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Six-membered ring systems: with
O and/or S atoms

Clementina M.M. Santos ', Artur M.S. Silva® *

'Centro de Investigacao de Montanha (CIMO), Instituto Politécnico de Braganca, Braganca,
Portugal; 2LAQV-REQUIMTE, Department of Chemistry, University of Aveiro, Aveiro,
Portugal

*Corresponding author: artur.silva@ua.pt

6.4.1 Introduction

A large variety of publications have emerged in 2020 involving O- and S-six-mem-
bered ring systems. Special emphasis is given to the large number of reviews that
have been published during this year, perhaps because the pandemic situation caused
by COVID-19 forced scientists around the world to leave their work in the laboratory
and concentrate their efforts on the compilation of reviews.

Reviews on natural products include the chemistry, biology, and chemoenzymatic
synthesis of pyran derivatives of ambruticins and jerangolids (20NPR 1300); chemoen-
zymatic total syntheses of pyran-containing meroterpenoid natural products from
Streptomyces bacteria (20NPR1334); total synthesis and biomedical applications of
tetrahydropyran bryostatins (20CEJ1166); comparative study on the application of
a-amino acid and non—amino acid-derived synthons toward total syntheses of selected
natural tetrahydropyran macrolides [e.g., ripostatin B, (—)-zampanolide, biselyngbyo-
lide B, (—)-amphidinolides O and P, ustiloxin D, and (4)-phorboxazole A]
(20CEJ5131); chemistry and biological activity of secondary metabolites from hypo-
crealean entomopathogenic fungi including chroman, isochromene, pyran-2-one, and
isocoumarin derivatives (20NPR1181); synthesis and biological activity of angular
benzochromene conocurvone and related compounds (20H(100)177); isolation, syn-
thesis, biosynthesis, and biological activity of isochromenes azaphilones
(20RSCA10197); synthesis and biological activity of 5,6-dihydro-2H-pyran-2-ones
phomopsolides and phomopsolidones (20CC12885); synthetic strategies and tactics
applied in the total synthesis of aryl C-glycosides linked to several O-six-membered
heterocycles (20CR1495); and isolation, synthesis, and biological activity of natural
furano[3,2-c]coumarins (20RSCA33344).

Recent advances on antimalarial activity and structure—activity relationships of dif-
ferent linker-tethered artemisinin-derived dimers (20JHC526); on methods to modu-
late the fluorescence of synthetic dyes and sensors, possessing coumarin and
xanthene skeletons, for biological applications (200BC5747); and on the synthesis
and application of coumarin fluorescent probes (20RSCA10826) were disclosed.

Progress in Heterocyclic Chemistry. https:/doi.org/10.1016/B978-0-323-98410-2.00015-1
Copyright © 2021 Elsevier Ltd. All rights reserved.
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Mini reviews on the synthesis of tetrahydrobenzo[c]chromenes tetrahydrocannabi-
nols (200BC3203), on the synthesis of pyrano[3,2-c]coumarins (20NJC18980), and
on the synthesis of 3-substituted 4 H-chroman-4-ones through radical cascade cycliza-
tion reactions (20EJO1588) have also appeared.

Overviews on specific reactions, namely, transition-metal—catalyzed C—H activa-
tion in cascade heterocycle synthesis, including naphtho[1,8-c]pyrans, 2H-chromenes,
coumarins, and xanthenes (20CEJ9749); radical-mediated oxidative 1,n-enyne annula-
tion strategy involving C—H functionalization in the synthesis of 4H-pyran and cou-
marin derivatives (20CC6907); Michael and Hantzsch reactions in the synthesis of
several O-heterocycles (4H-pyrans, 4H-chromenes, xanthenes) (20JHC1476); tandem
Prins cyclization in the construction of fused/bridged/spiro tetrahydropyrans
(200BC7514); organocatalyzed [3+3] annulation reactions for the synthesis of pyran,
thiopyran, and pyran-2-one derivatives (20S1181); and directing-group—assisted tran-
sition-metal—catalyzed direct oxidative annulation of arenes with diverse alkynes for
the synthesis of several O-six-membered heterocycles (20S993) have been reported.

Studies on specific reagents were accomplished and include asymmetric ynamide
chemistry with focus on the general scope, current limitations, stereochemical reaction
control, and mechanistic aspects in the synthesis of 3,4-dihydro-2H-pyran-, 2H-chro-
mene-, and isochromene-type compounds (20CSR8543); Brgnsted acid—mediated
reactions of ynamides, including cycloaddition, cyclization, intramolecular
alkoxylation-initiated rearrangement, oxygen atom transfer reactions, and hydro-
heteroatom addition reactions for the preparation of 2H-chromene and isochromene
derivatives (20CSR8897); regioselective C—H functionalizations of isoprene for the
synthesis of chroman-type compounds (20SL1649); 3-formylchromones in the synthe-
sis of various heterocyclic compounds (20H(100)993); aryne precursors in the synthe-
sis of fluorinated tetrahydropyran and xanthene derivatives (200BC9562);
carbonylative synthesis of carbonyl-containing heterocycles (3,4-dihydrocoumarins
and 4H-chroman-4-ones) using diverse CO surrogates (20CC6016); aldehydes as
direct acylation surrogates in the synthesis of 2H-chromenes, coumarins, and 4H-chro-
men-4-ones (200BC7987); 2-activated 1,3-enynes in enantioselective synthesis of
4H-pyrans (200BC7977); alkaline earth metals, including magnesium, calcium, and
strontium, for the synthesis of several 2H-chromens, chromans, 5,6-dihydro-2H-
pyran-2-ones, and 2,3-dihydro-4H-pyran-4-ones (200BC6443); lemon juice as bioca-
talyst in the synthesis of 4H-pyran-, coumarin-, and xanthene-type compounds
(20TL152298); magnetic nanocatalysts in synthesis of xanthenes (20SC3777); and
metal nanoparticles in the synthesis of various oxygen-containing heterocycles
(20RSCA32740).

The importance of other versatile reagents was also reviewed, namely on the syn-
thesis of small fluorescent xanthene-type probes, together with new supramolecular
functional systems used as pH probes (20CEJ7516), emerging organic photoredox cat-
alysts and the reactions catalyzed thereby (20EJO6028), on p-quinone methides as
acceptors in 1,6-nucleophilic conjugate addition reactions (20EJO2650), on
2-arylidene-1,3-indanediones in annulation reactions for the stereoselective synthesis
of spiro- and fused compounds containing tetrahydropyran, chroman, and tetrahydro-
2H-pyran-2-one moieties (20NJC17148).
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New approaches for the synthesis of naturally occurring bioactive compounds have
appeared. Different routes have been established for the total synthesis of several O-
and S-six-membered-containing heterocycles, namely, 3,4-dihydro-2H-pyran
(—)-strictosidine  (20AGE13414); 3,6-dihydro-2H-pyrans (—)-crisamincin A
(200L3607) and (—)-TAN-2483B (200L9427); 4H-pyran karrikinolide
(20JOC3936); tetrahydropyrans (+)-diospongin A (20T131625); exoguolide
(20CEJ12862); meayamycin and O-acyl analogues (200L8714); meayamycin B
(20J0C4637), (£)-melicolones A and B (200L.9071), (—)-ophiocerins A and B and
(+)-ophiocerin C (20TL151960); (—)-spirochensilide A (20JA8116); thromboxane
B, (200L6505); fused bistetrahydropyran (+)-blepharocalyxin D and analogues
(200L2548); 2H-chromenes yaequinolones J1 and J2 (200L675); chromans (4)-bra-
zilin (20TL152052), 9B-11-hydroxyhexahydrocannabinol (20JOC1291), caesalpin-
none A (200L520), (—)-guignardones A and B (200L1644), (4)-phomactin A
(20JA15536); pyran-2-ones iso-arabidopyl alcohol and iso-arabidopic acid
(20SC2981), germicidin N and its stereoisomers (20SC1504), phelligridins C and D
and phellifuropyranone A (20BCSJ1540) and surugapyrone B (20JHC1090);
5,6-dihydropyran-2-ones cryptolactones A, A, By, and B, (20CPB380), nafuredin
B (200B(C2346), pironetin (20T131660); tetrahydro-2H-pyran-2-ones (+4)-ieodomy-
cin B and its three stereoisomers (200BC9227), isocoumarins (—)-citreoisocoumarin,
(—)-citreoisocoumarinol, 12-epi-citreoisocoumarinol, and (—)-mucorisocoumarins
A and B (20J0C4122); 3.,4-dihydroisocoumarins 8-epi-(—)-ajudazol B
(20EJO6661), (—)-bactobolin A (20JA7306), (&£)-clivonine (20JOC10035),
6-methoxymellein, kigelin, and fusarentin 6,7-dimethyl ether (20T131524), ent-
10-oxodehydrodihydrobotrydial (20AGE2674), (—)-sigillin A (200L7721); 4H-chro-
men-4-one leontopodioside A (20TL151886), 4H-chroman-4-ones applanatumols X
and Y (20TL152611), methylophiopogonanone A (20H(100)803); 9H-xanthen-
4-ones FD-594 (20AGE4360) and rugulotrosin A (200L1485); thiochroman-
(—)-preussochromone A (200L6127); 1,4-oxathiane tagetitoxin (20JA13683); and
1,3-dioxanes palmarumycin BG1—3, BG5—6, C; and guignardin E (20RSCA1588).

Formal total synthesis of natural tetrahydropyran derivative anhydroryanodol
(20JA12937) and 5,6-dihydropyran-2-one (+)-dihydrokawain-5-ol (20SC1361) has
been disclosed. Total synthesis of naturally occurring analogues include tetrahydro-
pyran derivative bryostatin 1 and analogues (20JOC15116), chroman homoproapor-
phine (200L7526); pyran-2-one (S)-(+)-ent-phomapyrones B (20JHC1090); and
coumarin derivatives lamellarins D and G ethers (20JOC1054).

Total synthesis and structural reassignment of 5,6-dihydro-2H-pyran-2-ones 2,18-
seco-lankacidinol B and iso-lankacidinol (20JA15116) and total synthesis and
absolute configuration of tetrahydro-2H-pyran-2-one penicitide A (200L745) and of
4H-chroman-4-one sophoraflavanone H (200L3820) were also accomplished.

Biomimetic total synthesis allows the structure revision of natural chroman
derivatives littordials E and F and drychampone B (200L8161), of 5,6-dihydro-2H-
pyran-2-one 2,18-seco-lankacidinol A (200L3785), of tetrahydro-2H-pyran-2-one
isolankacidinol (20JOC13818), of dioxabicyclo[3.3.1]nonanes sanctis A and B
(200L934); and the preparation of natural chroman derivatives baefrutones A—D
and frutescones A, D—F (200BC1135). Divergent biomimetic total syntheses for



476 Progress in Heterocyclic Chemistry

benzochromans ganocins A—C and benzo[c]chromenes ganocochlearins C and D and
cochlearol T were established (20AGE7419). Total biosynthesis of natural hexahydro-
chromans paspaline and terpendoles C, E, I, and J (20AGE17996) and of tetrahydro-
9H-xanthen-4-ones blennolides A and C (200L.1919) and combinatorial biosynthesis
of tropolone-fused dihydropyran analogues pycnidione and xenovulene A
(20AGE23870) were also published. In addition, the chemoenzymatic synthesis of
12 unnatural chroman-containing meroterpenoids starting from synthetic
3,5-dimethylorsellinic acid and derivatives was reported (20AGE23772).

The synthesis of 5,6-dihydro-2H-pyran subunit in the total synthesis of jerangolids
(20EJO5833), of tetrahydropyran core of indanomycin and related natural products
(20EJO1947) of DFGH-ring of natural tetrahydropyran-2-one-containing physalins
(200L8877), and of dioxabicyclo[3.3.1]nonane core of integrastatin (20BCSJ1036)
has been accomplished.

Synthesis of opioid spirocyclohexane indolo[b]dihydro-2H-pyran cebranopadol
involves spirocyclization through oxa-Pictet—Spengler reaction of 5-fluoro-3-
(2-hydroxyethyl)indole with 4-nitro-4-phenylcyclohexanone (200L.6420), and of the
pyrrolocoumarin core of lamellarins and related natural products is achieved through
Barton—Zard reaction and selective O-demethylation of 1,2-diaryl-1-nitroethenes with
ethyl isocyanoacetate (20EJO2093), as key steps.

Fused bicyclo[3.3.1]nonanes were obtained by enantioselective Michael/ketaliza-
tion of (E)-2-hydroxyaryl-2-oxobut-3-enoates with pyrazolone derivatives
(200L3936), divergent domino annulation reaction of 2-hydroxy-2-methylchromene
derivatives with prop-2-ynylsulfonium salts (2001594 1), and regiodivergent acid—
catalyzed pseudo-three-component reaction of two equivalents of 4-hydroxycoumarin
and (Z)-3-chloro-3-phenylacrylaldehyde (200L3166). N-Iodosuccinimide mediates a
diastereoselective dimerization reaction of 2-alkynylnaphth-2-ols to afford bicyclo
[3.2.1]octanes (2001.4461).

The preparation and photochromic behavior of a couple of naphthopyran-fused
pyran-2-ones has been described (20EJO985). The mechanism of the BFs-catalyzed
Manolikakes enamide-based domino reaction for the synthesis of highly substituted
tetrahydropyrans has been elucidated by computational methods (20JOC3806).

Hereinafter, we provide a personal overview of the most important developments in
the synthesis of O- and S-six-membered heterocycles, published in 2020.

6.4.2 Heterocycles containing one oxygen atom

6.4.2.1 Pyrans

The synthesis of functionalized 4-alkynyl-2H-pyran-3-carboxylates is accomplished
through an oxa-[34-3] annulation reaction of Morita—Baylis—Hillman (MBH)-carbo-
nates of propiolaldehydes with a-nitro/bromo ketones promoted by 1,4-diazabicyclo
[2.2.2]octane (DABCO) in THF at 0—25°C (20CC7191).
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A wide range of indolo[3,2-c]-2H-pyrans containing electron-withdrawing sub-
stituents at C2 were synthesized through oxidative coupling of indolomalonate deriv-
atives with active methylene compounds followed by tandem 67t-electrocyclization
reactions promoted by iodine and potassium phosphate (Scheme 1) (200L5528) and
through double electrochemical oxidative [3+3] processes in the presence of sodium
iodide and NaBF, (20AGE11886), in acetonitrile at room temperature.

