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Abstract The Diels–Alder reaction between C60 and

[3]dendralene has been carried out using density functional

theory based Becke’s three-parameter hybrid exchange

functional and Lee–Yang–Parr correlation functional

(B3LYP) method with 6-31G* basis set. The importance

of dispersion corrections has been assessed by performing

calculation at dispersion corrected B2PLYP-D/6–31G*

level. The results reveal that the fullerene can be func-

tionalized using [3]dendralenes. Several new types of

adducts viz. mono (1), bis (1–10 and 1–2), tris (1–10–2 and

1–2–10), tetrakis (1–10–2–20), pentakis (1–10–2–20–3), and

hexakis (1–10–2–20–3–30) can be formed by the stepwise

addition of [3]dendralene due to its multifarious reactive

sites. Furthermore, it is observed that the 1–2 additions are

thermodynamically and kinetically more feasible than the

1–10 ones. The geometrical distortion energy (Edis) exhibits

a linear relationship with the corresponding reaction barrier

heights. The HOMO and LUMO energies of various

reactants elicit that DA reaction is driven by normal elec-

tron demand. It is interesting to note from the energy

decomposition analysis that although the steric effects

dominate the addition reaction, the dispersion interaction

plays a significant role in the stabilization of transition

states. It is evident from the density of state and HOMO–

LUMO gap (Egap) that the functionalization of C60 by

[3]dendralene marginally alters the conductivity.

Keywords Dendralene � Fullerene �Diels–Alder reaction �
DFT � HOMO � LUMO � Activation energy � Reaction

energy � Distortion energy

1 Introduction

Dendralenes are cross–conjugated acyclic polyenes which

are highly reactive and tend to polymerize. Typically,

[3]dendralene is a very volatile solid that dimerizes quickly

[1]. The higher homologues are crystalline and stable

compounds when masked [2–4]. Although, they are more

sensitive and polymerize in solution, they are stable enough

to have been fully characterized by standard spectroscopic

and analytical tools [5, 6]. Further, absorption maximum of

these molecules is similar to that of 1,3–butadienes. The

DA reactivity of [n]dendralenes is multifaceted [7–9].

Dendralenes are very useful building blocks for the syn-

thesis of extended ring systems using DA addition reac-

tions [10–13]. A variety of synthetic protocols for the

formation of mono adducts are available [10–13]. [n]den-

dralene provides means for the straightforward synthesis of

bis and tris adducts. Further, it has been shown that for DA

addition using [n]dendralene dienophile does not have to

be identical in the various stages of the reaction [8].

In natural science, fullerene (C60) is a fascinating mol-

ecule. Owing to its spherical structure of regularly arranged

unsaturated carbon centers, it is functionalizable in three

dimensions [14–23]. Specifically, C60 possesses only one

type of carbon atom and two types of C–C bonds: 30 bonds
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at the 6–6 ring fusions and 60 bonds at the 6–5 ring fusions.

Amongst, various approaches used to functionalize C60,

DA and 1,3-dipolar cycloadditions are the most preferred

strategies. Evidences from different studies show that C60

acts as a powerful dienophile in DA addition due to its

electron withdrawing nature [24–30].

Several experimental and theoretical studies have been

carried out on the DA reaction of C60 with various dienes

[17–23, 31–36]. Krautler et al. have explored the multiple

DA reaction between C60 and 2,3-dimethyl-1,3-butadiene

[31]. They have identified the highly symmetric sixfold

cycloaddition (hexakisadduct) product of fullerene [31].

The yield was found to be *26% [31]. The product

results from the sixfold DA reaction of diene at the six

symmetry equivalent 6–6 bonds located between the six-

membered rings of fullerene. Thus, the extraordinary

regiocontrol observed in the multiple DA reaction has

been addressed by several researchers [31–36]. In the

subsequent work, the reaction between C60 and anthra-

cene as well as with other dienes was probed [32]. Hirsch

and coworkers have also made several important contri-

butions to the addition reaction of C60 [33–35]. Overall,

previous experimental studies have indicated that in DA

reactions the diene shows a clear preference to attack the

6–6 ring fusions of the fullerene core over the 6–5 ring

fusions [31–36].

