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ABSTRACT

Thisthesisdescribesthegenerationandcharacterizationofavarietyofcationic

speciesincludingcarbocations(Carbenium ions),metalcarbonylcationsandmetal

mitrosylcations,andtheirimportantrolesincatalyticreactions.

Ch甲ier1givesasurveyandintroductoryremarksoncarbocations,metal

carbonylcationsandmetalmitrosylcationsrelatedtothepresentwork.

Chapter2describestheKoch-typecarbonylationofalcoholsoverNation-托 a

solidacidcatalyst,inwhichcarbenium ions(Carbocations)workasthereaction

intermediates.Detailedreactionconditionsofcarbonylationofavarietyofalcohols

arediscussed.

Chapter 3 describes detailed m, Raman,and NMR spectroscopic

characterizationonthegroupllmetalcarbonylcationsoverawiderangeof

temperatureandinavarietyofstrongacids,basedonwhichtheirmolecularstructures

aredetermined.Theirrolesinthecatalyticcarbonylationofolefinsandalcoholsare

discussed.

ch甲ter4describesthereactionofCuO,culorcuⅡcompoundswith

atmosphericNOatroomtemperatureinstrongacids,whichresultsinthefわrmationof

thecopper(Ⅱ)nitrosylcation,lCuNO]2'. ThereductivebehaviorofNO,dependingon

theoxidationstateofthestartingCopperCOmPOund,isdiscussed.

ChLPter5givesgeneralconclusions.Thepresentstudyindicatesthattheuse

ofstrongacidsleadstotheformationofavarietyofcationsincludingcarbocationsand

metalcarbonylandmitrosylcations,whichworkascatalystsorasreactionintermediates

incatalyticreactions.
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Chapter1

ZntrodTuction

Catiomicspecies,includingcarbocationsandcationicmetalComplexes,have

recentlyattractedmuchattentionbecauseithasturnedoutthattheyareimportantnot

onlyinvariousorganicandenvironmentallycatalyticreactionsbutalsoinbiological

systems.Although therehavebeenlimitedreportsoncatiomicspeciessofar,the

sigmificanceofcationicspeciesinchemistryisincreasing. Inthepresentwork,

Stronglyacidicmediahavebeenusedtogeneratecarbocations,metalCarbonylcations

and metalmitrosylcations,andtheirpropertieshavebeen investlgatedusing

spectroscopicmethodsandtheirrolesincatalyticreactionhavebeendiscussed.This

chapterglVeSaSurveyandintroductoryremarksoncarbocations,metalcarbonylcations

andmetalnitrosylcationsrelatedtothepresentwork.
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I.1Carbocations

Thissectionintroducesthehistoricalperspectiveofcarbocationsandreactions

involving carbocationsasreaction intermediates,in particular,theKoch-type

carbonylation.Koch-typecarbonylationisanimportantreactionintheindustry,which

producestertlaryCarboxylicacidskomolefinsoralcoholsinstrongacids.

1.1.1 HistoricalPerspective

Carbocationsincludingcarbenium ionsandcarbonium cations,whichare

usuallygeneratedinacidicmedia,areinvolvedinpetroleumcrackingandre負ning,coal

processing,polymerizationchemistry,syntheticallyimportantsolvolyticreactions,

isomerizationsandrearrangements,additionreactions,aromaticsubstitutions,aswellas

avarietyofbiosynthetictransfわrmations.Hence,thisareaisofpivotalimportance,

ranglngfromthebasicunderstandingofthenatureandbehaviorofpositivelycharged

organicspeciestotheindustrialapplication.Olah,thewinnerof1994Nobelprizein

Chemistry,said"Oneofthemostonglnalandsigni丘cantideasinorganicchemistrywas

thesuggestionthatcarbocationsmightbeintermediatesinthecourseofreactionsthat

startfromnomiomicreactantsandleadtonomioniccovalentproducts･"･i

Whereasthenatureoftriarylmethylcationicsaltsorsomedyeswereknown

sincethepioneeringstudiesofBaeyer2aswellasthoseofWalden3,Gomberg4and

othersatthetumofthetwentiethcentury,themoregeneralsigmificanceofcaTbocations

inchemistrywasnotrecognizeduntilHansMeerwein,swork5in1922･ Wh le

studyingtheWagnerrearrangementofcamphenehydrochloridetoisobornylchloride,

Meerweinfoundthattherateofthereactionincreasedwiththedielectricconstantofthe

solvent.Furthermore,hefわundthatcertainLewisacidchlorides-suchasSbC15,

SnCl4,FeC13,AlC13,andSbCl3(butnotBC13OrSiCl4),aSWellasdryHCl(which

promotetheionizationoftriPhenylmethylchloridebyformationofcarbocationic

complexes)-considerablyacceleratedtherearrangementofcamphenehydrochloride
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toisobornylchloride.Meerweinconcludedthattheisomerizationactuallydoesnot

proceedbywayofmigrationofthechlorineatombutbyarearrangementofacatiomic

intermediate.Itwasthebirthofthemodemconceptofcarbocatiomicintermediates.

In1962,01ahandco-workersreportedtheflrStlong-livedakylcationsalt,i.e.,

tert-butylhexafluoroantimonate,fTormedbydissolving(CH3)3ccOFinSbF5,and

observedbyNMRspectroscopy･6-8 Thisbreakthroughcausedenormouscontributions

forbothfundamentalunderstandingandpracticalapplicationintheorganicchemistry.

-CO
(cH3)3ccOF+SbF5こ (CH,),CCO+sbF61>(CH,),C'sbF6-

Carbocationshavebeenknownastheintermediatesinavariety ofreactions,

especially thosewith acid catalystsuntilnow Examplescan befわund in

Friedel-CraRs reactions including substitutions, additions, isomerlZatlOnS,

polymerizations,andanumberofothergeneralprocesses･9 Friedel-Cra鮎 reactions

embraceallelectrophilicorganicreactionscatalyzedbyelectron-deficientcompounds

-Lewisacids- andincludesuchreactionsasarelikewisecatalyzedbythoseproton

acidswhicharestrongenoughtoactsomewhatlikeLewisacids･9

1.1.2 Koch-typeReactioninStronglyAcidicMedia

AccordingtotheabovedescnptlOn,Kochreactionisthoughttobeoneofthe

Friedel-CraRsreactions.Koch-typecarbonylation,whichinvolvescarbocationsand

acyliumcationsasthereactionintermediates,hasbeenwellknown forthesynthesisof

tertlaryCarboxylicacids丘omole丘nsandwater,oralcohols,withcarbonmonoxidein

strongacids･10,ll GenerallyH2SO4,H3PO4,HFandBF3･H20areemployedascatalysts

andsolvents.

Instrongacids,fTorexample,theolefinisprotonated,orthealcoholisprotonated

anddehydrated,toformacarbeniumionintermediate,whichisomerizestotertiary
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CarbocationsviatheWagner-Meerweinrearrangementpnortothecarbonylation･9,12

Theprotonationoftheisomerizedolefinsisinequilibriumwiththedeprotonationofthe

carbocation. Polymerizationoftheolefinsandcarbocationsalso occursasa

competlngreactioninthissystem.

電⊆i≡電5-!!:ii

/′＼､ー/〉
/ ＼

メ- - < 7 Wagner-Meerweinrea汀angement

i ic20.守
//-JくwH /勺/へCOOH

IntheoriginalKochreact10n,thedirectreactionofthecarbocationswiththe

dissolvedCOinthesolutionleadstothefTormationofacyliumcations,whichreactwith

watertoglVetertlaryCarboxylicacidsorwithalcoholstoglVethecorrespondingesters･

AtroomtemperatureandatmosphericpressureofCO,olefinsarecarbonylatedtoform

thecorrespondingcarboxylicacidsinlowyieldsduetothelowCOsolubilityinthe
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Solutionandthepresenceofthepolymerizationasthecompetlngreaction.Therefわrea

high COpressureisindispensableforachievinghighyieldsofcarboxylicacids.The

processincommercialplantsbyEssoandShellwasoperatedattemperaturebetween

-20to80oCandCOpressureupto100atm.Oneprobleminthepracticalapplication

ofKoch-typecarbonylationistheseverereactionconditions-highCOpressureand

hightemperature.Inthe1970sSoumaetal.reportedthattheadditionofCu(I)and

Ag(I)CompoundstotheacidicsolutioncausedtheKoch-typereactiontoproceedat

roomtemperatureandatmosphericCOpressure.RecentlyXuandco-workersfound

thatAu(Ⅰ),Pd(Ⅰ),Pt(I)andRh(Ⅰ)carbonylcationsalsoworkedasexcellentcatalystsfわr

thecarbonylationofolefinsandalcoholsatroomtemperatureandatmosphericCO

pressure13-18(section1.2andChapter3).

TheotherproblemsarlSlng&omtheuseofthestronglyacidicarethecorrosion

oftheequlPment,COmPlicatedseparationprocedwesfortheproductsandthedisposal

orhugeamou山ofwasteacids.Therefわre,theuseorsolidacidcatalystsinsteador

strongliquidacidshasaslgmificantadvantage.Therehavebeenonlyfewreportson

thesolidacid-catalyzedcarbonylation･19,20 h thepresentwork,Ireportthe

carbonylationofavarietyofprimary,secondaryandtertlaryalcoholswithCOover

Nafion一札 aperfluoroalkanesulfomicacidresincatalyst,whichproducestertiary

carboxylicacidsinhigh yields21(chapter2).

1.2 MetaICarbonyICationsinStronglyAcidicMedia

Inadditiontocarbocations,stronglyacidicmediacan alsobeusedtogenerate

metalcarbonylcationsandmetalmitrosylcations(Sections1.2-1.3andChapters3-4).

AnumberofnewhomoleptlCmetalCarbonylcationsandtheirderivativeskomgroups6

through12havebeenpreparedinacidicorsuperacidicmediaorwithweakly

coordinatlngamions,lnWhichtheCOligandprimarilyfunctionsasaGdonor･13,22,23
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However,solvatedcatiomiccarbonylcomplexes,lnParticular,ofgroupllmetalsin

strongacidshavenotbeeninvestigatedindetail. Inthepresentwork,groupllmetal

carbonylcationsinstrongacidswereinvestlgatedusingspectroscopICmethods･24 This

sectionintroducesthehistoricalperspectiveandpropertiesofmetalcarbonylcationsin

acidicorsuperacidicmediaorwithweaklycoordinatlngamions.

1.2.1 HistoricalPerspective

Sincethediscovery ofthefirstmetalcarbonylcomplexes,Pt(CO)2C12,

pt2(CO)4Cl4,andPt2(CO)3C14,bySchBtzenbergerin1868,2512%andthediscoveryofthe

flrSthomolepticmetalcarbonyl,Ni(CO)4,byMondin1890anditsimmediateindustrial

applicationforthepreparationofultrapuremickel,29-31metalCarbonylshaveplayeda

veryImportantroleinchemistryandthechemicalindustry･10･32 Inthe1950-1960S,

thereappearedexamplesofcationictransitionmetalCarbonylspeciesexhibitingv(CO)

valueshigherthan2143cm-1,thevalueforfreeCO.

HistoriCally,ManchotandcoIWOrkersarethefirsttosystematicallylnVeStlgate

themetalcarbonylcompoundsthatwerelatershown tobepnmarilyG-bonded.They

usedastrongproticacid(concentratedH2SO4)forthefirsttimetopreparesilver

carbonylcations,33,34whichistheprototypefortherecentsynthesesofmetalcarbonyl

catlOnS.

Asthethermallystablehomolepticcarbonylcations,octahedral[M(CO)6]'(M-

Mn,Tc,Re)cationswerefirstisolatedbyFischer,Hieberandtheirco-workersin

1961.35-39 A鮎rabout30yearsBomthefirstdiscovery,lAu(CO)2]'wasdiscoveredas

thesecondisolatedspeciesofthehomoleptlCmetalCarbonylcationbyanaccidentin

theattempttopreparethe[HCO】+ionbyprotonationofCOintheconjugatedsuperacid

HSO3F-Au(SO3F)3,and fortheisolation itwasnecessaryto develop anew

carbonylationmethodinLewissuperacidicmediasuchasSbF5･40･41 InSbF5,anumber

ofthermallystablesaltsofmetalcarbonylcationshavesubsequentlybeenisolatedand
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characterized spectroscopically and structurally･22･42 severalhomoleptlC metal

carbonylcationshavebeenisolatedusingWeaklycoordinatlngmiOnssuchas

p(oTeF5)｡]~4345andl1-Et-CBllFllr46,47inorganicsolvents.Inthemeantime,a

numberofmetalCarbonylcationshavebeengeneratedinproticacids,whichwere

spectroscopicallycharacterizedandappliedascatalystsforthecarbonylationofolefins

andotherorganiccompounds･13-1i･4i･50 Inaddition,relatedcatiomicmetalcarbonyl

specieshavebeenfoundtobeformedinzeolitesandonthesurfacesofmetaloxides

andhalides,51andanew laser-ablationtechniquehasrecentlybeensuccessfully

employedtoisolateaseriesofmetalcarbonylcationsinrare-gasmatriceswhichhave

beencharacterizedindetailbyFTIR152

1.2.2 PropertiesofMetalCarbonylCations

Themetal-CarbonylbondinglSSuggestedtoinvolveasynerglSticinteraction

betweenG-donorbondingfTromtheoccupied50molecularorbitalofCOintoan empty

metalorbitalwithGSymmetryandTトbackbonding丘omoccupiedmetalorbitalsintothe

が molecularorbitalsorCO.53

Aschematicrepresentationoforbitaloverlapintheindividual(M-CO)Segments

withtemi nallybondedCOhasbeenproposedforclarifyingthetypicalmetalcarbonyls,

predominantly7トbonded,highlyreducedcarbonylmetalatesandlargelycl-bonded

metalcarbonylcations･42

Ingeneral,themetalcarbonylcationsandthecationiccarbonylderivatives

displaythefわllowingdistinguishingfeaturesincomparisonwiththetypicalmetal

carbonyls:13
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Tr

Gii(J
Mn< C- 0 Predom叫 7T-bondedhigldyreducedca血onylmetalates

＼J 8- n=-2,-3,4 V(CO)̀ 2080cm11

丁【

′′~一~ヽ(フhF三 C=

＼J

J7T

顎iiEG
Mn 三 C ;

しこノノ8+

TypicalmetalCarbonyls

n=-I,0,+1 2080cm-I<V(co)<2180cmー1

o Predo血叫 O-bondedmetalcabonylcadons

〝≡+2,+3,+4 V(CO)>2180cm ーl

(1) ThemetalCarbonylcationsandthecationiccarbonylderiVativeshavea

highelectrophilicitysothattheymustbegeneratedandstabilizedinacidic(superacidic)

mediaorwithweaklycoordinatinganionsasdescribedabove,orinan unusual

environmentsuchasrare-gasmatrices,metalcation-exchangedzeolitesandsurfacesof

metaloxidesandhalides,wherenostronglynucleophilicligandscompetewiththeCO

ligandsinthecoordinationtometal.

