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NitrationmechanismofauwlbenzeneswithNO2

byK批uoFURUKAWA暮,FujirokuYOSHIZAWA●.YoshiakiAm U'

MitsumARAI●andMaSamitSuTAMURA●

tnordertoclarifythemechanlsrnforthearomaticnitrationwithNot,Wehve

00rriedoutthenltratlonofalkylbenZeneSWithNOBandhavelnvis也gatedtherela-

tionshiptxtweenthepar由Iratefactorsandtheelectrondensitiesatthesubstitu-

tionpositions,therelationshipbetweenthereladveratesinthecompetitivenltra-

tionsofalkylbenzenesandthelonIヱatlonpotentlalsofthesubstrates,andthesub･
strateselecdvityinthecompetitivenitrationofmesitylene/naphthlenebyGalli's

method.As aresult.thereac也onshouldbeanelecb'Ophillcsubstitudoninvolvinga

radicalca也onformedfromtheone･electrontransferprocess,whichshouldbethe

rate･determiningstep.

1.Introducb'on

SincedieselexhaustgasiskJIOWntOContain

nitrogenoxides(NOx)andpolyaromatichydro･

Carbons(PAHs),thepJ･Oductionornitro･

pol押rOmadchydrocarbons(nitro-PAHs)hthe

exIlauStgasand/orintheatmospheremayOCI

cur)-3)･Thenitro-PAHscanpossiblybeharTn･

hltolivhgorganismduetotheirmuta8enicami

C町Cinogenlcproperdes4I.Therefore,horder

toretardtheformadonofnitro-PAHs,itlsnec-

essarytodarifythemechanismfordlearOImdc

nitra6onofPAHwithNOx･
Ontheotherhand,aroma也cnitradonwithnil

tricacidiswell･knowntobeofind山地 Iimpor-

tanceasaunitprocessforthesynthesesofe9L-

plosives,intermediatesofdyes,medicinesand

agricultuJ･alchemicals.Manystudiesonthis

reactionhavebeencarriedoutnotonlyinthe

氏eldsofindustrialchemistrybutalsointhefield

ofphysicalorganicc_hemistry.As aresult,the
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reacdonmechanisminvolvingNO2'asanim-

portantattacJdngSpecieshasbeensu88eSted.
NItro･PAHsareconsideredtobeformedfrom

thereactioninvolvingSeveralnitrogenoxides

(NO24),N2055･6),HNO37),etc･)intheatmo-

sphere･Although NO2isconsideredasoneoE

themostimportzLntattackingspeciestow dPAN

intheatmosphere,Onlyafewstudieshavebeen

doneconcemingthemechanismforaroma也c

nitratlontJSingNOz･

Rad.nerB)hasreportedthatthenitrationof

PAHswithNOBinanonpolarsoLventquantita･

livelyyieldsmononitroIPAlisandthereaction

showedhlghposldonalselecdvity.PryoretaL9I

andSasakietal.)Q･117haveattemptedtoclarify

themechanismforthearomadcnltradonwith

NOZintheliquidphase･sugBeStlngthataone･
electrontransferprocessshouldplayan impor-

tantroleinthearomaticnitratlon.However.

thedetailedmechanismisstillnotclear.

Therefore.wehvestudiedthenitrationof

a叫lbenzieneSwithNO2inanonpolarsolvent

tocladFythemechrLlSmfortheaTOm細Cmitra一

也ohdthNO之andtoFurtherobtainsomeideas

ForretardingtheformadonoEnitro･PAHsinthe

atJnOSPhere.
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2.Expen.mental
2.1Maten'als

Benzene,toluene.o･,.m･andp-xylenes,mesi-

tylene,ethylbenZ:ene.CumeneandnaphthaLene
wereusedasthearomaticsubstratesand

dichloromethaneasthesolvent.

Thearomadcsubstrates,theirnitroderivadves

anddichloromethanewerepurchasedFrom

WakoPureChemicalIndustries,ud.,Tokyo

ChemicalIndustryCo..ud.,KantoKa8akuCo二.