Previous pioneering theoretical calculations on fuller-

ene provided interesting clues to the reactivity trends in

C60 [37, 38]. Attempts have been made to unravel the

origin of regiospecificity of DA reaction of C60. Geerlings

and coworkers have made significant contributions to the

understanding of DA reaction of C60 and with various

dienes [39, 40]. It is noteworthy to mention here that they

have shown that the reactions are concerted in nature and

proceed through a transition state possessing a consider-

able net aromaticity [39, 40]. Similarly, Sola and

coworkers have made seminal contributions to the

understanding of DA addition of C60 with dienes [41–50].

They have analyzed the regioselectivity of successive 1,3-

butadiene DA cycloadditions to C60 [49]. In that study,

the nine unique possible reaction pathways leading to the

experimentally observed Th-symmetric hexakisadduct

have been investigated [49]. The enthalpy barrier for the

cycloaddition changes from 16.2 kcal/mol in the forma-

tion of the monoadduct to 17.8 kcal/mol for the hexaki-

sadduct and increases slightly with successive attacks

[49]. Therefore, the reaction barrier height increases lin-

early [49].

The versatility of DA reaction of [3]dendralene offers an

attractive means for the functionalization of C60. However,

to the best of our knowledge such a study has not been

reported. Thus, an attempt has been made in this investi-

gation to explore the DA reaction between [3]dendralene

and C60.

2 Computational details

Previous studies have shown that B3LYP method predicts

the DA reactions in good agreement with experimental

results [51–53]. Since optimization of transition state

geometry involving C60 using large basis set is computa-

tionally demanding, efforts were devoted to select suitable

basis set by modeling the DA reaction between the frag-

ments of C60 and various dienes. The different diene and

dienophile combinations are as follows: [3]dendralene-

ethylene, [3]dendralene-5-methylidenecyclopenta-1,3-diene,

[3]dendralene-benzene, [3]dendralene-cyclopenta[fg]ace-

naphthylene, and [3]dendralene-corannulene. It is found

from the previous studies that corannulene behaves similar

to C60 in Diels–Alder cycloaddition [54]. In the case of

model reactions, the geometries of the all the reactants,

TSs, and products were optimized using B3LYP [55, 56]

method employing 6-31G*, 6-311?G*, and 6-311??G**

basis sets without any geometrical constrains. The results

are presented in Supplementary information. It can be seen

that B3LYP/6–31G* is sufficient to model DA reaction

between C60 and [3]dendralene. Hence, the geometries of

the reactants, TSs, and products in the DA reaction

between [3]dendralene and C60 were optimized without

any geometrical constrains using B3LYP/6-31G* method.

Recently, Sola et al. have shown that inclusion of disper-

sion effects is important to obtain results close to the

experimental values [50]. Therefore, to include the dis-

persion energy contributions, total energies of the reac-

tants, TSs, and products were calculated using (Grimme’s

empirical dispersion correction (DFT-D) was used in

combination with the B2PLYP functionals (referred to as

B2PLYP-D)) B2PLYPD/6–31G*//B3LYP/6–31G* level of

theory [57, 58].

The consecutive addition of six [3]dendralenes with C60

were considered in the present study. The TSs were char-

acterized by the single imaginary frequency criterion. The

reactions considered in this study were assumed to follow

the concerted mechanism. The energetics of the reaction

during different stages of addition, geometrical distortion

in TSs, thermodynamics and of kinetics parameters were

derived from the calculations. To quantify the stability of

various TSs, the global hardness was calculated. The total

distortion energies (Edis) of TSs were calculated from the

distortion energies of dienes (Edis(diene)) and dienophiles

(Edis(dienophile)) using the equation given below.
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Edis ¼ EdisðdieneÞ þ EdisðdienophileÞ

(Edis(diene) and Edis(dienophile) are distortion energies of

diene and dienphile, respectively).1

The thermodynamic parameters were calculated in gas

phase at 298.15 K temperature and 1 atm pressure. All the

calculations were carried out with the help of GAUSSIAN

03 [59] suite of program. To unravel the different factors

contributing to the stabilization of TS, energy decomposi-

tion analysis was carried out for the various TSs using

BLYP-D/DZP method employing ADF program package

[60–64].