(2) Theunprecedentedcoordinationgeometriesinmetalcarbonylchemistry

areobservedforthemetalcarbonylcationswiththeelectronconflgurationsd8anddlO

withcoordinationnumbers4(square-planarcoordination)and2(linearcoordination),

respectively,forwhichthenumberofvalenceelectrons(16or14)violatesthenoblegas

rule,although suchgeometrieshavebeenexhibitedbyanalogouscomplexesofligands

suchasCN-andPPh3･53 However,thetypicalmetalCarbonylsalmostalwaysobserve

strictlythe18-electronrule(anexceptionisthe17emoleculeV(CO)6).53

(3) ThecatiomicmetalcarbonylcomplexeshaveM-CbondlengthsdP C)
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longerthanthoseofthecorrespondingtypicalmetalcarbonylsandshortC-0bond

lengthsa(CO)(usuallyshorterthan1.128A,thevalueforBeeCO)54withC-0

stretchingvibrationalkequenciesv(CO)(upto2300cm-1;formostofthemhigherthan

2143cm-1,thevalueforBeeCO)55muchhigherthan thevaluesforthecorresponding

typicalmetalcarbonyls. COislargelyG-bondedtothemetalandthemetal-to-CO

7トbackbondingishighlyreduced,whereasthe7トbackbondingservestostabilizethe

M-CObondforthetypicalmetalcarbonyls,especiallyinthepresenceofalowformal

charge･53

(4) Thecatiomiccomplexesshow13cNMRchemicalshifts(upto8(13C)=121

ppm;withonlyfew exceptions)highfleld-shiRedfrom 184ppm,thevalueforfree

co41･56･57,whereasalow-fieldshiftfrom184ppmisusuallyobservedfortypicalmetal

carbonyls･42

(5) Thecatiomiccomplexesexhibithighcatalyticactivitiesevenatroom

temperatureandatmosphericpressureaswillbedescribedlater.However,reactions

(forexample,Roelen58andReppe59reactions)catalyzedbythetypicalmetalcarbonyls

suchasCo2(CO)80rNi(CO)4requiresevereconditionsofhigh temperatureandhigh

copressure･10,32

1.2.3 &oupllMetalCarbonylCationsinProticAcids

ProticacidshavebeenusedtogenerateanumberofmetalCarbonylcationsand

catiomiccarbonylderivativesaswellasmolecularadductsofCOtometalcations,as

flrStdonebyManchotandco-workersin1920,S･33･34 Thereactionscan bedividedto

threetypes:(a)solvolysisandcarbonylation,@)reductivecarbonylation,and(C)

oxidativecarbonylation. ThetwoproticsuperacidsHSO3Fandanhydroushydrogen

fluorideHf areverysuitableforthepreparationofmetalcarbonylfluorosulfTatesand

fluorides,whichincludingAu(CO)SO,F,40cis-Pd(CO)2(SO,F),,60,61cisIPt(CO)2(SO,F)2,

60,62me,-Ir(CO)3(SO,F),,63lcyclo-Pd2(什CO)2](SO,F)2,64andfac-Ir(CO)3F,.65,66 In
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particular,anumberofsolvatedcatiomicmetalcarbonylcomplexessuchasCo(CO)4',48

[蝕(CO)4]+,18,4Sp(co).]2',67lgJCloIPd2b-CO)2]2十,16[(pt(co),)2]2+,17,49,50havebeen

preparedinproticacids.

SolvatedcationicmetalcarbonylcomplexesofCu(Ⅰ),13,14,24Ag(Ⅰ),13,14,24Au(Ⅰ),

13'15･24havebeenpreparedalsoinproticacids. IncomparisonwiththePt(I),Pd(Ⅰ),

Co(I)andRh(I)Carbonylcationstheactualstoichiometryofthegroupllmetal

carbonylcationsdependsonthesolventacidandthetemperature;andsofar only

limitedspectroscopicdatahavebeenreported･13･6i Inthepresentwork,Ireportthe

detailedspectroscopICCharacterizationofthegroup11metalcarbonylcationsovera

widerangeoftemperatureandinsolventsofvariousacidities,andbasedontheresults,

detemi nedtheirstructuresl24 Inadditiondiscussionwillbegivenontheactivespecies

andreactionmechanismofthemetalcarbonylcation-catalyzedcarbonylationofolefins

andalcohols(Chapter3).

RC-CH2

or +H20

氏-OH

Metalcarbonylcation

Strongacid
吊2

R1-C-COOH

r･t･.IatmCO cH3

I.3 MetalNitrosylCatiOnsinStronglyAcidicMedia

Thestructure,bondingandreactlVltyOfcoordinatedNOhavebeenconsideredto

beanalogoustothoseofcoordinatedCO. Althoughtherehaverecentlybeen

remarkabledevelopmentsinthepreparationandcharacterizationofanumberofnew

homoleptlCmetalcarbonylcationsandtheirderivativesinacidicorsuperacidicmedia,

so氏rtherehavebeennodirectevidencefTortheformationofmetalnitrosylcationsin

strongacidswith theonlyexceptionbeingtheNO absorptionbyironandcopper

compoundsinsulfuricacidobservedbyManchot69,70 Inthepresentwork,the
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fTormationofthecoppernitrosylcationinstrongacidswasinvestigateduslng

spectroscopICmethodsl71 Thissectionintroducesthehistoricalperspectiveandthe

M-NObondpropertiesofmetalnitrosylcomplexes,Includingmetalnitrosylcations,ln

strongacidicmedia.

1.3.1 HistoricalPerspectiveandM-NOBondPropertiesorMetalNitrosylComplexes

Transition-metalcomplexescontalnlngnitrogenmonoxidehavebeenknown fbr

overacentury.Althoughtheyhavenotattractedasmuchattentionastmetalcarbonyls,

thestudyontheirpreparationandpropertiesisincreaslnginbothquantltyandquality.

CoordinationbyNO'isdirectlyanalogoustometal-Carbonylbonding(COandNO'are

isoelectronic)withitssymergisticcouplingofcFandT【bonding.CoordinationbyNO~,

ontheotherhand,wasproposedtobeanalogoustothatbyhalideionandstructurally

similartoorganicnitrosocompounds･72 Ingeneral,NO+coordinatedtothemetal

centerinalinearmodeexhibitshigherstretchingvibrational斤equenciesv(NO)(usually

closetoorhigherthan1876cm-1,thevalueforBeeNO73)thanthatofNO-Coordinated

tothemetalcenterinabe山mode(usually1500- 1700cm~1).

Recently,importanceofmitrosylcomplexeshasbeenwidelyrecognized.

Nitrogenmonoxide,NOisamoleculeofversatilityandimportancethathasunited

neuroscience,physiology,andimmunology,andNOwasselectedas"themoleculeof

theyear"in1992.Copperandironnitrosylcomplexeshavebeenreportedaspivotal

intermediatesinbiologicalsystems･74･75

Metalnitrosylspecieshavebeenshown toplayan importantrolealsointhe

processlngOfnitrogenoxidethatisan environmentalpollutant. Forexample,

metal-exchanged zeoliteshavebeen shown to be excellentcatalystsfわrthe

decompositionandreductionofNO･76-78 Anumberofreportsareconcemedwith

thesespeciesonsolidcatalyst,forexample,complexesofNOwithCr2+,Fe2+,co2+,

Ni2+,andCu2+ioninY-typezeolitewerereported･76,79-83
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1.3.2 CopperNitrosylCationinStroI唱Acids

Greatattentionhasbeenfbcusedontheimportantrolethatthemetalmitrosyl

cations,inparticular,coppermitrosylcations,haveplayedintheprocesslngOfan

environmentalpollutant,nitrogenoxide,becausecopper-exchangedzeoliteshavebeen

showntobeexcellentcatalystsforthedecompositionandreductionofNO176-7i There

havebeen,however,nodirectevidencefortheformationofcoppermitrosylcationsin

strongacidssofar.

hthepresentworkIinvestigatedthereactionofcopperpowderandavarietyof

coppercompoundsin differentoxidation statewithatmosphericNO atroom

temperatureinstrongacidssuchasconcentratedH2SO4,FSO3H,andmagicacid

HSO3F･SbF5(1.I1)andfoundtheformationofthecopper(Ⅱ)mitrosylcation,[CuNO]2+

(chapter4).ThereactionofCuO,culorCUHcompoundswithNOresultsinthe

formationofthecopper(II)mitrosylcationduringwhichtheoxidationofCuOtocuⅡis

accompaniedbytheformationofN2andN20,whereastheoxidationofCultocuⅡ

resultsintheformationofN20withoutasigmificantamountofN2. Theseresults

exhibitthepossibilitythatanumberofmetalmitrosylcationsmightbepreparedand

isolateduslngStrongaCidsandsuperacidsorwithweaklycoordinatlnganions.h

addition,tomakeclearthereactivltyOfcopperandcoppercompoundswithNOisof

greatslgnificanceintheunderstandingofthemechanismofthedecompositionand

reductionofNObythecopper-exchangedzeolitecatalysts.
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Chapter2

Car60cationsinSort'd'AcidTs

-Car6ony血tionofAkoko丘overNaji'on-X

aSotid-助dtuoroaDianesuhfonic.Acid'&esin

Cataryst

Na丘on-HwasusedasasolidacidcatalystfTortheKoch-typecarbonylationof

alcohols,inwhichcarbemiumions(Carbocations)workasthereactionintermediates.

Thecarbonylationofavarietyofprimary,secondaryandtertlaryalcoholsinvarious

solventssuchashexane,cyclohexane,dichloromethaneandchlorobenzeneproducesthe

correspondingtertlaryCarboxylicacidsinhigh yields･Forexample,theconversions

of2-methy1-2-propan01,1-pentanoland1-adamantanoltocarboxylicacidsare62.5,

64.6and76.9%,respectively,at433Kand9MPaCO.Theoptlmumtemperaturefわr

thisreactionisbetween433and443K.AhighCOpressureisadvantageousf♭rthe

carbonylation. Onlysmallamountsofetherswereobservedf♭rthepnmaryalcohols

underCOpressureandwithoutwaterremoval,incontrastwiththepreviousreportthat

pnmaryalcoholsareconvertedtoethersoverNafion-HinquantitativeyieldswhenCO

isabsentandwaterisremovedbyazeotropicdistillation.
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2.1 ⅠntrOductiom

A simpleandefRcientsyntheticmethodfわrtertlaryCarboxylicacidsisof

industrialimportance. KochfTlrStreportedthattertlaryCarboxylicacidscanbe

producedbythereactionofCOwithalcoholsorwitholefinSandH20inconcentrated

strongacidsP2SO4,BF3･H20,HF)at253to353Kandaround10MPa.I-3 wehave

foundthatCup),Ag(Ⅰ),Au(Ⅰ),Pd(D,Pt(I)andRh(Ⅰ)carbonylcationscausethe

Koch-typereactiontoproceedatroomtemperatureandatmosphericCOpressurel4-9

However,intheindustrialapplicationoftheKochreaction,thereareproblemssuchas

thecorrosionoftheequlPment,aCOmPlicatedseparationproceduref♭rtheproductsand

thedisposalofhugeamOuntsofwasteacidsduetotheuseofstrongacids.Therefore,

theuseofsolidacidcatalystsinsteadofstrongliquidacidsisofsigmificantadvantage.

Therehavebeenonlyafewreportsonthesolidacid-catalyzedcarbonylation,

although Solidacidshavebeenusedascatalystsandareindispensableinmany

reactions･10 In1984,thecarbonylationofmethanolintomethylacetate,methyl

formateandaceticacidwasreportedonsolidacids,butthereactionexhibitedeithera

verylowyield(0.3%)underlOO%selectivityoralowselectivity(0.8%)witha34.6%

yieldwiththeformationofdimethyletherviathenon-Carbonylatingroute･ll The

carbonylationoffTormaldehydehasbeenstudiedoverionexchangeresincatalysts

includingNa丘on一托 Dianion,Am berlyst,andDowex.12 Recently,wereportedthe

carbonylation ofalcoholsoverH-zeolites13 and sulfated zircomia･14 Forthe

carbonylationof2-methy1-2-propanoloverH-zeolites,HIZSM-5givesthehighest

selectivityfor2,2-dimethylpropanOicacidduetoitsadequateporedimensions･13 With

thesulfatedzirconiacatalyst,tertlaryCarboxylicacidswereobtained&om tertlary

alcoholsingoodyields,whereasonlyetherswereformedfrompnmaryalcohols･14

TheNafion-Hcatalyst,aperfluoroalkanesulfomicacidresinflrStSynthesizedby

DuPontchemists,hasthegeneralchemicalformulaasshown below,wherethevalueof

mcanbeaslowaslandthevalueofnrangesbetween6and13･15 Ithashydrophobic

19



(-CF2-CF2-)andhydrophilic(-SO3H)regionsinitsstructureanditssuperacidtyisdue

totheelectronwithdrawingeffectoftheperfluoroalkylbackbonetowhichthesulfomic

acidgroupisattached.TheestimatedHarrmett田o)valuef♭rNafion-Hiscomparable

tothatof96-100%sulfuricacid(払 ニー12.0).16

-(CF2-Cf-2)がCF2-CF～ CF3

1 1
0(CF2-CF-0)m-CF2lCF2-SO3

Nafion-H hasbeen used asa catalystforvariousreactionssuch as

transalkylation伊riedel-Craftsreaction),ethersynthesis,esterification,thecondensation

ofketones,andpinacol-pinacoloneandFriesrearrangements･16 Therehavebeenfew

reportsonthecarbonylationoverNation-fthowever.Inthispaper,wereportthe

carbonylationofavarietyofprimary,SecondaryandtertiaryalcoholswithCOoverthe

Na丘on-Hcatalyst,whichproducestertiarycarboxylicacidsinhighyields.

2.2 Experimental

2.2.1 CarbonylationofAlcoholsoverNation-H

Forthecarbonylationofalcohols,commercialNafionNR -50(beads,7-9mesh,

Aldrich)intheHform (ionexchangecapacity:ca,0.8mequivg-I;equivalentweight:

1250)wasusedasthecatalyst.Thecommercialalcoholandsolventre喝e山swere

usedwithoutfurtherpurification.A120-rnLstirredstainlesssteelautoclaveenclosed

inanelectriCfurnacewasusedasthebatchreactor.As ageneralprocedure,2.0gof

Nafion-Hbeadswithoutpretreatment,20mmolofan alcohol,and50mLofasolvent

wereplacedintheautoclave.COwasintroduced血otheautoclaveanditspressure
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wasraisedtothedesiredvalue.TheinitialCOpressureatroomtemperaturewas

variedintherangeofO･1-9Mpa.Theautoclavewasheatedtothedesiredtemperature

in30minandheldatthistemperaturefor22h.ARerthereactlOn,theproductswere

collectedbyfilteringoffthecatalystandthenanalyzedby,GC,GC-MSandNMRand

bytitrationwithanethanolsolutionofNaOH.

2.2.2.PreparationofAg-ZSM-5andNafion-Agni

A40gsampleofH-ZSM-5wasimmersedin400mLofa0.1mol瓜 AgNO3

aqueoussolutionfor15h,andseparatedbyacentrifugalseparator.Theimmersion

wasrepeatedfivetimes･Ag-ZSMl5waswashed丘vetimesusingwaterandseparated

byacentrifugalseparator.Itwasdriedat383Kfor15handthendriedat623Kand

1.4kPaf♭r3h,A2gsampleofAg-ZSM-5wasstoredinaglassbulb,whichwas

thenusedfわrthereaction.

A50gsampleofNafion-H(NR,50,Aldrich,ionexchangecapacity:ca.0.8

mequivg-I)wasimmersedintheaqueoussolutioninwhich20mmolofAgNO3Was

dissolvedf♭r20h.ARertheion-exchangetreatment,thesupematantsolutionof

AgNO3Wasanalyzedbyanin血lCtivelycoupledargonplasmaatomicemission

spectrophotometer(ICP-575I,NipponJarrell-Ash),andnoAg'ionwasdetected.

Therefore,halfthe-SO3HgroupsintheNa丘on-Hcatalystwerechangedto-SO3Ag.

TheNation-Ag/Hcatalystwaswashedseveraltimeswithwaterdriedat383Kfor20h

andthenusedforthereaction
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2.3 ResultsandDiscussion

2.3.1 Carbonylationof2-Methy1-2-PropanOloverNafion-H

Figure2-1showsthetemperaturedependenceofthecarbonylation of

2-methy1-2-propanoloverNation-Hat5MPaCO(initialpressureatroomtemperature)

inchlorobenzene. Atroom temperature,nocarboxylicacidsareproducedand

2-methy1-2-propanolof76%remainsunreacteda洗erthereactionof22h.Isobuteneis

formedasthemainproductofthedehydration,theaccurateamountofwhichcouldnot

bedeterminedbecauseofitsboilingpointbeinglowerthan roomtemperature.The

conversionof2-methy1-2-propanolincreaseswithincreaslngreactiontemperature;at

383K,2-methyl12-propanolcompletelydisappeaJ'S.2,2-Dimethylpropanoicacidis

formedinayieldof2･1%,whileinthedehydrationproductsthediner(C!)speciesare

increased.Therapiddehydrationof2-methy1-2lPrOPanOlhasalsobeenreportedf♭r

sulfomicacidresinssuchasNa丘on-H,17 Am berlyst15andDowex50W･lS The

carbonylationisslgnifiCantlyenhancedathighertemperature;thetotalyieldofthe

carboxylicacidsreachesthemaximum at443K (Tmq) andthendecreaseswith

increaslngtemperature.ThevalueoftotalyieldatTznaxis51.2%,Correspondingtoa

turnovernumberofca.7astheionexchangecapacltyOftheNafion-Hcatalystusedis

cato･8mequlVg-1･ Besides2,2-dimethylpropanoicacid,higher-weightcarboxylic

acidsincludingtheC9Carboxylicacidsarealsoobtained. Similar temperature

dependence ofthe total yield hasbeen observed forthe carbonylation of

2-methy1-2-propanoloverthermallystableH-zeolites;13theappearanceormaximum

wasexplainedintermsofthefastoligomerizationreactioninthehightemperature

region.Olahetal.haveshown thatNafion-Hcatalystisstableattemperaturesupto

483Kwhileabovethistemperaturethecatalyticactivityisirreversiblydecreaseddueto

itslimitedthe-alstability･16,17
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Fig.2-1 Temperaturedependenceofthecarbonylationof2-methy1-2-propanol

overNaaon-H.Reactionconditions:2.0gNa丘on一托 20mm012-methy1-2-propan01,

50mLchlorobenzene,5MPaCOpressure(imitialpressureatroomtemperature),22h

reactiontime.
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Forinvestlgatlng the thermalstability ofNation forthe carbonylation of

2-methyl12-propanol,aNation-Hcatalystthathadbeenusedat473Kf♭r22hwas

reusedat433K,whichexhibitednoslgni丘cantdecreaseinthetotalyieldofcarboxylic

acidsandtheselectlVltyOf2,21dimethylpropanoicacidincomparisonwiththe&esh

Nafion-Hcatalyst.ThisfactimpliesthatnotthethermalinstabilityofNafion-Hbut

thefastoligomerizationaccountsforthedecreaseinthetotalyieldwithincreasing

temperatureaboveTm瓜,aSObservedforthermallystableH-zeolites･13 Ⅰnaddition,the

observationindicatesthattheNafion-HcatalystisreusablefTorthecarbonylationof

alcoholsattemperaturesbelow473K.

