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Abstract: Endohedral metallofullerenes are chemically

more inert compared to empty fullerenes, primarily due

to their intramolecular electron transfer. In this work,

we report an inverse electron demand Diels–Alder

(IEDDA) reaction on M3N@C80 (M=Lu, Sc), where

they show significantly higher reactivity than empty

fullerenes. The molecular structures of the [4+2] cyclo-

adducts were unambiguously characterized. Moreover,

the cycloadducts can fully revert to pristine M3N@C80
via retro-cycloaddition upon thermal treatment. With

the unusual reactivity and reversibility, the IEDDA

reaction enables an effective separation approach for

metallofullerenes from their soot extracts, opening path

to efficient and economical scale-up synthesis of metal-

lofullerenes in laboratory and industrial settings.

Introduction

Endohedral metallofullerenes (EMFs) provide a versatile

molecular platform for modulating the properties of encap-

sulated metals.[1–4] Over the past two decades, EMFs have

been extensively studied across various research fields, such

as biomedicines,[5–7] single-molecule magnets (SMMs)[8–12]

and quantum information sciences.[13–16] To realize these

great promises as a family of functional materials, it is

critical for EMFs to achieve both high production yields

(material availability) and efficient functionalization reac-

tions (tailoring and processing). However, these two desired

features are in an inherent conflict: higher yields are

associated with more stable structures, which typically

indicate chemical inertness. As a classical instance, among

all EMFs, M3N@Ih-C80 exhibit highest production yields due

to their high symmetry and stability.[17–19] Meanwhile, they

tend to be considerably more inert compared to empty

fullerenes and conventional metallofullerenes; in other

words, more difficult to functionalize.

Indeed, only a limited number of reactions reported for

empty fullerenes have been successfully adapted for EMFs,

especially the M3N@Ih-C80 species, where lower reactivities

are consistently observed, including photochemical

reactions,[20–22] Diels–Alder (DA) reactions,[23–26] Prato

reactions,[27,28] Bingel-Hirsch reactions[29,30] and radical addi-

tion reactions.[31,32] The fundamental challenge in their

functionalization is their high-lying LUMO making them

inefficient electron acceptors.

In a paradigm shift, we herein report a new EMF

reaction in which M3N@Ih-C80 (M= Lu, Sc) act as electron

donors and benefit from their high-lying MOs (Figure 1a).

In our design, instead of common dienes, diimines react as

the electron acceptors with M3N@Ih-C80 (shortened as

M3N@C80 thereafter) as opposed to donors, in an inverse

electron demand Diels–Alder (IEDDA) reaction.[33,34] The

inverse direction of electron transfer is dictated by the better

match of the LUMO of the diimines and the HOMO of the

EMFs (Figure 1b). In these reactions, the EMFs showed

remarkably higher reactivity than empty fullerenes,[35] result-

ing in [5,6]-closed products which were characterized by

HPLC, MS, UV/Vis, NMR spectroscopy and X-ray diffrac-

tion analysis (Figure 2a). Cationic [Li@C60]
+ has also been

shown to have much higher reactivity than C60 in Diels–

Alder reactions,[36,37] diazo additions,[38] and [2+2]

cycloadditions[39] due to the encapsulated Lewis acid. Our

work trailblazes a new approach that exploits the electron-

rich nature of neutral EMFs to achieve greater reactivity

than empty fullerenes, demonstrated through a direct

comparison, in an inverse-electron-demand cycloaddition.

Remarkably, both Lu and Sc EMF adducts can undergo
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complete retro-cycloaddition back to pristine EMFs upon

heating.

The higher reativity (by design) and the full reversibility

(unexpected) allowed us to develop a powerful non-chroma-

graphic strategy to isolate EMFs in scale-up syntheses. The

EMFs can be “fished out“ by the IEDDA reaction at room

temperature and regenerated by thermal treatment. This

novel strategy is far more economical and environmetal-

friendly than existing organic chemical separations because

it only needs chemicals to react with a small portion (the

EMFs) rather than the majority (empty fullerenes) of

components in the soot, while empty fullerenes are intact

and can still be used for other applications.

