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GENERAL REMARKS

1) The compound numbers, figure numbers, schemebersmand reference numbers

given in each chapter refer to that particular tbapnly.

2) All melting points and boiling points were reded using Thiele's tube and are

uncorrected.

3) Commercial reagents were used without furtheifipation.

4) All solvents were distilled prior to use andrldried using standard procedure.
5) All reagents were prepared using literature odsh

6) Chromatographic purification was conducted blmm chromatography using silica
gel (60 — 120 mesh size) or by flash chromatograjdyg silica gel (200-400 mesh size).

7) Thin layer chromatography (TLC) was carried ouatsilica gel 60 F254 aluminium

plates purchased from Merck.
8) The IR spectra were recorded on Shimadzu FIp#Rtsophotometer.

9) 'H NMR (400 MHz) and**C NMR (100 MHz) spectra were recorded on a Brucker
AVANCE 400 instrument and the multiplicities of ban signals were obtained from
DEPT experiment. Chemical shifts are expressetréiative to tetramethylsilane (TMS)

which is expressed in ppm.

10) The high resolution mass spectra (HRMS) wecerteed on MicroMass ES-QTOF

mass spectrometer.

11) The absorbance values were obtained from UVsyisctrophotometer (Shimadzu-
1800) at 517 nm.
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General Abbreviations

g Gram/s ee Enantiomeric excess
mg Milligram/s dr Diastereomeric ratio
ug Microgram/s conc. Concentrated
mol Mole/s ag. Aqueous
mmol Millimole/s 0 Ortho
mL Milliliter/s m Meta
mm Millimeter/s p Para
nm Nanometre/s MS Molecular sieves
m.p. Melting point ps Pounds per square inch
b.p. Boiling point cat. Catalytic
ev Electron volt atm. Atmospheric
lit. Literature etal. Et alia (and others)
d Day/s TLC Thin layer chromatography
h Hour/s sat. Saturated
min Minute/s MW Microwave
sec Second/s anhyd. Anhydrous
uM Micromolar °C Degree Celcius
nM Nanomolar rt Room temperature
ppm Parts per million Z Zussamen (together)
hv Irradiation Eentegegen (opposite)
% Percentage equiv Equivalent
R Rectus wt./wt. Weight per unit weight
S Sinister A Angstrém
Compound Abbreviations
Ac Acetyl dppp 1,3-Bis(diphenylphosphino)propahne
acac Acetylacetone DTDB Dert-butyl peroxide
AcOH Acetic acid EtOAcC Ethyl acetate
Ac,O Acetic anhydride EtOH Ethanol
AgOTf Silver Et,O Diethyl ether
trifluoromethanesulfonate
AIBN 2,2-Azobisisobutyronitrile EN Triethylamine
BF;.OEL Boron trifluoride diethyl Fe(OTfy Iron(lll) trifluoromethanesulfonate
etherate
binap (2,2'- Ga(OTfy Gadolinium(lII)
Bis(diphenylphosphino)- trifluoromethanesulfonate
1,1-binaphthyl)
Bi(OTf)3 Bismuth(lll) IBX 2-lodoxybenzoic acid
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trifluoromethanesulfonate

bipy 2,2-Bipyridine In(OTfy Indium(l11)
trifluoromethanesulfonate
BMIM 1-Butyl-3- KOt-Bu Potassiunt-butoxide
methyimidazolium
Bn Benzyl LDA Lithium diisopropylamide
BnBr Benzyl bromide LTA Lead tetraacaetate
Boc t-Butyloxycarbonyl MeNQ@ Nitromethane
n-Bu/Bu normal (primary) Butyl MOM Methoxymethylregr
n-BulLi n-Butyl lithium NBS N-Bromosuccinimide
t-Bu t-Butyl NCS N-Chlorosuccinimide
t-BulLi t-Butyl lithium NIS N-lodosuccinimide
t-BuOH t-Butyl alcohol NMP N-Methyl-2-pyrrolidone
t-BUOK / Potassium tertiary butoxide] PCC Pyridinium chldwmenate
KTBT
CH5;SGO;H Methane sulfonic acid Pd/C Palladium on actistatarcoal
COoD Cycloocta-1,5-diene Phen/1,10-1,10-Phenanthroline
phen
m-CPBA m-Chloroperbenzoic acid | PhO Diphenyl ether
Cu(OAc) Copper(ll) acetate S-Phos 2-Dicyclohexylphosptith6=
dimethoxybiphenyl
Cu(OTf)y Copper(ll) PIFA Phenyliodine(lll)bis(trifluoroacetat
trifluoromethanesulfonate e)
CuTc Copper(l) thiophene-2- PPA Polyphosphoric acid
carboxylate
Cy Cyclohexyl PPk Triphenylphosphine
DBU 1,8- Py Pyridine
Diazabicyclo[5.4.0Jundec-7}
ene
o-DCB o-Dichlorobenzene Sc(OTf) | Scandium(lll)
trifluoromethanesulfonate
DCC Dicyclohexylcabodiimide TBACI Tetrabutylammiom chloride
DCE 1,2-Dichloroethane TBAF Tetrabutylammonium fluoride
DCM Dichloromethane TBHP tert-Butyl hydroperoxide
DDQ 2,3-Dichloro-5,6- TEBAC Benzyltriethylammonium chloride
dicyanobenzoquinone
DEAD Diethyl azodicarboxylate TEMPO 2,2,6,6-Tetrahypiperidin-1-yl
DIAD Diisopropy! TFA Trifluoroacetic acid
azodicarboxylate
DIH 1,3-Diiodo-5,5- TFAT Trifluoroacetyltriflate
dimethylhydantoin
DMA Dimethylacetamide TFE 2,2,2-Trifluoroethanol
DMAP 4-Dimethylaminopyridine TfOH Triflic acid
DME Dimethoxyethane THF Tetrahydrofuran
DMF N,N-Dimethylformamide TMOF Trimethyl orthoformate
DMSO Dimethyl sulfoxide TMS Tetramethylsilane
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dppb 1,4- Tol-BINAP | (9-(-)-2,2’-Bis(dip-
Bis(diphenylphosphino)buta tolylphosphino)-1,1'-binaphthyl
ne
dppf 1,1- p-TsOHp- | p-Toluene sulfonic acid
Bis(diphenylphosphino)ferr| TSA
ocene
DPPH 2,2-Diphenyl-1- Zn(OTf), Zinc trifluoromethanesulfonate
picrylhydrazyl
Spectroscopic Abbreviations
IR Infrared XRD X-ray diffraction
Umax Frequency maximum ppm Parts per million
cm’” Frequency in wavenumber ppb Parts per billion
uv Ultra violet 0 Delta (Chemical shift
in ppm)
NMR Nuclear magnetic resonance MHz Megahertz
CDCl; Deuterated chloroform Hz Hertz
DMSO-d; Deuterated dimethyl sulfoxide S Singlet
acetone-d6 Deuterated acetone d Doublet
m Multiplet t Triplet
dd Doublet of doublet o} Quartet
td Triplet of a doublet J Coupling constant
dt Doublet of a triplet DEPT Distortionless
Enhancement by
Polarization Transfer
brs Broad singlet HRMS High Resolution Mas
Spectrometry
M* Molecular ion HPLC High performance
liquid chromatography
m'z Mass to charge ratio ICP-MS Inductively coupled

plasma mass

spectrometry
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ABSTRACT OF THESIS
TITLE: SYNTHETIC STUDIES IN OXYGEN HETEROCYCLES

Oxygen heterocyclic compounds occupy a promineaepin organic chemistry. Multifarious
naturally occurring oxygen heterocycles exhibiti@as biological activities. The objective of
this thesis was to develop short and efficient methogies for the synthesis of selected
oxygen heterocycles such as chromans, flavones candhestans and evaluating some

synthesized analogues for anti-diabetic activitye Thesis is divided inté chapters.

The first chapter provides a short reviema the molecular iodine mediated recent
developments in the synthesis of diverse heteresydlhe role of molecular iodine either as a
sole catalyst or reagent and/or in presence ofamtidas been presented. The importance and
versatility of iodine in organic synthesis can elerstood from the documented one pot or
two step one pot synthesis of several nitrogen,geryand sulphur heterocycles having

simple to complex structures with diverse functiaraups.

The second chapter describes a one pot methochéosynthesis of chromansa [3+3]
cyclocoupling of phenols with allylic alcohols ugirmolecular iodine as a catalyst in
refluxing chloroform or methanol solvent (SchemeThe usefulness of this method is
presented by synthesizing 13 chroman derivativeslugng naturally occurring
dihydrolapachenole. Also, the synthesis of naturaticurring chromenegiz. precocene |II

and lapachenole has been demonstrated by convahtiehydrogenation of corresponding

chromans.
R R" R’
OH | 30 mol% |, N
R + » R
CHCly/MeOH
_ O_H reflux 13 derivatives
(4 equiv) (1 equiv) upto 92% yields
Scheme |

The third chapter discusses a one pot method fer synthesis of flavones from 2'-
hydroxyacetophenones and aromatic aldehydes ugimglidine as a base and iodine as an
oxidant in DMSO solvent at 150 °C (Scheme II). TWide substrate scope was demonstrated
by synthesizing 18 derivatives of flavones in goaelds. The flavone formation involves
domino aldol-Michael-dehydrogenation sequence. peesive catalysts, use of simple
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substrates which eliminates the preparation andatisa of chalcone or flavanone
intermediate, good substrate generality, absenoeetd| catalysts and high yields of products
without any side reactions make this method movaatdgeous.

pyrrolidine (0.5 equiv) 3
R OH | N iodine (0.05 equiv) R oI
\©i”/ oHe” N § DMSO, 150 °C |
0 60-88% 0
18 derivatives
upto 88% yields

Scheme I

Also, this chapter includes the anti-diabetic astistudies of flavones. Among several
synthesized flavones, derivative (Figure 1) showed highest inhibition aefglucosidase
enzyme. Dose dependent inhibition @flucosidase byA ranged from 8.4+ 0.37% at 1
pg/mL to 99.3+ 0.26% at 7.6 pg/mL. Thus, it isaetin very low concentration as compared
to the standard anti-diabetic drug acarbose whidws maximum inhibition at 400 pg/mL.
Kinetic study ofA showed non-competitive type of inhibition whereaslecular docking
study showed that th& occupy the allosteric site and is involved in thalrogen bonding
with amino acid Lys373 ai—glucosidase enzyme.

2-(1,3-Benzodioxol-5-yl)-4H-chromen-4-one

Figure 1

The fourth chapter deals with a two step synthesfs coumestan from 3-(2-
hydroxyphenyl)coumarin which in turn was prepargdhe condensation of salicylaldehydes
and 2-coumaranone or 2-hydroxyphenylacetic acidbd®e 1ll). The oxidative cyclization
of 3-(2-hydroxyphenyl)coumarin to produce coumestavas achieved using 1 equiv of
anhydrous Cu(OAg)in diphenyl ether under refluxing condition.
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CHO [ r NEt,
R + o
OH (e} reflux, Lh ™Sy

NP 1 equiv Cu(OAc) £
a equiv Cu R
or LA N diphenyl eth e
. iphenyl ether
H ‘/ R reflux (e] / \*R'

HO
CHO C-Hto C-O
‘ X coon NaOAc, AcO bond formation
RIL R e 25 examples
_— + oH Upto 80 % yields
OH Acetic acid
reflux, 24 h

Scheme Il

The broad scope of this method was demonstratedyhthesizing 23 coumestans with
electron donating as well as electron releasing:tfanalities. These derivatives include
dimethyl ether of naturally occurring coumestrotasativol and trimethyl ether of lucernol
obtained in 53-80 % yields. This efficient methaiipl was also successfully applied for the
direct synthesis of hydroxyl substituted naturauroestansviz. coumestrol and 40-

methylcoumestrol (Figure 2) without any protectinaking this method superior.

HO 0.0 HOO 0
=
=
o~
OH OMe

Coumestrol 4'-O-methylcoumestrol

Natural coumestans

Figure 2

Use of economical Cu(OAg)absence of any additional reagent/additive, snrphlction
procedure, large substrate scope, effortless ptombotation & good yields are several
advantages of this method. Additional advantageludes stepwise one pot synthesis, large
scale preparation, and possible use of catalytioumin of Cu(OAc). The probable

mechanism is discussed by performing additionatrobexperiments.
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CHAPTER 1 l

A short review on therecent

advancementsin the synthess of

heter ocycles using molecular

lodine as a catalyst or reagent




CHAPTER 1

1.1: Introduction

Molecular iodine in the recent years has emergeaghagtractive tool in the field of synthetic
organic chemistry. Being an environmentally benigmemical, it has been extensively
employed in organic synthesis either as a catalyas a reagent. A number of reviews on its
wide applications have been well documented inliteeature> Some of the recent reviews
focus on C-N bond formation through redox reactforsynthesis of heterocyclegia
electrophilic cylization of alkyne®, oxidative coupling reactions utilizing C-H and Xa$
nucleophileg? iodine catalysis as a green alternative to tramsinetals in organic chemistry
and technology® recent advances in organic reactibhiés use in monomer and polymer
designingt’ multicomponent reactiortd, five and six membered heterocycles synth¥sis,
iodination and protection-deprotection of functibgeoups' and synthesis of chromone type
compounds! Also the synthetic applications of hypervalentiiedcompounds have been
recently reviewed.Our group has also explored its applications & shnthesis of diverse

heterocycles.

Various advantages associated with molecular iodickide low cost, less-toxicity, ready
availability and easy removal after reaction by @yrwashing with reducing agent such as
sodium thiosulphate solution. In addition, its dtgbto air and moisture makes it easy to
handle. The amount of iodine used varies from gttalo stoichiometric or even excess for
some reactions. Reactions employing iodine providelsl operating conditions usually
allowing large substrate scope, high yields, regséoselectivities, short reaction time and
simple work up procedure. Solvent-less reactiond solid-supported iodine adds to the
advantages of iodine. The mild Lewis acidity ofife has enhanced its use in the organic
synthesis. In many reactions it acts as a sulbstitutostly and hazardous acid/metal catalysts
and/or reagents thus enabling the elimination afaldous metals and providing a “metal
free” approach. This makes iodine an eco-friendljeraative to acid/metal based
reagents/catalysts which pose serious health detlygaroblems. As a result, it has gained
considerable attention in the past decades andradegeeen methodologies are being
continuously developed using iodine. The presenhi meview highlights the recent
applications of environmentally benign moleculatiie either as a sole catalyst or reagent in

the synthesis of heterocycles.
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1.2.1: lodine as a sole catalyst

Yang et al.* devised a metal free regio-divergent approachttier synthesis o and J-
carbolines from a common indolyldihydrochalconenogiester substrate. Several derivatives
of ¢-carbolines were synthesized using catalytic iodmédDME at 100 °C. Howeverg-

carbolines were obtained when the reaction wagechout in presence of DDQ (Scheme 1).

0
Ar? .
N= 1) DDQ (1 equiv), A 0 e N
HN\ 1,2-DCE, 1t N= Ar 1, (40 mol%) \ J
- e
HN
Wi 2)12 (20 mol%) \ DME, 100 °C

60 °C

Art
R
20 examples el 7o
52-96 % 20 examples
Scheme 1

A wide range of 2-aryl substituted benzimidazolasehbeen synthesized by Raval.® from
aryl alkyl ketones and 2-amino anilines using molac iodine. This one step strategy
involves consecutive C-N bond formation and é¢sf bond cleavage giving products in
moderate to good yields (Scheme 2).

NH, A (10 mol%)
R 1 NH, DMSO Na, SO,

120°C, 12h

41 examples
25-88 %

Scheme 2

Sagir et al.® developed an iodine catalyzed green methodology tie synthesis of
multisubstituted pyrazolo-pyrido-pyrimidines and ispiro analogues in high vyields. It
involves a one pot four-component reaction of hyue, ethyl acetoacetate, 6-amino-1-
methyl uracil and isatin or aldehyde in water dsesd. The method is operationally simple
allowing products to obtain by filtration withouthya chromatography or recrystallization
(Scheme 3).
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RINHNH,  + M
R Ot

2

I, (10 mol%)
H,0, 90 °C

o) Re
Ry H Wo R a /
N N
e U e S B R N
oA e T e e L
NH - B —— 7
R N 0° i © R R>
R; NH
f{g 3 examples
12 examples HN N O 88-93 %
83-91 % |
Scheme 3

Wang et al.” synthesized iodine catalyzed quinazolin-#)bne scaffolds by reacting
different types of 1,2-dicarbonyl compounds witharginobenzamides in 1-butyl-3-
methylimidazolium bromide [BMIm]Br ionic liquid. $t wide scope is demonstrated by
synthesizing library of 39 compounds and the reayitity of [BMIm]Br makes it

environmentally benign (Scheme 4).

) I (5 mol%) @\/&NR 0
NHR e
Rl@xji + Rz)S(Rs R AH

0
[BMIm]Br, 50°C H R, R3

39 examples
82-92 %

Scheme 4

Yi and X presented the synthesis ofH-Ihdazoles via aerobic-oxidative C-H
functionalization ob-alkylazoarenes with iodine as catalyst, Cul astagd pyridine as base
and oxygen as terminal oxidant. Both electron @eid electron deficient azozrens were
successfully converted to correspondirtdriBdazoles and the reaction can also be scaled up

to gram level (Scheme 5).

I, (20 mol%),
R1 Cul (5 mol%) R
N~‘N~Af Pyridine (40 mol%) _N,
Ry >  N-Ar
R, Oy, tluene Ry
120°C, 12 h R3
19 examples
2793 %
Scheme 5
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Sunet al.? presented a convenient iodine catalyzed syntloésis4 sulfenylated pyrazoles. It
is a domino multicomponent reaction involving 1jRedones, hydrazines and thiols which
undergoes cyclocondensation and direct C-H bonphsualylation reaction. Two new C-N
bonds and one C-S bond are generated simultaneoughis protocol leading to target

molecule (Scheme 6).

O O R

M I (5 mol%) HO__
R OEt

J + RNHNH; + RgSH _ —  ° D
DMSO (3equiv) Ry N
70°C

Ry

21 examples
60-88 %

Scheme 6

lyer and co-worker§ prepared aryl M-3,1-benzoxazin-4-ones using 2-aminobenzoic acid
and aryl aldehydes. It is catalyzed by iodine iespince of oxone as an oxidant. This straight
forward metal free approach employs readily avéglalstarting materials using

environmentally benign oxidant (Scheme 7).

O
COOH l, (20 mol%)
oxone (1 equiv) o
Ry P
N

toluene, reflux
Ry

14 examples
65-83 %

Scheme 7

An iodine catalyzed synthesis of 2-azaarenyl beragoles and 2-azaarenyl benzothiazoles
has been achieved by Yaragorla and Bhbdrom 2-methylazaarenes ana-
phenylenediamine/2-aminothiophenol in DMSO. The almpg behaviour of the methyl
group of 2-methylazaarenes serving as an electmjhiexecuted. This oxidative C&pH
functionalization of 2-methylazaarenes providesraatl substrate scope and high yields
under open air conditions (Scheme 8).

H N
:@ HoN
. O
I, (10 Mol%)
§_< DMSO Rz 1, (10 md%) ]@\
SO e,
DMSO

TBHP (1 equiv)
110°C 110°C, 12-15h
X=CIN
6 examples 12 examples
8395 % 82-98 %

Scheme 8
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Dighe et al.'? presented the synthesis of 1-arytarbolines by oxidative Pictet-Spengler
reaction and terminal alkynes serving as the 2-loleteyde surrogate mediated by iodine in
DMSO. The broad substrate scope is well exploredymthesizing variety of derivatives,
some of which were utilized for the total syntheseis naturally occurring Fascaplysin,
Eudistomins Y1 and Y2 (Scheme 9).

Ry Ri
I, (50 mol%) —
R { NH; DMSO R NN
— _
+ —/ R R
100 °C, 45 h N 2
N Hoo
29 examples

7195 %

AlCI5 (3 equiv)
B — e
MeCN, 80 °C
12h, 79 %

OMe OH
Eudistomins Y1

NBS (1 equiv)

AcOH, rt
8h,92%

220 °C, 20 min
_ >
84 %

Fascaplysin

Scheme 9

Further applications includes the synthesis of @gff,2-a]-quinoxaline and indolo[1,2-
alquinoxaline derivatives from respective pyrroledandole-based substrates. Interestingly,
N-substituted indoles with no substituent at C-3cteed with aromatic alkynes to form 3-
thiomethylated indolo[1,2]quinoxalines. However on blocking C-3 positionindiole with
methyl group, desired product was formed. Alsohertutility of 1-aroylg-carbolines was
shown by synthesizing thiomethylated and 4-arylssitited canthin-6-ones derivatives
(Scheme 10).
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I3 (60 mol%

R 4 examples
84-92 %
100°C,5h
% I, (60 moI%)
DMSO N/ ~SMe

N NH + — . 4 examples
@/ 2 R 100°C, 5h N\ =0 82-92%

Q’g I, (60 mol%)
DMSO

N + —_

@/NHZ 100°C, 5h

OMe

Scheme 10

Harnyinget al."*employed catalytic iodine as low as 0.5-5 mol% im$reaction givingac-
1,3-dioxanes from substituted styrenes and aliptetiehydes. Prior to this report, Yadzv
al.**had explored the application of molecular iodineguiv) in Prins reaction. However the
amount of iodine was greatly reduced from stoiclgbra to catalytic in the present work in
presence of pyridinium bis(trifluoromethanesulfginyide (TFSI) salt in 1:1 ratio to iodine.
Diasteroselectivity ofA:B up to 82:18 was observed by the isomerization ,8fdloxane

products to the thermodynamically favoured dngScheme 11).

é
AR R R

R, ©5-5mobe) N NTF, A M
2 ?L + Ar)\/Rz 1:1 > Ar/mR + Rllﬂ‘iR
R DCM, rt Ry R, Ar R,
A (Major) B (Minor)

14 examples  d.r. up to 82:18
5092 %

Scheme 11

Deb et al.*® presented an,/H,O, promoted synthesis of 1,3-oxazines in moderatgoid
yields from 1-(aminoalkyl)-2-naphthols or 2-(amitigd)phenols. This reaction involving an
oxidative intramolecular C-O bond formation by tgte iodine and HO, oxidant smoothly

occurs at room temperature (Scheme 12).
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[T fﬂ\\
RON® S R N\er“
I, (10 mol%)

o~ oH 2 > - o

. H02(2 equiv) .

S ethanol, rt T~
22 examples

5495 %

Scheme 12

Budumaet al.'® developed a simple and efficient synthesis of @doyes using iodine
catalyst in refluxing ethanol fromH4pyrans. Both aromatic as well as hetero aromatg r
containing 4-pyrans were successfully converted to the respgecH-pyridones. The

analogues synthesized were tested for in vitrqesitferative activity (Scheme 13).

O R O R
ZN I, (10 mol%) N
EtO | - = EO | X
EtOH, reflux

(@) NH 24h H o)

13 examples

68-95 %
Scheme 13

An I,/ /TBHP mediated efficient route to the synthesisl(,5-trisubstituted 1,2,4-triazoles
was described by Chest al.'” from hydrazones and aliphatic amines. The suless@pe is
well demonstrated by synthesizing a library of agaks in moderate to excellent yields. It

also allows the synthesis of products in gram s(&dheme 14).

Rz I, (20 mol%) Re
NH ~ 2 mol NG
N + HN R > I 7R
) TBHP (3 equiv) Ry N
Ry CH4CN, 90 °C
53 examples
3492 %
Scheme 14

Zhang and co-worket$ synthesized 1,2,4-triarylpyrroles using a noveline mediated
approach in moderate to good yields. It involvedascade condensation-cyclization of
simple substrates such as aryl methyl ketones amithes avoiding any intermediate

preparation (Scheme 15).
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Ark
o I, (50 mol%)
J o A, 2 J
Art A
PhCI, 140 °C N A
10h Ar2
20 examples
20-85 %
Scheme 15

lodine catalyzed reductive redox cyclizationoenitro-t-anilines with formic acid into fused
tricyclic or 1,2-disubstituted benzimidazoles wascessfully established by Nguyenal .*®

Broad substrate scope has been demonstrated. ARalislibstituted benzimidazole
hydriodide derivatives were prepared by using @bieof iodine thus playing dual role as

catalyst as well as iodide source (Scheme 16).

Rl
r R!
N._R? I (10 mol%) Nﬁ
+ HCOzH 2
@EN o 110-120 °C ,\T% R
2 16-24 h
17 examples
57-92 %
nC@ 2 (50 mol%)
/@[ + HCOH —> R
120 °C
R NO: 416 h
3 examples
8295 %
Scheme 16

Sun et al.?° reported iodine catalyzed route to new pyrazol&-flpyrimidin-4-ium
sulfonatesvia regioselective bicyclization reaction gfketonitriles with sulfonyl hydrazides
which under alkaline medium delivered densely fiomalized pyrazolo[1,&]pyrimidines.
Unprecedented direct C&8pH bond bifunctionalization of these compoundst@atment
with sulfonyl hydrazides provided fully substitutpgrazolo-[1,5a]pyrimidines (Scheme 17).

NH
o NH, I, (20 mol%,)

)K/CN 4+ HNOR — 5 17 examples
Ar @ 50-83 %
oo EOH,90°C M # 6
2.4 equiv 5h H

NaOH
rt, 30 min

NH, NH,
N-n XS 1, (50 mol% NH2
Aa— ) R M HN R+ 4 NN 8 examples
SN S I 91-98 %
N A EtOH, 110 °C oo N DAr
R™S 6h
2.4 equiv

16 examples
trace-78 %

Scheme 17
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Feng et al.?* developed a convenient iodine catalyzed route teoxd5,6-
dihydrodibenzd,h][1,6]naphthyridine-11-carboxamide derivatives. Bikobenzamides and
mucobromic acid on refluxing in THF undergoes a olmxtype mechanism involving double

elimination of hydrogen bromide (Scheme 18).

o
Br
L, (5 mol%
NHR ~_Br (5 mol%)
R' + OHC A >
NH; COOH '
18 examples R’
56-81 %
Scheme 18

Reddyet al.?* described an efficient iodine catalyzed routenolizine-1-carboxylates from
2-pyridyl acetates and alkynes/alkenes. It comprisé oxidative C-C and C-N bond
formations in absence of any metal, oxidant or baée exact reaction mechanism is not

proposed, however control experiments suggestdieatgpathway (Scheme 19).

A Ar——

COOR' COOR'
A I, (20 mol%) @\/ 12 (20 mol%) e

7 - - /
N NMP, Ar N~ S COOR NMP, Ar SN

Ar 120°C, 10h 120°C, 10 h Ar
15 examples 18 examples

30-67 % 51-87 %
Scheme 19

A methodology for quinazolines preparation was tigyed by Tiwari and Bhanagstarting
from 2-aminobenzylamines and with or withdwsubstituted benzylamines. The method
employs iodine catalyst in presence of oxygen asxahant under solvent-free and additive-

free conditions (Scheme 20).

S
R; X
Iz (10 mol% N
'S0 EGLINE S §
R + N
! NH, or 0, 80°C,5h )

~©/\N’R3 24 examples

R; é4 56-91 %
Scheme 20

Inturi et al.* presented an{TBHP catalyzed 4,3-fused 1,2,4-triazoles synthésimn N-

tosylhydrazones and aromafi:heterocycles. It occurs through generation of abine

imine which undergoes regioselective 1,3-dipolasl@yddition with variety of aromatibl-

heterocycles. Large substrate scope has also lme®mplished by synthesising variety of

derivatives (Scheme 21).
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~ T
r Al ! !
(A(& P HN/TS I, (20 mol%) ‘(Aﬁ{‘
+
LIy N TBHP (2 equiv) “V/X~N/KN
h N R CH,Cly, rt )QN’
R
X=CH, N
Y=CH, NMe, S 47 examples
n=0,1 10-96 %
Scheme 21

Also, the same group designed a two step one patdure to introduce R as linear alkyl

groups in the product. Accordingly, the aldehydebsttates were treated with 4-

methylbenzenesulfonohydrazide in &H, at room temperature followed by treatment with

3-methylpyridine in presence of catalytic iodinedahBHP. This allowed the synthesis of

triazole derivatives with aliphatic linkage (Schegg).

0 i) CH,Cly, 1t

\M)k H
+ _N.
H HoNTs N
iy
N

n=1,3,5
12 (20 mol%)
TBHP (2 equiv), rt

Tl
N \,N
=N
n

e

3 examples
45-59 %

Scheme 22

An et al.® prepared 3-nitro-2-arylimidazo[1&lpyridine derivatives by an iodine/TBHP/Py

mediated approach. It occwm a Michael addition and oxidative coupling tanderaation

(Scheme 23).

15, (20 mol%)

X
Rl@ + R N2

X
TBHP (2 equiv) R
—_— N

N N
N” "NH, Py (62 mol%s) ):(
CH3;CN O,N R,
15 examples
40-90 %
Scheme 23

Yang et al.?® developed an iodine catalyzed synthetic methodgoléay 2-heteroaryl

quinazolinones from azaarenes through oxidativezylen C-H bond amination. Several

derivatives synthesized up to 95% yield exhibitdensubstrate scope of this method (Scheme

24).

ao Rs
Rz N I (10 mol9%)
N H
R, H H >
+ or 0,, DMSO

110°C, 12 h

p o
Rl Pz
N AN
: I N R, 39-95%
R
H ! N/ AN

(0]

P Rs
or

o 25 examples

Scheme 24
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Xi et al.?” synthesized 3-acylbenzothiadiazine 1,1-dioxidemfdifferent acetophenones and
various 2-aminobenzenesulfonamides using moleoodiime (Scheme 25). However when 2-
aminobenzenesulfonamides with an alkynyl group weeated under similar reaction
condition, the triple bond was oxidized tediketone group along with the formation of 3-

acylbenzothiadiazine 1,1-dioxide ring (Scheme 26).

S«
$ NH, |2 (75 mol%) o/)N;(@ R
{ N
NH2 DMSO, 110 °C Rs o

24h

21 examples
43-80 %
Scheme 25
12 (75 mol% 2
§ NH, 2(75 mal%) R1 g\NH
DMSO, 110°C © N
24 h (0]
4 examples
trace-64 %
Scheme 26

Synthesis of chromeno[2/gindoles was achieved by Delet al.?® from 3-@,a-
diarylmethyl)indoleshrough intramolecular dehydrogenative couplinact®n to form C-O
bond. b/TBHP has been found to be an efficient mediunttia@ conversion (Scheme 27).

T Rz
I (10 mol%)
O R3
] TBHP (2 equiv)
N toluene, rt
/ HO
Ry

11 examples
66-98 %

Scheme 27
Le et al.>*developed a method to synthesize 2-methylquinoliyethe condensation reaction
of substituted anilines and vinyl ethers using medtatalyst. The dual role of iodine species is
explored wherein molecular iodine acts as an oxidamd hydrogen iodide acts as an
activating agent by activating vinyl ether. Thusstredox reaction allows molecular iodine to

be employed in catalytic amount (Scheme 28).

. I, (5 mol%) R
—_——
Rl + 2 ZW\OR:S Rl _— Rg
NH, PhH N
11 examples
30-83 %
Scheme 28
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Wei et al.*® designed a methodology for the synthesis of [f)8gd indoline

tetrahydropyridazinesia direct functionalization of the C(¥pH bond. It employs iodine

catalyst in presence of TBHP oxidant axdBoc glycine as an acidic additive. It is a three
component reaction of substituted indoles, hydesiand acetophenones which undergoes

dearomative oxidative coupling to furnish desire@docts in moderate to good yields

(Scheme 29).

R4

0
TSNHNH, 4+ + RB@[%
R]_)'K N

R

I, (20 mol%)
TBHP (2 equiv)

N-Boc glycine (20 mol %)
toluene, 60 °C, Ar

’ o

Rs

Ry

N

N
N,
N H Ts
Ry

Ry

30 examples
41-80 %

Scheme 29

1.2.2: lodine as a sole r eagent

Qu and co-worker$ described an iodine mediated synthesis of cy|@-acetals through
regio- and diastereoselective oxidation of the sdaoy o—C-H bonds of 2-functionalized
pyrrolidines (Scheme 30). The methodology was applied for the total synthesis of
naturally occurring (z)-preussin and its C(3) epir(féigure 1) from (z)-Boc pyrrolidin-3-ol

TFE/DCM =91, rt  t-Bu

in nine steps (22% overall yield).

t-Bu

L ek

Py (1 2 equiv)

R
16 examples
53-97 %

Scheme 30

OH OH
\([Lph N,
N N

8 | 8 |

(#)-Preussin

C(3)-epi-(+)-Preussin

Figure 1: Structures oft)-preussin and C(33pi-(z)-preussin

An efficient and scalable synthesis of 5-amino &riddiamino substituted 1,2,4-thiadiazoles
has been developed by Waetgal .*? Molecular iodine as an exclusive oxidant is resjie
for the newly formed N-S bond. Its broad substratmpe is well demonstrated by

synthesizing numerous derivatives from various ogichnd guanyl substrates (Scheme 31).
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S NH SN
R ~ 21 examples
Rl\N)kNJ\‘LR Ra N/kru)\R2 936 5%
H H H
K 1, (1.2 equiv)
or or
K,CO3, MeCN
rt, 15 min
S NH j/’\{)\ Rs
Riv A N 10 examples
Rl\N)kN)KN,Fg H N Ry 86)-(98‘?@
H OH &
4
Scheme 31
Hu et al.*® developed a methodology for the synthesidNgdrotected benzimidazoles by a
sequential one pot two step process. The simmgghenylenediamines and

aromatic/aliphatic/cinnamic aldehydes condenseotm fimine intermediates which without
any purification on iodine treatment under basicnditton led to 1,2-disubstituted
benzimidazoles. Authors exhibited broad scope a$ thtramolecular C-H amidation
methodology by synthesizing large number of denvest including N-unsubstituted

benzimidazoles. Also the method works well on gsmale (Scheme 32).

NH» N
Ry Rf@[ YR,
N

1) R,CHO, EtOH, reflux

>

CO,'Pr, Me, Ph, H

NH 2) k(1.2 equiv)
PG K,COj3, DCM, rt PG
PG=Ts, SO,Ph, Bz, Boc, 35 examples

53-97 %

N

Ro
Scheme 32
Wau et al.** have prepared 2-acylquinolines from methyl ketpaedamines and 1,4-dithiane-

2,5-diol as an ethylene surrogatea an iodine promoted formal [4+2] cycloaddition.
Arylamine substrate also promoted 1,4-dithianedigh-participation in Povarov reaction.
The mechanistic studies showed the mechanism @seved an iodination-Kornblum-
oxidation-Povarov-aromatization process. This edéng reaction exhibits the use of 1,4-
dithiane-2,5-diol in the synthesis dfl-hetrocycles rather thais-heterocycles through
desulfurization (Scheme 33).

o}
NH, HO._S I (1.6 equiv) O X O
R + Rz@ + \[ j\ > Rz N/ 1
1 s~ oH DMSO
100°C, 4 h o)
24 examples
60-83 %
Scheme 33
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Singh and co-worketsdesigned an efficient regioselective methodolamytiie synthesis of
p-carboline N-fused imidazoles from natural-amino acids/benzyl amines and 1-formyl
pyrido[3,4bJindoles via molecular iodine promoted decarboxylative amimati&everal
derivatives were synthesized using aliphatic, atarand heteroaromatie-amino acids up

to 91% vyield. The plausible mechanism is also eefilained (Scheme 34).

Ry X Ry
\ = );\142 I, (1 equiv) ( =
Y N + N R3
N Ry” "COOH NaHCO;, DMF N T
R, CHO 60-100°C, 1-12 h R, N
air

28 examples
2191 %

Scheme 34
Miao et al.*® presented an iodine mediated one pot two stepepsoto synthesize
dihydrofurans and furanga formal [3 + 2] cycloaddition of 1,3-dicarbonyl cgmunds with
enones. Firstly, the substrates undergo Michaeltiaddon refluxing 4-hydroxycoumarin
with benzyl triethyl ammonium chloride in water lmhed by iodine mediated cyclization.
The reaction product depends on the type of basgloged in the second step wherein
I,/DMAP furnishes dihydrofurans with high trans desbselectivity whereag/DBU leads
to furans (Scheme 35). Similarly, other 1,3-dicasjdocompounds reacted to furnish

respective products but in low yields (Scheme 36).

[e) OH
\BfRz AN RZ
o N 1) TEBAC (5 ma%) 1) TEBAC (5 mol%)
H,0, reflux H,0, reflux \ R
A Ry B (o] O — » X 1
2) 1, (1.1 equiv) + 2) 15 (2.7 equiv)
o "o DMAP (2.2 equiv) /\i DBU (5.4 equiv) o O
A
12 I 12 examples
fffgén &,es Ri Ry 12-71 %
Scheme 35
OH
Q,
N\ PR Q
Ph | Ph
(0] 1) H,0, reflux ‘ol o) 1) H,O, reflux o §
.= Ph -——— R
b 2) I, DMAP + . 2) 1, DBU 7T/ TPh
\ !
.- o) \
N S - e}
F>h/\)L Ph
4 examples 4 examples
21-54% 8-30%
Scheme 36

Zou et al.*" synthesized polyfunctionalized pyrroles from fuyfamines and ynones
involving a two step one pot approach. The reachietween furfurylamines and ynones in
methanol generated-furfuryl-f#-enaminonesn situ which led to polyfunctionalized pyrroles

through iodine mediated oxidative annulation reac{iScheme 37).
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H 0
/@\(N‘Rl gOR. R Q
R "o b MeOH g(% I (1.2 equiv) = Ra
T =
P I N\ N-g /N
+ 60°C R g 1 DCE, 1t, 16 h RN R
Rs—==—COR, Re R
6 examples
58-72%

Scheme 37

Kale et al.*® developed a one pot methodology involving iodiimaathyl sulfoxide for the

synthesis of pyrido-fused imidazo[4¢hguinolines. The substrates pyridoimidazole
arylamines and carbonyl compounds undergoes oxelatross coupling followed by
intramolecular cyclization to deliver products imgln yields. A series of compounds were

synthesized using different substrates and iodimeentration (Scheme 38).

o (0]
Q)LH R TQ)K -
? NN~ O R
R Ry \ 2
R, I, 50 maoe) o ~N R2 1, (1.5 equiv) o
R1 -~ | N /) -
DMSO R HoN DMSO
80°C,3h 80°C, 3h R
3
R 6 examples 19 examples
74-83 % 71-86 %
S— =N
7 Ay
s\(/N o) .
// I, (1.5equiv)
N + - > o
N 0 DMSO
' o 80°C, 3h 1 example
-0 o—
Scheme 38

Volvoikar and Tilvé? (our group) developed an iodine/TBHP proceduretlier synthesis of
5,11-dialkylindolo[3,2¢]quinoline salts and 5,7-dimethylindolo[2¢Rjuinoline salts via
intramolecular dehydrogenative coupling. Contrgderiments were performed to support the
hypoiodite mediated mechanism for the annulatidloieed by aromatization sequence. The
application of the methodology was demonstrated spgthesizing naturally occurring

isocryptolepine hydroiodide, an indoloquinolineatkd (Scheme 39).
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N A Y
\ | ! \ ®/|®
* @/ -
S N €]
=N | \
R \ R \
O O O 12 examples H
N N 58-75 %
R2 \ R, Isocryptolepine hydroiodide

(Naturally occuring, 56 %)

\\ 1> (1.1 equiv)
or or
TBHP (2 equiv)
CHCl,, rt

NT N\ N©O 3examples
/ ! 4853 %

Scheme 39

Synthesis of 1,2,5-trisubstituted imidazolea Radziszewski-type reaction between methyl
ketones, anilines and tosylmethyl isocyanide wamonted by Zhanget al.** employing
molecular iodine. It occursvia Radziszewski-type reaction mechanism wherein nhethy

ketones play a dual role asdicarbonyl compounds and aldehyde (Scheme 40).

DMSO, 110°C

N
. Rlﬂ&R
o] NH, PR I (1.6 equiv) N 1
2R)K+R2 + TS NC— > O i
1

2

21 examples
42-81 %

Scheme 40

The mechanistic pathway involves the reaction othyleketone with iodine to fornu-
iodoketone which then with the liberation of Hlwg phenylglyoxalia Kornblum oxidation

in DMSO. The aniline substrate reacts with the lajde group of phenylglyoxal to form C-
acylimine which on reaction witin situ formed amine from tosylmethyl isocyanide and Hl
results in the formation of intermediata an in situ cross-trapping process. Lastly, the
cyclocondensation of intermediate formed with aaogshenylglyoxal molecule provides the
target molecule (Scheme 41).
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HoN
DMS o \©‘R2

L "
DMS Ry /O/%

Scheme 41
Likhar and co-workef8 achieved iodo-substituted dihydrofurans regioselely from amine
substituted alkynolsia iodocyclization in presence of excess of iodinaséband solvent
(Scheme 42). As a part of further application, pineducts obtained with iodo substituent

were functionalized by performing different C-C &@eN coupling reactions.

|
OH
R Z I, (3 equiv) R ’ 5
_ >

Ry KO'Bu (3 equiv) Ry

R N R; N

® H MeCN, tt, 2 h : H

R, = CO,Et, Boc, COCH;, COPh 10 examples
57-86 %
Scheme 42

Azimi and Aziziaft' described a mild, one pot three component, highdiyig synthetic
protocol for 2,3-dihydroquinazolin-4kl)-ones preparation by employing benzyl alcohols,
isatoic anhydride and primary amines as substragdsg iodine under basic condition
(Scheme 43)ln situ oxidation of benzyl alcohols to benzaldehydesvedlavoiding the use of
unstable aldehydes. Author claims this work asfitise report using benzyl alcohols instead

of benzaldehydes in dihydroquinazolins synthesis.

(0]
PR &O |2 (1 equiv) &
Al OH + + RNH
' NAO > K,COs (1 equiv) )\
H H0, reflux, 3 h
18 examples
90-94 %
Scheme 43
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An iodine-mediated synthesis of highly functionatizarylazopyrazoles was achieved by
Panditet al.** from -ketoesters and arylhydrazines (2 equiv) in preseficatalytic AGNG.
The product formation occurga a-iodination of f-ketoesters, formation of pyrazol-3-one
followed by substitution with a nitrogen nucleoghidnd finally oxidation followed by
enolization. Also 2-arylpyrazol-3-ones were reackgith arylhydrazines (1 equiv) to prepare
arylazopyrazoles with two different arylhydrazingiges (Scheme 44).

R
o o H . =N
M + 2 HzN’N I,/ACOH (1 equiv) _ Y
R ORl R, " \©/ R2
AgNO3 (10 mol%) R2®/N HO
CICH,CH,Cl, 70 °C

22 examples
48-96 %

=N H , =N
N H2N/N I,/ACOH (1 equiv) _ N N\@/ R
+ Ll 1
o \E}R [} Ri AgNOs (10 mol%) Rl@”“ HO

CICH,CH,CI, 70 °C

8 examples
6797 %

Scheme 44

Rameshaet al.** reported an iodine-mediated approach for the sgih of 3-
sulfenylimidazo[1,5a]pyridines through C—H functionalization in goocels. It makes use
of dithioesters, 2-methylaminopyridines and sullomydrazides as substrates. Also a series
of imidazopyridines have been synthesized in goddldy from dithioesters, 2-

methylaminopyridines (Scheme 45).

Q
R;™§7NH
o NH
YR RV Y ) e
\ | 1> (2 equiv) { + i I, (2.2 equiv) N \ R,
R Y- R” “SMe > TTNTN-sS
): X THF, 2-4h NoX ethandl, rt )<
N NH, o N
R then 80°C
Ry=H, Me X= CHa, NH Ri=H
14 examples
10 examples 72-89 %
73-89 %
Scheme 45
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1.3: Conclusion

The present mini review has included the recenteldgwnents in diverse heterocycles
synthesis using molecular iodine either as a satalygst or reagent and/or in presence of
oxidant. Numerous nitrogen heterocycles and a févoxygen and sulphur heterocycles

synthesis with a wide range of functional groupedsity comprising of simple to complex

structural skeleton in one pot or two step one mpethod suggests the importance and
versatility of iodine in organic synthesis. Thuerr future point of view, an efficient, green,

economic and very useful molecular iodine will belered further as catalyst/reagent to

accomplish the synthesis of many more diversifiethglex heterocycles.
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CHAPTER 2

2.1: Introduction

Dihydrobenzopyran (chroman) ring system, more gmeitely described as 3,4-dihydréi2
1-benzopyrarl, (Figure 1) is an oxygen heterocyclic compoundriga benzene ring and a
3,4-dihydropyran ring fused together sharing a comi@=C bond. It is a saturated analogue
of benzopyran (chromene) constituting the basict umi numerous naturally occurring

scaffolds isolated from different sources.

2,2-Disubstituted chromart (Figure 2) are of utmost importance as diversifiedlogues
with a wide range of activities have been repoliedring such substitution pattern. Diverse
range of compounds bearing chroman skeleton shdwead range of biological activities.
Hence it has attracted the attention of a largeugrof chemists. Chroman skeleton
prevalently appears in important naturally occyrimoactive compounds such as vitamin E
and its derivative$, flavonoids® etc. In addition to biologically active natural prats,
several dihydrobenzopyrans are pervasive motifpharmaceutical drug targets exhibiting

diverse activities.

8,

7 o2 O
|

64a3

5 4

1

Figure 1: Structure of chromath with general numbering.

O
SSel

2

Figure 2: General structure of 2,2-disubstituted chrontans

2.2: Occurrence
Several naturally occurring biologically active yilnobenzopyrans having substituent/s at 2-
position have been isolated from diverse plant car Some of these chroman members

along with their sources are represented below(Egy3-6, Table 1-2).

Vitamin E3 has been predominantly found in various sourcel as corn, soybean, olive oil,
palm, rice bran, and barley oils and also beemisdlfromVitis labruscaAllium sativumand
Garcinia kola* It bears a chroman ring system with a hydrocarbmaincat 2-position. It

constitutes a group of 8 naturally occurring comptss which are subdivided into four
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tocopherols3a and four tocotrienols3b differing in the degree of saturation of the
hydrocarbon chain. The tocopherols have fully sd&d chain whereas tocotrienols have
chain with 3 double bonds. Tocopherols and tocotdeare collectively called as tocols. The
8 tocols includer-, p-, y- andd-tocopherols and-, -, y- ando-tocotrienols.t is well known

for its role as antioxidarit Also tocotrienols have been found to achieve potemitcancer
effects® Tocotrienols possesses potent neuroprotectiveepiiof y-Tocotrienol was found to
be a blocker of signal transducer and activatdrasfscription 3 (STAT3) activation pathway

and may have a potential in the treatment of cadcer

R O ,\\\/Y\/Y\/W/ R O NW
HO HO
R' R'

Tocopherols 3a Tocotrienols 3b
Vitamin E 3
a-Tocopherol: R = Me, R'= Me a-Tocotrienol: R = Me, R'=Me
[B-Tocopherol: R =H, R'=Me B-Tocotrienol: R=H, R'=Me
y-Tocopherol: R=Me, R'=H y-Tocotrienol: R=Me, R'=H
o-Tocopherol: R=H, R'=H o-Tocotrienol: R =H, R'=H

Figure 3: Structures of Vitamin B: Tocopherols8aand TocotrienolShb.

O /\)\/\/k/\/L o /\)\/\/k/\/L
HO 4 HO 5

OH
o = = % O
CHO Z 7 7
HO 6 HO 7
HO 0
OOH OOH O
O = = o P =
N
o HO
8 9

o
171 O oH > 12

Figure 4: Structures of natural chromasl 4.
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Figure 5: Structures of natural chromabS-26

Table 1: Source of isolation of naturally occurring chrorads6.

No. Name

Source of isolation

4 d-Garcinoic acid d-tocotrienolic acid)*
Garcinia kola, Clusia grandiflora, Tovomitopsis phytriifolia, Clusia

obdeltifolia

5 y-Garcinoic acid-tocotrienolic acid)

Garcinia amplexicaulis

6 Garcinaf*

Garcinia kola

7 s-Tocotrienilic alcohd(

Clusia obdeltifolia

8 Polycerasoidiff
Polyalthia cerasoides

9 Polycerasoidadtf
Polyalthia cerasoides
10 Racemosof

Bauhinia racemosa
11 de-O-Methylracemosdf*

Bauhinia racemosa
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12 Pseudoguttiaphenone*A
Garcinia pseudoguttifera
13 Vismiaguianone A’
Vismia guianensis
14 4’-Methoxy-bavachromant
Propolis
15 A°-Tetrahydrocannabinbl
Cannabis sativa
16 (+)-Catechin®
Streblus asper, Byrsonima crassa, Harpephyllunraaff
Cassia fistula, Acacia catechu, Terminalia fag#oli
17 3,4-Dihydromollugin’
Rubia cordifolia
18 Dihydrolapachenofé
Tabebuiachrysantha
19 cis-3,4-Dihydroxy-3,4-dihydromollugify
Pentas longiflora, Rubia cordifolia
20 trans-3,4-Dihydroxy-3,4-dihydromollugiti
Pentas longiflora, Rubia cordifolia
21 Epoxymollugirt®
Rubia cordifolia
22 Peperobtusin A
Peperomia clusiifolia, Peperomia obtusifolia
23 Clusifoliol/Isopeperobtusin A%
Peperomia obtusifolia
24 3,4-Dihydro-5-hydroxy-2,7-dimethyl-8-(2"-methyl-2butenyl)-2-(4'-
methyl-1’,3'-pentadienyl)-BI-1-benzopyran-6-carboxylic aéid*
Peperomia amplexicauli®eperomia obtusifolia
25 Rhododaurichromanic acid“A
Rhododendron dauricum
26 (-)-Siccanin A*
Helminthosposium siccans
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Figure 6: Naturally occurring pyranocoumarigs.

Table 2: Source of isolation of naturally occurring chrore@iar .

