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Summary

We have investigated two routes to functionalised benzofurans using titanium alkylidene

chemistry.

The first route looked at the alkylidenation of esters i to give B-alkoxyvinylstannanes 1i. A
cross-coupling reaction would have given enol ether products iii, followed by an acid-

induced cyclisation to give the desired benzofurans iv.
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This approach was not successful, but during the course of investigating the route, we

formed the novel dimetallic reagent v, the properties of which we examined.
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We looked at a second route that involved the use of thioacetals vi. Alkylidenation of
esters 1 were carried out followed in one case by cyclisation of the enol ethers vii formed,

giving benzofuran viii (R' = Ph).
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We also successfully carried out the second route on solid phase, where Wang and
Merrifield resin-bound esters ix were alkylidenated. This was the first reported incidence
of Takeda-style alkylidenations on solid phase. Cleavage of the resin-bound enol ethers
was achieved using mild acidic conditions. This gave ketone products x. In one case ketone

x was converted into benzofuran viii (R' = CH,CH,Ph) by deprotection followed by acid

(reatment.
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Finally, we carried out an alternative direct cleavage to a range of benzofurans viii, by

deprotecting the resin-bound enol ether ix and then cleaving with mild acid as before.

OTBDMS
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IX or TFAHQO (1 1 ), CHQC|2 viii

30 mins

Vi



Contents

ACKNOWLEDGEMENTS....cccccrvesenncerasassasssisssasssnesssassnses vesesssssesesssssssnssesassssesssassassrsansassassassassassassesassasase 111
SUMMARY ...ccceccnecnsencecsansossesnes U veeesssrsssanssersasessntassrssssrsasesesssennasssaressens T RR— R IV
ABBREVIATIONS....cccccvneieeceeeen CetesssssmsaetssaensanesessasssseassrssssroRese SR RSN SSSSAOL 1RSSR SHS S SR SRS e s bbb 000000 ssns0s0n0e L

1.1 B ACKGROUND .ootvteetesseressessnssessssssssssssssssosssssasessssssssresssessssssssssssssasassessearstassssesesseststsssssntasssessassasooee 1
1.2 BENZOFURANS ovvuevueeeesaesesssnessensossossssssssssssssssssosssssossssssorastsiossssstassssssssssssssssssossosssrssssssstsrsosssssetrossssossssanes 4
J. 2.0 ACHIVITY...ooeoneeereeneteseeieaseeesseneate s es e sasasse e s st ss s e s R se b e e s e e s s eas sad e e e R e E e A S S e LB RS o RS L R RS S A S s G Bt b0 4
1.2.1.1 PharmacOlOgiCal ....uueieeereeiiiciirneeeecrccinciisssentcerissneenssssronessssssestesssssanassssssnssssssntsnssssnusssssstassssanesssonnnes 4
1.2.1.2 ANUIDACIETIAL eevevrrerreeereerensereesesnsesssasssssesssssssassssssssssssssossntsssssossssssassassssssssssanssessssssstisstesssesssissssssesssrasersses 6

L. 2. 1.3 P S iCIAS covreeeerrnrnnreeessesesssnssesossssssssssnesssssssssnsosessnsesessssossonnesstssssssssinsssnssstossrssessasnsnasssssessessurrosssmnsssecrcasees 6
1.2.1.4 OLNETr ACHIVILY ..ceeererniieieeeerrieneecsrnnnnntosssssesssssssnnsnressssiassasssssssassesssstasssssssssssessssssssssssssssssssantissssnisssastesesess 7

1.2.2 SYRIRESIS c.vveeeeenreevrererasrersseessssssssssssesssssssssmmsssssssesssisssesssessssssssssssassssesssstessnsnsnasstssstsssaserssesiesssosances 8
1.2.2.1 SOILION PRASE SYNINESES .cerirrrerisrerecersrerreisaniiisrneeirrsseessersanssrenssssssrssessssrassessanaresnsssssssssssataessssessssssssnnane 8
1.2.2.2 S0ld Phase SYNRESIS..ccieireeessiresssnissrrenineississiiniissiesssenssssesrsssrssianssssnrossssssssrissansssssssnsssssssssasannysssonces 13

1.3 ALKYLIDENATION REACTIONS ..cuuieitettresssersrsessrsessssssessesssssssesssssssssssssssssessastosassssssssssssssssasssssasssssnssnaseesss 16
1.3.1 The Wittig and related r@ACLIONS .........covuereeveeiiiviniorseesisieeisiuteeissssissssoesesssssssssassnssssnnssssssssasses 16
1.3.2 TitQNIum-DASEA FEUAGENLS ccveeeeeeeeeeeeeaeeieierreiereirenssssnnssisusssassessrosssnsssintesstassessstsesessssssssansasassssssssssssnss 18
1.3.3 The Petasis Qlkylidenation................oeeeeeeeirerrrsroreiesssnenseescisistsniesetsemssmsesssasesssssssssstssssnssssssssssssans 21
1.3.4 The Takai alkylidenation and related reQctions ...........eeeeeeeeereiniiiniiiiinniiisnecesesiossssninseniasscsssn, 23
L.3.4. ] INEOQUCHION o ceeeeeeeieeirereeeieresnsseceessesnsesssesasesesssssossscasssssssnsesrossansssssssssssressssssssannnarasesssssssasssasansseassssoss 23
L.3.4. 2 M CANISITL ceauriinniireiiirreeecesessecassssessorsrsesnsssssesssssenssssnssesssresssssssseressonssonsssserarssssssnsralnessssssssstsnersesnessossnss 25
1.3.4.3 Related reactions - Chromium ChemISITY...ccuiieeeeisiiiinisniirenirssiinniessessisssssasensisssssisssaasssssassossassassanssess 31

1.3.5 The Takeda alhylidenQrion..............cuooeueecereveereeisieesisseseenseisessssnsssnestessssssssssessansssssssssnnassssassasnsanses 32
1.4 TIN CHEMISTRY evtvueeeeeeeeeeeesssmssnssssoossossasessssssssssserssssnssssnssnssssssssssssssssssansssassisssssssesssssssnarturessisessssss 36
L.4.1 BACKZIOUNU.........ooveeeverveirreeciianciseiossirosssiesenmisssssssasssssnssssasassesssnasssstsssansssinasnanssssttessssssanissnsisnsesones 36
1.4.2 Syntheses of trialkyl(dih@lometRYI)HINS ......cuveennvrinnmiiiniiiiiiniiiniiriien it 37
1.5 SOLID SUPPORT CHEMISTRY ...veervemtesecsseesesssnssessssesssessstssssrsssassssstosssssosssssssssansasssssssssastansesssasstsssseestaranses 39
L.5.1 BACKGIOUNG. c...oueeennieeanteseeieeresreesnsesiesieestessssseesasssensssessasssessshsssianesnsssasststssscatessusssnsnasanssonnsanss 39
1.5.2 Linkers/Cleavage MELROUS.........uuveuuevreevriiereenreeriiisesmssnstiesssissiessntsssssinsirssiisssssaisssssesssesisnssinstioass 40
L.5.2. ] TtT O UCTION 1 uveereeeensesrererenssnsesssssssssonsssssssssessssssssossesssesssssnssasssssssnsessssstssssssntessssssssssnsssnsssssssssssnnsssrerasssss 40
1.8.2.2 ACT-Labil e TINKTS o oevnoieneeeeeeeeiiseeeserecessuessansesssssssrosssssassseasasrastasssnssassssasasssssssssssanssssnstonratassanssserssasanes 4]
1.5.2.3 PhHOLOIADIIE JINKEIS .oeeeerereececressssrneeeseoseessessssorssanesesessassasasassstssssssssessassesssstssssssssssssssssesisressssssansonsaseesses 42
1.5.2.4 Safety-CatCh LINKETS ...civiiiiiiiiiieiniinieiierennieineiiiineiioimseesssisssisisessmmasssssistssisnaismniississsonsisissnssosennse 43
1.5.2.5 TrACCIESS TN TS o.uvveeerrerenssssrssssressssssssssssssssassenssssssenssssssssssnessssensssssnssssssssonnststsstsseresssseiseassstosssiossasansoss 44
1.5.2.6 CYClAtiVE CIRAVAZE «ccvviiiiriniieiieeintnimrircreccisatinnneecteesaessnnsssasssssacssssessatessnsssstsssasesantossnssenssusesasesens 45

1.5.3 Organic reactions 0n SOUd-PRASE...............covveeemurenrereriessicesssuinessisssssiesisesasaissisiisississsissnissses 46
LS. 3. L I OTUCTION veueerereescerasoscnssarsesosssassessesssasssssnsersensensesssnsssasssosssesisssssis sssssrssssssssrsssesssossessrsasssossassensarsseeses 46
1.5.3.2 AlKylidenation [EACHIONS ..cccveeeeireeirssnssssssosenssssnssessesssssssasssnssssasasssansassnssssssssssssessnreassasssssnsssansssssssssosens 46
1.5.3.3 BeNzOotUran SyNtheSiS. e iecineiecrerereiessensssnnniisnnesissrinssssissiesisssnsessisnsssssssneasassassssssassssnassssassesessissasesesass 48

