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Snlnctivn Hydrognnation of Amidns to Alcohols in Watnr Solvnnt 

ovnr Hntnrognnnous CnO2-Supportnd Ru Catalyst  

UMasazumiUTamura*USusumuUIshikawa,UMiiUBetchaku,UYoshinaoUNakagawa,UKeiichiUTomishige*U

CnO2-suppontnd Ru (Ru/CnO2) worknd as an nffnctivn and rnusabln 

hntnrognnnous catalyst for snlnctivn dissociation of thn C-N bond in 

amidns, particularly primary amidns, with H2 in watnr solvnnt undnr 

low rnaction tnmpnraturn of 333 K, and high yinlds of thn 

corrnsponding alcohols wnrn obtainnd from primary amidns. 

AmidesUareUubiquitousUinUnatureUasUpolypeptidesUofUproteinsUandU

canUbeUfoundUinUaUwideUrangeUofUchemicalsUsuchUasUpolyamidesU

(typicallyUnylons),UagrochemicalsUandUpharmaceuticalsUandUsoUon.U

ReductiveUtransformationUofUamidesUisUoneUofUimportantUorganicU

reactionsU [1],U andU thereU areU twoU pathwaysU (SchemeU 1):U (i)U

TransformationUofUamidesUtoUaminesUviaUdissociationUofUtheUC-OU

bond;U(ii)UTransformationUofUamidesUtoUalcoholsUandUaminesU(orU

ammonia)U viaU dissociationU ofU theU C-NU bond.U ReductionU

transformationU ofU amidesU isU generallyU difficultU dueU toU lowU

electrophilicityU ofU theU carbonylU carbonU inU amides2.U

Conventionally,U stoichiometricU reducingU agentsU suchU asU metalU

hydridesU areU usedU forU C-OU bondU scission,U andU

aminoborohydrides3UandUSmI24UareUeffectiveUreducingUagentsUforU

C-NU bondU scissionU inU amides.U However,U theseU systemsU haveU

someUdrawbacksUsuchUasUhighUcostUofUreductantsUandUproductionU

ofU largeU amountU ofU salts.U AsU anU alternativeU method,U catalyticU

reductionUwithUcheapUreducingUagentsUsuchUasUH2U isUdesirable.U

VariousU homogeneous5U andU heterogeneous6U catalystsU haveU

beenUintensivelyUdevelopedUforUtheUrouteU(i).UAsUforUtheUrouteU(ii),U

variousURu7,UFe8UandUMn9UcomplexesUwereUreportedUtoUbeU

U

U

U

U

Schnmn 1.UReductiveUtransformationUofUamidesU

effective,Uhowever,UmostUofU theseUcatalystsU requiredUadditivesU

suchU asU strongU bases,U useU ofU organicU solvents,U andU highU

temperatureU (typicallyU ≥353U K).U Moreover,U applicationU toU

primaryUamidesU isU commonlyUdifficultUbecauseUofU theU freeUNHU

bonds4a,UandUtheUyieldsUwereUveryUlowU(0~74%).URecently,USaitoU

andU co-workersU substantiatedU effectiveU transformationU ofU

benzamideUtoUbenzylUalcoholU inUhighUyieldUofU92%UbyUusingURuU

complexU ((P,(N,N)bpy,U P)Ru)7j,U althoughU theU catalystU systemU

requiredUhighUtemperatureU(433UK),UtolueneUsolventUandUstrongU

baseU(NaH).UWhenUourUmanuscriptUwasUsubmitted,UthereUareUnoU

reportsU onU heterogeneousU catalystsU developedU forU C-NU bondU

scissionUinUamides,UandUtheUreportedUhighestUyieldUfromUamidesU

toU alcoholsU overU heterogeneousU catalystsU isU veryU lowU (27%).U

DuringU theU reviewU ofU ourU manuscript,U outstandingU resultU onU

selectiveU hydrogenationU ofU C-NU bondsU inU amidesU overU

heterogeneousUAg/Al2O3UcatalystUwasUpublishedUbyUMilsteinUandU

co-workers10.UTheUcatalystUsystemUwasUeffectiveU forUsecondaryU

amidesUandUprovidedUhighUyieldUofUcorrespondingUalcoholsUandU

aminesU(upUtoU99%),UhoweverUsufferedUfromUuseUofUstrongUbasesU

suchUasUt-BuOK,UhighUtemperatureU(423UK),UuseUofUorganicUsolventU

(1,4-dioxane)U andU lowU yieldU fromU primaryU amidesU (61%).U

Therefore,U developmentU ofU effectiveU heterogeneousU catalystsU

forU reductiveU transformationU ofU amides,U particularlyU primaryU

amides,UtoUalcoholsUandUaminesUunderUmildUreactionUconditionsU

isU desirable.U Herein,U weU foundU thatU Ru/CeO2U wasU anU effectiveU

heterogeneousU catalystU forU selectiveUC-NUbondUdissociationUofU

amides,UparticularlyUprimaryUamides.UU

CatalyticU performanceU forU hydrogenationU ofU amidesU wasU

investigatedU byU hydrogenationU ofU cyclohexanecarboxamideU inU

waterUsolventUatU333UKUandU8UMPaUH2UasUaUmodelUreactionU(TableU

1).UNoUreactionUwasUobservedUinUtheUabsenceUofUcatalystsU(entryU

17).U AtU first,U variousU carbon-supportedU nobleU metalU catalystsU

wereUappliedUtoUtheUreactionU(entriesU1-4).URu/CUshowedUmuchU

higherU conversionU thanU theUotherU carbon-supportedUcatalysts,U

andUtheUselectivityUtoUcyclohexanemethanolU(1)UwasUhighU(90%),U

whileURh/CUshowedUhighUselectivityUtoUcyclohexanemethylamineU

(2).UNext,UeffectUofUsupportsUinURuUcatalystsUwasUinvestigatedUbyU

usingUvariousUmetalUoxideUsupportsU(TableU1,UentriesU5-11).UAllU
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Tabln 1.UHydrogenationUofUcyclohexanecarboxamideUoverUvariousUcatalystsU