Theoverallreactionsof2-methy1-2-propanolwithCOoverNafion-Hcanbe

described in scheme 2-1. This scheme includes the dehydration of

2-methy1-2lPrOPan01tofわrmthetrimethylcarbemium ionintermediate,whichisin

equilibriumwithboth2-methy1-2-propanolandisobutene.Thesecondaryreaction

betweenisobuteneandthetrimethylcarbeniumionintermediategivesthedimer(C8)

andtheoligomericspecies.ThereactionofthetrimethylGarbemiumionwithCOgives

risetotheformationoftheacylium cat10n,WhichreactswithH20 toform

2,2-dimethylpropanoicacid.Thereactionoftheunsaturatedoligomericspecieswith

COandH20produceshigher-weightcarboxylicacids. Atlowtemperatures,the

carbonylationofthetrimethylcarbemium ionintermediateisslow.ByralSlngthe

temperature,thecarbonylationisaccelerated,accompamiedbyanoligomerization

enhancement.Theobservationofthemaximumyieldofthecarboxylicacidscanbe

explainedintermsofthefastoligomerizationreaction,whichprevailsoverthe

carbonylationofthetrimethylcarbemiumionaboveTm瓜 . AsmallamountofC6andC7

Carboxylicacidsarealsoobtainedasby-products,inparticular,athightemperatures,

whichmaybefわrmedviadimerizationandfragmentationofthecarbenium ion

intermediatesasobservedinstrongliquidacids･19,20
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夫+R-SO3H

tl

A .R_S.3H-r A .R_S.3-.lHP,
OH

-con･co
木o･R-S｡3

oHgomers+RISO3H

co2H+RISO3H

R= ～(CF2lCF2)nJ F2-うF～ 73

0(CFiCF一o)mJ F2-CF2-

Scheme2-1
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Noetherscan bedetectedincontrasttotheobservationbyOlahetal.thatpnmary

alcoholsquantitativelygaveethersoverNaf10n-H･21 An sN2-typereactionmechamim

hasbeenproposedfortheformationofetherswhichinvolvestheinsitufTormationofan

oxomiumIon,WhereNafion-Hconvertsthehydroxylgroupofthealcoholintoabetter

leavinggroupbyprotonation,andtheetheristhenformedbythenucleophilicattackof

thealCoholontheoxoniumioninabimolecularreaction(SN2-type).21 Therefore,

steric reasons may accountforthe absence ofethersin the reaction of

2-methy1-2-propanoloverNa丘on-H･Inchlorobenzene,asmallamount(3.6%at433

K)ofchlorobenzenealkylationproductsareformedviatheFriede1-Craftsreaction.17･22

Table 2-1 shows the pressure dependence of the carbonylation of

2-methy1-2-propanoloverNafion-Hat433KinchloroberLZene.AhighCOpressureis

alsoadvantageousfortheKoch-typecarbonylationoverNaf10n-Hasobservedinstrong

acidsolutionsl~3andobservedforH-zeolites.13 At0.1MPaCO(initialpressureat

room temperature),nosignificantamountsofcarboxylicacidsarefbmed. By

increasingtheinitialCOpressureto9Mpa(roomtemperature),thetotalyieldofthe

carboxylicacidsincreasestoover60% andtheselectlVltyOf2,2-dimethylpropanOic

acidintheproductsincreasestoavalueashighas85%･TheincreaseofselectlVltyOf

2,2-dimethylpropanoicacidwithincreaslngCOpressureresults&omtheenhancement

ofthecarbonylationofthetrimethylcarbenium ionpnortothedimerizationor

oligomerizationthatgiveshigher-weightcarbonylationproducts.Ahigheryieldand

selectlVltyOf2,2-dimethylpropanoicacidareexpectedtobeobtainedathigherCO

preSSureS･

The solvent effectswere also investigated forthe carbonylation of

2-methy1-2-propanoloverNa丘on-H(Table212)･
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Table2-1

COpressuredependenceofthecarbonylationof2-methy1-2-propanoloverNa丘on-Ha

copressureb Ⅵeld(%)

(Mpa) 2,2-DimethylpropanOicacid Totalcarboxylicacids

0.1

0.5

1

2

3

4

5

6

7

8

9

0

2.7

9.2

15.0

20.3

24.5

27.8

30.2

38.1

41.5

53.4

0.1

7.5

23.9

32.6

38.3

42.0

48.0

56.1

56.8

59.5

62.5

aReactionConditions:2.0gNa丘on一托 20mm0121methy1-2-propan01,50mL

chlorobenzene,433K,22hreactiontime.

bInitialpressureatroomtemperature.
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Table2-2

Influenceofsolventonthecarbonylationof21methyl-2-propanoloverNation-Ha

Solvent Temperature Totalyieldofcarboxylicacids

(K) (%)

Dichloromethane 413

433

453

Chlorobenzene 413

433

453

Hexane

Cyclohexane

413

433

453

413

433

453

21,9

50.3

35.5

24.4

48.0

42.2

21.4

44.4

34.0

17.7

39.1

26.9

aReactionConditions:2.0gNafion-ft20mm012-methy1-2-propan01,50mL

solvent,5MPaCOpressure(imitialpressureatroomtemperature),22hreactiontime.
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ThemaximumtotalyieldsofcaTboxylicacidsareslightlyhigherinthepolarsolvents

suchasdichloromethane(50.3%)andchlorobenzene(48.0%)thanthoseinthenonpolar

solventssuchashexane(44.4%)andcyclohexane(39.1%)at433Kand5MPaCO

(initialpressureatroomtempera山re).Thein瓜uenceofthesolventpolarityonthe

carbonylationof2-methy1-2-propanoloverNaf10n一札 however,ismuchsmallerthan

thatobservedbyLangeforthecarbonylationofdi-isobutylmethanol･23 Itwasreported

thatat423Kand8MPaCOthecarbonylationofdi-isobutylmethanoloverNa丘on-H

gavethecorrespondingbranchedcarboxylicacidin39% yieldinthepolarsolvent

heptanoicacid,whiletheyieldofthecarboxylicacidwasaslowasl%inthenonpolar

solventdodecane.

2.3.2 CarbonylationofaVarietyofAlcoholsoverNaf10n-H

Table2-3summarizestheresultsofthecarbonylationf♭ravarietyofalcohols

overNa丘on-H at433Kand9MPaCO(initialpressureatroomtemperature).In

additiontothecarbonylationof2-methy1-2-propanolasdescribedabove,primaryand

secondaryalcoholssuchas1-pentanol,2-pentan01,1-hexanolandll0CtanOlalsoreact

withCOtoglVethecorrespondingtertlaryCarboxylicacids,whichhavebeendistinctly

identifiedby13cNMRandGC-MS,inyieldsashighas64･6,52･6,57･9and57･4%,

respectively,lnthesolventhexane. Sofar,therehavebeenfew examplesforthe

carbonylationofpnmaryandsecondaryalcoholsoversolidacidcatalysts. The

conversionofprimaryandsecondaryalcoholstotertlaryCarboxylicacidsindicatesthe

isomerizationofthecarbeniumionintermediatestoformtertiaryCarbeniumionsprior

tothecarbonylationoverNation-H. Theoptlmum temPeratureforthereactionis

between433Kand443K.NostartlngSubstratesremainunreacted. Besidesthe

majorproductsofthecorrespondingcarboxylicacidshavingonemorecarbonatom

than thestartingmaterials,tertiaryCarboxylicacidshavingmorethan oneextracarbon

atomareobtainedasminorproducts,whichmaybeformedviadimerizationand

29



Table2-3

CarbonylationofavarietyofalcoholsoverNation-Ha

Alcohol Mainproduct Ⅵeld(%)

Mainproduct Totalcarboxylic

acids

2-Methy1-2-

propanolら

1-Pentan01

2-Pentano1

1_Hexanol

1-Octanol

2,2-Dimethylpropanoicacid

2,2-Dimethylbutanoicacid

2,2-Dimethylbutanoicacid

2,2-Dimethylpentanoicacid

2-Methyト2-ethylbutanoic

acid

2,2-Dimethylheptanoicacid

53.4 62.5

2

4

00
00

00
0

5

2

4

4

2

つ
一

26.8 57.4

2-Methyト2-ethylhexanoic 21.6

acid

1-Adamantanolb 1-Adamantanecarboxylic 76･8 76･9

acid

aReactionconditions:2.0gNa丘on一札 20mmolalcohol,50mLhexane,433K,

9MPaCOpressure(imitialpressureatroomtemperature),22hreactiontime.

b50mLchlorobenzeneinsteadofhexaneasthesolvent.
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&agmentationofthecarbeniumionintermediatesoverNa丘on-Hasobservedinstrong

liquidacids･19,20 Nosignificantamountsofprimaryorsecondarycarboxylicacidsare

formedasobservedinstrongliquidacids,incontrasttotheNMRobservationby

Stepanovetal.thatinH-ZSM-5,thereactionof1-0ctenewithCOandH20resultsin

acidoftheC8H17COOH andC16H33COOH familieswithpredominantly linear

hydrocarbonchainsalthoughthecarbonylationof21methy1-21PrOPan01,isobutylalcohol

andisobuteneproduces2,2-dimethylpropanoicacidwithhighselectivity.24 The

reasonfTorthepredominantfTormationoflinearcarboxylicacid舟om 1-0cteneover

HIZSM-5wasconsideredtobethatll0Ctenemoleculeistoolargeforthebulkytertiary

carbeniumionstobeformedandcarbonylatedinthenarrowporesofH-ZSM-5,24

whereastheporesofNa丘on-HaresufRcientlylargeforthecarbeniumionsformed

&omtheprlmaryandsecondaryalcoholsusedinthisworktoisomerizetotertlary

carbemiumionsandtobesubsequentlycarbonylatedtoglVetertlaryCarboxylicacids.

0nlysmallamountsofethers(<2%)areformedfromtheprimaryalcoholsand

noethersareobservedforthesecondaryalcohols. Incontrast,Overthesulfated

zirconiacatalyst,nocarboxylicacidsbuthighyieldsofetherswereformedBom

pnmaryalcoholsandneithercarboxylicacidsnorethersfromsecondaryalcohols･14 It

wasreportedby Olahetal.thatoverNafion-托 primary alcoholsgavethe

correspondingethersinquantitativeyieldswhilesecondaryalcohols,exceptforthe

cyclicalcohols,gaveonlytracesofethers･21 Theremovalofwaterformedinthe

reactionbyaZeOtrOPicdistillationwasfoundtobenecessaryfTorachievingahigh

conversiontotheethers. Thelow conversions oftheprlmaryalCoholstothe

correspondingethersinthisstudymaybeduetotheeffectsofwater,whichwasnot

removed during thereaction,and/or,to acertain extent,onglnate丘om the

carbonylationofthealcoholswithCOpnortotheetherification.Theabsenceof

ethersforsecondaryalcoholsmaybemainlyduetostericreasons,whichare

disadvantageousfortheSN2-typeetherification,asobservedfor21methy1-2-propanol･
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Nocarboxylicacidsareobtained&omloweralcoholssuchasmethanol,ethanol

and2-propanol.Smallamounts(<3%)ofalkylationproductsofchlorobenzeneare

formed 丘om thelow alcoholsviatheFriede1-Cra鮎 reaction inthesolvent

chlorobenzeneinsteadofhexane.17,22 From1-adamantan01,1-adamantanecarboxylic

acidisfTormedinayieldashighas76.8%.Inchlorobenzene,adamantylchlorobenzene

isformedasaby-productinayieldof15%viatheFriedel-CraRsreactionwiththe

solvent,andasmallamountofadamantaneisalsoobserved.

2.3.3 CarbonylationofAIcoholsoverAg-ZSM15andNafion-Aき昨I

InordertoinvestigatetheeffectsofthemetalionexchangeoftheH-typesolid

acids,thecarbonylationofavarietyofalcoholswascarriedoutoverthelOO% Ag

ion-exchangedZSM-5zeoliteand50%AgionexchangedNa丘on-Hcatalysts.Figure

2-2showsthepressuredependenceofthecarbonylationof2-methy1-2-propanOlover

Ag-ZSM-5andH-ZSM-5at433Kinchlorobenzene.Thetotalyieldofcarboxylic

acidsisonlyslightlyhigheroverAg-ZSM-5than thatoverHIZSM-5.Table2-4

summarizestheresultsofthecarbonylationfToravarietyofalcoholsoverNafion-A紳

andNafion-Hat433Kand9MPaofCO(initialpressureatroomtemperature).Itwas

foundthatthecatalyticactivityofNa丘on-Ag作Iforthecarbonylationofalcoholsis

almostthesameasthatofNafion-H.Fromtheaboveresults,nodistinctimprovement

ofcatalyticactiviesoftheH-ZSM-5andNa点on-H catalystsresults&omtheAg

ion-exchange,althoughitwasfoundthatatroomtemperatureAgCO'Canbeformedin

theAg-exchangedNafioncatalyst(AppendixI),Itseemsthatatthehighreaction

temperature(about433K)theAgionsmaynotform theAgCO'species,whichwere

expectedtoimprovethecatalyticactivityofNafion-H.
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Fig.2-2 COpressuredependenceofthecarbonylationof2-methy1-2-propanol

overAg-ZSM-5andH-ZSM-5 ReactionConditions:2.0gcatalyst,20mm01

2-methy1-2-propan01,50mLchlorobenzene,433K,22hreactiontime,(initialCO

pressureatroomtemperature).
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Table2-4

CarbonylationofavarietyofalcoholsoverNa丘on-Ag作ⅠandNafion-Ha

Totalyieldofcarboxylicacids (%)

AlcohoI Nafion-Ag作I Nafion-H

2-Methy1-2-propan01 60.6

1-Pentano1

2_Pentano1

1_Hexanol

1-Adamantanol

61.8

l

つJ
OO

5

0ノ
′hV

5

5

7

.b

..D

b

5

6
′h
V

Q
ノ

2

4

2

7

′LU
′0

5

5

76.9

aReactionconditions:2.0gcatalyst,20mmolalcohol,50mi.chlorobenzene,

433K,9MPaCOpressure(initialpressureatroomtemperature),22hreactiontime.

b50mLhexaneinsteadofchlorobenzeneasthesolvent.
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2.4 Conclusions

TheKoch-typecarbonylationofalcoholswithCO overNa丘on一札 asolid

perfluoroalkanesulfonicacidresincatalyst,wasinvestigated.Tertiarycarboxylicacids

areobtainedinhighyields&om notonlytertiarybutalsopnmaryandsecondary

alcohols.Theoptlmumtemperaturef♭rthisreactionisbetween433and443K.A

highCOpressureisadvantageousforthecarbonylation.Thecatalyticperformance

canbeslightlymodifiedbychanglngthesolventpolarity. Thepresentstudyindicates

thepotentialindustrialapplicationofsolidacidsinsteadofstrongliquidacidscatalysts

fortheKoch-typereactiontoselectivelysynthesizetertiarycarboxylicacids.
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AppendixI

FormationofSilver(I)CarbnylCation,Ag(CO)',onNation-Ag

IfoundthatthereactionofNaf10n-AgwithCOresultsinthefわrmationofthe

silver(I)Carbonylcation,Ag(CO)'. A0.3gsampleofNaf10n112(film,Aldrich)in

theHform (ionexchangecapacity:ca.0.9mequivg-I)wasimmersedin50mLofa

0.01mol凡 AgNO3aqueousSOlutionfor20h. TheNafion-Agwaswashedseveral

timeswithwater,anddriedat383Kfor3handthencooledinadesiccator. The

Nafion-AgwasputintheAsideofaspecialhand-madevacuum-tightIRcellwithKBr

windowsasshowninFig.213anddriedagalnat413Kunder1.3kPafTor7h.A洗er

thecellwascooledtoroomtemperature,25.3kPaofCOwasintroducedintotheIRcell

andtheNation-AgwasexposedtotheCOfor30min. ARermovingthesampletothe

BsidetheA spectrumwasmeasuredonaJASCOFTnR-230spectrometer.TheA

absorpt10nOftheCOgaswassubtracted&omtheobservedspectrum,glVlngthea

absorptionofthesilver(I)Carbonylcation,Ag(CO)',onNation-Agat2173cm-Ias

showninFig.2-4.

