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Abstract: Understanding the exohedral reactivity of metallofullerenes 
is crucial for its application in various fields. By systematically 
controlling the trapped species inside the fullerene its reactivity can 
be tamed. In this work we report the preferential position of 3d metal 
atoms inside the C36 cage and their effect on exohedral reactivity in 
comparison with the neutral and the dianionic cage. The Diels-Alder 
(DA) reaction between butadiene and all non-equivalent [5-5], [6-5] 
and [6-6] C-C bonds on the fullerene cage was considered for the 
analysis, by using density functional theory at the S12g/TZ2P level 
including COSMO solvation model to elucidate the complete 
mechanistic pathways. Our results indicate that the preferential 
position of the metal ion is at the position close to the upper hexagon, 
and that the general trend in the reactivity of bonds follows the order 
[5-5] > [6-5] > [6-6]. Moreover, the encapsulation of metal atoms 
further enhances the reactivity of these bonds, by lowering the 
LUMOs of the cage, hence maximizing the orbital interactions.  

Introduction 

Fullerenes are a class of cage-like allotropes of carbon with an 
even number of carbon atoms (C24, C28, C36, C40, C50, C60, … C2n).  
Since the discovery of the first fullerene C60 in 1985[1] it has been 
subjected to various theoretical and experimental studies which 
include encapsulating other molecules or metals inside the cage 
(endohedral fullerenes (EF) or endohedral metallofullerenes 
(EMF)) and doping the fullerenes with foreign atoms, among 
others.[2–4] The aforementioned methods can significantly 
influence the electronic and optical properties of fullerenes. EMFs 
are promising candidates with potential applications in the field of 
superconductivity, magnetism, and nonlinear optics.[5,6] The 
properties of EMFs can be tailored by varying the metal cluster 
inside the cage. Moreover, in principle we should be able to make 
EMFs lying at both ends of reactivity spectrum, inert and highly 
reactive. The relative inertness of the EMF carbon structure would 
make these compounds ideal for medical applications.[7,8] 
Furthermore, photon induced charge transfer using EMFs in 