U

U

U

supportedU RuU catalystsU showedU highU selectivityU toU 1U (92-99%)U

withU moderateU toU lowU conversionU (16-52%),U andU Ru/CeO2U

showedU higherU conversionU thanU theU otherU RuU catalysts.U OnlyU

CeO2U hadU almostU noU activityU forU theU reactionU (entryU 16).U

PerformanceU ofU CeO2-supportedU nobleU metalU catalystsU wasU

comparedUinUtheUsameUreactionU(TableU1,UentriesU5UandU12-15).U

TheU CeO2-supportedU nobleU metalU catalystsU exceptU Ru/CeO2U

showedUlowUconversionU(<U10%)UandUlowUselectivityUtoU1U(<U60%).U

AsUabove,UcombinationUofUCeO2UandURuUwasUtheUmostUeffectiveU

forU theU reaction.U TheU performanceU ofU Ru/CeO2U catalystsU withU

differentU RuU loadingU amountsU wasU comparedU inU theU sameU

reactionUwithUtheUsameURuUamountUbyUadjustingUtheUintroducedU

catalystU amountU (0.20U mmol,U TableU S1).U TheU conversionU

graduallyUincreasedUwithUincreasingUtheURuUloadingUamountUupU

toU 4U wt%,U andU theU conversionU graduallyU decreasedU withU

increasingURuUloadingUamountUmoreUthanU4Uwt%,UalthoughUtheU

differenceUofUtheUconversionsUisUnotUsoUlarge.UTheUselectivitiesUtoU

1UwereUsimilarU(94-98%).UTherefore,U4Uwt%URuUsupportedUCeO2U

catalystUwasUselectedUasUanUoptimizedUone.U

Ru/CeO2U(Ru:U4Uwt%)UcatalystUwasUcharacterizedUbyUXRD,UTPR,U

TEMUandUXASU(FigureU1,UFiguresUS1UandUS2,UandUTableUS2).UXRDU

patternsUofURu/CeO2U catalystsUafterUcalcination,U reductionUandU

reactionUareUalmostUtheUsameUasUthatUofUCeO2,UandUsignalsUdueUtoU

RuUspeciesU(RuUmetal:UmainUpeakU(101)UatU~44o,URuOx:UmainUpeakU

(101)U atU ~35o)U wereU notU detectedU (FigureU 1(a)),U whichU impliesU

thatURuUspeciesUareUhighlyUdispersed.UTPRUprofileUofURu/CeO2UisU

shownU inUFigureU1(b).UBasedUonUtheU reductionU temperatureUofU

473UK,UtheUconsumedUH2UamountUbelowU473UKUisUcalculatedUtoUbeU

1.6Ummol/g.UConsideringUthatUtheUconsumedUH2UamountUisUmuchU

largerUthanURuUmetalUamountU(0.4Ummol/g,),URuUspeciesUonUCeO2U

isUreducedUtoURuUmetalUandUaUpartUofUCeO2UwasUalsoUreduced.UCOU

adsorptionUanalysisUconfirmedUhighUdispersionUofURuUmetalU

(a) UUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUU(b)U
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Figurn 1.UCharacterizationUofURu/CeO2Ucatalysts.U(a)UXRDUpatternsUofUCeO2UandU

Ru/CeO2UcatalystsU((I)UCeO2,U(II)URu/CeO2UafterUcalcination,U(III)URu/CeO2UafterU

