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ABSTRACT 

To achieve a full control on the regioselectivity of chemical additions to fullerenes is a 

major goal in the field of the reactivity of carbon nanostructures. In this work, we 

computationally analyze the regioselectivity of the Diels-Alder (DA) reaction of 

cyclopentadiene to the hollow non-isolated pentagon rule (IPR) #6094C68 fullerene, which 

possesses a triplet ground state. Our aim is to check whether the typically favored [6,6]-addition 

in fullerenes can be shifted to [5,6] bonds in #6094C68 due to the change in their ground states. 

Our results show that the [5,5] adduct is the thermodynamic reaction product whereas the 

kinetic product is the [5,6] bond of type F, adjacent to a pentalene unit. As compared to the 

singlet state, in the triplet state, the Gibbs barrier for the attack to the [5,6] bond of #6094C68 is 

reduced by about 5 kcal·mol–1, the DA cycloaddition becoming more regioselective. Our 

energy decomposition analysis shows that the change of regioselectivity in the DA reaction of 

hollow fullerenes from the usual [6,6] bond to the [5,6] bond in #6094C68 is driven by higher 

stabilizing orbital interactions in the latter bond favored by the spin density accumulation 

around the two pentalene units of the cage. The findings of this investigation complement those 

of earlier studies on the regioselectivity of IPR fullerenes and endohedral metallofullerenes. 
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INTRODUCTION 

 

Fullerenes are hollow cage molecules formed exclusively by carbon atoms arranged in 

a variable number of hexagons and twelve pentagons.1-3 Since the discovery of C60,
4 many 

different hollow fullerenes have been reported. The great majority follows the so-called 

isolated pentagon rule (IPR) formulated by Kroto.5 This rule states that fullerenes with isolated 

pentagons are preferred to those containing adjacent five-membered rings (5-MRs). The reason 

behind this preference is that bonds shared by two pentagons (pentalene units) increase the 

local strain affording less-stable molecules. Indeed, the pentagonal adjacency penalty rule 

(PAPR) quantifies the destabilization produced by adjacent pentagon pairs (APPs) in 19-24 

kcal·mol–1 per APP.6 Stabilization of non-IPR fullerene molecules7 can be achieved by 

releasing the strain generated by fused 5-MRs through exohedral functionalization like in 

C50Cl10
8 or by inclusion of metal clusters in endohedral metallofullerenes (EMFs) such as 

Sc2@C66
9 or Sc3N@C68.

10,11 Non-IPR fullerenes are expected to be more reactive than their 

IPR counterparts. In 2012, the non-IPR fullerene #6094C68 was produced and captured as a 

chloride C68Cl8.
12 #6094C68 cannot be isolated in the bulk and, therefore, this elusive cage is just 

an intermediate that can be captured by chlorination. Interestingly, #6094C68 is one of the few 

hollow non-functionalized fullerenes that has a triplet ground state.13 The stability of the triplet 

ground state of #6094C68 is attributed to the aromatic character of this electronic state13 as 

compared to the antiaromatic character of its singlet state.12 The singlet-triplet splitting energy 

in #6094C68 was calculated to be as high as ca. 8 kcal·mol–1.13  

 

Fullerenes obeying the isolated pentagon rule (IPR) have two different types of C–C 

bonds: the [6,6] bonds in the ring junctions between two 6-MRs and the [5,6] bonds in the 

connection between an hexagon and a pentagon. For non-IPR species, one has also to consider 

the presence of [5,5] bonds (see Scheme 1 for the different bond types). The [6,6] bonds are 

more reactive than the [5,6] bonds in IPR hollow fullerenes, while [5,6] additions are more 

common in EMFs.14,15 From a synthetic point of view, it would be desirable to have a control 

on the regioselectivity of the exohedral cycloadditions to fullerenes.1,16 Several years ago, some 

of us found that successive reductions of C60 (C60
-q, q = 0–6) modify the regioselectivity of the 