1.5.4 Reaction Monitoring/Product CRAracCteriSAtION...............ovovvvierirsraninissssesssssnsassssnssssssassinassintassses 48
1.5.4.1 COlOUTIMELIIC ANALYSIS cevvuuriiiiiriieriieieeieeerrereureesrsrmesssmssissssssesssssstestassststosssssstostenssnasessssryasistssssassssesessses 48
1.5.4.2 INITa ReU SPClIOSCO Y ceeveiririirereereerisssisneesersnnessessssssastssesssnsseassesssnsssssassssrastasssssssnssssentustsissssstsssesaces 48
1.5.4.3 Nuclear Magnetic ReSONance SPECIOSCOPY ciccieeerirestsisrsnmsisuniisseecssnisssnosssnsosssisssansssssssssssnssssnenancesnne 49
1.5.4.4 USC Of KANS reeieeriereiiiiiieierentrensesesescosesssossernsssessassssssansssssasessssasanseissssassiotsesessssssuisessanesssststinsssnesees 49
CHAPTER 2 - ROUTE A..urnrriinvenrecreeeecscsnesscssssess ressesesssressaserasassstseresessnssrsseses resseessessstnssrssseses cecsssessssess 30
TIN-CONTAINING ALKYLIDENES - BENZOFURANS....ccccee0ee. resscssssncsseesees resessassssssessennsenes vesssseasesces N
D 1 INTRODUGCTION euiiereetiiirreenmrueereeesassssseesessssssssesessssssssessessossssesssssssesnsasssssssianssorsrsrsasssssitsrissssstattsssnioecseess 50
2 2 SYNTHESIS OF BUSSNCHI ottt cetrvtaeecssaner s csasniesssssntss ssssnssnssssnssasasnansosssntiasessnnannens 52
Y 3 ALKYLIDENATION REACTIONS ....ovvuvutiereererieeennsiseorerssesssssssssssssesssssssasssssssssstsssstssantocsssstssssitnoniaaseaciiees, 54
2.3.1 St1andard QIKNIIAERALIONS ..........eeeneeeieeicireeeenrvieissnseiisssnnieessssssssssssssssstsssinasisstisssintaiessssnssssinessnies 54
2.3.2 Alkylidenation t0 give [FalkOXyVINYISIANNANES.......uvevveericeiisiisirisnstssnsstistsstiissstisninstiisniee. 35
2.4 BURSNCHIMGE L....ooeiiceeieeeteececcresaescssreaesssbnseses s rassasssans esssanngassEsRaaTasismtEie st reanntni s stutsttsnebtstns 60
Y § SYNTHESIS OF GU STANDARDS ....cciiiicieiiieeecieresevereeesestsssonsesssssssrssssassstsssssssssssssassssestentsnisstssaiitssissssssses 64
CHAPTER 3 - ROUTE Buuuceeniiiiinieccnccsccsnssssessnssssssasestessossestssssssssessecssssssssssssssessesssssststsstssssssssatssteestesses veses OO

BENZOFURAN SYNTHESIS - SOLUTION PHASE oo ssessesonossssssssssassssssssasasasassonssssasasssasssssnssssasasaess 00

Vii



B ] INTRODUCTION oot eeeees e s amsnss0ssssssssssssesssssssesessssesessssssssssssssssssssensesssnsesssnssosentosessessssesssasassnsonnsenne 66

3.2 SYNTHESIS OF THIOACETALS vo..evvvecetrsorssssossssssassesassssssssssssssssssssssssssressasssssscassassesssssssssssssssssasesnsassssssnsons 68
3.3 ALKYLIDENATION/SYNTHESIS OF BENZOFURAN ......otttmeerieereienseessessransessesssssssssssorsssssssestssssesasssssssssasennse 74
3.4 INTRAMOLECULAR REACTIONS 1ueeeeveureetetssrscssossssssocesrsssssosssssesssssssssstssssesesresssssesssssssnssasntssssssssssssesssssannss 77
CHAPTER 4 ROUTE B.......cccceueeeneee. ceesesesesseattasstsestensteseseseeresessstsrsessssssssasestrraestassessesasetesestosesssrearsessensrerrets .73
BENZOFURAN SYNTHESIS = SOLID PHASE .....ccoeeeecccscrereccsssssescssessassonsosassssasss vecssessssesssnessressnssssesens 78
A.1 INTRODUGCTION ooreeeeereeeeseesssensssessesensssssssssssssssssssssnsessssssssssssassssssssonsssesssessnssnsstsstssssssssssessssasssssssssossnssonse 78
4.2 SYNTHESIS OF RESIN-BOUND ESTERS ..cceucteeettueresssreosssssessossssensssssssasssssssssnsessosssnssssssssssssrassssssssssssersssasars 80
4.3 ALKYLIDENATION REACTIONS .cetruecererecsessssesssscsssssosssssosssosessssssssssosssssssssssssssonssssssssssssssnssssassssssssssssssssses 83
4.3.1 SPS Alkylidenation ReACHIONS.............ceeeecorecioeiniineecninecsisressieeeseessssssssesassscssssssensassssasssssnes 83
B.3.2 TRIOACCIALS woeaeeeeeeeeeeeeeeeerevessesssssssassssasnsssesessssssnnnssssssssemmsssssssssssssssssnssssnesssesenssssernnsssasanmessssonsssssnnsss 84

4. 3.3 ProQUuct DetermMINQIION ......veuveerreeereessssseessssssssssssssssssssssessesssosssssssnsssssossssssnssssersanensssrasssssssesassssssses 87
4.4 CLEAVAGE OF RESIN-BOUND ENOL ETHERS. 1.utvucttuereresssssessersssescsessssronsesessosisessssssssssssssssssssssrossnssssasssnse 88
4.4.1 CleQvage 10 KEIONES........uuvireievirerneiiniiisisiaiiosissessssisossisssssiessssssssssssssissssssssesssassnasssssstssassssssssnssens 88
4.4.1.1 Wang Cleavage t0 KCIOMNES ccuuiiireeimrrrnnirereiisissesssesessrsiemessiesissssssssssississsssssssesersrassssssssissssssssssssssssanssanses 88
4.4.1.2 Merrificld Cleavage 10 KCIONES cuivvuciiiieiieriiniierenieiisssssssssssssenissssssssssssmsesssssessanerssssessasseoseesssssssssssssrasssass 89

Q.4 1.3 ROSUILS . ciiiiueernrrecresoessrnsencassasssssssssssssssssessssssssssssssesesssssesosesssossstssesssnsssassnssssssenssttssnssssssssssessssnssvssasessses 90
A.4.1.8 FAICA REACTIIONS wuiureniirereorencesseresesecesssscsasosssssssssessssasssssancosssesssssssssssesssasassnsssnsnbisssssssosssrrsssssssanssnarsssss 03
4.4.1.5 Conversion Of Ketones tO BENZOSUTANS ...vvuiiiveeiierireiiersccesssssssssessressssssssssssssssssassssenssssssssssassssassssssssnasans o7

4.4.2 Cleavage 10 DENZOFUTANS ....ueeuecrrverrrererereerieceresseseesecsssissssseesssssssssssnssnssessssssssssssssissssssnsansasassaassss 98
B.4.2.1 RESUIS cevvreerireeeseecrosesssersrsssesesssnsssssssssssssssssssssssssensassrssessssssssessossssssssssssessasssanssesssesssesssssssssssssssssssrsssssnss 08
4.4.2.2 Purification - removal AMMONIUIN SAIE ......ccuovveriinrrorsrssssesserssssrnessessssrassassssnssssossssessssnsssssssssasersessassssne 101

4.5 MECHANISTIC WORK .eceeieeireterteceennniseeesisesssssessssssssssesssssssesssssssssssssssnesssesssrasrasessssnssnssssrasnssessssassssssnns 102
4.5.1 Mechanism 1 - Deprotection then cleavage to ketone followed by cyclisation to benzofuran..... 103
4.5.2 Mechanism 2 - Cyclative cleavage to benzofuran involving internal nucleophile....................... 104
Mechanism 3 - Cyclative cleavage to benzofuran involving internal nucleophile (adaptation,........... 105
4.6 SUMMARY & FUTURE WORK ...ouvtiiiiiietiretieeesieneeesssessasessssssseessesstesessessssesssssessssssessssssssesssssaseesssssssesses 106
G.6.1 PrOtEClING TOUP.......uuuueeerenieeererereeeisesssessessessessssassssssssasssssssssstsssesssesssssssssssssssvassnasnsrnsassesesarsassss 107
4.6.1.1 TPS ProteCUNZ GIOUP cccvviirirerriircrneiererarscssssnesssresssaresssssessssassassssssssssssssssssssesssnassssasssssanssstasassassassnsssss 107
4.6.1.2 TMS PrOtECUNZ GIOUP...uveeerrrriesrrreiisisirssssresssarsssssnsosssseessrssessssessnsssssssssssassessssssssssossssssesssansassanssatssos 108