(a)
J 岸 1=-L

(C)

Fig.2-3 Thespecialhand-madevacuum-tightA cellwithKBrWindows

(a)sideview,(b)&ontview,(C)photograph
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Fig.2-4 Thea spectrumofthesilver(I)carbonylcation,Ag(CO)二onNation-Ag
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Chapter3

Coppen(I)Sirven(I)and-god(I)Cw60nyrcatiom

inSt"Ty.AcidTs

-SpectroscopicCkaracten'zationand'catarjtic

,Apptication

DetailedIR,Raman,andNMRspectroscopiccharacterizationhasbeencarried

outonthegroupllmetalcarbonylcations,Cu(CO)n+(n-1,2,3,4),Ag(CO)n'(n-1,

2,3),andAu(CO)n'(n-1,2),overawiderangeoftemperatureandinavarietyof

strongacids,basedonwhichtheirmolecularstructuresweredetermined. Comparison

anddiscussionoftheirstabilitiesaregiven. Theactivespecieshavebeendetermined

tobeCu(CO)2'(andCu(CO)3'asaminorspecies)insteadofthepreviouslyassigned

cu(co)3',Ag(CO)'insteadofthepreviouslyassignedAg(CO)2',andAu(CO)2',

respectively,forthe copper(I),silver(I)and gold(I)Carbonylcation-Catalyzed

carbonylationofolefinsandalcoholsinconcentratedsulfuricacid. Thereaction

mechamismpreviouslyproposedf♭rthemetalcarbonylcation-Catalyzedcarbonylation

hasbeenmodifiedtoinvolvean olefin-metal-monocarbonyl(e.g.,forAg)oran

olefin-metal-polycarbonyl(e.g.jorCuorAu)intermediate.
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3.1 Introduction

Carbonmonoxideisoneofthemostimportantandversatileligandsintransition

metalchemiStryll sincethediscoveryofthefTustmetalcarbonylcomplexes,

pt(co)2Cl2,Pt2(CO)4Cl4,andPt2(CO),C14,by Schdtzenbergerin 1868,2-5 metal

carbonylshaveplayedaveryImportantroleinchemistryandthechemicalindustry･6,7

ManyindustrialprocessesemployCOasareagentandtransitionmetalcompoundsas

heterogeneousorhomogeneouscatalystsandinvolvethe血emediatesofmetal

carbonyls･8･12 Themetal-CarbonylbondinghasbeensuggestedtoinvolveasynerglStic

interactionbetweenG-donorbonding丘.omtheoccupied50molecularorbitalofCOinto

an emptymetalorbitalwithGSym metryand7t-backbondingfrom occupiedmetal

orbitalsintothe7C*molecularorbitalsofCO.1

Rece山ly,也erehasbeenaremarkabledevelopme山 inthesynthesisand

characterizationofnewhomoleptlCmetalcarbonylcationsandtheirderivatives&om

groups6through12inacidicorsuperacidicmediaorwithweaklycoordinatlnganions,

inwhichtheCOligandprimarilyfunctionsasaGdonor･13-2l proticacidshavebeen

usedtogenerateanumberofmetalcaTbonylcationsandcationiccarbonylderivatives

aswellasmolecularadductsofCOtometalcations,22･23manyofwhichhavebeenused

ascatalystsforthecarbonylationofolefinsandalcohols･17･21 Instronglyacidic

solutions,Cu20,Ag20andAu203absorbedcarbonmonoxidetoglVeCOlorless,cationic

carbonylcomplexesofthegeneralformula[LM(CO)n]'(M-Cu,Ag,Au;Ldenotes

thesolventligandprobablybeingtheconjugatebaseofthesolventacidoraclosely

relatedspecies),whichshowhighcatalyticactivitiesf♭rthecarbonylationofoleflnSand

alcohols･24128 Forthesakeofbrevlty,thesolvatedcatiOnsthatshouldexistintheform

of【LmM(CO)n]'wi11hereaRerbesimplyfomulatedasM(CO)n'. Theactual

stoichiometryofthegroupllmetalcarbonylcationsdependsonthesolventacidand

thetemperature;sofaronlylimitedspectroscopic･datahavebeenreported121･29

Inthispaper,wereportthedetailedspectroscopiccharacterizationofthegroup11
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metalcarbonylcationsoverawiderangeoftemperatureandinsolventsofvarious

acidities,basedonwhich theirstructureshavebeendetemi ned. Inaddition,

discussionsaregivenOntheactivespeciesandreactionmechamism ofthemetal

carbonylcation-CatalyzedcarbonylationofolefinSandalcohols.

3.2 Experimemtal

3.2.1 Chemicals

Cu20(W止oPureChemicalIndustries),Ag20(W独oPureChemicalIndustries),

Au203ParemetallicCo.),H2SO4(96%,KantoChemicalCo.),HSO3F(W祉oPure

Chemicallndustries),HSO3F･SbF5(1:1)(AldrichChemicalCompany)andCO(Nippon

Sanso)wereused. Thechemicalswerehigh-puritygradeandwereusedwithout

furtherpurification.

3.2.2 Generalprocedures

Preparationofthemetalcarbonylswasperformedwitha100-mLthree-necked

flaskconnectedtoacarbonmonoxidegasburet.Theapparatuscontalnlngamixture

ofametalcompound(2mmol,basedonthemetalatom)andastrongacid(10niL)was

evacuatedbyarotarypumptoremovealr,andaftercarbonmonoxidewasintroduced

斤omthegasburet,themixturewasstirredvigorouslyuntilthecompletionofthe

reaction. TheamountofabsorbedCOwasmeasuredbythegasburet. In96%

H2SO4,HSO3Formagicacid,HSO3F･SbF5(1:1),clear solutionswereobtainedfor

silver(I)andgold(I)Carbonylcations. Stableheterogeneoussuspensionswereformed

&om Cu20 orCuunderCO atmosphere,whichwereusedaspreparedforthe

spectroscopICmeaSurementS. AllthemanometricandspeetroscopICmeaSurementS

wereperformedunderCOatmosphereunlessthespectrafortheevacuatedsamples
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wereobtainedunderargonatmosphere.Fortemperature-Variablemeasurements,the

samplewasfirstpreparedatroom temperatureandthencooledorheatedtoeach

temperature,wherethesamplewasrlgOrOuSlystirredunderCO atmosphereuntil

reachingtheequilibrium,

3.2.3 mstmmentation

InsiiuFT-A spectrawererecordedusingaReactRIOOO System (ASI,

Millersville,MD)withaspectralresolutionof2cm'10nazircomiaattenuatedtotal

reflection(ATR)sensor(ZirComp)(forCuandAg)oraDiamondAR sensor

PiComp)(forAu).

FT-RamanspectrawererecordedonaNicoletFT-Raman960spectrometerwitha

spectralresolutionof2cm~1usingthe1064mmexcitingline(～600mV)oraNd:YAG

laser(SpectraPhysics,USA). Standardcanulatransfertechmiqueswereusedforthe

samplemanipulationsfortheroom-temperatureRamanmeasurements,forwhichliquid

Ramansampleswerecontainedina5-mmo.d.NMRtube.Forinsiiutemperature

-variableRamanmeasurements,theliquidsampleswerecontainedinaPyrextube

cormectedtothethree-neckednaskandmountedonthecryostat.

13C NMR spectrawererecordeduslngaJEOL JNM-AL400spectrometer

operatingat100.40MHz.CDC13WasCOntainedasanextemalreferenceandalockin

sampletubesof5mmo.d.,inwhichcoaxialinsertscontainingliquidsampleswere

placed.StandardcanulatransfertechmiqueswereusedforthesamplemanlPulations.

carbonmonoxideofnaturalabundancewasusedfor13c NMR measurements.

Chemicalshiftsaregivenin8unit(partspermillion)down丘eld丘omtetramethylsilane.
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3.3 ResultsandDiscussion

3.3.1 Copper(Ⅰ)Carbonyls

Itwasknownthatanumberofcopper(Ⅰ)Compoundsabsorbcarbonmonoxide

withaCO/Custoichiometricratio≦1.0toform Cu(CO)Xundervariousconditions.30-36

Soumaetal.previouslyreportedtheformationofCu(CO)4+,Cu(CO)3'andCu(CO)'

fromCu20instrongacidssuchasH2SO4,CF3SO3H,HSO3F,HFandBF3･H20,while

cu(co)2'wasnotconsideredforreasonsthatarenotclear.24 wereportherethe

detailedspectroscopICinvestlgationofthissystem,whichshowsthefTormationof

Cu(CO)n'(n-1,2,3,4).

WhenCu200rCureactswithatmosphericCOin96%H2SO4,HSO3FormaglC

acid,HSO3F'SbF5(1.'1),aheterogeneoussuspensionisfomedatroomtemperature;

Cu(Ⅱ)∞mpounds,suchasCuOandCuSO4,donotreactwi血COintheseacids.The

actualco/cu'stoichiometrydependsonthetemperatureandtheacidsolvent･Wlth

increasingaCidityofthesolutionordecreasingtemperature,theCO/Cu'stoichiometry

wasincreased:underatmosphericcOpressure,1.5at23oCand2.1at-10oCin96%

H2SO4;2.8at23oCand3.9at-70oCinHSO3F;3.6at23oCand3.9at-400Cinmagic

acid,HSO3F･SbF5(1:1)咋ig.311).Insituin丘aredandFT-Ramanspectraatvarying

temperaturesexhibitobviousevidencefortheformationofthecopper(I)Carbonyl

cations,Cu(CO){(n-1,2,3,4),underatmosphericpressureofCO.Theequilibra

shown belowareshiRedtotherightasthetemperaturedecreases.

+CO

Cu20(orCu).J cu. + cu(CO). +～
-CO

+CO +CO

cu(co)2.+～ Cu(CO)3.-* cu(CO)4.
-CO -CO

In96%H2SO4SOlutionatroomtemperature,whereCO/Cu'-1･5,theIR

+CO
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Fig.311 COuptakeofCu20dissolvedin(a)96%ⅠもSO4,(b)HSO3F,and(C)magic

acid,HSO3F･SbF5(1:1),atvaryingtemperaturesunderatmosphericpressureofCO.
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Fig.3-2 R spectraofcopper(I)Carbonylcationsin96%H2SO4at(a)-10oC,

(b)12oC,(C)23oC,and(d)800CunderatmosphericpressureofCO,and(e)a鮎r

evacuatlngthesampleat23oCforlOmin.
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Fig.313 Raman spectraofcopperの Carbonylcationsin96%H2SO4(a)at23

0CunderatmosphericpressureofCO,and(b)a洗erevacuatingthesampleat230Cfor

lOmin.
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spectrumexhibitsastrongv(CO)bandat2159cm-landaweakA bandat2187cm-I

仔ig.3-2C),andthecorrespondingRamanspectrumshowsaweakbandat2157cm-I

andastrongbandat2189cm-1(Fig.3-3a),whichareattributedtoCu(CO)2+.

AccordingtotheHmutualexclusiverule",37the- amancoincidencesindicatea

non-1inearsymmetry(bent,C2V)forCu(CO)2+. TheA bandsatthehigher&equencies

decreaseinintensltyandtheshoulderat2148cm-1growsini山enslty,accompaniedby

theCOevolution,withincreaslngtemperature;at80oC,thebandat2148cm･lhasthe

largestintensity(Fig.3-2d).Inaddition,byabriefevacuationofthesampleatroom

temperature,onlytheⅡLbandat2148cm-1(Fig.3-2e)alongwithitscorresponding

Ramanbandatthesame丘equency(Fig.3-3b)islea,whichisassignedtothecopper(Ⅰ)

monocarbonylcation,Cu(CO)+. Atroomtemperature,av(CO)aShoulderisobserved

at2177cm･1,whichgrows,alongwiththebandat2203cm-I,withdecreaslng

temperature(Figs.3-2a,3-2b).ThesetwobandsareattributedtoCu(CO)3+,inwhich

thethreeCOligandsareoutofplane(C3V). Notethatin96%H2SO4SOlutionatroom

temperature,thecopper(I)mono-,di-andtri-carbonylcations,Cu(CO)n'(n-1,2,3),

coexistinequilibriumandthedicarbonylcation,Cu(CO)2',ratherthanCu(CO)3',isthe

majorspecies,whereasinthepreviousreportsCu(CO)2'wasnotconsideredand

Cu(CO)3'wasassignedastheactivespeciesforthecarbonylationofolefinsand

alcoholsinconcentratedH2SO.(videinjia).25Atroomtemperature,onlyasingle

resonanceappearsat168ppminthe13cNMR spectrum,forwhichtherapidCO

exchangeontheNMRtimescalebetweenthespecies,Cu(CO)n+(n-1,2,3),Would

accou瓜 Byremovlngtheambie山CObyevacuatlOn,thesohtionglVeSaSlnglepeak

at166ppm,whichisattributedtoCu(CO)'.

InHSO3Fatroomtemperature,whereCO/Cue-2･8,theIRspectrumexhibitsa

strongv(co)bandat2184cm~landashoulderat2207cm~1(Fig.3-4C)andthe

correspondingRamanspectrumshowsaweakbandat2185cm-iandastrongbandat

2209cm'1(Fig.3-5a).ThesebandscanbeattributedtoCu(CO),'havingastructure
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2250 2200 2150 2100
wavenumber/cm-1

Fig.3-4 IRspectraofcopper(Ⅰ)CarbonylcationsinHSO3Fat(a)-70oC,O))

0oC,(C)24oCand(d)40oCunderatmosphericpressureofCO,anda洗erevacuating

thesampleat24oC(e)fTor5secand(i)forlOmin.
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Fig.3-5 Ram anspectraofcopper(I)CarbonylcationsinHSO3Fwith(a)0o

and(b)900polarization丘ltersat240CunderatmosphericpressureofCO,andafter

evacuatingthesampleat24oC(C)for5secand(d)fTor10min.
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(C3V)withanout-of-Planedeviationkomatrigonalplane(D3h). TheRamanbandat

2209cm'lisstronglypolarized(Figs･3-5a,315b),which,alon写withitsa counterpart

at2207cm-I,isasslgnedtothesym metriccOstretch. TheRamanbandat2185cm-I

isdepolarized,which,alongwithitsIRcounterpartat2184cm-I,isassignedtothe

asymm etriccostretch. TheIRbandat2184cm'lduetoCu(CO),'slightlyshi允sto

2187cm-1ondecreasingthetemperature&om 24t0 -70oC (Figs.314C～3-4a).