No. Name R;

Py
9

Source of isolation

27a Hyuganin X*

I
o)

Angelicafurcijuga

|
o)

o=§7 oj;lji o=§; oj>7

W?ﬁ
0
27b Hyuganin B*
X
0

Angelicafurcijuga

27¢ Hyuganin C* O
O

Angelicafurcijuga

I
o)

27d Hyuganin 3* O
Angelicafurcijuga o

27e (+)-cis-Khellactoné —OH

I
o
T

Angelicafurcijuga

27f (-)-cis-3',4’-Diacetylkhellactoné’ —o\n/ _OY
Angelicafurcijuga @ o
279 Anomalirf’
Angelicafurcijuga I T
27h Pteryxirf** o %
. . . —© X
Angelicafurcijuga, Pteryxia o T
terebinthina
27 Isopteryxirt? —0
l.:) Y .. _O\H)ﬁ \II/
Angelicafurcijuga ! o

27] Isoepoxypteryxiff

at
;

Angelicafurcijuga

27k Praeroside ff —0—Glc —OH
Angelicafurcijuga

27 Praeroside IV —0—Glc —H

Angelicafurcijuga
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27m (+)-Lomatirf? —OH —
Angelicafurcijuga

27n (+)-Acetyllomatirf’ _OY

Angelicafurcijuga o

270 Suksdorfif*% _OY —o

suksdorfii, Arracacia nelsonii

—H
Angelicafurcijuga, Lomatium 0o o
Y
0

27p (-)-lsosamidin®™ —ON —o0
Arracacia nelsonii o
27q Laserpitirt**’ —OH —o%
Propilis,Angelica keiskei, Musineon 5 h
divaricatum
27r Isolaserpitin®*’ _O% —OH
Propilis,Angelica keiskei, Musineon ° h
divaricatum

d-Garcinoic acid4 shows an antibacterial activity Also 4 andy-garcinoic acids are potent
mPGES-1 inhibitors.J-Garcinoic acid4 and garcinab are known for antioxidant activiy.
Racemosoll0 and de©-methylracemosolll exhibited antioxidant activities by using the
scavenging of 2-2-diphenyl-1-picrylhydrazyl radicddPPH) and FRAP total reduction
capability methods whereihil was found to be active at all concentrations. Thesepounds
also displayed partial cleavage of DNA.

Vismiaguianone Al3 displayed cytotoxic activity® 4’-Methoxy-bavachromanadl4 showed

a strong soybean lipoxygenase inhibitory actiVity\®-Tetrahydrocannabinol5 showed
antidepressant-like acticii8and also found to induce mouse-killing behavienuicide)®
(+)-Catechin 16 is a strongantioxidant®®’ as well as possesses a potential agonist
characteristic that can activate insulin receptat peroxisome proliferator-activated receptor
gamma, thus exhibiting the hypoglycemic effect atechin*®® 3,4-Dihydromollugin 17
exhibits high antioxidant activity in DPPH inhilit®®® and also possesses antiviral activity
with an IGy value of 2.Qug/mL in human hepatoma Hep3B céfls.

Epoxymollugin21 isolated fromRubia cordifoliashowed inhibition of DNA topoisomerases

| and Il and cytotoxic activity against MCF-7 clifle 2° Peperobtusin &2, clusifoliol 23and
3,4-dihydro-5-hydroxy-2,7-dimethyl-8-(2-methyl-2 deayl)-2-(4-methyl-1,3-pentadienyl)-
2H-1-benzopyran-6-carboxylic aci@4 were obtained fromPeperomia obtusifoliaand

exhibitedpotent trypanocidal activitf**Rhododaurichromanic acid 26is a potent anti-HIV
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agent? whereas (-)-Siccani@6 is a potent antifungal agefitSuksdorfin270 was found to
exhibit anti-HIV activity?®® Also many chroman derivatives are used as antox&ifor fats
and oil$* and some exhibit weak estrogenic activity.

Besides a large number of naturally occurring dibkénzopyrans, several synthetic
analogues of chromar8-41 have been well characterized and studied for thi@logical

activities. Selected examples are given below (@duy Table 3).

o /\)\/\/k/\/L /\)\/\/k/\/t
HO HO
28 29
e e G Sy X
HO HO HO HO HO bh
A~
0" oH o o~ o o~ oo P oo
30 31 32 33 34

Figure 7: Structures of bioactive synthetic chrom&8s41

Table 3: Bioactive synthetic chromar8-41.

No. Name
28 a-Garcinoic acid ¢-tocotrienolic acid)
29 B-Garcinoic acid g-tocotrienolic acid)
30 6-Hydroxy-2,2-dimethyl-3,4-dihydro+2-benzop]chromene-5-
carboxylic acid®
31 Methyl 6-hydroxy-2-methyl-2-(4-methylpentyl)-3,4kdidro-2H-
benzoh]chromene-5-carboxylai®
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32 Methyl 6-hydroxy-2-phenyl-3,4-dihydroF2benzop]jchromene-5-
carboxylaté®

33 Phenethyl 6-hydroxy-2,2-dimethyl-3,4-dihydrétbenzophjchromene-

5-carboxylatd™®
34 Phenethyl 6-hydroxy-2-methyl-2-(4-methylpentyl)-3ldhydro-H-
benzoh]chromene-5-carboxylat®

35 3',4’-Di- O-(-)-Camphanoyl-(+)zis-Khellactoné®

36 Cromakalini’

37 Trolox™

38 MDL-73404*

39 Centchromatf

40 Nebivolof®

41 Troglitazoné®

o- and p-Garcinoic acids28-29 are potent mMPGES-1 inhibitotsGenerally chromenes are
more potent than their corresponding saturated ognak (chromans). Interestingly,
Idhayadhullaet al®*® synthesized different dihydromollugin analogug®34 which were
found to exhibit little better antioxidant activitigan their corresponding dehydro (chromene)
compounds. Also, all these synthetic derivativesagd antibacterial activities. 3',4’-BD-(-
)-camphanoyl-(+)is-khellactone35 demonstrated anti-HIV activitl’. Cromakalim36 acts
as an antihypertensive ag&ftand vasodilator¥™® It inhibits transmitter acetylcholine
release by the activation of ATP-sensitive potassithannels from atrial parasympathetic
nerves and cholinergic nerves in rat trachea ds oekhe epithelial laye?**' Trolox 37 is a
synthetic water soluble analogue of vitamin E iglety known for its antioxidant activity.
MDL-73404 38 is an antioxidant and also reduces myocardiatinfsize®® Centchromar89

is an antifertility agent and used as oral conptige pills3’ Nebivolol 40 is an anti-
hypertensive agent. Troglitazone 41 inhibits serum-induced proliferation of human
umbilical vascular endothelial cell (HUVEC) by suegsing casein kinase 2 activity.It

also inhibits insulin hypersecretidt:®

2.3: Literature synthetic methods

Owing to the various biological benefits of chromathey have attracted the attention of
several chemists in recent years and numerous efymtioutes have been devised and
reviewed®® The retrosynthetic analysis of these synthetichoaz can be broadly divided into

5 categories as depicted below. These 5 approdehes been classified on the basis of i)
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reaction of phenols with various electrophiles ok 1, Route A), ii) intramolecular
cyclization involving C-O or C-C bond forming remxts (Scheme 2, Routes B-D), iii) Diels
Alder reaction betweenrtho-quinone methides intermediate and olefins (Sch8mRoute
E), iv) interconversion of functional group (SchemeRoute F), and v) miscellaneous routes
(Scheme 5, Route G).

Ny KR
A or

1) Route A OH = Cl Cl

E i R —> {

R J); R +

or >:\,

: x Or

2

X= OH, OAc, OPO(OPh),,
Br, Cl

Scheme 1Reaction of phenols with various electrophilesyRaA).

I e e

2 R'
¥
OR"
D C 4@;/\/
0s]
R‘@jR Route C <©LA‘/\ R'=H, Me,Ac R
B
2 R"=H, Me OH
% R‘@/\T/

X=Br, H

Scheme 2intramolecular cyclization involving C-O or C-Crmbforming reactions (Routes
B-D).

E '

oot}

2

@COOMe : ~
Scheme 3Diels Alder reaction betweeasrtho-quinone methides intermediate and olefins
(Route E).
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Route F

Scheme 4interconversion of functional group (Route F).

OH o
+ )’K
MeO__OMe O
+

Ro
Ry
Route G

@ / OH
Fe
- Br

OH

@ + >:C:

OoH
.
X
R@ + 2y
| R R

Scheme 5Miscellaneous routes (Route G).

Diverse methodologies have been devised for chrayatihesis some of which involves the
construction of the parent chroman. Asymmetric lsgsés of several chroman molecules
have been developed and reviede@he various chroman syntheses known are discussed
below.

2.3.1: Reaction of phenols with various electroplels (Route A)

2.3.1.1: From phenols and 1,3-dienes

Most of the methodologies involves coupling of pblenand 1,3-dienes by using several
homogenous or heterogenous acids as reagentsatatatyich is an atom economical way of

constructing these heterocycles. These are inclindém following table 4*°7

OH SR reaction condition o R'
R + _ » R
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Table 4: Synthesis of chromans from phenols and 1,3-dierssg various reagents or

catalysts.

Sr. Reagent/catalyst Reaction condition Ref.
No.
1) | Potassium phenoxide, AKCI | benzene, rt 42
2) | PPA xylene, 30-35 °C 43
3) | cat. ZnCJ/HCI acetic acid, 0 °C 44
4) | cat. Phosphoric acid 20°C,16h 45

or

xylene, 30-35 °C

or

light petroleum, 30-35 °C
5) | cat. Aluminum phenoxide 110 °C 46
6) | cat. (+)-10-Camphorsulfonic | octane, reflux a7

acid
7) | cat. AICE-[BuyN]I /AICI 5- octane/dibutyl ether, reflux 48
[(CgH17)4N]Br

8) | cat. Amberlyst 15 THF, 65-70 °C 49
9) | cat. Zeolite HSZ-360 chlorobenzene, 120 °C 50
10) | cat. [RhCI(CODY i) cat. dppb, KCG;, toluene, 110 °C 51

i) MeAICl, or p-TSA, hexane, 100°C
11) | cat. AQOTf CICHCH.CI, 40 °C 52
12) | cat. AQOTft-BuCl CICH,CH.CI, rt 53
13) | cat. Sc(OT-[bmim][PFK] toluene, 60/ 100 °C 54
14) | cat. Cu(OTH (bipy)/PPh, DCE, 50 °C 55
15) | cat. Bi(OTf) toluene, 40 °C 56
16) | cat. FeGIAgBF, DCE, 60 °C 57

Bolzoni et al*? synthesized chroman in good yields by employinggsium phenoxide and

AICl; reagents in benzene at room temperature. ReceRyju et al®

employed
polyphosphoric acid in xylene to carry out thislzation.

Several catalytic systems have also been repoaedhé annulation of phenols with 1,3-
dienes forming chromans. Smitt al** synthesized chromans by dissolving phenol and
isoprene in acetic acid in presence of dry HCl mCE Bader and Bedr? explored

phosphoric acid catalyst for the reaction of isopreand phenol. However along with
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chroman product, other products like@- and p-3-methylcrotylphenols andy-
hydroxyisoamylphenols were also isolated. Later,lylpalroxyacetophenones were
condensed with isoprene in phosphoric acid by Abliaet al***to form acetylchromans.
Dewhirst and Ruétisolated the mixture of alkenylphenols and chromamsarrying out a
reaction between phenol and dienes in presencataliytic amount of aluminium phenoxide.
The catalytic activity of (+)-10-camphorsulfonic idicwas investigated by Matsui and
Yamamotd’ to obtain chromans includingtocopherol in 2 steps. However spiro compound
was formed as the side product in small amounts.

Matsui and Yamamof® explored the catalytic effect of AlCIn presence of phase transfer
catalyst such as tetraalkylammonium salts. Theks w@&re found to accelerate Lewis acid
catalyzed Friedel-Crafts alkylation reaction of pbewith 1,3-diene. Among the several
tetraalkylammonium salts studied, tetrabutylammomiiodide-aluminium chloride and
tetraoctylammonium bromide-aluminium chloride coexas effectively catalyzed the
reaction between trimethylhydroquinone with myrexéollowed by cyclization to forna-

tocopherol. Kalenat al*°

obtained chromans after slow addition of isoprenghe mixture

of phenols and cation exchange resin amberlysh THHF at 65-70 °C. However, the use of
polyhydroxyphenols substrates resulted in a mixtdiisomeric chroman products.

Zeolite HSZ-360 have been successfully utilizedatalyst to synthesize chromans by Bigi
al.>® The one pot method selectively delivered chromanshlorobenzene at 120 °C with
traces ofo-isopentenylphenols. However, the solid acid catalys also useful to obtam
isopentenylphenols as major product by maintainigtemperature at 80 °C. Bienaymie
al.”! investigated the regioselective arylation &pringene with trimethylhydroquinone
using [RhCI(COD)]} catalyst followed by cyclization in presence of Ai@él, or p-TSA
resulting in chroman skeleton.

Recently, several environmentally sound catalyyistams have been reported. AgOTf was
investigated to form C-C/C-O bond sequentially kestw phenols and dienes by Youn and
Eom®>? The method is mild, efficient, and economical diliydrobenzofuran ring compounds
were also isolated in some cases along with th@edksihydrobenzopyrans. The hidden
Brgnsted acid catalyst HOTf generated from AgOTipnmesence of co-catalysert-butyl
chloride have been utilized for chroman synthegi®anget al>

Your®* developed reusable catalytic system Sc(@Tmim][PR] to afford
dihydrobenzopyrans along with dihydrobenzofurangrisystems. The ionic liquid
[obmim][PFK] plays dual role as an additive and an immobitziagent for facilitating
recycling of catalyst. Adrio and Hfiexplained chroman formation from phenols to 1,3-
dienes with recyclable Cu(OTEftatalyst along with 2,2’-bipyridine (bipy) or PRIgands in
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moderate to good yields. Both ligands were equeffigctive, however the cheap availability
and higher resistivity of bipy to oxidation thani3Pnakes it a preferred ligand. The method
involves tandem hydroalkoxylation—-rearrangementrbgitylation sequence. However few
derivatives resulted in a mixture of dihydrobenz@py and dihydrobenzofuran ring
compounds.

Judd and Caggiaf®explained the utility of Bi(OT§catalyst in the formation of chromans
from substituted phenols and excess of isoprenaeder, the products in the few examples
demonstrated are obtained in low to moderate yidlgs to the unreacted phenol. Villani-
Gale and Eichmahdiscussed the formation of regioselective prenytatif phenols followed
by cyclization to chromans by employing catalytiount of FeCG4 and AgBR. The method
allows employing isoprene directly and also avdldsuse of stoichiometric Lewis/Bronsted

acids.

2.3.1.2: From phenols and allylic alcohols/acetates

—

OH o R

X reaction condition @R--
- R

X=0H, OAc

Table 5: Synthesis of chromans from phenols and allylimladds/acetates using various
reagents or catalysts.

Sr. Reagent/Catalyst Reaction condition Ref.
No.

1) | Formic acid benzene reflux/100 °C 58
2) | BRJ/AICI; CH,Cl,, CH3NO; 59
3) | TFA/H,0O Ar, rt, 15-30 min 60
4) | ZnCh CH,Cl,, reflux 61
5) | cat. (acagMo(SbFk), CH,Cly, rt 62
6) | cat. [Mo(CO)Br;], CH,Cly, rt 63
7) | cat. CpMoCI(COyo-chloranil | MW, 150 °C 64
8) | cat.p-TsOH DCE, reflux 65
9) | cat.In(OTf} CH,Cl,/CH;CN/CH;NO, 66
10) | cat. CuAl-SBA-15 cyclohexane, reflux 67
11) | cat. CuAl-KIT-5-10 1,2-dichloroethane, 60-85 °C 68
12) | cat. Polyphosphoric acid GEl,, rt 69
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13) | cat. BR.EtO CH,Cly, rt 70
14) | cat. PPYAUNTT, toluene 71

Another route to chromans involves condensatioph@nols with allylic alcohols/acetates in
presence of Bronsted or Lewis acids and variouslysis (Table 5). Mamaligt al®®®
synthesized tocol from quinol monobenzyl etherront quinol by adding phytol in refluxing

benzene in presence of formic acid. Recently Haredl>®

achieved the total synthesis of
encecalol angelate wherein the first step wasyh#hesis of chroman from resorcinol and 2-
methylbut-3-en-2-ol in formic acid at 100 °C. Wetet al> investigated the reaction of
trimethylhydroquinone with isophytol in presence Bf; or AICI; reagents. The reaction
involved the formation of trimethylhydroquinone-bartrifluoride or trimethylhydroquinone-
aluminium trichloride complex which on alkylationittv isophytol followed by cyclization
delivered chroman.

Ismail et al® showed the utility of trifluoroacetic acidf® combination for benzopyran
synthesis. The presence of water in trifluoroacaticl was found to accelerate the reaction.
Jun and co-workefsstudied the condensation reaction of resorcindh ®itnethyl-3-buten-
2-ol using several acid catalysts or acid solvemtsong which zinc chloride furnished

chroman product in 70 % yield.

A large number of catalytic systems (Table 5) halg® been devised for chroman synthesis
from phenols and allylic alcohols/acetates. Variawslybdenum complexes such as
(acac)Mo(SbF),, [Mo(CO)Bry],, and CpMoCI(CO)/o-chloranil have been explored.
Chroman formation on treatment of prenyl alcoholterisomer 2-methylbut-3-en-2-ol with
p-cresol using (acag)lo(Sbk), was studied by Malkoet al®? However the product yields
were poor. The same group also studied the catahdtivity of [Mo(CO)Br,], for the
reaction between aliphatic allylic acetate or $smer and phenol furnishing chronfdhe
cyclocoupling of phenol with allylic alcohols waslvexplored by Yamamoto and ltondga
using CpMoCI(COyo-chloranil catalytic system under microwave comudif. The chromans
were obtained rapidly in moderate to good yieldse methodology was also applied for the
synthesis of naturally occurringtocopherol derivatives and 3,4-dihydromollugin.

Several chroman derivatives were obtained by Iskinal®® from phenols and unsaturated
alcohols by employing catalytic amount pftoluenesulfonic acid in 1,2-dichloroethane
solvent. The cyclocoupling of phenols and allyleettes was also achieved by Vetel®®
with indium triflate catalyst. The efficiency of tedyst can be easily identified as the reaction
smoothly proceeded with just 1 mol% of the catalystinvolves tandem allylation—
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intramolecular hydroalkoxylation sequence. Howewancyclisedo- andp-allylated products
and dihydrobenzofuran in some cases were also eeed\along with the desired chroman.
Vargheseet al®’ utilized mesoporous and hexagonally ordered CUBA35 catalyst for
chroman synthesis in good yields from phenols diyticaalcohols. The recyclable catalyst
allows tandem C-C and C-O bond formation leadingeteeral chroman derivatives including
vitamin E. The same grofibalso showed the scope of CuAl-KIT-5-10 catalystotmiain
chromans from phenols and 2-methylbut-3-en-2-oB%t°C. However, a mixture od-
prenylated phenol and chromans were obtained omrasiag the temperature to G0,
Polyphosphoric acid was employed for the constouctif benzopyran skeleton by Murthy

al.%® It was further functionalized to obtain severalelocompounds which were evaluated

for antimicrobial activities. Madabhushét al’®

extended the scope of methodology
employing BR.ELO catalyst for chroman synthesis wherein 2-methy@an-2-ol was
treated withp-cresol to yield chroman in 80 %. However on chagghe unsaturated alcohol

to 1,1-diphenylprop-2-en-1-ol no product was isedat Coutantet al’*

demonstrated
cyclocoupling of phenols and allylic alcohols usiogtalytic amount of PBAUNTf,. The
method involves a one-pot regioselective FriedekfiSrallylation reaction followed by

intramolecular hydroalkoxylation. A large rangedefivatives have been synthesized.

120°C
R

H
Ph. _P. _Ph or . o
o ‘ O —
sodium hydrogen carbonate

120°C

Scheme 6
Miller and Wood? synthesized 2,2-dimethylchroman derivatives by tileatment of 3,3-
dimethylallyl diphenyl phosphates with an excesplegnols at 120 °C in absence or presence

of solid sodium hydrogen carbonate (Scheme 6).

2.3.1.3: From phenols and allylic halides

reaction o
@ )’\’ _ condifon_ ‘@ij

X=Br, Cl

Table 6: Synthesis of chromans from phenols and allyligdesl using various reagents or

catalysts.
Sr. Reagent/ Catalyst Reaction condition Ref.
No.
1) | BuLi benzene, reflux 73
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2) | Montmorillonite K-10 Ccd 74
3) | cat. Ni(acag) 90 °C 75
4) | cat.p-TSA toluene, reflux 76

Chromans have also been obtained by the cyclizatdn phenols with allylic
bromides/chlorides using some reagents/catalys&bléT 6). Cardilloet al’”® obtained
chromans by treating lithium salts of phenol oldirfrom phenol and butyllithium with
prenyl bromide in refluxing benzene. The productsendehydrogenated further with DDQ to
form chromenes. Similarly, Dintznet al’* demonstrated cyclocondensation of substituted
phenols with prenyl bromide to afford 2,2-dimetheilzopyrans using montmorillonite K-10.
However mixture of regioisomers was obtained in fases. Campst al’® carried out the
cycloaddition of 4-methoxyphenol and prenyl chloride to produce diethyl-6-
methoxychroman using Ni(acadatalyst at 90 °C. Jettet al.”® observed the reaction of 7-
hydroxycoumarins with allyl halides, homoallyl fdds or alcohols in presence of catalytic
amount ofp-toluenesulphonic acid. It delivered chromans/reduderivatives of naturally

occurring xanthyletin and sesetira a one step alkylation followed by cyclization.

2.3.1.4: From phenols and 1,3-dichloro-3-methylbutze

@ OH /\k Ni(acac), O
R + c > R
Cl 1o50c

Scheme 7

Campset al.®

also explored the effectiveness of Ni(aga@talyst to obtain chroman product
from phenol and 1,3-dichloro-3-methylbutane. Diffietr derivatives were obtained, some of

which were accompanied by overalkylation (Scheme 7)

2.3.2: Intramolecular cyclization involving C-O or C-C bond forming reactions (Routes
B, C and D)
2.3.2.1: From aryl prenyl ethers (Route B)

(o]
reaction condition O
R ™ —  » R

Table 7: Synthesis of chromans from aryl prenyl ethersgisarious reagents or catalysts.

Sr. Reagent/Catalyst Reaction condition Ref.
No.
1) | Montmorillonite clay benzene, 50 °C; N 77
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2) | Calcined SiQ neat, 60-70 °C or benzene, reflux 78
3) | cat. Mo(COy toluene, 115 °C, Ar 79
4) | cat. Bi(OTf}-4H,0 toluene, 0-22 °C 80

Rearrangement of aryl prenyl ethers is an altereatoute to obtain chromans (Table 7).

Daubenret al’’

carried out rearrangement of aryl prenyl ethenmsgusiontmorillonite claywia
[1,3] shift of ethers followed by cyclization to répesize chromans. However, some
substrates deliverea-allyl phenols and coumarans. Similarly aryl premsther was
rearranged with calcined SiCB0O °C, 5 h) by Pogrebnet al’® either under neat heating or
refluxing benzene conditions.

Bernard et al’®

showed the usefulness of Mo(GOjatalyst in carrying out Claisen
rearrangement of aryl prenyl ethers followed bylieggtion leading to chromans. In some
cases, the products were accompanied with smaliats@f corresponding starting phenols.
Later, Ollevier and Mwene-Mbéfa employed bismuth triflate catalyst for [1,3]
rearrangement of aryl prenyl ethers to synthesimermans. Howevem-prenylphenols are

isolated as side products.

IPy,BF, R
@ _ HBR.CHCL O~ ©
R + R
4010-90°C | R
R R

Scheme 8

Barluengaet al® found the selective rearrangement of allylphenylees followed by
cyclization to 2-substituted 3-iodochromans usiRy,BF, which promotes C-C bond
formation and also serves as a source of iodoriam Also isomeric 4-substituted 3-

iodochromans were obtaingah an intramolecular cyclization reaction (Scheme 8).

o i) Catecholborane, 2% (PPh3);RhCl
J/\/Y then NaOH, H,0,
MeO “ i i idi

ii) Tf,0, 2,6-di-t-butylpyridine, CH,Cl,

Scheme 9

The tertiary ether was chemoselectively hydrobaratgh catecholborane in the presence of
2 % Wilkinson’s catalyst by Trost and Td&tevhich underwent electrophilic cycloalkylation

to chroman upon activation of the primary alcotwita triflate (Scheme 9).
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2.3.2.2.1: From 2-(3-hydroxyalkyl)phenols/anisole@Route C)
Table 8: Synthesis of chromans from 2-(3-hydroxyalkyl)phsnaesing various reagents or

catalyst.

@EJQZH reaction condition : o R o
OH

Sr. Reagent/Catalyst Reaction condition Ref.
No.
1) | DEAD, triphenylphosphine dioxane, rt 83
2) | HPOy toluene, reflux 84
3) | H:SO toluene 85
4) | cat.p-TsOH benzene, reflux 86

Dehydration of substituted 2-(3-hydroxyalkyl)phenallso delivers chromans (Table 8).
Aristoff et al®® carried out an intramolecular dehydration of substil 2-(3-
hydroxyalkyl)phenols to the corresponding extrenpayent benzopyran prostacyclin mimics
through an intramolecular Mitsunobu reaction askég step. In addition, few structurally
simple substrates on treatment with DEAD and tnipighosphine in dioxane delivered
chromans and dihydrobenzofurans in moderate tollerteyields. Only few examples
reported suggest the limited scope of the methods ¥t al. ® carried out acidic
intramolecular dehydration of 2-(3-hydroxy-3-sutggd)phenols to chromans using 85 %
phosphoric acid in refluxing toluene. However stdist scope is limited. Erhardt and co-
worker$® used 15 % kB0 in toluene for dehydration of diol. Chroman obelnwas further
functionalized over several steps to accomplishthe@gis of complex molecule. Tanaka
al.%® obtained 3,4-dihydro-2,2,6-trimethyH21-benzopyran from the corresponding 2-(3-
hydroxy-3-methylbutyl)-4-methylphenol usimpegtoluenesulfonic acid as catalyst.

\O OH
HBr, AcOH 0]
—_—— >
R
R

Scheme 10

Demethylative cyclisation of substitutemmethoxy tertiary alcohols was carried out by

|87

Nilssonet al’* with HBr in acetic acid condition to furnish chrans (Scheme 10).
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2.3.2.2.2: From 2-(3’,3-dialkylallyl)phenols/anistes/phenyl acetates (Route C)
Table 9: Synthesis of chromans from 2-(3’,3’-dialkylallylyenols using various reagents or

catalysts.
CLOE\( reaction concition w
N > R
R
Sr. Reagent/Catalyst Reaction condition Ref.
No.
1) | Phenol (excess) 100 °C 72

diphenyl hydrogen phosphate

sodium hydrogen carbonate

2) | HCI/AIC1; cyclohexane, rt 88
3) | cat. Fed 25 °C 89
4) | cat. Al(QPr) PhCI, 250 °C, MW 90
5) | cat. Fe-montmorillonite/ Bir dimethyl carbonate, 80 °C 91

montmorillonite

2-(3',3'-Dialkylallyl)phenols have also been contezt to the respective chromans (Table 9).
2-(3',3'-Dimethylallyl)phenol, phenol, diphenyl hyalyen phosphate, and sodium hydrogen
carbonate were heated at 100 °C by Miller and Wotmd form chroman products. Later,

Wang et al®®

obtained chromans by the intramolecular cyclizatiof 2-(3-methyl-2-
butenyl)phenols along with 1,1-dimethyl-4-indandlso the substrate scope is limited. The
cyclization of2-(3’,3'-dimethylallyl)phenol derivatives to the gesponding chromans using

|89

catalytic Fed was carried out by Maconet al”™ The products were evaluated for

cytotoxicity and pro-apoptotic activity.

Later, Schluteret al®

converted 2-allylphenols to cyclic ethersa intramolecular
hydroxylation using cat. aluminium isopropoxide andhicrowave irradiation. The scope of
the catalyst was extended by synthesising chrom&eletsn from 2-(3',3-
dimethylallyl)phenol. Recently, Francescet al’® employed recyclable heterogeneous
catalyst Fe/Bi-Montmorillonite in dimethyl carboeatsolvent to achieve chromans. In

addition, a wide range of cyclic ethers were predic

OH H,C=C=0 QCJL OAc HEr : :o: /
J— . _ =
+
X
H,S0O, (frace) =

major

Scheme 11
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Hurd and Hoffmatf prepared chroman from 2-(3’,3"-dimethylallyl)phéngon treatment
with ketene and trace amount of sulfuric acid alwitpy minor acetylation produstiz. o-(y,
y-dimethylallyl)phenyl acetate. However when thetat® product separately treated with
hydrogen bromide, 2,2-dimethylchroman was prodSethieme 11).

OH hv, 1t (0] Ph

Scheme 12

Jiménezet al®®carried out irradiation of trans-2-cinnamylphensing various conditions to

deliver 2-phenylchroman along with cis-2-cinnamgpbl and 2-benzyl-2,3-

dihydrobenzofuran (Scheme 12).

(}SeBr

R CH,Cl ©
282
OH > R
0-25°C €
\

Scheme 13
Nicolaouet al® employed a selenium-based methodology for the gblase construction of

resin bound 2,2-dimethylbenzopyrans wherein thdit@astep is a key ring-forming reaction.

A library of derivatives has been synthesized (Suhé3).

O
~ _ Pyridinium chloride
(6] (6] >
210-220°C

| OH

Scheme 14
Boltze and Deff on heating 2-(3-methyl-2-butenyl)resorcinol dimétégher with pyridinium
chloride at 210-220 °C for 5 h delivered the desthroman skeleton (Scheme 14).

anhyd. AlCl3

EtSH o

Scheme 15
Gopalakrishnaret al® employed AICYEtSH reagent to carry out a tandem demethylation-

cyclisation reaction to form pyran rings (Schemg 15

Mayuri M. Naik, Ph. D. Thesis, Goa University Paged1



CHAPTER 2

2.3.2.2.3: From substituted 2-(3-butenyl)phenols (@ute C)

OH mCPBA . o R on
%R CHCl3, 0°C w
Scheme 16
Bravo and TicozZ{ converted the olefin starting to the epoxide usimghloroperbenzoic

acid which was converted to chroman by the attdd¢ke phenolic oxygen on the quaternary

epoxide carbon in epoxide intermediate during wggKScheme 16).
% BF3.Et,0 ©;JL Raney CQJL
N|cke|

Scheme 17

Chroman derivative was synthesized by Sett@l®®

by treating theo-alkylphenol starting
with boron trifluoride etherate followed by desulpization with Raney nickel (Scheme 17).

Cat. TsOH
H TFA (trace) - 0 0
- R + R

R CH2C|2, rt

major
Scheme 18
|99

Exomethylene chromans were obtained by Greggal.

along with dihydrobenzofurans
through cyclization of dienylmethyl phenols wipktoluenesulphonic acid and trace amount
of TFA (Scheme 18).

Cat Pd(TFA), __
OH Pyridine, Na,COj3 ©/\OJC
= 3A°MS, O,
toluene, 80°C
Scheme 19

According to Stoltz and co-workéP8 5 mol% of Pd(TFA) catalyst in presence of pyridine
and NaCO; using molecular oxygen as oxidant was effectivecamstructing chroman
skeletorvia aerobic oxidative cyclization of oxygen nucleophanto olefin (Scheme 19).

OH R'Br R'
©/\/\( cat. Pdy(dba)s, S-Phos CLOJZ
> R
R NaO'Bu, toluene, 110 °C
Scheme 20
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Pd-catalyzed carboetherification reactions betw€out-3-en-1-yl)phenols and aryl/alkenyl
halides was described by Waetlal}** Several 2-substituted and 2,2-disubstituted dtvies
have been prepared (Scheme 20).

2.3.2.3: From 3-(2-bromoaryl)-1-propanols/3-aryl-1propanols (Route D)

Br reaction condition o)
R

R

Table 10: Synthesis of chromans from 3-(2-bromoaryl)-1-proga using various reagents or

catalysts.
Sr. Reagent/Catalyst Reaction condition Ref.
No.
1) |t-BuOK DMSO, MW, 140 W 102
2) | cat. Pd(OAc) Tol- | K,COs/NaOX-Bu, toluene, 80-100 °C 103
BINAP/DPPF
3) | cat. Pd(OAg) 2-(ditert- | CCQO;, toluene, 50-80 °C 104
butylphosphino)-1,1'-
binaphthyl/ 2-ditert-
butylphosphinobiphenyl
4) | cat. Pd(dba) PsFcP¢-Bu), toluene, rt 105
5) | cat. Cul, 8-hydroxyquinoline &S80;, toluene, Ar atm, 110 °C 106
6) | cat. Cul, 2,2-bipyridyl K®Bu, DMF, 120 °C 107

Intramolecular coupling of aryl bromides with alobhs another way to obtain chromans
(Table 10). Xuet al®? investigated an efficient aromatic C—-O bond fomgniraction using
potassiumtert-butoxide under microwave irradiation. Diverse prog were synthesized
including chromans avoiding the use of transitiogtah catalyst. The method is also useful
for the synthesis of bioactive natural flavans.

Palladium catalysis in presence of various ligaisdalso well known for such cyclization
reactions. Paluckét all® studied the role of Pd(OAg)katalyst in presence o8)(-)-2,2'-
bis(di4p-tolylphosphino)-1,1’-binaphthyl (Tol-BINAP) and 1I;bis(diphenylphosphino)-
ferrocene (DPPF) in the synthesis of chromans.iZatobn of intramolecular substrates was
carried out in toluene in presence of Nd&D or K,CO; base However, the reactions were
accompanied by side products including dehalogenaif the aryl halides and oxidation of

the alcohol to the ketone in case of substratesagong a secondary alcohol.
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Later, to overcome the above problems, Toretcal1°* explored 2-(ditert-butylphosphino)-
1,1’-binaphthyl and 2-diert-butylphosphinobiphenyl as ligands, the former beingre
general, in presence of Pd(OAchtalyst. The products were obtained in good gieBhelby
et all® successfully explored a combination of cat. Pddiwdth PhFcP¢-Bu), ligand
which is effective at room temperature for aromafi®© bond formation reactions. Two
chromans were synthesized in good yields along satreral acyclic ethers.

Copper catalysis is also effective to render chrsnaliuet all% developed a methodology
using copper (I) iodide catalyst, 8-hydroxyquineliigand and KPO, base. The method
involves C-O coupling between aliphatic alcohols amyl bromides to form acyclic ethers.
Further intramolecular coupling resulted in chrosiand benzofurans in presence ofI3

base. Suchandt al®’

also reported copper catalyzed intramolecular 6e@d formation
reactions of secondary and tertiary alcohol sutesran presence of 2,2-bipyridyl ligand.
Several 2-substituted and 2,2-disubstituted chroohemvatives were synthesized in good

yields.

R\ R" R’
DIH, EtOAC/DCE R o R
OH -
hv (W lamp), 40 °C

Scheme 21

Furuyama and Tod® irradiated various 3-aryl-1-propanols with exce$sl 8-diiodo-5,5-

R

dimethylhydantoin (DIH) with tungsten lamp in prase of ethyl acetate or 1,2-
dichloroethane to produce chroman derivatives. Btsdwere obtained in moderate to good
yields (Scheme 21).

R\ R PIFA, MK-10 o R
R (CF3),CHOH, 0 °C R
Scheme 22
utilized phenyliodine(lll)bis(trifluoroacetate) IFA), a hypervalent

Hamamoto et all®

iodine (1) reagent for the direct aromatic carborygen bond forming reaction of 3-aryl-1-

propanols leading to chromans. It involves an ateneation radical pathway (Scheme 22).

QUCN™, Co(dmgBF,),(CHCN), o
OH - R + Hy
R hv, CHsCN, Ar, rt

Scheme 23
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N . )
D LB ca. “B.
X F o—N | N—0 F
CN

QL£N+ CO(dmgBFz)z(cchN)z
(Photocatalyst) \ ‘ \ (Cobalt cocatalyst)

Figure 8: Structures of QuCNand Co(dmgBg2(CHsCN)s.

Recently, Zhengt al'*® demonstrated the scope of a dual catalytic sys@msisting of 3-
cyano-1-methylquinolinum as a photocatalyst andd@gBF,).(CH3;CN), as a cocatalyst for
the chroman synthesis. It allows the direct intrlamlar alkoxylation of 3-aryl-1-propanols

with the evolution of hydrogen gas as the only bgoict (Scheme 23, Figure 8).

2.3.3: Diels Alder reaction betweerortho-quinone methides intermediate and olefins
(Route E)

OH R. R Montmorillonite of )
+ : g :
LiCIO,~MeNO,
OH

re

Scheme 24
Chibaet al! carried out hetero-Diels—Alder reaction @fjuinomethanes and unactivated
alkenes using montmorillonite catalyst in a LiGi®eNG, solution (Scheme 24).

oA )
D
cHO :
. @: . S(OThs TMOF .
or

O R

2

OMe

or
OH CHaCly, 1t

R=H. Me, OMe, OEt R'

Scheme 25

|12 reported an efficient scandium triflate catalystthe cyclocondensation of

Yadavet a
hydroxybenzaldehydes with olefins in the presentetrimethyl orthoformate to form
chromanes with high diastereoselectivity (Schemg. 25 involves o-quinone methides
intermediate generated from salicylaldehyde amdetyl orthoformate.

Ph_H
o “Crf
19¢ !
Scheme 26

R O\‘N toluene
—_——

COOMe 90-110°C
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Nakamuraet al'*® synthesized chroman by heatingl-2,2-benzoxazine with styrene in
toluene. It involves Diels-Alder reaction betwernsitu formed o-benzoquinone methide

intermediate with styrene (Scheme 26).

Zph
YDCP PICl,, DCM Y o A
> Ph
L
PTS-Si, toluene
X=Br, F, OMe, COOMe, H 0°C - 1t
Y=0OMe, H, Br
L= OAc, OTBDMS, OH
P= MOM, i-Pr, MEM
Scheme 27

Radomkitet al*** developed a method for the preparation of chrontfamsigh generation of
ortho-quinone methides intermediate which underwent Rt@alysed cycloaddition reaction
with olefins. Also the conversion takes place iergence op-TsOH immobilized on silica

(PTS-Si) however in low yields (Scheme 27).

2.3.4: Interconversion of functional group (Route

R

©/\O/\/ro reaction condition ©/\Oj*R

R= Me, Et

Table 11: Synthesis of chromans from coumarin using varreagents or catalysts.

Sr. Reagent/Catalyst Reaction condition Ref.

No.

1) | i) EtMgBr (excess) i) ether, reflux 115

ii) recrystallization

2) | i) MeMgl (excess) i) ether, rt 116
i) H,SOW/H,0 ii) reflux

3) | i) MeMgCl (excess) i) THF, 0 °C - rt 117
i) H,SOWH,0 i) benzene, 105 °C

4) | i) MeLi (excess) i) THF, 0 °C - rt 118
i) cat. TSOH i) toluene, reflux

Dihydrocoumarin has been converted to chromans I€Tdd). Smithet al'*® treated
dihydrocoumarin with Grignard reagent to form cadbifollowed by recrystallization which
resulted in the cyclization leading to chromanstet,aFatope and Abrahat and Tenget
al.'* also exposed dihydrocoumarin to Grignard reagennihg tertiary alcohol which

underwent cyclization in presence of aqueou$®. Further, Bernier and Briickrét
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converted dihydrocoumarin to chroman using MeLilowed by cyclodehydration with
TsOH.

HO (o]
HO 0 Zn-Hg, HCI \©/\jL
acetic acid, MeOH

o

Scheme 28

Chroman has also been synthesized from chromanp@emmensen reductibii (Scheme

28).
o Na, NH3 o
R R
= MeOH-THF, -78 °C

Scheme 29

Aniot et al*?® converted chromene to chroman by reducing withusodhowever in low

yields as several other products were also obtgiaeldeme 29).

2.3.5: Miscellaneous routes (Route G)

HO>L
AL Q) A .2 3 998
- e — >
O TFA, reflux O -H0 O

Scheme 30
Webb and Half* showed the formation of chroman in TFA from 2,kdinyl phenol and

acetone. It involvethe reversible formation of the phenol hemiacetaagtone followed by
its protonation and loss of water forming carboniion which then attacks either of the

phenyl groups to form chroman (Scheme 30).

cl
DMF, HCl o
—_—
a - HCl
N\ | | OH

Scheme 31
Verhé et al'?® heated 2-chloro-2-(3-methyl-2-butenyl)-1,3-cycloheadione in DMF in
presence of HCI at 140 °C which rearranged to tiolldro isomer. It then underwent HCI

elimination to form 2-(3-methyl-2-butenyl)resorcinevhich cyclized to produce 2,2-
dimethyl-5-hydroxychroman (Scheme 31).
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R
(0] _
H '
/? 8 2 o R
R OH
OH DMSO or THF

Ny, rt

Scheme 32
Bravo et al’*® obtained chromans, however in low yields by remcthe phenolic substrate
with dimethyloxosulphoxonium methylide in DMSO/THRHowever, the reaction favoured

the formation of 7-membered 3-hydroxy-2,3,4,5-teycio-1-benzo-oxepin as major product

(Scheme 32).
OH [N(CH, CH,CH3),4][PtCl3(C2H4)] (0]
R‘@ + >:C: > R
CHCl;,30/60°C

Scheme 33

De Renziet al’** treated phenol with 1,1-dimethylallene in preseatelatinum catalyst to

afford a mixture of 2,2-dimethylchroman ardisopentenylphenol. The amount of the
products varied depending upon the temperaturestiosatime and phenolic substrate.
Chromans are formedia a regiospecific C-alkenylation followed by cyclizan (Scheme
33).

Cat. Pd(OAc), R
N > \
R R '
| + R R PPhg, 100 °C, 1-2 days R R
Scheme 34

11%° carried out palladium catalyzed annulation®-dddophenols with 1,4-dienes

Larocket a
to produce chromans in good yields. It involvestimgathe starting materials with catalytic

palladium acetate and base in presence or abséRethdor prolonged time (Scheme 34).

=N P
| \Pd KH SS—P. 60 °C o
fFe /3 B — Fe Pd e
@’P Br rt - p/ \
O

Ph;

OH

Scheme 35
Buchwald and co-workef® treated aryl bromide complex (dppf)Bd[
CeH4(CH,).C(Me),OH]Br with KH in THF at room temperature forming apalladacycle

[ 1
(dppf)Pdp-CeHA(CH2)2C(MeR0] \which produced chroman on thermolysis (Scheme 35).

N
,N le, CH2C|2 _ O R
OH N > R
R NH, 20°C

R

Scheme 36
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Knight and Littld?’ treated the starting alcohol witN-iodosuccinimide to generate 8-

iodochromanvia benzyne intermediate. Only few derivatives havenbeeported (Scheme

36).
Me
OH MeO. OMe Sc(OTf); _ o
R + X > R
CHO CH,Cly, rt

Scheme 37
2,4-Dimethoxy-2-methylbenzopyrans were synthesiZeg Yadav et al’® by the

cyclocondensation ofo-hydroxybenzaldehydes with 2,2-dimethoxypropane rabm

temperature using scandium triflate catalyst. S®vexdvantages associated with the
methodology includes high vyields, high diasteremd@lity, short reaction times, easy
availability of starting materials, reusable casalyand simple experimental/isolation

procedures which makes it an useful method (Sct&fe

2.4: Results and Discussion

Several syntheses of chromans have been reportatisasssed above. However these
methods make use of either hazardous or costlyystda associated with side products
resulting in poor yields, requires additional pnepi@n of substrates and lack of substrate
scope which led us to develop a new synthetic nuetlogy for chromans synthesis using an
environmentally benign inexpensive catalydte envisioned that the Lewis acidity of iodine
can be employed for its synthesis. Accordingly tagosynthetic analysis of this one pot
approach suggested simple substrates such as phhand unsaturated alcoho#s3
(Scheme 38).

R R\ _R"
Osg . N OH l
R @ —_— R P +
OH
2 42 43

Scheme 38Retrosynthetic analysis of chroman

We began chroman synthesis frgamaphthol42a and prenyl alcohod3a and examined the
effect of iodine catalyst (0.3 equiv) on its cyalion in chloroform at room temperature.
After prolonged stirring it was pleasing to see ewnspot which was further isolated as
colorless solid and characterized as the desireshm@n2a. On refluxing, the reaction time
was reduced and product formation was observedmstiort period (1 h) (Scheme 39). The
reaction was also accompanied by another very fgbt (TLC) and was later characterized

as2a’. The structures dfa and2a’ were confirmed by the following spectral data.
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“/ CHCI3 reflux O
‘ 2a

Scheme 39Reaction oﬁ-naphthol with prenyl alcohol.

Spectral data of 3,3-dimethyl-2,3-dihydro-H-benzo[flchromene (2a)
O O

O 2a

colorless solid; m.p. 68-70 °C; fit.68-69 °C.

IR (KBr): v=2974, 1620, 1597, 1236 ¢m

'H NMR (CDCl 3, 400 MHz): § 1.38 (s, 6 H), 1.95 (] = 6.8 Hz, 2 H), 3.03 (] = 6.8 Hz, 2

H), 7.02 (dJ = 8.8 Hz, 1 H), 7.32 (ddd,= 8.0, 7.6, 0.8 Hz, 1 H), 7.47 (ddbi= 8.4, 6.8, 1.2

Hz, 1 H), 7.61 (dJ = 8.8 Hz, 1 H), 7.75 (d] = 8.0 Hz, 1 H), 7.82 (d] = 8.4 Hz, 1 H).

%C NMR (CDCl3, 100 MHz): § 19.3 (CH), 26.6 (2 X CH), 32.7 (CH), 74.0 (Cq), 112.4

(Cq), 119.8 (CH), 121.9 (CH), 122.9 (CH), 126.2 |CH7.7 (CH), 128.4 (CH), 128.7 (Cq),

133.1 (Cq), 151.3 (Cq).

Spectral data of 2-i0do-3,3-dimethyl-2,3-dihydro-H-benzof]chromene (2a’)
O O.
O 2a' |

colorless solid; m.p. 108-110 °C.

Rf: 0.56 (5 % ethyl acetate/petroleum ether).

IR (KBr): v=2974, 1622, 1597, 1236 ¢m

'H NMR (CDCl 3, 400 MHz): § 1.45 (s, 3 H), 1.57 (s, 3 H), 3.55-3.75 (m, 2451 (dd,J =
9.6, 6.0 Hz, 1 H), 6.96 (d,= 9.2 Hz, 1 H), 7.29 (] = 7.2 Hz, 1 H), 7.43 (] = 7.2 Hz, 1 H),
7.60 (d,J=9.2 Hz, 1 H), 7.67 (dl = 8.8 Hz, 1 H), 7.71 (d] = 8.0 Hz, 1 H).

13C NMR (DMSO, 100 MHz): § 24.3 (CH), 26.6 (CH), 33.1 (CH), 34.3 (CH), 76.1 (Cq),
111.5 (Cq), 119.0 (CH), 121.9 (CH), 123.4 (CH), B26CH), 128.2 (2 X CH), 128.5 (Cq),
131.9 (Cq), 149.6 (Cq).

Anal. Calcd. For gH1s10: C, 53.3; H, 4.4 %; Found: C, 53.4; H, 4.5 %.

Next, we went on to examine the stoichiometry of gubstrates (Table 12). First, the
stoichiometry of substra#?awas varied from 1-5 equivalents. It was observed the yield

goes on increasing with increasiftgnaphthol concentration up to 4 equivalents (esittid),
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however, further increasing concentration to 5 egjents resulted in decreased product yield
(entry 5). Hence 4 equivalents gfnaphthol was found to be the optimum concentration
give maximum vyield of 92 % after 4 h (entry 4). @me other side, increasing the
concentration of prenyl alcohol did not show angré@ase in product yield, moreover it led to
a complex mixture. Hence, further optimization veasried out with 4 equivalents @t
naphthol.

Table 12: Optimization of stoichiometry of starting matesidPaand43a

OH H 0.3 equiv iodine o
+ L
o - [
chloroform, reflux O
Aa 43a 4h 2a

Sr. No. 42a (equiv) 43a (equiv) Time (h) Yield (96)°
1) 1 1 4 78
2) 2 1 4 80
3) 3 1 4 88
4) 4 1 4 92
5) 5 1 4 85

?lsolated yields o2a based on substra#@a

® Trace amount a?a’ was formed.

Further optimization of iodine concentration wasdgd by varying the amount of iodine
(Table 13). No product was formed in the absendedhe (entry 1). When 10 mol% iodine
was used2awas formed in 85 % vyield (entry 2) and the produetd was found to increase
with increase in catalyst loading and with reductio time (entries 3-4). 30 Mol% of iodine
in refluxing chloroform was found to be the optimwroncentration (entry 4). Further
increase in iodine concentration resulted in desgéaproduct yield (entry 5). When the
reaction was carried out with stoichiometric amoohtodine at room temperature with 1:1
ratio of42a43a, the formation of mixture of 3,3-dimethyl-2,3-didy-1H-benzoflchromene

2a and 2-iodo-3,3-dimethyl-2,3-dihydrd4tbenzof]lchromene2a’ was observed. A%a’ was

formed in appreciable amount, it was purified fertho obtain as colorless solid and

characterized at this stage.
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Table 13: Optimization of iodine concentration in refluxingloroform.

OH - ©
o e
(4gq2?1iv) (1g$iv) 2a
Sr. No. lodine (mol%) Time (h) Yield (%)°
1) 0 24 0
2) 10 24 85
3) 20 24 89
4) 30 4 92
5) 40 2 79
6)° 100 1.3 58, 31

%lsolated yields oRa based on substra#@a
P Reaction carried out at room temperature.
“% yield of2a’.

