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Six-membered ring systems: with

O and/or S atoms 6.4
Clementina M.M. Santos

1,
*, Artur M.S. Silva

2,
*

1Centro de Investigaç~ao de Montanha (CIMO), Instituto Politécnico de Bragança, Bragança,

Portugal; 2QOPNA & LAQV-REQUIMTE, Department of Chemistry, University of Aveiro,

Aveiro, Portugal

*Corresponding authors. E-mails: clems@ipb.pt; artur.silva@ua.pt

6.4.1 Introduction

This chapter is dedicated to the synthesis ofO- and S-6-membered heterocycles, cover-

ing the literature published during 2019. Highlights include the most interesting chem-

istry dedicated of these heterocyclic ring systems, from our personal point of view,

with special emphasis to the synthesis of natural oxygen derivatives.

Reviews on the isolation, biological properties, biosynthesis, and total synthesis of

benzannulated spiroketal natural products (19OBC8272) and of diterpene pyran-

2-ones (19OBC8943), on the natural occurrence, pharmacological properties, and

structureeactivity relationships of quassinoids, a kind of triterpenoid bearing a tetra-

hydropyran bridge (19CPB654), on the biosynthesis ofMonascus azaphilone pigment

congeners containing chromene frameworks (19NPR561), and on naturally occurring

3-aryl-4H-chromen-4-ones isolated after 2012 (19NPR1156), have appeared.

Transition metal vinylidene- and allenylidene-mediated catalysis in the synthesis of

various O-6-membered compounds (19CR4293), domino transformations using o-

alkene/alkyne-tethered aryl aldehydes/ketones for the synthesis of O-6-membered

compounds such as chromans, chromen-4-ones, xanthones, thiochromans, and related

fused derivatives (19CEJ15710), and on enzyme-catalyzed cascade reactions for the

total synthesis of natural compounds possessing tetrahydropyran, tetrahydroisochro-

mene, and pyran-2-one frameworks (19AGE6846) were also reviewed.

Minireviews on the palladium-catalyzed carbopalladation-initiated cascade pro-

cesses for the synthesis of chromans and isochromans (19AGE1562), palladium-

catalyzed carbonylative coupling reaction for the synthesis of chromans, pyran-2-ones,

coumarins, isocoumarins, and chromones (19EJO4626), and palladium-catalyzed

double cyclization reactions for the synthesis of heterocycle-fused dihydropyrans, tet-

rahydropyrans, chromenes, and isocoumarins (19EJO5073) have been disclosed.

Other minireviews cover transition metalecatalyzed CeH functionalization

reactions in sustainable medium for the synthesis of chromene, isochromene, benzo

[c]coumarin, and isocoumarin derivatives (19CEJ9366), in-depth discussion of

comparative approaches for the synthesis of the natural tetrahydropyran-containing

derivatives gelsemine and gelsedine (19AGE681), and 5-exo versus 6-endo

Progress in Heterocyclic Chemistry. https://doi.org/10.1016/B978-0-323-89812-6.00015-8
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thiyl-radical cyclization reactions for the synthesis of dihydrothiopyrans, tetrahydro-

thiopyrans, and dihydropyran-2-thiones (19HCA1900162).

Recent advances in the synthesis of various O-6-membered natural derivatives via

carbonylative cyclization reactions (19NPR174), on the synthesis of oxaspirolactones

and their application in the total synthesis of related natural compounds (19OBC7270),

on polyketide biosynthesis via Michael addition strategies (19NPR531), on a-nitroke-

tones as useful bidentate reagents for the synthesis of chromans, pyran-2-ones, and

chroman-4-ones (19OBC5190), on arenediazonium salts as building blocks in transi-

tion metalecatalyzed cross-coupling, C-H-arylation, and annulation reactions for the

synthesis of benzo[c]chromenes and benzo[c]coumarins (19CSR1150), on ionic

liquids as solvents, catalysts, and reaction media for the synthesis of fused O-

6-membered heterocycles such as pyrans, chromenes, and xanthenes (19SC1679),

on coumarin-based small molecules as fluorescent chemosensors (19CR10403), and

on spiropyrans as versatile photochromes (19CSR3406) have all been overviewed.

The literature concerning the total synthesis of natural O-6-membered compounds

was very rich in 2019. Thus, biomimetic and biocatalytic total synthesis of meroterpe-

noid bruceol (19AGE1427), biomimetic total synthesis of five meroterpenoid austa-

lides: (�)-17S-dihydroaustalide K, (�)-austalide K, (�)-13-deacetoxyaustalide I,

(�)-austalide P, and (�)-13-deoxyaustalide Q acid (19JOC4961), biomimetic het-

ero-DielseAlder (hDA) reactions for the synthesis of the dihydropyran core of xeno-

vulene A and sterhirsutins A and B (19OL998), biomimetic Knoevenagel/hDA

reaction cascades for the total synthesis of chromans, (�)-pestalachloride C, and

(�)-pestalachloride D (19OL1755), of psiguajanones A�D and psiguajanol A and

subsequent radical dimerization to obtain psiguajdianone (19OL8700), biomimetic

total synthesis of isochromen furoerioaustralasine and their structure revision

(19OL8776), and biomimetic synthesis of meroterpenoids, including its xanthene

moiety, from dimethyl orsellinic acid and farnesyl pyrophosphate (19AGE16141),

have all been accomplished.

Several strategies have been developed to build O-6-membered heterocycles in the

total synthesis of various natural compounds and their analogues, namely pyrans anhy-

drofusarubin and 8-O-methylanhydrofusarubin (19OBC7078), dihydropyrans actino-

rhodin (19AGE4264), (�)-secologanin, (�)-5-carboxystrictosidine and (�)-rubenine

(19CEJ8996), fusarubin and 8-O-methylfusarubin (19OBC7078); tetrahydropyrans

applanatumol B (19OL6199), aspergillide A (19JOC11848), (�)-englerin A and

(�)-englerin B (19AGE8346) and putative structure of scholarein A (19OBC6831),

chromenes cannabinol (19OL1212, 19OL6122), fontanesine B and its isomer

(19HCA1900116), chromans-revised guignardones H and I (19OL3008), meroterpe-

noid azamerone (19JA2867), (�)-phomoarcherin C (19JOC14053), wikstrol A and

wikstrol B (19OBC8206), isochromenes naphterpin, naphterpin B, naphterpin C,

7-demethylnaphterpin, debromomarinone, and isomarinone (19OL8312),

5,6-dihydropyran-2-ones cryptofolione and (þ)-strictifolione (19SC1031), putative

structure of diplopyrone (19JOC666), (þ)-goniotriol (19TL151039), 5-hydroxy goni-

thalamin (19S780), parvistone C (19JHC815) and phosdiecin A (19JA13778), tetrahy-

dropyran-2-ones (�)-boschnialactone, (�)-7-epi-boschnialactone, (�)-teucrium

lactone, (�)-iridomyrmecin, (�)-isoboonein, (�)-7-epi-argyol, (�)-scabrol A,

(�)-7-epi-scabrol A and (�)-patriscabrol (19OBC6831), constanolactone

502 Progress in Heterocyclic Chemistry



A (19OBC4572), (þ)-goniopypyrone (19TL151039) and (�)-pentalenolactone A

(19JOC10172); coumarins dipetalolactone (19JHC99), goniothaline A and goniotha-

line B (19S552), lamellarin G trimethyl ether, lamellarin D trimethyl ether, lamellarin

H, lamellarin h, dihydrolamellarin h, and lamellarin U (19JOC11596), myxocoumarin

B (19OBC1966), palodesangren B trimethyl ether and palodesangren D dimethyl ether

(19JOC13410), isocoumarins dehydroxanthomegnin and 9-O-methylpaepalantine

(19EJO1145) and neonectrolides B, C, D and E (19JA15135), dihydroisocoumarins

cladosporin (19TL831), (þ)-monocerin (19JOC6191) and dihydro eurotiumide B

(19JOC16329), and finally, chromen-4-ones integrin and (�)-oxyisocyclointegrin

(19EJO1571).

Total synthesis and stereochemical assignment of natural derivatives such as

tetrahydropyran cryptoconcatone H with a revised structure (19SL178),

5,6-dihydropyran-2-one tuscoron D (19AGE13019), isochromans (þ)-eurotiumide F

and (þ)-eurotiumide G (19CPB953), tetrahydropyran-2-one tuscoron E

(19AGE13019), dihydroisocoumarins granulactone, (�)-radulactone, echinolactone

A (19CC4250, 19OL6879) and (�)-calomelanolactone (19CC4250), and chromen-

4-ones diaportheone A (19TL52)and parimycin (19OL7665), were also obtained.

Reductive Heck cyclization for the construction of the DEF-benzoxocin ring system

of nogalamycin and menogaril (19JOC173), construction of ABCDEF-ring system in

the total synthesis of nogalamycin (19JOC760), synthesis of difluorinated tetrahydro-

pyran moieties for the synthesis of various 20,20-difluorinated C17eC27 fragments of

natural bryostatin (19OBC1487), synthesis of tetrahydropyran-containing GHIJKL

fragment of gymnocin-B (19OL6864), and synthesis of tetrahydropyran unit in the

macrolactone core of neopeltolide (19TL432) have all been surveyed.

Discussion on specific reactions such as palladium-catalyzed cyclization reactions for

the formation of tetrahydropyran core in the total synthesis of the putative cryptoconca-

tone H and structural revision of cryptoconcatones K and L (19S1545), organosilane-

mediated reactions for the total synthesis of natural tetrahydropyrans bryostatin 8 and

(�)-exiguolide (19SL753), palladium-catalyzed oxidative cyclization reaction cascade

for the synthesis of benzofuran-fused tetrahydropyrans (19CC7013), tandem allylic oxi-

dation/oxaconjugate addition and macrocyclization reactions for the synthesis of

tetrahydropyran-containing macrocycles (19CEJ6500), 1,2-rearrangement and SNAr

oxycyclizations of aryl fluorides to build the chromene unit in the total synthesis of

(�)-rotenone and (�)-deguelin and its conversion into (�)-tephrosin and (þ)-12a-epi-

tephrosin (19S1139), annulation reactions for the total synthesis of chromans procyani-

dins A1 and A2 (19OBC9129), tandem radical cyclization reactions for the synthesis of

heterocycle-fused chroman bisabosqual A and some analogues (19T4255), and O-annu-

lation strategies through CeH cleavage for the synthesis of xanthenes and xanthones

(19S3588), were all accomplished.

Development of specific reagents include a new axially chiral ligand, 6-

(2-chloronaphthalen-1-yl)-5-methylpyridine-2-carboxylic acid) for the CpRu-catalyzed

dehydrative cyclization of (E)-hept-2-ene-1,7-diol to form 2-vinyltetrahydro-2H-pyran

(19BCSJ1707) and the synthesis and characterization of Pheox- and Pheboxealuminum

complexes as tunable Lewis acid catalysts in the competitive hDA reaction of electron-

rich with electron-deficient aldehydes for the synthesis of dihydropyran-4-ones

(19CEJ10792).
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A series of C-alkyl coumarin[4]arenes and various derivatives have been synthe-

sized and their fluorescent properties studied (19EJO7787). The importance of the sol-

vent and charge of the xanthene moiety on their photophysical properties was studied

in pyridyl and N-methylpyridinium analogues of rosamines (19CEJ15073). The syn-

thesis of angular-fused dithioxanthones and their application in organic optoelectronic

devices was also undertaken (19OL8832).

Some biologically important molecules and other complex examples deserve atten-

tion. Optically active hexahydro-4H-furopyranols were synthesized in a multistep

approach from furan and 3-(tetrahydropyranyloxy)propanal (19JOC9801), while the

4H-pyran-4-one kojic acid was prepared through a chemo-enzymatic three-step proto-

col from D-glucose (19CC14737). The enantioselective synthesis and epimerization of

highly emissive chiral S-shaped [11]helicene-like compounds bearing benzo[c]chro-

mene moieties is achieved through intramolecular double [2 þ 2 þ 2] cycloaddition

reactions of a naphth-2-ol-linked hexayne promoted by a rhodium(I)/(R)-difluorphos

complex (19EJO1390).

Herein, we will provide a broad overview of the most important achievements in the

synthesis of O- and S-6-membered heterocycles based on a personal selection.

6.4.2 Heterocycles containing one oxygen atom

6.4.2.1 Pyrans

The synthesis of 3,5-disubstituted 2-aryl-2H-pyrans is accomplished through a

palladium-catalyzed Heck coupling reaction and ring-opening sequence of cyclopro-

pano[b]dihydrofurans with aryl iodides using potassium carbonate and tetrabutylam-

monium bromide (TBAB) in dimethylformamide (DMF) at 40�C for 66 h (Scheme

1) (19AGE3594). Diversely functionalized 2H-pyrans result from propargyl Claisen

rearrangement/[1,3]H-shift/oxa-6p electrocyclization reaction of tertiary propargyl

vinyl ethers in the presence of imidazole in refluxing toluene (19EJO1784).

