarkable binding
affinity of compoundbd to COX-2 enzyme may be attributed to its abilayoccupy a selective COX-2
cavity establishing additional hydrogen bonds betwthe oxygen of the methoxybenzene moiety and
the His90 and Arg513 of the enzyme.

Our results revealed a new type of selective COKRhibitors containing pyranocoumarin skeleton and
proposed an interesting route towards the discookdrugs with anti-inflammatory activities and may
be a challenge in the research of COX-2 inhibitingrapy. The antiproliferative potential of the tbes

compounds is currently being investigated and balreported in due course.

3. Experimental section
4.1. Chemistry

4.1.1. General

All reagents were obtained from commercial soungekess otherwise noted, and used as received.
Heated experiments were conducted using thermoaligticontrolled oil baths and were performed
under an atmosphere oxygen-free in oven-dried gk®s when necessary. All reactions were
monitored by analytical Thin Layer Chromatograpmiz€) and GC-MS analysis. TLC was performed
on aluminium sheets precoated silica gel platesHB®4, Merck). TLC plates were visualized using
irradiation with light at 254 nm. Flash column cmatography was carried out when necessary using
silica gel 60 (particle size 0.040-0.063 mm, Merc&gparation of diastereomers was performed on an
Automate ISCO CombiFlash System RF75 PSI.

The structure of the products prepared by differaathods was checked by comparison of NMR, IR
and MS data and by the TLC behavitht. and*C-NMR spectra were recorded on a Bruker BioSpin

GmbH spectrometer 400 MHz, at room temperature nidad shifts are reported i units, parts per
15
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million (ppm). Coupling constants (J) are measuredhertz (Hz). Splitting patterns are designed as
followed: s, singlet; d, doublet; dd, doublet olubtets; m, multiplet; br, broad; ddd: doublet olidtet

of doublet. Various 2D techniques and DEPT expemninevere used to establish the structures and to
assign the signals. GC-MS analysis were performiéd an Agilent 6890N instrument equipped with a
dimethyl polysiloxane capillary column (12 m x 0.20n) and an Agilent 5973N MS detector-column
temperature gradient 80-300°C (method 80): 80°@n({i1); 80°C to 300°C (12.05°C/min); 300°C (2
min); Infrared spectra were recorded over the 40084cm® range with an Agilent Technologies Cary
630 FTIR/ ATR/ ZnSe spectrometer.

Melting points were recorder on a Kofler hot blddkizbank type 7841 and were uncorrected. The
reactions using microwaves as the activating/hgatource were accomplished using a microwave oven
(CEM Discover 1TM) under pressure and were monitdmg ChembDriver.

X-ray diffraction data for compounfla, 5a’ and5d were obtained at room temperature on a Rigaku
XtaLabPro diffractometer equipped with a microfocssurce (MicroMax003_Mo) and multilayer
confocal mirrors (Mo K radiation,. = 0.71075 A). Data were indexed, integrated aradescusing
CrysAlisPro [16] software suite. They were alsoreoted for polarization, Lorentz and absorption
effects (SCALE3 ABSPACK).

The structure was solved with the ShelXT [17] swme solution program using Direct Methods and
refined with the ShelXL [18] refinement packagengsLeast Squares minimization. All non-hydrogen
atoms were refined with anisotropic displacememaupeters and C-bound H atoms have been added
geometrically and treated as riding on their pastams. O-bound H atom was located in a difference
Fourier and N-H distance was restrained to 0.8BiRgIDFIX command and standard uncertainty (0.02
A).

High-resolution mass spectra (HRMS) analyses weggliieed on a LTQ-Orbitrap XL from Thermo
Scientific (Thermo Fisher Scientific, Courtaboekfance) mass spectrometer and operated in positive
ionization mode, with a spray voltage at 3.6 kV.tdaion was achieved in the Orbitrap with a
resolution set to 60,000 (at m/z 400) and a m/gedretween 110-1200 in profile mode. Spectrum was

analyzed using the acquisition software XCalibut. 2ZThe automatic gain control (AGC) allowed

16
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accumulation of up to 2.20ons for FTMS scans, Maximum injection time was t8e300 ms and 1
pscan was acquired. 5uL was injected using a Thé&imagan Surveyor HPLC system (Thermo Fisher
Scientific, Courtaboeuf, France) with a continumfasion of methanol at 100 pL.min

4.1.2 Synthesis and characterization

Synthesis procedures of final compoubdsgand5a’-g’ are described below. All the experimental data
and detailed attribution of the differett! and *°C signals of compoundéa-g are available in the

Supplementary material section.