Thus the yield of the reaction product can be matal by changing the concentration of
iodine. Catalytic iodine furnished chromaa as the major product with trace amoun®af
under chloroform reflux whereas stoichiometric amtoof iodine resulted in increased

guantity of2a’ in chloroform solvent at room temperature along&i.

Next, the effect of solvents was studied by cagyout the reaction in different solvents
(Table 14). The product formation was seen intadl $tudied solvents (entries 1-9). The time
required for product formation was more when regldixn protic solvents like methanol and
ethanol (entries 1-2). Chlorinated solvents suclclderoform and dichloromethane gave
better results with less duration of time (enti®4), of which chloroform gave maximum
product yield (entry 3). Other solvents like toleertetrahydrofuran, 1,4-dioxane, 1,2-
dichloroethane and acetonitrile also showed proftwotation but in moderate yields (entries
5-9). Among all these solvents, chloroform gavehkgj product yield and hence was selected

for further studies.

Table 14: Solvent screening.

OH >:\> 0.3 equiv iodine O o
+ -
OH
solvent, reflux O
4. 43a

2a :
(4 equiv) (1equiv)

2a
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Sr. No. Solvent Time (h) Yield (%}
1) Methanol 24 50
2) Ethanol 24 45
3) Chloroform 4 92
4) Dichloromethane 4 90
5) Toluene 24 30
6) Tetrahydrofuran 7 65
7) 1,4-Dioxane 7 60
8) 1,2-Dichloroethane 5 68
9) Acetonitrile 24 25

%lsolated yields based on substré8a

Table 15: Synthesis of various chroman derivatiZssj, 18 using phenol derivative42 and
prenyl alcoho3aunder optimized reaction condition.

©/OH I, (0.3 equiv) CC)L
R + — —_ » R
= OH X

solvent, reflux

(4 eixzuiv) (1g$iv) 2ed, 18
Sr. Substituted Phenol Chroman Solvent | Time | Yield®
No. (reflux) (h) (%)
OH 0
1) “ CHCl; 4 92
42a
2a
OH 0
2) /©/ m CHCl; 4 48
42b 2b
MeO OH MeO 0
3) Me0:©/ Meom CHCl, 2 77
42c 2c
OH 0
4) Meo/©/ Meom CHCl, 4 58
42d 2d
Meo\©/OH Meo\@;ojL
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5) 42e 2e CHCl; 4 45
o | aoer
6) o o CHCl; 4 58
42f of
7) OH % © CHCl, 2 60
MeO MeO
429 18
8) MeOH 4 46
42h 29
o jo@x
9) HO HO MeOH 4 33
42i 2h
HO OH HO o
10) Q W MeOH 4 56
OH OH
42] 2i
11) cl ol CHCl, 24 20
42k 2j

?Isolated % yield of chroman product based on satestB3a

Unreacted and excess phenol substrates were recover

Table 16: Synthesis of chroman derivativ@s, k, | usingf-naphthol42a and unsaturated

alcohols43b-d under optimized reaction conditions.

OH R
L=
R OH

15 (0.3 equiv)
B —

solvent, reflux

o R
I =

43b-d

(4oquiv) (1 equiv) 28k,

Sr. | Unsaturated alcohol Chroman Solvent Time | Yield?
No. (reflux) (h) (%)

1 O CHCI 4 87

) 43b O 3
2a
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M/K/\OH
2) 3 CHCl, 4 76
43c
O O._-Ph
3) Ph™ X""0oH CHCl; 4 60
43d
2l

%Isolated % yield of chroman product based on umatgd alcohol substrat8b-d.

Unreacted and excesaphthol substrate was recovered.

Once the optimum condition was established, thegdity of this reaction was explored by
subjecting various phenols to the optimum reactiondition (Table 15-16). The reaction of
3-naphthold2awith prenyl alcoho#3agave chromagain 92 % yield. Electron rich phenols
with methyl and methoxy substituents were convettegspective chromarzb-e in good to
moderate yields. Similarly 3,4-methylenedioxyphematierwent cyclization readily to afford
chroman 2f. Naturally occurring dihydrolapachenol&g'® was synthesized from 4-
methoxynaphthol in good vyield. Dihydroxy compouride resorcinol and quinol when
refluxed in methanol due to lack of solubility imloroform solvent, afforded respective
chromans2g and 2h in moderate yields. Interestingly, the resorcisobstrate which may
result in mixture of isomeric chromans deliveredlagively one regioisometg. Further the
trihydroxy compound phloroglucinol in refluxing nheinol afforded chromagi in 56 %
yield. p-Chlorophenol was converted to corresponding chroBiain low yield. The slow
reaction and low yield is attributed to the elentrathdrawing effect of chloro group.

Also, we examined the reaction ®haphthol42awith different unsaturated alcohols such as
2-methylbut-3-en-2-o4t3b, phytol43cand cinnamyl alcohot3d to afford desired chromans
23, 2k and2l in 87, 76 and 60 % yields respectively.

Spectral data of chromans

6-Methyl-2,2-dimethyl-3,4-dihydro-2H-1-benzopyran (2b)

joon
2b

yield (0.099 g, 48 %)olorless oif*
IR (neat): » = 2976, 1498, 1261, 1105 &m
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'H NMR (CDCl 3, 400 MHz): 6 1.23 (s, 6 H), 1.69 (f1 = 6.8 Hz, 2 H), 2.16 (s, 3 H), 2.64 (t,
J=6.8Hz, 2 H), 6.60 (dl= 8.0 Hz, 1 H), 6.78 (s, 1 H), 6.80 (t= 8.4 Hz, 1 H).

3C NMR (CDCl3, 100 MHz): § 19.4 (CH), 21.4 (CH), 25.8 (2 X CH), 31.8 (CH), 72.8
(Cq), 115.9 (CH), 119.5 (Cq), 126.9 (CH), 127.6XA®8.7 (CH), 150.6 (Cq).

6,7-Dimethoxy-2,2-dimethyl-3,4-dihydro-H-chromene (2c)

MeO

2c
yield (0.199 g, 77 %)olorless oilt*°
IR (neat): ¥ = 2974, 2933, 1620, 1514, 1122¢tm
'H NMR (CDCl 3, 400 MHz): 5 1.24 (s, 6 H), 1.70 (] = 6.8 Hz, 2 H), 2.61 (] = 6.8 Hz, 2
H), 3.74 (s, 6 H), 6.30 (s, 1 H), 6.48 (s, 1 H).
13C NMR (CDCl3, 100 MHz): § 22.1 (CH), 26.7 (2 X CH), 32.9 (CH), 55.8 (CH), 56.4
(CHs), 73.9 (Cq), 101.2 (CH), 111.2 (Cq), 112.2 (CH)25 (Cq), 147.6 (Cq), 148.3 (Cq).

6-Methoxy-2,2-dimethyl-3,4-dihydro-H-1-benzopyran (2d)

CoF
2d

yield (0.130 g, 58 %)colorless oif?

IR (neat): ¥ = 2972, 1492, 1247 ch

'H NMR (CDCl 3, 400 MHz): 5 1.23 (s, 6 H), 1.69 (1] = 6.8 Hz, 2 H), 2.66 (1] = 6.8 Hz, 2

H), 3.65 (s, 3 H), 6.52 (d,= 2.4 Hz, 1 H), 6.60-6.64 (m, 2 H).

3C NMR (CDCls, 100 MHz): § 22.8 (CH), 26.8 (2 X CH), 32.8 (CH), 55.7 (CH), 73.8

(Cq), 113.4 (CH), 113.9 (CH), 117.8 (CH), 121.5)C#8.0 (Cq), 152.9 (Cq).

MeO

7-Methoxy-2,2-dimethyl-3,4-dihydro-2H-1-benzopyran (2e)

MeO\CEOJL
2e

yield (0.101 g, 45 %)olorless oil?*

IR (neat): v = 2974, 1620, 1504, 1151 ¢m

'H NMR (CDCl3, 400 MHz): § 1.25 (s, 6 H), 1.71 (| = 6.8 Hz, 2 H), 2.63 (] = 6.8 Hz, 2

H), 3.67 (s, 3 H), 6.28 (dl = 2.4 Hz, 1 H), 6.36 (dd] = 8.4, 2.4 Hz, 1 H), 6.87 (d,= 8.4

Hz, 1 H).
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13C NMR (CDCls, 100 MHz): & 21.8 (CH), 26.9 (2 X CH), 32.9 (CH), 55.2 (CH), 74.3
(Cq), 101.7 (CH), 106.9 (CH), 112.9 (Cq), 129.9 JCE54.7 (Cqg), 159.1 (Cq).

6,6-Dimethyl-7,8-dihydro-64-[1,3]dioxolo[4,5-g]chromene (2f)
O O
ST
O
2f

yield (0.139 g, 58 %)olorless oif?

IR (neat): » = 2974, 1504, 1479, 1151 &m

IH NMR (CDCl3, 400 MHz): 8 1.22 (s, 6 H), 1.67 (8] = 6.8 Hz, 2 H), 2.59 (] = 6.8 Hz, 2
H), 5.77 (s, 2 H), 6.26 (s, 1 H), 6.42 (s, 1 H).

13C NMR (CDCI3, 100 MHz): 5 22.6 (CH), 26.6 (2 X CH), 32.8 (CH), 73.9 (Cq), 98.9
(CH), 100.7 (CH), 108.1 (CH), 112.2 (Cq), 140.9 (Cq), 146.4 (Cle8.4 (Cq).

6-Methoxy-2,2-dimethyl-3,4-dihydro-2H-benzojh]chromene (18)

L

18
yield (0.169 g, 60 %)colorless solid; m.p. 74-75 °C; fit.77-78 °C.

IR (KBr): v=2974, 1633, 1597, 1273 &m

'H NMR (CDCl 3, 400 MHz): 5 1.30 (s, 6 H), 1.79 (11 = 6.8 Hz, 2 H), 2.73 (] = 6.8 Hz, 2
H), 3.82 (s, 3 H), 6.38 (s, 1 H), 7.33 (dt= 7.6, 1.6 Hz, 1 H); 7.37 (di,= 7.2, 1.6 Hz, 1 H);
8.05 (ddJ = 8.4, 1.6 Hz, 1 H); 8.08 (dd,= 8.8, 1.6 Hz, 1 H).

13C NMR (CDCl3, 100 MHz): § 23.4 (CH), 26.9 (2 X CH), 33.1 (CH), 55.8 (CH), 73.9
(Cq), 105.4 (CH), 113.4 (Cq), 121.4 (CH), 121.7 JCHR5.0 (CH), 125.3 (Cq), 125.7 (CH),
126.5 (Cq), 142.5 (Cq), 148.5 (Cq).

MeO

7-Hydroxy-2,2-dimethyl-3,4-dihydro-2H-1-benzopyran (29)

29

yield (0.096 g, 46 %)colorless solid; m.p. 68-70 °C; fit®72-73 °C.

IR (KBr): v= 3383, 2974, 1593, 1149 ¢m

'H NMR (CDCl 3, 400 MHz): § 1.24 (s, 6 H), 1.69 (f] = 6.8 Hz, 2 H), 2.60 (] = 6.8 Hz, 2
H), 6.22 (s, 1 H), 6.28 (dd,= 8.4, 2.0 Hz, 1 H), 6.81 (d,= 8.4 Hz, 1 H).
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13C NMR (CDCls, 100 MHz): § 20.7 (CH), 25.8 (2 X CH), 31.9 (CH), 73.5 (Cq), 102.7
(CH), 106.5 (CH), 112.2 (Cq), 129.1 (CH), 153.5 XC3.8 (Cq).

6-Hydroxy-2,2-dimethyl-3,4-dihydro-2H-1-benzopyran (2h)

ocF
2h

yield (0.069 g, 33 %)olorless solid; m.p. 77-78 °C; fit.77-78 °C.

IR (KBr): v= 3379, 2974, 1502, 1195 &m

'H NMR (CDCl 3, 400 MHz): 5 1.23 (s, 6 H), 1.69 (1] = 6.8 Hz, 2 H), 2.63 (] = 6.8 Hz, 2

H), 6.48 (dJ =2.8 Hz, 1 H), 6.52 (dd, = 8.8, 2.8 Hz, 1 H), 6.57 (d,= 8.4 Hz, 1 H).

3C NMR (CDCl3, 100 MHz): § 21.6 (CH), 25.7 (2 X CH), 31.7 (CH), 72.9 (Cq), 113.4

(CH), 114.4 (CH), 116.8 (CH), 120.8 (Cq), 146.8 \Cia}7.5 (Cq).

HO

2.2-Dimethyl-3,4-dihydro-2H-chromene-5,7-diol (2i)

OH 2j

yield (0.127 g, 56 %)colorless solid; m.p. 158-160 °C; fR%**°163-164 °C.

IR (KBr): v =3375, 1600, 1144, 1053 &m

'H NMR (CDCl3, 400 MHz): 8 1.13 (s, 6 H), 1.56 (f] = 6.4 Hz, 2 H), 2.39 (] = 6.4 Hz, 2
H), 5.21 (s, 2H), 5.81 (s, 2 H).

%C NMR (CDCl3, 100 MHz): 8 16.4 (CH), 26.6 (2 X CH), 32.2 (CH), 74.4 (Cq), 94.7
(CH), 96.6 (CH), 100.9 (Cq), 154.6 (Cq), 155.0 (C5.5 (Cq).

6-Chloro-2,2-dimethyl-3,4-dihydro-2H-1-benzopyran (2j)

2
yield (0.046 g, 20 %)olorless oif*

IR (neat): v = 2976, 1479, 1261, 1122 ¢m

'H NMR (CDCl3, 400 MHZz): & 1.31 (s, 6 H), 1.77 (1 = 6.8 Hz, 2 H), 2.73 (1] = 6.8 Hz, 2
H), 6.70 (d,J = 9.2 Hz, 1 H), 7.02 (d] = 9.6 Hz, 1 H), 7.03 (s, 1 H).

13C NMR (CDCl3, 100 MHz): & 22.4 (CH), 26.8 (2 X CH), 32.4 (CH), 74.5 (Cq), 118.6
(CH), 122.5 (Cq), 124.2 (Cq), 127.2 (CH), 128.9 JC152.6 (Cq).
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3-Methyl-3-(4,8,12-trimethyltridecyl)-2,3-dihydro-1H-benzoflchromene (2k)

yield (0.109 g, 76 %)pale yellow oil.

Rf: 0.50 (5 % ethyl acetate/petroleum ether).

IR (neat): v = 2951, 1625, 1598, 1234 ¢m

'H NMR (CDCl 3, 400 MHz): § 0.80-0.87 (m, 12 H), 1.10-1.15 (m, 7 H), 1.24-1(67 14
H), 1.32 (s, 3 H), 1.89-1.99 (m, 2 H), 2.99)t 6.8 Hz, 2 H) 7.03 (d] = 8.8 Hz, 1 H), 7.31
(t, J=7.6 Hz, 1 H), 7.47 (1 = 7.6 Hz, 1 H), 7.60 (d] = 8.8 Hz, 1 H), 7.74 (d] = 8.0 Hz, 1
H), 7.81 (dJ = 8.4 Hz, 1 H).

3C NMR (CDCl3, 100 MHz): § 19.1 (CH), 19.7-19.8 (3 peak tops, GH21.2 (CH), 22.7-
22.8 (2 peak tops, G 23.9 (CH), 24.5 (CH), 24.8-24.9 (2 peak tops, G} 28.0 (CH),
30.8-30.9 (2 peak tops, GHl 32.7-32.8 (4 peak tops, CH), 37.3-37.6 (6 pegistCH),
39.4-39.6 (3 peak tops, GH 76.1 (Cq), 112.6 (Cq), 119.9 (CH), 121.9 (CH)2D (CH),
126.2 (CH), 127.7 (CH), 128.4 (CH), 128.7 (Cq), 13&q), 151.4 (Cq).

Anal. Calcd. For GgH46O: C, 85.3; H, 10.9 %; Found: C, 85.6; H, 11.1 %NES: m/zcalcd
for C3oH460 [M]*: 422.68; found: 422.22.

3-Phenyl-2,3-dihydro-HH-benzof]chromene (21)

’Uph
2l

yield (0.117 g, 60 %)olorless solid; m.p. 84-86 °C:; fit: 86 °C.

IR (KBr): v= 3062, 2924, 1597, 1236 ¢m

'H NMR (CDCl 3, 400 MHZ): § 2.11-2.19 (m, 1 H), 2.28-2.33 (m, 1 H), 3.06-3(fr) 2 H),
5.04 (ddJ=10.0, 2.0 Hz, 1 H), 7.07 (d,= 8.8 Hz, 1 H), 7.23-7.43 (m, 7 H), 7.56 {d; 8.8
Hz, 1 H), 7.69 (dJ = 8.0 Hz, 1 H), 7.73 (dl = 8.8 Hz, 1 H).

3C NMR (CDCI3, 100 MHz): § 21.8 (CH), 29.7 (CH), 77.5 (CH), 113.6 (Cq), 119.2 (CH),
121.9 (CH), 123.3 (CH), 126.1 (2 X CH), 126.4 (CH2,7.8 (CH), 127.9 (CH), 128.5 (CH),
128.6 (2 X CH), 129.0 (Cq), 133.0 (Cq), 141.6 (A®2.7 (Cq).

As a further application to our work, synthesisnatturally occurring precocene 44 and
lapachenole45 was performed (Scheme 40). Compoultlis an insect growth regulator,

genotoxic and produces hepatic centrolobular neciosats-*? Compound45 has been used
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as a fluorescent photoaffinity lab&land also shows cancer chemopreventive  acftivity.

Chroman2c was refluxed in benzene with DDQ for 6 h to giiein 60 % yield:*® Similarly

chromanl8 on refluxing for 1.3 h in benzene deliver#slin 52 % vyield.

m Benzene, reflux, 6h  MeO ‘
60%

Rtz R

Benzene, reflux, 1.3h MeO
52%

Scheme 40Synthesis of precocene44 and lapachenolb.

Spectral data of chromenes

6.7-Dimethoxy-2,2-dimethyl-2H-chromene/Precocene 1l (44)

Meow

MeO Z
44

yield (0.059 g, 60 %)olorless solid; m.p. 46-48 °C; fit° 45-46 °C.

IR (KBr): v=2974, 1500, 1458, 1278, 1195tm

'H NMR (CDCl 3, 400 MHz): § 1.34 (s, 6 H), 3.75 (s, 3 H), 3.76 (s, 3 H), 5d1J = 10.0

Hz, 1 H), 6.17 (dJ = 10.0 Hz, 1 H), 6.34 (s, 1 H), 6.46 (s, 1 H).

13C NMR (CDCl3, 100 MHz): 8 26.6 (2 X CH), 54.9 (OCH), 55.5 (OCH), 74.9 (Cq), 99.9

(CH), 108.7 (CH), 112.0 (Cq), 120.9 (CH), 127.2 {CHi2.0 (Cq), 146.2 (Cq), 148.6 (CQ).

6-Methoxy-2,2-dimethyl-2H-benzoh]chromene/Lapachenole (45)

(o
9@
O
45

yield (0.051 g, 52 %)olorless solid; m.p. 63-64 °C; fit’ 63-64 °C.

IR (KBr): ¥=2974, 2933, 1641, 1597, 1276tm

'H NMR (CDCl 3, 400 MHz): 5 1.42 (s, 6 H), 3.89 (s, 3 H), 5.58 (s 9.6 Hz, 1 H), 6.33 (d,
J=9.6 Hz, 1 H), 6.44 (s, 1 H), 7.34-7.42 (m, 2 81))8 (d,J = 8.4 Hz, 2 H).

3C NMR (CDCl3, 100 MHz): § 27.6 (2 X CH), 55.8 (OCH), 76.2 (Cq), 102.5 (CH), 114.8
(Cq), 121.7 (CH), 121.8 (CH), 123.0 (CH), 125.5 {CH25.9 (CH), 126.0 (Cq), 128.3 (Cq),
129.9 (CH), 141.9 (Cq), 149.3 (Cq).
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Scheme 41Proposed mechanism for the formation of chromans.

The proposed mechanistic pathway for the formatibechroman is shown in scheme 41.
Loss of alcoholic OH group takes place by coordamadf iodine making it a better leaving
group facilitated by allylic double bond. Intermalgar electrophillic attack by the phenolic
arene ring on less hindered carbon atom of thusnddr carbocation followed by
intramolecular oxygen attack on more substitutedbaa atom of double bond and
subsequent aromatization delivered chroman. On ater hand if the double bond
coordinates with iodine to form iodinium ion prite the intramolecular oxygen attack,
oxygen attack can take place either by path A dn Bato give2’ or 2” respectively. But the

obtained producka’ indicates the attack at more substituted carbom athich is favoured

when excess of iodine is used.

2.5: Conclusion

We have demonstrated the utility of molecular iedas a mild Lewis acid for the synthesis
of oxygen heterocycle chromaws [3+3] cyclocoupling of phenols and allylic alcoboBO
Mol % of iodine was effective in chloroform or matiol solvent under refluxing condition.
The usefulness of the method is demonstrated bthaesis of naturally occurring chroman
dihydrolapachenol&8.

Further these chromans can be used for the syatbésiatural chromenes by conventional
dehydrogenation which is demonstrated by synthegigrecocene 44 and lapachenolé5.
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2.6: Experimental

O/OH R 1, (0.3 equiv)
P o WO

CHClI3/MeOH, reflux
2-24h
“@ equ) 1 equw) 2a-l, 18

2.6.1: A general procedure for the synthesis of cbmans 2a-l, 18:In a 50 mL round
bottom flask, unsaturated alco8 (1.16 mmol) was mixed with chloroform/methanol (10
mL). To it, substituted phend?2 (4.65 mmol) and iodine (0.35 mmol) were addedoainT
temperature. This reaction mixture was then subfedb reflux with stirring for the
mentioned 2-24 h. It was then cooled to room teatpee. Chloroform was directly washed
with saturated solution of sodium thiosulphate wlsrmethanol was removed under reduced
pressure followed by addition of chloroform solvedhloroform was then washed with dilute
sodium hydroxide solution and then with water, dreeer sodium sulphate and concentrated
to furnish the crude product. This was then putifiesing 60-120 mesh silica gel column

chromatography with petroleum ether-ethyl acetataraeluent to give chromaga-|, 18in

20-92 % vyield.
' ' OH >_\» I (03 equiv) ‘ o
CHCl, reflux O
4h 2a

2.6.2: A procedure for the synthesis of chroman 2dn a 50 mL round bottom flask, prenyl

@ equlv) @ equlv)

alcohol43a (0.1 g, 1.16 mmol) was mixed with chloroform (1Q)mTo it, f-naphthol42a
(0.67 g, 4.65 mmol) and iodine (0.044 g, 0.35 mmwye added at room temperature. This
reaction mixture was then subjected to reflux wgtilring for 4 h. It was then cooled to room
temperature. Chloroform was directly washed wittuisded sodium thiosulphate solution
followed by washings with dilute sodium hydroxideligion and water, dried over sodium
sulphate and concentrated to furnish the crudeyatod his was then purified using 60-120
mesh silica gel column chromatography to give clawna (0.227 g, 92 %) with petroleum
ether-ethyl acetate (9.8:0.2) as an eluent.

DDQ
(@]
N ° —— ]
R Benzene, reflux
2c, 18 44, 45

2.6.3: A procedure for the synthesis of chromenes4445: To 3,4-dimethoxychroma@c

(0.1 g, 0.45 mmol) /dihydrolapachendlg (0.1 g, 0.41 mmol) in a 50 mL round bottom flask,
was added DDQ (1 equiv) and was subjected to refibbenzene (10 mL). After completion
of reaction, benzene was removed by distillatiod arude reaction mixture thus obtained

was purified by column chromatography to furnismochenes44 (0.059 g, 60 %) and5
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(0.051 g, 52 %) with petroleum ether-ethyl acet@e) and (9.5:0.5) respectively as an

OH (0]
+ >:\> 1 equiv iodine O O O
OH chloroform, rt + |
1.3h
42a 43a 2a 2a'

2.6.4: A procedure for the synthesis of 2-iodo-3,8imethyl-2,3-dihydro-1H-
benzof]chromene 2a’: A mixture of prenyl alcoho#3a (0.1 g, 1.16 mmol)3-naphthol42a

eluent.

(1.26 mmol) and iodine (1.16 mmol) in chlorofornD(fnL) was stirred for 1.3 h at room
temperature. Chloroform was then directly washedh vgaturated solution of sodium
thiosulphate followed by dilute sodium hydroxiddusimn. Finally chloroform layer was
washed with water, dried over sodium sulphate amtentrated to furnish the crude mixture
of 2aand2a’. This was then purified using 60-120 mesh siliehaplumn chromatography to
give pure2a (0.143 g, 58 %) an@a’ (0.122 g, 31 %) with petroleum ether-ethyl acetate
(9.8:0.2) and (9.95:0.05) respectively as an eluent
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CHAPTER 3

3.1: Introduction

Flavones 1 (flavus = yellow) also known as 2-phenyhromen-4-one or 2-

phenylchromones (Figure 1) are naturally occurriogygen heterocyclic compounds

belonging to a class of compounds called as flawtsnd hese are the secondary metabolites
secreted by plants for protection from microbighek, ultra violet rays and attract insects for
pollination. In addition to flavones, flavonoidsnidy comprises of several other members
such as flavonols, flavanones, flavans, isoflavpreeghocyanidins, etc. These compounds
occur in various parts of plants including barkaigs, stems, fruits, flowers, vegetables,

roots, tea and wink.

Figure 1: General structure of Flavorie

3.2: Occurrence

Owing to their broad range of biological activitieentinuous investigation has led to the
isolation of over 4000 chemically unique flavonoiff®m plants These multifarious
naturally occurring compounds occur in free stamevkn as aglycones as well@sand/orC-
glycosides exhibiting simple to complex structureedsity. Some of the common members

attributing important and diverse biological adies are listed below (Figure 2, Table 1).

Rs
S oo LT
R3 O O‘
Rz

R, O

Figure 2: Naturally occurring biologically potent flavon2s

Table 1: Source of isolation of naturally occurring flaverze
2 Name R R, R3 R4 Rs Re
a Chrysirt OH H | OH H H H

Passiflora coerulea L., Passiflora

incarnata, Pleurotus ostreatus
b Apigenirf OH| H | OH| H H OH
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Perilla frutescens, Matricaria

chamomilla

c Luteolin®* OH H OH H OH OH
Perilla frutescens, Matricaria
chamomilla, Scutellaria lateriflora

L., Aiphanes aculeata

d Nobiletir® OMe | OMe| OMe| OMe OMe | OMe

Citrus sinensis, Citrus aurantium

e Tangeritir? OMe | OMe| OMe| OMe H | OMe

Citrus sinensis, Citrus aurantium

f Scutellarein OH | OH | OH H H OH
Asplenium belangeri, Scutellaria

baicalensis

g Jaceosidify OH |[OMe| OH| H | OMe| OH
Artemisia princeps, Artemisia argyi

h Eupatilirf®* OH | OMe| OH H | OMe| OMe
Artemisia princeps, Artemisia

asiatica

i Baicaleirt* OH | OH | OH H H H
Scutellaria baicalensis, Scutellaria
lateriflora,

Oroxylum indicum

j Wogonirt! OH| H | OH| OMe| H H
Scutellaria baicalensis

Structures of some of the selected naturally ocogirflavone glycosides-14 are listed

below along with their source of isolation (Fig@€eTable 2).
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OH Ho OH
" OH O OH O i Hg OH
oH
é&o o O
OH HO OH
OH O OH

HO

14

Figure 3: Structures of naturally occurring flavone glycesg-14.

Table 2: Source of isolation of naturally occurring flavoglgcosides3-14.

No. Name

Source of isolation

3 Apigenin 70-glucoside (Apigetrin’y
Teucrium gnaphal odes
4 Apigenin 6C-glucoside (Isovitexirly
Serjania erecta
5 Apigenin 8C-glucoside (Vitexiny’
Serjania erecta
6 Luteolin 7-0-glucoside (Luteolosidé)

Teucrium gnaphal odes

7 Luteolin 6-C-glucoside (Isoorientirty
Gentiana olivieri ,Pueraria tuberosa
8 Luteolin 8-C-glucoside (Orientiny
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Cannabis sativa

9 Chrysin 70-p-galactopyranuronoside
Centaurea pseudoscabiosa, Scutellaria schachristanica
10 Baicalein 70-glucuronide (Baicalirty*"
Scutellaria baicalens's, Oroxylumindicum
11 Wogonin 70-4-D-glucuronide (Oroxindirt}
Oroxylum indicum, Bacopa monnieri, Holmskioldia sanguinea

12 Apigenin 70O-cellobiosidé®

Salvia uliginosa
13 Apigenin 7,4"0,0-diglucosidée®

Salvia uliginosa
14 Apigenin 7O-cellobioside-4'O-glucosidé®

Salvia uliginosa

Thousands of flavone compounds isolated have beemdfto exhibit immense biological
activities?® A broad range of activities exhibited by severahmbers of flavone includes anti-

inflammatory?*  anti-viral??

estrogenic/anti-estrogerfit, anticancef’ antioxidants>
leishmanicidaf® anticonvulsant$®?” antihistamine$® ovipositor stimulant phytoalexirfs,
anti-HIV,* vasodilators! antispasmodic¥ antidiabetics® antimutagenié? antiallergic®®
DNA cleavage® antiaging®’ antidepressarit, etc. Some flavonoids are known to show
monoamine oxidase (MAO) inhibitory activifywhereas some have a repelling property

against insects acting as antifeeddnt.

3.3: Literature synthetic methods

The numerous biological activities exhibited by exad members of flavones have attracted
scientists to constantly study flavones and deveimpety of new strategies to synthesize
them in large quantities. Among these Baker-Verkatan rearrangeméhtand Allan-
Robinson reactid® are well established methods. Several reviewsrjmzating diverse

routes to flavones have appeared recéfitly.

OBz Benzene/ toluene conc. H,SO, O~_-Ph
Ph — ., R |
AcOH, NaOAc

o

Scheme 1Baker-Venkataraman rearrangement.
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Baker-Venkataraman rearrangenféimvolves 20-benzoylacetophenone as substrate which
undergoes intramolecular rearrangement to 2-hydlitwepnzoylmethane on heating. It further
on treatment with conc. 430, or in boiling AcOH and AcONa gives flavones (Scleeh).

HO o
W OH
—_—
OMe  17goc, sn OMe

O
(0] aq. NaOH, heat
HO. (0]
|

(0]

Scheme 2Allan-Robinson synthesis.

Allan-Robinson synthesiSinvolves the reaction a-hydroxyaryl ketones with anhydrides in

presence of base to form flavones (Scheme 2).

Other routes to obtain flavones have been broadiydetl into 5 categories and
retrosynthetically depicted as shown in the follogvischemes. These 5 classes have been
categorized on the basis of i) oxidative cyclizata 2’-hydroxychalcones (Scheme 3A), ii)
cyclodehydration of 1-(2-hydroxyphenyl)-3-phenylropane-1,3- diones (Scheme 3B), iii)
dehydrogenation of flavanones (Scheme 3C), iv) medtalyzed reactions from various

substrates (Scheme 4) and v) miscellaneous radte®(ne 5).

e = <L O

Oxidative Cydodehydration
cyclization

2-Hydroxychalcones 1-(2-Hydroxyphenyl)-3-phenyl-

FLAVONES propane-1,3- diones

Dehydrogenation \U/ b

o R'
o)

0 flavanones

Scheme 3: A)Oxidative cyclization of 2’-hydroxychalconda3) Cyclodehydration of 1-(2-
hydroxyphenyl)-3-phenyl-propane-1,3-dion€3;Dehydrogenation of flavanones.
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N\ 0
N B(OH), + CO R,
| ]
Ph o Ox t +
\ OH

X=H, Br

or o)
S/C' . X = COOPh, Cl
ci @\)LH
OH 0 )OL
Q\)k + R H
G % OH

Scheme 4 Metal catalyzed reactions from various substrates.

OH o o 0
Ph
N Rﬂ@%{“‘?h + C'%CI &OTBDMS
R O OCOR'
0
; H :

PhsP=——SiMe3

OEt

o R'

OH
R=H, Me, Ac, TBS
R | O A
e
S

Scheme 5Miscellaneous routes.

3.3.1: Oxidative cyclization of 2’-hydroxychalcones
Most of the methodologies have been developed bygu&’-hydroxychalcones, 1-(2-
hydroxyphenyl)-3-phenyl-propane-1,3-diones and dfmnes as substrates. Oxidative
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cyclization of 2’-hydroxychalcones using variousgents/catalysts as oxidants have been

carried out to form large number of flavone deiiwes (Table 3-4§7*

R O | Oxidative cyclization

Reagent/Catalyst

2'-hydroxychalcones

Table 3: Synthesis of flavones by oxidative cyclizatior26hydroxychalcones using various

reagents.
Sr. Reagent Reaction condition Ref.
No.
1) | Ce(SQ)..4H,0O DMSO, 110 °C 44
2) | Silica gel supported solvent-free, 100 °C 45
Ce(SQ),-4H:,0
3) | ICI-DMSO, ultrasound 50 °C, 30 min 46
4) | NaSeQ-DMSO heat/MW 47
5) | NgTeG;-DMSO 130-140 °C 48
6) | a) Selenium bromide resin, caCH,Cl,, rt, 12 h 49
ZnCl,
b) 30 % HO; THF, 0 °C-rt
7) | SeQ isoamyl alcohol/DMSO, heat 50
8) | SeQ, SIG DMSO, MW 51
9) | Sodium perborate tetrahydrate = AcOH, 50-60 °C 52
10) | Ph-S-S-Ph 260-290 °C 53
11) | FeCi.6H,O MeOH, reflux 54
12) | a) NHBr-(NH,),S;0g H,O, grinding, rt 55
b) Ba(OH) EtOH, grinding, rt
13) | Nickel peroxide benzene 56
14) | PIDA MeOH, KOH 57
15) | [EtNH;]NO3 MW, 250 °C 58
16) | Li,PdCl NaOMe, EtOH/MeCN, rt 59

The diverse reagents used for the oxidative cyttinaof 2’-hydroxychalcones are listed in
Table 3. Recently, Liet al.* reported Ce(Sg),-4H,0 mediated synthesis of flavones from
2’-hydroxychalcones in DMSO solvent at 100 °C. katinve same grodp developed an

environmentally friendly approach using silica gapported Ce(S£)-4H,0 as an efficient
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reagent under solvent-free at 100 °C for the syhef flavones. lodine monochloride in
DMSO solvent under ultrasound irradiation was régbby Lahyani and Trabef$i.The
cyclization reaction was enhanced by ultrasouradiation with reduced reaction time and
temperature with high yields of flavones. Lamba &mkrandf’ explored sodium selenite-
dimethylsulfoxide reagent for this oxidative cyeliion under thermal as well as microwave
condition. Similarly, Kumar and Sharffiasynthesized flavones using sodium tellurite on

heating. Huanget al.*

reported ZnGl catalysed solid phase oxidative cyclization of 2'-
hydroxychalcones using polystyrene supported saenbromide resin. The oxidative
cleavage of selenium resins led to flavones. Seterioxide has also been used for synthesis
of flavones>® Guptaet al.>! later modified the reaction condition by employisglenium

.52 utilized

dioxide over silica in DMSO solvent under microwauadiation. Gangulyet a
excess of sodium perborate tetrahydrate in aceiit @ convert 2’-hydroxychalcones to
flavones. Diphenyl disulphide is another reagerporeed by Hoshinoet al.*>® for this
conversion. Kumar and Perunfsmployed FeGl6H,0 in methanol under reflux condition.
Jakhar and Makrartliprepareda,s-dibromo-2’-hydroxychalcones using ammonium bromide
and ammonium persulphate by grinding at room teatpeg which were converted to
flavones by cyclodebromination using barium hyddexiNickel peroxid® is also known to
give flavones from 2’-hydroxychalcones along witir@anes. Flavone product was isolated on
treatment of substituted 2’-hydroxychalcone withepyliodine(lll) diacetate (PIDA)’
Parveerf carried out flavone synthesis in ethyl ammoniurtraté ([EtNH]NO3) under
microwave irradiation. Also, on treatment of litmuchloropalladite (LiPdCl) with sodium
salt of 2’-hydroxychalcones in polar solvent such ethanol or acetonitrile delivered
flavones>® However expensive metal used as reagent and flavaceompanied with small

amounts of flavanone makes it less efficient.

Table 4: Synthesis of flavones by oxidative cyclizatior26hydroxychalcones using various

catalysts.

Sr. Catalyst Reaction condition Ref.
No.

1) | Cul [Bmim][NTf;], O, (1 atm), 50 °C 60
2) | Cul DMA, 130 °C 61
3) | NHyl solvent-free, 120 °C 62
4) | Oxalic acid EtOH, reflux 63
5) | Silica gel supported InBrand| solvent-free, 130-140 °C 64

InCls

Mayuri M. Naik, Ph. D. Thesis, Goa University Page93



CHAPTER 3

6) | 1-SIO; 80 °C 65
7) | NaPdCl.3H,0 (10 mol%) NaOAc, AcOH;-BuOH:H,0O (1:1),t- 66
BuOOH, 70 °C

8) | I DMSO, reflux 67
9 | I triethylene glycol, 150 °C 68
10) | k solvent-free, 110-130 °C 69
11) | L-AlO3 solvent-free, MW, 400 W 70
12) | kL (20 mol%) DMSO, MW 71

Besides these reagents several catalysts havéedsoreported for the synthesis of flavones
from chalcones (Table 4). Cul catalyzed ionic lequiBmim][NTf,;] (1-butyl-3-
methylimidazoliumbis(trifluoromethanesulfonyl)imide) mediatesa-Michael-oxidation was
disclosed by Wang and co-work&$o deliver flavones in good yields. Recently, Claewl
Liu®! also employed Cul itN,N-dimethylacetamide solvent to synthesize flavonérala
and co-workef¥ demonstrated the catalytic activity of MHas an alternative source for
iodine in this oxidative cyclization under solvdree condition. Zambaret al.®® carried out

the cyclization using oxalic acid catalyst givigvones in good yields.

Ahmedet al.* employed silica gel supported Infaind InCkcatalyst for the conversion of 2’
hydroxychalcones to flavones under solvent-freeditmm. Madhavarao and co-worké&ts
carried out flavones synthesis using silica gepsuged iodine @-SiO,) as an heterogeneous
catalyst at 80 °C. Lorenet al.°® developed a catalytic oxidation procedure emplgyin
NaPdCl,.3H,0O catalyst and excess ®BuOOH. lodine is one of the widely used reagent fo
flavones synthesis. Catalytic amount of iodine M$D solvenf’ triethylene glycol at 150
°C% and solvent-free condition at 110-130°®@re some of the conditions used to deliver

flavones.

Also microwave irradiation was reported by severalups to yield flavones in short duration
of time. Sardaet al.”® used }-Al,O; as an heterogeneous catalyst under solvent-free
microwave condition. Our grodfs also carried out microwave assisted synthesitawbhes
using iodine catalyst in DMSO solvent. Later, Bogsal.”'” and Belsare and K&zf focused

on the comparative study of flavones synthesisgusinline catalyst by conventional and

microwave methods.
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1) TBATB (1.1 equiv)

G CH,Cl,, 05 °C
OAC R >
R O \ 2) KoCO3 or EtsN
CH,Cl,, 1t
o 3)0.1 MNaOMe
MeOH, 0-5 °C

Scheme 6
Boseet al.”? reported an environmentally benign synthesis tfnah flavones in 3 steps from
2’-acetoxychalcones through bromination usmtgtrabutylammonium triboromide (TBATB)

followed by dehydrobromination and finally cyclizat (Scheme 6).

HR- ger »

R o
,-DMSO 1,-DMSO Br .
— R \ e a—— R

130 °C, 30 min 130 °C, 30 min
o) (6] Br

Scheme 7
Lokhandeet al.”® carried out one pot deprotection of 2'-allyloxytdmmes followed by
oxidative cyclization on treatment with catalytadine in DMSO solvent to deliver flavones.
Recently they have also reported flavones syntHesis 2’-allyloxy-a-S-dibromochalcones
via deallylation and cyclization leading to the formatof 3-bromoflavanones followed by

dehydrobromination using same oxidative reactiamdion’ (Scheme 7).
3.3.2: Cyclodehydration of 1-(2-hydroxyphenyl)-3-pknyl-propane-1,3-diones

OH
R Cyclodehydration O~_Ph
Ph > R \
Reagent/Catalyst
O

O
O

1-(2-hydroxyphenyl)-3-phenyl-
propane-1,3- diones

Table 5: Synthesis of flavones by cyclodehydration of Ih{@roxyphenyl)-3-phenyl-

propane-1,3-diones by using various reagent.

Sr. Reagent Reaction condition Ref.
No.

1) | [EtNH]NO3 MW, 22-50 sec 75
2) | [bmim]BR, 100 °C, 45-75 min 76
3) | AcCOH/H,SO, rt/100 °C 77
4) | Conc. HSO CH;CN, rt 78
5) | AcOH/HCI 100 °C 79
6) | AcOH/HI 100 °C, 2 h 80
7| DMSO, heat 81
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8) | POs grinding, rt, 10-15 min 82
9) |p-TSA grinding, rt 83
10) | Be/l, hv, CHCk/MeOH 84
11) | Montmorillonite K-10 MW, 1-1.5 min 85
12) | NHOAC solvent-free, heat/MW 86
13) | Silica-HSO, grinding, rt, 8-9 h 87
14) | Malic acid solvent-free, heat/MW 88
15) | CuBg DMF, 130 °C 89

Another extensively used starting material for dags synthesis has been 1-(2-
hydroxyphenyl)-3-phenyl-propane-1,3-diones which ba converted in presence of various
reagents/catalystsia cyclodehydration (Table 5-6). Pawar and co-worRecsrried out
flavones synthesis from this substrate in ioniaitigethyl ammonium nitrate [EtNANO3
under microwave irradiation. Similarly, ionic ligli 1-butyl-3-methylimidazolium
tetrafluoroborate [bmim]BFat 100 °C delivered flavoné8 Acetic acid in presence of conc.
H,SQ,’" was employed to carry out cyclodehydration. Latemc. HSO,'® in acetonitrile
solvent has also been used. Acetic acid containyagochloric aci®® or hydriodic aci is
also known to give flavones. Heating in presencéodine in DMSG! is another way to
obtain flavones. Grinding technique was used byr8haand Makrandi employing
phosphorous pentoxitfeand by Jakhar and Makrandi usipgoluenesulphonic acid to
synthesize flavone derivatives. Photochemical fransation using B#CHCl; or l,/MeOH*

is also known. Solid state cyclodehydration wasoregg by Varmaet al.®

using
montmorillonite K-10 under microwave irradiationeé&ntly, ammonium acetate promoted
solvent-free synthesis of flavones under thermal amcrowave conditiof® Also, silica-
sulphuric acidwas utilized as a heterogeneous acidic reusableiumedly solvent-free
grinding method at room temperat§féNatural organic acid like malic aéftpromoted the
solvent-free synthesis of flavones under conveatiothermal and microwave heating

condition. 3-Bromoflavones were synthesized by @yipy CuBg in DMF 2°

Table 6: Synthesis of flavones by cyclodehydration of Ihg2iroxyphenyl)-3-phenyl-

propane-1,3-diones by using various catalysts.

Sr. Catalyst Reaction condition Ref.
No.
1) | Tungstophosphoric/molybdoph AcOH, 90 °C 90

Mayuri M. Naik, Ph. D. Thesis, Goa University Page96



CHAPTER 3

osphoric acids (bulk/silica
supported)
2) | Trifluoromethanesulfonic acidtoluene, reflux 91
(supported on titanium,
calcined at 100 °C)
3) | Trifluoromethanesulfonic acigdtoluene, reflux 92
(supported on carbon)
4) | HeP.W16062.24H,0 bulk- solvent-free & silica supported- 93
(bulk/silica supported) toluene, 110 °C
5) | HsP2W1504,.24H,0 (silica MW, solvent-free 94
supported)
6) | Preyssler, Keggin solvent-free, 110 °C or CHg Ireflux 95
heteropolyacids & Preysslér
(silica supported)
7) | Keggin heteropolyacids CHg I reflux or acetonitrile reflux or 96
solvent-free, 110 °C
8 | P and Si Keggin MeCN 97
heteropolyacids
9) | Amberlyst 15 isopropyl alcohol, reflux 98
10) | NaHSG@G-silica toluene, reflux, 1-4 h 99
11) | KHSQ, silica high speed ball milling, 5-15 min 100
12) | KHSQ solvent-free, 120 °C 101
13) | FeC} CH.Cly, rt 102
14) | Silica-Pd solvent-free 103
15) | TiO/H3PW;2040 toluene or solvent-free, 110 °C 104
16) | Ga(OTf) MeNGO,/DCE, 80 °C 105
17) | InCk toluene, reflux 106
18) | L-Ascorbic acid solvent-free heat/MW 107
19) | bis- CHCI,, 0°Ctort, 1.5-3.5h 108
(Trichloromethyl)carbonate/
DMF
20) | CuC} EtOH, MW, 80 °C, 5 min 109
21) | Proline MeOH, H0, 55 °C 110
phenylsulphonylhydrazide ar
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pyrrolidine
22) | Co(salpr)(OH) MeOH, 60 °C 111
23) | N-Triflyl phosphoramide MeOH, 40 °C, 16 h 112

Tungstophosphoric acid §AW;,040.nH,0) or molybdophosphoric acid §AM0,,040.nH,0)
both bulk or supported on silica were explored asalgsts for flavones synthesk.
Trifluoromethanesulfonic acid supported on titaniafter calcined at 100 °C catalyzed
cyclodehydration reaction to yield flavor@sTrifluoromethanesulfonic acid supported on
carbon was also found to catalyze this reactfor\Wells-Dawson heteropolyacid
HsP.W15062.24H,0 either as bulk under solvent-free or silica sugabin toluene at 110 °C
was also employed as catalyt. Solvent-free synthesis using silica supported
HeP,W14062.24H,0 was also employed under microwave irradiatfon.

Preyssler structured heteropolyacid catalysts swuh HNaPsW300;11q, (Hi4Ps),
HiJNaPsW,gM0011¢], (H14-PsMo) and Keggin structured heteropolyacid catalyst
H3[PW1,049 successfully delivered flavones under solvenéfreonditions. Also silica
supported Preyssler catalysts JNaPsW3¢0110], (H14Ps/SIO, 50 %, H4P/SIO, 40 %,
H14Ps/SiO, 30 %) in refluxing chloroform are effectiv&. Keggin heteropolyacids such as
tungstophosphoric acid §AW;,040.nH,0), tungstosilicic acid  (EBiW;2040.nH;0),
molybdophosphoric acid @®Mo0;,040.nH,0) and molybdosilicic acid (}$iM0;,040.nH,0)
without or with dehydration at 100 and 200 °C foh @vere utilized to synthesize flavone in
homogeneous condition in refluxing acetonitrile veasll as in heterogeneous condition in
refluxing toluene. Also molybdophosphoric acid aadd at 100°C successfully delivered
substituted flavones in refluxing acetonitrile amader solvent-free conditioi$.P and Si
Keggin heteropolyacids have also been utilized btaio flavones! Amberlyst 15, a
nonaqueous cation exchange resin is also knowreltwed flavones® Kucukislamogluet
al.”® developed flavones synthesis using silica gel stpd sodium bisulphate (NaH$O
catalyst in toluene. Later, Su and co-work¥rexplored the catalytic activity of potassium
bisulphate (KHSG) in presence of silica to synthesize flavonesaisilgh speed ball milling
technique. Recently, Romanelli and co-work¥rsnvestigated the catalytic activity and
recyclability of KHSQ to synthesize flavones under solvent-free conaktio

Catalytic FeGJwasalso effective in the dehydrative cyclization réact® Also an efficient
and reusable silica-P£as solid acid catalyst was utilized to afford @aes under solvent-
free conditiong®® Mesoporous titania/tungstophosphoric acid GIHIPW;040, 10 wiw)
composite was prepared and investigated by Re#raiz** to synthesize flavones in toluene

105

or solvent-free conditions at 110 °C. Catalyticligai(lll) triflate "> on heating at 80 °C in
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nitromethane or dichloroethane converted 1-(2-hyglobenyl)-3-phenyl-propane-1,3-diones
to flavones. Similarly, indium(lll) chlorid& in toluene at reflux can be used to carry out
intramolecular cyclization. Recently, L-ascorbi¢dd®’ promoted synthesis of flavones under
conventional and microwave heating. Flavones cao &k synthesized under Vilsmeier-
Haack conditions using bis-(trichloromethyl)carbonate and dimethylformamit.
Microwave irradiation in presence of 10 mol% Cylis another way to acquire flavones. A
facile organocatalytic approach employing prolifeepylsulphonylhydrazide or pyrrolidine
has been developed recently by Yang and co-wotk&Bo(salpr)(OH}'* complex is also
known to promote cyclization leading to flavonegcBntly, an organocatalytic method for

the dehydrative cyclization utiliziny-triflyl phosphoramide has been developg&d.

=
O~Si
R \
LDA, THF
[e) —_—

/
O/Si
\ AcOH, H,SO,4
+ R R —»
-78 °C 95-100 °C
: O O
C|ﬁ R

(0]

Pyl

Scheme 8
Ismail and Azierh*® acylated 24¢butyldimethylsilyloxy)-4-methoxyacetophenone wihyl
chloride using lithium diisopropylamide to form 2{(t-butyldimethylsilyloxy)-3-substituted
propane-1,3-diones. These on treatment with gladeatic acid containing 230, on heating

delivered flavones through the cleavage of thd pilgtecting group followed by cyclization

(Scheme 8).
X
RR- K,COy DMF
o}
o o 100 C

X=Br, Cl

Scheme 9
Fu and co-worker$* developed an intramolecular Ullmann-tyPearylation method which
converted substituted 1-(2-haloaryl)-propane-1¢ds to flavones using ,RO; base in

DMF solvent (Scheme 9).