Regioselective goldecatalyzed intramolecular hydroarylation of 7-(prop-2-yn-

1-yloxy)coumarins in dichloromethane is controlled by the ligand on the gold

complex: using JohnPhosAu(MeCN)SbF6 complex affords mainly coumarino[7,8-b]

pyrans, although being sensitive in some extent to electronic and steric effects of

the arene, while using Ph3PAuCl/AgSbF6 catalytic system, coumarino[7,6-b]pyrans

are formed as major products. In addition, intramolecular hydroarylation of 8-iodo-

7-(prop-2-yn-1-yloxy)coumarins promoted by JohnPhosAu(MeCN)SbF6 leads solely

Scheme 1
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to iodinated coumarino[7,6-b]pyrans (19OBC10065). Polysubstituted coumarino

[4,5,6-bc]pyrans or benzo[de]chromenes are provided via cobalt(III)-catalyzed oxida-

tive annulation reactions of 4-hydroxycoumarins or 1-naphthol with alkynes using

copper(II) oxide, sodium acetate in 2,2,2-trifluoroethanol (TFE) (19JOC1176). One-

pot three-component reaction of 5,7-dihydroxy-4-methylcoumarin with dialkyl acety-

lenedicarboxylates and aromatic aldehydes mediated by sodium carbonate in refluxing

ethyl acetate gives coumarino[7,8-b]pyrans (19TL557). The synthesis of pyridino[3,2-

c]pyrans or quinolono[3,2-c]pyrans is accomplished via 6-endo-dig iodocyclization

and nucleophilic addition reactions of 2-ethynylpyridine-3-carbaldehyde or

2-ethynylquinoline-3-carbaldehyde with sodium azide, molecular iodine, and potas-

sium carbonate in acetonitrile (19TL1854). Double annulation reactions of benza-

mides without o-substitution with unactivated alkynes mediated by ruthenium(II)

(19JOC13033) or rhodium(III) (19JOC15697) catalysts provide a wide variety of

isoquinoline-fused pyrans (Scheme 2).

Palladium(II)-catalyzed three-component [2 þ 3 þ 1] domino annulation of

3-iodochromones with a-bromoacetophenones and norbornene leads to spironorbor-

nene chromen-4-ono[3,2-c]pyrans in moderate to good yields and with high diastereo-

selectivity (Scheme 3) (19OL8857).

A large variety of chiral polysubstituted 3,4-dihydro-2H-pyrans were obtained

through inverse-electron-demand hetero-DielseAlder (IED-hDA) reactions, via dien-

olate catalysis, of b,g-unsaturated a-keto esters with b,g-unsaturated amides promoted

by a bifunctional thiourea catalyst (19OL7337), with 3-styrylindoles mediated by an

imidodiphosphoric acid (19OL5438), and with a,b-unsaturated hydrazones catalyzed

by Eu(hfc)3 (19OL4245), and of allyl ketones with alkenyl 1,2-diketones using a

bifunctional thiourea catalyst (19OL1979). Copper(I)-catalyzed reaction of terminal

Scheme 2

Scheme 3
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alkynes with oxiranes and malononitrile proceeded in the presence of (i-Pr)2EtN and

1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) to afford 4-alkylidene/4-arylidene-6-amino-

3,4-dihydro-2H-pyran-5-carbonitriles (Scheme 4) (19JHC1850).

Palladium-catalyzed intermolecular [4 þ 2] formal cycloaddition reaction of allena-

mides with (Z)-3-iodoprop-2-en-1-ols using DMAP in 1,4-dioxane provides 2-amino-

substituted 3-methylene-3,6-dihydro-2H-pyrans in moderate to good yields

(19OBC2651).

It is through 6-endo-dig iodocyclization reaction that (2-alkynylcyclobutyl)metha-

nols in the presence of molecular iodine and sodium bicarbonate in acetonitrile give a

series of cyclobutane-fused 5-iodo-3,4-dihydro-2H-pyrans (19JOC5712).

Organo-catalyzed regiodivergent vinylogous additionecyclization reactions of

cyclic a-amide enones with N-(4-arylbut-3-en-1-yl)acylpyrazoles led to pyrrolidin-

2-one-fused 3,4-dihydro-2H-pyrans via 1,4-selective g-addition, while N-(3-arylbut-

3-en-1-yl)acylpyrazoles via 1,2-selective g-addition provide spiropyrrolidin-2-one

5,6-dihydro-2H-pyran-2-ones (Scheme 5) (19OL10069).

Scheme 4

Scheme 5
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Regiodivergent annulation reactions of 4-hydroxycoumarins with isoprene were

promoted by different acids: Brønsted acid [2,4-(NO2)2C6H3SO3H] in 1,4-dioxane

leads to coumarino[4,3-b]dihydropyrans, while in the presence of Lewis acid

Sm(OTf)3 in 1,2-dichloroethane (DCE), several chromen-4-ono[2,3-b]dihydropyrans

are obtained (19EJO6510). High yields of 4-alkyl/4-aryl-2-alkylidene pyrazolo[5,4-

b]dihydropyrans are produced from annulation reactions of alkylidene/arylidene

pyrazolones with allenoates mediated by 4-dimethylaminopyridine (DMAP) in

dichloromethane (Scheme 6) (19T3609) and by a quinidine catalyst in toluene

(19TL703). Domino Knoevenagel/hDA reaction of pyrazolone derivatives with

N-acrylated anthranilic aldehydes promoted by zinc bromide in refluxing ethanol fur-

nishes tetracyclic tetrahydropyrazolo[40,30:5,6]pyrano[3,4-c]quinolones, in good

yields (19SL1782).

Palladium(II)-catalyzed intramolecular and selective acetoxylative [3 þ 2] annula-

tion reactions of propargyloxy alcohols bearing allyl units, 3, carried out in the pres-

ence of PhI(OAc)2 in acetic acid provide dihydrofurano[3,4-c]dihydropyrans (path A),

while propargyloxy amines 4 afford pyrrolidino[3,4-c]dihydropyrans (path B). The

addition of 1,10-phenanthroline to the reaction with 3 led to the synthesis of a single

cyclopropane-fused dihydropyran-3-one via oxidative cyclopropanation of the enyne

(path C, Scheme 7) (19OL5368). Intramolecular ring-opening reactions of various

cyclopropanated oxabenzonorbornadienes bearing an alcohol aliphatic chain pro-

moted by p-toluenesulfonic acid (p-TsOH) in toluene form two regioisomeric prod-

ucts: attack at C-3 delivers naphthalene[c]oxepans, while attack at C-2 results in

benzo[3,4]cyclohepta[1,2-b]dihydropyrans (Scheme 8) (19TL151228).

Various 2-spirocyclohexanone 4,6-diaryl-3,4-dihydro-2H-pyran-5-carbonitriles are

prepared via cascade reactions of 2-cyanoacetophenones with 3-styrylcyclohex-2-en-

1-ones under dual catalysis of a cinchona alkaloidederived bifunctional primary

amine and N-Boc-(L)-t-leucine in toluene at 0�C for 5 days (19OBC7849).

Scheme 6

Scheme 7

Six-membered ring systems: with O and/or S atoms 507



Palladium(0)-catalyzed reaction of 4-hydroxy-2H-pyran-2-ones with allylic bisace-

tates carried out in the presence of 1,4-bis(diphenylphosphino)butane and i-Pr2NEt in

refluxing 1,4-dioxane provides pyran-2-one-annulated 2-oxabicyclo[3.3.1]nonane

derivatives, in good yields (19TL151262). Tandem heterocyclization/[4 þ 3] cycload-

dition reaction of 2-(1-alkynyl)-2-alken-1-ones with 1,3-diphenylbenzo[c]furan

promoted by a gold(I)/MingePhos complex and AgBF4 in toluene produces chiral

tricylic seven-membered oxa-bridged rings (19OL3018). The synthesis of other oxa-

bridged bicyclics is achieved via gold(I)-catalyzed tandem rearrangement reactions

of 5-aryl-1-(2-propargylaryl)dihydrofurans in the presence of AgSbF6 in DCE

(19CEJ9405) and via intramolecular Prins cyclization reactions of dioxinones 5

with ozone in dichloromethane followed by treatment with BF3•Et2O (Scheme 9)

(19OL1881).

One-pot three-component reaction of aromatic aldehydes with (E)-N-methyl-1-

(methylthio)-2-nitroethenamine and b-keto esters in the presence of anhydrous

ZnCl2 under neat conditions gives 4-aryl-2-(methylamino)-3-nitro-4H-pyran-

3-carboxylates (19JHC1020). More examples can be prepared by replacing b-keto

esters by t-butyl 2,4-dioxopiperidine-1-carboxylate using ionic liquid [BMIM]BF4
in triethylamine (19JHC1393).

Cyclopentane-1,2-dione undergoes Michael addition reaction with alkylidene

malononitriles promoted by a thiourea catalyst followed by intramolecular cyclization

to provide cyclopentanone-fused 2-amino-4H-pyran-3-carbonitriles, in moderate to

good yields (19S4198). Annulative etherification reaction of 2-(3-alkyl/3-arylprop-

2-yn-1-yl)cyclopentane-1,3-diones and of 2-(3-arylprop-2-yn-1-yl)cyclohexane-

1,3-diones mediated by silver triflate in dry methanol at room temperature provides

cyclopentanone-fused and cyclohexanone-fused 2-alkyl/2-aryl-4H-pyrans, respec-

tively (19JOC15399). High yields and enantioselectivity is accomplished via

[4 þ 2] annulation reaction of 2-ylideneoxindole with malononitrile using a cincho-

nine catalyst in toluene to afford indole-fused 2-amino-4H-pyran-3-carbonitriles

(19JOC5450). A wide range of pyrazole-fused polysubstituted 4H-pyrans are
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produced through a- and g-[4 þ 2] formal cycloaddition of allene ketones with

4-arylidenepyrazolones catalyzed by quinine 6 and DMAP, respectively. In the case

of a-methyl allene ketones bearing different aryl groups 7, the reaction afforded the

double bondemigrated g-adducts 8 (Scheme 10) (19OBC3232).

Under ultrasound irradiation, three-component reactions of 1-aryl-1H-

1,2,3-triazole-4-carbaldehydes with malononitrile and 5-methyl-2,4-dihydro-3H-pyra-

zol-3-one carried out in the presence of sodium bicarbonate in water produce

pyrazole-fused 2-amino-4-(1-aryl-1H-1,2,3-triazol-4-yl)-4H-pyran-3-carbonitriles, in

excellent yields (19SC2521). One-pot multicomponent synthesis of diversely substi-

tuted pyrazole-fused 2-amino-4-(hetero)aryl-4H-pyran-3-carbonitriles is achieved by

reacting benzaldehydes with ethyl acetoacetates, malononitrile, and: i) isoniazid using

2-aminoethanesulfonic acid (taurine) as biocatalyst in water (19SC2244); ii) hydrazine

derivatives using water extract of Agave americana (century plant) leaf ash as catalyst

(19JHC1898); iii) hydrazine hydrate and 5-methyl-2-thiolyl-1,3,4-oxadiazole using

montmorillonite k10 as catalyst (Scheme 11) (19JHC1806).

Scheme 10

Scheme 11
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Three-component reaction of benzaldehydes with malononitrile and barbituric acid

mediated by 1,4-diazabicyclo[2.2.2]octane (DABCO) in ethanol provides pyrimidine-

2,4-dione-fused 2-amino-4-aryl-4H-pyran-3-carbonitriles (19JHC3008). Replacing

barbituric acid by 3H-pyrido[1,2-a]pyrimidine-2,4-dione and using ZnO nanopar-

ticles, a series of pyridopyrimidine-fused 2-amino-4-aryl-4H-pyran-3-carbonitriles

are obtained via a microwave-assisted protocol (19JHC1820). Several thiazolo[3,2-

c]benzimidazole-fused 2-amino-4-aryl-4H-pyran-3-carbonitriles are synthesized

through condensation reactions of aromatic aldehydes with malononitrile and 1-aryl

2-[(1H-benzo[d]imidazole-2-yl)thio]ethan-1-one in the presence of sodium hydroxide

in ethanol (Scheme 12) (19OBC4196).

One-pot two-step four-component reactions of 4-hydroxy-6-methyl-2H-pyran-

2-one with aliphatic amines using solid acid as catalyst in water and with subsequent

addition of aromatic aldehydes and malononitrile lead to the synthesis of polysubsti-

tuted pyridone-fused 2-amino-4-aryl-4H-pyran-3-carbonitriles. Replacing aldehydes

by various isatins, various 4-spiroxindolinone derivatives are obtained

(19JHC2517). The synthesis of coumarin-fused 4-aryl-3-benzoyl-2-(trifluoro-

methyl)-4H-pyrans is readily available via three-component reaction of benzaldehydes

with 4,4,4-trifluoro-1-phenylbutane-1,3-dione and 4-hydroxycoumarin using a

catalytic amount of the metaleorganic framework TMU-8 and potassium carbonate

in ethanol (19JHC1413). Examples of quinolone-fused 2-amino-4-aroyl-4H-pyran-

3-carboxylates arise from three-component reaction of 4-hydroxyquinolin-2(1H)-one

with substituted arylglyoxals and ethyl cyanoacetate in the presence of tetrapropylam-

monium bromide as catalyst in a 1:1 mixture of water:ethanol, at reflux (19JHC268).

