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Abstract

Addition of benzyne t@arbonnanostructuresan proceed vigd+2) (1,4-addition) or(2+2) (1,2
addition)cycloadditions depending on tBpeciesinderconsideation In this work, we analyze
by means of density functional theory calculatitimsreaction mechanisms for tl{é+2) and
(2+2) cycloadditions of benzyne tanostructuresf different curvaturenamely,Cso anda series
of zig-zag singlewalled carbon nanotube®ur DFT calculationgevealthat except for the
concerted(4+2) cycloaddition of benzyne to zigag singlewalled carbon nanotubesall
cycloadditions studied are stepwise processes withinttial formation of abiradical singly-
bondedintermediate From this intermediatéhe rotation othe benzynemoiety determines the
course of the reactioithe Gibbs energy profilelead to the following conclusion§) exceptfor
the 1,4addition of benzynéo a sixmembered rin@f Cs, all 1,2- and 1,4additionsstudiedare
exothermic processegi) for Cs, the (2+2) benzyne cycloadditiois the mosfavouredreaction
pathway; (ii) for zig-zag singlewalled carbon nanotubethe (4+2) benzyne cycloadditiois
preferred over th@+2) reaction pathway; ana) there is a gradudlecreasée the exothermicity
of thereactionandan increase oénergy barriersas the diameter of theanostructuref carbon
is increased. By making use of the activation strain modelfduisdthat the deformation of the
initial reactants in theratedeterminingtransition stateis the key factor determining the

chemoselectivity of theycloadditions with benzyne.
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1 Introduction

Nanostructured allotropes of carb@uch as fullerene ¢ and carbon nanotubes (CNTSs)
encompass aactivearea of research in many fields of nanoscience and nanotechfdldgyee
decadesfter its discovery fullerene Gois still an attractive material due to its unique structure
andspecific propertie&’ Numerous derivativesan be synthesizeftom Cso with the purpose of
promotingapplications in biolog{,medicine? photovoltaicsl® among other$ 2 There isalsoa
greatinterest inCNTs due totheir large values of modulus of elasticify** their high stability
(they are stable up to 2800 °C in vacuum and 750 °G'f), éiheir thermal conductivityhatis

even betterthan that ofsome good thermal conductors like copi3éf and their particular
electronicand opticalpropertieshat depending on their sidewall curvature, chirality, and local
environmentcan be similar to those of certaimetals or semiconductot§?®® In view of that, it

is not difficult to imagine the synthesis of interesting materials developed from CNTs taking
advantage of #ir outstanding thermal and electrical properties combumiglal high specific
stiffness and streng@i? In fact, functionalized CNTs have been shown to be useful assemblies
in fields of materials, medical and biological scien@e4.However, the actual application of
these nanomaterialshamperedbecaus¢heir selectivepurificationis hard to achievdue topoor
solubility of CNTsin conventional solventsr the formation ofagglomerates because of their

s t r ostagkingtendecies®>2’ These problems can be partiallytotally solvel with proper
chemical modification?®3° The most common chemical reactions used to functionalize carbon
nanostructureare the DielsAlder reaction, the 1;8ipolar(Prato)cycloaddition, photochemical

silylation, carbene and nitrene additions, BiAg@tsch reaction, an{2+2) cycloadditiors.3*-3¢

Thereis experimental evidence describing tfeemicalfunctionalization of fullerenes through
(2+2) arynecycloadditiong(1,2-additiors). To our knowledge, the first study of the reaction of
fullerenes and benzyne was reported by Cabka 3’ already in 1992. These authors found that
the (2+2) benzynecycloaddition (BCYo Gso occursat the [6,6] bonds of & (although they did
not excludethe possibility ofa [5,6] addition) to form mong di-, tri-, and tetreadducts. Three
years later, the group of Nogafhtharacterized by Xay the adduct of thé2+2) cycloaddition

of 4,5dimethoxybenzyne tode This adduct was shown to exhibit a benzocyclobutene structure
attached to a closed [6,6] bond abhdn 2001, Nishimuraet al. were able to synthesize, isolate
and characterize eight regioisomers correspondiradl fmossible [6,6] bisadducts generated by
the (2+2) bisaddition of 4,&dimethoxybenzyne t€s0.3° More recently, Yangt al*° claimed on
the basis of NMR, UWis spectroscopy, and cyclic voltammetry, the formation of an
unprecedented [5,8]pen adduct from th@+2) cycloaddition of benzyne toee In the case of
Cro, the first studies were reported by the group of Taytdf. They found that & can
accommodate up to 10 benzyne addends. FroAthMR spectra they concluded thmnzyne

addition to Go givesfour possible monoadducthreeof themcorresponding t¢2+2) additions
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to [6,6] bonds and one being the result ¢4-82) cycloaddition(1,4-addition)in asix-membered
ring (6-MR). In 1998, Meieret al*® found by Xray crystallography that one of the four
monoadducts generated thetBC to G is a closedcage[6,6] adduct.Two of the remaining
threemonoadductsvere assigned to [6,6] bonds additions and thedasbn the basis of°’C
NMR results was considered the result of a [5,6] attack 7to The first successfuBC to
endohedral metallofullerenes (EMRg3s carried ouin Gd@G:by Guet al** whoreported the
formation of wo different(2+2) monadducts. The addition of benzyne to LagMas shown
to take plac@referentially at the [5]@onds to yield close cyclobute rings*® Echegoyeret al*®
reported that the BC with SaN@Iw-Cso produced two thermally stable cycloadducts
corresponding tthe addition of benzyne to both a [5,6] and a [6,6] bamdonfirmed by the X
ray crystal structure’hese bonds were found to be elongated bubraken in the resulting
cycloadduct (i.e. the carbararbon distance is ~1.65 A in the final proddétlhe (2+2)
cycloaddition of SeN@In-Csowith 4,5-diisopropoxybenzyne also yieddwo adducts that were
assignedto the [6,6} and [5,6}regioisomerd® As far as we know, there is not a single
experimentalvork reporting thg§4+2) BC to (metallo)fullereneslt has been claimed that small

diameter carbon nanostructures like fullerenes promote betté+#Recycloaddition’:3°