OR

R 20 mol % K,CO O
' ()
R ? ° : RI@
O O DMF, N,

o}

R= Me, Et, Ph

Scheme 10
Also, Fu and co-worket¥ developed a methodology employingQQO; as a catalyst for
flavones synthesis in moderate to good yields. Trassition metal free base catalyzed
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intramolecular nucleophilic substitution reactimwolves selective cleavage of the aromatic
C-O bond of 1-(2-alkoxyphenyl)-3-alkylpropane-1jdtks (Scheme 10).

3.3.3: Dehydrogenation of flavanones

(0] O R Dehydrogenation
o]
(e}

Reagent/Catalyst
Flavanone

Y

Table 7: Synthesis of flavones from dehydrogenation ofdlzane by using various reagents.

Sr. Reagent Reaction condition Ref.
No.
1) | SeQ xylene, 140-150 °C, 5 h 50a
2) | LTA 90°C,25h 116
3) | DDQ dioxane/ AcOH 117
4) | Ph-S-S-Ph 260-290 °C 53
5) | Nickel peroxide benzene 56
6) | 2,4,6-Triphenylpyrylium CH.Cl,, hv 118
tetrafluoroborate
7) | TI(NOs)s MeOH, rt 119
8) | TI(OAc) AcOH or MeOH or MeCN 120
9) | Mn(OAc), HCIO,, AcOH, 100 °C, 1 h 121
10) | NBS, cat. AIBN MW, 10 min 122
11) | N&:SeQ-DMSO heat/MW 47
12) | Nano Fg0,, NiO, toluene, 90 °C, 24 h flow reactor 123
13) | PPR.HBr DMSO, 50 °C 124
14) | PhI(OAc) MeOH 125
15) | PhI(OAc) 0.1 N KOH in MeOH, MW, 4-5 min | 126
16) | [Hydroxy(tosyloxy)iodolbenzene = MeOH 12y
17) | [Hydroxy(tosyloxy)iodo]benzene ([bbifdr’), 60-70 °C, 2-4 h 128
18) | IBX DMSO, 90 °C, 24 h 129
19) | CuC}.2H,0 DMSO, 110 °C 130

Flavanone is another widely used substrate to egitb flavonesvia dehydrogenation.
Several reagents/catalysts have been exploredhfsrconversion (Table 7-8). Selenium

dioxide was developed many decades ago to carrgxidation of flavanone¥? Similarly,
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lead tetraacetate can also be U$€®DQ in dioxane or acetic acid was an effectivegess
for dehydrogenation reactidi. Diphenyl disulphid® is also used for this conversion. Also,
the use of nickel peroxide was demonstrafed®hotosensitized dehydrogenation of
flavanones to flavones was carried out using 2dpBenylpyrylium tetrafluoroborate?®
Thallium(lll) nitrate*® and thallium(lll) acetaté® have also been explored for this
conversion. Singtet al.*** heated manganese(lll) acetate in presence of Ipetacid in
acetic acid to synthesize flavones. A highly sélectransformation of flavanones to 3-
bromoflavones or flavones usit\ybromosuccinimide (NBS) in presence of catalyticoant

of 2,2-azobis(isobutyronitrile) under microwave irradoatiwas reported by Yang and co-
workers!?

Sodium selenite-dimethylsulfoxitfecombination is also effective for this oxidatioropess
under thermal as well as microwave condition. Fhewvee oxidation was carried out by
inductive heating of R©, nanoparticles and nickel peroxide as solid oxidanfixed bed
reactors®® Recently, the applicability of PRRBr-DMSO reagent system was unveiled by
Das and co-worket' in the flavone synthesis.

Hypervalent iodine reagent such as (diacetoxyicglmbne has also been utilized in
flavanone oxidation®® Later, it was also studied under microwave irrdia?® Similarly,
[hydroxy(tosyloxy)iodo]benzen& in methanol was explored for this reaction andas also
effective in presence 1,3-dibutylimadazolium bromide ([bbiffBr) ionic liquid!*® The
ability of 2-iodoxybenzoic acid (IBX) has also beexamined for flavanone conversion to
flavonest® Lokhandeet al.>*° employed copper (lI) chloride for oxidative aroimation of

flavanones to obtain flavones in high yields.

Table 8: Synthesis of flavones from dehydrogenation ofdlane by using various catalysts.

Sr. Catalyst Reaction condition Ref.
No.

1) | I, DMSO 67a
2) | I conc. HSO,, DMSO, 100 °C 131
3) | Silica gel supported InBand| solvent-free, 130-140 °C, 120 min 64

InCl;

4) | Cul [BmIim][NTf;], O, (1 atm), 50 °C, 18 h 60
5) | Pd(DMSO)(TFA), O, (1 atm), AcOH, 100 °C 132
6) | Pd(TFA)/4,5-diazaflurenone | £1 atm), DMSO, 100 °C 133
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Several catalysts have also been reported for depgdation of flavanones (Table 8).
Catalytic iodiné’® **'in DMSOsolvent alone or in presence of a drop of consS® has
been used. Silica gel supported IpBnd INC} has also been employed at 130-140 °C to
oxidize flavones under solvent-free conditi6hsVang and co-worke¥s demonstrated the
conversion of parent flavanone to flavone usingmd@l% of Cul in [Bmim][NTE] ionic
liquid. Diao and Staff? revealed the application of Pd(DMSQ)FA), as catalyst using
oxygen as an oxidant. Later, another catalytic esgstcontaining Pd(TFA) and 4,5-
diazaflurenone was also developed to carry outifiane oxidation*®

3.3.4: Metal catalyzed reactions from various subgttes

R—— R—= R"
o._R' HRuCh(p-cymene)}, OH [{RuCl>(p-cymene)}, O_R"
R ‘ (2.5 mol%) R (25mol%) R ‘
- H >
CsOAc (1.0 equiv) CsOAc (1.0 equiv) R’
¢} t-AmOH, 80°C, 12 h [¢] t-AmOH, 80 °C, 12 h O
Scheme 11

Gogoi and co-worket?* carried out Ru(ll)-catalyzed C-H activation andhalation reaction
between salicylaldehydes and terminal/internal ra#isyto afford variety of flavones. Broad
substrate scope, lower catalyst loading and higioselectivity are some of the advantages
of this methodology (Scheme 11).

OH R Pd(OAC),/S=PPhy/Na,CO; o G R
R H + ‘ > R O ‘
TEBAC/NMP/110 °C
fe} Cl Cl
Scheme 12

Liu et al.™*® synthesized flavones by a Pd-catalyzed regiosegeittramoleular nucleophilic

substitution ofgem-dichloroalkene derivatives with salicylaldehydisvorks well to deliver
various flavones in presence of triphenylphosplsnkphide ligand, sodium carbonate base

and benzyltrietylammonium chloride as additive &uale 12).

0, '
OH + R FeCl; (10 mol%) _ o G R
R
H I Piperidine (20 mol%) R O |
o 0

toluene, reflux

Scheme 13
Maiti et al.*** demonstrated dual catalytic role of Fe@lewis acid and piperidine-an
organocatalyst for one pot synthesis of flavonesvolveso-hydroxy aromatic aldehydes

and phenyl acetylenes as substrates (Scheme 13).
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OH Au/Mg-Al layered
double hydroxide
R + H
R mesitylene, 130 °C

Scheme 14

Mizuno and co-workefd’ developed a one pot flavone synthesis from 2

hydroxyacetophenones and benzaldehydes using gwoidparticles supported on a Mg-Al
layered double hydroxide (Au/LDH) catalyst in maaterto good yields (Scheme 14).

OH ?R Pd/C, EtNH
L .
| ‘ ‘ 110 °C, toluene, CO
Scheme 15
Zhu et al.™*® developed a highly efficient and selective flavayathesis by Pd/C catalyzed

ligand-free cyclocarbonylation reaction betweewn@sphenols and terminal acetylenes in CO
atmosphere. Various derivatives were synthesize@xcellent yields. Also catalyst was

reusable (Scheme 15).

0.5 mol% [PdBr( Pr,-bimy)L]
@C’H R 4 bar CO
+ -
I I Et,NH, DMF

80°C, 24 h

Scheme 16
Carbene complex palladium(ll) benzimidazolin-2-gie [PdBs(' Pr.-bimy)L] with co-ligand
L= N-phenylimidazole has been used as a catalyst &wmoffles synthesis by Li and co-

workers* from 2-iodophenols and phenyl acetylenes (Schehe 1

Pd(PPhy),Cl,
OAc R' Thiourea, dppp

| CO, Et,NH, DBU
| | 40°C,48h

Scheme 17
Miao and Yan{f® reported a regiospecific carbonylative annulatibe-iodophenol acetates
and acetylenes using catalytic medium containindpgiam-thiourea-dppp complex, base
and CO at 40 °C (Scheme 17).
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R©X+ %

X=1,Br

Ms Pda(dba); (1.5 molog)  Pda(dba)s (1.5 mol%)

OH
S5
|

PA-Ph (3.0 mol%)
DMF, DBU
MW= 90/120 °C
30 min

? o

PA-Ph (3.0 mol%)
latm CO
TBAF, DMF, DBU
MW= 90 °C, 30 min

Scheme 18

Pd,(dba)z (1.5 mol%)

-

PA-Ph (3.0 mol%)

1atm CO
DMF, DBU

Scheme 19

> (P

Awuah and Caprettd synthesized flavones through palladium catalyzemtawave-assisted

sequential Sonogashira and carbonylative annulateactions from aryl halide, TMS
acetylene and iodophenols in presence of 1,35 &ntethyl-2,4,8-trioxa-6-phenyl-6-

phosphaadamantane (PA-Ph) ligand (Scheme 18).tAé&oseparately synthesized flavones
from carbonylative cyclization of 2-iodophenol atetminal alkynes under this reaction

condition (Scheme 19).

€ g}
R +
|
If
Scheme 20

Yang and Alpel*? synthesized flavones through ligand-free palladiuratalyzed

PACl, Et;N

C14H20(CeHy2)sPBr
1 atm CO, 110°C

cyclocarbonylation ofo-iodophenols with terminal acetylenes in presenteC® and
phosphonium salt ionic liquid 1gH29(CeH13)sP'Br. Different derivatives of flavones were

obtained in good to excellent yields (Scheme 20).

OH
L+
|

PdCl,, PPhy
EtsN, H,0

CO (balloon pressure)
25°C, 24 h

Scheme 21
Liang et al.'** carried out palladium catalyzed sequential carladive coupling of o-

iodophenols with terminal acetylenes to obtajfrunsaturated ketones which underwent an
intramolecular cyclization to deliver flavones (8aie 21). The competing side reaction

leading to aurones was not observed.
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OH g PACLPPhy, /L
R + co + >

Br n-Pr,NH

Scheme 22

L= benzimidazole-triazole

Figure 4
A simple and efficient Pd-catalyzed cascade carating cyclization of 2-bromophenols and
phenylacetylenes for the synthesis of flavones veg®rted by Liuet al.*** The ligand
employed in the reaction medium is benzimidazabkeztile (Figure 4) and dipropylamine as
solvent (Scheme 22).

[I(COD)Cll, (4 mol%)

R ) o._R
OH Cu(OAc), (2.2 equiv, ‘
T+ oo+ | - =
o L, (25 mol%), 140 °C 5
AgOTTf (15 mol%)
xylene, AcOH, 24 h

Scheme 23
©:OM::
P
@ OMe

L= his(2-methoxyphenyl)(phenyl)phosphane

Figure 5
Wu and co-workeré® developed a carbonylative synthesis of flavonesnfiphenols and
internal alkynes using Ir catalyst in presence ai(@Ac), as oxidant andbis(2-
methoxyphenyl)(phenyl)phosphabe (Figure 5) as ligand (Scheme 23).
OH . Pd(OAc),/DPPB
R‘@%( + co + /GR -
Br DBU, DMSO

(0]

Scheme 24
Wu and co-workeré® developed a palladium catalyzed carbonylativelmsis of flavones in
moderate to good yields from easily available Zhoxyacetophenones and (hetero)aryl
bromides in presence of 1bis(diphenylphosphino)butane (DPPB) ligand, DBU basd a
DMSO solvent. This approach is better than othebaraylative reactions as they involve
expensive substrates such as 2-iodophenols anth&fimernal alkynes (Scheme 24).
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B(OH), Pd(OAC)z (10 mol%)

O Phen (20 mol%)
R |+ R >
0, DMF, 100 °C, 24h

(0]

Scheme 25
An oxidative Heck reaction was reported by Jafarpaud Khoobiet al.**’ It is an atom
economical base-free palladium catalyzed reactilomeng regioselective direct arylation of

chromenones to give flavones (Scheme 25).

o BOH:  FeoTy: 58'122\3&%)‘
Rj@%g + @R. PIVOH,60°C
DDQ (0.2 equiv)
(0] KNO, (0.2 equiv)
Scheme 26
A palladium catalyzed 1,4-addition of arylboron@ds to chromones has been developed by
Hong and co-worket® In addition to Pd catalyst, Fe(OZ)DDQ and KNQ in catalytic
amounts were required to obtain flavones in goettigi (Scheme 26).

Pd(TFA), (0.2 equiv)

AgOAC (3 equiv)
R | + R >
CsOPiv (3 equiv)
(o]

PivOH, 100 °C

Scheme 27
Pd(Il) trifluoroacetate catalyst was employed ie tftavones synthesis by Hong and co-
workers**® It involves oxidative cross coupling of chromorasl non-activated areneis
twofold C-H functionalization in conjunction of Agka/CsOPiv in pivalic acid (PivOH)
(Scheme 27).

Pd(OAc), (5 mol%)

@ AgOAc (3 equiv)
PivOH, (6 equiv)
60 equiv CsOPiv (20 mol%)

80-100 °C, 12h

Scheme 28
Kim et al.’™ developed a palladium catalyzed oxidative arytataf chromones to give

\i

flavones in moderate to good yields. It involvaggioselective 2-arylation of chromoua a

double C-H activation process (Scheme 28).

TMP,Zn.2MgCl,.2LiCl

- o}
Y ‘ (0.6 equiv) _ ‘ 2 (1.2 equiv)
THF, -30°C 2% Pd(dba),
(e] (e} 4% tfp

25°C,1h

Scheme 29
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Regioselective zincation at C-2 using TMR.2MgChL.2LICI (TMP = 2,2,6,6-
tetramethylpiperidide) was applied for the synthedinaturally occuring flavones by Kliet
al.™®* The bis-heterocyclic zinc intermediate formed was conwkrte desired flavone
products in presence of Pd catalyst, aryl iodidgtes-(2-furyl)phosphine (tfp) (Scheme 29).

Ni(OAc), (5 mol%)
o OPh /@/R P(n-Bu)3 (20 mol%)
o + N
| (HO),B Na,CO; (2 equiv)
toluene (0.25 M)
o 150 °C, 24h

Scheme 30

Two flavone derivatives were synthesized along s#eral other compounds by Mutb
a|.152

via decarbonylative organoboron cross coupling of esponding phenyl ester with

phenyl boronic acids using nickel catalyst (Sch@&®e

H

0.50 PA(TFA), (15 mol%)

O 5-NO,-phen (30 mol%)
R + R >
DMSO, 0,, 100 °C
Scheme 31
Leeet al.'* reported a one pot synthesis of flavones from mlarones and arylboronic acid

pinacol esters by palladium catalyzed dehydrogenand oxidative boron-Heck coupling.
In addition, the methodology is also useful fortigsis of naturally occurring apigenin and

luteolin (Scheme 31).

MeO. OH / MeO MeO. OH
AICI
Q HO :@/ W 3 %C|
R R —
DCC, DMAP DCE, reflux

Cl

OMe  ch,ClL:DMF (5:1) Me OMe O
0°Ctort
0.02 N NaOH
THF,0°Ctort
B(OH), MeO o-_Cl
Pd(PPhy), (5 mol%) © |
- Rt R
K,CO3, dioxane
reflux OMe O
Scheme 32

Kraus and Gupta® devised a synthetic route to flavones from phemal 3,3-dichloroacrylic

acid using DCC and DMAP. It was converted into ketby Fries rearrangement using AlCI
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which was further on treatment with dilute basem@éd chromones. Finally Suzuki reaction

delivered flavones in good yields (Scheme 32).

Pd(TFA) (0.2 equiv)

© Cu(TFA),.nH,0 (0.2 equiv)
R + R >
AgOAc (3 equiv)
(6]

30equiv PIVOH, 100°C, 48 h

Scheme 33
Palladium catalyzed sequential dehydrogenatiordtoyl of chromanones was carried out
successfully by Hong and co-workErsn presence of Cu and Ag oxidants. The intermediat
chromones formed undergoes oxidative cross-coupliiity arenesvia a twofold C-H

functionalization leading to flavones (Scheme 33).

FeCk (0.6 equiv)
CLCHOCH; (1 equiv)

O
R@ [_oen DCM, 1t

0]

Scheme 34

|.°® reported a direct intramolecular acylation of estasing catalytic FegWith

Jianget a
1,1-dichloromethyl methyl ether (CQHOCH;) to yield flavones (Scheme 34).

3.3.5: Miscellaneous routes

R
, S)
R HO OH cioy o
* o I
Br ®
OHC o perchloric acid H O O R
_— >
=
or CH(OGHy)3 Br
o OCHs

Bl’j©\)H
R
HO OH‘\©: H,0

reflux

R

Scheme 35
A convenient one pot synthesis of 6-bromo-7-hydfiaxypnes was developed by Yakovenko
et al.>*" from hydrolysis of the substituted 4-ethoxy-6-bmirhydroxyflavylium salts. These
salts were obtained either from the correspondihgloones or by condensation of 5-

bromoresacetophenone with the corresponding adghgides using ethyl orthoformate in the
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presence of perchloric acid (Scheme 35). This miethas also been utilised for the

preparation of a library of synthetic 4’-hydroxyftsnes exhibiting casein kinase 2 (CK2)

inhibition activity

OH

MW HO
+ R Ot —— >
HO OH solvent-free

Scheme 36

Seijaset al.** carried out microwave irradiation of phlorogludirand f—ketoesters under

solvent-free condition to deliver flavones. It peedsvia a cycloaddition olz—oxo ketene
intermediate which then undergoes thermal Friegraegement in absence of any catalyst
(Scheme 36).

OMe O R' ICl,CH.Cl,
—

R gz
Z -78°C orrt

o

Scheme 37
Larock and co-worket& developed ICI induced cyclization of alkynones3tidoflavones

in CH,CI, solvent at low temperature (Scheme 37).

R OAc R CH30K, (2.5 equiv) R O ‘ R
/ —
\Q;/ 18-crown-6, (2.5 equiv)
THF, rt, 15 min

o (6]

Scheme 38
An efficient method for flavones synthesis was dved by Chuangt al.*** from 6-endo

cyclization ofo-alkynoylphenyl acetates using 18-crown-6 ethemderate to good yields

(Scheme 38).
/ N\ .
OAc G g IN_NH (05 equiv) o G R
i Z - =0
CH4CN, 25 °C
O (6]

Scheme 39

Similarly, flavones were synthesized in excelleieidsvia 6-endo cyclization of acylatemt

alkynoylphenols by Yangt al.**? using piperazine catalyst (Scheme 39).

OH O R DMAP (10 mol%)
Sy
DMF, 30 °C
o]

Scheme 40
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Doi and co-worker§® demonstrated DMAP catalyzed 6-endo cyclization B{2-
hydroxyphenyl)-2-propyn-1-ones in good yields (Suket0).

FZ
DCE, 40 °C DCE, 80 °C
OMe O

TIOH (Leauy) O OH G R' TfOH (5 equiv)
- B

Scheme 41
6-Endo cyclization ofo-alkynoylphenol compounds was demonstrated by Da ao-
workerg®#?to desired flavone products under acidic conditising trifluoromethanesulfonic
acid (TfOH). Also demethylation was observed in 8tnoxy substrates to provide 5-hydroxy
flavones derivatives. However, later Taylor and€Baki®*° carried out similar cyclization of
3-methoxyz-alkynoylphenol substrates in excess of trifluortimeesulfonic acid to provide
5-methoxy flavone derivatives without demethylat{&theme 41).

OH G R LiOtBu, air
—_—
R &

DMF, 60 °C, 2h

OH

Scheme 42
Also Zhanget al.**® developed Li@u mediated synthesis of flavones from substit@é-
hydroxy-3-phenylprop-2yn-1-yl)phenula 6-endo-dig cyclization (Scheme 42).

o
N/w

OTBS

OTBS ‘ K/NH (\N/\. MeOH
Z > N —

X

THF:MeOH, 16 h reflux
o) O Ph

Scheme 43
Resin capture method employing piperazinyl Merdfieresin was developed by
Brueggemeier and co-worké?sfor the flavones synthesis. It involves reactionatiynyl
ketone with piperazine thethered to a solid supfmoform support bound enaminones which

undergoes cyclization to deliver final product (Scte 43).

OTBS (
OTBS R Diethylamine EtOH
O Z EtOH, refl Syt
tOH, reflux
o  Ph reflux
o
Scheme 44

Brueggemeier and co-workét&arried out the cyclization of alkynones on refhgiwith 10
equiv of diethylamine to yield flavonesa enaminoketone intermediate. Dimethylamine and

N-benzylethylamine also gave similar results (Schédje
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Triethanolamine/ aq. TEA

Scheme 45
Agarwal and Sonf® converted 2'-hydroxy chalcone dibromide to flawrmy heating in

triethanolamine or aqueous triethylamine for 10+ii6 (Scheme 45).

O r  TBHP (2 equi)
O o
R O / CuBr, (10 mol%o)

toluene, 80 °C

Scheme 46
Oxidative conversion of chromenes to flavones icedient yields was demonstrated by
Banerjeest al.**° usingtert-butylhydroperoxide and catalytic copper bromideh@ne 46).

o O R KMnO, (3-5 equiv)
R O _ acetone, 1t

Scheme 47

Nagata and co-workéer8 reported KMnQ oxidation of chromenes to flavones in acetone

solvent at room temperature (Scheme 47).

OH
Ph
R ’
AQ%TN\Ph OH
R
NEt,, PhMe HCl o
+ —_— e \ \
110°C2 h
o O o
a%a
5
Scheme 48

Ghodilé" synthesized flavones from substituted 1-(2-hydrbxy-
chlorophenyl)ethyldiphenylamines with heptanedibidcide to form intermediate which was

later dehydrogenated using Pd/C (Scheme 48).

Clayfen or clayan

Scheme 49
Varma and Kumaf? used clay supported nitrite salts “clayfen or atdyfor microwave

thermolysis of thioketones under solvent-free ctodito form flavones (Scheme 49).
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OCOR' THF, reflux O‘ R
PheP=—SiMes — > R
RA@%(OTBDMS + e :

Io) e}

Scheme 50
A method developed by Kumar and Boasitilised acylphosphoranes prepared by treating
silyl ester of O-acyl(aroyl)salicylic acids with (trimethylsilyl)-
methylenetriphenylphosphorane to furnish flavon@s good to excellent vyieldsvia

intramolecular Wittig reaction (Scheme 50).

R3
OY©/ H.,0, EtsN, hv R,

_— =

R PPh,Br
1 S

(0]

Scheme 51
Similarly, intramolecular photochemical Wittig ré@an in water was developed by Das and

Ghosh"to synthesize flavones from suitable starting miale(Scheme 51).

3.4: Results and Discussion

Literature studies showed various routes for thathesis of flavones. Recently flavanone
synthesis is reported using aniline and catalytimoant of iodine from 2'-
hydroxyacetophenone and aryl aldehytiés.Also it is well known that 2
hydroxychalcone/flavanone get cyclised to flavonsing catalytic iodine in DMSO
solvent®” 131 n view of this we speculated that it should be silie to devise a new
synthetic route to flavones directly from aryl digde and 2’-hydroxyacetophenone in one

pot (Scheme 52). Howevdre use of iodine catalyst from simple substratesnie pot was so

Dehydrogenation Michael Aldol
R
=
TR NI
R Ope ‘ R OH

far not reported.

Scheme 52Retrosynthetic analysis of flavongs
We envisioned that a combination of secondary amimé iodine as oxidant would be a
perfect combination for obtaining flavordein one pot. The secondary amine would catalyze
the aldol reaction of 2’-hydroxyacetophendiand aromatic aldehydds and also further

the intramolecular Michael reaction of the resgjtiti-hydroxychalcond5 and finally iodine
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would bring about the oxidation af situ formed flavanond’. However sequential catalysis
has its own limitation. For example, in the preseade, firstly iodine and secondary amine
should no way interfere with their roles of catélysaldol reaction and oxidation i.e. iodine
should not poison secondary amine or vice verseor@hy, regeneration of secondary amine
and iodinevia oxidation of HI by DMSO should also be not affettd@hirdly, a-iodination
followed by Kornblum oxidation should not take mad.astly, the formation of frequently

encountered side product aurone, the flavone isarasrto be prevented (Scheme 53).

Kornblum oxidation
Ar-CHO

OH " cat. secondary amine OH DMSO OH o
—_— —_— lo)
cat. iodine | CHO
DMSO, reflux
(0] ’ o)
16a o o
secondary /
amine

aurone

Scheme 53Various possible products in the synthesis of flea/b

We commenced our work by carrying out a reactiotwben 2’-hydroxyacetophenoriéa
and 3,4-dimethoxybenzaldehydi@aas model substrates in presenceexfondary amine and

catalytic amount of iodine in DMSO solvent unddtwe condition (Scheme 54).

secondary amine
OH OMe (0.5 equiv)
Cg( . OMe  jodine (0.1 equiv)
r H DMSO, reflux
16a (6] 17a
2-(3,4-dimethoxyphenyl)-4H-chromen-4-one

Scheme 54 Synthesis of flavoné.

At the outset, various secondary amines such asolmne, L-proline, piperidine,N-
methylaniline and morpholine were screened indi@igu(Table 9). To our delight, a new
spot was observed when the reaction was carriedsing pyrrolidine in DMSO solvent. Its
isolation and characterization showed the formatibthe desired flavonga in 75 % vyield

(entry 1). The structure dfa was confirmed by the following spectral data.
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2-(3.4-Dimethoxyphenyl)-H-chromen-4-one (1a)

colorless solid; m.p. 155-157 °C; 1#?156-157 °C.

IR (KBr): #=23061, 2841, 1643 (C=0), 1514, 1465, 1145'cm

'H NMR (CDCl 3, 400 MHz): 6 3.99 (s, 3H), 4.01 (s, 3H), 6.85 (s, 1H), 7.01)¢, 8.4 Hz,
1H), 7.42 (s, 1H), 7.45 (8 = 8.0 Hz, 1H), 7.60 (d] = 8.4 Hz, 2H), 7.73 (t) = 8.0 Hz, 1H),
8.25 (d,J = 8.0 Hz, 1H).

13C NMR (CDCl3, 100 MHz): § 56.2 (2 X OCH), 106.0 (CH), 108.9 (CH), 111.2 (CH),
118.1 (CH), 120.4 (CH), 123.4 (Cq), 123.9 (Cq), .52&H), 125.7 (CH), 134.0 (CH), 149.4
(Cq), 152.4 (Cq), 156.2 (Cq), 164.2 (Cq), 178.4)(Cq

Other amines such as L-proline and piperidine wadse effective to deliver the desired
product but with diminished yields (entries 2-3)owever, N-methylaniline showed two
minor spots (not characterized) along with the aated substrates whereas morpholine was

unreactive under given reaction condition and ¢aitegive the desired product (entries 4-5).

Table 9: Screening of secondary amimeshe flavone formation.

Sr. No. Secondary amine (0.5 equiv) Time (h) Yiel®o)?
1) Pyrrolidine 2 75
2) L-proline 3 36
3) Piperidine 3 22
4) N-methylaniline 2 0b
5) Morpholine 2 06

%lsolated yields ofa
® Two minor spots were formed.

°No reaction.

With the successful product formation, standardbratof various parameters such as
pyrrolidine concentration, temperature (neat/DMS$d)yents and iodine concentration were
examined in succession. Firstly, the standardimatid pyrrolidine was investigated by

performing the reaction in absence of iodine. Tdwction furnished a new spot which was
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characterized as 2-(3,4-dimethoxyphenyl)chromamd-da’ (Scheme 55) using the
following spectral data.

2-(3,4-Dimethoxyphenyl)chroman-4-one (1a’)

colorless solid; m.p. 120-122 °C; }£123-124 °C.

IR (KBr): #= 3010, 2837, 1687 (C=0), 1598, 1026tm

IH NMR (CDCl 3, 400 MHz): 5 2.88 (dd,J = 16.8, 2.4 Hz, 1H), 3.13 (dd,= 16.8, 13.6 Hz,
1H), 3.91 (s, 3H), 3.93 (s, 3H), 5.43 (dck 13.2, 2.0 Hz, 1H), 6.91 (d,= 8.0 Hz, 1H), 7.01-
7.08 (m, 4H), 7.51 (4 = 8.4 Hz, 1H), 7.93 (d] = 8.0 Hz, 1H).

13C NMR (CDCl3, 100 MHz): § 44.6 (CH), 55.9 (OCH), 56.0 (OCH), 79.6 (CH), 109.4
(CH), 111.1 (CH), 118.2 (CH), 118.8 (CH), 120.9 JCt21.6 (CH), 127.1 (CH), 131.2 (Cq),
136.2 (CH), 149.3 (Cq), 149.4 (Cq), 161.6 (Cq),.29Zq).

The exclusive formation of flavanod&’ without flavone formation suggested the mandatory
role of iodine as oxidant and discounting the pgmbkses of oxidation taking place due to

dissolved oxygen or DMSO. Also, when flavande (prepared separately) was subjected to
heating in DMSO in absence of iodine no flavonerfation was observed on TLC even after

prolonged heating, thus indicating the role of medas an exclusive oxidant.

The amount of pyrrolidine was varied from 0.1-1duie (Table 10). 0.1 and 0.2 equiv of

pyrrolidine were not very effective and resultednoomplete conversion even after refluxing
for prolonged reaction time (entries 1-2). On iasiag the concentration to 0.3 equiv the
reaction completed in 45 min (entry 3). Similatlye reaction completed in 15 min when 0.5
and 1 equiv of pyrrolidine were screened (entri€g.4~urther increase to 1.5 equiv reduced
the time considerably to 5 min (entry 6). Basedlmse observations 0.5 equiv of pyrolidine

was found to be the optimum concentration and wkeced for further studies.

OH Me pyrrolidine
OMe W
©;( + no iodine _
o H DMSO, reflux O

16a [e) 17a

2-(3,4-dimethoxyphenyl)chroman-4-one

Scheme 55Synthesis of flavanonia’.
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Table 10: Standardization of pyrrolidine in absence of i@din

Sr. No. Pyrrolidine (equiv) Time (min) Result
1) 0.1 120 Incomplete reaction
2) 0.2 120 Incomplete reaction
3) 0.3 45 Reaction completed
4) 0.5 15 Reaction completed
5) 1.0 15 Reaction completed
6) 15 5 Reaction completed

Table 11: Temperature study under neat and in DMSO solvent.

OMe

OH OMe pyrrolidine
+ (0.5 equiv) o
H iodine (0.1 equiv)

O

16a O 17a
Sr. Solvent Temperature Time Result
No. (°C) (min)
1) Neat 60 24 Formation a8’

No formationof 1a
2) Neat 100 24 Formation @&’

No formationof 1a
3) Neat 150 24 Noeaction
4) DMSO room temperature 48 No reaction
5) DMSO 60 24 Formation dfe’

No formationof 1a
6) DMSO 100 24 Formatioof 1a’ and little 1a
7 DMSO 150 6 Formatioaf 1a (80 %)
8) DMSO reflux 2 Formationf 1a (60 %)

Temperature study was carried out under neat dondis well as in DMSO solvent (Table
11). Neat or solvent-less reaction was carriedabudifferent temperatures such as 60, 100
and 150C. At 60 °C, the formation of flavanord&’ was observed but the desired prodiact
was not seen even after heating for 24 h (entryThjs may be attributed to the high
temperature required for the conversion of flavaba' to flavonela Similar results were

obtained at 100 °C (entry 2). Further increasirgtédmperature to 150 °C did not show any
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formation ofla’ or 1la which may be because of the loss of pyrrolidir@mfrthe reaction
mixture prior to commencement of reaction owindpigh temperature (entry 3).

Next, the temperature studies were performed in DMS8lvent. At room temperature, there
was no reaction even after stirring for 48 h (ertjy On heating at 60 °C, formation of
flavanonela’ was seen but no flavorie was formed even after heating for 24 h (entry 5).
Similarly, at 100 °C, showed formation of flavanaieng with the detection of trace amount
of flavonela (not isolated) (entry 6). This may be attributedhe high temperature needed
for the formation of flavond.a from flavanonela’. Further heating the reaction mixture to
150 °C exclusively offered flavorain 80 % yield in 6 h (entry 7) whereas on refluxihe
reaction, the yield got reduced to 60 % (entryHnce, 150 °C was found to be the optimum

temperature.

Table 12: Solvent screening.

OMe

OH OMe pyrrolidine
+ (0.5 equiv) _
H iodine (0.1 equiv)

o solvent, reflux

16a O 17a
Sr. No. Solvent (reflux) Yield (%)

1) Ethanol 00

2) Methanol 24 00

3) Toluene 24 00
4) Xylene 24 00

5) Tetrahydrofuran 24 00
6) DMSO 2 75

Solvent study was performed by carrying out thectiea in various solvents (Table 12).
Ethanol, methanol, toluene, xylene and tetrahydesfuwere screened but none of these
solvents showed any product formation even aftéuxiag for 24 h (entries 1-5). The

reaction was effective only in DMSO solvent (er@ijy

Table 13: Optimization of iodine concentration at 150 °C.

OMe
OH OMe pyrrolidine
+ (0.5 equiv)
o H iodine
16a O 17a DMSO, reflux
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Sr. No. lodine (equiv) Time (h) Yield (%)
1) 0.01 24 30
2) 0.05 10 88
3) 0.1 6 80
4) 0.15 7 76
5) 0.2 6 38
6) 1.0 24 ND

ND: Not Determined.

With these observations in hand we persuaded txrdtte ideal iodine concentration. It was
optimized by varying its concentration from 0.0kduiv (Table 13). When 0.01 equiv was
employed 30 % of produdta was obtained after 24 h (entry 1). A slight incedo 0.05

equiv delivered maximum yield of 88 % (entry 2)m8arly on increasing the iodine

concentration to 0.1, 0.15 and 0.2 equiv resulte®@, 76 and 38 % yields respectively
(entries 3-5). 1 equiv of iodine showed trace amafnproduct on TLC even after 24 h,
hence yield of the product was not determined ye®) Thus, 5 mo% of iodine was

considered as standard iodine concentration.

DMSO, 150 °C

R OH . /@ 0.5 equiv Pyrralidine
/7R' N
OHC 0.05 equiv iodine
o
6 17

1

Scheme 56 Optimum reaction condition used for flavones syst$ie

Table 14: Screening of aromatic aldehydes.

Sr. 2’-Hydroxy- Substituted Time Product Yield
No. acetophenone aromatic (h) (1) (%)
(16a) aldehydes (17)
OH OMe
OMe
1) 10 88
(o] OHC
16a 17a
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OH /©/0Me
2) CQK OHC 24 82
© 17b
16a
OH OMe
OMe
3) 7 78
o} OHC OMe
16a 17c
OH /@
4) CQK ore 9 85
0 17d
16a
OH :::/F
5) ©;( OHC 9 82
© 17e
16a
OH /©/CI
6) @( OHC 12 84
© 17f
16a ©
1f
OH /O/Br O Br
(©]
7) CQO( oHe 13 O | 80
16a 179 ©
19
OH
/@\ © O Br
8) OHC Br 6 \ 70
© 17h :
16a 1h
OH /[:j\ i'ﬂ
O
9) OHC NO 12 \ NO, 62
Cy e >
|
16a ©
1
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OH 0\
O
10) C;( @ 24 74
© OHC
1j
OH Q
. v, o s
11) T ohe 9 | 80
17k o
16a 1k
OH D o /S\
12) oHC™ S 6 | 75
© 171 o
16a 1l
OH CHO
13) C/Y @[% 8 72
(e} S
16a 17m

On obtaining the ideal reaction condition (Schem® tn hand, we subjected 2'-
hydroxyacetophenong6a with various aromatic aldehyd@é3am to check the feasibility of
our one pot method (Table 14). Electron rich aranaldehydesl7ac furnished desired
flavonesla-c in good yields (entries 1-3). Benzaldehyid&l also smoothly reacted to form
required productld in good yield (entry 4). Aromatic aldehydes with-halogen atoms
(fluoro, chloro, bromo) were well tolerated to pices flavonesle-1g in good yields which
are good scaffolds for further functionalizatiomtfees 5-7).m-Bromobenzaldehyd&7h as
well asm-nitrobenzaldehydd. 7i with electron withdrawing groups at-position delivered
flavones1lh and li but with slightly diminished yields (entries 8-9)hus our methodology
could be applied to both electron rich as well lasteon deficient aromatic aldehydes which
are well tolerated under the reaction conditiothasyields were unchanged on changing the
substituent. Furthermore, 3,4-methylenedioxy betetajde 17] smoothly furnished the
desired flavonelj in satisfactory yield (entry 10). Reports havevghadhat the biological
activity of flavones is enhanced when 5 or 6 membdreterocyclic group is attached at its
C-2 positiom***"" Motivated from this we subjected different heterity aromatic
aldehydes to the reaction condition to achievedésired productdk-1m in good yields
(entries 11-13).
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Table 15: Screening of 2’-hydroxyacetophenones.

Sr. Substituted 2’- Substituted Time Product Yield
No. hydroxy- aromatic (h) (2) (%)
acetophenone | aldehydes (17)
(16b-e)
MeO OH /©/0Me 8 O OMe 81
1) @O( oHe eo O )
17b 0
16b in
MeO OH 10 88
2) \©1H/ OHC/© 1 O o\ O
© 17d o
16b 10
~_O OH @ 12 O 78
3) \©1H/ OHC 0 O O‘
© 17d
16¢c 0
1p
Ph-_-O OH /@ 12 O 60
4) \©1H/ OHC PO O O‘
16d 7 17d 0
1q
_~_O OH 8 70
5) \@( OHC/© e O °) O
16e © 17d o
1r

After scanning aromatic aldehydes, substituted y2frbxyacetophenone$6b-e were put
forth for determining the substrate scope (Tablg #5Methoxy-2’-hydroxyacetophenone
16b was reacted with benzaldehydE#gb and 17d to provide flavonedn-o in good yields
(entries 14-15). Similarly, 4-ethoxy-2’-hydroxyacphenone 16¢ and 4-benzyloxy-2'-
hydroxyacetophenornk/d reacted under standardized condition to furnispeetive flavones
1p andl1q in reasonable yields (entries 16-17). One of #ports had shown deprotection of
2’-allyloxychalcone leading to flavone in-DMSO.® Interestingly, we got the desired
flavone1r from 4-allyloxy-2’-hydroxyacetophenoribe without the cleavage of the allyloxy
group (entry 18). It could be due to the differentéhe position of the allyloxy group as 2'-
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position is comparatively more reactive one. Thactien protocol was also successfully
scaled up to 5 g of starting aryl aldehybi&a to get consistent yield of desired flavoba
Although the literature survey shows a one pot w@ft with perchloric acid and ethyl
chloroformate (Scheme 35) but our approach is &erradtive route avoiding the use of

explosive perchloric acid.

Spectral data of flavones
2-(4-Methoxyphenyl)-4H-chromen-4-one (1b)

OMe

yield (0.152 g, 82 %)olorless solid; m.p. 154-156 °C; ft154-156 °C.

IR (KBr): #=3051, 1641 (C=0), 1465, 1377, 1026tm

'H NMR (CDCl 3, 400 MHz): 3 3.88 (s, 3H), 6.77 (s, 1H), 7.02 (ti= 8.8 Hz, 2H), 7.41 (1)

= 7.6 Hz, 1H), 7.55 (d) = 8.4 Hz, 1H), 7.68 () = 8.4 Hz, 1H), 7.88 (d] = 8.8 Hz, 2H),
8.22 (d,J = 8.0 Hz, 1H).

13C NMR (CDCl3, 100 MHz): § 55.5 (OCH), 106.1 (CH), 114.5 (2 X CH), 117.9 (CH),
123.9 (Cq), 123.9 (Cq), 125.1 (CH), 125.7 (CH), .02@ X CH), 133.6 (CH), 156.2 (Cq),
162.4 (Cq), 163.5 (Cq), 178.5 (Cq).

2-(3.4.5-Trimethoxyphenyl)-4H-chromen-4-one (1c)

yield (0.179 g, 78 %); colorless solid; m.p. 17%2T; 1it.}%44176-178 °C.

IR (KBr): v=23076, 1641 (C=0), 1467, 1367, 1128tm

'H NMR (CDCl 3, 400 MHz): & 3.94 (s, 3H), 3.97 (s, 6H), 6.79 (s, 1H), 7.14), 7.43 (t,
J=7.6 Hz, 1H), 7.59 (dl = 8.4 Hz, 1H), 7.71 (1) = 8.0 Hz, 1H), 8.23 (d] = 8.0 Hz, 1H).

¥C NMR (CDCl3, 100 MHz): 5 56.3 (2 X OCH), 61.1 (OCH), 103.7 (2 X CH), 107.4
(CH), 118.1 (CH), 123.9 (Cq), 125.3 (CH), 125.7 {CH6.9 (Cq), 133.8 (CH), 141.2 (Cq),
153.6 (2 X Cq), 156.2 (Cq), 163.3 (Cq), 178.4 (Cq).
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2-Phenyl-4H-chromen-4-one (1d)

oo
(6]

yield (0.139 g, 85 %); colorless solid; m.p. 94°@8 |it.1°4?95-97 °C.

IR (KBr): ¥=3070, 1643 (C=0), 1465, 1375, 1130tm

'H NMR (CDCl3, 400 MHz): & 6.88 (s, 1 H), 7.45 (] = 7.6 Hz, 1 H), 7.53-7.61 (m, 4 H),

7.73 (t,J = 8.8 Hz, 1 H), 7.94-7.96 (m, 2 H), 8.25 (dds 8.0, 1.2 Hz, 1 H).

3C NMR (CDCls;, 100 MHz): § 107.6 (CH), 118.1 (CH), 123.9 (Cq), 125.3 (CH)512

(CH), 126.4 (2 X CH), 129.1 (2 X CH), 131.7 (CHB117 (Cq), 133.9 (CH), 156.3 (Cq),

163.5 (Cq), 178.6 (Cq).

1d

2-(4-Fluorophenyl)-4H-chromen-4-one (1e)

=

O 1le

yield (0.145 g, 82 %); colorless solid; m.p. 146 2€; |it.}"®145-148 °C.

IR (KBr): v= 3076, 1662 (C=0), 1508, 1234, 835tm

'H NMR (CDCl3, 400 MHz): 6 6.78 (s, 1H), 7.22 (1) = 8.4 Hz, 2H), 7.43 () = 7.6 Hz,
1H), 7.56 (dJ = 8.4 Hz, 1H), 7.71 () = 7.6 Hz, 1H), 7.93 (t) = 7.6 Hz, 2H), 8.23 (d] =
8.0 Hz, 1H).

13C NMR (CDCl3, 100 MHz): § 107.3 (CH), 116.2 (CH), 116.4 (CH), 118.0 (CH)3®
(Cq), 125.3 (CH), 125.7 (CH), 127.8 (Cq), 127.9XCkP8.4 (CH), 128.5 (CH), 133.9 (CH),
156.1 (Cq), 162.3 (Cq), 163.5 (Cq), 165.9 (Cq),.21€q).

2-(4-Chlorophenyl)-4H-chromen-4-one (1f)

Cl
O 1f

yield (0.159 g, 84 %); colorless solid; m.p. 18®1€; lit.1"°187-188 °C.

IR (KBr): v=23072, 1639 (C=0), 1467, 1375, 1093, 754'cm

'H NMR (CDCl3, 400 MHz): 8 6.79 (s, 1H), 7.40 (] = 7.6 Hz, 1H), 7.47 (dJ = 8.0 Hz,

2H), 7.53 (dJ = 8.4 Hz, 1H), 7.69 () = 8.0 Hz, 1H), 7.83 (d] = 8.4 Hz, 2H), 8.20 (d] =

8.0 Hz, 1H).
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13C NMR (CDCls, 100 MHz): § 107.5 (CH), 118.0 (CH), 123.8 (Cq), 125.4 (CH)512
(CH), 127.5 (2 X CH), 129.4 (2 X CH), 130.1 (CqB319 (CH), 137.9 (Cq), 156.1 (Cq),
162.2 (Cq), 178.4 (Cq).

2-(4-Bromophenyl)-4H-chromen-4-one (19)

Br
O 1g

yield (0.176 g, 80 %); colorless solid; m.p. 174-2T; 1it*¥°177 °C.

IR (KBr): v=3086, 1666 (C=0), 1465, 1259, 1130tm

'H NMR (CDCl3, 400 MHz): 8 6.79 (s, 1H), 7.37 (] = 7.2 Hz, 1H), 7.50 (dJ = 8.4 Hz,

1H), 7.59 (d,J = 8.4 Hz, 2H), 7.65 (dt] = 8.8, 1.6 Hz, 1H), 7.73 (d,= 8.4 Hz, 2H), 8.16

(dd,J = 8.0, 1.6 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 107.7 (CH), 118.1 (CH), 123.9 (Cq), 125.4 (CH)5®

(CH), 126.4 (Cq), 127.8 (2 X CH), 130.7 (Cq), 13224X CH), 133.9 (CH), 156.2 (Cq),

162.4 (Cq), 178.3 (Cq).

2-(3-Bromophenyl)-4H-chromen-4-one (1h)

yield (0.154 g, 70 %); colorless solid; m.p. 11%2C; Iit.**°115 °C.

IR (KBr): ¥ =3064, 1641 (C=0), 1467, 1261, 1128tm

'H NMR (CDCl3, 400 MHz): 6 6.77 (s, 1H), 7.30-7.38 (m, 2H), 7.51 (s 8.4 Hz, 1H),
7.59 (d,J = 8.0 Hz, 1H), 7.65 (df] = 8.4, 1.6 Hz, 1H), 7.76 (d,= 8.0 Hz, 1H), 8.00 (s, 1H),
8.15 (dd,J = 8.0, 1.2 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 108.1 (CH), 118.2 (CH), 123.3 (Cq), 123.8 (Cq)4.82
(CH), 125.6 (CH), 125.8 (CH), 129.3 (CH), 130.6 (CH33.7 (Cq), 134.2 (CH), 134.6 (CH),
156.2 (Cq), 161.9 (Cq), 178.4 (Cq).

2-(3-Nitrophenyl)-4H-chromen-4-one (1i)

yield (0.122 g, 62 %); colorless solid; m.p. 194-2€; 1it.**3195-198 °C.
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IR (KBr): v=3086, 1643 (C=0), 1527, 1350, 1138tm

'H NMR (CDCl3, 400 MHz): § 6.87 (s, 1H), 7.40 (] = 8.0 Hz, 1H), 7.57 (dJ = 8.0 Hz,
1H), 7.67-7.72 (m2H), 8.17 (dd,) = 7.6, 1.6 Hz, 2H), 8.33 (dd,= 8.0, 1.6 Hz, 1H), 8.75 (t,
J=1.6 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 108.8 (CH), 118.2 (CH), 121.3 (CH), 123.8 (Cq)5R
(CH), 125.9 (CH), 126.0 (CH), 130.4 (CH), 131.8 (CH#33.6 (Cq), 134.4 (CH), 148.8 (Cq),
156.2 (Cq), 160.6 (Cq), 178.2 (Cq).

2-(1,3-Benzodioxol-5-yl)-#-chromen-4-one (1))

O™

yield (0.145 g, 74 %); colorless solid; m.p. 198 1€; lit.**3198-200 °C.

IR (KBr): v=3078, 1643 (C=0), 1446, 1346, 1026tm

'H NMR (CDCl 3, 400 MHz): 6 6.09 (s, 2H), 6.72 (s, 1H), 6.95 @= 8.0 Hz, 1H), 7.38 (s,
1H), 7.42 (tJ = 7.6 Hz, 1H), 7.50-7.56 (m, 2H), 7.69Jt= 8.4 Hz, 1H), 8.22 (d] = 8.0 Hz,
1H).

13C NMR (CDCl3, 100 MHz):  101.9 (CH), 106.3 (CH), 106.6 (CH), 108.8 (CH), 117.9
(CH), 121.5 (CH), 123.9 (Cq), 125.2 (CH), 125.7 (GE)), 133.7 (CH), 148.5 (Cq), 150.7
(Cq), 156.1 (Cq), 163.1 (Cq), 178.4 (Cq).

2-(Furan-3-yl)-4H-chromen-4-one (1k)

yield (0.125 g, 80 %); colorless solid; m.p. 11®2C; Iit.}*'119 °C.

IR (KBr): = 3118, 1631 (C=0), 1463, 1357, 756tm

IH NMR (CDCls, 400 MH2): & 6.54 (s, 1H), 6.76 (s, 1H), 7.42 (= 5.6 Hz, 1H), 7.50 (s,
1H), 7.56 (s, 1H), 7.69 (d,= 5.6 Hz, 1H), 8.09 (s, 1H), 8.22 (s, 1H).

13C NMR (CDCls, 100 MH2): § 107.2 (CH), 107.6 (CH), 117.9 (CH), 120.3 (Cq)3®2
(Cq), 125.2 (CH), 125.7 (CH), 133.8 (CH), 143.1 [CI¥4.7 (CH), 156.0 (Cq), 158.8 (Cq),
178.2 (Cq).
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2-(Thiophen-2-yl)-4H-chromen-4-one (11)

yield (0.126 g, 75 %); colorless solid; m.p. 90°@2 lit.'¥291-94 °C.

