Contents

PrEface..c.coiiieecccett ettt et et e \Y
1. INtrOAUCTION .ottt v e asesens 1
1.1  Solid Bases and Base-catalyzed Reactions........ccccceceeeeeiceenienrnervesenenne 1
REfEIENCES ..ottt e 2

1.2 Advantages of Solid Bases .......ccccceverrereeiriinienineneeeeieieenre e 3
REfETENCES ...ttt e ee e 5

1.3 Role of Solid Base and Basic Sites as a Catalyst ..........ccccuevveirevreerennene 5
1.3.1 Definition of acid and base..........ccccoevevreerervrireriereneeneernns 5

1.3.2  ADSraction Of ProtOnS ..........eceeveereeeieerreereeriieseesesseesssessenes 6

1.3.3  Activation of reactants without proton abstraction .................. 6
Reference........oov et 6

1.4 Cooperative Action of Acidic and Basic Sites .......cccoeevereevceererenennne 6
REFEIENCES ....ooiniiniiiiiciieiieteec ettt n e sae e 8

1.5 Classification of Base Catalysts........ccceereerieicirieniieniersinrieesesecsnenens 9
2. Characterization of Solid Base Catalysts..........cccoevvveevureenenenisrrernesinnns 11
2.1 Methods of Characterization ..........ecceeeerrrcereretrerteerneeseeneeessnecensnenes 11
REfErENCE ..ottt 11

2.2 Indicator Method ........cccoreeiriininiriceee et 11
2.2.1 Definition of H_ acidity function in homogeneous phase......... 11

2.2.2 H_Scale of basic sites on solid surfaces.......ccoccevceveercerncrenreencn. 12

2.2.3 Determination of the number of solid bases by titration........... 13

2.2.4 Drawbacks of indicator methods .........cccovveveeceniiiininniininnn. 15
RefErences ......oooviiirercrirr ittt 16

2.3 Adsorption-Desorption of Probe Molecules..........ccccovinniniiiiiinnnn 16
2.3.1 Adsorption of probe molecules ..........cooeeviviiirivnincninninins 16

2.3.2 Poisoning method........cccomvninceininiinniniccncencnne 18

2.3.3 Temperature-programmed desorption........c.ccoeeevvecerrecnerrcnunnne. 19

2.3.4 Heat of adSOrPON c..ccveerveeevereececesneerreesese e ses e sassesnans 22

Bibliografische Informationen digitalisiert durch E A 'ﬁHLE
http://d-nb.info/1009117726 BLI T?IE


http://d-nb.info/1009117726

viii

Contents

RELETEIICES voveeeeereeereerieteereeiesesaseeressrsstessssssssssssessssnsnesesssasanene 24

2.4 Spectroscopic Studies of Solid Bases through Interaction with Probe

2.5

IMOIECUIES ..evniceiereienete ettt et st 24
2.4.1 Infrared spectroscopy of adsorbed carbon dioxide................... 25
2.4.2 Spectroscopic studies of adsorbed pyrrole ........ccoveuirerinennnn 29
2.43 Infrared and MAS NMR spectroscopy of adsorbed CHCI; and
CDC sttt sbes bt b st s n s s 31
2.4.4 Infrared spectroscopy of adsorbed alkynes ...........coceverinnnnnne 33
2.4.5 Adsorption of nitromethane..........cceceeereiveiinmniinieeeeeeininenens 36
2.4.6 "CMAS NMR of adsorbed methyl iodide .........cccceoerrvrrenrunene 37
REfErENCES ...ooeciierriereeetieee ettt 40
TeSt REACHONS ...ttt s saesenans 41
2.5.1 Characterization of basic sites by test reactions.......c.cceeeeeune 41
2.5.2 Isomerization Of DUtENES......ccoctrveniiiiiiiiiiienerecnrciinreeeeiene 42
2.5.3 Dehydration and dehydrogenation of alcohols..........c.c.couunene 47
2.5.4 Reaction of 2-methyl-3-butyn-2-ol.......ccccccevernnencinnerccnenennns 55
2.5.5 Knoevenagel condensation..........cooeevimniecvenmninenicniicinenniinns 60
2.5.6 Aldol addition of acetone to diacetone alcohol and
retroaldolization of diacetone alcohol ........c.cocceeevininvicicinnn. 63
2.5.7 Cyclization of acetonylacetone..........cocoevvriererierencrininieniennenns 65
REfEIENCES ..ottt 66