Inc.andFlukaasthehighestcoTnmerCialgrade
chemicalsavailableandwereusedwiLhoutfur一

therpuriJicadon.2-Nitmmesitylenewassynthe-

sizedbyBlatt'smethodlZJ･NzOIWaspurchased
fromTakachihoKagakuKogyoC0.,I.td..

2.2Expen'mentalMethod

AcertainamountoFsubstrateandN201and
I5mlofdichlorornethanewereintroducedinto

atbee･necked100mlhskequippedwithacon･
denser.memixttJreWasStirredforabout5

hours.TTIereaCdontemperaturewasmaintained
at15℃.

Thealkylbenzene(I.0×1012-2.3×10ー2mol)

and1.6×10~Imolof.N20-(3.2×10-2molofN20.
formesitylene)Wereusedforthenitrationof

eachsubstrate.Forthecompe舶venitrationor
alkylbenZeneS,7･2×10･3- Llxl0-2molor

alkylbenzene(eDECeptformesitylene),9.4XI0-3

moloftolueneandl･6×1011molorN204Were

used.Forthecompetitivenitrationofmesity-

1ene/p･xylene,I.0×10-2molofmesitylene,

L1×10-2molofp･xyleneand3･2x10-2molofN204

wereused.Forthecompetitivenitrationofmesi･

tylene/naphthalene,1.4×10-2molofeachsub-

Strateandl･6x10-2molorN201WereuSed･

Substratesandtheirreactionproductswere

directlyextractedfromthereac也onmixtureat

differentdmesandanalyzedusingagasChro-
mato8raph(Shima血uColIid.,GCづA)witha

れameioni姐tiondetector(FID)andbygasChro-

matograPhy一maSSspectromeby(Shimad乱IGC-

14A,GCMS-QP1lOOEX)usingastainlesssteel

column(3mrn¢×3mSuiconeOV-lot5%Uniport

HP60/80.GLScienceshc.).
3.CalcuJationmethod

WeCalculatedtheelectrondensidesatthesub-

sdtudon･psi也ons,thetonJZadonptendalsofthe

substratesandtheheatsofformationFortheir

o-complexeswithNO2andNO2'bythePM3

method,semトempiricalmolecularorbital

methodMOPACver･6L3),andcomparedthem
withtherelativerates.

4.Resultsanddiscussion

4.1Nitrationofalkyrbenzene
4.1.1Products

DuringthenitrationofsubstrateswithNO2,

therin8･nitratedproductsweremainlypro･

duced.AIdehydesandketonesproducedfrom
theoxidationoftheside-Chainsofthesubstrates

werealsodetected.i.i,ben祖IdehydeFromtolu-

ene,tolualdehydefromxylene.andacetophe･

nonefromethylbenzeneandcumene.Aswe

areinterestediJIOnlythering･nitratlonw仙NOZ.

nofurtherIdentlrICationoftheoxidationprod･
uctswasdone.Eachisomerdistributionofthe

nng･nitratedproductswassimilartothatforthe

nitrationwidlHNO,/H2SOllll･
Weobtainedthepseudo一氏rst-orderratecon-

stantsfortheFormationofring･nitratedprod-

uctsinthecompetitivenitrationoFsubstrates

aocordh81oEq.Iinordertocalculatetheirrela･

liverateconstants(K)andthepartialratefac-

tors(f/fo).

･n盲宝 =kt (I)

a:initialconcentrationofsubstrate

x:concentJ.ationofring-nitratedproducts
k:rateconstant

t:time

Therelativerateconstants,thepartialratefhc･
torsandthelsomerdistributionsareshownin

TableI.

TYIenlb.adonratesofthealkylben之eneSWith

NOZaremuchsmallerthanthosewithHN03/
ⅠちSO.HI,e.gqthepseudo-hTStl0rderrateconstant
forthatofben之eneis2.9×10L65'l.sincethe

concentradonofNOBisapproximatelyesdmated
tobe0.02IS)too.06MJ6),thesecond･orderrate

constantforbenzenewouldbe4.8-15×10~与

MIIs-I.

