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Fullerenes,inparticularC60,areimportantmolecularentitiesinmanyareas,rangingfromma-

terialsciencetomedicinalchemistry. However,chemicaltransformationshavetobedonein

ordertotransformC60inadded-valuecompoundswithincreasedapplicability.Themostcommon

procedurecorrespondstotheclassicalDiels-Aldercycloaddictionreaction.Inthisresearch,a

comprehensivestudyoftheelectronicactivitythattakesplaceinthecycloadditionbetweenC60
andcyclopentadienetowardthe[5,6]and[6,6]reactionpathwaysispresented.Thesearecom-

petitivereactionmechanismsdominatedbyσandπfluctuatingactivity.Tobetterunderstandthe

electronicactivityateachstageofthemechanism,thereactionforce(RF)andthesymmetry-

adaptedreactionelectronicflux(SA-REF,JΓi(ξ))havebeenusedtoelucidatewhetherπorσ

bondingchangesdrivethereaction.Sincethestudiedcycloadditionreactionproceedsthrougha

CSsymmetryreactionpath,twoSA-REFemerge:JA(ξ)andJA(ξ).Inparticular,JA(ξ)mainly

accountsforbondtransformationsassociatedwithπbonds,whileJA(ξ)issensitivetowardσ

bondingchanges.Itwasfoundthatthe[6,6]pathishighlyfavoredoverthe[5,6]withrespect

toactivationenergies.Thisdifferenceisprimarilyduetothelessintensiveelectronicreorder-

ingoftheσelectronsinthe[6,6]path,asaresultofthepyramidalizationofcarbonatomsinC60
(sp2−→sp3transition).Interestingly,nosubstantialdifferencesintheπelectronicactivityfromthe

reactantcomplextothetransitionstatestructurewerefoundwhencomparingthe[5,6]and[6,6]

paths.Partitionofthekineticenergyintoitssymmetrycontributionsindicatesthatwhenabondis

beingweakened/broken(formed/strengthened)non-spontaneous(spontaneous)changesinthe

electronicactivityoccur,thuspromptinganincrease(decrease)ofthekineticenergy.Therefore,

contraction(expansion)oftheelectronicdensityinthevicinityofthebondingchangeisexpected

totakeplace.

1Introduction

Fullereneswithpotentialapplicationsinmanyfieldsthatrange

from materialsscienceto medicinalchemistryareimportant

molecularentitiesinnanochemistry1–3. The mostprominent

representativeofthefullerenefamilyisC60.Thismoleculebe-

havesasapolyolefinpoorinelectrons(withstrongelectron-

withdrawingcharacter). Asaresult,fullerenesundergoava-
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rietyofchemicalorganicreactions,the mostimportantbeing

nucleophilicadditions4–6. Moreover,C60reactsthroughmany

metal-catalysedprocesseslikePauson-Khand7–9,Suzuki-Miyaura

reactions10–13,or[2+2+2]cycloadditionsreactions14–16.How-

ever,oneofthe mostfrequentlyemployedreactionsforfunc-

tionalizationoffullerenesandtheirderivativesistheDiels-Alder

(DA)cycloaddition17–22. Theelectron-withdrawingnatureof

C60makesthismoleculeanidealdienophileforDAreactions
23.

ThefunctionalizationofC60throughtheDAreactioncanyield

manydifferentproductsasaresultofmonoaddition,bisaddition

andsoon,uptosixconsecutiveadditions24,25.Insomecases,

formedadductsarethermallyunstableandcanundergocyclore-

version26.

C60hastwodifferenttypesofC-Cbonds(seeFigure1).Coran-

nulenic[5,6]bondsarelocatedbetweenahexagonandapen-

tagon, whereasthepyracylene[6,6]bondsarefoundinthe
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hexagon-hexagonringjunctions27. TheDiels-Alderreactionin

emptyfullerenesshowanalmostexclusivepreferenceforthe

[6,6]versusthe[5,6]bonds5,6,28,29.The[5,6]becomesfavored

Fig.1Twotypesofbondinfullerene(C60)schematizedalongwithcy-

clopentadiene.Labelingoftherelevantatomsisshown.

oratleastcompetitiveinsomeendohedral metallofullerenes

(EMFs)30. Forchemistsworkingonreactivityoffullerenes,it

wouldbefascinatingtohavefullcontrolontheregioselectivityof

theDAreactions.Interestingly,the[5,6]attackhasbeencompu-

tationallypredictedtobefavoredinstronglyreducedC60cages
31

andinhighspinstates32.Theaccumulationofnegativecharge

orspindensitytakesplaceinthe5-memberedrings(5-MRs)of

C60.Consequently,thearomaticityofthe5-MRsincreasesandthe

[5,6]attackbecomespreferredbecauseitbreaksthearomaticity

ofonlyanaromatic5-MR33,whereasthe[6,6]attackdestroysthe

aromaticityoftwoaromatic5-MRs.