Asymmetric addition reactions of 2-(2-oxindolin-3-ylidene)malononitriles with

1,3-dicarbonyl compounds proceeded using barium (S)-prolinate as catalyst in difluor-

oethanol at �20�C to afford 4-spiroxindolinone 2-amino-4H-pyran-3-carbonitriles in

excellent yields and moderate enantioselectivity (19SL1241). A wide variety of

4-spiroxindolinone 2-amino-4H-pyran-3-carbonitrile/3-carboxylates were synthesized

through one-pot three-component reactions of isatins with malononitrile/ethyl cyanoa-

cetate and 1,3-dicarbonyl compounds in the presence of sodium carbonate in a 1:1

mixture of water:methanol (19JHC2008) or using a cinchonidine-derived thiourea 9

and water as catalysts in toluene (Scheme 13) (19SC2971).
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A four-step protocol was developed for the synthesis of 2,4,5-trisubstituted tetrahy-

dropyrans: i) peptide-catalyzed asymmetric Michael addition reaction of a,b-unsatu-

rated ketones with dimethyl malonate and benzoic acid in THF; ii) transformation

of the 1,4-addition products into the corresponding ketals using

2,2-dimethylpropane-1,3-diol and p-TsOH in refluxing benzene; iii) reduction of the

methyl esters units with lithium aluminum hydride in THF, and finally iv) Kishi’s

reductive cyclization of the diols formed (19H(99)989). Intramolecular hydroalkoxy-

lation reactions of hepta-5-en-2-ols can be catalyzed by a hexameric resorcin[4]arene

capsule and using trace amounts of hydrochloric acid in CDCl3 to furnish 2,2,6,6-tetra-

substituted tetrahydropyrans (19CC3573). Several hex-5-enals underwent cascade

sulfenoacetalization reactions in the presence of a Lewis acid and

2,6-diisopropylphenyl-substituted sulfenylating agent in HFIP to give polyfunctional-

ized tetrahydropyrans via intramolecular capture of thiiranium ion and intermolecular

capture of oxocarbenium ion. The reaction was extended to the synthesis of isochro-

man derivatives starting from 2-(prop-2-en-1-yl)benzaldehydes (Scheme 14)

(19AGE12486). Various examples of highly substituted tetrahydropyrans are formed

through asymmetric cycloetherification of phenyl (E)-5-(di-2-oxoethanyl)pent-

2-enoates with acetone cyanohydrin mediated by a thiourea catalyst and molecular

sieves as additive in chloroform at room temperature (19OL2156).

Scheme 13

Scheme 14
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Diastereoselective synthesis of tricyclic cyclobutaneefused tetrahydropyrans bear-

ing an amide moiety can be achieved through PrinseRitter cyclization reactions of

(2-hydroxyethyl)cyclobutene-type compounds with various aldehydes promoted by

trifluoromethanesulfonic (triflic) acid (TfOH) in acetonitrile at room temperature.

Using a series of acetals catalyzed by HBF4 in dichloromethane produces similar

tricyclic compounds with a tertiary fluoride (Scheme 15) (19AGE9095).

Palladium(0)-catalyzed decarboxylative heterocyclization reaction of [60]fullerene

with 2-alkylidenetrimethylene carbonates in 1,2-dichlorobenzene produces [60]

fullerene-fused 3-methylenetetrahydrofurans (19CC14498).

It is through allylic alcohol transposition, oxocarbenium ion formation, and Prins

cyclization that 12-hydroxydodeca-1,10-dien-6-ones in the presence of Re2O7 in

dichloromethane provide 2-spirocyclohexane 6-vinyltetrahydropyrans, in good yields

(19OL5064). Regioselective formal [4 þ 2] cycloaddition reactions of nitrostyrene-

derived MoritaeBayliseHillman alcohols with 2-arylideneindane-1,3-dione carried

out in the presence of cesium carbonate in chloroform result in 3-spiroindane-

1,3-dione 2,4-diaryl-5-nitrotetrahydropyrans (19EJO2234). Bifunctional cinchona

alkaloid-thiourea catalyst 12 promotes Michael addition/aldol reaction/cyclization

sequence of olefinic oxindoles with diethyl malonate and formaldehyde to give

4-spiroxindolin-2-one 4,5-dihydrofuran-2-one, while replacing diethyl malonate by

ethyl 3-oxobutanoate, a series of 5-spiroxindolin-2-one polysubstituted tetrahydropyr-

ans are obtained (Scheme 16) (19EJO150).

Scheme 15

Scheme 16
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6-Spiroheterocyclic 2,3,3-trisubstituted tetrahydropyrans arise from copper(II)-

catalyzed multicomponent reactions of exocyclic enol ethers/enamines with methylene

malonates and aldehydes in dichloromethane (Scheme 17) (19AGE15016).

6.4.2.2 [1]Benzopyrans and Dihydro[1]benzopyrans
(chromenes and chromans)

2-(3,3-Diaryl-3-hydroxyprop-1-ynyl)phenols undergo cascade cyclization reactions

using p-TsOH as promoter and a sulfonate source to give 2,2-diaryl-4-tosyloxy-2H-

chromenes (19TL331) and using potassium thiocyanate and trifluoroacetic acid

(TFA) in nitromethane to afford 2,2-diaryl-4-thiocyanato-2H-chromenes

(19TL1248). In the last reaction conditions, secondary propargylic alcohols provide

2-aryl-4-thiocyanato-2H-chromenes (19TL1248). Palladium(II)-catalyzed CeH alke-

nylation reactions of 1-(but-3-en-1-yloxy)benzenes or 5-aryloxypent-2-enoates carried

out in the presence of benzoquinone and p-TsOH in 1,4-dioxane at room temperature

furnish 2,3-disubstituted 4-methyl-2H-chromenes or 2-(chroman-4-ylidene)acetates

(Scheme 18) (19JOC2048).

The synthesis of 3-(arylsulfonyl)-2-methyl-2H-chromen-2-ols is accomplished via

cascade three-component coupling reactions of o-silyl aryltriflates with

(2-bromoallylsulfonyl)benzenes and DMF using cesium fluoride, at room temperature

(19OBC333). Several 4-aryl-2-trifluoromethyl-2H-chromenes arise from the reaction

of 2-alkyl/2-aryl-1,1,1-trifluoro-4-(2-hydroxyaryl)but-3-yn-2-ols with benzenes using

a catalytic amount of TfOH in HFIP at 50�C (19JOC15926). A wide variety of

2-aryl-4-butoxy-3-sulfonyl-2H-chromenes were made by a one-pot two-step protocol

involving copper(II) acetate/benzotriazol-1-yl-oxytripyrrolidinophosphonium

hexafluorophosphate (PyBOP)-mediated intermolecular [4 þ 2] annulation reaction of

substituted salicylic acids with b-sulfonyl styrenes in the presence of DMAP in refluxing
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DMF and subsequentO-alkylation of the resulting sulfonyl flavanones with n-butyl bro-

mide (19S3419). Rhenium-catalyzed regioselective o-alkenylation of phenols, involving

a [3þ 2 þ 1] cycloaddition reaction of phenols with two equivalents of internal alkynes

in chlorobenzene, produces polysubstituted 2H-chromenes (19OL3441). Further exam-

ples were synthesized via direct nucleophilic substitution of tertiary propargylic alcohols

with methoxyphenols in the presence of p-TsOH in acetonitrile (19T4071). Diversely

substituted 4-aryl-3-difluoroalkyl-2H-chromene-type compounds are available through

cobalt(II)-catalyzed difluoroalkylation/Giese radical conjugate cyclization reaction of

alkyne-O-tethered cyclohexadienones with halogenated fluorinating reagents using

1,2-bis(diphenylphosphino)benzene, zinc dust, and water as a catalytic system in acetoni-

trile (Scheme 19) (19OL5387). Similar starting cyclohexadienones undergo thioarylative

radical cyclization with arylthiols mediated byN-hydroxyphthalimide in dichloromethane

to obtain 4-aryl-3-thioaryl 2H-chromene-type compounds (19JOC10509).

It is through a thermal-assisted intramolecular benzannulation reaction that diazo-

acetoacetate enones tethered with O-propargylated phenols in xylenes under nitrogen

provides substituted 6H-benzo[c]chromenes, in moderate to good yields (19S4165).

Further derivatives are obtained via benzoyl peroxide (BPO)-promoted free radicale

based cascade reactions of biaryl vinyl ethers with unactivated alkanes under argon.

This protocol was extended to the synthesis of 6H-benzo[c]thiochromenes starting

from the corresponding biaryl vinyl thioethers (19OBC7715). Cascade annulative cou-

pling reaction of 3,5-diarylisoxazoles with three equivalents of internal alkynes occurs

in the presence of rhodium complex 13 and copper(II) acetate in 1,4-dioxane to deliver

benzo[de]chromenes-bearing isoquinoline units (Scheme 20) (19S258). Isoquinolin-

8-ones, formed via silver(I)-catalyzed cycloisomerization of o-alkynylsalicylaldimines

formed in situ, react with one equivalent of acetylenedicarboxylates to provide pyri-

dino[2,3-de]chromenes, while when reacted with two equivalents of the alkyne, com-

plex benzo[de]chromene-type compounds are obtained (19JOC3184).

Scheme 19

Scheme 20
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The palladium(0)-catalyzed [3 þ 3] cycloaddition reaction of naphth-1- or 2-ols

with vinylethylene carbonates is regioselectively promoted by the

1,3-bis(diphenylphosphino)propane (dppp) ligand and potassium carbonate in trifluor-

omethylbenzene to provide benzo[h]chromenes or benzo[f]chromenes, respectively

(19CC4675). Tetracyclic 6H-naphtho[2,1-c]chromenes are obtained in moderate to

good yields through three-step cascade reactions of phenol-derived alkynyl substrates

with activated aldehydes mediated by BF3•OEt2 in dichloromethane. The sequence

involves alkyne-Prins cyclization, FriedeleCrafts, and elimination reactions

(19JOC15633). Under dual catalysis of a gold(I) complex and zinc(II) triflate, annula-

tion reaction of anthranils with propargyloxy phenols in DCE leads to quinolino[2,3-c]

chromenes (19OBC4452). A wide variety of pentacyclic indoleefused benzo[f]chro-

menes were synthesized via ytterbium(III) triflateecatalyzed intermolecular [2 þ 2]

cycloadditioneretroelectrocyclization annulation reactions of o-alkynylnaphth-2-ols

with 3-methyleneindolin-2-ones in DCE (Scheme 21) (19CC14757).

Structurally diverse eight- and nine-membered heterocycle-fused chromenes can be

diastereoselectively prepared through tandem 8-endo-dig or 9-endo-dig

hydroalkoxylation-formal [4 þ 2] cycloaddition reactions of X-tethered alkynols 14

(X ¼ NTs, O, S) or 15 (X ¼ NTs) with salicylaldehydes using trimethylsilyl trifluor-

omethanesulfonate (TMSOTf) as catalyst in dichloromethane. TMS-alkynols 16

underwent an 8-exo-dig hydroalkoxylation cascade reaction to give spirocyclic chro-

menes (Scheme 22) (19OBC8806).
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Oxa-Michaelealdol condensation reactions of salicylaldehydes with sugar-derived

3-C-vinyl sugar nitro olefins carried out in the presence of triethylamine under neat

conditions afford (2S)-2-C-spiroglycosyl-3-nitrochromenes, in moderate to good

yields (19OBC74). Two-step syntheses of spiroindolinone benzo[h]chromene deriva-

tives are accomplished via three-component reactions of N-alkylisatins with indane-

1,3-dione and two equivalents of N-phenacylpyridinium salts in the presence of

triethylamine in refluxing acetonitrile, subsequent purification followed by treatment

of the obtained residue dissolved in alcohol with p-TsOH (Scheme 23) (19OBC3978).

Three-component reactions of aromatic aldehydes with malononitrile and orcinol

derivatives using a catalytic amount of triethylamine in dichloromethane at room tem-

perature afford various 2-amino-4-aryl-4H-chromene-3-carbonitriles (19JHC1812).

One-pot synthesis of 2-amino-4-aryl-5-oxo-4H,5H-pyrano[3,2-c]chromene-

3-carbonitriles is achieved via a cascade enzymatic reaction of 4-hydroxycoumarin

with malononitrile and benzyl alcohols using (2,2,6,6-tetramethylpiperidin-1-yl)oxyl

(TEMPO) and laccase immobilized on the surface of KCC-1 functionalized magnetic

nanoparticles in citrate buffer (19EJO1741). Examples of 2-amino-4-(2-furanone)-4H-

chromene-3-carbonitriles arise through tandem Knoevenagel/Pinner/vinylogous

Michael condensation reactions of salicylaldehydes with malononitrile and buteno-

lides in the presence of sodium t-butoxide in 1,4-dioxane (19OBC8853).

1,6-Conjugate addition reactions of 2-hydroxy-p-quinone methides with ethyl acetoa-

cetate mediated by Br€onsted acid Tf2NH in DCE lead to ethyl 4-aryl-2-methyl-4H-

chromene-3-carboxylates. Using cyclic 1,3-diketones instead of ethyl acetoacetate, a

series of 2,3,4,9-tetrahydro-1H-xanthenone derivatives are obtained (Scheme 24)

(19EJO3127).