reduction,U(IV)URu/CeO2UafterU24UhUreaction),U(b)UTPRUanalysisUofURu/CeO2.U(c)U

TEMUimageUofURu/CeO2UafterUreduction,U(d)UFourierUtransformUofUk3-weightedU

RuU K-edgeU EXAFSU analysesU ((A)U RuU powder,U (B)U RuO2,U (C)U Ru/CeO2U afterU

reduction,U(D)URu/CeO2UafterU48UhUreaction),UFTUrangeU30-120Unm-1.U

U

speciesU(H/Ru=0.92),UsuggestingUthatURuUmetalUspeciesUareUhighlyU

dispersedUandUtheUparticleUsizeUofURuUmetalUspeciesUisUveryUsmall.U

TEMU imageUofURu/CeO2U providedU smallURuUparticlesU (~1.5Unm)U

(FigureU1(c)),UandUmuchUsmallerUparticlesUwillUnotUbeUfoundUdueU

toUlowUcontrastUbetweenUCeO2UandURuUparticles.UXASUanalysesUofU

Ru/CeO2UcatalystsUafterUreductionUandUreactionUwereUcarriedUoutU

(FigureU1(d),U andU FiguresU S1U andUS2U andUTableU S2).URuU K-edgeU

XANESU spectraU ofU Ru/CeO2U catalystU areU similarU toU thatU ofU RuU

powderU(FigureUS1).UFourierUtransformUofUk3-weightedURuUK-edgeU

EXAFSUofURu/CeO2UshowedUtheUsignalUcorrespondingUtoURuUmetalU

(FigureU 1(d)),U andU theU curve-fittingU analysisU providedU theU

presenceUofURu-RuUbondUwithUaUcoordinationUnumberU(CN)UofU~5U

(FiguresUS1UandUS2,UandUTableUS2).UTheseUresultsUindicateUthatURuU

speciesU onU CeO2U wasU inU theU metallicU state,U whichU isU goodU

accordanceU withU TPRU analysis.U BasedU onU theU CNU ofU Ru-Ru,U RuU

speciesUareUsubnanocluster11,UwhichUagreesUwithUtheUresultsUofU

XRD,UCO-adsorptionUandUTEMUanalyses.U

ReactionU parametersU suchU asU reactionU temperature,U H2U

pressure,U substrateU concentrationU andU solventU wereU

investigatedUinUtheUsameUreactionUwithURu/CeO2UcatalystU(TablesU

S3-S6).UEffectUofUreactionUtemperatureUwasUstudiedUatUtheUrangeU

fromU 313U toU 413U KU (TableU S3).U TheU conversionU increasedU withU

increasingUtheUreactionUtemperature,Uhowever,UtheUselectivityUtoU

1UdrasticallyUdecreasedUatUhigherUtemperaturesUthanU333UK,UandU

thoseUtoUcyclohexanecarboxylicUacidU(3)UandUothersUincreased.UInU

termsU ofU activityU andU selectivity,U 333U KU wasU selectedU forU theU

followingUstudy.USolventsUoftenUaffectUtheUactivityUandUselectivity.U

TheUreactionsUwereUconductedUwithUvariousUpolarUsolventsUsuchU

asUwater,U1,2-dimethoxyethane,UTHF,U2-propanolUandUmethanolU

(TableUS4).UAmongUtheUsolventsUtested,UwaterUprovidedUhigherU

conversionUthanUtheUotherUsolvents,UalthoughUtheUselectivityUwasU

notUsoUdifferent.UTherefore,UwaterUwasUselectedUasUtheUbestUone.U

EntryU CatalystU Conv.U(%)U
SelectivityU(%)U

1 2 3 OthersU

1U Ru/CaU 30U 90U U7.5U <0.1U 3.1U

2U Rh/CaU 3.5U 29U 63U <0.1U 7.8U

3U Pt/CaU 0.3U 77U <0.1U <0.1U 23U

4U Pd/CaU 0.3U 28U <0.1U 28U 34U

5U Ru/CeO2U 52U 97U U0.2U U0.8U 2.0U

6U Ru/SiO2U 40U 99U <0.1U 0.2U 0.9U

7U Ru/ZrO2U 33U 98U <0.1U 1.7U 0.9U

8U Ru/TiO2U 27U 96U <0.1U 3.3U 1.1U

9U Ru/SiO2-Al2O3U 22U 98U U1.4U 0.4U 0.8U

10U Ru/γ-Al2O3U 18U 98U U0.0U 0.7U 0.9U

11U Ru/MgOU 16U 92U U7.6U <0.1U 0.5U

12U Rh/CeO2U U6.2U 56U U1.5U U4.3U 38U

13U Pt/CeO2U U0.3U 38U <0.1U 62U <0.1U

14U Ir/CeO2U U0.3U 42U <0.1U 58U <0.1U

15U Pd/CeO2U U0.2U 46U <0.1U 54U <0.1U

16U CeO2U U0.6U UU<0.1U <0.1U >99U <0.1U

17U -U <0.1U -U -U -U -U

ReactionUconditions:UcatalystU0.50UgU(metal:U4Uwt%)Ua0.4UgU(metal:U5Uwt%),U

cyclohexanecarboxamideU1.5Ummol,UwaterU20Uml,UH2U 8UMPa,U333UK,U4Uh.U

OthersUincludeUcyclohexane,UmethylcyclohexaneUandUmethane.U
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Figurn 2.UTime-courseUofUhydrogenationUofU1UoverURu/CeO2U(�Uconversion,UU

selectivityUtoU1,U�UselectivityUtoU2, �UselectivityUtoU3, �UselectivityUtoUothers).U