electron donor-acceptor might lead to promising photovoltaic 
materials to be used in solar energy conversion/storage 
systems.[9] Finally, they can even serve as a probe in monitoring 
chemical reactions via changes in the electron paramagnetic 
resonance (EPR) signal.[10,11]  
Several studies can be found in the literature that discuss the 
reactivity of EMFs.[4,12–14]  Valladares et al. studied M@C60 using 
conceptual density functional theory (DFT).[15] They found that if 
the metal atom stays at the center of the cage there is no 
significant difference in the reactivity compared to the pristine 
cage. However, when the preferred location of the metal is 
displaced from the center of the cage, like in the cases of Mn, Ni, 
Fe, and Co, the predicted reactivity changes drastically. Osuna et 
al. investigated the exohedral reactivity of M3N@C78[16,17] and of 
M3N@C80[18] amongst other encapsulated clusters. Most of these 
studies have been devoted to higher order fullerenes (C2n, 
2n>50). To the best of our knowledge, relatively few studies have 
been done on the reactivity of smaller fullerenes (C20, C28, C36, 
….). A recent study shows that C36 and C35N are promising 
candidates to use as drug delivery nano vehicles for medical 
applications.[19] Moreover, endohedral mono-metallofullerenes of 
these smaller hollow cages (C28, C36, C44 ….) have been 
experimentally synthesized using bottom-up approach through C2 
insertion reaction.[20] The authors discuss how the metal-to-cage 
charge transfer is the driving process for the formation of large 
EMFs from smaller ones. This brings out more clarity on the 
distribution of charges on the small EMFs. 
Our fullerene of interest C36 was synthesized in the laboratory in 
1998 by Zettl and co-workers, using the arc discharge method.[21] 
Unlike other higher order fullerenes, the anatomy of C36 makes its 
more reactive.[22] Generally, the architecture of fullerenes contains 
hexagons and pentagons, where the number of pentagons and 
the empirical isolated pentagon rule (IPR)[23] dictate the stability 
of different isomers of fullerenes. Smaller fullerenes such as C36 
and several EFs are the exception to this empirical IPR rule. The 
structure of D6h-C36 consists of four different types of bonds (see 
Figure 2) namely [5-5] (type-E, pentalene), [6-5] (type-G and 
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type-F), and [6-6] (type-A, pyracylene). Adjacent pentagon pairs 
(APPs) induce more strain in the molecular structure and thereby 
make it more reactive. C36 and its derivatives are believed to make 
a class of promising materials with new structural and electronic 
properties, such as covalent bonding, high reactivity, significant 
steric strain, low band gap, high strength, and 
superconductivity.[24,25] 
Fullerenes are involved in typical electron-deficient polyolefins 
reactions, such as reduction, cycloadditions, nucleophilic 
additions, hydrogenations, radical additions, halogenations. They 
can also form transition metal complexes and participate in 
hydrometallation reactions. They can be oxidized and give 
reactions with electrophiles.[26] Furthermore, fullerenes can 
participate in cycloaddition reactions like Diels-Alder (DA) with 
dienes; as a result, there are numerous computational and 
experimental studies focused on the DA cycloaddition on 
fullerene.[27] Several of these studies analyzed the effect of 
addition of s-cis-1,3-butadiene on the different C-C bonds of each 
carbon cage. In the case of Sc3N@C78, all endohedral species are 
less reactive than their homologous hollow cages.[17,28] When the 
Sc3N is encapsulated inside the icosahedral cage Ih-C80, the [6-5] 
adduct is more stable than the [6-6] one by more than 12 
kcal·mol-1. Another study was with Ti2C2@D3h-C78,[29] whose 
results showed that the regioselectivity of this exohedral addition 
is modified by changing the nature of the cluster encapsulated 
inside.  
The preference for reacting with a given bond is due to different 
factors: first, (formal) charge transfer from the metallic cluster to 
the fullerene that changes the C-C bonds lengths (and thus their 
aromaticity).[30–32] Second, cage deformation/distortion caused by 
the metallic cluster, which has an important influence on the C-C 
bond lengths and their reactivity. This played a major role in the 
Y3N@C78 case[16], where the metallic cluster does not fit so well 
inside; as result, the most reactive bond was a long C-C bond 
(normally the least reactive), found close to one the yttrium atoms. 
The cycloaddition of butadiene causes the cage to open around 
that bond, thus providing relief for the strain imposed by the 
yttrium, and hence, provided the most reactive bond. Third, 
stabilizing orbital interactions, i.e. better overlap between HOMO 
of diene and LUMO of cage at the transition state, leads to kinetic 
control [6-6] of product in the case of C78 cage. As mentioned 
earlier, the C78 is more reactive than Sc3N@C78 which is due to 
the less stabilizing orbital interactions between the EMF and the 
diene than C78 and diene. This implies C78 makes a better 
dienophile than Sc3N@C78 leading to strong orbital interactions.[28] 
Furthermore, in general, the reactivity decreases when going from 
free D3h-C78 to Ti2C2@D3h-C78. Ti2C2 and Sc3N cluster have similar 
encapsulation energies and similar changes in reactivity, the most 
favored bond being [5,6] bonds close to the metals and [6,6] 
bonds far from the cluster,[31] in contrast to the encapsulation of 
Y3N inside the same isomer where the type-B [6,6] bond and the 
type-D [5,6] bond are the most favored. Moreover, encapsulation 
of Y3N and Sc3N inside the non-IPR C2-C78 cage has shown that 
type-E [5-5] bonds are by far the most reactive sites for the 
cycloaddition reaction. Therefore, it seems quite clear that the key 
factor that contributes to the exohedral reactivity of the C2 isomer 
is the fullerene strain energy (at the pentalene units with the [5-5] 
bond) and not the nature of the encapsulated cluster. However, 

as mentioned before most of these studies are limited to the 
higher fullerenes.  
In this work, we first investigate the preferential position of metal 
ions inside the clathrin analog of C36 fullerene cage. We are also 
interested in exploring the exohedral reactivity of the endohedral 
metal doped C36, as well as its pristine form to shed light on the 
reaction mechanism and the nature of chemical bonding.  

Results and Discussion 

Methodology 

All the molecular structures of butadiene, fullerenes, EMFs, 
transition states (TS) and products are obtained with a dispersion 
corrected S12g-D3[33,34] functional and triple-zeta TZ2P basis set 
using the QUILD[35] optimizer within the Amsterdam Density 
Functional (ADF version 2019) program.[36] Subsequently, a 
frequency analysis is performed on the optimized geometries to 
make sure that they have no imaginary frequencies, i.e., that they 
are true minima. Transition states are characterized by one (and 
only one) imaginary frequency and all the intermediates are 
characterized by no imaginary frequency. We have carried out the 
optimization in acetonitrile solvent with a dielectric constant of 
37.5. Solvent and scalar relativistic effects were considered in the 
optimization explicitly using the COSMO solvation model[37,38] and 
the ZORA Hamiltonian[39]. 

