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Chapterl

Introduction and GeneralSummary

During the past severaldecades,OrganOaluminum compounds have beenincreaslngly

recogmizedasaversatileclassofreagentsandintermediatesfbrorgamicsynthesisandotherfields

becauseoftheefftctivenessoftheirinherentmultipurposeaction･1First,Zieglerandco-WOrkers

demonstratedthetypicalabilityoforganoaluminumcompoundsbycombimingthemwithtransition

metalcompounds,inparticularTiC14/Et3Al,aSCatalystforthelowpressurepolymerizationof

ethylene･2 Theactivecatalystispreparedinsitufromatransitionmetalcompoundandan

organoaluminumcompound･Basedonmechanisticstudies,itwasconcludedthatthetransition

metalistheactivecenter,andthattheorganoaluminumcompoundcancarryoutoneormoreof

severaltasks:3(i)alkylationofthetransitionmetalcentertoformanactivetransitionmetal-Carbon

bond;(ii)reductionofthetransitionmetaliontobringiteventuallyintoavalencystaterequired

forcatalysIS;(iii)fbrmationofacomplexwiththetransitionmetalcentertooperateasan

activatlngligand･OrganoaluminumcompoundsarenowacceptedasexertlngSuChpossibleactions

asalkylating,reducing,COmPlexlng,andotherusefu1agentsforvariouscatalyticorstoichiometric

transfbrmations,bothwhenusedaloneandincombinationwithtransitionmetal(OrOthermeta11ic)

compounds,aSPrOVeninnumerousexamples･1
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Amongthemoreremarkableinstancesofsyntheticapplicationutilizingorganoaluminum

COmPOunds,Carboalumination4,5 and hydroalumination6,7reactions are fundamental

transformations,becauseoftheirconvemiencefbrinsitupreparationofavarietyoforganoaluminum

COmPOundsfromsimpleunsaturatedhydrocarbonsandcommerciallyavailableorganoaluminums.

Sincetheresultingorganoaluminumcompounds,Organicgroupsofwhichpossessastrong

CarbanioncharaCter,CanaCtaSPOWerfu1alkylatingagents,theseundergofacileinterm01ecularalkyl

transferreactionswithvariousorganicandinorgamicelectrophilesundermi1dconditions.This

PrOCeSSisprobablyoneofthemostimportantapplicationsoforganoalminumcompoundsfbr

Carbon-Carbonandcarbon-heteroatombondformation･Atthesametime,bythecombineduseof

aninorganiccomplexaluminumhydride-tyPereagentSuChasLiAIH4andacatalyticamountof

transitionmetalcompoundasahydroaluminationagent,Catalytichydroaluminationreactionsof

Olennshavebeenrealizedwithhighefnciencyandselectivltyundermi1dconditions.8 This

Catalytictransfbrmationisofgreatimportancebecausenoncatalytichydroaluminationreactions

OCCurtOWardsolennsreluctantlyevenatelevatedtemperature,andhencehavesofarbeenlargely

restrictedtoreactionsofalkyneswithorganoaluminumhydrides(R2AIH).1b,1c,6

肖･
/

R-A暮

(H)＼

/

R-Al

(H)＼

++
R AI

(H)l＼

たく
(H)†し

Manytypesoforganometa11ics(e･g･,aryl,methyl,mOStallylandbenzylmetalcompounds)

arenoteasilyavailablebyhydrometalationreactions,SOthatvariousalternativemethodssuchas

transmetallationanddisproportionationhavebeenusedinthelaboratory･9
Nevertheless,

COnSiderableinteresthasbeendirectedtowardsthepotentialapplicationofhydroalumination

reactionsforthegenerationofallylaluminumcompoundsthataremorereactiveandunlque
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CharaCteristicsyntheticintermediatesandreagentsthantheirsaturatedcounterparts･10Indeed,the

transition metal-Catalyzed hydroalumination of conJugated dienes with complex aluminum

hydrides8d,8iandthenoncatalytichydroaluminationofallenecompoundswithi-Bu2AIH6f,6ghas

beenreportedtoprovidea11ylaluminumcompounds･However,bothsystems showedserious

Shortcomingsontheregioselectivityorlowreactivityfbrsubsequentfunctionalization,andfurther

investlgations have not been reported･ On the other hand,the organoborane-Catalyzed

hydroaluminationofolefinshasrecentlybeendevelopedbyYamamotoandhiscolleagues･11

Internalole丘nsaswellasteminaloneswerereadilyhydrometalatedwithAIHC12inthepresenceof

CatalyticorganoboranessuchasPhB(OH)2andEt3B,12althoughmuchlessinfbrmationhasbeen

availableaboutattemptedhydroaluminationofconJugateddienesandalleniccompoundsforthe

generationofallylaluminumcompounds･Accordingly,theauthorshouldliketoexplorethefurther

POSSibilityofapplying hydroaluminationreactions for selective generation ofallylaluminum

COmPOunds,aSdisclosedinthefb1lowlngtWOChapters.

" ＼♂ヽ
A卜

＼ヒ.=

Inchapter2,thetransitionmetal-Catalyzedhydroaluminationofisoprenewithmodined

COmPlex aluminum hydridesis describedin termS Ofapplicability toin situ generation of

allylaluminumintermediateandthemechamisticproposalofthisreaction･Althoughnoncatalytic

isoprenehydroaluminationhasproceededsluggishlyandyieldedamixtureofvariousproducts,1a

thehydroaluminationofisoprenewithLiAIH4CatalyzedbyTiandNicompoundshasbeenefftcted

undermild conditions andithas become evident that2-methyl-1-butene-3-d was produced

PredominantlybydeuterolysIS;itwascontaminated,however,bymixturesofreglOisomersandof

mono-anddihydroaluminationproducts･8d

When Cp2TiC12-Catalyzed hydroalumination ofisoprene with LiAIH4WaS eXamined to
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deteminethefactorsafftctlngprOduct-Selectivlty,itwasfoundthatthehydroaluminationwith

LiAIH4PrOCeededbyasequenceoffoursuccessiveadditionsteps,eaChstepslowerthanthe

PreCedingone･Thehydrolysisproduct-SelectivityOfthedesired2-methyl-1-butenewasverylow

inthefirstadditionstep(35%)butinthesubsequentstepsitwastheexclusive,itsselectivity

increaslngtO76%･Thisfacthasbeeninterpretedtomeanthatthestericbulkinessofanorganic

groupoflithiumtrihydridoaluminates(Li[AIH3(HR)]),Whichmightbeproducedfromthereaction

OfisoprenewithLiAIH4inthe丘rststep,WaSreSPOnSiblefbrtheselectivefbrmationof2-methyl-l-

buteneashydrolysISPrOduct.

R:〆＼♂
LiAIH4

Cat Cp2TiCI2
Li【A肘3(HR)】

nR

(n=1-3)

aq NH4Ct

メ) 35%

Li【A肘3_｡(HR)1.n】

aq NH4Cl

メ〉 7`%(n=3)

Thus,attemPtedCp2TiC12-Catalyzedisoprenehydroaluminationwithmodifiedcomplex

aluminumhydrides,1ithiumtrihydridopentylaluminate(Li[AIH3(C5Hll)]),Whichcanbereadily

PreParedinsitubyCp2TiC12-Catalyzedhydroaluminationofl-PenteneWithLiAIH4,affbrded2-

methyl-1-butenewithgoodselectivity(90%).

C3日7

＼=

LiA肘4

Cat Cp2TiC12
Li【AIH3(C5日ll)】

R:〆＼♂

(3eqqi▼)

Li[A)(C5Hll)(HR)3]

aq NH4C】

よ/ 90%
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Unfbrtunately,thedeuterolysISOfthishydroaluminationproductsappearedthatthedeuterium

incorporated2-methyl-1-buteneconsistedofamixtureof2-methyl-1-butene-3-dand2-methyl-1-

butene-4-d(65‥35),aSWellastheresultintheuseofLiAIH4(87:13).Thehomoallyl-deuterated

alkenewouldarisefromthedeuterolysISOfthecorrespondinghomoallylaluminumcompounds,

Whiletheallyl-deuteratedalkenecanbeconsideredtoderivefromthedeuterolysISinvoIvingthe

allylicrearrangementlOof2-methyl-2-butenylaluminumintermediateviathetransmetallationof

synql,2-dimethylallyltitaniumcomplex･13

CatCp2TiC12

aIuminumhydride

Li[AIH3(C5Hll)]

LiAIH4

D20
=

ク〉/＼D

キ よ〈D

竺キ

AkineticstudyofCp2TiC12-CatalyzedisoprenehydroaluminationwithLi[AIH3(C5Hll)】was

alsocamiedouttoelucidatethemechamismoftheisoprenehydroalumination･Initialrate,Rl,fbr

the formation of2-methyト1-butene(90-95%selectivity)could be expressed by Rl=K

[Li[AIH3(C5Hll)]][Cp2TiC12],Where[Li[AIH3(C5Hll)]]and[Cp2TiCl2]denotetheinitial
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COnCentration ofcomplex aluminum hydride and Ti-Catalyst,reSPeCtively･Ths experimental

よ､ク･Li[A[H3(C5Hll)】
Rl aq NH4Cl

Cat Cp2TiC12

formulacanbeanticIPatedintermsofthemechanisminwhichtheisoprenehydroalumination

proceededbyasequenceoftwosuccessivereactions:(1)thecoordinationandsubsequentinsertion

Ofanisoprene to an active Ti-H bond as the fast step;and(2)the transmetallation ofthe

intermediary alkenyltitaniumcompound(Ti*-(C5H9)),thus generated,With Li[AIH3(C5Hll)]

invoIvingregenerationoftheactivetitaniumhydridespecies(Ti*-H)astherate-detemimingstep.

Generation ofActiveTitanium Hydride

Cp2TiC]2 + LiAIH4

Coordination andInsertion

Ti★一日+ ん

Transmetal1ation

Ti★-(C5H9)+ Li【AIH3(C5Hll)]

Ti★-(C5H9)

K2

= Li[AIH2(C5Hll)(C5H9)] + Ti★-H

IntheCp2TiC12-Catalyzedhydroaluminationofl-alkyneswithLi[AIH3(C5Hll)]forselective

generationofvinylaluminumcompounds,thesimilartendencyoftheproduct-SelectivltyWaS
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Observed･14 Thehydroaluminationofl-hexynewithLi[AIH3(C5Hll)]fbllowedbydeuterolysis

gaveriseexclusivelytothedeuteriumincorporatedl-hexene(97%),Whichwasamixtureofl-

hexene-1-dandl-hexene-2-dinaratioof68:32.

1-Hexyne
CatCp2TiC12

aIuminumhydrjde

C4H9Yク
Al

C4H9＼〆＼D

Li[AIH3(C5Hll)】 6$

LiAIH4 72

D20

C4日9＼で
D

32

28

C4日9＼〆､＼D

C4日9ア

Thus,theuseofmodi丘edcomplexaluminumhydrideshasefncientlycontrolledtoglVe

monohydroaluminationproductsinCp2TiC12-Catalyzedhydroaluminationofisoprene,butthis

methodultimatelyrevealeddisappointingregioselectivitysimi1artOthatinthesoleuseofLiAIH4･

Chapter3dealswithanorganoborane-Catalyzedhydroaluminationofa11enesfbrthesame

PurPOSe,i･e･,Selectivegenerationofallylaluminumcompounds･Althoughhydroaluminationof

allenesisareasonablyconvemientmethodfbrthegenerationofallylaluminumcompounds,Onlyftw

Studieshavebeenattemptedonthissuqect･6f,6g onerecentstudyincludesthehydroaluminationof

a11eneswithi-Bu2AlHthatgaveexcellentyieldsofa11ylaluminumcompoundsreglOSelectively,but

thissystemwasnotemployableforsubsequentfunctionalizationduetoitsinertnesstowards
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carbonylcompounds.6fInthiscontext,theallenehydroaluminationwiththeinorganicaluminum

hydride-tyPereagentSLiAIH4andAIHC1215incombinationwithtransitionmetalandorganoborane

Catalystswasexamined･Thehydroaluminationofateminalallene,1,2-nOnadiene,WithLiAIH40r

AIHC12uSlng Various transition metalcatalystsinTHF at300C afforded a wide variety of

deuterated species by quenching with D20･In sharp contrast,PhB(OH)2-Catalyzed

hydroaluminationl10fl,2-nOnadienewithAIHC12inEt20atroomtemperaturegave>95%purel-

nonene-3-dwithexcellentselectivity(92%)andinhighyield.

C6H13

＼ヒ=●=

Cat PhB(OH)2

(5mol%)

AIHC】2

PhCHO

(2eq11iY)

-780C,0.5h

62%yield

C6H13Yベヽ
D

92%

The allylation of benzaldehydein Et20at-780c using the PhB(OH)2-Catalyzed

hydroaluminationproductofl,2-nOnadienegaverisetothehomoallylic alcoholin62%yield,

SuggeStlng that theintermediary allylaluminum compound might be2-nOnenylaluminum

dichloride･10 Allylation of trans-Cinnamaldehydewiththis allylaluminumcompoundalso

proceeded successfu11y,Whereas allylative ring-OPenlng reaCtion of epoxides wasless

reglOSelective.Itis noteworthy that this allylaluminum compound exhibited a high

Chemoselectivity,1eavingtheketonefunctionalityintact･Thisresultisinsharpcontrasttothe

inertness of allyldiisobutylaluminumintermediates generated by the noncatalytlC allene

hydroaluminationuslngi-Bu2AIH･6f

8



Simi1arly,thishydroaluminationsystemconsistingofcatalyticPhB(OH)2andAIHC12WaS

effectivefortheregioselectivehydroaluminationofdisubstitutedallenes(93-99%selectivity),

althoughatrisubstitutedalleneshowednonreglOSelectiveorientationresults.

○=･=

C6日13

＼ヒ･=＼

Cat PhB(OH)2

AIHC12

Cat PhB(OH)2

SiMe3 AIHCI2

○ぐ

93%

竺?6日13Yへ/SiMe3
D

,9%

Organoaluminumcompounds,Whicharewellknownto show strongLewis acidity and

POSSeSS a StrOng affinity withvariousheteroatomsinorganic molecules,Can aCt aS effective

COmPlexlngagentS.Particular1y,thesefbrmlong-1ivedLewisacid-basecoordinationcomplexes

With oxygen-and carbonyl-COntalnlng Substrates,eVen With neutralbases such as ethers.

Utilization ofthis propertyln Organic synthesis has allowed facile selective reactions with

heteroatom-COntainlngCOmPOunds･10ntheotherhand,theauthorhasbeenintrlguedbythe

POSSibilityofaconceptuallynewtreatmentofthiswell-knowncomplexationphenomenon,Which

maycontributegreatlytothedesignofselectivereactionsuslngOrganOaluminums.

Chapter4isconcernedwithmolecularrecognlt10nOfoxygen-COntainlngSubstrateswith

modi丘edorganoaluminumreagents･OneareaOfrecentinterestinmodernOrganicandbioorganic

Chemistryhasbeenconcernedwiththesyntheticmoleculesthatmimicvariousaspectsofenzyme

chemistry･16 progresshasbeenmadeinthechemistryofmolecularreCOgnltlOninparticular,anda

numberofartificialreceptorscapable ofreversiblebindinglnteraCtions withionic orneutral

Substratesinsolutionhavebeensynthesized･17 Thesuccessfu1design,Synthesis,anduseof

9



receptorsisofgreatinterestnotonlybecausethesecanprovideinsightintothenatureofenzyme

functions,butalsobecauseofpotentialapplicationincatalysIS,Separationtechnology,andother

areasinvoIvingmolecularrecognltlOn･Mostoftheseartificialreceptorsprlmarilyutilizethe

COmPlementarynoncovalentinteractionssuchashydrogen-bondinglnteraCtionsbetweensubstrate

andreceptor,aSalsoseeninnaturalenzymes･Withorganicsubstratesofweakhydrogen-bonding

CaPabilitysuchasethers,however,SuChtightbindingbehaviorcannotbeexpectedunlessacavityor

Cleftofthereceptorscontainsalargenumberofeffectivehydrogen-bondinggroupsandarigid

SuPPOrtlngframeworktoholdthesea丘xeddistanceapart･Analtemativeapproachredresslngthis

difncultproblemhasbeenspeculatedasbeingtodesignandsynthesizeanewreceptorpossesslng

highlyselectivecomplexationabilitybasedoncertainstrongerinteractionsthannoncovalent

Recently,thecomplexationofionicandneutralspeciesbyorganometalliccompounds

COntainlngLewisacidicfunctionalitieshasbeenachievedformercury-,18tin-,19andboron-

COntainlng20receptors･Forexample,Katzhasdevelopedabidentatediboronatereceptorcapable

OfinteractlngWithl,3-dibasicpynmidinederivatives,anddemonstratedthatthisreceptorcanfbrm

abridgedcomplexwith5-methylpyrlmidine,incontrasttothesterica11yhindered4-methyl

derivative･20cInterestlngly,theexceptlOnallybulkyorganoaluminumreagent,methylaluminum

bis(2,6-di-tert-butyl-4-methylphenoxide)21(hereafter,abbreviatedtoMAD),Whichisaveryusefu1

Syntheticreagent,22hasbeenintroducedasatemporaryprotectlnggrOuPfbrthenormallymore

reactivefunctionalityoftwodifftrentcarbonylcompoundsbyYamamOtOandco-WOrkers,enabling

diboronatereceptor

10
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thesuccessfu1selectivereductionofstericallymorehinderedorelectronicallylesspolarizable

carbonylsubstrateoftwodifferentcarbonylsubstrateswithi-Bu2AIH･23 Accordingly,theauthor

anticIPatedthatamodifiedorganoaluminumcompoundsuchasMADmaybeutilizedasanew

classofLewisacidicreceptorsforrecognltlOnOfvariousethersubstratesbasedontheselective

Lewisacid-basecomplexformation･

TherecognltlOnabilityofMADwithtwodifferentethersubstrateswasexaminedbylow-

temperature13cNMRspectroscopy･Forexample,13cNMRmeasurementofamixtureoflequlV

eachofMAD,methy13-Phenylpropylether,andethy13-PhenylpropyletherinCDC13at-500chas

shownthatMADexhibitedthevirtuallycompleterecognltlOnbetweenmethylandethylethers,

form1ngtheLewisacid-basecomplexwiththestericallylesshinderedmethyletherexclusively

(100:0).MADpreftrentia11yformedacoordinationcomplexwithanethersubstratepossessing

stericallylesshinderedalkylsubstituentormorebasicetherealoxygenoftwostructurallyor

electronica11yverysimi1arethersubstrates･ThisremarkableselectivltyCanOnlybeachievedwith

theexceptlOnallybulkyorganoaluminumreagent,MADasascertainedbycomparisonwithother

Lewisacids.

MAD

一500C

Ph＼/ハ＼ノOMe + Ph＼/へノOEt

Me

Ph＼/〈〉㌔
MAD

Et
l

+ Ph＼/〈＼)0

Lewisacid･basecomplex

Furthermore,Selectiveseparationofthelesshinderedorelectronica11ymorelabileoftwo

differentethershasbeenaccomplishedwithMADbyyieldingprecIPltateSaSLewisacid-base

complexes･Treatmentofamixtureofcyclohexylmethyletherandcyclohexylethyletherwith

MAD(1equiveach)inhexaneatroomtemperaturefo1lowedbytherecrystallizationfromhexane

fumishedonlyMAD-methylethercomplexasawhiteprecIPltatein68%yield･Thismethod

demonstrates an efftctive way to purifynot only simple ethers
but alsovariousstruCtura11yor

11



electronicallyverysimi1arethersubstratesinthesegmentsynthesisofpolyethernaturalproducts･24

D｡M｡･n｡Et hexane

68%yieId

tE
/n｡+

-
-
-
-
-
-
-
エ
ー
▼
-

eM

D

/

A

O
≡
…
M

n

MAI)-ether complex

asawhiteprecipitate

ThebindingbehaviorsoftheLewisacidicreceptor,MADforvariousoxygen-COntainlng

Substrateshavebeenstudiedbylow-temPerature13cNMRanalysIS･Asoxygen-COntainlng

Substrates,bothaliphaticandaromaticaldehydes,amides,eSterS,ethers,andketoneswithsimi1ar

StruCturalsubstituentswereutilized･AmideswerefoundtocoordinatemorestronglytoMADthan

aldehydes,eSterS,Orketones,Whilecoordinationofetherealoxygenswasratherweak.Theorder

hasimpliedthateventhesamefunctionalgroupsshowdifftrentbindingbehaviorstoLewisacidic

MADdependingonthetypesofsubstituents(aliphaticandaromatic)andtheirstericrequirements.

100:0 91:,

¶NMe2>但YNMe2》吼H》¶0),T
`4:3` 100:0

=吼㌃＼》吼
8$:12

88:12 `3:37

0＼/
> 一へ0へ >>

72:28

12

100:0



ThismolecularrecognltlOnChemistry hasbeenappliedtoanewtypeofcomplexation

chromatography25,i･e･,SeParation ofheteroatom-COntainlng SOlutes by complexation with

stationary,insolubilizedorganoaluminumreagents･26
Thus,treatmentOfstericallyhindered

triphenollinCH2C12WithMe3Alatroomtemperaturegaverisetothepolymericaluminum

reagent2andthiswaspackedinashort-Pathglasscolumnasastationaryphase･Then,aSOlution

oftwodifferentethersindegassedhexanewasintroducedandelutedwithmoredegassedhexane･

Aftercollectionofhexanefractions(e.g.,40×5mL),eluentwaschangedtoEt20inhexane

(Et20/hexane=1:10)･ThistechniqueallowedthesurprisinglycleanseparationofstruCturallyor

electronicallysimi1arethersubstratesthatcannotbereadilyaccomplishedbyordinarysilicagelor

aluminachromatography･27

1:X= H

2:X=
-AI一
I

Mo

ethersandeluent

lir再ection

孝(

二
塵
▽
合
/

･←∬gOn且ow

･←-Silanizedsilicagel

←1慧慧ご霊慧;器莞岩
+--glassnlter

polymericaluminumreagent polymericorganoaluminumcolumn

Forexample,theTHFandTHPethersof4-(tert-butyldiphenylsiloxy)-1-butanoIcouldbe

separated successfu11y withthis short-Pathcolumnchromatography:theTHPetherwaseluted

≡_三_三…二
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quantitativelywithhexane,WhiletheTHFetherstronglycoordinatedtothestationary,POlymeric

aluminumreagent2,beingelutedonlywithEt20inhexane(Et20′hexane=1‥10)･Thiscasewould

demonstrateanefftctivewaytopurifystruCturallyorelectronicallysimi1arethersinthesegment

Synthesisofpolyetherantibiotics.