Results and Discussion

Reaction and Characterization of Products

In DA reactions, fullerenes generally act as good dieno-

philes owing to their electron-deficient character.[40–42] There

have been few studies on the IEDDA reaction on fullerenes,

due to the electron-accepting nature of both fullerenes and

dienes, which tend to require harsh conditions[43,44] or addi-

tional supramolecular strategies.[45]

In this work, the quinone diimine intermediates gener-

ated from the in situ oxidation of protected o-

phenylenediamines[46] react with the double bonds on the

fullerene cages to form cycloadducts. The IEDDA reaction

mechanism has been established on empty fullerenes,[35]

yielding [6,6]-adducts from C60 and a dd-[5,6] adduct as the

major product from C70, respectively (Figure S1). In the

current work, reactions were performed on electron-with-

drawing group (EWG), -Cl or -NO2, substituted disulfona-

mides (1a, 1b) and M3N@C80 (M= Lu, Sc), respectively, in

presence of Pb(OAc)4 as the oxidant (Figure 2a). In addition

to R1, the strong EWG, -SO2PhC5H11, was also used to

further bestow electron deficiency of the diamine, and

meanwhile, higher solubility of the product. This design is in

direct contrast with common DA reactions, where electron-

donating groups are preferred.[24] The reactions of 1a were

conducted with heating at 80 °C in o-dichlorobenzene (o-

DCB) for 3 h. With stronger EWGs, i.e., -NO2, the reactions

of 1b underwent at room temperature.

Four EMF derivatives 2a, 2b, 3a, and 3b were purified

by flash chromatography and fully characterized by HPLC,

ESI-MS, UV/Vis, NMR spectroscopy, and finally, single-

crystal X-ray crystallography (Figures S2–22, Tables S1–14).

The molecular ion peak in the ESI-MS spectrum (Figure 2b,

S5) matches the mass of the expected [4+2] cycloadduct.

Although in the reaction mixture, as well as the purified

product right from the column, the HPLC peak (5-PYE) of

the product showed asymmetry, upon leaving the products

in solution at room temperature, the peaks merged into a

sharp, symmetric peak without any purification (Figure 2c,

S4, S13, S16, S19), which indicates its regioisomeric purity.

The samples that correspond to the single HPLC peak were

used in all further characterizations, including UV/Vis,

NMR, and crystallography. The peak assymetry could be

due to the temporary existance of another isomer, or the

coexistence of multiple conformations of the same com-

Figure 1. a) The IEDDA reaction Scheme. b) The MO diagrams of
fullerenes/EMFs in typical cycloadditions (left) and the IEDDA reaction
(right).

Figure 2. a) Preparation of [4+2] adducts. b) ESI-MS spectrum of 2a.
c) HPLC trace of 2a (5-PYE, toluene, 2 ml/min). d) UV/Vis absorption
spectrum of 2a in toluene.
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pound (see detailed discussion below). The UV/Vis spec-

trum of 2a (Figure 2d) shows four weak absorptions

centered at 401, 446, 552, and 875 nm, respectively, among

which the single peak above 600 nm is consistent with

reported [5,6]-adducts.[28,47]

Finally, the structures of 2a and 3a were determined by

X-ray diffraction analysis, which confirmed the [5,6]-closed

structures (Figure 3). The rotational disorder of both pentyl

phenyl groups at the extrema of 2a are modeled as two

parts, with ratios of 60 :40 for both groups (Figure S22).