Scheme 23

Scheme 24
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A one-pot three-step approach was developed for the synthesis of functionalized

furanone-fused 4H-chromene-type derivatives involving i) reaction of dimedone or

cyclohexane-1,3-dione with benzaldehydes and pyrrolidine promoted by indium(III)

chloride in acetonitrile at room temperature; ii) addition of tetronic acid derivatives;

and finally iii) addition of hydrochloric acid to promote cyclization (Scheme 25)

(19T130606). It is through a cascade conjugate addition/ketalization/dehydration proc-

ess that oxindole-embedded o-quinone methides react with 1,3-dicarbonyls using

TfOH as catalyst in DCE to provide spiroxindole 4H-chromenes (19JOC3990).

A one-pot ionic hydrogenation cascade cyclization reaction of 2-hydroxychalcones

with Et3SiH and indium(III) chloride in acetonitrile at room temperature produces

2-arylchromans in moderate to excellent yields. This protocol was extended to

1,5-diarylpentano-1,5-diones to afford 1,6-diaryltetrahydropyrans and to 2-

(2-hydroxyaryl)aceto/benzophenones in refluxing conditions to give 6H-benzo[c]

chromenes (19JOC5141). Copper(I)-catalyzed intramolecular asymmetric desymmet-

rization of 2,2-bis(2-bromoaryl)-3-hydroxypropanenitrile derivatives using a chiral

cyclohexane-1,2-diamine as ligand and cesium carbonate as base in 1,4-dioxane fur-

nishes 3-(arylmethyl)chroman-3-carbonitrile-type compounds (19OL8852). A wide

variety of 3,4-disubstituted chromans are diastereo- and enantioselectively prepared

via intramolecular Aldereene reaction of 1,7-dienes bearing an oxygen-incorporated

tether using a chiral N,N0-dioxide/nickel(II) complex as catalyst in DCE (Scheme

26). A single example of thiochroman was also prepared in 71% yield, after

10 days of reaction (19CC4479). Reductive chlorination of substituted

(3-phenylsulfinyl)propoxybenzenes using (COCl)2 in dichloromethane at 0�C affords

o-chlorophenol sulfides which underwent PummerereFriedeleCrafts cyclization in

the presence of BF3•Et2O to give 4-thiophenylchromans (19OL6903). Various

4-methyl-4-thiophenylmethylchromans are synthesized via palladium-catalyzed car-

bothiolation of 1-iodo-2-(3-methylbut-3-en-1-yloxy)benzenes with triisopropylsilyl

thioethers in the presence of cesium carbonate in toluene at 100�C (19OL8280).

Scheme 25

Scheme 26
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[4 þ 2] Annulation reactions of p-quinone methides with a-substituted allenoates

via phosphine catalysis and using cesium carbonate as base in toluene provide

2-substituted 4-arylchromans (19OBC2361), while in THF, a series of 3-substituted

4-arylchromans were produced in high yields (19OL908) (Scheme 27).

Diversely substituted chromans are readily available through [4 þ 2] regioselective

cycloaddition reactions using various o-quinone methides as starting materials: i)

formed from 2-[hydroxy(aryl)methyl]phenols with silver oxide and further reaction

with terminal alkenes in ethyl acetate promoted by a thioxanthylium photoredox cata-

lyst under green light LED irradiation (19JOC10669); ii) reaction of salicylaldehydes

with terminal alkenes or acetophenones (19JOC13858) or with arylacetaldehyde

dimethyl acetals (Scheme 28) (19SL189), TfOH, and trimethyl orthoformate in dry tol-

uene; iii) formed in situ from 2-[hydroxy(aryl)methyl]phenols with 1-styrylnaphth-

1-ols in the presence of H8-BINOL-type chiral imidodiphosphoric acids as catalyst

and molecular sieves in toluene (19EJO7264); iv) formed in situ from 2-[hydrox-

y(alkyl/aryl)methyl]phenols with methyl (S,E)-3-[dimethyl(phenyl)silyl]hex-4-enoate

mediated by anhydrous iron(III) chloride in the presence of 2,6-lutidine in chloroform

(19OL32); and v) formed from chemoenzymatic transformation of o-cresols into ben-

zylic alcohols, followed by the loss of water and subsequent reaction with terminal

alkenes (19JA20269).

Regioselective ring-opening cyclization of cyclohexane-1,3-dione-

2-spirocyclopropanes with stabilized sulfonium ylides in refluxing dichloromethane

leads to 2,3-trans-disubstituted chromans (Scheme 29) (19CC6539). The synthesis

of 3,4-trans-disubstituted chroman-type derivatives can be accomplished through
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rhodium(I)-catalyzed diastereoselective arylative cyclization of enone-tethered cyclo-

hexadienones with boronic acids carried out in the presence of 2,20-bis(diphenylphos-

phino)-1,10-binaphthalene, potassium t-butoxide, and water in 1,4-dioxane

(19OBC1937).

Polysubstituted benzo[h]chromans are available through silver(I)-catalyzed cycli-

zation of 2-alkenylphenyl alkynyl ketones, as o-naphthoquinone methides intermedi-

ates, with styrenes in pentane, in moderate to excellent yields (19OL1488).

Electrophilic aromatic substitution of phloroglucinol with (�)-verbenol followed by

cyclization is promoted by TfOH in dichloromethane (19EJO2289) or TMSOTf in a

4:1 mixture of nitromethane:THF (19OL563) to afford the corresponding benzo[c]

chroman-type derivative. Replacing phloroglucinol by resorcinol halides, halide

regioisomers of benzo[c]chromans are obtained (19EJO2289). Intramolecular hDA

reaction of o-quinone methide precursors tethered by a simple phenoxy linker with

unactivated dienophiles is diastero- and enantioselectively achieved depending on

the dienophile configuration and catalyst used to obtain endo- or exo-stereoisomers

of chromanochromans (Scheme 30) (19JOC7175).

[3 þ 2] Nitroneeolefin cycloaddition reactions of DNA-linked 2-(prop-2-en-

1-yloxy)salicylaldehydes with various hydroxyamines in acetate buffer led to a large

library of DNA-conjugated isoxazolidine-fused chromans (Scheme 31) (19OL1325).

Other isoxazolidine-fused chromans arise from visible light (LED)-promoted intramo-

lecular cycloaddition reactions of salicylic nitrones bearing an o-prop-2-en-1-yloxy

group in the presence of catalytic amounts of Ru(bpy)3Cl2 in acetonitrile (19OL1388).

Scheme 29

Scheme 30
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A range of spiroindolinone-furanefused chromans are synthesized through tandem

reaction of diazoindolinones withO-propargyl salicylaldehydes in the presence of cop-

per(I) thiophene-2-carboxylate in refluxing DCE (19OBC8088) and of 3-cinnamyl-

3-hydroxyindolinones with salicylaldehydes mediated by copper(II) triflate and acetic

acid in refluxing dichloromethane (19JOC879). One-pot multicomponent cascade

reactions of hydroxyketones with 2-hydroxychalcones proceed in the presence of bis-

muth triflate in ethyl acetate to form pentacyclic chromanfuranefused chromans in

moderate to good yields (19CC5207). Hexacyclic benzothiophene-fused indane-fused

chromans are obtained from quadruple domino reactions of thioaurones bearing an

a,b-unsaturated aldehyde as substituent 20 with allylic phosphonium salts and using

cinchonidine in chloroform. Similar derivatives are obtained using thioaurones con-

taining a propargyl aldehyde group 21 and sodium hydroxide as catalyst (Scheme

32) (19CEJ9665).

The synthesis of complex 2,8-oxabicyclo[3.3.1]nonane derivatives can be achieved

through cascade reactions of 2-hydroxycinnamaldehydes with i) b-oxo aldehydes medi-

ated by multiple organocatalysts (19OL6750); ii) with keto esters organocatalyzed by

prolinol derivatives. If the reaction contains m-chloroperoxybenzoic acid (m-CPBA),

2,7-dioxabicylco[3.2.1]octane derivatives are obtained instead (19OL190).

2-Oxabicyclo[3.3.1]nonanes can be synthesized via domino KnoevenagelehDA reac-

tions of 2-allylbenzaldehydes with 1,3-diketones promoted by iron(III) chloride

(19OBC5684). Similar compounds were obtained from organocatalytic asymmetric

reaction of o-hydroxybenzylidene acetones with 3-hydroxyindolin-2-ones

(19EJO2552). Under neat conditions, multicomponent quadruple domino reactions of

3-(2-formylphenoxy)acrylates with acetylenedicarboxylates and phenyl hydrazine fur-

nish pyrazole annulated 2,8-oxabicyclo[3.3.1]nonanes (19OBC3884). Asymmetric

Scheme 31

Scheme 32
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organo-catalyzed reaction of 2-hydroxycinnamaldehydes with five-membered cyclic N-

sulfonyl ketimines using aminocatalyst 22 followed by oxidation with pyridinium chlor-

ochromate (PCC) provides pentacyclic-bridged aminals 23 while dehydration catalyzed

by p-TsOH leads to bridged aminals 24. Using six-membered cyclic N-sulfonyl keti-

mines, oxidation with PCC affords dihydrocoumarins 25 while dehydration with

p-TsOH gives pentacyclic-bridged aminals 26 (Scheme 33) (19OL5556).

Iron(III)-catalyzed FriedeleCrafts alkylationehemiketalizationelactonization cas-

cade reactions of electron-rich hydroxyarenes with functionalized unsaturated 4-keto

esters in DCE produce polycyclic doubly bridged chromanol lactones 27 and 28, in

moderate to good yields (Scheme 34) (19OL2629).
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Under low loading of cinchonidine-derived thiourea catalyst 9, a large variety of

complex indole-fused benzo[f]chroman derivatives were prepared through one-step

desymmetrizing dearomatization reaction of indoles with vinylidene o-quinone

methides derived from 1-(phenylethynyl)naphth-2-ol in chloroform at 25�C (Scheme

35) (19AGE216).

Treating 5-(2-allyloxyaryl)-3-oxopentanoates or 6-(2-allyloxyaryl)-4-oxobuta-

2-ones with trans-1,4-dibromobut-2-ene and potassium carbonate in DMSO and

subsequent addition of Pd(PPh3)4 and potassium carbonate in ethanol affords spirote-

trahydrofuran chromans (19OL2872). A variety of spiroisoxazolone chromans are

readily available via domino oxa-Michael/1,6-addition reactions of o-hydroxyphenyl-

substituted p-quinone methides with unsaturated isoxazolones carried out in the pres-

ence of triethylamine in ethanol (19T682). Replacing isoxazolones by barbiturates,

various spirobarbiturate chromans are obtained (19T130752). Asymmetric synthesis

of spironaphthalenone benzo[f]chromans is accomplished through dearomatization

of (S)-1,10-bisnaphth-2-ols [(S)-BINOLs] with a-alkyl/arylpropargyl carbonates using

a palladium complex in DCE at 50�C (19OL9188).

Microwave-assisted hDA cascade reactions of 2-(4-hydroxybut-1-en-1-yl)-

1-propargyloxybenzenes promoted by gold(I) complex 29 deliver complex spirotetra-

hydrofuran tetrahydrofuranefused chromans (Scheme 36) (19OL6084).

Scheme 35

Scheme 36
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6.4.2.3 [2]Benzopyrans and Dihydro[2]benzopyrans

(Isochromenes and Isochromans).

2-(But-3-en-1-yn-1-yl)benzamides undergo copper(II)-catalyzed regioselective 6-

endo-dig O-cyclization reactions in refluxing toluene to provide N-substituted

3-vinyl-1H-isochromen-1-imines (19S4058). High enantioselectivity is achieved in

the asymmetric cyclization/nucleophilic tandem reaction of o-alkynylacetophenones

with (diazomethyl) phosphonates promoted by a chiral bis(oxazoline) ligand 30 and

silver triflate in chlorobenzene, giving access to a variety of isochromenes bearing a

tetra-substituted stereocenter and (diazomethyl) phosphonate at C-1 (Scheme 37)

(19OL7597).

One-pot synthesis of 1,5-dihydropyrazolo[30,40:5,6](thio)pyrano[3,4-b]pyridines is

accomplished through microwave-assisted, palladium(0)-catalyzed regioselective

C�H heteroarylation of 3-bromo-2-{[(1-alkyl/1-aryl-1H-pyrazol-4-yl)(thio)oxy]

methyl}pyridines carried out in the presence of SPhos ligand and Bu4NOAc in

1,4-dioxane (Scheme 38) (19JOC5855).

o-[1-(Acyloxy)propargyl]benzaldehydes undergo selective dimerization reactions

promoted by 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in chloroform in air, to pro-

duce a mixture of complex bischromene-bridged products 31 and 32 (Scheme 39). A

couple of heteraldehyde derivatives were also used and only the major product was

obtained (19JOC11114).