3 Models

3.1 Various pathways for [3]dendralene addition to C60

Sola and coworkers have clearly analyzed the different

possibilities for the diene addition to C60 [49]. According

to their study, diene can be added to C60 in nine different

ways [49]. The various dienophile bonds of C60 considered

in the present investigation for the DA addition with

[3]dendralene are defined in Scheme 1. Since the reaction

between C60 and [3]dendralene are computationaly

expensive, various pathways for bis and tris adducts are

only considered. For tetra, penta, and hexa additions, only

one pathway was considered.

4 Results and discussion: DA reaction

between [3]dendralene and C60

4.1 Nomenclature and geometry

Broadly, the bonds in C60 are classified as [6,6] and [6,5]

types depending on the neighborhood geometry. As shown

in Scheme 1, the adducts obtained from DA addition of

[3]dendralene with C60 are described based on the position

of dienophile bond involved in the reaction. The position of

the [6,6] bonds in C60 is represented as 1, 10, 2, 20, 3, and 30.
Adopting the nomenclature of Sola and coworkers [49], the

mono adduct formed due to the diene addition at the

position 1 is denoted as 1, and the corresponding TS is

represented as TS1. Similarly, the product obtained upon

subsequent addition of diene to the mono adduct (1) is

represented as 1–10 and the respective TS is designated as

TS1–10. The same nomenclature has been used throughout

the remaining part of the text. In this work, structures and

energy profiles of single mono adducts (1), two bis adducts

(1–10 and 1–2), two tris adducts (1–10–2 and 1–2–10), one

tetrakis adduct (1–10–2–20), one pentakis adduct (1–10–2–

20–3), and one hexakis adduct (1–10–2–20–3–30) have been

considered. As mentioned earlier, other possible adducts

have not been considered due to the computational

demand.

The optimized geometries of various TSs obtained for

the reactions 1?1–10?1–10–2?1–10–2–20?1–10–2–20–
3?1–10–2–20–3–30 are depicted in Fig. 1 along with

important bond distances. Geometrical parameters clearly

reveal that the reactions follow the asynchronic path in all

the stages. It can be found that the difference between

newly forming bonds are 0.759, 0.841, 0.746, 0.437, 0.779,

and 0.794 Å, respectively. Further, the reaction 1?1–

2?1–2–10 is also studied. Corresponding TSs (i.e., TS1–2

and TS1–2–10) are given in Fig. 2 along with important

geometrical parameters. It can be seen that the reaction

along this reaction path leads to the formation of asyn-

chronous product. Calculated asynchronicity values for the

both stages are 0.683 and 0.773 Å, respectively.

Further, examination of the geometrical parameters of

reactants and products discloses that C–C bonds in the

neighborhood of the addition site in the C60 undergo con-

siderable changes. Various bonds present in the neighbor-

hood of addition site presented in Scheme 2. The

geometrical parameters of these bonds are given in Table 1.

The variations in C–C bond distance clearly provide infor-

mation about the changes in the bond order and p-electron

distribution. Moreover, the [6,5] bond distances are signifi-

cantly larger than the [6,6] bonds in all the TSs. Specifically,

the C–C bonds in the products undergo maximum elonga-

tion. These distances range from 1.61 to 1.62 Å for the

reactions. The changes in the geometrical parameters of the

1

1'

2

2'3

3'

[6,6]
[6,6]

[6,6]

[6,6][6,6]

[6,6]

Reaction considered in the study

1 1-1' 1-1'-2 1-1'-2-2'

1-1'-2-2'-3 1-1'-2-2'-3-3'

1:

1 1-2 1-2-1' 1-2-1'-2'

1-2-1'-2'-3 1-2-1'-2'-3-3'

2:

Scheme 1 Schematic representation of the complete series of

dienophile bonds involved in the reaction between [3]dendralene

and C60

1 The distortion energies of diene and dienophile are defined as the

energy difference between the corresponding geometries in transition

state and isolated molecules. that is, Edis(diene) = Edis (diene in

TS) - E (isolated diene) and Edis (dienophile) = Edis (dienophile in

TS) - Edis (isolated dienophile).
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TS1–2 and TS1–2–10 are also similar to the above-mentioned

trend. The elongation in bond lengths clearly reveals the

transformation of unsaturated double bond to saturated sin-

gle bond in the product formation. Further, the neighborhood

bonds in the products retain the trend as observed in TSs.

It can be seen from the results that the dihedral angles of

dienophile undergo significant changes during various

stages of reaction and hence associated alterations in the

p-electron distribution.

4.2 Energetics and MESP

The calculated gas phase activation energy (DE�), activa-

tion free energy (DG�), reaction energy (DEr), and reaction

′′ ′

′ ′ ′ ′ ′ ′ ′

Fig. 1 Optimized geometries of TSs during various stages of the reaction between [3]dendralenes and C60 at B3LYP/6–31G* level

(1?1–10?1–10–2?1–10–2–20?1–10–2–20–3?1–10–2–20–3–30)

′′

Fig. 2 Optimized geometries of

TSs for 1?1–2?1–2–10

reaction path way at B3LYP/

6–31G* level
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enthalpy (DHr) are shown in Table 2. The extent of fea-

sibility of the reaction is clearly evident from the DE� and

DG� values. The DEr and DHr values indicate the stability

of the various adducts. It is interesting to find that the

barrier heights in the case of [3]dendralene with C60

increases linearly from TS1 to TS1–10–2–20. The B3LYP/

6–31G* calculated values are 17.46, 18.08, 20.13, and

21.31 kcal/mol, respectively. The same values obtained

using B2PLYP-D/6–31G* are 19.07, 19.44, 21.40, and

20.15 kcal/mol, respectively. The alteration in the activa-

tion energy with the level of theory may be attributed

due to the inclusion of dispersion interaction in

E

A=[6,6] Bond G=[6,5] Bond

d2d1

(a)

(b)

A
B

C
D

F
B'

C'
D'

E'

F'
A G

A
B F

B'
F'

Scheme 2 a Definition of [6,6]

and [6,5] type of bonds in C60

and important near

neighborhood bonds of

dienophile and b definition of

dihedral angle

Table 1 Geometrical parameters in the near neighborhood of C60 in TSs and products

System [6,6] [6,5] [6,6] [6,5] [6,6] [6,5] [6,5] [6,6] [6,5] [6,6] [6,5] d1 d2

A B C D E F B0 C0 D0 E0 F0

C60 1.400 1.450 1.400 1.450 1.400 1.450 1.450 1.400 1.450 1.400 1.450 138.21 138.25

1 1.611 1.540 1.376 1.480 1.376 1.540 1.538 1.377 1.481 1.377 1.539 113.17 113.20

1–10 1.612 1.540 1.377 1.481 1.377 1.541 1.539 1.378 1.482 1.378 1.538 113.16 113.19

1–10–2 1.613 1.538 1.380 1.476 1.380 1.537 1.535 1.381 1.477 1.381 1.536 113.33 113.37

1–10–2–20 1.616 1.537 1.380 1.477 1.380 1.538 1.536 1.381 1.477 1.381 1.536 113.43 113.38

1–10–2–20–3 1.609 1.538 1.385 1.474 1.384 1.538 1.536 1.385 1.475 1.386 1.536 113.12 113.15

1–10–2–20–3–30 1.610 1.535 1.385 1.475 1.385 1.536 1.538 1.385 1.474 1.385 1.537 113.24 113.24