Endohedral doped C36  

We aimed to study the preferential position of the 3d metal inside 
the endohedral doped fullerene D6h-C36. 3d metals such as Sc, Fe 
and Zn were considered at six non-equivalent positions inside the 
cage for the study. Metal atom could be located: (I) at the center 
of fullerene; or towards (II) the face of side hexagon; (III) the face 
of top hexagon; (IV) the face of pentagon; (V) [6-6] bond; (VI) [6-
5] bond (see Figure 1). 
 

 
 
Figure 1. Different possible positional isomers of M@C36 (M= Sc, Zn, and Fe). 

Metal atom located: (I) at the center; or towards (II) the face of side hexagon; 

(III) the face of top hexagon; (IV) the face of pentagon; (V) [6-6] bond; (VI) [6-5] 

bond. 
 
Only one stable conformation was found for [Zn2+@C36]0, which 
was at the center of the fullerene cage; this can be understood as 
resulting from the size of Zn[40,41] (see Table 1) but also from the 
coordination chemistry preferences of Zn (see Supporting 
Information). The introduction of Zn causes an overall reduction 
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in symmetry of the structure from D6h to Cs due to the deformation 
of the cage (with a minimum Zn-C distance of 2.58 Å). The 
deformation of the cage compared to the neutral cage has been 
determined to be 11.2 kcal·mol-1. Three stable conformations 
were found for the [Sc3+@C36]+ (S=0). The orientation of Sc 
towards the top hexagonal face corresponds to the minimum in 
energy structure. This preference to coordinate to hexagons is not 
like normal coordination chemistry trends: in complexes when it is 
free to move both Sc and Fe prefer to bind to pentagon rings (see 
SI). Introduction of Sc at location III causes a cage deformation of 
7.1 kcal·mol-1 (see Table 2). In this binding mode Sc atom is 
coordinating to the pentagonal rings of C36 fullerene cage with 
bond lengths of 2.26 Å, 2.41 Å, and 2.48 Å. Apparently, this 
enables the (formal) charge transfer between the metal and the 
fullerene that stabilizes the whole compound. Praseodymium and 
uranium are known examples that form EMFs Pr@C82 and 
U@C28.[42] These molecules are better described as Pr3+@C823- 
and U4+@C284- by using an ionic model.[42] The ionic model which 
describes the (formal) metal to cage charge transfer is consistent 
with the endohedral mono-metallofullerenes of group 4 metals 
(M@C28) where the central metal atom exhibits a +4 oxidation 
state (M4+).[43] Hence, the charge transfer and the oxidation state 
of the metal are the determining factors that govern the EMF 
formation[20]. In addition, higher order EMFs also exhibit the formal 
metal to cage charge transfer. In M3+@Cn≥823– (M = La, Y), X-ray 
photo emission spectroscopy data shows that the encapsulated 
La atom is in a formal oxidation close to the +3 state.[44] This study 
bring us to the conclusion that the metal to carbon bond has 
partial ionic character. 

Table 1. Computed relative electronic energies in kcal·mol-1 of different possible 

conformers of endohedrally doped fullerene C36 

Metal I II III IV V VI 

[Sc@C36]+ S=0 29.99 17.40 0.00    

[Zn@C36]0 S=0 0.00      

[Fe@C36]0 S=0 82.77[a] 
45.71[b] 

26.40 0.00 13.59 23.19 11.10 

[Fe@C36]0 S=1 35.24 18.97 13.08 18.37 23.77 16.45 

[Fe@C36]0 S=2 32.36 21.25 25.23 26.50 17.78 19.20 

[a] closed shell singlet; [b] open-shell quintet coupled anti-ferromagnetically to quintet state on the 

fullerene 

A high relative energy (30 kcal·mol-1) is observed when Sc is 
located at the center of the cage (see Table 1). For iron, we 
explored the different spin states and found that the lower S=0 
spin state is preferred over the higher ones, as one would expect 
for a d6 system. All six possible conformers were stable structures 
for [Fe2+@C36]0 (S=0), although with considerable differences in 
stability (see Table 1). Like the Sc case, the conformer in which 
Fe is close to the hexagonal face surrounded by the pentagonal 
architecture is the most stable conformer, which is consistent with 
theoretical calculations by Estrada et al. on the Fe@C60 
fullerene.[15] Among all other metals, iron is closer to the carbon 
atom (the smallest Fe-C distance is 1.89 Å) of the cage thereby 