Scheme 37

Scheme 38

Scheme 39
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Rhodium(III)-catalyzed dehydrogenative cyclization of 2-aryl-1-(2-hydroxyaryl)

ethane-1,2-diones with diarylacetylenes proceeded using AgSbF6 and copper(II) ace-

tate in DCE at 130�C to provide spirobenzofuranone isochromenes (19AGE2660). A

wide variety of spirodihydropyran isochromenes were synthesized under dual catalysis

of an achiral gold(III) salt and chiral N,N0-dioxide-magnesium(II) complex via enan-

tioselective tandem reaction of b,g-unsaturated a-keto esters with b-alkynyl ketones

in refluxing dichloromethane. It involves cycloisomerization and intermolecular

[4 þ 2] cycloaddition reactions (Scheme 40) (19AGE4017).

A huge variety of multifunctional 1-arylisochroman-3-ones arise from one-pot car-

boxy-PicteteSpengler reaction of arylacetic acids with arylaldehydes or ketones in

acetonitrile at room temperature (19JOC11687). Dirhodium(II)-catalyzed [3 þ 3]

annulation reactions of diazocarbonyl compounds with cyclopropane dicarboxylates

carried out in the presence of scandium triflate and ytterbium triflate in toluene produce

cyclohexane-fused isochroman-4-ones (19AGE6225). Treating ninhydrin with N-

methyl-C-aryl nitrones and secondary amines in anhydrous THF results in the synthe-

sis of 3,3-disubstituted isochroman-1,4-diones, in good yields (19JHC2333). Tandem

FriedeleCrafts reactions and stereoselective acetalization of b-arylaldehydes with

aliphatic or aromatic keto acids mediated by TfOH in toluene provided a series of

1,3-(epoxymethanone)isochromans (19SL2091). The synthesis of dihydropyrano

[4,3,2-ij]isochromans occurs through a multistep strategy involving cascade reactions

of aryl iodides without o-substitution with chiral epoxides as the alkylating reagents

and terminal alkynes to form C2-symmetrical bis-alkylated phenylacetylenes and sub-

sequent bicyclization using Pd(PhCN)2Cl2 as catalyst. When using (S)-glycidol

instead of 2-alkyloxiranes, novel (1,3-epoxymethyl)isochromans are obtained

(19OL8938). Tetrahydro-1H-4a,8a-(epoxyethano)isochromans are prepared in high

yields and with excellent diastereoselectivity from 3-ene-1,6-diols and aromatic and

aliphatic aldehydes through a Prins bicyclic annulation reaction (19EJO3567). Intra-

molecular FriedeleCrafts-type cyclization of 2-benzyloxy-3-bromo-N-tosylindolines

mediated by Ag2O in nitromethane delivers mainly indolino[2,3-c]isochromans.

Moreover, when a methoxy group is present in the benzyl moiety, deformylative

arylation takes place to afford 3-arylindoles (Scheme 41) (19SL2247).

Scheme 40
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It is through [1,5]-hydride shift/cyclization/intramolecular FriedeleCrafts reaction

strategy that 20-(5-aryl-2-methoxypent-1-yl)-2-trifluoromethylacetophenones in the

presence of scandium triflate in refluxing DCE produce spirotetrahydronaphtho-

1-trifluoromethylisochromans, in moderate to excellent yields. The absence of

substituents in the benzylic position (R2
¼ H) favors the formation of the cis-isomer

34, while the presence of substituents in that position (R2
¼Me) favors the formation

of the trans-isomer 35 (Scheme 42) (19OL2383).

6.4.2.4 Pyranones

Various 4-O-glycosylated 6-substituted-2H-pyran-2-ones are prepared from gold(I)-

catalyzed rearrangement reaction of glycosyl 3-oxopent-4-ynoate derivatives in

dichloromethane at room temperature (19JOC14141).

The synthesis of 4-pyrrolo-substituted 3,6-disubstiuted 2H-pyran-2-ones is

achieved through [4 þ 2] cycloaddition reaction of 3-pyrrolosubstituted 1-arylprop-

2-ynones with diethyl malonate using potassium hydroxide in acetonitrile

(19TL151126). PdCl2-catalyzed cascade intramolecular cyclization and allylation

reactions of ethyl (Z)-pent-2-en-4-ynoates with allylic alcohols carried out in the pres-

ence of 1,2-bis(benzylsulfinyl)ethane, copper(II) chloride, benzoquinone, and toluene

under air furnish 6-substituted 5-allyl-2H-pyran-2-ones, in moderate to good yields

(Scheme 43) (19JOC6729).

Scheme 41

Scheme 42

Scheme 43
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One-pot palladium(II)-catalyzed Sonogashira coupling reactions of ethyl (Z)-

4-aminosubstituted-3-iodobut-2-enoates with terminal alkynes afford the correspond-

ing 3-ethynyl esters which undergo intramolecular iodocyclization in the presence of

ICl at room temperature to provide a series of 4-aminomethyl-substituted-5-iodo-

6-substituted 2H-pyran-2-ones (19TL151087). Tandem palladium(II)-catalyzed

Sonogashira coupling reactions of (Z)-4-aminosubstituted-3-iodobut-2-enoic acids

with terminal alkynes are dependent on the nature of the alkyne: aryl-substituted

alkynes underwent 5-exo-dig cyclization at 55�C to give N-amino-substituted g-alky-

lidenebutenolides; linear aliphatic or cyclohexyl-substituted alkynes at 55�C undergo

5-exo-dig and 6-endo-dig cyclization to give a mixture of N-amino-substituted g-alky-

lidenebutenolides and 6-substituted 2H-pyran-2-ones, while at 35�C only 6-endo-dig

cyclization occurs to form N-amino-substituted-6-substituted 2H-pyran-2-ones

(19EJO7439). Highly functionalized 2H-pyran-2-ones arise from electrochemical

vinylic C�H functionalization reaction of acrylic acids with alkynes catalyzed by

an iridium(III) complex in the presence of n-Bu4NOAc in methanol (19JA18970).

Other derivatives were synthesized through intramolecular oxymetalation of methyl

pent-2-en-4-ynoates using indium trihalides in toluene to afford 5-metalated

2H-pyran-2-ones that underwent subsequent halogenation or palladium-mediated

cross-coupling with aryl iodides or acid chlorides (Scheme 44) (19JOC14330).

Oxidative [4 þ 2] annulation reactions of isoxazole-4-carboxylic acids with inter-

nal alkynes using [Cp*RhCl2]2 as catalyst, silver carbonate as base in DMF at

100�C delivers isoxazolo[4,5-c]pyran-2-ones (19CC8382). High yields of 6-phenyl-

5-selanyl-substituted quinolino[3,2-c]pyran-2-ones are obtained from the

seleno-cyclization reaction of methyl 2-phenylethynylquinoline-3-carboxylates with

molecular iodine and diorganyl diselenides in refluxing dichloromethane

(19OBC9039). Domino double CeH activation reactions of N-substituted 1H-

indole-3-carboxylic acids with acrylates proceed in the presence of Pd(OAc)2 catalyst,

Scheme 44
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an N-monoprotected amino acidederived ligand, and a benzoquinone derivative in

acetonitrile to provide N-substituted indolo[3,2-c]pyran-2-ones (19OL2847). Highly

substituted coumarino[3,4-f]pyran-2-ones arise from molecular iodineemediated tan-

dem cyclization reactions of aryl methyl ketones with 4-hydroxycoumarins in DMSO,

in moderate to good yields (19T130756). Tandem Sonogashira coupling reactions of

methyl 3-bromothieno[3,2-b]pyridine-2-carboxylate with (het)arylalkynes led to

methyl 3-[(het)arylethynyl]thieno[3,2-b]pyridine-2-carboxylates as major products

along with the 6-endo-dig lactonization product 8-(het)aryl-6H-pyrano[40,30:4,5]

thieno[3,2-b]pyridines, in minor amounts. Moreover, replacing the ester by the

corresponding carboxylic acid, tandem Sonogashira coupling and 6-endo-dig lactoni-

zation occurs to obtain solely 8-(het)aryl-6H-pyrano[40,30:4,5]thieno[3,2-b]pyridines.

In addition, halolactonizations of 3-(arylethynyl)thieno[3,2-b]pyridine-2-carboxylic

acid or carboxylate using copper(I) or copper(II) salts/N-halosuccinimides afforded

the 9-halogenated lactones (Scheme 45) (19T1387).

Enantioselective tandem reaction of a,b-unsaturated Meldrum’s acid derivatives

with terminal alkynes promoted by CuI, AgOAc, and (S)-MeStackPhos in dichlorome-

thane provides 4,6-disubstituted 3,4-dihydro-2H-pyran-2-ones (19AGE9485). Various

4,5,6-trisubstituted 3,4-dihydro-2H-pyran-2-ones can be prepared from N-heterocyclic

carbene (NHC)-catalyzed annulation reactions of propanoyl chloride derivatives with

1,3-dicarbonyl compounds in the presence of cesium carbonate, 3,30,5,50-tetra-t-butyl-

[1,10-bi(cyclohexylidene)]-2,20,5,50-tetraene-4,40-dione in a 4:1 mixture of

dichloromethane:toluene at room temperature (19CC298). Other NHCs catalyze

[4 þ 2] reactions of 1-benzyl-4-ylidenepyrrolidine-2,3-diones with azlactones in

chloroform to give 2-oxopyrrolidino[4,3-e]dihydro-2H-pyran-2-ones (19OBC3945).

a,b-Unsaturated ketones derived from thioisatin underwent IEDehDA reactions

with azlactones under N-methylmorpholine catalysis in dichloromethane to form

benzothiophene-fused 3,4-dihydro-2H-pyran-2-ones. The enantioselective version

Scheme 45
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was also developed by applying quinine-derived catalysts (19EJO6592). Organo-

catalyzed sequential vinylogous aldol reaction/transesterification of isatins with

methyl-substituted olefinic butyrolactones led to a series of 6-spiroxindolin-2-one

5,6-dihydro-2H-pyran-2-ones, in high yields and enantioselectivities (Scheme 46)

(19CC9327).

Synthesis of a wide range of 6-alkyl/aryl-6-(bromomethyl)tetrahydro-2H-pyran-

2-ones was accomplished via regioselective bromolactonization reactions of d-unsa-

turated carboxylic acids under low loading of the organoselenium compound

di(endo-3-camphoryl) diselenide catalyst in the presence of NBS in acetonitrile

(19JOC11373). Regio- and enantioselective thiolactonization reaction of (E)-

5-alkyl/5-arylpent-4-enoic acids with N-phenylthiosaccharin as sulfenylating agent

is cocatalyzed by chiral Lewis base BINAMederived selenide and Brønsted acid

EtSO3H in dichloromethane at �10�C to deliver 6-substituted

5-thiophenyltetrahydropyran-2-ones (19CEJ15411). Under the same conditions, a

couple of 6-[aryl(phenylthio)methyl]tetrahydropyran-2-ones were obtained when

reacting (E)-6-arylhex-5-enoic acids with 2-(phenylthio)isoindoline-1,3-dione as

sulfenylating agent (19CC9367). Chiral 6-benzotriazolo-3-N-TFA-4-substituted

tetrahydro-2H-pyran-2-ones are obtained via organocatalyzed cascade reactions of

N-TFA-protected glycine-benzotriazole derivatives with a,b-unsaturated aldehydes

in the presence of 4-methylbenzoic acid in acetone at room temperature (Scheme

47) (19JOC10526).

Under dual catalysis of NHC and copper salts, asymmetric [3 þ 3] annulation reac-

tions of isatin-derived enals with ethynylethylene carbonates proceeded in triethylamine

and fluorobenzene at 10�C to produce spiroindolin-2-one 3-ethynyltetrahydro-2H-

pyran-2-ones (19AGE12190). Enantioselective electrochemical spirolactonization of
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4,6-dioxoacid derivatives 36 using chiral iodoarene 37 as redox mediator in TFE deliv-

ers spiro tetrahydropyran-2,5-diones (Scheme 48) (19S276).

Several one-pot strategies were developed to promote Achmatowicz rearrangement

(AchR) of furfuryl alcohol derivatives in the presence of silica gel and KBr/oxone

under near anhydrous conditions (Scheme 49): i) AchReKishi reduction using

BF3•Et2O and Et3SiH to give 2,6-dihydropyran-3-one (path A); ii) AchReFerrier ally-

lation using BF3•Et2O and allyl silane to give 6-allyl-2,6-dihydropyran-3-one (path B);

iii) AchR-acylation/palladium(0)-catalyzed O-glycosylation using (Boc)2O and

DMAP to give 6-O-substituted 3,6-dihydropyran-3-ones (path C); iv) AchR--

acylation-[5 þ 2]-cycloaddition reaction using acetic anhydride, Et3N, and styrene

(path D) or using acetic anhydride and DABCO (path E) to give cycloalkane-fused

3,6-dihydropyran-3-ones; and v) AchR-TEMPO oxidation to give 5-hydroxypyran-

2-ones (path F, Scheme 49) (19T1669). High yields and diastereoselectivity is accom-

plished via dirhodium(II)-catalyzed oxonium ylide formation-[2,3]-sigmatropic

rearrangement reaction of 6-alkyl/6-aryl-substituted 6-allyloxy-2-diazo-3-keto esters

in dichloromethane at room temperature to provide 6-substituted 2-allyl-

3-oxotetrahydropyran-2-carboxylates (19T2436).
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D: 1. KBr, oxone, silica gel, NaHCO3, DMF, rt; 2. Et3N, Ac2O, styrene, rt
E: 1. KBr, oxone, silica gel, NaHCO3, DMF, rt; 2. Ac2O, DABCO, rt
F: 1. KBr, oxone, silica gel, NaHCO3, MeCN:DMF (10:1), rt; 2. TEMPO, rt
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The synthesis of 2-(1,3-dioxolan-4-yl)-4H-pyran-4-ones occurs through AgSbF6/

Rh2(OAc)4-promoted tandem 6-endo-dig cyclization/cycloaddition reaction of

2-diazo-3,5-dioxo-6-ynoates/ynamides/ynones with two equivalents of aldehydes

in dichloromethane under nitrogen (19EJO3979). Replacing aldehydes by N-phe-

nyl-N,N-disubstituted amines, various 2-[4-disubstituted aminophenyl(acyl)

methyl]-4H-pyran-4-ones are formed (19EJO6871), while using alkenes, 2-(cyclo-

propyl)-4H-pyran-4-ones are obtained (19T855). Formal [4 þ 2] cyclization

reactions of ketene dithioacetals with acyl chlorides promoted by lithium bis(trime-

thylsilyl)amide (LiHMDS) in THF furnishes a series of polysubstituted 4H-pyran-

4-ones, in moderate to good yields (Scheme 50) (19JOC9603).

