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Computational insights into Diels—Alder reactions
of paramagnetic endohedral metallofullerenes:
M@Cg, (M = Sc, Y, La) and La@C,F

o)

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 25788

Linfeng Nie,® Yuanyuan Sun {2 *® and Yang Wang
In fullerene chemistry, Diels—Alder cycloaddition is an essential reaction for exohedral modification of
carbon cages. M@C5,(9)-Cg, (M = Sc, Y, and La), incorporating one metal atom within the fullerene cage,
are key compounds for understanding the impact of both endohedral and exohedral modifications on
their electronic structures. In this work, the Diels—Alder (DA) cycloaddition of cyclopentadiene (Cp)
to M@C,,(9)-Cg, (M = Sc, VY, and La) and La@C,(10612)-C;, was systematically studied using density
functional theory. The most reactive bonds were initially chosen for detailed mechanistic exploration,
considering both concerted and stepwise mechanisms. Our findings revealed that DA cycloadditions for
the three metals (Sc, Y, and La) consistently exhibit the same regioselectivity, favoring the concerted
attack on the [5,6] bond. This observation is in agreement with previous experimental and theoretical
studies on the regioselectivity of the Diels—Alder reaction between La@C,,(9)-Cg, and Cp. In the case of
La@C,(10612)-C5,, the most favored pathway is the concerted attack on the [6,6] bond both kinetically
and thermodynamically. In toluene and ortho-dichlorobenzene, while the energy barriers and the
reaction free energies increased to different extents for most pathways, the regioselectivity largely
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1. Introduction

Due to their large interior spaces, fullerenes exhibit remarkable
ability to encapsulate different metal atoms or metallic clusters,
which gives rise to a unique class of carbon materials known
as endohedral metallofullerenes (EMFs).'™ One of the key
characteristics of EMFs is that a certain number of electrons
(typically no more than 6e) transfer from the encaged entities to
the fullerene framework, resulting in significantly strengthened
interactions between the embedded species and the carbon
cage.? It is well-known that stable fullerenes must adhere to
the isolated pentagon rule (IPR), wherein each pentagonal ring
should only be adjacent to hexagonal rings.”> Despite this, the
stabilization between the metal ions and the outer cage has led
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mirrored that observed in the gas phase.

to the discovery of several EMFs that violate the IPR.®™"’
In particular, recent theoretical studies on small EMFs and
quasi-fullerenes have revealed that non-IPR carbon cages can
be greatly stabilized by metal insertion, exhibiting a significant
change in the bonding characteristics, stability, aromaticity,
and reactivity.'%"?

Among various sizes of carbon cages, Cg, demonstrates
exceptional stability in encapsulating metal atoms (M) to form
mono-metallofullerenes M@Cg, which have different cage iso-
mers (C,, and Cs) being isolated. Since the first experimental
report on La@Cs,,'® various rare-earth metal atoms have been
successfully encapsulated inside diverse fullerene cavities."” >
In particular, when certain rare-earth metal atoms (such as
Sc, Y, La, Ce or Gd) are encapsulated within C,,-Cg,, three
electrons are transferred to the carbon framework. Therefore,
the electronic structure can be expressed as M**@Cg,’ ", result-
ing in unpaired electron spin on the carbon cage, which
imparts paramagnetic properties to EMFs.

The Diels-Alder (DA) cycloaddition approach is widely
employed to functionalize fullerenes and generate fullerene
derivatives. The interaction between the interior metal atoms
and the carbon framework endows EMFs with unique reactivity
and regioselectivity compared to their empty counterparts.
However, despite the high experimental yields and unique
paramagnetic properties of M@Cs, (where M represents a
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Fig. 1 Representation of different bond types [5,5], [5,6], and [6,6] in fullerene structures.?®

rare-earth metal), research studies on their DA reactions have
been relatively limited, with an exception of La@C,,-Cg,.>*°
Although La@C,,-Cg, has 24 non-equivalent carbon atoms and
35 non-equivalent bonds, its DA reaction with cyclopentadiene
(Cp) displays high regioselectivity with only one adduct
observed experimentally.”® It was presumed that the addition
occurred by attacking a specific [6,6] bond (type B, as shown in
Fig. 1) near the La atom, which was solely based on the shape of
the singly occupied molecular orbital (SOMO) without further
isolation of this monoadduct. Subsequent work by the same
group demonstrated, through X-ray crystallographic analysis,
that 1,2,3,4,5-pentamethylcyclopentadiene (Cp*) was proved to
mainly attack a type D [5,6] bond Cg-C;5 (as shown in Fig. 2a),
contradicting the high spin densities or the n-orbital axis vector
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Fig. 2 Schlegel diagrams of (a) M@C,,-Cg, (M = Sc, Y, and La) and (b) La@C>-