Polysubstituted 5,5-difluoropent-4-en-1-ols underwent nucleophilic substitution reac-
tions by treatment with sodium hydride in DMF to afford 6-fluoro-3,4-dihydro-2H-pyrans
in good yields (200L.3509). DABCO-catalyzed [24-2] annulation reactions of 4-aryl-
1,1,1-trifluorobut-3-en-2-ones with ethyl allenoate in toluene at room temperature for
Sminutes led to ethyl (F)-2-[4-aryl-6-(trifluoromethyl)-3,4-dihydro-2H-pyran-
2-ylidene)acetates (Scheme 2) (20SC315). A few 5-(benzo[d]thiazol-2-ylsulfonyl)-
2-ethoxy-3,4-dihydro-2H-pyrans were obtained via intermolecular hetero-Diels—Alder
(hDA) cycloaddition reaction of (E)-3-(benzo[d]thiazol-2-ylsulfonyl)but-3-en-2-ones
with ethyl vinyl ether in benzene at room temperature. Similarly, intramolecular hDA
reaction of ketosulfone bearing a propargyloxy group led to pyrano[3,4-c]chroman in
93% albeit under harsher reaction conditions [1,2-dichloroethane (1,2-DCE), microwave
irradiation, 150°C, 200 W] (20JOC7192).

A gold(I) complex mediates cycloisomerization reactions of oxygen-tethered
1,6-enynes in toluene at 60°C to give various cyclopropano(c]-3,4-dihydro-2 H-pyrans
in moderate to excellent yields (200L4058). Diastereoselective synthesis of
2,4-diaryl-3,4-dihydroxylated pyrazolo[5,4-b]-3,4-dihydro-2H-pyrans is accom-
plished via cascade annulation reactions of chalcone epoxides with 1-aryl-
3-methylpyrazol-5-ones in the presence of potassium z-butoxide in ethanol at room
temperature  (20RSCA19003). Formal [4+2] cycloaddition reactions of
DNA-encoded 5-alkenylthiazol-4-ones with aldehydes or ketones carried out in the
presence of pyrrolidine and benzoic acid in a 1:1 mixture of DMSO:water provides
a library of DNA-encoded thiazole-fused 3,4-dihydro-2H-pyrans (200L.3239). One-
pot Friedel—Crafts C-allylation followed by cyclization reactions of cyclic
1,3-diketones with prenyl acetate mediated by indium(IIl) triflate in refluxing
1,2-DCE affords heterocyclic ring-fused 2,2-dimethyl-3,4-dihydro-2H-pyrans
(Scheme 3) (20NJC6042).

R2 R
RIS N o I, (2.2 equiv.) 3
‘ :
T oy 5JK/R6 —>K3PO4 (5 equiv,) 40 examples
H R MeCN, Ny, rt 17-99%
réoc” COR! 10 min-15 h
Scheme 1
Ar'
Q $OE bABCO (10 mol%
1&& . &» ‘ 10 examples
Ar CF, PhMe, rt 64-92%
o CO,Et
5 min F;C™ O

DABCO = 1,4-diazabicyclo[2.2.2]octane
Scheme 2
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It is through Re,O7-catalyzed dehydrative cyclization reaction that monoallylic
1,3- or 1,5-diols in a 9:1 mixture of 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP):nitro-
methane at room temperature in a range of 5—10 min delivers 2,6-trans-3,6-dihydro-
2H-pyrans as major products (Scheme 4) (200L.9513). A chiral hydrogen borate
comprising an O,N,N,O-tetradentate backbone is used as catalyst in the asymmetric
Prins-type cyclization reaction of 3-aryl-1-vinyloxybut-3-enes in the presence of the
desiccant Drierite (porous anhydrous calcium sulfate) in chloroform at —60°C to
give only cis-2,3-disubstituted 4-aryl-3,6-dihydro-2H-pyrans (20AGE11456).

A broad range of 2-acetyl-3,6-dihydro-2H-pyran-2-carboxylates arise from [541]
annulation reactions of 4-bromo- or 4-mesyloxy-but-2-enyl peroxides with aliphatic
and aromoatic B-keto esters in the presence of cesium carbonate in ethyl acetate

—20°C and 50°C, respectively. The reaction was extended to other nucleophiles
such as phenyl ester, cyanide, cyclic, and acyclic ketones (20CC13189). Three-
component reaction of vinylcyclopropanes with diazoesters and diphenyl sulfoxide
under dual catalysis of rhodium(I)/lanthanium(Ill) complexes provides
4,6-disubstituted 3,6-dihydro-2H-pyran-2,2-dicarboxylates. It involves vinylcyclopro-
panes isomerization, oxygen atom transfer from diphenyl sulfoxide to diazoesters,

3
R} OH e
R? Re,07+Si0, (5 mol%) R
‘ —0(91)> 7 examples
4 HFIP:MeNO; (9: 4 St 47-79%
R* HO R rt, 10 min RHOHR
OH
Re,07SiO; (5 mol%) Ph “
Ph  ~ _— (94%)
) HFIP:MeNO, (9:1) o
‘OH rt, 5 min H H

HFIP = 1,1,1,3,3,3-hexafluoropropan-2-ol
Scheme 4
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1,5-hydrogen transfer, and [4+2] cycloaddition reactions (2001L.5627). Under aerobic
oxidation conditions, stereoselective oxidative carbocyclization of dienallenes with
arylboronic acid neopentylglycol ester promoted by palladium(II) acetate and cobalt
complex [Co(salophen)-hydroquinone] as hybrid electron transfer mediator, in the
presence of water and using THF as solvent affords cis-3,6-disubstituted
3,6-dihydro-2H-pyrans with high diastereoselectivity (Scheme 5) (20JA5751).

Oxa-Pictet—Spengler reaction of (indol-3-yl)ethan-1-ols with ketals promoted by a
Fe,Lg cage complex bearing 12 carboxyclic acids in deuterated acetonitrile at room
temperature furnishes a series of 2-substituted indolo[2,3-c]-5,6-dihydro-2H-pyrans
(20AGE23505). An enantioselective version uses a carboxylic acid thiourea catalyst
in toluene (20AGE2028). A variety of CF3-containing indolino[3,2-b]-5,6-dihydro-
2H-pyrans is readily available through [44-1]/[343] domino sequential annulation
reaction of o-aminotrifluoroacetophenone derivatives with ’-acetoxy allenoates pro-
moted by 4-dimethylaminopyridine (DMAP) and potassium carbonate in chloroform,
in high yields and stereoselectivity (200L.6750). Thermally promoted intramolecular
[2+2] cycloaddition reaction of cyclohexadienone-tethered allenes in
2,2,2-trifluoroethanol (TFE) provides various tricyclic cyclobutane-fused cyclohex-
ano[b]-5,6-dihydro-2H-pyrans (Scheme 6) (20CC3405).

A variety of chiral spirothiazolidino pyrazolo[5,4-b]-3,4-dihydro-2H-pyran-
2-carboxylates was synthesized via an enantioselective [3+3] annulation reaction of
rhodamine-derived ketoesters with 2,5-diaryl-2,4-dihydro-3H-pyrazol-3-ones enabled
by cinchona alkaloid-derived squaramide catalyst 1 in 1,2-DCE at —20°C and subse-
quent addition of DMAP and acetic anhydride at room temperature (Scheme 7)
(200L1028).

Pd(OAc); (5 mol%) R3
Bneo  Co(salophen)-hydroquinone RL_
‘/ (10 mol%) %
H,0 (1 equiv.) RZ X o}

THF, O, ballon, rt, 36 h 25 examples, 35-84%
Bneo = neopentylglycol ester up to 20:1 dr
Scheme 5
[¢]
R! R*
TFE, 100 °C, air 23 examples
) —_— 22-98%
R™ 7 o 4-36 h up to >20:1 dr
R TFE = 2,2,2-trifluoroethanol
Scheme 6
o S Ar'
E10,C 9 , N
) 1.1 (10 mol%), 1,2-DCE, -20 °C A? g, o
O, - /N*Ar3 o . g
S A N 2. DMAP (10 mol%), Ac,0 (10 equiv.), rt N/ ‘
N Y \''OAc
At Y, N0 %0,
S Ar® 2

23 examples, 60-89%

N7, OMe up to 99% ee and 20:1 dr
F3C 1 Ny s . . -

DMAP = 4-dimethylaminopyridine

Scheme 7
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One-pot tandem reaction of curcumin with aromatic aldehydes and malononitrile
promoted by sodium formate in ethanol at room temperature produces curcumin-
derived 2-amino-4-aryl-4H-pyran-3-carbonitriles (20JHC744). Various ethyl
6-amino-4-aryl-5-cyano-2-methyl-4 H-pyran-3-carboxylates can be prepared through
multicomponent reaction of benzaldehydes with malononitrile and ethyl acetoacetate
in water mediated by Fe;O4@-nanofiber cellulose (NFC)@Co(II) complex at 55°C.
Addition of hydrazine hydrate led to pyrazolo-fused 2-amino-4-aryl-4H-pyran-
3-carbonitriles (20RSCA37086). Further derivatives arise from a similar four-
component reaction mediated by Fe;04@Si0,@PTS-3,4-diaminobenzoic acid
(DABA) nanocatalyst in ethanol at 70°C (Scheme 8) (20NJC13952).

A series of polysubstituted 2-amino-4-aryl-4H-pyran-3-carbonitriles were synthe-
sized via three-component reaction of N-aryl-3-oxopropanamides with benzaldehyde
and malononitrile or ethyl cyanoacetate in the presence of triethylamine in ethanol.
Using salicylaldehydes, several chromen-1-imine-fused 2-amino-4H-pyrans are
formed (20JHC4023). Aromatic aldehydes bearing a thiazolo substituent undergo mul-
ticomponent reaction with active methylene compounds and several cyclic
1,3-dicarbonyl compounds (cyclopenta-1,3-dione, cyclohexa-1,3-dione,
5,5-dimethylcyclohexa-1,3-dione, and 4-hydroxycoumarin) promoted by Eaton’s
reagent in a 9:1 mixture of ethanol:water at 40—50°C to deliver the corresponding
cycloalkane-fused 4H-pyran derivatives (Scheme 9) (20JHC1403).

Three-component reaction of bis(aldehydes), linked via phenoxymethyl to a thieno
[2,3-b]thiophene core, with malononitrile and several active methylene compounds
(namely dimedone, 4-hydroxycoumarin, and 5-methyl-2,4-dihydro-3H-pyrazol-
3-one) using piperidine as basic catalyst in refluxing 1,4-dioxane affords the respective
bis(2-amino-3-cyano-4H-chromene),  bis(2-amino-3-cyanopyrano[3,2-c]coumarin),

R1\‘ xCHO on o o
L + <CN + Moa Fe;0,@Si0,@PTS-DABA NPs
+ H,N—NH, EtOH, 70 °C, 19-35 min
DABA = 3,4-diaminobenzoic acid
NPs = nanoparticles 14 examples, 80-92%
Scheme 8

o Ar 0o o o A

R? R2
sadje! SO D)
0" “NH, 0. mne ) 0" NH,
3 examples ‘A\ ‘::‘Buo \Ar1 / 3 examples
o AN s N

3 examples A: Eaton's reagent, EtOH: H,0 (9:1), 40-50 °C 3 examples
Scheme 9
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and bis(6-amino-5-cyano-1,4-dihydropyrano[2,3-c]pyrazole) derivatives incorporat-
ing thieno[2,3-b]thiophene unit (20JHC2243). Multicomponent reaction of 2-
(4-0x0-4,5-dihydrothiazol-2-yl)acetonitrile with aromatic aldehydes and malononitrile
or ethyl cyanoacetate in the presence of triethylamine in ethanol prompted a series of
4-aryl thiazolo[4,5-b]-4H-pyran-3-carbonitriles (20JHC1330). Several 2-amino-4-aryl
pyrimido[4,5-b]-4H-pyran-3-carbonitriles are available from three-component reac-
tion of aromatic aldehydes with 1,3-dimethylbarbituric acid and malononitrile
mediated by L-proline-NOj catalyst in water, under classical heating and ultrasound-
assisted conditions (Scheme 10) (20SC3804).

High yields and excellent diastereo- and enantioselectivities are accomplished in
the synthesis of highly functionalized indolo[2,3-b]-4H-pyrans through formal
[4+2] annulation reaction of electron-deficient allenes with 3-alkenyl-oxindoles under
the catalysis of bifunctional phosphonium salt, potassium phosphate in xylene at room
temperature (2001.395). Iron(Il)-catalyzed [2+42+42] annulation of malonates or
1,3-dione-bridged 1,6-enynes with aldehydes carried out in the presence of di-z-butyl
peroxide in chlorobenzene at 105°C furnishes polyfunctionalized cyclopentano[c]-4H-
pyrans. The protocol was expanded to malonate bridged 1,7-enynes to afford a couple
of tetrahydroisochromene derivatives (Scheme 11) (20EJO4425).

Three-component reaction of benzaldehydes with N-methyl-1-(methylthio)-
2-nitroethen-1-amine and methyl 3-hydroxy-1H-pyrazole-5-carboxylate using
triethylamine in acetonitrile provides various 2-amino-4-aryl-3-nitro pyrazolo[3,4-
b]-4H-pyrans in moderate to good yields. Replacing benzaldehydes by isatins, a series
of spiroxindole 2-amino-3-nitro pyrazolo[3,4-b]-4H-pyrans are formed (20JHC1781).
One-pot synthesis of various spiroxindole 4,5-disubstituted 2-amino-4H-pyran-
3-carbonitriles is accomplished through multicomponent reaction of isatins with malo-
nonitrile and 4-hydroxycoumarin/barbituric acids/3-methyl-1-phenylpyrazol-5-one

o o A

Me. Me - CN
N CN  L-proline-NOs (15 mol%) "o N
AfcHO + L + < Py ||
0“>N"So CN H,0

07 "N” "O” 'NH,
Me 11 examples N/Ie

Conventional heating: 80 °C, 12-15 min, 82-92% yield
Ultrasonication: 4-12 min, 86-95% vyield

Scheme 10
— R Fe(acac), (1.25 mol%)
N 1CHO ('BuO), (5 equiv.) R3 X
+ ArCH > 27 examples
, PhCI, 105 °C, 3 h ) 23-63%
R
X = C(COR, CB2), ™~ g
_ MeO,C,_ CO,Me
=—Ar Fe(acac), (1.25 mol%) 2 2
) !
MeO,C + PhCHO _(BuO)(Geaquiv) _ oo, 2 examples
MeO,C PhCI, 105 °C, 3 h 45-56%
CO,Me [ ]

acac = acetylacetone Ph o) Ar2

Scheme 11
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promoted by cesium fluoride in ethanol at room temperature (20JHC1101), of isatins
with malononitrile and diethyl 3-oxopentanedioate in propan-1-ol at 50°C under elec-
trochemical conditions (20JHC1599) and of isatins with malononitrile and
1,3-dicarbonyl compounds in the presence of sodium eosin Y in a mixture of 3:2 of
ethyl lactate:water, under visible light irradiation (20T131059). Enantioselective
[34+3] cycloaddition reaction of 3-ethynyl-2-oxoindolin-3-yl acetates with
1,3-disubstituted 1H-pyrazol-5(4H)-ones under dual catalysis of copper(Il) triflate
and chiral tridentate ketimine P,N,N-ligand in methanol gives access to a wide range
of spiroxindole pyrazolo[5,4-b]-4H-pyrans, in moderate to excellent yields and with
excellent enantioselectivity (Scheme 12) (200L9534).