IR (KBr): v=3072, 1631 (C=0), 1460, 1261, 1126Ttm

'H NMR (CDCl3, 400 MHz): § 6.71 (s, 1H), 7.11 () = 4.0 Hz, 1H), 7.35 (t) = 7.6 Hz,
1H), 7.46 (dJ = 8.4 Hz, 1H), 7.52 (d] = 5.2 Hz, 1H), 7.62 (df] = 8.4, 2.0 Hz, 1H), 7.67 (d,
J=3.6 Hz, 1H), 8.13 (dd} = 8.0, 1.6 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 104.9 (CH), 116.9 (CH), 122.7 (Cq), 124.4 (CH)412
(CH), 127.6 (CH), 127.8 (CH), 129.6 (CH), 132.9 (C#33.9 (Cq), 154.9 (Cq), 158.4 (Cq),
176.9 (Cq).

2-(Benzoplthiophen-3-yl)-4H-chromen-4-one (1m)

yield (0.147 g, 72 %); colorless solid; m.p. 14242€1*°

IR (KBr): 7= 3082, 1629 (C=0), 1465, 1220, 1118%m

4 NMR (CDCls, 400 MHz): § 6.77 (s, 1H), 7.35-7.47 (m, 3H), 7.51 (d= 8.4 Hz, 1H),
7.63-7.67 (m, 1H), 7.87 (d,= 8.0 Hz, 1H), 8.04 (s, 1H), 8.18-8.22 (m, 2H).

13C NMR (CDCl3s, 100 MHz): § 109.4 (CH), 118.0 (CH), 123.2 (CH), 123.4 (CH)4IP
(Cq), 125.4 (CH), 125.5 (CH), 125.8 (CH), 128.9 YCIB0.5 (CH), 133.9 (CH), 135.5 (Cq),
140.7 (Cq), 156.3 (Cq), 160.4 (Cq), 178.4 (Cq).

7-Methoxy-2-(4-methoxyphenyl)-4H-chromen-4-one (1n)

OMe

yield (0.168 g, 81 %); colorless solid; m.p. 14@RF€; it.¥°143 °C.

IR (KBr): 7= 2983, 1653 (C=0), 1438, 1265, 1184’cm

4 NMR (CDCls, 400 MH2): § 3.81 (s, 3H), 3.86 (s, 3H), 6.76 (s, 1H), 6.8%6(8, 4H),
7.80 (d,J = 8.8 Hz, 2H), 8.05 (d] = 8.4 Hz, 1H).
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3C NMR (CDCl3, 100 MHz): 8 55.5 (OCH), 55.9 (OCH), 100.4 (CH), 105.5 (CH), 114.5
(2 X CH), 114.6 (CH), 117.2 (Cq), 123.8 (Cq), 126CH), 128.1 (2 X CH), 158.0 (Cq),
162.5 (Cq), 163.7 (Cq), 164.4 (Cq), 177.8 (Cq).

7-Methoxy-2-phenyl-4H-chromen-4-one (10)

yield (0.163 g, 88 %)olorless solid; m.p. 104-106 °C; 1¥#105-106 °C.

IR (KBr): ¥ =3059, 1654 (C=0), 1438, 1274, 1165tm

'H NMR (CDCl 3, 400 MHz): § 3.96 (s, 3H), 6.81 (s, 1H), 7.00-7.04 (m, 2H) 477556 (m,
3H), 7.93-7.96 (m, 2H), 8.15-8.18 (m, 1H).

13C NMR (CDCl3;, 100 MHz):  55.8 (OCH), 100.3 (CH), 107.3 (CH), 114.5 (CH), 117.6
(Cq), 126.1 (2 X CH), 126.9 (CH), 128.9 (2 X CHB115 (CH), 131.6 (Cq), 157.9 (Cq),
163.0 (Cq), 164.2 (Cq), 177.9 (Cq).

7-Ethoxy-2-phenyl-4H-chromen-4-one (1p)

yield (0.153 g, 78 %)olorless solid; m.p. 136-138 °C; #£138-139 °C.

IR (KBr): v=2983, 1631 (C=0), 1494, 1246, 1180tm

'H NMR (CDCl3, 400 MHz): § 1.42 (t,J = 6.8 Hz, 3H), 4.09 () = 6.8 Hz, 2H), 6.70 (s,
1H), 6.88-6.92 (m, 2H), 7.43-7.47 (m, 3H), 7.8257(81, 2H), 8.06 (dJ = 8.8 Hz, 1H).

13C NMR (CDCl3, 100 MHz): 8 14.6 (CH), 64.3 (CH), 100.8 (CH), 107.5 (CH), 114.8
(CH), 117.7 (Cq), 126.2 (2 X CH), 126.9 (CH), 12920X CH), 131.4 (CH), 131.9 (Cq),
158.0 (Cq), 162.9 (Cq), 163.6 (Cq), 177.9 (Cq).

7-(Benzyloxy)-2-phenyl-4-chromen-4-one (1q)

o

yield (0.144 g, 60 %); colorless solid; m.p. 17%2T; Iit.!34174-175 °C.
IR (KBr): 7= 3066, 1635 (C=0), 1450, 1253, 1180°cm

Mayuri M. Naik, Ph. D. Thesis, Goa University Pagel27



CHAPTER 3

'H NMR (CDCl 3, 400 MHz): § 5.11 (s, 2H), 6.81 (dl = 6.8 Hz, 1H), 6.99 (sLH), 7.01 (s,
1H), 7.29-7.45 (m, 8H), 7.83 (d,= 7.2 Hz, 2H), 8.07 (d] = 8.4 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 70.6 (CH), 101.5 (CH), 107.3 (CH), 115.2 (CH), 117.7
(Cq), 126.3 (2 X CH), 127.2 (CH), 127.6 (2 X CHR815 (CH), 128.8 (2 X CH), 129.1 (2 X
CH), 131.7 (CH), 135.7 (Cq), 158.0 (Cq), 163.5 (Aq)7.9 (Cq).

7-Allyloxy-2-phenyl-4H-chromen-4-one (1r)

yield (0.143 g, 70 %)olorless solid; m.p. 94-96 °C; #°95-96 °C.

IR (KBr): v= 3061, 1629 (C=0), 1450, 1261, 1166'tm

'H NMR (CDCl3, 400 MHz): § 4.59-4.61 (m, 2H), 5.28-5.32 (m, 1H), 5.38-5.44 (tH),
5.97-6.07 (m, 1H), 6.72 (s, 1H), 6.91-6.96 (m, 2A}5-7.48 (m, 3H), 7.83-7.86 (m, 2H),
8.07 (d,J = 8.8 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 68.3 (CH), 100.3 (CH), 106.4 (CH), 113.9 (CH), 116.8
(Cq), 117.5 (CH), 125.2 (2 X CH), 126.1 (CH), 127.9 (2 X CH), 18@CH), 130.7 (Cq),
131.0 (CH), 156.9 (Cq), 162.1 (2 X Cq), 176.9 (Cq).

The probable mechanism was proposed for the syatbéflavones (Scheme 57). Aromatic
aldehydel? forms iminium ionl18 by reacting with secondary amine. The substtétean
enolise due to which its enolic form can act as uxleophile attackingl8 to form
intermediatel9. Regeneration of pyrrolidine results in chalc@@evhich undergoes Michael
addition to form flavanoné’ in presence of pyrrolidine. Further reaction watine leads to
the formation of iodo intermedia®l. Alternatively21 could also be obtained directly from
20in presence of iodine. The loss of HI resultshia tompletely oxidized required flavohe
The steps involved in the regeneration of pyrrakdand iodine catalysts plays an important

role for the successful formation of flavones.
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= C4HgN + HI

C4H 10NI
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2H = |2+H2T

-C4H10N|T

\@gﬁ%

0,14 S
Py
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Michael

Scheme 57Probable mechanism for the formation of flavdnga chalcone€20 and

flavanonel’.

Regarding the proposed mechanism, hydrogen rel®adessociation of HI is a well known
reaction. This is supported by our observation afmiation of 1-(2-hydroxyphenyl)-3-
(pyridin-2-yl)propan-1-one22 along with the corresponding flavanote’ and flavonels
when 2’-hydroxyacetophenoréa and 2-pyridinecarboxaldehydé&n were subjected to this
protocol (Scheme 58). 1-(2-Hydroxyphenyl)-3-(pynidi-yl)propan-1-one€22 was obtained
due to the reduction of the intermediate chalconthb liberated hydrogen gas. However, we
do admit that so far in literature to our knowledgeenever people have used iodine as an
oxidant there is no clear cut mention of decompmsiof HI to L and H though it is a well
established reaction and formation of HI is invokedexplain iodine catalyzed reactions.
May be it is considered as an obvious pathway wemmdine is used as an oxidant for

aromatization reaction.
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DMSO, 150°C le}

OH X 0.5 equiv Pyrrolidine =
+ | P > _ ‘
OHC™ 'N 0.05 equiv iodine NT 4
17n

(0]
16a
reduced chalcone Flavonone Flavone

22 1s' 1s

Scheme 58Reaction of 2’-hydroxyacetophenone and 2-pyridamboxaldehyde led to
formation of the reduced product 1-(2-hydroxyphég®¢(pyridin-2-yl)propan-1-on@2 along

with the corresponding flavanoids’ and flavoneds

Spectral data of 22, 1s’ and 1s
1-(2-Hydroxyphenyl)-3-(pyridin-2-yl)propan-1-one (22)

OH ~

NS

N

(6]
22

yield (0.033 g, 10 %); pale yellow liquf®

IR (neat): # = 3053, 2927, 1643 (C=0), 1487, 752'tm

IH NMR (CDCl 3, 400 MH2): 5 3.17 (t,J = 7.2 Hz, 2H), 3.48 (1) = 7.2 Hz, 2H), 6.79-6.83
(m, 1H), 6.89 (d; = 8.4 Hz, 1H), 7.06 (dd] = 7.2, 5.6 Hz, 1H), 7.19 (d,= 7.8 Hz, 1H),
7.36-7.40 (m, 1H), 7.52-7.56 (m, 1H), 7.77 (de: 8.0, 1.6 Hz, 1H), 8.45 (d,= 4.8 Hz, 1H).
13C NMR (CDCls, 100 MHz): § 30.7 (CH), 36.3 (CH), 117.4 (CH), 117.9 (CH), 118.4
(Cq), 120.4 (CH), 122.4 (CH), 129.0 (CH), 135.4 {CEB5.6 (CH), 148.1 (CH), 159.1 (Cq),
161.2 (Cq), 204.4 (Cq).

2-(Pyridin-2-yl)chroman-4-one (1s")

yield (0.031 g, 9 %); colorless solid; m.p. 64-€8 fit.'*’68 °C.

IR (KBr): #= 3064, 2926, 1693 (C=0), 1606, 1462, 1305, 763.cm

4 NMR (CDCl 3, 400 MHz): & 3.06-3.16 (m, 2H), 5.60 (dd,= 10.8, 5.2 Hz, 1H), 6.98-7.03

(m, 2H), 7.26-7.29 (M, 1H), 7.44-7.48 (m, 1H), 7(89J = 8.0 Hz, 1H), 7.75-7.79 (M, 1H),

7.87 (dd,J = 8.0, 2.0 Hz, 1H), 8.58 (d,= 4.8 Hz, 1H).

13C NMR (CDCls, 100 MH2): 5 42.8 (CH), 79.1 (CH), 118.1 (CH), 121.2 (Cq), 121.4 (CH),
121.9 (CH), 123.8 (CH), 127.1 (CH),136.2 (CH), B36CH), 148.4 (CH), 157.1 (Cq), 160.8
(Cq), 191.2 (Cq).
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2-(Pyridin-2-y)-4H-chromen-4-one (1s)

yield (0.01 g, 3 %); colorless solid; m.p. 120-Fg2"°

IR (KBr): #=3007, 2927, 1643 (C=0), 1465, 1381, 756'cm

'H NMR (CDCl 3, 400 MHz): & 7.37 (s, 1H), 7.38-7.41 (m, 1H), 7.54 (dds 7.2, 5.2 Hz,
1H), 7.67-7.69 (m, 2H), 8.00 @,= 7.6, 1H), 8.12 (dJ = 7.6 Hz, 1H), 8.18 (dd] = 8.0, 1.2
Hz, 1H), 8.81 (dJ = 4.0 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 108.3 (CH), 117.3 (CH), 120.4 (CH), 123.3 (Cq)4 R
(CH), 124.8 (CH), 124.9 (CH), 133.1 (CH), 137.2 (CH47.7 (Cq), 148.3 (CH), 155.1 (Cq),
159.4 (Cq), 177.4 (Cq).

3.5: Anti-diabetic activity

Diabetes mellitus (DM) is a metabolic and heteregers disorder caused by inherited and/or
acquired insulin secretion deficiency and/or by éo@d responsiveness of the organs to the
secreted insulin, affecting approximately 5 % dhtalobal populatiori® Among the two
major types of diabetes, Type | diabetes mellits® &nown as insulin dependent diabetes
mellitus (IDDM) commonly occurs in children and aoats to only 5-10 % of total diabetic
patients. However, Type Il diabetes mellitus alsown as non-insulin dependent diabetes
mellitus (NIDDM) is highly related to diet or lifede and is prevalent in adults, called as
adult-onset diabetes. The high blood-glucose leargdes due to high consumption of
carbohydrate enriched diet leading to hyperglycemiaffected individuals. In a study done
by Shawet al.’®® 6.4 % of adults of world (aged 20-79 years) wexentl to be affected in
2010 and it is estimated to increase to 7.7 % 30 Recently, Guariguatet al.** conducted

a literature search depicting diabetes prevaletateatly for 2013 and estimated the greatest
increase by 55 % up to 2035.

Herbal drugs have been a major source of cmedi over the centuries for the
prevention and cure of various diseases includiabedes mellitus. There are more than 200
species of plants that exhibit hypoglycaemic properand its use along with drugs including
insulin helps to lower the drug dosage and/or deaehe frequency of drug administration
with reduced side effect8! But the detection of anti-diabetic compound andifjzation
from plant crude extracts is a tedious work allayihe isolation of anti-diabetic compounds

only in trace amounts from herbs due to which thmiper of drugs is limited. Number of
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natural compounds belonging to major classes ofmated compounds like alkaloid,
carbohydrate, terpenoids, flavonoids and phenammounds extracted from various plant
medicated sources are reported to be potentiabitohé for the two enzymesiz. a-
glucosidase and-amylase responsible for Type 2 DM. In the processcreening, anti-
diabetic compounds are all natural compounds saghbyanogenol, galegine (isolated from
plants) and acarbose, miglitol, and voglibose &l from microbes) which were found to
demonstrate inhibitory activity of these enzymi®sZhao et al.**® investigated the anti-
diabetic activity of flavone, the main pharmacotadi ingredient isolated fronhpomoea
batatas leaf. It was found effective against non-insulgpdndent diabetes mellitus (NIDDM)

in rats.

Natural compound can be modified into more potémtexivatives on the basis of structure
activity relationship (SAR) studies. Various dosependent inhibition assays have been
shown that synthetiderivatives show more potesiglucosidase inhibitory activity than their
parent compound/S? For example, salacinol derivatives inhibited rata$i intestinal a-
glucosidase more strongly than the naturally odgegrsalacinof®® Few natural as well as
synthetic flavones have been studied for anti-diabactivity>® This encouraged us to
evaluate the flavonelar synthesized in our laboratory for their anti-diabettivity.

The synthesized 18 flavonds-r were submitted foin vitro inhibition of a-glucosidase
activity in the Marine Biotechnology Department@ba University. These derivatives were
firstly dissolved in methanol solvent (1 mg/mL).was observed that only 5 derivatives

1d, 1i, 1j and1r were completely soluble whereas the remainingvdévies were partially
soluble forming aggregates in the solution. Hereese partially soluble derivatives were
excluded from further studies. The selected comgsdr, 1d, 1i, 1j and 1r were then
evaluated for theim vitro inhibition of a-glucosidase activity.

The selected samplds, 1d, 1i and1r showeda-glucosidase inhibition of 74, 53, 98 and 93
% respectively at 30Qug/mL, however, 2-(1,3-benzodioxol-5-ylH4chromen-4-onelj
showed highest inhibitory activity of 99 % at 3@§/mL. Further, the dose dependent studies
of these 5 samples showed proper graph patternfonlyj, hence it was selected for further

studies.

a-Glucosidase inhibition assay:
In vitro studies usinglj demonstrated remarkable inhibition afglucosidase suggesting
the presence of potential enzyme inhibitingvétgtof a synthetic compound. Significamt

glucosidase inhibitions were depicted at all theegooflj in comparison to their respective
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controls (t-test) (Figure 6). Dose dependent imioi of a-glucosidase byj ranged from 8.4
+ 0.37 % at 1 pg/mL to 99.3 + 0.26 % at 7.6 pg/aurther ANOVA of the percentage
inhibition of a-glucosidase observed in the control and differdases oflj showed
significant difference at P < 0.0001.
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Figure 6: Percentage of inhibition efglucosidase in presence of various dosel§y.dData
are mean = SD (*P < 0.05, **P < 0.01, **P < 0.00&notes statistically significant
difference from the test control as determinedthgent’s t-test significance).

Enzyme Kinetic studies

Enzyme kinetic study results were analyzed usinghlsielis—Menten plot & Lineweaver—
Burk plot analysis. The type ef-glucosidase inhibition shown kbl was non-competitive
(Figure 7). In non-competitive type of reactionschaelli’'s-Menten constant (Km) remains
same whereas maximum velocity (Vmax) of the enzigwatiction decreases. In this type of
reaction, inhibitor reduces the activity of the yme irrespective of substrate binding. The
Km and Vmax ofa-glucosidase withlj inhibitor were depicted as 71.42 [ihMand 0.02
HM/min and without inhibitor (control) as 71.42 [tMand 0.04 pM/min respectively.
Whereas the acarbose, a standard anti-diabeticiglrigported to show a competitive type
inhibition of a-glucosidasé® However, for the management of type-2 diabetes ofisirugs
which shows non-competitive type inhibition afglucosidase enzyme should be given
preference over the drugs that depict competigpe inhibition (e.g. acarbose). Competitive
type inhibition depends on the substrate conceotranda-glucosidase inhibition potential
of these drugs can be overcome by increasing theetration of substrate. So, if a type-2

diabetes patient is given acarbose tablets andvisidp excess food with more carbohydrates,
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then the acarbose effect on enzyme would be ovexcom higher concentration of
carbohydrates whereas if a patient is taking a dvbagch shows non-competitive type of
inhibition and simultaneously having higher carbdiaye containing diet, the carbohydrates

would have no effect on the enzyme inhibition pt&mof the drug.

300 .
* Control = 1j e
250
£ 200
s ~
E 150 P
- —
- s _—
100 e
f-v-‘,.r"'f' - -
S0 A
A
__,.*‘"
LD
0.04_—002 0 0.02 0.04 0.06 0.08 0.1
UpNPG (uM)-!

Figure 7: Lineweaver—Burk plots af-glucosidase inhibition at different concentratiafs
substrate and 2-(benzfjj1,3]dioxol-5-yl)-4H-chromen-4-ond;.

Statistical analysis

Statistical analysis fai-glucosidase assay was carried out using grapippsa-5 software.
All samples were evaluated in triplicates and statidieviation was calculated. Sample data
were analyzed with student’s t-test and one-way AMOwith tukey's test that was
performed using graph pad prism version 5.00 fordews, graph pad software, San Diego

California USA (www.graphpad.com).

a- glucosidase inhibition assay

The a-glucosidase inhibition was determined spectropietoically usingp-nitrophenyle-
D-glucopyranoside pNPG) as substrafé’ a-Glucosidase, 7.5 pL (0.5 U/mL) was mixed
with various concentrations df. After incubation of this mixture at 37 °C for 3@in, 100

puL of pNPG (3 mM) was added. Reaction mixture was themagaubated for 10 min at 37
°C. To stop the reaction, 750 pL of J&&; (0.1 M) was added and absorbance was
determined at 405 nm in triplicates. Standard diatibetic drug acarbose (PHR1253, Fluka)
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was used as a positive control éeglucosidase inhibition assay. The percentage itibiibof
the enzyme activity was calculated by using thiowahg formula.

Inhibition (%) = Absorbance of test control - Abisance of sample/ Absorbance of control
x100.

Kinetic analysis ofa-glucosidase inhibition

For kinetic studiesg-glucosidase enzyme 7.5 puL (0.5 U/mL) mixed wijh(12.5 pg/mL)
and incubated for 15 min. Furth@flPG was added at different concentrations (0.016220
mM) to individual reactions and the absorbance werded at 405 nm with the time
interval of 3 sec up to 180 sec. The Km and Vmalues were determined from the
Michaelis-Menten equation and mode of inhibition jyare represented graphically using

Lineweaver—Burk plot.

Molecular docking studies of 1]

Allosteric and competitive binding mode can be pmeswith more than one pocket present
in protein. Acarbose competes with substrate fdivacsites ofa-glucosidase enzyme.
Acarbose binding to active site afglucosidase was determined using Autodock 4.2 tool
Total 10 best docking models were obtained, outhem the best fit docked model was
chosen to reveal the molecular interaction betwaearbose and-glucosidase with the
minimum binding energy ofAG) of -6.04 and minimum inhibition constant (Ki) 87.38
UM. The structural model of the complex betweenrtaase andu-glucosidase and its 3D
representation is depicted in figures 8A and 8Beesvely. The 2D representation of the
interaction between acarbose andlucosidase enzyme was analyzed by LIG-PLOT (figur
8C). Acarbose depicted hydrogen bonding with Histi8 207 amino acids of active sites of
a-glucosidase. Other amino acids shows the hydrdphabd Pi-Pi interaction with the

acarbose (Figure 8C).

In contrary to the acarbose, flavodg depicted allosteric interaction wittrglucosidase
(Figure 9A). Binding pocket on-glucosidase foflj was different from that of the acarbose
binding site (Figure 9B), so these results sup@tresults obtained in enzyme kinetic study
that enzyme inhibition behaviour df is non-competitive. Out of total 10 docked model
obtained, the best fit model depicted the allosterieraction oflj with a-glucosidase with
minimum binding energy of -0.6.39 and minimum intdn constant (Ki) of 20.76 uM. It
was observed that amino acid Lys373 was involvetydrogen bonding witlij inhibitor
(Figure 9C). The other surrounding amino acids aegi hydrophobic and Pi-Pi interaction
with 1j inhibitor.
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(A) (8) (©

Figure 8: (A) Structural model of the complex between acaebandx-glucosidase; (B) 3D
Representation of the interaction between acaraode-glucosidase in the predicted binding

site; (C) 2D Representation of the interactionsveena-glucosidase and acarbose.

@) (B) (@

Figure 9: (A) Structural model of the complex betwegranda-glucosidase; (B) 3D
Representation of the interaction betwé&ganda-glucosidase in the predicted binding site;

(C) 2D Representation of the interactions betwegiucosidase antij.

The mode otx-glucosidase inhibition shown iy is a non-competitive type and is different
from acarbose which shows competitive type of iitltb. Since, non-competitive inhibition
of a-glucosidase exhibited by any drug is independent swubstrate (carbohydrate)
concentration, during the clinical trials, drugs/ing non-competitive type af-glucosidase
inhibition are more preferable over competitiveeyphibiting drugs. Hence, at this stagg,

has shown a significant anti-diabetic potentialskhis more advantageous than acarbose, so

Mayuri M. Naik, Ph. D. Thesis, Goa University Pagel36



CHAPTER 3

in future, along with the other lead compountjszan also be a potent future lead compound

for the management of type-2 diabetes.

Molecular docking

General remarks: PDB structure @flucosidase was downloaded from Pubchem (PDB ID:
3A4A). Acarbose a standard molecule for dockingdigtsi was downloaded from
https://pubchem.ncbi.nim.nih.gov/. The 3D structof¢helj was drawn and validated using
Marvin sketch (https://www.chemaxon.com /productsivin/marvinsketch). Windows based
automated docking tool Autodock 4.2 was used fockaw study. Discovery studio
(http://accelrys.com/products/collaborative-sciébmia-discovery-studio/) and LIGPLOT
v.5.4.3 (http://www.ebi.ac.uk/thornton-srv/softwdi&PLOT/) were used to analyze the
molecular interactions between docked molecules.

Using the Autodock 4.2 tools, all water moleculdsaeglucosidase were removed and
essential hydrogen atoms and Gasteiger charges agsigned. Grid parameter file (GPF)
was prepared with the grid spacing of 1 and ligdimlension 88x87x126 for acarbose and
0.819 and ligand dimension 98x88x104 1gr Docking parameter file (DPF) was prepared
using Lamarckian Genetic Algorithm (LGA) with paratars set to 10 runs, whereas energy
evaluation was set to 2,500,000 and 27,000 geparatutogrid4 and autodock4 were run to
calculate the lowest energy conformation betwegankl and target. Different energy terms
including intermolecular energy (vdm + hbond + desenergy + electrostatic energy),
internal energy, torsional energy and binding epe@n be obtained from the output DLG
(Docking Log file) format which was further analgsesing as PyMOL and LIG-PLOT.

3.6: Conclusion

Synthesis of flavones is established from 2’-hygemetophenones and aromatic aldehydes
in one pot using pyrrolidine and iodine catalystMSO solvent at 158C in 60-88 %. The
methodology involves domino aldol-Michael-oxidatiaeaction sequence catalyzed by
pyrrolidine and iodine as base and oxidant respelgti

Also, this method avoids the step of isolation ledlcone or flavanone intermediates and then
subjecting them to further oxidation as in casenost of the reported methods for flavones.
Thus providing a straightforward route to flavones.

Several advantages of this methodology includingxpensive catalysts, broad substrate
scope, lack of metal catalysts and products in lighds with no side reactions makes it a

better synthetic approach to flavones.
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The reaction protocol was also successfully scafetb 5 g of starting aryl aldehydgato
get consistent yield of the desired flavdrae

The selected synthesized flavones were screendtidonin vitro anti-diabetic activity with
acarbose as standard, among which flavgrexhibited highest activity.

Significant a-glucosidase inhibitions were performed at différdoses oflj showing very
high % inhibition of 99.3 £ 0.26 % at very low camtration of 7.6 pg/mL.

The inhibition kinetics analyzed by Lineweaver-Buakd Michaelis—Menten plot analysis
indicated non-competitive type of inhibition @fglucosidase enzyme Wy which is different

from the standard acarbose which shows competitpe of inhibition.

3.7: Experimental

OH Me
OMe  pyrrolidine (0.5 equiv)
+ H >
o DMSO, reflux

16a (e} 17a

3.7.1: A procedure for the synthesis of 2-(3,4-dinieoxyphenyl)chroman-4-one l1la’:2’-
Hydroxyacetophenon&6a (0.1 g, 0.7 mmol) and 3,4-dimethoxybenzaldehgda (0.12 g,
0.7 mmol) were mixed together along with pyrrol@if0.026 g, 0.35 mmol) in DMSO
solvent (10 mL). The resulting mixture was thenwe#d for 15 minutes. After completion of
reaction (monitored by TLC) the reaction mass wésvad to cool and diluted with ethyl
acetate (20 mL). The resulting solution was theshed with water (5-6 times, 10 mL each).
Combined water layers were extracted with ethytateg3-4 times, 10 mL each) and the two
ethyl acetate extracts were combined which was edshith dilute HCI solution. It was
followed by water washing, drying over anhydroudism sulphate and concentrating under
reduced pressure to furnish the crude product.rébielue obtained was purified by column

chromatography using benzene as an eluent to dffar@nonela’.

R OH /@ 0.5 equiv Pyrrolidine
[k
* oHeT 0.05 equiv iodine
16 © 17

DMSO, 150 °C

Y

3.7.2: A general procedure for the synthesis of flones 1a-r: Substituted 2'-
hydroxyacetophenon&6 (0.7 mmol) and substituted aromatic/heteroaromaililehydel7
(0.7 mmol) were mixed together along with pyrralieli(0.35 mmol) and iodine (0.035 mmol)
in DMSO solvent (10 mL). The resulting mixture wihen heated at 150 °C for the given
time. After completion of reaction (monitored by @) the reaction mass was allowed to cool
and diluted with ethyl acetate (20 mL). The resgltsolution was then washed with water (5-
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6 times, 10 mL each). Combined water layers weteeted with ethyl acetate (3-4 times, 10
mL each) and the two ethyl acetate extracts wengbawed which was washed with saturated
sodium thiosulphate solution. It was followed byidg over anhydrous sodium sulphate and
concentrating under reduced pressure to furnisicrbge product. The residue obtained was
purified by column chromatography using petroleuheeethyl acetate as an eluent to afford

flavonesla-r.

OMe
OH /©/OMe 05 equiv Pyrrolidine
" oHC 0.05 equiv iodine
160 O DMSO, 150 °C
17a 10 h

3.7.3: A procedure for the synthesis of flavone 1&’-Hydroxyacetophenoné&6a (0.1 g,
0.7 mmol) and 3,4-dimethoxybenzaldehytiéa (0.12 g, 0.7 mmol) were mixed together
along with pyrrolidine (0.025 g, 0.35 mmol) and ireel (0.0045 g, 0.035 mmol) in DMSO
solvent (10 mL). The resulting mixture was thentbdat 150 °C for 10 h. After completion
of reaction (monitored by TLC) the reaction mass ahowed to cool and diluted with ethyl
acetate (20 mL). The resulting solution was theshed with water (5-6 times, 10 mL each).
Combined water layers were extracted with ethytateg3-4 times, 10 mL each) and the two
ethyl acetate extracts were combined which was egs¥ith saturated sodium thiosulphate
solution. It was followed by drying over anhydraadium sulphate and concentrating under
reduced pressure to furnish the crude product.rébielue obtained was purified by column
chromatography using petroleum ether-ethyl acdg#) as an eluent to afford flavordia
(0.182 g, 88 %).

DMSO, 150°C le}

OH X 0.5 equiv Pyrrolidine OH =
+ | - |
OHC N 0.05 equiv iodine N +
O
16a

17n
reduced chalcone Flavonone Flavone

22 1s' 1s

3.7.4: A procedure for the synthesis of 1-(2-hydrgyphenyl)-3-(pyridin-2-yl)propan-1-
one 22, 2-(pyridin-2-yl)chroman-4-one 1s’ and 2-(pydin-2-yl)-4 H-chromen-4-one 1s:
2’-Hydroxyacetophenon&6a (0.2 g, 1.5 mmol) and 2-pyridinecarboxaldehylda (0.16 g,
1.5 mmol) were mixed together along with pyrrol&if0.052 g, 0.35 mmol) and iodine
(0.019 g, 0.035 mmol) in DMSO solvent (10 mL). Tiesulting mixture was then heated at
150 °C for 2 h. After completion of reaction (mamgd by TLC) the reaction mass was
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allowed to cool and diluted with ethyl acetate (@Q). The resulting solution was then
washed with water (5-6 times, 10 mL each). Combinater layers were extracted with ethyl
acetate (3-4 times, 10 mL each) and the two ettgladie extracts were combined which was
washed with saturated sodium thiosulphate solutibmvas then washed with 2N NaOH
solution (2 times, 10 mL each) and then with waldre ethyl acetate layer was dried over
anhydrous sodium sulphate and concentrated undeiced pressure to furnish the crude
product. The residue obtained was purified by colwmromatography to afford 2-(pyridin-2-
yl)chroman-4-ondls’ and 2-(pyridin-2-yl)-#-chromen-4-ond. s using petroleum ether-ethyl
acetate (8:2) and (7.5:2.5) as an eluent respéctive

The NaOH layer was neutralized by adding conc. stfition and then extracted with ethyl
acetate (3-4 times, 10 mL each). It was then ddeer anhydrous sodium sulphate and
concentrated under reduced pressure to furnislertiee product. The residue obtained was
purified by column chromatography using petroleuheeethyl acetate (1:1) as an eluent to

afford 1-(2-hydroxyphenyl)-3-(pyridin-2-yl)propandne22.
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CHAPTER 4

4.1: Introduction

6H-Benzofuro[3,2€][1]-benzopyran-6-ones1l, commonly known as coumestans, are
polycyclic ring systems having a coumarin ring anblenzofuran ring fused together sharing
a common C=C bond. A number of oxygenated compouitisthis ring system are isolated

from several natural sources, however parent coiaméa is not known to occur in nature.

Figure 1: Structure of coumestdnwith general numbering.

The general numbering dfis shown in figure 1. However it has been numbeneadther 3
ways in the literature as shown below (Figure 23ridus names such as coumarino[3’:4'-
3:2]coumarone, benzofurano[3',2":3,4]coumarin, cauno-benzofuran, Gxo-pterocarp-6a-
ene, pterocarpone,Hg[1]benzofuro[3,2e]chromen-6-ones, benzofutebenzopyrone, and
coumestones are given to this class of compouwds Which the coumestones was proposed
by Ollis in 1966' The name pterocarpone signifies that it is one hef member of

pterocarponoids group analogous to flavonoids.

Figure 2: Different numberings ofa
4.2: Occurrence
Coumestarfsare found in diverse parts of plants such as learasts and seedsThe
different plant sources belongs Rapilionaceae, Leguminosae, and Compositae families,
most of them being isolated froreguminosae plants. Coumestans are the final oxidation
products of pterocarpans and pterocarpenes. ltistensf several natural members among
which wedelolacton®a was the first natural compound isolated by Govimdaicet al. in
1956' from the leaves oiVedelia calendulacea (Compositae). Later it was also isolated from
Eclipta species.” It is interesting to know that most of the naturalimestans isolated from
diverse plant sources consists of a resorcinol innitoth the benzene rings i.e. presence of
oxygen functionality at €and G positions2 (Figure 3, Table 1). Also few of the natural
members3 do have oxygen functionality ats@Gnd/or G positions (Figure 4, Table 2)

whereas other compoundsre shown in figure 5 (Table 3).
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Figure 3: Naturally occurring coumestags

Table 1: Source of isolation of naturally occurring counaes?.
No.

Name

Rl Rz R3 R4 RS
Source of isolation

2a Wedelolacton®&®

OH H OMe OH

OH
Wedelia calendulacea, Eclipta alba,

Eclipta prostrata, Wedelia chinensis
2b

Norwedelolactong ¢

OH H OH OH OH
Eclipta alba, Eclipta prostrate,

Wedelia chinensis
20 COU m eStrcﬁ,Se-c, 14¢,23¢,26¢-b,31¢,33¢-¢,34,4¢

Medicago sativa, Trifolium repens,
Trifolium fragiferum, leguminous
plants,Trifolium pratense, Trifolium
subterraneum, annual medics, Chines
milk vetch, Soyabean, legume shoots
sprouts, processed fodderris species,
Melilotus messanensi s, Phaseolus
aureus, Soja hispida, soyabean roots,
Solanum iyratum, Pueraria mirifica,
Pueraria lobata, Dolichos biflorus,

Phaseolus lunatus, Melilotus indica
2d

8-Methoxycoumestréf*

H H OH OMe | OH
Medicago sativa, Arachis hypogaea,

Tephrosia purpurea

2e 9-Methoxycoumestrd|

H H OH H OMe
Dalbergia odorifera, Cicer species,

Melilotus messanensis, Medicago
sativa, Dalbergia oliveri, Dalbergia

stevensonii, Trifolium pratense,

Centrol obium species, Spathol obi
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caulis

2f

Coumestrol dimethyl ethér
Dalbergia decipularis

OMe

H OMe

29

Medicagof“*

Cicer species, Medicago sativa,
Sophora chrysophylla, Cyclopia
intermedia, Maackia amurensis,
Galega officinalis, Flemingia
macrophylla, Sophora japonica,
Dalbergia oliveri, Dalbergia
stevensonii, Sophora tomentosa,
Euchresta japonica, Trifolium pratense

OH

“O-CH:-O-

2h

Lucernof®!!

Medicago sativa

OH

OH

2i

Flemichapparin €51
Flemingia chappar, Tephrosia
hamiltonii, Eysenhardtia polystachya,
Cyclopia intermedia, Galega

officinalis, Derris scandens

OMe

-0-CH-O-

2

2-Hydroxyflemichapparin &
Swartzia lelocalycina

OH

OMe

-O-CH-O-

2k

Aureoft%

Phaseolus aureus, Hedysarum

multijugum, Flemingia macrophylla

OH

OH

2l

6-hydroxy-5,7-dimethoxy-11,12-
methylenedioxycoumestot@

Swartzia lelocalycina

OMe

OH

OMe

-O-CH-O-

2m

7-hydroxy,11,12-
dimethoxycoumest&h*®

Alfalfa, Melilotus messanensis

OH

OMe | OMe

2n

Flemicoumestan &

Flemingia philippinensis

OH

OH

OMe OH

20

Hedysarimcoumestan'A®

Hedysarum multijugum

OH

OMe

H OMe

Mayuri M. Naik, Ph. D. Thesis, Goa University
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2p Hedysarimcoumestan'#® OH H OH H OMe
Hedysarum multijugum
2q Hedysarimcoumestan'f® OH H OH | OMe| OMe
Hedysarum multijugum
2r 1,3,9-Trimethoxycoumest&h OMe H OMe H OMe
Hedysarum multijugum
2s | 2-methoxy-3,9-dihydroxy coumestéh| H OMe | OH H OH
Tephrosia hamiltonii
2t Isotrifoliol*’ OMe | H OH H OH
Glycyrrhiza uralensis
Ry
R; o0
~
o O Rs
3 Ra
Figure 4: Naturally occurring coumestafgs
Table 2: Source of isolation of naturally occurring counaess.
No. Name R1 R2 Rs R4
Source of isolation
3a Sophoracoumestan'B™ OH | OMe | -O-CH-O-
Sophora franchetiana, Cyclopia intermedia
3b Sativof“!! OMe | OH H OH
Medicago sativa
3c Pongacoumestait® OH | OMe | H OH
Pongamia pinnata, Arachis hypogaea
ad 4-Hydroxycoumestrat OH OH H OH
Erythrina sigmoidea
3e 3-Hydroxy-4,9-dimethoxycoumestan OH OMe H OMe
Ononisvaginalis
3f 3,9-dihydroxy-4, 8-dimethoxycoumestan OH OMe | OMe| OH
Arachis hypogaea
3g 3-Hydroxy-8-methoxycoumestan OH H | OMe| H
Medicago species
Mayuri M. Naik, Ph. D. Thesis, Goa University Pagel75



CHAPTER 4

Figure 5: Naturally occurring coumestads

Table 3: Source of isolation of naturally occurring counaasi.

No. Name R, R> R3 R4 Rs Re
Source of isolation
4a Hedysarimcoumestanf® OH H | OMe| OH H | OMe
Hedysarum multijugum
4b Wairol? H H | OH | OMe| H | OMe
Medicago sativa
4c Tephrosaf’ H |[OMe| OH | H | -O-CH-O-
Tephrosia villosa
4d Repensdf H H | OH| OH| H OH
Trifoliumrepens
4e Trifoliol % H H |OH| OH| H | OMe
Trifolium repens, Medicago
sativa
Af Melimessanol A H OH | OMe| H H H
Melilotus messanensis
4g Mutisifurocoumarif® CHs; H H H | OH| OH

Mutisia orbignyana, Mutisia

acuminata

Some of the prenylated coumest&nand6 are shown in figures 6 and 7 respectively have

been isolated from various sources (Table 4-5).

Figure 6: Naturally occurring prenylated coumestans
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Table 4: Source of isolation of naturally occurring counaesb.

No. Name R, R, R3 R4 Rs Rs R
Source of isolation

5a Psoralidif® H | Prenyl| OH H H H H
Psoralea corylifolia,
Dolichos biflorus,
Phaseol us lunatus

5b Glycyrol*™* OMe | Prenyl| OH H H H H
Glycyrrhiza uralensis

5c | 3-O-Methylglycyrof™ | OMe | Prenyl OMe| H H H H

c

Glycyrrhiza species

5d Phasedf® H H OH | Prenyll H H H
Phaseolus aureus

5e Isosojagaf® H H OH H H H | Prenyl
Phaseol us coccineus,
Erythrina abyssinica

5f Sigmoidin Ke&-% H | Prenyl| OH H H H Preny
Erythrina sigmoidea,
Erythrina abyssinica

59 Puerarostafi H H OH | OMe H | Prenyl H
Pueraria tuberosa

5h Mirificoumestar” H H OH H Prenyll OMe H

Pueraria mirifica,

Pueraria hirsuta

Figure 7: Naturally occurring prenylated coumesténs
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Table 5: Source of isolation of naturally occurring counaest.

No. Name R, | R R3 R4 Rs Re R
Source of isolation

6a Erythribyssin N* H | H| OH H H H Prenyl
Erythrina abyssinica

6b | Hedysarimcoumestan'y¢ | OH| H | OH H H H Prenyl

Hedysarum multijugum
6c | Hedysarimcoumestan'®® | OH | H OH H OH H Prenyl
Hedysarum multijugum
6d | Hedysarimcoumestani | OH| H | OH H | OH | Prenyl H
Hedysarum multijugum
6e | MethylhedysarimcoumestanOH | H | OMe H OH | Preny H
H14c

Hedysarum multijugum

Other natural compound$-32 (Figure 8, Table 6) bearing pyran ring, hydroxyalk
substituent, epoxide, furan ring, chromene ringptienyl, geranyl and sulphate substituents
are also known. Also some complex coumes&®43 (Figure 9, Table 7) with glucoside
rings have also been isolated.
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\

R

HO O O HO. o._0O / H07§’O 0__0
= = o _—
IRaoy oy ey
30 OH 31 OH 32 OH
P

Figure 8: Structurally diverse naturally occurring coumesta32.

Table 6: Source of isolation of naturally occurring counaes{/-32.

No. Name

Source of isolation

7 Iso-glycyrof "
Glycyrrhiza species
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8 Isopsoralidif?

Psoralea corylifolia

9 Sojagof*™
Soja hispida, Soyabean, leaves (Glycine mé&tjaseolus aureus,

Cylicodiscus gabunensis

10 9-Hydroxy-2’,2’-dimethylpyrano[5’,6':2,3]-coumest&h

Solanumiyratum

11 Corylidin®
Psoralea corylifolia

12 Bavacoumestan A

Psoralea corylifolia

13 Bavacoumestan®
Psoralea corylifolia

14 Glycyruroft™
Glycyrrhiza uralensis
15 Lespedezacoumestdn
Lespedeza virgata
16 Mirificoumestan hydrat&
Pueraria mirifica
17 Mirificoumestan glycol™
Pueraria mirifica
18 Psoralidin 2',3"-oxide diacetdte
Psoralea corylifolia
19 Erosnin®
Pachyrrhizus erosus
20 Plicadirf*

Psoralea plicata

21 Sophoracoumestan A%-¢4
Sophora franchetiana, Psoralea corylifolia, Sophora chrysophylla

22 Tuberostaff
Pueraria tuberose
23 Hirtellanines B°

Ficus hirta, Campylotropis hirtella

24 Gancaonin F°
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Glycyrrhiza species
25 Tephcalostaff
Tephrosia calophylla
26 Tephcalostan 8
Tephrosia calophylla
27 Tephcalostan €
Tephrosia calophylla
28 Tephcalostan
Tephrosia calophylla
29 2-(a,a-Dimethylallyl)coumestrdf
Pueraria lobata
30 Puerardl’
Pueraria radix
31 Solalyratin A*
Solanumiyratum
32 Demethylwedelolactone 3-sulfaté

Eclipta prostrate

Mayuri M. Naik, Ph. D. Thesis, Goa University
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Figure 9: Naturally occurring coumestans with glucoside si8g43.

Table 7: Source of isolation of naturally occurring counaesB3-43.

No. Name

Source of isolation

33 Coumestrifi
soybean roots
34 Eriocephalosid®

Lasiosiphon eriocephalus

35 Hedysarimcoumestan'®
Hedysarum multijugum

36 Coumestoside &

Cylicodiscus gabunensis

37 Coumestoside B°

Cylicodiscus gabunensis

Mayuri M. Naik, Ph. D. Thesis, Goa University Pagel82



CHAPTER 4

38 Coumestoside €
Cylicodiscus gabunensis
39 Coumestoside D
Cylicodiscus gabunensis
40 Demethylwedelolactone glucostié*
Eclipta alba
41 3-Hydroxy-9-methoxy-2-[2'E)-3"-methyl-4’-O-4-D-

galactopyranosylbutenyl]-8-isoprenylcoumestan

Picralima nitida

42 3-Hydroxy-9-methoxy-2-[27E)-3"-methyl-4’-O-4-D-
glucopyranosylbutenyl]-8-[2')-3”-methyl-4"-oxobutenyl]coumestati
Picralima nitida

43 3-Hydroxy-9-methoxy-4-[2'E)-3"-methyl-4’-O-4-D-
glucopyranosylbutenyl]-8-[2')-3”-methyl-4"-oxobutenyl]coumestati
Picralima nitida

Most of these naturally occurring coumestans areowkn for exhibiting diverse
pharmacological activitie¥. Many herbs/plants rich in coumestans have been @se
traditional medicines mostly in China and Indiareat varied diseasé$*“>*Wedelolactone,
the first natural member of coumestan inhibits mamgymes such as IKK kinaZes-
lipoxygenasé Na', K* -ATPase?® hepatitis virus C RNA-polymeraseand trypsirt® Also
its other activities includes antibactefitlantimicrobial®® antinepatotoxié® antimyotoxic®
antitumour?® hepatoprotectiv€® anticancef/ and electrochemic® activities. It also
enhances interferon Y signallifigand is a potent glucosidase inhibitor and antéghyic
agent’® Recently its metabolism in rats has been stutli€bumestrol is another immensely
studied member showing diverse biological actisiti# has higher binding affinity for ER
than other phytoestrogeffsit is also known to inhibit bone resorption andstimulate bone
mineralizatiort® including some other activiti€d.Some coumestans inhibit protein-tyrosine
phosphatase B and some are used in the treatment of liver disf&gther activities
shown by coumestans includes anticai€antitumour,® and anti-inflammatory activities.
Also studies have shown their widespread use amalexins®® estrogenié® antibacteridf
and antidepressafit. These tremendous biological activities promptedtaisdevelop an

efficient method for coumestan synthesis.
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Several synthetic coumestan analogues have also frepared and studied for biological
activities. Some of them such &sl-49 exhibit peculiar biological activities and their
structures are depicted below (Figures 10-11, Téldg

Figure 10: Synthetic coumestaik!.

Table 8: Synthetic coumestank!.

No. Name R Ry R2 R3 R4
44a 3-Methoxy-2,8,9-trihydroxy H OH OMe OH OH
coumestaff
44b 2-Methoxy-3,8,9-trihydroxy H OMe OH OH OH
coumestar®®

44c | 6H-Benzofuro[3,2€]chromen-6-on#& H H H H H

44d 9-Methoxy-@1-benzofuro[3,2- H H H H OMe
cJchromen-6-on¥&

44e 8,9-Dimethoxy-61-benzofuro[3,2- H H H OMe | OMe
c]chromen-6-on&

44f 9-Chloro-@4-benzofuro[3,2- H H H H Cl
c]chromen-6-on®&

44qg 9-Bromo-@H-benzofuro[3,2- H H H H Br
cJchromen-6-on¥&

44h 9-Hydroxy-6H-benzofuro[3,2- H H H H OH
c]chromen-6-on&

44i 8,9-Dihydroxy-61-benzofuro[3,2- H H H OH OH

cJchromen-6-on&®’
44 3-Ethoxy-1,8,9-trihydroxy-8- OH H OEt OH OH
benzofuro[3,2e]chromen-6-on&
44k 3-Decyloxy-1,8,9-trinydroxy-8- OH | (CH,)e | OEt OH OH
benzofuro[3,2e]chromen-6-on& CHs
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Figure 11: Complex synthetic coumesta#is-49.

Table 9: Complex synthetic coumestadis-49.

No. Name

45 2-ferrocenyl-furo[3,2-c]chromen-4-ofie

46 Naphtho coumestafis

a7 3-Hydroxy-9-methoxy-2-[2'E)-4’-hydroxy-3'-methylbutenyl]-8-

isoprenylcoumestan

48 3-Hydroxy-9-methoxy-2-[2)-4"-hydroxy-3’-methylbutenyl]-8-[2" E)-
3”-methyl-4"-oxobutenyl]coumestati

49 3-Hydroxy-9-methoxy-4-[2E)-4’-hydroxy-3’-methylbutenyl]-8-[2" E)-
3”-methyl-4"-oxobutenyllcoumestati

4.3: Literature synthetic methods

Owing to immense biological importance of coumestampounds, several methods for the
synthesis of this tetracyclic ring system have beeported® Based on retrosynthetic
analysis, the synthetic methods can be broadlydédiinto 4 categories as depicted below.
These 4 approaches have been classified on the b&ag) formation of furan ring on
preformed coumarin ring (Scheme 1, Route A), inrfation of coumarin ring on preformed
furan ring (Scheme 2, Route B), iii) simultaneoasfation of C-C and C-O bonds to form
furan ring (Scheme 3, Route C), iv) from flavonoiScheme 4, Route D) and v)
miscellaneous routes (Scheme 5, Route E).
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0._0O 0]
CL &
OH O demethylative or

dehydrative
cyclization
R"= OMe, OH

‘\
o / 1C ﬁEQ R

Scheme 1Formation of furan ring on preformed coumarin r{Rpute A).

R O OCONEt,

\@[\;SMe
xb, f

0.F
HO. COOMe ‘% 1 f O
Route B
MOMO c
o] a, b
OH

Scheme 2Formation of coumarin ring on preformed furan r{Rpute B).
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Scheme 3Simultaneous formation of C-C and C-O bonds to féurman ring
(Route C).

Scheme 4From flavanoids (Route D).
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Scheme 5Miscellaneous routes (Route E).
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All these approaches involving diverse substrategbeen discussed ahead. Some of the
methods have also been applied for the synthesiatafal coumestans.