Ingeneral,functionalizationoffullerenesandEMFsoccursre-

gioselectivelyinauniqueorafewadditionsites34.Itwouldbe

desirabletohavefullcontroloftheregioselectivityofadditions

tofullerenesandEMFsinsuchawaythatchemistscouldfully

determinetheadditionpatterninagivenfunctionalizationpro-

cess.Tomoveforwardtothisobjective,itisnecessarytohavea

deepunderstandingofthereasonsforthehighregioselectivityof

fullerenestoward[6,6]bonds.Themainaimofthepresentwork

istoprovideinsightintothequestionofwhytheDAcycload-

ditiontoC60occursexclusivelyatthe[6,6]bonds,usingcom-

putationaltoolsderivedfromtheconceptualDensityFunctional

Theory(CDFT).

2 Theory

2.1 ReactionForce

Thereactionforce(RF)isobtainedasthederivativeoftheenergy

withrespecttothereactioncoordinate(ξ)35,36:

F(ξ)=−
dE(ξ)

dξ
(1)

ComputationofF(ξ)ispossiblebyobtaininganenergypro-

filethroughtheintrinsicreactioncoordinateprocedure(IRC≡

ξ)37–39,whichallowsonetogettheminimumenergypathfor

thetransformationofreactantsintoproductspassingbyatransi-

tionstate.TheRFformalismpermitsthepartitionofthereaction

coordinateintodifferentregionswheredifferentreactionevents

mightbetakingplace40–42.Theboundariesofreactionregions

areobtainedfromthecriticalpointsontheF(ξ)profile,amini-

mumatξ1beforethetransitionstateandamaximumatξ2there-

after43.Figure2displaysgenericenergy(a)andreactionforce

(b)profilesalongwiththepartitionofthereactioncoordinate.

Forareactionwithasingletransitionstate,threereactionregions

aredefined:reactantregionRR(ξR≤ξ<ξ1),transitionstatere-

gionTSR(ξ1≤ξ≤ξ2)andproductregionPR(ξ2<ξ≤ξP)
42,44.

Forreactionstakingplaceviamorethanoneelementarystep,

morereactionregionshavetobeconsidered45.IntheRRde-

formationsandgeometricalchangesthatpreparereactantstake

place,leadingtotheformationofactivatedreactantsatξ1.The

TSRisparticularlydominatedbyelectronicreordering;within

thisregionmostbondingchangestakeplace.Inthisregiona

numberoftransientstructurescoalesce,andintensiveelectronic

activitystressingbondbreakingandformationprocessestakes

place46,47.AftertheTSR,structuralrelaxationstakeover,andthe

reactionforcedecreasesuntilreachingavalueofzeroattheprod-

uct’sposition,ξP.Therefore,thePRischaracterizedbystructural

relaxationsthatleadtothefinalreactionproducts.Itisworth

mentioningthatthesignandslopeoftheRFallowsrationaliz-

ingthedrivingforcesinachemicalreaction44,48.Inaddition,

areactionwork(Wi)canbedefinedwithineachreactionregion

throughnumericalintegrationofthereactionforce42,48,49:

W1=−
ξ1

ξR
F(ξ)dξ>0 W2=−

ξTS

ξ1
F(ξ)dξ>0 (2)

W3=−
ξ2

ξTS
F(ξ)dξ<0 W4=−

ξP

ξ2
F(ξ)dξ<0. (3)

SinceW1andW4aredefinedintheRRandPR,respectively,

theyprimarilyaccountforstructuralrearrangements,whereasW2
andW3definedwithintheTSRmeasureenergeticsduetoelec-

tronicreordering41,43,49.Inthiscontext,aphenomenologicalde-

compositionofactivationandreactionenergiesemerges41,49

∆E‡=
ξTS

ξR
F(ξ)dξ=W1+W2, (4)

∆E◦=
ξP

ξR
F(ξ)dξ=W1+W2+W3+W4. (5)

2.2 SymmetryAdaptedReactionElectronicFlux

Thereactionelectronicflux(REF)hasbeenintroducedwiththe

aimofunderstandingtheelectronicactivitythattakesplacealong

areactioncoordinate50,51.Itisbasedonthechangesoftheelec-

tronicchemicalpotential(CP,µ)inachemicalreactionandde-

finedas:

J(ξ)=−
dµ(ξ)

dξ
=−






d
∂E(ξ)
∂N v(r)

dξ




≈−

1

2
−
dIP(ξ)

dξ
−
dEA(ξ)

dξ

FDA

≈−
1

2

dεH(ξ)

dξ
+
dεL(ξ)

dξ

KJT
(6)

Indensityfunctionaltheory(DFT)52,theCPisobtainedafter

differentiationoftheenergywithrespecttoN,thetotalnumberof
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Fig. 2Genericenergy(a)andreactionforce(b)profile. Reactionre-

gionsarerepresentedincolor-code.ThequantitiesξR,ξ1,ξTS,ξ2andξP
representthepositionsofreactant,activatedreactant(forceminimum),

transitionstate,activatedproduct(forcemaximum)andproduct.

electronsofthesystem,atconstantexternalpotentialv(r)52–55.