Within the chemical functionalization of CNTspme proposals to readwovalent junctions
between functional groups and nanotubes have been already prfvitliedthe case of the BC
to CNTs, nore than one decade ago it was suggesigcthe addition of arynde singlewalled
CNTs (SWCNTs) could lead the synthesis of paddieheellike nanostructure® Later Langa
and coworkerg>* publishel the reaction between benzyne and SWCNfger microwave
irradiationwith a high degree of functionalizatiofhe authors found thatyme addition increases
the mass of SWCNTIsy a factoranging from 5% to 19%confirming thus the functionalization
of these material$n view of that Nagase and coworképgecentlydescribecenergy profilesof
the (4+2) and (2+2) BC to armchair SWCNT<ased ondensity functional theoryDFT)
methodology They determined thahe (4+2) cycloaddition of benzyne in aasited position is
the most favmble for large diameters of the nanotube. For small diameters (<10 AP+Pe
addition in a slanted bond is preferred thermodynamicg#y kinetically the most favable

attack is the one in the perpendicular position.

In summary, benzyne reacts with fullereaesl EMFsthrough(2+2) cycloadditiors that occur
preferentiallyat [6,6] bonds, although there are several examples of [5,6] attawkSWCNTS,
cycloadditionsof benzynecan produce bott2+2) and(4+2) adducts depending on the shape and
curvature of the nanotupas well as their intrinsic electronic natufde mechanistic details of
the BC to all theseanostructuresf carbon haveot beerentirelyelucidatedyetand the reasons
for the chemoselectivity (preference of {#+2) over the(4+2) BC) and regioselectivity (the

[6,6] attack is more frequently found than the [5,6] addition in fullerenes) of the BCs have not
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been discussetd date In this contribution, weaimto provide a comprehensive descriptiamd
analysis othecheme and regioselectivitpf the BC to different nanostructures of carbeimst,

we present a study dioth (4+2) and (2+2) additionsto fullerene Go. A generalization of the
reaction mechanisms occurring iRro@ summarized in Scheme wherein wehaveincluded
terminology that is useful to identify every structure discussed through the whole manuscript.
After defining the potential energy surface ftite benzyne cycloaddition (PEEC) to Ceo, we
discusghe PESBC of the (4+2) and(2+2) BC to zigzag SWCNTsAN equivalent terminology

as defined in Scheme | is also used in the description of the reaction mechanisms studied for zig
zag SWCNTsWe do notconsider armchair SWCNTs becauseirtiieaction pathwaysvere
already discussed in the work by Nagase and cowotkélre effect of the sidewall curvature on

the chemical reactivity of the nanostructures beerirectly analyzed To that aim, v have
investigatedoth(4+2) and(2+2) additionsto carbon nanostructures whose diameter ranges from
14.1A (largediameter zigzag SWCN7J to 6.8 A (i.e. fullerene &).

P4+2)-6

Pz+2)-6,6

Pa+2)5

Scheme 1Generalizedepresentation of the reaction mecharsistudied in the current manuscript. Biradical singly

bonded intermediates are representetf &mnsition satesand final products are labeled BS andP, respectively.

Two subscripts separated by a dash ased to indicate how the species are formiedfact, they refer to
chemoselectivityregioselectivityTh e | eft subscr i(4pd” tadkdd's" ttoh ed evnad tuee swhoeft h'er t
or 1,2addition takes place, respectivebut it alsoacquireshev al ue of “ 566" i nciradieat i ng t he
singly-bonded structuserelated tothe attack ora 566carbon center (i.ea Gsss center, see greatot inthe fullerene

structurg. The right subscriptakes the valuesf“ 5 ” a n ¢hdicaté Wwhetlbheoa 5 oriembeedring (see5-MR

in blug and6-MR in red is under attackbut itcanalsohavet he val ues of “ 5 whether gbrgld  “ 6, 6" t
or[6,6] bond is attacked (see respectively orange and purple lahelahalogouserminology is used for SWCNTSs.



2 Methodology

All DFT calculations wer@erformedusing the Amsterdam Density Functional (ADF) progpam.

Molecular orbitals (MOs) were expanded in terms of an uncontracted set oft@laterbitals

(STOs) ofdoublg ( DZP) -G@an(dTZR)i pdwal ity coeandanesetoig di f f i
polarization functions. STOs correctly describe the asymptotic;ramge and neahenucleus