Organocatalytic ~ enantio- and diastereoselective  cycloetherification  of
8-perfluoroalkylated 1-aryloct-2-ene-1,7-diones mediated by a bifunctional organoca-
talyst in the presence of three equivalents of water in dichloromethane produces a ser-
ies of 2-perfluoroalkylated  6-(2-aryl-2-oxoethyl)-2-hydroxytetrahydropyrans
(20CC12335). Diastereoselective synthesis of syn-2,4-disubstituted tetrahydropyrans
occurs under rhodium(I)-catalyzed intramolecular cyclization reaction of terminal alle-
nols 3 in the presence of 1,1-bis(diphenylphosphino)ferrocene (dppf) 4 and diphenyl
phosphate in dichloromethane at 80°C and of internal allenols S using a dppf ligand
bearing a CF; group and p-toluenesulfonic acid (p-TsOH) in fluorobenzene at 80°C
(Scheme 13) (20AGE23485).

Palladium(II)-catalyzed oxa-[4+2] cycloaddition reactions of
2-alkenylbenzothiazoles with allyl carbonates bearing a nucleophilic alcohol side
chain using 1,3-bis(diphenylphosphino)propane (dppp) as ligand in THF delivers a

up to 97:3 dr
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_N o
X 2 (5.5 mol%
R o + Jfmo 2bomm
Z~N R 'ProNEt (2 equiv.) "
ke oh MeOH,20°C,24h ™ o
N/ N R/S
| 36 examples, 41-99%
PPh, N~ 2 up to 97% ee
Scheme 12
[Rh(COD)CI], (2.5 mol%) R! . R
R1 dppf (4, R® = H, 5 mol%) 3 RS }
diphenyl phosphate (20 mol%) ! R3 i
OH CH,Cl,, 80 °C, 14 h "o : /Q/ 3
3 19 examples, 81-98% | P ;

[Rh(COD)CI], (2.5 mol%) R

1 4 (R® = CF4, 5 mol%) 3 @Feﬂ
R R? p-TSOH (20 mol%) ;
OH PhF, 80 °C, 14 h R0 : P
23 examples, 78-98% 1 R3 \©\

5
dppf = 1,1-bis(diphenylphosphino)ferrocene up to 95:5 dr ! '
COD = cyclooctadiene ! 4 R3!

p-TsOH = p-toluenesulfonic acid

Scheme 13
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variety of 5-benzathiazole-3-methylenetetrahydropyrans (200BC6617). Excellent dia-
stereoselectivity is achieved in the synthesis of diversely substituted
tetrahydropyran-2,4-dicarboxamides through domino reaction of two equivalents of
different (E)-enamides or enecarbamates with aliphatic and aromatic aldehydes pro-
moted by BF;-OEt; in dichloromethane at —78°C (Scheme 14) (20SL1027).

Intramolecular [44-2] cycloaddition of aza-o-quinone methides, generated in situ
from the reaction of 2-aminobenzaldehydes with 5-arylpent-4-en-1-ols, promoted by
trimethylsilyl trifluoromethanesulfonate (TMSOTf) in dichloromethane affords
2-arylquinolino[4,3-b]tetrahydropyrans, in good yields (20EJO6887). Condensation
and intramolecular alkynyl Prins reaction of oct-6-en-4-yn-1-ols with cyclic hemiami-
nals using trifluoromethanesulfonimide (Tf;NH) in dichloromethane leads to the
formation of tetrahydropyran oxacycle fused to several substituted seven- or eight-
membered azacycles (200L.4350). A mixture of diastereomers 6 and 7 of indole-
fused eight-membered spirodiazocane 2-aryltetrahydropyrans is accomplished via
tandem Prins cyclization reaction of N-(4-hydroxy-2-methylenebutyl)-N-[2-(1H-
indol-1-yl)phenyl]benzenesulfonamides with aliphatic and aromatic aldehydes
employing BF3-OEt; in dichloromethane at —40°C (Scheme 15) (200BC6710).

A complex three-photon cascade reaction of 7-(pent-4-en-lyloxy)indan-1-ones
forms pentacyclic products with tetracyclo[5.3.1.0"70*!" Jundec-2-ene moiety fused
to a tetrahydropyran. This strategy involves o-photocycloaddition, disrotatory [47t]
photocyclization, and di-t-methane rearrangement reactions (Scheme 16)
(20AGES5656).

(e}
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2 RUNH 4 oo s OFl(BOmolh) 30-97%
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Rhodium(II)-catalyzed spirocyclization reaction of (E)-3-arylidene-4-diazopyrrolidine-
2,5-diones with tetrahydrofuran at room temperature provides a mixture of spiro[(E)-
3-arylidenepyrrolidine-2,5-diones] tetrahydropyrans 8 as major products along with
small amounts of the C—H insertion product, 3-(tetrahydrofur-2-yl)pyrrolidines 9
(Scheme 17) (20JOC15586).

6.4.2.2 [1]Benzopyrans and dihydro[1]benzopyrans
6.4.2.2.1 Chromenes and chromans

The synthesis of 2-substituted 2H-chromenes can be accomplished through alkenylation
of salicylaldehydes with alkenylboronic acids mediated by HBF,-Et;O in 1,4-dioxane
(20EJO6000). Palladium(Il)-catalyzed cascade reactions of o-(1-arylvinyl)bromoben-
zenes with N-tosylhydrazones of salicylaldehydes in the presence of
1,4-bis(diphenylphosphanyl)butane (dppb) ligand and potassium carbonate in
2-methylTHF produces a series of 2,2-disubstituted 2H-chromenes (200BC5115). It is
through cascade Claisen rearrangement/Meinwald rearrangement/oxidative oxa-6t-elec-
trocyclization reaction that 2-{ [(2-methylbut-3-en-2-yl)oxy]Jaryl }oxiranes in presence of
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) in refluxing toluene are converted into
8-(2-oxoalkyl)-2,2-dimethyl-2H-chromenes (Scheme 18) (200L.3004).

Under dual catalysis of p-TsOH monohydrate and pyrrolidine, the reaction of var-
ious salicylaldehydes with dimethyl or diethyl acetylenedicarboxylates in ethanol at
75°C provides a series of dimethyl or diethyl 2-hydroxy-2H-chromene-
2,3-dicarboxylates (20TL152402). Asymmetric tandem oxa-Michael—Henry reaction
of salicylaldehydes with conjugated nitroalkenes using phenyl L-prolinamide as cata-
lyst and p-nitrophenol as additive in chloroform leads to 2-alkyl/aryl-3-nitro-2 H-chro-
menes in excellent enantioselectivity (20J0C4627). N-Tosylsalicylimines underwent
asymmetric domino oxa-Michael-Mannich-[1,3]-amino rearrangement reaction
with o, B-unsaturated aldehydes promoted by a diarylprolinol silyl ether 10 and p-nitro-
benzoic acid in toluene at 0°C to furnish 2-substituted 3-N-tosylimine-2H-chromenes
in excellent yields and enantioselectivity (Scheme 19) (20JOC4011).

Q ha(esp)z (0.5 mol%)
rt, 1 h

27 examples

major) R 9 (m/nor
esp = a,a,a',a'-tetramethyl-1,3-benzenedipropionic acid 22-85% 5-66%
Scheme 17
O 5
R
RIS RIT YT
T DDAQ (1.1 equiv.) T
= — =
] 0" | "Me 10 examples
PhMe, reflux Me 43-90%
\A\ i ¢} °
Me Ny, 30 min
Me

R2
DDQ = 2,3-dichloro-5,6-dicyano-p-benzoquinone

Scheme 18



Six-membered ring systems: with O and/or S atoms 485
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R + R2 H 10 (10mol%).  RIFYX 22 examples
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Scheme 19

A range of 4-(phosphorothio)-2,2-disubstituted 2H-chromenes are prepared
through the reaction of 2-(3-hydroxyprop-1-yn-1-yl)phenols with O,0-diethyl phos-
phorothioic acid in nitromethane at 80°C, under air (20S208). Gold(I)-catalyzed cyc-
lization reaction of 3-propargyloxy-2-iodoaryl triflates conducted in the presence of
AgNTf, in 1,2-DCE at 80°C prompted several functionalized 8-iodo-7-triflato-2H-
chromenes (200L8505). 3-Substituted 4-(alkylthio)/4-(arylthio)-2-aryl-2H-chromenes
arise through formal [4+-2] annulation reaction of alkynyl thioethers with o-(hydrox-
yaryl)benzyl alcohols promoted by Brgnsted acid Tf,NH in 1,2-DCE at room temper-
ature (Scheme 20) (200L.648).

Various 2-[3-(hetero)arylpropargyloxy]-benzaldehydes or acetophenones undergo
intramolecular alkyne-carbonyl metathesis mediated by 3,5-dibromopyridinium tri-
flate in methanol at 80°C to produce 3-(hetero)aroyl-2H-chromenes, in high yields
(20TL152657).

Palladium(II)-catalyzed Catellani reaction of 1-(arylmethyloxy)-2-iodobenzenes
with secondary benzyloxyamines carried out in the presence of tri(furan-2-yl)phos-
phate (TFP), norbornene, cesium carbonate, and pivalic acid in toluene gives a series
of 7-amino substituted 6H-benzo[c]chromenes. This strategy involves o-amination and
unactivated C(spz)—H arylation reactions (Scheme 21) (20CC5933). The synthesis of
polysubstituted benzo[f]chromenes is achieved via condensation reaction of naphth-
2-ols with 1,1-diarylprop-2-yn-1-ols catalyzed by p-TsOH and trimethyl orthoformate
in refluxing 1,2-DCE (20JOC10772) and catalyzed by binaphthol-derived phosphoric
acid in dichloromethane at room temperature (20JOC133006).

Sequential Knoevenagel condensation of B-substituted o,B-unsaturated aldehydes
with (4R,6R)-4,6-bis[(t-butyldimethylsilyl)oxy]cyclohexane-1,3-dione followed by 67t-

Ar' SR2

1
37 o R
R'-——=——SR? + R\d\OH M RGO YT 21 examples
Z>oH 1,2-DCE, rt 2 o0 A 47-98%
r
Scheme 20
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i v SN > Rl 15 examples
= | R® R pivalic acid (40 mol%) T 41-76%
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TFP = tri(furan-2-yl)phosphane PhMe, 150 °C, 24 h

Scheme 21
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electrocyclization reaction produces 5,6,7,8-tetrahydro-2H-chromen-5-ones, in good
yields (20TL151897). A range of 3-azidotetrahydro-2H-chromenes were prepared via a
manganese(Ill)-catalyzed cascade azide radical addition/cyclization/oxygen insertion
reaction of alkyne-tethered cyclohexadienones 11 with trimethylsilylazide in acetonitrile,
under an oxygen atmosphere (Scheme 22) (20CC3453).

Several polysubstituted furano[2,3-c]chromenes arise from DMAP-catalyzed tan-
dem reaction of o-alkynyl quinone methides, generated in situ from propargylic
amines, with aliphatic and aromatic N-acylpyridinium bromides in acetonitrile at
80°C (2001.9444). 2,2-Disubstituted furano[3,2-c]chromenes are readily available
through  microwave-assisted  gold(I)-catalyzed domino reaction of 4-
(2-propargyloxyaryl)but-3-yn-1-ols in DMF (200L7333). Copper(I) chloride cata-
lyzes formal [142+-2] annulation reaction 2-(2-propargyloxy)aryldiazoacetates with
pyridines in 1,4-dioxane at 40°C to give indolizino[2,1-c]-2H-chromenes
(200BC1926). Several carboline-fused chromenes were synthesized via decarboxyla-
tive annulation reaction of o-propargyloxy benzaldehydes with 2-aminoindole-
3-carboxylates promoted by indium triflate in acetonitrile (Scheme 23). The process
involves an initial [34-2] spirocycloaddition followed by 2,3-aza migration, decarbox-
ylation, and oxidation reactions (200L1117).

Intramolecular Povarov reaction of 2-(prop-2-en-1-yloxy)benzaldehydes with
amino functionalized thiazolino-2-pyridones using BF3-OEt; as catalyst followed
by oxidation with DDQ delivers pentacyclic thiazolinopyridino-fused pyridinochro-
menes (Scheme 24) (20JOC14174). Under a thodium(I)/difluorphos catalytic system,
double [2+24-2] cycloaddition reaction of 2-propargylated naphth-2-ol- and benzene-
linked trynes leads to single helicene-like molecules (containing one benzo[f]chro-
mene unit). Using a hexayne, an S-shaped double helicene-like molecule
(containing two benzo[flchromene units) is formed (20AGE11020). Planar chiral
zigzag-type [8]- or [12]cyclophenylene are synthesized via rhodium(I)-catalyzed intra-
molecular sequential fourth or sextuple cyclotrimerizations of the corresponding
unsymmetric cyclic benzene-linked dodecayne or pentadecayne, respectively
(20JA9834).

o
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[44-2] Cycloaddition reaction of 2-halomethyl phenols with two equivalents of yna-
mides in dichloromethane under catalyst- and additive-free conditions affords a mix-
ture of both 3-substituted 2-amino-4H-chromenes and «-halo enamides, in moderate to
excellent yields (Scheme 25) (20JOC12870). Cooperative organocatalysts driven by
visible light is involved in the enantioselective synthesis of 4-functionalized 2-aryl-
4H-chromenes through the reaction of 2-hydroxychalcones with aliphatic aldehydes
(20CC10018). High yields of 2,4-diaryl-4-methyl-4H-chromenes are obtained in the
zinc chloride—promoted condensation reaction of acetophenones with phenols under
neat conditions at 100°C for 24 h (20SC112).

Pseudo-eight component reaction of one equiv of 2-hydroxyisophthaldehydes with
two equiv of malononitrile, ethyl acetoacetate and hydrazine hydrate, in the presence
of piperidine in water at room temperature provides several 4-pyrazole-
8-pyranopyrazole adorned 2-amino-4H-chromene-3-carbonitriles (Scheme 26)
(20RSCA29109). Organocatalytic domino aza/oxa-Michael/1,6-addition reactions of
o-hydroxyaryl p-quinone methides with 3-arylpropinals conducted in the presence
of morpholine in dichloromethane at room temperature furnishes 2,4-diaryl-4H-chro-
mene-3-carbaldehydes (20JOC11240). Enantioselective synthesis of
2,3,5-trisubstituted 4H-chromenes is accomplished by reacting o-quinone methides
with acyclic 1,3-dicarbonyls mediated by a nickel(Il)—bis(oxazoline) complex

R Y X EWG R? H X
3 P +2 =N CH,Clj, reflux ka y=(
OH R? 12h X0 SWEWE TR N-Ewe
23 examples R3 R3
EWG = electron withdrawing group X =Br, Cl (43-95%) (31-93%)
Scheme 25
CHO 0 0
RS CN piperidine
T _ +2< + 2 MeMOEt EEE—
OH CN H,0, rt, 5 min
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12 examples, 58-92%
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followed by treatment with p-TSOH. This protocol involves asymmetric Michael addi-
tion, intramolecular ketalization, and dehydration reactions (20RSCA44437).