the C;, cage are depicted in green.
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(POAV) value at this addition site. However, it was speculated
that this regioselectivity mainly stemmed from the high positive
charge densities.”**” Later, systematic theoretical calculations
corrected the addition site of Cp with La@C,,-Cs, in ref. 23 to
bond Cg-C;s, indicating consistent regioselectivity between Cp
and Cp* cycloaddition to La@C,,-Cg,.>

Theoretical calculations play a significant role in unraveling
the regioselectivity, feasibility, and reaction mechanisms of
EMF-involved reactions. In our previous work, the cycloaddi-
tion of s-cis-1,3-butadiene (BD) to paramagnetic TiSc,N@I-Cgo
was systematically investigated by taking into account all the
possible addition sites.>® Our findings revealed that the endo-
hedral metal atom in EMFs significantly increases the energy
barrier and reduces the reaction energy for Diels-Alder (DA)

Cy, with labeling of cage C atoms used in this study. Adjacent pentagons in
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cycloadditions, making EMFs generally less reactive than
their empty fullerene counterparts.”® This has been generally
recognized across a wide variety of EMFs with different
metalloclusters.>* > Different from the traditional concerted
mechanism, it was found that the reaction was kinetically
favored and prone to occur through a [4+3] stepwise mecha-
nism. To date, both experimental and theoretical investigations
into the Diels-Alder reactions involving Sc@C,,-Cg,, Y@C,y-Cgs,
and IPR-violating EMFs remain scarce. The exploration of
DA reactions involving different rare-earth metal-embedded
fullerenes offers a valuable platform for comparative analysis
of reactivity and regioselectivity trends, as well as understand-
ing the role of different metal species in influencing chemical
reactions. Herein, a systematic theoretical exploration on the
DA additions of M@C,,-Cg, (M = Sc, Y, and La, C,,Cg, is
abbreviated as Cg, hereafter) is presented. Additionally,
La@C,(10612)-C,, with a non-IPR carbon cage was also inves-
tigated (where C,(10612)-C, is abbreviated as C,, hereafter),
which has been synthesized and characterized experimentally.*
By delving into these reactions, we aim to not only fill the existing
research gap but also contribute to a deeper understanding of the
fundamental mechanisms governing these reactions.

2. Computational details

The BP86 functional®*® was employed in all the DFT calcula-
tions, along with Grimme’s DFT-D3 dispersion correction with
Becke-Johnson damping,®” which is a commonly employed
functional to explore the reactivities and thermodynamics of
EMFs.*® The Def2-SVP***® basis set was adopted for C, H, and
Sc elements, while the Stuttgart/Dresden SDD*"** relativistic
effective core potentials with the corresponding basis set were
employed for Y and La elements. In order to reduce the high
computational cost, the Def2-SVP basis set was combined with
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the W06°?*° density fitting auxiliary basis set. The use of the
above functional and basis sets has been previously verified in
our previous works.?>** All the DFT calculations were con-
ducted using the Gaussian 16 programs suite.**

The initial geometric structures of the carbon cages C,,(9)-
Cg, and C,(10612)-C,, were generated using the FullFun
software.*>*® Subsequently, full geometry optimizations were
carried out for all relevant species. Following this, the vibra-
tional frequency analyses were conducted to confirm the stabi-
lity of each optimized configuration and to obtain the thermal
corrections to Gibbs free energies at 298.15 K and 1 atm.
Furthermore, intrinsic reaction coordinate (IRC) calculations®’*®
were carried out to guarantee that the obtained transition state
connected the proper reactant and product along the reaction
pathway. To take into account the solvent effect, single point
calculations were performed using the solvation model based on
density (SMD).*