4.3.1: Formation of furan ring on preformed coumarn ring (Route A)

4.3.1.1: From demethylative or dehydrative cyclizabn

Syntheses of coumestans were reported many deeagesrom 3-(2-methoxyphenyl)-4-
hydroxycoumarin intermediate (Scheme 6). This wespared by various groups using
different methods. Bowyeret al.®? synthesized itvia cyclization of corresponding
deoxybenzoin with ethyl carbonate and sodium dnst957. This intermediate was then
converted to coumestan using 48 % HBr in boilingtiacacid.

Synthesis of parent ring systerih present in wedelolacton€2a and of triO-
methylwedelolactone was reported by Govindachaai.® in the same year. The coumarin
intermediate was prepared from intramolecular @laicondensation of meth@O'-
methoxyphenylacetoxybenzoate in presence of soditimvas further demethylated on

prolonged treatment of pyridine hydrochloride ori@ating at 280 °C.
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OH ~
(o]
)
o) R'

Ref %% Et,CO3/Me;CO3 | or CICOOEH/CICOOMe Ref 9698
Na K2COs3

OMe Ref % 0 Q
OO o~ Na in Iqu|d @_;OH
¥z
OEt
paraffin o)

3-(2-methoxypheny|)-4- hydroxycoumarln
intermediate

Ref2HBr | o Py-HCIRef %%
Ref % 280 °C or  Aniline-HCl Ref 9697

or HiRef%

Scheme 6
Deschampo-Vallet and MentZér reported coumestan synthesis from the coumarin
intermediate by treatment with pyridine hydrochdieri The intermediate was obtained on
thermal condensation of phenol wikmethoxyphenyl diethyl malonate.
Govindachari et al.*® synthesized the coumarin intermediate by condemsabf
corresponding deoxybenzoin with diethyl carbonatd pulverized sodium. Demethylative
cyclization of the intermediate with pyridine hydhtoride resulted in coumestan.
Similarly Emerson and Bickdff synthesized the coumarin intermediate by condiemsat
deoxybenzoin with methyl chloroformate in preseatpotassium carbonate. Subjecting it to
aniline hydrochloride delivered coumestan. Anilihgdrochloride was also utilized by
Nasipuri and Pyri for coumestan synthesis. The intermediate coumasis obtained by
treating deoxybenzoin with ethyl chloroformate neethFinally demethylative ring closure
with Hl at 170 °C yielded coumestgh.
Uma Rani and Darbarw#isynthesized various oxygenated coumestans andatetates by

dehydrative cyclization of 4-hydroxy-3-arylcoumarinsing methanolic hydrogen chloride

(Scheme 7).
00 0.0
R MeOH R =
G e &
OH @) R

HO

Scheme 7
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4.3.1.2: From disconnection a

Kappeet al.'® demonstrated the preparation of coumestan in 19F8/droxycoumarin was
reacted with (diacetoxy)iodoarene to from iodoniyide which rearranged to 4-aryloxy-3-
iodocoumarin on heating. Reductive deiodinationuoed when it was heated with Zn-
HOAC to give 4-aryloxycoumarin which was converteccoumestan on photocyclization in
presence of iodine. Also 4-aryloxy-3-iodocoumannyided coumestan on photocyclization.
However, low substrate scope and poor yield limiteel use of this approach. Later this

method was modified wherein 4-aryloxy-3-iodocoumanvas cyclised using Heck

conditiort® (Scheme 8).
(ONge] o__0
e LSO
=
o~

Ref100 Zn, AcOH
. 0._0
(ONgHe} AcO\I/OAc 0.0 R DMF
R ag. Na;COs reflux R —
Pz + —— > R 5 _— |
} R' |
OH 0

©}
o
A

PdCI,/NEty

ReflOl

Scheme 8

Also Honget al.'%? developed an efficient one pot cyclization prodegseacting iodoarenes
and various arylols/ia oxidative palladium catalysis (Scheme 9). The meéthogy was
extended towards the synthesis of parent coumesiaequential oxidation of iodophenol to
hypervalent iodine (lll) species, 3-iodination ofhydroxycoumarin to form 3-iodo-4-
phenoxycoumarin through iodonium vylide intermediand Pd catalyzed C-H
functionalization and cyclization.
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[eNgFTe]
. = .
m-CPBA (1 equiv) Q;;/r(l equiv) Pd(OAc), (5 mol%) 00
©/| CH3COOH (2 equiv) OH K>CO3 (3 equiv) O
o : > P
HFIP, 50 °C, 5h toluene, 100 °C, 12h NaCl (1 equiv) o
DMF, 130 °C, 20 h
iodonium ylide
o] forrl‘gatigrll C-H activation [Pd]
and cyclization
L
= 0._0 0.0
F3C~_O~, O~ _-CF3 . o
U OH o isomerization P
o (e} - | - |
0 O

Scheme 9
Recently, McGlacken and co-work&fs synthesized coumestan by an intramolecular
coupling using palladium catalyst. Accordingly 4eploxycoumarin was chlorinated at 3
position using NCS in trifluoroacetic acid which oriramolecular coupling between C-ClI
and phenoxy C-H bond yielded coumestan. This gjyateas successfully applied to the

synthesis of natural coumestan flemichapparin ©€8e 10).

©

©

oo 0._0 Pd(OAC); (5 mol%) 00
NCS PCy3.HBF,4 (15 mol%)
= _— = Cl &
CF3COOH Cs,CO; (1.1 equiv) 0 O

xylene, 130-140°C,
16 h

Scheme 10

A palladium catalyzed intramolecular cross dehydragive coupling (CDC) was designed
by Chenget al.’** for the synthesis of coumestans. The methodolcggy also applied for the
synthesis of Coumestrol and Flemichapparin C (Sehg&h).

/@ R Pd0Ac), (10 molos)
0o AgOAcC (2 equiv)
S
R

(o]

?i

o

CsOAc (2 equiv)
PivOH, 100 °C

o
> X

R
o

(0]

Scheme 11
McGlacken and co-workef$ reported a palladium catalyzed double C-H actvatof
coumarin moieties to form coumestans. Flemichapp&i was synthesized using this

methodology (Scheme 12).
/GL R Pd(OAc), (10 mol%)

Ag,0 (1.5 equiv)
X

(0]

NaO'Bu (0.2 equiv)
PivOH, 140 °C

o

Scheme 12
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Singh and Singf® prepared alkylated product from 4-hydroxycoumarmd 2-
bromocyclohexanone which was cyclised and dehydratgel by polyphosphoric acid and
DDQ respectively (Scheme 13).

Or° g i °y° i) PPA O
r K,CO. R I
RA@QZ_‘_ \é% = R _
i)D
(0D

OH Acetone

Scheme 13

Burnset al.*” developed a palladium catalyzed methodology fer@hH functionalization of

2-pyrones which was extended for the synthesiswcdit coumestan (Scheme 14).

Pd,(dba-4-OMe);/PPh;

(ONgSle] (2 mol% Pd)
@j (4 mol% PPhy) O 00
= >
| > =
o Cs,CO; (3 equiv)
THF, 70 °C 9 Q

Scheme 14

Kapdi and co-worketg® achieved an intramolecular C-H bond functionaiaratof 4-(2-
bromophenoxy)coumarins with [Pd(Pfdisaccharinatg) as the palladium catalyst source
(Scheme 15). The substrates with electron releasitinglrawing substituent gave good yield

of the products.

o]
I}

OO0 [Pd(PPhs),(saccharinate),] 0__0 $70 pph,

P (5 mol%) O NO/ O

Br > = Pd_

Io) dioxane, K,COjs (2 equiv) o / N
o PhsP  O=§
o 140°C, 24 h 0

[Pd(PPhgz),(saccharinate),]

Scheme 15

A variety of coumesatns were synthesized by Kapdi.'* by using phospha-palladacycle
via intramolecular C-H bond functionalization of 44Bsmophenoxy)coumarins. The direct
one pot conversion of 4-chlorocoumarin to coumestas also achieved under microwave

irradiation (Scheme 16).
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0.0
Palladacycle A
2 o 2 mol% (010) |
0-10 _C—

o . P. 2 O/-C\ Q

K,COj, 1,4-dioxane \pé \

R 140°C, 24 h \ AN

oi\/C/o P

‘ (o-tol),
0.0
O _ Palladacycle A
o~
(o6} Palladacycle A
HO 2mol%
=z o+
Br i
Cl

K,CO3, 1,4-dioxane
MW, 140 °C, 2 h

Scheme 16

Coumestan has been synthesized from 3-[2-cyclolygxéiinydroxy-1-benzopyran-2)-one

by Majumdaret al.*° via oxymercuration. It was treated with mercuric ateia methanol
followed by dehydrogenative demercuration with PdiC refluxing diphenyl ether.
Alternatively it was prepared in 2 steps from 4eg2lohexenyloxy)-1-benzopyran{2)-one
by refluxing in diphenyl ether first followed by dition of Pd/C. Also direct synthesis of
coumestan was obtained when 4-(2-cyclohexenyloxty@izopyran-24)-one was refluxed
in presence of Pd/C in diphenyl ether (Scheme 17).

00 Hg(OAC),/MeOH 0~0

= =
‘ rt, 12h

OH o)

AcOHg

Pd/C | Ph,O, reflux, 6 h

Oo._0
Pd/C, Ph,O O
Z
reflux, 6 h (e}
Ph,O Pd/IC /* Ph,O, reflux, 6 h
reflux, 6 h wo
O

Scheme 17

O\O
o)

4.3.1.3: From disconnection b
Synthesis of coumestans was carried out by theatixel cyclization of 4-hydroxy-3-phenyl-
2H-chromen-2-one as a starting matétiat®® (Scheme 18). Kappe and Schmidt had

employed Pd/C in refluxing diphenyl ether at 258" Later coumestrol was synthesized
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using this method:'® Recently, Tangt al.’*? accomplished Fegmediated synthesis from 4-

hydroxy-3-phenyl-Bi-chromen-2-one.

00 Reft% Ref!!?

R _ Pd/ C P FeCI3 _

o) Q diphenyl ether

reflux OH

rt- refI ux

Scheme 18
4.3.1.4: From disconnection ¢
Kurosawa and Nogaiif synthesized coumestans by the oxidative cyclinatié 3-(2-
hydroxyphenyl)coumarins using lead tetraacetate AJLT These 3-(2-
hydroxyphenyl)coumarins intermediate were obtaineg the Perkin reaction of
salicylaldehydes and 2’-hydroxyphenylacetic acleng with coumestans, 3-(1-acetoxy-4-
methoxy-2-0x0-3,5-cyclohexadienyl)coumarins wesndbrmed (Scheme 19).
Wadia and co-worket¥ also reported the synthesis of coumestan by usig The method
involves the use of salicylaldehyde and 2-phengéibetamide as starting materials in
presence of POgto give 3-(2-benzyloxyphenyl)coumarin which undenivdebenzylation in
acidic medium forming 3-(2-hydroxyphenyl)coumari@xidative cyclization using LTA

converted this coumarin to corresponding parentnesian (Scheme 19).
o0
I
6]

Pb(OAG), R' /
B

R Ac,0, NaOAc

HO. (e}
Acetic acid
HOOC

anhyd. benzene Ref 12

O O reflux, 30 min
O _A_PAc

©/\ LTA, 24 h

Scheme 19
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Mali and Tilvé*® carried out Wittig reaction between phosphorane athyl-2-(2-
3-(2-
hydroxyphenyl)coumarin by heating with pyridine hgchloride. DDQ was then employed

methoxyphenyl)-2-oxoacetate to form ester which wa®nverted to

for the oxidative cyclization to afford coumest&tlieme 20). Similar strategy was used by
Pandit and Gadt however 3-(2-hydroxyphenyl)coumarin was developgan alternative

route involving demethylation followed by cyclizati of cinnamic acid with pyridine
hydrochloride (Scheme 20).

0 OMe
o, Ol
—_—
Ref 11 ~PPhg OMe O
MeO
Py-HCI| A&
R R 0._0 R O~z0
Ref 116 COOH Py-HCI O P DDQ O P
: : [ o)
HO R
MeO R R
Scheme 20

Gonget al.**’ prepared 3-(2-hydroxyphenyl)coumarin intermedtageusing Perkin reaction
from salicylaldehydes and-hydroxyphenylacetic acids in the presence of sundacetate,
acetic anhydride and acetic acid. The oxidativelizgton of this intermediate was easily
achieved by using stoichiometric Pd@i DMF at 150 °C (Scheme 21).

R' CHO

F;@:OH CH;COONa R 0.0 R 0.0

Ac,0, AcOH PdCl,. NaOAc
— = R~ » R =

+ reflux, 24 h o O o DME, 150 °C o O R"

R j@\COOH 24h -

R" OH

Scheme 21
Chang et al.''® described the total synthesis of hedysarimcoumestg,

demethylwedelolactone and wedelolactone by usingn lanhyd. pyridine for oxidative

cyclization as one of the key steps (Scheme 22).

AcO O O AcO. O. O
O 12/Py
= - = AcO &
OAc G R reflux, 15 h o Q
HO R
Scheme 22

Vinyl C-H lithiation of bisortho-methoxy cis-stilbene was carried out by O’Shea and co-

workers®® followed by CQ quench to provide access to the targeted cinnaoiit This acid
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underwent demethylation with BBrfollowed by treatment with base and oxidative

cyclization with DDQ to form coumestan (Scheme 23).

~

o

P

98

i) BuLit-BuOK
-78°C,2h

i) CO,
iii) HsO*

COOH

i) BBr3, CH,Cly, rt

ii) Et;N, toluene, reflux

i) DDQ), toluene, reflux

o}

o}
=
(6]

Scheme 23

Recently Shengt al.’? reported the total synthesis of naturally occgrraoumestrol and
aureol. Nucleophilic addition afrbromophenol to glyoxylic acid resulted in the fation of
2-bromo-4-hydroxymandelic acid which further on uetion with SnGYHCI afforded 2-
This Perkin nd@nsation
hydroxybenzaldehydes gave acylated 2’bromo-3-ayt@rins which was deacetylated in

bromo-4-hydroxyphenylacetic  acid. on with o-

hot NaOH followed by acidification. Finally a coms#ive Cu-catalyzed hydroxylation and
aerobic oxidative cyclization carried out with C¥€),/1,10-phen, KOH in DMSO, MW at
120 °C afforded coumestrol and aureol (Scheme 24).

COOH COOH
Br 1) Nacl SnC|2 2H,0 Br
+ ¢HO 5
COOH 4y
OH
Ac,0, Et;N \é/
110°C, 6h

HO

o HO 0~ 0
Cu(OAc), 1) NaOH AcO (ONgZJe]
= 1,10-phen _ < P
O 2)HCl
0] KOH, DMSO R R
MW Br OH Br OAc

OH ~
R=_H (Coumestrol) air, 120 °C R=H, OH

OH (Aured)

Scheme 24

4.3.2: Formation of coumarin ring on preformed furan ring (Route B)

4.3.2.1: From disconnection a

Jamest al.** carried out Suzuki Miyaura cross coupling reactibaryl-O-carbamoylbrtho-
boronic acids with benzofuran iodide delivereddonrf coupled product. This was converted
to coumestans on treatment with LD#a directed ortho lithiation followed by acetic acid
reflux (Scheme 25).
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OMe ) LDAITHF
R \C[OCONEtZ 4@ Pd(PPh;), R OCONEt, 0°C, 30 min
I —_—
+
B(OH), o toluene, reflux i) ACOH, reflux
2h
R=H, OMe

Scheme 25
4.3.2.2: From disconnection b
Hiroya et al.** reported the synthesis of parent coumestan anuestwol. 2-lodophenol was
converted to diaryl acetylene under an acetylenesphere by using palladium catalyzed
cross coupling reaction. Next deacetylation wasi@arout followed by the intramolecular
carbonylative cyclization reaction under carbon mode atmosphere leading to parent
coumestan. For the synthesis of coumestrol ap@igbyiprotected compound was converted
to corresponding benzofuran tosyl ester. Whendbmpound was treated with BBalouble
demethylation occurred to obtain corresponding dlibyy compound. This on alkaline
hydrolysis followed by lactonization in presence adid catalyst rendered coumestrol
(Scheme 26).

AcO
| 0-_0
@ |)A(:20 Py NaOH 0(1 atm),
=
on i C2H4(l atm), PdCIz cucl,
PdCl,(PPh ad. MeOH, rt © O
L(PPhy), OAcC AcONa, K,COs3,

Cul, NEt3, DMF, 60 °C MeCN

OTs
MeO
PACL(PPhs)s, COOMe

CuCl,.2H,0
V4 _ GuCh2R0 OTs

O AcONa K,CO;, MeO
oA MeOH, CO, rt
MeO
BBrj, CH2C|2
-78 10 40 °C
OOMe
L )3MKOH, THF
)
ii) cat. TSOH, THF, O OTs
60 °C HO ©
HO

Scheme 26
Ethyl 2-methoxybenzoylacetates on Michael additwith 1,4-benzoquinone produced
benzofuran-carboxylates in presence of Zn@las reported by McPherson and Porider.
Further treatment with anhyd. pyridine-HCI at 1951°C delivered coumestans (Scheme

27).
<©\)K/cooa

Scheme 27
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Jurd®* developed a method starting from appropriate flasy chloride saltwhich was
oxidized using hydrogen peroxide in aqueous methécheme 28). This resulted in the
formation of carbomethoxybenzofuran intermediatéctviiapidly lactonised on acidification
to deliver coumestrdf*®® Later Jurd®® synthesized 7-methoxycoumestrol and 12-
methoxycoumestrol using this strate§penceet al. '? synthesized three position isomers of
coumestrol from appropriately substituted flavyligaits, their dimethyl ethers and diacetates

and many monomethyl ethers and their acetates.

SYer o
QO .
O X H20, o O R H,50, R _
R _ OH —_— R O —_—
? OH (o)

|
"OH, MeOH lactonization
COOMe

P

Scheme 28

Maedaet al.**’ carried out studies towards the preparation afdits by oxidative coupling
reaction. In addition to this, a coumestan denxatvas synthesized from the ester starting in
3 steps involving hydrolysis and lactonization faxgrhcoumarin ring in the last step (Scheme
29).

Scheme 29

Coumestrol and its analogues formation from iroseoacross dehydrogenative coupling
(CDC) approach was disclosed by Pappo and co-wafkdtis two step method employed
FeCk, 2,2'-bipyridine and dtert-butyl peroxide (DTDB) as the oxidant for cross pling of
p-ketoesters and phenols to form benzofuran deviesti Authors later modified the
conditions wherein catalytic Felin aerobic medium was preferred over the former
condition. Benzofuran derivatives were then coreertto coumestrol analogues by

performing deprotection and lactonization stepsria pot (Scheme 30).
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Modified aerobic
oxidative coupling

OMe O (@] R" OH
+

2,2"-bipyridine (5 mol%)

Me R OH
oet " j©/
-
R

FeClz (10 mol%)

DTDB (2.5 equiv)
DCE, 70°C

BBry, CH,Ch, 1t R
——

O O R then EtOH, reflux R’

FeCl; (10 mol%)
DCE, 100°C
oF}

4.3.2.3: From disconnection a,

Scheme 30
b

Larock and Harrisor?® has developed a method using organomercurial congpprepared

by acetoxymercuration of 1[ds-(o-methoxyphenyl)acetylene.

It involves carbonylation

subsequent demethylation and cyclization of orgaeronrial to provide coumestan ring

system in 90 % yield (Scheme

31).

OMe
i) Hg(OA
G _—
OMe . g -
i) NacCl, Hz HgCl Li,PdCL,/MIO  C4H5Si(CHa)3
Scheme 31

Larock and co-worket¥’ synthesized parent coumestan, coumestrol and plicldm

corresponding

lactonization and deprotection

starting materials

iodocyclizatiorPd-catalyzed intramolecular

by
(Scheme 32).

I AcQ

AcQ,
R
— I, CH,ClI . PdCl(PPhg),
R Q — . #,R CO (1 atm)
OMe R o} K,CO3, DMF
60-80 °C
R=H,OTs R= OTs
PdCly(PPhg); | K,CO3, DMF
co (1 atm) 60-80 °C TBAF
R=R'=H
0._0 HO o)
O 0 O =
¢ 0 O
o OH
Plicadin Coumestrol
OH
Scheme 32
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4.3.2.4: From disconnection c

Thasanat al.**! synthesized coumestan from C-O coupling reactfdh(@-bromophenyl)-6-
methoxybenzofuran-3-carboxylic acid catalyzed bypsy (I) salts using microwave
irradiation. Authors developed two methods of whi@i(l) thiophene-2-carboxylate (CuTc)
mediated lactonization (method A) gave better testihan Cul catalyzed lactonization
(method B) (Scheme 33).

S Q
(6]
Cat. Cul, Na,CO3 N

-« O

200 °C, MW, 31 %

DMF, MW, 79 %

Method A

ety

Method B

Scheme 33

4.3.2.5: From disconnection b, FGI

Kraus and Zhar§? synthesized parent coumestan and coumestrol iimgpjshotochemical
reaction as the key step. Benzofuran dione reastdtdMOM protected benzyl bromide in
presence of sodium methoxide leading to methyl-B3@hoxymethoxybenzyloxy)phenyl
glyoxylate which on photochemical irradiation cgels to give methyl-(2-hydroxy-4-
methoxyphenyl) glyoxylate. Treatment with HCl geated required coumestanmia
deprotection, dehydration and lactonization. Sinyilafor coumestrol synthesis, an
appropriate starting keto ester was coupled with inzyl alcohol substrate forming keto
ester intermediate which on irradiation followed &gid treatment resulted in coumestrol

dimethyl ether. Finally it was converted to coumasising BBg (Scheme 34).

o Q Ho, COOMe
Cﬁgzo Mo“io/\© NaOMe &coom hv O O
—_— —_—
(@] + Br 0 0
MOMO
MOMO
6N HC]
\
R 0.0 o 00
- BBrs P
0 O 781025°C o Q
R=H, OH R o—
\ 6N HCI
o)
COOMe
HO
COOMe Hom PPhg CoOMe _ hv O O Y

DEAD ~ o
o OH * mMomo 0 — -0 O/D\ 0 o

DMF MOMO o~ MOMO

Scheme 34
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4.3.2.6: From disconnection b, e

Liu et al.** reported an efficient synthesis of coumestans mowel [3 + 3] annulation
strategy (Scheme 35). Authors carried out the gafa catalyzed and copper(l) thiophene-2-
carboxylate (CuTc) mediated C-S activated crosplaoy of 2-(methylthio)benzofuran-3-
carboxylates with  2-hydroxyphenylboronic acids ansequential intramolecular

transesterification process under Liebeskind-ScogHitions.

[3+3]

Pd(PPh3), (5 mol%s) 0~ 0
sve * - R /
0 (HO):B CuTc (1.5 equiv), N oR
Dioxane, reflux o Q

R

Scheme 35

4.3.2.7: From disconnection b, f

Donnelly et al.*** carried out the oxidation of 2,4,2’,4'-tetrahydyokalcone using alkaline
hydrogen peroxide to form 2’,4’,6-trinydroxy-2-ph#imenzofuran-3-carboxylic acid which
lactonized to coumestrol (Scheme 36).

OH
HO OH OH O HO 0~z0
M0z NaOH HO o H* =
—_—
O | OH  [actonization 0 O
COOH

EtOH

OH

Scheme 36

4.3.3: Simultaneous formation of C-C and C-O bondt form furan ring (Route C)
Wanzlick et al.™*® synthesized coumestan by dehydrogenative couplirgptechol with 4-
hydroxycoumarins in presence of potassium ferricd@n sodium acetate and aqueous
acetone (Scheme 37). Potassium iodate has alsausedrin place of potassium ferricyanide
for coumestan preparation. This method is suitdbiethe preparation of 8,9-oxygenated
coumestans in high yields, however other coumestétheut 8,9-oxygenation pattern cannot
be synthesized. This procedure has been adoptet inynthesis of many natural and non-

natural coumestan analoty&®

0._0 -
K3Fe CN)g
£ LT 299
OH NaOAc O OH
H3CCOCHy/H,0O

OH

Scheme 37
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Many syntheses have employed 4-hydroxycoumaringaleith catechol as the starting
materials (Scheme 38) These are mostly electrochemical synthesis wheraiechol and
its derivatives produces-quinones which act as a Michael acceptor and &tyaof
coumarin derivatives act as nucleophile. Also areghowed mushroom tyrosinase catalysed

the synthesis of coumestans from same substrétes.

O O OH
R i Electrochemical
J + R
OH or

OH Mushroom tyrosinase

Scheme 38

Leutbecheret al.** developed a Laccase-catalyzed domino method bghvboumestans
were synthesized from 4-hydroxycoumarins and caflschsing molecular oxygen as an
oxidant. Similarly, recently Wellington and co-werk“® synthesized several coumestan
derivativesvia one pot laccase-catalyzed methodology and wertiaea for anticancer

activity (Scheme 39).

0._0
Cat. laccase, 02
¥z
buffer 1t
(¢}

Scheme 39

Gong et al.*** later synthesized wedelolactone derivatives byeliging a methodology
involving an intermolecular cycloaddition reactilom catechol and 4-hydroxycoumarins

using ammonium persulphate as oxidant (Scheme 40).

o] o]
{:@O;/(O OH (NH),S:05 R
R J o _— &
CH3zCOON OH
OH
Scheme 40
Shah and Trivedt® obtained 3,4-dihydropyranocoumestans and 3,4-

didehydropyranocoumestans by oxidative couplingpyrfanobenzopyrans with catechol in

the presence of HIJScheme 41).
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Scheme 41

Crude onion peroxidase extract catalyzed the m@adf catechol and different heterocyclic

1,3-dicarbonyl compounds as studied by Angelesial.*?

When 4-hydroxycoumarin was
employed, domino reaction occur leading to the ffam of coumestan product which

exhibited potent antioxidant activity (Scheme 42).

00 OH Crude onion peroxidase 0~0
T X - I
OH H20,

Phosphate/citrate buffer
(PH56), 1.5 h OH
Scheme 42

Neoget al.*** developed a palladium catalyzed cascade reactidrhgdroxycoumarins and
in situ generated arynes. It involves C-H bond activaiod C-O and C-C bond formation.

The methodology was applied for the synthesiseshithapparin C (Scheme 43).

Pd(OAc); (5 mol%)
0._0 OTf Cu(OAC),.H,0 (1.2 equiv) O 0~ -0
R ; >
‘Q;Z + R @ CsF (2 equiv) &
o ™S NaOAG (12 equiv) o O OH
CHsCN, 120 °C

Scheme 43

4-Hydroxycoumarin was coupled readily wighbenzoquinone and its derivatives to afford
the corresponding J{benzoquinonyl)-4-hydroxycoumarins by Wagh and dsgar®

They were successfully reduced with ascorbic acid the corresponding 3-(2,5-
dihydroxyphenyl)-4-hydroxycoumarins  which were ogdghydrated to give 8-

hydroxycoumestans (Scheme 44).
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f [eNgZ e}
(NgHe} R O
Acetone
7 + —_— = o]
OH ‘
OH (e} fe} R

R=H, Me, Cl
Ascorbic acid
[eNgFFe]
O _ Cyclodehydration O 0.0
- = OH
b o o
OH
R HO R
Scheme 44

Another photochemical study was carried out by Rpaiz and Baumgartrié? wherein 4-
hydroxycoumarin on treatment withdihalobenzenes resulted in biaryl coupling followsy
intramolecular heterocyclization affording coumestand reduced product 4-hydroxy-3-
phenylcoumarin. In addition, 4-hydroxy-3-(2-chlohgmyl)coumarin was also obtained when

2-chloroiodobenzene was used as starting (Schejne 45

O e Oy Oy O3

X=1

Br 39 % 60 % formed only
28 % 40 % Z
cl 56 0% 1 (yg when X=Cl
Scheme 45

Darbarwar et al.**’ carried out a condensation reaction of 4-hydroxyecarin and 2-
chlorocyclohexanone in the presence of anhyd. patascarbonate and xylene to form an
intermediate which on intramolecular cyclizatiosuked in a hemiketal. This was then easily
dehydrated giving rise to tetrahydrocoumestan. Ikinds dehydrogenation using Pd/C
resulted in coumestan formation (Scheme 46). Tlsaddantage includes the inability to
prepare halo substituted coumestans due to demabge occurring during
dehydrogenation.
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o0._0 cl
(@] K2C03
X Iene
OH y

0. _0

Scheme 46

Various 4-hydroxycoumarin derivatives were treavdth vinyl sulfide in the presence of
silver carbonate on celite giving rise to furocouimaby Leeet al.**® These compounds were

then dehydrogenated using Pd/C in diphenyl ethprdeide coumetstans (Scheme 47).

o._0O O o._0O
R A92C03/celite dlphenyl ether
Z 4 s / =
200 °C
OH MeCN, reflux 0 o O

Scheme 47

4.3.4: From Flavonoids (Route D)
Conversion of 2’,4’,7-trimethoxyisoflavanone intowmestrol using pyridine hydrochloride
at 180-200 °C was reported by Dewatlal.**° (Scheme 48).

(‘) o HO HO 0.0
e | L )
oL e MO0 |
i O 180-200 °C O o O

(@] (@]
\ \ OH OH

Scheme 48

Krishna Prasadet al.**® reported an efficient three step synthesis of rodtan from
benzyloxyisoflavone. This isoflavone was convertied pterocarpanvia hydrogenative
cyclization involving debenzylation, reduction obuble bond and carbonyl function and
cyclization steps. Condensation of it with 2-melthwt3-en-2-ol in presence of boron-
trifluoride-diethyl ether gave prenylated compouwakich on treatment with DDQ afforded
tuberostan. Also, acetylation of pterocarpan foddwby DDQ oxidation resulted in the

formation of 9-acetoxy-3-methoxy coumestan (Schéfje
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o (0]
O | H,, 10% Pd-C
—_ >
O acetone/methanol
(6] PN

o] O Ph

BF;.OFt
\)(OH 3-OEt DDQ

dioxane
rt, 24 h

OAc

Scheme 49
Oxidation of the pterocarpan and pterocarpene syste coumestanes has been carried out
by Ferreiraet al.™>* using DDQ (Scheme 50).

o) O (0]
R O Pz 4>DDQ R O =
o~ {3
Scheme 50
Gunninget al.**? synthesized coumestrol dimethyl ether from theesponding pterocarpan

R

by employing DDQ (Scheme 51).

/O /o 0.0
(&

Scheme 51
Rukmani lyer and co-workef8 condensed chromene with 2-chloromercurio-4,5-

methylenedioxyphenol in presence of lithium chl@itgdite to form neorautane which was
oxidized using DDQ to render coumestan derivatisehéme 52)Later using this method
many reports have been published wherein variousmestan derivatives have been

synthesized#1>*

T =
N _—
=
LiC/PdCl, o O 3 CeHo
0

Scheme 52
Bowyer et al.™° prepared coumestrol dimethyl ether from correspangterocarpene using
chromic oxide (Cr@) (Scheme 53).
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|
(‘3 O O O O
O CrOs O

pZ — > Z

o O Acetic acid o O
o— o—

Scheme 53

SantAnaet al.'*® also used DDQ for the synthesis of coumestan ftben appropriate

pterocarpene which was obtained from the correspgndodo compound by an

intramolecular Heck reaction (Scheme 54).
0_0
<0 © PA(OAG), (5 mol%) <O O © DD <O
o 7 o = 0 &
[ TBACI, NaHCO, O THF, 2 h O
(¢} o o
DMF, 100°C, 2 h
\<> o— o—

Scheme 54

A Mitsunobu coupling of 3-hydroxymethylbenzofuraw#h o-iodophenols carried out by
Fowler et al.™®’ resulted in 3-(2-iodophenoxy)methylbenzofurans olthon 6-endo Heck
cyclization under Jeffery conditions provided asctspterocarpenes. The parent coumestan

was obtained when the unsubstituted pterocarpesewsdized using PCC (Scheme 55).

H | OH ©
R DIAD, PPy R
R o THF R ©
R
R=H, OMe
cat. Pd(OAC)2 | KOAc, BusNBr
DMF, 100°C
o
e .
“ O PCC, CH,Cl, R N
3 R
(o] R'

Scheme 55

Recently Kim and co-workel® demonstrated the formal synthesis of coumestral an
plicadin as well as the total synthesis of flempgbexin C using similar strategy wherein the
respective starting iodo carbonyl compounds ontrreat with BC} delievered the

corresponding benzofurans by regioselective ringswie. Further, palladium catalyzed
intramolecular direct arylation of these benzofgraesulted in the pterocarpenes which on

oxidation with DDQ afforded naturally occurring enastans (Scheme 56).
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cat Pd(OAc),
o)
@\oj/\ | BCl % KOAG, BuNBr _
R
o 78°C R DMF, 100°C

formal synthesis
-

DDQ

Plicadin coumestrol
OO OMe
94
()
(¢}
Flemichapparin C
Scheme 56

Takeda et al.'® synthesized coumestan by constructing its benanfuing first. O-

Phenylhydroxylamine and 4-chromanone were conderteedjive oxime ether which

underwent sequential acylation and rearrangementreatment

with trifluoroacetyltriflate

(TFAT) furnishing tetracyclic derivative. It wasnallly converted to the desired coumestan

product by PCC as oxidizing reagent (Scheme 57).

©\ @ conc. Hl @ TFAT, DMAP
NH,
EtOH, rt ©\ CH,Cly, rt
Os O
O PCC, CH2CI2
N
Q o OOC 4h

@@

COCF3

é’

Scheme 57

Ghosh et al.** developed a one pot method which involves the atiogii of ethyl

acetohydroxamate with diphenyliodonium tetrafluanate in absence of any transition

metal. TheO-arylated product thus formed was reactadsitu with ketone under acidic

medium to form benzofuran through oxime formatif8)3]-rearrangement and cyclization.

The coumestan has been formally synthesized fraen@nzofuran using PCC oxidation

(Scheme 58).
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EtO

tBUONa, CH:CN_

Neas

rt, 30 min

HCl (ag), CH;CN
70 °C, 2h

Oy O

PCC, CH.Cl,

{ L o
EtO N

Q)
O

Scheme 58

4.3.5: Miscellaneous routes (Route E)

Chatterjea and

RO} obtained  ketonitrile

intermediate

on condensing-

methoxyphenylacetonitrile with ethghmethoxybenzoate in the presence of sodium ethoxide

in benzene. Ketonitrile was then converted to catareby treating with HBr in acetic acid

(Scheme 59). Chatterjea later synthesised counhdstra corresponding ketonitrile using

this method*?

|
(0]
+
R@CN

OsOR"

NaOEt/NaOMe
benzene

B e

R'= OEt/OMe

HBr
in acetic acid

O O
(g’o/
(@]

Iy,

Scheme 59

Kawasé® synthesized coumestrol from ketonitrile interméalid,4-dimethoxybenzoyl-2,4-

dimethoxyphenylacetonitrile by the action of pynidihydrochloride or hydriodic acid. The

ketonitrile intermediate was obtained from the esponding phenylacetonitrile and ester in

the presence of sodium hydride. Kawase later de=ttrihe action of HBr, HI, Py.HCI and

AICI; on ketonitrile and ketoester intermediate giviogrmestan derivatives (Scheme 89).

R"= OEt/OMe
NaH in

benzene

Py.HCI/ HI /
HBr / AICI

: o

CC

\
COOEt

o
?

HI/ AICI;

0._0
L

{3

R:

Scheme 60
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Chatterjea and Pras&dsynthesized tr®-methylwedelolactone and dihydroerosnin from the
corresponding ketonitrile intermediate by employigidine hydrochloride (Scheme 61).
The ketonitrile intermediate was prepared by regcthe corresponding phenylacetonitrile

with ester using sodium hydride.

\ O, -OEt
o}
NaHin O o~
+ 0O _vensbme _ _ PyHal O
R‘@[/ N \57 enzene _
CN

Scheme 61

Zhang et al.’®® synthesized coumestanga a two-step one-pot tandem demethylation-
annulation-oxidation reaction from 28s(2-methoxyphenyl)-3-oxopropanals (Scheme 62).
The products were obtained in good to excellentdgi@and halo-substituted products were

further functionalized by using transition metalatgzed cross-coupling reactions.

o O H 1) BBr,/CHCI, (2.5 equiv) S NP
R CHCl, reflux .
- {3
R 0 O 2) PDC (1 equiv) R S R

Scheme 62

Kamaraet al.'®’ used chalcones for direct transformation into cestans in presence of
thallium(llnitrate via oxidative rearrangement (Scheme 63). Three nattmaimestans
namely flemichapparin C, medicagol and sophoracstane B have been synthesized.
However chalcone was previously converted to cotamessing thallium(lll)nitrate with a
longer routé® Also flemichapparin-B and flemichapparin-C have rbesgnthesized using

this approach®®

OH o
OHLO O =
TI(NO3)3/MeOH R o MeOH/lO%HCI
Q 0
OMOM 200 o O > reﬂux )
o [¢)

MOMO

Scheme 63

Litnas and Stampeld® studied the reaction between phosphorous ylide and
salicylaldehydes under various reaction conditidbeen heated at the reflux temperature of
salicylaldehyde the reaction resulted in the foromatof coumestan, benzofuranone and
coumarin derived compounds. When benzofuranonevatere was refluxed in xylene,

coumestan along with coumarin derivative were pceduScheme 64).
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o0 (ONgZ o]
O = + ‘ = Bu
1)
o Bu O
) o
By tBU

dry xylene
reflux, 6 days
OH
PPha OH _lesc
ot (L
CHO 30h O

Scheme 64
Authors also prepared coumestan by refluxing counderivative in xylene or with DDQ in
toluene. Also, a reaction between another ylide salctylaldehyde was studied which on

refluxing in toluene or diglyme or under neat hegtat the boiling point of salicylaldehyde
provided coumestan and coumarin derivatives (Scréshe

lene, reflux
= ad Z
DDQ toluene

reflux

i) toluene, reflux

0.0 (oNgZe}
PPh, ©:OH ii) diglyme, reflux O / O O _ O
cHo ii)neat A (¢} + ‘
O ) S

Scheme 65
Chiang et al.'”* converted 3-diazo-2-oxo-2,3-dihydrobenzofuran pbbemically into

quinonoid cumulenone which formed coumestan aloitly @ther two dimerized products by

a remarkably facile addition-cyclization-(eliminat) reaction (Scheme 66).

o._0O
e, I major

major

T
I %/5‘0\ minor
[oNe]

Scheme 66
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Tollari et al.*"* disclosed a rare example of coumestan synthesis the rhodium (I1) acetate
catalyzed decomposition of 3-diazobenzopyran-H#d@done. Coumestan was obtained as
minor product (5-10 %) along with isomeric 2-subg&d furo[3,2€]jcoumarin in 45 % and
furo[2,3-b]Jcoumarin in 37 % by a formal [3 + 2] cycloadditigcheme 67). Coumestan is

formed by insertion of Rh-stabilized carbenoid itite solvent followed by intramolecular

etherification.
00 o 0._0
ha(OAc Q
13D|ch|orobenzene 0 / O O
o}
45% OH 3% 510% cl
Scheme 67

A short coumestrol synthesis was achieved by Al-Mihand Botting” It involved reaction

of methyl 2-hydroxy-4-methoxy-phenylacetate withotected hydroxyl group and 2,4-
dimethoxybenzoyl chloride to afford methyl ester3sbxo propanoates. Among these, the
methoxy protected intermediate on treating withesscof BBj directly led to the formation
of coumestrol via tandem demethylation and intrawoalar cyclization. Also the authors
have synthesized multiplé®C labelled coumestrolsiz. [6,6a,11a=Cs]Jcoumestrol by

adapting this method from suitable starting make(&cheme 68).

COOMe OMe HO 0.0
K‘ : DATHE O OOMe BBrs P
B
78 °c for2h o O CH,Cly, 1t o) O
0°Cfor3h RO OMe
R= Me, Bn, TBDMS OH
Os-OMe Voo OMeB(g HO ofé//o
5 MeO LOATHE - OMe  gpg, \@3// 13
13 c 13 > G
78°Cf0r 2h 3 CH,Cly, 1t o}
0°Cfor3h MeO OMe
R= Me, Bn, TBDMS OH
Scheme 68

Recently, Paharet al.'™ reported synthesis of various psoralidin derivegiwsing similar
strategyvia BBr; mediated one pot demethylation and cyclizatiorusaege. Authors have

also reported the first synthesis of lespefloyin |

Liu et al.'” investigated a tin tetrachloride catalyzed syrithe§substituted benzofurans by
highly regioselective allylic substitution of quim® monoketals with a-oxoketene

dithioacetalsvia a formal [3 + 2] cycloaddition process. Accordingbumestan derivatives
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were obtained from quinone monoketals and vinylggthioester by employing SnCas

catalyst (Scheme 69).

o)
SnCl, (10 mol%) O
R + \ —_— N O OMe
MeS MeCN, rt R O
MeO OMe o
MeO OMe MeO

Scheme 69

4.4: Results and Discussion

Literature studies show various routes for the lsysis of coumestans. However many of
these methods have their own limitations like n3tdfp syntheses, expensive
reagents/catalysts usage, hazardous metal catayffitsulty in handling of reagents and/or

its excessive requirement, troublesome reactionkwqgy and product isolation. Hence

continuous search for new method/reagent/catatyscdumestan synthesis is pursued. In
order to overcome the aforementioned limitations adevised a retrosynthetic route for

coumestan formation which would require simple snalbss and reagents.

0g_0 0¢_0 CHO
OO OB = e G
© R HO
1 52

50 51

Scheme 70Retrosynthetic analysis of coumestian

Initially a one pot retrosynthetic pathway was thioufrom simple substrates such as 2'-
hydroxybenzaldehydes0 and 2-coumaranorl (Scheme 70). We thought that any suitable
reagent could directly provide us the target mdeecd via intermediate 3-(2-

hydroxyphenyl)coumarins2 through condensation followed by oxidative cydiiaa.

4.4.1: One pot approach

Thus a one pot synthesis of coumestda from 2-coumaranone51 and 2'-
hydroxybenzaldehydes0a as the starting materials was visualized. Varioesction
conditions were tried for its synthesis (Table 10¢Ck is already known for C-O bond
formation (Scheme 18¥? so we envisioned its use in coumestan synthesistlyf the
reaction was carried out using FeQR.5 equiv) in presence of triethylamine in 1,2-
dichloroethane solvent under reflux condition fe¥ B (entry 1). However no coumestan

formation was seen. Similarly several other reactonditions including NEtand } in
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absence or presence of pyridine under reflux cmmditentries 2-3)N,N-dimethylaniline in
presence of,lat 150 and 170 °C (entries 4-5) aN¢gN-dimethylaniline in presence of 0.3
equiv of PdC] (entry 6) failed to give product formation. Funttstepwise one pot approach
was tried wherein the reaction was first refluxadNEg solvent for 1 h followed by its
removal and then the addition of catalyst suchd®Ph), (0.1 equiv)entry 7) and reagent
FeCk (2.5 equiv) in 1,2-dichloroethane under reflux @t h was carried out (entry 8).
However both these attempts were unsuccessfulléiyithe stepwise one pot reaction was
carried out using Fe€l2.5 equiv) in presence of 230-400 silica gel (@tlwt. FeC}), but

no desired product was formed (entry 9). Since éj6iv of FeCJ was used in previous
reactions, we thought to further increase the amainFeC} to look for any product
formation. Hence directly 10 equiv of Fg@hd 1,2-dichloroethane solvent were added and
refluxed for 24 h after 1 h refluxing in Ng&tlit was delightful to see coumestan formation
(characterized later) albeit in trace amount (ent@). The product formation was
encouraging but in unacceptable yield so furthand#rdisation was required. Also some
more one pot reaction conditions were tried inclgdiO wt % Pd/C, 20 wt % Pd/C and 20 wt
% Pd/C along with 10 mol% L-proline in diphenyl ethsolvent which failed to give the
desired product (entries 11-13).

Table 10: Various reaction conditions attempted for dirgettsesis ofLla from 50a& 51.

OH Reaction condition O~z0
cr, - O - UL
e ’ &
o
50a 51

la

Sr. No. Reaction condition Time (h) Temperature | Yi&l (%)

1) NEt, FeCk (2.5 equiv), 1,2- 24 reflux 0
dichloroethane

2) NES, 12 (1 equiv) 4 reflux 0

3) NEt, I, (1 equiv), py 24 reflux 0

4) N,N-Dimethylaniline, } (1 equiv) 4 150 °C 0

5) N,N-Dimethylaniline, } (1 equiv) 4 170 °C 0

6) N,N-Dimethylaniline, PdGl (0.3 24 150 °C 0

equiv)

7) NEg, Pd(PPk)4 (0.1 equiv) 7 reflux 0

8) NEES, later Fed (2.5 equiv), 1,2- 24 reflux 0
dichloroethane
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9) NES, later Fed (2.5 equiv), 230- 24 reflux 0
400 silica gel (1:1 wt./wt. Feg)l
1,2-dichloroethane

10) NEt, later FeCk (10 equiv), 1,2- 24 reflux trace
dichloroethane

11) Pd/C (10 wt %), diphenyl ether 2 reflux

12) Pd/C (20 wt %), diphenyl ether 3 reflux

13) Pd/C (20 wt %), L-proline (10 3 reflux 0

mol%), diphenyl ether

Since one pot approach employ®@a and51 as starting materials either failed or resulted in
trace amount of the desired coumestan productpastep protocol was undertaken wherein
the intermediate 3-(2-hydroxyphenyl)coumali2a was to be isolated and then oxidatively

cyclized.

4.4.2: Two step approach

The required substrates 3-(2-hydroxyphenyl)-coum&8ay in case of two step approach
were prepared from salicylaldehyd&® and 2-coumaranon&l (Schemes 71%° and
salicylaldehyde§0 and 2’-hydroxyphenylacetic acié8 (Schemes 72§’ as shown below.

(@] o]
‘ AN CHO NET3 id A
Rw*/ + o ——— RT NG
OH o reflux, 1h
50 51

HO
52a-0

Scheme 71Synthesis of substratéga-o.

Sodium acetate 0.0
cHO COOH Acetic anhydride (0 A
R + R - LA~ N
OH OH Acetic acid, reflux, 24 h | ‘R
=
HO

Scheme 72Synthesis of substraté2p-y.

From the literature survey it was clear that omyrfreagents are available for the oxidative
cyclization of52 (Scheme 73)*311>117118Fjrst Ph(OAC) in refluxing anhyd. benzeré?

later DDQ in refluxing anhyd. benzehg&then PdGlin presence of sodium acetate in DMF
at 150 °C' and recently iodine in refluxing pyridifé® These oxidative cyclization methods
have some limitations including low product yieldsgjlization of expensive reagent and
limited substrate scope. Hence we thought of exmjosome potential reagents for this

oxidative cyclization.
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0.0 "Previous work" (o NgFe}
_—
RI Q
O
52 HO 1 R

1) Pb(OA¢)L.5 mmol), anhyd. benzene (30 mL), reflux, 30.min
2) DDQ (1 mmddenzene, reflux, 72 h.

3) PdGL mmol), NaOAc (13.6 mmol), DMF (10 mL), 150 °24 h.
4y (1 mmol), anhyd. Py (10 mL), reflux, 15 h.

Scheme 73Reported syntheses of coumestani oxidative cyclization frond2.

Table 11: Various reaction conditions frobRa

0.0 . " (o NgZe]
Reaction condition
= » =
. o~
HO

52a la

Sr. Reaction condition Time Temperature Yield
No. (h) 4 (%)
1) FeO, (2 equiv), 1,2-dichloroethane 24 rt
2) FeO, (2 equiv) 1,2-dichloroethane 24 reflux
3) I (1 equiv), py 24 110 0
4) l, (0.3 equiv), DMSO 24 150 0
5) CuBK (2.2 equiv), 1,2-dichloroethane 24 rt 0
6) FeCh.6H,0 (2.5 equiv) 24 150
7) FeC} ( 2.5 equiv), TFA 24 reflux 0
8) FeCk ( 10 equiv), 1,2- 24 reflux 20

dichloroethane

For our studies, 3-(2-hydroxyphenyldzZhromen-2-one52a was selected as a model
substrate. It was subjected to various reactiomitons as shown in below table 11. In the
beginning52awas subjected to excess otBgin DCE solvent. However the reaction failed
to provide any product at rt as well as under reflandition (entries 1-2). Then we changed
the reagent to iodine in presence of pyridine geB)r but no product formation was seen.
Also, a reaction using catalytic amount of iodineDMSO solvent was attempted (entry 4).
CuBr;, also did not provide any product (entry 5). Ascdssed before, a trace amount of
product formation was seen when Fe@hs employed, we further screened Re€hgent
using substrat®2a FeCk.6H,O and FeGlin TFA failed to show any product formation
(entries 6-7) but when the reaction was carriedusirtg large excess of Fe@h DCE, 20 %
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of the desired coumestda was isolated (entry 8). The produa showed band in its IR
spectrum at 1732 cfaccounting for C=0 group and its structure wasfiooed by the
spectral data given below.

Spectral data of 64-benzofuro[3,2<c]chromen-6-one (1a)

O 0.0
_

o~

colorless solid; m.p. 186-18€; lit.'°°187-188°C.

IR (KBr): #=3078, 3045, 1732 (C=0), 1498, 1082, 752'cm

'H NMR (CDCl3, 400 MHz): § 7.33-7.45 (m, 4H), 7.52-7.56 (m, 1H), 7.59-7.61, (thl),

7.96 (ddJ = 8.0, 1.6 Hz, 1H), 8.06-8.08 (m, 1H).

3C NMR (CDCl3, 100 MHz): § 105.9 (Cq), 111.8 (CH), 112.6 (Cq), 117.5 (CH)1.B2

(CH), 121.9 (CH), 123.4 (Cq), 124.7 (CH), 125.2 {CH26.8 (CH), 131.9 (CH), 153.6 (Cq),
155.5 (Cq), 158.1 (Cq), 159.9 (Cq).

la

Inspired with the product formation, however in Igigld, we next went on to standardize the

amount of FeGlto improve the yield.