HoweverjorCO/Cu+-3.9at-70oC,noIRbandduetoCu(CO)4'wasobserved,dueto

itslow solubilityasalsoobservedinmagicacid(videinPa). Byraisingthe

temperaturefromroomtemperature,theIRbandsathigher&equenciesdecreasein

intensltyandtheshoulderat2167cm-I growsinintensity,accompaniedbyCO

evolutionFigs.3-4C,3-4d).At400CwheretheCO/Cu'ratiois2.3,thea bandat

2167cm･lwithan intensltyCOmParabletothatat2184cmllandashoulderat2193cm-I

areobserved(Fig.3-4d). Inaddition,byabriefevacuationfor5seeatroom

temperature,thea bandat2184cm･lisremarkablydecreasedandtheA bandsat2167

and2193cm'1areenhanced(Fig.314e);thecorrespondingRamanspectrumshowsa

bandat2167cm'landabandat2193cm-1withalargerintensity(Fig.3-5C),whichare

attributedtoCu(CO)2'withanon-linearStructure(bent,C2V). Uponan evacuationfor

lOminatroomtemperature,thehigh-frequencybandsdisappearandanewA bandat

2158cm-I(Fig.3-49withthecorrespondingRamanbandat2159cm-1(Fig.3-5d)

appears,whichcan beassignedtoCu(CO)'.ItisnotedthatinHSO3F,thecopper(I)

mono-,di-andtri-Carbonylcations,Cu(CO)n'(n-1,2,3),coexistinequilibriumand

thetricarbonylcation,Cu(CO)3',isthemajorspeciesatroomtemperature. Atroom

temperature,onlyaslngleresonanceappearsat169ppminthe13cNMRspectrum,for

whichtherapidCOexchangeontheNMRtimescalebetweenthespecies,Cu(CO)n'(n

-1,2,3),wouldaccount. ByremovingtheambientCObyevacuation,thesol山ion

givesasinglepeakat166ppmduetothestableCu(CO)'.

Inmagicacid,HSO3F･SbF5(1:1),atatmosphericpressureofCO androom
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temperamre,awhitesuspensionisfbmedwithCO/Cu+-3.6.Av(CO)bandat2190

cm-IintheA spectrum(Fig.3-6a),twostrongbandsat2187and2211cm-landa

shoulderat2192cm-1intheRamanspectrumPig.3-7b)wereobserved.TheIRband

at2190cm-1decreasesinintensltyWithdecreaslngtemperature;at-40oC,itmostly

disappears(Figs.3-6a～3-6d).WeassigntheIRbandat2190cm-1alongwiththe

correspondingRamanbandsat2192and2211cm~ltocu(co)3+.Thelackofan R

counterpartoftheRamanbandat2211cm-1indicatesCu(CO)3'hasanalmostly

trigona1-planar(D3h)stru cture,incontrastwiththeout-ofLplanestructuref♭rCu(CO)3+

inconcentratedH2SO40rHSO3f;probablyowlngtOthelowernucleophilicityofmaglC

acid.TheRamanbandat2187cm-IisassignedtoCu(CO).'eventhough wecould

detectonlyoneRamanbandinsteadofthetwopredictedforCu(CO)4'withtetrahedral

geometry(Td)_TheRamanbandat2187cm-Igrowsinintensitywithdecreasing

temperatureandthereforeincreasingtheconcentrationofCu(CO)4+咋ig.3-7a).Itis

consideredthatthelackofanIRv(CO)bandcorrespondingtotheRamanbandat2187

cm-1forcu(co)㌔isduetoitslowsolubilitybecausetheattenuatedtotalreflection

(ATR)IRsensorcan detectonlysolublespecieswhilebothsolubleandinsoluble

speciescanbedetectedintheRamanmeasurements.Thisasslgnmentissupportedby

theexaminationwithevacuationofthesolution.Byonlyabriefevacuation(5min)at

-20oC,thewhitesolidsinthesuspensionimmediatelydisappear,glVlngaClearand

colorlesssolution･ TheR bandat2190cm･lincreasesinintensltyduetothe

evacuation(Figs.3-6e,3-6f).WebelievethatCu(CO)4+,thewhitesolidsinthe

suspension,undetectablebytheAJRIRsensor,readilyreleaseoneCOligandby

evacuationtofTorm Cu(CO)3',WhichissolubleanddetectablebytheAIRA sensor.

Atroomtemperature,no13cNMRsignalwasdetectedkomtheclearsolutionobtained

bydecantingthesuspension&omthesolutionpreparedwithCOofnaturalabundance,

becausemostoftheCu'hasbeenprecipitatedasCu(CO)4'sothattheconcentrationof

Cu(CO)3'inthesolutionistoolowtobedetected.Byabriefevacuationfor30secat
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wavenumber/cm-1

Fig.3-6 R spectraofcopper(I)carbonylcationsinmagicacid,HSO3F･SbF5

(1:1),at(a)23oC,O))0oC,(C)-20oCand(d)-400CunderatmosphericpressureofCO,

andafterevacuatingthesampleat-20oC(e)for5minand(i)for3handaRer

evacuatingthesampleat23oC(g)for2hand(h)for6h.
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Fig.3-7 Ramanspectraofcopper(I)Carbonylcationsinmagicacid,HSO3F･

SbF5(1:1),at(a)-20oC,O))23oC,and(C)aRerevacuatingthesampleat23oCfor6h.
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room temperature,thewhitesolidsinthesuspensionquicklydisappear,glVlnga

colorless,clearsolutionwhichexhibitsa13cNMRresonanceat169ppm dueto

Cu(CO)3+.ru血erprolo喝edevacuationofthesolutionleadstothelossoroneCO

ligandfromCu(CO)3'tofbrm Cu(CO)2',Whichhasanon-linearstructure(bent,C2V);

twoA bandsat2179(strong)and2203(weak)cm~1(Figs.3-6g,316h)andtwo

correspondingRamanbandsat2180and2205cm-1伊ig.3-7C)wereobserved,as

observedinconcentratedH2SO.andHSO3F. Cu(CO)2'inmagicacidexhibitsa13c

NMRresonanceat166ppm.

Al1theR andRamanv(CO)valuesobservedf♭rCu(CO)n'(n-1-4)arehigher

than2143cmll,thevalueforfreeCO,37indicatlngreduced7T-backbonding,asobserved

foraseriesofmetalcarbonylcations,whereastypicalmetalcarbonylsexhibitmuch

lowerv(CO)values.16 The13cNMRchemicalshiftsshown bythecopper(Ⅰ)Carbonyl

cationsarehighfield-shiRed&om184ppm,thevalueforfreeCO,3gasobservedfora

seriesofmetalcarbonylcations,whereasalow-fieldshiR 丘om 184ppmisusually

observedfortypicalmetalcarbonyls.16 ItisnotedthatCu(CO)2'isbent(C,V)inall

theseacidswhereasCu(CO)3'isnon-planar (C3V)inconcentratedH2SO4andHSO3F

butalmostlytrigonalplanar(D3h)inmagicacid. Therefわre,inasolutionbeing

sufficientlynucleophilic,Cu'tendstoassumeatetrahedralcoordinationgeometry,ln

whichthecoordinationsitesunoccupiedbyCOligandsareoccupiedbythesolvent

molecules. Incomparison,thetwo-coordinate,linearstructure(Dx̂)forCu(CO)2'and

thethree-coordinate,trigonal-planarstructure(D3h)forCu(CO)3'areObservedinsolid

lcu(co)n][AsF6](n-2,3)39andintherare-gasmatrices,40butthebentCu(CO)2+and

non-planarCu(CO),'areobservedinzeolites4143andinCu(CO)nP(SO2CF3)2)(n-2,

3)44伊ig.3-8).Thecopper(I)tetracarbonylcation,Cu(CO)4',maybetetrahedral(Td),

asobseⅣedf♭rsolid[Cu(CO)4】【1-EトCBllFll】450rtheisoelectronicNi(CO)4,Co(CO)4~

andFe(CO).2-.46

1tseemsthatthestabilityofthecopper(Ⅰ)Carbonylsincreaseswithincreasing
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Fig.3-8 Schematicrqpres瓜t血onsofCu(Coも+(nI14)speciesandcorrespondingCOvibradonalfreqtncies血

(a)96%H2SO4,仲)HSO3F,(C)magicacid,HSO3F･SbF5(1:1),(d)theZSM-5zeolite,(e)thesaltoflAsF6]~,and(i)
thesaltofl1-Et-CBllFll]-.FullanddashedsegmentsrepresentaandRjmandata,respectively.
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acidityofthesolventacid.ThemonocarbonylCu(CO)'isstablerthan Cu(CO)2'and

Cu(CO)3'inconcentratedH2SO4SOlution;theunstablepolycarbonylsreadilyrelease

COligandstoformCu(CO)+uponbriefevacuation,butCu(CO)+survivesevenaRer

continuousevacuationover24hours.AlsoinHSO3F,onlyCu(CO)'survivesupon

evacuation,butinmagicacid,Cu(CO)2'remainsunchangedafterprolongedevacuation.

Notethatthelowerstabilitywasobservedinthesolidthan .insolutionasthesolid

lcu(co)][AsF6]releasesCOtoform CuAsF6at0torrCO,39although [AsF6]-isless

nucleophilicthantheaboveacidsohtions.

3.3.2 Silver(I)Carbonyls

Manchotetal.flrStreportedthatAg2SO4reVerSiblyabsorbedCOinconcentrated

H2SO4inthe19201S･22･23 ACO/AgstoichiometricratioofO･5wasachievedat0oCand

1atmofCO. Soum aetal.reportedthatAg20inneatHSO3F,BF3'H20,andother

strongacidsabsorbedupto2equlValentsCOperequivalentAg,theexactstoichiometry

beingdependentontemperatureandpressure;onlythedicarbonylAg(CO)2'butnotthe

monocarbonylAg(CO)'wasconsideredinthestrongacidsforreasonsthatarenotclear,

whichwasasslgnedastheactivespeciesf♭rthecarbonylationofole丘ns,alcoholsand

saturatedhydrocarbons.24,47 straussandco-workershaveisolatedtheAg(CO)+and

Ag(CO)2+CationsbythedirectbutreversibleCOadditiontothesilverの saltsof

P(OTeF5)4T,lZn(OTeF5)4]2-,[Nb(OTeF5)6]~,andlTi(OTeF5)6]2-underdifferentCO

pressures;single-crystalsoflAg(CO)]P(OTeF5)4]andlAg(CO)2]P(OTeF5)4]were

obtained80m theveryweaklycoordinatlngSOIvent1,1,2-C2Cl3F3,andtheirlow

temperatureX-raydifB･actionstudiesrevealednearlylinearAg-C10arraysinbothof

thesaltsandalinearstructureforlAg(CO)2]P(OTeF5).].4$150 Furthermore,thedirect

butreversibleCOadditiontometalsaltswithweaklycoordinatinganionsathigh

pressuresofCOresultsintheformationoflAg(CO),][Nb(OTeF5)6].51 veryrecently,

Wlllnerandco-workersreportedthattheanion,P(CF3)4]-,isveryweaklycoordinating,
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asdemonstratedbythelowequilibriumCOpressureoverthelAg(CO)n]P(CF3)4](n-

1,2)saltsandtheformationoflAg(CO)n]P(CF3)4](n-3,4)athigherCOpressures.52

Herewereportdetailedspectroscopicinvestigationofthesilver(I)carbonylcationsina

variety ofstrongly acidicsolutionsand show thatin 96% H2SO4,Onlythe

monocarbonylcation,Ag(CO)',isfomedandinHSO3Formagicacid,thetriCarbonyl

complex,Ag(CO)3',isformedinadditiontoAg(CO)"'(n-1,2)atatmospheric

pressureorCO.

ColorlesssolutionswereobtainedwhenAg20wasdissolvedin96% H2SO4,

HSO3Fandmagicacid,HSO3F'SbF5(1:1),underatmosphericpressureofCO.As

showninFig･3-9,withincreaslngaCidityofthesolutionordecreaslngtemperature,the

CO/AgstoichiometrylSincreased:0.21at22oCand0.62at-10oCin96%H2SO4;0.59

at22oCand2.3at-70oCinHSO3F;2.1at22oCand2.5atl300CinmaglCaCid.Itis

notedthattheCO/Agstoichiometryishigherthan2.0,meaningthatAg(CO)3'maybe

fTormed,inHSO3FandmaglCacidatlowtemperaturesunderatmosphericpressureof

CO･Insituinkaredspectraatvarylngtemperaturesexhibitobviousevidenceforthe

formationofthesilver(I)Carbonylcations,Ag(CO)n'(n=1,2,3),underatmospheric

pressureofCO(viLkinPa).ThebindingofCOtoAg'intheseacidsisreversibleas

observedinthesolidsora1,1,2-C2C13F3SOlutionofAgNb(OTeF5)6.50 Theequilibra

shownbelowareshiRedtotherightasthetemperaturedecreases.

+CO +CO +CO

Ag20I+ Ag.j=ヨヒ Ag(CO).j=ヨヒ Ag(CO)2.‡ ±ヒ Ag(CO)3.
-CO -CO -CO

In96% H2SO.solution,av(CO)bandwasobservedat2186cm-1intheIR

spectrumatroomtemperature,whichgrowsinintensltyatthesame&equencywith

decreasingtemperatureanddecreasesinintensitywithincreasingtemperature伊ig.

3-10).Theco汀eSpOndingRamanbandisobseⅣedat2186cm~1(Fig.3-lla),which
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Fig･3-9 COuptakeofAg20dissolvedin(a)96%H2SO4,(b)HSO3Fand(C)

magicacid,HSO3F･SbF5(1:1),atvaryingtemperaturesunderatmosphericpressureof

CO.
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wavenumber/cml1

2150

Fig.3-10 IRspectraofAg(CO)'in96%H2SO4at(a)-10oC,(b)12oC,(C)25

oC,and(d)800CunderatmosphericpressureofCO.
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2150

Fig.3-ll Ramanspectraofsilver(Ⅰ)Carbonylcationsin(a)96%H2SO4,仲)

HSO3F,and(C)magicacid,HSO3F･SbF5(1:1),(upperwith0 opolarizationfilterand

bottomwith90 opolarizationfilter)atroomtemperatureunderatmosphericpressureof

CO.
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shouldbeattributedtothesilver(I)monocarbonylcation,Ag(CO)+.Notethatno

Ag(CO)2'speciesisformedinthe96%H2SO4SOlution. Similarlytothatinsolidsalts

withweaklycoordinatinganions,48-50 Ag(CO)'isunstableincontrastwiththehigh

stabilityofCu(CO)'instrongacids;theCOligandisreadilyremovedundervacuumat

-loo°.

InHSO,F,av(CO)IRbandat2189cm~l(Fig.3-12a)withthecorresponding

鮎manbandat2189cm-1(Fig.3111b)wasobservedforAg(CO)+atroomtemperature.

TheA bandflrStShiftstohigherenergywiththeconvolutionofthev(CO)bandsfor

Ag(CO)'andAg(CO)2'untilthetemperatureisdecreasedt0 -600Cwhereav(CO)

bandwasobservedat2192cm-1forAg(CO)2'伊ig.3-12b,3-12C).At-60oC,the

v(CO)bandbeginstoshi允tolowerenergywithdecreasingtemperatureandreaches

2190cm~lat-80oC(Fig,3-12d,3-12e). OurinterpretationisthatAg(CO),',which

exhibitsav(CO)bandlowerthanthatforAg(CO)2'(2192cm-I),isformedbelow-60

oc,consistentwiththeCOuptakeFig.3-9b).At-80oC,thebandat2190cmllshifts

to2192cm-1withabriefevacuation(Fig.3-120,reflectingthatoneCOligandcanbe

readilyremoved&omAg(CO)3'toformAg(CO)2',butthelatterremainsunchanged

evena洗erevacuationfor3h

Figure3-13showsIR spectraofsilver(I)Carbonylcationsinmagicacid,

HSO3F･SbF5(1:1),underatmosphericpressureofCOattemperaturesthatrangefrom

roomtemperaturetol40oC.Atroomtemperature,av(CO)bandwasobservedat

2203cm-1(Fig.3-13a),andastronglypolarizedRamanbandwasobservedat2210cm'1

咋ig.3-1lc);theA bandisattributedtotheasymmetricCOstretch(∑u'nomalmode)

andtheRamanbandtothesymmetriccOstretch(∑g'normalmode)ofthesilver(Ⅰ)

dicarbonylcation,Ag(CO)2',Whichshouldhavealinearstructure(Dc.A),aSObservedfor

solidlAg(CO)2]P(OTeF5)4].50 NotethatthebentOC-Ag-COspecies(C2V)hasbeen

obseⅣedinzeolites.53 0necoligandisreadilyremovedtofbm Ag(CO)+(2198

cm~1)undervacuum(Fig.3-13e),butasmallamountofAg(CO)+remainsaReran
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Fig,3-12 IRspectraofsilver(Ⅰ)carbonylcationsinHSO3Fat(a)23oC,O))0

oC,(C)-60oC,(d)-70oC,(e)-80oCand(i)afterevacuatingthesampleat-80oCfor3h･
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Fig.3-13 R spectraofsilver(I)Carbonylcationsinmagicacid,HSO3F･SbF5(1:1),at

(a)21oC,仲)-20oCand(C)AOoCunderatmosphericpressureofCO,(d)a洗er

evacuatingthesampleat-40oCfor15min,andafterevacuatingthesampleat21oC(e)

for15minand(i)forlh.
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evacuationfor1hatroomtemperature(Fig.3-13f).Wlthdecreasingtemperature,the

IRabsorptionat2203cm-Idecreases,andaseparateanddistinctv(CO)band,whichis

assignedtoAg(CO),二growsinintensityat2196cm ~l(Figs.3-13b,3-13C). At-40oC,

onecoligandisreadilyremoved丘omAg(CO)3'bybriefevacuationtofbrm Ag(CO)2'

仔ig.3-13d),butAg(CO)2'survivesevenafteranevacuationfor3h.Almostthesame

resultswereobtainedfTorAgFdissolvedinmagicacid.