Ultrasound-assisted three-component reaction of aromatic aldehydes with malono-
nitrile and naphth-1-ol or 2-ol promoted by silver dichromate NPs in aqueous media at
room temperature affords, respectively, 2-amino-4-aryl-1H-benzo[h]chromene-
2-carbonitriles or 1H-benzo[f]chromene-2-carbonitriles (20JHC1875).

Under solvent-free conditions, three-component domino Knoevenagel-hDA reac-
tion of cyclic 1,3-diketones with aromatic aldehydes and terminal alkenes/alkynes
using a magnetically separable silica (Fe;04@Si0;) catalyst produces
cycloalkanone-fused 2,4-diaryl-4H-chromene-type compounds. Replacing aldehydes
with ketones, some cycloalkanone-fused 4-spirocyclic 2-aryl-4H-chromene deriva-
tives are obtained (200BC2058). A wide range of 2-amino-5-oxo-
5,6,7,8-tetrahydro-4 H-pyran-3-carbonitrile- or 3-carboxylate-type compounds arise
from multicomponent reaction of cyclohexane-1,3-diones with aliphatic or aromatic
aldehydes and, respectively, malononitrile or ethyl a-cyanoacetate, carried out in the
presence of ammonium carbonate in ethanol at room temperature (20JHC2957). Multi-
component reaction of cyclohexane-1,3-dione with benzaldehydes and
4-methylacetoacetanilide in the presence of triethylamine in refluxing 1,4-dioxane pro-
vides 4-aryl-2-methyl-5-0x0-5,6,7,8-tetrahydro-4 H-pyran-3-carboxamides. Replacing
4-methylacetoacetanilide by 2-(1H-benzo[d]imidazol-2-yl)-1-phenylethanone, 4-aryl-
3-(1H-benzo[d]imidazol-2-yl)-2-phenyl-5,6,7,8-tetrahydro-4H-chromene-5-ones ~ are
formed (Scheme 27) (20JHC3037).

The reaction of 5-arylidene barbituric acid with different active carbon and nitrogen
nucleophiles (acetylacetone, barbituric acid, cyanoacetamide, ethyl acetoacetate, ethyl
cyanoacetate, and malononitrile) using a few drops of triethylamine in refluxing etha-
nol produces a series of pyrimidino[2,3-b]pyran derivatives. In addition, bis(pyrimi-
dine-2,4,6-trione) linked by an arylmethyl group reacts with P,Os or P,Ss5 to give,
respectively, xanthene-or thioxanthene-type compounds (20JHC842). High yields of
2-amino dihydro-4H-benzo[g]chromene derivatives are efficiently achieved from
ultrasound-assisted three-component condensation reaction of aliphatic and aromatic
aldehydes with 2-hydroxynaphthalene-1,4-dione and active methylene compounds
in the presence of ammonium acetate in a 1:1 mixture of ethanol:water at room temper-
ature (20SC1960).
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Enantioselective Friedel—Crafts alkylation/cyclization tandem reaction of isatyli-
dene malononitriles, derived from isatins, with 4-hydroxyindole mediated by bifunc-
tional tertiary amine-urea catalyst in toluene led to chiral spiroxindolinone 2-amino
pyrrolo[2,3-h]-4H-chromene-3-carbonitriles (20NJC9788). Iron chloride—promoted
annulation reaction of 2-halo-3-[1-(2-hydyroxyaryl)-1-(2-oxoindolin-3-yl)methyl]
indoles is conditions-controlled: in dichloromethane at room temperature it gives spi-
roxindolinone indolo[2,3-b]chromenes 12; in a 4:1 mixture of chloroform:acetic acid
at 50°C spiroxindolinone indolo[3,2-b]chromenes 13 are formed (Scheme 28)
(20JOC3638).

Visible light photoredox intramolecular aryl etherification of benziodoxolones,
derived from 3-arylpropan-1-ols, mediated by an iridium(III) catalyst in acetonitrile
produces simple substituted chromans, via 1,5-addition (200L.8436). Trimethylsilyl
chloride (TMSCI) mediates intramolecular trifluoromethylthiolation of y-substituted
2-allyphenols with N-trifluoromethylthiosaccharin in the presence of HFIP in acetoni-
trile to give 2-substituted 3-(trifluoromethylthio)chromans, in moderate to good yields
(Scheme 29) (200L7052). Copper(I) bromide—catalyzed synthesis of
2-methylenechroman-4-ols is achieved via 6-exo-dig ring annulation reaction of 2-
(1-hydroxybut-3-yn-1-yl)phenols in DMSO at 80°C and using sodium methoxide as
base (20TL151341). Other 2-(1-hydroxybut-3-yn-1-yl)phenols underwent copper(I)
iodide—catalyzed 6-exo-dig ring annulation reaction with diorgano diselenides in
the presence of sodium carbonate in DMF to afford 2-(selanylmethylene)chroman-
4-ols (200BC4619).

Intramolecular cross-dehydrogenative C(sp>)—H arylation of 3-aryloxypropan-
2-ols, bearing the alcohol group protected with N-pentafluorophenyl pyruvamide—
derived bidentate auxiliary, promoted by palladium(II) acetate and N-fluorobenzene-
sulfonimide in 1,2-DCE furnishes several 3-O-protected chromans (200L.2396). The
synthesis of 3-hydroxymethyl-3,4,4-trimethylchromans is accomplished via sulfuric
acid—catalyzed cycloisomerization reaction of 1-(aryloxymethyl)-1-
(1,1-dimethylethyl)oxiranes in HFIP at 0°C (200L6526). Palladium(II)-catalyzed
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/ o] ] N i N
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three-component reaction of aryl isocyanides with 1-(3-methylbut-3-en-1-yl)-
2-iodophenols and carboxylic acids using di(adamant-1-yl)-n-butylphosphine, cesium
carbonate, and phase transfer reagent n-BuyNClI in a mixture of 5:1 toluene:water at
100°C produces some 4-methylchromans bearing an imide substituent at 4-position
(Scheme 30) (200L6784). Examples of 4-(arylmethyl)chromans are obtained from
gold(IlT)-catalyzed 1,2-diarylation reaction of (but-3-en-1-yloxy)benzenes with iodo-
benzenes conducted in the presence of AgSbFg and potassium phosphate in
1,2-DCE (20AGE11808).

One-pot regio- and stereoselective synthesis of 3-alkyl-2,4-dimethoxychromans
occurs via inverse-electron-demand [4+2] cycloaddition reaction of the
in situ—generated aliphatic vinyl ethers with electron-deficient o-quinone methides,
from, respectively, aliphatic aldehydes with salicylaldehydes, carried out in the pres-
ence of trifilic acid and trimethyl orthoformate in toluene, in moderate to excellent
yields and with good stereoselectivity (20SL1197). 3,4-Disubstituted chromans are
prepared via formal [4+42] cycloaddition reaction of o-quinone methides, generated
in situ from the corresponding o-hydroxybenzyl acetates, with the olefin of styrene,
stilbene, or cinnamate derivatives mediated by different transition metal salts or
Brgnsted acids, in dichloromethane (200BC8854). Further derivatives arise from
asymmetric [442] cycloaddition reaction of 1-[(2-aryl)vinyl]naphth-2-ols
(20CC439, 20J0C5231) or 2-[(2-aryl)vinyl]naphth-1-ols (Scheme 31) (20JOC5231)
with o-quinone methides, generated in situ from o-hydroxy benzylic alcohols, cata-
lyzed by chiral phosphoric acids in toluene.

Various 2-hydroxyaryl-p-quinone methides undergo diastereoselective [44-2] cyc-
lization reaction with nitroalkenes promoted by DMAP in dichloromethane to afford
2,4-diaryl-3-nitrochromans (20TL151554), with ,y-unsaturated o-keto esters medi-
ated by 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in 1,2-DCE to produce
2,4-diarylchroman-3-ketocarboxylates (Scheme 32) (20TL152171) and with 3-

Pd(dba), (10 mol%) Ar! R?
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Ar'-NC + L A)L + R2COH ————————— " | A [¢]
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(2-arylvinyl)indoles catalyzed by a chiral phosphoric acid in dichloromethane to pro-
vide 3,4-diaryl-2-(indol-3-yl)chromans (200BC5388). Chiral 3,4-disubstituted 2-
(3-methylindol-2-yl)-1,3-dioxolochromans are obtained through [4+2] cycloaddition
reaction of o-quinone methides with 3-methyl-2-vinylindoles promoted by a chiral
phosphoric acid in toluene (20J0C5403).

Asymmetric hDA reaction of o-naphthoquinone methides, derived from 1-(1-aryl-
1-hydroxymethyl)naphth-2-ols, with allyltrimethylsilanes under dual catalysis of scan-
dium(III) triflate and Feng ligand complex in dichloromethane produces a variety of
4-aryl-3-silylmethyl benzo[flchromans (20CEJ14173). Pentacyclic 1-oxoindano[3,2-
b]benzo[flchromans are obtained from diastereoselective formal [34-3] cycloaddition
reaction of 2-arylideneindan-1,3-diones with naphth-2-ols conducted in the presence
of triethylamine in chloroform (Scheme 33) (20TL151579). Dialkyl ether—type cinna-
mylidene malonates undergo double C(sp®)—H bond functionalization promoted by
BF;-OEt; in refluxing 1,2-DCE to give polyfunctionalized hexahydrochromans
(200L5801).

Polyfunctionalized cyclopropano[c]chromans can be synthesized via P(NMe;)s3-
mediated reductive intramolecular cyclopropanation reactions of aroylformates bear-
ing electron-deficient o-allyloxy substituents (20CC10251) and via [4+2] annulation
reaction of 2-hydroxychalcones with prop-2-ynylsulfonium salts in the presence of
cesium carbonate in acetonitrile at —35°C (200BC3303). Under green light irradia-
tion, [4+2] cycloaddition reaction of o-quinone methides with pentafulvenes at
room temperature employing thioxanthylium 15 as photoredox catalyst in dichlorome-
thane provides endo/exo-cyclopenteno[b]chromans (Scheme 34) (200BC8074).

Carbonyl ylides, generated in situ from [4+2] cycloaddition reaction O-allylated
salicylaldehydes with 2-diazomalonates promoted by rhodium(Il) acetate in refluxing
toluene, lead to diversely substituted furano[3,2-c[chromans (Scheme 35)
(20JOC15221). [44-2] cyclization reaction of o-hydroxyphenyl p-quinone methides
with hydroxymaleimides mediated by a chiral chinchona alkaloid squaramide in
1,4-dioxane at room temperature delivers 4-aryl-1,3-dioxopyrrolidino[4,5-b]chromans
in excellent yields, diastereo- and enantioselectivities (20CC14825). A series of pyr-
rolidino[3,2-c]chromans arise from phosphine-catalyzed tandem cyclization reaction
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of aldimine esters with allenoates carried out in the presence of potassium carbonate in
toluene. The asymmetric version of this cycloaddition using chiral phosphine catalyst
16 was also successful in the synthesis of pyrrolidino[3,2-c]chromans, with excellent
stereoselectivity and Z/E selectivity (Scheme 36) (200L7008).

High enantioselectivity is accomplished in the synthesis of pyrano[3,2-c]Jchromans
via [4+2] cycloaddition reaction of salicylaldehyde-derived acetals with bishomoal-
lylic alcohols promoted by a thiourea-carboxylic acid catalyst in toluene
(20JA15252). Various hexacyclic indolo-indolizino-fused chromans are prompted
from one-pot cascade reactions of 2-allyloxysalicylaldehydes with 3-(2-aminoethyl)
indoles, carboxylic acids, and isocyanides in methanol at room temperature followed
by microwave-assisted reaction with scandium(IIl) triflate in 1,2-DCE at 150°C
(Scheme 37) (20JOC10695).
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Three-component cascade reactions of primary amines with B-ketoesters and 3-
(2-hydroxyaryl)prop-2-enals using indium(IIl) chloride as catalyst in methanol at
65°C furnishes chromans bearing 2,6-methanobenzo[g][1,3]-oxazocine scaffolds. It
involves enamine formation, Michael addition, intramolecular cyclization, and intra-
molecular iminium ion cyclization reactions (20JOC8062). Visible light—promoted
tandem  cycloisomerization/nucleophilic ~ addition/cyclization  reaction  of
2-aminochalcones with bifunctional nucleophiles (benzene-1,3-diols, cyclohexane-
1,3-dione, 4-hydroxycoumarin) in dichloromethane at room temperature leads to pol-
ysubstituted benzo[d][1,3]oxazocine derivatives (Scheme 38) (20CC6739). Complex
bicyclo[3.2.1]octane derivatives are regio and diasteroselectively synthesized through
intramolecular [3+2] nitrone cycloaddition reactions of O-vinylogous carbonates
bearing ester groups of salicylaldehydes with N-substituted hydroxylamine hydro-
chlorides in ethanol at room temperature (200BC9653).

Cyclohexane-1,3-dione-2-spirocyclopropane derivatives suffer regioselective
ring-opening cyclization in the presence of dimethylsulfoxonium ylides,
prepared from sulfoxonium salts and sodium hydride in DMSO, to afford
5,6,7,8-tetrahydrochroman-5-one derivatives (Scheme 39) (20CPB479). A series of
3-seleno benzo[h]chroman-type compounds are available through electrochemical
selenation/cyclization reaction of 2-hydroxy-3-prenylnaphthalene-1,4-dione with var-
ious diselenides employing n-BuyNPFg as electrolyte in acetonitrile (20EJO4474).
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Scheme 39

2-[2-(3-Oxocyclohex-1-en-1-yl)ethyl]phenols underwent intramolecular oxa-
Michael addition catalyzed by a bifunctional cinchona alkaloid thiourea catalyst
to provide a series of 2-(spiro-3-oxocyclohexan)chromans with high
enantioselectivity (20JOC10189). Cesium carbonate promotes [2+44] annulation reac-
tion of p-quinone methides with N-[(2-arylidene)benzofuran-3(2H)-ylidene]-
4-methylbenzenesulfonamides in bromobenzene to give 3-(spirobenzofurano)
2,4-diarylchroman derivatives (Scheme 40) (20S2979). Intramolecular o-arylation of
2-(2-aryloxyethyl)-2-hydroxycyclopentanones, via oxy-allyl cation intermediates,
promoted by p-TsOH hydrate in TFE at room temperature produces a series of 4-(spi-
rocyclopentanone) chromans. The reaction also proceeded with larger cyclic ketones
and some acyclic ketones, forming a 4-acylchromans in the latter case (20EJO1907).