TS1 1.459 1.503 1.386 1.466 1.392 1.455 1.454 1.394 1.464 1.386 1.503 128.33 128.48

TS1–10 1.459 1.450 1.396 1.465 1.388 1.501 1.503 1.388 1.465 1.395 1.453 129.05 128.99

TS1–10–2 1.460 1.500 1.390 1.462 1.396 1.453 1.453 1.398 1.460 1.391 1.501 129.01 129.16

TS1–10–2–20 1.443 1.463 1.393 1.469 1.388 1.490 1.490 1.389 1.467 1.393 1.464 130.26 130.07

TS1–10–2–20–3 1.458 1.452 1.400 1.464 1.393 1.501 1.502 1.394 1.462 1.401 1.453 128.99 128.72

TS1–10–2–20–3–30 1.465 1.503 1.394 1.464 1.400 1.451 1.452 1.401 1.462 1.394 1.503 128.35 128.71

Other additions (bis and tris only)

1–2 1.609 1.540 1.382 1.472 1.382 1.541 1.539 1.377 1.482 1.377 1.539 113.08 112.98

1–2–10 1.610 1.538 1.386 1.471 1.382 1.541 1.539 1.378 1.479 1.380 1.537 113.24 112.97

TS1–2 1.459 1.500 1.390 1.463 1.393 1.457 1.457 1.395 1.461 1.390 1.500 128.31 128.57

TS1–2–10 1.457 1.503 1.387 1.464 1.397 1.452 1.453 1.402 1.459 1.391 1.505 128.76 128.68

[6,6], [6,5] bond type, d1, and d2 dihedral angles are defined in Scheme 2

Theor Chem Acc (2012) 131:1128 Page 5 of 11
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the calculations. It can be seen the TS1–10–2–20–3 and

TS1–10–2–20–3–30 barrier heights are comparatively smaller

than TS1–10–2–20. Further, the DE� values obtained for TS1–2

and TS1–2–10 are 17.76 and 15.47 kcal/mol, respectively.

These values are smaller when compared with the TS1–10

and TS1–10–2. It is noteworthy to observe that the DE�

values obtained for TS1–10 and TS1–2 are in good agreement

with the results of Hirsch and coworkers [33]. Furthermore,

it can be seen that the trend in the DG� of the reaction is

similar to that of DE�.

The reaction enthalpy (DHr) is calculated for all the

reactions. Results indicate that the reactions considered in the

study are exothermic in nature. The DEr values calculated for

the reaction clearly demonstrates the thermodynamic stabil-

ity of the various adduct obtained during the reaction. Bis

adduct 1–10 and tris adduct 1–2–10 are thermodynamically

stable in the respective category. The calculated DEr values

for these adducts are -20.27 and -22.51 kcal/mol, respec-

tively. The observed trend in the thermodynamics and kinetic

parameters may be attributed to the changes in the symmetry

of the p-cloud of the C60 and the secondary interaction of the

[3]dendralene with the larger dienophile system.

To quantify the changes in the p-electron density, the

molecular electrostatic potentials (MESPs) of the various

systems were obtained from the calculation. The MESP

topographical features of the structural motifs of C60 have

been reported by Gadre and Jemmis as early as in 1996

[65]. They have shown that ethylene, [5]radialene, and

corannulene are predicted to be the structural motifs of C60.

Further, their study revealed that benzene does not fit into

this framework structure [65]. The calculated MESP iso-

surfaces of C60 and [3]dendralene are presented in Fig. 3.

The MESP isosurfaces of all reactants, TSs, and products

for reaction of C60 with [3]dendralene are displayed in

supplementary information. The variations in the MESP

Table 2 The energetics of

various reactions

The values given in parenthesis

are calculated using B2PLYP-

D/6–31G*//B3LYP/6–31G*,

and the energies are in kcal/mol

TSs DE� DG� Adduct DEr DHr

TS1 17.46 (19.07) 31.25 1 -20.73 (-31.55) -17.92

TS1–10 18.08 (19.44) 31.85 1–10 -21.35 (-32.40) -18.45

TS1–10–2 20.13 (21.40) 33.67 1–10–2 -17.48 (-28.55) -14.83

TS1–10–2–20 21.31 (20.15) - 1–10–2–20 -19.21 (-30.23) -16.40

TS1–10–2–20–3 18.93 (20.18) 32.40 1–10–2–20–3 -18.49 (-29.98) -15.87

TS1–10–2–20–3–30 19.97 (21.31) 33.94 1–10–2–20–3–30 -16.03 (-27.72) -13.35

TS1–2 17.76 (18.93) 31.75 1–2 -20.27 (-31.20) -17.48

TS1–2–10 15.47 (17.11) 29.59 1–2–10 -22.51 (-33.44) -19.60

Fig. 3 Molecular electrostatic

potential isosurfaces of

reactants (0.004 a.u)