ThepresenttechniquealsoallowedtheefftctiveseparationofvariousstruCturallysimi1arα,β-

disubstitutedepoxysilylethersbydiscriminationoftheirstructuralenvironmentsuchasthe

COn丘gurationofepoxidesandthesizeofepoxidesubstituents･Forinstance,thechromatographic

SeParation of geometricalisomers of epoxy silylethers such as
cis-and trans-3-

PrOPyloxiranemethanoltert-butyldiphenylsilylethersat-150Ccouldbeaccomplishedeasily,Only

thetrans-isomerbeingelutedwithhexane.

＼､′ヱ>〉OSiPh2But＼､/〈且ハ｡Sj,h2B｡t

彗
OSiPh2BuI

心〉OSjPh2B｡t

Inchapter5,theauthordescribessyntheticapplicationofcomplexationchromatographyon

polymericorganoaluminumcolumn･Apartfromitsobviousutilityinseparationmixturesof

StruCturallyorelectronicallyverysimi1arethers,COmPlexationchromatographyonpolymeric

OrganOaluminumcolumncanbeexpectedtobecomeaveryusefu1syntheticprocedurefbrvarious

OrganOaluminum-mediatedreactions.

Recently,Yamamotoetal･rePOrtedthatthemoreLewisacidic,eXCePtlOna11ybulky

methylaluminumbis(4-bromo-2,6-di-tert-butylphenoxide)(abbreviatedtoMABR)canbeutilized

asastoichiometricreagentandacatalystfbrthestereocontrolledrearrangementofoptlCallyactive

epoxysilyletherstoopticallyactiveβ-Siloxyaldehydesundermildconditions.28Therefbre,the

author examined catalytlC rearrangement ofsimple epoxides uslng MABR and various

14



dimethylaluminumreagentstoproducecarbonylcompoundsselectively.Forexample,treatmentOf

thetrans-StilbeneoxidewiththecatalyticamountofMABR(10mol%)inCH2C12at-200cledto

rearrangeddiphenylacetaldehydein95%yield･AIso,thereactionoftert-butyldimethylsilylether

Ofepoxygeraniolgaverisetothedesiredβ-Siloxyaldehydein82%yieldunderthesameconditions.

MABR

｡h人乳ph

ノむ〈〉也〈｡SiMe2｡u.

MABR

(10mol%)

95%yietd

MABR

(20mol%)

82%yieId

ph十CHO

/｣〉､､メ諾Me2Bu`

Similarly,the rearrangement ofepoxides uslng20mol%ofvarious dimethylaluminum

aryloxidereagents(Me2AlOAr)wasexamined,andthusthemodi丘eddimethylaluminumreagents

SuCh as tris(dimethylaluminum)aryloxide(3),dimethylaluminum4-bromo-2,6-di-tert-

butylphenoxide(4),dimethylaluminum 2,6-di-tert-butyト4-methylphenoxide(5),and

dimethylaluminum4-bromo-2,6-diphenylphenoxide(6)couldbeutilizedasmildLewisacidic

Catalystsfortheselectiverearrangementofepoxidestocarbonylcompoundsatroomtemperature.

Among these,tris(dimethylaluminum)aryloxide(3)washighlyeffectivefbrepoxy silylether

15



Substratessuchastert-butyldimethylsilyletherofepoxygeraniol,Whiledimethylaluminum4-

bromo-2,6-diphenylphenoxide(6)wasusefu1fbrsimpleepoxidessuchastrans-Stilbeneoxide.

0

ん＼
-C=こC-

Me2A10Ar

(20mol%)

roomtemperature

OAIMe2

Me2AトおMe5

I?
-C-C-

Me2A卜ふBr

InstudyingtheseparationmixturesofqP-disubstitutedepoxysilylethersusingthepolymeric

aluminumcolumnasdescribedinchapter4,gem-disubstitutedandtrisubstitutedepoxysilylethers

WerePrOnetObepartia11ysusceptibletotherearrangementonthestationary,POlymericaluminum

reagent2･Thisfindingandthestudyofepoxyrearrangementuslngtheorganoaluminumreagents

mentioned above have prompted us to develop the synthetic application of polymeric
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organoaluminumcolumnasaworkupLfreereactortocatalytlCrearrangementOfepoxides･The

polymericorganoaluminumcolumnforcatalytlCrearrangementWaSpreParedasdescribed

previously with some modification
forin situ preparation･Thus,a SOlution of tert-

butyldimethylsilyletherofepoxygeraniolindegassedhexanewaspassedthroughthecolumn(20

mol%aluminumreagent)forlOminatroomtemperature,thedesiredβ-Siloxyaldehydebeing

Obtainedin67%yield.

0

人人

-C=こC-

OrganOaIuminumcoIumn

roomtemperature

l?
-C-C-

epoxideandhexane

l(eluent)irjection

□
匪
□
□
〔
〕
蘭
帯
骨

ーーーargOnflow

←1慧慧ご慧;器警岩←glassnlter

polymericorganoaluminumcolumnas

aworkup･freereactor

Interestlngly,theeluatebythisnowmethodcontainedonlyatraceofby-PrOductsincontrast

totheresultofaconventionalbatchmethoduslng20mol%polymericaluminumreagent2in

CH2C12atrOOmtemPerature･Thepolarby-PrOductscoordinatedselectivelytothestationary,

polymericaluminumreagent2possesslnghighrecognlt10nabilitylnCOmPlexationwithLewis-

basiccompounds,Sincetheby-prOductscouldbeelutedwith5%THFinhexane･
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Inconclusion･thepresentstudiesaredividedintotwosectorsdistlnguishedbynotable

featuresoftheactionoforganoaluminumcompounds‥
Onereliesontheactionasthealkylating

agentsandtheotherontheactionastheLewisacidiccomplexlngagentS,namely,theLewisacidic

receptors･TheauthorhascontributedtothefbllowlngPOlntS:

(1)Thesyntheticpotentialofthehydroaluminationofisoprene,1-alkynes,andallene

COmpOundsuslngtranSitionmetaland/ororganoboranecatalystsisstudiedindetail.

Amongthese,PhB(OH)2-CatalyzedhydroaluminationofalleneswithAIHC12PrOVidesa

COnVenientandhighlyreglOSelectivewaytogenerateallylaluminumcompoundsthatcan

thenbesatisfactori1yutilizedfbrreglOSelectivea11ylationofaldehydes･

(2)ThevirtuallycompleterecognitionofstruCtura11yorelectronica11yverysimi1arether

SubstratesisrealizedwiththeexceptlOnallybulkyorganoaluminumreagent,MADasa

LewisacidicreceptorbasedontheselectiveLewisacid-basecomplexformation･

RecognltlOnChemistrylSSuCCeSSfu11yappliedtocomplexationchromatographyuslng

POlymericmonomethylaluminumreagent2asastationaryphase,therebyallowlnga

SurPnSlnglycleanseparationofstruCturallyorelectronicallysimi1arethersthatcannot

beaccomplishedbyordinarysilicageloraluminachromatography･

(3)Thecomplexationchromatographyonpolymericorganoaluminumcolumncanbe

readilyutilizedforthefacileworkup-freecatalyticrearrangementofepoxidesto

Carbonylcompounds･Thepolymericaluminumreagent20nthecolumnexhibitsits

highefnciencynotonlyasacatalystfbrtheepoxyrearrangement,butalsoasamterfbr

theselectiveremovaloftheresultingpolarby-PrOductsbasedontheLewisacid-base

COmPlexfbrmation.
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Chapter 2

Transition Metal･Catalyzed Hydroalumination

with Modined･Complex AluminumIIydrides

Abstract:Cp2TiC12-CatalyzedhydroaluminationofisoprenewithLiAIH4andmodi丘ed

complexaluminumhydridessuchasLi[AIH3(C5Hll)]hasbeeninvestigated･Thecatalytic

hydroaluminationwithLiAIH4fbllowedbyhydrolysisgave2-methyl-1-butene(1),2-methyl-2-

butene(2),2-methylbutane(3),and3-methyl-1-butene(4),While the reaction with

Li[AIH3(C5Hll)]affbrdedlwithgoodselectivity･NMRanalysisofthemainproductlobtained

bythedeuterolysisofthereactionswithLiAIH4andLi[AIH3(C5Hll)】indicatedthatthedeuterium

incorporatedlconsistedofamixtureof2-methyl-1-butene-3-dand2-methyl-1-butene-4-d,

respectively･The structureofotherdeuterolysIS PrOducts andtheir selectivlty Were also

detemined･Further,akineticstudywascarriedouttoelucidatethemechanismoftheisoprene

hydroalumination･ Attempted Cp2TiC12-Catalyzed hydroalumination ofl-alkynes with

Li[AIH3(C5Hll)]fbllowedbydeuterolysisgaveriseexclusivelytothedeuteriumincorporatedl-

alkenes,Whichwereamixtureofl-alkene-1-dandl-alkene-2-d.
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Catalytichydroaluminationreactionsofunsaturatedhydrocarbonshavebeenrealizedbythe

COmbineduseofaninorganicaluminumhydride-tyPereagentSuChasLiAIH4andacatalytlC

amountoftransitionmetalcompoundwithhighefnciencyandselectivityundermi1dconditions.1,2

Sincetheresultingorganoaluminumcompounds,Organicgroupsofwhichpossessastrong

Carbanioncharacter,CanaCtaSPOWerfu1alkylatingagents,theseundergofacileinterm01ecularalkyl

transferreactionswithvariousorganicandinorganicelectrophilesundermi1dconditions.The

transitionmetal-Catalyzedhydroaluminationofcoqugateddieneswithcomplexaluminumhydrides

hasbeenreportedtoprovideallylaluminumcompounds,1d,1iwhicharemorereactiveandunlque

CharaCteristicsyntheticintermediatesandreagentsthantheirsaturatedcounterparts･3 Forexample,

thehydroaluminationofisoprenewithLiAIH4CatalyzedbyTiC14,Cp2TiC12,OrNicompoundshas

beenefftctedundermildconditionsandithasbecomeevidentthat2-methyl-1-butene-3-dwas

PrOducedpredominantlyby deuterolysIS;itwas contaminated,however,by mixtures of

reg10isomersandofmono-anddihydroaluminationproducts,1dandfurtherinvestlgationshavenot

beenreported･Accordingly,WeShouldliketoexplorethefurtherpossibilityofapplyingisoprene

hydroaluminationreactionfbrtheselectivegenerationofallylaluminumcompound･

よク･(｡主翼ニ,,
¢at Cp2TiC12

rOOmtemPerature,24h

Initially,WeeXaminedvariouscombinationoftransitionmetalcatalysts(2.5mol%)with

LiAIH4(0･25equiv)in THF for effecting hydroalumination ofisoprene.After the

hydroaluminationat300cfbr24h,thereactionwasquenchedwithasaturatedsolutionofN=4Cl

atOOctomonitorthecatalyticactivltyandreactionselectivltybyGLCanalysIS･Asillustratedin

Tablel,allofthetransitionmetalcatalystsprovidedamixtureof2-methyl-1-butene(1),2-methyl-

2-butene(2),2-methylbutane(3),and3-methyl-1-butene(4)･Amongthese,Cp2TiC12Showedthe

highestcatalyticactivityandselectivityfbrthefbrmationofthedesiredhydrolysisproductl(76%

Selectivity,entryl)eventhoughitgavesigni丘cantproportionsofotherproducts,2-4.1d Hence,
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determination of the factors affectlng the selectivlty OflintheCp2TiC12-Catalyzed

hydroaluminationwithLiAIH4WaSPerfbrmedfbrobtainlnginfbrmationontheselectivegeneration

Ofallylaluminumcompound.

Table2showstherelationbetweenthehydrolysISPrOduct-Selectivltyandtheconcentrationof

LiAIH4inCp2TiC12-Catalyzedhydroalumination･The selectivltyOfldecreasedwith anincrease

Tablel･CatalyticActivityandReactionSelectivityofTransitionMetalChloridesfbr

HydroaluminationofIsoprenewithLiAIH4a

yield/%

en打y catalyst

よ/.夫//⊥/｣ゼ
1 2 3 4

COnV./%

1 Cp2TiC12b 76 6

2 TiC14

3 TiC12(acac)2

4 TiC13C

5 ZrCl4

6 VC14

7 VC13

60 17

46 29

54 29

50 50

53 32

38 43

16 2

15 8

17 8

9 8

0 0

12 3

14 5 11

aReactionconditions‥[Catalyst】=2･5mmol･dm-3,[LiAl=4]=25mmol･dm-3,[Isoprene]

=100mm01･dm-3,[THFsolution]=0.05dm3,30OC,24h.b[THFsolution]=0.10

dm3.CFor20h.

27



in the concentration ofLiAIH4(41%selectivity at[Isoprene]/[LiAIH4]=1)at a constant

COnCentrationofCp2TiC12andisoprene(entriesl-3),Whileataconstantratioofisopreneto

LiAIH4([Isoprene]/[LiAIH4]=4)itdidnotvarywithLiAIH4COnCentration(entriesl,4,and5).

Interestingly,eVenat[Isoprene]/[LiAIH4]=4,theselectivityOflwasfbundtobeverylow(about

50%selectivity)intheregionoflessthan30%conversionyield,namelycorrespondingto

[Isoprene]/[LiAIH4]≦1,aSShowninFigurel･FurthermOre,remarkablechangesinthereactivity

WereObservedbythesuccessiveadditionofisoprene(1equiveach)(Figure2).Theselectivityof

lwasverylowinthenrstadditionstep([Isoprene]/[LiAIH4]=1),butinthesubsequentaddition

StePSitwastheexclusiveandeachadditionstepwasslowerthantheprecedingone･

Table2･EffbctofLiAIH4ConcentrationonProduct-Selectivitya

[LiAIH4] [Isoprene]

entry[Cp2TiC12] [LiAIH4]

molarratio molarratio

yiel〟%

メ〉 人/ノ)｣ゼ
COn'●′%

1 2 3 4

1 10

2 20

3 40

4 20

5 40

76 6 16 2

44 20 34 2

41 26 29 3

75 4 18 3

73 16 8 3

aReactionconditions:[Cp2TiC12]=2･5rrmol･dm-3,【THFsolution]=0.10dm3,300C,

24h.

28



0

辞
､
首
>
叫
)
U
葛
∽
J
O
p
一
む
;
ビ
○
州
S
J
ぎ
u
｡
U

0 10 15

Reac也on血眠/b

Figurel･Cp2TiCn2-Catalyzed=ydroaluminationofIsoprenewithLiAlH4at

ロSOPrene]/P.iAlH4]=4

[Cp2TiC12]=2･5mmol･dm-3,P･iAll{4]=25mmol･dm-3,【Isoprene]=100

mmol･dm-3,【THFsolution]=0･10dm3,30OC

● 2-Methyl-1-butene(1) Cii 3-Methyl-1-butene(4)

0 2-Methyl-2-butene(2) △ Isopreneconversion

□ 2-Methylbutane(3)
巴

…慧琵1~butene(1)
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Figure2･SuccessiveAdditionofIsopreneinCp2TiC12-CatalyzedHydroalumination

【Cp2TiC12]=2･5mmol･dm-3,P･iAIH4]=100mmol･dm-3,【THFsolution]=0.10dm3,300C

● 2-Methyl-1-butene(1) 0 2-Methyl-2-butene(2) □ 2-Methylbutane(3)

□ 3-Methyl-トbutene(4) △ Isopreneconversion



Theseresults havebeeninterpretedtomeanthatthe hydroaluminationwithLiAIH4at

[Isoprene]/[LiAIH4]=4proceededbyasequenceoffbursuccessiveadditionsteps,andthatsteric

bulkinessofanorganicgroupoflithiumtrihydridoaluminates(Li[AIH3(HR)]),Whichmightbe

derivedfromthereactionofisoprenewithLiAIH4inthenrststep,WaSreSPOnSiblefbrtheselective

fbrmationoflinthesubsequentsteps･

R‥ 〆＼♂
LiAIH4

Cat Cp2TiC12
Li[A]lH3(HR)】

Li[AIH(HR)3]

Li[AIH2(HR)2]

Li【AI(HR)4】

Indeed,Cp2TiC12-Catalyzedhydroalumination ofisoprene with the modified complex

aluminumhydride,1ithiumtrihydridopentylaluminate(Li[AIH3(C5Hll)]),Whichcanbereadily

PreParedinsitubyCp2TiC12-Catalyzedhydroaluminationofl-PenteneWithLiAIH4,affordedl

Withgoodselectivityevenat【Isoprene]/[Li[AIH3(C5Hll)】】=1(Figure3).Similarly,the

treatmentwithlithiumdihydridodipentylaluminate(Li[AIH2(C5Hll)2])allowedthefacileselective

formationofl(Figure4).

C3日7

＼=

LiAIH4

Cat Cp2T‡C暮2
Li【AIH3(C5Hll)】
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Figure3･Cp2TiC12-CatalyzedHydroaluminationofIsoprenewithLi[Alli3(C5Hll)]

[Cp2TiC12]=2.5mm01･dm~3,[Li[AlH3(C5Hll)]]=100mm01･dm-3,[Isoprene]=100

mm01･dm-3,[THFsolution]=0.10dm3,300C

● 2-Methyl-1-butene(1) ロ 3-Methyl-1-butene(4)

0 2-Methyl-2-butene(2) △ Isopreneconversion

□ 2-Methylbutane(3)
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Figure4･Cp2TiC12-CatalyzedHydroaluminationofIsoprenewithLi[AIH2(C5Hll)2]

[Cp2TiC12]=2.5mmOl･dm-3,[Li[AIH2(C5Hll)2]]=100rrmol･dm-3,[Isoprene]=100

rrmol･dm-3,[THFsolution]=0.10dm3,300C

● 2-Methyl-1-butene(1) 田 3-Methyl-1-butene(4)

0 2-Methyl-2-butene(2) △ Isopreneconversion

□ 2-Methylbutane(3)
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AseparatestudyquenchingwithD20wasperformedtodeteminetheregioselectivityof

Cp2TiC12-Catalyzedisoprene hydroalumination
with LiAIH4,Li[AIH3(C5Hll)],and

Li[AIH3(C8H17)](Table3)･Accordingtomassspectralanalysis,thealkenesincorporatedahigh

yieldofdeuterium(87-93%),butthe2-methylbutane(3)contained non-deuterated2_

methylbutane(2-methylbutane-do),2-methylbutane-dl,and2-methylbutane-d2.The13cNMR

(inversegateddecoupling4)studyoftheisolated2-methyl-1-butene(1)indicatedthatthedeuterium

incorporatedlobtainedat[Isoprene]/[LiAIH4]=3･5consistedofamixtureof2-methyl-1-butene-3-

d(5)and2-methyl-トbutene-4-d(6)in a ratio of87:13,in contrast to the result at

[Isoprene]/[LiAIH4]=1(100:0)(Table4)･Unfbrtunately,thehydroaluminationwiththe

modi丘edcomplexaluminumhydrides,Li[AIH3(C5Hll)]andLi[AIH3(C8H17)],alsoaffbrdeda

mixtureofdeuteratedisomers,5and6,reSPeCtively(entries3and4).