Fig. 11.Convention adopted to assign signalstbnd**C-NMR spectra

4.1.2.1.2-Methoxy-2-methyl-4-phenyl-3,4-dihydropyrano[3]2htomen-5(2H)-onesa. Hydroxy-3-(3-
oxo-1-phenylbutyl)-2H-chromen-2-one (1 equiv., 18§, 0.325 mmol4a), was refluxed in HCI 4%
MeOH (10 equiv., 3.25 mmol) for 23 h (monitoring BY.C, cyclohexane, AcOEt :7/3). Then the
mixture was cooled down at room temperature andLlofmdistilled water was added, followed by
extraction with AcOEt. The diastereomers were sapdr by flash chromatography (eluent:
cyclohexane/AcOEt : 8/2) and were isolated to affé®@ mg (53%) of the major diastereondaras a
white powder and 10 mg (9%) of the minor diastereoda’ as a white powder to®da: H14 in axial
position Rf = 0.33, cyclohexane/AcOEt : 8/2; Mp: 165-166*8 NMR (CDCk, 300 MHz) :8 (ppm):
1.70 (s, 3H, H21), 2.01 (dd, 1H, H13akgem = 14.0 HzJ13ax-14ax = 11.8 Hz ), 2.52 (dd, 1H, H13eq,
Jgem = 14.0 HzJeg-ax = 6.9 Hz ), 3.36 (s, 3H, H22), 4.16 (dd ,HH4ax,Jax-ax = 11.8 HzJax-eq =
6.9 Hz ), 7.24-7.26 (m, 2H, H16, H20), 7.28-7.35 BH, H6, H8, H17, H18, H19), 7.53-7.58 (ddd, 1H
H7,3=9.4, 7.4, 1.7 Hz), 7.91 (dd, 1H ,H5= 8.0, 1.3 Hz)»*C NMR (CDCk, 75 MHz) :8 (ppm):
22.35 (C21), 35.60 (C14), 43.52 (C13), 49.94 (C2P)L.44 (C3), 105.63 (C12), 115.80 (C10), 116.72

(C8), 122.46 (C5), 123.84 (C6), 126.54 (C18), 187@16, C20 or C17, C19), 128.72 (C17, C19 or
17
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C16, C20), 131.62 (C7), 143.55 (C15), 153.14 (A%B.25 (C4), 161.19 (C2). NMR analysis are in
agreement with literature [10] HRMS (ES/z calcd. for GoH1g04 [M+Na]™ : 345,1097; found :
345,1096Minor Diastereomeba’: H14 in equatorial positiodRf = 0.29, cyclohexane/AcOEt : 8/
NMR (CDCk, 300 MHz) :5 (ppm): 1.69 (s, 3H, H21), 2.38 (dd, 1H, H13-agem = 14.0 HzJ13ax-
l4eq=7.4Hz), 2.52 (dd, 1H, H13dgem = 14.1 HzJ13eg-eq = 3.8 Hz), 3.29 (s, 3H, H22), 4.19 (dd
,1H, Hl4eqJeg-ax = 7.2 HzJeg-eq = 3.7 Hz), 7.21-7.32 (m, 5H, H16, H17, H189HH20), 7.34-
7.43 (m, 2H, H6, H8), 7.60-7.62 (m, 1H, H7), 7.98,(1H, H5J = 7.8, 1.2 Hz)**C NMR (CDC}, 75
MHz) : & (ppm): 22.58 (C21), 35.45 (C14), 39.93 (C13 ),449(C22), 102.58 (C3), 103.30
(C12),115.89 (C10), 116.86 (C8), 122.67 (C5), 1288), 126.26 (C18), 127.52 (C16, C20 or C17,
C19), 128.21 (C17, C19 or C16, C20), 131.87 (C#R.18 (C15), 153.11 (C9), 159.07 (C4), 162.00

(C2).

4.1.2.2.2-Methoxy-2-methyl-(1-(p-tolyl))-3,4-dihydropyraida2-c]chromen-5(2H)-oné&b. 4-hydroxy-
3-(3-oxo0-1p-tolylbutyl)-2H-chromen-2-one (1 equiv., 100 mg30.mmol, 4b), was refluxed in HCI
4% MeOH (10 equiv., 3.1 mmol) for 31 h (monitoribg TLC, cyclohexane, AcOEt :7/3). Then the
mixture was cooled down at room temperature andLlofmdistilled water was added, followed by
extraction with AcOEt. The diastereomers were sapdr by flash chromatography (eluent:
cyclohexane/AcOEt : 8/2 and were isolated to afé8dmg (46%) of the major diastereontdr as a
yellow powder and 13 mg (13%) of the minor diastemer 5b’ as a yellow oil.5b: Rf = 0.42,
cyclohexane/AcOEt : 8/2; Mp: 164-165°G4 NMR (CDCk, 300 MHz) :& (ppm): 1.82 (s, 3H, H21),
2.13 (t, 1H, H13axJgem = 13.7J13ax-14ax = 12.0 Hz), 2.46 (s, 3H, H23), 2.62 (dd, H13eqJgem