SincetheenergyisnotacontinuousfunctionofN,differentiation

isperformedusingthefinitedifferenceapproximation(FDA)52

thatallowstoobtainnumericalvaluesofµintermsofthefirst

ionizationpotential(IP)andtheelectronaffinity(EA),asinEq

(6).InanalogywiththeRFscheme,the−
dIP(ξ)
dξ

and−
dEA(ξ)
dξ

termsinEq(6)canbethoughtasthecationandanionforces,re-

spectively.AfurtherapproximationbasedontheKoopmans’and

Janak’stheorems(KJT)56,linksIPandEAwiththeenergyof

frontiermolecularorbitals,HOMO(εH)andLUMO(εL)
52,53,55,

viathelastexpressioninEq(6).

RegardingtheREF,whenitiszeronoelectronicactivitybe-

sidethatoftheequilibriumstateisdeduced. Positivevalues

oftheREFindicatespontaneouschangesintheelectronicden-

sitythataredrivenbybondformingorbondstrengtheningpro-

cesses.Ontheotherhand,negativevaluesofJ(ξ)areevidence

ofnon-spontaneouselectronicactivity,drivenbybondweakening

orbreakingprocesses42,45,48,50,51,57–60.

Forreactionsinwhichsymmetryisconserved,degeneracies

inorbitalenergiesmayappear,causingnondifferentiablepoints

alongtheµprofile61,62. Toovercometheproblemofcomput-

ingµ,anewlyproposedsymmetryadaptedextensionoftheREF

hasbeenintroduced61,62.Forreactionsinwhichagivenpunc-

tualgroup(G)isconservedalongthereactionpath,asymmetry-

adaptedextensionoftheCPhasbeenintroduced(SA-CP).The

SA-CPisobtainedinsuchawaythattoeveryirreduciblerepre-

sentationΓs∈GtherecorrespondsaSA-CP,whichiscomputed

asshowninEq.(7)(thereaderisreferredtoref61forderivation

oftheequations):

µs=
1

2n
(εoccs +ε

virt
s ) (7)

whereεoccs andεvirts standforthehighestoccupiedandlowestun-

occupiedmolecularorbitalenergiesofsymmetrys,respectively;

nisthenumberofirreduciblerepresentationsofG.ThetotalCP

µ(ξ)isobtainedasthesumofthesymmetrizedCPvalues:

µ(ξ)=
s∈G

∑
s
µs(ξ) (8)

OncetheSA-CPsareobtained,theSA-REFsarecomputedbyeval-

uatingthenegativederivativewithrespecttothereactioncoordi-

nate,

J(ξ)=−
dµ(ξ)

dξ
=−

s∈G

∑
s

dµs(ξ)

dξ
=
s∈G

∑
s
Js(ξ) (9)

AccordingtoEq. (9)thetotalREFiscomposedasasum

ofindividualREFwithagivenirreduciblerepresentation. SA-

REFhasbeensuccesfullyappliedtoaclassicalprotontransfer

inmethanethionicO-acid(HO(C−−S)H)61andtwoparentDiels

Alderreactions:thecycloadditionbetweenbutadieneandethy-

lene,togetherwiththecycloadditionbetweendiacetyleneand

acetylene62.Itwaspossibletotracktheelectronicactivityand

distinguishwhetherπorσelectronicfluxisdrivingthereaction

alongξ61,62.

3 ComputationalDetails

ThecycloadditionreactionbetweenC60andcyclopentadienewas

studiedwithawell-testedDFTmethod.TheM06-2Xexchange-

correlationfunctionalwasusedforallatoms.The6-31G(d)ba-

sissetwasusedinconjunctionwithTruhlar’sselectedexchange

correlationfunctional. TheBernySynchronousTransit-Guided

Quasi-Newton(STQN)algorithm63,64wasusedinsearchingfor

theTSgeometries65,66, whichwereconfirmedthroughvibra-

tionalfrequencycomputations.Then,reactionsleadingtoward

the[5,6]and[6,6]reactionpathwayswerefollowedthroughthe

intrinsicreactioncoordinate(ξ,IRC)bymeansoftheIRCproce-

dureasimplementedinGaussian0937–39,67.Allalongthereac-

tioncoordinatetheinteractionbetweenC60(Ih)andcyclopenta-

diene(C2v)takesplaceunderaCssymmetrypathway.Thecut-

offsusedtoensuretheCspointgroupintheIRCcomputations

weresettobeloose(thresholdof0.1Å).Singlepointcalcula-

tionsonthegas-phaseM06-2Xgeometrieswerecarriedoutus-

ingthedomain-basedlocalpair-naturalorbitalcoupledcluster

(DLPNO-CCSD(T))scheme68–72inconjuntionwiththecc-pVTZ

basisset73. Densityfittingwasusedtocomputetwoelectron

integrals74.TheOrca4.0.1Softwarepackagewasusedforthe

DLPNO-CCSD(T)/cc-pVTZcomputations75.