Table4･StruCtureandSelectivityofDeuterated2-Methyl-1-butenea

selectivity/%b

e叫 conditions

キよ〈D
yiel〟%C conv･′%

5 6

1 LiAIH4,1･0

2 LiAIH4,3･5

100

87

3 Li[AIH3(C5Hll)],3･0 65

4 Li[AIH3(C8H17)】,3.0 60

13

35

40

35(90) 100

76(93) 99

90(89) 88

90(93) 86

aReactionconditionsaregiveninTable3･bDeteminedby13cNMR(inversegateddecoupling)

SPeCtraOfisolatedproducts･Cvaluesinparenthesesarerelativeratio′%of2-methyl-1-butene-dl

basedon2-methyl-1-butene-doand2-methyl-1-butene-dl･Deteminedbymassspectra･
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Table3･Cp2TiC12-CatalyzedHydroaluminationofIsoprenewithComplexAluminum

Hydridesa

yiel〟%

entq COnditions

よ/ノ〉/｣〉 ⊥♂
COnV･/%

1 2 3 4

1b LiAIH4,1･OC

2g LiAIH4,3･5

35 23 42 trace lOO

(90)d (93)g(3/54/43)′

76 6 16 2

(93) (89)(10/36/54)

3h Li[AIH3(C5Hll)],3･0 90 7

(89) (90)

41 Li[AIH3(C8H17)],3･0 90 7

(93) (87)

99

3 trace 88

3 trace 86

aReactionconditions:[Cp2TiC12]=9･5mmol･dm-3,[Complexaluminumhydride]=380

mm01･dm-3,[THFsolution]=0.10dm3,300C･ReactionwasquenchedwithD20atOOC･
bFor48h･CMolarratioofisoprenetoLiAIH4([Isoprene]/[LiAIH4])･dvaluesin

Parenthesesarerelativeratio/%of2-methyl-1-butene-dlbasedon2-methyl-l-butene-doand

2-methyl-1-butene-dl･Deteminedbymassspectra･eValuesinparenthesesarerelative

ratio/%of2-methyl-2-butene-dlbasedon2-methyl-2-butene-doand2-methyl-2-butene-dl･

fvaluesinparenthesesarerelativeratio/%of2-methylbutane-do,2-methylbutane-dl,and2-

methylbutane-d2･gFor73h･hFor92h･lFor50h･
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In a similar manner,the structure ofother deuterolysIS PrOducts obtained by the

hydroaluminationwithLiAIH4andtheirselectivltyweredetemined,andtheresultsaredepictedin

Tables5･Thedeuterated2-methyl-2-butene(2-methyl-2-butene-dl)producedbythereactionat

both[Isoprene]/[LiAIH4]=1and3･5wasamixtureofthea11yl-deuteratedalkenes,7,8,and9

Table5･StruCtureandSelectivltyOfOtherDeuterolysisProductsa

entry conditions struCtureandselectivity/% yield/% conv./%

Dヰ/し｡rし
7 8 9

1 LiAIH4,1･0

2 LiAIH4,3･5

3 LiAIH4,1･0

4 LiAIH4,3･5

5 LiAl=4,1･0あ

71

74

23

14

6 23(93) 100

12 6(89) 99

D〉L///し㌦｡D〉しへ｡
10 11 12

25

21

31

19

D､J♂
13

100

44

60

42(3/54/43)100

16(10/36/54) 99

18(74/26) 79

aReactionconditionsareglVeninTable3.bForO.5h.
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(entriesland2).Ontheotherhand,thesaturatedproduct,2-methylbutane,WaSanaPPrOXimately

50/50mixtureof2-methylbutane-dland2-methylbutane-d2･This2-methylbutane-dlCOntaineda

l:1mixtureofthe2-methylbutane-1-d(10)and2-methylbutane-4-d(11),While2-methylbutane-d2

WaSOnly2-methylbutane-1,4-d2(12)(entries3and4)･

Instudyingthereactionat[Isoprene]/[LiAIH4]=1,amarkedincreaseintheyieldofthe

hydrolysisproduct,3-methyl-1-butene(4),WaSObserved(Figure5);itcontinuedfbraperiodof

approximatelyO.5h,andthenbycompensationoftheyieldof4theyieldof2-methylbutane(3)

graduallyincreased.WhenthestudyquenchingwithD20afterthereactionat[Isoprene]/[LiAIH4]

=1forO･5hwasperformedtodeterminethestruCtureOfdeuteratedspeciesof4andtheir

selectivity,3-methyl-1-butene-4-d(13)wasobtainedsolely･Thedeuteriumincorporationof4was

only26%,however,therestbeingnon-deuterated4(3-methyl-1-butene-do)(entry5inTable5)･

OnthebasisofthestruCturalconsiderationforthemainresultingdeuteratedproducts,2-

methyl-1-butene-3-d(5),2-methyl-1-butene-4-d(6),(Z)-2-methyl-2-butene-1-d(7),2-

methylbutane-1,4-d2(12),and3-methyl-1-butene-4-d(13),thehydroaluminationproductshave

beenassumedasfollows(SchemeI).Thehomoallyl-deuteratedproducts,6and13,WOuldarise

fromthedeuterolysISOfthecorrespondinghomoallylaluminumcompounds,19and20,Whilethe

a11yl-deuteratedproducts,5and7,COuldbeconsideredtoderivefromthedeuterolysisinvoIvingthe

allylicrearrangement30fallylaluminumintermediates,15and16,Viathetransmetallationofsyn-

1,2-dimethylallyltitamiumcomplex14･5 ThedeuterolysISOfdihydroaluminationproduct21,Which

maybeproducedinsitubyanadditionalhydroaluminationreactionofthehomoallylaluminum

intermediates,19and20,1edtothedideuteratedproduct12･Hence,thatnoformationofthe

homoallyl-deuteratedproducts6wasobservedat[Isoprene]/[LiAIH4]=1maybeattributableto

thisproposeddihydroaluminationreactionfbrtheformationof21via19･Sincetheuseofthe

modi丘eqcomplexaluminumhydridessuchasLi[AIH3(C5Hll)]hasefncientlycontrolledtogive

monohydroaluminationproducts,Whichareprobably15and19,theregiochemistryofisoprene

hydroalumination shouldbedeterminedinthetransmetallation step,Where alkenyltransfer

reactionsfromtitaniumatomtoaluminumatomwouldberestrictedbyastericbulkinessofan

Organicgroupofaluminumhydrides.
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Figure5･Cp2TiC12-CatalyzedHydroaluminationofIsopreneat[Isoprene]/P.iAIH4]=1

【Cp2TiC12]=9･5mm01･dm-3,匹iAll{4]=380mmol･dm-3,[Isoprene]=380mmol･dm-3,

【THFsolution]=0.05dm3,300C

● 2-Methyl-1-butene(1) Eii 3-Methyl-1-butene(4)

0 2-Methyl-2-butene(2) △ Isopreneconversion

□ 2-Methylbutane(3)
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Inordertoelucidatethemechanismoftheisoprenehydroalumination,akineticstudyof

Cp2TiC12-CatalyzedisoprenehydroaluminationwithLi[AIH3(C5Hll)】wasalsoexamined･For

example,time dependence of the yield of the resulting
hydrolysIS PrOducts at
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[Isoprene]/[Li[AIH3(C5Hll)]]:3isshowninFigure6.Theyieldoflproducedselectivelywas

PrOpOrtionaltothereactiontimeintherangeofalowconversionofisoprene(1essthan30%

COnVerSion),theappropriateplotpassingthroughtheorigin･Thus,theinitialrate,Rl,forthe

fbrmationoflunderthisconditionwasestablishedtobe22･3mm01･dm-3･h-1(entrylinTable6).

Hydroaluminationresultsobtainedat300CunderdifftrentconditionsarelistedinTable6.That

theproductlwasderivedfromthecorrespondingalkenylaluminumintermediateswasconnrmed

ん .Li【A暮H｡(C5日,,)】
D20

Cat Cp2TiC12,300C OOc

bydeuterolysisofthereactionmixtureaf[er24h(85-90%deuteriumincorporation).Asrevealed

inTable6,RIShowedtobea血st-OrderdependenceontheconcentrationofCp2TiC12(entriesl-

3),aSWellastheconcentrationofLi[AlH3(C5Hll)](entries4-9).Incontrast,theefftctofthe

isopreneconcentrationwasindependentofRl(entriesl,7,10,andll)･Consequently,theimitial

rate,Rl,COuldbeexpressedbyRl=K[Li[AlH3(C5Hll)】][Cp2TiC12],Where[Li[AlH3(C5Hll)]]

and[Cp2TiC12]denotetheinitialconcentrationofcomplexaluminumhydrideandTi-Catalyst,

respectively･ThisexperimentalfbrmulacanbeantlCIPatedintermsofthemechamismldinwhich

theisoprenehydroaluminationproceededbyasequenceoftwosuccessivereactions:(1)the

COOrdinationandsubsequentinsertionofanisoprenetoanactiveTi-Hbondasthefaststep(Eq･2);

Cp2TiCI2 + LiAIH4

T州･よ♂
Kl

=~

一=

___
K.1

Tト(C5H9)

(1)

(2)

Ti･-(C5H9)･Lj[AJH3(C5H..)]上Li[AJH2(C5H..)(C5H,)]+Ti･_H(3)
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Figure6･Cp2TiC12-Catalyzed Hydroalumination ofIsoprene at[Isoprene]/

【Li[AIH3(C5Hll)]]=3

[Cp2TiC12]=2.5mm01･dm.3,[Li[AlH3(C5Hll)]]=100mm01･dm-3,Psoprene]=300

rrmol･dm.3,[THFsolution]=0.10dm3,30OC

● 2-Methyl-1-butene(1) Ei 3-Methyl-1-butene(4)

0 2-Methyl-2-butene(2) △ Isopreneconversion

□ 2-Methylbutane(3) □ 2-Methyl-1-butene(1)

Selecdv吋
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and(2)thetransmetallationoftheintermediaryalkenyltitaniumcompound(Ti*-(C5H9)),thus

generated,WithLi[AIH3(C5Hll)】invoIvingregenerationoftheactivetitaniumhydridespecies

(Ti*-H)astherate-deteminingstep(Eq.3).

Table6･ⅠmitialRatefbrFormationof2-Methyl-1-buteneinCp2TiC12-Catalyzed

HydroaluminationofIsoprenewithLi[AIH3(C5Hll)]a

fbrmationoflb

(mmOl･dm-3)(mm01･dm-3)(mm01･dm-3)imitialrate,Rl.Selectivlty
(mol･d血~3･b~1)(%)

entry [Cp2TiC12][Li[AIH3(C5Hll)]]【Isoprene]

1 2.5

2 5.0

3 10.0

4 2.5

5 2.5

6 2.5

7 2.5

8 2.5

9 2.5

10 2.5

11 2.5

100

100

100

50

150

50

100

150

200

100

100

300

300

300

300

300

600

600

600

600

200

800

22.3

45.0

92.0

13.0

92

90

93

95

30.0 91

14.0 94

22.3 95

33.8 93

45.8 94

22.5 91

22.0 90

aReactionwascarriedoutinTHF([THFsolution]=0.1dm3)at300Cfbr24h,andwas

thenquenchedwithD20atOOC･bDeuteriumincorporationwas85-90%afterreaction

ねr24b.

42



Althoughhydroaluminationofalkyneswithorganoaluminumhydrides(R2AIH)suchasi-

Bu2AIHhasbeen areasonablyconvenientandeffectivereactionforselective generationof

Vlnylaluminumcompounds,6theCp2TiC12-Catalyzedhydroaluminationofl-alkyneswithcomplex

aluminumhydridesanddialkylaminoaluminumhydrideswasreportedtoaffbrdamixtureofmono-

anddihydroaluminationproducts･2Inthiscontext,Catalytichydroaluminationofl-alkyneswiththe

modifiedcomplexaluminumhydride,Li[AIH3(C5Hll)]wasexaminedinanattempttoproduce

Vlnylaluminumintermediatesselectively･ForexamPle,Cp2TiC12-Catalyzed hydroalumination of

1-hexynewithLi[AIH3(C5Hll)】fo1lowedbydeuterolysisgaveriseexclusivelytol-hexene(97%

Selectivity)incorporatedhighyieldofdeuterium(88%),aSlistedinTable8(entry3).Results

WhenLiAIH4WaSuSedarealsoincludedfbrcomparison.Thestericefftctofthemodi丘ed

COmPlexaluminumhydride,Li[AIH3(C5Hll)],isfavorableinthehydroaluminationofteminal

alkynesfbrobtainlngmOnOhydroaluminationproducts･Hencethe structureoftheresulting

deuteratedproducts,1-alkene-dl,alkane-dl,andalkane-d2,andtheirselectivityweredeteminedby

1-AIkyne

CatCp2TiC12

a山minumhydrido

THF,300C,24h

43

D20

R〉ク＼Al R〉ク＼D

R＼戸
00C D



Table8･TransitionMetal-CatalyzedHydroaluminationofl-AlkyneswithComplex

AluminumHydridesa

entry catalyst conditions yield/%b conv./%

1･hexyne

l Cp2TiC12 LiAIH4,1･OC

LiAIH4,4.0

bexane l･bexene 2-bexene

(6/33/52/9)d(96)e

17 82

(11/37/49/3)(87)

Li[AIH3(C5H11)],3･0 3 97

(88)

4 TiC14 LiAIH4,4･0

5 Ti(acac)2C12 LiAlH4,4･0

1-OCtyne

6 Cp2TiC12 LiAIH4,1･OC

LiAIH4,4.0

46 54

(9/41/50/0)(85)

33 67

(26/49/25/0)(68)

1 100

1. 58

0 60

0 38

0 28

OCtane l･OCtene 2.octene

(6/32/52/10)d(93)e

18 80

(22/49/37/2)(86)

Li[AIH3(C5Hll)],3･0 2 96

(88)

4 100

2 58

2 56

a[Catalyst]=10rrmol･dm-3,[Complexaluminumhydride]=100rrmol･dm-3,[THFsolution]

=0･05dm3･Reactionwascarriedoutat300Cfbr24h,andwasthenquenchedwithD20atO

OC･bDeteminedbyGLCanalysisuslngtheinternalstandardmethod･CMolarratioof

isoprenetocomplexaluminumhydride([Isoprene]/[Complexaluminumhydride]).dvalues

in parentheses are
relative ratio/%of alkane-do,alkane-dl,alkane-d2,and alkane-d3･

Deteminedbymassspectra･eValuesinparenthesesarerelativeratio/%ofl-alkene-dlbased

Onl-alkene-doandl-alkene-dl･
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13cNMRanalysIS,aSShowninTables9andlO･AsrevealedinTable9,thiscatalyticmethod

usingLi[AIH3(C5Hll)]ultimatelyrevealeddisappointingregioselectivitysimilartothatinthesole

useofLiAIH4,thedeuteratedl-alkenebeingfbundtobeamixtureofl-alkene-1-d,220r24,andl-

alkene-2-d,230r25.

Table9･StruCtureandSelectivityofl-Alkene-dla

entry conditions struCtureandselectivity/%b yield/%C conv./%

1･hexyne

1 LiAIH4,1･0

2 LiAIH4,4･0

C4日9＼みD C4H97
22 23

72

72

3 Li[AIH3(C5Hll)],3.0 68

1･OCtyne

4 LiAIH4,1.0

5 LiAIH4,4･0

28 49(96) 100

28 82(87) 58

32 97(88) 60

C6日13＼み｡C6H13ア
24 25

63

69

6 Li[AIH3(C5H11)],3･0 64

37 51(93) 100

31 80(86) 58

36 96(88) 56

aReactionconditionsaregiveninTable8･bDeteminedby13cNMR(inversegated

decoupling)spectraofisolatedproducts.Cvaluesinparenthesesarerelativeratio/%ofl-

alkene-dlbasedonl-alkene-doandl-alkene-dl･
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TablelO･StruCtureandSelectivityOfAlkane-dlandAlkane-d2a

COnditions struCtureandselectivity/%b yield/%C conv･/%

C4H9＼ハD C4"9rD
c4H9J､.

26 27 28

LiAIH4,1･0 40 30 30

C6Hけ＼/＼｡C6"1∵Dc6H13､∴.
29 30 31

LiAIH4,1.0 40 30

50

(6/33/52/9)

30 45

(6/32/52/10)

100

100

aReactionconditionsaregiveninTable8･bDeteminedby13cNMR(inversegateddecoupling)

SPeCtraOfisolatedproducts･Cvaluesinparenthesesarerelativeratio/%ofalkane-db,alkane-dl,

alkane-d2,andalkane-d3･

ExperimentalSection

General･The GLC analyses were performed with a Shimadzu6A and7A gas

ChromatographequippedwithSiliconeDC-710(6m)andVZ-7(6m)columns(N2aSCarriergas)･

ThelHNMRand13cNMRspectrawererecordedonJEOLFX-60Qspectrometer,uSing

tetramethylsilane(Me4Si)asaninternalstandard.Splittingpatternsareindicatedas s,Singlet;t,

triplet;q,quartet;m,multiplet･ThemassspectrawererecordedwithaShimadzuGCMS-7000
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massspectrometer.Tetrahydrofuran(THF),isoprene,1-Pentene,andl-OCteneWerefreshly

distilledfromLiAIH4･AllexperimentswerecarriedoutunderanatmosphereofdryargOn･Other

Simple,inorgamicandorganicchemicalswerepurchasedandusedassuch･

GeneralMethodofTransitionMetal･CatalyzedHydroaluminationofIsoprenewith

LiAlH4･ToaclearnlteredsolutionofLiAIH4inTHF7wasaddedisoprenefo1lowedbyasolution

oftransitionmetalhalidesinTHFat300c.Thereactionmixturewasstirredat300c,andwasthen

quenchedataglVentimewithasaturatedsolutionofNH4ClorD20･Theamountofrecovered

isopreneandtheresultingproductsweredeteminedbyGLCanalysIS･Eachproductwascollected

fromagaschromatographandsubmittedformassspectralanalysis･1ThereglOSelectivltyOfthe

reactionwasmomitoredby13cNMRspectroscopyappliedinveTTegateddeco岬Iing4fbrresulting

deuteratedproductsbydeuterolysIS･Thistechmiqueallowsthequantitativeevaluationofproton-

decoupled13cNMRspectra･Forexample,this13cNMRmeasurementofdeuterated2-methyl-1-

butene(a mixture of 5 and6)obtained
by Cp2TiC12-Catalyzed hydroalumination at

【Isoprene]/[LiAlH4]=3.5(Table4.entry2)showedthatthesignalsofdeuteratedC3-DandC4-D

carbonssplitedintotriplet(Jc3-D=19･OHzandJc4-D=19･OHz)andshiftedupper丘eld(A8c3=0･4

ppmandA8c4=0.4ppmbycomparisonwiththeisotopicC3-H(830･6)andC4-H(812･4)carbon

signalsof2-methyl-1-butene-do),reSPeCtively･Additional1y,duetothe13c3-C4-Dand13c4-C3-D

spln-SPlnCOuPlingthebroadtripletslgnalswereobservedbyoverlapplngtOC3-HandC4-Hcarbon

signals(2J13c_D=0.7Hz).BydeteminingtheintegrationratioofC3-Dsignalto13c3-C4-Dand

C3-Hsignals(81:19)andthoseofC4-Dto13c4-C3-DandC4-H(12:88),relativerati00f5basedon

5and6wasestablishedtobe87:13,aStabulatedinTable4.Thedeuteratedproductswere

identifiedbyspectralcomparisonwithauthenticnon-deuteratedsamPlesobtainedcommercially･

Thefo1lowingcharaCteristic13cNMRdatawereobserved(A8(叱-H-8c-D)inppmupper丘eldfrom

thecorrespondingisotopicC-Hcarbonsignal)･

2･Methyl-1･butene･3･d(5):C3-D(830.2,t,Jc-D=19･OHz,A8(叱一H-む-D)=0･4)･

2･Methyl･1･butene･4･d(6):C4-D(812.0,t,Jt-D=19･OHz,A8(む-H-q:-D)=0･4)･

(Z)-2･Methyl･2･butene･1･d(7):Cl-D(817.0,t,Jc_D=19･OHz,A8(む-H一転一D)=0･3)･

2･Methyl･2･butene･4･d(8):C4-D(813.1,t,Jc_D=19.OHz,A8(む一H-む一D)=0･3)･
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(E)･2･Methyl-2･butene-1･d(9):Cl-D(825.3,t,Jc_D=19.OHz,A8(む_H一む_D)=0.3).

2･Methylbutane･1･d(10):Cl-D(821.9,t,Jt_D=19.OHz,A8(む_H-む_D)=0.4).

2-Methylbutane･4･d(11):C4-D(811.5,t,Jc_D=19.OHz,A8(む_H-む_D)=0.3).

2･Methylbutane･1,4･d2(12):Cl-D(821･9,t,Jc-D=19･OHz,A8(叱-H一叱-D)=0･4),C4-D(8

11･5,t,Jc_D=19.OHz,A8(む_H一社_D)=03).

3･Methyl･1･butene･4･d(13)‥ C4-D(8=21.6,t,Jc_D=19.OHz,A8(む_H-む_D)=0.4).

PreparationofLithiumTrihydridopentylaluminate(Li[AIH3(C5Hll)]).To a clear

filteredsolutionofLiAIH4inTHFwasaddedl-Pentene(lequiv)followedbyasolutionof

Cp2TiC12(2･5mol%)inTHFat300c.Thereactionmixturewasstirredat300cfbr24handused

asasolutionofLi[AIH3(C5Hll)]inTHFwithoutanypuri丘cation.Othermodifiedcomplex

aluminumhydridessuchaslithiumdihydridodipenty1aluminate(Li[AIH2(C5Hll)2])andlithium

trihydridooctylaluminate(Li[AIH3(C8H17)])werepreparedinsitufromCp2TiC12-Catalyzed

hydroaluminationofthecorrespondingole丘nswithLiAIH4inTHFat300Cfbr24h･

GeneralMethodofCp2TiC12･CatalyzedHydroaluminationofIsoprenewithModined

ComplexAluminumHydrides･Toasolutionofmodi丘edcomplexaluminumhydrideinTHF

WaSaddedisoprene(3equiv)･Themixturewasstirredat300candwasthenquenchedatagiven

timewithD200raSaturatedsolutionofNH4Cl･AnalysisofallproductsarlSlngfromthe

quenchingofreactionswasperformedbythemethodsasdescribedabove.

GeneralMethodofCp2TiC12･CatalyzedHydroaluminationofl･AlkyneswithLiAl=4･

ToaclearfilteredsolutionofLiAIH4inTHFwasaddedanl-alkynefollowedbyasolutionof

Cp2TiC12(10mol%)inTHFat300c.Thereactionmixturewasstirredat300cfbr24h,andwas

thenquenchedwithD20･AnalysISOfallproductsar1Slngfromthequenchingofreactionswas

Performedbythemethodsasdescribedabove･ThefbllowlngCharacteristicIHand/or13cNMR

datawereobservedfbrthehydroaluminationofl-hexyne(A8(8c-H一叱-D)inppmupper丘eldfrom

thecorrespondingisotopicC-Hcarbonsignal).

1･Hexene･1･d(22):

13cNMR(CDC13)Cl-D(8113･8,t,Jc-D=24･1Hz,A8(む_H-8c_D)=0.2);

1HNMR(CDC13)CIH(84･96,d,J=17･OHz),C2H(85･80,dt,J=17.0,6･3Hz)･
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1･Hexene･2･d(23):

13cNMR(CDC13)C2-D(8138･8,t,Jc-D=23･1Hz,A8(む-H-む一D)=0･3);

1HNMR(CDC13)CIH(84･96and4･92,broad)･

Hexane･1･d(26):13cNMR(CDC13)Cl-D(813･7,t,Jc-D=19.1Hz,A8(む_H一社_D)=0.3).