Diels-Alder (DA) additions, from the usual [6,6] addition in neutral species to addition to the 

[5,6] bond when the number of electrons added to C60 was higher than four.17 This modification 

of the regioselectivity was explained through the local aromaticity changes in the 5- and 6-

MRs of the fullerene in the reduction process. Electrons added to the cage accumulate in the 5-
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MRs that gain cyclopentadienyl anion character, increasing significantly their aromaticity. In 

this situation, addition to a [5,6] bond of type D ([5,6]D), which involves breaking the 

aromaticity of a unique 5-MR, becomes more favorable than addition to a [6,6] bond of type 

A that destroys the aromaticity of two 5-MRs. Unfortunately, an experimental proof of this 

change of reactivity was not possible because of the difficulties associated with generating 

cycloadducts from highly negatively charged fullerenes like C60
-5 or C60

-6. More recently, some 

of us reported that the regioselectivity of the DA cycloaddition changes from [6,6] to [5,6] 

addition when the spin of the fullerenic cage is increased.18 Indeed, for the triplet C60, the most 

favored addition is already the [5,6] addition. Not only for the triplet, but also for high spin 

states, the most favored product is the [5,6] adduct, whereas in the ground state is the [6,6] 

product. As before, the origin of this change in the regioselectivity is connected to the local 

aromatic character of the molecular cage. In open-shell C60, the spin density accumulates in the 

5-MRs that may become more aromatic by getting more triplet cyclopentadienyl cation 

character. Again, addition to a [5,6]D bond, which involves breaking the aromaticity of a unique 

5-MR, is favored over addition to a [6,6]A bond that cancels the aromaticity of two 5-MRs. 

Despite computations predict a change of regioselectivity when moving from S0 to T1, 

experimental results showed that the DA between isoindene and photoexcited 3C60 also 

generates the [6,6] adduct instead of the predicted [5,6] one.18 By analyzing the reaction in 

more detail, we computationally found that in the T1 state the reaction goes through an 

intersystem crossing (ISC) to reach the S0 state. When this happens, the reaction ends up in the 

ground state therefore affording the expected [6,6] product. 

 

 

Scheme 1. Classification of the different bond types that are present in fullerene #6094C68. 
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 Taking into account that the triplet C60 yields the [6,6] product due to the occurrence of 

an ISC and that such ISC is not expected to occur in #6094C68 because this system has already a 

T0 ground state, we thought that #6094C68 could be one of the few hollow non-functionalized 

fullerenic cages that prefers the [5,6] over the [6,6] addition in DA reactions. To check this 

hypothesis, we have computationally studied all possible additions to #6094C68 (see Figure 1 for 

all different bonds of #6094C68). For the most stable products, we have also located the transition 

states. We anticipate here that our results show that, for #6094C68, the most reactive [5,6] bond 

reacts much faster than the most reactive [6,6] bond. It is worth noting that the DA 

cycloaddition to C68 has been studied before.19 However, the cage considered was the #6140C68 

that has a singlet ground state. For this non-IPR fullerene, the [5,5] bond was reported to be 

the most favored thermodynamically, whereas kinetically the most reactive bond was a [5,6] 

bond of F type next to the pentalene unit.19 

 

 
 

Figure 1. Schlegel diagram of #6094C68 with labels considered in this work for all different 

bonds.  
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COMPUTATIONAL DETAILS 

 

All geometry optimizations were performed with the Gaussian 16 package20 by using 

the UB3LYP hybrid density functional21,22 with the D3 Grimme’s corrections for dispersion23 

and the 6-31G(d,p) basis set24 without symmetry constraints. Analytical Hessians were 

computed to confirm that the optimized structures are indeed minima (zero imaginary 

frequencies) or transition states (one imaginary frequency). <S2> values computed at the 