causing more structural distortion to the cage (see Table 3). For 
singlet and triplet, the orientation III was the most stable one,  
whereas for quintet the orientation V, with Fe being located 
towards the [6-6] bond, is the preferred position. The singlet-triplet 
energy gap was found to be 13.1 kcal·mol-1. 
Interestingly, the [Fe2+@C36]0 system changes spin state 
depending on the position of the metal inside the cage. For all 
positions except at the center, the iron is found in a closed-shell 
singlet state; however, at the center it switches over to an open-
shell quintet, coupled anti-ferromagnetically to a quintet electronic 
structure. This spin-state switching lowers the relative energy by 
ca. 46 kcal·mol-1, still it is very unstable compared to the other 
locations (see Table 1).  

Exohedral reactivity of C36 fullerenes 

After the study of the preferred location (and in some cases spin 
state) for the different metals, we have analyzed the exohedral 
reactivity of the most stable conformers of endohedral 
metallofullerenes and compared them to the pristine case. DA 
reactions between s-cis-1,3-butadiene, and all non-equivalent 
C-C bonds of C36 and M@C36 were considered for the analysis. 
We have four non-equivalent bonds in the cage: (I) type-E [5-5] 
bond; (II) type-F [6-5] bond; (III) type-G [6-5] bond; (IV) type-A [6-
6] bond. In addition, for type-F and type-G bonds two possible DA 
adducts can be obtained (see Figure 2): the attack by butadiene 
can take place with the diene oriented towards the hexagonal side 
(6-5Gh) or towards the pentagonal side (6-5Gp).  

 
Figure 2. Type of bonds in C36. [6-6] bond (type A), [6-5] bonds (type F and type 

G) and [5-5] bond (type E). The DA reaction on type-G bonds can take place 

with the diene oriented towards the hexagonal side (6-5Gh) or towards the 

pentagonal side (6-5Gp). 

 

Exohedral reactivity of empty C36  

In the case of pristine C36 and C362-, when examining the 
geometries of the species in both instances, type-E [5-5] bond 
was identified as the longest, and type-G [6-5] bond being the 
shortest (see Table 3). Furthermore, addition of two electrons to 
the neutral cage causes a deformation of 6 kcal/mol of the 
dianionic cage. Upon reviewing the thermodynamic stability of 
products and TSs in both cases, the longest [5-5] bond was found 
to be the most reactive, whereas the [6-6] bond is the least 
reactive one (see Table 2); among the [6-5] bonds, type-G was 
more reactive than type-F. With the dianionic cage, the [6-6] bond, 
despite being least reactive, shows an unprecedented [4+3] 
addition reaction instead of the normal [4+2] DA cycloaddition. All 

[6-5]
[5-5]
[6-6]

[6-5]Gh

[6-5]Gp

Type A Type F Type G Type E
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[6-5] bonds, except the C36 type-G followed the one-step polar 
asynchronous TS, whereas C36 type-G bond followed non-polar 
synchronous TS. Notably, both the C36[6-6] and C362-[5-5] bonds 
followed two step reaction mechanisms involving two TSs. There 
was a small difference (less than 1 kcal·mol-1) in the stability of 
products and TS in the case of different conformers possible for 
the [6-5] bonds species. The attack from the pentagon side is 
slightly favored over the attack from the hexagon side. 

 
Figure 3. HOMO-LUMO diagrams of stable isomers of EMFs, diene, and 

pristine cages. All the values are in eV (Isosurface value=0.03).  