Hexane･1,2･d2(27):

13cNMR(CDC13)Cl-D(813.6,t,Jc-D=19･lHz,A8(む-H-む一D)=0･4),

C2-D(822.3,t,Jt_D=19･4Hz,A8(む-H-む-D)=0.4).

Hexame･1,1･d2(2$):

13cNMR(CDC13)Cl-D2(813.4,quintet,Jc-D=19･1Hz,A8(む-H一叱-D)=0･6)･

GeneralMeth･OdofCp2TiC12･CatalyzedHydroaluminationofl･AlkyneswithComplex

AluminumHydrides.Toasolutionofmodi丘edcomplexaluminumhydrideinTHFwasaddedan

l-alkyne(3equiv).Themixturewasstirredat300Cfbr24handwasthenquenchedwithD20･

Analysisofallproductsanslngfromthequenchingofreactionswasperformedbythemethodsas

describedabove.
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Chapter 3

Organoborane･Catalyzed Hydroalumination

with Dichloroaluminum Hydride

Abstract:Thehydroaluminationofateminalallene,1,2-nOnadiene,WithLiAIH4inTHFuslng

Cp2TiC12,TiC14,TiC13,ZrC14,andCp2ZrC12Catalystsaffbrdedawidevarietyofdeuteratedspecies

byquenchinghydroaluminationproductswithD20,WhilePhB(OH)2-Catalyzedhydroalumination

WithAIHC12inethergave>95%purel-nOnene-3-daspredominantproduct(92%)inhighyield･

TheallylationofbenzaldehydeusingthePhB(OH)2-Catalyzedhydroaluminationproductsuggested

that the resulting hydroalumination product may be the allylaluminum compound,2-

nonenylaluminum dichloride.A11ylationoftrans-Cinnamaldehydeuslngthis allylaluminum

COmPOundproceededwithhighregioselectivity,1eavingtheketonefunctionalityintact.Allylative

ring-OPeningreactionofepoxideswaslessregioselective.ThecombinationofcatalyticPhB(OH)2

WithAIHC12alsowasefftctiveforthereglOSelectivehydroaluminationofthedisubstitutedallenes,

Vlnylidenecyclohexaneandl-trimethylsilyl-1,2-nOnadiene,althoughthetrisubstitutedallene,1-

butenylidenecyclohexane,ShowednonreglOSelectiveorientationresults･
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Althoughhydroaluminationofa11enesisareasonablyconvenientmethodfbrthegenerationof

allylaluminumcompounds,Onlyfewstudieshavebeenmadeonthissubject.10nerecentstudy

includesthehydroaluminationofalleneswithdiisobutylaluminumhydride(DIBAH)whichgives

excellentyieldsofallylaluminumcompoundsreglOSelectively,butthissystemisnotemployablefbr

Subsequentfunctionalization due toitsinertness towards carbonylcompounds.1a In

hydroaluminationofalkenes,SeVeralsuccessfulexampleshavebeenreportedwhichutilize

transitionmetalcatalysts2andorganoboranecatalysts3bycombininguseofinorganicaluminum

hydride-typereagentssuchasLiAIH4andAIHC12tOefftctthesmoothhydroalumination.Inthis

COnteXt,WehavebeeninterestedinthedevelopmentofthereglOSelectivehydroaluminationof

alleneswithinorganicaluminumhydrideundertheinfluenceofacertaincatalystanditspotential

applicationtoselectiveorganicsynthesis･Herewereportthedetailsoftheregioselectivityinthe

hydroaluminationofalleneswithinorgamicaluminumhydridesuslngVarioustransitionmetaland

OrganOboranecatalystsandthereactionofthereglOSelectivelygeneratedallylaluminumcompound

Withvariouselectrophilessuchascarbonylcompoundsandepoxides･4

Initially,WeStudiedthehydroaluminationofasimpleteminalallene,1,2-nOnadiene,With

LiAIH4(0･25equiv)inthepresenceofvarioustransitionmetalcatalysts(2.5mol%).Afterthe

Catalytichydroaluminationat300corunderrefluxconditions,thereactionwasquenchedwithD20

atOOctomonitorthereglOSelectivityofreactionundertheseconditions.AsillustratedinTablel

(entriesl,3-6,and9-11),allofthetransitionmetalcatalystsprovidedamixtureofnonane,1-

nonene,and2-nOneneS･AccordingtomassspectralanalysIS,thealkenesincorporatedahighyield

Of deuterium(>90%),but the nonane contained non-deuterated nonane(nonane-do),

monodeuteriononane(nonane-dl),anddideuteriononane(nonane-d2)･The13cNMR(inverse

gateddecoupling5)studyoftheisolatedalkenesindicatedthatTi-CatalystsandCp2ZrC12Catalyst

producedawidevarietyofdeuteratedalkenes･Asimi1artendencyoflowregioselectivitywasalso

ObservedintheTi-Catalyzedhydroaluminationofcoqugateddienesandteminalalkynes･2e,2i,?j･6

Incontrast,ZrC14Catalystshowedanear1yquantitativeyield(>95%)ofthedeuteriumincorporation

attheallylpositionofeachalkene,reSultinginamixtureofl-nOnene-3-d(1),(E)-2-nOnene一トd

(3),and(Z)-2-nOnene-1-d(5)(entries5and6).Accordingly,We Studiedsomemodi丘cationsof
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Tablel･TransitionMetal-CatalyzedHydroaluminationofl,2-Nonadienea

entry catalyst conditions convノ%ム

nonane l-nOnene(E)-2-nOnene(Z)-2-nOnene

1Cp2TiC12 LiAIH4

2 Al=C12g

3 TiC14 LiAlH4

4 TiC13 LiAlH4

5 ZrC14 LiAIH4

16(5/12/83)C35(62)d14(58)g 35(29ゾ
2 74(60) 6 18

23(17/40/43)48(76)15(89)14(58)

20(14/51/35)52(77)12(89)16(51)

25(11/77/12)50(>95)15(>95)10(>95)

6 LiAIH4,refluxh 20 62(>95)10(>95)8(>95)

7 Li[AIH3(C5Hll)]113 64(>95)10 13

8 AIHC12g 21 75(>95)1 3

9 Cp2ZrC12 LiAIH4 31 48 13 8

10 LiAl=4,refluxh17 48(59)16(82)19(46)

11 VC13 LiAIH4 28(36/48/16)39 11 22

aunlessotherwisenoted,reaCtionwascarriedoutinTHFat300cfbr24huslngtranSitionmetal

Catalysts(2.5mol%)withLiAIH4(0.25equiv),andwasthenquenchedwithD20atOOc･
bDeteminedbyGLCanalysisuslngtheinternalstandardmethod･Cvaluesinparenthesesare

relative rati0/%ofnonane-db,nOnane-dl,and nonane-d2･
Detemined by mass spectral

analysis･dRelativerati0/%ofal1yl-deuteratedisomerlbasedonland2･Deteminedby13c

NMR(inversegateddecouplihg)spectraofisolatedproducts･eRelativerati0/%ofallyl-

deuteratedisomer3basedon3and4.fRelativerati0/%ofal1yl-deuteratedisomer5basedon5

and6･gAIHC12(1･2equiv,PreParedfromLiAIH4(0･3equiv)andAIC13(0･9equiv))･h血30

0cforlhandwasthenrefluxedfbr24h.1Li[AIH3(C5H11)](0･33equiv,PreParedbyZrC14-

Catalyzedhydroaluminationofl-penteneWithLiAlH4inTHFat300Cfbr24h)at300cfbrlh

andwasthenrefluxedfbr24h.
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aluminumhydrideuslngZrC14-Catalyzedhydroaluminationtocircumventtheproblemsoflow

PrOduct-Selectivity･Useoflithiumtrihydridopenty1aluminate(Li[AIH3(C5Hll)]),Whichwaseasily

PreParedinsitubyZrC14-Catalyzed hydroalumination
ofトpentene with LiAIH4,has efnciently

C6H13

ゝ=.=
Cataly$t

aIuminumhydride

nonano一句 + nOnane-dl + nOnane-d2

c6H13＼彗.C6H13､よ.c6H13＼れD

3:(耳)-

5:(ろ一

COntrOlledtoglVemOnOhydroaluminationproductsand/ortogalnreglOSelectivltylnthecatalytic

hydroalumination ofisoprene andl-alkynes･6 ThecombinationofZrC14Catalyst with

Li[AIH3(C5Hll)],however,hadnoefftctontheproductratiosinthisallenehydroalumination

(entry7)･HenceweanticipatedthatthecombinationofZrC14Catalystwithacertainaluminum

monohydridemightbesuitableforeffectlngtheselectivehydroaluminationifthelowproducト

SelectivityinhydroaluminationwithLiAIH4andLi[AIH3(C5Hll)]isattributabletothestericand
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electronicrequirementsofeachsuccessiveadditionstep(Eq･1)･Amongvariousaluminum

monohydrides,aStrOngerLewisacidAIHC12,WhichcanbereadilypreparedfromLiAIH4and

AIC13,mightbeexpectedtobeapowerfu1aluminumhydrideagent･WhentheZrC14-Catalyzed

hydroaluminationwithAIHC12(1･2equiv)wascarriedoutat300cfor24h,infact,theyieldofl-

noneneslightlyincreased(75%),aSdidtheconversionofthehydroalumination(90%),althougha

Significantproportionofnonane(21%)wasproduced(entry8)･Itshouldbenotedthatasimi1ar

resultwasalsoobservedintheCp2TiC12-Catalyzedhydroalumination(entry2)･

R:

LiA1日4

C6日13

＼.=.=

Li[AIH3(HR)】

Li【AIH(HR)3】

Li[AIH2(HR)2]

Li【AI(HR)4】 (1)

We then studied thepossibility oforganoborane catalysts with aluminumhydride-tyPe

reagentsindiethylether(Et20).3 First,PhB(OH)2-Catalyzedhydroaluminationofl,2-nOnadiene

WaSCarriedoutwithaslightexcessofthestrongerLewisacidicmonohydride,AIHC12(1･2equiv)

atroomtemperaturefor4h,givingl-nOnene(91%)asamqiorproductandasmallamOuntOfthe

nonaneand2-nOneneSin55%conversionbyprotonolysis,aSindicatedinTable2(entryl).With

equlValents ofAIHC12,the conversion yieldincreased with thelongerreaction time without

afftctingtheproductselectivity(entries2-4).Whenthereactionwasallowedtocontinuefor7h,

however,the yieldofnonaneincreasedby compensation ofthe yield ofl-nOnene(entry5).

Therefore,it seems reasonable that the nonane producedin this reaction was a result of

dihydroaluminationofalkenylaluminumintermediates.Incontrast,theuseofotheraluminum

hydrides,AIH2ClandAIH3,loweredtheconversionofhydroaluminationofl,2-nOnadieneeven

Withatwo-fbldquantityofhydrideandafteraprolongedreactiontime(24h)(entries6-9)･

AttemptedEt3B-CatalyzedhydroaluminationwithAIHC12(1･2equiv)inl,2-dichloroethane,Which
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hasbeenanefftctivesystemfbrthehydroaluminationofinternalalkenes,3resultedinunidenti丘ed

Sideproducts withcomplete consumptionofthestartingl,2-nOnadiene(entrylO).Aseparate

Table2･Organoborane-CatalyzedHydroaluminationofl,2-Nonadinenea

entry catalyst conditions
yield/%

nonane l-nOnene 2-nOneneS
COnV./%

1 PhB(OH)2 AlHC12b,4h

AlHC12C,2h

3h

4h

刃=2Cld,4h

24b

刃H3e,4h

24b

10 Et3B
AlHClよ1h

7 91 2

7 90 3

8 90 2

9 89 2

14 81 5

55

aunlessotherwisenoted,reaCtionwascarriedoutinEt20atroomtemperatureuslng5mol%

OrganOboranecatalysts,andwasthenquenchedwithasaturatedsolutionofNH4ClatO｡c･

bAIHC12(1･2equiv)wasemployed･CAIHC12(2equiv)･dAIH2Cl(2equiv,PreParedfrom

LiAlH4(1equiv)andAIC13(1equiv))･eAIH3(2equiv,PreParedfromLiAIH4(1･5equiv)

andAlC13(0･5equiv))･fAIHC12(1･2equiv,PreParedfromDIBAH(1･2equiv)andAlC13

(2.4equiv))inl,2-dichloroethane.gNonane,nOneneS,andl,2-nOnadienewerenotdetected

byGLCanalysIS.Seealsotext.
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studyquenchingwithD20wasperformedtodeterminetheregioselectivityofPhB(OH)2-Catalyzed

hydroaluminationwithAIHC12(2equiv),andindicatedthat89%oftheisolatedl-nOneneCOntained

deuteriumandthisdeuteratedl-nOneneWaS>95%purel-nOnene-3-d(1)withoutcontaminationof

anydeuteratedisomers･

OtherselectedexamPlesofthea11enehydroaluminationwerestudiedundersimilarCOnditions

andtheresultsaredepictedinTable3.Thedisubstitutedallenes,Vinylidenecyclohexane(7)andl-

trimethylsilyl-1,2-nOnadiene(8),Werealsosuccessfu11yhydroaluminatedusingPhB(OH)2Catalyst

(5-20mol%)withAIHC12,PrOducing>95%purel-Vinylcyclohexane-1-d(10)(88-93%)and

>95%pure(E)-1-trimethylsilyl-1-nOnene-3-d(11)(>99%),reSPeCtivelyL(entries2,3,5,and6)･7

However,trisubstitutedallene,1-butenylidenecyclohexane(9),affordedanapproximately50/50

mixtureofcorrespondingalkane/alkenes(entries9andlO)･Theresultingsaturatedproduct,

butylcyclohexane,WaSamixtureofmonodeuteriobutylcyclohexane(butylcyclohexane-dl)and

dideuteriobutylcyclohexane(butylcyclohexane-d2)in18/82proportions(entrylO)･Interestingly,

thisbutylcyclohexane-d2WaSa3:1mixtureofthebutyl-1,1-d2COmPOund12andbutyl-1,2-d2

compound13whichwouldhavearisenfromthedihydroaluminationinvoIvingdi-OrmOnOaddition

ofaluminumatomonthecentralallenecarbonfollowedbydeuterolysis.Theseresultscanbe

interpretedasfbllows･Accordingtothemechanismproposedfbrthetransitionmetal-Catalyzed

hydroalumination,2analleneaddstoB-Hbondinacatalytic boronhydride speciesfbrmedbythe

○ぐ C¢H13㌣SiMe3♂〈＼○与＼
10 11 12 13

reactionofPhB(OH)2WithAIHC12.8
Theintermediaryalkenylboranes,thusgenerated,undergo

thetransmetallationwithAIHC12tOyieldthecorrespondingalkenylaluminumcompoundswith

regeneration ofthe activeboronhydride･9 Therefbre,the regiochemistry ofreaction may be
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Table3･Organoborane-CatalyzedHydroaluminationofAllenesa

entry conditions yield/% conv./%

C6日13

＼＼ヒ=●=

PhB(OH)2,4h

〈二>･=
7

PhB(OH)2,15h

PhB(OH)2,2bC

Et3B,0･5bd

C6H13＼=.=/S肘e3

8

5 PhB(OH)2,24h

6 PbB(OH)2,24hC

7 Et3B,0･5hd

8 Et3B,4bg

○=デC2日5
PbB(OH)2,6b

PbB(OH)2,6bC

Et3B,0･5hd

nonane l･nOnene 2･nOnene$

6 92(>95)ム 2 75

0ノ 〈⊃〟 ○∠

6 93(>95)

10 88(>95)

100

1 87

2 84

86

C6日13＼/べも/SiMe3 C9=19SiMe3

>99(>95)

>99(>95)

>99(>95) <1

〈}c4H90JC2H50-C3"7

48 32

45(0/18/8が 38

100

37

53

/

20

20 19

17 71

91

aunlessotherwisenoted,reaCtionwascarriedoutinEt20atroomtemperatureuslng5

mol%organoboranecatalystswithAIHC12(2equiv),andwasthenquenchedwithD20

atooc･bvaluesinparenthesesarePurity/%ofallyl-deuteratedisomerl,10,Orll,

respectively･C20mol%PhB(OH)2Catalystwasemployed･dAIHC12(1･2equiv)in

l,2-dichloroethane･eItwasnotdetectedbyGLCanalysis･fNonanewasobserved.

gAIHC12(2equiv)inEt20･hvaluesinparenthesisarerelativeratio/%
of

butylcyclohexane-do,butylcyclohexane-dl,andbutylcyclohexane-d2･
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determinedbytheformationofthealkenylboraneintermediates･Hydroaluminationofl,2-

nonadiene and the disubstituted a11enes,7 and8,isconsidered as resultingln allylborane

intermediates,Whichareobservedfromteminalattackoftheboronatomatthemorefavoredofthe

twositesofthealleniclinkage;hencetheseexclusivelyandrespectivelygavetheallyl-deuterated

alkenes(deuteratedonα-allylicposition),1,10,andll,Viathetransmetallationfollowedby

deuterolysIS.

Ontheotherhand,thetrisubstitutedallene9ismoresusceptibletocentralattackoftheboron

atombytheelectronicandstericefftctsofpentamethyleneandethylsubstituentsoneachterminal

carbonofthisa11enylsystem,10thusthisnaturecauslngthenonreglOSelectivehydroalumination

duetothefbrmationofamixtureofallyl-andvinylboraneintermediates･InEt3B-Catalyzed

hydroalumination of these allenes,unfavorable results were observed,thatis,Only the

correspondingsaturatedproductswereprovidedashydrolysisproducts(entries4,7,andll)･11

Thattheallyl-deuteratedalkenes,1,10,andll,arederivedfromthedeuterolysisofthe

corresponding,mOrehinderedallylaluminumintermediatesashydroaluminationproductsappears

extremelydoubtfu1･Thereactionofallylicorganometallicswithelectrophilessuchasaldehydes

andketonesisgenera11yknowntoproceedthroughtheSE′一tyPeSubstitutionwithaconcomitant

allylicrearrangement.12 Accordingly,We Carried out the reaction ofPhB(OH)2-Catalyzed

hydroalumination product with benzaldehyde to account for the regiochemicalfeature of

hydroalumination products.AsshowninEq.2,theallylationofbenzaldehyde(2equiv)usingthe

hydroaluminationproductofl,2-nOnadieneinEt20at-780CforO･5hgaverisetothehomoallylic

alcohol15in62%yield,SuggeStlngthattheintermediarya11ylaluminumcompound14actually

POSSeSSeS C-Albond atless hinderedterminalcarbon･Consequently,the deuterolysIS Of

allylaluminumintermediates,14and16,1edtotheallyl-deuteratedalkenes,1andlO,reSPeCtively,

WithhighY-SelectivltyViatheallylicrearrangement･Simi1ar1y,hydroaluminationproductofl-

trimethylsilyl-1,2-nOnadiene(8)maybe(1-trimethylsilyl-2-nOnenyl)aluminumdichloride(17)･In

thiscase,OuraSSumPtlOnisbasedonthetrimethylsilylgroupprlnCIPallyexertlngtheelectronic

efftct,ratherthanthestericefftct,Whichistheelectron-donatingabilitycomparabletovinylsilane

compounds,13thealuminumbeinglocatedintheteminalcarbona4iacenttothesiliconatom･14
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C6H13

＼t==●=

Cat･PhB(OH)2

A】HC12

C6日13＼合A忙bJ
14

PhCHO

イ80C,0.5h

62%yield

○ノAICb C6H13＼㌔芸Me3
16 17

15

ToapplythisregioselectivePhB(OH)2-Catalyzedhydroaluminationofallenesinorganic

Synthesis,WeCarriedouttheC-Cbondfbrmationofthehydroaluminationproduct14withvarious

electrophiles･Selected examples are summarizedin Table4.The reaction oftrans-

Cinnamaldehyde(2equiv)with14at-780cfbrlhfumishedonlythecorrespondingl,2-adducted

homoallylicalcohol18withhighY-Selectivityin37%yieldbasedonthestartingl,2-nOnadiene

(entry2)･Theintermediate14alsoreactedwithl,2-ePOXybutaneinbothofthetwotypesofring-

OPenlngreaCtiontoproduceanalmostl‥1mixtureofprimaTyandsecondary包e-unSaturated

alcohoIs,19and20,in40%yield(entry3)･Itisnoteworthythatthishydroaluminationproduct14

exhibitedahighchemoselectivlty,1eavlngtheketonefunctionalitylntaCt･Forexample,the

reactionof14withacetoneandacetophenonegavenoadditionproductsevenatambient

temperature･InnoncatalytlCallenehydroaluminationuslngDIBAH,however,theresulting

allyldiisobutylaluminumintermediatesisreportedtobeinerttowardsaldehydesandacid

Chlorides･1a Thehighreactivityofallyldichloroaluminumintermediate140bservedhereinmight

beattributabletoitslowerstericbulkinessandstrongerLewisacidity･

Inconclusion,thepresentmethoddemonstratesaconvenientandhighlyreglOSelectivewayto

generateallylaluminumcompounds,WhichcanthenbesatisfactorilyutilizedforreglOSelective

allylationofaldehydes.
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Table4.ReactionofAllylaluminumCompound14withVariousElectrophilesa

entry electrophile product yield/%b

貯CHO

2 扮～C"0

62C

37d

3 ♭〉

笠ご:㌻
40e

19 20

19:20=60:40′

aReactionwasgenerallycarriedoutat-780CforO･5h-1hbyaddinganelectrophile

(2equiv)toallylaluminumcompound14,WhichwaspreparedinsitubyPhB(OH)2-

catalyzedhydroalumination(entrylinTable3)･Forexperimentaldetails,SeeteXt･
bIsolatedyieldbasedonthestartlngl,2-nOnadiene･CETythro/threoratiois3:20r2:3

bylHNMRanalysis･dErythro/threoratiois7:20r2:7bylHNMRanalysis･eThe

reactionwasconductedat-20｡cfbrO.5h.fDeteminedbylHNMRanalysis･

ExperimentalSection

General.TheGLCanalyseswereperfbrmedwithaShimadzu7Agaschromatograph

equippedwithSiliconeDC-710(6m)andVZ-7(6m)columns(N2aSCarriergas)･ThelHNMR

and13cNMRspectrawererecordedonJEOLFX-60QandVarianGemiふi一-200spectrometers,

usingtetramethylsilane(Me4Si)asaninternalstandard･SplittingpatternSareindicatedas
s,
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Slnglet;t,triplet;q,quartet;m,multiplet･ThemassspectrawererecordedwithaShimadzu

GCMS-7000massspectrometer･TheIRspectraweremeasuredonaPerkin-Elmer1600SeriesFr

IRspectrometer.