UB3LYP/6-31G(d,p) values were analyzed for all stationary points of the [5,5], [5,6]D, [5,6]F 

and [6,6] studied reaction paths to assess the extent of spin contamination (See Table S2 in the 

Supporting Information). For the triplet state species, only two <S2> values, corresponding to 

the biradical intermediate and the transition state (TS) of the first step in the [6,6] path, were 

found to have a <S2> value that is higher by a little bit more than 10% of the expected <S2> = 

2. To analyze the effect of the basis set on the optimized geometries, intermediates and TS for 

[5,5] and [5,6]F paths were re-optimized with the 6-311G(d,p) basis set. Superimposed 

geometries and RMSD values (Å) are reported in Figure S9 in the Supporting Information. No 

significant changes were found in any of the re-computed geometries. 

The attacks to the most reactive [5,5], [5,6], and [6,6] bonds were discussed by means 

of the activation strain model (ASM)25-29 of reactivity at the UM06-2X-D3/def2-

TZVPP30//UB3LYP-D3/6-31G(d,p) level of theory. In the ASM, the bonding energy is made 

up of two major components (eq. 1):  

∆E(ζ) = ∆E
strain

(ζ)  + ∆E
int

(ζ)  (1) 

In this formula, ζ is the intrinsic reaction coordinate. The strain energy (also known as 

distortion energy), ∆Estrain(ζ), is the amount of energy required to deform the separated 

fragments from their equilibrium structure to the geometry that they have at position ζ of the 

reaction coordinate. The interaction energy ∆Eint(ζ) corresponds to the actual energy change 

when the prepared fragments are combined to form the overall molecule at position ζ of the 

reaction coordinate.  

The ∆Eint(ζ) term can be further decomposed in the framework of the Kohn-Sham 

molecular orbital model by using the so-called energy decomposition analysis (EDA) 

method.31-34 Within this methodology, the interaction energy is decomposed into the following 

chemically meaningful contributions (eq. 2):  

∆E
int

(ζ)  = ∆E
elstat

(ζ) + ∆E
Pauli

(ζ) + ∆E
orb

(ζ) + ∆E
disp

(ζ) (2) 

The term ∆Eelstat(ζ) corresponds to the classical electrostatic interaction between the 

unperturbed charge distributions of the prepared (i.e. distorted) fragments and is usually 
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attractive. The Pauli repulsion ∆EPauli(ζ) comprises the destabilizing interactions between 

occupied molecular orbitals and it is responsible for the steric repulsion. The orbital interaction 

∆Eorb(ζ) accounts for bond pair formation, charge transfer, and polarization, whereas the 

∆Edisp(ζ) term takes into account the interactions that are due to dispersion forces. Finally, the 

origins of the orbital interactions were analyzed quantitatively by using the NOCV (Natural 

Orbital for Chemical Valence) extension of the EDA method.35 All the EDA-NOCV 

calculations were performed with the ADF program36 at the UM06-2X-D3/TZ2P level using 

the optimized UB3LYP-D3/6-31G(d,p) geometries. Therefore, this level is denoted UM06-

2X-D3/TZ2P//UB3LYP-D3/6-31G(d,p) level of theory. In EDA, open-shell fragments were 

treated with spin-unrestricted formalism but, for technical reasons, spin-polarization was not 

included. This error causes the studied bond to become in the order of a few kcal mol-1 too 

strong, without affecting trends. DLPNO-CCSD/def2-TZVP//UB3LYP/6-31G(d,p) single-

point energy calculations37 with the def2-TZVP/C auxiliary basis set and the RIJCOSX 

approximation for the HF step using the def2-TZVP/J auxiliary basis set were performed with 

the ORCA 4.0.0.2 program.38 The energy barriers obtained at this level of theory show the 

same reactivity trends as obtained at the UB3LYP-D3 and UM06-2X-D3 levels of theory and 

confirm the reliability of the results found with these two latter functionals. For instance, the 

difference in energy barriers for the [5,5]/[5,6] and [6,6] first attack (vide infra) are ∆∆E‡
DPLNO-

CC = 6.1 kcal/mol, ∆∆E‡
UM06-2X-D3 = 9.4 kcal/mol, and ∆∆E‡

UB3LYP-D3 = 12.6 kcal/mol in favor 

of the [5,5]/[5,6] path. T1 diagnostic39 values obtained from DLPNO-CC calculations were in 

all cases smaller than 0.02, indicating the single reference character of the species studied. 