= 14.0 Hz,J13eqg-14ax = 6.9 Hz ), 3.48 (s, 3H, H22), 4.24 (™dd, H14-ax,Jax-ax = 11.7 HzJax-eq =
6.9 Hz ), 7.26 (m, 4H, H16, H17, H19, H20), 7.4@877(m, 2H, H6, H8), 7.67 (t, 1H, H3,= 7.6 Hz),
8.03 (d, 1H, H5,) = 7.7 Hz).**C NMR (CDC}, 75 MHz) :8 (ppm): 21.19 (C23 ), 22.35 (C21), 35.16
(C14), 43.58 (C13), 49.92 (C22), 101.43 (C3), I85C12), 115.82 (C10), 116.70 (C8), 122.44 (C5),
123.80 (C6), 127.01 (C16, C20 or C17, C19), 129@57, C19 or C16, C20), 131.56 (C7), 135.96

(C18), 140.47 (C15), 153.12 (C9), 158.15 (C4), 261(C2). HRMS (ESI): m/z calcd. forE»00s
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[M+Na]" : 359,1254 : found : 359,124%b’: Rf = 0.35, cyclohexane/AcOEt : 8/41 NMR (CDCl,
300 MHz) :6 (ppm): 1.61 (s, 3H, H21), 2.48 (s, 3H, H23), 2585 (m, 2H, H13ax , H13eq), 3.43 (s,
3H, H22), 4.27-4.30 (m, 4H, H16, H17, H19, H204&7.55 (m, 2H, H6, H8), 7.74 (t, 1H, HY= 7.4
Hz), 8.08 (d, 1H, H5) = 7.7 Hz).**C NMR (CDC}, 75 MHz) :§ (ppm): 21.21 (C23 ), 22.59 (C21),
35.16 (C14), 40.05 (C13 ), 49.42 (C22), 102.57 (@8B.54 (C12),115.79 (C10), 116.85 (C8), 122.65
(C5), 123.94 (C6), 127.38 (C16, C20 or C17, C199.02 (C17, C19 or C16, C20), 131.81 (C7),

135.68 (C18), 140.18 (C15), 153.10 (C9), 158.96)(C&1.99 (C2).

4.1.2.3. 2-Methoxy-2-methyl-(1-(4-tert-butylphenyl)-3,4-dihgpyrano[3,2-c]chromen-5(2H)-onebe.
3-(1-(4-tert-butylphenyl)-3-oxobutyl)-4-hydroxy-2ekromen-2-one (1 equiv., 100 mg, 0.27 mrda),
was refluxed in HCIl 4% MeOH (10 equiv., 2.7 mmady 52 h (monitoring by TLC, cyclohexane,
AcOEt :7/3). Then the mixture was cooled down ammaemperature and 1 mL of distilled water was
added, followed by extraction with AcOEt. The deasbmers were separated by flash chromatography
(eluent: cyclohexane/AcOEt : 8/2 ) and were isaateafford 55 mg (57%) of the major diastereomer
5c as a white powder and 15 mg (16%) of the minostdi@omebc’ as a white powder todc : Rf =
0.48, cyclohexane/AcOEt : 8/2; Mp: 134-135% NMR (CDCk, 300 MHz) :8 (ppm): 1.26 (s, 9H,
H23), 1.64 (s, 3H, H21), 1.96 (t, 1H, H13algem =J13ax-14ax = 13.8 Hz), 2.45 (dd, 1H, H13-eq,
Jgem = 14.0 HzJ13eqg-14ax = 7.0 Hz), 3.30 (s, 3H, H22), 4.07 (d#i, H14ax Jax-ax = 11.6 HzJax-
eq=7.1Hz), 7.10-7.12 (m, 2H, H16, H20), 7.2B97(m, 4H, H6 ,H8, H17, H19), 7.50 (t, 1H, HI’=