6.4.2.3 [2]Benzopyrans and dihydro[2]benzopyrans
(Isochromenes and isochromans)

Several 2-alkynylbenzaldehydes underwent regioselective palladium(Ill)-catalyzed
cyclization using two equivalents of methanol in THF at room temperature to provide
3-alkyl/3-aryl-1-methoxy-1H-isochromenes, in moderate to good yields (20EJO227).
One-pot synthesis of 1-amino-3-alkyl/3-aryl-1H-isochromenes is achieved through
domino reaction of 2-alkynylbenzaldehydes with electron-poor anilines promoted
by a silver complex containing a macrocyclic-pyridine ligand in 1,2-DCE at 40°C
for 16 h (20EJO2592). Several 3-amino-1-bromo-1H-isochromenes were synthesized
via 6-endo-cyclization reactions of 2-(bromoethynyl)benzaldehydes with secondary
amines in the presence of potassium carbonate, copper(Il) sulfate pentahydrate, and
1,10-phenanthroline  in  toluene  at 80°C (20RSCA9934). Tandem
cycloisomerization-vinylogous aldol reaction of 2-alkynylbenzaldehydes with
3-alkenyl-2-silyloxindoles promoted by AgBF, and benzoic acid in dichloromethane
yields 3-substituted 1-[2-(oxindol-3-yl)ethylidene]-1H-isochromenes (Scheme 41)
(20CC15153).
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A wide range of 1,1-disubstituted 3,4-diaryl-1 H-isochromenes are readily available
from palladium(II)-catalyzed annulation reaction of o-bromo tertiary benzylic alcohols
with internal acetylenes carried out in the presence of potassium carbonate, L-proline,
tetra-n-butylammonium iodide (TBAI), and water at 140°C (20RSCA338).
Rhodium(IlI)-catalyzed selective annulation reaction of benzamides with internal
alkynes using 5-chloropyridin-2-one as ligand, silver carbonate as oxidant in acetoni-
trile affords 3,4-disubstituted 1H-isochromen-1-imines (Scheme 42) (200L.9462).

One-pot two-step syntheses of pyrazolo[3,4-c]isochromenes involve the reaction of
several monosubstituted o-bromobenzyl bromides with 1-aryl-5-hydroxy-
3-trifluoromethylpyrazoles in the presence of potassium carbonate in DMF at room
temperature to promote selective O-benzylation and subsequent palladium(II)-
catalyzed intramolecular C—H arylation carried out in the presence of triphenylphos-
phine, potassium carbonate in DMF at 120°C (20EJO5616). A rhodium(IIl) complex
mediates an  asymmetric  [5+1] annulation reaction of  2-aryl-
3-hydroxycyclohexanones with 1,3-enynes employing copper(I) acetate, silver ace-
tate in propan-2-ol to give 1,1-disubstituted 1-oxocyclohexano[3,2-c]isochromenes.
A couple of coumarin-fused isochromenes were obtained by replacing cyclohexanones
with 3-aryl-4-hydroxycoumarins (20AGE22706). A rhodium(IIl) catalyst mediates
dual C—H functionalization/cyclization cascade reaction of azomethine imine with
diazophosphonates using AgSbFg and copper(Il) sulfate in 1,2-DCE at 100°C to
give diversely substituted pyrano[4,3,2-ij]isochromenes (20JOC12097) and peri-
C—H/O—H activation/annulation reactions of isoquinolin-1-one derivatives with
internal alkynes using AgSbFg and copper(I) acetate in 1,2-DCE, produces pyri-
dino[ijlisochromenes (Scheme 43) (20CC15462).
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Cascade reactions of f-methyl-o,B-unsaturated aldehydes with 3-(3-aryl-
3-oxoprop-1-enyl)-4H-chromen-4-one derivatives promoted by an N-heterocyclic car-
bene (NHC) catalyst, 3,3’,5,5'-tetra-t-butyldiphenoquinone and sodium acetate in THF
provides various functionalized chromen-4-one-fused isochromen-3-one derivatives
(200L2595).

A few 3-methylisochromans were prepared via copper(Il)-catalyzed enantioselec-
tive hydroetherification of 2-allylbenzyl alcohols using (S,5)-i-Pr-Box as ligand, in
the presence of potassium or silver carbonate, cyclohexa-1,4-diene in trifluoromethyl-
benzene at 120°C (2001L7409). Under dual catalysis of a dithodium complex and chi-
ral phosphonic acid 17, enantioselective cyclization of 2-hydroxymethyl chalcones
with 3-diazoindolin-2-ones in dry dichloromethane at room temperature affords spi-
roindolin-2-ones isochromans in good to excellent yields and enantioselectivities
(Scheme 44) (200L2925).

Several cyclopentane/cyclohexane-fused hexahydroisochroman-type compounds
are prepared through annulative domino reaction of cyclic MBH alcohols with enam-
ines mediated by zinc(Il) bromide in refluxing dichloromethane (Scheme 45)
(20SL.1282).

6.4.2.4 Pyranones

The Claisen condensation reaction of ethyl benzoates with ethyl acetoacetate in the
presence of n-butyllithium and sodium hydride delivers ethyl 5-aryl-5-hydroxy-
3-oxopent-4-enoates that undergo cyclization promoted by DBU in refluxing benzene
to produce 6-aryl-4-hydroxy-2H-pyran-2-ones  (20S726).  3,6-Disubstituted
4-hydroxy-2H-pyran-2-ones are obtained through gold(I)-catalyzed homo- and
cross-annulation reactions of alkynyl carboxylic acids using toluene as solvent at
80°C (200BC8716). Further functionalized 2H-pyran-2-ones arise from annulation
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reactions of B-chlorovinyl ketones with various active methylene compounds pro-
moted by potassium carbonate in refluxing acetone, in moderate to good yields
(20EJO1976) and of cyclopropenones with B-ketosulfoxonium ylides mediated by a
rhodium(IIl) catalyst and sodium acetate in acetonitrile (20JOC360). Various
2-acyl(aroyl)-1,3-dicyano-1,3-bismethoxycarbonylpropenides undergo regioselective
heterocyclization reactions using aqueous sulfuric acid or hydroiodic acid
leading mainly to the formation of 6-amino-2H-pyran-2-ones 18 or 19, respectively
(Scheme 46) (20TL152084).

Reacting various 1,3-dicarbonyl compounds with dimethyl (methoxymethylene)
malonate in the presence of cesium carbonate in THF at room temperature affords
5,6-disubstituted 2-oxo-2H-pyran-3-carboxylate derivatives (20H(100)429). The syn-
thesis of polysubstituted 2H,6H-pyrano-2,6-diones is efficiently achieved through car-
boxylative cyclization of but-2-enoates with carbon dioxide mediated by DBU in
acetonitrile at room temperature (Scheme 47) (20JOC11579).

Regioselective iodolactonization of 3-alkynylthiophene-2-carboxylic acids or
3-alkynylpicolinic acids under the action of iodine and sodium hydrogen carbonate
in acetonitrile affords 5-iodothieno[2,3-c]pyran-2-ones or 5-iodopyridino[2,3-c]
pyran-2-ones, respectively (20EJO3712). A series of indeno[1,2-c]pyran-2-ones are
synthesized through silver-catalyzed carbon dioxide fixation on 2-alkynylindene
derivatives and subsequent intramolecular cyclization using silver benzoate and
DBU in toluene at room temperature (200L.8648). High yields of 6-substituted
indolo[3,2-c]pyran-2-ones are obtained through the reaction of various
2-alkynylindoles with carbon dioxide using the protic ionic liquid [HTBD"][TFE ],
acting both as solvent and reaction promoter (20TL152449). Under aerobic conditions,
rhodium(II)-catalyzed oxidative [44-2] cyclization of azulene-2-carboxylic acids with
symmetrical and unsymmetrical alkynes employing silver carbonate and silver acetate
as oxidants in 1,2-DCE provides azulene-fused pyran-2-ones. A similar protocol was
developed using as starting materials azulene-1-carboxylic acids with symmetrical
alkynes in the presence of silver acetate as oxidant and potassium phosphate as addi-
tive in DMF to afford azulene-fused pyran-2-ones (Scheme 48) (20JOC3824).
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Scheme 48

NHC-catalyzed cycloaddition reaction of P-phosphorylenones with enals using
cesium carbonate in dichloromethane at room temperature leads to diversely substi-
tuted 4-phosphorylated 3,4-dihydro-2H-pyran-2-ones (Scheme 49) (20CC7155). A
range of 5-acetyl-6-methyl-3,4-dihydro-2H-pyran-2-ones were prepared via stereose-
lective phase transfer—catalyzed domino Michael—cyclization reactions of cinnamic
thioesters with acetylacetone mediated by a cinchona-derived quaternary ammonium
phenoxide, in the presence of phenol and potassium carbonate in dichloromethane
(20JOC5183).

Regioselective Petasis reactions of 4-substituted 1,2-oxaborol-2(SH)-ols, with
glyoxylic acid and secondary amines, are solvent-controlled: in dichloromethane at
40°C 3-amino-5-substituted 3,6-dihydro-2H-pyran-2-ones are the products and in
propan-2-ol at 80°C, 3-amino-5-substituted 5,6-dihydro-2H-pyran-2-ones result
(Scheme 50) (20JOC1285).

A wide range of 4,6-disubstituted 6-trifluoromethyl-5,6-dihydro-2H-pyran-2-ones
are achieved enantioselectively through vinylogous aldol/lactonization cascade reac-
tions of B,y-unsaturated amides with trifluoromethyl ketones promoted by a tertiary
amine-thiourea catalyst in #-butylbenzene at —15°C (200BC7848). Chiral bifunctional
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urea catalyst 21 promotes hDA reaction of alkylidene azlactone—derived dienes with
trifluoromethyl aryl ketones in p-xylene at room temperature to give 4,6-disubstituted
3-amino-6-trifluoromethy-5,6-dihydro-2 H-pyran-2-ones (Scheme 51) (20JOC3202).

NHC-mediated [34-3] annulation reactions of enals with pyrrol-4-ones carried out
in the presence of potassium #-butoxide and a quinone as oxidant provided pyrrolo[1,2-
e]-3,4-dihydro-2H-pyran-2-ones (20CC9854). Another NHC-catalyzed asymmetric
a-regioselective [4+2] annulation reaction of o-bromoenals with 4-methylidene-
2,3-dioxopyrrolidines using triethylamine as base and #butyl methyl ether
(MTBE) as solvent gave a series of pyrrolidino[4,3-¢]-3,4-dihydro-2H-pyran-2-ones
(Scheme 52) (200L7025). High yields and stereoselectivity are accomplished in the
synthesis of indolo[3,2-¢]-3,4-dihydro-2H-pyran-2-ones, via cycloaddition reaction
of 3-alkylydeneoxindoles with a-diazoketones in the presence of potassium phosphate
in THF, involving a sequential visible light photoactivation and NHC -catalysis
(2001.4440).

Polyfunctional pyridino[2,3-d]-3,6-dihydro-2H-pyran-2-ones can be prepared
through three different strategies: (i) palladium(II)-catalyzed selective a-arylation of
trimethylsilyl protected (2-chloropyridin-3-yl)methanol, nucleophilic substitution of
the #-butyl ester enolate formed, and acidic-mediated lactonization reaction; (ii) nucle-
ophilic aromatic substitution of trimethylsilyl protected (2-chloropyridin-3-yl)metha-
nols and subsequent intramolecular Pinner reaction mediated by p-TsOH
monohydrate; (iii) reduction of the carbonyl function of alkynyl pyridyl carboxalde-
hydes, reaction with phenylselenyl bromide and copper(I) iodide and finally cycliza-
tion reaction of alkynyl pyridyl selenides formed with p-TsOH monohydrate
(Scheme 53) (20EJO5880).

A tris(4-bromophenyl)aminium hexachloroantimonate-initiated oxidative Povarov-
type reaction of secondary glycine amides with methylenecyclopropanes conducted in
the presence of dioxygen in acetonitrile forms quinolino[2,3-c]-5,6-dihydro-2H-pyran-
2-ones, in modest yields (200L.6294). Some spiropyrrolidinone 5,6-dihydro-2H-
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pyran-2-ones arise from hDA reaction of cyclobutenones with (E)-dioxopyrrolidines
conducted in the presence of scandium(IIl) triflate, and an L-proline derived N,N'-diox-
ide ligand [lithium bis(trifluoromethanesulfonyl)imide] 23 in 1,2-DCE (Scheme 54)
(200L2645).

Squaramide-catalyzed enantioselective bromolactonization reactions of 5-arylhex-
5-enoic acids in the presence of N-bromophthalimide in acetone at —78°C lead to
6-aryl-6-bromomethyltetrahydro-2H-pyran-2-ones, in moderate to good yields and
with enantiomeric excess of 18%—88% (20TL151756). Palladium(Il)-catalyzed +y-
C(sp”)—H olefination of 3,3-disubstituted butanoic acids with various acrylates using
mono-N-protected amino acids as ligand, in the presence of silver carbonate and
sodium hydrogen carbonate in HFIP delivers 4,4,6-trisubstituted tetrahydropyran-
2-ones (20AGE12848, 20AGE12853). On treating steroidal cyclopentanones with
ethereal H>O, and BF3-Et,O in THF at room temperature, a regioselective Baeyer—
Villiger oxidation takes place to furnish steroidal tetrahydro-2H-pyran-2-ones
(Scheme 55) (20EJO402).

Tandem hydration—oxacyclization reaction of 1,5-disubstituted penta-1,4-diyn-
3-ones under gold(I) catalysis (IPrAuNTf,) allows switchable synthesis of
2,6-disubstituted 4H-pyran-4-ones in 1,4-dioxane at 100°C (200L7681). Acylation
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Scheme 55

reactions of enaminodiones bearing o-alkoxy/aroyloxy groups as substituents with
acylbenzotriazoles in the presence of MgBr;-OEt, and N,N-diisopropylethylamine
(DIPEA) in dichloromethane at room temperature for 1 day followed by acidic treat-
ment to promote cyclization give access to a series of 2-substituted 5-acyl-3-alkoxy/
3-aroyloxypyran-4-ones (20S2267). 2,3,6-Trisubstituted 4H-pyran-4-ones are
obtained as major products from the reaction of (hetero)aryl methyl ketones with sub-
stituted acetic acids conducted in the presence of triflic acid and trifluoroacetic anhy-
dride in dichloromethane at room temperature (Scheme 56) (20JOC15051).

Some 2-methyl-4-oxo-3,4-dihydropyran-2-carboxylates were prepared via asym-
metric hDA reaction of Danishefsky’s diene with glyoxylate/pyruvate esters mediated
by a zinc(Il) triflate complex with BOX ligand and subsequent treatment with trifluoro-
acetic acid (20EJO5388).

Under dual catalysis of primary B-amino alcohol 24 and N-Boc-aminoacid 25, hDA
reaction of isatins with enones produces chiral spirooxindolin-2-one tetrahydropyran-
4-ones in moderate to good yields and with good stereoselectivity (Scheme 57)
(20RSCA17486). Further derivatives arise from diastereoselective intramolecular
oxa-Michael cyclization reaction of B-hydroxyenones, generated from isatins and
enones, mediated by triflic acid (20H(101)339).
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6.4.2.5 Coumarins

High yields of 3,4-diunsubstituted coumarins are accomplished via condensation reac-
tions of salicylaldehydes with acetic anhydride promoted by polyphosphoric acid
(PPA) in DMF (20SC3080).