 

RESULTS AND DISCUSSION 

In this section, we discuss first the thermodynamics of the DA cycloadditions of 

cyclopentadiene (Cp) on all different bonds of #6094C68, second, we study the kinetics of the 

most exothermic additions and, finally, we provide a rationale for the energy barriers of the 

most kinetically favored attacks with the activation strain model of reactivity combined with 

the EDA-NOCV method. 

i. Thermodynamics of the Diels-Alder cycloadditions. 

The reaction energies obtained at the UB3LYP-D3/6-31G(d,p) level for the DA 

addition of the cyclopentadiene over all 55 non-equivalent bonds of #6094C68 (see Figure 1) are 

listed in Table 1. It is important to remark that the reaction energies presented in Table 1 are 
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relative energies with respect to Cp and #6094C68 when they are infinitely separated. Table 1 also 

contains the spin state of the final product. In most of the additions, the most stable product has 

a triplet ground state. However, in some particular cases, the final most stable product has a 

singlet ground state instead. For all unsymmetrical isomers, both the endo and exo approaches 

were considered. Table 1 contains the reaction energy of the most favored approach, whereas 

Table S1 lists the reaction energy of all possible attacks. 

Table 1. The predicted reaction energies (∆ER, kcal·mol-1, UB3LYP-D3/6-31G(d,p) level) for 

the Diels-Alder reaction of cyclopentadiene over all non-equivalent bonds of #6094C68.  

[6,6] ISOMERS [5,6] ISOMERS 

Bonda  Spin Bond typeb ER (kcal·mol–1) Bonda Spin Bond typeb ER (kcal·mol–1) 

    1 0 D -13.5 

1 1 B -0.3 2 1 D -4.3 

2 1 B -12.9 3 0 D 5.5 

3 1 A -19.8 4 0 D -16.5 

4 1 A -19.2 5 0 D -1.5 

5 1 A -15.4 6 1 D -4.9 

6 1 B -6.6 7 1 D -3.7 

7 1 B -4.0 8 0 D -2.9 

8 1 B 0.0 9 0 D -0.7 

9 1 C 11.4 10 0 D -16.8 

10 0 B -1.7 11 0 F -23.3 

11 1 B 4.9 12 1 D -15.3 

12 0 C 13.3 13 0 F -31.2 

13 1 B -7.9 14 0 F -20.9 

14 1 A -11.2 15 1 D -9.8 

15 1 B 0.2 16 0 D -6.6 

16 1 B -1.2 17 0 F -21.6 

17 1 B -4.9 18 1 D 0.1 

18 1 A -11.0 19 1 D 6.3 

19 1 B 2.2 20 1 D 3.8 

20 1 B 0.6 21 1 D 6.1 
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21 1 C 22.9 22 1 D 0.9 

22 1 A -12.8 23 1 D 2.0 

23 1 A -16.0 24 1 D 7.1 

24 1 A -14.5 25 1 D 2.4 

    26 0 D -3.6 

[5,5] ISOMERS 
27 1 D -6.2 

28 1 D 2.4 

Bonda Spin Bond typeb ER (kcal·mol–1) 29 1 D 4.8 

1 0 E -38.5 30 1 D 3.2 

a For bond numbering, see Figure 1. b For bond types, see Scheme 1. 