7.7 Hz), 7.85 (d, 1H, H5] = 8.3 Hz)."*C NMR (CDC}, 75 MHz) :5 (ppm): 22.36 (C21), 31.51 (C23),
35.07 (C14), 43.59 (C13), 49.92 (C22), 101.46 (@Bp.87 (C12), 115.86 (C10), 116.70 (C8), 122.46
(C5), 123.80 (C6), 125.62 (C17, C19), 126.75 (G2BN), 131.56 (C7), 140.32 (C15), 149.06 (C18),
153.12 (C9), 158.12 (C4), 161.23 (C2). HRMS (E®)z calcd. for GaHo604 [M+Na]" : 401.1723;
found: 401.17285c¢’: Rf = 0.39, cyclohexane/AcOEt : 8/24 NMR (CDCk, 300 MHz) :5 (ppm): 1.28

(s, 9H, H23), 1.63 (s, 3H, H21), 2.29 (dd, 1H, H&3Jgem = 14.1 HzJ13ax-14ax = 7.4 Hz), 2.45 (dd,
1H, H13eqgJgem = 14.0 HzJ13eq-14eq = 4.1 Hz), 3.25 (s, 3H, H22), 4.10-4rh2XH, H14eq), 7.09-
7.12 (m, 2H, H16, H20), 7.25-7.37 (m, 4H, H6 , HR,7, H19), 7.56 (tb, 1H, Hd = 7.3 Hz), 7.90 (d,
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1H, H5,J = 7.8 Hz).23C NMR (CDCE, 75 MHz) :5 (ppm): 22.56 (C21 ), 31.54 (C23), 35.18 (C14),
39.97 (C13), 49.46 (C22), 102.68 (C3), 103.61 (I15.82 (C10), 116.83 (C8), 122.69 (C5), 123.93
(C6), 125.18 (C17, C19), 127.07 (C16, C20), 13X@0), 139.98 (C15), 148.70 (C18), 153.09 (C9),
158.97 (C4), 162.00 (C2).

4.1.2.4. 2-Methoxy-2-methyl-(1-(4-methoxyphenyB}8hydropyrano[3,2-cJchromen-5(2H)-oné&d.
4-hydroxy-3-(1-(4-methoxyphenyl)-3-oxobutyl)-2H-cdmen-2-one (1 equiv., 100 mg, 0.296 mmol,
4d), was refluxed in HCl 4% MeOH (10 equiv., 1 g, .8hmol) for 66 h (monitoring by TLC,
cyclohexane, AcOEt :7/3). Then the mixture was edotlown at room temperature and 1 mL of
distilled water was added, followed by extractiotlmAcOEt. The major diastereom®d was purified

by flash chromatography (eluent : cyclohexane/AcO#E®) and was isolated to afford 66 mg (63 %) as
a white powder5d: Rf = 0.39, cyclohexane/AcOEt : 8/2; Mp: 168 %€&; NMR (CDCk, 300 MHz) :&
(ppm): 1.67 (s, 3H, H21), 1.96 (dd, 1H, H13agem = 14.0 HzJ13ax-14ax = 11.7 Hz), 2.46 (dd, 1H,
H13eq,Jgem = 14.0 HzJ13eqg-14ax = 7.0 Hz), 3.33 (s, 3H, H22), 3.77 (s, BiA3), 4.08 (dd, 1H,
Hl4ax,Jax-ax = 11.9 HzJax-eq = 7.2 Hz ), 6.82-6.85 (m, 2H, H17, H19),77186 (m, 2H, H16, H20),
7.26-7.32 (m, 2H, H6, H8), 7.53 (t, 1H, HI’= 8.6 Hz), 7.89 (d, 1H, H3,= 6.7 Hz).»*C NMR (CDC},

75 MHz) : & (ppm): 22.36 (C21), 34.75 (C14), 43.56 (C13), 29G22 ), 55.31 (C23), 101.49 (C3),
105.86 (C12), 114.17 (C17, C19), 115.83 (C10), 1AGC8), 122.46 (C5), 123.81 (C6), 128.12 (C186,
C20), 131.57 (C7), 135.46 (C15), 153.12 (C9), 18§018), 158.21 (C4), 161.20 (C2). HRMS (ESI):

m/z calcd. for GiH»¢Os [M+Na]* 375,1203; found: 375,1203.