Forcomparativepurposestheprofilesarepresentedinare-

ducedreactioncoordinate(RRC,ξ∗i)inwhichreactantsandprod-

uctsatξ∗Randξ
∗
Pare0and1,respectively.EachpointontheRRC

(ξ∗i)iscomputedasfollows

ξ∗i=
ξi−ξR
ξP−ξR

(10)
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wereξicorrespondstopointiontheIRC.ForagivenpropertyA

definedinbothcoordinates,itfollowsthat

dnA(ξ)

dξn
=Ωn

dn

dξ∗n
A(ξ∗), Ωn=

1

(ξP−ξR)n
(11)

4 ResultsandDiscussion

ThecycloadditionreactionbetweenC60andcyclopentadienewas

computedalongthereactioncoordinate,energyprofilesforthe

[5,6]and[6,6]pathwaysaredisplayedinFigure3(a).Activation

energiescomputedattheM06-2X/6-31G(d)levelwerefoundto

be22.7and6.5kcalmol-1forthe[5,6]and[6,6]reactionpath-

ways,whilethepredictedexothermicitiesare-4.9and-27.1kcal

mol-1(bothactivationandreactionenergiesreportedabovewere

computedusingtheenergiesoftheisolatedreactants). ∗ As

previouslyreported29,76,theoccurrenceofthe[6,6]cycloaddi-

tionisfavoredbothkineticallyandthermodynamicallyduetoits

relativelysmallactivationenergyandmoreexoenergeticcharac-

tercomparedtothatofthe[5,6]reaction.Byinspectionofthe

energyprofilesshowninFigure3(a)itcanbeseenthatbothre-

actionpathwayscanbeclassifiedasanti-Hammond,withalate

transitionstateclosertotheproduct(ξ∗>0.5)77.However,the

TSinthe[5,6]isfoundtobemuchclosertotheproductthanthat

onthe[6,6]path.

Experimentally,ithasbeenfoundthatthereactionproduct

ofthe[4+2]cycloadditionreactionbetweenC60andcyclopen-

tadieneonlygivesthe[6,6]adduct, without manifestationof

subsequentringopenings28,78,79. ReactionsofC60withcy-

clopentadieneandotherdienophileshavebeenexperimentally

reported,inwhichthecycloadductsformedaresometimesun-

stableandpronetoreverttotheformationoftheinitialreac-

tantswithelevationoftemperature26,80,81.Theavailableexper-

imentaldatashowsthattheactivationenergyforthecycload-

ditionbetweenC60andcyclopentadieneis6.9kcalmol
-1asre-

portedbyPangand Wilson80whichagreesverywellwithour

findings. Furthermore,Giovanneetal.reportedanactivation

energyof26.7±2.2kcalmol-1forthecorrespondingretroDiels

Alderreaction81. Fromthesuitablesubstractionofthesetwo

numbers,theexperimentalreactionenergycanbeestimatedto

be-19.8±2.2kcalmol-176.Theactivationenthalpyofreaction

intermsofthereactantcomplexandtheisolatedreactants,∆H‡

and∆H‡isol,forthe[6,6]pathintoluenesolutionwere18.7and

23.9kcalmol-1,respectively.Furthermore,thecorrespondingre-

actionenthalpyenergies,∆H◦and∆H◦isol,werefoundtobe−22.3

and−19.9kcalmol-1. Clearlytheobtainedactivationenergies

disagreewiththeactivationbarriersexperimentallyobtained.

TheM06-2X/6-31G(d)methodhasbeenusedasapartofthe

two-layeredONIOMapproach(ONIOM2),ONIOM2(M06-2X/6-

31G(d):SVWN/STO-3G).Cyclopentadieneandthepyracylenic

moietyinC60weretreatedwiththeM06-2X/6-31G(d)levelof

theorywhiletherestofcarbonatomsinC60weretreatedwith

SVWN/STO-3G.Withthiscompositemethodanactivationenergy

of8.2kcalmol-1isobtainedreferencedtothereactantcomplex

∗Thesevaluesareslightlydifferentfromthosecomingoutfromtheenergyprofilesof

Figure3whicharenotreferencedtotheisolatedreactants.

Fig. 3Energy(a)andreactionforceprofiles(b)forthecycloaddition

betweenC60andcyclopentadienecomputedingasphase. The[5,6]

and[6,6]reactionisrepresentedinblackandred,respectively.Energies

computedattheM06-2X/6-31G(d)leveloftheory.Verticaldashedlines

correspondtotheminimumandmaximumofthereactionforce.These

verticallinesdividethereactioncoordinateintoreactant,transitionstate

andproductregions,respectively.Inthereducedreactioncoordinate,

ξ∗=0isthereactantcomplexandξ∗=1istheproductcomplex(both

withCssymmetry).

and12.1kcalmol-1relativetotheisolatedreactants,thelatter

veryclosetotheexperimentalvalue76.Foramoredetaileddis-

cussionoftheactivationenergieswithrespecttothelevelofthe-

ory,thereaderisreferredtoref76.