3. Preparation and Catalytic Properties of Solid Base Catalysts—

L. Metal OXIdeS....ocvveueririiieirieieieteetesesereraeenssse st tsbssesssssssesesissseseseens 69
3.1 Alkaline Earth OXides ......ccvccevvvrvenresreeriescreerenenrnrennsvseesseeere e sssens 69
3.1.1 Generation Of ACHIVE SILES .....ccveerverrrerverseecursneseeveroreeseeeseesseesas 69

3.1.2  Preparation.........ccccceeeeeeeeeseeeseesesieseeseesnesssesseensessnesssassessseas 72

3.1.3 Characterization of DasiC SIt€S ....cccerrererrecrerrirreereerrnruersesseesceeone 75
3.1.4 Type of reaction vs. optimum strength of basic site................. 87
REFEIENCES ...erverirriereenriierenreeee ettt e se et scsns 89

3.2 Rare Earth OXides.......ccoceveeinicinecieceeeeceeneeeren e ssae e esssnassesseaee 91
32,1 Preparation.........cccccceveesiesiereeseescsansiessessesssesesssessassnsssssassasseseose 91

3.2.2  Characterization........couveetrerrerereereseesesessrrnsnesesseessssnessssessesenes 92

3.2.3  Catalytic PrOPEItieS...cccvueeeeeerereerreeererieteneeenreessseeseaeseeeesssssseses 93
REfErENCES ..cueeeiretri et neicerrenrcseert e erse e sse s ere e 96

3.3 Zirconium DIOXIAE .....coveevervnriiieiecerierenesteeee e eraedenees 96
3.3.1 Preparation and phase change ..........cccocevevrirevrerinereererssessenens 97

3.3.2  CharacteriZatiOn......cc..eeveureeereerseeeserreeeesneseseeeseeseseeesseeesssessssens 102



3.4

3.5

3.6

3.7

3.8

39

Contents ix

3.3.3  Catalytic PrOPEITIES. ..ccceerveeeereeterierececsnic st eressassenes 104
3.3.4 Morphology dependence ..........ccccceveeveenenmeennniiseiicisciesins 108

REfErences .....coeivivrienicicinn i 110
Titanium DioXide......c.cecevecrrereierenrerererrcsecrnnicrsseissss e s 111
3.4.1  Preparation.......coecveeereriveseeseersesseresenseessesesesseeseesncssoesssnsssians 111
3.4.2  CharacterizZation.......cceceevcemeceereemiimitinnemecisinieie s 113
3.4.3  CatalyticC PrOPETHIES....cccrcireriirrritiirreereeee et 113

References ......coecmverennirccemiiiiieniiicie 115
ZINC OXIAE ..ottt s 115
3.5.1  Preparation.......cccocccoveenermeieenicsmeniiniisnicicsississeiss s esneas 115
3.5.2  CharaCteriZation.....cccceveeeeeruerereeceneecenersesseiississsssssssisassssassans 116
3.5.3  Catalytic Properties.......coeviiirirenimsinniisiesiisiiiiesssssssenesssensens 117

REFErENnCES ..ovvieeeieeireieet ettt s 118
ATUMUNA ottt sttt scs st s ne s s b n s b 118
3.6.1 Structure and preparation of alumina ..........cccveiiiiininiiiicnninns 119
3.6.2 Surface properties of alumina..........cecvvveirenerireinninceieeinan 121
3.6.3  Catalytic ProPerties.......cccvveereerereereseriasiissininniesirsnsissessesens 124