4.1.2.5. 2-Methoxy-2-methyl-(1-(4-fluorophenyl3-8jhydropyrano[3,2-c]chromen-5(2H)-onBe. 3-
(1-(4-fluorophenyl)-3-oxobutyl)-4-hydroxy-2H-chrome-one (1 equiv., 100 mg, 0.29 mmég), was
refluxed in HCI 4% MeOH (10 equiv., 2.90 mmol) 8t h (monitoring by TLC, cyclohexane, AcOEt
:7/3). Then the mixture was cooled down at roomperature and 1 mL of distilled water was added,
followed by extraction with AcOEt. The diastereoswere separated by flash chromatography (eluent:
cyclohexane/AcOEt : 8/2 ) and were isolated torafid7 mg (44%) of the major diastereonderas a

white powder and 21 mg (19%), of the minor diasierer 5e’ as a yellow powderse Rf = 0.34,
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cyclohexane/AcOEt : 8/2; Mp: 164-166°% NMR (CDCk, 300 MHz) :5 (ppm): 1.98 (s, 3H, H21),
2.24 (dd, 1H, H13axjgem = 14.0 HzJ13ax-14ax = 12 Hz), 2.75 (dd, 1H, H13dgem = 14.0 Hz,
J13eg-14ax = 6.9 Hz), 3.62 (s, 3H, H22), 4.41 (dd, H14ax,Jax-ax = 11.8 HzJax-eq = 6.9 Hz ),
7.23-7.29 (m, 2H, H17, H19), 7.45-7.49 (m, 2H, HHR0), 7.55-7.62 (m, 2H, H6, H8), 7.82 (m, 1H,
H7), 8.17 (m, 1H, H5,)**C NMR (CDCE, 75 MHz) :5 (ppm) : 22.31 (C21 ), 34.92 (C14), 43.50 (C13),
49.96 (C22 ), 101.45 (C3), 105.40 (C12), 115.51017, C19, 2C-F = 21.8 Hz), 115.71 (C10), 116.72
(C8), 122.51 (C5), 123.92 (C6), 128.60 (d, C16, CBT-F = 8.3 Hz), 131.74 (C7), 139.16 (C15),
153.12 (C9), 159.14 (d, C18C-F = 120.8 Hz), 161.17 (C4), 163.17 (C2). HRMS IE®/z calcd. for
CaoH17FOs [M+Na]" 363,1003; found 363,100%e Rf = 0.27, cyclohexane/AcOEt : 8/ NMR
(CDCl3, 300 MH2z) :8 (ppm): 1.96 (s, 3H, H21), 2.64 (dd, 1H, H133gem = 14.1 HzJ13ax-14eq =
7.3 Hz), 2.75 (dd, 1H, H13edgem = 14.1 HzJ13eq-14eq = 3.0 Hz), 3.54 (s, 3H, H22), 4.45 (m,,1H
Hl4eq ), 7.23-7.29 (m, 2H, H17, H19), 7.45-7.49 P, H16, H20), 7.63-7.70 (m, 2H, H6, H8), 7.89
(t, 1H, H7,J = 7.3 Hz), 8.23 (d, 1H, HY,= 7.8 Hz).2*C NMR (CDC}, 75 MHz) :8 (ppm): 22.63 (C21

), 34.57 (C14), 39.87 (C13), 49.38 (C22 ), 102.83)( 103.12 (C12), 115.00 (d, C17, C19CF =
21.8 Hz), 115.65 (C10), 116.88 (C8), 122.68 (C34.07 (C6), 129.0 (d, C16, C2Q)GF = 8.3 Hz),

132.00 (C7), 138.87 (C15), 153.09 (C9), 159.42 )C162.02 (C4), 163.01 (C2).

4.1.2.6. 2-Methoxy-2-methyl-(1-(4-trifluoromethyl)phenyl)#3lihydropyrano[3,2-c]Jchromen-5(2H)-
one 5f. 4-hydroxy-3-(3-ox0-1-(4-(trifluoromethyl)phenyl)bd}-2H-chromen-2-one (1 equiv., 100 mg,
0.27 mmol,4f), was refluxed in HCI 4% MeOH (10 equiv, 2.7 mmfd) 23 h (monitoring by TLC,
cyclohexane, AcOEt :7/3). Then the mixture was edotlown at room temperature and 1 mL of
distilled water was added, followed by extractionthwAcOEt. The diastereomers were separated by
flash chromatography (eluent: cyclohexane/AcOER: )8and were isolated to afford 42 mg (38%) of
the major diastereomé&if and 9 mg (8%) of the minor diastereorbéras a yellow powders. Mp: 180-
182°C; °C NMR (CDCE, 75 MHz) :5 (ppm) = 22.32 (C21), 35.61 (C14), 43.26 (C13)050/C22),
101.40 (C3), 104.80 (C12), 115.66 (C10), 116.85)(@82.56 (C5), 124.04 (C6), 128.8 (q, C1aCF