ReactionU conditions:U Ru/CeO2U 0.5U gU (Ru:U 4U wt%,U 0.20U mmol),U

cyclohexanecarboxamideU1.5Ummol,UwaterU20Uml,UH2U 8UMPa,U333UK.UOthersU

includeUcyclohexane,UmethylcyclohexaneUandUmethane.U

U

FromUtheU resultsUofU substrateUconcentrationUeffectU (TableUS5),U

higherU substrateU concentrationU providedU higherU conversion,U

althoughUtheUsolubilityUofUcyclohexanecarboxamideUwasUlimited.U

EffectUofUH2UpressureUwasUinvestigatedUatUtheUrangeUofU1-8UMPaU

(TableU S6).U TheU conversionU decreasedU withU decreasingU H2U

pressure,UandUtheUselectivityUtoU1UalsoUgraduallyUdecreasedUwithU

decreasingU H2U pressure,U andU selectivitiesU toU 3U andU othersU

increased,U indicatingU thatUhighUH2UpressureUwasUpreferableU forU

theU reaction.U EnoughU conversionU andU highU selectivityU wereU

obtainedUevenUatUlowUH2UpressureUofU2UMPaU(34%UconversionUandU

92%UselectivityUatU4UhUandU333UK).U

Time-courseU ofU hydrogenationU ofU cyclohexanecarboxamideU

overURu/CeO2U isU shownU inU FigureU2.U TheU conversionU increasedU

withUtheUreactionUtimeUtoUreachUalmostU100%UconversionUatU48Uh.U

TheUselectivityUtoU1UwasUhighU(~95%)UatUanyUtime,UandUthatUtoU3U

wasUalmostUconstantU(2~3%).UTheUyieldUofU1UreachedU93%UatU48Uh,U

whichU isU theUhighestUyieldUamongU theUreportedUonesU includingU

homogeneousU catalyst-basedU systems.U TheU reusabilityU ofU

Ru/CeO2U wasU studiedU (FigureU S3).U Ru/CeO2U wasU reusedU threeU

timesU withoutU significantU lossU ofU activityU andU selectivity.U TheU

stateUofURuUmetalUspeciesUwasUnotUchangedUbeforeUandUafterUtheU

reactionUfromUXASUanalysesU(FigureU1(d),UFigureUS1UandUTableUS2),U

andUtheUstructureUofUCeO2UinURu/CeO2UwasUnotUchangedUfromUXRDU

analysisU(FigureU1(a)).ULeachedUamountUofURuUmetalUspeciesUwasU

analyzedU byU ICP-AES,U showingU thatU theU leachedU amountU wasU

belowUtheUdetectionUlimitUofUICP-AESU(<0.05%).UNoUcontributionU

ofU leachedUmetalU speciesUwasUalsoU confirmedUbyU leachingU testU

(FigureUS4).UTheseUresultsUindicateUthatURu/CeO2UisUaUrobustUandU

reusableUheterogeneousUcatalyst.U

TheUscopeUofUamidesUwasUinvestigatedUusingURu/CeO2UcatalystU

(TableU2).UVariousUlinearUalkylUprimaryUamidesUwereUconvertedUtoU

theUcorrespondingUalcoholsUinUhighUyieldUandUselectivityU(entriesU

1-4).U BranchedU alkylU primaryU amides,U isobutyramide,U

cyclohexanecarboxamideUandUpivalamide,UalsoUreactedUtoUgiveU