3. Results and discussion
3.1 Isomers of M@Csg, (M = Sc, Y, and La) and La@C-,

The geometric structures of different EMF isomers, M@Csg,
(M =Sc, Y, and La) as well as La@C-,, were explored in the first
step. For each EMF, the metal atom was encapsulated in the
fullerene cage and located above the center of the rings,
considering all nonequivalent rings within the fullerene struc-
ture. For M@Cgs,, the number of isomers varies with the atomic
size from Sc to La after full geometric optimization. Sc@Css
exhibits the highest diversity among the studied endohedral
metallofullerenes, with six distinct isomers (labeled a to f) as
shown in Fig. 3. Y@Cg, has three isomers (labeled a, e and f),
demonstrating a limited set of stable configurations. In contrast,
La@Cg, possesses four isomers, lacking configurations ¢ and d.
These results are consistent with our previous research findings

Fig. 3 Geometrical structures of M@Cg, (M = Sc, Y, and La) isomers with different metal atom positions.
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Table 1 Relative energies (in kcal mol™) of M@Csg, (M = Sc, Y, and La)
isomers with isomer a as the reference

Isomer Sc@Cg, Y@Csg, La@Cg,
a 0.0 0.0 0.0

b 0.4 - 0.9

c 4.1 - -

d 11.0 - -

e 12.7 13.8 14.6

f 26.7 28.5 28.6

The hyphen (-) indicates that no stable isomer was found.

on M@Cg, (M =Sc, Y, and La), further validating the relationship
between atomic size and isomeric diversity in these endohedral
fullerenes.*® The relative energies of these isomers are illustrated
in Table 1. Among these isomers, isomer a is particularly
noteworthy because the metal atom is positioned off-center,
adjacent to a hexagonal ring along the C, axis. Remarkably, this
arrangement aligns closely with experimental determinations
and is identified as the most stable isomer.*® Therefore, isomer
a serves as a focal point for systematically investigating the
Diels-Alder (DA) reaction in the subsequent phases of our study.
Following full optimization for La@C,,, two different isomers
with distinct La atom positions were identified, as shown in
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Fig. S1 (ESIY). The energy difference between these two isomers
is 14.7 kcal mol ™. Notably, in the more stable isomer (isomer a),
the La atom is positioned adjacent to the fused pentagons,
which is consistent with the experimental observations®® and
employed in the following calculations. As shown in Table S1
(ESIt), the Mulliken population and natural population analysis
(NPA) reveal that the charge transfer between M and the full-
erene cage remains relatively consistent across different isomers
of the same EMF. This consistency suggests that the relative
energies of isomers are not decisively determined by the charge
transfer from the metal atom to the carbon cage, but are more
likely influenced by other factors, such as the complex covalent
and dispersion interactions between the metal and the carbon
cage, and the specific distribution of electron density within
the EMF.

3.2 Simple hydride model

In our previous work, a mono-hydride model was developed to
accurately predict the relative thermodynamic stability of
regioisomers of EMF dimers.** Based on this model, a basic
dihydride model was proposed to alleviate the computational
burden and to provide preliminary predictions of the regio-
selectivity of Diels-Alder (DA) adducts. Initially, two hydrogen
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Fig. 4 Relative energies of EMF dihydrides Efguide Versus relative energies of Diels—Alder adducts (a) Egg'@csch, (b) ErYetluiszCp' (c) Elf_eal@csch, and
(d) E{_ﬂ@cncp. ZPE corrections are not included. The relative energies are given in kcal mol™.
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atoms were positioned along the POAV direction of each C
atom in the C-C bond, and each C-H bond distance was set to a
typical value of 1.12 A, consistent with that of fully optimized
EMF hydrides. This method resulted in the generation of 35
distinct dihydrides for M@Cg, (Where M = Sc, Y, and La) and 55
dihydrides for La@C-,. Single-point energy calculations were
conducted for these dihydrides to evaluate their relative stabi-
lities. The computed relative energies are depicted in Fig. S2
(ESIt), providing valuable insights into the regioselectivity
of the DA cycloaddition. Based on the results of this model,
dihydrides with relative energies less than 15 kcal mol ™" were
chosen, as configurations with lower relative energies are more
likely to be favored in the actual reaction. There are four
different bond types in the Cg, cage (labeled A, B, C, and D)
and six bond types in the C,, cage (labeled A, B, C, D, E, and F).
The relative energies of the dihydrides formed on type C bonds
are notably higher, exceeding 26.0 kcal mol ™" for both M@Cs,
and La@Cy,. Given the high energies associated with these
configurations, type C bonds were excluded from further con-
sideration in the exploration of the concerted mechanism.
For each of these chosen dihydrides, the corresponding DA
adducts formed at the same addition sites were constructed.
Full optimizations were carried out for both the selected
dihydrides and their corresponding DA adducts. As illustrated
in Fig. 4, there is a strong linear relationship between the