More notably, the disorder in the position of the Lu3N

cluster is modeled as two separate components with differ-

ent orientations, occupancies of 84% and 12%, and very

similar geometries that were subsequently restrained to have

similar interatomic geometries during refinement. Both

models of the Lu3N disorder show that two Lu atoms have

the Lu-N-Lu bisector directed towards the C�C addition

bridge, and the most disordered third Lu atom is directed

away from the addend. The Lu-N�Lu bond angles of the

major occupancy are 117.0°, 121.1°, and 121.3°, respectively,

adding up to 359.4° (same for the minor occupancy),

confirming the planarity of the Lu3N cluster is retained after

the cycloaddition. The orientation of the Sc3N cluster in 3a

(Figure S22) is essentially the same as that of the Lu3N in

2a, with the most disordered metal site directed away from

the adduct bridge and a planar cluster, which are shared

characteristics of many [5,6]-closed adducts of

M3N@C80.
[24,27,48–50]

DFT computations show that the [5,6]-adduct is the

thermodynamically favored product in the reaction for

Lu3N@C80. Different conformations of [5,6]- and [6,6]-

adducts were computed, revealing that the [6,6]-adduct is

14.4 kcal·mol�1 higher in energy (Figure S23). In terms of

Gibbs free energy, the [5,6]-adduct of 2a was confirmed to

be the thermodynamic product at 80 °C (Figure S24). More-

over, the Gibbs free energy profiles of Lu3N@C80 and C60
show that the experimental products are also the kinetic

products (Figure S25).

The regioselectivity is also supported by the frontier

molecular orbital (FMO) theory. In this IEDDA reaction,

the LUMO of the diimine interacts with the HOMO of the

fullerene (Figure 1). Inspecting the orbital shape and

distribution of the HOMO of M3N@C80, it is clear that

orbital coefficients on C atoms of [5,6] bonds are signifi-

cantly larger than those of [6,6] bonds (Figure S26). The

FMO theory is also powerful to explain the unusual

regioselectivity in the reaction of C70,
[35] where the dd-[5,6]

adduct was found as the major product.

With the addition of a symmetrical group on the [5,6]

bond, a horizontal plane of symmetry is introduced, which

could be reflected in the NMR spectra.[27] However, in the
1H NMR spectrum of 2a (Figure 4a), two sets of peaks with

a ratio of 1 :1.2 were observed, indicating the asymmetrical

structure of the added group. The 13C NMR spectrum of 2a,

whose peaks were partially assigned based on additional 1D

and 2D NMR spectra (Figure S7–S12), also shows two

distinct peaks of the two sp3 addition sites at 80.9 and

81.4 ppm indicating asymmetry (Figure 4b). Without the

unambiguous single-crystal elucidation, one might have

deduced the products as [6,6] isomers based on the breaking

of symmetry.[27,28] However, with single-crystal results con-

firming the [5,6] addition, we hypothesize that 2a has two

coexisting conformations, as a result of hindered inversion

of the two N atoms attached to the cage and tetrahydroqui-

noxaline ring conformation.

To verify our hypothesis, a computational study was

done on the optimized configurations of 2a, which include

Figure 3. Single-crystal X-ray crystallographic structure of a) 2a; b) 3a.
Minor sites due to disorder of addends are omitted for clarity.

Figure 4. a) 1H NMR spectrum (500 MHz, CS2/CDCl2CDCl2, 25 °C) of
2a (Inset: two conformations of the model system of 2 a), proton
assignment in one conformation is labeled in red. b) 13C NMR
spectrum (126 MHz, CS2/CDCl2CDCl2, 25 °C) of 2a, partial carbon
assignment is labeled in blue.
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different orientations of both the added group and inner

metal cluster (Figure S27). Indeed, two conformations, A

and B, are found to have the lowest and same energy

(Figure 4a inset). These two conformations correspond to

the sulfonyl substituents on the nitrogen atom pointing

towards either the pentagon or the hexagon of the [5,6]

junction. In most cases, these conformations should inter-

convert rapidly; however, the NMR results suggest that such

interconversion is slower than the NMR timescale due to

sterically restricted nitrogen inversion. Therefore, two sets

of peaks, instead of one averaged result, were observed in

the NMR spectra.