Phosphine-mediated domino reaction of 2-(but-2-ynyloxy)salicylaldehydes with
various nucleophilic reagents (pyrrolidine-2,5-dione, dimethyl fluoromalonate,
2-aminobenzaldehydes, diethyl phthalimidomalonates) provides structurally diverse
3-substituted coumarins. This strategy involves MBH-type reaction/umpolung y-addi-
tion and dephosphorylation reactions (200L488). One-pot synthesis of 3-alkyl/
3-arylcoumarins is achieved through condensation reactions of substituted salicylalde-
hydes with alkyl/arylacetic acids using 1,1-carbonyl-diimidazole (CDI) and DBU in
THF or employing an ionic liquid—mediated approach which uses [PAIM][NTf;] as
base and [BMIM][PFg] or [BMIM][BF,] as solvent (20TL151854). Knoevenagel reac-
tions of polysubstituted salicylaldehydes with ethyl acetoacetate in the presence of
piperazine citrate in ethanol give 3-acetylcoumarins (20SC1468), with benzylsulfinyl-
acetic acids in the presence of EDCI and DMAP in acetonitrile at room temperature
provide 3-(benzylsulfinyl)coumarins, and with benzylsulfonylacetic acids in the pres-
ence of sodium acetate in hot acetic anhydride afford 3-(benzylsulfonyl)coumarins
(20CPB443). The reaction of salicylaldehydes with ethyl/methyl cyanoacetates pro-
moted by DABCO in ethanol at 80°C delivers 3-amino-2-cyano-3-(coumarin-3-yl)
acrylates, while with 2-amino-1,1,3-tricyanopropene (malononitrile dimer) mediated
by DABCO or N-methylpiperazine in a mixture of ethanol/acetone in an ice bath pro-
vides  2-[amino(2-iminocoumarin-3-yl)methylenelmalononitriles ~ (Scheme  58)
(20SL1298).

Visible light—induced radical cascade cyclization of salicylaldehydes with
4-hydroxy-6-methyl-2H-pyran-2-one and aryl hydrazines using eosin-Y and air as
photoredox system in acetonitrile produces 3-pyrazolocoumarins in good to excellent
yields (20NJC13350).

A wide variety of 4-arylcoumarins can be synthesized through intramolecular cyc-
lization of aryl propynoates mediated by [(ppy)PtCl(MeCN)] complex in the presence
of AgSbF¢ in 1,2-DCE. Using naphthyl propynoates, various benzocoumarins are
formed (20T131029). Further derivatives arise from palladium(Il)-mediated cascade
reaction of 3-(2-hydroxyaryl)acrylates with triarylantimony difluorides in the presence
of 2,2'-bipyridyl in DMF at 80°C, under aerobic conditions (Scheme 59)
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(20EJO1652). A gold(I) complex based on NHC-capped permethylated cyclodextrin
mediates cycloisomerization reaction of aryl propynoates in pure water to give
4-substituted coumarins (20CEJ15901). Under solvent-free conditions, Pechmann
condensation of different phenols with ethyl acetoacetate or ethyl benzoylacetate pro-
moted by MnSb,0Og-chitosan nanocomposites at 80°C led to synthesis of, respectively,
4-methyl or 4-phenylcoumarins (20JHC173).

Several 4-sulfonatocoumarins are obtained through addition reactions of ethyl 3-
(2-hydroxyaryl)propynoates with sulfonic acids in 1,2-DCE at 50°C for 4 h followed
by lactonization (20NJC3970). The synthesis of 4-alkynylcoumarins is accomplished
via aerobic DMAP-catalyzed cascade reaction of (2-hydroxyaryl)propargylic amines
with 1,1’-(2-oxopropane-1,3-diyl)bis(pyridin-1-ium) dibromide in acetonitrile at
80°C (200L7348). One-pot four-component reaction of ethyl 4-bromo-3-oxo-alka-
noates with sodium azide, trialkyl phosphites, and phenols promoted by molecular
iodine in refluxing ethanol affords 4-phosphoramidato-coumarins. The process
involves nucleophilic substitution reaction, phosphoramidate rearrangement, and
Pechmann cyclization reactions (Scheme 60) (20NJC18573).

A wide range of 3,4-diarylcoumarins are synthesized via a sequential procedure
including visible light—induced cyclization reaction of aryl 3-arylpropynoates with
diethyl bromomalonate promoted by an iridium catalyst in the presence of cesium ace-
tate in DMF at room temperature followed by palladium(Il)-catalyzed Suzuki cross-
coupling reaction with aryl boronic acids in the presence of potassium carbonate in
water at 80°C (20T131677). A similar approach involves light-driven radical cycliza-
tion reactions of aryl 3-arylpropynoates with N-iodosuccinimide (NIS) in acetonitrile
under air atmosphere at room temperature for 24 h followed by palladium(Il)-
catalyzed Sonogashira cross-coupling reaction with arylacetylenes in the presence of
copper(l) iodide and triethylamine, under argon atmosphere at 60°C for 12 h giving
access to 4-aryl-3-arylethynylcoumarins (Scheme 61) (200BC3340).

A few examples of 3-aryl-4-methylcoumarins arise from activation of phenylacetic
acids with CDI carried out in the presence of potassium carbonate and acetone at room
temperature for 1 h, followed by reaction with 2-hydroxyacetophenones in refluxing
conditions for 4 h (20RSCA11615). Silver-promoted cascade reactions of aryl alky-
noates with sodium monofluoroalkanesulfinate carried out in the presence of potas-
sium persulfate in DMSO leads to 4-aryl-3-fluoromethylcoumarins (20SC388).

Brgi R1_N. OR?
o P,
R?0_ OR? OH o 11"OR
ET? v e+ ROOR Rg\(j/ I, (10 mol%) RSN o
L2 L EtOH, reflux d
o OR 3-5h Z>0" N0

16 examples, 79-90%
Scheme 60



504 Progress in Heterocyclic Chemistry

X Rr2
| R
1. Light-on
MeCN, air, rt, 24 h, blue LED

=
0
RQ@\ [ <§Nl 2. Light-off R
N oo Y A=

0
Pd(PPh),Cl, (10 mol%), Cul (10 mol%) 25 examples
EtsN (0.5 mL), Ar, 60 °C, 12 h 35-83%

Scheme 61

Rhodium(III)-promoted multicomponent annulation reaction of thiocarbamates
with internal alkynes and sulfonamides using AgSbF¢ and copper(Il) acetate in
1,2-DCE affords a series of 3,4-disubstituted iminocoumarins (Scheme 62)
(20JOC11006). An ecofriendly approach for the synthesis of 3,4-disubstituted
8-azacoumarins uses grinding and ultrasonic irradiation for the multicomponent
reaction of cinnamylidenoacetophenones with active methylene compounds (ethyl
cyanoacetate, ethyl acetoacetate, or diethyl malonate) and ammonium acetate, via a
pyridin-2-one intermediate. This reaction occurs using 2 mol equivalents of the
same active methylene compound or a mixture of two different compounds. Addition-
ally, the 3-cyanopyridin-2-one intermediates were isolated and reacted with active
methylene compounds, under two- or three-component reactions, to afford the
expected 8-azacoumarins (20JHC867).

The synthesis of a wide range of benzo[c]coumarins arises from lactonization reac-
tions of 2-arylbenzoic acids using N-chlorosuccinimide (NCS) and sodium iodide
under fluorescent lighting conditions (20H(100)1405); using DDQ and #-butyl nitrite
(TBN) (20SL261), CeCl; and sodium hydrogen carbonate (200BC983) or
Fe(NO3)3-9H,0 and NaBrO3 (200L1385) as photocatalysts and O, as terminal oxi-
dant, upon irradiation with blue LEDs. Further derivatives result from rhodium(III)-
mediated cascade reactions of 1,4-benzoquinones with sulfoxonium ylides carried
out in the presence of AgBF,, zinc acetate, acetic acid in acetone (Scheme 63)
(20CC6688) and palladium(Il)-catalyzed cascade reactions of a variety of aromatic
acids with 2-fluoro-substituted diaryliodonium salts in the presence of potassium car-
bonate in DMF (200L4776). Various 7-hydroxy-6H-naphtho[2,3-c]Jcoumarins are
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achieved via tandem reaction of 2-aryl-2’-hydroxyacetophenones with Meldrum’s
acid promoted by p-TsOH in a 1:1 mixture of toluene:p-xylene at 150°C
(20CC10369).

A series of 3-aryl-4-methylpyrano[2,3-k]coumarins are readily available through
the reaction of 6-acetyl-5-hydroxy-2H-chromenes with 2-aryl-1-(2,3-dihydro-1H-imi-
dazol-1-yl)ethanones using dry potassium carbonate in dry acetone, under classical
heating conditions and microwave irradiation (20JHC3943). Few examples of
6-cyanopyridino[3,4-c]coumarins are synthesized through the reaction of 3-aminocro-
tononitrile with salicylaldehydes in refluxing acid acetic (20JHC813). Nickel-
catalyzed  tandem  reaction of = 3-(2-hydroxyarylacrylic  acids  with
2-halobenzenethiols in the presence of sodium ethoxide in DMSO produces benzo-
thiopheno[3,2-c]coumarins, in moderate to good yields (Scheme 64) (20RSCA26414).

Knoevenagel condensation of 1-hydroxy/1-alkoxyanthraquinone with B-keto esters
in the presence of potassium carbonate in DMSO followed by intramolecular cycliza-
tion reaction gives access to 3-acylated naphtho[1,2,3-de]coumarins (20JHC1003).
Four-component reaction of 2-hydroxyphthalaldehyde with primary amines, a-haloke-
tones, and activated acetylenic compounds promoted by KF/clinoptilolite nanopar-
ticles (CP NPs), under solvent-free conditions at room temperature, provides
indolizine-fused coumarins (20JHC4057). Using additional ammonium acetate in
water at room temperature delivers some polycyclic pyridoindolizine-fused coumarins
(Scheme 65) (20JHC3856).

Under dual catalysis of dihydroquinidine-derived aminophosphine and silver
nitrate, sequential 1,6-addition and transesterification cascade of a-isocyanoacetates
with 2-hydroxyaryl p-quinone methides in dichloromethane at —10°C produced func-
tionalized 4-aryl-3-cyano-3,4-dihydrocoumarins, in moderate to good yields and with
high diastereo- and enantioselectivities (200BC1637). Polysubstituted pyrrolidino
[3,2-c]-3.,4-dihydrocoumarins are synthesized via NHC-promoted cascade cycloaddi-
tion reaction of o-bromo enals with (E)-2-[1-(benzylimino)ethyl]phenols using
DABCO in a 1:2 mixture of ethyl acetate:toluene (Scheme 66) (200L326). High enan-
tio- and diasteroselectivity is achieved in the intramolecular Povarov reaction of
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2-formylaryl 3-(4-hydroxyphenyl)acrylate derivatives with 2-aminophenols mediated
by a chiral phosphoric acid catalyst in 1,2-DCE to produce quinoline[3,2-c]-
3,4-dihydrocoumarins. A similar protocol uses 2-[3-(4-hydroxyphenyl)]prop-2-en-
1-yloxybenzaldehydes with 2-aminophenols to form quinoline[3,2-c]chromans
(20CEJ1406). Rhodium(IIl)-mediated coupling reaction of a-substituted acrylic acids
with iodonium ylides of cyclic 1,3-diketones carried out in the presence of sodium ace-
tate in HFIP at 80°C under air delivers 3-substituted tetrahydrocoumarin-type com-
pounds (Scheme 67) (200L7475).

A range of 3,4-diunsubstituted isocoumarins are obtained via rhodium(III)-
mediated vinylene annulation reaction of benzoic acids with vinylene carbonate using
AgSbFg in 1,2-DCE, without any external oxidant or base (200L5706).
Ruthenium(II)-catalyzed dual C—H/C—C activation of benzoyl sulfoxonium ylides
using 2,4,6-trimethylbenzoic acid as additive, sodium phosphate as base in HFIP at
110°C under air atmosphere for 24 h provided a series of 3-arylisocoumarins
(20J0OC1216). The synthesis of 3-trifluoromethylisocoumarins is accomplished via
iridium(III)-catalyzed o-selective C—H alkylation of benzoic acids with 3-bromo-
1,1,1-trifluoroacetone and subsequent intermolecular cyclization reaction promoted
by silver acetate in the presence of 1,1’-binaphthyl-2,2’-diyl hydrogen phosphate
and a phosphine ligand in TFE (Scheme 68) (200L5109).

It is through palladium(II)-mediated o-arylation and spontaneous intramolecular
cyclization reactions that aldehydes react with 2-halobenzoic esters in the presence
of cesium carbonate in 1,4-dioxane to produce 3- or 4-substituted isocoumarins, in
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moderate to good yields (200L.7662). Another palladium(II) catalyst is involved in the
reaction of 2-pseudohalobenzaldehydes (2-formylaryl triflates) with aryl diazoesters
using sodium acetate in 1,4-dioxane to provide 3-alkoxy-4-arylisocoumarins
(20EJO723). 2-Alkynylbenzoates underwent regioselective intramolecular 6-endo-
dig cyclization mediated by SOCl, and DMSO/DMSO-dg, as solvent and sulfur
source, at room temperature to afford 4-(methylthio)isocoumarins/4-(d3-methylthio)
isocoumarins, respectively (20EJO852). Silver nitrate mediates three-component reac-
tion of methyl o-(2-arylethynyl)benzoates with selenium powder and aryl boronic
acids employing potassium persulfate in 1,4-dioxane to form 3-aryl-4-(arylseleno)iso-
coumarins (20RSCA30439). Other methyl o-(2-arylethynyl)benzoates undergo
electrochemical oxidative cyclization with diorganyl diselenides using n-BusNBF4
in acetonitrile to give more examples of 3-aryl-4-(arylseleno)isocoumarins
(Scheme 69). 3-Phenyl-4-(phenyltelluro)isocoumarin is obtained using diphenyl ditel-
luride (20CEJ13738).