In open-air conditions, intramolecular rearrangement reactions of d-hydroxyalky-

nones promoted by p-TsOH in methanol give access to 6-substituted (R2
¼ H) or

2,6-disubstituted (R2
s H) 2,3-dihydro-4H-pyran-4-ones (Scheme 51) (19JOC3537).

6.4.2.5 Coumarins

Regioselective synthesis of 3-arylcoumarins is readily achieved via visible light irra-

diation (blue LEDs) copper(I)-catalyzed aerobic oxidative cascade from salicylalde-

hyde N-tosylhydrazones with terminal arylalkynes, conducted in the presence of

KOt-Bu in acetonitrile at room temperature (19CC5151). Few

3-trifluoromethylcoumarins are obtained in moderate to good yields via one-step

MizorokieHeck reaction of a-trifluoromethylacrylates with 2-iodophenols using

Pd(TFA)2 as catalyst and AgOTf as additive in 1,4-dioxane (19JOC2072). Under visi-

ble light (blue LEDs) catalysis, cascade reaction of ethyl o-hydroxycinnamate with

various bromo/iodo fluoroalkylation reagents (BrCF2COR, RFX) promoted by an

Ir(III) complex and potassium carbonate in acetonitrile gives 3-fluoroalkylated cou-

marins (19JOC7480). Various N-aryl-3-substituted-2-iminocoumarins are achieved

via one-pot two steps involving the reaction of salicylaldehydes with malononitrile

in triethylamine to give 2-imino-2H-chromene-3-carbonitriles which undergo

copper(II)-catalyzed reaction with aryl boronic acids in a biomass-derived green sol-

vent 2-methylTHF at room temperature (19TL150940). The synthesis of various

Scheme 50

Scheme 51
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3-amidosubstituted coumarins is accomplished via stepwise one-pot five-component

reactions of salicylaldehyde with Meldrum’s acid in ethanol at 40�C, sequential addi-

tion of benzaldehydes and aniline followed by the addition of isocyanides (Scheme 52)

(19TL8). Zinc(II)-catalyzed one-pot synthesis of 3-substituted coumarins is accom-

plished through the reaction of salicylaldehydes with ynamides in refluxing toluene.

Replacing salicylaldehydes by a-hydroxyaryl ketones, a series of 3,4-disubstituted

coumarins are formed (19OL3422).

High yields of 3,4-diarylcoumarins arise from base-mediated O-alkylation of

2-hydroxyaryl p-quinone methides with arylacetyl halides in acetone at room temper-

ature followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)

(19JOC15978). One-pot sequential synthesis of 4-aryl-3-styrylcoumarins is accom-

plished through light-on (LED 450e465 nm) radical cyclization reaction of aryl

3-arylprop-2-ynoates with diethyl bromomalonate promoted by an iridium(III) catalyst

in DMF at room temperature and subsequent light-off palladium-catalyzed cross-

coupling with styrenes at 100�C (Scheme 53) (19OBC4621). Other aryl 3-alkyl/

3-arylprop-2-ynoates underwent silver-mediated domino radical addition/cyclization

reactions with diarylphosphine oxides in acetonitrile under argon atmosphere to pro-

duce 3-phosphorylated 4-alkyl/4-arylcoumarins (19OBC8175).

Rhodium(I)-catalyzed domino synthesis of 4-hydroxy-3-methylcoumarins occurs

through the reaction of salicylaldehydes with alkyl acrylates using sodium carbonate

as base in DMF at 120�C, as well as reacting salicylaldehydes with ethyl acrylate or

Scheme 52
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N,N-dimethylacrylamide in the presence of cesium carbonate in DMF at 80�C

(19OBC9275). Regioselective tandem reactions of alkynyl o-quinone methides, gen-

erated in situ from 2-[3-aryl-1-(piperidin-1-yl)prop-2-yn-1-yl]phenols, with b-keto

esters mediated by FeCl3 in acetonitrile provide 3-acyl-4-styrylcoumarins (Scheme

54). The process involves an intermolecular 1,4-conjugate addition/alkyneeallene iso-

merization/intramolecular transesterification/isomerization cascade (19OBC4005).

Under LED (380e385 nm) irradiation and metal-free conditions, a series of aryl

3-alkyl/3-(hetero)arylprop-2-ynoates in the presence of NIS (20 mol%) in THF at

room temperature undergo intramolecular cyclization and ester rearrangement to

give 4-alkyl/4-(hetero)arylcoumarins. Higher loading of N-iodosuccinimide (NIS)

(1.1 equiv) or NBS (2 equiv) led to the formation of the corresponding

3-halogenated 4-arylcoumarins (19T1044).

Cyclocondensation reaction of bis(2-hydroxybenzaldehyde), incorporating a pipera-

zine moiety, with two equivalents of b-keto esters or b-cyano ester/(thio)amide/malono-

nitrile in the presence of a catalytic amount of diethylamine in refluxing 1,4-dioxane

provides the corresponding bis(3-acylcoumarins) or bis(2-iminocoumarin-

3-carboxylate/carbox(thio)amide/carbonitrile). The reaction with two equivalents of

malononitrile in the presence of sodium acetate in acetic acid also yielded

bis(coumarin-3-carbonitrile). Moreover, the reaction with four equivalents of

2-cyanoacetamide or 2-cyanoethanethioamide in the presence of a catalytic amount of

diethylamine in refluxing 1,4-dioxane affords the corresponding bis[4-(thio)oxo-3H-

2-iminochromeno[3,4-c]pyridine] derivatives (Scheme 55) (19SC1385).

Scheme 54

Scheme 55
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Various benzo[c]coumarins were made from visible lighteirradiated oxidative lac-

tonization reaction of 2-methyl-1,10-biaryls with molecular oxygen as oxidant,

[Acr-Mes]ClO4 as photocatalyst, and hydrochloric acid as cocatalyst in a 2:1 mixture

of acetonitrile:water, at room temperature (19OBC4212). The synthesis of benzo[c]

coumarins and dibenzo[c,h]coumarins is readily achieved by treating, respectively,

enediynes 39 and arenediynes 40 with Ph3PAuCl and AgSbF6 in refluxing toluene

(Scheme 56) (19T1034). Different benzo[c]coumarin-type compounds are obtained

from the reaction of 2-bromobenzoic acids with cyclohexane-1,3-diones mediated

by copper(I) iodide/L-proline in the presence of cesium carbonate when the reaction

occurs under argon or oxygen atmosphere, being in the last case even dependent on

the substituents of the ketone unit for the regioselective oxidation (19JHC2822).

Direct lactonization reactions of isoflavone-2-carboxylic acids carried out in the

presence of silver nitrate and potassium persulfate in a 1:1 mixture of acetonitrile:

water at 60�C deliver polysubstituted chromono[2,3-c]coumarins (19EJO2971). The

synthesis of naphtha-fused coumarins occurs in two steps in the presence of sodium

acetate under neat conditions at 145�C via Knoevenagel-transesterification reaction

of 2-(2-hydroxyaroyl)benzoic acid derivatives with an ethyl aroylacetate and subse-

quent intramolecular FriedeleCrafts acylation using Eaton’s reagent (Scheme 57)

(19JOC4451).

High yields, enantioselectivity, and diastereoselectivity are achieved in an

NHC-catalyzed formal [4 þ 2] annulation reaction of a,b-unsaturated carboxylic acids

bearing a g-H with o-quinone methides carried out in the presence of 2-

(7-azabenzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium hexafluorophosphate and

cesium carbonate in dichloromethane at �5�C to provide 4-aryl-3-vinylsubstituted

Scheme 56

Scheme 57
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3,4-dihydrocoumarins (19OBC4564) and through ring-opening/cycloaddition reaction

of 20-hydroxyacetophenone derivatives or salicylaldehyde with cyclobutenones

promoted by a chiral N,N0-dioxide-scandium(III) complex in DCE to afford 3-

(1-arylvinyl)-4-hydroxy-3,4-dihydrocoumarins (Scheme 58) (19OL2388).

A range of 3-substituted or 3,3-disubstituted 4-(nitromethyl)-3,4-dihydrocoumarins

were stereoselectively synthesized via domino Michael/hemiacetalization reaction of

aliphatic aldehydes with (E)-2-(2-nitrovinyl)phenols mediated by a quinidine thiourea

and L-proline and subsequent oxidation with PCC and dihydroxylation (19OBC151).

Diversely substituted 4-aryl-3,4-dihydrocoumarins are prepared via annulative partial

dimerization of two molecules of ethyl 3-aryloxyacrylates promoted by BF3•OEt2 in

DCE, with loss of one propiolate molecule (19CC2313). It is through an organo-

catalyzed Michael addition/lactonization cascade strategy that dimedone reacts with

various b-alkyl/b-aryl-a,b-unsaturated N-acyl heterocycles to form 4-alkyl/4-aryl-

3,4-dihydrocoumarins, after a long time reaction (48e168 h). Replacing dimedone

by other cyclic or acyclic b-diketones gave a few 4-aryl-3,4-dihydropyran-2-one deriv-

atives (Scheme 59) (19T2350).

Domino Michael/Michael/hemiacetalization reactions of trans-2-hydroxy-b-nitro-

styrenes with trans-7-oxohept-5-enals under dual catalysis of amino acids and cin-

chona alkaloid derivatives, followed by oxidation with PCC, deliver

hexahydrobenzo[c]coumarins with high diastereo- and enantioselectivities

(19CEJ7515). An NHC catalyzes formal [3 þ 3] annulation reaction of a-bromocinna-

maldehydes with b-tetralones using potassium carbonate in THF under nitrogen to

afford benzo[f]-3,4,7,8-tetrahydrocoumarins (19OBC268). Under violet LED irradia-

tion, ethyl o-hydroxy-b-(pent-4-en-1-yl)cinnamates in the presence of thioxanthen-

Scheme 58

Scheme 59
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9-one underwent a sequential energy transfer catalysis for the cascade synthesis of

angularly fused 3,4-dihydrocoumarins (Scheme 60) (19OL9724).

A wide variety of spirofuranone pyrrolidineefused 3,4-dihydrocoumarins are

obtained in good yields through initial [3 þ 2]-dipolar cycloaddition reactions of sal-

icylaldehyde imine derivatives with (E)-5-aryl-3-arylidenefuran-2(3H)-ones mediated

by bifunctional thiourea catalyst 42 to construct the pyrrolidine ring followed by bute-

nolide ring-opening reactions to form the 3,4-dihydrocoumarin unit (Scheme 61)

(19OBC2624). High enantioselectivity is achieved in the NHC 43-catalyzed intramo-

lecular RauhuteCurrier reaction of bis(enoate) derivatives and esterification/Rauhute

Currier reaction of acroloyl fluorides with naphthol derivatives to give benzo[f]

3,4-dihydrocoumarins (Scheme 62) (19AGE13370).

Scheme 60

Scheme 61

Scheme 62
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2-Alkynylbenzoic acids in the presence of TBAB and oxone in water undergo

regioselective 6-endo-dig radical cyclization to produce 3-substituted isocoumarins,

in good yields (19T3850). Using 2-alkynyl-N-phenylbenzamides as starting materials,

a series of N-phenyl-3-substituted isocoumarin-1-imines are obtained. In addition,

changing the N-phenyl protecting group to hydrogen, methyl, or benzyl, the sequence

provides 3-substituted isocoumarins (19OBC4335). Under microwave irradiation,

cyclization reactions of 2-alkynyl-(hetero)arylcarboxylates mediated by p-

TsOH-based deep eutectic solvent lead mainly to 3-substituted isocoumarins; in

some cases, 3-arylideneisobenzofuran-1-ones are formed as minor products (Scheme

63) (19EJO1904). More derivatives arise from BF3•Et2O-mediated 6-endo-dig cycli-

zation reaction of 2-alkynylbenzoates in DCE at 80�C. Moreover, under these condi-

tions, the reaction of 2-(arylethynyl)benzoates with acyl chlorides proceeds via a

lactonization/acylation cascade to form 4-acyl-3-arylisocoumarins (19JOC10402).