 

As can be seen, in general, the studied DA cycloaddition is not a very exothermic 

reaction. In fact, 20 attacks out of 55 are endothermic. The less reactive bonds are those in the 

ring junctions involving three or four 6-MRS (bond types B, C, and D), which contain the less 

pyramidalized C atoms. On the other hand, all additions to [6,6]A and [5,6]F bonds are 

exothermic. In general, cycloadditions at [5,6] bonds are somewhat more exothermic than [6,6] 

ones with average exothermicities of -5.3 and -4.3 kcal·mol-1, respectively. The most favored 

thermodynamic product is that obtained from the addition attack on [5,5] bond 1 (ΔER = -38.5 

kcal·mol–1) followed by the [5,6]F bond 13 of F type (ΔER = -31.2 kcal·mol–1). The most 

exothermic attack to a [6,6]A bond corresponds to type A bond 3 (ΔER = -19.8 kcal·mol–1). 

Finally, bond 4 is the most thermodynamically favored addition to bonds of D type. The Bell-

Evans-Polanyi plots of several Diels-Alder cycloadditions to fullerenes, EMFs, and polycyclic 

aromatic hydrocarbons show a good linear relationship between reaction energies and energy 

barriers.40-44 For this reason, we analyzed the complete reaction pathway only for the most 

exothermic attacks of cyclopentadiene over #6094C68, i.e., additions to the [5,5]E bond, [5,6]F 

bond 13 adjacent to a pentalene unit, [6,6]A bond 3, and [5,6]D bond 4. The results are discussed 

in the next subsection. 

ii. Kinetic behavior of the Diels-Alder cycloadditions. 

Scheme 2 presents a general overview of the reaction mechanism and Table 2 

summarizes the reaction energies (∆GR, kcal·mol-1) and energy barriers (∆G‡, kcal·mol-1) for 

the most reactive bond of each type. As shown in Scheme 2, Diels-Alder (DA) cycloadditions 

to these systems occur stepwise because of the triplet ground state #6094C68, which sharply 



 9 

contrasts with most DA cycloadditions to fullerenes and endohedral metallofullerenes that 

proceed in a concerted manner.15,45,46  

 
 

Scheme 2. General mechanism of the Diels-Alder cycloaddition involving #6094C68 and 

cyclopentadiene. 

 

Table 2. Reaction energies (∆GR, kcal·mol–1) and energy barriers (∆G‡, kcal·mol–1) for the 

Diels-Alder reaction of cyclopentadiene over the most reactive bonds of #6094C68 in its triplet 

ground state. ∆G‡
concerted refers to the barriers of the Diels-Alder cycloaddition of 

cyclopentadiene to #6094C68 in its singlet closed-shell state. 

 

Cycloaddition GR ∆G‡ ∆G‡
concerted 

[5,5] -18.6 11.3 18.2 

[6,6]A -2.0 25.0 27.0 

[5,6]D -1.1 17.2 20.4 

[5,6]F -12.6 11.3 16.1 

The reaction path leading to the [6,6]A adduct 3 (see Figure S1 in the Supporting 

Information) takes place entirely in the triplet ground state. It is slightly exoergonic by 2 

kcal·mol–1 and has an energy barrier of 25 kcal·mol–1 (Table 2). Overall, the [6,6]A adduct is 

the least favored among the most reactive bonds studied, both kinetically and 

thermodynamically. The reaction paths leading to the [5,6]F and [5,5] products are identical 

until the first addition takes place (Figure 2). For these [5,6]F and [5,5] reaction paths, the initial 

attack of the cyclopentadiene moiety takes place on C44 of #6094C68 (see Scheme S1 in the 

Supporting Information and Figure 3 for atom labels) leading to the formation of a diradical 

intermediate. This process is exergonic by 0.5 kcal·mol–1 and has a Gibbs energy barrier of 