4.1.2EffectsofalkylsubsdtuentsonaromatI.c
nitrationrates
Therelativerateconstantsforthenitrationof
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TabtelReladverateconstants.parthlratebctorsandisomerdistrlbudonsinthe
nltradonoFalkylbenZenswithNO2

ReladverateProductPardaJratefacto
rconstantK r′㌔Subs

trate homerdistrlbudon/
mol私

触 work1 I-n

itTO 1 -2.5×10 O-nit

ro 3.9×10 52

m-nitre 1.8 3

p-nitre 6.8×10 45I.7xIO2 3-nitro I.8×102
354-nitro 3.3XlOZ 6

59.2×102 2.nitro

1.3×102 5

4-nltro 2.6xIO3 955-

nitro 0 02.6XIiIZ 2-n

iけo 3.9×102 -3.6×103 2-nitTO 7.2×l

O} -3.2×10 0-nilro 5.5×10 57m-nitre
2.3 2p-ni

tre 7.9×10 412.4×10 0

-nitTO 2.1x10 29

m-nitro 3

.0 4p-nitro 9.6×10 67benzenet

oluen

eo･Xyle∩emrxylenep･Ⅹylene

mesityleneethylbenzeneCumene'Nitra

lonwithHNO,/叫SO.1.A)benzene,toluene.xylen

esandmesitylenede-creaseinthefoIIowin8Or

der:mesitylene>m･Xylene>p･Xylene>o･Xylen

e>toluene>ben･gene.Itispostulatedthat

theelectrondensityonthearoma也CringshotJ
ldbecomehigherwithanincRaSeinthenumberof

methylgroupssub一S也tutedonthearomadcring.r

esul血 ginanin一 言creasedelectrophiucnitradon.T

herelativerateconstaJltSfわrthenitration

ofben2iene,tOluene.ethylben2:eneandcumenea

reinthefouowlngdecreasingorder:ethylben2
:ene≧Cumene,tOlu･ene>benZ:ene.Ttlsalso

postulatedthatthelargeralkylgroupshoul

dinc托aSetheelectrondensityonthearOmadc

rin8,reSul血ginpro･notingelectrophlllc

nltration･However,thedegreeOftheincreasewasnotas

hlgh asthtfortheintroductionoFrnuldpleme

thyIsubstitu-ents.Inordertoquantlta也vely

esdmatethesubsdtu･enteffectsofalkylgroup
s,wehaveattemptedtocomparetheprdalratefactorsdththeel

ec-tro



5 5

OmesityTene

?rTIl･xyzene

P･BIene
0o･xyZene

ethyJberlZene

bocumene
toluene

9.19.29.39.49.59.69.79.8

Ionizationpotential/eV

Fig.2Relationshipbetweenlogarithmorrate
constantsinthecompeddven紬adonsand
ioniZadonpoten血lsorsubstrates

thtposition,indicatingthatthepartialratefac･
torshouldbealmostdependentontJleelectron

densityatthesiteoEnitro-substitution.Previ-

ously,SasakietaLshowedfromastudyofthe
subsdtuenteJrectsonthearomadcnitJ･a也onwith

NOZthatthearomadcnitradonwithNOZinCCII

shouldbeelectrophilicbasedonanegative

HammetL'spvalue(-I.7)lI),andhere.wecan

againsuggestthat仙ereactionshouldbeap-

proximatelyelectropは1ic･AJthou8hitisgeneJ--

allysuggestedthattheclassicalo-complex
mechanismshouldfavortheattackatthemost

electronrichpositionsoHhesystemt7)lKeumi

etal･)8lsug8eStedthatthehi島helectrondensity

atthesubsdtuentpos紬onshouldberesponsible

fortheelectrontransfermechanismduringthe

nitrationofdibenZ:OfuranwithC(NO2)./

trInuoroaceticacid/lightexcLuslvelyoccurrln8

atthe3･posidonindicatingthatthe打Oma也cnil

tradonwithNO2maytXelucidatedbytheelec-
trontransfermechanism.