References ......oovevvveverciecicciiiin e 127
Mixed OXIdES ....ccoeemecimricriiiiriiiccn e 128
3.7.1 Mixed oxides containing MgO........cccceovnininiivinnninnienienne, 129
3.7.2 Mixed oxides containing CeOs......cccevevvmiimniiniievirerererenee, 131
3.7.3 Mixed oxides containing ALO;......cocvimiininieiiee 132

REfErences ......coviivveeeeiirtcninie e 133
Metal Oxides Loaded with Alkali Metal Compounds..........c.cccevmnne. 133
3.8.1 Alkali metal compounds-loaded Al;Os....c..cuvvvveevrenriceniiiniinne. 134
3.8.2 Alkali metal compound-loaded alkaline earth oxides............... 136
3.8.3 Alkali metal compound-loaded SiO; and other supports ......... 138
3.8.4 KF/ALO; and CSF/ALO;....occniniiiiiieneciceeesecenciencs 141
3.8.5 KNHYALO ;..o 146

RETEIENCES ...ttt s 148
Metal Oxides and Carbon Materials Loaded with Alkali Metals......... 149
3.9.1 Preparation of alkali metal-modified catalysts ..........ccocoeecn. 150
3.9.2 State of alkali metal.....ccccvvniivinciniinniie 150
3.9.3 Strength of basic SHES ....covveeveeicreniiii e 151
3.9.4 Model of basic SIteS ...ccoevirvrivriiiiniiniiii e 153
3.9.5 CatalytiC PrOPErties.....c.coceeccrertiinviernereniireritsreveese e sesennenss 153

RETFEIENCES .ooeteeriveriveeiereiiiitreieeeee s e s eesesabeseneeeseeesovessannannsees 156



X

Contents

4. Preparation and Catalytic Properties of Solid Base Catalysts—

IL. Specific Materials for Solid Bases ........c.ccovveeveiiiimniininiiccnccnnn, 157
4.1 Hydrotalcite and Mixed Oxides Derived from Hydrotalcite................. 157
4.1.1 Structure of hydrotalCite ........cccovverererivineivircreniienrcrenrernenene. 157
4.1.2 Synthesis of hydrotalCite ..........cocvverrernensiniiiiniiiicncirneeee 158
4.1.3 Thermal decomposition of hydrotalcite............ccovevereneereeennnnn. 159
4.1.4 Rehydration of calcined hydrotalcite.........ccocovevininnrennnseceens 160
4.1.5 Introduction of anions into interlayers .........cccvvvrvievercveniruenen. 160

4.1.6 Application of hydrotalcite-derived materials to base
CALALYSIS oeeiiieiiiiece e s 162
REFEICNCES ..covvrineiieeeere ettt et 168
4.2 ZEONIES .ttt ettt et sttt e 170
4.2.1 Alkali cation-exchanged zeolites........cccceververivrirricrcriernncnnne 170
4.2.2  Alkali metal oxide-loaded zeolites .........ccccveureercrerereccrcnncneenen. 178
4.2.3 Alkali metal-loaded Zeolites .......ccceeeviricrcinsiennnenscreeenecneene 184
References ...coccoovreeireenieecece et 187
4.3 Metal PhOSPhAtes........ccorueererireneririreiieecrse e seeresesereracrtese s sssesenes 188
4.3.1  Metal phosphates ... 188
4.3.2 Hydroxyapatite, fluoroapatite.........c.ccvverecvereerereeenenenecrencnnes 189
4.3.3  Natural phosphate......c.ococeeeevereerirenriree e reeeeeens 191
REfEIENCES cviviiiieceeie ettt e 191
4.4 Metal OXYNIIIAES ...cucoviereereeeeieerierereeietereteres e ses e e se e sesae e e sens 192
4.4.1  Preparation.........cocceeeceeeerreenieninrnesesssseesessesesseserseesenensessesseees 192
4.4.2 Nitridation mechanisms............coecevevevernevieercrcnnnrrerereseeaennaes 194
4.4.3 Characterization of basiC SIt€S.......ccoerurrerrererrerrecrerenieeerecreienes 196
4.4.4  CatalytiC PrOPEITIES....c.coevverererrierriereereseeserersrsresenessnosessensenes 196
REfEIENCES ...viniiiineereee ettt 201
4.5 Anion Exchange Resins.......ccocveeieveeireeiieieieseecieeeieeeesenesesenenenesenes 201
REfEIENCES w.vvieeireereereec ettt 205
4.6 Amines and Ammonium Ions Tethered to Solid Surfaces.................... 205