11.3 kcal·mol–1. It is worth mentioning that, in the regioselective chlorination of #6094C68, the 

first addition of Cl to #6094C68 also occurs at the same C44.13 The intermediate formed in this 
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first step, which has a triplet ground state, evolves to the final [5,6]F and [5,5] products via a 

second addition that takes place through an ISC. Such ISC is expected to be very efficient given 

that it is known that 1C60 can undergo ICS to 3C60 with very high quantum yields.47 For the 

[5,5] bond, the second addition is exergonic by 18.1 kcal·mol–1 and has an energy barrier of 

5.9 kcal·mol–1 (see Figure S3). It is worth mentioning here that the resulting [5,5] adduct has a 

singlet ground state. For the [5,6]F path, the second addition is an almost barrierless process (to 

reach the ISC from the triplet intermediate has a cost of less than 1 kcal·mol–1, see Figure S2 

in the Supporting Information), and is exergonic by 12.1 kcal·mol–1. Before reaching the final 

adduct, there is another ISC from the singlet to the triplet state, so the final regioisomer has a 

triplet state with a very low singlet-triplet energy gap of only 0.8 kcal·mol-1. From our 

computational results, we conclude that the [5,5] adduct is the thermodynamic reaction product 

while the kinetic product is the [5,6]F one. Anyhow, our calculations firmly confirm our initial 

hypothesis, i.e. #6094C68 is one of the few hollow non-functionalized fullerenic cages that prefers 

the [5,6] over the [6,6] addition in DA reactions. We have also analyzed the cycloaddition 

reaction on the most favored [5,6]D bond (Table 1). This latter bond appears to be more reactive 

than the [6,6]A analyzed but still much less than its [5,5] and [5,6]F counterparts. Furthermore, 

the geometries of the transition states (TSs) for the initial attack, which is the rate determining 

step of the entire process, are shown in Figure 3. As can be seen, the C–C bond length of the 

bond being formed ranges from 1.95 to 2.16 Ả, with the more exergonic attacks having earlier 

TSs. Finally, we evaluated the effect of temperature on the regioselectivity by re-computing 

the Gibbs energy profile of [5,5] and [5,6]F paths at 373 K (See Figure S8 in the Supporting 

Information). No significant changes were observed with the increase in the temperature. 

 

Such a difference in reactivity between [5,5] and [5,6]F bonds (attack to C44 carbon) on 

one side and [5,6]D bond (attack to C47 carbon) on the other may be attributed in part to the 

higher degree of pyramidalization of the [5,5] and [5,6]F, the latter being clearly influenced by 

the adjacency to a pentalene unit (See Scheme 1). Indeed, the pyramidalization angles48,49 of 

C44, C47, and C61 are 16.1º, 11.9º, and 11.9º, respectively. However, it is also important to 

look at the excess of α spin density (Figure 4) showing C44 with larger lobes of spin density 

than C61 and C47 involved in the [6,6]A and [5,6]D attacks, respectively. We have also 

analyzed the Diels-Alder cycloaddition of cyclopentadiene to #6094C68 in its singlet closed-shell 

state to analyze the effect of changing from the triplet to the singlet state on the reactivity. As 

can be seen in Table 2, the Gibbs energy barriers for the singlet closed-shell state are 2 to 7 

kcal·mol-1 higher than those of the stepwise reaction mechanism, but the regioselectivity 
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remains more or less the same. The most affected attacks are the [5,5] and [5,6]F with Gibbs 

energy barriers reduced by 7 and 5 kcal·mol–1, respectively. Therefore, the triplet state favors 

particularly the reactivity of these two bonds and does almost not modify the reactivity of the 

[6,6]A bond. The higher degree of pyramidalization of the [5,5] and [5,6]F bonds explains better 

the higher reactivity of these bonds. The effect of the open-shell electronic structure is therefore 

important but not decisive. This result is in line with the fact that for the singlet #6140C68, the 

[5,5] bond was reported to be the most favored thermodynamically, whereas kinetically the 

most reactive bond was a [5,6]F adjacent to the pentalene unit.19  

 

Figure 2. UB3LYP-D3/6-31G(d,p) Gibbs energy profile for [5,5] and [5,6]F paths. Electronic 

relative energies are given within parenthesis. All energies are relative energies to infinitely 

separated reactants and are given in kcal·mol-1. Blue color refers to triplet state structures. 