Table 3 The calculated distortion energies of various systems

TSs Edis
a (eV) Edis

b (eV)

TS1 0.59 0.278

TS1–10 0.627 0.309

TS1–10–2 0.589 0.436

TS1–10–2–20 0.503 0.291

TS1–10–2–20–3 0.61 0.475

TS1–10–2–20–3–30 0.667 2.672

TS1–2 0.602 0.151

TS1–2–10 0.594 0.237

a Edis = diene
b Edis = dienophile distortion energies
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isosurfaces in each step of the reaction reinforce the change

in the p-electron density during the reactions between

[3]dendralene and C60.

The MESP features and associated changes in the

geometrical parameters reveal that there is sufficient

reorganization of double bonds of C60 and [3]dendralene.

Consequently, alteration in the electron delocalization

takes place during various stages of addition and for-

mation of TS to stabilize cyclic adducts in the DA

reaction. These findings are in close agreement with the

previous observation by Geerlings and coworkers

[39, 40].

4.3 Distortion energy

It is interesting to observe from Table 3 (Edis of dienophile)

that C60 undergoes significant structural changes during the

formation of TSs. The Edis values of diene reveal that the

geometrical variation of the [3]dendralene is extremely

large. Therefore, the relationship between the geometrical

distortion and thermodynamics (kinetic) parameters was

probed. The linear relationships between these parameters

are given in Fig. 4. The calculated correlation coefficient

(R) is 0.69.
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Fig. 4 Relationship between barrier heights (relative activation

energy) and the total distortion energy

Fig. 5 Calculated molecular

orbital isosurface of reactants

(0.02 a.u)
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4.4 Frontier molecular orbitals

The frontier molecular orbitals of starting diene and die-

nophile systems are displayed in Fig. 5 (All other are given

in supplementary information). It can be observed from

Fig. 5 that the HOMO of [3]dendralene exhibits two nodal

planes along the r2h and r2v (molecular plane) planes,

whereas corresponding LUMO shows three nodal planes

including molecular one. It can be seen from the LUMO

that two of the three nodal planes are perpendicular to the

molecular plane. Further, It can be seen from the LUMO of

C60 that one of the nodal plane is perpendicular to [6,6]

bond (another nodal plane containing the [6,6] bond) which

can interact favorably with the HOMO of diene. But the

HOMO of the C60 lacks the nodal plane (excluding nodal

plane containing the [6,6] bond) and hence it cannot

interact with the diene. Therefore, the scrutiny of frontier

molecular orbitals surfaces reveals that HOMO of [3]den-

dralene can favorably interact with the LUMO of C60 and

thus the reactions are driven by normal electron demand.

The calculated HOMO and LUMO gaps of various

reactants are given in Table 4. These values reinforce the

same findings.

4.5 Energy decomposition analysis

The calculated various components of the interaction

energy at TSs are presented in Table 5. The calculated sum

of Pauli repulsion and electrostatic terms provides infor-

mation on the steric interaction. It can be seen that the

steric interaction is marginally high for the TS1–10–2–20–3

and TS1–10–2–20–3–30 due to the addition of five and six

[3]dendralenes. It is interesting to observe that minimum

dispersion contribution is found in the case of TS1 which is

about 66%. A maximum of 98% of dispersion contribution

is observed in the stabilization of TS1–10–2–20. Overall

findings reveal that dispersion interaction plays a signifi-

cant role in the addition reaction between C60 and

[3]dendralene.