G.0.2 BIOMUNE WOTK c..oooevrveneeciiirrenersessrsnnsseessnssnssessssssssssssssassssesssnsensessossssssssssasssassssssasssssessnssnsssostssssnses 109
G.6.3 OLRET REIETOCYCIES ..ncveveeeeeieereiiieeirieeersieesseseeessssssessessessssssssssssssassassssasaesssssesssssesssssssssssssosssssasnsen 110
CHAPTER 5 « EXPERIMENTAL .covvivettecccsssrcscssssnssacessossessssasssessasesssesssssssssssssassssssasses vessessasessse vescessenssasee 111
(GENERAL .eeveeeereunieeerecenenetsiasseressessssesssosssssasenssssssssssssssnsessssssssssssssssssossorssssssssssssasssstrassassissossssssssisssrssansssents 111
GENERAL PROCEDURES ......otttttiettierereeesensesersesessssnstessnsaesesssssssssomssssosssesssessnsssesssstsssssssssessntsssssssssasssssssanens 113
General method (1) - Moditied Takai alkylidenation ........ceveieveireirernmneniriseininismereissmimeeieeemissisnse 113
General method (2) = ThIOACELAL FOTTNALION c..vvureerrrerrereccesecssssssssesssssessesssssssessssesssnsesssssssssssassssasssssssessessosansans 114
General method (3) - TBIDMS PrOtCCHOM.cccuveuuritiieeeereresesieseensrersessssssesscssssssssrassaresnssstsssssssassssssesssssansasssanassass 114
General method (4) - Modified Takeda alkylidenation - SOIUtION-PRASE ....covvvvrvirierrenrvensnnesssssnisiissnnsesssserneass 115
TRIBUTYL(DIIODOMETHYL)TIN L7 ettt tteitneesncssssersenseseessssssssassesnsessasssasasere teenesseesesssessanseranns 116
TRIMETHYL(DIODOMETHYL)TIN L2 L. iiitiiiiittiiitiiiieiesniossiersesssseresscssensessnssssansiesssesessssasasssssssssssssssnsananes 118
TRIMETHYL(DIODOMETHYL)TIN L2l eeeeieieieiitiiitititieieenceteesesesssssessssnsasessansssssasssnsassrsssorsssssassansassntases 118
]-ETHOXY-1-PHENYLETHENE 146 ............. Cerereeens Lersuessssetsorsntsaesantensrenseststasanastrearariessasisttsrasassssaseesers verrenons 119
2-METHOXY=4-PHENYL-BUT=L1-ENE 148 ....ooeticiirtieeciierereeiencresrsnessessssssesssssossissssssassssssssosssssssnsssessasansosssnas 120
TRIBUTYLMETHYL TIN L0 o aaitiiiiiiitiiiitieeieeeerasermenssesssosrassssssesassssonssessnssssssssssssssossasbssssssssensrsssasnsssssssssssas 122
TRIBUTYLIODOMETHYL)TIN 153, e ieiiiiricceenrneccsrrensssesssessesssssssssssssossssssssasesssnsassssssssassostonsossassssrassssses 123
IMEEROA Loeeeiieiiiirtreericenieeereerasrsresensosssesseessssrsasssssssssossssssnssonsstosssssssorssssrsessrsssssiessassssssssasesstansonsnosssasasssssasss 123
IMELHOMA 2. eeririiiirniiiittoieeeeerienecasessssnesssssrrsssssnsssssssssessessessssnesssssessarssansssssssessserarsssnssssstsniostssssannasassansenrasses 123
Method 3 - MagneSium De-100IMAtI0MN oueuviuiiieeieeeraresssesssssssssssssstsnsessssesasrossassssssssssnsassssssssresssssasssssnessessanassanas 123
TRIBUTYL(IODODEUTEROMETHYL)TIN L1601 ...ceiiiriiiiiiiieieiiineriisesaresersnsnroesneensesssstrsenssesstssensasssnsnsansssannsanss 125
TRIBUTYLSTANNYLMETHANOL 103 ....ooeieiiiiiiieiieceeseieeesssiessnsessssnmnnssssssssssssrsssanessansasssssstsssennsssstasniene, 126
TRIBUTYL(CHLOROMETHYL)TIN L6 ... ooeieeeiiieeiieieiriaretarensseesesesssesiosanssansiaesnssasssnsssanasatsstsstransesences 127
2-HYDROXYBENZALDEHYDE DIPHENYLDITHIOACETAL 168 ..oueeeiiienericicannieerenireesantssssssentonsessstostocansene 128
IMICLROM L.ieietiienieneersenersorecestresesssssasinsnsrssosssrossnssssansansassssssssnissosseossesssssassssessssssssasnsssssnsassssnssesasstonsissestsasesisnees 128
IMEUROM 2. cniiiiiiientreeesernctrnsserssesecsossssstosssassssssssenessnssssssessssssorsessssnasessssstsnssssasssssssssrtesstessssssastseststessssesssscases 128
2-ACETOXYBENZALDEHYDE L89 ...onitiitiiieiiiiiiiesisicessrsessrssssorsestessossrssssisssssasssassssessttstassanssstrsnsssasarasasones 130
2-TERT-BUTYLDIMETHYLSILYLOXYBENZALDEHYDE DIPHENYLDITHIOACETAL 170....ciiiiiiiiciaiinnannnene. 132
2-TRIPHENYLSILYLOXYBENZALDEHYDE DIPHENYLDITHIOACETAL [71] cueerreeiiiinccceirieniinninnnenins 133
2-METHOXYMETHYLBENZALDEHYDE DIPHENYLDITHIOACETAL 172 coveriieietiarcenesierieessnmnesinnesnsscsennss 135
2.5-DIHYDROXYBENZALDEHYDE DIPHENYLDITHIOACETAL 173 cceeeeiiiiiiiiinniiiiiiiineinniininnencicneieionnees 137
2.5-DITERT-BUTYLDIMETHYLSILYLOXYBENZALDEHYDE DIPHENYLDITHIOACETAL 174 ...cuevvvernnnnneee. 138
5-BROMO-2-HYDROXYBENZALDEHYDE DIPHENYLDITHIOACETAL 175 ceettiiiiereeinrnnccsinneeennceenanas 139
5-BROMO2-TERT-BUTYLDIMETHYLSILYLOXYBENZALDEHYDE DIPHENYLDITHIOACETAL 176.................... 141
S-CHLORO-2-HYDROXYBENZALDEHYDE DIPHENYLDITHIOACETAL 177 oo oeetcieeriivencsernnnssnessessiecnnens 143



-.-'f-.

5-CHLOROQ-2-TERT-BUTYLDIMETHYLSILYLOXYBENZALDEHYDE DIPHENYLDITHIOACETAL 178 oo 145

4-NITROBENZALDEHYDE DIPHENYLDITHIOACETAL 170 .. ieitiretieeeereenereessessssssessessesssssssssnnssssssnsssnnmnnsnnns 146
4-DIETHYLAMINO-2-HYDROXYBENZALDEHYDE DIPHENYLDITHIOACETAL 180 «.eeeetiiteieeeeeermmsseessnsssnnns 148
4-DIETHYLAMINO-2-TERT-BUTYLDIMETHYLSILYLOXY BENZALDEHYDE DIPHENYLDITHIOACETAL 181
................................................................................................................................................... vessssnsescenses 149
I-ETHOXY-1,2-DIPHENYLETHENE L83 ..o ttetiteiireiiericirsersssssessssosssssssssasssssssassesssensssonssnsessssssssssssesssassssssones 151
1-ETHOXY-1-PHENYL-2-(2’-METHOXYMETHYLOXYPHENYL)ETHENE 184 ....iiovierirertrrreenercieeereneesnesseesresees 153
BENZYL 6,6-BIS(PHENYLTHIO)HEPTANOATE 187 ... eeeeieecicerreeemversssissssseressseessssssesssssssnsssessessssssssessone .155
SIEP ONC ...ueirieeeiireceeeriereeneesersentesstessaserrossnerstesteessstoressssesssssrsssnnreessssissssssssessssssssesssessssssssssssssssssssssssassssssssonses 155
SEED LWO cieertnnrierenieitirarsecesessssesessensessssssnesossssnsssrosssansnsssssssssssssnssssessssssssstessonesssssstvnssssssssastsssssnssasssssassssssnsssnass 156
BENZYL 7,7-BIS(PHENYLTHIO)OCTANOATE 180 ... tiiriiiiierriiiereereertesineienninssiessssesnssesessessssasassesasssnes 157
SLED ONE cuueeeeeieiiciieiiecintneeessnenecessasnecssrasarassssnssesssnssesssssnsasesssnsssssssssasessssssssssstensressssaessssstanssssansessansreserassssase 157
STEP EWO veeeeeerriirerieeecreirecesrorsressersrressanansssssssssssssrssrsstsssnsressansessssssesssssssesssssssssssssenessssssnsssnssssasnsesssssbosssstsansnssss 158
SPS CHEMISTRY (GENERAL.....iictiirttiermscrecesscerssosrssssssssssesssssssesssnsssssssessssssssssssssssnssstsssssssssesssssssossasennassesss 159
GENERAL PROCEDURES = SPS CHEMISTRY .ucvveeurcvtrectresssssescssssesssssssssssssssssssssssssssssssassessssssosssssonsesssssassessans 160
General method (5) - Formation Of €Sters - Wang FESIN.......cvvvvvvvveenveceeerrreeeensrennsssssressossssssssnssssssssssssssssassssase 160
General Method (6) - CeSIUM SAIt fOTMIALION.....ccitrrieecrcrecerersesssssssesssmesssssosssssssressssssssssssssrassssssssssssssssossssssasss 161
General method (7) - Formation Of eSters = MerTIIeld TESIM .t iiecieeriecrersssrsscescssssssscarssssssssssscssersrsrnssnssnsssvess 161
General method (8) - Moditied Takeda alkylidenation - SOLA-PRASE ..ccccvvevreriirmrrrreccerisnnnnirsnrenssssnsnsssesssesanes 162
WANG RESIN ...iiiiiieieiieiiirrecireerecresesrssessersssseossesssssessssssssseranssssssssnssssssesesssssssssnnssssssssssnssssssssssssssssansssssssssen 163
MERRIFIELD RESIN occeiiriiiieeeeteetietsieensssisesnsessesssssssssssssassnsssssssssesassssesnssssssnsssssssenssossssasssssssnsessssssasssssranse 163
CESTUM SALTS tiitttecreererereanraneresssassessssessssssossssssessssssssassassssassssnsnnsssnsssssssessssssssnsssnsssssssssssnmessssssssssssssssssessens 163
WANG-BOUND ACETIC ACID LO1A ..ottt itneeeteteeeetneesemsssessssesesssssosssssesssssssnsssssssnssssessssnsssssasssonss 164
WANG-BOUND BENZOIC ACID JO1B ettt iietteeeeeeeetsesesesnseessssssnssssesassnsassssssssssessssasssssssssssssssssnssans 165
WANG-BOUND PHENYLACETIC ACID 101 C aauiiiiiiiiiiiiieieeeeeeetieesaseessnssesssassssassssssesssessesessesssssssssssssssssessen 166
WANG-BOUND HYDROCINNAMIC ACID LOID ... iiviiiiitireneeeeeieneeessessnsssssmessssssesssssssssessesssssssssssossssessssssssssnss 167
MERRIFIELD-BOUND HYDROCINNAMIC ACID L192A ....oooveereeieeeteeeeeeeeneensesssesssnesssssssessassassssssentessssssessssnsanns 168
MERRIFIELD-BOUND 2-FUROIC ACID 192B ....cc.oooneiieieeeeeeeeeeeeeeeeeeevessesssessseesssessssssessasssesnsssssesssesessanessons 168
MERRIFIELD-BOUND PICOLINIC ACID 102C .. eieieeeeeeeeeeeeeeeeeseeeseesasesssesssaeseesssaesseasnssssasessessssersrones 169
MERRIFIELD-BOUND 2-THIOPHENACETIC ACID 102D ....uvieieveerioeeeseessessesseseessssesssssossessssesesssessressessessonss 170
1-WANG-OXY-[-METHYL-2-[2’-(TERT-BUTYLDIMETHYLSILYLOXY)PHENYL]PROPENE 194A......c0c0veemrmnes 171
1-WANG-0OXY-1-PHENYL-2-[2’-(TERT-BUTYLDIMETHYLSILYLOXY)PHENYL]ETHENE 194B.......cceruvrvennee 172
1-WANG-0XY-1-BENZYL-2-[2’-(TERT-BUTYLDIMETHYLSILYLOXY)PHENYL]ETHENE 194C .....cc0veveecrmccess 173

1-WANG-0XY-1-(2'-PHENYL)ETHANE-2-[2"*-(TERT-BUTYLDIMETHYLSILYLOXY)PHENYL]ETHENE 194D.. 174
1-WANG-0XY-1-(2’-PHENYL)ETHANE-2-[2"’~-(TERT-BUTYLDIMETHYLSILYLOXY)-