Diethylether(Et20)wasfreshlydistilledfromsodiummetalusingdiphenylketylasindicator.

Tetrahydrofuran(THF)wasfreshlydisti11edfromLiAIH4･1,2-Dichloroethanewasfreshlydistilled

beforeuse･Allexperimentswerecarriedoutunderanatmosphereofdryargon･Othersimple,

inorganicandorganicchemicalswerepurchasedandusedassuch,unlessotherwisenoted.

Preparation
ofAllenes･1,2-Nonadiene,15,Vinylidenecyclohexane(7),16.andト

butenylidenecyclohexane(9)17wereavailablebytheliteratureprocedure.Thea11eneswere

identi丘edbythefo1lowlngdata･

1,2･Nonadiene:1HNMR(CDC13)80･86(3H,t,J;6･5Hz,CH3),1･2-1･5(8H,m,C4H8),

1･9-2･1(2H,m,CH2-C=),4･62(2H,dt,J=3･3and6･7Hz,=CH2),5･07(1H,tt,J=6.7and6.7Hz,

CH=);13cNMR(CDC13)814･12,22･79,28･47,28･96,29･32,31･88,74･41,90･09,208.68(=C=)

;IR(neat)2965,2934,2864,1959,1468,1380,844cm-1.

Vinylidenecyclohexane(7):1HNMR(CDC13)81･4-1･7(6=,m,C3H6),2･0-2･2(4H,

m,(CH2)2-C=),4･51(2H,tt,J=2･4and2･4Hz,=CH2);13cNMR(CDC13)826･17,27.21,

31･23,72･36,101･16,203･49(=C=);IR(neat)2929,2854,1961,1447,1293,842cm-1.

1･Butenylidenecyclohexane(9):1HNMR(CDC13)80･98(3H,t,J=7･3Hz,CH3),1･3-

2･1(12H,m,C5HlOand=C-CH2),5･01(1H,m,=CH);13cNMR(CDC13)813･51,22.47,

26･36,27･69,32･01,90･51,103･07,197･97(=C=);IR(neat)2963,2928,2853,2359,1965,

1447,1316,1265,1238cm-1.

1･Trimethylsilyl･1,2･nOnadiene(8)･Toasolutionofl,2-nOnadiene(40mmol)inTHF(30

mL)wasaddedal･4Mhexanesolutionofn-BuLi(28･6mL,40rrmol)at-20｡c.AfterO.5h,

Chlorotrimethylsilane(40mmol)wasaddedatthistemperature･Theresultingmixturewasstirred

at-200cfbrO･5handpouredintosat･NaHCO3･Extractionwithhexanefb1lowedbyseparationby

COlumnchromatographyonsilicagel(hexaneaseluant)gavethetitleallene(20.6mmol,51.5%).

The13cNMRspectrumagreedwiththatreportedintheliterature18‥1HNMR(CDC13)80.09

(9H,S,Me3Si),0･89(3H,t,J=7･OHz,CH3),1･26(8H,m,C4H8),1･9-2･0(2H,m,CH2-C=),4･74
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(1H,dt,J=6.8and7.OHz,CH=),4.87(lH,dt,J=3.5and7.OHz,=CH-Si);13cNMR(CDC13)8

-0･88(Me3Si),14･12,22･73,27･92,28･96,29･77,31･82,82･36,83･44,210･08(=C=);IR(neat)

2957,2927,2856,1938,1466,1379,1248,855,841,760,699cm-1.

TransitionMetal･CatalyzedHydroaluminationoflI2･NonadienewithLiAIH4･Toa

clearnlteredsolutionofLiAIH4inTHF19(2.5mm01in25mLofTHF)wasaddedl,2-nOnadiene

(10mmOl)fbllowedbyasolutionoftransitionmetalhalidesinTHF(0.25mm01)at300c.The

reactionmixturewasstirredat300cfbr24hor300Cfbrlhfbllowedbyrenuxfbr24h,andwas

thenquenchedwithD20toproducethedeuteratedspecies･The amountofrecoveredl,2-

nonadieneandproductswasdeteminedbyGLCanalysis.Eachproductwascollectedfromagas

chromatographandsubmittedformassspectralanalysis･2JThereglOSelectivltyOfreactionwas

momitoredby13cNMRspectroscopyappliedinversegateddeco岬Iing5fbrresultingdeuterated

products･Thistechniqueallowsthequantitativeevaluationofproton-decoupled13cNMRspectra･

Forexample,this13cNMRmeasurementofdeuteratedl-nOnene(amixtureofland2)obtainedby

Cp2TiC12-Catalyzedhydroalumination(Tablel.en仕yl)showedthatthesignalsofdeuteratedC3-D

andC2-Dcarbonssplitedintotriplet(Jc3-D=19･1HzandJc2-D=23･1Hz)andshiftedupper丘eld

(A8c3=0･39ppmandA8c2=0･34ppmbycomparisonwiththeisotopicC3-HandC2-Hcarbon

signalsofl-nOnene-do),reSPeCtively.Additionally,duetothe13c3-C2-Dand13c2-C3-Dspin-SPin

COuPlingthebroadtripletslgnalswereobservedbyoverlapplngtOC3-HandC2-Hcarbonslgnals

(2Jt_DCOuldnotbedeteminedwithcertainty).BydetemimingtheintegrationratioofC3-Dsignal

to13c3-C2-DandC3-Hsignals(56:44)andthoseofC2-Dto13c2-C3-DandC2-H(34:66),relative

ratiooflbasedonland2wasestablishedtobe62%,aStabulatedinTablel.Thedeuterated

productswereidenti丘edbyspectralcomparisonwithauthenticnon-deuteratedsamplesobtained

COmmerCially.ThefbllowingcharaCteristic13cNMRdatawereobserved(A8(8c_H-8c_D)inppm

upper丘eldfromthecorrespondingisotopicC-Hcarbonsignal)･

1･Nonene-3･d(1):C3-D(833.67,t,Jt_D=19.1Hz,A8(8c-H-8c_D)=0.39).

1･Nonene･2-d(2):C2-D(8138.64,t,Jt_D=23.1Hz,A8(8c_H-8c_D)=0.34).

(E)･2･Nonene-1･d(3):Cl-D(817.64,t,Jc_D=19.4Hz,A8(8c_H-8c_D)=0.24).

(E)･2･Nonene･2･d(4):C2-D(8124.17,t,Jc_D=22･7Hz,A8(8c-H-8c-D)=0･29)･

63



(Z)-2･Nonene･1･d(5):Cl-D(812.47,t,Jt_D=19.1Hz,A8(8c_H-8c_D)=0.15).

(Z)･2･Nonene･2･d(6):C2-D(8123.24,t,Jt_D=23.8Hz,A8(8c_H-8c_D)=0.29).

ZrC14･CatalyzedHydroaluminationofl,2-NonadienewithLi【AIH3(C5Hll)].Toaclear

nlteredsolutionofLiAIH4inTHF(3･3汀皿01in25mLofTHF)wasaddedl-Pentene(3.3mmol)

fbllowedbyasolutionofZrC14inTHF(0.25mmol)at300c.Thereactionmixturewasstirredat

300cfor24htoprepareLi[AIH3(C5Hll)](0.33equiv,3.3mmol)whereitwasaddedl,2-

nonadiene(10mm01).Themixturewasstirredat300cfbrlhandthenrefluxedfbr24h.

ZrC14･CatalyzedHydroaluminationoflI2･NonadienewithAIHC12･Toasolutionof

anhydrousAIC13(9rrmol)inTHF(25mL)wasaddedLiAIH4(3mmOl)atOOc.After15min,the

resultingsolutionofAIHC12(1.2equiv,12mmol)wasallowedtowarmtO300cwhereitwas

SuCCeSSivelyaddedl,2-nOnadiene(10mm01)andaTHFsolutionofZrC14(0.25rrmol)andwas

thenstirredfbr24h.

PhB(OII)2･CatalyzedHydroaluminationofAllenes･3ToasolutionofanhydrousAIC13

(1･5rrmol)inEt20(1mL)wasaddedLiAlH4(0･5mmol)atOOC･After15min,PhB(OH)2(0.05

rrmol)fbllowedbyanallene(1mm01)wasaddedatOOc.Theresultingmixturewasallowedto

WarmtOrOOmtemPeratureWhereitwasstirredfor4-24h･Thereactionwasthenquenchedwith

D200raSaturatedsolutionofNH4Cl･Analysisofallproductsanslngfromthequenchingof

reactionswasperfbrmedbythemethodsdescribedabove･Thedeuteratedproductswereidenti丘ed

byspectralcomparisonwithnon-deuteratedauthenticsamPlesobtainedcommerCially･Authentic

(E)-1-trimethylsilyl-1-nOneneWaSPreParedbythereductionofl-trimethylsilyl-1,2-nOnadiene(8)

WithDIBAH(5equiv)inhexaneat600cfor15h(73%yield;Vinylsilane/alkylsilane=75:25).1a

ThefbllowingcharacteristicIHNMRand/or13cNMRdatawereobserved(A8(8c_H-8c_D)in

PPmuPPer丘eldfromthecorrespondingisotopicC-Hcarbonsignal).

1･Vinylcyclobexane･1･d(10):

ニーニ=二=一三
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1HNMR(CDC13)Ha(84.92,1H,dd,Jab=1.8andJac=17.7Hz),Hb(84.85,1H,dd,

Jab=1.8andJbc=10.7Hz),牝(85･75,1H,dd,Jac=10.7andJbc=17.7Hz);13cNMR(CDC13)

C-D(841.19,t,Jt_D=19.OHz,A8(8c_H-8c_D)=0.46).

(E)･1･Trimethylsilyl･1･nOnene･3-d(11):

c6日13述/SiMe3D Hc
Ha

1HNMR(CDC13)Me3Si(80.04,9H),Ha(85.62,1H,dd,Jab=18.6andJac=1.4Hz),Hb(8

6.04,1H,dd,Jab=18.6andJbc=6.2Hz),Hc@2.0-2.2,1H,m).

8utyl･1,1･d2･CyClobexane(12):

CD
D

13cNMR(CDC13)C-D2(836･60,quintet,Jc-D2=19･OHz,A8(8c-H-8c-D)=0･90)･

Butyl･1,2･d2･CyClobexame(13):

(⊃ん
13cNMR(CDC13)Cl-D(836.91,t,Jc_D=19.OHz,A8(8c_H-8c_D)=0.59),C2-D(828.85,

t,Jc_D=19.OHz,A8(8c_H-8c_D)=0.61).

Et3B･Cataly2:edHydroaluminationofAllenes･3 ToavlgOrOuSlystirredsuspensionof

anhydrous AIC13(2･4mm01)inl,2-dichloroethane(10mL)wasaddedasolutionofDIBAHin

hexane(1･2mmol)atroomtemperature.After30min,aSOlutionofEt3Binhexane(0･05mol)and
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anallene(1mmol)wassuccessivelyaddedatOOC･Theresultingmixturewasa1lowedtowarmtO

roomtemperaturewhereitwasstirredforO･5h･Thereactionwasthenquenchedwithasaturated

SOlutionofNH4Cl･

GeneralMethodfbrReactionofAllylaluminumCompound14withElectrophiles.The

hydroaluminationproduct14,WhichwaspreparedinsitubyPhB(OH)2-Catalyzedhydroalumination

Ofl,2-nOnadiene(1mmol)inEt20(1mL)atroomtemperaturefbr4h,WaSdilutedwithmoreEt20

(5mL)andcooledto-780c･Totheresultingsuspensionwasaddedanelectrophile(Carbonyl

COmPOundsorepoxides)(2mmol)at-780c･ThemixturewasstirredfbrO･早-1h,POuredintoa

SaturatedsolutionofNH4ClatOOc,andextractedwithEt20･Thecombinedextractsweredried,

COnCentrated,andpuri丘edbycolumnchromatographyonsilicagel(Et20/hexaneaseluant)togive

amixtureofisomericalcohoIsaslistedinTable4･TheisomericratiowasdeteminedbylHNMR

analysis.

HomoallylicAIcohol15:1HNMR(CDC13)80.83(3H,t,J=6.OHz,eTTthroandthreo

CH3),1･20andl･50(10H,m,eTythroandthreoC5HlO),1.99(1H,d,J=4.8Hz,eTツthroorthreo

OH),2･15(1H,d,Jヒ2･3Hz,eTythroorthreoOH),2.27(1H,m,eTythroorthreoCH),2.3-2.5(1H,

m,e17throorthreoCH),4.37(1H,dd,J=2.3and8.OHz,eTythroorthreoCH-0),4.59(1H,dd,

J=4･8and5･8Hz,eTythroorthreoCH-0),4.98and5.17(1H,dd,J=2.Oand17.OHz,eTythroand

threo=CH2),5･04and5･23(1H,dd,J=2･OandlO･4Hz,erythroandthreo=CH2),5.48and5.64

(1H,ddd,J=9･1,10･4,and17･OHz,eTthroandthreoCH=),7.2-7.3and7.30(5H,m,elythroand

threoC6H5)･Found:C,82･69H,10･52%･CalcdforC16H240:C,82.70;H,10.41%.The

e77thro/threoratioof15is3:20r2:3.

HomoallylicAIcohol18:1HNMR(CDC13)80･8-0･9(3H,m,eTythroandthreoCH3),

1･2-1･5(10H,m,eTythroandthreoC5HlO),1.87andl.95(1H,broad,eT7throorthreoOH),2.1-

2･2(1H,m,eTythroorthreoCH),2.2-2.4(1H,m,eTツthroorthreoCH),3.92(1H,dd,J=2.4and

6･4Hz,erythroorthreoCH-0),4.05(1H,dd,J=7.Oand7.2Hz,eTythroorthreoCH-0),5.12and

5･15(1H,dd,J=2･3and16･2Hz,eTythroandthreo=CH2),5.16and5.21(1H,dd,J=2.3andlO.4

Hz,eTythroandthreo=CH2),5･5-5.8(1H,m,eT7throandthreoCH=),6.18(1H,dd,J=7.2and

16･OHz,eTythroorthreoPh-C=CH),6･20(1H,dd,J=6･4and16･OHz,e77throorthreoPh-C=CH),
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6.57(1H,d,J=16.0,erythroor(hreoPh-CH=),6.58(1H,d,J=16.OHz,e77throorthreoPh-CH=),

7･2-7･4(5H,m,eTythroandthreoPh)･Found:C,83･48;H,10･42%･CalcdforC18H260:C,

83.66;H,10.14%.TheeTythro/threoratioof18is7:20r2:7.

PrimaryAe･unSaturatedalcohol19:1HNMR(CDC13)80.8-1.0(6H,m,CH3),1.2-

1･5(14H,m,CH,CH2,OHandC5HlO),2･0-2･2(1H,m,CH-C=),3･5-3･6(2H,m,CH2-0),4･9-

5･1(2H,m,=CH2),5･5-5･7(1H,m,CH=)･Found:C,78･86;H,13･16%･CalcdfbrC13H260‥

C,78.72;H,13.21%.

SecondbTy鋸･unSaturatedalcoho120:1HNMR(CDC13)80｣8-0.9(6H,m,CH3),1･2-

1･6(15H,m,CH2,OHandC5HlO),1･9-2･0(1H,m,CH-C=),3･44(1H,m,CH-0),5･0-5･2(2H,

m,=CH2),5･5-5･7(1H,m,CH=)･Found:C,78･71;H,13･20%･CalcdforC13H260:C,

78.72;H,13.21%.
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Chapter 4

Molecular Recognition ofOxygen･Containing Substrates

with Modi丘ed Organoaluminum Reagents

Abstract:The exceptionally bulky,OXygenOPhilic methylaluminumbis(2,6-di-tert-butyl-4-

methylphenoxide)(MAD)can
be successfu11y utilized for recognition of structurally or

electronica11y similarethersubstratesbythe selectiveLewis acid-basecomplexformationas

ascertainedbylow-temPerature13cNMRspectroscopy.TheexceedinglyhighrecognltlOnability

OfMADisdescribedincomparisonwithotherLewisacidssuchasi-Bu3Al,SnC14,andBF3･OEt2･

Furthermore,Selectiveseparationofthelesshinderedorelectronicallymorelabileoftwodifftrent

ethershasbeenaccomplishedwithMADbyyieldingprecIPltateSaSSelectiveLewisacid-base

COmPlexes.ThebindingbehaviorsofLewisacidicMADforvariousoxygen-COntalnlngSubstrates

havebeenstudiedbylow-temPerature13cNMRanalysIS･Amideswerefbundtomorestrongly

COOrdinatetoMADthanaldehydes,eSterS,Orketones,Whilecoordinationofetherealoxygenswas

ratherweak.ThischemistryhasbeenappliedtoanewtyPeOfcomplexationchromatographyby

uslngPOlymericorganoaluminumreagent7asastationaryphasewhichisreadilyobtainablefrom

Stericallyhinderedtripheno16andMe3Al･Thistechmiquea1lowsthesurpnslnglycleanseparation

OfstruCturallyorelectronicallysimi1arorgamicsubstratessuchasethers･
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ThechemistryofmolecularrecognltlOnisasu句ectofcurrentinterest,1andanumberof

recognltlOn SyStemS CaPable ofreversible bindinglnteraCtions have been developed for this

PurPOSe･2-5 Mostoftheseartificialenzymesutilizeeffectivehydrogen-bondinglnteraCtions

betweensubstrateandreceptorasalsoseeninnaturalenzymes･Withorganicsubstratesofweak

hydrogen-bondingcapability suchasethers,however,SuChtightbindingbehaviorcannotbe

expected･Hereweintroduceexceptionallybulky,OXygenOPhilicmethylaluminumbis(2,6-di-tert-

butyl-4-methylphenoxide)6(hereafter,abbreviatedtoMAD)featuringaLewisacidicmolecular

CleftforrecognltlOnOfstructurallyorelectronically simi1arethersubstratesbasedonselective

Lewisacid-basecomplexformation.7

/

Al-
､-､

(MAD)

ROMe + ROEt

Me

R/0%劇-

+ ROEt

モ

1

Lewisacid･basecomplex

WehaveexaminedtherecognltlOnabilityofMADwithtwodifftrentethersubstratesbylow-

temperature13cNMRspectroscopy･Forexample,the125MHz13cNMRmeasurementofa

mixtureoflequlVeaChofMAD,methy13-Phenylpropylether,andethy13-Phenylpropyletherin

CDC13(0･4Msolution)at-500Cshowedthattheoriginalsignalofmethyletherat858.66shifted

downfieldto860･09,Whereasthesignaloftheα-methylenecarbonofethyletherremained

unchanged･ThisresultshowedthevirtuallycompleterecognltlOnbetweenmethylandethylethers

WithMADgivingLewisacid-basecomplexl(R=(CH2)3Ph)exclusively.Itshouldbenotedthat

thisremarkableselectivltyCanOnlybeachievedwithexceptlOnallybulkyorganoaluminumreagents

asascertainedbycomparisonwithotherLewisacids(Tablel)･Theuseoftwoexceptionallybulky
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Tablel･RecognitionAbilityofVariousLewisAcidswithTwoDifftrentEthersa

Lewisacid complexationratio:b

Ph(CH2)30Me+Ph(CH2)30Et

MAD

methylaluminum

bis(2,6-diisopropylphenoxide)

トBu3Al

SnC14

100:0

Lewisacid complexationratio:b

CII3CH2CH20Me+EtOEt

MAD

BF3･OEt2

96:4

a

Twodifftrentethers(1ⅢlmOleach)weremixedwithlequivofLewisacidinCDC130r

CD2C12(2Msolution)ina5-mmNMRtubeat20-250C,andthe125MHz13cNMR

spectraweretakenat-50to-1000C･bThecomplexationratiowasdeteminedby

low-temPerature13cNMRanalysisofetherealα-Carbons･CNocomplexationwas

observed･Seealsotext･dTwoequivalentsofetherscoordinatedtoSnC14tOglVea2:1

COmplex･
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2,6-di-tert-butyl-4-methylphenoxyligandsinMADisessentialfbrprovidingonerecognltlOnSite

Withthecomplementarysize,Shape,andcoordinationcapaclty･FurthermOre,MADexistsasa

monomericspeciesinsolution,6therebyexhibitingahighoxygenophiliccharaCtereVenWithweak

Lewisbases･Incontrast,1essbulkymethylaluminumbis(2,6-diisopropylphenoxide)and

methylaluminumbis(2,4,6-trimethylphenoxide)werefbundnottoformanyCOOrdinationcomplexes

Withethersatlowtemperature,PrObablyduetotheirstrongself-aSSOCiationthroughelectron

de丘cientbonds･OtherexamplesofselectivecomplexationoftwodifftrentetherswithMADare

listedinTable2･EtherspossesslngSterica11ylesshinderedalkylsubstituentsformcoordination

COmPlexesmoreeasilythantheirbulkycounterparts(entriesl-11).Themorebasicethereal

OXygenSCOOrdinatemorestronglytoMADthanthelessbasicoxygens(entries12-17).