AlltheIRandRamanv(CO)valuesobservedforAg(CO)n'(n-1-3)arehigher

than2143cm･1,thevaluefTorfreeCO,andthe13cNMRchemicalshi允sshown bythe

silver(Ⅰ)carbonylcationsarehigh-field-shiRed丘om184ppm,thevaluefor丘eeCO.

Singlev(CO)IRbandsareobservedf♭reachcomplex,suggestingalinear structure

(Dcoh)forAg(CO)2'(∑u'normalmode)andathree-coordinate,trigonal-planarstructure

(D3h)forAg(CO)3'仲'normalmode),asobservedinlAg(CO)n][Nb(OTeF5)6](n-

1-3),48'51andinrare-gasmatrices54(Fig.3-14).OnlyforAg(CO)2'inzeolitesisthe

bentstructure(C,V)observed.53 Itappearsthat,inHSO3Formagicacid,thestability

ofthecomplexesisintheorderofAg(CO)'>Ag(CO)2'>Ag(CO)3',Whereasa

theoreticalcalculation岬 2level)predictedthatAg(CO)2'isthestablest.55 wlth

decreasingacidityofthesolution,thev(CO)bandsforeachofthesilver(I)Carbonyl

cationsshiRtolowenergy.InHSO3Formagicacid,thev(CO)bandsareintheorder

ofAg(CO)2'> Ag(CO)'> Ag(CO)3'. h contrast,the v(CO)bandsfor

lAg(CO)n]【Nb(OTeF5)6]are2208,2198,and2192cm-1forn-1,2and3,respectively,

intheorderofAg(CO)+>Ag(CO)2'>Ag(CO)㌔.4%-51 TheeHectsB･omthesolvents

(although probablybeingveryweaklycoordinating)seemtobeimportantwithrespect

totheobservations.Am entroutetal.havereportedmetalcarbonylbondenergiesfor

thegasphasecomplexionsAg(CO)n'(n-1-4):(CO)xAgtCObondenergiesat0K

werefoundtobe21(1),26(1),13(2)andll(4)kcalmol-1forx-0,1,2and3,

respectively.56 Thisfindingpredictsthatthebon･denergyforAg(CO)4'maybeclose

tothatf♭rAg(CO)3',Whichhasbeenrecentlyverifiedbytheformationof
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Fig.3-14 SchematicrepresentationsofAg(CO)n'(n- 1-3)speciesand

correspondingCOvibrational&equenciesin(a)96%H2SO4,@)HSO3F,(C)magicacid,

HSO3F･SbF5(1ニ1),(d)theZSM-5zeolite,and(e)thesaltof【Nb(OTeF5)6]1. Fulland

dashedsegmentsrepresentR andRamandata,respectively.
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lAg(CO)n]P(CF,).](n-3,4)athigherCOpressure.52

3.3.3.Gold(I)Carbonyls

Asmallnumberofcarbonylderivativesofgoldhavebeensynthesizedtodate.

Formorethan65years,theonlyisolablegold(I)CarbonylwasAu(CO)Cl,firstprepared

byManchotandGallin1925.57 wlllneretal.reportedtheisolationofthegold(I)

carbonylcation,Au(CO)2',usingLewissuperacidicmediasuchasSbF5;itsdiscovery

resultedasanaccident丘omtheattemptstopreparethe[HCO]+ionbyprotonationof

co intheconjugatedsuperacidHSO,F-Au(SO,F),.5%･59 straussandco-workers

detemi nedthatanewA bandat2212cm-I,assignedtolAu(CO)3]lSb2Fll],appears

whenthedicarbonylcomplex,lAu(CO)2]lSb2Fll],isexposedto100atmCOpressure.60

Wefoundafacilesyntheticmethodforgold(I)carbonylssuitablef♭rthe

catalyticcarbonylationofolefinsandalcohols;thedirectreductivecarbonylationof

gold(Ill)oxide,Au203,withCOleadstotheformationofAn(CO)n'(n-1,2).61

Alternativeroutestothefomationofthegold(I)carbonylcationsinH2SO4arethe

oxidationcarbonylationofmetallicgoldwithSO3aSan OXidizingagentandthe

solvolysisandcarbonylationofAnOH. As shown inFig.3-15a,with decreaslng

temperature,theCO/AustoichiometrylSincreased:1.7at23oCand2.0at-10oCin

96% H2SO.. Atroom temperature,an n v(CO)bandat2194cmllandthe

correspondingRamanbandat2196cm-Iwereobserved(Figs.3-15b,3115C),whichare

attributedtoAu(CO)二 ThemutuallyexclusiveR andRamanv(CO)bandsat2208

and2247cm~lindicatealinearcoordination(DEDh)forAu(CO)2',theformerduetothe

asymmetricCOstretch(∑u'normalmode)andthelatterduetothesymmetriccO

stretch (∑g' normalmode). The linear structure has been observed in

lAu(CO)2]lSb2Fll]59andlAu(CO)2],lSbF6]lSb,Fll].62 Au(CO)'andAu(CO)2'Coexist

in.concentratedl12SO4SOlution･ An (CO)+isstablerthan An(CO)2';theunstable

Au(CO)2'readilyreleasesoneCOligandtoform Au(CO)'uponbriefevacuation
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Fig.3-15 (a)COuptakeofAu203,and(b,bottom)IR,(C,upper)Raman,and

(d,upper)13cNMRspectraofAu(CO)n'(n-1,2)in96%H2SO.atroomtemperature

underatmosphericpressureofCO(naturalabundance),and(b,upper)R,(C,bottom)

Raman,and(d,bottom)13c NMR spectraaAerevacuatingthesampleatroom

temperaturefor30min.
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仔igs.3-15b,3115C),whileAn (CO)+remainsunchangedevena洗eracontinuous

evacuationover24hours･Aresonanceat171ppmappearsinthe13cNMRspectmm

atroomtemperature(Fig.3-15d).A洗erremovingtheambientCObyevacuation,the

solutiongivesasinglepeak at164ppm,whichisduetoAu(CO)二 An equilibrium

processbetweenAu(CO)' andAn(CO)2',WhichundergoesrapidCOexchangeonthe

NMRtimescale,Wouldaccountfortheslngleresonance. Thechemicalshi允of

Au(CO)2'Can becalculatedtobe175PpmbytakingintoconsiderationtheCO/Au

ratio.

+co +co +CO

Au203- ■ー Au+ .+ Au(CO)+j =士 Au(CO)2+
-CO

InHSO3F,theCO/Austoichiometryreaches2.0atroom temperatureand

remainsthesamevalueatlowertemperatures.An n v(CO)bandat2211cm-IFig.

3-16a)andastronglypolarizedRamanbandat2249cm'l(Figs.3-16d,3-16e)were

observed.ThesemutuallyexclusiveR andRamanv(CO)bandsindicatealinear

coordination(Dqh)forAn(CO)2',theformerduetotheasyrrmetricCOstretch(∑u'

normalmode)andthelatterduetothesyrrmetriccOstretch(∑g'normalmode).

Au(CO)2'isstablerinHSO3Fthan inconcentratedH2SO4;itneedsmorethan 14hto

removeonecoligandtoform An(CO)二whichshowsanR v(CO)bandat2198cm'l

oTig.3-16C).Inthe13cNMRspectrumatroomtemperature,aresonanceat174ppm

isobservedforAu(CO)2',inagreementwiththepreviousobservation.59 A鮎ran

evacuationfor14h,thesolutiongivesasinglepeakat169Ppmduetoamixtureof

Au(CO)+andAu(CO)2',WhichundergoesrapidCOexchangeontheNMRtimescale.

Inmagicacid,HSO3F･SbF5(1:1),theCO/Austoichiometryreaches2.0atroom

temperatureandremainsthesamevalueatlowertemperatures･An R v(CO)bandat

2216cm-1(Fig.3-17a)andastronglypolarizedRamanbandat2252cm-I(Figs.3-17d,

3-17e)wereobserved.As observedinHSO3F,themutuallyexclusiveR andRaman
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Fig.3-16 R spectraofgold(Ⅰ)CarbonylcationsinHSO3Fat(a)25oCand(b)

-700CunderatmosphericpressureofCO,and(C)a洗erevacuatingatroomtemperature

for14h,andRamanspectraofthesampleawith(d)0 oand(e)90 opolarizationfilters.
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2150

Fig.3117 IRspectraofgold(I)carbonylcations inmagicacid,HSO3F･SbF5

(1:I),at(a)25oCand(b)-230CunderatmosphericpressureofCO,and(C)a洗er

evacuatingatroomtemperaturef♭r13h,andRamanspectraofthesampleawith(d)0 o

and(e)90 opolarizationalters.
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V(CO)bandsindicatealinearcoordination(Dcoh)forAn(CO)2',theformerduetothe

asymmetriccostretch(∑u'normalmode)andthelatterduetothesymmetriccO

stretch(∑g+nomalmode).Au(CO)2+isstablerinmagicacidthaninHSO3F;it

remainsunchangedevenaReran evacuationof13h(Fig.3117C).Inthe13cNMR

spectrumatroomtemperature,aresonanceat172PpmisobservedfTorAu(CO)2'.

AlltheR andRamanv(CO)valuesforAn (CO)n'(n-1,2)aremuchhigher

than 2143cm･1,thevalueforfreecol The13cNMRchemicalshiftsshown bythe

gold(I)Carbonylcationsarehigh-field-shiftedfrom184ppm,thevalueforfreeCO.It

isnotedthat,withincreasingacidityofthesolventv(CO)ShiRstoahigherfrequency

and8(13C)shiRstoahigherfield.ThestructureforAu(CO)2'inallthethreesolvents

islinear(Dcoh)咋ig.3-18).

33.4 ComparisonofCopper(Ⅰ),Silver(Ⅰ),andGold(Ⅰ)Carbonyls

ItisveryinterestingthatwecouldnotobserveAu(CO)3+andAn(CO)4'although

Cu(CO)n'(n-114)andAg(CO)n'(n-1-3)havebeenobservedinstronglyacidic

solutionsatatmosphericcOpressure,andthemono-anddi-carbonylcationsofgold(I),

Au(CO)n+(n= 1,2),arestablerthanthoseofcopper(Ⅰ)andsilver(Ⅰ).These丘ndings

arein agreementwiththepropertiesofthemetal-Carbonbondingspreviously

investigated by both experimentaland theoretical methods. Am entroutand

co-workersestimatedmetal-CarbonylbondenergleSforthegasphasecomplexions

Cu(CO)n'andAg(CO)n'(n-1-4):(CO)xCu'cobondenergiesat0Kof36,41,18,and

13kcaVmolforx-0,1,2,and3,respectively; (CO)xAg'cobondenergiesat0Kof

21,26,13,andllkcal/molforx-0,1,2,and3,respectively156 veldkampand

Frenkingcalculated(MP2leveloftheory)(CO)xAg'cobondenergiesof21,27,and12

kcaVmolf♭rx-0,1,and2,respectively;(CO)xAu'cobondenergiesof45,50,and9

kcaVmolforx-0,1,and2,respectively･55 zhouandAndrewsreportedcalculations

P3LYP)ofdissociationenergiesof(CO)xCu'coof34.8,35.6,20.4,and17.4kcal/mol
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(a) プ Au-CO (H2SO4)

l2247:l 2弓08 Oc-Au-cO

(b) 2198 (HSO3F)

ノ Au-cO

2249: 2211 Oc-Au-COI

(C) (Magicacid)

2252:l 2216l Oc-Au-cO

(d) . 2217 (【Sb2F11】ー)

2254:一 L oc-Au-cc.0

l 22[12 OC→ uく cOl

2250 2200 2150
wavenumber/cm-1

Fig.3-18 SchematicrepresentationsofAu(CO)n'(n- 1-3)speciesand

correspondingCOvibrationalBequenciesin(a)96%H2SO4,(b)HSO3F,(C)magicacid,

HSO3F･SbF5(1:1),and(d)thesaltoflSb2Fll]-.Fullanddashedsegmentsrepresent

R andRamandata,respectively.
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forx-0,1,2,and3,respectively･40 Theseresultspredictedthatthestabilityof

M(CO)+andM(CO)2'isintheorderofAg<Cu<Au,butthestabilityofM(CO)3'isin

theorderofAu<Ag<Cu,ingoodagreementwiththefindingsofthepresentwork.

TheorderforM-CObondenergiesofM(CO)2'hasbeenexplainedbyStraussetal.

usingthes-dcenergygaps(Correspondingtothelowestenergyd9sl-dlOelectronic

transitionenergiesforthegas-phaseM'cation;2･7,4･9,andl･9eV,respectively,forCu,

Ag,andAu)andd-subshellenergylevels(correspondingtothesecondiomization

energies;20.3,21.5,and20.5eV,respectively,forCu,Ag,andAu).60 For

twoICOOrdinatedlOmetalcomplexes,sdomixingresultsinashiftofelectrondensity

fromtheIaxis(themetal-1igandaxis)totheW PlaneanddecreasestheG-repulsion

whichallowsfTorshorter,strongermetal-1igandG-bonds.Am ongthethreemetals,

Au(I)hasthesmallest s-dGenergygap,andthereforetheAu-Co･-bondsinAn(CO)2'

areparticularlystrong.ThereasonwhythethirdM-CObondissoweakforgoldmay

bethatthedl0rbitalparticipationinM-Ccl-bondingissoeffectiveinAu(CO)2'that

bendingthemolecular&ameworkismoredestabilizingthanforCu(CO)2'orAg(CO)2',

aswellobservedf♭rAu(I)whichhasamuchreducedtendencytoform three-Coordinate

complexesrelativetoAg(I)andCu(I).60

313.5 Application ofCopper(I),Silver(I)and Gold(I)CarbonylCationsto

CarbonylationofOleflnSandAlcohols

TheKochreactionhasbeenwell-knownforthesynthesisoftertiaryCarboxylic

acids&omolefinsandwater,oralcohols,withcarbonmonoxideinstrongacids･7,63

Thisreactionoccursattemperaturesbetween-20to80oCandpressuresupto100atm.

Generally,H2SO4,H3PO4,HFandBF3･H20areemployedascatalystsandsolvents.In

concentratedH2SO4,forexample,theolefinisprotonated,orthealcoholisprotonated

anddehydrated,tofom acarbenium ionintermediate,whichisomeriZestotertlary

carbemiumionsviatheWagner-MeerweinrearrangementpriortOthecarbonylation･64･65
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Thecarbonylationofthecafbemiumionsleadstotheformationofacyliumcations,

whichreactwithwatertoglVetertiaryCarboxylicacidsorwith alcoholtoglVethe

correspondingesters.However,ole血鳩areconvertedtocarboxylicacidsinayield

lowerthan 10% underatmosphericCO pressureowlngtOthepresenceofolefin

oligomerizationasacompetitivereaction. Toachieveahigh conversiontothe

correspondingcarboxylicacids,ahigh COpressureisneeded.Haafdevelopedan

alternativepressure-freevariantwithfomi cacidastheCOsource166,67 However,this

methodhasbeenrestrictedtothelaboratoryduetothehigh costoffbmi cacid.