S”'CHLOROPHENYLJETHENE LO4E ........oviiioiiiiiieeiirreeeieereeesseestesessesessesssssssesssssssssesssssssasssssessssesstsssasssssesses 175
1-WANG-0XY-1-(2’-PHENYL)ETHANE-2-[2*,5" (DITERT-BUTYLDIMETHYLSILYLOXY)PHENYL]ETHENE 194F
................................................................................................................................................................... 176
1-MERRIFIELD-OXY-1-(2’-PHENYL)ETHANE-2-[2"’-(TERT-BUTYLDIMETHYLSILYLOXY)PHENYL]ETHENE
LOSA ettt ceesee e bee s sosans s see s s s st s e seesseseasonessssstessenesasaseessabbessersrnsaaeanrressesaseranes 177
1-MERRIFIELD-OXY-1-(2’-PHENYL)ETHANE-2-[ 2"’ «(TERT-BUTYLDIMETHYLSILYLOXY)-
S’ CHLOROPHENYL]ETHENE L195B ...ttt ccereeeeeseeessseesssssesasssssassesssssnssssssessssesesneessstessssessssnsassees 178
1-MERRIFIELD-OXY-1-(2’-FUROYL)ETHANE-2-[2"’-(TERT-BUTYLDIMETHYLSILYLOXY)PHENYL]ETHENE
LD 3 e rcererte et ettt s reeeas e s b sa e st e e ereneaes s s e nn e s e s e naessesanssnsesbbeaes bR R be e At asaesasesessstnssrebas 179
1-MERRIFIELD-OXY-1-(2’-THIOPHENEACETYL)ETHANE-2-[2"’-(TERT-
BUTYLDIMETHYLSILYLOXY)PHENYLJETHENE 105D ... iiitieeirieceteecirecenverensesssssessscssssssssessssnessovnnasnes 180
1-MERRIFIELD-OXY-1-(2’-PHENYL)ETHANE-2-{2’’-(TERT-BUTYLDIMETHYLSILYLOXY)-
4" (DIETHYLAMINO)PHENYL]JETHENE L195E ....uiniiiiiiueireeeieesssisseesesssseseerssessmessassassssssossssssssessnesissssssssnasns 181
GENERAL PROCEDURES = RESIN CLEAVAGE ........ececieeeiteesniessssiossssesssessseossessssasesasssassssssssssssssssssssssssssassssaes 182
General Mcthod (9) - Cleavage from resin giving Ketones (I) covveeeereeecerecsssssmssessssissesssssssassessosssssssasssasssassseens 182
General method (10) - Cleavage from resin giving Ketones (I1).....ovevveveeereriniiiisresenesesssssssmsssnesssssn, 182
General MEthOA (11) = Syl QOPTOtECION .. ueveeeesieeeeeeeieecceveesrsieseesassresssssssncasssssssssisssressssrssnsesstessasssssessoasans 183
General method (12) - Cleavage from resin giving benzofurans (I).....ceeieeisieesssrsseessissssmessinnisee. 183
General method (13) - Cleavage from resin givin g benzofurans (I1)....cveeernnnrnncsiisnsinneinsiessnscsnsecnnnne.. 184
1-(2°-TERT-BUTYLDIMETHYLSILYLOXYPHENYL)PROPANONE 196A ....cvitiiiemeciiecinnininresnsssissssionnnnnnne, 185
MELROU Lot ettt ctetsetsenesesnessnessessessennssssss sassassssssssssanssasssssssstessanssensesrssssssssssssasessssseseassssnans 185
MEEIROU 2.t cteee et e e e s e essseessasssssussssnssssaneases soesssssrnnssnanee b isssesesaanabtstastisesssersssnsns 185
2’-(2" ' TERT-BUTYLDIMETHYLSILYLOXYPHENYL)ACETOPHENONE 196B.......... tvessesssesaessisssbteanssaasenatnenns 186
3-PHENYL-1-(2’-TERT-BUTYLDIMETHYLSILYLOXYPHENYL) PROPANONE 196C .....corvvriicciiiiiinncinnnnnnnnen... 187
4-PHENYL-1-(2’-TERT-BUTYLDIMETHYLSILYLOXYPHENYL) BUTAN=2-ONE 196D .....cccovveriiiiriiinnennn. 188
MEEROA L...eeeerictrieccieetee e ieeerrrtreestaeeeesssssssesesssosssonssssansessasesessssessssassssessiessaessanasarestesstsssssatssssstsssssssensssasasans 188
MELROGA 2. ccreeereeretnereest s se s sarssnsessessssssssenssssratesnnssasssssssesnastest sOseeasesntreetestesssnssnssssssssstsentssansrsressnne 188
MELROW 3. eeeieieerirtieeirerenenres et cttureresertensessessrrresssssesssssrenssssesssnssasssnssssssttssanssnsessssssssstesssatssessessssesetsssensasnnns 188
1-(2’,5’DITERT-BUTYLDIMETHYLSILYLOXYPHENYL)-4-PHENYL- BUTAN-2-ONE 190E......cccccrerriunnnnannene. 190
~ 1-+(5°-CHLORO-2’-TERT-BUTYLDIMETHYLSILYLOXYPHENYL) 4-PHENYBUTAN-2-ONE 196F.......... 191
MELROA L..oiiiiiiiiiieniiietiioionesssesssansanssssssssessssssnssssnssssesssensesssssssrnrsnasnsssesssssassssssttsssstsntassssssssersssassssessssssessseaseass 191
MELROA 2. eeiieriieerecerrsnnaressreereseaeereresessssssssssesssssrasssssnssssesssssssnssanensssssstossesnsssssssseonssstsssaasnresssssronenssessossnnses 191

IX



1-(4’-DIETHYLAMINO-2’-TERT-BUTYLDIMETHYLSILYLOXYPHENYL) 4-PHENYLBUTAN-2-ONE 196G..193

1-(2’-FURYL)- 2-(2"'-TERT-
BUTYLDIMETHYLSILYLOXYPHENYL)ETHANONE L1O6H .....eeeniiiiiieeeeeceeeeeeeeeeeeceneeseesssssnens e 194
1-(2’-THIOPHENYL)- 3-(2"-TERT-
BUTYLDIMETHYLSILYLOXYPHENYL)PROPANONE 1901....ccuiiniiiiiiiiniiiniiiniininnrieeiinriniececseeeesesnnsessssessoon. 195
2-METHYLBENZO[B]JFURAN 198A ......eoiermrrrenerencnorensesssssisssstosisssessssenrsssessnssesnsssassesssssessesssossesssssnssenssmae 196
2-PHENYLBENZO[B]FURAN 198B = 23 .....cocoerereninniniiessesnesessssnsassissssssscsssaessssessssssessssasaesessosessensessensanes 197
METRO L.ceeeeeeeeeeteereeeeeeeeestessssnesessensrsessrsssnsesssessssesrassesassesssestsssasssesassrsnsssessesessossrssesessssesesssssssnennssssneses 197
SIEP Laeiiiieieiteieisseeeeesesssssessennsesesssnssseesssrossssstsssessssesssssssstsenesssssssssosssssisetessssssssrssnanenssassssrssssesessesssnnnnnsnns 197
SLED 2.uiieeeiereriiieieeeeiinreiorsesressssiessnntesersasssssatsssontsiissastessssssesesssaesessssetsssssatisssestssssastestatsssasessasarsesnsnsnnsasssnnnnns 198
MELROA 2.ueiieiiieeeeeiereeerieeeessereesnsrssssstsssssssnssssssssssrsnssesssessseressstensssssstssssessssssrasssssessnsssnssesssssssesnnessesensnsnnnsonnssne 198
2-BENZYLBENZO[B]JFURAN 198C ....ucuivierrrrerrsnsienennissesssssnsssseseesssssissensessssssesessasssssessasssssssessssssnsessannnensans 200
2-(2’-PHENYLETHYL)BENZO[BJFURAN 108D ......oieitietiieeeerenteseeeertneesnsesssssrssnessseessesssesssssassssssossnsessasssnne 201
MELROQ L .ooeeeeiiieeeieiiceeeiceeeireeerreneeeesrsrrresssrerserestssstssssnssssassesssenseesesresberssssstassonnsrassassssssssesnesssssssnsesssssssansensannss 201
METROA 2.t cccinrareteesaesesssssssansnsnessossssssssssnnnsssnnessesssssssssssntanssresesssssssseseassssrosessessssssssssonssanen 201
MELROM 3. coriieereccrerereerresereesreresessessssssssessisessesssessssssssssrsnsesssssstosssssrsssesssssssstsnsnnnsanssrossssnsesssnsessesnsnnsnnsnnnnss 201
MELROGA ... eeeriiiiereerrereeeesiiessseseeereemnresrsssosssesssrreesssssratsssesssesnsnsssessssssonssisssssessssssssessssssssassossasseenssssennennanssnn 201
2-(FURAN-2’-YL)BENZO[B]FURAN I08E......cccorterruerereerrrnrecsierresserecsseesssesssnesssessssesesssssssesesssacsssesssssossssnnanns 203
REFERENCES ......uitieieeeuieeeteerneeisssstesssssissssaasssesasssasensassssasassssssssssssessesosssssssssssmesesssessostsesensasssesemsensesssnnnns 204
APPENDIX.....cccnveeeceereacsoncsseseene cacesssressesscesssasssssassssersssassas saosssssssssnanse sassssensessesssssanses sasssssssasssssessessassssssasees 213
CRYSTAL STRUCTURES OF SELECTED THIOACETALS .....cccenseeeessnecseasssensoscsssssonsossons . £



Ac

aq.

brd

bs

°C

CI

cm

DABCO

DCC

DCM

DEPT

DIC

DMAP

DMF

El

€q
DEAD

FAB

Abbreviations

angstrom
acetyl

aqueous

boiling point

broad doublet (NMR spectroscopy)

broad singlet (NMR spectroscopy)

degrees centigrade
cyclopentadienyl ligand

chemical 1onisation

centimetre

doublet (NMR spectroscopy)
1,4-di1azabicyclof2.2.2.]octane
1,3-dicyclohexylcarbodiimide
dichloromethane

distorsionless enhancement
through polarisation transfer

1,3-diisopropylcarbodiimide
4-dimethylaminopyridine
N,N-dimethylformamide
electron impact

equivalent
Diethyl azodicarboxylate

fast atom bombardment

hour(s)
infrared

HWE

LDA

MHz

MOM

min(s)

m.p.

ms

N-IS

NMR

PPA

r.t.

SPS

TBAF

TBDMS

TFA

THEF

TMEDA

T™G

™S
TPS

Horner/Wadsworth/Emmons
lithium dusoproylamine
multiplet (NMR spectroscopy)
molarity

megaHertz

methoxymethyl

minute(s)

melting point

molecular sieves
N-10dosuccinimide

nuclear magnetic resonance
polyphosphoric acid

quartet (NMR spectroscopy)
room temperature

solid phase synthesis

triplet (NMR spectroscopy)

tetrabutylammonium fluoride
tert-butyldimethylsilyl
trifluoroacetic acid

tetrahydrofuran

N,N,N’,N'-
tetramethylethylenediamine

N,N,N’,N’-
tetramethylguanidine
trimethylsilyl
triphenyl silyl

X)



Chapter 1 Introduction

1.1 Background

At the beginning of this project I wished to -

 produce a novel route to functionalised benzo[b]turans, the route should be general,

simple and have the possibility of building up functionality round the rng.

e use titanium-based alkylidenation chemistry as part of the route. Our group has
experience using this type of chemistry "2 and so we are aware of the power of this

class of reactions. The formation of novel titanium-alkylidene reagents would be a

major part of the route to benzofurans and would exploit this type of chemistry in a

new way.

e develop a route that could be adapted to form other heterocycles.