(@)
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relative energies of the dihydrides and their respective DA
adducts. This relationship is quantitatively supported by a
coefficient of determination (R*) consistently exceeding 0.91,
which underscores the accuracy and predictive capability of the
model. According to Hammond’s postulate and the Evans-
Polanyi principle,’*™> the activation energy barrier is antici-
pated to align with the overall energy trend of the reaction.
Therefore, for further study, the addition sites corresponding to
the dihydrides with the lowest relative energies were selected
for each EMF (M@Cs, and La@C-,, M = Sc, Y, and La). These
selected sites included different bond types within the fullerene
cages. In Fig. 4, the solid circles highlight the specific addition
sites that were chosen to investigate the concerted mechanism
of the DA cycloaddition in this study.

3.3 The intermediate model

When cycloaddition between EMFs and Cp molecules proceeds
via a stepwise mechanism, the Cp moiety in the intermediate
molecule exhibits the ability to rotate around the newly formed
C-C single bond. This rotational flexibility can potentially lead
to the formation of three different configurations. Therefore, all
non-equivalent C atoms in the carbon cage (24 in Cg, and 36 in
C,,) were considered as possible addition sites for the for-
mation of intermediate species, denoted as C,. Each addition
site leads to the possibility of forming three distinct adducts,

(b)

15 [{vType-B I o |
< Type-C <
~  |[©Type-D °
S 10l
£ 10 5 3
S
E] 8,99
TS ge°
5
8
o@agg
C
O [ s 1 L
0 5 10 15
labels of C (Sc@C87)
©) |
15 v Type-B |
< Type-C 2
- OType-D 5
S 10t
§ 10 & 08
<
3 g
TZ5 88 80
&3]
g 8b go
gve’e
O [ 1 1 i
0 5 10 15
labels of C (La@C,)

Fig. 5 Relative energies of all potential intermediates (INTs)

rel

15 [{vType-B I al
[ Type-C 4
OType-D
= P 0«
g 10t 50
E o
= ol
8
BZ S 8c88
00888
s 98
0 [ 1 1 1
0 5 10 15
labels of C (Y@CSZ)
(d)
AType-A
Type-B )
_ 15 '<1¥ype-](; 9 <
3 OType- o “5
£ Type-E| 058088880 °
= 10f 00, ogode®
= 488g800
2 | &
BE 5 =
o
B
0
0|88 . , ,
0 10 20 30
labels of C (La@C72)

(d) La@C5, through the stepwise mechanism. The relative energies are given in kcal mol™.

25792 | Phys. Chem. Chem. Phys., 2024, 26, 25788-25797

EiNr for the Diels—Alder reaction between Cp and (a) Sc@Cg,, (b) Y@Cgy, (c) La@Cg), and

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp02538e

Published on 23 September 2024. Downloaded on 26.01.26 21:11:08.

Paper

as shown in Fig. S3a (ESIt). Additionally, taking into account
the two mirror orientations of the Cp moiety relative to the
addition bond (as shown in Fig. S3b, ESIt), a combined total of
144 intermediate isomers for M@Cg, and 216 for La@C-, were
identified. These potential intermediates, when situated at
certain addition sites, undergo direct transformation into
either final products or reaction complexes after full optimiza-
tion, which suggests that the DA reaction may not proceed
through a stepwise mechanism at these particular addition
sites. In each intermediate, the other adduct C atom in Cp
spatially corresponds to an adduct C atom in fullerene, which
was denoted as Cg. Consequently, the intermediates were
classified based on the bond types between C, and Cy in the
fullerene cage as depicted in Fig. 1. Fig. 5 depicts the success-
fully optimized geometric structures for the potential inter-
mediates. For Sc, Y, and La@Csg,, the most stable intermediate
is formed at the C, atom of the type B [6,6] bond, while the Cp
moiety bonded with a C atom (C;y3 for Sc and La@Cs,, C,, for
Y@Csg,) of the type C [6,6] bond exhibits the highest energy.
Because of the failure optimization of the intermediate formed
on type A bonds, it is inferred that the DA cycloaddition of
M@Cg, cannot proceed through the stepwise mechanism for
type A bonds. In the case of La@Cy,, the most stable inter-
mediate is formed on the C;; atom of the type D [5,6] bond,
and the optimization of the intermediate formed on the [5,5]
bond also failed. To comprehensively explore the stepwise
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mechanism, the most stable intermediate for each bond type
was selected for detailed analysis (see solid legends shown in
Fig. 5).

