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Abstract

Diels-Alder cycloaddition reaction is helpful to produce covalent derivatives of fullerene with desirable electronic and physical
properties. In the present venture, we have computationally investigated the reactivity of neutral C60 and its Li+ encapsulated
derivative towards Multi-Diels-Alder (MDA) reaction with 1,3-butadiene, employing density functional theory (DFT). The
computational reports available to date illustrate the functionalization of fullerene surfaces of neutral and encapsulated C60

(Ca and Sm) with two butadiene molecules. In this article, we aim to investigate whether more than two butadiene molecules
can be attached to the fullerene surface or not. To do so, we have shown that the MDA reaction initiates with the formation of an
encounter complex between the mono-functionalized fullerene product and the second butadiene molecule. In this context, two
different approaches, namely ‘Direct’ and ‘Alternative’ have been considered based on the attachment of the second butadiene,
i.e., whether it is attached to the opposite or adjacent position of the first functionalization, which eventually produces the
same final product. We have explored the MDA reactions by considering a total of four diene molecules that can be embedded
successfully on the fullerene surface, with each reaction step having a high degree of exothermicity, thus making the overall
reaction thermodynamically facile. In harmony with the mono- and bis-cycloaddition reactions, for MDA reaction also, the
positive impact of Li+ encapsulation for enhancing the reactivity of fullerene surface towards butadiene attachment is evident
from our study. On-the-fly calculations also suggest the bond preference for [6, 6] connectivity than its [6, 5] counterpart, to
be the suitable dienophile, just like the mono- and bis-functionalization reported earlier. Overall, the present study will foresee
an extensive idea about the detailed mechanism of the MDA reaction on neutral C60 and Li+@C60 that could encourage the
scientists to perform the aforementioned reaction for other fullerene derivatives in the long run.

1. Introduction:

Since its discovery, buckminsterfullerene[1 ] has been considered as an important precursor for several chem-
ical compounds which have wide-scale applications [2-7 ], ranging from material science to biological sciences
[8-10 ]. The functionalization of the fullerene cages including polymeric derivatives has sorted out some of the
problems associated with low solubility and miscibility of corresponding C60 systems[11 ].In the past decades,
a large number of fullerene derivatives have been synthesized and characterized with desirable applications
[12-15 ], such as photoelectric conversion [16 ], magnetic resonance imaging [17 ], cancer therapy[18 ] and so on.
Among the experimental and theoretical methods implemented for fullerene modifications, Diels-Alder cy-
cloaddition reaction[19-23 ] on the fullerene surface and encapsulation of atom/metal cluster/small molecules
into the hollow cage of fullerene [24-27 ] are drawing great scientific attention. In this aspect, selective en-
capsulation of fullerene cages is also observed to offer one of the key techniques in their purification [28 ]. On
the Ih-symmetric C60, mainly two kinds of C–C bond connectivity [29 ] have been observed, namely [6, 6]
and [6, 5]. The [6, 6] bond of fullerene (C60) is found to exhibit much higher reactivity towards Diels-Alder
reactions with dienes[30, 31 ] than that of [6, 5] bond[32-35 ].

In recent decades, extensive studies on the chemical reactivity of endohedral-metallofullerenes (EMFs) have
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. got a new dimension. The EMFs show enhanced reactivity not only towards Diels-Alder[36] but also to
other essential reactions necessary for varied utilization[37] . In this regard, Li+ encapsulated fullerenes
(Li+@C60)[38, 39 ] are of great interest for both experimentalists as well as theoreticians. According to the
studies done by Ueno et al. [40 ], a lesser HOMO-LUMO gap in Li+@C60 compared to neutral C60 is the
principal reason for facilitating [4+2] cycloaddition reaction, inducing significant changes in the frontier
orbitals. As a result, the Diels-Alder reaction of Li+@C60 is 2400-fold faster than neutral C60. However, the
effect of counter anion in Li+-encapsulated C60 during the Diels-Alder reaction has also been explored[41 ].