As the project moved on I also wished to -

e show how the route was amenable to conversion to solid phase synthesis (SPS). Both
the pharmaceutical and agrochemical industries are keen to develop routes where a
large number of functionalised compounds, particularly heterocyclic compounds, can

be synthesised quickly and easily and our route should fulfil this requirement.

With these aims in mind the two routes shown below were attempted. Both routes involved
the synthesis of 2-substituted benzofurans 1 via the enol ether intermediates 2, which are

formed using titanium-based alkylidenation reactions. The second route is amenable to

conversion from solution to solid phase (Scheme 1).



Route A Route B
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Scheme 1

Route A extends the methodology of Takai.’ It was proposed that the novel tin-containing
alkylidene reagent 4 could be reacted with a range of esters S to give a series of alkenyltins

3. A subsequent cross-coupling/acid induced cyclisation strate:gy’4 would give the desired

benzofurans 1.

Route B is based on the work of Takeda’ and employs the novel titanium reagent 6.
Alkylidenation of esters and subsequent cyclisation of the enol ethers 2 would yield the

benzofuran products 1. Route B could also be carried out on solid phase using resin-bound

esters 7.



This introduction is divided into 4 main sections —

* alook at the range of biologically activity of benzo[b]furans, as well as a discussion of

literature syntheses of these compounds

e areview of alkylidenation reactions - focusing mainly on titanium-based chemistry

e adiscussion of the relevant tin chemistry

e abackground to solid supported chemistry



1.2 Benzofurans

This section looks at the range of activity of benzo[b]furans (hereafter referred to as

benzofurans) 1 (Figure 1) and a number of approaches to their synthesis.

R°—- O R’
L /)
2
’ R
Figure 1

1.2.1 Activity

The benzofuran nucleus is a common one in natural products and its substituted derivatives

have a wide range of biological activities.
1.2.1.1 Pharmacological

Certain benzofurans have been shown to be active within the brain. BPAP 8 (Figure 2)
selectively enhances the release of catecholamine and serotonin in the brains of rats.’
Benzofuran-2-carboxamide 9 has related activity, acting as a 5-HTxc serotonin receptor

antagonist (Figure 2).
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Other benzofurans have shown potential as anti-Alzheimer’s drugs. Alzheimer’s disease is
thought to be related to the deposition of B-amyloid peptide in the brain and SKF-74652 10
(Figure 3) inhibits the fibril formation of this particular peptide.®

SKF-74652

Figure 3

Other medical conditions have been treated with benzofurans. For example aldehyde 11
has been used to treat coronary heart disease,” while machicendiol 12 shows cytostatic
activity against human leukaemia HL60 cells and is part of a plant extract that has been
used in the treatment of asthma, rheumatism and ulcers.” GR 117289 13 acts as an
angiotensin II receptor antagonist and therefore has potential as a treatment for

hypertension and congestive heart failure (Figure 4)."’

Figure 4
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1.2.1.2 Antibacterial

A number of substituted benzofurans act as antibiotics e.g. 2-arylbenzofuran 14 shows high
activity against Strophylococci, Pyocyaneae and E. Coli bacterium,'” while 2-
arylbenzofuran 15 shows bacterial and bacteriostatic activity against Staphylococcus

aureus (Figure 5)."

1.2.1.3 Pesticides

Benzofurans have also been used as pesticides - e.g. benzofuran 16 is active against the

sweet potato weevil Cylas formicarius elgantus (a destructive pest of the sweet potato
plant),..l3 while Euparin 17 acts as a growth inhibitor against the larvae of Tenebrio molitor

— a yellow mealworm (Figure 6)."

MeO o O HO O
N—N
M O
17

16
Euparin

Figure 6
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1.2.1.4 Other Activity

Benzofurans have also found use in industry - e.g. carboxylic acid 18 has been used as a

brightening agent in textiles, wool, paper and nylon (Figure 7).!2

HOQC O
/

18

Figure 7



1.2.2 Synthesis

This section looks at some of the important syntheses of benzofurans involving both
solution and solid phase chemistry. In the examples given particular attention is paid to

those involving 2-substituted benzofurans.

1.2.2.1 Solution phase syntheses

Benzofuran 19 itself was first synthesised by Perkin who formed it via a coumarin ring

contraction reaction (Scheme 2).12

Br
—————— ———— i
.CO,
O O O O O

O A O
19

Scheme 2

The classic Fisher indole synthesis has been extended to encompass the synthesis of

benzofurans, as shown here by Mooradian.” In his synthesis, benzofuran 21 was formed
from its corresponding nitro-substituted oxime 20 (Scheme 3). A limitation in this reaction
is that an electron-withdrawing group must be present ortho or para to the oxygen on the

oxime so as to prevent formation of unwanted oxime products.”
N
2 HCI/EL,O, A O
o) N - 4
A O.N .
\]/ 01 90 %
20

Scheme 3



A common way of synthesising substituted benzofurans is via the reaction of a phenol with

an alkyne.

Kundu and co-workers developed such a procedure for their synthesis of benzofuran

denvatives such as 22 (Scheme 4).10

| Pd(Ph3P)20|2 (2-3.5 mOI%) O
@ HC=CCHOH —4—meorou8 — / CH,OH
OH Cul (3-5 mol%), Et;N, DMF
60 °C, 16 h 22 oo
Scheme 4

Arcadi and co-workers'’ used a similar approach in their synthesis of 2-

phenylbenzo[b]furan 23. As above, Sonogashira coupling conditions gave the product as a

single regioisomer (Scheme 5).
| Cul, EtzN, DMF

Scheme 5

The cyclodehydration of aryloxyaldehydes or ketones is a popular method of benzofuran
synthesis. The most common dehydrating agents used for this purpose are polyphosphoric
acid (PPA) and sulfuric acid. Kato and Miyaura employed this method in their synthesis of
2-phenylbenzo[b]}turan 231 2-(2’-Methoxymethyl)phenylacetophenone 24 was treated

with HCI in methanol in the presence of trimethylorthoformate. Subsequent treatment with

PPA in toluene at 100 °C yielded the desired product (Scheme 6).
OMOM

Ph 1) HCIEt,0, HC(OMe);, MeOH O
O 2) PPA, PhMe, 100 °C
24 23

Scheme 6



More recently, Kraus and co-workers synthesised 2-arylbenzofurans such as 25 via the
base-mediated cyclisation of ortho-substituted benzaldehydes.”” By using a non-ionic
phosphorus ‘superbase’, benzaldehydes containing methoxy-substituents could be

eftectively cyclised (Scheme 7).

OMe
O P4-tBu, pivalonitrile

H  OMe 12 h, 90 °C
O 25

P4-Bu = Bu=P[N=P(NMe,)a];

Scheme 7

Grubbs and co-workers showed that ring closing metathesis can be used as part of an
approach to substituted benzofurans.”’ Alkylidenation of ester 26 using Takai’s procedure
(see section 1.3.4 of this chapter) followed by ring closing metathesis catalysed by

molybdenum complex 27 gave phytoalexin 28 in 59 % overall yield from the ester
(Scheme 8).

CH4CHBt,, TiCl,, A
Zn, TMEDA, PbCl, (cat) O 0\@ f

72 % O I

) 27 85 %
ii) deprotect 96 %

RO OR
R = CMe(CF3),
27

Scheme 8
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Substituted benzofurans have also been synthesised via rearrangement reactions. This is
exemplified by Kinoshita’s synthesis of 2-arylbenzofuran®' 32. Treatment of 29 with acid

formed a cation 30 which spontaneously contracted to give the benzofuran 32 via the

dihydrobenzofuran intermediate 31 (Scheme 9).

O.__OH Meo\O/\OQfOH
4 Ar @ Ar
H+‘/
29 30

MeO O MeO O
\E:[/}_ Ar (CHO
; ) Ar

78 % HCHO H
32 31

MeO

Scheme 9
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2-Aryl benzofurans have been synthesised via the reduction and dehydration of 2-
arylbenzofuranones. Donnelly and co-workers used this approach in their synthesis of the

naturally occurring nor-neolignan 33, which 1s effective against diarthoea and mild fevers
(Scheme 10).%

O-Allyl
X X Ar
O

Pd(OAC)z, PPhG,

HCOOQOH, NEt;
THF, rt, 3 days

o i) NaBH,, EtOH, rt, 15 h

i) 10% aq HCI, reflux, 5 h O
/ Ar -=———ouo Ar
AN AN
33 O
MeO OMe
Ar =
OMe
Scheme 10
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1.2.2.2 Solid Phase Synthesis

As 1n many other areas of synthetic organic chemistry, many recent syntheses of
benzofurans have been carried out using solid phase synthesis (SPS). In their syntheses of
benzofurans, Fancelli and co-workers used an approach similar to that of Kundu and
Arcadi described previously. An arylcarboxylic acid containing an iodo-functionality 34
was coupled to TentaGel " hydroxy resin. Palladium chemistry was employed as before to

attach an alkyne and form the resin-bound benzofuran 35, which was cleaved under basic

conditions to give the carboxylic acid 36. (Scheme 11).*

OH
0 |
OAc
34
resin, THF
DEAD, PPh;
@
& | 6 % NH, 4 |
OAc 16 hr.t. OH

HC=CPh | Pd(PPhy),Cl5

Cul, TMG
DMF, 50 °C,
16 h
OH O\o
NaOH
O b~ aq.
| N—ph O N\ ph
=0 i-PrOH ®
35
% 71%
Scheme 11
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Zhang and Maryanoff have also adopted palladium chemistry in their SPS benzofuran
synthesis. They adapted a palladium-mediated, intramolecular Heck-type reaction to the

solid phase and used it to form amide-functionalised benzofurans (e.g. 37, Scheme 12).**

O
O/\”)I\/\/Bf

H
o N (D
CI: : N Rink amide resin CI: : .|//g
Cl O

Cl OH (i-Pr),NEt
) BuyNCI, Et3N,
(PPh3),PdCl,,
i) TFA, CH,Cl,
CONH,
Cl
A\
Cl O
37 819
Scheme 12

Benzofurans have also been formed using polymer-supported reagents. Scheme 13 shows

the approach used by Ley and co-workers.” Polymer-supported pyridinium bromide
perbromide (PSPBP) 38 was used to brominate acetophenones to c-bromoacetophenones.