(cusp) behaviors However, their evaluation for systems with mangns of atoms can be
computationally vey expensive thereforethe frozencore approximatiott was used, which

freezes the corerbitals {.e. the orbitalls of the carbon atomgiuring the sekconsistent field

procedure It was shown that the frozen core approximation has a negligible effect on the
optimized equilibrium geometrié$>® Scalar relativistic correctionsere also included sel

consistently by using the zeroth ordegular approximatio(ZORA).59:6°

Energies and gradients were calculatedhgdacal density approximation (Slater exchange) with
nonlocal corections for exchange (Becke88pand correlation (Perdew88)(i.e. the BP86
functional). Moreover, energy dispersion correcsias developed by Grimfi¢D-) were added

to the DFT energy. It has been shown that dispersion corrections are essentiabificect
description of the thermodynamics and kinetics of reactivtisfullerenes and nanotub&s-or
openshell systems, unrestricted calculations with broken symmetry were perfofmedis

particularly important in the case bifadical intermediates

Geometry optimizationsithout symmetry constraints and analytical frequency calculatiens
performedn the gas phase at tB&86D./DZP level of theoryElectronic energies were obtained
in the gas phaseith the TZP basis at the geometries optimized with the DZP basi8{86
D./TZP//IBP86D2/DZP). In the search o$tationarypoints the QUILD code (quantum regions
intercnnected by local descriptiofisyvas used. QUILD works as a wrapper around the ADF
program; it creates input files for ADF, then executes programand collects energies and
gradients generated by ADF. &ddition, the efficiency of QUILD is reflected in the use of
techniques such as adapted delocalized coordiaatethe fact that this codsonstructs model
Hessians with the appropriate number of eigenvafu€his latter fature is particularly useful

for the search of transition stqfES) structures.

Relative Gibbs energies(A G were determined from electronic energies at thBP86
D2/TZP//BP86D./DZP level of theorytogether withcorrectionsof zeropoint energies, thermal
contributions to the internal energnd entropy determined in the gas phas298tK withthe
BP86D./DZP method considering an ideal gas in stadaanditionslt is likely that the entropy

term may beoverestimated by our ggshase calculations basesh harmonic frequencigs
although we expect a comparable error for the different reaction pathways and, therefore,

comparisonshouldnot be affected by thigpossibleoverestimation of the entropy correctitn.
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Solvent effects were not included in the present calculations sind@Gheusually carried out
in rather nonpolar solvents. The absence of cheegarated species along the reaction coordinate
suggestshat solvent effectareunimportant in this reaction

Finally, in the Supporting Information we provide a detailed descrigtidine construction of the
SWCNT models to be used in computational modeling (see Figurdsadditionaéxplanation

as well as see Table S1 and FiguBeaBd discussion for a comparative study of the benzyne
cycloaddition to SWCNT constructed with difentapproachés Moreover for all structuresve
make sure that the number of cells is suitable foptipose of oustudy;i.e. electronic properties
such as electronic energiegere conveniently converged with respect to the size of the
implemented model (see Table S2 asdociatediscussion).

3 Results and Discussion

This section is divided into two parts. Part | contains a detatladl of the BC to Go with an
exhaustivedescription of the different reaction pathways. Then, by making use of the information
of Part |, in Part Il the reaction mechangsior zig-zag SWCNTE arereported.The introduction
of nanotube®f differentdiameter enables us thscussthe curvature ééct of sidewall BC to
different nanostructuresf carbon The effect of the curvaturs studiedwith activation strain

analyseatthetransition stat®f the(2+2) and(4+2) reactiors.

|. Benzyne cycloaddition to Go

As far as weknow, a detailedmechanisticstudy of the BC to G has not been consistently
establishedyet We, therefore,explore thePESBC to GCso considering thefour possible
cycloadductgproduced fronthe 1,2additionto [5,6] and[6,6] bond and the 1;&ddition to 5
and6-MRs. The Gibbsenergy profile in terms of changes in Gibbs energies for the formation of

the four different adducts is depicted in Figure 1.

In the first stage of the reaction mechaniameactant complexRC) is formedin which the main
interactions betweehenzyne and & are noncovalerff We distinguishtwo arrangements of
benzyne with respect to the fullerene surfd&®€ys and RC+; subscriptsdsand T standing for
displacedsandwichedand T-shaped configuratioras schematized in Figure Nevertheless, a
detailed analysis of the structure and energy of tepseeieds provided in figures S3 and $%
the Supporting Informatiorin the first TS structure,namelyTSses6, benzyne isattacking a C
atom in the ring junction between ofiee-member ring5-MR) and twosix-member ringg6-
MRs) of Ceo to generate a biradical singbonded intermediatésess. In both the TS and
intermediatef he C=C of b etowaya6eMR iofdheaageas shownandScheme 1



TSses6 hasa smallimaginaryfrequencydue to the flatness of tHeESBC, 23.2 cn?, with a
normal modehat suggest a reaction progres®ward an intermediate structure whliradical
character in which only ormarbonin benzynas covalently attached to asés center.The ability

of benzyne to rotaten a very flat surfacalso gves rise to the formation of arientational
isomer |se65 iISoenergetico Isess. More importanly, the description of th€2+2) and(4+2) BC

to Geo can be consistently done from the ideaaofotating benzynebeingthe formation of
biradical singly-bondedintermediate structurebie ratedetermining step of th€+2) reaction
(but notfor the (4+2) addition see Figure 1)or all singl-bonded intermediates and transition
states, we determine theiplet (<> = 2 an@openshellsinglet (<$> = 1 bir@djcal structures
presensimilar energiegabsoluteenergy differencesf ca. 0.5kcd/mol) indicating a weak spin
coupling between thaunpaired electrons of the two fragmentdowever, these energy
comparisons are done thie openshell singletoptimized geometrythereforewe deduce that a
geometry relaxation for the triplet state could slightly stabilize it and, consequently, the ground
state for biradical singhponded structures could be the triplet stétgditionally, it is worth
mentioning that small deformations of sphericah €an bring about an appearance of fine
structure in the electronic energy spectrum as compared to thecgplcase® Still, we assume
that the system follows the singlet potential energy surface thittveghntirereaction pathway
since the singleto-triplet spincrossingis expectedo be not allowed due to the small spin
coupling term of the dipole moment of the transition intedrafact,the major change between
the opershell singlet and triplet spin densities is located in the two radical carbon atoms.
Additional information in the electronic structure and smihit interactions for carbon
nanostructures can be found in the works by Ahdod Pincalet al”*"®
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Figure 1. Gibbs energy profil€in kcal/mol)for the (2+2) (in blue and purpleand(4+2) (in red and greerhenzyne
cycloadditiors to fullerene Go. The energyor the transition state for the rotation toward a [6,6] bovatked with a
star (*), TSe+2-6,6, COrresponds to a line&mansit maximum point (seéigure 2). Blue and purpleoloredAG values
stand for opesshell singlet structures.