Cui et al. [42 ] showed the thermodynamic feasibility of cycloaddition reactions between CpH and Ca2+@C60
as well as M+@C60 (M = Li, Na, K, Rb, and Cs). Their computational study inferred that encapsu-
lated cations facilitate DA reactions by altering distortion and interaction energies. Garćıa-Rodeja and
co-workers[43 ] also explored the influence of varied ion-encapsulation (Li+, Na+, K+, Be2+, Mg2+, Al3+) on
the reactivity of the DA reaction between corresponding encapsulated fullerene and 1,3-cyclohexadiene by
employing Density Functional Theory (DFT). Osuna et al. [44 ] reported about the modulated reactivity and
regio-selectivity in Diels-Alder reaction of noble-gas-encapsulated fullerene systems. Recently, Wuet al. [45 ]

observed that [6,5] bond of calcium-encapsulated C60 molecule can be successfully activated in the course of
DA reaction based on charge transfer from the metal atom to fullerene cage.

After reviewing these earlier reported works, it is quite evident that the investigation of the reactivity of the
EMFs in the context of Diels-Alder (DA) reaction is a challenging field of exploration both in terms of the
experiment as well as theory. In our previous study[46 ], we have successfully explored the energetics related
to neutral C60 as well as mono- and di-cation encapsulated EMFs towards DA reaction with 1,3-butadiene,
resulting in mono-functionalized products. But to the best of our knowledge, the reactivity of neutral C60
as well as encapsulated C60 towards Multi-Diels-Alder (MDA) reaction beyond bis-functionalization[45 ] is
yet to be revealed computationally. Under these circumstances, we are going to investigate the sequential
MDA reactions on C60 fullerene surface with 1, 3-butadiene computationally by employing DFT. Moreover,
in the present venture, we have extended our exploration to the titled reaction procedure for Li+@C60 also
to check the effect of metal ion encapsulation on the reactivity of each step of the MDA reaction. In order to
get a clear idea about the bond selectivity, both [6, 6] and [6, 5] connectivities on neutral as well as charged
EMF surfaces (Figure 1 ) are considered separately for MDA reactions. Overall, our objective is to provide
a fundamental understanding of the reactivity of neutral C60 towards MDA reactions and to enquire about
the effect of Li+-encapsulation in the reactions, as mentioned earlier.

2. Computational details:

All electronic structure calculations have been carried out using the Gaussian 09[47 ] suite of the quan-
tum chemistry program. For electronic structure calculations, M06-2X[48 ] functional in conjunction with
6–31G(d) basis set has been employed. M06-2X functional has been well-established for various theoretical
studies such as kinetic and thermodynamic calculations related to Diels-Alder reactions of fullerenes and
metallofullerenes[49 ].This functional is a hybrid meta-GGA functional which was developed by Zhao and
Truhlar. It has been found that Quasi-Newton methods are inefficient in finding the transition-state struc-
tures (first-order saddle points) between the equilibrium geometries. In this regard, Gaussian incorporates
Synchronous Transit-guided Quasi-Newton (STQN) method to search for a maximum along the parabola
connecting the reactant and product[50 ]. A parallel intrinsic reaction coordinate (IRC) calculation [51 ] has
also been performed to confirm whether the transition states connect the right minima or not. Normal-mode
analysis has been carried out at the same level of theory to confirm whether the optimized structures are
local minima (no imaginary frequency) or transition state geometries (one imaginary frequency).The relative
energies of the intermediate adduct (ΔEA) and transition state (ΔETS) concerning the separated reactants
are defined as:

ΔEA= E(intermediate adduct)-E(fullerene/metallofullerene)-E(1,3-butadiene);

ΔETS= E(transition state)-E(fullerene/metallofullerene)-E(1,3-butadiene).

The activation barrier (ΔEa) is defined as: ΔEa= ΔETS-ΔEA.

2
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. All energies reported in the article are zero-point-corrected electronic energy obtained at 0 K temperature
and 1 atm pressure.

Moreover, kinetics study has also been performed to determine the rate of all Multi-Diels-Alder reactions
by employing Transition State Theory (TST) [52, 53 ]. The entire kinetic study has been performed with
The Rate program[54 ].In this program, the molecular rotations are treated classically and the vibrations
are treated quantum mechanically within the harmonic approximation. The rate constant (k) values have
been determined for a temperature range of 100 K - 1000 K with 100 K temperature interval, keeping the
pressure fixed at 1 atm.