Bromine-phenol  substitution  was  achieved  using  immobilised  1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD-P) 39 and the final cyclodehydration step was

achieved using Amberlyst 15 40 giving benzofuran 41.
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O O
[ X Br
Z PhMe 60 %
RoNies
B R 3
OMe NJ\N
Q =
acetone, A
O
)L
OMe
76 %
(J-sost
40
O
/
MeO
41 Ph
89 %
Scheme 13

The use of SPS has become increasingly important in heterocycle synthesis and new
approaches are always required. ‘Traceless’ synthesis — where no sign of resin-attachment
is evident in the final product (such as the carboxyl and amide functionalities seen in the

products of Scheme 11 and 12) is particularly desirable. More detail on this type of SPS

chemistry appears at the end of this chapter (section 1.5.2.5), while a discussion on my

own synthesis of benzofurans on solid phase appears in Chapter 4.
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1.3 Alkylidenation Reactions

1.3.1 The Wittig and related reactions

In the conversion of carbonyl compounds to alkenes, the Wittig reaction is the standard
reaction by which all others are judged. Over forty years since it was first published,**?
the reaction remains immensely significant and has been responsible in part for many
important syntheses including that of vitamin A, vitamin D and various naturally occurring
polyenes.” The reaction involves the addition of an aldehyde or ketone 42 to a

phosphonium ylide 43, producing an alkene 44 (Scheme 14).

R>;P

M

3 4 3 4
O i 43 i i 3 5 15—
/U\ | R"3P=0
R “R? R R2
42 44
Scheme 14

The Wittig reaction is synthetically useful as the position of the double bond is assured and
it is often possible to control the stereochemistry of the alkene. Generally a stabilised ylide
will produce an E alkene and an unstabilised ylide will produce a Z alkene.’' The scope of
the reaction has been extended by the work of Homer > and Horner, Wadsworth and
Emmons>*~° (HWE) who used the anions of phosphine oxide 45 and diethyl phosphonate
46 respectively to generate alkenes (Figure 8). The main advantage of the HWE reaction
lies in the solubility of the reaction by-products in water. Also the reaction has proven to

be effective with hindered ketones that are unreactive in the classical Wittig reaction.”’

G g
IO FE3 O
45 46
Figure 8
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Alternatives to the Wittig reaction have included reactions that utilise silicon reagents 47
(Peterson)*®*® and sulfur reagents 49 (Julia).***' The Peterson olefination (Scheme 15) has
the advantage that the by-product (hexamethyldisiloxane) is volatile and thus easter to

remove than the phosphine oxides produced in the Wittig reaction.

HB
)MesSi—  Ri h

0O 47 | j
L, TiykAHorAcOH

R

Rz
Scheme 15

Marc Julia introduced the use of sulfur-stabilised carbanions in alkylidenations.*>*! In this
reaction a sulfone derivative 49 is metallated and added to a carbonyl compound 48,
followed by functionalisation and reductive elimination to give the alkene 50 (Scheme 16).

Kocienski and Lythgoe later demonstrated the trans-selectivity of the proc:essi.42 More

recently a one-pot procedure was introduced by Sylvestre Julia.”

PhO,S M 4
0 )RR RajIH
49
a8 1) Ac,O 50
i) Na/Hg
M = Mg, LI
Scheme 16

The main disadvantage of the Wittig and related reactions lies in their inability to convert
carboxylic acid derivatives into alkenes.** A second problem is that due to the basic
medium of the Wittig and Julia reactions, reactions on easily enolisable carbonyls can lead
to the formation of unwanted side products.”” The problem of converting base-sensitive
ketones and higher oxidation state carbonyls into alkenes has been addressed through the
use of transition metal alkylidene chemistry. Titanium alkylidenes have proved particularly

useful and this class of reagents is discussed in the next section.
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1.3.2 Titanium-based reagents

In the mid to late 1970s Schrock published complexes with the general formula R,C=MLn
51 (Figure 9).4>4¢

LnM o+ H3P O+

Aar

Figure 9

These ‘Schrock-type carbenes’ are high valent carbene complexes of early transition
metals and act as structural analogues to Wittig’s phosphonium ylides 52 (e.g. 33 - 53,
Figure 10).

CH

CpTa, 32 %/\ji \\/<_ ﬂb\\/%

93 54 09
Figure 10

Since Schrock’s discovery, a number of related titanium-complexes have appeared in the
literature.*’ Like Schrock’s original complexes, these titanium complexes 56 have an ylide-
like character, being nucleophilic at the carbon atom. However, when used in
alkylidenation reactions, the reaction conditions are neutral or slightly Lewis acidic, and
therefore reactions can be carried out on base sensitive ketones and aldehydes as well as

carboxylic acid dertvatives (Scheme 17).

R,Ti=CH,
O 56
R1/U\XR2 R > xR?
X =0, S, NR®
Scheme 17
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The first person to exploit this new type of chemistry to any effect was Tebbe, who in 1978
reported the preparation of a titanium complex 38 from titanocene dichloride 57 and two
equivalents of trimethylaluminium (Scheme 18).*® This reagent was shown to be able to
methylenate a wide range of carbonyl compounds and mechanistic work suggested the
reactive species was Cp,Ti=CH, 59.°” The aluminium atom was thought to stabilise the
alkylidene reagent and also to direct the abstraction of hydrogen from methyl rather than
Cp groups.37 The Tebbe reagent has since been widely used in synthesis, e.g. Nicolaou

used it as part of his synthesis of Zaragozic acid.”

pyridine
o H 5q H
H1/LLXR2 Ft‘/u\m2
Scheme 18

Grubbs later formed the related metallocycle complexes 60 by treating the Tebbe reagent
58 with an alkene in the presence of base (Scheme 19).*” Metallocycles 60 are also

precursors to Schrock carbenes.

H,C=CR

60

Cp2Ti(C\IAI<
cq pyridine, base

Scheme 19
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Other alternatives to the Tebbe reagent in the form of Cp,TiCH,Znl, 61 and
Cp,Ti(C1)CH,MgBr 62 have been used by Eisch® and Bickelhaupt®'~? while Schwartz>>~*

has developed a zirconium analogue 63 (Figure 11).

“niz N /Z& -

CpgTii\C CpaTi< SMgBr  Cpszr< CAI(Bu),
Ho
61 62 63
Figure 11

All of these reagents have some shortcomings. In addition to the problems with using the
pyrophoric trimethylaluminium in its formation,” the Tebbe complex is very sensitive to
air and moisture,* and hence special techniques are required to prepare the compound.
(The reagent can be bought as a 0.5 M solution in toluene, but at £70.20 for 25 cm’, it
remains rather expensive). Grubbs reagents are more stable and can be handled in air for
short periods of time.*’ In both reactions transfer to the carbonyl group is limited to
methylene.” Although Schrock’s and Schwartz’s complexes can transfer R groups to the
carbonyl, these generally have to be bulky moieties such as neopentyl.**** % Moreover,
there 1s very poor stereocontrol in the reactions involving Schrock complexes and along
with the modified Eisch and Bickelhaupt reagents, they have not as yet found great use in

organic synthesis.”’
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1.3.3 The Petasis alkylidenation

The Petasis alkylidenation (Scheme 20) avoids many of the problems associated with the
Tebbe and Schrock reagents.”® The titanium complexes 64 used are easily prepared from
titanocene dichloride (Cp,TiCl; §7). They are briefly stable to air and water and can be

stored as THF or toluene solutions in the freezer for long periods of time.”

Cp,Ti(CH,R?),

64

PhMe or THF, A

szjliJ\
0 Hes /[RS
Fi‘/U\XH2 R'” " XR?
Scheme 20

The reaction employs titanocene derived compounds szTi(CH2R3)2 64, where R’ =H or
aryl. Alkylidenations can be carried out on a number of compounds including aldehydes,

ketones, esters, lactones, thioesters, silyl esters, amides and carbonates.”’ The complexes

cannot contain R’ groups that have a B-hydrogen atom, due to the occurrence of facile B-

hydride elimination reactions.>” >’

The mechanism of the reaction is not yet fully understood, but appears to involve a metal-

alkylidene complex Cp,Ti=CHR 65 as the reactive species.>
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Petasis has used the related compounds bis(trimethylsilylmethyl)titanocene 66 and
tris(trimethylsilylmethyl)titanocene 67 to produce [3-heterosubstituted alkenylsilanes such
as 68 (Scheme 21).5+%

(2 eq.) TMS
tQO .78 °C — 0°C __ CP2Ti(CH2SiMes);

66
76 %

EtQO 0°C
CpTI CH28|M93)

93 %

TMS = Trimethylsilyl

CpTI(CHQSIMe3)3 H SiMex
O 67 E[
Ph)J\OMe PhMe PR OMe
68
75 o/o, ZIE 4:1
Scheme 21

Although Petasis was the first to use this class of silicon compounds as alkylidenating

agents, they have been known in the literature for some time.*™®

Analogues of the Petasis reagent described above have been used in the allenation of
carbonyl compounds™ and in the ring opening metathesis polymerisation (ROMP) of

67
norbornene.
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1.3.4 The Takai alkylidenation and related reactions

1.3.4.1 Introduction

Takai’s work is based on a 1978 paper by his co-worker Oshima® which showed that
enolisable ketones and aldehydes could be effectively methylenated using a 1,1-
dihalomethane 69 in the presence of zinc and a Lewis acid such as trimethylaluminium or
titanium tetrachloride (Scheme 22). Lombardo® later described a method of synthesising a

CH;Bry/Zn/TiCl4 reagent that could be stored in the freezer.

CH2X2 69, Zn
O
o /U\H2 TiCl; or MeoAl _, /U\RQ
THF
X=1 Br
Scheme 22

Takai discovered that chemoselective methylenation of aldehydes such as 70 in the
presence of ketones could be achieved by using titanium isopropoxide or
trimethylaluminium as the Lewis acid (as seen in the production of alkene 7 1).” By pre-
complexing the aldehyde with titanium(IV) diethylamide and using titanium tetrachloride
as the Lewis acid, the complementary chemoselective methylenation of the ketone was

accomplished to give alkene 72 (Scheme 23).”°

O CHoals, Zn, MeAl O
/I‘l\/\/\/\/\/
/356/7\ CHO  250¢ 4h -

96 %
1) Ti NEt2)4, DCM

CH2|2, Zn, TIC|4, 72

THF, 25 °C, 0.5 h 76 %
i) H,0*

Scheme 23
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Takai extended the scope of the reaction to encompass the alkylidenation of many
carboxylic acid derivatives such as esters 73,’"7? silyl esters 75, thioesters 77,”* and
amides 79 to give the corresponding enol ethers 74, silyl enol ethers 76, vinyl sulfides 78

and enamines 80. He achieved this by using a reagent prepared from titanium tetrachloride,
TMEDA, zinc and a 1,1-dihaloalkane. He showed that esters, thioesters and silyl esters

reacted with high levels of Z-stereoselectivity, whereas amides reacted to give E-enamines.
The reaction could also be used to form B-hetero-substituted alkenylsilanes,” e.g. 81

(Scheme 24).