Togaininsightsintothereactionmechanism,theRFwasob-

tained,anditisdisplayedinFigure3(b). WithintheRFformal-

ism,thereactioncoordinatecanbedividedintoregionswhere

differentreactionmechanismsmightbeoperating.Thelimitsof

thereactionregionsaredenotedbyverticaldashedlinesinblack

andredforthe[5,6]and[6,6]reactionchannels,respectively.For

numericalresultsextractedfromtheRFformalism,refertoTable

1.Ononehand,itisworthnotingthatwhenthetwopathways

arecompared,thesamepercentageofstructuralandelectronic

expendingisexhibited:73%oftheenergybarrierismainlyused

instructuralreorganizationstoreachtheTSstructure,whereas

onlya27%of∆E‡accountsofelectronicexpenditure.Thisre-

sultisconsistentwiththeworkofFernándezet.al.,wherethe

deformationenergyobtainedbytheactivation-strainmodelwas
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Reaction ∆E‡ ∆E◦ W1(%∆E
‡) W2(%∆E

‡)

[5,6]pathway 26.84 -0.75 19.63(73) 7.21(27)
[6,6]pathway 11.22 -22.38 8.18(73) 3.04(27)

Table1Activationandreactionenergiesextractedfromenergyprofiles

obtainedthroughtheIRCprocedureinthegasphaseattheM06-2X/6-

31G(d)leveloftheory.Thereactionworks(Wi)computedfromthere-

actionforceanalysisarealsoquoted.Energeticvaluesreportedinkcal

mol-1.

Fig.4DLPNO-CCSD(T)/cc-pVTZenergiesforthe[5,6]and[6,6]paths

associatedwiththecycloadditionbetweenC60andcyclopentadiene.En-

ergeticsareinkcalmol-1.

quitesimilarforthe[5,6]and[6,6]attack29.Ontheotherhand,

solelyintermsofenergy,clearlythe[5,6]pathwayexhibitsboth

structuralandelectronicenergieslargerthanthe[6,6]pathway,

whichexplainsthehigheractivationenergyobtainedforthe[5,6]

path.

Toobtainmorereliabilityregardingtheactivationandreaction

energiesandtovalidatetheleveloftheoryusedinthisstudy,

wehavecomputedcoupledclusterenergieswithsingle,double

andperturbativetripleexcitations(CCSD(T))usingtheDLPNO

schemeasimplementedintheOrcasoftware. Coupledcluster

energieswerecomputedovertheM06-2Xgeometriespreviously

optimized,anditwasverifiedthattheycorrespondtoamini-

mumoratransitionstate(seeComputationalDetailsSection).In

Figure4,energiesforbothreactionpathwaysarepresented.As

maybeseenfromFigure4,theformationofthereactantcom-

plexisexoenergeticandinterestinglybothreactantcomplexeslie

roughlyatthesameenergy.Thelatterresultindicatesthattheen-

ergeticdifferencebetweenbothreactionpathsarisesafterforma-

tionofthereactantcomplex,andthereforeformationofitdoes

notplayasignificantroleintheobtentionoftheactivationbarri-

ers.Inthisregard,activationenergieswerefoundtobe20.0and

4.9kcalmol-1,whilereactionenergiesamountto-9.1and-28.9

kcalmol-1forthe[5,6]and[6,6]paths.Interestingly,activation

energiesobtainedwiththeM06-2Xfunctionalareverycloseto

thosepredictedbyDLPNO-CCSD(T).Thisnotonlyconfirmsthe

reasonablechoiceofthemethodologybutalsothereliabilityof

theresultsherepresented.

4.1 Symmetry-AdaptedReactionElectronicFlux

InthissectiontheSA-REFprofilesarediscussed. TheCssym-

metrypathwayinwhichthecycloadditionbetweenC60andcy-

clopentadienetakesplaceallowsthedefinitionoftwoSA-REFs:

JA(ξ
∗)andJA(ξ

∗),followingtheirreduciblerepresentationofG.

TheJA(ξ
∗)andJA(ξ

∗)fluxesaresensitiveforπandσbonding

information,aspreviouslyreported62.Thesymmetrizedorbital

representation(AandA)alongwiththewavefunctionofthe

reactionunderconsiderationisdepictedinFigure5.TheJA(ξ
∗)

isobtainedfromthesymmetric109aand110aorbitalswhereas

JA(ξ
∗)iscomputedfromtheantisymmetric89a and90a or-

bitals.ThetotalREFisthenobtainedasJ(ξ)=JA(ξ
∗)+JA(ξ

∗).

Itisworthnotingthatthe90a molecularorbitalforthe[5,6]

pathwaycorrespondstotheLUMO+1whileforthe[6,6]pathway

theLUMO+2isused.

Fig.5AandA orbitalinteractionsforcycloadditionbetweenfullerene

andC60. OnlyrepresentativeporbitalsareshownforC60. Thedot-

tedlinesrepresenttheσmolecularplane.Thesystems̀electronicwave

functionisshownbelowtheorbitalrepresentation.