3. Results and Discussion:

In our previous study [46 ], we have already explored the DA reaction of single 1,3-butadiene moiety with
normal fullerene and its mono- and di-encapsulated fullerene derivatives. In the present work, we have ex-
tended the study to investigate the MDA reaction on normal fullerene and its mono-encapsulated derivative.
The exploration of the Multi-Diels-Alder (MDA) reaction has been commenced by considering the first DA
product (first functionalization) and 1, 3-butadiene as the initial reactants. Initially, two different approaches
have been adopted for the attachment of the second butadiene on the surface of the first DA product (for
both 6-6 and 6-5 connectivity separately). The pictorial diagram of 6-6 and 6-5 bonds are shown in Figure
1 . The double bond (either 6-6 or 6-5), placed almost opposite to the first functionalization, has been con-
sidered for the second butadiene attachment (Direct Approach) followed by sequential addition of another
two butadiene moieties on the residual 6-6 or 6-5 bonds. In the other approach, designated as the Alterna-
tive Approach , the double bond adjacent to the first functionalization undergoes a second DA reaction
followed by sequential attachment of the other two butadiene molecules on the remaining 6-6 or 6-5 double
bonds. The schematic representation of the approaches considered here is depicted in Scheme 1 . Inciden-
tally, the product formed after two successive DA reactions to the first functionalization, following these two
approaches separately, are identical. Each of the six-membered cyclic transition states corresponding to the
cyclo-addition is observed to be concerted. The optimized geometries of the TSs for MDA reaction on 6-6
bonds of neutral C60 and Li+@C60 and their associated PES diagram are depicted in Figure 2 andFigure
3 for the ’Direct’ approach and Figure 4 andFigure 5 for the ’Alternative’ approach, respectively. The
graphical representation of [?]Ea on varying the steps of MDA reactions associated with 6-6 bonds for neutral
C60and Li+@C60 in ‘Direct’ and ‘Alternative’ approaches is shown in Figure 6 andFigure 7 .

3.1 Direct Approach:

3.1.1 MDA reaction on 6-6 double bond of C60:

The initial adduct, A1
6-6O formed between the 1st DA product (16-6) and butadiene (diene) molecule is found

to be stabilized by 4.2 kcal/mol than the initial reactant pair. The reaction proceeds via the formation of a
concerted six-membered transition state (TS1

6-6O) of activation barrier 15.7 kcal/mol in order to form R1
6-6O,

which is considered as the second DA product. In R1
6-6O, the associated 6-6 bond length and the newly

formed C-C bonds with the butadiene are calculated to be 1.59 and 1.56 Å, respectively. The thermodynamic
feasibility of the reaction is evident from its high exothermicity value of -28.2kcal/mol with respect to A1

6-6O.
The subsequent adduct (A2

6-6O) formation between R1
6-6Oand another butadiene molecule is energetically

32.2 kcal/mol more stable than its former adduct complex (A1
6-6O). A2

6-6O undergoes a third DA reaction
via TS2

6-6O (Figure 2 ) of barrier height 18.0 kcal/mol to generate R2
6-6. This third functionalized product,

R2
6-6 is energetically 24.3 kcal/mol more stable than that of A2

6-6O (Figure 3 ). The fourth DA reaction
is initiated from the adduct A3

6-6, which is found to be situated at -64.6 kcal/mol in the energy profile
diagram. The conversion of A3

6-6 to P4
6-6 requires an activation barrier of 18.2 kcal/mol (TS3

6-6). Moreover,
analyzing the TS geometries of all three DA steps, as depicted inFigure 2 , it is observed that the bond
formation between the diene and fullerene surface occurs almost to the same extent, suggesting the process
to be synchronous in nature.

In short, we have explored the incorporation of a total of four 1, 3-butadiene molecules on the surface of
neutral C60 via the MDA functionalization process, considering 6-6 bond connectivity to be the dienophile.

3
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. Moreover, a gradual rise in the stabilization energy due to consecutive attachment of butadiene molecules to
16-6 is noticeable. The final product, P4

6-6 is found to be-88.5 kcal/mol downhill than the starting reactant,
16-6, suggesting the MDA functionalization procedure to be highly thermodynamically facile.