4.6.1 Loading of basic functional groups to high surface-area silica
MALELIALS c.ovriiiieiiciii s 205
4.6.2 Catalysis using basic functional groups tethered to silica

MALETIALS .eoveriiiiircct et et 211
4.6.3 Acid-base bifunctional catalysiS.......cceeereereevreeerinriecrinnsinnnenns 213
4.6.4 Catalysis by occluded structure directing agent...........cc.c........ 216

RETETEIICES .uvvevrtreeeieeeeeecrr e ereeeseesetsssseeesssaesaeeesanaesessnas 217



Contents xi

5. Reactions Catalyzed by Solid Bases........ccoereevcirmieincnnerecncniccniinns 219
5.1 Isomerization of Alkenes and AIkynes.......ccccocviiiviniiniiniiniinncnncnnienea, 219
5.1.1 Isomerization of alkenes.........ccocevviiiiiiiiiiiicencnniiniiniinnens 219
5.1.2 TIsomerization of alkynes........ccccovevmvrereeiininneeneceenrenscienens 222
REFEIEICES ovvrerrreorrrrenresrrsrsnssr et ses s ressser s san e 223
5.2 Aldol Addition and Aldol Condensation...........cccemmcermrrccccncinionnnnens 223
5.2.1 Condensation of propanal and butanal .......c.cc.cccecvmrieirceneene. 223
5.2.2 Condensation of glyceraldehyde acetonide with acetone......... 225
5.2.3 Claisen-Schmidt condensation ............ccccovevcerrerrcrenisinncsnninne 225
5.2.4 Mukaiyama aldol reactions........c.coveeeerinnieriicciininnecnienisinnenennes 228
5.2.5 Reactions of aldehydes and imines with ethyl diazoacetate..... 229
5.2.6 Vapor phase aldol condensation...........ccccevnvercircnniincncnninnnne. 230
REfErenCes ...coeeveerieiecrecteeeecretcec ettt 231
5.3 Nitroaldol Reactions (Henry Reaction)........cceeceviviecsiieonneniccnnncnncens 232
References ......cocoiiiiiiiccocecciiice e 236
5.4 Knoevenagel Condensation..........o.vveevvecnereencerecsuenenseeseessesseserens 237
5.4.1  Catalysts cooeeecciiniiiiiiiniicc e 237
5.4.2 Catalytic reactions .......ccccceveeeeeereeiiiiiniiniiie et 242
References ...coeeveeveeeeireeecccce e e 245
5.5 Michael Addition (Conjugated Addition) ........cccceecrveirieenirveeneennnennns 246