Table 12: Standardization of Fegl

0.0 o._0O
FeCls
= - =
O 1,2-Dichloroethane 0 Q
HO

52a 24h

la
Sr. No. FeC} (equiv) 230-400 silica gel  Temperature (°C)  Yiel(®6)
1) 03 | - reflux 0
2) 0.3 1:1 wt./wt. FeGl reflux 0
3) 25 | - reflux 0
4) 2.5 1:1 wt./wt. FeGl reflux 0
5) 5 | e reflux 0
6) 8 | - reflux 0
7) 0 | e rt 0
8) o | - reflux 20
9)° 3 - 120 11

& Neat reaction
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Since the product formation was observed with 3veqti FeCk under neat condition, the
reaction was further examined using various coowliti(Table 12). We started with catalytic
amount of FeGlbut no product formation was observed (entry 1)cdRéy a report had
claimed that FeGlin presence of 230-400 mesh sized silica gel gpater results than Fell
used alone for coumestan synthesis from 4-hydregppehylcoumarins'? With this fact we
tried next reaction with catalytic amount of Fe@long with 230-400 silica gel (1:1 wt./wt.
FeCk) but again no product formation was observed ye?)r Similar results were obtained
when the amount of Fegas increased to 2.5 equiv (entries 3-4). Furtheneiase in amount
of FeCkup to 5 and 8 equiv did not help to get any prodantries 5-6). However when 10
equiv of FeG4 was employed product formation was not visible miiee reaction was
carried out at room temperature but at reflux tenajpee gave 20 % yield of product (entries
7-8). This suggested the requirement of large amoluReC} for the reaction to occur. Also
a neat reaction using 3 equiv of Fg&ll 120 °C was tried wherein product was isolatetilin
% yield (entry 9). Since 10 equiv of Feg@ a large amount, we thought of experimenting
further to get the product in good yields by empigylow amount of FeGl

Table 13: Optimization of FeGlwith 230-400 silica gel under neat condition.

o._0O
o 0 FeCl3
= - =
O - 0
HO

52a la
Sr. FeCls 230400 Time Temperature Yield
No. (equiv) silica gel (h) (°C) (%)
1) 2 - 24 120 0
2) 25 | e 24 150 12
3) 3 | 15 120 11
4) 25 1:1 wt./wt. 24 150 19
FeCk
5) 2.5, 1:1 wt./wt. 24, 150, 24
then water FeCk 24 H,0 reflux
6) | 2.5, then sonicated @ ----- 24 150 33
7) 3, then sonicated 1:1 wt./wt. 24 150 36
FeCk
8) 4, then sonicated @ ----- 24 180 25
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9) 4, then sonicated 1:1 wt./wt. 24 150 42
FeCl;

10) | 5, then sonicated 1:1 wt./wt. 24 150 39
FeCk

In search of an ideal condition, we went for neatditions (Table 13). At the outset 2, 2.5
and 3 equiv of FeGwas tried at different temperatures but the prodvas isolated in low
yields in only the latter 2 cases (entries 1-3)ther 2.5 equiv in presence of 230-400 silica
gel gave slightly increased product yield of 19ét(y 4). Next, the reaction was carried out
with 2.5 equiv of FeGlfor 24 h followed by the addition of water andluging for 24 more
hours, however only 24 % of product could be igdlafentry 5). Since the product was not
getting isolated in appreciable yield, next we tiauto sonicate the reaction mixture after
neat heating. Accordingly, a neat reaction waseduwut in 2.5 equiv of Fe€ln absence of
silica gel for 24 and later sonicated after additaf ethyl acetate. This resulted in slight
increased product yield of 33 % (entry 6). SimyfaB equiv of FeGlin presence of silica gel
following similar procedure delivered 36 % yield @dumestan (entry 7). Further increasing
FeCk amount to 4 equiv in absence of silica gel at 180d&livered 25 % yield (entry 8)
whereas when the reaction was carried out in poesehsilica gel at lower temperature (150
°C) gave maximum yield of 42 % (entry 9). On ushigher amount of Fegl(5 equiv) in
presence of silica gel at same temperature resultesvered product yield (entry 10).

In spite of carrying out various reactions, impnost in the yield of the desired coumestan

was unsuccessful. So, next we tried screening sthes common reagents as shown below.

Table 14:Various reaction conditions frobRa

0.0 . . (oNgZe]
Reaction condition
= - =
> o~
HO

52a la

Sr. Reaction condition Time Temperature Yield
No. (h) Q) (%)
1) 10 wt % Pd/C, 1,4-dioxane 12 reflux 0
2) 10 wt % Pd/C, 0.1 equiv 16 reflux 0

tetrabutylammonium iodide, 1,4

dioxane
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3) 10 wt % Pd/C, 1 equiv 5 reflux 0
tetrabutylammonium iodide, 1,4-
dioxane
4) 10 wt % Pd/C, 1 equiv 5 reflux 0

tetrabutylammonium iodide, 1
equiv K;CO;s, 1,4-dioxane

5) 0.3 equiv Cu(OTH) 24 rt 0
dichloromethane

6) 0.3 equiv Cu(OT¥) 24 reflux 0
dichloromethane

7) 0.3 equiv Cu(OT¥H) 24 reflux 0

dichloroethane

Table 14 shows various reaction conditions examfoe@oumestan formation frois2a In

the beginning 10 wt % Pd/C was tested in 1,4-diexander reflux condition, however no
product formation was observed (entry 1). So Pd/@s wised in addition with
tetrabutylammonium iodide in catalytic as well dsichiometric amount in 1,4-dioxane
under reflux condition but could not give any prod(entries 2-3). Above reaction was then
attempted in presence of mild basgC; but again no product was formed (entry 4). Next
we moved on to use copper triflate. Catalytic am@irCu(OTf) in dichloromethane as well

as dichloroethane proved to be ineffective (en&igs.

Copper salts have been widely used in organic imecbwing to its cheap availibility and
low toxicity. Several reviews have appeared omdts either as reagent and/or cataly8in
particular Cu(OAc) is a mild reagent/catalyst known for the synthesis several
heterocycles’® It has gained considerable attention for its riolehe intamolecular C-O
cyclization via C-H functionalizatioh’®*® for the construction of heterocyclic compounds,

however the area is not fully explored.

From the above literature discussion the effeatole of Cu(OAc) in the C-O cyclization of
some compounds is clearly seen. However its uskeroxidative cyclization is limited and
needs to be explored further. Also it is clear tBaiOAc) has not been employed for
coumestan synthesis. With regard to this we enwesiothe role of Cu(OAg)in the C-O
cyclization of 3-(2-hydroxyphenyl)coumar®?2 which may lead to important biologically

active coumestah compounds.
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Table 15: Screening of Cu(OAg)n the coumestan formation.

0.0 0.0
copper
D e LS
solvent
52a 1a © O

Sr. | Cu(OAc),.HO Solvent Time Temperature Yield
No. (equiv) (h) (°C) (%)

1) 0.5 dichloromethane 24 rt 0
2) 0.5 dichloromethane 24 reflux 0
3) 0.5 dichloroethane 24 reflux 0
4) 0.2 acetic acid 24 reflux 0
5) 1 acetic acid 24 reflux 0
6) 1 diphenyl ether 5 reflux 55
7)° 1 diphenyl ether 6 reflux mixture gf

products

8)° 1 diphenyl ether 6 reflux 76

42 equiv KCO;was used.
® Anhyd. Cu(OAc)was used.

In order to check the feasibility of this reacti®+{2-hydroxyphenyl)-B-chromen-2-on&2a
was treated with 0.5 equiv of Cu(OAt),0. The reactions carried out in dichloromethane at
rt as well as reflux condition failed to provideygoroduct (Table 15, entries 1-2). Similarly
changing the solvent to dichloroethane did not ertay be effective (entry 3). Attempts to
carry out the reaction in acetic acid in preserfceatalytic as well as equivalent amounts of
Cu(OAc).H,0 failed to provide any product (entries 4-5). Hodvent was then changed to
diphenyl ether. When the reaction was carried authis high boiling solvent we were
delighted to see the coumestkaformation which occurred within 5 h in 55 % vyidlentry

6). To see the effect of base on this reactiomaation was attempted in presence gC&;

but it ended in mixture of products (entry 7). Hiynaanhyd. Cu(OAc)proved to be efficient

reagent for this oxidative cyclization (entry 8).

Table 16: Screening of various reageimghe coumestan formation.

o._0O

O o]
O P Reagent (1 equiv)= O _
diphenyl ether
52a o O reflux 1a o O
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Sr. No. Reagent Time (h) Yield (%)
1) Cu(OAc).HO 5 55
2) Cu(OAc), 6 76
3)° Cu(OAC):Zn(OTH), 24 7
4) CuChb 24 69
5) CuBp 24 48
6) Cul 24 19
7) CuO 24 75
8) CuO 16 60
9P Cu(OTf) 24 40
10) Cu(OTf) 16 63
11) Cu (nanopowder) 24 74
12) Cu (metal powder) 24 72
13) Ag.OAcC 2 complex mixture
14¥ Ag.OAc 24 57
15) Mn(OAc).2H,0 14 18
16) Zn(OAc).2H,0 24 30
17) ZnCh 24 15
18) ZnO 24 30
19) MgCh 24 41
20) TiO, 24 32
21) FeO, (nanopowder) 15 68
22) Pd(OAc) 18 86

23) Pd(OAc) 24 RI

24)" PdCb 24 RI

25) 10 % Pd/C 12 RI
26Y 10 % Pd/C 12 RI
27y 10 % Pd/C 12 RI
28) 10 % Pd/C 12 78
29 | e 6 00

2 Toluene:DMSO (20:1) was used as solvémp-xylene solvent was usefl.0.5 equiv of
reagentvas used? 0.1 equiv of reagent was uséd.¢ " 10, 20, 30, 50 wt % of reagent was

used respectively. RI: Reaction Incomplete.
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Encouraged with the coumestan formation using easibilable inexpensive Cu reagents
(Table 16, entries 1-2) we went ahead with theestreg of other copper and various metal
reagents (entries 3-28).

Recently, Hong and co-workéf¥ have demonstrated the synthesis bEt&enzofuro[2,3-
clchromen-6-one using a combination of 1.2 equiv@Ax), and 0.2 equiv of Zn(OTH)in
toluene:DMSO (20:1)Via C-H functionalization/C-O cyclization. Interestlggit was not
explored for the synthesis of isomeriel-8enzofuro[3,2c]chromen-6-one (coumestanga
insertion of oxygen into aromatic rings. Hence wed to see coumestan formation using
Cu(OAc)and Zn(OTf) combination. However, we could isolate only 7 %roestan product

using this reaction condition (entry 3).

Employing CuC} and CuBs diminished the product yield (entries 4-5). Otkir reagents
such as Cul, G® and CuO also showed the formation of product apwinich CyO gave
highest yield of 75 % (entries 6-8). However Cu(T¥as reactive enough to give 40 %
yield in refluxing p-xylene (entry 9) but in diphenyl ether the yieldssvincreased to 63 %
(entry 10). Employing Cu nanopowder and metal powalso proved effective for this

cyclization (entries 11-12).

Ag.OAc was found to give a complex mixture whenduas a reagent (entry 13). However,
reducing its amount by half resulted in 57 % of mmestan formation (entry 14).
Mn(OAc);.2H,0O was ineffective under above reaction conditiod provided coumestan in
only 18 % due to poor conversion (entry 15). Zinetahcompounds such as Zn(OA2H,0,
ZnCl, and ZnO were less effective for the cyclizatiomateon providing low yields of
product (entries 16-18). Similarly Mg€{ITiO, and FgO, (nanopowder) were also less
effective (entries 19-21). Application of Pd(OAa)nder the present reaction condition
afforded maximum yield of 86 % (entry 22). On usicefalytic amount of Pd(OAg)and
PdCL reaction was found to be incomplete even aftduxefg for 24 h (entries 23-24).
Similarly we tried 10, 20 & 30 wt % of 10 % Pd/C st also resulted in incomplete reaction
(entries 25-27). Further, when the amount was aszd to 50 wt %, 78 % of coumestan was
isolated (entry 28). However due to stoichiometgquirement we did not continued with
expensive Pd reagents further. Among all the abmagents, anhyd. Cu(OAcwas
concluded to be more efficient and best sourcettier present oxidative cyclization with
respect to cost, availability and reaction timergvyield of 76 % (entry 2). It must be noted
that the absence of any reagent did not show aydupt formation (entry 29).
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Table 17: Solvent screening.

O o]
‘/\&
HO

52a

Cu(OAc), (1 equiv)

Solvent, reflux

la

O0._0O
T . /
o~

Sr. No. Solvent Temperature (°C)| Time (h) Yield (%)

1) Toluene 110 24 7
2) AcOH 118 24 0
3) p-Xylene 138 24 20
4) DMF 153 24 15
5) DMA 165 24 6

6) o-DCB 180 24 30
7) DMSO 189 24 ND
8) Diphenyl ether 258 6 76

ND: Not Determined

To check the feasibility of this reaction in otis&ivents, solvent screening was done (Table

17). At the outset a reaction with anhyd. Cu(QA() equiv) in toluene under refluxing
condition for 24 h delivered product albeit in poweld of 7 % (entry 1). Acetic acid did not

show any product formation even after 24 h (enfryExamining different solvents with

varying boiling points such ap;xylene, DMF, DMA ando-DCB proved to be inefficient to

provide desired product in good yields (entries).3R&action in DMSO resulted in charring

and no coumestan product was isolated (entry 7)ognthese solvents, diphenyl ether

proved to be the optimum solvent as substantialywbyield of 76 % was isolated (entry 8).

Table 18: Standardization of reaction temperature.

CCr

Cu(OAC), (1 equiv)
Diphenyl ether

o
>/

"1

o}

o Temperature . o O
Sr. No. Temperature (°C) Time (h) Yield (%)
1) 100 24 25
2) 150 24 50
3) 170-180 12 62
4) 200 10 64
5) 258 6 76
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Temperature studies were done by carrying outdhetions at different temperatures starting
from 100 °C to reflux temperature in diphenyl eteelvent (Table 18). It was observed that
at 100 °C only 25 % vyield was isolated (entry hcreasing the reaction temperature to 150
°C allowed increase in product yield to 50 % (er2)y Further increase up to 62 % was
observed when the reaction temperature was magutdmetween 170-18 (entry 3). At
200 °C no much increase in product yield was olexefentry 4). However maximum vyield
of 76 % was observed at 258 °C (entry 5). Hendeniely temperature was found to be the

optimum temperature as lowering in temperature glbslecreased product yield.

Table 19: Standardization of Cu(OAgToncentration.

0-_0 [eNgZe]
O Cu(OAc), O
= > =
Diphenyl ether, reflux
HO

52a la
Sr. No. Cu(OAc), (equiv) Time (h) Yield (%)
1) 0.2 24 66
2) 0.5 12 70
3) 1 6 76
4) 1.2 11 70
5) 2 14 56

Standardization of Cu(OAgoncentration was done by carrying out differections with
varying amount of Cu(OAeg)from catalytic (0.2 equiv) to excess (2 equiv){[Eal9). It was
endearing to see that even catalytic amount of BajOwas effective enough to provide
product yield of 66 % (entry 1). Similarly 0.5 egquf Cu(OAc) worked well to deliver
increased yield of 70 % (entry 2). Best quantitys@und to be 1 equiv of Cu(OAcyiving
highest yield of 76 % in just 6 h (entry 3). Slightrease in reagent quantity resulted in yield
drop (entry 4). Excess of the reagent caused fudiop to 56 % (entry 5).

Table 20: Synthesis of coumestans using optimized reactoition.

O

O
X 00 Cu(OAC); (1 equiv) R‘*®\
RT®/ P > A~
| N diphenyl ether 7\
®;R' reflux o .®—\R'

HO

Mayuri M. Naik, Ph. D. Thesis, Goa University Page225



CHAPTER 4

Sr. Substituted 3-(2- Coumestan Time Yield
No. hydroxyphenyl)-2H- (h) (%)
chromen-2-one
O O (e} O O O
1 7 ¢ 6 76
’ e
52a la
MeO (e} O MeO O ]
2) O < 13 66
Be oD
52b 1b
OO O (0]
3 O Z O ¢ 6 72
) MeO ~ O MeO
52c¢ 1c
/\ /\
2) Crr X 13 70
e D)
52d 1d
O o0 O o0
5 7 ¢ 8 80
| o
52e le
O O 0 O o0
6 7 ¢ 10 65
) pe
52f 1f
O o0 O o0
7 Z ¢ 17 67
529 19
OMe OMe
MeO [eNgFFe] MeO O (0]
8) RO RO 6 80
pe )
52h 1h
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0
18) 5 55
0,
52r
o0
HO O OMe
52s
20) 4 60
OMe
MeO O O
21) MeO { 7 54
OMe © O
OMe
1t
O 0.0 O 0o._0
22) ~ ‘/\& 10 65
e o
52v 1u
OO0 (O NgZe]
23) O ~ O 7 60
o o~
52w 1lv
HO OO HO. Oo._0O
24) O F O O = 12 59
HO OMe © O
52X OMe
2e
HO O~ 0 HO O O (0]
25) ‘/\;E‘ / 18 55
HO O OH ° O
52y , OH
C
@ Reaction was carried out in 1.5 equiv of Cu(QAc)
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After obtaining the optimum reaction conditionsthar studies to check the substrate scope
were undertaken (Table 20). Substituents on bathptienyl rings A and B were evaluated.
Parent coumestan was obtained in 76 % yield. Studying A revealed that the electron
releasing methoxy and ethoxy substituents reactexbthly to give the desired produdis-

1d in good yields. Naphthol group was very reactiv@rovide the expected coumestanin

80 % yield. Monomethyl and dimethyl substituentsevalso successfully converted into the
desired productslf and 1g. Coumestanslh-1j were formed when dimethoxy and
methylenedioxy substitutions were examined on Anglydroxy substituents also reacted to
produce the required coumestatis and 1l without any protection thus exhibiting good
efficiency and practicability of this method. Cowsten bearing electron withdrawing bromo
grouplm was isolated in low yield when 1 equiv of Cu(OAwas employed. However when
the amount of Cu(OAg)was increased to 1.5 equiv the product yield alsceased to 53 %.
Similarly electron deficient coumestan with chlaabstituentln was synthesised in 67 %
yield. Strong electron withdrawing nitro group wgste reactive enough to offer the desired

productlo.

On successfully synthesising above derivativesyast on to explore the substitution pattern
on ring B. When methoxy substituent was employeding B without any substituent on
ring A, reaction went on smoothly to afford counaestp in 70 % yield. Similarly various
substituents on ring A provided diverse coumesgindg-1t in moderate to good yields in
presence of methoxy substituent on ring B. Amongséhthe dimethyl ether of natural
compounds coumestra@f® and sativolls were isolated. Moreover trimethyl ether of lucérno
1t was also successfully formed. Various reports atihgpthe conversion of compouri to
naturally occurring coumestr@c have been demonstratgd®*?with the introduction of
methyl group on ring B also successfully delivecedimestandu and1v in 65 and 60 %

yields respectively without affecting the side chai

Encouraged by the formation of hydroxyl coumestdksand 11 we thought to apply this
methodology towards the protective group free ssith of naturally occurring 43-
methylcoumestrol/9-methoxycoumestr@e® and coumestrol 2¢582¢14a.23a.26a-b,31a,33a-,34,49
Several syntheses of these coumestans have beamteceput an efficient method without
any protection-deprotection strategy is still irgthidemand. On subjecting the necessary
starting materials to the above reaction conditiovas endearing to see the formation of both
coumestan®e and 2c in 59 and 55 % vyields respectively thus elimingtthe need of

protection-deprotection steps as reported in kiteea methods. As most of the naturally
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occurring coumestans contain hydroxyl and/or megtgnoup/s, our methodology provides a

broad scope for synthesis of more natural membersiwomestan family.

Spectral data of all compounds
3-(2-Hydroxyphenyl)-2H-chromen-2-one (52a)
Cr
52a HO O
yield (0.869 g, 98 %); colorless solid; m.p. 21242C; Iit.}"°212-213 °C.

IR (KBr): = 3340 (OH), 3062, 1697 (C=0), 1604, 1350, 750'cm

'H NMR (DMSO-ds, 400 MHz): § 6.84-6.90 (m, 2H), 7.21-7.26 (m, 2H), 7.35 {d 7.6,
0.8 Hz, 1H), 7.41 (d) = 8.4 Hz, 1H), 7.61 (td] = 8.4, 1.6 Hz, 1H), 7.73 (dd,= 7.6, 1.2 Hz,
1H), 7.98 (s, 1H).

3C NMR (DMSO-ds, 100 MHz): § 115.6 (CH), 115.8 (CH), 118.8 (CH), 119.2 (C)212
(Cq), 124.6 (CH), 125.9 (Cq), 128.3 (CH), 129.8 §CHB0.7 (CH), 131.6 (CH), 141.9 (CH),
152.9 (Cq), 154.9 (Cq), 159.5 (Cq).

6H-Benzofuro[3,2€]chromen-6-one (1a)
O O (0]
_

1ao O
yield (0.075 g, 76 %); colorless solid; m.p. 18®€; it.1°°187-188 °C.
IR (KBr): #= 3078, 3045, 1732 (C=0), 1498, 1082, 752'cm
'H NMR (CDCl3, 400 MHz): § 7.33-7.45 (m, 4H), 7.52-7.56 (m, 1H), 7.59-7.61, (rH),
7.96 (dd,J = 8.0, 1.6 Hz, 1H), 8.06-8.08 (m, 1H).
3C NMR (CDCl3, 100 MHz): 8 105.9 (Cq), 111.8 (CH), 112.6 (Cq), 117.5 (CH)1.82

(CH), 121.9 (CH), 123.4 (Cq), 124.7 (CH), 125.2 {CH26.8 (CH), 131.9 (CH), 153.6 (Cq),
155.5 (Cq), 158.1 (Cq), 159.9 (Cq).

3-(2-Hydroxyphenyl)-7-methoxy-2H-chromen-2-one (52b)
MeO: O 0
52b HO

yield (0.950 g, 95 %); colorless solid; m.p. 16@RI€.
Rf: 0.56 (40 % ethyl acetate/petroleum ether).
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IR (KBr): v= 3346 (OH), 1685 (C=0), 1622, 1508, 1280, 738'cm

'H NMR (DMSO-ds, 400 MHz): 5 3.87 (s, 3H), 6.86 (td] = 7.6, 1.2 Hz, 1H), 6.92 (dd,=
8.0, 0.8 Hz, 1H), 6.97 (dd,= 8.4, 2.4 Hz, 1H), 7.03 (d,= 2.4 Hz, 1H), 7.22 (ddd, = 8.0,
7.6, 1.6 Hz, 1H), 7.26 (dd,= 7.6, 1.6 Hz, 1H), 7.65 (d,= 8.8 Hz, 1H), 7.96 (s, 1H), 9.57 (s,
1H).

13C NMR (DMSO-ds, 100 MHz): § 55.9 (OCH), 100.3 (CH), 112.3 (CH), 112.8 (Cq), 115.6
(CH), 118.7 (CH), 122.2 (Cq), 122.4 (Cq), 129.3 jCtP9.4 (CH), 130.8 (CH), 142.1 (CH),
154.8 (Cq), 155.0 (Cq), 159.6 (Cq), 162.1 (Cq).

HRMS (ESI): for CigH1:04Na: m/z [M + Na], calcd: 291.0633, found: 291.0632.

3-Methoxy-6H-benzofuro[3,2c]chromen-6-one (1b)

o

yield (0.065 g, 66 %)olorless solid; m.p. 196-198 °C; #£195-197 °C.

IR (KBr): #=2985, 1735 (C=0), 1627, 1274, 754tm

'H NMR (CDCl3, 400 MHz): 6 3.85 (s, 3H), 6.91-6.93 (m, 2H), 7.35-7.39 (m, 2HB5-
7.59 (m, 1H), 7.86 (d] = 9.2 Hz, 1H), 8.01-8.05 (m, 1H).

3C NMR (CDCl3, 100 MHz): § 55.8 (OCH), 101.4 (CH), 103.2 (Cq), 105.7 (Cq), 111.5
(CH), 112.9 (CH), 121.4 (CH), 122.8 (CH), 123.6 JCIR5.0 (CH), 126.1 (CH), 155.2 (Cq),
155.5 (Cq), 158.2 (Cq), 160.5 (Cq), 162.9 (Cq).

3-(2-Hydroxyphenyl)-6-methoxy-24-chromen-2-one (52¢)

Meo

52c

yield (0.960 g, 96 %)olorless solid; m.p. 144-146 °C; 1it/144-145 °C.

IR (KBr): = 3327 (OH), 1689 (C=0), 1577, 1487, 1031, 750'cm

'H NMR (DMSO-ds, 400 MHz): & 3.82 (s, 3H), 6.86 (i1 = 7.6 Hz, 1H), 6.92 (d] = 8.0 Hz,
1H), 7.19-7.28 (m, 3H), 7.31 (d,= 2.8 Hz, 1H) 7.38 (d] = 8.8 Hz, 1H), 7.98 (s, 1H), 9.62
(br s, 1H).

13C NMR (DMSO-ds, 100 MHz): § 55.7 (OCH), 110.5 (CH), 115.7 (CH), 116.9 (CH),
118.7 (CH), 118.9 (CH), 119.7 (Cq), 122.2 (Cq), .22€q), 129.7 (CH), 130.8 (CH), 141.7
(CH), 147.4 (Cq), 155.0 (Cq), 155.6 (Cq), 159.5)Cq
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2-Methoxy-6H-benzofuro[3,2c]chromen-6-one (1c)

O

1c

yield (0.071 g, 72 %)colorless solid; m.p. 156-158 °C; 1it*155-157 °C.

IR (KBr): #=3089, 2941, 1735 (C=0), 1566, 1074, 777'cm

'H NMR (CDCl 3, 400 MHz): & 3.83 (s, 3H), 7.03 (ddl = 9.2, 2.8 Hz, 1H), 7.25-7.29 (m,
2H), 7.32-7.39 (m, 2H), 7.54 (dd= 6.8, 2.0 Hz, 1H), 8.00-8.02 (m, 1H).

13C NMR (CDCl3, 100 MHz): § 55.9 (OCH), 103.2 (CH), 105.9 (Cq), 111.6 (CH), 112.7
(Cq), 118.6 (CH), 120.2 (CH), 121.8 (CH), 123.4 YCIP5.2 (CH), 126.7 (CH), 148.1 (Cq),
155.4 (Cq), 156.3 (Cq), 158.2 (Cq), 159.8 (Cq).

8-Ethoxy-3-(2-hydroxyphenyl)-2H-chromen-2-one (52d)

yield (0.988 g, 94 %);olorless solid; m.p. 170-172 °C.

Rf: 0.48 (40 % ethyl acetate/petroleum ether).

IR (KBr): v= 3300 (OH), 1695 (C=0), 1469, 1278, 1111, 779'cm

'H NMR (DMSO-ds, 400 MHz): § 1.42 (t,J = 7.2 Hz, 3H), 4.19 (q] = 14.0, 7.2 Hz, 2H),
6.87 (td,J = 7.6, 1.2 Hz, 1H), 6.91 (d,= 8.0 Hz, 1H), 7.21-7.28 (m, 5H), 8.01 (s, 1H)®.6
(s, 1H).

3C NMR (DMSO-ds, 100 MHZz): § 14.6 (CH), 64.3 (OCH), 114.6 (CH), 115.6 (CH), 118.7
(CH), 119.5 (CH), 119.9 (Cq), 122.1 (Cq), 124.4 jCt26.0 (Cq), 129.7 (CH), 130.7 (CH),
142.1 (CH), 142.4 (Cq), 145.5 (Cq), 155.0 (Cq),.15€q).

HRMS (ESI): for C;1H1404Na: m/z [M + Na], calcd: 305.0790, found: 305.0790.

4-Ethoxy-6H-benzofuro[3,2c]chromen-6-one (1d)

yield (0.069 g, 70 %);olorless solid; m.p. 172-174 °C.
Rf: 0.52 (30 % ethyl acetate/petroleum ether).
IR (KBr): v= 3084, 2972, 1722 (C=0), 1566, 1284, 1058, 748.cm
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'H NMR (CDCl 3, 400 MHz): § 1.48 (t,J = 7.2 Hz, 3H), 4.17 (q] = 14.0, 6.8 Hz, 2H), 7.06
(d,J = 8.0 Hz, 1H), 7.24 (] = 8.0 Hz, 1H), 7.36-7.43 (m, 2H), 7.52 (d 8.0 Hz, 1H), 7.59

(dd,J = 6.8, 2.4 Hz, 1H), 8.08-8.10 (m, 1H).

3C NMR (CDCl3, 100 MHz): § 14.8 (CH), 65.1 (CH), 105.9 (Cq), 111.7 (CH), 113.1
(CH), 113.4 (Cq), 114.9 (CH), 121.9 (CH), 123.5)CIp4.7 (CH), 125.2 (CH), 126.7 (CH),
143.6 (Cq), 147.1 (Cq), 155.5 (Cq), 157.7 (Cq),.26CQ).

HRMS (ESI): for C;H1:04H: m/z [M + HJ', calcd: 281.0814, found: 281.0814.

2-(2-Hydroxyphenyl)-3H-benzof]chromen-3-one (52e)

0._0O
HO
52e

yield (0.990 g, 92 %)olorless solid; m.p. 216-218 °C; ft:216-217 °C.

IR (KBr): v= 3282 (OH), 1707 (C=0), 1454, 1355, 808, 734'cm

'H NMR (DMSO-ds, 400 MHz): § 6.91 (td,J = 7.6, 1.2 Hz, 1H), 6.95 (d,= 8.0 Hz, 1H),
7.25-7.29 (m, 1H), 7.38 (dd,= 7.6, 1.6 Hz, 1H), 7.61-7.64 (m, 2H), 7.71)(& 7.2 Hz, 1H),
8.08 (d,J = 8.0 Hz, 1H), 8.20 (d] = 8.8 Hz, 1H), 8.61 (d] = 8.8 Hz, 1H), 8.86 (s, 1H), 9.65
(br s, 1H).

3C NMR (DMSO-ds, 100 MHz): § 113.2 (Cq), 115.7 (CH), 116.5 (CH), 118.7 (CH)2 R
(CH), 122.6 (Cq), 125.5 (Cq), 125.9 (CH), 128.2 jCH8.8 (CH), 128.8 (Cq), 129.7 (CH),
129.9 (Cq), 131.1 (CH), 132.6 (CH), 138.0 (CH), B5Zq), 155.2 (Cq), 159.3 (Cq).

8H-Benzoflbenzofuro[3,2<clchromen-8-one (1€e)

O~ -0

(L

JITD
le

yield (0.079 g, 80 %);olorless solid; m.p. 210-212 °C.
Rf: 0.5 (20 % ethyl acetate/petroleum ether).
IR (KBr): v= 3066, 1741 (C=0), 1560, 1008, 746tm
'H NMR (CDClI 3, 400 MHz): § 7.43-7.50 (m, 2H), 7.56-7.60 (m, 2H), 7.73-7.78 2i),
7.91 (d,J = 8.4 Hz, 1H), 7.99 (d] = 8.8 Hz, 1H), 8.15-8.18 (m, 1H), 9.21 (ds 7.6 Hz, 1H).
*C NMR (CDCl3, 100 MHz): § 105.9 (Cq), 106.8 (Cq), 111.6 (CH), 117.2 (CH)L.72
(CH), 122.7 (Cq), 125.3 (2 X CH), 126.3 (CH), 126CH), 127.2 (Cq), 128.7 (2 X CH),
130.2 (Cq), 132.9 (CH), 153.7 (Cq), 155.3 (Cq),.29Cq), 161.1 (Cq).
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HRMS (ESI): for CigH1003H: m/z [M + HJ', calcd: 287.0708, found: 287.0708.

3-(2-Hydroxyphenyl)-6-methyl-2H-chromen-2-one (52f)

yield (0.845 g, 90 %)colorless solid; m.p. 166-168 °C; 167-168 °C.

IR (KBr): v=3398 (OH), 3068, 1710 (C=0), 1452, 1228, 74Z'cm

'H NMR (DMSO-ds, 400 MHz): & 2.38 (s, 3H), 6.86 (f] = 7.6 Hz, 1H), 6.91 (d] = 8.4 Hz,
1H), 7.21-7.28 (m, 2H), 7.33 (d,= 8.4 Hz, 1H), 7.43 (d] = 8.4 Hz, 1H), 7.53 (s, 1H), 7.96
(s, 1H), 9.61 (s, 1H).

13C NMR (DMSO-ds, 100 MHz): § 20.2 (CH), 115.6 (2 X CH), 118.7 (CH), 119.0 (Cq),
122.3 (Cq), 125.8 (Cq), 127.9 (CH), 129.6 (CH), .83@H), 132.3 (CH), 133.6 (Cq), 141.8
(CH), 151.2 (Cq), 155.0 (Cq), 159.5 (Cq).

2-Methyl-6H-benzofuro[3,2clchromen-6-one (1f)

OO

%

B
yield (0.064 g, 65 %)colorless solid; m.p. 156-158 °C; 1it?157-158 °C.
IR (KBr): #= 2924, 1730 (C=0), 1570, 1444, 748tm
IH NMR (CDCl 3, 400 MHz): 5 2.52 (s, 3H), 7.44 (s, 2H), 7.47-7.53 (m, 2H)97(6d,J =
6.8, 3.2 Hz, 1H), 7.86 (s, 1H), 8.16-8.18 (m, 1H).
13 NMR (CDCls, 100 MHz): § 20.9 (CH), 105.7 (Cq), 111.7 (CH), 112.2 (Cg), 117.2
(CH), 121.5 (CH), 121.8 (CH), 123.5 (Cq), 125.1 JCH26.6 (CH), 133.0 (CH), 134.6 (Cq),
151.8 (Cq), 155.4 (Cq), 158.3 (Cq), 159.9 (Cq).

3-(2-Hydroxyphenyl)-5,7-dimethyl-2H-chromen-2-one (529)
[eNge]
HO
529
yield (0.850 g, 86 %);olorless solid; m.p. 166-168 °C.

Rf: 0.63 (40 % ethyl acetate/petroleum ether).
IR (KBr): v= 3348 (OH), 3016, 1728 (C=0), 1448, 1232, 846'cm
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'H NMR (DMSO-ds, 400 MHz): § 2.36 (s, 3H), 2.45 (s, 3H), 6.84-6.89 (m, 2H),27(8,
1H), 7.06 (s, 1H), 7.22 (td,= 7.6, 1.6 Hz, 1H), 7.27 (dd,= 7.6, 1.6 Hz, 1H), 7.99 (s, 1H),
9.70 (br s, 1H).

3C NMR (DMSO-dg, 100 MHz): § 17.8 (CH), 21.1 (CH), 113.9 (CH), 115.4 (Cq), 115.5
(CH), 118.8 (CH), 122.6 (Cq), 124.1 (Cq), 126.8 jCH29.6 (CH), 130.9 (CH), 136.1 (Cq),
138.9 (CH), 141.9 (Cq), 153.6 (Cq), 154.9 (Cq),.552q).

HRMS (ESI): for C;1H1405Na: m/z [M + Na], calcd: 289.0841, found: 289.0841.

1,3-Dimethyl-6H-benzofuro[3,2<c]chromen-6-one (1q)
o0
_
yield (0.066 g, 67 %);olorless solid; m.p. 252-254 °C.
Rf: 0.59 (20 % ethyl acetate/petroleum ether).
IR (KBr): v=2924, 1737 (C=0), 1606, 1446, 1083, 783'cm
'H NMR (CDCl3, 400 MHz): § 2.42 (s, 3H), 2.86 (s, 3H), 6.98 (s, 1H), 7.121¢d), 7.42-
7.47 (m, 2H), 7.62-7.66 (m, 1H), 8.11-8.15 (m, 1H).
3C NMR (CDCl3, 100 MHz): § 21.2 (CH), 21.7 (CH), 105.0 (Cq), 109.5 (Cq), 111.6 (CH),
115.4 (CH), 121.7 (CH), 123.1 (Cq), 125.1 (CH), 226€CH), 128.0 (CH), 134.9 (Cq), 142.5

(Cq), 154.6 (Cq), 155.3 (Cq), 158.4 (Cq), 161.4)(Cq
HRMS (ESI): for C;7H1,03H [M + H]*, calcd: 265.0865, found: 265.0865.

3-(2-Hydroxyphenyl)-7.8-dimethoxy-2H-chromen-2-one (52h)

OMe

MeO
P

52h Ho O
yield (0.890 g, 80 %);olorless solid; m.p. 162-164 °C.
Rf: 0.42 (50 % ethyl acetate/petroleum ether).
IR (KBr): v= 3286 (OH), 1689 (C=0), 1604, 1284, 1107, 781'cm
'H NMR (DMSO-ds, 400 MHz): § 3.87 (s, 3H), 3.93 (s, 3H), 6.85 (tti= 7.6, 1.2 Hz, 1H),
6.91 (dd,J = 8.0, 1.2 Hz, 1H), 7.13 (d,= 8.8 Hz, 1H), 7.19-7.27 (m, 2H), 7.47 (U= 8.8
Hz, 1H), 7.95 (s, 1H), 9.56 (s, 1H).
3C NMR (DMSO-ds, 100 MHz): § 56.3 (OCH), 60.8 (OCH), 109.2 (CH), 113.9 (Cq),

115.6 (CH), 118.7 (CH), 122.3 (Cq), 122.6 (Cq), .52&H), 129.5 (CH), 130.8 (CH), 134.9
(Cq), 142.3 (CH), 146.8 (Cq), 154.8 (Cq), 155.1)(A%9.2 (Cq).
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HRMS (ESI): for C;H140sNa: m/z [M + Na], calcd: 321.0739, found: 321.0739.

3,4-Dimethoxy-@H-benzofuro[3,2c]chromen-6-one (1h)

OMe

MeO O o0
_

1h © O
yield (0.079 g, 80 %); colorless solid; m.p. 18®2g; 1it.X°°189-190 °C.
IR (KBr): v=2947, 1743 (C=0), 1292, 1087, 1031, 748'cm
'H NMR (CDCl 3, 400 MHz): & 3.94 (s, 3H), 3.99 (s, 3H), 6.96 (b= 9.2 Hz, 1H), 7.37-7.39
(m, 2H), 7.56-7.58 (m, 1H), 7.67 (@ = 8.8 Hz, 1H), 8.05-8.07 (m, 1H).
13C NMR (CDCl3, 100 MHz): § 56.5 (OCH), 61.6 (OCH), 103.6 (Cq), 107.2 (Cq), 109.0
(CH), 111.5 (CH), 116.8 (CH), 121.6 (CH), 123.6 JCI25.1 (CH), 126.3 (CH), 136.9 (Cq),
147.8 (Cq), 155.3 (Cq), 155.9 (Cq), 157.8 (Cq),.56Cq).

3-(2-Hydroxypheny)-6,7-dimethoxy-2H-chromen-2-one (52i)
MeO [eNg 6]
MeO &
yield (0.910 g, 82 %); colorless solid; m.p. 16461€.

Rf: 0.5 (50 % ethyl acetate/petroleum ether).

IR (KBr): v= 3523 (OH), 3078, 1703 (C=0), 1571, 1292, 758'cm

'H NMR (DMSO-ds, 400 MHz): § 3.78 (s, 3H), 3.85 (s, 3H), 6.82-6.89 (m, 2H),57(8,
1H), 7.18-7.23 (m, 2H), 7.24 (s, 1H), 7.87 (s, 181Y5 (br s, 1H).

3C NMR (DMSO-ds, 100 MHz): § 55.8 (OCH), 56.1 (OCH), 99.5 (CH), 108.7 (CH),
111.6 (Cq), 115.5 (CH), 118.8 (CH), 122.3 (Cq), .#2Zq), 129.4 (CH), 130.8 (CH), 142.2

(CH), 145.8 (Cq), 148.8 (Cq), 152.1 (Cq), 154.9)(a®%0.1 (Cq).
HRMS (ESI): for C;H140sNa: m/z [M + Na], calcd: 321.0739, found: 321.0739.

2.3-Dimethoxy-84-benzofuro[3,2c]Jchromen-6-one (1i)

MeO OO0
L
Ra®
1i

yield (0.059 g, 60 %);olorless solid; m.p. 256-258 °C.
Rf: 0.55 (40 % ethyl acetate/petroleum ether).
IR (KBr): v=2941, 1730 (C=0), 1517, 1273, 775tm
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'H NMR (CDCl3, 400 MHz): § 3.93 (s, 3H), 3.97 (s, 3H), 6.96 (s, 1H), 7.321¢d), 7.37-
7.41 (m, 2H), 7.56-7.59 (m, 1H), 8.04-8.06 (m, 1H).

13C NMR (CDCl3, 100 MHz): 8 56.5 (2 X OCH), 100.7 (CH), 101.9 (CH), 103.7 (Cq),
104.7 (Cq), 111.5 (CH), 121.6 (CH), 123.7 (Cq), 12&H), 126.2 (CH), 146.9 (Cq), 149.8
(Cq), 153.1 (Cq), 155.3 (Cq), 158.5 (Cq), 160.7)(Cq

HRMS (ESI): for C;H1:0sH: m/z [M + HJ', calcd: 297.0763, found: 297.0763.

7-(2-Hydroxyphenyl)-6H-[1,3]dioxolo[4,5-glchromen-6-one (52))

0 0.0

<

’ )
52j

HO

yield (0.735 g, 70 %);olorless solid; m.p. 242-244 °C.

Rf: 0.48 (40 % ethyl acetate/petroleum ether).

IR (KBr): v= 3388 (OH), 1683 (C=0), 1492, 1278, 734tm

'H NMR (DMSO-ds, 400 MHz): 5 6.18 (s, 2H), 6.84 (td = 7.6, 1.2 Hz, 1H), 6.89 (dd,=
7.6, 0.8 Hz, 1H), 7.16 (s, 1H), 7.19-7.26 (m, 3HY1 (s, 1H), 9.56 (s, 1H).

3C NMR (DMSO-ds, 100 MHz): § 97.6 (CH), 102.4 (ChJ, 105.3 (CH), 112.9 (Cq), 115.6
(CH), 118.6 (CH), 122.3 (Cq), 122.4 (Cq), 129.4 JC130.8 (CH), 142.3 (CH), 144.4 (Cq),
150.0 (Cq), 150.5 (Cq), 154.9 (Cq), 159.6 (Cq).

HRMS (ESI): for CiH100sNa: m/z [M + Na], calcd: 305.0426, found: 305.0425.

6H-Benzofuro[3,2¢][1,3]dioxolo[4,5-glchromen-6-one (1))

o 0.0
s
1 0

yield (0.069 g, 70 %);olorless solid; m.p. 272-274 °C.

Rf: 0.42 (20 % ethyl acetate/petroleum ether).

IR (KBr): ¥=2924, 1751 (C=0), 1458, 1261, 773tm

'H NMR (CDCl 3, 400 MHz): § 6.06 (s, 2H), 6.92 (s, 1H), 7.29 (s, 1H), 7.3797(f, 2H),
7.55-7.57 (m, 1H), 8.02-8.04 (m, 1H).

13C NMR (CDCl3, 100 MHz): § 98.1 (CH), 98.4 (CH), 101.5 (GH 102.5 (Cq), 104.9 (Cq),
110.5 (CH), 120.6 (CH), 122.5 (Cq), 124.1 (CH), B&CH), 144.3 (Cq), 149.9 (Cq), 150.6
(Cq), 154.2 (Cq), 157.3 (Cq), 159.7 (Cq).

HRMS (ESI): for C;¢HgOsH: m/z [M + HJ', calcd: 281.0450, found: 281.0450.
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8-Hydroxy-3-(2-hydroxyphenyl)-2H-chromen-2-one (52k)

OH

O [eNge}
~

52k HO O
yield (0.715 g, 75 %);olorless solid; m.p. 210-212 °C.
Rf: 0.48 (50 % ethyl acetate/petroleum ether).
IR (KBr): v = 3452 (OH), 3305 (OH), 3047, 1674 (C=0), 1604,3,48.84, 758 cih
'H NMR (DMSO-ds, 400 MHz): § 6.87 (td,J = 7.6, 1.2 Hz, 1H), 6.92 (dd,= 8.4, 0.8 Hz,
1H), 7.08-7.12 (m, 1H), 7.14-7.19 (m, 2H), 7.24dd#i= 8.0, 7.6, 1.6 Hz, 1H), 7.28 (ddi=
7.6, 1.6 Hz, 1H), 7.97 (s, 1H), 9.62 (br s, 1H),2BXbr s, 1H).
3C NMR (DMSO-dg, 100 MHz): & 115.6 (CH), 117.7 (CH), 118.3 (CH), 118.7 (CH)p12
(Cq), 122.3 (Cq), 124.4 (CH), 125.8 (Cq), 129.6 JC1B0.8 (CH), 141.7 (Cq), 142.3 (CH),
144.3 (Cq), 155.0 (Cq), 159.3 (Cq).
HRMS (ESI): for CisH1004Na: m/z [M + Na], calcd: 277.0477, found: 277.0477.

4-Hydroxy-6H-benzofuro[3,2-clchromen-6-one (1K)

OH

yield (0.061 g, 62 %);olorless solid; m.p. 246-248 °C.

Rf: 0.55 (40 % ethyl acetate/petroleum ether).

IR (KBr): v= 3230 (OH), 2924, 1703 (C=0), 1566, 1184, 740'cm

'H NMR (DMSO-ds, 400 MHz): § 7.22 (dd,J = 8.0, 1.6 Hz, 1H), 7.33 (§, = 8.0 Hz, 1H),
7.51-7.60 (m, 3H), 7.91 (d,= 8.0 Hz, 1H), 8.01 (dd} = 7.2, 1.6 Hz, 1H), 10.53 (s, 1H).

13C NMR (DMSO-ds, 100 MHz): § 104.9 (Cq), 111.6 (CH), 112.2 (CH), 112.9 (Cq)8.71
(CH), 120.8 (CH), 122.9 (Cq), 125.2 (CH), 125.4 [CH6.9 (CH), 141.9 (Cq), 145.4 (Cq),
154.9 (Cq), 157.0 (Cq), 160.0 (Cq).

HRMS (ESI): for C;sHgO4H: m/z [M + HJ', calcd: 253.0501, found: 253.0501.

7-Hydroxy-3-(2-hydroxyphenyl)-2H-chromen-2-one (52I)

HO 0.0
521 HO

yield (0.736 g, 78 %)olorless solid; m.p. 200-202 °C; 1t'201-202 °C.
IR (KBr): v= 3232 (OH), 2746, 1676 (C=0), 1585, 1228, 756'cm
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'H NMR (DMSO-dg, 400 MHz): & 6.76-6.91 (m, 4H), 7.20 (ddd,= 8.0, 7.2, 1.6 Hz, 1H),
7.24 (ddJ = 7.6, 1.6 Hz, 1H), 7.56 (d,= 8.4 Hz, 1H), 7.90 (s, 1H), 9.52 (br s, 1H), BO(br
s, 1H).

%C NMR (DMSO-dg, 100 MHz): § 101.8 (CH), 111.7 (Cq), 113.1 (CH), 115.6 (CH)851
(CH), 121.2 (Cq), 122.6 (Cq), 129.3 (CH), 129.6 JCH30.9 (CH), 142.4 (CH), 154.9 (Cq),
155.0 (Cq), 159.7 (Cq), 160.9 (Cq).

3-Hydroxy-6H-benzofuro[3,2c]Jchromen-6-one (1)

HO‘OO
%
e

1l

yield (0.067 g, 68 %)olorless solid; m.p. 270-272 °C; #£270-272 °C.

IR (KBr): #=23317 (OH), 2924, 1724 (C=0), 1438, 1093, 748'cm

'H NMR (DMSO-ds, 400 MHz): § 6.65 (d,J = 1.6 Hz, 1H), 6.75 (dd] = 8.8, 1.6 Hz, 1H),
7.26-7.33 (m, 2H), 7.51 (d,= 7.6 Hz, 1H), 7.58 (d] = 8.8 Hz, 1H), 7.63 (d] = 6.8 Hz, 1H).
3C NMR (DMSO-dg, 100 MHz): § 101.7 (Cq), 103.0 (CH), 103.8 (Cq), 111.9 (CH)3.91
(CH), 120.3 (CH), 123.1 (Cq), 123.3 (CH), 125.2 |CH26.2 (CH), 154.5 (Cq), 155.2 (Cq),
157.4 (Cq), 160.6 (Cq), 161.9 (Cq).

6-Bromo-3-(2-hydroxypheny)-2H-chromen-2-one (52m)

0.0
9@
Br

52m HO

yield (1.090 g, 92 %)pale yellow solid; m.p. 234-236 °C; {it®235-236 °C.

IR (KBr): v=3350 (OH), 3049, 1691 (C=0), 1483, 1197, 754'cm

'H NMR (DMSO-dg, 400 MHz): & 6.88 (td,J = 7.6, 1.2 Hz, 1H), 6.92 (d,= 7.6 Hz, 1H),
7.23-7.28 (m, 2H), 7.42 (d,= 8.8 Hz, 1H), 7.77 (ddl = 8.8, 2.4 Hz, 1H), 7.99 (s, 1H), 8.01
(d,J = 2.4 Hz, 1H), 9.76 (br s, 1H).

¥C NMR (DMSO-ds, 100 MHz): § 115.6 (CH), 116.0 (Cq), 118.2 (CH), 118.8 (CH)1112
(Cq), 121.8 (Cq), 127.1 (Cq), 129.9 (CH), 130.3 JCEB0.7 (CH), 133.8 (CH), 140.6 (CH),
152.0 (Cq), 154.9 (Cq), 158.9 (Cq).
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2-Bromo-6H-benzofuro[3,2clchromen-6-one (1m)

0-_0
I
Br
im

yield (0.030 g, 30 %; 0.052 g, 53 %plorless solid; m.p. 242-244 °C.