Inthepresentcycloadditionmechanisms(forboth[5,6]and

[6,6]paths),threeπbondsarebroken:oneinC60(C1-C1)and

twoincyclopentadiene(Cα-CβandCα-Cβ). Moreover,oneπ

(Cβ-Cβ)andtwoσbonds(C1-CαandC1’-Cα)areformed.

Thetotalelectronicactivityandwhataccountsforπandσ

reorderinginthe[5,6]and[6,6]reactionpathwaysareshown

inFigure6(a)and6(b),respectively. Startingwiththe[5,6]

path,itcanbeseenintheJ(ξ∗)profilethatanon-spontaneous

electronicactivitystartstodrivethereactionfromthevery

beginninguntilreachingaminimumattheendoftheRR(force

minimum). Therefore,inthe RR,bond weakening/breaking

dominatesinthisregionofthemechanism.AttheREFminimum,

theelectronfluxexperiencesastep;itincreasessharplytoreach

amaximumattheendoftheTSR.Thischangeisreflectedby

meansofanincrementoftheelectronicactivity,anindicator

thatbondformingprocessesarepredominantatthisstageofthe

mechanism. Then,thetotalREFdecreasesuntilreachingthe

productcomplexstructurewithJ(ξ∗)=0.Whenthe J(ξ∗)are

comparedbetweenthe[5,6]and[6,6]mechanismsinFigures6(a)

and6(b),respectively,itcanbeobservedthatthesameelectronic

patternisfoundforbothreactions:theREF’s minimumand

maximumcoincidewithRF’sminimumandmaximum.However,
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Fig.6Total,AandA electronfluxesrepresentedbyJ(ξ∗),JA(ξ
∗)andJA(ξ

∗),respectively,forthe[5,6](a)and[6,6]pathway(b).Structuresat

keypoints(labeledasRC,I,II,TS,III,IV,andPC)alongthereactioncoordinateareshown.DistancesaregiveninAngstroms.Verticaldashedlines

correspondtotheminimumandmaximumofthereactionforce.Theverticalseparatorsdividethereactioncoordinateintoreactant,transitionstate

andproductregions,respectively.Inthereducedreactioncoordinate,ξ∗=0isthereactantcomplexandξ∗=1istheproductcomplex(bothwithCs
symmetry).
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the electron flux is more intense in the [5,6] path than that
observed in the [6,6] path. This fact has a preponderant influence
on the difference observed in the activation energies: the more
intense is the electronic reordering in the activation process, the
larger is the activation energy. This general pattern has been
reported previously82.

To gain more information concerning the electronic activity
that takes place along the reaction, the JA′(ξ

∗) and JA′′(ξ
∗) fluxes

are discussed hereafter. In general, it is observed that JA′′(ξ
∗)

prevails over the JA′(ξ
∗) for both cycloadditions along the entire

reaction coordinate, although these differences are stressed at
the flux minimum.

Regarding the JA′(ξ
∗) profile for the [5,6] path (Figure 6(a)), it

is negative all along the RR. The main event here is the weaken-
ing of the π bonds centered in the C1-C1′ bond in fullerene and
the Cα -Cβ and Cα ′ -Cβ ′ bonds in cyclopentadiene (see Figure 1
for labeling of atoms). The weakening and subsequent breaking
of these bonds is prompted by an strong Pauli electrostatic
repulsion as the reactants approach one another44,62. At the
JA′(ξ

∗) minimum denoted by (I), it is observed that the Cα -Cβ

and Cα ′ -Cβ ′ bonds have changed by only 0.01 Å .The C1-C1′

bond remains unchanged with respect to the (RC) structure,
which supports the idea that up to this point weakening over
breaking processes is found. Subsequent to (I) the π electronic
activity, captured by JA′(ξ

∗), is driven toward positive values
passing through the (TS) structure and reaching a maximum at
(III). It is worth noting that at the TS structure the Cα -Cβ and
Cβ -Cβ ′ bond distances are very close with values of 1.41 and 1.39

Å, respectively, denoting a highly delocalized cyclopentadiene
moiety. At (III), the formation of the πCβ -Cβ ′ bond is completed,
according to the JA′(ξ

∗) pattern. Afterwards, the π electronic
activity decreases toward zero, where the π bonds both in
fullerene and cyclopentadiene are formed.