5.5.1 Addition of active methylene compounds to ¢,-unsaturated
carbonyl compounds.........cccoeevevverrenericiiinieeeeceec 246
5.5.2 Michael addition of H,S and thiols..........ccoeiiniiiiiinnnnnnn. 255
5.5.3 Addition of amines to o,-unsaturated compounds................. 258
5.5.4 Addition of amines to butadiene.........ccocccurveerereenciiininennens 261
5.5.5 Cyanoethylation of alcOhOIS.......c.ccoceteinririieiercnincicercenes 261
5.5.6 Addition of alcohol to vinyl ketones and vinyl sulfones.......... 263
RELEIENCES .oveuveeeeeereerirrirereceeneeseeren s bt e csnes et sae s b s 264
5.6 Tishchenko Reactions.......coccviervieuerrveemicciiiniiniininicin s sseesnenas 265
RELETCINCES v veeenereeeererseseesseesseseemmessesssasssesssssesssssssssssssssennees 269
5.7 Alkylation REaCtions .........eeverivereueeenrcrneniisiiniisnsinsc et sesseesssnes 269
5.7.1 Alkylation of phenols .........cccovvcvvnirimevennnicce e 269
5.7.2 Side-chain alkylation of alkyl aromatics .........ceccovrerrereirrucenenes 276

5.7.3 Synthesis of o, B-unsaturated compounds from activated

methylene compounds and methanol ..., 279
5.7.4 Condensation of alcohols (Guerbert reaction).........ccc.cccceveeee. 282
5.7.5 Alkylation of nitriles (C-alkylation).........c.cccooeveinnnrennicnienns 283

5.7.6  N-Alkylation r€actions........cccceereeririereimnirnniseesesnsseensvenennens 284



xii

5.8

59

5.10

5.11

5.12

Contents

5.7.7 S-Methylation of thiols with dimethyl carbonate

(S-alKYIAtion) ...ccveiceeeeeeerteeiierereee ettt s 289
References ..o 289
Addition REACHONS .....coveviiriiiiiiiiiciecietctcrcteee st et 291
5.8.1 Addition to epoxides.......cccocriirmecmmnniiiiiiicinc e 291
5.8.2 Nucleophilic addition of alkynes........c..ccccvrierrvcnicrinicecerunnen. 295
5.8.3 Baylis-Hillman reaction...........ceeceiiviiivicnvenenrneeresesinnereenenennes 300
5.8.4 Cyano-O-ethoxylcarbonyation of carbonyl compounds .......... 302
REfEreNCES ...ueoeeiiciiciitite e 303
Hydrogenation REactions ........c.ccceeeuterennseeiineninienineesesiseseeeesneeene 303
5.9.1 Hydrogenation of alkenes...........ccocevverrvrnreereesessreresesensnsennees 303
5.9.2 Hydrogenation of butadienes........cceocevereeveenneenserecrnrenrerenene 304
5.9.3 Hydrogenation of benzoic acid.........ccovveeerennnircenneicennencnnens 306
REfEIENCES ...covieveriiiieiititirte et 307
Transfer Hydrogenation Reactions (Meerwein-Ponndorf-Verley
Reduction and Oppenauer OXidation) .......c.c.cvceeeeereresensiriirnncencneenene 308
5.10.1 Reaction mechanism over solid base catalysts.........c.coocreeueneee 308
5.10.2 Hydrogenation of ketones with alcohols .........cccceceeciiiincennnen. 310
5.10.3 Reduction of nitro-compounds and nitriles with alcohols........ 315
5.10.4 Oppenauer 0Xidation ... 315
5.10.5 Reduction with hydrocarbons..........ccceeevercenveecenniiceesonnneneenne 318
REferences .......coocviviiiiiniiiiiece e 318
Esterification and Transesterification .........c.cccoveevienenenesnenccnenneenen. 319
5.11.1 Catalysts for esterification and transesterification.................... 319
5.11.2 Reactions of alkyl carbonates with acids and alcohols ............ 324
5.11.3 Reaction of alkyl carbonates with amines.........ccoceececereeeenc. 326
5.11.4 Synthesis of MONOZIYCETIde .....c.ccveeveerierenierirriereeereereeneaens 328
5.11.5 Synthesis of polyoxyglycol eSters ......ccceeorenvrrerrrnruerersieereenennen. 329
REferenCes .....ocveeeveimiiiiiciiintcir ettt e 329
Liquid-phase OX1dation ........c.ccouiiicvieecrmniiinieietnrcnseerennenceesrennenns 330
5.12.1 Oxidation with molecular OXYgen ........c.cccevurvvrvrnriecccererncnrenens 330
5.12.2 Epoxidation of alkenes with alkylperoxide.......c.cc.covrvrcrnenncee. 332
5.12.3 Epoxidation of alkenes with hydrogen peroxide...................... 333
5.12.4 Baeyer-Villiger oxidation with hydrogen peroxide.................. 338
5.12.5 Oxidation of thiols, thioethers and pyridines ..........ccocueenennee.e. 338
5.12.6 Oxidation of alcohols with molecular oxygen.........c.ccceerceunneee. 338
5.12.7 Oxidation of amines with hydrogen peroxide ......c..ccceevceeeunne 339