theUalcoholsUinUhighUyieldsU(entriesU5-7).UInUtheUcaseUofUbenzamide,U

aU primaryU amideU withU aU benzeneU ring,U selectiveU C-NU bondU

dissociationU ofU theU amideU groupU alsoU occurred,U althoughU theU

benzeneUringUwasUhydrogenatedUtoUcyclohexaneUringU(entryU8).U

SecondaryUandUtertiaryUamides,UN-methylUbenzamide,UandUN,N-U

dimethylUbenzamide,UalsoUunderwentUselectiveUC-NUbondU

Tabln 2.UHydrogenationUofUvariousUamidesUoverURu/CeO2UcatalystU

U

U

U

dissociationU ofU theU amideU groupU toU giveU theU alcoholsU andU theU

correspondingU amountU ofU CH3NH2U orU (CH3)2NH2,U althoughU theU

mainU productU isU theU benzeneU ring-hydrogenatedU substrateU

(entriesU 9U andU 10).U TheU reactivitiesU ofU secondaryU andU tertiaryU

amidesUwereUlowerUthanUthatUofUprimaryUamides,UandUthatUofUtheU

tertiaryUamideUwasUlowerUthanUthatUofUtheUsecondaryUamide.UTheU

tendencyUwillUbeUdueUtoUtheUstericUhindranceUofUtheUN-alkylUgroup.UU

ThereUareU twoUpossibleU reactionU routesU fromUamidesU toU theU

correspondingU alcoholsU (SchemeU 2)6e,7d:U (I)U reactionU routeU viaU

formationUofUcarboxylicUacidsU(hydrationUofUamidesUbyUwaterUtoU

carboxylicUacidsUandUsequentialUhydrogenationUofUtheUcarboxylicU

acidsUtoUalcohols).U(II)UreactionUrouteUviaUformationUofUaldehydesU

(hydrogenolysisU ofU amidesU toU aldehydesU orU hydrogenationU ofU

amidesU toU hemiaminalsU +U deammoniationU ofU hemiaminalsU toU

aldehydesU andU sequentialU hydrogenationU ofU theU aldehydesU toU

alcohols).U ToU clarifyU theU reactionU route,U variousU relatedU

substratesU wereU reactedU withU Ru/CeO2U catalyst.U ToU checkU theU

reactionU routeU (I),U hydrogenationU ofU 3U wasU carriedU outU atU theU

sameU reactionU conditionsU asU thoseU inU hydrogenationU ofU

cyclohexanecarboxamideU (SchemeU 3(a)).U AfterU 24U h,U theU

conversionUwasU4.9%,UwhichUisUmuchUlowerUthanUthatUinUtheUcaseU

ofUhydrogenationUofU1U(90%),UindicatingUthatUtheUreactionUrouteU

(I)U isU notU dominant.U ThisU resultU isU supportedU byU theU factU thatU

hydrogenationUadequatelyUproceededUinUtheUsolventsUexceptUforU

waterU(TableUS4).UTherefore,UtheUreactionUrouteU(II)UwillUbeUmain.U

Next,U hydrogenationU ofU cyclohexanecarboxaldehydeU (4)U wasU

conductedU(SchemeU3(b)).UHydrogenationUofU4UproceededUveryU

rapidly,U andU theU conversionU reachedU 96%U inU onlyU 5U minutes.U

EntryU AmideU
Conv.U

(%)U

C-basedUselectivityU(%)U