= 32.2 Hz), 125.75 (g, C17, C19)JGF = 3.8 Hz), 125.75 (C16, C20), 131.96 (C7), 887(C15),
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153.19 (C9), 158.72 (C4), 161.23 (C2), C23-F nasible. HRMS (ESI): m/z calcd. for 4177304
[M+Na]* : 413,0971; found: 413,0988f: Rf = 0.27, cyclohexane/AcOEt : 8/24 NMR (CDCk, 300
MHz) : & (ppm): 1.65 (s, 3H, H21), 2.35 (dd, 1H, H13agem = 14.2 HzJ13ax-14eq = 7.4 Hz), 2.48
(dd, 1H, H13-egJgem = 14.2 HzJ13eq-14eq = 2.8 Hz), 3.19 (s, 3H, H22), 4.19 (m, Hii4-eq), 7.29
(d, 2H, H16, H20J= 8.3 Hz ), 7.34-7.39 (m, 2H, H6, H8), 7.50 (d, H4,7, H19,J= 8.1 Hz ), 7.57 (td,
1H, H7,J = 7.4 Hz, 1.6 Hz), 7.92 (dd, 1H, H3= 7.9 Hz, 1.5 Hz)}*C NMR (CDCk, 75 MHz) :5
(ppm): 22.62 (C21), 35.00 (C14), 39.60 (C13), 49332 ), 102.30 (C3), 102.47 (C12), 115.57 (C10),
116.99 (C8), 122.71 (C5), 124.18 (C6), 125.15 (47,0C19, 3C-F = 3.8 Hz), 128.00 (C16, C20),

132.19 (C7), 147.46 (C15), 153.17 (C9), 159.31 (@€82.07(C2), C18 et C23-F non visible.

4.1.2.7. 2-Methoxy-2-methyl-(1-(4-nitrophenyl))-3,4-dihydyoano[3,2-c]Jchromen-5(2H)-onebg. 4-
hydroxy-3-(1-(4-nitrophenyl)-3-oxobutyl)-2H-chrom&naone (1 equiv., 100 mg, 0.283 mmol, 8g), was
refluxed in HCI 4% MeOH (10 equiv., 2.83 mmol) 2 h (monitoring by TLC, cyclohexane, AcCOEt
:7/3). Then the mixture was cooled down at roomperature and 1 mL of distilled water was added,
followed by extraction with AcOEt. The diastereomerere separated by flash chromatography (eluent:
cyclohexane/AcOEt : 8/2 ) and were isolated tordfi®@3 mg (64%) of the major diastereonigras a
white powder and 11 mg (12%) of the minor diastereo’/g as a yellow powder7g. Rf = 0.24,
cyclohexane/AcOEt : 8/2; Mp: 204-206°CH NMR (CDCk, 300 MHz) :8 (ppm): 1.56 (s, 3H, H21),
1.95 (dd, 1H, H13axJgem = 13.9 HzJ13ax-14ax= 12.1 Hz), 2.48 (dd, 1H, H13égem = 13.9 Hz,
J13eg-14ax= 6.8 Hz), 3.35 (s, 3H, H22), 4.24 (dd, ,HH4-ax,Jax-ax = 12.1 HzJax-eq = 6.8 Hz ),
7.30-7.35 (m, 2H, H6, H8), 7.38 (d, 2H, H16, HAG; 8.8 Hz), 7.57 (ddd, 1H, H7J,=9.4 Hz, 7.3 Hz,
1.6 Hz), 7.89 (dd, 1H, H5 = 9.7 Hz, 1.3 Hz), 8.16 (d, 2H, H17, H1P= 8.8 Hz ).*C NMR (CDCE,

75 MHz) : 8 (ppm): 22.31 (C21), 35.72 (C14), 42.91 (C13), 50(@22), 101.36 (C3), 104.29 (C12),
115.54 (C10), 116.90 (C8), 122.60 (C5), 124.15 (C&7, C19), 128.11 (C16, C20), 132.16 (C7),
146.79 (C18), 151.65 (C15), 153.20 (C9), 158.95)(Q41.21(C2). HRMS (ESI): m/z calcd. for
CaoH17/NOg [M+Na]*: 390,0948; found: 390,095@g: Rf = 0.16, cyclohexane/AcOEt : 8/2H NMR
(CDCl3, 300 MH2z) :8 (ppm): 1.66 (s, 3H, H21), 2.37 (dd, 1H, H134gem = 14.2 HzJ13ax-14eq =
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7.4 Hz), 2.50 (dd, 1H, H13edgem = 14.2 HzJ13eq-14eq = 2.5 Hz), 3.17 (s, 3H, H22), 4.22 (dH,
Hl4eq,Jeg-ax = 7.3 HzJeqg-eq = 2.5 Hz ), 7.34 (d, 2H, H16, HJ0s 8.4 Hz ), 7.38-7.41 (m, 2H, H6,
H8), 7.61 (ddd, 1H, H7J =9.2, 7.3, 1.6 Hz), 7.92 (dd, 1H, Hb= 7.9 Hz, 1.5 Hz), 8.13 (d, 2H, H17,
H19,J = 8.8 Hz).13C NMR (CDCk, 75 MHz) :8 (ppm): 22.61 (C21), 34.92 (C14), 39.45 (C13), 29.3
(C22), 101.94 (C3), 102.18(C12), 116.06 (C10), A87C8), 122.75 (C5), 123.46 (C17, C19), 124.30
(C6), 128.54 (C16, C20), 132.40 (C7), 146.43 (C18).29 (C15), 153.18 (C9), 159.12 (C4), 162.10

(C2).