3.4 Systematic exploration of the concerted and stepwise
mechanisms

Fig. 6 and 7 depict the Gibbs free energy profiles for the
cycloaddition of Cp to EMFs in this study, illustrating the
lowest energy pathways for different bond types through both
the concerted and the stepwise mechanisms, respectively.
When Cp reacts with Sc, Y, and La@Cg, through the concerted
mechanism, the preferred addition sites for each bond type
(A, B, and D) are identical, as shown in Fig. 6. This consistency
implies that these metals exert a similar influence on the
regioselectivity of the reactions, suggesting a predictable pat-
tern in their chemical behavior. The results reveal that the
activation energies for the addition reactions occurring at the
type D bond Cg-C;5 are very close to those at the type A bond
C,-C; for Sc, Y, and La@Cs,, with differences being smaller
than 0.4 kcal mol . This indicates that kinetically, the addition
processes at these sites are nearly equivalent. However, the
differences in reaction energies are considerably larger,
with values of —3.4, —3.3, and —1.7 keal mol * for Sc, Y, and
La@Cs,, respectively. These significant differences in reaction
energies highlight that thermodynamically, the additions at the
type D bond are more favorable than those at the type A bond.
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Fig. 6 Gibbs free energy profile for the Diels—Alder reaction between Cp and (a) Sc@Cgy, (b) Y@Csgy, (c) La@Cgp, and (d) La@C, via the concerted

mechanism in the gas phase. The relative energies are given in kcal mol™.
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Moreover, the additions to the type B bond C,5—Cse exhibit the
highest activation energies (15.8, 13.9, and 16.5 kcal mol ™" for
Sc, Y, and La@Cg,, respectively), indicating that these reactions
are the most kinetically hindered. Additionally, the reactions at
the type B bond are also the least exothermic, making them less
favorable from both kinetic and thermodynamic perspectives.

When the DA reaction proceeds through the stepwise
mechanism, the free energy barriers and the reaction energies
exhibit the following trends: type B bond < type D bond < type
C bond. In particular, the energy barrier for the rate-
determining step of the addition on the type B bond C,-Cj;
is 11.5, 10.0 and 11.7 kecal mol* for Sc, Y, and La@Cg,,
respectively, which is slightly lower than the corresponding
lowest free energy barrier for concerted pathways (12.1, 10.8,
and 11.9 keal mol™*). This indicates that the addition on the
type B bond is slightly more favorable when proceeding via the
stepwise mechanism compared to the concerted mechanism.
The addition on the type C bond demonstrates the highest
activation energies and reaction energies through the stepwise
mechanism, specifically on C;3-C¢ for Sc@Cg,, and on C;3-C,,
for Y and La@Cyg,. In contrast to the concerted mechanism,
the reaction free energies following the stepwise mechanism
are mostly positive, which indicates that the cycloadditions
are endergonic through the stepwise mechanism. Therefore,
accounting for both kinetic and thermodynamic results, the
regioselectivity of the DA reaction between Cp and M@Csg, (M = Sc,
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Y, and La) favors the attack on the [5,6] bond Cg-C;5 through
the concerted mechanism. This preference aligns with the regio-
selectivity observed in the DA reaction between Cp* and La@Cs,,?
and is also consistent with the theoretical findings regarding the
regioselectivity between Cp and La@Cg,.>

For the DA reactions of La@C,, with the non-IPR carbon
cage, the transition state of the concerted addition to the
selected type D bond could not be located. The relative energy
of the related adduct on this bond was 13.2 kcal mol ™"
(as shown in Fig. 4d), and the corresponding dihydride is the
most stable among all the dihydrides added to the same type
of bonds (see Fig. S2, ESI{). Thus, Cp cycloadditions on type D
bonds were not explored through the concerted mechanism for
La@C;,. When examining the concerted mechanism for Cp’s
attack on various bonds in C5,, the energy barrier for the attack
on the type A bond (Cg;,-Cs;) was found to be 8.4 kcal mol .
This barrier is notably lower than those for attacks on
types B, E, and F bonds, which have barriers of 14.7, 14.5,
and 14.0 kcal mol " respectively, as shown in Fig. 6d. This
pathway not only has the lowest energy barrier but is also the
most exergonic, with a reaction free energy of —11.4 kcal mol .
Through the stepwise mechanism, the kinetically most favored
additions are on types D (C33-Cs;) and A (C33—-C,) bonds with
similar activation energies (12.3 and 12.6 kcal mol "), followed
in sequence by the additions on types F, B, and C bonds. The
reactions of the cycloadditions on types D and F are exergonic,