 

Figure 3. The optimized geometries of the transition state for the initial attack of 

cyclopentadiene to the most reactive a) [6,6]A bond b) [5,6]F and [5,6]D bond, and c) [5,5] bond. 

Distances are given in Angstroms (Å). 
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Figure 4. The excess of spin density in #6094C68. Isosurface value of 0.004 au. By convention 

excess α spin density in blue is termed positive. C44, C47, and C61 indicated with an arrow. 

 

 

iii. Understanding the different reactivity trends. 

In this last subsection, we applied the Activation Strain Model (ASM) of reactivity to 

quantitatively understand the origin of the different reactivity of the [5,5], [5,6]F, and [6,6]A 

most reactive bonds of #6094C68. We applied the ASM to the initial attack, which is the rate 

determining step, from the reactant complex to TS1 (see Scheme 2). [5,5] and [5,6]F 

cycloadditions share the same initial attack. Figure 5 shows the computed Activation Strain 

Diagrams (ASDs) for the [5,5]/[5,6]F and [6,6]A cycloadditions from the reactant complex up 

to the respective TS1s along the intrinsic reaction coordinate projected onto the forming C···C 

bond distance. As can be seen, for the [6,6]A cycloaddition, the strain energy is significantly 

less destabilizing than in the [5,5]/[5,6]F attacks from the beginning of the process up to the 

corresponding transition state region. Therefore, the ∆Estrain is not at all responsible for the 

higher barrier computed for the [6,6]A-pathway. At variance, the interaction energy is clearly 

much stronger for the addition on the [5,5]/[5,6]F attacks than on the [6,6]-bond along the entire 

reaction coordinate. This highly stabilizing interaction between the reactants is able to offset 

the higher destabilizing effect of the ∆Estrain, which is then translated into the computed lower 

barrier for the process involving the [5,5]/[5,6]F bonds.  
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Figure 5. Comparative activation-strain diagrams of the Diels-Alder cycloaddition reactions 

between cyclopentadiene and the [5,5]/[5,6]F (solid lines) and [6,6]A (dashed lines) bonds of 

#6094C68 along the intrinsic reaction coordinate projected onto the forming C···C bond distance. 

All data were computed at the UM06-2X-D3/def2-TZVPP//UB3LYP-D3/6-31G(d,p). 

 
 

Further quantitative insight into the factors making the interaction between reactants 

weaker for the [6,6]A cycloaddition can be achieved by means of the EDA method. Figure 6 

shows the evolution of the different contributions to the total interaction energy along the 

reaction coordinate for the [5,5]/[5,6]F and [6,6]A cycloadditions. The ∆Eelstat(ζ) and ∆Edisp(ζ) 

terms are almost identical for the two attacks and therefore are not decisive for the higher 

interaction computed for the process involving the [5,5]/[5,6]F bonds. In contrast, the 

[5,5]/[5,6]F addition clearly benefits from much stronger orbital interactions (∆Eorb) and also, 

from a less destabilizing Pauli repulsion (albeit to a less extent). For instance, at the same C···C 

forming bond length of 2.2 Ả, and for the [5,5]/[5,6]F and [6,6]A, respectively, the computed 

∆Eelstat is -32.4 and -34.4 kcal·mol–1, ∆EPauli 57.6 and 63.9 kcal·mol–1, ∆Edisp -5.7 and -6.0 

kcal·mol–1, whereas ∆Eorb is -38.8 and -29.3 kcal·mol–1. The higher Pauli repulsion for the [6,6] 

attack can be attributed to the close proximity of the CH2 group of the cyclopentadiene to the 