3.1.2 MDA reaction on 6-6 double bond of Li+@C60:

To check the effect of Li+ encapsulation on MDA reaction, we have explored all three steps associated with
the MDA reaction on 16-6L. It has been well-established that the encapsulation of Li+ enhances the reactivity
of 6-6 double bond of fullerene towards DA reactions and yields mono-functionalized fullerene as the first
DA product[46 ]. Here, we intend to examine whether the effectiveness of Li+ encapsulation during MDA
reaction associated with the 6-6 double bonds persists or not. The second DA reaction originated from A1

6-6OL

(Figure 3 ) is observed to be 7.8 kcal/mol more stable than the initial reactants. The activation barrier
associated with the conversion of A1

6-6OL to R1
6-6OLvia TS1

6-6OL is found to be 11.7 kcal/mol, which is 4.0
kcal/mol lower in energy than its neutral counterpart. The enthalpy change involves in R1

6-6OLformation is
-29.0 kcal/mol, which is ˜1.0 kcal/mol lower than its R1

6-6O fabrication. So, it can be articulated that Li+-
encapsulation successfully enhances the reactivity of encapsulated fullerene towards the second DA reaction
by reducing the activation barrier. As evident from Figure 3 , the third DA reaction is initiated from A2

6-6OL,
which is placed at -44.9 kcal/mol on the PES. The activation barrier associated with TS2

6-6OL (Figure 2
) corresponding to R2

6-6Lformation is found to be 3.6 kcal/mol lower than the neutral C60analogue. The
exothermic nature of this step is also noted from the associated enthalpy change of -26.9 kcal/mol with
respect to A2

6-6OL, which is 2.4 kcal/mol lower than that of neutral C60. For the fourth DA reaction, the
adduct, A3

6-6L (stabilized at-76.9 kcal/mol on the PES) generates P4
6-6Lthrough a transition state, TS3

6-6L,
with a barrier height 14.6 kcal/mol. The end product, P4

6-6L is -101.8kcal/mol downhill than the starting
reactant 16-6L, indicating the entire process to be thermodynamically feasible in nature. In this case, all
three steps are also identified as synchronous processes as the newly formed C-C bonds between the fullerene
surface and diene in the TSs are calculated to be nearly equal in length.

Thus, from our computational analysis, it is evident that for Li+@C60, all three steps of MDA reactions are
more likely to occur both kinetically as well as thermodynamically due to reduced activation barrier and
higher exothermicity than its neutral counterpart. So, it can be inferred that Li+ encapsulation significantly
affects the reactivity in each step of the 6-6 MDA reaction.

3.1.3 MDA reaction on 6-5 double bond of C60:

The initial adduct, A1
6-5O formed between the first DA product (16-5) and butadiene molecule is found to

be stabilized by -4.2kcal/mol than its initial counterparts. The conversion of A1
6-5Oto R1

6-5O involves an
activation height of 26.4 kcal/mol (TS1

6-5O), which is 10.7kcal/mol higher than TS1
6-6O. Though the ther-

modynamic feasibility of the reaction is evident from the exothermicity value of 9.4 kcal/mol, the resultant
product, R1

6-5O is found to be 18.8kcal/mol less stable than its 6-6 fabrication. The subsequent adduct
for third functionalization, A2

6-5O is 13.8kcal/mol more stable than A1
6-5O. During the third DA reaction,

R2
6-5formation needs activation energy of 23.2 kcal/mol (TS2

6-5O), which is nearly 3.0 kcal/mol less than its
former step, but 5.2 kcal/molhigher than its corresponding 6-6 analogue. The adduct, A3

6-5 placed at -35.8
kcal/mol on PES, gives rise to tetra-functionalized product, P4

6-5 via a six-member transition state, TS3
6-5of

activation barrier 23.5 kcal/mol..The thermodynamic feasibility of successive butadiene attachment to 16-5
is clearly evident from the negative enthalpy values associated with all three steps of the 6-5 MDA reaction.
Moreover, the net energy release for the overall reaction procedure is calculated to be -48.9 kcal/mol.