Rf: 0.64 (20 % ethyl acetate/petroleum ether).

IR (KBr): v= 3074, 1749 (C=0), 1550, 1446, 1103, 979, 758.cm

'H NMR (CDCl 3, 400 MHz): & 7.32 (d,J = 8.8 Hz, 1H), 7.39-7.47 (m, 2H), 7.59-7.63 (m,
2H), 8.06-8.08 (m, 1H), 8.09 (d,= 2.4 Hz, 1H).

3C NMR (CDCl3, 100 MHz): & 106.6 (Cq), 111.9 (CH), 114.2 (Cq), 117.5 (Cq)9.21
(CH), 122.0 (CH), 123.2 (Cq), 124.4 (CH), 125.5 |CH7.3 (CH), 134.7 (CH), 152.4 (Cq),
155.7 (Cq), 157.4 (Cq), 158.5 (Cq).

HRMS (ESI): for C;sH,BrOsNa: m/z [M + NaJ, calcd: 336.9476, found: 336.9477.

6-Chloro-3-(2-hydroxypheny)-2H-chromen-2-one (52n)

0.0
=
CI
52n HO

yield (0.880 g, 86 %)pale brown solid; m.p. 230-232 °C; 1£230-231 °C.

IR (KBr): v=3344 (OH), 3061, 1689 (C=0), 1483, 1199, 754'cm

'H NMR (DMSO-ds, 400 MHz): 6 6.87 (td,J = 7.6, 1.2 Hz, 1H), 6.92 (dd,= 8.0, 0.8 Hz,
1H), 7.22-7.28 (m, 2H), 7.49 (d,= 8.8 Hz, 1H), 7.66 (dd] = 8.8, 2.4 Hz, 1H), 7.89 (d,=
2.4 Hz, 1H), 8.01 (s, 1H), 9.67 (s, 1H).

3C NMR (DMSO-dg, 100 MHz): & 115.7 (CH), 117.9 (CH), 118.7 (CH), 120.7 (Cq)1 R
(Cq), 127.1 (Cq), 127.3 (CH), 128.2 (Cq), 129.9 JCEB0.7 (CH), 130.9 (CH), 140.6 (CH),
151.7 (Cq), 155.0 (Cq), 158.9 (Cq).

2-Chloro-6H-benzofuro[3,2<c]chromen-6-one (1n)

0.0
@

(6]
- S0

yield (0.066 g, 67 %);olorless solid; m.p. 236-238 °C.
Rf: 0.5 (10 % ethyl acetate/petroleum ether).
IR (KBr): v= 3089, 1755 (C=0), 1556, 1111, 983, 821'cm
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'H NMR (CDCl 3, 400 MHz): 6 7.38 (d,J = 8.8 Hz, 1H), 7.43 (td] = 8.0, 2.0 Hz, 2H), 7.48
(dd,J = 8.8, 2.4 Hz, 1H), 7.61 (dd,= 7.6, 1.6 Hz, 1H), 7.94 (d,= 2.4 Hz, 1H), 8.06-8.08
(m, 1H).

3C NMR (CDCl3, 100 MHz): 8 106.6 (Cq), 111.9 (CH), 113.7 (Cq), 118.9 (CH)1.12
(CH), 122.0 (CH), 123.2 (Cq), 125.5 (CH), 127.3 {CH30.3 (Cq), 131.9 (CH), 151.9 (Cq),
155.7 (Cq), 157.5 (Cq), 158.7 (Cq).

HRMS (ESI): for Ci;sH,CIOsH: m/z [M + HJ', calcd: 271.0162, found: 271.0193.

3-(2-Hydroxyphenyl)-6-nitro-2H-chromen-2-one (520)

[ONGZ @)
=

520 HO

yield (0.999 g, 95 %)colorless solid; m.p. 236-238 °C; 1236-237 °C.

IR (KBr): v=3417 (OH), 3078, 1724 (C=0), 1537, 1348, 761'cm

'H NMR (DMSO-ds, 400 MHz): § 6.87-6.92 (m, 2H), 7.24-7.29 (m, 2H), 7.64 Jc 9.2
Hz, 1H), 8.17 (s, 1H), 8.41 (dd= 9.2, 2.8 Hz, 1H), 8.72 (d,= 2.8 Hz, 1H), 9.87 (s, 1H).
¥C NMR (DMSO-ds, 100 MHz): § 115.6 (CH), 117.4 (CH), 118.9 (CH), 119.5 (Cq)12
(Cq), 124.1 (CH), 126.1 (CH), 127.8 (Cq), 130.2 JCHB0.7 (CH), 140.8 (CH), 143.6 (Cq),
154.9 (Cq), 156.6 (Cq), 158.4 (Cq).

2-Nitro-6H-benzofuro[3,2c]chromen-6-one (10)

00
=
ON
o~
1o

yield (0.053 g, 54 %);olorless solid; m.p. 264-266 °C.

Rf: 0.5 (35 % ethyl acetate/petroleum ether).

IR (KBr): v=3091, 1757 (C=0), 1533, 1348, 974, 750'cm

'H NMR (CDCl 3, 400 MHz): § 7.43-7.53 (m, 2H), 7.58 (d,= 9.2 Hz, 1H), 7.67 (d] = 8.0
Hz, 1H), 8.08 (ddJ = 7.6, 1.2 Hz, 1H), 8.40 (dd,= 9.2, 2.8 Hz, 1H), 8.88 (d,= 2.8 Hz,
1H).

3C NMR (CDCl3, 100 MHz): 8 107.3 (Cq), 112.1 (CH), 113.1 (Cq), 118.2 (CH)8.11
(CH), 122.1 (CH), 122.8 (Cq), 125.8 (CH), 126.4 |CER27.9 (CH), 144.2 (Cq), 155.9 (Cq),
156.5 (Cq), 156.6 (Cq), 158.2 (Cq).

HRMS (ESI): for C;sH/,NOsH: m/z [M + HJ', calcd: 282.0397, found: 282.0397.
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3-(2-Hydroxy-4-methoxyphenyl)-2H-chromen-2-one (52p)

‘OO
"

52p HO OMe

yield (0.215 g, 80 %)olorless solid; m.p. 170-172 °C; #£171-172 °C.

IR (KBr): v= 3192 (OH), 2960, 1724 (C=0), 1602, 1203, 761*cm

'H NMR (DMSO-ds, 400 MHz): § 3.72 (s, 3H), 6.44-6.46 (m, 2H), 7.19 {d; 8.8 Hz, 1H),
7.33 (td,J = 8.4, 1.2 Hz, 1H), 7.39 (d,= 8.0 Hz, 1H), 7.58 (td] = 8.4, 1.6 Hz, 1H), 7.69
(dd,J=8.0, 1.6 Hz, 1H), 7.93 (s, 1H), 9.87 (br s, 1H).

13C NMR (DMSO-ds, 100 MHz): § 55.0 (OCH), 101.3 (CH), 104.5 (CH), 114.8 (Cq), 115.8
(CH), 119.3 (Cq), 124.5 (CH), 125.5 (Cq), 128.2 jCtB1.3 (CH), 131.5 (CH), 141.4 (CH),
152.8 (Cq), 156.1 (Cq), 159.7 (Cq), 160.5 (Cq).

9-Methoxy-6H-benzofuro[3,2c]chromen-6-one (1p)
O (o]

P
o~

OMe

yield (0.069 g, 70 %)olorless solid; m.p. 216-218 °C; 12216 °C.

IR (KBr): #=2993, 1743 (C=0), 1504, 1282, 750tm

'H NMR (CDCl 3, 400 MHz): 8 3.94 (s, 3H), 7.09 (dd} = 8.4, 2.0 Hz, 1H), 7.21 (d,= 2.0
Hz, 1H), 7.42 (tdJ = 8.4, 1.2 Hz, 1H), 7.52 (dd,= 8.4, 0.8 Hz, 1H), 7.58-7.62 (m, 1H),
7.99-8.02 (m, 2H).

¥C NMR (CDCls3, 100 MHz): 8 55.9 (OCH), 96.8 (CH), 106.1 (Cq), 112.9 (Cq), 113.6
(CH), 116.5 (Cq), 117.4 (CH), 121.5 (CH), 122.0 |CH4.6 (CH), 131.3 (CH), 153.2 (Cq),
156.8 (Cq), 158.3 (Cq), 159.3 (Cq), 159.7 (Cq).

1p

3-(2-Hydroxy-4-methoxyphenyl)-7-methoxy-21-chromen-2-one (52q)

MeO 0.0
(&

52q HO OMe

yield (0.167 g, 56 %)olorless solid; m.p. 160-162 °C; #£160-161 °C.

IR (KBr): v= 3304 (OH), 2956, 1691 (C=0), 1604, 1510, 1273, &8".

'H NMR (DMSO-ds, 400 MHz): § 3.72 (s, 3H), 3.84 (s, 3H), 6.43-6.45 (m, 2H)36(8,J =
8.8 Hz, 1H), 6.97 (s, 1H), 7.16 @@= 8.8 Hz, 1H), 7.61 (d] = 8.4 Hz, 1H), 7.87 (s, 1H), 9.76
(br s, 1H).
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13C NMR (DMSO-ds, 100 MHz): § 54.9 (OCH), 55.8 (OCH), 100.2 (CH), 101.3 (CH),
104.4 (CH), 112.3 (CH), 112.8 (Cq), 115.0 (Cq), .82Cq), 129.2 (CH), 131.5 (CH), 141.7
(CH), 154.6 (Cq), 156.0 (Cq), 159.9 (Cq), 160.2)(A61.9 (Cq).

3,9-Dimethoxy-6H1-benzofuro[3,2c]chromen-6-one (2f)
MeO O (0]
O
o~

2f

OMe

yield (0.064 g, 65 %)colorless solid; m.p. 198-200 °C; 1#£199-200 °C.

IR (KBr): #= 2951, 1739 (C=0), 1498, 1257, 1099, 840'cm

IH NMR (CDCl s, 400 MHz): § 3.83 (s, 3H), 3.84 (s, 3H), 6.88-6.91 (m, 2H),66(8d,J =
8.8, 2.4 Hz, 1H), 7.08 (d,= 2.4 Hz, 1H), 7.79 (d] = 9.2 Hz, 1H), 7.87 (d] = 8.4 Hz, 1H).
13C NMR (CDCls, 100 MH2): 5 55.8 (OCH), 55.9 (OCH), 96.8 (CH), 101.4 (CH), 103.5
(Cq), 106.1 (Cg), 113.0 (CH), 113.2 (CH), 116.6 XC®1.6 (CH), 122.5 (CH), 155.1 (Cq),
156.5 (Cq), 158.5 (Cq), 159.2 (Cq), 160.1 (Cq),.662q).

3-(2-Hydroxy-4-methoxyphenyl)-3H-benzofflchromen-3-one (52r)

(@] O
HO OMe
52r

yield (0.250 g, 79 %);olorless solid; m.p. 208-210 °C.

Rf: 0.58 (50 % ethyl acetate/petroleum ether).

IR (KBr): = 3315 (OH), 2993, 1689 (C=0), 1257, 1105, 808'cm

'H NMR (DMSO-ds, 400 MHz): § 3.74 (s, 3H), 6.49-6.52 (m, 2H), 7.29 {ds 9.2 Hz, 1H),
7.57 (d,J = 8.8 Hz, 1H), 7.61 (dd] = 8.0, 0.8 Hz, 1H), 7.68-7.72 (m, 1H), 8.03 Jd5 7.2
Hz, 1H), 8.14 (d,) = 9.2 Hz, 1H), 8.49 (d] = 8.4 Hz, 1H), 8.74 (s, 1H), 9.88 (br s, 1H).

3C NMR (DMSO-ds, 100 MHz): § 55.1 (OCH}), 101.3 (CH), 104.6 (CH), 113.2 (Cq), 115.2
(Cq), 116.4 (CH), 122.2 (CH), 124.9 (Cq), 125.9 jCH8.2 (CH), 128.6 (Cq), 128.8 (CH),
129.8 (Cq), 131.8 (CH), 132.4 (CH), 137.5 (CH), B5&q), 156.2 (Cq), 159.7 (Cq), 160.6
(Ca).

HRMS (ESI): for C,H1404Na: m/z [M + Na], calcd: 341.0790, found: 341.0790.
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11-Methoxy-8H-benzof]benzofuro[3,2c]chromen-8-one (1q)
CrC
D

1q OMe
yield (0.054 g, 55 %); colorless solid; m.p. 23&2C.
Rf: 0.65 (35 % ethyl acetate/petroleum ether).
IR (KBr): #=2972, 1730 (C=0), 1504, 1273, 812tm
'H NMR (CDCl 3, 400 MHz): § 3.87 (s, 3H), 7.01-7.03 (m, 1H), 7.22 (br s, TH}9-7.55
(m, 2H), 7.69 (tJ = 8.4 Hz, 1H), 7.85 (d] = 8.0 Hz, 1H), 7.89 (d] = 8.8 Hz, 1H), 7.97 (dd,
J=8.8, 1.2 Hz, 1H), 9.09 (d,= 7.2 Hz, 1H).
3C NMR (CDCl3;, 100 MHz): 8 55.9 (OCH), 96.6 (CH), 106.3 (Cq), 107.4 (Cq), 113.9
(CH), 115.8 (Cq), 117.4 (CH), 122.0 (CH), 125.5 |CtR6.3 (CH), 127.4 (Cq), 128.6 (CH),
128.8 (CH), 130.4 (Cq), 132.5 (CH), 153.2 (Cq), .T5€Cq), 158.2 (Cq), 159.7 (Cq), 160.7
(Ca).
HRMS (ESI): for C,oH1,04Na: m/z [M + NaJ, calcd: 339.0633, found: 339.0633.

3-(2-Hydroxy-4-methoxyphenyl)-6-methyl-24-chromen-2-one (52s)

[eNgZ 6]
OMe

52s HO

yield (0.220 g, 78 %); colorless solid; m.p. 18@21€.

Rf: 0.5 (50 % ethyl acetate/petroleum ether).

IR (KBr): v= 3342 (OH), 2912, 1678 (C=0), 1502, 1153, 796'cm

'H NMR (DMSO-ds, 400 MHz): § 2.35 (s, 3H), 3.72 (s, 3H), 6.44-6.47 (m, 2H)87(d,J =
8.8 Hz, 1H), 7.28 (d] = 8.4 Hz, 1H), 7.39 (ddl = 8.4, 1.6 Hz, 1H), 7.49 (d,= 1.2 Hz, 1H),
7.87 (s, 1H), 9.82 (br s, 1H).

3C NMR (DMSO-ds, 100 MHZz): § 20.2 (CH), 55.0 (OCH), 101.3 (CH), 104.5 (CH), 114.9
(Cq), 115.5 (CH), 119.0 (Cq), 125.4 (Cq), 127.8 JCEB1.5 (CH), 132.1 (CH), 133.7 (Cq),
141.4 (CH), 150.9 (Cq), 156.1 (Cq), 159.9 (Cq),.26Cq).

HRMS (ESI): for C;7H1404Na: m/z [M + Na], calcd: 305.0790, found: 305.0791.
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9-Methoxy-2-methyl-6H-benzofuro[3,2c]chromen-6-one (1r)

o] (o]
9

o~

OMe

yield (0.065 g, 66 %);olorless solid; m.p. 198-200 °C.

Rf: 0.64 (40 % ethyl acetate/petroleum ether).

IR (KBr): v= 3008, 1743 (C=0), 1508, 1273, 812tm

'H NMR (CDCl3, 400 MHz): § 2.42 (s, 3H), 3.85 (s, 3H), 6.99 (di= 8.8, 2.4 Hz, 1H),
7.11 (d,J = 2.4 Hz, 1H), 7.31 (s, 2H), 7.70 (s, 1H), 7.92X¢ 8.8 Hz, 1H).

3C NMR (CDCl3, 100 MHz): § 20.9 (CH), 55.9 (OCH), 96.8 (CH), 105.9 (Cq), 112.5
(Cq), 113.5 (CH), 116.6 (Cq), 117.1 (CH), 121.1 JCH1.9 (CH), 132.4 (CH), 134.5 (Cq),
151.5 (Cq), 156.7 (Cq), 158.4 (Cq), 159.4 (Cq),.632q).

HRMS (ESI): for C;H1:04Na: m/z [M + Na], calcd: 303.0633, found: 303.0633.

1r

3-(2-Hydroxy-4-methoxyphenyl)-7.8-dimethoxy-#i-chromen-2-one (52t)

OMe
MeO ‘ O (0]
"1
52t HO OM

yield (0.198 g, 60 %);olorless solid; m.p. 194-196 °C.

Rf: 0.45 (50 % ethyl acetate/petroleum ether).

IR (KBr): v= 3377 (OH), 2943, 1703 (C=0), 1606, 1284, 802'cm

'H NMR (DMSO-ds, 400 MHz): § 3.71 (s, 3H), 3.83 (s, 3H), 3.89 (s, 3H), 6.4366(n,
2H), 7.09 (dJ = 8.8 Hz, 1H), 7.16 (d] = 8.8 Hz, 1H), 7.43 (d] = 8.8 Hz, 1H), 7.86 (s, 1H),
9.81 (br s, 1H).

3C NMR (DMSO-dgs, 100 MHz): § 55.0 (OCH), 56.3 (OCH), 60.8 (OCH), 101.2 (CH),
104.5 (CH), 109.2 (CH), 113.9 (Cq), 114.9 (Cq), .22&q), 123.4 (CH), 131.5 (CH), 134.8
(Cq), 141.9 (CH), 146.6 (Cq), 154.6 (Cq), 156.0)(d%9.6 (Cq), 160.3 (Cq).

HRMS (ESI): for C;gH1¢06Na: m/z [M + NaJ, calcd: 351.0845, found: 351.0845.

e

3.4,9-Trimethoxy-6H-benzofuro[3,2<€]chromen-6-one (1s)

OMe
MeO 0._0
o
o)

1s

OMe

yield (0.059 g, 60 %)olorless solid; m.p. 208-210 °C; #t209-210 °C.
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IR (KBr): #=2953, 1743 (C=0), 1502, 1290, 1097, 798'cm

'H NMR (CDCl 3, 400 MHz): § 3.84 (s, 3H), 3.93 (s, 3H), 3.98 (s, 3H), 6.93)¢, 8.8 Hz,
1H), 6.97 (dd,J = 8.8, 2.0 Hz, 1H), 7.09 (d,= 2.0 Hz, 1H), 7.59 (dl = 8.4 Hz, 1H), 7.89 (d,
J=8.4 Hz, 1H).

13C NMR (CDCl3, 100 MHz): 8 55.9 (OCH), 56.5 (OCH), 61.7 (OCH), 96.8 (CH), 103.8
(Cq), 107.4 (Cq), 108.9 (CH), 113.2 (CH), 116.4 JCHL6.6 (Cq), 121.7 (CH), 136.9 (Cq),
147.4 (Cq), 155.4 (Cq), 156.5 (Cq), 157.9 (Cq),.2%€q), 159.8 (Cq).

3-(2-Hydroxy-4-methoxyphenyl)-6,7-dimethoxy-#-chromen-2-one (52u)

MeO O O (0]
=
OMe

52u HO

yield (0.209 g, 64 %)olorless solid; m.p. 200-202 °C; #£200-201 °C.

IR (KBr): v= 3313 (OH), 2989, 1666 (C=0), 1514, 1244, 1004, 8",

'H NMR (DMSO-ds, 400 MHz): 5 3.69 (s, 3H), 3.76 (s, 3H), 3.82 (s, 3H), 6.436(n,
2H), 6.99 (s, 1H), 7.13 (d,= 8.8 Hz, 1H), 7.18 (s, 1H), 7.80 (s, 1H), 9.8B8gb1H).

3C NMR (DMSO-ds, 100 MHz): & 54.9 (OCH), 55.8 (OCH), 56.1 (OCH), 99.5 (CH),
101.2 (CH), 104.5 (CH), 108.6 (CH), 111.7 (Cq), 118q), 122.0 (Cq), 131.5 (CH), 141.9
(CH), 145.8 (Cq), 148.6 (Cq), 151.9 (Cq), 155.9)(a®%0.2 (Cq), 160.4 (Cq).

2.3,9-Trimethoxy-6H-benzofuro[3,2clchromen-6-one (1t)

MeO o] (o]

noe
v o

OMe

yield (0.059 g, 60 %)olorless solid; m.p. 252-254 °C; #£253-254 °C.

IR (KBr): v=2951, 1726 (C=0), 1517, 1271, 1002, 825'cm

'H NMR (CDCl 3, 400 MHz): 5 3.83 (s, 3H), 3.90 (s, 3H), 3.95 (s, 3H), 6.911¢d), 6.96
(dd,J = 8.4, 2.4 Hz, 1H), 7.07 (d,= 2.0 Hz, 1H), 7.23 (s, 1H), 7.87 @F= 8.8 Hz, 1H).

3C NMR (CDCls, 100 MHz): § 55.9 (OCH), 56.4 (2 X OCH), 96.8 (CH), 100.6 (CH),
101.6 (CH), 103.8 (Cq), 104.9 (Cq), 113.1 (CH), .T1€q), 121.7 (CH), 146.8 (Cq), 149.2
(Cq), 152.6 (Cq), 156.4 (Cq), 158.6 (Cq), 159.2)(@§9.9 (Cq).
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3-(2-Hydroxy-5-methylphenyl)-2H-chromen-2-one (52v)
O O O
_

52V HO O
yield (0.182 g, 72 %)olorless solid; m.p. 138-140 °C; #£138-140 °C.
IR (KBr): = 3398 (OH), 2918, 1710 (C=0), 1610, 1510, 744'cm
'H NMR (DMSO-ds, 400 MHZz): & 2.21 (s, 3H), 6.78 (d} = 8.0 Hz, 1H), 7.01-7.05 (m, 2H),
7.35 (td,J = 7.6, 1.2 Hz, 1H), 7.41 (d,= 8.4 Hz, 1H), 7.58-7.62 (m, 1H), 7.72 (dis 8.0,
1.6 Hz, 1H), 7.96 (s, 1H), 9.50 (br s, 1H).
3C NMR (DMSO-dg, 100 MHz): § 19.9 (CH), 115.5 (CH), 115.8 (CH), 119.2 (Cq), 121.9
(Cq), 124.5 (CH), 126.1 (Cq), 127.3 (Cq), 128.3 JCEB0.2 (CH), 130.9 (CH), 131.5 (CH),
141.8 (CH), 152.6 (Cq), 152.9 (Cq), 159.5 (Cq).

8-Methyl-6H-benzofuro[3,2clchromen-6-one (1u)

0.0
O
o~
1u

yield (0.064 g, 65 %)olorless solid; m.p. 190-192 °C; #£189-191 °C.

IR (KBr): v=2924, 1737 (C=0), 1631, 1082, 756tm

'H NMR (CDCl3, 400 MHz): & 2.39 (s, 3H), 7.14 (d] = 8.4 Hz, 1H), 7.29 (&) = 7.6 Hz,
1H), 7.39 (tJ = 9.2 Hz, 2H), 7.48 (] = 8.4 Hz, 1H), 7.78 (s, 1H), 7.87 (#iz 7.6 Hz, 1H).

3C NMR (CDCl3, 100 MHz): & 21.3 (CH), 105.6 (Cq), 111.2 (CH), 112.7 (Cq), 117.4
(CH), 121.6 (CH), 121.8 (CH), 123.3 (Cq), 124.6 |CH7.9 (CH), 131.7 (CH), 135.1 (Cq),
153.5 (Cq), 153.9 (Cq), 158.2 (Cq), 159.9 (Cq).

3-(2-Hydroxy-5-methylpheny-6-methyl-2H-chromen-2-one (52w)

00
li/‘
52w HO

yield (0.180 g, 68 %);olorless solid; m.p. 190-192 °C.

Rf: 0.58 (40 % ethyl acetate/petroleum ether).

IR (KBr): v = 3367 (OH), 2922, 1720 (C=0), 1581, 808tm

'H NMR (DMSO-ds, 400 MHz):  2.23 (s, 3H), 2.38 (s, 3H), 6.79 (W= 8.0 Hz, 1H), 7.03-
7.07 (m, 2H), 7.33 (d] = 8.4 Hz, 1H), 7.43 (dd] = 8.4, 1.6 Hz, 1H), 7.53 (d,= 1.6 Hz,
1H), 7.93 (s, 1H), 9.44 (s, 1H).
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3C NMR (DMSO-ds, 100 MHz): § 19.9 (CH), 20.2 (CH), 115.5 (CH), 115.6 (CH), 118.9
(Cq), 121.9 (Cq), 125.9 (Cq), 127.2 (Cq), 127.9 YCB0.1 (CH), 130.9 (CH), 132.3 (CH),
133.7 (Cq), 141.7 (CH), 151.1 (Cq), 152.7 (Cq),.65€q).

HRMS (ESI): for C;H1405Na: m/z [M + Na], calcd: 289.0841, found: 289.0841.

2.8-Dimethyl-6H-benzofuro[3,2<clchromen-6-one (1v)

0.0
(L
o~
1lv

yield (0.059 g, 60 %);olorless solid; m.p. 202-204 °C.

Rf: 0.48 (10 % ethyl acetate/petroleum ether).

IR (KBr): v=2920, 1753 (C=0), 1571, 1074, 794tm

'H NMR (CDCl3, 400 MHz): § 2.49 (s, 3H), 2.52 (s, 3H), 7.27 @z 7.6 Hz, 1H), 7.39 (s,
2H), 7.53 (d,) = 8.4 Hz, 1H), 7.79 (s, 1H), 7.93 (s, 1H).

13C NMR (CDCl3, 100 MHz): § 20.9 (CH), 21.3 (CH), 105.6 (Cq), 111.1 (CH), 112.4 (Cq),
117.2 (CH), 121.5 (CH), 121.6 (CH), 123.5 (Cq), B2(CH), 132.9 (CH), 134.5 (Cq), 135.1
(Cq), 151.8 (Cq), 153.9 (Cq), 158.5 (Cq), 160.1)(Cq

HRMS (ESI): for C;H1:03H: m/z [M + HJ', calcd: 265.0865, found: 265.0865.

7-Hydroxy-3-(2-hydroxy-4-methoxyphenyl)-2H-chromen-2-one (52x)

HO [oNge]

52x HO OMe

yield (0.149 g, 53 %)pale yellow solid; m.p. 248-250 °C.

Rf: 0.43 (50 % ethyl acetate/petroleum ether).

IR (KBr): #= 3414 (OH), 3257 (OH), 2997, 1676 (C=0), 1610,3,18.2 cni.

'H NMR (DMSO-ds, 400 MHz): § 3.73 (s, 3H), 6.44-6.46 (m, 2H), 6.75 {d5 2.4 Hz, 1H),
6.79 (ddJ = 8.4, 2.4 Hz, 1H), 7.17 (d,= 8.8 Hz, 1H), 7.55 (d] = 8.8 Hz, 1H), 7.85 (s, 1H),
9.67 (s, 1H), 10.65 (br s, 1H).

3C NMR (DMSO-ds, 100 MHz): 8 54.9 (OCH), 101.2 (CH), 101.6 (CH), 104.3 (CH),
111.8 (Cq), 112.9 (CH), 115.1 (Cq), 120.8 (Cq),.42€H), 131.5 (CH), 141.9 (CH), 154.7
(Cq), 155.9 (Cq), 160.0 (Cq), 160.1 (Cq), 160.6)(Cq

HRMS (ESI): for CigH1:0sNa: m/z [M + Na], calcd: 307.0582, found: 307.0582.
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3-Hydroxy-9-methoxy-6H-benzofuro[3,2clchromen-6-one (2€)

HO. 0.0

=

o~
2e

OMe
yield (0.058 g, 59 %)pale yellow solid; m.p. >300 °C; i?>300 °C.

IR (KBr): #=3267 (OH), 2920, 1708 (C=0), 1500, 1267, 110D, &#".

'H NMR (DMSO-ds, 400 MHz): 5 3.86 (s, 3H), 6.92 (d] = 1.6 Hz, 1H), 6.96 (dd] = 8.8,
2.0 Hz, 1H), 7.09 (dd] = 8.4, 2.0 Hz, 1H), 7.47 (d,= 1.6 Hz, 1H), 7.78 (d] = 8.4 Hz, 1H),
7.87 (d,J = 8.4 Hz, 1H), 10.89 (br s, 1H).

%C NMR (DMSO-dg, 100 MHz): § 55.8 (OCH), 97.2 (CH), 101.8 (Cqg), 103.0 (CH), 104.0
(Cq), 113.4 (CH), 113.9 (CH), 115.8 (Cq), 120.5 JCH2.8 (CH), 154.7 (Cq), 155.8 (Cq),
157.6 (Cq), 158.8 (Cq), 159.9 (Cq), 161.3 (Cq).

3-(2,4-Dihydroxyphenyl)-7-hydroxy-2H-chromen-2-one (52y)

HO 0.0
(I/‘
52y Ho o)

yield (0.132 g, 49 %)pale yellow solid; m.p. >280 °C (decomp).

Rf: 0.48 (70 % ethyl acetate/petroleum ether).

IR (KBr): v =3410 (OH), 3315 (OH), 3147 (OH), 2746, 1693 (CFTH98, 1463, 1224, 995
cm™.

H NMR (DMSO-ds, 400 MHz): 5 6.27 (ddJ = 8.4, 2.4 Hz, 1H), 6.35 (d,= 2.4 Hz, 1H),
6.74 (d,J = 2.4 Hz, 1H), 6.79 (ddl = 8.4, 2.4 Hz, 1H), 7.04 (d,= 8.4 Hz, 1H), 7.53 (d] =
8.4 Hz, 1H), 7.81 (s, 1H), 9.46 (s, 1H), 9.51 (4),110.62 (br s, 1H).

13C NMR (DMSO-dg, 100 MHz): & 101.6 (CH), 102.5 (CH), 106.2 (CH), 111.9 (Cqg)2R1
(CH), 113.6 (Cq), 121.2 (Cq), 129.4 (CH), 131.4 JCH41.7 (CH), 154.6 (Cq), 155.9 (Cq),
158.3 (Cq), 160.2 (Cq), 160.5 (Cq).

HRMS (ESI): for C;sH100sH: m/z [M + HJ', calcd: 271.0601, found: 271.0601.

H

3.,9-Dihydroxy-6H-benzofuro[3,2c]chromen-6-one (2¢)
HO O O

@
o~

OH

2c

yield (0.054 g, 55 %)pale yellow solid; m.p. >300 °C; #*>300 °C.
IR (KBr): = 3398 (OH), 3082, 2372, 1701 (C=0), 1629, 130811810 crit.
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'H NMR (DMSO-ds, 400 MHZz): § 6.92-6.98 (m, 3H), 7.19 (d,= 2.0 Hz, 1H), 7.71 (d] =
8.4 Hz, 1H), 7.89 (d] = 8.4 Hz, 1H), 10.20 (br s, 1H), 10.88 (br s, 1H).

13C NMR (DMSO-ds, 100 MHz): 3 98.7 (CH), 101.9 (Cq), 102.9 (CH), 104.1 (Cq), .B13
(CH), 114.0 (CH), 114.5 (Cq), 120.6 (CH), 122.8 JCH54.6 (Cq), 155.9 (Cq), 156.9 (Cq),
157.7 (Cq), 159.5 (Cq), 161.1 (Cq).

Onepot ggproach A

Cu(OAc), (1 equiv)
NEts, Diphenyl ether

reflux, 6 h \
CHO
o ©+ @[ la

OH
i. NEty, reflux, 1 h Cu(OAc)y (1 equiv)/(
52a

51 50a
ii. NEt; removed Diphenyl ether
under vacuo reflux, 6 h, 71%
Stepwi £ onepot gproach B

Scheme 74 Stepwise one pot synthesis of coumedian

The protocol was then successfully tested for tiepgration ofla from 52aon a larger scale

(2 mmol) thus demonstrating its utility. Furthegr@e pot procedure was attempted by mixing
2-coumaranonél, salicylaldehydé0a Cu(OAc) and NE$ in diphenyl ether as the solvent
system. However, no formation b& was observed (Scheme AJ-Hence a stepwise one pot
approach was developed wherein N&&s removed under reduced pressure before addition
of Cu(OAc) giving productlain good yield (Scheme 78}.

Mechanistic studies were performed to check whetthemechanism is following a radical
pathway. Hence the reaction was performed in poesenh a radical scavenger TEMPO. It
was found to show no effect on the yield of prodiecsuggesting an alternative mechanism.
Based on this observation a speculative mechargspnoposed for this intramolecular C-O
cyclization (Scheme 75). Cu(ll) from Cu(OAdinds to electronegative hydroxyl oxygen
atom of substrat&2 with the liberation of one molecule of acetic atadform intermediate
54. Intramolecular oxidative addition of copper toetlC-H bond render$6 via the
elimination of another molecule of acetic acid fré® Finally the reductive elimination of
56 furnished coumestafh and metallic copper which was supported from réedrXRD
(Figure 12) of the residue left after reaction ahgb from the copper mirror deposits on the
walls of the reaction flask. The ¢ visible from XRD could be due to the aerobic atidn

of Cu at high reaction temperature.
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0.0
0.0 ' Cu(OAC), O R
=
e # S
O R' -ACOH A f "-.'/
HO u O—Cu
52 >\~o 0
54
55
-AcOH
reductive el |m|nat|on
= =
] Cu
1/202
Cu,O

Scheme 75Proposed mechanism for the formation of coumesiaimg) Cu(OAc).
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8 | —_ & UO
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Figure 12: (A) XRD of Cu, CyO and the residue left after reaction (B) Overlay.

It is known that the presence of other metal imyuor “homeopathic” metal can also be
responsible for such resulé.But, it was essential to confirm that presenc®afimpurity
was not responsible for this Cu(OAahediated cylization. Hence Cu(OAc3ample was
tested for the presence of Pd by ICP-MS analysistwshowed the presence of 1817.97 ppb
of Pd. So accordingly to gain some clarity in wieetf?d has any role in this oxidative
cyclization we conducted two experiments in preseocl equiv of Cu(OAg)along with
0.01 equiv of Pd(OAg)or PdC} (Scheme 76). It was observed that on additiorxtg#raal Pd
source there was no much difference visible in seafnreaction time or product yield. Also
the incomplete conversion of starting resultedartipl product formation when 0.1 equiv of
Pd(OAc) or PdC} was exclusively employed. As discussed previouSlgng et al.**’ had
employed 1 equiv of Pdgfor coumestan synthesis over longer durationmét(24 h) which
support our observation. Also, a reaction usinglgit PdC} under Wacker condition in
presence of Cugin DMF:DMA (1:1) solvent system at 150 °C was atpged giving trace
amount of product. All these results suggests Ghats playing the major role in the present
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oxidative cyclization reaction and not the Pd imgyupresent in copper. However the
probable role of Pd present in ppb level in contaith copper and their synergestic effect
cannot be ruled out completely.

0.01 equiv Pd(OAc),
1 equiv Cu(OAc), 0.1 equiv Pd(OAc),

0.0 / Diphenyl ether N 7 Diphenyl ether \
O reflux, 9 h reflux, 24 h

P OO reaction incomplete o0
® . .
52a HO 0.01 eqiv PdCl, o O 528 HO O
. lequiv Cu(OAc), -~ la RN 0.1 equivPdCl, -~ a
Dipheny| ether Dipheny| ether

reflux, 11h reflux, 24 h
reaction incomplete

Scheme 76Reactions in Pd source in presence/absence of A0

4.5: Conclusion

We developed an efficient methodology for the sgeth of coumestans by implementing
economical Cu(OAg)as the sole reagent in absence of any additie@jent/additive in
diphenyl ether solventia C-H activation.

Several advantages are associated such as sinagkooreprocedure, large substrate scope,
effortless product isolation & good yields which kea this method superior over reported
methods.

Method was applied successfully for the synthebisydroxy substituted naturally occurring
coumestansviz. coumestrol and 40-methylcoumestrol without protection/deprotection
strategies making this method attractive.

Also one pot synthesis and possible use of catadytiount of Cu(OAg)is demonstrated.
4.6: Experimental

(@] O
‘ N CHO NEt3 W X
RT + o — R _Jl
OH o reflux, 1 h
HO

50 51 52a-0

4.6.1: A general procedure for the synthesis of ssbrates 52a-0'’® Substituted
salicylaldehyde derivativ®0 (3.7 mmol) and 2-coumaranod (0.5 g, 3.7 mmol) were
mixed together in a round bottom flask. To it tiamine (15 mL) was added and refluxed
for 1 h. After 1 h the solvent was removed undecuumn and the crude solid was
recrystallized from ethanol to afford pure prod@ef2-hydroxyphenyl)-BI-chromen-2-one
52a-a
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i) p-TSA

CHO o 120-130°C, 8 h COOH
+ + S >
R OH N ii) 20% aq, NaOH, TBAB R OH
50 100°C, 8h 53a-c
R= OCH, 50a
CHs 50b
OH 50c

4.6.2: A general procedure for the synthesis of sghtuted 2-hydroxyphenylacetic acid
53a-c!% Substituted salicylaldehyde derivati&® (29 mmol) along with morpholine (87
mmol), sulphur (58 mmol) angttoluenesulphonic acid (1 mmol) were refluxed wathrring

at 120-130 °C for 8 h. After reaction completioe thixture was cooled to room temperature.
Hydrolysis was carried out by heating in presente2®@ % ag. NaOH (41 mL) and
tetrabutylammonium bromide (0.46 mmol) at 100 °C &h. The reaction mixture was
cooled and filtered. The filtrate was acidified wiHCl to pH 2. It was then extracted with
ethyl acetate (3 times) and combined organic layes washed with water and dried over
sodium sulphate. The crude product obtained waifigniby column chromatography using
petroleum ether-ethyl acetate as eluents.

Sodium acetate o0 0
CHO Ny Scoon  Aceticanhydride S
R + R _ —_————— Pz N
OH OH Acetic acid, reflux, 24 h \ /—R-
HO
50 53 52p-y

4.6.3: A general procedure for the synthesis of ssbrates 52p-y*’’ Substituted
salicylaldehyde derivativB0 (1 mmol), substituted 2-hydroxyphenylacetic &&8{1 mmol),
sodium acetate (5.0 mmol) and acetic anhydride rfgbl) were mixed together in a round
bottom flask. To it acetic acid (4 mL) was added egfluxed for 24 h. After 24 h the solvent
was removed under vacuum and water was addedThetcrude solid obtained was filtered
and then loaded on column (eluent: petroleum eghieyt acetate) to afford pure product 3-(2-
hydroxyphenyl)-2H-chromen-2-on&2p-y.

OH i) NEt,, reflux, 1 h O~p0
+ o o > P
CHO i) FeCl; (10 equiv), o O
1,2-dichloroethane

reflux, 24 h la

50a 51

4.6.4: A procedure for the attempted one pot syntlses of coumestan 1a2-coumaranone
51 (0.1 g, 0.75 mmol) and 2’-hydroxybenzaldehysfia (0.091 g, 0.75 mmol) were mixed
together and refluxed in 10 mL of triethylaminearb0 mL round bottom flask. After 1 h
refluxing, the solvent was removed under reducexssure and to the same vessel, anhyd.
FeCk (1.209 g, 7.5 mmol) was added along with 5 mL &-dichloroethane solvent. The

reaction mixture was then refluxed for 24 h andmgtbtrace amount of produta on TLC.
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O 20 FeCk (10 or 3equiv), O 00
P > =
O 1,2-dichloroethane o O
reflux or 120°C, 24 h

52a HO la

4.6.5: A procedure for the synthesis of coumestaralusing FeC} in 1,2-dichloroethane

solvent: Anhyd. FeC{ (0.68 g, 4.2 mmol) or (0.21 g, 1.26 mmol) was adde 3-(2-

hydroxyphenyl)-#H-chromen-2-oné2a (0.1 g, 0.42 mmol) in a 25 mL round bottom flask.

To it 10 mL of 1,2-dichloroethane solvent was add&de resulting mixtures were then

heated to reflux/120 °C respectively. After 24 ke tsolvent was removed under reduced

pressure and was loaded on column to afford progtddenzofuro[3,2ejchromen-6-onda

as colorless solid (0.020 g, 20 %) or (0.011 g%d)Irespectively with petroleum ether-ethyl

acetate (8.5:1.5) as an eluent.

FeCl (2.5/3 equw),‘
o D oS O

la

4.6.6: A procedure for the synthesis of coumestaralusing FeC} under neat condition in
absence of 230-400 mesh silica géAnhyd. FeC{ (0.17 g, 1.05 mmol) or (0.21 g, 1.26
mmol) was added to 3-(2-hydroxyphenyh-2hromen-2-on&2a (0.1 g, 0.42 mmol) in a 25
mL round bottom flask. The resulting mixtures wdren heated in absence of solvent (neat)
at 150/120 °C for 24/15 h respectively. After tipedfied time, the reaction mixture was
loaded on column to afford produté (0.012 g, 12 %) or (0.011 g, 11 %) respectivelthwi
petroleum ether-ethyl acetate (8.5:1.5) as an eluen

FeCk (2.5 equiv),
230-400 silicagel (1:1 wt./wt. Feg)l

O,
O 0-._0 150°C, 24 h N
or
Z O > O =
524 HO Fg_Cb (2.5 equiv), o O
230-400 silicagel (1:1 wt./wt. Feg)l la
150°C, 24 h

then water
24 hreflux, 24 h

4.6.7: A procedure for the synthesis of coumestaralusing FeC} under neat condition in
presence of 230-400 mesh silica géinhyd. FeC} (0.17 g, 1.05 mmol) was added to 3-(2-
hydroxyphenyl)-H-chromen-2-on&2a (0.1 g, 0.42 mmol) and 230-400 silica gel (0.17ng)

a 25 mL round bottom flask. The resulting mixturaswthen heated in absence of solvent
(neat) at 150 °C for 24 h. Then the reaction metwas loaded on column to afford product
6H-benzofuro[3,2e]chromen-6-onela as colorless solid (0.019 g, 19 %) with petroleum
ether-ethyl acetate (8.5:1.5) as an eluent. Inrathse, similar reaction was carried out to

which after 24 h water was added and refluxed fbh2The water was then removed under
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reduced pressure and the reaction mixture was doadecolumn to afford produdia (0.024

0, 24 %) with petroleum ether-ethyl acetate (8%:4s an eluent.

00 FeCk (2.5/4 equiv), O O~0
4 : _
O 150/18C°C, 24 h 5 O
52a HO

then sonicated (30 min) 1a

4.6.8: A procedure for the synthesis of coumestaralusing FeC} under neat condition:
Anhyd. FeC4 (0.17 g, 1.05 mmol) or (0.27 g, 1.68 mmol) wasexttb 3-(2-hydroxyphenyl)-
2H-chromen-2-oné2a (0.1 g, 0.42 mmol) in a 25 mL round bottom flaSke resulting
mixtures were then heated in absence of solvemtt)ra 150/180 °C for 24 h respectively.
Then the reaction mixture was sonicated for 30 teswith a gap after every 5 minutes and
then loaded on column to afford proddet(0.033 g, 33 %)/(0.025 g, 25 %) respectively with
petroleum ether-ethyl acetate (8.5:1.5) as an &luen

0w 0 FeCk (3/4/5 equiv), oo
O 230-400 silica gel (1:1 wt.Awt. Feg)l O
= > =

O 150°C, 24 h o O
52a HO

then sonicated (30 min) 1a

4.6.9: A procedure for the synthesis of coumestaralusing FeC} under neat condition in
presence of 230-400 mesh silica géAnhyd. FeC} (0.20 g, 1.26 mmol) or (0.27 g, 1.68
mmol) or (0.34 g, 2.1 mmol) was added to 3-(2-hygiphenyl)-H-chromen-2-on&2a (0.1

g, 0.42 mmol) and 230-400 silica gel (0.20/0.24®@3respectively in a 25 mL round bottom
flask. The resulting mixtures were then heatedoseace of solvent (neat) at 150 °C for 24 h.
Then the reaction mixtures were sonicated for 3Quieis with a gap after every 5 minutes
and loaded on column to afforta (0.036 g, 36 %)/(0.042 g, 42 %)/(0.039 g, 39 %)
respectively with petroleum ether-ethyl acetat&:(85) as an eluent.

CU(OAC).H,0/Cu(OACY:Zn(O TF),/CuCh/

0.0 CuBry/Cul/Cu,0/CuO/Cu(OTf)/Cu (hanopowder)/ 0.0
O Cu (metal powder)/Mn(OAg)2H,0/Zn(OAC),.2H,0/ O
= > =
O ZnChL/ZnO/MgChLITiOJFe0, (nanopowder)/Pd(OAg) o O
HO Ag.OAc/10 % Pd/C la
diphenyl ether, reflux

4.6.10: A general procedure for the synthesis of omestan using various reagents:
Above mentioned reagent from Cu(OA&,LO to Pd(OAc) (0.4 mmol) or Ag.OAc (0.2
mmol) or 50 wt % of 10 % Pd/C was added to sulistit3-(2-hydroxyphenyl)42-chromen-

2-one52a (0.4 mmol) in a 25 mL round bottom flask. To it il of diphenyl ether was
added. The resulting mixture was then heated taxdbr 5-24 h. After completion of the

reaction (monitored by TLC) the reaction mass waded to room temperature. Without any
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further work up it was directly loaded on columnatiford pure produclain 7-86 % vyield

with petroleum ether-ethyl acetate (8.5:1.5) aslaant.

O o] 0.0
R = 1 equiv Cu(OAc) L =
ONF B > ‘ =
‘ R diphenyl ether o 7 \‘R'

HO reflux
52a-y la-v,2c,2e-f

4.6.11: A general procedure for the synthesis of omestans la-v,2c,2e-f using
Cu(OAc),: Cu(OAc) (0.4 mmol) was added to substituted 3-(2-hydroxyph)-2H-
chromen-2-oné&2a-y (0.4 mmol) in a 25 mL round bottom flask. To it & of diphenyl
ether was added. The resulting mixture was thetetida reflux for 4-24 h. After completion
of the reaction (monitored by TLC) the reaction mags cooled to room temperature.
Without any further work up it was directly loaded column to afford pure producHé
benzofuro[3,2e]chromen-6-onela-v,2c,2e-fin 30-80 % yield with petroleum ether-ethyl

acetate as an eluent.

0._0 ) 0._0
1 equiv Cu(OAc)
= = =
O Diphenyl ether (10 mL), 0 O
HO reflux, 6 h, 76%

52a 1a

4.6.12: Procedure for the synthesis of coumestan:1@u(OAc) (0.076 g, 0.42 mmol) was
added to 3-(2-hydroxyphenyl}¥R2chromen-2-oné&2a (0.1 g, 0.42 mmol) in a 50 mL round
bottom flask. To it 10 mL of diphenyl ether was eddThe resulting mixture was then heated
to reflux for 6 h. After completion of the reactimonitored by TLC) the reaction mass was
cooled to room temperature. Without any furtherkuagp it was directly loaded on column to

afford productla (0.075 g, 76 %) with petroleum ether-ethyl ace(8tb:1.5) as an eluent.

0._0 ) 0._0
1 equiv Cu(OAc)
= > =
O Diphenyl ether (20 mL), e} O
HO reflux, 21 h, 60%

52a 1a
0.5 g scale

4.6.13: Procedure for the synthesis of coumestan da 0.5 g scaleCu(OAc), (0.382 g, 2.1

mmol) was added to 3-(2-hydroxyphenyh-2hromen-2-oné&2a (0.5 g, 2.1 mmol) in a 50
mL round bottom flask. To it 20 mL of diphenyl ethveas added. The resulting mixture was
then heated to reflux for 21 h. After completiontb& reaction (monitored by TLC) the
reaction mass was cooled to room temperature. \Witany further work up it was directly
loaded on column to afford produta (0.296 g, 60 %) with petroleum ether-ethyl acetate

(8.5:1.5) as an eluent.
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0.0 NEt; removed 00
CHO NEt, 1 equiv Cu(OA O
o+ (70—t (I wiveuong_ [
O OH reflux, 1 h O Diphenyl ether o) O
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4.6.14: Procedure for stepwise one pot synthesis obumestan la:2-coumaranonél
(0.057 g, 0.4 mmol) and salicylaldehysiga (0.052 g, 0.4 mmol) were mixed together in a 25
mL round bottom flask. To it triethylamine (5 mL)aw added and refluxed for 1 h. After
reaction solvent was removed under vacuum andetpithduct formed 3-(2-hydroxyphenyl)-
2H-chromen-2-oné&2a Cu(OAc) (0.077 g, 0.4 mmol) and 10 mL of diphenyl etherave
added. The resulting mixture was then heated tluxdbr 6 h. After completion of the
reaction (monitored by TLC) the reaction mass waded to room temperature. Without any
further work up it was directly loaded on columnatiford productla (0.070 g, 71 %) with

petroleum ether-ethyl acetate (8.5:1.5) as an eluen

1 equiv Cu(OAc) o._0

0.0
O 2 equiv TEMPO O
= > =
O Diphenyl ether, 100C o O
HO Aratms., 24 h, 27%

52a 1a

4.6.15: Procedure for synthesis of coumestan la ipresence of radical scavenger
TEMPO: TEMPO (0.131 g, 0.8 mmol) was added to 3-(2-hydpdwanyl)-2H-chromen-2-
one52a(0.1 g, 0.4 mmol) and Cu(OAc]0.077 g, 0.4 mmol) in a 25 mL round bottom flask.
To it 10 mL of diphenyl ether was added. The resglmixture was flushed with argon gas
few times and then heated with stirring at 1006C24 h in argon atmosphere. After 24 h the
reaction mass was cooled to room temperature. \Witany further work up it was directly
loaded on column to afford produta (0.027 g, 27 %) with petroleum ether-ethyl acetate
(8.5:1.5) as an eluent.
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