AlcoholU AmineU CarboxylicUacidU OthersU

1U
U

UU82U 92U <0.1U 7.8U 0.2U

2U
U

UU93U 92U <0.1U 5.3U 2.9U

3U
U

UU85U 91U <0.1U 6.4U 2.6U

4U
U

UU90U 80U <0.1U 19U 0.9U

5U

U
UU95U 97U <0.1U 3.5U <0.1U

6U

U

UU98U 95U <0.1U 3.6U 1.5U

7U

U
UU95U 99U <0.1U 1.3U <0.1U

8aU

U
>99U 92U <0.1U 2.4U UUU5.3bU

9aU

U
>99U 11U <0.1U 0.2U 88b,cU

10aU

U
>99U UUUUU5.1U <0.1U 0.4U 94b,cU

ReactionUconditions:URu/CeO2U0.50Ug,UamideU1.5Ummol,UwaterU20Uml,UH2U8U

MPa,U 333U K,U 48U h.U OthersU includeU cyclohexane,U methylcyclohexaneU andU

methane.U aProductsU withU aU cyclohexaneU ring.U bOthersU areU mainlyU theU

benzeneUring-hydrogenatedUsubstrate.UcCH3NH2UorU(CH3)2NHUareUincluded.U
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Therefore,U theU reactionU rateU isU muchU higherU thanU thatU ofU

hydrogenationU ofU cyclohexanecarboxamideU (FigureU 2),U whichU

canU explainU noU observationU ofU 4U inU theU time-courseU ofU

hydrogenationUofUcyclohexanecarboxamide.UInUaddition,U1UwasU

reactedUoverURu/CeO2UcatalystUforU24UhU(SchemeU3(c)),UshowingU

lowU conversionU ofU 1U (1.4U %).U ThisU resultU indicatesU thatU theU

reactivityUofUalcoholsUisUveryUlowUunderUtheseUconditions,UleadingU

toUhighUalcoholU yieldsU inUhydrogenationUofU amides.UMoreover,U

reactionUofU2UwasUconductedUwithURu/CeO2UforU4UhU(SchemeU3(d)).U

TheUconversionUwasUveryUlowU(5.6%)UcomparedUwithUtheUcaseUofU

cyclohexanecarboxamideU(TableU1,UentryU5),UandUtheUselectivityU

toUmethylcyclohexaneUwasUalsoUveryUlowU(2.7%),UsuggestingUthatU

contributionUofUdirectUhydrogenolysisUofUC-NUdissociationUisUlow.U

Therefore,U theU reactionU routeU (II)U willU beU mainU overU Ru/CeO2U

catalyst,UwhichUisUsimilarUtoUthatUproposedUbyUhomogeneousURuU

complexUcatalyst7d.U

InU conclusion,U Ru/CeO2U wasU anU effectiveU andU reusableU

heterogeneousUcatalystUforUselectiveUhydrogenationUofUtheUC-NU

bondU inU amidesU withU H2U inU waterU solventU underU lowU reactionU

temperatureUofU333UK,UandUprimaryUamidesUwereUtransformedUtoU

theUcorrespondingUalcoholsUinUhighUyields.UU
U

U

U

U

U

Schnmn 2.UTwoUpossibleUreactionUroutesUforUreductionUofUamidesUtoUalcoholsU

andUamines.U
U

U

U

U

U

U

U

U

U

U

Schnmn 3.UHydrogenationUofUmodelUsubstratesUoverURu/CeO2Ucatalyst.U(a)U3,U

(b)UcyclohexanecarbaldehydeU(4),U(c)U1,U(d)U2.U
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