(®) 5
—-C-13-22
25(=D-7-14 2.5
B-7-13 =
20t ,1_'1_ 19.2. \\‘
£15 7127 13.5 37
£10 S 20
S
5t i
< ”l;/ \‘\0.5
o o0
Sl R TSI, INT TS2 P
Y@C,, and Cp
(d) - .
—C-31-9
20 }—B-4-5 =
-A-33-7 170
15| F-33-34 o152 8
=7 [-D3332 N
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=10t A 1310 e
3 12,6 "= 13.24
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La@C72 and Cp

Fig. 7 Gibbs free energy profile for the Diels—Alder reaction between Cp and (a) Sc@Cgp, (b) Y@Csg), (c) La@Cgp, and (d) La@Cy, via the stepwise

mechanism in the gas phase. The relative energies are given in kcal mol™.
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Table 2 Lowest barrier pathways for the DA cycloadditions of Cp to M@Cg; and La@C; via the concerted and stepwise mechanisms
AG* (AGg) AG* (AGg) AG* (AGg)

Reactants Machanism® Type® No. C-C Gas Toluene 0-DCB
Sc@Cg, + Cp C D 8-15 12.1 (—5.8) 16.5 (—0.4) 16.2 (—1.3)

S B 7-13 11.4, 11.3 (0.6) 15.0, 14.9 (5.6) 14.8, 14.7 (4.7)
Y@Cg, + Cp C D 8-15 10.8 (=7.2) 16.2 (—1.6) 15.6 (—2.3)

S B 7-13 10.3, 10. 2 (-0.9) 15.3, 14.8 (5.5) 14.9, 14.3 (4.2)
La@Cs, + Cp C D 8-15 12.4 (=5.7) 12.4 (—5.9) 13.3 (=5.1)

S B 7-13 11 5, 11. 7 (1.0) 10.5, 9.0 (—0.5) 11.9, 11.2 (1.1)
La@Cs, + Cp C A 61-62 ( 11.4) 11.6 (=7.1) 11.7 (-7.4)

S D 33-32 12 3,10.6 (—2.6) 16.9, 16.2 (3.1) 16.6, 15.0 (2.0)

“ Concerted (C) or stepwise (S) mechanism for the DA cycloadditions.
are given in kcal mol .

with reaction free energies —1.8 and —2.6 kcal mol , respec-
tively. In contrast, the reactions involving types A, B, and C
bonds are endergonic, with reaction energies ranging from
2.7 to 10.7 kcal mol~*. Therefore, when taking into account
both kinetic and thermodynamic aspects, the most favored
pathway is the concerted addition of Cp to the type A bond
(C61~Ce2) of La@Cyy.

As primary solvents in DA reactions involving EMFs, toluene
and ortho-dichlorobenzene (0-DCB) were also examined for
their effects on the regioselectivity of the DA reaction, as out-
lined in Table 2 and Table S1 (ESIT). These results show that in
both toluene and 0-DCB, the activation energies and reaction
energies increased to different extents for most of the selected
pathways as shown in Table S2 (ESIt), which indicates that the
solvent environment significantly influenced the energetics of
the reaction. The concerted reactions even became thermody-
namically unfavorable with reaction energies greater than
1.8 kecal mol ™', especially for types A and B bonds in Sc and
Y@Cs,, as well as the type B bond in La@Cg,. For the stepwise
addition, the activation energies on the type B bond (C,~Cy3)
were slightly lower compared to the activation energies for
the concerted addition on the D bond (Cg-C;5) for M@Cg,.
However, the Gibbs reaction energies for the stepwise addition
were all larger than 1.1 kcal mol ™', indicating that even though
the activation barrier might be lower, the overall reaction
remained less favorable energetically. An exception was observed
for the stepwise addition on La@Cg, in toluene, which had a
Gibbs reaction energy of —0.5 kecal mol ', suggesting a slight
thermodynamic favorability in this specific case. For La@Cs,, the
concerted attacks of Cp on types B and F bonds were found to be
endergonic in both toluene and 0-DCB. Conversely, the concerted
attacks on types A and E bonds were exergonic. In 0-DCB, the
kinetically most favored pathway was the concerted addition on
the bond Cg;~Cs,, with Gibbs energy barriers of 11.7 keal mol %,
which was also the most exergonic reaction with a reaction energy
of —7.4 kecal mol™", indicating both kinetic and thermodynamic
favorability. In toluene, the kinetically most favored pathway was
also the concerted addition on the Cg,-Cg, bond with Gibbs
energy barriers of 11.6 kcal mol *. However, the corresponding
reaction energy was —7.1 kecal mol ™", highlighting strong thermo-
dynamic favorability as well. Interestingly, the thermodynamically
most favored pathway in toluene was the concerted addition on