The JA′′(ξ
∗) profile for the [5,6] path shows the electronic

reordering for σ electrons according with the SA-REF scheme
(Figure 6(a)). In the JA′′(ξ

∗) profile the electronic activity
also decreases from the onset of the reaction until reaching a
minimum at (II) located within the TSR. This non-spontaneous
electronic activity is observed due to the weakening of the σ

bonds neighboring the C1 and C1′ carbon atoms in fullerene, as
a consequence of the pyramidalisation of the above-mentioned
atoms in the transition sp2 −→ sp3. This negative peak has
not been observed before for similar DA reactions62. When
the electronic activity reaches a minimum, it increases sharply
until it encounters a maximum at (IV). At this spontaneous
reordering, the formation of the cycloadduct by means of the
synchronous formation of the two σ bonds between C1-Cα and
C1′-Cα ′ is evidenced. At the (IV) stage, the bond distance of
the C1-Cα and C1′-Cα ′ is 1.79 Å, suggesting a loosely bonded
complex. Afterwards the electronic activity decreases toward
the equilibrium condition, reaching zero. At the (PC) structure
the σ bonds formed at (IV) are strengthened and they acquire
a distance of 1.58 Å. Moreover, it is worth mention that an
adjacent bond to the C1-C1′ has been tracked along the reaction

coordinate from (RC) to (PC), and has been selected to account
for the pyramidalization toward the formation of the new simple
bonds. As may be seen, this bond changes in length from 1.45 to
1.53 Å. Similar distortions take place in the vicinal bonds to start
the σ bond formation.

Regarding the [6,6] fluxes, similar tendencies and results are
extracted from J(ξ ∗), JA′(ξ

∗) and JA′′(ξ
∗) (Figure 6(b)). The min-

imum and maximum of the REF and SA-REFs have the same in-
terpretation as those observed for the [5,6] reaction pathway. Fur-
thermore, some differences along the two reaction paths will be
discussed hereafter. Since some differences in terms of the total
REF were discussed above, special attention will be devoted to
the SA-REFs, with the aim of finding differences along the two
competitive paths. When the JA′(ξ

∗) is compared between both
pathways (Figures 6(a) and 6(b)) it can be seen that both minima
lie at the same magnitude ca. −0.5 kcal mol-1ξ -1, whereas the
maximum in these profiles differs slightly, being of larger mag-
nitude for the [5,6] pathway than for the [6,6] one. As shown
in ref.29, this difference can be attributed to the weaker orbital
interactions along the reaction coordinate for the [5,6] attack as
compared to the [6,6] path. It is inferred that a larger π reor-
ganization is needed for the [5,6] path, due to a stronger Pauli
electrostatic repulsion takes place on this path29.

A larger difference in both reaction mechanisms that has direct
consequence in the observed activation barriers is the minimum
observed by entering the TSR in the JA′′(ξ

∗) profile. As can be
observed from the JA′′(ξ

∗) profiles in Figures 6(a) and 6(b), the
JA′′(ξ

∗) reaches a minimum with magnitude |JA′′(ξ
∗)| = 2.5 and

|JA′′(ξ
∗)| = 1.5 kcal mol-1ξ -1 for the [5,6] and [6,6] paths, respec-

tively. This difference is associated with the fact that a larger
energy is needed to distort the corannulenic moiety with respect
to the pyracylenic fragment in the [6,6] path, in the transition
sp2 −→ sp3 of the C1 and C1′ carbon atoms. This argument is
reinforced since the TS in the [5,6] path is more product-like than
that in the [6,6] path, and therefore in this former path more en-
ergy is required to distort the reactants up to the transition state
structure. This energy required for a larger reorganization of the
σ electrons contributes to a higher energy barrier.

4.2 Symmetry-Adapted Kinetic Energy

The kinetic energy of the electrons comes from the application
of a one-electron Hermitian operator whose eigenvalues do not
vary through a symmetry operation. On this basis, the obten-
tion of kinetic energy values belonging to a different irreducible
irrepresentations is possible given the molecular symmetry. In
Figure 7, the kinetic energies associated with each irreducible
representation of the CS point group are shown for each reac-
tion path. TA′(ξ

∗) and TA′′(ξ
∗) represent the kinetic energies of

the electrons that occupy the orbitals that transform as the A′ and
A′′ irreducible representations, respectively. In Figure 7(a), the
TA′(ξ

∗) for both reactions are shown. In this plot two maxima
are seen that account for the π electronic activity, and they are
located at ξ ∗ ≈ 0.5 and ξ ∗ ≈ 0.3 (for the [5,6] and [6,6] reaction,
respectively), which are almost at the same position of the respec-
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tiveJA(ξ
∗)valuesshowninFigures6(a)and6(b).Atthesame

time,aminimumforbothpathwaysisobserved(onceleavingthe

respectiveTSR)thatliesalmostatthesamepositionwherethe

maximumoftheJA(ξ
∗)isobservedinFigures6(a)and6(b).This

decreaseofthekineticenergyforbothirreduciblerepresentations

inthevicinityofthetransitionstatestructurecanbeattributedto

theincreaseinaromaticityofthetransientspecies83–85withdelo-

calizedelectronsthathavelowerkineticenergy86.Thevariation

ofthekineticenergyalongthepathindicatesthatwhenabondis

beingweakenedorbroken(negativeREFvalues)anincreasein

thekineticenergyisobserved,whichpromotesacontractionof

theelectronicdensity.Conversely,whenabondisbeingformed

orstrengthened,adecreaseofthekineticenergyisobserved,pro-

motinganexpansionoftheelectronicdensity.Suchapatternhas

beenreportedpreviouslybyDoubledayandHoukforaseriesof

Diels-Alderreactions87.Theauthorsobtainedthemeankinetic

energyfrommoleculardynamicsandplotteditagainsttheform-

ingC–Cbonddistances.Itwasfoundthatinthetransitionzone

adipinthemeankineticenergyisobserved.AstheC–Cbond

stretchingdominatesthetransitionvectorforDiels-Alderreac-

tions,thekineticenergyisagoodproxyforthe“flux”†along

thereactioncoordinate. Thisisinagreementwithourresults

inwhichtheminima/maximaobservedintheREFprofilesarein

closeagreementwiththemaxima/minimaobservedinthekinetic

energyplots.Thesameconclusioncanbedrawnbyinspectionof

theTA(ξ
∗)valueswithrespecttotheJA(ξ

∗)minimaandmax-

ima.