SincetheseparationofstruCturallyorelectronica11yverysimi1aretherscannotbeeasily

accomplishedbyordinaryseparationtechniquesuchasdistillation,reCryStallization,andsilicagel

Chromatography,8weareinterestedinthepossibilityofefftctlngthepurificationofsuchether

SubstratesbyapplyingourrecognltlOnChemistry･The13cNMRmeasurementofamixtureofl

equiveachofMAD,CyClohexylmethyletherandcyclohexylethyletherinCD2C12(0･4Msolution)

at-90OCshowedthevirtua11ycompleterecognltlOnbetweenthemethylandethyletherswithMAD

glVlng Lewis acid-base complex2exclusively･Athighertemperature,however,facile

decomplexationof2byligandexchangewiththeethyletherwasobservedby13c
NMR

SPeCtrOSCOPy･Incontrast,WhenanequlmOlarmixtureofcyclohexylmethyletherandcyclohexyl

ethyletherwastreatedwithMAD(1equiv)inhexaneatroomtemperaturefbrlh,aWhite

n｡M｡･n｡Et hexane
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Table2･SelectiveComplexationofTwoDifferentEtherswithMAD

entry ethers complexationratioa

1 Ph＼/〈＼)0＼

†

2 Ph＼/へ､/0＼〉/

3 /〈〉0＼

†

4 /へ/0＼

5 /へ/0＼

6 0/0＼

7 C｢0＼

8【00＼

〇/

10 凸/

＼/0＼/

100:0

100:0

96:4

92:8あ

100:OC

100:OC

47:53み

＼)/へ〉0＼/一〉 68‥32あ

†

＼くナ

100:0

81:19ム

100:0
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entry ethers complexationratioa

12 ＼ノ0＼/

†

13 〆＼＼/0＼/

†

14 〆ト〉0＼/

15

16

17

も〉0＼/

†

§/0＼/

ク(＼/0＼一へも

†

100:OC

100:OC

56:現ゎ

90:10

100:0

100:0

aTheratiooftwoMAD-ethercomplexeswasdeteminedinCDC13at-50OCby13c

NMRanalysisofetherealα-Carbonsattheindicatedarrows.bDeteminedonthe

basisofthephenoxycarbonsaswellasetherealαiCarbons･CAt-900CinCD2C12･

PreCIPltategraduallyfbrmed･9 ThisprecIPltateWaSdissoIvedbyadditionofmorehexaneand

recrystallizedatroomtemperaturefbr5htofurnishMAD-methylethercomplex2(68%yield)

exclusively,WhichhasbeencharaCterizedbyelementalanalysIS,1Hand13cNMRspectroscopy･

Thiscomplex2showsdown丘eldshiftsinthelHNMRspectrumfbrtheethereala-methylanda-

methineprotons,Whencomparedtothe‖free=ether,COnSistentwithcoordinationoftheetherto

aluminum･ThepurecyclohexylmethylethercanbegenerateduponacidhydrolysISOf2･Under
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simi1arconditions,MAD-diethylether,MAD-methylpropylether,andMAD-THFcomplexes,3-

5,Canbeselectivelygeneratedaswhitecrystalsfromthecombinationoftwodifferentethereal

substitutes‥ diethyletherandethylvlnylether,methylpropyletherandtert-butylmethylether,

tetrahydrofuranand2-methyltetrahydrofuran,Ortetrahydrofuranandtetrahydropyran･

Thepresentmethoddemonstratesanefftctivewaytopurifynotonlythesesimpleethersbut

alsoavarietyOfstruCtura11yorelectronicallyverysimi1arethersubstratesinthesegmentsynthesis

ofpolyethernaturalproducts･10

)〔旬′†く～よ′′′′′′′′牢･G′′′′′′′′′′†く

Organoaluminumcompoundshaveagreattendencywithvariousheteroatomsinorganic

molecules,Particularlyoxygen,tOgeneratel‥1coordinationcomplexes･11Therefbre,Weare

interestedinthebindingbehaviorofMADforvariousoxygen-COntainlngSubstrates･Asoxygen-

containlngSubstrates,Weutilizedbothaliphaticandaromaticaldehydes,amides,eSterS,ethers,and

ketoneswithsimi1arstruCturalsubstituents.First,WetOOkthelow-temPerature13cNMRspectra

ofthesesubstratesandtheircoordinationcomplexeswithMADinCDC13･Forcarbonyland

etherealsubstrates,Characteristicslgnalsofcarbonylcarbonsandetherealα-Carbonscanbe

measured,reSPeCtively･ThesedataarelistedinTable3･12Thedifftrencesinthedown丘eldshifts

ofcarbonylcarbonsofamidesandestersbycoordinationtoMADweremuchsmallerthanthoseof

aldehydesandketones･Thismaybeattributedtoanelectronreleaslngefftctoftheadditional

heteroatom(N,0)attachedtothecarbonylgroupswhich,inpart,COmPenSateSforelectron

withdrawalofthecomplexedcarbonyloxygen･WethenexaminedthebindingbehaviorofMAD

forcombinationsofothertwodifftrentsubstratesbylow-temPerature13cNMRspectroscopy･and

theseresultsaresummarizedinSchemeI.Forexample,the125MHz13cNMRmeasurementofa

mixture oflequiveachofMAD,Nルdimethylpropionamide,andNルdimethylbenzamidein
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Table3･Characteristic13cNMRDatafbrFreeSubstratesandTheirComplexeswithMADa

substrate 8(free)/ppmb8(COmPlex)′ppm A8/ppmC,d△8Al_Me/ppmC,e

Carbonylcarbon

PhCHO 192.97 201.68 8.71 2.60

CH3CH2COCH2CH3 213･10 236.04 22.94 4.60

PhCOCH2CH3 201.06 216.99 15.93

CH3CH2CONMe2 173･70 176.39

PhCONMe2 171.46 172.18

CH3CH2COOCH2CH3 174･86 184.53

CH3CH2COOPh

PhCOOCH2CH3

CH3CH20CH2CH3

PhOCH2CH3

173.44 184.83

166.67 171.69

α一methylenecarbon

5.33

2.69 5.18

0.72 3.94

9.67 4.36

11.39 4.07

5.02 5.40

66.19

62.88

64.67

64.27

-1.52
5.62

1.39 0.82

aunlessotherwisenoted,OXygen-COntainingsubstrate(0･5mmol)wasmixedwithlequivof

MADinCDC13(0･5Msolution)ina5-mmNMRtubeat20-25OCandthe125MHz13cNMR

SPeCtrumWaStakenat-500C･bThetermtt8(free)‖reftrstothechemicalshi氏fbrfreecarbonyl

Carbonsorfreeetherealα-Carbons･CInppmdownneldfromfree
substrates.

d△8=

8(complex)-8(free)･eA8Al-Me=8Al-Me(COmPlex)-8Al-Me(freeMAD)･8Al_Me(freeMAD)=

-9･09ppm･Ineverycases,thedown丘eldshiftswereobserved.
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CDC13(0･5Msolution)at-500Cshowedthattheoriginalsignalsofpropionamideandbenzamide

at8173･70and8171･46shifteddown丘eldto8176.39and8172.18,reSPeCtively,inaratioof

64‥36･ThisratiowasalsocalculatedbasedonthephenoxycarbonsoffreeMADanditscomplexes

withamides･13 Theothercomplexationratiosfbrtwodifftrentsubstratesweredeterminedina

Simi1armanner.AsrevealedinSchemeI,amidesmorestronglycoordinatetoLewisacidicMAD

thanaldehydes,eSterS,andketones,Whilecoordinationofetherealoxygensisratherweak･14●The

OrderinSchemeIimpliesthateventhesamefunctionalgroupsshoweddifftrentbindingbehaviors

toLewisacidicMADdependingonthetypesofsubstituents(aliphaticorarOmatic)andtheirsteric

requlrementS･

ScbemeI

100:0 ,1:,

¶NMe2,吼NMe2》吼√H》¶0),T
64:3` 100:0

完a㌃＼》鈍
8$:12

$8:12 `3:37

0＼/ > /〈0へ >>

72:2$ 100:0

Theready availability ofvarious types ofhinderedpolyphenoIs enables the molecular

designlngOfvariouspolymericorganoaluminumreagents,implyingthewidespreadpotentialofthis

molecular recognltlOn Chemistry. For example,this chemistry a1lows the realization of

COmPlexationchromatography,i･e･,Separationofheteroatom-COntainlngSOlutesbycomplexation
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Withstationary,insolubilizedorganoaluminumreagents･15 Accordingly,treatmentOfsterically

hinderedtripheno1616(2mmol)inCH2C12WithMe3Al(3mmol)atroomtemperaturefbrlhgave

6:X=H

7:X=-Aト
I

Me

ethersandeluent

lnJeCtion

□
匪
□
□
□
□
固
胃
管

･←訂gOn80W

･←Silamizedsilicagel

←慌慧慧ご霊慧;器警岩
･←glassnlter

polymericaluminumreagent polymericorganoaluminumcolumn

risetothepolymericmonomethylaluminumreagent7.AfterevaporationofsoIvent,theresidual

SOlidwasgroundtoapowderandmixedwithsilanizedsilicagel(1.7g)inanargOnbox.17 This

WaSPaCkedinashort-pathglasscolumn(10mmi.d.×150mm)asastationaryphaseandwashed

OnCeWithdry,degassedhexanetoremoveunreactedfreetripheno16･Thenasolutionofmethy13-

Phenylpropyletherandethy13-Phenylpropylether(0.5mm01each)indegassedhexanewascharged

OnthisshorトPathcolumn･AsshowninFigurel,thistechniqueallowsthesurprlSlnglyclean

SeParationofstruCturallysimilarethersubstrates･18 Ethy13-Phenylpropyletherandisopropy13-

PhenylpropyletherortheTHFandTHPethersof4一(tert-butyldiphenylsiloxy)-1-butanoIcanbe

SeParatedequallywellwiththisshort-Pathcolumnchromatography(Figures2and3).Thelatter

CaSeWOulddemonstrateanefftctivewaytopurifystruCturallyorelectronicallysimilarethersinthe

SegmentSynthesisofpolyetherantibiotics･Withtheseexamplesathand,itappearsfeasibleto

SeParatethewiderangeofetherslistedinTable2bycomplexationchromatography･Althougha

Varietyofcomplexationchromatographieshavebeenadvanced,19theuse,aSaStationaryphase,Of
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fraction(5mLeach)

Figurel･SeparationofMethy13-PhenylpropylEther(●)andEthy13-Phenylpropyl

Ether(○)byComplexationChromatography.

10 15 20 25

打action(5mLeach)

Figure2.SeparationofEthy13-PhenylpropylEther(○)andIsopropy13-Phenylpropyl

Ether(□)byComplexationChromatography.
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25

fraction(10mLeach)

Figure3･SeparationofTHFEtherof4-(tert-Butyldiphenylsiloxy)-1-butanol(◇)

andTHPEtherof4-(tert-Buty1diphenylsiloxy)-トbutanol(◇)byComplexation
Chromatography.

10 15

fraction(20mLeach)

Figure4･Separationoftrans-3-Methyloxiranemethanoltert-ButyldiphenylsilylEther(○)

andtrans-3-Propyloxiranemethanoltert-ButyldiphenylsilylEther(●)byComplexation
Chromatographyat-150C
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exceptlOna11ybulkyaluminumreagents,WhichpossessexceedinglyhighrecognltlOnability,is

CruCialin effectlng the clean separation of structurally and/or electronica11y similar organic

Substrates.

Thispresentcomplexationchromatographyalsoa1lowedtheefftctiveseparationofvarious

StruCturallysimi1arα,β-disubstitutedepoxysilylethers･Thepolymericorganoaluminumcolumn

fbrcomplexationchromatographyofepoxysilyletherswaspreparedasdescribedpreviouslywith

Slightmodi丘cation･Treatmentofstericallyhinderedtripheno16(1ⅢlmOl)inCH2C12(10mL)with

Me3Al(1･5mmol)atroomtemperaturefbrlhgaverisetothepolymericorganoaluminumreagent

7.AfterevaporationofsoIvent,theresidualsolidwasgroundtoapowderandmixedwithsilamized

Silicagel(10g)inanargOnbox.Thiswaspackedinashort-Pathglasscolumn(15mmi･d･×250

mm)asastationaryphaseandwashedoncewithdry,degassedhexane(50mL)toremoveunreacted

freetripheno16.Then,aSOlutionoftrans-3-methyloxiranemethanoltert-buty1diphenylsilylether

(8)andtrans-3-PrOPyloxiranemethanoltert-buty1diphenylsilylether(9)(1mm01each)indegassed

hexane(2mL)waschargedonthisshort-Pathcolumnatabout-150C.Degassedhexanewas

continuouslypassedthroughunderthepressureofargon(0.3-0.4kg/cm2).Eachfraction(20mL)

wasconcentratedandanalyzedbylHNMR･Themorehinderedtrans-3-PrOPyloxiranemethan01

tert-butyldiphenylsilylether(9)wasfbundtoelute丘rst.Aftercollectionof15fractions(i.e.,15×

20mL),eluent was changed to 5% THFin hexane to elute the remaining trans-3-

methyloxiranemethanoltert-butyldiphenylsilylether(8)asshowninFigure4,Whichindicatesthe

CleanseparationofstruCturallysimi1arePOXySubstrates.

､お㌧OSiPh2Bu-
8

＼〉/WosiPh2Bu-

10
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20

fraction(20mLeach)

Figure5･Separationofcis-3-Propyloxiranemethan01tert-ButyldiphenylsilylEther(□)

andtrans-3-Propyloxiranemethanoltert-ButyldiphenylsilylEther(●)byComplexation
Chromatographyaト150C

10 15 20

fraction(20mLeach)

Figure6･Separationoftrans-3-Methyloxiranemethanoltert-ButyldiphenylsilylEther(○)

andαMethyl-(trans-3-Methyloxirane)methan01tertlButy1diphenylsilylEther(q)by
ComplexationChromatographyat-150C
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Inasimi1armanner,thechromatographicseparationofgeometricalisomersofepoxysilyl

etherssuchascis-andtrans-3-PrOPyloxiranemethanoltert-butyldiphenylsilylethers,(10)and(9)

(cis/trans ratio=1:1)can be accomplished equally wellby the present complexation

Chromatography(Figure5)･AnadditionalexampleisillustratedinFigure6.Itshouldbenoted

thatattemptedseparationofeTTthroandthreoisomersofepoxysilyletherll(e17thro/threoratio=

61:39)gaveunsatisfactoryresults･FurthermOre,CyClicepoxide,2,3-ePOXyCyClohexanoltert-

butyldiphenylsilylether,Whichpossessesthemorebasic,yetreaCtiveepoxyoxygen,issusceptible

togradualdecompositionat-150Conthepolymericorganoaluminumreagent7asastationary

phase.

Althoughgem-disubstitutedandtrisubstitutedepoxysilylethersarePrOnetObepartially

SuSCePtibletotherea汀angementOnPOlymericorganoaluminumreagent7,thepresenttechnique

allowstheefftctiveseparationofvariousstruCturallysimi1arqβ-disubstitutedepoxysilylethersby

discriminationoftheirstruCturalenvironmentsuchastheconfigurationofepoxidesandthesizeof

epoxidesubstituents.

ExperimentalSection

General･TheIRspectraweremeasuredonaHitachi260-10spectrometer･ThelHand

13cNMRspectrawererecordedonVarianGemini-200andVXR500spectrometers,uSlng

tetramethylsilane(Me4Si)asaninternalstandard.SplittingpatternSareindicatedas s,Singlet;t,

triplet;q,quartet;m,multiplet･MeltingpolntS arenOtCOrreCted･Themicroanalysiswas

PerformedattheElementalAnalysesCenterofKyotoUniversityandtheFacultyofAgriculture,

NagoyaUniverslty･Allexperimentswerecarriedoutunderanatmosphereofdryargon･

InexperimentsrequlnngdrysoIvents,dichloromethane,hexane,andtoluenewerefreshly

disti11edbefbreuse･Diethylether(Et20),tetrahydrofuran(THF),andtetrahydropyran(THP)were

freshlydisti11edfromsodiummetalusingdiphenylketylasindicator.Trimethylaluminum(Me3Al)

WaSObtainedfromToso-AkzoChemicalCo.,Ltd.,Japan.Othersimple,inorganicandorganic

Chemicalswerepurchasedandusedassuch.
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Preparation and Purification of Methylaluminum Bis(2,6-di･tert･butyl･4-

methylphenoxide)(MAD).6Toasolutionof2,6-di-tert-butyl-4-methylphenol(13.22g,60mmol)

indegassedhexane(40mL)wasaddeda2MhexanesolutionofMe3Al(15mL,30mmol)atroom

temperature･ThewhitepreclpltateaPPearedirrmediately･Afterlh,thismixturewasheateduntil

theprecIPltateredissoIvedinhexane･Theresultingsolutionwasstoodfbr3h,yieldingcolorless

CryStalwhichwasnlteredinanargOnbox･Sincethecrystalincludessomeimpuritiessuchas2,6-

di-tert-butyl-4-methylphenolandinorganicaluminumsalts,thiswasfurtherrecrystallizedfrom

hexane(45mL)at-200CtogiveessentiallypureMAD(7･83g,54%yield):1HNMR(CDC13)8

7･04(4H,S,C6H2),2･28(6H,S,CH3),1.53(36H,S,C(CH3)3),-0.35(3H,S,Al-CH3);13cNMR

(CDC13)8152･02,138･19,127.71,125.94,34.94,31･56,21･40,-9.09(Al-CH3).

PreparationofEthers･Methy13-Phenylpropylether,ethy13-Phenylpropylether,methyl

CyClohexylether,andethylcyclohexyletherwerepreparedbytreatmentof3-Phenylpropanolor

CyClohexanoIwithmethylorethyliodide,SOdiumhydride,andHMPAinTHFatroomtemperature

forseveralhours･Isopropy13-PhenylpropyletherwaspreparedbytreatmentofisopropylalcohoI

With3-Phenylpropylbromide,SOdiumhydride,andHMPAin THF atroom temperature for

OVemight･Otheretherswerepurchasedandusedassuch.

Methy13･PhFnylpropylEther:1HNMR(CDC13)87.16-7.31(5H,m,C6H5),3.37(2H,

t,J=6･4Hz,CH2-0),3･33(3H,S,0-CH3),2.67(2H,t,J=7･7Hz,Ph-CH2),1.87(2H,tt,J=6.4,

7･7Hz,CH2);13cNMR(CDC13)8142.10,128.58,128.43,125.89,72.05,58.66,32.44,31.38.

Ethy13･PhenylpropylEther:1HNMR(CDC13)87･16-7.31(5H,m,C6H5),3.46(2H,q,

J=7･OHz,0-CH2),3･41(2H,t,J=6･5Hz,CH2-0),2･68(2H,t,J=7.7Hz,Ph-CH2),1.88(2H,tt,

J=6･5,7･7Hz,CH2),1･20(3H,t,J=7.OHz,CH3);13cNMR(CDC13)8142.16,128.57,

128.39,125.83,69.84,66.20,32.50,31.45,15.34.

Isopropy13･PhenylpropylEther:1HNMR(CDC13)87.15-7.30(5H,m,C6H5),3.54

(1H,q,J=6･OHz,0-CH),3･39(2H,t,J=6･4Hz,CH2-0),2･67(2H,t,J=7.2Hz,Ph-CH2),1.86

(2H,tt,J=6･4,7･2Hz,CH2),1.14(6H,d,J=6･OHz,CH3);13cNMR(CDC13)8142.26,

128.61,128.38,125.80,71.48,67.33,32.54,31.79,22.30.

CyclohexylMethylEther:1HNMR(CDC13)83･31(3H,S,0-CH3),3.11(1H,m,CH-0),
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l.89(2H,m,CH2),1.70(2H,m,CH2),1.52(1H,m,CH2),1.22(5H,m,CH2);13cNMR(CDC13)

879.13,55.70,31.95,25.99,24.18.

CyclohexylEthylEther:1HNMR(CDC13)83･47(2H,q,J=7.2Hz,0-CH2),3･18(1H,

m,CH-0),1.89(2H,m,CH2),1.69(2H,m,CH2),1･53(1H,m,CH2),1･22(5H,m,CH2),1･16(3H,

t,J=7.2Hz,CH3);13cNMR(CDC13)877･60,62･57,32･60,26･05,24･53,15･91･

Determination ofRecognitionAbility ofMADwith Two DifferentEthers by Low･

Temperature13cNMRAnalysis.Twodifftrentethers(0.4mmOleach)weremixedwithlequiv

ofMADinCDC130rCD2C12(1mL)ina5-mmNMRtubeat20-250C,andthe125MHz13c

NMRspectraweretakenat-50to-900C･Thecomplexationratiowasdeteminedby13cNMR

analysISOfetherealα-CarbonsoffreeethersandtheirMADcomplexes.Thisratiowasalso

CalculatedbasedonthephenoxycarbonsoffreeMAD anditscomplexeswithethers･The

charaCteristic13cNMRdataforfreeethersandtheircomplexeswithMADaresummarizedin

Table4.