This journal is © the Owner Societies 2024

Different bond types. The Gibbs free energy barriers and reaction energies

the C3,-C,; bond, which suggests that different solvent environ-
ments can shift the balance between kinetic and thermodynamic
control of the reaction.

4. Conclusion

Systematic investigations of the DA cycloaddition reactions
between cyclopentadiene (Cp) and the paramagnetic EMFs
M@Csg, (M = Sc, Y, and La) as well as La@C,, were conducted
using density functional theory (DFT). Both the concerted and
stepwise mechanisms were considered, providing comprehen-
sive insights into the reaction pathways, regioselectivity, and
solvent effects. The most reactive bonds for the concerted
addition mechanism were identified using a fundamental
hydride model, which allowed for the prediction of the most
favorable sites based on the corresponding relative dihydride
energies. For the stepwise addition mechanism, intermediates
were screened according to their relative energies to determine
the most likely addition sites. For M@Cs,, the concerted
addition on the type D bond (Cs-C;5) was found to be both
kinetically and thermodynamically favorable, with activation
barriers smaller than 12.1 keal mol ™" and reaction free energies
smaller than —5.7 kcal mol ™. This suggests that the concerted
mechanism is the predominant pathway for these reactions,
despite the slightly higher activation barriers compared to the
stepwise addition (difference less than 0.8 kcal mol™"). More-
over, most stepwise additions were found to be endergonic,
further supporting the preference for the concerted pathway. In
the case of La@C,, despite two of the selected pathways being
exergonic via the stepwise addition (types D and F bonds), the
concerted addition on the C4,-Cs, bond emerged as the main
product due to its lowest activation energy (8.4 kcal mol ) and
highest exothermicity (reaction energy of —11.4 kcal mol %).
The interaction region indicator (IRI) distribution isosurfaces,>
mapped with the sign(42)p function, were computed using the
Multiwfn program®* for the main adduct on Cg-Cy5 in M@Cs,
and on Cg-Cg, in La@C,,. Our calculations indicate that
repulsive interactions between the metal atom and the carbon
cage exist (see Fig. S4, ESIT), which are likely due to Pauli
repulsion between the electron clouds. When the encapsulated
metal atom loses its valence electrons, it becomes a positively
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charged atomic core, leading to a contraction of its electron
cloud (with low polarizability). Since the encapsulation of metal
atoms in EMFs is a strongly exothermic process, it can be
concluded that the nature of the interaction is predominantly
ionic, driven by electrostatic attraction, which exceeds Pauli
repulsion.

Additionally, this study examined the effects of solvents
such as toluene and 0-DCB, which were found to increase both
activation energies and reaction energies for most pathways.
Although the activation energy barriers were a little higher than
those of the lowest stepwise pathways, the addition on the type
D bond (Cg-C;35) still generated the major product for M@Cs,
thermodynamically. For La@C,, the regioselectivity observed
in o-DCB remained consistent with that in the gas phase.
However, in toluene, the thermodynamically most favored
pathway became the concerted addition on bond C34-C,;.

In summary, Sc, Y, and La do not significantly influence the
regioselectivity of the reaction, as the regioisomers of the main
product, whether formed through a concerted or stepwise
mechanism, are identical for all three metals. Furthermore,
while the barriers of the rate-determining step vary slightly with
different metals, the relative trends depend on the reaction
medium, showing variations in vacuum, toluene, and o-DCB.
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