ItisworthmentionthatinFigure7(a)bothkineticenergypro-

filesfollowquitesimilartrends,althoughtheyappearshiftedone

withrespecttotheotheralongξ∗.However,inFigure7(b)ahuge

differenceintheTA(ξ
∗)energyisfoundatthemaximumforboth

reactionpathways.Theabovementionedmaximaliesalmostat

thesamepositionwhereweakeningoftheσbondsiscarriedout,

whichisobservedasanegativepeakintheJA(ξ
∗)profilesin

Figures6(a)and6(b).Interestingly,thedifferenceinmagnitude

ofthenegativepeakobservedintheJA(ξ
∗)profileforbothreac-

tionpathwayscanbeunderstoodbythepositivepeaksobserved

inTA(ξ
∗).Thus,thelargerσelectronicactivityobservedinthe

[5,6]pathcausedbytheweakeningoftheσbondsneighboring

theC1andC1carbonatoms(promptedbythesp2−→sp3tran-

sition)isfullyconsistentwithalargerkineticenergyforthoseσ

electrons.

5 Conclusions

Wehaveanalyzedthetworeactionmechanismsofthecycloaddi-

tionreactionbetweenC60andcyclopentadienecorrespondingto

the[5,6]and[6,6]attacks.Partitionofthetotalreactionelectronic

fluxJ(ξ∗)intoJA(ξ
∗)andJA(ξ

∗)contributionsallowedustoun-

derstandwhetherπand/orσbondingchangestakeplacealong

theprogressofthereaction.TheJA(ξ
∗)facilitatesunderstand-

ingtheπreordering,whereasJA(ξ
∗)accountsforσbonding

†The“flux”reportedbyDoubledayandHoukdiffersfromthedefinitionoftheREF,

whichcomesfromthechangeoftheelectronicchemicalpotential. The“flux”is

referredtothefingerprintoftransitionstatetheory,i.e.,theTSistheminimumflux

offorward-movingtrajectories–thedynamicalbottleneck.

Fig. 7Kineticenergiescomputedforeachirreduciblerepresentation

(TΓi(ξ
∗))alongthereactioncoordinate. Reportedare(a)Akineticen-

ergy[TA(ξ
∗)]and(b)A kineticenergy[TA(ξ

∗)]forthe[5,6]and[6,6]

reactionpathways.Verticaldashedlinescorrespondtotheminimumand

maximumofthereactionforce;theyareblackandredforthe[5,6]and

[6,6]paths,respectively. Theseverticallinesdividethereactioncoor-

dinatesintoreactant,transitionstateandproductregions,respectively.

Inthereducedreactioncoordinate,ξ∗=0isthereactantcomplexand

ξ∗=1istheproductcomplex(bothwithCssymmetry).

changes.Itwasfoundthatthe[6,6]pathprevailsoverthe[5,6]

duetoaloweractivationenergyandgreaterexothermicity. With

theuseoftheSA-REFitwasfoundthatthedominatingevent

thatdrivestheappearanceofthedifferencesinactivationener-

giesbetweenthe[5,6]and[6,6]pathisduetoanon-spontaneous

σelectronicactivity,whichappearsasaresultoftheweaken-

ingoftheC–CbondsduetopyramidalizationoftheC1,C1’,

CαandCα carbonatoms.Inspectionofthekineticenergyof

bothirreduciblerepresentationsshowedthatwhenabondisbe-

ingweakened/broken(negativevaluesofREF)anincreaseinthe

kineticenergyoccurswhichweassociatewithacontractionof

theelectronicdensityinthevicinityofthechemicalevent.Con-

versely,whenabondisbeingformed/strengthened(positiveREF

values)adecreasingofthekineticenergyisobservedandthere-

foreanexpansionoftheelectronicdensityoccurs.Moreover,the

decreaseofthekineticenergyofelectronssupposetheincrease

inaromaticityinthevecinityofthetransitionstate.TheSA-REF

isausefultoolderivedfromaglobalpropertythatgivesvalu-

ableinformationaboutlocalbondingchangestakingplacealong

areactionpathway.Fromthedetailedcharacterizationandra-

tionalizationofthechemicaleventsinthepresentcontribution,

modulationofreactivitycouldbeachievedasdesired,thuscon-

trollingtheregioselectivityofthiskindofreactions.
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