Similar to its 6-6 analogue, the addition of a second diene molecule to the 6-5 bond of fullerene surface is
observed to be a synchronous process. Nevertheless, unlike the 6-6 one, the asynchronicity arises in the case
of third and fourth DA reactions as the difference of lengths between the two newly formed C-C bonds in
the TS is nearly 0.4 Å (Figure S1 ).

3.1.4 MDA reaction on 6-5 double bond of Li+@C60:

In this section, we have spelled out the effect of Li+encapsulation on 6-5 MDA reactions. The formation
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. energy of the initial adduct, A1
6-5OL (Figure S2 ) is nearly 2.0 kcal/mol lower than that of neutral C60for this

particular step. The activation barrier (TS1
6-5OL) and enthalpy change for R1

6-5OL formation are 20.9 and
12.9 kcal/mol, respectively, which are 5.5and 3.5kcal/mol lower and higher than its uncharged counterpart.
The third DA reaction has been initiated from A2

6-5OL, which is 5.5 kcal/mol more stable than R1
6-5OL.

The transition state, TS2
6-5OL(Figure S1 ), necessary for R2

6-5Lformation, is 10.5kcal/mol downhill than
its neutral analogue. The exothermic nature of this step is also noted from its corresponding enthalpy
change (-17.5kcal/mol). The adduct complex, A3

6-5L necessary for the fourth functionalization is energetically
4.4kcal/mol more stable than R2

6-5OL.The activation barrier (TS3
6-5L) associated with tetra-substituted

P4
5-6L formation is nearly 9.0 kcal/mol, lesser than its neutral analogue. The net exothermicity corresponds

to the overall reaction procedure is -65.5kcal/mol.

Similar to the neutral C60, for Li+@C60 also, the second DA reaction is a synchronous process. However,
both the third and fourth DA reactions exhibit greater asynchronicity than the neutral analogues as the
difference of lengths between the two newly formed C-C bonds in the TS becomes more than 1.0 Å.

Thus, from our computational analysis, it is evident that each step of sequential 6-5 MDA reactions on
Li+@C60 is kinetically more feasible and thermodynamically more attainable than neutral C60, just like its
6-6 counterparts.

3.2 Alternative Approach:

3.2.1 MDA reaction on 6-6 double bond of C60:

As evident from Figure 5 , the stability of the first DA adduct for the alternative approach, i.e., A1
6-6S

(-4.1 kcal/mol) is comparable with A1
6-6O. The activation barrier involved for R1

6-6S formation via TS1
6-6S

is calculated to be 17.3 kcal/mol, which is only 1.6 kcal/mol higher than the corresponding direct pathway.
Thus, we can say that a fruitful second DA reaction can be done by placing the butadiene molecule not
only at the opposite of the first functionalization but also at the adjacent position. The addition of third
butadiene molecule can be done either opposite to the first functionalization or second functionalization in
R1

6-6S, but eventually both generate the same tri-functionalized product (R2
6-6) obtained in the ‘Direct’

approach. The associated adduct complex, A2
6-6S is placed at -36.5 kcal/mol on the energy profile diagram,

which is energetically comparable with A2
6-6O. The transition state TS2

6-6S (Figure 4 ) associated with the
formation of R2

6-6 requires a barrier height of 18.0 kcal/mol, which is exactly the same as the direct one.
Similar to the second functionalization, the third functionalization is also highly exothermic as the associated
product, R2

6-6 is -24.2kcal/mol more stable than A2
6-6S. For the attachment of the fourth butadiene, it will

precisely follow similar pathway proposed for the ‘Direct’ approach.

Like ‘Direct’ approach, for the ’Alternative’ approach also, as shown inFigure 4 , all three DA reactions are
synchronous processes as the vibrations associated with the new C-C bonds occur to an equal extent in the
TS geometry.