To further validate the presence of interconverting

conformation A and B from the same isomer, variable-

temperature (VT) 1H NMR experiments were performed on

2a from 253 K to 333 K (Figure 5), and then in a reverse

ramp back to 253 K (Figure S28). The integral ratio between

the two characteristic methylene peaks (highlighted in Fig-

ure 5) was tracked to reveal the ratio between conforma-

tions A and B. The A/B ratio decreased from 1.37 at 253 K

to 1.19 at 333 K, with rising temperature, and the trend was

reversed with decreasing temperature (Figure S28). This

reversible redistribution between A and B species is

consistent with our hypothesis of slowly interconverting

conformers that are almost identical in energy (see Support-

ing Information Discussion).

Reactivity Comparison

The reaction pathways were modeled by DFT computation

to understand the reactivity of the EMFs. A concerted

mechanism going through an asymmetric transition state is

the more favorable pathway (Figure 6a,b). With that said, a

stepwise mechanism[51] cannot be excluded, as the modeling

of the Lu3N@C80 reaction showed that a singly-bonded

intermediate is only slightly higher in free energy by

1.9 kcalmol�1 (Figure S29). In the concerted cycloaddition,

80 °C in o-DCB, the free-energy barrier (ΔGÿ) of Sc3N@C80
is 0.2 kcalmol�1 lower than that of Lu3N@C80 (15.8 vs

16.0 kcalmol�1) suggesting very similar reactivity between

Lu3N@C80 and Sc3N@C80 (Figure 6a,b). Indeed, such subtle

difference in activation energy was not observed at our

reaction temperature that formed 2a and 3a. The slightly

higher reactivity of Lu3N@C80 was only experimentally

observed at 35 °C (with lower reaction rate and conversion)

in HPLC tracking of the reactions (Figure S30,S31). This

result contrasts precedents that Sc3N@C80 showed lower

reactivity than Lu3N@C80,
[22,52] but is consistent with the new

role of EMFs as electron donors in IEDDA reactions.

More importantly, in the IEDDA reaction, M3N@C80 are

expected to show higher reactivity than empty fullerenes

that is attributed to the more electron-rich carbon cages.

The observation of a much milder reaction condition for

M3N@C80 than C60 and C70 in the reactions with 1b with

strong EWG -NO2, i.e., room temperature for EMFs vs

80 °C for empty fullerenes, indicates the substantially higher

reactivity of the two EMFs.

For a direct comparison, a mixture of C60, C70 and

Lu3N@C80 (10/12/1 mass ratio) in o-DCB was prepared, to

which small amounts of 1b and Pb(OAc)4 were added to

run a competitive reaction. The components in solution

were monitored by HPLC. After stirring at room temper-

ature for 30 min, the peak of Lu3N@C80 dramatically

decreased while the peaks of empty fullerenes remained

nearly unchanged (Figure 7). Independent studies confirmed

that C60 and C70 do not react with 1b at room temperature

(heating was required).35 The direct comparison unequiv-

Figure 5. VT 1H NMR spectra of 2a ranging from 253 to 333 K.

Figure 6. a) Gibbs free energy profiles of the reactions at 80 °C in o-DCB
for Lu3N@C80 and b) Sc3N@C80. The C�N distances (in Å) between the
fullerene and the diimine in the transition states are plotted.

Figure 7. HPLC traces (5-PBB, toluene, 2 ml/min) of the mixture of C60,
C70 and Lu3N@C80 before (black) and after (red) reaction with 1b and
Pb(OAc)4. The commercial C70 sample (certified as >97 % purity)
contained small amounts of higher fullerenes (C76, C78, C84, etc.) which
are visible at the current level of HPLC attenuation.
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ocally showed that Lu3N@C80 reacts faster than empty

fullerenes under the same conditions, consistent with the

free-energy profile at room temperature (Figure S32), which

also aligns with the intention of the IEDDA reaction design.