TiCl4, TMEDA

O CH3CHBr2, Zn HICHS
Ph)l\OMe THF! CHQCIZ: Ph OMe
73 25 °C, 2 h 74
86 %, Z/E 92/8
TiCly, TMEDA
O BUCHBr,, Zn HIBU
Ph/U\OTMS THF, CH,Cl,, Ph OTMS
73 25°C, 2 h 76
84 %, ZIE 73/27
TiCl,, TMEDA
i BnCHBr,, Zn H:[Bn
Ph"__"SMe  THF, CH,Cl,, Ph”_ “SMe
77 25°C, 1.3 h 78
80 %, Z/E81/19
TiCl,, TMEDA

O MeCHBrQ, Zn 1
Ph/U\N THF, CH,Cl,, Ph™ N
- 25°C, 1.3 h 20

70 %, E/Z98/2

TiCl,, TMEDA
O TMSCHBr,, Zn HITMS
Ph/“\OMe THF, CH,Cl,, Ph™ "OMe
73 25°C,3h 81
84 %, Z/IE 90/10
Scheme 24
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1.3.4.2 Mechanism

The reactive species in the Takai alkylidenation has not yet been identified and the
mechanism therefore remains poorly understood. In his original methylenation reaction,
Oshima® had suggested that a geminal dizinc compound 82 was a key reaction
intermediate (Scheme 25). He showed that upon reaction with trimethyltinchloride 83,
CH,(SnMes), 84 was exclusively produced, and referred to the work of Hashimoto’® who
had previously methylenated benzaldehyde using only zinc and a 1,1-dihaloalkane, albeit

in moderate to poor yield. However, Oshima was unable to explain the role of the Lewis

acid 1n his reaction.

More recently Yamashita has shown that methylenation of aldehydes could occur with zinc

and diiodomethane using ultrasound irradiation.”’

O

Zn-MeAl AN Ph)LH J\

CHalz ———— | HC —— Ph” H

\
89 Zn| 86 %

Me3SnCl
83

/SﬂMe3

H, G

\
SnMe,
84

Scheme 25
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In 1994, Takai reported that the carbonyl methylenation could be accelerated by the
addition of catalytic PbCl,, particularly when using the CH,l/Zn/TiCls system.” He

suggested the lead aided the formation of the geminal dizinc compound as shown in

Scheme 26.

CH2|2 —_— HQCH.Z | — HQC\
n Zn!
THF 85 slow 88
PbX, PbX,
fast fast
ZnX2 ZnX2
Py Zn _Znl
HQC--.~ ———— HZC\
_ X
X=I, Cl 86 Pb } P 87F"bX

Scheme 26

Transmetallation of zinc-carbenoid 85 with lead(Il) gives lead-carbenoid 86. This is easily
reduced by zinc to give the lead-zinc species 87. Transmetallation from lead to zinc

produces the desired geminal dizinc compound $8.
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Takai suggested that the geminal dizinc compound 88 then reacted with titanium

tetrachloride forming one of the Tebbe-type (titanium alkylidene) complex e.g. 89 and 90

or a titanium-containing geminal dimetallic reagent (91 or 92) which reacted with the

carbonyl compound 93 forming the desired alkene 94 (Scheme 27).

ZnX

ZnX
88 /;I'an //Tan
X=1lorCl H2C HQC _
ZnX, TiX,. 1
89 or 90
R /TIXn‘ /Tan‘
'>:O HQC\ /X H2Q /X
R ‘y nX T
>= o1 92
i 94
Scheme 27

We have always had a problem with this mechanism, particularly when considering the
role of zinc in the TIClLW/ TMEDA/CH;Bry/Zn system. Empirical evidence does suggest that
the presence of lead accelerates the reaction and therefore Takai’s theory of the geminal
dizinc formation seems probable. However, one only has to look at the equivalents used in
the reaction [TiCls (4 eq.), TMEDA (8 eq.), zinc (9 eq.) and CH;Br; (2.2 €q.)] to consider
the possibility that the zinc has a dual role in the reaction. This is also suggested by the
order of addition of the reagents and colour changes in the reaction: titanium tetrachloride
is stired in THF giving a bright yellow complex, then TMEDA is added to give an
orange/brown adduct. At this point zinc (together with catalytic lead) is added giving a
blue/green mixture, followed by the addition of the 1,1-dihaloalkane and the ester, at which

point the mixture turns black.
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We propose that the zinc not only forms the digeminal complex, but also has a role in
reducing the Ti(IV) to Ti(I), which would explain the colour change which occurs upon
addition of the zinc to the reaction mixture. Our alternative mechanism is therefore as
follows - the titanium tetrachloride/THF complex reacts with 2 equivalents of TMEDA and
2 equivalents of zinc to give a Ti(II) complex 95 (a crystal structure of such a complex has
been published).” This complex then reacts with the digeminal zinc complex 96 (which

forms via Takai’s suggested method) giving the active alkylidenating species 97 (Scheme
28).

Thus, the alkylidenating agent could be a titanium(II) rather than a titanium(IV) alkylidene.

\/ Cl\/
o, _THF TiCl,(THF),, 1 TMEDA N\| /N
M4 =7 vellow - E /T'\(”)
i) Zn N l N
/\ c /\
95
ZNBr
Zn Zn
RCHBr RCHBIZnBrpps= R :
96 nor
R
\:Ti(n)(TMEDAD
97
2ZnX2
Scheme 28
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Once formed, the titanium alkylidene 97 may react with an ester to give either

oxatitanacyclobutane 98 or 100 (Scheme 29).

Due to the developing steric crowding between R' and R? in the transition state leading to
oxatitanacyclobutane 100, the transition state is higher in energy. The enol ether 99 will
therefore form via oxatitanacyclobutane 98. The fact that stereoselectivity improves as R*
Increases In size agrees with this model, as does the E-selectivity experienced in the

alkylidenation of the cyclic amides in Scheme 24.

Scheme 29

29



Recent work by Takai’s co-worker Utimoto lends weight to our proposed mechanism. He
has recently published a series of papers where methylenation reactions have been carried

out using a pre-formed geminal dizinc reagent 82 and a Lewis acid (Scheme 30).%

ﬁ

j\ CH,(Znl), 82
Me n*C10H21 Me n'C10H21

1) stoichiometric 82, sluggish reaction, no yield reported
2) stoichoimetric 82,stoichoimetric TiCly, 26 %
3) 2 equivalents 82, stoichoimetric TiCly, 79 %
4) stoichoimetric 82, stoichoimetric TiCl,, 83 %

Scheme 30

When stoichiometric titanium tetrachloride is used as the Lewis acid, the alkene is formed
in 26 %. Increasing the number of equivalents of the geminal dizinc reagent 82 to two
results in an increase yield (79 %). Using stoichiometric titanium dichloride gives the
alkene in 83 %. Utimoto suggests that Ti(II) mediates the reaction and that in example 3

(Scheme 30) case the geminal dizinc reagent reduces the Ti(IV) to Ti(Il).

Utimoto and co-workers have since used similar methodology to form alkenylgermanes
101,* and has used a related CHy(ZnlI),/TiCl, system to form alkenyl germane compounds
from aldehydes (Scheme 31).%

O Et;GeCH(ZnBr), (2 eq.) /[
PthCHgC/U\H 25°C, 2 h PhH,CH,C 101H

91 %, E/Z82/18

Scheme 31
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1.3.4.3 Related reactions - Chromium chemistry

Takai and Utimoto have also developed a related reaction where a gem-dichromium

reagent 102 (Figure 12) is used to form E-alkenylsilanes 103 from aldehydes (Scheme
32).%

Crlll
Me,Si
s~
102
Figure 12
0O Me;3SiCHB, H]:’SiMe3
CrCl,, THF
RJ\H : R™ H
103
Scheme 32

Hodgson and co-workers have employed this methodology to make alkenyltins 105 from

aldehydes using tributyl(dibromomethyl)tin 104 (Scheme 33).***°

Bu;SnCHBr,
O 104 H SnBu3
——— |
I T ey,
R H tHr,oMr R H
105
Scheme 33

During the course of my research, Hodgson published improved results using

tributyl(diiodomethyl)tin as an alternative to the dibromo reagent.®’
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1.3.5 The Takeda alkylidenation

The Takeda reaction is a more recent addition to the titanium-based alkylidenation
reactions in the literature.® The alkylidenation reagent 108 is formed from a dithioacetal

106 and a titanium(II) complex 107 generated in situ (Scheme 34).

Cp-TiCl,

Mg, 2P(OEt);
mol sieves 4A

THF, rt, 3h 0 1 ,

R R

PhS><SPh 2Cp, Ti[P( OEt)3]g Cp zj'L RS/U\XR4 -[Cp,Ti=0)] I
R’ 107 R°” ~XR*
106 3
\ PhS  SPh /
Cp2T| T|Cp
Scheme 34

The mechanism 1s assumed to proceed via desulfurisation of dithioacetal 106 by the

titanium complex 107 to give a titanium alkylidene reagent 108.*
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The Takeda reaction shows clear advantages over both the Takai and Petasis
alkylidenations. The dithioacetals 106 used are easily accessible from carbonyl
compounds, whereas the synthesis of the 1,1-dihaloalkanes required for Takai
alkylidenations has been a continuing problem.*® The in situ production of the titanium
complex also makes the Takeda reaction particularly attractive. Additionally the conditions
employed are very mild, with the reaction carried out completely at room temperature (c.f.

the reflux conditions of the Petasis reaction) and in the absence of strongly Lewis acidic

materials such as TiCla.