4.6 Electronic properties of functionalized C60

The calculated density of states for various adducts along

with C60 are depicted in Fig. 6. The vertical red line rep-

resents the energy of Fermi level (Ef). The Ef values are

calculated from the HOMO and LUMO energies at the

same level of theory [66]. Results show that the Ef values

increases linearly with the number of dendralenes and the

electron density near the Fermi level is affected slightly.

The calculated HOMO–LUMO gap (Egap) of the various

products is given in Table 6 along with that of C60. The

calculated values range from 1.42 to 1.98 eV. Examination

of results reveals that changes in the Egap values along

reaction path 1?1–2?1–2–10 are larger than that of 1?1–

10?1–10–2. Further, the calculated Egap values demon-

strates that the adducts 1, 1–2, 1–10, 1–10–2, 1–10–2–20

yield the smaller Egap values than the parent C60, whereas

the other adducts shows the larger values. Thus the elec-

tronic properties of C60 are marginally influenced by the

addition of [3]dendralene.

Table 4 Normal (1a) and Inverse (2b) electron demands calculated

using HOMO–LUMO energies of reactants

Adduct 1a (eV) 2b (eV)

1 2.870 5.120

1–10 3.010 4.750

1–10–2 3.142 4.527

1–10–2–20 3.443 4.352

1–10–2–20–3 3.538 4.171

1–10–2–20–3–30 4.024 4.311

1–2 3.223 4.567

1–2–10 3.670 4.615

1a = LUMOdienophile - HOMOdiene of the reactants

2b = LUMOdiene - HOMOdienophile of the reactants involved in the

formation of the corresponding adducts

Table 5 The calculated various

energy components of various

transition states

All the energies are given in eV

TSs VPauli EElec ESteric EOrbital EDispersion BE

TS1 6.183 -3.129 3.054 -3.396 -0.651 -0.993

TS1–10 6.032 -3.073 2.958 -3.270 -0.669 -0.981

TS1–10–2 6.139 -3.102 3.037 -3.326 -0.669 -0.958

TS1–10–2–20 4.877 -2.553 2.324 -2.336 -0.715 -0.727

TS1–10–2–20–3 6.321 -3.172 3.149 -3.386 -0.670 -0.907

TS1–10–2–20–3–30 6.866 -3.423 3.444 -3.693 -0.678 -0.928

TS1–2 6.045 -3.072 2.973 -3.294 -0.670 -0.990

TS1–2–10 6.232 -3.142 3.090 -3.363 -0.659 -0.932
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5 Conclusions

It is found from the results that C60 can be functionalized

by using [3]dendralene. The geometries of various TSs and

products explicitly provide asynchronous nature of the

product formation and the changes in the p-electron cloud

of the C60. Thermodynamic and kinetic parameters clearly

demonstrate the feasibility of formation of one mono (1),

two bis (1–10 and 1–2), two tris (1–10–2 and 1–2–10), one

tetrakis (1–10–2–20), one pentakis (1–10–2–20–3), and one

hexakis (1–10–2–20–3–30) adducts. Further, the bis adduct

1–2 formation is both thermodynamically as well as

kinetically more feasible when compared with the 1–10.
The geometrical distortion is quantified using distortion
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Fig. 6 Density of states (DOS) of the isolated C60 and various adducts

Table 6 Calculated HOMO–LUMO gaps (Egap) of C60 and various

adducts

System Egap

C60 1.68

1 1.48

1–10 1.42

1–10–2 1.51

1–10–2–20 1.45

1–10–2–20–3 1.96

1–10–2–20–3–30 1.98

1–2 1.50

1–2–10 1.92

All the energies are in eV
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energy which bears linear relationship with the reaction

barrier. The frontier molecular orbitals study shows the

normal electron demand of the DA addition of C60 with

[3]dendralene. The energy decomposition analysis high-

lights that both the dispersion interaction and steric factors

are responsible for the stabilization of TSs. The electronic

properties of the functionalized C60 show that these prop-

erties are slightly influenced addition of [3]dendralene.
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