As mentioned earlierhe biradical singly-bondedintermediatd s¢s5 and | ses Structure arethe

key structureleading to the different cycloadductssss presents the benzyne faced to-sR,

and thust is the precursor dhe 1,4addition to a pentagonal ringzhereadsss faced to MR
leads to the formation @-MR-basedtycloadducts. At these points, t#e-2) addition of benzyne
can take place ViisSu+2-5 Or TSu+g.6 t0 yield Pu+a.s andPu.2-6, respectivelyThe (4+2) BC to
Ceo is kineticaly hampered in view of the largenergy barriers (more th&0 kcal/mol) as

compared tats (2+2) BC counterpart Moreover, the formation oPu+26 iS an endergonic

process.

The possible rotation of benzynn the intermediate structurssnowevaluated to formulate a

mechanistic pathway leading to tt#*+2) cycloadductas schematized in Figura.Zoincidently

the rotatingbpenzyne mechanism has been formulatex recently for EMFs by Zhao et 4l.
There are two types of bonds to be attacked] and [6,6] bond Fromlsess, only [5,6] bonds
can be attacked to achievefiroduct resulting from th€2+2) BC, P2:2)-5 6. Neverthelessfrom

Ises6 bOth types of bonds are availalitereactgiving rise to eitherPp+2.56 Or Pp+2.66. This

situation showshat[5,6] adducsin Cgo arestatisticallyfavored We haveperformed linear transit

(LT) calculations taassess the energetic cost for the rotation of benzyne in the biradical singly
bondedntermediategsee Figureb, 2c, and 2d Our LT results indicatéhat the carbotwwarbon

bond between benzyne angh @ both structurekssss andl ses5 canfreelyrotatesincethe rotation



occurs in goracticallybarrierless process. In Figurdh dihedral anglap is monitoredin order
to describe the benzyne rotation. Bonds [6,6] and [5,6] are defingerC&t and @=124°,
respectively. In this contex@ in Ises6 must be decreased frob®3° to 0° so as to reach a [6,6]
bond. The maximum point of thénear transit toward a [6,6] bond is given @t50° and it
provides an upper bourhit representing aenergy barrier of 0.53 kcal/m@ee Figure 2b)
This energetic cost is reported in Figure IT&g+266 This small energy barrier for th{g+2)
addition towards the [6,6] bordemonstrates that the ratetermining step for thiprocesss
given bythe precursoil Ssess. FOr the(2+2) BC to a [5,6] bond we were able tocateanother
biradical singlybonded intermediaté2+2s6 resulting fran therotation of benzyne toward a
[5,6] bond (p=124°) from eithetsess (P=103°) orlse65 (=174°)(seerespectivelffigures 2c and
2d). This rotationdoes not lead to a ring closwae observed for [6,6Unlike the barrierless ring
closure on a [6)6bond, the course of tH@+2) BC is slightly hampered by an energy barrier of
3.4 kcal/mol characterized by a true transition séawociated to thémembereding closure

TSe+2)-5,6.

Our complete analysis of th@+2), and(2+2) cycloaddition to & indicatethat the(2+2) BC to

the [6,6] bond of Gp is the most kinetically and thermodynamically favored reaction pathway.
However thedifference in Gibbs energy barriers betw§g®] and [6,6]additionsis small as a
result we do not entirely discard the possibility of observing2k&) BC on a [5,6] bondThese
results are in line with thexperimental observation that ori®+2) BC are observed in fullerenes
and that both [6,6] ani®,6] additions have bearporedin the literaturewith the [6,6] addition
being more frequently observed than the [5,6]8ri&**42
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Figure 2. Schematic representation of the rotation of ben#yreugh stationary structures before ring closaj&or
a nly thetwapcarbos ataine ih & [6,6 lwbnd and the two aryne onesnialtied.
b) Linear transit (LT relative energyvith respect tdses) for the rotation of benzyne frohssss toward a [6,6bond; c)

LT for the rotation of benzyne fromsss toward a [5,6] bond; d) LT for the rotation of benzyne friasss toward a

We havealsoinvestigated the possible opeage structure dP+2.56 andP+2.66. Our results
suggest that an operage structure d?2+2.6,61S NOt possible since we were not abléotze any
structure withalong (> 2 A) attacked GC [6,6}-bond Neverthelessan opercageP 256 Was
characterized to be a loeainimum structure; yet the Gibbs enerqy this structure is 4.3
kcal/mol abovéhe energy oits closedcagecounterpartBesides, the maximum point of a linear
transit going from closed to operage is calculated at 5.6&&/mol (seeFigure $ in the
Supporting Information)The structural deformation ithe opencageP+2s5,6 is significantly
largerthan that othe closedcage cycloaddudby 57.3 kcal/mdl. This is partially but not fully
compensated by the large interaction energy in -@ageP-+».56 due to better frontier orbital

interactions among the deformed benzyne agich@ieities’”> We conclude that a closedge
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productis more likely to be observed. In this regawdr results resemble the work of lyoeta
al.,®® wherein the closedage product on a [6,6] bond is the most stabilized cycloadduct and it
can be produced with a leenergy barrigreven though it is also suggested that the BC on a [5,6]
may be kinetically competitiveOn the other hand, when the reactant isdibbithoxybenzyne,
Yang et al®® suggestd the formation of an opecage[5,6] cycloadductbased on indirect
evidence taken frofH and*C NMR, UV-vis spectraand cyclic voltammetry resultromour
calculations andaking into accounsimilar experimental eviden¢&*’ we concludethatthe BC

to Cso can be conducted toward the formatiorboth cycloadductdz+2.66 andP+2-56 but we
cannot support thieypothesiof openrcage structures.