R2
R-CH=CH2+CO+H20 QSO4 E R1-qICOOH

highCOpressure
CH3

ThepreviousworkbySoumaetal.showedthatcopper(I)andsilver(I)Carbonyls

instrongacidscatalyzethecarbonylationofolefinsandalcoholstoglVetertiary

carboxylicacidsinhigh yieldsatroomtemperatureandatmosphericpressure.25128 The

polycarbonylcations,Cu(CO)3'andAg(CO)2',Wereassignedastheactivespecies,

respectively,inthecarbonylationofolefinsandalcoholsinconcentratedH2SO4･47 The

presentworkrevealsthatwhenthecopper(p compoundsaresolvedunderCO

atmosphereinconcentratedH2SO4,Cu(CO)2'ismainlyformedwithCu(CO)3'asthe

minorspecies,andwhenthesilver(I)CompoundsaredissolvedunderCOatmospherein

concentratedH2SO4,OnlyAg(CO)'(noAg(CO)2')isformed.Therefore,Cu(CO)2'

(andCu(CO)3'asaminorspecies)andAg(CO)'shouldbeassignedastheactive

species,respectively,fTorthe copperの and silver(Ⅰ)Carbonylcation-catalyzed

carbonylationofole丘nsandalcohols.

Veryrecently,Xuandco-workersreportedthatthegoldの Carbonylcations

serveasanexcellentcatalyst,withwhicholefinsreadilyreactwithCOtoproduce

tertlaryCarboxylicacidsinhighyieldsatambientCO pressureandtemperature･

Au(CO)2'hasbeensuggestedtobetheactivespecies.61 ItistheRrstapplicationof
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gold(Ⅰ)carbonylstoorganicsyntheses;veryfewgoldcatalystshavebeenreportedsofTar.

Furthermore,ithasbeenfoundthatthepalladium(I),rhodium(I)andplatinumO

carbonylcationsareexcellentcatalystsforthecarbonylationofoleflnSandalcohols,fTor

which Pd2(CO)22'(S｡lv),Rh(CO)4+ and l(Pt(CO)3)2]2' are the active species,

respectively･68173

H+

R-CH:CH2- R-'cH-CH3 ＼ R2

H十 一H20
ROH → ~ー

/ 一 一 R1-G+
R. CH3

Metalcarbony]cation R2

COlatm,～ ,H20
R1-G-COOH

CH3

ACO-carriermodelwasonglnallyproposedf♭rthereactionmechamism,ln

whichtheunstablemetalpolycarbonylcationswereconsideredtoactmerelyasaCO

cm7･ierwhichtransportsCO&omthegasphasetotheH2SO4SOlution,resultinglna

highCOconcentrationinthesolutionandconsequentlyacceleratlngthecarbonylation

ofolefinsandalcoholsviathepathwayoftheonglnalKochreaction･25 However,ln

contrastwiththeCu(Ⅰ),Ag(Ⅰ),Au(Ⅰ)andRh(Ⅰ)Carbonylcations,whichrequireonlya

briefevacuation to remove the reversible CO ligands as described above,

pd2(CO)22'(S.lv)andl(Pt(CO)3)2]2',&omwhichaprolongedevacuation(ca.oneday)is

requiredtoremovetheCOligands,6i･73aresostablethattheycannotactasamereCO

GamiertotransportCOfromthegasphaseandreadilyreleasetheCOligandstothe

H2SO4SOlution. Inaddition,theconversionsofole丘nsandalcoholstotertlary

carboxylicacidsbyPt(I)andPd(I)Carbonylcatalystsarecomparabletothosebythe

Cu(Ⅰ),Ag(Ⅰ),Au(I),andRh(I)Carbonylcatalysts.Furthermore,ithasrecentlybeen

foundthatPr.(CO)12H2]2'holdingtightlyboundCOligandsalsoexhibitscatalytic

actlVltyforthecarbonylationofole点nsinstrongacidsatroom temperatureand
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atmosphericCOpressure･74 TheseobservationsconflictwiththeCOca77･iermodel･

Areactionmechanism involvinganolefin-metal-polycarbonylintermediatehasbeen

proposedforthemetalcarbonylcation-catalyzedcarbonylationofolefinsandalcohols

instrongacids･17,61

As describedabove,in concentratedH2SO4Only silver(I)monocarbonyl,

Ag(CO)+,isobservedandthereforeassignedastheactivespeciesf♭rthecarbonylation

ofolefinsandalcohols,whereaspolycarbonylcationsareobservedforcopper(I)and

gold(I). Thisfinding suggeststhat an olefin-metal-monocarbonyl(notonly

olefin-metal-polycarbonyl9mayalsobeanintemediateinvolvedinthemetalcarbonyl

cation-Catalyzedcarbonylation,leadingtoamodificationofthereactionmechanismas

fTollows(Scheme3-1). Wh entheolefinisaddedtothestrongacidH2SO4,itformsa

carbemium Ion,Whichisomerizestothecarbemium ion2. An equilibrium process

existsbetweenthecarbenium ion2andtheisomerizedole丘n3,apartofwhich

oligomerizestogivehigherweightmoleculesinacompetitivereaction. 3coordinates

toMtofom the7TCOmPlex4.As describedabove,forCu,n-2,3;forAg,n-1;and

fTorAu,n-2. Inthecomplex4,becausethetertlaryandpnmarycarbonsare

unsymmetricallybridged,arelativelypositivechargeshouldbelocatedatthetertlary

carbon. CO rmgratestothepartiallypositivelychargedtertlaryCarbonviathe

intermediate5,whichtransformsintotheacylium cation6.Theacylium cation6

consequently reacts with water to glVe the carboxylic acid 7. Such an

olefin-metal-Carbonylintermediate has notbeen directly observed but similar

organometallicionssuchasethylene-,norbomylene-andcyclohexene-mercuriumions,

whichwereprepared&omHg2+,theisoelectromicionofAu+,havebeenobservedby

olahetal.insuperacidicmedia.75-78 TheoreticalstudiesP3LYPleveloftheory)have

supportedthereactionmechamisminvolvingtheole丘n-metal-Carbonylintermediate･79
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3.4 Conclusions

DetailedA Raman,andNMRspectroscopiccharacterizationhasbeencarried

outonthegroupllmetalcarbonylcations,Cu(CO)n'(n-1,2,3,4),Ag(CO)n'(n-1,

2,3),andAu(CO)n'(n-1,2),overawiderangeoftemperatureandinsolventsof

differentacidities. Basedonthespectroscopicdata,themolecular structuresof

copper(Ⅰ),silver(Ⅰ)andgold(Ⅰ)Carbonylcationshavebeendetemi ned.TheCu(CO)+,

thebentCu(CO)2'(C2V)andthenon-planarCu(CO)3'(C3V)areformedinconcentrated

H2SO4andHSO3F,whereasthebentCu(CO)2'(C2V),thetrigonal-planarCu(CO)3'

(D3h)andthetetrahedralCu(CO)4'(Td)areformedinmagicacid. TheAg(CO)二the

linearAg(CO)2十(Dq,h)andthetrigonaトplanarAg(CO)3'(D3h)cationsareformedin

HSO3Fandmagicacid,butonlyAg(CO)'isformedinconcentratedH2SO4. The

linear Au(CO)2' andAu(CO)+areobservedinalltheacids,butnoAn (CO)3'and

An(co)4'wereformedunderatmosphericcOpressure.

ThisworkrevealsthatinconcentratedH2SO4underCOatmosphereatroom

temperature,cu(co)2'isformedasthemajorspeciesandCu(CO)3'astheminor

speciesforCu(Ⅰ),andonlyAg(CO)+(noAg(CO)2T)isobservedforAgq).Theactive

speciesarethereforedetemi nedtobeCu(CO)2'(andCu(CO)3'asaminorspecies)

insteadofthepreviouslyassignedCu(CO)3',Ag(CO)'insteadofthepreviously

assignedAg(CO)2',andAu(CO)2'forthecopper(I),silver(I)andgold((I)Carbonyl

cation-Catalyzedcarbonylationofolefinsandalcohols. Thereactionmechanism

previouslyproposedf♭rthemetalCarbonylcation-catalyzedcarbonylationofolefins

andalcoholshasbeenmodifiedtoinvolveanolefin-metal-monocarbonyl(e.g.,forAg)

oranolefin-metal-polycarbonyl(e.g.,forCuorAu)intermediate.
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Chapter4

,ACopper(ZZ)Nl'ゎ叩 Jcation

inStro喝.AcidTs

一geurationand'SpectroscopicCharactm'zation

Thereactionofmitrogenmonoxidewithcopper(0)powder,andcopper(I)and

copper(Ⅱ)compoundsinconcentratedsulfuricacidwasinvestigated. TheNO

reductionbyCuOisaccompaniedbythefb-ationofN2andN20,whereastheNO

reductionbyCutresultsintheformationofN20withouttheevolutionofaslgmificant

amountofN2. BothCuOandCuIareoxidatedtoCuⅡ,towhichthecoordinationofNO

leadstotheformationofthecopper(II)mitrosylcation,lCuNO]2'. Thepresent

findings emich the understanding ofthe reaction mechamism ofthe direct

decompositionofNOintoN2and02OverCopper-exchangedzeolites.
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4.1 Imtroductiom

Nitrogen monoxide,NO,is an importantbioregulatory molecule and

copper-mitrosyladductsareimplicatedaspIVOtalintermediatesinbiologicalsystems,

includinglCuNO]2'whichispurportedtobean intermediateduringcoppernitrite

reductasetumover･l Greatattentionhasbeennotedontheimportantrolethatthe

copper-nitrosylspecieshaveplayedintheenvironmentallyslgnificantnitrogenoxide

processlngaSCopper-exchangedzeoliteshavebeenshown tobeexcellentcatalystsfor

thedecompositionandreductionofNO.24 However,thedirectobservationforthe

lcuNO]a'(a-1,2)Cationsremainslimitedtotheadsorbedspecies4･50rtheisolated

speciesinmatrices･6 so鮎 therehavebeennoevidencef♭rthefわrmationormetal

nitrosylcationsinstrongacidswiththeonlyexceptionbeingtheNOabsorptionbyiron

andcoppercompoundsinsulfuricacidobservedbyManchot,7･iwhiletherehasbeena

rapiddevelopmentinthesymthesisandcharacterizationofmetalcarbonylcations,

includingCu(CO)n'(n-1-4),whichareusuallygeneratedinstrongacids,superacidsor

withweakly coordinatlng anions･9･ll To makeclearthereactlVlty Ofcopper

compoundswith NO is ofgreat slgmificance in the understanding ofthe

copper-exchangedzeolitecatalysts.Inthepresentstudy,weinvestigatedthereaction

ofmitrogenmonoxidewithcopper(0)powder,andcopper(I)andcopper(Ⅱ)compounds

instrongacids.

4.2 Eェperimental

TheCu(Ⅱ)nitrosylcationispreparedusingcommercialreagents. Natural

abundance(SumitomoSeikaChemicalCo.,Ltd)and99.8atom% (ShokoCo.,Ltd)

15N-emichedNOwereusedwithoutfurtherpurification･ Amixtureofcopperpowder

oracoppercompound(4mmolbasedonCuatom)and96%II2SO4(5mL)ina200-mL

threeneckedflaskwasstirredandthenevacuatedbyarotarypumptoremovetheair.
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Nitrogenmonoxidewasintroducedfrom agasballoonsothattheflaskwaskept

constantlyat1atmofNO.ThemixturewasrlgOrOuSlystirredfor3hoursatroom

temperaturewhereuponapurplesuspensionwasformed.

Standardcanulatransferteclmiqueswereusedf♭rallsamplemanlPulationsfor

thespectroscopICmeaSurementS. Thein&aredspectrawereobtainedatroom

temperatureonthin丘lmsbetweentwosilcondisksonaBio-fadFTS6000spectrometer.

Ramanspectrawererecordedatroomtemperatureonliquidsamplescontainedina

5-mmo.d.NMRtubeonaNicoletFT-Raman960spectrometer.ESRspectrawere

recordedatroomtemperatureuslngaBrukerESP300espectrometer.TheNO,N2and

N20 gaseswereanalyzedonagaschromatograph(SH… U GC-14B)with

molecularsieve13X(3m)(carriergas:He;columntemperature:50-180oC(raising

rate:10oC/min)).

4.3 ResultsandDiscussion

4.3.1 FormationandCharacterizationoftheCopper(qNitrosylCation,lCuNO]2'

InconcentratedIもSO4,thereactionofcopperpowderandavarietyofcopper

compoundswithatmosphericNOatroomtemperatureresultsintheformationofthe

copper(Ⅱ)nitrosylcation,[CuNO]2'(forsakeofbrevity,asolvatedcationthatshould

existintheform oflCuNO(L)m]a旬.denotestheweaklycoordinatingligandprobably

beingtheconjugatebaseofthesolventacidoracloselyrelatedspecies)issimply

formulatedas[CuNO】aT),ofwhichthefTormulationisbasedonR,RamanandESR

spectroscopy.An IRabsorptionwasobservedfortheVPO)stretchingat1929cm~1

(V(15NO)at1894cmll)withthecorrespondingRamanbandat1930cm'l(V(15NO)at

1894cm-1),indicatingtheformationofacoppermonomitrosylcomplex伊ig.4-1).

TheresultingcomplexreadilyreleasestheNOliganduponbriefevacuation(2-3min)to
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wavenumber/cm-1

Fig.4-1 IRspectraofthecarbonylandnitrosylreglOnSatroomtemperaturef♭r

Cu20inconcentratedH2SO4Obtained(a)afterthereactionwithatmosphericCOand

subsequentevacuation;(b)aftera1-hreactionwithNOfわllowing(a);(C)aftera16-h

reactionwithNOfわllowing(a);(d)aftera5-minevacuationfollowing(C);(e)aRer

stirringunderaCOatmospherefor1hfollowing(d);and(i)aftera301minreaction

withNOfわllowing(e);and(g)thecorrespondingRamanspectrumof(C).
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give a colorlessheterogeneous suspension showing no v(CO)bands,which

reintroducingNO･No15NNMRsignalduetotheresultingcomplexwasobserved

evenusing99･8atom% 15N-enrichedNO,probablyowlngtOitlowconcentrationin

concentratedH2SO4. TheIIoxidationstateofcopperisdeduced&om boththe

examinationusingCOastheprobemoleculeandtheESRsbdy.

ThereactionofCu20WithatmosphericCOinconcentratedH2SO4leadstothe

formationofCu(CO)n'(n-1-3),whichreleasesthereversibleCOligandsuponbrief

evacuationtogivethestableCu(CO)+(V(CO)-2148cm-1;seeFig.4-1a).12 By

introducingatmosphericNO,theCOligandofCu(CO)'isgraduallyreplacedbyNOto

giveapurpleheterogeneoussuspensionexhibitinganIRv(NO)bandat1929cm~1(Figs.

4-1b～4-1C). TheresultingcomplexreadilyreleasestheNO liganduponbrief

evacuation(2-3min)togiveacolorlessheterogeneoussuspensionshowingnov(CO)

bands(Fig.4-1d,),whereasNOisnotdesorbed&om【CuNO]2'inthezeolitebybrief

evacuationatroomtemperature･13 NoCOspeciesisobservedbyreintroducingCO

intotheabovesolution(Fig.4-1e),leadingtotheconclusionthatCulhasbeenoxidized

tocuⅡasitisfわundthataCuI00mpoundsuchasCu20butnotaCuII00mpoundsuch

asCuSO4absorbsCOinconcentratedH2SO4;COhasalsobeenusedasaprobe

moleculediagnosticfortheCu'sitesontheCu-zeolites.14 Thecopper(I)nitrosyl

cation,lCuNO]2',isreformedbyreintroducingNOsuggestingan equilibriumbetween

lcdNO]2'andCu2'undertheNOatmosphereinconcentratedH2SO4.咋ig.4-1f,Eq.

4-1).

-NO

lcuNO】2･ く >cu2+ Eq.4-1

+NO

TheESRstudyconflmedtheIIoxidationstateofCuintheresultingcomplex.

As shown inFig･4-2a,thestrongresonancecharacteristicofCu2+isobservedatg-

2.2359fTortheclearsolutionobtainedbydecantlngandfiltenngthesuspensionof
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‡ 王
250G

Fig.412 ESRspectraof(a)theclear solutionobtainedbydecantingand

mteringthesuspensionofCuSO4inconcentratedH2SO4;仲)aRera40-minreaction

withNOfollowing(a);(C)a洗era30-minevacuationfollowing(b);and(d)a洗era2-h

reactionwithNOfollowing(C).
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CuSO4inconcentratedH2SO4. IntroducingNOtothisclear Solutionleadstoa

significantdecreaseintheintensityoftheESRsignal(fig.4-2b)owingtothefわrmation

ofthediamagneticlCuNO]2';theweakESRsignalremainsobservableduetothe

existenceofasmallamountofCu2'inequilibriumwithlCuNO】2'申q.411).The

intensityoftheESRsignalforCu2'isincreaseduponabriefevacuation(Fig-4-2C),but

significantlydecreasesagainbyreintroducingNO(Fig.4-2d).