Rhodium(IIl)-catalyzed cascade C—H activation, regioselective [4+2] oxidative
annulation, and lactonization reactions of aromatic acids or anhydrides with
4-hydroxy-2-alkynoates using AgSbFg, silver carbonate, and lithium acetate in ethyl
acetate provide a range of 2-oxofurano[4,3-c]isocoumarins as major products along
with their regioisomer 2-oxofurano[3,4-c]isocoumarins as minor product. Starting
from acrylic acid derivatives, a series of 2-oxofurano[3,4-e]pyran-2-ones are obtained
as single regioisomers (20JOC3548). The construction of coumarino[4,3-cJisocoumar-
ins is accomplished via palladium(Il)-mediated oxidative annulation reaction of ben-
zoic acids with 4-hydroxycoumarins in the presence of potassium and copper(Il)
acetates in refluxing 1,4-dioxane (200L73). 3’-Hydroxy-[1,1’-biphenyl]-
2-carboxylic acids suffer alkoxy-oxylactonization and dearomatization reactions using
stoichiometric amounts of PhI(OAc); in the presence of aliphatic alcohols to provide
cyclohexanone-fused isocoumarins (Scheme 70). An enantioselective version uses
chiral iodoarenes as catalysts with m-chloroperoxybenzoic acid (m-CPBA) in metha-
nol (20JOC3125).
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Various 3-alkyl/3-aryl-3,4-dihydroisocoumarins are obtained from the reaction of
methyl 2-(chloromethyl)benzoate with aliphatic or aromatic aldehydes mediated by
a super electron donor, generated in situ from a pyridinium salt and potassium bis(tri-
methylsilyl)amide (HMDS), in DMF at room temperature for 16 h under an inert
atmosphere (20JOC15736). Under dual catalysis of light activation and NHC organo-
catalysis, photoenolization/DA reaction of 2-alkylbenzoyl fluorides with
2,2,2-trifluoroacetophenones carried out in the presence of 1,3-dimethylimidazolium
triflate (IMe-HOTTY) and cesium carbonate in degassed acetonitrile produces 3-aryl-
3-(1,1,1-trifluoromethyl)  3,4-dihydroisocoumarins (Scheme 71) (20AGE3190).
Some examples of 3-substituted 4-phenylthio-3,4-dihydroisocoumarins are available
through annulation reaction of phenylthiobutenolides with mono-epoxy sorbate esters
employing lithium #-butoxide in THF (20S2821).

High yields and stereoselectivity is achieved in the asymmetric Michael addition/
transesterification tandem reaction of a-hydroxy indanones with chalcone 2-esters using
dinuclear zinc catalyst and a chiral ligand containing an azetidine moiety in THF to
afford a series of 3-aroylmethyl spiro[indanone-2,3’-(3,4-dihydroisocoumarin)] deriva-
tives (200BC3917).

Polyfunctionalized furano[2,3-c]-3,4-dihydroisocoumrins are prepared via
rhodium(IIl)-promoted relay double carbenoid insertion and diannulation of sulfoxi-
mine benzamides with «-diazo carbonyl compounds in the presence of AgSbFg and
silver acetate in 1,2-DCE at 70°C (200L2506). A cooperative approach involving rho-
dium(II), Lewis and Brgnsted acid catalysis is established for the synthesis of both
regioisomers of epoxycycloheptane-fused 3,4-dihydroisocoumarin derivatives 29
and 30 starting from readily available o-diazoacyl-substituted arene carboxylates,
using scandium(IIl) and gallium(IIl) triflates and triflic acid in a mixture of chloro-
form:THF (Scheme 72). Using two different diazo precursors with electronically
very similar 7t systems, there is slight preference for the formation of heterodimers
type 29 (20CEJ11119).

Enantioselective cascade reactions of substituted benzofuranyl/indolyl methylene-
malononitriles with a-bromoenals mediated by NHC 31 and triethylamine in THF
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produces a variety of benzofurano/indolo[3,2-f]-hexahydroisocoumarins. It includes
formal [4+42] cycloaddition, aldol, and intramolecular lactonization reactions (Scheme
73) (200L.2542).

6.4.2.6 Chromones and chromanones

Under solvent-free conditions, intramolecular cyclization reaction of 2’-hydroxylchal-
cones promoted by banana peel ash [combination of Musa sp. “Malbhog” peel ash
(MMPA) and Musa Champa Hort. ex Hook. F. peel ash (MCPA)] with an oxygen bal-
loon at room temperature for 35—60 min delivers 2-aryl-4 H-chromen-4-ones, in good
yields (20NJC20956). A wide variety of 2-alkyl/2-aryl-4H-chromen-4-ones are pro-
duced through rhodium(I)-catalyzed in situ aldehydic C—H bond alkynylation and
annulation reaction of salicylaldehydes with 1,1-dibromoalkenes in the presence of
potassium carbonate in N,N-dimethylacetamide (DMA) at 90°C. Using sterically hin-
dered aryl and heteroaryl 1,1-dibromoalkenes, minor amounts of the corresponding
aurones are also obtained (Scheme 74) (200BC1402). Several examples of 2-
[1-benzyl-3-(4-fluorophenyl)-1 H-pyrazol-4-yl1]-7-fluoro-4 H-chromen-4-ones arise
from cyclization reactions of (E)-3-[1-benzyl-3-(4-fluorophenyl)-1H-pyrazol-4-yl]-1-
(4-fluoro-2-hydroxyphenyl)prop-2-en-1-ones using a catalytic amount of iodine in
DMSO at 140°C for 2 hours (20JHC1692).

Intermolecular double aldol condensation of 2’-hydroxyacetophenones with two
equivalents of aromatic aldehydes in the presence of sodium hydroxide in methanol
at 50°C furnishes 2-aryl-3-(arylmethyl)-4 H-chromen-4-ones (20S861). One-pot syn-
thesis of 2-aryl-3-hydroxy-4H-chromen-4-ones is achieved through the condensation
reaction of 2'-hydroxyacetophenones with aromatic aldehydes in the presence of pyr-
rolidine in water, under atmospheric conditions (Scheme 75) (20JOC13160). Further
derivatives are prompted from a multistep approach which involves as key step
LiHMDS-promoted  intramolecular  Claisen condensation of 2’-aroyloxy-

CN
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2-benzoyloxyacetophenones to form 1,3-diaryl-3-benzoyloxybuta-1,3-diones, dehy-
dration using a solution of sodium acetate in acetic acid and finally hydrolysis of
the benzoyl moiety (20J0C4279).

A wide variety of 3-aryl-4H-chromen-4-ones can be synthesized through visible
light—mediated arylation of 2-hydroxyaryl enaminones by aryl diazonium tetrafluor-
oborates mediated by Eosin Y and by diaryliodonium triflates promoted by
Ru(bpy)sCl,-6H,0 (20CC2606). Other 2-hydroxyaryl enaminones undergo cycliza-
tion with Selectfluor in the presence of sodium acetate and 3,5-di--
4-butylhydroxytoluene in THF to provide 3-fluoro-4H-chromen-4-ones
(20T130833), with potassium halides (I and Br) in the presence of PhI(OAc), in ethyl
lactate to afford 3-halo-4H-chromen-4-ones (20NJC8120), with KSeCN and potas-
sium persulfate in 1,2-DCE to give 3-selenocyano-4H-chromen-4-ones
(20NJC2222), with potassium thiocyanate in acetonitrile under undivided electrolytic
conditions to afford 3-thiocyanato-4H-chromen-4-ones (20S711), and with various
terminal and internal alkenes catalyzed by Pd(PPhs),, sodium iodide, sodium hydro-
gen carbonate, and #-butyl hydroperoxide (TBHP) in 1,2-DCE to give 3-vinyl-4H-
chromen-4-ones (Scheme 76) (2001.9518).

Three-component tandem condensation reaction of 2-hydroxyaryl enaminones with
arylglyoxals and cyclic 1,3-diketones carried out in the presence of triethylamine in
acetonitrile for 2 days followed by hot acidic treatment delivers 3-(2-aryl-4-oxo-
4,5,6,7-tetrahydrobenzofuran-3-yl)-4 H-chromen-4-ones (200BC2501). A similar
approach replaces cyclic 1,3-diketones by Meldrum’s acid carried out in acetonitrile
for 2 days followed by treatment with refluxing acetic acid for 30 min to give 3-
[5-aryl-2-oxofuran-4-yl]-4 H-chromen-4-ones, in modest yields (20TL152602).

One-step radical cascade cyclization—coupling reaction of 2-(allyloxy)arylalde-
hydes using Langlois’ reagent (CF3SO,;Na) and potassium persulfate in DMSO at
80°C gives 3-trifluoroethyl-4H-chromen-4-ones (Scheme 77) (20EJO209).
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Various 2-substituted 3-(quinolin-2-yl)-4H-chromen-4-ones are synthesized
through tandem [342] cycloaddition/ring-opening/O-arylation reactions of 3-alkyl/
3-aryl-1-(2-fluoroaryl)prop-2-yn-1-ones with quinoline N-oxides using toluene as sol-
vent at 120°C under air for 12 h. Under the same conditions, using pyridine N-oxides
delivers 2-substituted 3-(pyridin-2-yl)-4H-chromen-4-ones. The same transformations
occur using sodium phosphate in DMF at 100°C under air for 12 h (20CC4078).
Annulation reactions of 3-alkyl/3-aryl-1-(2-bromoaryl)prop-2-yn-1-ones with isoqui-
noline N-oxides in the presence of potassium carbonate in DMF affords
2-substituted 3-(isoquinolin-1-yl)-4H-chromen-4-ones (20CC1183). Rhodium(III)-
catalyzed coupling of 2-diazo-1-(2-fluoroaryl)propane-1,3-dione derivatives with N-
pyrimidinoindoles in the presence of AgSbFg, cesium acetate and sodium carbonate
in m-xylene furnishes a series of 2-substituted 3-(N-pyrimidinoindolin-2-yl)-4 H-chro-
men-4-ones (Scheme 78). The reaction was extended to other heteroarenes (N-pyridi-
noisoquinolin-1-ones, N-pyridinopyridin-2-one, 2-phenylpyridine) (20CC13169).

The synthesis of 3-acetyl-5-aryl-2-(methylthio)-8-azachromen-4-ones is accom-
plished through cyclization reaction of 3-acetoacetyl-4,6-diarylpyridin-2-ones with
carbon disulfide in the presence of DBU in acetonitrile followed by treatment with
dimethyl sulfate (Scheme 79) (20JOC11778).

Various  5H,12H-isochromeno[3.,4-b]chromen-12-one are  prompted via
rhodium(IIl)-catalyzed C—H activation/annulation reaction of salicylaldehydes with
4-diazoisochroman-3-imines using cesium carbonate in 1,4-dioxane, under atmos-
pheric conditions (20TL152387). It is through transition-metal-free approach that
3-aryl-1-(2-bromoaryl)prop-2-yn-1-ones underwent selective insertion with indolin-
2-ones promoted by cesium carbonate in DMF giving access to nitrogen-seven-
membered ring-fused chromen-4-ones (200L.155). A wide variety of indoline-fused
nitrogen-eight-membered ring-fused chromen-4-ones were prepared through dearoma-
tive alkylation of 3-[2-(1 H-indol-1-yl)phenyl]-3-oxopropanoates mediated by zinc(II)
iodide in toluene, base-promoted ring-expansion with 1-(2-haloaryl)prop-2-yn-1-ones
and intramolecular SyAr reaction (Scheme 80) (200BC6916).
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Microwave-assisted tandem Claisen rearrangement and 6-endo-trig cyclization
reactions of 2'-allyloxychalcones occurs in toluene for 1 hour and then the solvent
is evaporated, a mixture of sodium acetate in methanol is added and reacted for another
1 hour to give 8-allyloxy-2-aryl-4H-chroman-4-ones, in moderate to good yields
(20EJO7373). Polysubstituted 2-aryl-4H-chroman-4-ones arise from DBU-promoted
one-pot cascade reactions of 2-[3-aryl-1-(piperidin-1-yl)prop-2-yn-1-yl]phenols with
water in acetonitrile, under air. The process involves 1,4-conjugate addition of water
to the formed alkynyl o-quinone methide, alkyne—allene isomerization, and subse-
quent intramolecular oxa-Michael addition reactions (200L4306). Condensation reac-
tion of 2’-hydroxyacetophenones with acyclic methyl ketones mediated by the
pyrrolidine-butanoic acid as bifunctional catalyst in DMSO at room temperature leads
to 2,2-dialkylsubstitued 4H-chroman-4-ones while using cyclic ketones, a series of
2-spiro-4H-chroman-4-ones are obtained (Scheme 81) (20JHC3369).

An iridium(IIT) catalyst promotes visible light photoredox cascade cyclization reac-
tions of 2-(allyloxy)arylaldehydes with several alkyl radical precursors (c-carbonyl
alkyl bromides, primary-, secondary-, and tertiary-o-bromoalkyl ketones, esters and
2-bromo-2,2-difluoroacetate), carried out in the presence of 2,6-lutidine in dry
DMSO at room temperature, to afford 3-substituted 4H-chroman-4-ones
(20J0C3963). Other 2-(allyloxy)arylaldehydes undergo radical cyclization reactions
with sodium sulfinates promoted by silver nitrate in presence of potassium persulfate
in a 1:1 mixture of DMSO:water (20TL151704)and with N-hydroxyphthalimide in the
presence of (diacetoxyiodo)benzene (PIDA) in dichloromethane (Scheme 82)
(20TL152482) to give 3-substituted 4H-chroman-4-ones.

0] 0]
o pyrrolidine (50 mol%)
17 butanoic acid (50 mol% 17
R\l + )L , ( ) R\} 12 examples
Pz OH R DMSO, rt, 1.5-6 h = 0 R 80-95%
(0] [¢] (0]
pyrrolidine (50 mol%)
17T 9
R\1 butanoic acid (50 mol%) R1\\ X 6 examples
>z o DMSO, rt21 5-3h ¥ o X 80-96%
X =CH,R?, NBn
Scheme 81
o
CHO
17X
R\@ . N-OH PIDA (2 equiv.)
= O/\/ CH,Cly, air, rt, 6 h
0]

PIDA = (diacetoxyiodo)benzene 16 examples 66-90%

Scheme 82



Six-membered ring systems: with O and/or S atoms 513

The synthesis of 2-aryl-3-sulfonyl-4 H-chroman-4-ones is readily achieved through
one-pot intermolecular [5+1] annulation reaction of arylaldehydes (dual electrophile)
with 2/-hydoxy-2-sulfonylacetophenones (dual nucleophile) promoted by POCI3 in
refluxing toluene for 3 hours (20JOC1033). High yields of (E)-2-aryl-3-benzylidene-
4H-chroman-4-ones are obtained from the reaction of 2’-hydroxyacetophenone with
benzaldehydes under dual catalysis of polyphosphoric acid and sulfuric acid
(20TL151180). Phosphine-mediated domino sequence of salicylaldehydes with but-
3-yn-2-one in the presence of sodium acetate in dry THF furnishes 3-acetyl-3-
(1-methylidene-2-oxoprop-1-yl)-4H-chroman-4-ones, in moderate to good yields
(Scheme 83) (200BC8916).

6.4.2.7 Xanthenes and xanthones

The synthesis of 12 aryl-substituted benzo[b]xanthenes was accomplished through
cascade reactions of triaryl carbinols mediated by silica-supported sodium hydrogen
sulfate catalyst, at elevated temperatures. Some 9-aryl thioxanthenes were also
obtained starting from triaryl thiocarbinols. The reaction involves o-quinone methide
formation via dehydration, oxa-6m-electrocyclization, and isomerization reactions
(Scheme 84) (200BC8653). Further derivatives of 9-styryl (thio)xanthenes were
obtained via intramolecular Friedel—Crafts alkylation reaction of 7t-activated secon-
dary allylic alcohols, derived from 2-aryloxybenzaldehydes or 2-(arythio)benzalde-
hydes with acetophenones, with a catalytic amount of indium(IIl) triflate in
(20TL152347).