Il . Benzyne cycloaddition to SWCNTsand the curvature effect

aromatic w-sextet

Y oo

The Clar structure has the largest
e " number of aromatic n-sextet
b)

The Clar structure for a 2-cells
armchair SWCNT

Scheme2. Gr aphi cal r epr es e n tsaxtet riderim) phenattrenend®)a 2cell asnchair o mat i ¢
SWCNT. Therule statesthattal ar structure is the one-sextettFbragitee | argest

polycyclic aromatic hydrocarbon (PAH), the Clar structure is the structure that better agrees with the experimental
behaviorof the PAH.

Modelsdesignedo construct SWCNTander the Clar theorflyave beemamed finitelength Clar
cells (FLCC) and we refethe readerto the seminal papers dealing withis subject®®° In this
regard, wanake use ofomplete Clar networksvhich are fully benzenoid structurése Scheme
2). These structures amore sable than their counterpart Kekulé structues aromaticity
provides stability to conjugated systems due to the nature of molecular o¥it&tdHowever,
by taken into consideration a molecular orbital model based on edvigglap arguments, the
aromatic character of molecular systems involvirgjectronshas been purposed to seongly

influenced by the geometry difie ring structure as a result a regard or distorted geometrical
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arrangement indeed affects the aromaticity, or antiaromaticity, in the s¥steim addition,
completeClar network models foSWCNTs are fully benzenoid structurdsave closedhell
singlet ground state@t variance with many nelRLCC) andreachfaster convergence in their
electronigproperties with respect to the number of cells of the nanotubednaentional models
for SWCNTs.In this FLCC classification we select threkfferentstructures(9,0), (12,0} and
(18,0ySWCNT.Additionally, weincludesomeFLCC structuresacking completeness of the Clar
networksuch ag8,0)- and(13,0)SWCNT.AIl models are represented in Figure 3.

Figure 3. Finite-length Clar3-cellsmodels and unit cell®or a) (9,0-SWCNT; b) (8,00SWCNT;

andc) (13,0}SWCNT. Models for (12,0 and (18,00SWCNT follow the same structural pattern

as (9,0)SWCNT.Benzenoiccentresstudied in this contribution atéghlightedwith a grayfilled
hexagon.Dangling bonds are saturated with hydrogen atoms.

The BCto (9,0)SWCNT s firstly describedsince the mechanistic details are exactly the same
for all consideredBWCNTSs As can be seeim Figure 4 the reaction starts witthe formation of
RCqs (atruelocalminimumpoint in thePESBC) followed by TS structuredor eitherthe (4+2)

or (2+2) BC. We were not able to optimizzeRCr structure Like the BC to G, we confirmed
TSees6 to be a transition structukgith a frequency of 254iZn! associated to a normal mode
connectingRCqs and theintermediate structuréssss. TO reachTSesss, benzyne has tbe
approximate to the nanotube surface with opiethearyne carbon atosmatadistance of 2.01 A
anda dihedral angle (as described in Figure 5ap of 6. @lfe formation of theintermediate
strucure lesss has aGibbsenergy barrier of 9.8 kcal/moDbservethat both TSgess and leess
presenbneof thearyne carbon atosoriented toward a £ centreof the nanotubeand the other
onetoward a6-MR (following the definitionsintroduced inScheme 1)Therefore the benzyne

rotation observed in the case ab @ yield the different cycloadducts also occurs in SWCNTSs.

12



AG (kcal/mol)
N
(%2}
o

R

o

o
1

-35.0 -

P[4+2]-p

45.0 - -40.4

Figure 4. Gibbs energy profiles for th@+2) (for blue and red lines benzyne is respectively added in parallel and
oblique positiorwith respecto the nanotube axis) arfd+2) (black line) benzyne cycloadditions to (3B)WCNT.
Blue and red colared AG valuesstand for opesshell singlesstructures.

Once the biradical singlbonced intermediatelssss is formed the final (2+2) cycloadduct

formation can take place via two different pathways: the attack of benzyne following a parallel
orientation “p” with r engnpbluein Figure 4),tohiranobdiquet ube a
fashion “o0o” (in red, Figure 4). One could ther
intermediates that arise from these two orientationd 4.8, or | 2+2-.. Theformercould not be,

however, characterized since {28-2) BC evolves toward the ring closure before the rotation of

benzyne inlesss is completed(check LT calculations in Figure 6. As a matter of fagtthe

biradical singlybonded intermediatgsss localizes benzyne with distance of .54A andg 200

and therotation toward a parallel position meamglucingg to 0°. Analogously, the oblique
position i s.Infthe gasedof 6a+P) B@inphralleldrientation we infact optimizel

afrs-or der saddl e point at @=19°. The vibratione
negative frequency of5.3i cn* due to the flatness of the PIBE; and the associated normal

mode suggests that this is a transition state for the rotation of benzynés§sertoward the

parallel position(i.e. TSessp). Nonetheless, themall energy barrieof 3.7 kcal/mol calculatd

with TSeeep indicatesthat the reaction evolves to the formation B+, practically in a

barrierless process (sdetails inFigure $); thusl 2+2-, andTSe+2., could notbe characterized.