4.1.3SubstrateseLectr'vl'tyl'ncompetitivenitrか
ぜon

lnordertoobtainaddi也Onalinformadonon

themechanismforthearomaticnitra也onwith

Not.WeCOmParedtherelativerateconstants
duringCOmPetitivenitrationw仙 theirionlZa･

tionpotentialsbecausetherelativeratesofthe

one-electrontransfershouldbedependenton

theenergyleveloftheHOMO(ofthesubsbTateS)

-LUMO(orNOz)8ap･As aresult,therela也ve

rateswerefoundtobedependentontheioniza一

也onpotentiaLs(Fig.2).As theioni2adonpoten-

tialissmaller,namely.oneelectronI'se耶ilyre-
leasedfromthesubstrate.thenitrationratebe･

comeslarger･Kowertetal.L97studiedthehomo-

geneouselectronb･ansferreactionbetweenaro-

maticmoleculesandtheirradical仁ationsand

indicatedthattheenergyrequiredtoremove

oneelectronfromtheparentmoleculeshould

playakeyroJehdetermhingtheelectrontrans･

ferrate.Kochietal.2D)studiedthearomadcni･

trationwithN･nitJ'OPyridinium cationsand

showedthat.thenitrationrateshouldbecorrel
latedwiththeHOMO･LUMO gapinthe

【ArH,XPyNO2']complex,suggesting･thatthe

mechanismshouldincludeastepwiseprocess

inwhichthesubstJ'ateisselectivelycontrolled

bythechargetransferprocess.Therefore.the

resultshouldsuggestthereac也oninvolvinga
one-electronreleasefromthesubstrate.

Furthermore･itisreportedthatNO2Should
reactwiththereducingagentsViatheelecけon

transferZI).anditisalsosuggestedthattheSOMO

energeylevel22)ofNO2ト9･75eV)shouldbelow

enoughtoauowaone･electrontransfer&omthe

substratetoNO2･Therefore,Wesuggestthe

possibilityofaone･electrontrmsfermechanism

forthearomaticnitratlonwi山NO2･

4.2SubstrateselectivitybytheGaHilsmethod

Inapreviousstudyonthearomaticnitradon

withNO2'.manyargumentshavebeenmade
aboutthemechanismoFthearomadcnitratlon

viaaone･eLectrontransferprooe防 23)･NaBakura

eta1.217theoreticauydevelopedontheideaof
theone･electrontransfermechanism.Further-

more,perrinZSIreportedtheone-electrontrans-
fermechanismforthereactionbetweenthe

naphdlaleneradicalcadonandNO2inadlOught･

provokingardcle･Howeverlitisnoteasytodis･

tinguishbetweentheone-electrontransfer

mechanlSmandthecl舶SLcalo･oomplexmecha-
ruSm.

Here.inordertoclarifythemechanismfor
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Table2Calculatedioni21ationpotentialsofsubstTateSandstabili之a-
donenergleSOFo･Complexes

Substrate ⅠP/eV AE如㌔′kJmolー
10-complexwithNO2 0-complexwithN

O2'mesitylene 9.28 -70.
5 64.4naphthalene 8.83 -

56.6b 69.4ba:AEs.Ab;三Hvalue(q･complex)-Hvalue(substrate)-Hvalue

(NO20rNO皇+)b:CalcuhtedforoICOmplexatl-position(whichls
predominandyp

roduced2t))RO･･NO2昔 【R@ ･･Nb･)-R@::.2莞 R& NO2(

O-cornplex)Scheme1Mechanismforthenitra也onofalkylbenZ

ieneSWithNO2thearomaticrlitrationwithNO之.