Table 2. Computed barrier heights for first TS (ΔG≠) and reaction energies (ΔGr) 

at 298K in kcal·mol-1 of different types of bonds in both pristine and EMF C36 

System 5-5 6-5Gh 6-5Gp 

 ΔG≠ ΔGr ΔG≠ ΔGr ΔG≠ ΔGr 

[C36] S=0 10.5 -38.8 12.6 -36.7 11.4 -37.6 

[C36]2- S=0 15.8 -32.0 18.5 -27.0 18.5 -27.7 

[Sc@C36]+ S=0 11.0 -38.8 9.1 -32.2 8.5 -33.0 

[Zn@C36]0 S=0 17.0 -41.8 14.1 -34.5 13.2 -35.4 

[Fe@C36]0 S=0 13.2 -43.1 13.2 -41.1 13.1 -23.7 (-41.9) 

[Fe@C36]0 S=1 29.2 -35.9 27.8 -29.1 27.3 -30.0 

[Fe@C36]0 S=2 25.2 -26.1 28.7 -18.3 27.9 -19.5 

System 6-5Fh 6-5Fp 6-6 

 ΔG≠ ΔGr ΔG≠ ΔGr ΔG≠ ΔGr 

[C36] S=0 9.2 -28.2 8.2 -29.0 21.7 2.8[a]  
-14.3[b] 

[C36]2- S=0 14.7 -22.8 14.6 -23.5 28.0[c] 3.8[a]  

-11.3[b] 

[Sc@C36]+ S=0 11.0 -32.1 10.4 -32.9 13.1[c] -15.0[a] 

-38.4[b] 

[Zn@C36]0 S=0 10.2 -36.9 9.7 -37.7 19.1[c] -9.9[a] 

-28.3[b] 

[Fe@C36]0 S=0 13.7 -26.9 13.1 -27.8 21.0[c] -5.3[a] 

-19.9[b] 

[Fe@C36]0 S=1 25.0 -21.3 24.8 -22.2 32.3 -0.2[a] 

-14.6[b] 

[Fe@C36]0 S=2 24.4 -19.5 24.7 -19.9 32.5 2.7[a] 

-16.9[b] 

[a] [4+2] product [b] [4+3] product [c] [4+3] TS, values in the parenthesis correspond to the 

thermodynamic product. ΔG≠ = G(TS) - (G(M@C36 / C36 / C362-) + G(diene)), ΔGr = G([4+2] product / 

[4+3] product) - (G(M@C36 / C36 / C362-) + G(cis-diene)). 

Overall, the neutral cage is more reactive than the dianionic cage. 
This can be understood by looking at the frontier MOs: for C36 the 
dienophile LUMO is closer to the HOMO of diene, favoring the 
normal demand DA reaction. Instead, the extra two electrons on 
the C362- cage raise the energy of its filled orbital in such a way 
that the interaction between the HOMO of dienophile and LUMO 
of diene becomes the most stabilizing interaction, thereby 
favoring the inverse-electron-demand Diels-Alder reaction 
(iEDDA). 
To gain additional insights of the chemical bonding patterns, we 
have explored the importance of the different energy components 
with the activation strain model (ASM)[45,46] of the TS (see Figure 
4). According to the model, the activation energy at the transition 
state can be decomposed into interaction energy and strain 
energy given by the equation (ΔE≠=ΔE≠int+ ΔE≠strain). 

Table 3. Computed C-C bond lengths (in Å) of different bonds in pristine and 

endohedrally doped fullerene C36 
 

Bond C36 

(Å) 

C362-

(Å) 

[Sc@C36]+ 

S=0 (Å) 

(min-max) 

[Zn@C36]0 

S=0 (Å) 

(min-max) 

[Fe@C36]0 

S=0 (Å)  

(min-max) 

Type-A (6-6) 1.433 1.437 1.439 - 

1.439 

1.447 - 

1.447 

1.418 -  

1.418 

Type-G (6-5) 1.407 1.414 1.413 -  

1.432 

1.415 -  

1.415 

1.423 -  

1.475 

Type-F (6-5) 1.425 1.432 1.431 -  

1.441 

1.433 -  

1.439 

1.442 -  

1.446 

Type-E (5-5) 1.480 1.471 1.469 -  

1.471 

1.464 -  

1.489 

1.443 -  

1.466 

 
In some cases, this leads to a negative activation energy, which 
is shown e.g., with the overall barrier of bimolecular substitution 
(SN2) reactions. In the gas phase with anionic nucleophiles it is 
often observed[47] that this overall barrier is negative, even though 
the central barrier is (of course) positive and substantial. Here, 
bringing the diene and dienophile fragment together leads to a 
similar situation, where there exists a sizeable central barrier (as 
shown in Figure S4), but the TS is stabilized compared to the 
reactants infinitely separated from each other. As a result, for the 
C36 cage the interaction energy wins over the deformation energy 
whereas it is vice versa in the case of C362-. It indicates that the 
major driving force for the reaction in the case of C36 is the 
interaction energy, whereas for C362- it is the strain energy. 
The interaction energy can be further decomposed into five terms 
namely, electrostatic interaction, Pauli repulsion (or exchange 
repulsion), (attractive) orbital interactions, dispersion energy and 
solvent reorganization energy[48] (eq. 1) 