DeterminationofRecognitionAbilityofVariousLewisAcidswithTwoDifrbrentEthers

byLow･Temperature13cNMRAnalysis.Twodifftrentethers(1mmoleach)weremixedwith

lequivofLewisacidsinCDC130rCD2C12(0･5mL)ina5-rrmNMRtubeat20-25OC,andthe

125MHz13cNMRspectraweretakenat-50to-1000C･neCOmPlexationratiowasdetemined

by13cNMRanalysisofetherealα-CarbonsoffreeethersandtheircomplexeswithLewisacids･

SelectiveSynthesisofCyclohexylMethylEther-MADComplex(2)fromaMixtureof

CyclohexylMethylEtherandCyclohexylEthylEtherwithMAD.Amixtureofcyclohexyl

methyletherandcyclohexylethylether(0.4mmoleach)wasaddedtoMAD(0.4mm01)inhexane

(0.5mL)atroomtemperature.Awhiteprecipitategraduallyformedoveraperiodoflh･This

mixturewasheatedanddilutedwithmorehexane(1.5mL)untiltheprecipitateredissoIved.The

resultingsolutionwasallowedtostandatroomtemperaturefor3htofumished,after丘Itration,

CyClohexylmethylether-MADcomplex(2)(158mg,68%yield)aswhitecrystals:mP36-380C;

1HNMR(CDC13)86･95(4H,S,C6H2),4.2---｣.4(1H,m,CH-0),3･54(3H,S,OCH3),2･23(6H,S,

CH3),1･11-2･05(10H,m,CH2),1･36(36H,S,C(CH3)3),一0･28(3H,S,Al-･CH3);13c

NMR(CDC13at-500C)8154･56,137･95,125･76,125･41,84･66,53･07,35･05,32･-48,31･13,

87



29･03,24･78,21･20,-3･44(Al-CH3)･Anal･CalcdfbrC38H6303Al:C,76･72;H,10.67%.Found:

C,75.80;H,10.89乳

Table4･CharaCteristic13cNMRDatafbrFreeEthersandTheirComplexeswithMAD

ether 8(free)/ppma 8(complex)′ppmb8(Phenoxy)/ppmC

Ph＼ノ〈＼/0＼

†

Ph＼/一＼〉/0＼/

†

PレYY

＼＼/0＼/

†

//へ＼､/くし
†

オ01

＼､〉/＼＼/0＼/へ )

†

○/01

○/0γ

72.05

69.84

67.33

66.19

58.82

49.21

70.78

55.70

62.57

68.71

75.32

68.12

67.31

64.67

59.97

55.22

69.79

53.07

65.31

73.73

154.47

154.50

152.62

154.42

154.44

broad

154.48

154.56

154.37

154.36
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ether 8(free)/ppma 8(COmPlex)′ppmb8(Phenoxy)/ppmC

＼凸/
≒ゝ/0＼〉/

†

〆＼/0＼､/

†

〆70＼ノベも

合一

¢一

68.45

68.18

67.84

62.79

71.97

71.25

75.70

69.70

65.89

73.23

72.89

68.23

70.63

71.57

79.50

74.77

153.28,155.65

154.47

154.29,155.33

153.97

154.38

154.32

154.49

153.95

aThetermtt8(free).一reftrstothechemicalshiftforetherealα-Carbonsoffreeethers

attheindicatedarrOWS.bThetermtt8(complex)‖reftrstothechemicalshiftfbr

etherealα一CarbonsofMAD-ethercomplexesattheindicatedarrows･CThetermtt8

(Phenoxy)"denotes the chemicalshift of phenoxy carbons of MAD-ether

complexes,andineverycasethedown丘eldshiftswereobserved(phenoxycarbon

OffreeMAD:8152.02ppm).

SelectiveSynthesisofDiethylEther･MADComplex(3)fromaMixtureofDiethylEther

andEthylVinylEtherwithMAD.To MAD(0.4mmol)inhexane(0･5mL)wasaddeda
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mixtureofdiethyletherandethylvinylether(0･4mmoleach)atroomtemperature.Awhite

PreCIPltategraduallyformedoveraperiodoflh.Thismixturewasheatedanddilutedwithmore

hexane(0･5mL)untiltheprecipitateredissoIved･Thiswasallowedtostandatroomtemperature

for3htofurnish,afternltration,diethylether-MADcomplex(3)(178mg,80%yield)aswhite

CryStals‥ mP600C;1HNMR(CDC13)86･98(4H,S,C6H2)･4･18(4H,q,J=6･9Hz,CH2-0),

2･25(6H,S,CH3),1･39(36H,S,C(CH3)3),1･27(6H,t,J=6･9Hz,0-C-CH3),-0･27(3H,S,Al-CH3);

13cNMR(CDC13at-500C)8154･42,137･89,125･79,125･42,64.67,35.00,31.04,21.24,11.38,

-3･47(Al-CH3)･Anal･CalcdforC35H5903Al:C,75.77;H,10.72%.Found:C,74.98;H,

10.92%.

SelectiveSynthesisofMethylPropylEther･MADComplex(4)fromaMixtureofMethyl

PropylEtherandtert･ButylMethylEtherwithMAD･ToMAD(0･4mmol)inhexane(0.5mL)

WaSaddedamixtureofmethylpropyletherandtert-butylmethylether(0.4mm01each)atroom

temperature･AwhiteprecIPltategraduallyfbrmedoveraperiodoflh.Thismixturewasheated

untiltheprecIPltateredissoIved･Onstandingatroomtemperaturefor3h,methylpropylether-

MADcomplex(4)wasfbrmedin60%yield(133mg)aswhitecrystalsafter丘Itration:mP51-52

0C;1HNMR(CDC13)86･96(4H,S,C6H2),4･03(2H,t,J=6･9Hz,CH2-0),3･64(3H,S,OCH3),

2･24(6H,S,CH3),1･75(2H,m,CH3C宣2),1･36(36H,S,C(CH3)3),0･85(3H,t,J=7･5Hz,CH3),

-0･27(3H,S,Al-CH3);13cNMR(CDC13at-500C)8154.44,137.80,125.83,125.45,76.87,

59･97,35･00,30･95,21･21,19･02,9･24,-3･82(Al-CH3)･Anal･CalcdfbrC35H5903Al:C,75･77;

H,10.72%.Found:C,74.08;H,10.85%.

SelectiveSynthesisofTHF･MADComplex(5)fromaMixtureofT=Fand2･Methyl･

tetrahydrofuranwithMAI)･To MAD(0.4rrmol)inhexane(0.5mL)wasaddedamixtureof

THFand2-methyltetrahydrofuran(0･4mm01each)atroomtemperature･Awhiteprecipitate

graduallyfbrmedoveraperiodoflh･Thismixturewasheatedanddilutedwithmorehexane(4.5

mL)untiltheprecipitateredissoIved･Thiswasallowedtostandatroomtemperaturefbr3hto

fumish,after丘1tration,THF-MADcomplex(5)(138mg,63%yield)aswhitecrystals‥mP56-57

0C;1HNMR(CDC13)86･97(4H,S,C6H2),4･25(4H,m,CH2-0),2･24(6H,S,CH3),1･98(4H,

m,CH2)･l･38(36H,S,C(CH3)3),一0･31(3H,S,Al-CH3);13cNMR(CDC13at-500C)8154.47,
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137.78,125.87,125.28,73.23,35.07,30.98,25.10,21.30,-3.97(Al-CH3)･Anal･Calcdfor

C35H5703Al:C,76･04;H,10･39%･Found:C,75･82;H,10･59%･

SelectiveSynthesisofTHF･MAI)Complex(5)fromaMixtureofTHFandTHPwith

MAD.To MAD(0.4ⅡlmOl)inhexane(0.5mL)wasaddedamixtureofTHFandTHP(0･4mmol

each)atroomtemperature.Awhiteprecipitategraduallyformedoveraperiodoflh･This

mixturewasheatedwithmorehexane(4.5mL)untiltheprecipitateredissoIved.Thiswasallowed

tostandatroomtemperaturefor3htofurnish,afterfiltration,THF-MADcomplex(5)(114mg,

53%yield)aswhitecrystals.Theanalyticalandphysicaldataarelistedabove･

DeterminationofRecognitionAbilityofMADwithTwoDifferentOxygen･Containing

Substrates by Low･Temperature13c NMR Analysis･Twodifftrentoxygen-COntainlng

substrates(0.5mmoleach)weremixedwithlequivofMADinCDC13(1mL)ina5-mmNMR

tubeat20-250C,andthe125MHz13cNMRspectraweretakenat-500C･Thecomplexation

ratiowasdeteminedby13cNMRanalysISOffreecarbonylcarbonsoretherealα-Carbonsof

oxygen-COntalnlngSubstratesandtheirMADcomplexes･Thisratiowasalsocalculatedbasedon

thephenoxycarbonsoffreeMADanditscomplexeswithsubstrates･

Preparationof THFandTHPEthersof4･(tert･Butyldiphenylsiloxy)･1･butanol･Toa

solutionofl,4-butanediol(30rrmol)inCH2C12WereaddedacatalyticamOuntOfp-TsOH,and2,3-

dihydrofuran(30mmol)or3,4-dihydro-2H-Pyran(30mm01)atOOC･Thereactionmixturewas

stirredforlOminatOOCandfbrlhatroomtemperature,POuredintosat･Na2CO3,eXtraCtedwith

CH2C12,anddriedoverNa2SO4･EvaporationofsoIventsandpuri丘cationoftheresiduebycolumn

chromatographyonsilicagel(ether/hexaneaseluant)gave4-(tetrahydro-2-furyloxy)-1-butanolor

4-(tetrahydro-2-Pyranyloxy)一1-butanol･

tert-Butyldiphenylsilylethersof4-(tetrahydro-2-furyloxy)一1-butanoland4-(tetrahydro-2-

pyranyloxy)-1-butanoIwereobtainedbytreatmentofthesealcohoIswithtert-butyldiphenylsilyl

chloride(1.5equiv)andimidazole(2equiv)inDMFat-200Cfbrseveralhours･

THFEtherof4･(tert･Butyldiphenylsiloxy)･1･butanol:1H NMR(CDC13)87･3-7･7

(10H,m,C6H5),5･07(1H,m,0-CH-0),3･3-3･9(6H,m,CH2-0),1･5-2･0(8H,m,CH2),1･02

(9H,S,C(CH3)3)･
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TIIPEtherof4･(teTt･Butyldiphenylsiloxy)･1･butanol‥1H NMR(CDC13)87.3-7.7

(10H,m,C6H5),4･53(1H,m･0-CH-0),3･3q3･9(6H,m,CH2-0),1･4-1･9(10H,m,CH2),1･02

(9H,S,C(CH3)3)･

PreparationofPolymericOrganoaluminumColurrm払rComplexationChromatography

OfEthers･Toasolutionoftripheno16(1･55g,2mmol)indry,degassedCH2C12(20mL)was

addeda2MhexanesolutionofMe3Al(1･5mL,3mmol)atroomtemperature.Afterlh,6.2mmol

Ofmethanegas(i･e･･nearly2equivofmethanegasperlequivofMe3Al)evoIved,Showingthe

formationofpolymericorganoaluminumreagent7･ThenthesoIventwasevaporatedtodryness

affbrdingsolid7(1･64-1･70g)･Attemptedrecrystallizationof7wasunsuccessfu1.Hence,the

residuewasgroundtoapowderandmixedwithsilanizedsilicagel(1･64-1･70g),Whichwas

driedat60-800Cfbrlhundervacuumbefbreuse･Mixingofthepolymericorganoaluminum

reagent7with silanizedsilicagelisrecommendedforobtainlngefficient separationand

reproducibilityincolumnchromatography･Thiswaspackedinashort-Pathglasscolumn(10rrm

i･d･×150mm)asastationaryPhase･TheseoperationswerecarriedoutinanargOnbox.Then

thestationaryphasewaswashedoncewithdry,degassedhexane(50mL)toremoveunreactedfree

tripheno16.

Tripheno16:1HNMR(CDC13)86･88(6H,S,C6H2),4･96(3H,S,OH),4･03(6H,S,CH2),

2･25(9H,S,CH3),1･34(54H･S,C(CH3)3);13cNMR(CDC13)8151･61,135.58,134.25,130.98,

124.54,36.30,34.42,30.56,17.34.

PolymericOrganoaluminumReagent7:1HNMR(CD2C12)86･98(C6H2),4･03(CH2),

2･22(CH3),1･47(C(CH3)3),-036(Al-CH3);13c NMR(CD2C12)8153.19,139.06,135.80,

130･90,125･06,36･65,35･34,32･30,17･14,一臥95(Al-CH3)･

GeneralMethod for Separation
of Two Different Ethers by Complexation

ChromatographyonPolymericOrganoaluminumColumn.ASolutionoftwodi脆rentethers

(0･5mmoleach)indegassedhexane(1mL)wasintroducedontothetopofthecolumnand

degassedhexanewascontinuouslypassedthroughunderthepressureofargOn(0･3一月･4kg/cm2).

Eachfraction(5mL)wasconcentratedandanalyzedbylHNMRanalysis･Sterica11ymore

hinderedorelectronicallylessbasicetherwasfbundtoelutefirst.Afterco11ectionof15--一叫0
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fractions(i.e.,15-40×5mL),eluentwaschangedtoEt20inhexane(Et20化exane=1:10)to

elutetheremainlngOtheretherasshowninFigurel-3･

PreparationofEpoxySilylEthers･EpoxyalcohoIswerepreparedbyVO(acac)2-Catalyzed

epoxidationofallylicalcohoIswithtert-BuOOH･tert-Buty1diphenylsilylethersofepoxyalcohoIs

wereobtainedbytreatmentoftheepoxyalcohoIswith(ert-butyldiphenylsilylchloride(1･5equiv)

andimidazole(2equiv)inDMFat-20--OOCfbrseveralhours･

LTmS･3-Methyloxiranemethanoltert･ButyldiphenylsilylEther(8):1HNMR(CDC13)8

7.64-7.69(4H,m,Ph),7.36-7.39(6H,m,Ph),3.72-3.75(2H,m,CH2-OSi),2･83(2H,m,CH-

0),l.26(3H,d,J=5･OHz,CH3),1･03(9H,S,C(CH3)3)･

Lrans･3･Propyloxiranemethanoltert･ButyldiphenylsilylEther(9):1HNMR(CDC13)8

7.64-7.67(4H,m,Ph),7.36-7.38(6H,m,Ph),3.71-3.74(2H,m,CH2-OSi),2･86(1H,m,CH-

0),2.77(1H,m,CH-0),1.41-1.48(4H,m,CH2-CH2),1･03(9H,S,C(CH3)3),0･92(3H,t,J=6･6

Hz,CH3)･

cis･3-Propyloxiranemethan01tert･ButyldiphenylsilylEthers(10):1HNMR(CDC13)8

7.66-7.71(4H,m,Ph),7.35-7.41(6H,m,Ph),3.73-3.78(2H,m,CH2-OSi),3･13(1H,m,CH-

0),2.94(1H,m,CH-0),1.2-1.5(4H,m,CH2-CH2),1･05(9H,S,C(CH3)3),0･90(3H,t,J=6･6

Hz,CH3)･

α･Methyl･(加t.s･3･Methyloxirane)methanOlteTt･ButyldiphenylsilylEther(11):1HNMR

(CDC13)87･63-7･78(4H,m,eTツthroandthreoPh),7･36-7･43(6H,m,eTTthroandthreoPh),

3.66(1H,dq,J=6,6Hz,threoCH-OSi),3.48(1H,dq,J=6･2,6･4Hz,eTTthroCH-OSi),2･81(1H,

dq,J=2.2,5.2Hz,threoC-CH-0),2.77(1H,dd,J=2･2,5･6Hz,threoCH-C-OSi),2･58(1H,dd,J

=2.2,6.2Hz,eTTthroCH-C-OSi),2.41(1H,dq,J=2.2,5･2Hz,eT7throC-CH-0),1･26(3H,d,J=

5.2Hz,threoCH3-C-OSi),1･21(3H,d,J=6･4Hz,eTythroCH3-C-OSi),1･10(3H,d,J=5･2Hz,

eTythroCH3-C-0),1.08(3H,d,J=6.4Hz,threoCH3-C-0),1･06(9H,S,threoC(CH3)3),1･04(9H,

S,eTythroC(CH3)3)･Theelツthro/threoratioofllis61:39･

PreparationofPolymericOrganoaluminumColumnbrComplexationChromatography

ofEpoxySilylEthers.Toasolutionoftripheno16(0･78g,1mm01)indry,degassedCH2C12(10

mL)wasaddeda2MhexanesolutionofMe3Al(0･75mL,1･5mmol)atroomtemperature･Afterl
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h,thesoIventwasevaporatedtodrynessaffordingsolid7･Then,theresiduewasgroundtoa

POWderandmixedwithsilanizedsilicagel(10g),Whichwasdriedat60-800Cfbrlhunder

VaCuumbeforeuse･Mixingofthepolymericorganoaluminumreagent7withsilanizedsilicagelis

recommendedforobtainlngefficientseparationandreproducibilitylnCOlumnchromatography･

Thiswaspackedinashort-Pathglasscolumn(15mmi･d･×250rrm)asastationaryphase.These

OPerationswerecarriedoutinanargonbox･Thenthestationaryphasewaswashedoncewithdry,

degassedhexane(50mL)toremoveunreactedfreetripheno16.

GeneralMethodbrSeparationofTwoDifrerentEpoxySilylEthersbyComplexation

ChromatographyonPolymericOrgan0aluminumColumn･ASolutionoftwodifftrentepoxy

Silylethers(1rrmoleach)indegassedhexane(2mL)wasintroducedontothetopofthecolumnat

-15OCanddegassedhexanewascontinuouslypassedthroughunderthepressureofargOn(0.3-0.4

kg/cm2)atthistemperature･Eachfraction(20mL)wasconcentratedandanalyzedbylHNMR

analysis･Aftercollectionof15fractions(i･e･,15×20mL),eluentwaschangedto5%THFin

hexaneaSShowninFigure4-6.
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Chapter 5

Synthetic Application ofComplexation Chromatography

On Polymeric Organoaluminum Column

Abstract:Thecomplexationchromatography onpolymericorganoaluminumcolumncanbe

SuCCeSSfu11yutilizedforthefacileworkup-freecatalyticrearrangementofvariousepoxidesto

Carbonylcompoundsatroomtemperature.Thepolymericorganoaluminumreagent40nthe

COlumnexhibitsitshighefficiencynotonlyasacatalystfortheepoxyrearrangement,butalsoasa

filterfortheselectiveremovaloftheresultingpolarby-PrOductsbasedontheLewisacid-base

COmPlexfbrmation.
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Whiletheacid-CatalyzedrearrangementOfepoxidestocarbonylcompoundsiscertainlya

We11-knowntransfbrmation,Onlyaftwreagentshavebeenemployablefbrthispurposewithrespect

tothee伍ciencyandselectivltyOfthereaction･1Recently,Yamamotoetal･rePOrtedthatthe

exceptiona11y bulky,OXygenOPhilic methylaluminum bis(4-bromo-2,6-di-tert-butylphenoxide)

(abbreviatedtoMABR)2canbeutilizedas astoichiometric reagentand acatalystforthe

StereOCOntrOlledrearrangementofopticallyactiveepoxysilyletherstoopticallyactiveβ-Siloxy

aldehydesundermi1dconditions･3,4 Therefore,WeeXaminedcatalyticrearrangementofsimple

epoxidesuslngMABRtoproducecarbonylcompoundsselectively.

0

人入

-C=こC-

MABR

MABR

CH2C暮2

l?
-C-C-

Reactionoftrans-Stilbeneoxidewiththecatalyticamount(10mol%)ofMABRinCH2C12at

-200Cwascompletewithin30mintofumishthedesireddiphenylacetaldehydein95%yield･

AIso,treatmentOftert-butyldimethylsilyletherofepoxygermiol(1)gaverisetotherearrangedP-

Siloxyaldehyde2in82%yieldunderthesameconditions･SeveralexamplesarelistedinTablel･

Theamountofthecatalystvariesfrom5to30mol%dependingontheepoxysubstrate･Yields

WhenMABRisusedstoichiometricallyarealsoincludedfbrcomparison･AsrevealedinTablel,

thiscatalyticmethodisapplicabletovariousepoxideswithhighselectivlty･5 Neitherepoxides

derivedfrommonosubstitutedolefins orinternaldialkyl-Substituted olefins are employable,

however,eVenWithatwo-foldquantityOfMABR.
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Tablel･Organoaluminum-CatalyzedRearrangementofEpoxidestoCarbonylCompoundsa

entry epoxide MABRb conditions product yield/%C

(mol%) (OC,h)

1

2

つJ

4

5

′0

7

QO

0ノ

O

1

1

1

軒4ph

八

畳U

匝醗●

10
-20,0.3

200
-78,0.5

0

0

0

2

3

02

5

0

0

1

0つ▲

5

0

0

1

02

ノむへ､//也〈｡SiM｡2｡u.
1

-20,0.5

-20,0.5

-78,2;-20,0.3

j

l

1

0

1

,

,

0

0

00

2

2

7

-

-

-

2

5

つJ

O

O

O

'

,

,

0

0

00

2

2

7

●

-

一

:㌻cHO;;

CH｡∧

OH

冒
P

飽/Y

8

7

4

5

7

0ノ

l

′LU

OO

Oノ

Qノ

0ノ

4

0

7

00

0ノ

00

人ヘメ諾Me2Bu`
2

20
-78,0.1;0,0.3

200
-78,1;-20,0.5

aThereamngementwascarriedoutindegassedCH2C12byuslngO･05-2equlVOfthe

aluminumreagentMABRperepoxideundertheindicatedconditions.Thereactionmixture

wasworkedupbytheNaF-H20method,SeeeXPerimentalsection･bpreparedfromMe3Al

and4-bromo-2,6-di-tert-butylphenol(2equiv)indegassedCH2C12atrOOmtemPeraturefbr

lh･CIsolatedyieldbycolumnchromatography･
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The exceptionally bulky MABR and methylaluminum bis(2,6-di-tert-butyト4-

methylphenoxide)(abbreviatedtoMAD)6existasamonomericspeciesinsolution,7whereas

SimpletrialkylaluminumssuchasMe3Alaregenerallythemselvesdimeric,bridgedcomplexesin

equilibriumwiththemonomer･8 Eveninasolutionofdimethylaluminumphenoxide(Me2AlOPh)

SeVeralspeciessuchasacyclicdimerandtrimercoexist･9 self-aSSOCiationoflesshindered

OrganOaluminumcompoundsthroughelectrondeficientbondsresultsindecreaslngOfinherent

LewisacidityandheterogenophilicitylnCludingoxygenophilicityofaluminumatom･Infact,

attemptedrearrangementoftert-butyldimethylsilyletherofepoxygeraniol(1)withMe3Aland

Me2A10Phcatalysts(20mol%)proceededveryslowlyandvirtua11ystoppedafterachievingonly

lowyieldofthedesiredP-Siloxyaldehyde2(24-33%fbr6h)atroomtemperature.