Condensation  reaction of 4H-chromene-3-carbaldehydes with  cyclic
1,3-dicarbonyl compounds (4-hydroxy-6-methyl-2H-pyran-2-one, 4-hydroxy-
6-methylpyridin-2(1H)-ones) and their benzocondensed analogues carried out in the
presence of ammonium acetate in refluxing acetic acid provides polycyclic
benzoxanthene-type compounds, in high yields. The reaction was extended to the reac-
tion of 1H-benzo[flchromene-2-carbaldehyde with 2H-pyrido[l,2-a]pyrimidine-
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2,43H)-dione to give the corresponding heptacyclic xanthene derivative
(20RSCA34344). Other benzoxanthene-type compounds arise from one-pot, three-
component reactions of naphth-2-ol with various arylglyoxal monohydrates and
(thio)barbituric acids in the presence of catalytic amounts potassium phthalimide-N-
oxyl (PPINO) in refluxing water (Scheme 85) (20S1707).

0-Quinone methides, generated in situ from o-hydroxybenzyl alcohols, underwent
[4+2] cycloaddition reactions with cyclic 1,3-dicarbonyl compounds (1,3-diketones,
1,3-keto nitriles, and 1,3-keto esters) promoted by a binol-phosphoric acid catalyst
to afford 9-aryltetrahydro-1H-xanthen-1-ones. Using acyclic 1,3-dicarbonyl com-
pounds, a series of 4-aryl-2-methyl-4H-chromenes is obtained (20JOC11699).

A wide variety of tetrahydroxanthene-type compounds arise from three-component
reactions of benzaldehydes with dimedone and with 5-hydroxy-2-(hydroxymethyl)-
4H-pyran-4-one promoted by the amino sugar meglumine in a 1:1 mixture of
ethanol:water at room temperature (20JHC355), or with barbituric acid derivatives
mediated by TBAI in water under room temperature (20JHC39). Under solvent-free
conditions, multicomponent reaction of aromatic aldehydes with two equivalents of
dimedone mediated by aluminized polyborate at 100—110°C leads to octahydroxan-
thene-1,8-diones, in good to excellent yields (20JHC3691). The synthesis of benzo
[b]xanthene triones and tetrahydrochromeno[2,3-b]xanthene tetraones can be accom-
plished through one-pot three- or pseudo—five-component reaction of benzaldehydes
with 2-hydroxy-1,4-naphthoquinone or 2,5-dihydroxy-1,4-benzoquinone and dime-
done or cyclohexane-1,3-dione in refluxing ethanol and using poly(2-ethyl-
2-oxazoline) (PEtOx) immobilized on Fe3O4 nanoparticles (Fe3O4@ SiO,/PEtOXx)
(Scheme 86) (20JHC1825).
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Fused polyheterocyclic xanthene-type compounds are obtained through enantiose-
lective dearomative multiple functionalization reaction with o-hydroxybenzylidenea-
cetones with activated N-alkylpyridinium promoted by a quinine-derived primary
amine, salicylic acid, and potassium salicylate, and with N-alkylquinolinium salts car-
ried out in the presence of a different quinine-derived catalyst, mandelic acid, and
sodium hydrogen phosphate (200L7617). Three-component reaction of alkyl 2-
(benzo[b][1,4]thiazin-3-ylidene)acetates with isatins and 4-hydroxycoumarin in the
presence of acetic acid in ethanol furnishes polycyclic spiro[benzo[b]chromeno
[3’,4:5,6]pyrano[2,3-¢][1,4]thiazine-7,3'-indolines] (Scheme 87) (20JOC12117).

Microwave-assisted one-step synthesis of 9H-xanthen-9-ones occurs via intermo-
lecular catalytic coupling reaction of salicylaldehydes with 1,2-dihaloarenes mediated
by a palladium nanocatalyst supported on a green biochar, in the presence of potassium
carbonate in DMF at 150°C, in moderate to good yields (Scheme 88) (20S619).

6.4.3 Heterocycles containing one or two sulfur atoms

6.4.3.1 Thiopyrans and analogues

A couple of 5,6-dihydro-2H-thiopyran-§,S-oxides are obtained via ruthenium(II)-
catalyzed ring-closing metathesis of sulfone-tethered dienes in refluxing toluene, in
excellent yields (200L.7064). Polyfunctionalized indolo[2,3-b]dihydrothiopyrans arise
regio- and stereoselectively from cascade [3+3] annulation of indoline-2-thiones with
nitroallylic acetates (MBH acetates) mediated by DBU in toluene at room temperature
(20NJC1389). A transition-metal-free approach for the synthesis of a series of substi-
tuted 2,6-diaryltetrahydrothiopyrans involves domino reaction of benzaldehydes with
2-acetylfuran/2-acetylthiophene with sodium sulfide in methanol at room temperature
(Scheme 89) (20JOC9088).

Rhodium(III)-catalyzed peri-selective C—H bond activation and cyclization reac-
tions of naphtha-1-thiols with alkynes carried out in the presence of copper(Il) and
sodium acetates in acetonitrile provides a large variety of 2,3-disubstituted benzo

co R
N 2 AcOH: EtOH

j/ T
reflux 12 h

15 examples, 73-85%

Scheme 87
RO B "Ny e __PoNPgEC 2
~N + = —_—
NP on X NF K2CO3, DMF R ‘ NLR? 20 examples
250 W, 150 °C, 30 min L~ P 54-88%
X = Br, Cl o)

PdNPs/BC = palladium nanocatalyst supported on biochar
Scheme 88
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33-95%

Scheme 89

[de]thiochromenes (200L.7825). Copper(Il)-catalyzed regioselective Michael addition
reaction of 2-iodobenzaldehydes with 2’-nitrochalcones and xanthate as sulfur surro-
gate, followed by aldol condensation and chemoselective reduction of the aromatic
nitro group led to 3-(2-aminobenzoyl)-2H-thiochromenes which suffer base-
promoted aza-Michael addition followed by oxidation to the formation of
4-oxoquinolino[3,2-c]thiochromenes. Conversely, changing the Michael acceptor to
2/-bromochalcones affords 3-(2-bromobenzoyl)-2H-thiochromenes which at higher
temperature delivers thioflavono[3,2-c]thiochromenes (Scheme 90) (20CC8826).
The synthesis of 4-aminosubstituted thiochromans is accomplished through formal
[3+4-3] annulation of simple aminocyclopropanes with thiophenols, carried out in the
presence of NIS, under acidic conditions, in chloroform (200L.9123).

Rhodium(IIT)-catalyzed annulative coupling reaction of 3,5-diarylisothiazoles with
alkyl/aryl alkynes using copper(Il) acetate as oxidant in 1,2-DCE provides various 1-
[(3,4-dialkyl/diarylisoquinolin-1-yl)methylidene]-3,4-dialkyl/diaryl- 1 H-isothiochro-
menes (Scheme 91) (200L661).

s7 DAr!

(e}
CHO
17X
| NO, Ar!
18 examples, 68-86%

0]
CHO
RS . | A R o 130°C NN
7 Br “Arl
.

16 examples 51 82%
A: xanthate (3 equiv.), Cu(OAc), (10 mol%), NaOAc (2 equiv.), DMSO, 100 °C

Scheme 90

) [Cp"Rh-(MeCN)s][SbFel R

N-S =R R3 (4.0 mol %)
R L7\ / I Cu(OAc), (2.0 equiv)
N +
| 1,2-DCE, 100 °C, 18 h
Y R3

20 examples RQ
48-96% <

R® = alkyl, aryl

Scheme 91
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Cyclization reaction of 2'-tosyloxychalcones using elemental sulfur and triethyl-
amine in DMSO leads to 2-aryl-4H-thiochromen-4-ones as main products along
with thioaurones, in smaller amounts (20SC2347). 3-Alkylsubstituted 2-aryl-4 H-thio-
chromen-4-one derivatives are obtained via radical cyclization reaction of diverse
3-aryl-1-[2-(methylthio)aryl]prop-2-yn-1-ones, as free radical acceptors, with
various free radical donors (acetonitrile, ketones, esters, ethers), carried out in the pres-
ence of #-butyl peroxybenzoate (TBPB) and sodium acetate under argon atmosphere
(Scheme 92) (20EJO4534). Other 3-aryl-1-[2-(methylthio)aryl]prop-2-yn-1-ones
underwent sulfonylation cyclization reactions with sulfonyl hydrazides promoted by
sodium iodide and TBHP in a 5:1 mixture of methanol:water to deliver
3-sulfonylated 2-aryl-4H-thiochromen-4-ones (20NJC14786). Copper(Il)-catalyzed
cascade reaction of 2'-iodochalcones with rongalite (as sulfone source) in the presence
of 1,10-phenanthroline and tetrabutylammonium chloride in refluxing acetonitrile
affords 2-aryl-4H-thiochroman-4-one 1,1-dioxides (20CC13653).

Functionalized acene- and heteroacene-fused thiopyrylium salts are synthesized
through intramolecular Friedel—Crafts cyclization reaction of diarylthioethers bearing
an o-formyl group, mediated by Me3SiOTf or TfOH in dichloromethane at room tem-
perature (200L6192). Tandem sulfa-Michael/aldol reaction of
2-mercaptobenzaldehydes or 2-mercaptoindole-3-carbaldehydes with benzo[b]thio-
phene sulfones provides polycyclic dihydrothiopyran-fused benzosulfolanes in high
yields and with excellent diastereo- and enantioselectivities (Scheme 93) (20CC12363).

6.4.4 Heterocycles containing two or more oxygen
atoms

6.4.4.1 Dioxanes

A phosphine and carbene gold(I) complex catalyzes cascade reactions of propargylic
B-ketoesters in xylene at 120°C to furnish a series of 4H-1,3-dioxin-4-ones. The
sequence involves [3,3]-sigmatropic rearrangement followed by regioselective O-

0] o

R'{ A T TBPB (4 equiv) Rl CN 12 examples
i X R2 NaOAc (1 equiv.) ! 35-73%
= R
SMe | A4 +CHsCN S R2
_ Ar, 100 °C, 24 h ~

(0]

TBPB (4 equiv.)
NaOAc (1 equiv.)
SMe

Ar 100°C, 24 h

18 examples
30-76%

(o}
% o TBPB (4 equiv.)
N R, T > NaOAc (1 equiv.) 4 examples
e —_— 510,
sme | ./ Ar, 100°C, 24 h 25-51%

Scheme 92



518 Progress in Heterocyclic Chemistry

R! CHO O\\’C/) 1 : H w0
S~ g2 32(1omoi%) _ R : X R2

+ ‘ N ‘ g

SH N A PhMe, -20 °C, 5 h > _

A
6 examples, 89-99%%
up to 98% ee and >20:1 dr

OH
CHO 0.0 : ?Q\//O 2
S s Ny R2 32 (10 mol%) RKMR
i + \ AN J P
Z >N N\ A PhMe, 0 °C, 48 h N
! \ i
Boc Boc
o CF3 22 examples, 81-99%%
. )K‘/H H up to 99% ee and >20:1 dr
N b
Nnoe T oBus

Scheme 93

annulation reactions (20CC7734). A series of 4H-benzo[d][1,3]dioxin-4-ones arise
from palladium(Il)/bissulfoxide-catalyzed chemo-, regio-, and stereoselective allylic
oxidation of 2-allyloxybenzoic acids in the presence of silver triflate, benzoquinone,
and using THF or toluene as solvent. This strategy involves double-bond isomerization
from the allylic to the vinylic position, intramolecular carboxypalladation, and
B-hydride elimination reactions (Scheme 94) (2001L.7443). Other 4H-benzo[d][1,3]
dioxin-4-ones are obtained in excellent yields through cascade reaction of allenic
ketones and salicylaldehydes in the presence of lithium carbonate and oxone in
DMF at room temperature, under open-air conditions (20EJO1727).

A gold(I) complex promotes intermolecular [3+2+1] cycloaddition reaction of var-
ious chloroalkynes with epoxides and water in 1,2-DCE to provide polysubstituted
2,3-dihydro-1,4-dioxines (Scheme 95) (20CC12993). Diastereospecific synthesis of
(2)-2-arylidene-2,3-dihydrobenzo[b][1,4]dioxines occurs under transition-metal-free
conditions through the reaction of (Z)-3-aryl-1,2-dibromoprop-2-enes with catechols
in the presence of cesium carbonate in DMF at 140°C (20T131482).

The synthesis of 4-(acetyloxymethyl)-1,3-dioxan-2-ones is accomplished through
activation of the B-hydroxyethyl substituent of five-membered cyclic carbonates 33
promoted by NHC base to convert into its six-membered congener followed by

O/ \P°
S

g
CO,H W
RS Ph Ph (10 mol RIg
\@ P F’d(OAc) (10 mol%) )\/ 11 examples
o AgOTf (10 mol%) 46-81%

benzoquinone (2-3 equiv.)
THF or PhMe, Ny, 45-70 °C

1272 h
Scheme 94
o JohnPhosAuCI (2 mol%) o R
Rl-=—¢ + R3 + H0 NaBArF (2 mol%) E IR 25 examples
R? <R4 1,2-DCE,50°C,24h R “o~ "Rz  56:90%

NaBArF = sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
Scheme 95
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OAc TBD = triazabicyclodecene

RZR! TBD (30 mol%) Aclm = acetyl imidazole
w Aclm (1 2 equiv.) w0
MeCN No, rt, 2 h 15 examples
z R2 0/&0 65-96%
Scheme 96

acylation of the pendant alcohol group (Scheme 96) (20AGE18446). Oxidative fluo-
rocyclization of vinyl azides bearing a carbonate moiety using pyridine - HF as fluorine
source and PIDA as oxidant in dichloromethane at room temperature provides 5-azido-
5-fluoro-1,3-dioxan-2-ones, in high yields (20EJO693).

6.4.5 Heterocycles containing two sulfur atoms

6.4.5.1 Dithianes

Under dual catalysis of Rhy(OAc)4/AgSbF¢ system, regioselective synthesis of 2-
(4-oxopyrano)-1,4-dithianes are achieved from ring expansion of 2-diazopyran-
4-ones with dithioacetals in 1,2-DCE (Scheme 97) (20JOC2575). Various dibenzo
[c,e][1,2]dithiin derivatives are formed via a multistep approach starting from Suzuki
coupling of bromo-2-(methylthio)benzenes with 2-(methylthio)benzeneboronic acids,
reductive demethylation, and protonation for the formation of disulfide bonds
(20CEJ8007).

6.4.6 Heterocycles containing both oxygen and sulfur in
the same ring

6.4.6.1 Oxathianes

Through visible light—promoted eosin Y—catalyzed oxathiacetalization of aldehydes
or ketones with 3-mercaptopropan-1-ol, under metal-free conditions, a series of
1,3-oxathiines was obtained in moderate to good yields (Scheme 98) (20EJO2542).

(e} (e}
H R? H .
‘ ‘ /K AgSbFg/ Rhy(OAc), (5 mol%) ‘ ‘ R
R2 + 87 s . 9 examples
R" S0 / 1,2-DCE, Ny, 60 °C, 2 h RO S 71-87%
Ny R S\)
Scheme 97
R'COR? R'CHO
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