∆𝐸!"# = ∆𝐸$%&'! + ∆𝐸(')#%# + ∆𝐸*+,!# + ∆𝐸-!)$ + ∆𝐸)*'.                 (1) 
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Here, ΔEpauli comprises destabilizing steric repulsion between 
occupied orbitals; ΔEelstat corresponds to the classical electrostatic 
interaction between the fragments; ΔEorbit the orbital contribution 
term involves the orbital interaction between the interacting 

fragments, which include HOMO-LUMO interactions. The other 
two terms are the dispersion energy (ΔEdisp) and solvent 
reorganization energy components (ΔEsolv) of the interactions.  
 

 
 
Figure 4. Activation strain analysis (ASM) along the reaction coordinates of [6-6] (solid line) and [5-5] (dotted line) bonds. Diels–Alder reactions between cage (cage 

= C36 and C362-) and s-cis-1,3-butadiene are studied. All energies are expressed in kcal·mol-1 . 

In the case of pristine cages when comparing the energy 
decomposition analysis (EDA) contributions at the TS (Figure S4), 
it becomes clear that there is a significant difference in the Pauli 
repulsion term for different bonds involved in the reaction. Pauli 
repulsion is ca. 125 kcal·mol-1 larger, or more, for the [6-6] bond 
compared to other bonds. This in turn closely correlates with the 
higher activation barrier for [6-6] bond, which we tried 
(unsuccessfully) to trace back to the change of the overlap of the 
frontier MOs (see SI Table S8). However, the energy 
decomposition along the reaction coordinates reveals that the 
origin of the difference in the reactivity of [5-5] and [6-6] bonds 
come from the difference in orbital interactions (see Figure 4). A 
similar conclusion can be derived when comparing the reactivities 
of 6-5 bonds, where type-F is more stable than type-G due to the 
orbital interaction stabilizing factor. Similar types of observations 
have been reported in the literature for C60 fullerene, where the 
selectivity of the [6-6] bond over the [6-5] bond was based on the 
difference in the orbital interactions of the diene and the cage.[49,50] 
The electrostatic interaction and orbital interactions are also 
correlating with the activation energy barrier and stability of the 
products. On the other hand, ΔEdisp and ΔEsolv are almost constant 
for every bond (see Table S2 Supporting Information). 

Exohedral reactivity of endohedrally doped C36  

The study of the reactivity of [Sc@C36]+ indicates that it follows a 
similar trend to that of the pristine ones (see Table 2), where the 
reactivity of type-G and type-F bonds are almost equivalent. 
Similarly to the pristine cage, an unprecedented [4+3] addition 
was observed in the case of the [6-6] bond. Notably, the [5-5] 