/し〉吐〈｡SiM｡2｡u.
1

Me3AI

Me2AlOPh

Alreagent

(20mol%)

/しJx諾iMe2Bu`
2

Inthiscontext,Wethoughtthatcertaindimethylaluminumcompoundsintroducedonebulky

aryloxyligandwouldbecomeselectivecatalystsforepoxyrearrangementevenatroomtemperature

becauseoftheirmoderateLewisaciditywhichmightbeatleaststrongerthanthatofMe2AlOPh.

Hence,therearrangementofepoxideluslng20mol%ofvariousdimethylaluminumaryloxide

reagents(Me2AlOAr)inCH2C12atrOOmtemPeratureWaSeXamined(Table2).Asaryloxyligands,

COmmerCially available tripheno13,2,6-di-tert-butylphenol,2,6-diphenylphenol,and their

derivativeswerechosenfortheirstericbulkinessandversatility･Thus,thedimethylaluminum

aryloxidereagentssuchastris(dimethylaluminum)aryloxide(5),dimethylaluminum4-bromo-2,6-

di-tert-butylphenoxide(7),dimethylaluminum 2,6-di-tert-butyl-4-methylphenoxide(8),
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dimethylaluminum4-bromo-2,6-diphenylphenoxide(9)couldbeutilizedasmi1dLewisacidic

Catalystsfbrtheselectiverearrangementofepoxidestocarbonylcompoundsatroomtemperature･

Althoughthedimethylaluminumcatalyst9showedlowyieldofthereaction(50%fbrO.5h),the

unrearrangedepoxidelcouldbeentirelyrecoveredwithoutbeingchangedbyothersidereactions･

Itshouldbenotedthatepoxidelissusceptibletogradualdecompositionatroomtemperaturewith

StrOngLewisacidicreagents:therearrangementwiththecorrespondingmonomethylaluminum

reagents,POlymericaluminumreagent4,MABR,MAD,andmethylaluminumbis(4-bromo-2,6-

diphenylphenoxide)(6)affordedunidentifiedsideproducts,andthusitrevealeddisappointing

yields(25-70%)(Table2).

0

人人

-C=こC-

3:X= H

4:X= -Al-
1

Me

5:X=AIM02

Me2A10Ar

(20mol%)

roomtemperature

MeA･益R)2
MABR:R=Br

MAD:R=Me

l?
-C-･C-

MeAや杏B)2

M｡2AトおBrM｡2A･-おMe
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OtherselectedexamPlesofepoxyrearrangement(Table3)clear1yindicatetheefftctivenessof

thisapproach,i･e･,CatalyticrearrangementOfepoxidesatroomtemperatureuslngmi1dLewisacidic

dimethylaluminumreagents･Amongthese,tris(dimethylaluminum)aryloxide(5)washighly

efftctiveforepoxysilylethersubstratessuchastert-butyldimethylsilyletherofepoxygeraniol,

Whiledimethylaluminum4-bromo-2,6-diphenylphenoxide(9)wasusefu1fbrsimpleepoxidessuch

astrans-Stilbeneoxide.

Table2･CatalyticRearrangementoflto2withVarious AluminumReagentsa

aluminumreagent yield/%b

92(70)C

Me3AI

Me2AlOPb

84(67)

85d(57)

50e√(25)

33g

24g

aunlessotherwisenoted,thereamngementwascarriedoutinCH2C12uSlng20mol%of

VariousaluminumreagentsatroomtemperaturefbrO･1h･Thereactionmixturewasthen

workedupbytheNaF-H20method,SeeeXPerimentalsection･bIsolatedyieldbycolumn

Chromatographyonsilicagel･Cvaluesinparenthesesareyieldsfortherearrangement

Withthe corresponding monomethylaluminum reagents,4,MABR,MAD,and6,

respectively･dForO･3h･eForO･5h･funrearrangedepoxidescouldbeentirely

recoveredwithoutbeingchangedbyothersidereactions.gFor6h.
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Table3･CatalyticRearrangementofEpoxideswithVariousDimethylaluminumReagents

atRoomTemperature

entry epoxide PrOduct

yield/%

5 7 8 9

1ノ〉〉也/＼｡SiMe2｡u･/拉諾iMe2Bu-
928485d50毎

1 2

2d,e,hルし｡SiMe2B｡t

,J::ごe2But
88897949b,C

ダ/也へJ㌦osiMe2Bu-Bu仙郷へ人¶CHO oc ococ66

｡h人乳ph

｡9言霊×?

｡ナCHO

｡9日,｡ぺH｡

52 70 47 96

2130 22 0C

6克

くか/ く業yY
74666284

7 ∂ p冒HO 94929898

aForO･3h･bForO･5h･Cunrearrangedepoxidescouldbeentirelyrecoveredwithoutbeing

changedbyothersidereactions･d)E17thro/threo=3:2forthestartingepoxysilylether･eThe

eT7thro/threoratiooftheβ-Siloxyaldehydesis2:3bylHNMRanalysis･fFor2h･gFor4

h.h(E)/(Z)=1:2fbrthestartingepoxide･
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WerecentlydevelopedcomplexationchromatographylOonthepolymericaluminumreagent4

POSSeSSlnghighrecognltlOnabilitylnCOmPlexationwithseveralLewis-basicsubstrates.11Based

OntheselectiveLewisacid-basecomplexformation,thisflowmethodhasrealizedasurpnslngly

CleanseparationofstruCturallyverysimilarethersubstrates,Whichcannotbeaccomplishedby

Ordinarysilicageloraluminachromatography･12 ApartfromitsobviousutilitylnSeParation

mixtures of structurally or electronically very similar ether substrates,COmPlexation

Chromatographyonpolymericorganoaluminumcolumncanbeexpectedtobecomeaveryuseful

Syntheticprocedurefbrvariousorganoaluminum-mediatedreactions･Instudyingtheseparation

mixtures ofα,β-disubstitutedepoxysilylethersusingpolymeric aluminumcolumn,gem-

disubstitutedandtrisubstitutedepoxysilyletherswerepronetobepartia11ysusceptibletothe

rearrangementonthestationary,POlymericaluminumreagent4･11b ThisBndingandthestudyof

COnVenientprocedurefbrepoxyrearrangementuslngthevariousorganoaluminumcatalysts

mentioned above have prompted us to develop the synthetic application of polymeric

OrganOaluminumcolumnasaworkup-freereactortocatalyticrearrangementofepoxides･

0

ん＼

-C=こC-

3:X= H

4:X= -Al一
1

Me

OrganOaluminumcolumn

rOOmtemPerature

】?
-C-C-

epoxideandeluent

叫eCtion

⑳
･
▼

▼
霊
-
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First,WeStudiedtheepoxiderearrangementwiththepolymericaluminumreagent4(20

mol%)inaconventionalbatchmethodasatestofitsapplicabilitytotheflowmethodonacolumn･

Forexample,rearrangementOfthetert-butyldimethylsilyletherofepoxygeraniol(1)(1mmol),

whichisachallenglngSubstrateduetoitssusceptibilitytovarioussidereactions,5atroom

temperaturefbrO.1hyieldedthedesiredβ-Siloxyaldehyde2in70%yield,inadditiontosomeby-

productswithcompleteconsumptionofthestartingepoxysilylether(conditionA)･Bylowering

reactiontemperature,however,therearrangementproceededveryslowlywith完40%recoveryof

thestartingmaterial(53%yieldafterO.5hat-200C).13 Hence,theuseofroomtemperatureseems

appropnatefbraflowmethod･

Withtheseresultsinhand,Wetriedtherearrangementofthisepoxideintheflowmethodas

follows(conditionB):Theorganoaluminumcolumnforcatalyticrearrangementwaspreparedas

describedpreviouslywithsomemodi丘cationfbrinsitu preparation･11Accordingly,thesolution

ofpolymericaluminumreagent4(0.5rrmol)inCH2C12(10mL)waschargedonashort-Pathglass

column(15mmi.d.×250mm)packedwithsilanizedsilicagel(15g)･14
Afterevaporationof

soIventundervacuumfbllowedbyrruxlngOftheresidua14andsilanizedsilicagel,thestationary

phasewaswashedoncewithdry,degassedhexane(50mL)toremoveunreactedfreetripheno13

underthepressureofargon(0.3-0.4kg/cm2).Undertheoperatingcondition,theamountofthe

immobilizedpolymericaluminumreagent4asthestationaryphasewasfbundtobeO･15-0･25

mmolbasedontherecoveredtripheno13.Then,aSOlutionofepoxidel(1mm01)indegassed

hexane(1mL)wasintroducedontothetopofthisorganoaluminumcolumnatroomtemperature･

Degassedhexane(50mL)wascontinuouslypassedthroughthecolumnfbrlOmin,andthen;ご150

mLmorewasrapidlyfbrcedthroughuntilnofurtherelutionofdesiredaldehyde2wasobserved･

Furtherpuri丘cationoftheconcentratedeluatesbyshort-Pathsilicagelchromatographytoremove

tracetripheno13(aluminumligand)gavethepureβ-Siloxyaldehyde2in67%yield･Itshouldbe

notedthattheeluatebytheflowmethodcontainedonlyatraceofby-PrOducts･Presumably,the

POlarby-PrOductscoordinatedstronglytothestationaryphase,POlymericaluminumreagent4･In

fact,theremainlngby-PrOductscouldbeelutedwith5%THFinhexane･

OtherexamplesofepoxysilylethersandsimpleepoxidesareglVeninTable4･Theyieldsin
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Table4･CatalyticRearrangementofEpoxidesonImmObilizedOrganoaluminumColumns

entry epoxide conditionsa product yield/%b

1

2

3
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5
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0ノ
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1
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2
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5
5
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6
3
7
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7
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acondition A:Inbatchmethod,uSeOf20mol%organoaluminumreagentsindegassed

CH2C12atrOOmtemPeraturefbrO･1J･5h･B‥Innowmethodelutingwithdegassedhexane

(=200mL),uSeOf15-25mol%organoaluminumreagentsatroomtemperature.bIsolated

yield･CETythro/threo=3:2fbrthestartlngePOXySilylether･dTheeTythro/threoratioofthe

β-Siloxyaldehydeis2:3bylHNMRanalysis.eElutedwithdegassedhexane(100mL)

fbllowedby5%THFinhexane(50mL).
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thebatchmethodarealsoincludedforcomparison･Unfortunately,thereactionofthesimple

epoxide,tranS-Stilbeneoxide,affbrdedtherearrangeddiphenylacetaldehydeinlowyield(entries9

andlO). Hence,We eXamined the possibility ofuslng Other organoaluminums such as

methylaluminumbis(2,6-diphenylphenoxide)(10)15andmoreLewisacidicmethylaluminumbis(4-

bromo-2,6-diphenylphenoxide)(6),bothofwhicharenearlyinsolubleindevelopingsoIvents･

Indeed,treatmentOftrans-Stilbeneoxidewith6(20mol%)affordedthedesiredaldehydeingood

yieldunderthesameflowconditions(entry14)･FurthermOre,theorganoaluminumreagents,10

and6,WereemPloyedsuccessfu11yfbrthecleanrearrangementofothersimpleepoxides(entries18,

20,24,and26),thoughthetransformationofepoxysilylethersgavelesssatisfactoryresults

(entries3,4,7,and8).

0

/
.
t
.
+
一
e

＼
A
-
…

6 10

ExperimentalSection

General･ TheIRspectraweremeasuredonPerkin-Elmer1600SeriesFTIRspectrometer

andHitachi260-10spectrometer.ThelHand13cNMRspectrawererecordedonJEOLFX-60Q

andVarianGemini-200spectrometers,uSingtetramethylsilane(Me4Si)asaninternalstandard･

SplittingpatternSareindicatedas s,Slnglet;t,triplet;q,quartet;m,multiplet･Allexperiments

WereCarriedoutunderanatmosphereofdryargOn･

Diethylether(Et20)wasfreshlydistilledfromsodiummetalusingdiphenylketylasindicator･

Dichloromethanewasfreshlydistilledbefbreuse.Trimethylaluminum(Me3Al)wasobtainedfrom

Toso-AkzoChemicalCo･,Ltd･,Japan･Tripheno13kindlyprovidedbyAdekaArgusChemicalCo･,

Ltd･Othersimple,inorganicandorganicchemicalswerepurchasedandusedassuch･
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PreparationofEpoxides･Variousepoxideswerepreparedaccordingtooneofthefollowlng

PrOCedures:(1)simpleepoxidationofolennswithMCPBA;(2)VO(acac)2-Catalyzedepoxidation

OfallylicalcohoIswithtert-BuOOH.

PreparationofEpoxySilylEthers･tert-ButyldimethylsilylethersofvariousepoxyalcohoIs

WereObtainedbytreatmentoftheepoxyalcohoIswithtert-butyldimethylsilylchloride(1.1-2

equiv)andimidazole(2-3equiv)inDMFat-20-00Cfbrseveralhours.

SilylEtherofEpoxyGerami011:1HNMR(CDC13)85.08(1H,t,Jt7.5Hz,C=CH),3.72

(2H,d,J=5Hz,CH2-OSi),2･88(1H,t,J=5Hz,CH-0),2･06(2H,q,J=10Hz,C=C-CH2),1･58and

l･67(6H,S,(CH3)2C=),1･42(2H,m,C-CH2-C),1･23(3H,S,CH3-C-0),0.89(9H,S,t-Bu),0.07

(6H,S,Me2Si);IR(1iquid丘1m)2960,2940,2865,1450,1380,1250,1130,1090,830,770cm-l.

1･PhenylcyclohexeneOxide:1HNMR(CDC13)87.20-7.41(5H,m,Ph),3.05(1H,t,J=2

Hz,CH-0),1･93-2･35(4H,m,2CH2),1･18-1･68(4H,m,2CH2).

3･(tert･Butyldimethylsiloxy)･1,2･epOXy･1･Phenylbutane:1HNMR(CDC13)87.21-7.37

(5H,m,Ph),3･87(1H,dq,J=4･2,8Hz,CH-OSi),3.80(1H,d,J=2Hz,Ph-CH),2.90(1H,dd,J=2,

4･2Hz,CH-0),1･26(3H,d,Jt8Hz,CH3),0･88(9H,S,t-Bu),0･07(6H,S,Me2Si);IR(1iquid丘1m)

2980,2945,2880,1455,1250,1145,1110,1095,830,770,685cm-1.

PreparationofMABR･Toasolutionof4-bromo-2,6-di-tert-butylphenol(2equiv)in

CH2C12WaSaddedatroomtemperaturea2MhexanesolutionofMe3Al(1equiv).Themethane

gasevoIvedimmediately･Theresultingcolorlesssolutionwasstirredatroomtemperatureforlh

andusedasasolutionofMABRinCH2C12Withoutanypurincation･

PreparationofOtherMethylaluminumReagents･Othermethylaluminumreagentssuch

asMAD,methylaluminumbis(4-bromo-2,6-diphenylphenoxide)(6),andmethylaluminumbis(2,6-

diphenylphenoxide)(MAPH)(10)were preparedinsitufromMe3Al(1equiv)and the

COrreSPOndingphenoIs(2equiv)inCH2CH2atrOOmtemPeraturefbrlh.Polymericaluminum

reagent4waspreparedinsitufromMe3Al(1･5equiv)andtripheno13(1equiv)inCH2CH2atrOOm

temperaturefbrlh.

PreparationofDimethylaluminumAryloxideReagents(Me2AlOAr).Dimethylaluminum

aryloxidereagentssuchastris(dimethylaluminum)aryloxide(5),dimethylaluminum4-bromo-2,6-
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di-tert-butylphenoxide(7),dimethylaluminum2,6-di-tert-butyl-4-methylphenoxide(8),and

dimethylaluminum4-bromo-2,6-diphenylphenoxide(9)werepreparedinsitufromMe3Alandthe

COrreSPOndingphenoIsinCH2C12atrOOmtemPeraturefbrlh･

StoichiometricProcedurefbrRearrangementOfEpoxideswithMABR.Toasolutionof

theMABR(1mm01)inCH2CH2(5mL)wasaddedanepoxide(0･5mmol)at-780Candthe

resultingmixturewasstirredundertheindicatedconditionsinTablel･Thesolutionwasthen

POuredintodilutedHClandextractedwithCH2CH2･Thecombinedextractswerewashedwith

SaturatedNaHCO3anddriedoverNa2SO4･EvaporationofsoIventsandpuri丘cationoftheresidue

bycolumnchromatography(ethernleXaneaSeluant)gavecarbonylcompoundsintheyieldsshown

inTablel.

GeneralProcedure for Catalytic Rearrangement of Epoxideswith Modified

OrganoaluminumReagents･Toasolutionofmodifiedmono-Ordimethylaluminumreagent

(0.05-0.2mm01)indegassedCH2C12(5-10mL)wasaddedasolutionofepoxide(1rrmol)in

CH2CH2(0･5mL)･ThemixturewasstirredundertheindicatedconditionsinTablel-3･Then

themixturewastreatedwithNaF(17mg,0.4mmol)fbllowedbywater(5･4LIL,0･3mm01)at-20-

OOC･16 TheentiremixturewasvlgOrOuSlystirredat-20-00Cfor20minandmteredwiththeaid

OfCH2C12･The丘1tratewasconcentratedandtheresiduewaspuri丘edbycolumnchromatography

OnSilicagel(ethernleXaneaSeluant)gavecarbonylcompoundsintheyieldsshowninTablel-3･

PreparationofPolymericOrganoaluminumColumnfbrCatalyticRearrangement･Toa

solutionoftripheno13(0.256g,0.33mmol)indry,degassedCH2C12(10mL)wasaddeda2M

hexanesolutionofMe3Al(0.25mL,0.5mm01)atroomtemperature･Afterlh,thesolutionof

POlymericaluminumreagent4waschargedonashort-Pathglasscolumn(15mmi･d･×250mm)

PaCkedwithsilanizedsilicagel(15g).AfterevaporationofsoIventundervacuumfollowedby

mixlngOftheresidua14andsilanizedsilicagel,thestationaryPhasewaswashedoncewithdry,

degassedhexane(50mL)toremoveunreactedfreetripheno13underthepressureofargon(0･3-

0.4kg/cm2).Undertheoperatingcondition,theamOuntOftheimmobilizedpolymericaluminum

reagent4asthestationaryphasewasfbundtobeO･15-0･25rrmolbasedontherecoveredtripheno1

3.
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Preparation of OtherImmobilized Organoaluminum Columns for Catalytic

Rearrangement･ Modified monomethylaluminum reagents,methylaluminum bis(2,6-

diphenylphenoxide)(10)and methylaluminumbis(4-bromo-2,6-diphenylphenoxide)(6)were

preparedinsitufromMe3AlandthecorrespondingphenoIs(2equiv)inCH2C12atrOOm

temperaturefbrlh･Thenimmobilizedorganoaluminumcolumnswerepreparedaccordingtothe

preparationprocedurefbrthepolymericmonomethylaluminumcolumn.

GeneralProcedurefbrCatalyticRearrangementofSimpleEpoxidesonImmobilized

OrganoaluminumColumns･Asolutionofepoxide(1mmol)indegassedhexane(1mL)was

introducedontothetopofimmobilizedorganoaluminumcolumnatroomtemperature･Degassed

hexane(50mL)wascontinuouslypassedthroughthecolumnfbrlOmin,andthen=150mLmore

WaSraPidlyfbrcedthroughuntilnofurtherelutionofdesiredcarbonylcompoundwasobserved.

Furtherpurificationoftheconcentratedeluatesbyshort-Pathsilicagelchromatographytoremove

tracetripheno13(aluminumligand)gavethepurecarbonylcompoundasshowninTable4.

β･SiloxyAldehyde2:1HNMR(CDC13)89.53(1H,S,CHO),5.03(1H,br,t,J=6.5Hz,

C=CH),3･67(1H,d,J=10Hz,CH-OSi),3･54(1H,d,J=10Hz,CH-OSi),1･88(2H,m,C=C-CH2),

1･55andl･64(6H,S,(CH3)2C=),1･02(3H,S,CH3),0･85(9H,S,t-Bu),0･02(6H,S,Me2Si);IR

(1iquid丘1m)2950,2920,2850,1730,1455,1255,1100,840,775cm-1.

α･Phenylcyclopentanecarboxaldehyde:1HNMR(CDC13)89.39(1H,S,CHO),7.19-

7･41(5H,m,Ph),2･43-2･59(2H,m,CH2),1･50-1･95(6H,m,3CH2).

3･(tert･Butyldimethylsiloxy)･2･Phenylhtanal:1HNMR(CDC13)89.84(1H,S,CHO),

7･16-7･39(5H,m,Ph),4･48(1H,dq,J=5.5,8.5Hz,CH-OSi),3.50(1H,dd,J=3.4,8.5Hz,CH-

C=0),1･03(3H,d,J=5･5Hz,CH3),0･85(9H,S,t-Bu),0･05andO･07(6H,S,Me2Si);IR(1iquid

丘1m)2946,2924,1724,1268,1137,1094,988,837,771,695cm-1.

7･(EeTt-Butyldimethylsiloxy)･2,2,5･trimethylheptanal:1HNMR(CDC13)89･42(1H,S,

CHO),3･59(2H,m,CH2-OSi),1･00(6H,S,(CH3)2C),0.86(9H,S,t-Bu),0.85(3H,d,J=7Hz,

CH3),0･02(6H,S,Me2Si).
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