The reaction proceeds smoothly with aldehydes, ketones, esters, thioesters and lactones
and no limitations with respect to the structure of the dithioacetal has yet been discovered
prior to our work.®® When esters and lactones are alkylidenated the reaction shows high
stereoselectivity, giving predominantly Z-enol ethers such as 109. However the

stereoselectivity in alkylidenations of aldehydes and ketones is poor (Scheme 35).%°

i) Cp2TI[P(OE)3],

PhS.. _SPh 107
N o PR " ph

Q OEt
i) Eto/u\/ Ph 109,50, 7/E 86/14

1) CpoTi[P(OELt)3)5
>< P X

PR~ H o
J\/\/\/ 52 %, Z/E 56/44
i) H

Scheme 35
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Takeda has shown that the use of the titanium reagent 107 is not limited to carbonyl
alkylidenation. When titanium alkylidenes are prepared using this reagent in the presence
of alkenes, cyclopropanation™ products 110 have been observed, while reaction with

alkynes yields conjugated dienes 111°' Reaction with nitriles gives a-substituted ketones
112 (Scheme 36).”*

2Cp,Ti[P(OEt),], o
PhS 107 .
Cp,Ti
H‘>< [Cp,Ti(SPh),] & =<H
e
R' = alkenyl

AR

4
R' 110 R

Scheme 36
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Ring-closing metathesis reactions have also been carried out using low valent titanium

7 93,94

complex 107. While these reactions have been successful, attempts to produce a

general intramolecular alkylidenation reaction using Takeda’s method have been more
variable. Reactions on thioesters (e.g. 113) containing a thioacetal moiety have worked
well to give 2,3-dihydrothiophenes 114 (Scheme 37),” but reactions with the

corresponding esters have been poor yielding.”® A discussion of intramolecular Takeda

reactions attempted by myself appears later (Chapter 3).

)ST/I\ O 2Cp,Ti[P(OEt)3], /\)\
ohS s/lH 107 Cp,Ti¥ Jk'

113 CeH13 CeH13
'szTIIO

AP

CeH
114 o113
62 %

Scheme 37
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1.4 Tin chemistry

1.4.1 Background

Our first suggested route to benzofurans (Route A, p 2) involved a novel tin-containing

alkylidene reagent (Figure 13) being formed from a trialkyl(dihalomethyl)tin 115 under

Takai’s conditions. Reagent 4 would be formed as an intermediate in the alkylidenation

reaction and used to make alkenyltin products 116 (Scheme 38).

RZ
Al’“]

4

Bu38n

Figure 13

TiCl,, TMEDA

o RsSNCHI; 115 H |
ara gl
. /U\ORQ n, PbCL, THF
116

SnH3

OR®

Scheme 38

The main concern in using such an organotin reagent in the Takai reaction would be that
the zinc present could reduce the tin-carbon bond.”” Diiodoalkanes react more quickly than

the corresponding dibromo reagents under Takai’s conditions. We therefore decided to
synthesise ditodide 117 (Figure 14) with the hope that zinc would insert more readily into a
C-I bond than a C-Sn bond. A tributyltin reagent was chosen over a trimethyl or triethyl

equivalent due to the high toxicity of the more volatile organotin compounds.

Figure 14

This section looks at the different literature syntheses of dihalides 115.
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1.4.2 Syntheses of trialkyl(dihalomethyl)tins

There are several methods of synthesising trialkyl(dihalomethyl)tins 115 that avoid many
of the problems associated with the analogous monohalide compounds (namely many side
products and the inability to perform the reactions on large scales). However the dihalides
have been shown to be less stable than their monohalide equivalents™ and so care must be
taken in their handling. Seyferth et al. synthesised trimethyl(diiodomethyl)tin 1217 by
preparing the diiodomethylmagnesium chlonde 119 from iodoform 118 using the

procedure of Normant and Villeras.'® Treatment of the Grignard reagent 119 with

trimethyltin chloride 120 gave the diiodide in 72 % yield (Scheme 39).

-PrMgCl
CHl, CHIL,MgCl  j-Prl
118 THF, -95 °C 119
MGaSﬂC'
120
Mesanle
121
72 %
Scheme 39

The same compound was made in 66 % yield from the analogous lithium reagent 122,

(Scheme 40).""

CH nN-Buli L Me;SnCIl 120 \o.SnCHI
et ————————- e n
> "THF, -95°C 2~ 3ot
118 122 121
66 %
Scheme 40

37



Dihalide 115 can also be prepared by reduction of the trihalide 123 using one equivalent of

lithium aluminium hydride (Scheme 41).'

LiAlIH,
RySNCX; ——n—— R3SNCHX,
(1 eq.)
123 115
Scheme 41

Hodgson et al. used dibromide 104 to form E-alkenyltin compounds using low-valent
chromium chemistry (see Scheme 33).**®® The reagent was formed by treatment of
dibromomethane 124 with LDA and the intermediate species 125 then reacted with

tributyltin chloride 126 to give the dibromide in 89 % yield (Scheme 42).%

Bu;SnCl
ap, — 0N . 126
CH, rgm [LICHBr,] ——— = Bus;SnCHBr;
124 .95°C 125 104
89 %
Scheme 42

During the course of my research Hodgson also generated his chromium reagent from

diiodide 117*" which he formed by carrying out a Finkelstein reaction'®” on dibromide 104

(Scheme 43).

Nal
Bus;SnCHBTr, Py Bu,SnCHI,
104 acetone 117
100 %
Scheme 43

As can be seen by the above, there are a number of approaches to the key diiodo reagent

117. A discussion on the synthetic strategy chosen by myself appears in Chapter 2.

The following section in this chapter gives a background to solid-phase synthesis.
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1.5 Solid support chemistry

1.5.1 Background

The techniques for solid-phase synthesis (SPS) are based on the work of Merrifield,"” who
in 1963 described the use of solid-phase for peptide synthesis. Since that time the use of
SPS has grown to encompass the synthesis of small organic molecules and many different
organic reactions have been carried out on solid-phase. The growth of SPS has been
mirrored by that of combinatorial chemistry, a technique that now proves invaluable to the
modemn industrial chemist. The section does not dwell on the topic of combinatoral
chemistry,'™ but looks at standard organic reactions in SPS, particularly alkylidenations.
Different types of linker are discussed, along with ways of cleaving products from the

resin.

One of the main attractions of SPS to the organic chemist is in the ease of product
isolation. Assuming that complete conversion from resin-bound starting material to
product occurs, purfication merely requires the washing away of reagents and side
products, thus avoiding the need for costly chromatography. Most SPS reactions are
therefore driven to completion by use of excess reagents, although this obviously reduces
the atom-economy of such procedures. However it must be noted that not all reactions can
be moved seamlessly from solution to solid-phase and it often requires time to develop the
optimal conditions for solid-phase procedures. In addition, the introduction of two extra
steps in linking compounds to and cleaving compounds from the resin must be taken 1nto
account, and these procedures are often not trivial. In these steps the choice of linker (the

moiety which attaches the molecule to the resin) can be of vital importance.

The next section looks at a number of linkers that have been developed and the methods by

which they are cleaved.
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1.5.2 Linkers/Cleavage methods

1.5.2.1 Introduction

The criteria used when assessing which type of linker to employ in a solid-phase reaction

should be much the same as when making a choice of protecting group. Indeed a linker

could be described as a bifunctional protecting group, in that it is attached to the molecule
being synthesised through a bond labile to the cleavage conditions and attached to the resin

through a more stable bond (Figure 15).

Protecting Group-/-Functional Group-Molecule
1 Deprotection

Functional Group-Molecule
Polymer-Spacer-Linker-/-Functional Group-Molecule

! Cleavage

Functional Group-Molecule

Figure 15

An ideal linker would be cheap, its attachment to the starting material would be facile and
high yielding, 1t would withstand the chemistry carried out on the attached molecule and
would be cleavable under conditions that would not affect the final product. Most
importantly it must be possible to cleave the final product from the resin under conditions
that would not destroy it. Not all of these conditions are always readily achievable. In

particular the cleavage step can be problematic, particularly with traditional peptide

linkers, which tend to require harsh conditions for cleavage (e.g. HF or TFA). However,
the peptide linkers have found a role in the SPS of small molecules, alongside a new

generation of linkers developed especially for the task.
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1.5.2.2 Acid-Labile linkers

Merrifield gave his name to the original linker used in peptide synthesis.'™ Merrifield resin
127 comprises cross-linked polystyrene functionalised with a chloromethyl group.
Carboxylic acids are attached by means of reaction with the acid’s cesium salt and
cleavage of the functionalised resin occurs when the resin is treated with HF (Figure 16).
In 1973 Wang developed a second-major class of resin linker 128 for carboxylic acids
(Figure 16)."” This linker comprises an activated benzyl alcohol design and 1s also known
as HMP (hydroxmethylphenoxy resin). Although originally designed for the synthesis of
peptides using the Fmoc-protection strategy, it has found great use in mainstream organic
synthesis. '°’ It is more acid labile than the Merrifield linker, and so cleavage can occur
under milder conditions (50 % TFA/DCM).'"”® A linker that is even more sensitive to acid
was developed by Mergler et al.'"” in 1988. The SASRIN (Super Acid Sensitive Resin)
resin 129 has a similar structure to that of Wang’s, but contains an additional methoxy

group (Figure 16). This group stabilises the carbocation formed during acid-cleavage and it

has been shown that successful cleavage can occur with only 0.5-1 % TFA in DCM.'®

127 HF cleavage 128 50 % TFA/DCM cleavage

o W {};q

129 1% TFA/DCM cleavage

Figure 16
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A similar pattern in cleavage reactivity can be seen in carboxyamide linkers where the

benzhydral linker 130 requires harsher conditions (HF) to cleave than the related rink-

amide linker 131 (TFA). This linker 131 has now become the method of choice for
110

generating resin-bound carboxyamides (Figure 17).

130 131
HF cleavage TFA cleavage

Figure 17
1.5.2.3 Photolabile linkers

The use of a light-cleavable linker was first demonstrated in 1975 by Rich and Gurwara,
who employed nitrobenzyl resin to synthesise individual peptides. Although similar resins
have been developed, [most notably by Holmes and Jones for the synthesis of
thiazolidinones 132 (Scheme 44)],'"? photolabile linkers have not been widely used due to

problems with slow cleavage rates.'”

O,N

P, S5 O
Ph/< f T
OO OMe

Scheme 44
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1.5.2.4 Safety-Catch Linkers

The safety-catch linker relies on a two-step cleavage process. A stable linker is first
activated, ensuring that the following cleavage step occurs under mild conditions. This can
prove advantageous if there is a step in the synthesis that requires conditions that would
usually cleave the linker once activated, but does not affect the unactivated linker.
However the product in this case must be stable to both the activation and the cleavage
steps and often the activation requires harsh conditions. Kenner’s safety-catch linker
illustrates these points (Sche<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>