bond follows a one-step polar asynchronous TS. Upon examining 
the activation strain relationship of the components, it is evident 
that the interaction energy is always higher than the 
deformation/preparation energy. In combination with the HOMO-
LUMO diagram (see Figure 3) we can conclude that all bonds in 
[Sc@C36]+ follow a normal demand DA reaction.  
The HOMO-LUMO levels of [Zn@C36]0 are matching with the 
neutral cage so one would expect similar type reactivity patterns 
as those of the neutral cage. Although the reactivity of different 
bonds in [Zn@C36]0 is like the [Sc@C36]+ case, the reaction 
pathways are different. Both [5-5] bond and the type-G [6-5] bond 
follow a one-step polar asynchronous TS, whereas the two-step 
reaction pathway is observed in the case of type-F [6-5] bond. 
Unlike other cases, in [Zn@C36]0 the type-F [6-5] bond is more 
reactive than the type-G. With Zn we also observed the [4+3] 
adduct, which is more stable than the DA adduct. All these 
observations are explained by the activation strain profile at the 
TS of different types of bonds and by comparing the lobe size of 
low lying LUMOs. All together there is a favorable type of 
(secondary orbital) (see Table S4) interactions present in the case 
of type-F [6-5] bond that leads to the stabilization of transition 
state. The close in energy LUMO with respect to the HOMO of 
diene results in the possibility of normal demand DA reaction in 
the case of zinc doped fullerene.  
Irrespective of the spin state, the [5-5] bond is the most reactive 
bond in [Fe@C36]0 followed by [6-5] bonds, and finally the [6-6] 
bond. In the case of [6-5] bonds, all the bonds close to the iron 
atom exhibit equal energy transition states and there was no 
significant difference if the diene is pointing to the hexagonal face 
or pentagonal face, this is likely due to the metal pushing the 
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orbitals of the fullerene outwards. Despite the reactivity,  type-G 
followed two step mechanism and type-F proceeded via one step 
polar asynchronous pathway. On top of that, the [6-6] bond 
preferred [4+3] product over DA product. A detailed analysis of 
the overall reaction pathway unveiled that the [5-5] bond follows 
a two-step mechanism in all the higher spin states. For instance, 
in the quintet state all bonds followed the two-step mechanism 
whereas at the singlet state only type-G proceeds via two-step 
mechanism; all other bonds follow the one-step mechanism. The 
TS for the DA product at singlet state was not observed for the [6-
6] bond (see Table S3), conversely higher spin states favored the 
two-step DA process, and all the TSs were identified. There is no 
significant difference (ΔΔG≠q-t  < 1 kcal·mol-1) in the Gibbs free 
energies of triplet and quintet species at the TS except for the [5-
5] bond (ΔΔG≠q-t = 4.0 kcal·mol-1) with preference for the quintet.  
The movement of the Fe atom inside the cage, away from the 
reaction site, was observed for all bonds. For instance, when 
studying the type-G bond, a significant repositioning of Fe atom 
from position (III) to position (IV) was observed. This repositioning 
provides an extra stability to the final product because of the 
favorable Fe-pentagon interaction and the lower cage 
deformation energy of the final geometry (see Table 2). 
In the case of open shell systems, activation energy at the TS can 
be decomposed into interaction energy and preparation energy, 
given by the equation (ΔE≠=ΔE≠ int+ ΔE≠ prep)[51]. Preparation 
energy can be further decomposed into strain/deformation energy 
and valence excitation energy; the latter term considers the spin 
flipping contribution during the course of the reaction. I.e., when 
performing the ASM analysis for the triplet or quintet state, we 
need to consider the metallocage separately, in which case the 
S=0 state is lowest in energy. For the ASM of course we consider 
the interaction of the diene with the metallocage in the S=1 (triplet) 
or S=2 (quintet) state. This change in spin state (of the 
metallocage alone) costs energy, which is called the valence 
excitation energy. Therefore, for singlet case the energies are the 
same (ΔE≠prep = ΔE≠strain), while for triplet/quintet the valence 
excitation energy needs to be added. In conclusion, for Fe S=1 all 
the bonds close to the metal except the [6-6] bond is equally 
reactive under kinetic control but the cycloadduct of type E [5-5] 
is the desired product under thermodynamic control. When the 
bonds are distant from the metal atom, we observed a rise in the 
barrier height and free energy of the reaction; these result in less 
favorable DA reaction at those bonds (see Table S3). Whereas, 
for Sc the trend is opposite to that of Fe where the desired product 
is the one in which the metal is away from the bond.  
For fullerenes, the thermodynamic stability of the products is 
linked with their pyramidalization angles(θp) [52] of the bonds. A 
higher value of the pyramidalization angle implies the system is 
highly strained. To release this strain, the bond will undergo 
cycloaddition reactions by making a thermodynamically stable 
product. In our fullerenes the most strained bond in terms of θp is 
the type E pentalene bond which in turn indicates that the 
cycloadduct of this bond is the most stable among others. In fact, 
this observation would make more sense when explaining the 
relative inertness of type A [6-6] bond, which is the bond having 
the smallest pyramidalization angle. Pyramidalization angles 
alone are not sufficient to explain the complete reactivity patterns 
of the fullerenes. In that case, HOMO-LUMO diagrams give more 

qualitative picture of the story. The kinetic of the reaction is more 
dependent on the orbital interactions as derived from the ASM 
and EDA analysis. We can also draw conclusions from the 
LUMOs of the fullerenes. The LUMOs diagrams qualitatively 
correlated with the  barrier heights of the reaction. Also, one could 
argue that the low lying LUMO+2 orbitals favor the exothermic 
formation of [4+2] cycloadducts in the case of [6-6] bonds of EMFs 
compared to the pristine fullerenes. 
Similarly, as observed for pristine C360/2-, when applying the ASM 
model to the iron systems in the singlet ground state, most bonds 
show an overall barrier which is close to zero; except for [6-6] 
bond with substantial overall barrier. The higher spin states have 
high barriers due to the contribution from the spin flipping part in 
the valence excitation energy. When we compare the triplet and 
quintet states similar reactivity trends are found. The HOMO-
LUMO analysis indicates that the 4-close lying LUMOs of 
[Fe@C36]0 is closer to the HOMO of the diene, which results in a 
better overlap and favors the normal demand DA reaction. 