In the case of the oblique position, we optimized anotherdirstd er saddl e point at
with the unbounded carbatom in benzynesloser to the unbounded carbon atom in (9,0)

SCWNT (2.44 A this distance is 2.86 A itesss). The vibrational frequency calculation

confirmed a negative frequency #79.5 cnt! associated to a normal mode resembling a ring

13



closure; therefore waistinguishthis structure as a true transition state for the ring closure of the

(2+2) BC in obliqueposition, TSp+2-0. Since TSp+2-0 iS Not exactly localized at the oblique

position(p = 1 Pw Yeduce that the reaction can proceed withoetiousformation ofl +2-o.

The energy barrier calculated wills+2-0 is also small2.6 kcal/mol thus concluding that the

(2+2) BC can equally proceed at parallel and oblique position

El) parallel  ¢@=0°

AG*=9.8 kcal/mol

oblique  @=120°

TSwu:2)p 3o AGH=49kcal/mol ¢ 01300
d2=2.854A __ S~ _di=2.4984A f L

Figure 5. Schematic representation of the rotation lagat orientatiorof benzynen the differentstationary structures
before ring closureccurs a) A di hedr al a n g | emagkedicarbordadoms ane used linythe t h e
depict

structural description of intermediate and transition state structures throu@t+#h&C. b) Atiitan gl e 0

and used in the structural description of@e2) BC.Gi b b s e n e r ¢§and sine relevarg distancAsG@re given

between blacknarked carbon atorrfer TSs.

In the case of thét+2) BC, Pu-+2-0 is highly destabilizedince its energy lies 9.2 kcal/matbove

the energy othe reactantsconsequentlybenzyne can only adub the parallel positionwith

respecto the nanotube axis. In thisgard,a TS structure was alsobtained(with an imaginary

frequency of 39.i6cn?, see linear transit in Figure7Sn the Supporting Information)n RCgs,

benzyne is completetyitedwi t h  0thedilDande® is definedin Figure H) and the aryne

carbon atoms are localized at 3.27 A from the nanotube suffageachTSu..p thetilt angle

is reduced 0 = 1 3a@dbdn2yne isapproximate tothe nanotube suateata distance o02.50
A, which islonger than the distance TSss66 (cOmparefigures 5a and 5bY.he structurd Susa-

p depicted in Figurelbis a concerted transition state leadin@{e2-p, with a Gibbsenergy barrier
of only 4.9 kcal/mol.We conclude therefore th#he (4+2) BC to (9,0)SWCNT in parallel
position is both kinetically and thermodynamicaiwored This notwithstanding, the binding
energies of benzyne to (9:8WCNT forthe (4+2) and(2+2) differ only by a few kcal/mol as

reported recently by Vasiliest al in a series of zigag SWCNT’

14
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The mechanism as formtéal in (9,00SWCNT can be also applied for the rest of the structures
under consideratiorin Table 1we report reaction energieA & for the formation obenzyne
cycloadducts as well ke initial activation energi.’ (i.e. the energy barrigrom thereactant
complexto the following TS. Resultsin Table 1demonstrate that th@+2) BC is alwaysthe
preferred reaction pathway for finithameter zigag SWCNTs because of tlsebstantially
lower E;'. It is also observethat the larger the curvature of the SWCNT, the lower the energy
barriersand the larger the exothermidtyf the (2+2) and(4+2) additions.Moreover,Pu.2-p is

the most stabilized product in all the casew thus the kinetsand thermodynamgxorrespond

to the same addition

We also investigated the mechanistic details of the BC teberamenoidcenterslike those
reaction sites found at (8;8nd (13,00SWCNTsand nonFLCC structurdthe latter beingig-
zag SWCNTs uniformly cut at the tubsnds with a higéspin ground state and electron
localization at the edges)Ve reach the conclusion that tfde-2) BC in parallel position tmon
benzenoictentersand nonFLCGnodels of §,0)-SWCNTsis still favored(seefigures & andS8
andtables S1 and53 and discussion in ti8ugorting Information for complete details).

Table 1 Initial activation energiesfz) andre act i on energies (AE) in ter ms
electronic energy (kcal/mol) as a function of the diameter of the structufe (A).
= pE
(n,m) diameter
(4+2) (2+2 (4+2 (2+2)

(8,0) 6.26 1.25 4.74 -61.68 -59.49

(9,0) 7.05 1.32 5.67 -57.39 -53.92

(12,0) 9.39 2.36 7.94 -47.88 -45.17

(13,0) 10.18 2.42 7.81 -47.28 -42.61

(18,0) 14.09 5.22 8.90 -39.54 -37.81
8AE is the energy difference between products and

Eal is the energy difference between the first transition state and the reactant complex

Nagase and eworkers® concluded that the activation energy for ladi@meter §,n)-SWCNTs
is lower for thg(4+2) BC; but the(2+2) products are the most stable. Our resuliBable 1show
that a graduahcreaseof the dameter of the SWCNT causes a stemdyeasén E'fand AE f or
both types of BCThis trendresembleghe tendency observed by Nagaseal® In zig-zag
SWCNTs, however, the(4+2) addition is for all diameters preferred kinetically and

thermodynamicallyver the(2+2) one.

To explain changes in reactivigue to the curvature of the nanostructwe make use of ¢éh

activation strain model, ASKf°! also known as distortion/interaction mo&et* ASM is a

15



helpful toolto better understarttie origin ofenergy barriers. These barriarganalyzedn terms

of strain and interaction energibstween fragments participating in the formation or rupture of
chemical bondg-igure6 schematizes the ASM for the BC to (98)VCNT.