The unusual reactivity is rationalized by the lower Gibbs

free energy barrier of M3N@C80 (Figure 6a,b) compared to

that of C60 (18.2 kcalmol
�1) at 80 °C (Figure S33). This is

also supported by the analysis of FMOs, where the gap

between the HOMO of the EMF and the LUMO of the

diimines (Figure S34) is much smaller than the counterpart

for C60 (Figure 1a, Figure S35, 36 and Table S15).

Thermal Reversibility

In addition to the high reactivity, we also observed unusual

reversibility in the new IEDDA reaction on EMFs.

Although thermally reversible reactions have been reported

for empty fullerenes,[53–55] in the case of EMFs, reverse

reactions often require the addition of new reagents to run a

different operation.[56,57] In this IEDDA reaction, however,

complete reversibility was discovered during a heating

experiment for the adduct 2b, which was originally intended

to probe any possible thermal isomerization between [5,6]-

and [6,6]- regioisomers.[27,28] In the thermal test, toluene

solution of adduct 2b was heated at 100 °C for 1 h. There

was no isomerization observed, instead, 2b fully converted

back to pristine Lu3N@C80 (Figure 8). The result suggests

that the IEDDA reaction on M3N@C80 could be easily

reversed by heating, and such reversibility was not observed

in the reactions on C60 or C70.

To shed light on the experimental findings, the activation

energy barriers for the retro-cycloaddition of C60 and

Lu3N@C80 were studied at 100 °C (Figure S37). The back-

ward barrier, i.e., the Gibbs free energy difference between

the adduct and the transition state, is 11.1 kcalmol�1 higher

for the empty fullerene than for Lu3N@C80 (12.5 kcalmol
�1

in the case of Sc3N@C80), consistent with the reversibility

observed in experiments. The thermal retro-cycloaddition is

insignificant in the formation of the 2a and 3a with excess of

small-molecule reactants, as 2b and 3b, which are formed at

room temperature, only have slightly higher yields.

The reversibility is an important trait that could lead to

new applications. For example, it is conceivable to fabricate

devices using solution-processable IEDDA derivatives and

then thermally reverse the cycloaddition to regain the

pristine EMFs for better semiconducting properties. Addi-

tionally, the IEDDA reaction could be used as an efficient

chemical separation approach, as detailed below.

Chemical Separation of EMFs from Soot

In the production of EMFs, the soluble content in the soot is

typically a complex mixture of fullerenes, predominantly

containing C60, C70 and higher fullerenes (98–99%),
[58] and

only a small amount of EMFs. The isolation and purification

of EMFs typically require solvent- and time-consuming

chromatographic procedures, which are prohibitive for

large-scale synthesis.[59]

In light of this, several chemical separation methods

based on organic reactions have been developed, such as the

functionalized resin approach[60] and the stir and filter

approach (SAFA).[61] In these methods, the inherently inert

nature of EMFs is exploited, whereby the empty fullerenes

react with the functionalized immobile phase (e.g., resin or

silica), while the unreacted EMFs remain in solution.

The most successful reaction used in such chemical

separation methods is the more common “normal” electron

demand DA reaction, which has excellent selectivity

towards empty fullerenes over EMFs. A significant limita-

tion of DA reaction-based separation, however, is the large

amount of diene-functionalized silica or resin required, as it

needs to remove ~99% of the components in the mixture to

isolate the remaining 1%. Additionally, due to limited

processing efficiency of the retro-addition, it is not econom-

ical to regenerate the reacted empty fullerenes from the

immobile phase. Overall, although better than chromatog-

raphy, current chemical separations are still not cost-

effective and environmentally friendly. Using the IEDDA

instead of the “normal” DA reaction fundamentally changes

the chemical separation process, allowing for the selective

reaction with small amounts of desired species (i.e., EMFs),

isolating the product by solubility, and regenerating the

material through the retro-reaction.