ASM and EDA along the reaction coordinate 

The application of the ASM model focuses on bringing together 
two fragments, which might not always provide meaningful 
insights into the origin of the chemical barrier.[45,50,53] Therefore, 
Bickelhaupt and co-workers have often followed the ASM 
energies along the Potential Energy Surface (PES), to be able to 
investigate what causes the barrier, and how this is changed by 
substituent effects, solvation, etc. Here, we have explored the 
PES through constrained optimizations where the incoming 
shortest C(cage)-C(diene) bond is varied in steps of 0.1 Å, from 
3.55 Å to shortest TS distance. For each of these C-C distances 
a full optimization is carried out, while keeping this C-C distance 
fixed through a constraint.[54] Afterwards, for each of these points 
we have carried out the usual ASM analysis. We have done this 
PES scan of the ASM only for the most reactive bonds, and for Fe 
only considering the S=0 ground state. Upon examining the ASM 
profiles, unlike the pristine cages the [6-6] bonds of EMFs are 
more reactive (Activation energy is close to zero or negative) 
except for iron where the bond shortening was observed. The 
EDA along the reaction coordinate unveils that the orbital 
interaction and Pauli term is more predominant in [6-6] bond than 
[5-5], this can also be inferred from the HOMO-LUMO picture of 
the reacting species. Therefore, the explanation for the higher 
barrier for [6-6] bonds come from the Pauli component of the 
interaction and strain energy of the overall systems (see Figure 
4). Moreover, the regio selectivity of [6-5] bonds can be 
deciphered by the same reasoning (Figure S3). 

Conclusion 

The most stable position of the 3d metal inside the barrel shaped 
C36 cage was studied computationally using DFT. Also, the 
exohedral reactivity of the most stable conformer of the fullerene 
cage was explored by studying the DA reaction between the cage 
and s-cis-1,3-butadiene. Our calculations reveal that depending 
on the 3d metal the orientation inside the cage is different. For 
instance, Sc, Fe-singlet and Fe-triplet preferred the orientation 
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towards the top hexagonal face of the barrel like cage (III). On the 
other hand, Zn prefers the center of the fullerene cage and Fe 
quintet coordination the [6-6] bond. A significant amount of spin 
splitting energy was found in the case of singlet, triplet, and 
quintet states of Fe, with S=0 as the ground state. Based on the 
relative energies of DA products and large θp value we can 
conclude that the [5-5] bond is the most reactive bond in both the 
pristine C36 and EMF C36. This regioselectivity towards the [5-5] 
bond can be explained by the extra stabilization of transition 
states by interaction energy through orbital interactions in the 
case of pristine cages and combined effect of strain and orbital 
interactions in the case of EMFs. The addition of extra two 
electrons make the C36 cage less reactive  compared to the 
neutral one. The frontier MO (HOMO(diene)-LUMO(fullerene)) 
energy levels reveal that almost all fullerenes follow normal 
demand DA reaction; being the only exception the dianionic cage 
which follows the inverse electron demand pathway. 
However, the reaction pathway can be tailored by changing the 
endohedrally doped species. The reactivity of various bonds of 
the C36 cage follows the order [5-5] > [6-5] > [6-6]. Among the [6-
5] bonds, except for the zinc case, type-G is more reactive than 
type-F due to the bond strain and percentage of the LUMO lobes 
on the bond determined by the positioning of the bond in the 
molecular cage structure. Altogether our computational 
investigation on the small C36 and metal doped C36 fullerene 
cages indicates that in terms of the thermodynamic control type-
G is more reactive than type-F. Overall both the C360/2- and the 
EMFs are very reactive in nature (mostly the activation energies 
are negative or close to zero). However, the low lying LUMOs 
present in the EMFs compared to the pristine fullerenes make 
them favorable candidate for the cycloaddition reaction. This in 
turns explains the  regioselectivity of these DA reactions. 
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