REFEICIICES cuvviiiiiiiirieeerireeeeeieiiesiresireeseeeieeesssssraseesesesassnssnsesesens 340



Contents Xii

6. Solid Base Catalysts for Specific SUDJECts .......cooeviverenrcccerenriecnnccnnn, 343

6.1 Solid Base Catalysts for Environmentally Benign Chemistry ............. 343

6.1.1 Biodiesel SyNthesis ......ccccoevveievvrvmniveciinnncnminenenee e e 343

6.1.2 Synthesis of dimethyl carbonate.........cccccouvurviriencniiniciierncnne. 347

6.1.3  Reaction of H2S and SOs.....cocoeiminiineiiicrncen e 350

6.1.4 Environmentally benign synthesis of fine chemicals ............... 351

REfEIENCES .ottt 357

6.2 Synthesis and Ring Transformation of Heterocycles .........c..ccoeeueueuneen. 360

6.2.1 Synthesis of heterocycles .........cocvevnniricnenicinnienecnenenne 360

6.2.2 Ring transformation of heterocycles .........cccovcrnrvninvcnenennnn. 365

REfEIENCES ...ttt e 369

6.3 Reactions of Phosphorus Compounds.........cccccecmieicinicneninneieccinencene. 369

6.3.1  WIithig reactions ......cccceeerevienincnienicneienteneeeeeee e e 369

6.3.2  Wittig-Hormner reactions........ccocvvvrererrrceerenenieneenenaenenvneeens 370

6.3.3  Pudovik reactions .........cececveveeveniencinenniniiniee e e 373

REEIENCES ....ovvieeecrcieeecc e 375

6.4 Reactions of Silicon Compounds ..........ccoviviniiveinncrncirecenecreeereeenns 375

6.4.1 Substitution reactions at SIliCON......ccocveivecvivrinivnerccirecnieen 375

6.4.2 Ring opening of epoxides with trimethylsilyl cyanide............. 380

6.4.3 Addition of silanes to double bonds.........ccooveeiirininiinnnnne 381

6.4.4 Reaction of silica with dimethyl carbonate ..........cocceenrreencne 387

REfEIENCES .ottt 389

6.5 Asymmetric Synthesis by Solid Base Catalysts........ccccovcivcineinicnnens 3%0
6.5.1 Asymmetric synthesis by metal oxide in the presence of

chiral QUXIHATIES ..c.cveverieieirececcrccce e 390

6.5.2 Asymmetric synthesis by supported chiral compounds ........... 393

6.5.3 Asymmetric synthesis by chiral zeotype materials .................. 396

REfEIeNCES ....oveuieririircireccrriers s 396

6.6 Solid Bases as Catalyst Support................ ettt ien 396

6.6.1 Enhancing effect of solid bases on metal catalysts ................. 396

6.6.2 Bifunctional catalysis ......cc.cocecrveeniceinininennintintcecnecnenene 400

References .....covceviminimeceiccercccnic s 408

SUDJECE INAEX ...t e e 411

Chemical Formula INdeX........oocoovveeimriericeiieeeeecetrree et 419