Wehavecar-riedoutcompetitivenitrationusLngGalli'

smethod26).GaIIietal.suggestthatsubstrate

selecdvityinthecompetitivereacdonofmesit

ylene/naph-thalene(substratesinexcess)sho

uldbeusefulasaprobetodistinguishbetween

theone-elec-trontransfermechanismandthecla

ssicalo･com-plexmechanismduringelectrop

huicaromaticsubstitution.Sincemesityleneha

sahighero-basicitythannaphthaLene.mesi

tyleneshouldhaveahigherreactivitythan ma

phthalenefortheclassicalo-complexsubsdtuti

onmechanism.Sincenaphthalenecanbemoreea

silyoxidizedtoaradicalca也onthanmesitylene

,naphthaleneshouldhavehigherreactivityth
anmesitylenefortheone･electrontransfersubsd

tutionmecha･nism.Theionizationpotentialsan

dthestabili･za也onenergiesofthea-compl

exeswithNO2andwithNO2'foreachsubstrateareshov

m inTable2.Inthecompetitivenitrationof

mesitylene/naphthalene,2-mitromesitylene

andI-and2-nitronaphthalenesweremainly

produced.andtherelativeformadonrateofKAIE
S/KNAPHWas(1･4土0･1)×loll.1tissigniBcantly
different血･omtherelativeformationrateof

KMES/KNAPH岩20士126)dLdngthenitradonwithNO

2十･Thisfactindicatesthattheoneelectron-tr

ansfermecha.nismshouldplayan importantrole.AIthough thestabilizationenergyforthe

q-complexofnaphthalenewithNot1ssomewha

tmorestablethan thatoEmesitylenewithNO2,
thedifFqenceintherelativeratebetweentheco
mpetitiveni-trationwithNO2andthatwithN

O2'isremark-ableandshouldbeimportant.T

herefore,theresultsuggeststhatthearomatc

nitra也onwithNO2Shouldbeelucidatedbyan

electrophilicprocessinvolvingaradicalca也o

nformedbyaone-electrontransfer,whichshould

betherate･determiningstep(Scheme1).

5.Conclusionlnordertoclarifythemechanis

mfortheam･TnaticnitrationwithNO2,Wehav

estudiedthenitrationofalkylben2:eneSwi thNO

…inanonpo-larsolvent.Asaresult,thereac也on

wasanelec-trophilicsubstitutionandtherate

ofnitrationwaschiemydependentontheele

ctrondensityatthesubstitutionposition.Du

ringthecom･petitive'nitra也onofalkylbenZeneS,

thesubstrateselectivitywasshowntobedep

emientontheioniZadonpoten也alsoEth

esubstrates.me00np触venitrationofmtsit

ylene/naph･thalenehasalsobedoneusingGa

lli'smethod.Duringthecompe鵬venitradonof

mesitylene/naphthalene,NO2predominantly

reactedwithnaphthaleneresultingintheproduc也

onofI-and2lnitronaphthaLene･Theselecti

vitywasmuchdifferentfron thatofthenitrati

onwithNO2+IBasedontheseresults,Ⅰtcanbesuggestedthat



thenitradonofaLkylbenヱeneSWithNO2Should

beelucidatedbythemechanisminvolvingaradi･

Gal仁ationformedfromtheone-electrontrans-

ferprocess.whichshouldbetherate-determin･
lngSteP･
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N02によるアルキルベンゼンのニトロ化反応に関する研究

舌川音久夫●,古沢二千六●.阿久津好明●

新井 充●,.田村昌三●

N02による芳香族ニトロ化反応に関する基鮭的知見を得るため･N02によるアルキルベン
ゼンのニトロ化反応を行い,反応脚 について検討した｡その活魚 基質の置換位置の電子

密度と部分速度因子との比故から,反応は求電子的侯向を示し,また基質間相対反応速度と

ィォン化ポテンシャルとの相関や,Gauiの方法によるメシチレン/ナフタレン競争反応の検

討から.反応は-亀子移動過程を含むラジかt,カチオンが関与する機構で進行する可雛 が

示された｡

(･東京大学大学院工学系研究科化学システム工学専攻 〒113→8656菓京都文京区
本称7-3-1)
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