3.2.2 MDA reaction on 6-6 double bond of Li+@C60:

The preliminary adduct complex, A1
6-6SL (7.7kcal/mol) is identified as equally stable like its direct counter-

part. As depicted inFigure 5 , the activation barrier corresponding to the conversion of A1
6-6SL to R1

6-6SL

via TS1
6-6SL is lowered by 4.2 kcal/mol compared to its neutral counterpart. The associated enthalpy change

(-32.1kcal/mol) indicates that the second functionalization on Li+-encapsulated fullerene via alternative way
is also thermodynamically feasible. In the third DA reaction, the barrier height (TS1

6-6SL) corresponding
to R2

6-6Lformation is 14.1 kcal/mol, which is almost comparable to its ‘Direct’ analogue. The exothermic
nature of the third DA reaction is also noted from the associated enthalpy change (-27.3kcal/mol). Similar to
the neutral C60 analogue, for Li+@C60 also, the addition of fourth butadiene molecule will be obtained in a
similar way to that of the ‘Direct’ one. Like the neutral C60 fabrication, for Li+@C60also, all three DA steps
are synchronous as the maximum difference of bond length between the two C-C bonds forming between the
diene moiety and fullerene surface in the TS is 0.026 Å.

3.2.3 MDA reaction on 6-5 double bond of C60:

5
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. As shown in Figure S4 , for 6-5 also, the energy release associated with A1
6-5S formation (-4.3 kcal/mol)

is noticed to be comparable enough with its ‘Direct’ counterpart. The transition state (TS1
6-5S) for R1

6-5S

formation requires nearly 10.8 kcal/mol higher energy than its 6-6 analogue. The enthalpy change associated
with R1

5-6S production is observed to be -13.6 kcal/mol, inferring the thermodynamic viability of the second
DA reaction through the ‘Alternative’ approach. In the third DA reaction, A2

6-5S needs 27.4 kcal/mol
activation energy (TS1

6-5S) for R2
6-5 formation, which is not only 9.4 kcal/mol higher than its 6-6 counterpart

but also 4.2 kcal/mol higher than the corresponding barrier obtained in the ‘Direct’ approach. This reaction
step is also exothermic, just like the previous DA steps, with the associated reaction enthalpy value of -10.7
kcal/mol. For the fourth DA reaction, the pathway will be exactly identical with the one established for 6-5
bond in the ‘Direct’ approach.

Similar to the ‘Direct’ approach, in this case also, asynchronicity arises in the third and fourth TSs as the
difference of C-C bond lengths is 0.2 and 0.4 Å, respectively (Figure S3 ).

3.2.4 MDA reaction on 6-5 double bond of Li+@C60:

The energy release associated with A1
6-5SL formation is calculated to be 6.6 kcal/mol, which is comparable

to its ‘Direct’ counterpart (Figure S4 ).The barrier height (TS1
6-5SL) corresponding to R1

5-6SL formation
is 6.0 kcal/mol lower than its neutral counterpart. The associated enthalpy change (-19.8 kcal/mol) suggests
the second functionalization on 16-5Lto be exothermic in nature and thus thermodynamically facile. The third
DA reaction has been initiated from A2

6-5SL, which eventually generates R2
6-5L.The associated activation

height (TS2
6-5SL) is noted to be 8.2 kcal/mol lower than its uncharged analogue. The exothermic nature

of the third DA step is also noted from its corresponding enthalpy change (-12.9 kcal/mol). The fourth
functionalization follows a similar mechanism to the one proposed for the ‘Direct’ pathway.

Unlike the ‘Direct’pathway, the asynchronicity arises in the second DA reaction and becomes more prominent
in the third and fourth DA reactions. The difference of lengths between the two newly forming C-C bonds
in the TS is 0.6 Å for the second TS, which enhances to ˜ 1.0 Å for both third and fourth TSs.

In short, it can be easily articulated that Li+encapsulation does affect the reactivity in each step of 6-6 as
well as 6-5 MDA reaction irrespective of the approaches considered, i.e., whether ‘Direct’ or ‘Alternative’
approach.