4.1.3 X-ray analysis

The crystallographic analysis of 2-methoxy-2-me#ndhenyl-3,4-dihydropyrano[3,2-c]jchromen-
5(2H)-oneb5a, 5a’ and 2-methoxy-2-methyl-(1-(4-methoxyphenyl))-3jhydiropyrano[3,2-c]chromen-
5(2H)-one 5d are described below. The complete characterizatimmaining the crystal data and
structure refinement is available in the Supplemsniaterial section.

The relative configuration of 2-methoxy-2-methyp#enyl-3,4-dihydropyrano[3,2-c]jchromen-5(2H)-
one 5a was characterized as (S, S) and (R, ®Rystal Data for 5a (M =322.34 g/mol): monoclinic,
space group R (no. 14), a = 5.8669(3) A, b = 16.7563(8) A, ¢6:4159(9) AB = 94.830(5)°, V =
1608.08(15) & Z = 4, T = 292.7(5) K(MoKa) = 0.092 mrit, Dcalc = 1.331 g/cfiy 16505 reflections
measured (6.9622 20 < 60.034°), 4107 unique (R= 0.0458, Bgma= 0.0464) which were used in all

calculations. The final Rwas 0.0478 (I >&1)) and wR was 0.1397 (all data) (Fig. 12).
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Fig.12. ORTEP-3 plot of major diastereoma. Ellipsoids are drawn at the 50% probability leaad

H atoms are shown as spheres of arbitrary radius.

The relative configuration of 2-methoxy-2-methypHenyl-3,4-dihydropyrano[3,2-c]jchromen-5(2H)-
one5a’ was characterized as (S, R) and (R,@ystal Data for 5a’ (M =322.34 g/mol): monoclinic,
space group 12/a (no. 15), a = 20.1207(12) A, b5986(4) A, ¢ = 19.9586(14) &, = 107.014(7)°, V =
3265.5(4) R, Z = 8, T = 292.6(4) Kp(MoKa) = 0.091 mrit, Dcalc = 1.311 g/ciy 18115 reflections
measured (7.1242 20 < 60.164°), 4158 unique (R= 0.0587, Bgma= 0.0579) which were used in all

calculations. The final Rwas 0.0549 (I >&)) and wR was 0.1328 (all data) (Fig. 13).

\

Fig. 13.ORTEP-3 plot oba’. Ellipsoids are drawn at the 50% probability leaetl H atoms are shown

as spheres of arbitrary radius.

The relative configuration of the 2-methoxy-2-meifiy(4-methoxyphenyl))-3,4-dihydropyrano[3,2-
c]chromen-5(2H)-one5d), major diastereomer was characterized as (Sh&R, R).Crystal Data for
5d (M =352.37 g/mol): monoclinic, space group C2/c.(hb), a = 23.694(2) A, b = 5.6932(4) A, ¢ =
26.775(3) AB = 102.720(9), V = 3523.2(6)°AZ = 8, T = 292.5(7) Kw(MoKa) = 0.095 mnit, Dcalc =
1.329 g/cm, 19052 reflections measured (7.37220 < 59.93°), 4454 unique (R= 0.0552, Bgma=
0.0590) which were used in all calculations. ThalfiRg was 0.0490 (I > &l)) and wR was 0.1362

(all data) (Fig. 14).
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Fig. 14. ORTEP-3 plot obd. Ellipsoids are drawn at the 50% probability lesatl H atoms are shown

as spheres of arbitrary radius.

Crystallographic data for 2-methoxy-2-methyl-4-pyieBi4-dihydropyrano[3,2-clchromen-5(2H)-one
5a and 5a’ and 2-methoxy-2-methyl-(1-(4-methoxyphenyl))-3jhydiropyrano[3,2-cJchromen-5(2H)-
one 5d, have been deposited with the Cambridge Crystafggc Data Centre (deposit no. CCDC
1563254-1563256). Copies of the data can be olaaifiree of charge, from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.adata _request/cif.