3-Substituted 4-chloroisocoumarins are obtained via metal-free intramolecular hal-

olactonization reactions of 2-alkynylbenzoates using PhICl2 as oxidant and chlorine

source (19OL1989), and using N-chlorosuccinimide in the presence of trimethylsilyl

chloride (19JOC16222), in acetonitrile. Other 2-alkynylbenzoates undergo regioselec-

tive intramolecular cyclization with organosulfenyl chlorides or selenenyl chlorides,

generated in situ from unactivated disulfides or diselenides and PhICl2, leading to

the formation of 4-sulfenyl- and 4-selenenylisocoumarins, respectively. Using methyl

(Z)-5-arylpent-2-en-4-ynoates as starting materials in the presence of diphenyl disul-

fide and PhICl2, a few 5-sulfenyl-2H-pyran-2-ones were obtained (Scheme 64)

(19OL3620).

Scheme 63

Scheme 64
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Polyfunctionalized 3,4-disubstituted isocoumarins can be synthesized through

cobalt(III)-catalyzed oxidative annulation reactions of benzaldehydes with internal

alkynes in the presence of copper(I) oxide in poly(ethylene glycol) (19JOC6807)

and through ruthenium(II)-mediated electrochemical [4 þ 2] annulation reactions of

benzylic alcohols (19CC1124) or arylglyoxylic acids (Scheme 65) (19CC7251) with

internal alkynes. Regioselective annulation reaction of benzoic acids with trifluorome-

thylated alkynes promoted by an iridium(III) complex and silver acetate as oxidant in

TFE affords 3-trifluoromethyl-4-substituted isocoumarins as major products along

with small amounts of 3-substituted 4-trifluoromethylisocoumarins (19OL3043).

The same iridium complex catalyzes regioselective oxidative cyclization of benzoic

acids with propargyl alcohols carried out in the presence of lithium acetate and silver

carbonate in DCE to give 3,4-disubstituted isocoumarins (19JOC2699).

Microwave-assisted tandem cyclization reaction of (E)-2-styrylbenzoic acids in the

presence of Selectfluor and potassium iodide in a 2:1 mixture of acetonitrile:water pro-

vides 3-arylisocoumarins, while in the absence of potassium iodide, a series of 3-aryl-

4-fluoro-3,4-dihydroisocoumarins are obtained (19OBC5038).

Rhodium(III)-catalyzed CeH annulation reactions of N-tosylbenzamides with

diazo compounds are dependent on the reaction conditions: using TFA and water in

DCE at 110�C furnishes isoquinolinediones, while reacting in a 10:1 mixture of

methanol:water at 60�C leads to 3,4-disubstituted isocoumarins (Scheme 66)

(19OBC8768). The same rhodium catalyst is used in the annulation reaction of benzoic

acids with N-vinyl acetamide using silver acetate and sodium bisulfite in acetonitrile to

give 3-acetamido-3,4-dihydroisocoumarins; using N-vinyl formamide carried out in

the presence of silver acetate and potassium bicarbonate in benzonitrile affords isoqui-

nolones (19OL9425).

Scheme 65

Scheme 66
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Enantioselective intramolecular bromolactonization reactions of o-(2-methylene-

3-oxoprop-1-yl)benzoic acids are accomplished by using an aminoeurea catalyst

and NBS in toluene to provide 3-acyl-3-bromomethyl-3,4-dihydroisocoumarins, in

excellent yields (19SL1474). Metal-free regioselective intramolecular chlorolactoniza-

tion reactions of methyl 2-styrylbenzoates in the presence of PhICl2 in acetonitrile

provide 3-aryl-4-chloro-3,4-dihydroisocoumarins, while using 2-styrylbenzamides as

starting materials affords 3-aryl-4-chloro-3,4-dihydroisocoumarin-1-imines (Scheme

67) (19JOC13832).

Various 4-methylene-3,4-dihydroisocoumarins were synthesized via ruthenium(II)-

mediated C�H allylation of aryl oxazolines and allylic alcohols in the presence of cop-

per(II) acetate and potassium acetate in methanol at 80�C, in moderate to good yields

(19JOC12881). High enantioselectivity is achieved in the visible light (blue LEDs)-

promoted asymmetric photorearrangement of 3-(2-formylaryl)-1-(3-methylpyrazol-

1-yl)prop-2-en-1-ones in the presence of bis-cyclometalated rhodium catalyst 44 to

give cyclopropa[c]3,4-dihydroisocoumarins bearing the pyrazole substituent (Scheme

68) (19AGE14462).

6.4.2.6 Chromones and chromanones

Using one equivalent of POCl3ewater, 20-hydroxychalcones undergo cyclization at

70e75�C to give the corresponding 2-aryl-4H-chroman-4-ones, while using three

equivalents of POCl3ewater at 90e95�C, cyclization and oxidative dehydrogenation

Scheme 67

Scheme 68
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reactions occur to produce 2-aryl-4H-chromen-4-ones (19SC2805). Further examples

of 2-aryl-4H-chromen-4-ones were synthesized through tandem reactions of o-bro-

moaryl ynones with benzaldehyde oxime using cesium carbonate as base, in DMF.

This transition metalefree approach involves Michael addition and Ullmann-type

O-arylation reactions (19OBC7461). Intermolecular desulfonylative condensation

reactions of a-sulfonyl 20-hydroxyacetophenones with 2-formyl azaarenes (pyridines

and quinolones) in toluene are temperature controlled: at 50�C provides azaaryl (pyr-

idyl and quinolyl) aurones, while at reflux, various 2-azaaryl (pyridyl and quinolyl)

4H-chromen-4-ones are obtained (Scheme 69) (19JOC326).

Tandem oxa-Michael addition and oxidative difluoromethylthiolation reactions of

3-aryl-1-(2-hydroxyaryl)prop-2-en-1-ones (20-hydroxychalcones) with sodium chloro-

difluoroacetate and sulfur under basic conditions using TEMPO as oxidant afforded

2-substituted 3-(difluoromethylthio)-4H-chromen-4-ones, while using 5-aryl-1-

(2-hydroxyaryl)penta-2,4-dien-1-ones (20-hydroxycinnamylideneacetophenones) as

starting materials, various 9H-thieno[3,2-b]chromen-9-ones were obtained (Scheme

70) (19OL9326). A wide range of 3-alkyl/3-aryl-1-(2-hydroxyaryl)propane-

1,3-diones underwent intramolecular trifluoromethylthiolation/cyclization in the pres-

ence of RFSOCl and pyridine in dichloromethane at room temperature to give 2-alkyl/

2-aryl-3-(perfluorinated substituent thio)-4H-chromen-4-ones (19CEJ10797). The

synthesis of 2-substituted 3-(iso)quinolinyl-4H-chromen-4-ones is achieved via

metal-free reaction of 2-(hydroxyaryl)prop-2-yn-1-ones with (iso)quinoline N-oxides

carried out in the presence of hydrochloric acid and DMF at 140�C (19OL9995).
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2,3-Disubstituted 4H-chromen-4-ones arise from iridium(III)-catalyzed C�H/O�H

functionalization of salicylaldehydes with a-diazocarbonyl compounds using PivOH

as additive in methanol (19JOC9188) or water (19JOC6207), as solvents.

The synthesis of 3-fluoro-4H-chromen-4-ones is accomplished through tandem

cyclization reactions of enaminones, prepared from the reaction of 20-hydroxyaceto-

phenones with N,N-dimethyl formamide dimethyl acetal (DMF-DMA) in refluxing

toluene, promoted by Selectfluor in DCE at room temperature (19SL2295). It is

through DDQ-promoted tandem oxidativeecoupling/annulation reactions that

enaminones react with 1,3-diarylpropenes in DCE to afford 3-(1,3-diarylprop-2-en-

1-yl)-4H-chromen-4-ones, in moderate to good yields (19EJO4589). A range of

3-methylthio-4H-chromen-4-ones are produced from iodine-promoted multicompo-

nent reaction of 20-hydroxyacetophenones with rongalite and DMSO carried out in

the presence of DBU and copper(II) oxide at 100�C (Scheme 71) (19OBC1535).

One-pot synthesis of 3-substituted 4H-chromen-4-ones is accomplished through

oxa-DielseAlder reaction of o-quinone methides, generated from aryl/hetaryl-

substituted o-(N,N-dimethylaminomethyl) phenols, with (2E)-3-(N,N-dimethyla-

mino)-1-(2-hydroxyaryl)prop-2-en-1-ones and subsequent cascade of reactions,

carried out in various solvents (DMF, DMA, or diglyme) at reflux (19JOC7138). Fur-

ther derivatives are formed from palladium(0)-catalyzed domino reactions of other

o-hydroxyarylenaminones with aryl boronic acids in the presence of catalytic potas-

sium iodide, BPO, and sodium carbonate in ethanol (19CEJ6907). More examples

are synthesized from the reaction of similar o-hydroxyarylenaminones with various

3-diazoindolin-2-imines mediated by copper(II) (19JOC6395) and with a-diazoace-

tates/amides/ketones promoted by gold(I) (19OL335) catalysts. Under metal-free

and aerobic atmospheric conditions, a series of o-hydroxyarylenaminones in the

presence of Rose Bengal in THF undergo light-promoted thiocyanation using

NH4SCN as thiocyano source to provide 3-thiocyanato-4H-chromen-4-ones (Scheme

72) (19JOC2243).

A chemoselective intramolecular Wittig approach is involved in the reaction of 20-

aroyloxy-a-chloroacetophenone oximes with acyl chlorides in the presence of

Scheme 71

Scheme 72
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7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene and are solvent dependent: in THF, iso-

xazoles are formed, while in dichloromethane, chromenone-oximes result

(19OL4219). A wide range of 2-arylfurano[3,2-g]chroman-4-ones were synthesized

in moderate to good yields through cycloisomerization reaction of 20-hydroxyfurano-

chalcones mediated by sulfuric acid in refluxing ethanol (19S3431). Diastereoselective

intramolecular Michael-type cyclization reaction of a-nitro aryl ketones bearing unsa-

turated ether units 45 in the presence of a catalytic amount of potassium t-butoxide in

THF delivers 2,3-disubstituted 3-nitro-4H-chroman-4-ones in good to excellent yields

(Scheme 73) (19OBC1062).

Some 3-substituted 4H-chroman-4-ones are obtained from organopalladium-

catalyzed cyclization reactions of 3-bromo-2-methoxyalkan-1-ones in refluxing tol-

uene, involving a 1,4-palladium shift for the formation of two CeC bonds from two

CeH bonds (19AGE14625). Other polyfunctionalized derivatives are obtained via a

silver-promoted radical ring-opening/coupling/cyclization cascade of cyclopropanols

with alkenyl benzaldehydes and using potassium persulfate as oxidant in a 1:1 mixture

of DMSO:water (19T130490). High yields of (E)-3-benzylidene-4H-chroman-4-ones

are obtained through palladium(II)-catalyzed carbonylation reactions of 2-iodophenols

with allyl chlorides using benzene-1,3,5-triyl triformate (TFBen) as a solid CO source

in 1,4-dioxane (Scheme 74) (19CEJ3521).

The synthesis of pyran- and chroman-2-spiro-4H-chroman-4-ones occurs via one-

pot palladium(II)-catalyzed carbonylative Sonogashira coupling/double annulation

reaction of 2-iodophenols with terminal alkynols or alkynyl phenols carried out in

the presence of copper(I) iodide and DBU or triethylamine under balloon pressure

CO, followed by the addition of sodium hydride (Scheme 75) (19OL412).

Scheme 73

Scheme 74
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6.4.2.7 Xanthenes and xanthones

Various ethyl 1,3-dihydroxynaphth-2-carboxylates, prepared through benzoannulation

reaction of 2-(trimethylsilyl)aryl triflates with diethyl 3-oxopentanedioate using CsF as

a fluoride source in acetonitrile at room temperature, reacted with 2-(4-diethylamino-

2-hydroxybenzoyl)benzoic acid in the presence of TFA followed by esterification to

give ethyl 9-(diethylamino)-12-[2-(ethoxycarbonyl)phenyl]-5-oxo-5H-benzo[a]xan-

thene-6-carboxylates (Scheme 76) (19JOC2269).

High yields, diastereo- and enantioselectivity is accomplished in the cycloaddition

reaction of o-hydroxyaryl p-quinone methides with enamides promoted by a

BINOL-based chiral phosphoric acid catalyst (19JOC7883) or by p-TsOH hydrate

(19T3456) in dichloromethane at room temperature to give 1a-acetamido

tetrahydroxanthenes.

Substituted naphth-2-ols in the presence of copper(II) acetate undergo self-coupling

or cross-coupling reactions via solid-phase carbon-bath microwave irradiation to

deliver peri-xanthenoxanthenes, in good yields (19CPB690).

Depending on the position of the substituents of 2-hydroxybenzophenones, their oxi-

dation promoted by ceric ammonium sulfate provided a series of xanthones, 9H-

xanthen-2,9(4aH)-diones, 3H-spiro[benzofuran-2,10-cyclohexa[2,5]-diene]-3,40-diones,

Scheme 75

Scheme 76
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or biaryl compounds. In addition, xanthen-2,9(4aH)-diones are converted to xanthones

by treatment with sodium dithionite in a 1:1 mixture of THF:water (19JOC150).