3.3 TST Calculation:

From TST calculation, shown in Table S1, it is evident that for neutral C60, for both the ‘Direct’ as well
as ‘Alternative’ approaches, each step of the 6-6 MDA reaction is kinetically feasible at 400 K. The second
DA step via ‘Direct’ approach is observed to be 10 times faster than the ‘Alternative’ approach. In harmony
with the activation barrier calculation, the rate constants for the third functionalization are calculated to
be comparable enough irrespective of the approaches. The rate constant (k) for the fourth DA reaction is
observed to be 1.48 sec-1 at 400 K. However, the change in magnitudes of rate constants for the 6-6 MDA
reaction of Li+@C60 is in accordance with the diminished activation barrier for each step compared to its
neutral analogue. From Table S2 , it is apparent that each step of the MDA reaction via ‘Direct’ as well
as ‘Alternative’ approaches is kinetically achievable in between 300 K - 400 K. However, the associated rate
constants for both second and third DA reactions in ‘Direct’ pathway are 10 times faster than the respective
‘Alternative’ pathway at 300 K. The value of k for the final functionalization step at 300 K is calculated to
be 0.89 sec-1.

The kinetic study also infers that a relatively higher temperature is required for the kinetic attainment of
6-5 MDA reaction than their 6-6 counterpart for both neutral C60 as well as Li+@C60 (Table S3 andTable
S4 ). The magnitudes of rate constants suggest that temperature range 500 K-600 K is suitable for 6-5 MDA
reaction in the absence of Li+, which eventually changes to 400 K-500 K due to Li+ encapsulation.

4. Conclusion:

In this article, the MDA reaction on neutral C60 has been computationally explored employing DFT where

6
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. 6-6 as well as 6-5 bonds are considered. In addition, we have also investigated the effect of Li+ encapsulation
on the energetics of each step of the MDA reaction. The consecutive attachments of butadiene molecules
on neutral C60 and Li+@C60 commences with the formation of a 1:1 precursor complex between the mono-
functionalized fullerene product and a butadiene molecule. In this regard, two possible approaches (’Direct’
and ’Alternative’) have been considered separately, leading to the same tri-functionalized fullerene product
after two consecutive additions of butadiene molecules. We have explored the MDA reaction considering
the attachment of a total of four diene molecules on the surface of the fullerene cage. Each reaction step
shows a high degree of exothermicity, suggesting that the entire reaction is thermodynamically feasible.
However, from the PES diagrams, it is evident that Li+ encapsulation makes a positive impact by decreasing
the activation barrier and increasing the reaction enthalpy than their neutral counterparts. Thus, we can
conclude that MDA reactions become thermodynamically more facile due to Li+ confinement in the C60 cage.
Moreover, in the MDA procedure also, the persistence of bond selectivity, i.e., the higher reactivity of [6, 6]
bonds over [6, 5], just like mono and bis-functionalization, has been noticed for both C60 and Li+@C60. In a
nutshell, the exploration of all possible steps related to MDA reaction on neutral as well as Li+ endohedral
C60 will motivate the researchers to investigate more complex reactions related to fullerene chemistry for
varied applications.
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e26080.

[29] Kroto, H. W. Nature 1987, 329, 529-531.

[30] Kawakami, H.; Okada, H.; Matsuo, Y. Organic Letters 2013, 15, 4466-4469.

[31] Ueno, H.; Kawakami, H.; Nakagawa, K.; Okada, H.; Ikuma, N.; Aoyagi, S.; Kokubo, K.; Matsuo, Y.;
Oshima, T. Journal of the American Chemical Society 2014, 136, 11162-11167.

[32] Tran, C.; Sakai, H.; Kawashima, Y.; Ohkubo, K.; Fukuzumi, S.; Murata, H. Organic Electronics 2017,
45.

[33] Supur, M.; Kawashima, Y.; Ohkubo, K.; Sakai, H.; Hasobe, T.; Fukuzumi, S. Physical Chemistry Che-
mical Physics 2015, 17, 15732-15738.

[34] Ohkubo, K.; Kawashima, Y.; Sakai, H.; Hasobe, T.; Fukuzumi, S. Chemical Communications 2013, 49,
4474-4476.

[35] Fukuzumi, S.; Ohkubo, K. Dalton Transactions 2013, 42, 15846-15858.

[36] Karimi, J.; Izadyar, M.; Nakhaeipour, A. Structural Chemistry 2020, 31, 1821-1829.

[37] Lu, X.; Bao, L.; Akasaka, T.; Nagase, S. Chemical Communications 2014, 50, 14701-14715.