90.0 -
60.0 | a)
30,0 -

0.0

80.5

TS(4 +2)-p

-0.2 AEstrain 1.2

-30.0

-60.0 4

AE (keal/mol)

-90.0 +
-120.0 A

-150.0 -
90.0 4

60.0 - b)

30.0 4

—e-13.4

-19.2 AE
RCy

TSeee-p
38.9

56.7
36.4

79 AEsm'ain

0.0

-30.0

-60.0

AE (kecal/mol)

-90.0

-120.0 4

-150.0 -

-163

P
192 @+2)p

RCys

-18.9 AE

-55.2 -55.1
Lese-s AE

-62.7

int

-119.4

Reaction Coordinate

Figure 6. Schematic representation of the activation strain model fayttieadditions of benzynt (9,0} SWCNT.
a) Parallel (4+2) BC; b) parallel(2+2) BC. Red, green, andlacklines correspond to strain, interaction, and total

t he
A Estrain"‘

I n

ASM,

AnE The

energies, respectively.

activation energies can

bé=separat

st r &uwhinis the energy geyuirel B deform reactants from their

equilibrium geometry into the geometry they acquire in the activated complex; and the transition

state

i n % ésitha interaction enérdy between the deformezdttants in the transition

state. This model can be extended through all the structures along the reaction coordinate; but

herewe only focus on the localized stationary points. Figarsh®ws that thé4+2) BC to (9,0}

SWCNT evolves with practically meformation of the reactants; while for {2e-2) BC involves

the formation ofntermediatestructures in which the reactamte significantly deformed before

thering closureDespite thdact that(4+2) BC generates a more deformetV® structure { Eiain

= 80.5 kcal/molfor Pu+2p), we confirm that the formation of the lessained 4MR structure
produced through th€2+2) BC (A Ewain= 56.7 kcal/molfor Pp.3-) is not favored due to the
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precedingformation of a biradical singlpondedTS (A Eiain= 7.9 kcal/mol for TSeess), Which
cannot compete with the unstrained concerted transition state @+#BeBC (A Eyan= 1.2
kcal/molfor TSu+2-p). Since the interaction energy is practically the same at the first TS of both
BCs (-14.6 and-15.5kcal/molfor the (4+2) and(2+2) BC, respectively), we conclude that the
strain energy determines the course of the reacTioereforethose cycloadducts produceid a
“less strained” rfaeoeedThé same cpnalusibnwasreasbgdHouk abde
Osuna in a study of a series(df-2) cycloadditiongdo PAHs®®

It is more illustrative tocarefully analyze the TSe n e r ¢ wt thAfiEst step ofthe BC to
SWCNTs Figure7 showst he e v ol Uuind 0 d “w@aEa fuhdiion of the diameter and
shape of th@anostructureand Table 2epors some structural parameters for gpeciesunder
considerationObserve thabenzyne is farther and motited for tubeshaped structures with
smaller diameterd his result agrees with the Hammond postulateftilaws naturally from the
ASM andstates that more exothermic reactions have T3s mitre reactartke charactef**®
In order to examind E for Cqo, the second’Ss (i.e. those TSs related to the ring closliBp-+2
andTSu+2) must be taken into consideration since the firs{TTSses6) is commonfor both BC
Accordingly, it is expected thahe reactants in botfd+2) and (2+2) BC are significantly
deformed at thd'S structure TSp+2 and TSu+2 because one carbon atom aofy @ already
covalently linked to one carbon atom of benzynéhyus bringing about relatively large
deformation (when comparedMoEsinin SWCNTsWwhich is only compensated by largalues
of the interaction energys shown in Figure. Th Cq, the(4+2) TSinvolves a largedeformation
by 7.8 kcal/mol as compared to the correspondif2g2) TS due to thehigher Go distortion
requiredfor theformation of a 6MR ring. Furthermorethe interaction energy foré{2+2) TS
is morefavoredby 9.6 kcal/mol as a resulthe (4+2) BC to Gy is not onlydisfavoredby the
structural strain bulso by the inter@ion energyln the case of the tukghapecdhanostructurg
the interaction between reactants at(®e2) TSis slightly morefavoredthan thé counterpart
(4+2) by 3.9to 04 kcal/mol This outcome certainly suggsshatthe structural strain is the main
factor determining the reactivity tfie carbomanostructureThat isto say for SWCNTSs there is
moredeformation of the reactants in tfg+2) TSs being from6.8to 4.4 kcal/molmore strained
thanthe (4+2) TSs whichin fact hinders the course of tfig+2) BC. The origin of the increased
distortion in the TS as the diameter of the SWdONGreasess due to themore pyramidalized
carbon atoms in the nanotubwith larger diametergn Table 2 the distancesahd d previously
defined in Figure Bare shown. Athe nanotube diameter incregstistances gand d decrease.
Consequentlythe reacting carbon atoms in the nanotuéee to adopt alosersituationto asp™

type geometricatonfiguration which causesnore deformation
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Figure7. St r ai rsag(nteorpg)y aMmEd t r an s i inibottom)asta uncton of thdiaeneter and i o n
shape othe carbomanostructureBlack and blue bars respectivagrrespond tehe (2+2) and(4+2) BC. Green and

red bars account for tiES e n e ¥ g y An A E AnfEfor the (2+2) and(4+2) BC, respectivelyln the case of

Cso, the values correspoitd TSe+2-5,6 and TSw+2-5. For SWCNTsthe first(2+2) TSis compared tthe (4+2) TS.