Cascade reactions of 2-arylimidazo[1,2-a]pyridine-3-carbaldehydes with cyclohexane-

1,3-diones mediated by gluconic acid in ethanol provide 9-(2-arylimidazo[1,2-a]pyri-

din-3-yl)hexahydroxanthene-1,8-dione derivatives, in good yields (19SC1836). Under

solvent-free conditions, three-component reactions of aromatic aldehydes with cyclo-

hexane-1,3-diones and barbituric acid using scandium(III) triflate as catalyst

(19SC431) and with dimedone and kijoic acid mediated by tris(pentafluorophenyl)bor-

ane (19SC1143) afford 9-arylxanthenes. Other functionalized 9-arylxanthene-type com-

pounds arise via ultrasound-assisted tandem reactions of aromatic aldehydes with

4-hydroxycoumarin and (thio)barbituric acid in the presence of trisodium citrate dihy-

drate in aqueous ethanol (19TL1904). Multicomponent reactions of salicylaldehydes

with 2-aminoprop-1-ene-1,1,3-tricarbonitrile (malononitrile dimer) and trialkyl phos-

phites using morpholine in refluxing acetonitrile lead to 9-phosphonated xanthenes

(Scheme 77) (19EJO4171).

Various spiroxindolinone xanthene-type derivative are readily available through

pseudo-multicomponent reactions of isatin with barbituric acid/dimedone/

4-hydroxycoumarin/indene-1,3-dione by using the deep eutectic solvent (zinc chlorideþ

urea) at 80�C (19SC2342). One-pot synthesis of pyridine-fused xanthenes is accom-

plished via cascade intramolecular imidoylation and CeH activation/annulation

reactions of N-hydroxy-2-phenoxybenzimidoyl chlorides with internal alkynes pro-

moted by a rhodium(III) catalyst in DCE (Scheme 78) (19CC7097).

Structurally diverse xanthenes can be prepared by a copper(II)-mediated cyclization

of cyclic diaryl iodoniums using sodium carbonate and 1,2-glycol in a mixture of 5%

water/DMF, under argon atmosphere. Moreover, the addition of TEMPO led to the

synthesis of xanthen-9-ones (Scheme 79) (19EJO4566). A wide range of polysubsti-

tuted 9H-xanthen-9-ones were prepared via cross-dehydrogenative intramolecular

Scheme 77

Scheme 78
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coupling reactions of 2-aryloxybenzaldehydes, under dual catalysis of copper powder

and Selectfluor in acetonitrile (19T130533).

One-pot domino double cyclocondensation of a-sulfonyl 20-hydroxyacetophenones

with 2-allylbenzaldehydes occurs under multicatalysis of ammonium acetate followed

by palladium(II) chloride and copper(II) chloride to provide tetracyclic sulfonyl dihy-

drobenzo[c]xanthen-7-ones. The route involves Knoevenagel condensation, Wacker

aerobic oxidation, and aldol condensation reactions (Scheme 80) (19JOC15915).

6.4.3 Heterocycles containing one or two sulfur atoms

6.4.3.1 Thiopyrans and analogues

A metal-free protocol has been developed for the synthesis of 2-aryl-3-nitro-2H-thio-

chromenes, involving a cascade reaction of 2-bromobenzaldehydes with b-nitrostyr-

enes and using sodium sulfide nonahydrate as sulfur source (19OBC6355). A large

variety of indeno[1,2-c]thiochromene 5,5-dioxides are readily available from three-

component bicyclization cascade reactions of 2-alkynyl aryldiazonium tetrafluorobo-

rates with a sulfur dioxide surrogate DABCO•(SO2)2 and 3-aryl-1-haloethynes in

DCE at room temperature (19CC3227). Intramolecular oxidative cyclization of bis

[2-(aryl/heteroaryl)ethyl]disulfides using molybdenum pentachloride as oxidizer in

dichloromethane at room temperature led to thiochroman-type compounds (Scheme

81) (19CEJ1936).

I
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1,2-glycol (3 equiv.)
5%H2O/DMF, Ar, 100 ºC, 12 h

I O
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Under low loading of a cinchonidine-derived bifunctional squaramide catalyst,

Michael/aldol cascade reactions of 2-mercaptobenzaldehyde with a,b-unsaturated

7-azaindoline amides provide 2-substituted thiochroman-4-ols, in high yields

and with high diastereo- and enantioselectivity (19JOC7984). Various

2-trifluoromethylthiochroman-4-ols are readily available through Michael/aldol cas-

cade reactions of 2-mercaptobenzaldehyde with b-CF3 enones promoted by a quinine

squaramide catalyst in chlorobenzene at �20�C (19S3327). Reduction of sulfides

bearing a 3-methylchromanone unit 46 followed by FriedeleCrafts-type cyclization

furnishes chroman-fused thiochromans 47, while the addition of Grignard reagents to

46 followed by a FriedeleCrafts-type cyclization affords substituted chroman-fused

thiochromans 48 (Scheme 82) (19OL9391). The synthesis of benzo[de]thiochromans

is accomplished in moderate to good yields via sulfhydryl-directed iridium(III)-

catalyzed tandem reaction of naphthalene-1-thiols with 2-diazo-1,3-diones in

1,4-dioxane at 130�C (19OL7000). Various 1H-isothiochromenes were synthesized

via ruthenium(II)-promoted oxidative coupling reactions of benzyl t-butyl thioethers

with internal alkynes carried out in the presence of copper(II) acetate and potassium

hexafluorophosphate in HFIP at 60�C. The process involves S-directed CeH activa-

tion at the o-position of the aryl ring, migratory insertion of the alkyne, 1,2-thio-

Wittig rearrangement of the t-butyl group, and reductive elimination (19OBC2542).

Scheme 81

Scheme 82
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Bis(oxazoline) ligands were used in the rhodium(II)- or copper(II)-catalyzed asym-

metric intramolecular C�H insertion reactions of a-diazo-b-oxosulfones for the syn-

thesis of a mixture of fused thiopyran dioxides (Scheme 83) (19JOC7543). A series of

thioesters, prepared through acyl thioleene reaction of g-unsaturated esters and thio-

acetic acid, undergo deprotection under basic conditions followed by Steglich thiolac-

tonization of the formed 5-mercaptopentanoic acids to produce polysubstituted

thiopyran-2-ones, in good yields (19OL3460).

Various thiochromones arise from one-pot reactions of 20-iodo/20-bromochalcones

with xanthate promoted by copper(II) acetate in DMSO to give thiochromanones that

are oxidized in the same pot in the presence of sulfuric acid and using the waste by-

product (KI) that is converted into molecular iodine, a powerful oxidant. In addition,

using the same protocol with higher temperature and longer time reaction, some 3,30-

methylenebisthiochromones are formed, in which DMSO acts also as methylene

source (19OL75). Highly functionalized thiochromones are formed from nickel-

catalyzed cycloaddition reaction of 2-sulfobenzoic anhydrides with internal alkynes

carried out in the presence of tri-n-butylphosphine as additive in refluxing toluene

(19OL6280). Various radical promoters are used in the cyclization of 1-[2-(thio-

methyl)aryl]alkynones leading to the synthesis of 3-phosphoryl-, 3-sulfenyl-,

3-EtO2CCF2-, and 3-acyl-containing thiochromones, in high yields (Scheme 84)

(19OL1112).

Scheme 83
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Regioselective copper(II)-catalyzed intramolecular ring opening of a donore

acceptor cyclopropane of substituted cyclopropyl(2-haloaryl)methanones using xan-

thate as a sulfur surrogate in the presence of sodium thiosulfate in DMSO delivers

3-substituted thioflavones, while in the presence of acetic acid in DMF, it affords

3-substituted thioflavothiones (19OL6648).

A few examples of arene-fused thioxanthenes arising from oxidation of

8-aryl(thiomethyl)naphthalenes with m-CPBA followed by treatment with TfOH

and pyridine of the corresponding sulfoxides were described (19OL233). Other

xanthene-type derivatives can be stereoselectively synthesized through sulfa-

Michael/aldol reaction of platensimycin and platencin derivatives (two

cyclohexanone-containing compounds) with 2-mercaptobenzaldehydes in the pres-

ence of potassium carbonate in ethyl acetate at room temperature (Scheme 85)

(19OBC4261).

1,4[Dithiino[2,3-d]pyrimidine-6-carbonitrile derivatives are prepared through the

reaction of 2-[(4-chloropyrimidin-5-yl)sulfanyl]acetonitriles, obtained from

4,6-dichloro-2-(methylsulfanyl)pyrimidine (DCSMP), with carbon disulfide in the

presence of sodium hydride followed by the addition of alkyl halides (19H(98)105).

Scheme 84

Scheme 85
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6.4.4 Heterocycles containing two or more oxygen
atoms

6.4.4.1 Dioxanes and trioxanes

A palladium complex generated in situ from Pd2(dba)3•CHCl3 and phosphoramidite

49 promotes asymmetric allylic cycloaddition reactions of vinyloxetanes with formal-

dehyde to afford a variety of 1,3-dioxanes, in moderate to excellent yields (Scheme 86)

(19OL214). Further, syn-1,3-dioxanes can be obtained through hemiacetalization and

subsequent intramolecular oxa-Michael addition reactions of d-hydroxy-a,b-unsatu-

rated ketones with aldehydes promoted by camphorsulfonic acid in toluene at room

temperature and through olefin cross-metathesis, hemiacetalization, and intramolecu-

lar oxa-Michael addition reaction of homoallylic alcohols with a,b-unsaturated

ketones and aldehydes (19OL3730). Enantio- and diastereoselective synthesis of

cyano-1,3-dioxanes is achieved via cascade reactions of d-oxo-a,b-unsaturated

ketones with acetone cyanohydrin and trifluoromethyl ketones promoted by chiral

bifunctional thiourea organocatalyst 50 (Scheme 87) (19OL2688).

Under dual catalysis of palladium(II)-bipyridine catalyst and fluorinating agent

Selectfluor, arylative cascade cyclization of allene-tethered cyclohexadienones with

aryl boronic acids in a 9:1 mixture of DME:water furnishes cis-bicyclic

1,4-dioxanes, in moderate to good yields (Scheme 88) (19OL6300).

Scheme 86

Scheme 87
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The construction of the 1,4-benzodioxane ring of natural princepin and isoprincepin

was accomplished in a highly stereoselective manner, involving treatment of a benzyl

alcohol under acidic conditions, generation of the quinone methide intermediate, and

further cyclization (Scheme 89) (19JOC14227).

Under irradiation, 2-allylidene-1,3-cycloalkanedione-type compounds, prepared

via Knoevenagel-type condensation reaction of 1,3-dicarbonyl compounds with

a,b-unsaturated aldehydes, underwent photooxygenation in the presence of carbon tet-

rachloride to afford 1,2,4-trioxane derivatives (Scheme 90) (19JOC3671).

Scheme 89
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6.4.5 Heterocycles containing both oxygen and sulfur in
the same ring

6.4.5.1 Oxathianes

The synthesis of benzoxathiin-4-imines can be achieved by silver-mediated selective

intramolecular cyclization of 2-methylthiobenzamides carried out in the presence of

Selectfluor and sodium acetate in DCE (Scheme 91) (19JOC14045).

Continuous-flow electrosynthesis of 1,4-benzoxathiins is achieved through intra-

molecular dehydrogenative CeS coupling reactions of a-aryloxythioamides promoted

by Sc(OTf)3 in a 9:1 mixture of acetonitrile/TFA at room temperature (19AGE6650).

It is through a heterogenous catalysis, carried out in the presence of copper supported

on manganese oxideebased octahedral molecular sieves, that 2-[(2-haloaryl)thio]phe-

nols underwent intramolecular cyclization to give phenoxathiinan derivatives

(19TL151259). A two-step transformation involving the reaction of DCSMP with lith-

ium diisopropylamide and phenacyl bromide derivatives affords 1-(het)aryl-2-

{[4,6-dichloro-2-(methylsulfanyl)pyrimidin-5-yl]sulfanyl}ethanones that undergo

ring closure to deliver 7-(het)aryl[1,4]oxathiino[2,3-d]pyrimidine derivatives, upon

treatment with triethylamine (19H(98)564).

Enaminoketones, formed from the reaction of ketones with DMF-DMA at reflux

conditions, undergo reaction with (aryl)sulfenes, generated in situ by the action of trie-

thylamine on (aryl)methanesulfonyl chlorides, to afford 4-dimethylamino-

3,4-dihydro-1,2-oxathiine 2,2-dioxides. A Cope elimination strategy was used for

dimethylamine group elimination providing 1,2-oxathiine 2,2-dioxides (Scheme 92)

(19OBC9578, 19OBC9585). Various ethyl benzo[e][1,2]oxathiine-3-carboxylate

Scheme 90

Scheme 91
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2,2-dioxides arise from tandem sulfonylation and Knoevenagel condensation reaction

of salicylaldehydes or 20-hydroxyacetophenones with ethyl chlorosulfonylacetate

using pyridine as base in DCE (19S1809).
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