ThecoordinationofNOtoCu2+involvestheelectrontransferoftheunpaired

electron丘omtheantibondingn*orbitalofNOtoa3dorbitalofCu2+,resultinginthe

spinpairingbetweenNOandCu2',andtherefore,thediamagnetismforlCuNO]2'.15

Theobservedv(NO)value(1929(A);1930終aman)cmll)ishigherthan 1876cm~1,

thevalueforBeeNO,16correspondingtoapartiallypositiveNOspeciesandalinear

cu⊥N-0bondangle･17 Althoughthespinpairi喝 hasoccu汀edasrevealedbyEs乱,the

chargetransfer丘omNOtoCu2+is,however,farfiombeingcomplete,whichshouldbe

followedbyalonepairdonation&omNOandT【back-bondingtotheNOorbitals,asthe

observedv(NO)valueislowerthanthatofNO+(2340cm-1).1‡ HencelCuNO]2'may

bedenotedasCu(1+8)+po)8'+(8+8'-1).Basedontheclassificationproposedby

Enemarketal.fTorMNOcomplexesbythenumberofd-typeelectronspresentinthe

complex, 【CuNO】2+ would be w血en as (CuNO)10, which may have a

pseudo-tetrahedralgeometrywithalinearCu-N10groupandthreesolventligands･17

InHSO3Fandmagicacid,HSO3F･SbF5(1:1),lCuNO]2'isalsoformedkomthe

cuo,culorcurcompoundsunderan NO atmosphere. lCuNO]2'exhibitshigher

vpo)valuesinHSO3F(1933(A);1936Paman)cm-1)andmagicacid(1946(A);

1950畔aman)cm-1)duetoadecreaseinthe7tback-bondingasobservedformetal

carbonylcationsinstrongacids.9~12 Itisconflrmedthatnoa orRamannPO)bands

appearintherangeof1500-2200cm-IintheabsenceofCuintheseacids. lCuNO]2'

isremarkablymorestableinHSO3FandmaglCacidthaninconcentratedH2SO4;it

remainsunchangedevenafteraprolongedevacuationof4h.Theattempttoisolate
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lcuNO]2'asacrystallinesaltiscurrentlyunderway- Interestingly,nolCuNO]'

speciesisobservedinthesestrongacidswhilebothlCuNO]'andlCuNO]2'are

obseⅣedinzeolites.5

4.3.2 ReductionofNObyCopper(0)andCopper(I)Compounds

ItisworthnotingthatduringtheformationoflCuNO]2'inconcentratedH2SO.at

roomtemperature,distinctbehaviorinthereductionofNOisobservedforthestartlng

materialswithdifferentoxidationstates,asshowninscheme4-1.

cuo
Or

【cuI】
Or

lcuE]

concd.H2SO4
【cuNO】2++

[cuI】-cu20,CuCl,Cu(CO)+,Cu(CH3COO)

lcuⅡ]-cuo,cuc12,CuF2,Cu(CH3COO)2,CuSO4

Scheme4-I

As shoⅥminFig.4-3,theoxidationofCuO(copperpowder)isaccompaniedby

thereductionofNOtoalmostequalamountsofN2andN20,whilenosignificantN2but

N20isobseⅣedduringthereactionoftheCuュcompound,Cu(CO)+,W池 NO.Neither

slgnificantN2norN20hasbeenobservedforthereactionwiththeCuHcompound,

CuSO4,aSthestartingmaterial.ThesmallamountofN20observedforthereactionof

NOwithCuSO4inconcentratedH2SO4,Orwithoutcoppermetaloracoppercompound

inconcentratedH2SO4,mightbeduetothedisproportionationofNOtoN20andNO2,

asithasbeenreportedthatthedisproportionationreactionofNO,3NO(g)i N20(g)+

NO2(g),hasaBeeenergyof-24.6kcal,indicatingthatNOisnotthermodynamically

stableandthedisproportionationratecanbeincreasedundercertainconditionssuchas

inthepresenceofcatalystsinsplteOfthekineticstabilityofNOatroomtemperature
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Fig.4-3 Formationof(a)N2andQ)N20duringthereactionofNOwith

copperpowderandcopper(I)andcopper(II)compoundsinconcentratedH2SO4atroom

temperature･
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and1atm.19 similar resultshavebeenobtainedforthereactionwiththeCuI

compoundssuchasCuCl,Cu20,andCu(CH,COO),andforthereactionwiththeCull

compoundssuchasCuC12,CuO,andCu(CH3COO)2,aSthestartingmaterials,

respectively･ Theseobservationssuggestthatduring thereduction ofNO in

concentratedH2SO4theformationofN2isrelatedtotheoxidationofCuOtocuIandthe

formationofN20isrelatedtotheoxidationofCultocull. cu'hasbeenconsideredas

theactivecenter,andaneighboringCu'Sitehasbeenproposedtobeimportantinthe

copper-exchangedzeolites･5 0ntheotherhand,ithasbeenreportedthatthe

Cu-ZSM-5catalystswithexcessloadingofcopperionsabovelO0%exchangelevelare,

inparticular,muchmoreactiveforthedecompositionofNOthan thecatalystswith

exchangelevelofcopperionbelow lO0%･5,13,20 0urpresent血dingsindicatethe

importanceofCuOinthereductionofNOandsuggestthepossibilitythatCuO,which

maybegeneratedbythedisproportionationoftwoCu'sites,mightplayanimportant

roleinthecatalyticdirectdecompositionofNOtoN2and02.

4.3.3 Fomationof【CdNO]2+usingNOHSO｡

Thereisanotherwaytoform lCuNO]2'. Ifoundthatthereactionofcopper

powderorCutcompoundswithnitrosonium hydrogensulphate,NO+HSO4-,in96%

H2SO4underatmosphericArpressureresultsintheformationofthecopper(I)mitrosyl

cation,asshown inscheme4-2･CuⅡcompoundsdonotreactwithNOIISO.･in96%

H2SO4underatmosphericArpressure･ItseemsthattheoxidationofCuOorcuttocuⅡ

isaccompaniedbythereductionofNO'toNO･

:o:r十 NOnSO4･

96%H2SO4

96%H2SO4

lcuNO]2'+HSO.I

cuⅡ ･NOTHSO; × ･ 【CuNO]2'･HSO4~

Scheme4-2
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4.4 Conclusions

h thepresents仙dy,wepreparedandspectroscoplCallycharacterizedthe

copper(ⅠⅠ)mitrosylcation,lCuNO]2',instrongacids.Itwasfoundthatthereactionof

cuopowderwithNOinstrongacidsresultsintheformationofasignificantamountof

N2andN20whereasthereactionofCulcompoundsisaccompaniedwithonlya

sigmificantamountofN20.These丘ndingsmightemichtheunderstandingofthe

reactionmechanism ofthedirectdecompositionofNO 血oN2andO20Ver

copper-exchangedzeolites.
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Chapter5

generarconcん∫io耶

Cationicspeciesgeneratedinstronglyacidicmedia,onwhichonlylimited

studieshavebeenreportedso如,havepeculiar propertiesandexhibitunusual

reactivitiesinco山rastwiththoseinneutralandbasicmedia.也theprese山work,I

focusedonthekeywords"cations"and"strongacids"anddealtwiththreetypesof

cationicspecies,i.e.,carbocations,metalCarbonylcationsandmetalmitrosylcations･

Fromthisworkitturnedoutthatallofthesecationicspeciesplayimportantrolesas

reactionintemediatesorcatalystsincatalyticreactionssuchascarbonylationof

alcoholsinsolidacids,CarbonylationofolefinsandalcoholsinstrongacidsandNO

reductionanddecompositioninzeolites.
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5.1 CarbocationsinSolidAcids

TheKochreact10n,WhichinvolvescaTbocationsandacyliumcationsasthe

reactionintermediates,lSaSimpleandefficientsyntheticmethodforsynthesizing

tertiaryCarboxylicacids･l･2 Forovercomlngtheproblemsanslng&omtheuseofthe

stronglyacidicsolutionsNafion-Hwasusedasasolidacidcatalystf♭rtheKoch-type

carbonylationofalcoholsinthepresentwork(Scheme5-1).3

+

/.〈＼/へ＼/OH.R-SO3H 司 fゴー /〈＼〈 +R-SO3~+【H20】『F量ヒ

-平 岩 イ〇･R-SO3-ヱ 十 〇2H･R-SO3H

R=～(CF2-CF2)〟-CF2-CF～ CF3
l T

Scheme5-1

Thecarbonylationofavarietyofprimary,Secondaryandtertlaryalcoholsin

varioussolventssuchashexane,cyclohexane,dichloromethaneandchlorobenzene

producesthecorrespondingtertiarycarboxylicacidsinhighyields(Table5-1).For

example,theconversionsof2-methy1-2-propan01,1-pentanoland1-adamantanolto

carboxylicacidsare62.5,64.6and76,9%,respecdvely,at433Kand9MPaCO.The

optlmumtemperatureforthisreactionisbetween433and443K.AhighCOpressure

isadvantageousforthecarbonylation.Theyieldsofcarboxylicacidsareslightly

higherinthepolarsolventsthanthoseinthenonpolarsolvents.Thisworkindicates

thepotentialindustrialapplicationofsolidacidsinsteadofstrongliquidacidcatalysts

fTortheKoch-typereactiontoselectivelysynthesizetertiarycarboxylicacids･
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Table5-1 CarbonylationofavarietyofalcoholsoverNa丘on-H

TotalYieldor
Substrate MainProduct(%) evarTgo

53.4 62.5

/′ヽ＼/′ヽ＼JJ⊃H 寸｡｡出48･2 64･6

ハ ズ H 寸C｡2｡40･4 52･6

･V へ H 〈木瓜25･8サ 22･8 57･9

oH〈〈末･28H/芯十-＼57･4coZH21.6
義 盛 7618 76･9

2.0gNation-H,20mmolalcohol,50mLhexane,433K,9.0MPa,22h,

5.2 CopPer(I),Silver(I)andGoldの CarbonylCationsinStrongAcids

Apart&omthecarbocations,solvatedcationiccarbonylcomplexes,lnParticular,

ofgroupllmetalsinstrongacidshavenotbeeninvestigatedindetailsofar.Inthe

presentworkdetailedIR,Raman,andNMRspectroscopiccharacterizationhasbeen

carriedoutonthegroup11metalcarbonylcations,Cu(CO)n'(n-1,2,3,4),Ag(CO)n'

(n-1,2,3),andAu(CO)n'(n-1,2),overawiderangeoftemperatureandinsolvents

ofdifferentacidities.Basedonthespectroscopicdata,themolecular structuresof

copperq),silver(Ⅰ)andgold(Ⅰ)carbonylcationshavebeendetemi ned.4

TheCu(CO)I,thebentCu(CO)2'(C2V)andthenon-planarCu(CO)3'(C3V)are

fTormedinconcentratedH2SO4andHSO3F,whereasthebentCu(CO)2'(C2V),the

trigonal-planarCu(CO)3'(D,h)andthetetrahedralCu(CO)4'(Td)areformedinmagic

acid. TheAg(CO)',thelinearAg(CO)2'(Dcoh)andthetrigonal-planarAg(CO)3'(D3h)

CationsareformedinHSO,Fandmagicacid,butonlyAg(CO)'isformedin

concentratedH2SO4. ThelinearAu(CO)2'andAn (CO)'areobservedinalltheacids,
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butnoAu(CO)3'andAu(CO)4'areformedunderatmosphericCOpressure(Scheme

5-2)

H2SO4 HSO3F Magicacid

Cu CU-1二〇 Cu_JO oc､ u/GO

ご＼/♂CU oc､ u/♂ Oc一一u< CcOo

Qc､ JfoGO oc＼cu,5000 OOoc杢

Ag Ag-■〇〇 AgJ o Ag一一cO

OC-Ag-J O OC-Ag-■二〇

oc-Ag<CcOo oc-Agく£

⊂⊃:MajorspeciesinconcentratedH2SO4atroomtemperature

Scheme5-2

Becausecopper(Ⅰ),silver(Ⅰ)andgold(Ⅰ)CarbonylcationsinconcentratedH2SO4

havebeenusedascatalystsforthecarbonylationofole丘nsandalcohols,theactive
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speciesandreactionmechanism areofgreatinterest.Previouslythefわrmationof

Cu(CO)2'andAg(CO)+wasnotconsideredandCu(CO)3'andAg(CO)2'wereassigned

astheactivespecies,a仙oughthereasonisunclear･5 Thisworkrevealedbydetailed

spectroscopICanalysesthatinconcentratedH2SO4 underCO atmosphereatroom

temperature,cu(co)2'wasformedasthemajorspeciesandCu(CO)3'astheminor

speciesforCu(Ⅰ),andonlyAg(CO)+(noAg(CO)2つwasobservedforAg(I). These

resultsindicatethatmajoractivespeciesforthecopper(I)andsilver(I)Carbonyl

cation-CatalyzedcarbonylationofolefinsandalcoholsareCu(CO)2' andAg(CO)'

insteadofthepreviouslyasslgnedspecies,respectively.

OIigomer

/
R2 R2
I

Rl-F 年 Rl一去
CH3 CH2

M◆(CO)〟

R2
I

R1-チ-C∞ H上 里 R｣
cH3 -H◆

t)
C
OO

..DT
L
_
C

(CO),>1

CO,H◆

Scheme5-3

Thiswork:

Cu,〃=2,(3)
Ag,〃=1
Au,〃=2

Areactionmechanisminvolvingan olefin-metal-polycarbonylintermediatewas

previouslyproposedforthemetalcarbonylcation-catalyzedcarbonylationofolefins

andalcoholsinstrongacids.6 However,thepresentworkrevealedthatinsilver(I)

cation-Catalyzedcarbonylation,onlymonocarbonylspecies(Ag(CO)')isinvolvedin

contrastwiththecatalyticallyactivepolycarbonylcationsofcopper(Ⅰ)andgold(Ⅰ)･

Therefore,the reaction mechanism for the metal carbonyl cation-catalyzed
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Carbonylation of olefins and alcohols has been modified to involve an

olefin-metal-monocarbonyl(e.g.,fTorAg)oran olefin-metal-polycarbonyl(e.g.,forCu

orAu)i山emediate(Scheme5-3).

5.3 CopperP)NitrosylCation,【CuNO】2',inStrongAcids

TheflrStdirectevidencef♭rthefbmationofmetalnitrosylcationsinstrong

acidswasshown inthepresentstudy. IpreparedthecopperP)nitrosylcation,

lcuNO]2',instrongacids,whichwaswell-characterizedbyIR,RamanandESR

spectroscopy(scheme5-4,Table5-2).7

CuO+NO

【CuI】+NO

Strongacid

Strongacid

【CuNO】2++N2+N20

【CuNO12++N20

【CuI】=cu20,CuCl,Cu(CH3COO),Cu(CO)+

lcuH]+NO Strongacid . 【CuNOP ･

【CuⅡ】=CuO,CuC12,CuF2,Cu(CH3COO)2,CuSO4

Scheme5-4

ThecoincidenceoftheobservedIR(1929cm~1)andRaman(1930cm'l)V(NO)

StretchingfrequenciesindicatesthefTormationofacoppermononitrosylcomplex. The

v(NO)valueshigherthan 1876cm~1,thevalueforfreeNO,correspondtoapartially

positiveNOspeciesandalinearCu-N-0bondangle_ TheIIoxidationstateofcopper

isdeducedfromboththeexaminationusingCOastheprobemoleculeandtheESR

study.
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Table512 vPO)valueoflCuNO]2'instrongacids

Solvent V(NO)IR (cm~1) vpo)Raman (cm-I)

H2SO4 1929 1930

FSO3H 1933 1936

ItwasfoundthatthereactionofCuOpowderwithNOinstrongacidsresultsin

theformationofasigmificantamountofN2andN20,whereasthereactionofCuI

compoundsisaccompaniedbyonlyaslgmificantamountofN20･7 Thesefindingsare

expectedtoemichtheunderstanding ofthereactionmechamism ofthedirect

decompositionofNOintoN2.and02Overcopper-exchangedzeolites(Scheme5-4).8
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