Thenearly nullvariationin A En: as a function of the diameter of the nanotobserved in Figure

7 can bepartially explained in terms dfrontier MolecularOrbital (FMO) theory.In Table S4 in
the Supporting Information it is repodeHOMO and LUMOenergies of each one of the
fragments (i.e. benzyne and @-SWCNT) interacting inthe corresponding TS for bo{4+2)
and(2+2) BCs. We observe naignificantvariation of the HOMO and LUMO energies of the
interactingfragmentsvhencomparing the smallesagainst the largestiameter nanotube under
study, a result thais attributed to the negligibhariationin A E as the curvature of the structure
is increased, thus resembling our conclusionsttiestructural deformation is indeed the main

factordetermining the chemoselectivity of the cycloadditions with benzyne.

Table 2 Some structural parameters of the main transition state structuresdpcltieddition of benzyne tdifferent

carbonnanostructureDistances in A and anglasdegrees.

(13,0)

(2+2 (4+2

d (0] di d2 6
Cec* 1.505 123.1|1.575 2.302 -
(8,00 2.065 747 |2.498 2.698 134.2
(9,0) 2.005 66.2 | 2.498 2.854 139.1
(12,0) 1.949 62.1 | 2.258 2.811 1495
(13,0) 1.936 61.8 | 2.258 2.791 149.8
(18,0) 1.925 60.9 | 2.165 2.750 150.4

aStructures ar@ Se+2-5,6 andTSu+2)-5
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Conclusions

In this work, we have studied thmechanisms for the sidewall cycloadditions of benzyne to

differentnanostructuresf carbonto account for thehemaelectivity ((2+2) vs (4+2) additions)

and regioselectivity[5,6] vs [6,6] in fullerenes gparallelvs. obliqueadditionin nanotubespf

the reaction.The (2+2) additions are preferred over tlié+2) for Cso and for the armchair
SWCNTs ofsmall diameter, whereahe zigzag SWCNTs and the armchair SWCNTSs of large

diameterfavor the (4+2) attack® From the results obtained inetlpresent workand previous

studies(the following conclusions 2 and dre extractedrom refs.” and 55, respectively)e

reachthe followingpicture forthe benzyne cycloaddition warbon nanstructures of different

curvature

1.

In Cso, ONce thebiradical singly-bonded intermediate structure is formélak rotation of
benzyne in such an intermediate leads to the formatiotosédcage(2+2) cycloadducts in

a practically barrierless process. The attack on a [6,6] botiteatage produces the most
kinetically andthermodynamicallypreferred reaction pathwayn good agreement with
experimental evidence. Nonetheldbg, attack on a [5,6] bond kinetically competes with the
attack on a [6,6] bondhereforethe correspondin [5,6] product an be also observed as
suggested in previous reports based on indirect experimental exddence

For the XsN@Gso (X = Sc, Y) endohedral metallofulleresiéthe situation is similar. The
(2+2) addition is preferred over th@+2) one and the [5,6] and [6,6] attacks compete,
although the former iavoredin the case of SB@ Cso.

For zigzagSWCNTSs, the sidewa(4+2) cycloaddition of benzynm the parallel position to
the SWCNTs is the most kinetically and thermodynamicaligferredreaction pathway.
When the diameter of the zipg SWCNTSs increases, the energy barrier increases and the
exothermicity of the reaction decreases.

In armchair SWCNTZS® the (4+2) cycloaddition of benzyne imabliqueposition is the most
favorablefor large diameters of the nanotube. For small diametersbtiipie(2+2) addition

is preferred thermodynamicallwhereakinetically the mostavorableattack is the one in
the perpendicular (or orthogonapsition.Like zig-zag nanotubes, when the diameter of the
armchair SWCNTSs increases, the reaction becomes less exiutlzgminthe energy barrier

increases.

Thechanges ithemoselectivity and regioselectivity candsg@lained in terms of structural strain

ard interaction between reactant$us,the sidewall(4+2) cycloadditionto zigzag SWCNTs

evolves withpractically nostructural deformation makingttie mostavorablereactionpathway.
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Supporting Information

The construction of conventional singialled carbon nanostructures (i.e. FOlar structures) is depicted in Figure

S1. A detailed explanatiomf how they are builis also provided. In Figure2S the four possible additions to
conventional structure of (9 §WCNT are depicted. Table S1 contains a comparison between reaction energies
(considering reactants, reactant complex, transition states cycloadducts for botfd+2) and (2+2) additions)
obtaired with this model of (9,68WCNT and the one constructed under the Clar theory. Detailed discussion is also
given. In Table S2 the performance of the size of the model implemented to construBWED)T is assessed by
comparing reaction energies caldethfor models constructed with 3 and 6 unit cells for both conventional and Clar
nanotube structureB Figures 8 and &, we reporthe potential energy surface for noncovalent interactions between
benzyne and &. In Figure S5the potential energy sfacce corresponding to the rupture of the attacked [5,6] bond of
Ceo in the (2+2) cycloadducis shown Linear transits around the transition state structures involving the ring closure
of the(2+2) and(4+2) cycloadditions of benzyne to (9;8WCNTare reported ifrigures $ and g, respectivelyThe
cycloadditions of benzyne teenzenoid and nebenzenoid reaction sites are described in Fig8r&&ble STompares

the reaction energies calculated on a benzenoid reaction site with the analogbenzenoid onedn Table S4,
HOMO and LUMO absolute energiese givenfor interacting fragments ithe first TS structure of the benzyne
cycloadditiors. Two examples are reported, orbital energies for fragments benzyne an8\BXNT, and benzyne
and(18,0)SWCNT.Bibliography related to the construction of sinrglalled carbon nanotubes is also reporfgdhe

end of thedocument, Cartesian coordinates dbithbs and electronic energies are provided for all the optimized
structures of reactants, react complexes, transition statéaith their respective imaginary frequengcyand
cycloadducts; including structures derived from conventional hanotube models abhdnzemoid centergs well as
6-unit-cells structures
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