The Sc-containing soot extracts generated from real

EMF synthesis, and a Lu3N@C80-containing fullerene mix-

ture, both consisting of mostly empty fullerene (Figure 9a,

S38a), were used to demonstrate the approach (Figure 9,

S38). The electric-arc synthesis of Sc metallofullerene soot

has been previously described in seminal works.[17,62,63] To

treat the Sc soot, small amounts of 1b and Pb(OAc)4 were

added to the soot extract, and the process was monitored by

HPLC. The peak of Sc3N@C80 decreased dramatically after

reacting at room temperature for 30 mins (Figure 9b). The

formed cycloadduct 3b is soluble in common non-aromatic

solvents such as methylene chloride and chloroform and

thereby separated from fullerenes (which don’t dissolve) in

large-scale. In our small-scale lab setup, 3b was separated by

Figure 8. HPLC traces (5-PBB, toluene, 2 ml/min) of 2b solution before
(black) and after (red) heating at 100 °C.
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flash chromatography (Figure 9c). Finally, the cycloadduct

3b was thermally converted back to pristine Sc3N@C80
(Figure 9d). An artificial mixture containing Lu3N@C80
(8.0 mg) C60 (120 mg) and C70 (70 mg) was used to provide

quantitative insight for this procedure, and we were able to

achieve 94% recovery (7.5 mg) of the Lu3N@C80 (Fig-

ure S39).

With the IEDDA reaction-based chemical separation

approach, the usage of reagents is substantially reduced

compared to other methods because it is the M3N@C80 that

reacts, rather than the empty fullerenes. The only precedent

that utilized a reaction where EMFs have higher reactivity is

the Lewis acid approach,[64] but even that process used a

large excess of Lewis acids, and the selectivity required

careful engineering based on types of fullerenes, Lewis

acids, concentrations and reaction time, because the selectiv-

ity is not as clear-cut as the IEDDA reaction. In our work,

about 94% recovery of M3N@C80 can be achieved due to the

complete retro-addition. Meanwhile, all the empty fullerenes

are recycled as they remain pristine throughout the process.

Ultimately, the IEDDA reaction provides a conceptually

new organic chemistry-based method for separating EMFs

with high efficiency.

Conclusion

In summary, we report a new IEDDA reaction on M3N@Ih-

C80 (M=Lu, Sc), resulting in [5,6]-closed [4+2] cycloadducts

that are isolated and characterized by HPLC, MS, UV/Vis,

NMR, and X-ray crystallography, in combination with DFT

computations. In this reaction, EMFs exhibit higher reac-

tivity compared to empty fullerenes due to the inverse

electron demand. Moreover, a complete reverse reaction

can be achieved upon thermal treatment. The distinctive

reactivity and reversibility of the IEDDA reaction enable a

new concept in the chemical separation methodology for

EMFs, where the desired EMFs that typically “remain last”

in traditional chemical separation methods “react first” and

are regenerated by retro-additions. The new chemistry and

processing approach provide a key step towards the

application of EMFs in energy materials, electronic devices,

and biomedicines.
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Inverse Electron Demand Diels–Alder Reac-
tion on M3N@C80 (M=Lu, Sc): Reactivity
and Reversibility Enable Chemical Separa-
tion of Metallofullerenes

An inverse electron demand Diels–Alder
(IEDDA) reaction on M3N@Ih-C80

(M=Lu, Sc) has been utilized to yield
[5,6]-closed [4+2] cycloadducts that
were fully characterized (HPLC, MS, UV/
Vis and NMR spectroscopy, X-ray crys-
tallography, and DFT calculations). The
unique reactivity and thermal reversibil-
ity of endohedral metallofullerenes en-
able an efficient separation strategy,
thereby advancing scalable synthesis for
future applications.
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