C68 cage in the TS (2.716 Ả for [6,6] TS1 and 2.777 Ả for [5,6] TS1). Therefore, it can be 

concluded that the stronger orbital interactions between the deformed reactants of the 

[5,5]/[5,6]F cycloaddition mainly constitute the origin of the lower barrier computed for this 

attack. 
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Figure 6. Comparative energy decomposition analysis of the Diels-Alder cycloaddition 

reactions between cyclopentadiene and the [5,5]/[5,6]F (solid line) and [6,6]A (dashed line) 

bonds of #6094C68 along the intrinsic reaction coordinate projected onto the forming C···C bond 

distance. All data were computed at the UM06-2X/TZ2P//UB3LYP-D3/6-31G(d,p). 

 
 

Finally, the ∆Eorb term has been further partitioned by using the EDA-NOCV procedure. 

This approach suggests that the main orbital interaction corresponds to the π(diene) → 

πSOMO(fullerene) (see Figure 7, charge flow is red → blue) that leads to the formation of a new 

C–C bond and the accumulation of excess density in the cyclopentadiene. Interestingly, this 

dominant orbital interaction is much stronger for the [5,5]/[5,6]F attack than for the [6,6]A one, 

as clearly viewed from the associated stabilizing deformation energies (∆E(1)) computed at 

the same consistent C···C bond forming distance of 2.2. Å (see Figure 7). We attribute the 

observed difference to the large contribution of C44 to the SOMO of #6094C68 and to the larger 

spin density in this C atom (see above), which is translated into the significantly higher 

<π(diene)–πSOMO(fullerene)> molecular orbital overlap computed for the process involving the 

[5,5]/[5,6]F bond (S = 0.081 vs 0.030). As a consequence of this stronger orbital interaction, 

the total interaction energy between the deformed reactants is also stronger for the [5,5]/[5,6]F 

approach, which ultimately results into the predicted [5,6]-regioselectivity. 
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Figure 7. Plot of the deformation densities (Δρ) of the pairwise orbital interactions between 

cyclopentadiene and the [5,5]/[5,6]F and [6,6]A bonds of #6094C68 and associated stabilization 

energies (ΔE(1), in kcal·mol-1). The color code of the charge flow is red → blue. All data 

computed at the UM06-2X-D3/TZ2P//UB3LYP-D3/6-31G(d,p). 

 

 
 

 

CONCLUSIONS 

 

We have studied the regioselectivity of the Diels-Alder cycloaddition of 

cyclopentadiene to #6094C68 in its triplet ground state. We have shown that #6094C68 is one of the 

first reported hollow non-functionalized fullerene that favors the cycloaddition to a [5,6] 

instead of the typically preferred [6,6] bond. Our results indicate that the [5,5] adduct is the 

thermodynamic reaction product whereas the kinetic product is the [5,6]F one. This change of 

regioselectivity in the DA reaction of hollow fullerenes from the usual [6,6] bond to the [5,6] 

bond in #6094C68 is driven by the more stabilizing orbital interaction favored by the spin density 

accumulation around the pentalene region of the cage.  

  

Our results highlight important differences in the regioselectivity of Diels-Alder 

cycloaddition of IPR and non-IPR fullerenes. For IPR fullerenes, the [6,6] addition is preferred 

in the singlet closed-shell state,45 whereas in the triplet state the preferred attack takes place on 

the [5,6] bond.18 For non-IPR fullerenes, the [5,5] adduct is the thermodynamic reaction 

product and the [5,6]F adduct is the one obtained under kinetic control, irrespective of the 
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electronic state being a singlet19 or a triplet. However, we have found that in the triplet state 

the regioselectivity in favor of the [5,5] and [5,6]F attacks is enhanced by 5 to 7 kcal·mol–1. 

The findings of this research provide additional insights into the problem of the regioselectivity 

in fullerenes and endohedral metallofullerenes, which, in our opinion, may be useful for the 

experimental generation of unusual fullerene derivatives.  
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