[38] Aoyagi, S.; Sado, Y.; Nishibori, E.; Sawa, H.; Okada, H.; Tobita, H.; Kasama, Y.; Kitaura, R.; Shinohara,
H. 2012, 51, 3377-3381.

[39] Aoyagi, S.; Tokumitu, A.; Sugimoto, K.; Okada, H.; Hoshino, N.; Akutagawa, T. Journal of the Physical
Society of Japan 2016, 85, 094605.

[40] Ueno, H.; Nishihara, T.; Segawa, Y.; Itami, K. 2015, 54, 3707-3711.

8



P
os

te
d

on
A

u
th

or
ea

11
J
u
n

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

34
00

07
.7

90
76

66
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. [41] Zhang, D.; Li, H.; Wang, H.; Li, L. 2016, 116, 1846-1850.

[42] Cui, C.-X.; Liu, Y.-J. The Journal of Physical Chemistry A 2015, 119, 3098-3106.
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FIGURE LEGENDS

FIGURE 1 The [6, 6] and [6, 5] bond connectivity in fullerene analogues.

FIGURE 2 Optimized geometries of transition states involved in the Multi-Diels-Alder reaction associated
with the 6-6 bonds of (A) neutral C60 and (B) Li+@C60 in ‘Direct’ approach. All bond lengths are in
Angstrom (Å) unit.

FIGURE 3 Potential energy surface (PES) for the Multi-Diels-Alder reaction associated with the 6-6 bonds
of neutral C60 and Li+@C60 in ‘Direct’ approach at M06-2X/6-31G(d) level. Relative energy values are given
in kcal/mol.

FIGURE 4 Optimized geometries of transition states involved in the Multi-Diels-Alder reaction associated
with the 6-6 bonds of (A) neutral C60 and (B) Li+@C60 in ‘Alternative’ approach. All bond lengths are in
Angstrom (Å) unit.

FIGURE 5 Potential energy surface (PES) for the Multi-Diels-Alder reaction associated with the 6-6 bonds
of neutral C60 and Li+@C60 in ‘Alternative’ approach at M06-2X/6-31G(d) level. Relative energy values are
given in kcal/mol.

FIGURE 6 Graphical representation of [?]Ea on varying the steps of MDA reactions associated with 6-6
bonds in ‘Direct’ approach for both neutral C60 and Li+@C60.
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. FIGURE 7 Graphical representation of [?]Ea on varying the steps of MDA reactions associated with 6-6
bonds in ‘Alternative’ approach for both neutral C60 and Li+@C60.

FIGURE 1 The [6, 6] and [6, 5] bond connectivity in fullerene analogues.

FIGURE 2 Optimized geometries of transition states involved in the Multi-Diels-Alder reaction associated
with the 6-6 bonds of (A) neutral C60 and (B) Li+@C60 in ‘Direct’ approach. All bond lengths are in
Angstrom (Å) unit.
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FIGURE 3 Potential energy surface (PES) for the Multi-Diels-Alder reaction associated with the 6-6 bonds
of neutral C60 and Li+@C60 in ‘Direct’ approach at M06-2X/6-31G(d) level. Relative energy values are given
in kcal/mol.
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.

FIGURE 4 Optimized geometries of transition states involved in the Multi-Diels-Alder reaction associated
with the 6-6 bonds of (A) neutral C60 and (B) Li+@C60 in ‘Alternative’ approach. All bond lengths are in
Angstrom (Å) unit.
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FIGURE 5 Potential energy surface (PES) for the Multi-Diels-Alder reaction associated with the 6-6 bonds
of neutral C60 and Li+@C60 in ‘Alternative’ approach at M06-2X/6-31G(d) level. Relative energy values are
given in kcal/mol.

14



P
os

te
d

on
A

u
th

or
ea

11
J
u
n

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

34
00

07
.7

90
76

66
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

FIGURE 6 Graphical representation of [?]Ea on varying the steps of MDA reactions associated with 6-6
bonds in ‘Direct’ approach for both neutral C60 and Li+@C60.

FIGURE 7 Graphical representation of [?]Ea on varying the steps of MDA reactions associated with 6-6
bonds in ‘Alternative’ approach for both neutral C60 and Li+@C60.
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