4.1.4 Biology

4.1.4.1. Assay of COX-2 activity

Raw 264.7 murine macrophages (ATCC TIB 71; Ameridgpe Culture Collection, Rockville,MD,
USA) were maintained in DMEM supplemented with 10¢&v) heat-inactivated fetal calf serum, 100
U/mL penicillin and 10Qug/mL streptomycin. The cells were grown in a huiinédi incubator at 37 °C
and 5% CQ Raw 264.7 cells were seeded at 2.t8lls/well during 24 h, then 10 uM of each
synthesized cyclocoumarol derivatives was addeterAf h, LPS (10 ng/mL) was added in the culture
medium during 24 h. The PGHevels were quantified in culture media supernatéiom treated and

control cells by enzyme immunoassay using an EIA(Kayman Chemical) as previously described
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[19].The results were expressed by the standardit@v average of + 8 independent experiments. NS-

398, a well-known COX-2 selective inhibitor was dises reference.

4.1.4.2. Assay of COX-1 activity

The same protocol described before was used exoephe absence of LPS and deprivation of SVF
(1%) to measure the COX-1 activity. The PQ&vels were quantified in culture media supernatan
from treated and control cells by enzyme immunoassang an EIA Kit (Cayman Chemical). The

results were expressed by the standard deviatierage of + 6 independent experiments.

4.1.4.3 Assay of dose-dependent response for cardpdu

The same protocol described in Assay of COX-2 dgtsection was used except for the concentration
of the molecules (1-20 uM). The P&lEvels were quantified in culture media supernaténom treated
and control cells by enzyme immunoassay using & Kbt (Cayman Chemical). The results were

expressed by the standard deviation average ahdependent experiments.

4.1.4.4. Protein extraction and Western-Blot anialys

For total protein extraction, Raw 264.7 cells wevashed in PBS, then, the total cell pool was
centrifuged at 200 g for 5 min at 4°C and homogethin RIPA lysis buffer (50 mM HEPES, pH 7.5,
150 mM NacCl, 1% sodium deoxycholate, 1% NP-40, 03B, 20 mg/mL of aprotinin) containing
protease inhibitors (CompleteTM Mini, Roche Diagimts according to the manufacturer’s
instructions. Proteins (10-100g) were separated by electrophoresis on 10% SDSEP&€s and
transferred to polyvinylidene fluoride (PVDF) merabes (Amersham Pharmacia Biotech, Saclay,
France) and probed with human primary antibodiesméh COX-1 and COX-2 antibodies were
purchased from Cayman Chemical (Bertin Pharma, Montle Bretonneux, France). After incubation
with secondary antibodies (Dako France S.A.S., fleapFrance), blots were developed using the ECL

Plus Western Blotting Detection System (Amershamarflacia Biotech) and G: BOX system (Syngene,
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Ozyme, Saint Quentin en Yvelines, France). Memlzamere then reblotted with human gfHactin

(Sigma Aldrich, Saint Quentin Fallavier, Franceg¢digs a loading control.

4.1.5. Molecular modeling study

Coordinates ofMus musculusCOX-2 in complex with a selective COX-2 inhibitd8C-558, were
retrieved from the X-ray structure available in Br@tein Data Bank (PDB) [20] (accession code 1CX2,
resolution 3.0 A). Only chain A was retained. Ttgahd bound in the active site was removed and the
protein structure was prepared for docking studssg the DockPrep tool of UCSF CHIMERA [21] to
delete the co-crystallized water molecules, repaincated side chains, protonate the protein residu
and assign atomic partial charges using the AMBBER€ field ff14SB [22]. The 3D structures of
compoundsa-g were generated with Corina online demo [23]. O [24] was used to calculate
Gasteiger’s partial atomic charges. Compoubdsy were then docked individually using AutoDock
VINA [25] with default parameters. To confirm theedicted docking poses obtained with AutoDock
VINA, we used Surflex-Dock v. 2.5 [26], with the rFgmin and +remin options. SeeSAR v6.0 [27] was

then used to re-score the docked poses using tii#EE-+¢oring function [28].

4.1.6. Statistical analysis
Data are expressed as the arithmetic means * sthadar of the mean (SEM) of separate experiments.
The statistical significance of results obtaineoinfrin vitro studies was evaluated by the two tailed

unpaired Student's t-test, with p<0.05 being cared as significant.
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* A new type of selective COX-2 inhibitors containipgranocoumarin skeleton is proposed.
* The synthesized compounds exhibited no signifigambition on COX-1.
 The additional hydrogen bonds in the selective CDXavity may be responsible of the

outstanding binding affinity.



