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ABSTRACT: Actinide endohedral metallofullerenes (EMFs) are a fullerene family that possess 

unique actinide-carbon cage host-guest molecular and electronic structures. In this work, a novel 

actinide EMF, U@Cs(4)-C82, was successfully synthesized and characterized, and its chemical 

reactivity was investigated. Crystallographic analysis show that U@Cs(4)-C82, a new isomer of 
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U@C82, has a Cs(4)-C82 cage, which has never been discovered in the form of empty or endohedral 

fullerenes. Its unique chemical reactivities were further revealed through Bingel-Hirsch reaction 

and carbene addition reaction studies. The Bingel-Hirsch reaction of U@Cs(4)-C82 shows 

exceptionally high selectivity and product yield, yielding only one addition adduct. Moreover, the 

addition sites for both reactions are unexpectedly located on adjacent carbon atoms far away from 

the actinide metal, despite the nucleophilic (Bingel-Hirsch) and electrophilic (carbene addition) 

nature of either reactant. DFT calculations suggest that this chemical behavior, unprecedented for 

EMFs, is directed by the unusually strong interaction between U and the sumanene motif of the 

carbon cage in U@Cs(4)-C82, which makes the energy increase when it is disrupted. This work 

reveals remarkable chemical properties of actinide EMFs originating from their unique electronic 

structures and highlights the key role of actinide-cage interactions in the determination of their 

chemical behaviors. 

 

Introduction 

Endohedral fullerenes are fullerene molecules with unique host-guest structures. Various kinds 

of species, such as metal ions, nonmetal atoms, metal clusters or small molecules, can be 

encapsulated into hollow fullerenes.1-4 To date, most reported endohedral fullerenes are endohedral 

metallofullerenes (EMFs). These EMFs have very diverse endohedral structures, which include 

various numbers of metal ions as well as versatile metal clusters.1, 3 The most fascinating features 

of EMFs are the interaction between the encaged species and fullerenes. The charge transfer and 

coordination effect between the encaged metal ions and carbon cages can essentially alter the 

electronic structures of the parent fullerene cages.2-3, 5 On the other hand, the chemical or physical 
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modification of the fullerene cages can effectively penetrate the carbon cage and alter the motion 

and electronic structures of the endohedral species.1, 6 This unique interaction between the host 

fullerene cages and the guest endohedral species endows EMFs with some unique applications in 

the fields of biomedicine and molecular electronic devices.1, 7-11 

Chemical derivation of EMFs is essential for their applications, as it can adjust their electronic 

structures, solubility and biocompatibility.1, 12 However, the reactivity of EMFs is far more 

complicated than that of empty fullerenes due to the relatively low molecular symmetry and the 

influence of the encapsulated species. These reactions often yield multiple fullerene derivatives, 

which cause significant difficulties in purification processes and thus result in low yields of the 

target compound. Thus, understanding the role of metal-cage interactions on the reactivity of 

EMFs is desirable for tuning their chemical reactivity. 

To date, the understanding of the chemical properties of EMFs is still underdeveloped, as only 

a few types of chemical reactions have been reported, such as silylation reactions, Bingel-Hirsch 

(BH) reactions, Diels-Alder reactions, radical recombination reactions, Prato reactions and carbene 

reactions.1, 6, 13 Previous studies have shown the size effect of endohedral clusters on the chemical 

reactivity of EMFs,14 but the role of the nature of the metal ions themselves has rarely been 

discussed, partially due to the very similar chemical behaviors of EMFs with endohedral 

lanthanides. 1, 13 

Actinide EMFs have unique molecular and electronic structures that are significantly different 

from those of lanthanide EMFs.15-18 For example, Th@C82 shows a unique four-electron metal-cage 

charge transfer, while for U@C2n, the valence states of actinides are variable and can be dictated 

by the variable isomeric structures of fullerene carbon cages.16, 19 Our very recent reaction study of 

Th@C3v(8)-C82 and U@C2v(9)-C82 shed light on their unusual chemical reactivities and showed that 
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their reactivities are different from those of their lanthanide analogs.20 Nevertheless, the chemical 

reactivity of actinide EMFs remains largely unexplored. 

Herein, we report the synthesis and chemical reactivity studies of a novel actinide mono-EMF: 

U@Cs(4)-C82. The molecular structure of U@Cs(4)-C82 was unambiguously determined by X-ray 

single crystal crystallography, and its chemical reactivities were investigated through the Bingel-

Hirsch reaction and carbene addition reaction. Unexpected reactivity is found for U@Cs(4)-C82, 

with uncommonly high regioselectivity for both studied reactions. In particular, the adducts of 

both reactions show the reaction addition sites located on adjacent carbon atoms far from the U 

atom, despite their nucleophilic and electrophilic nature, respectively. 

Results and Discussion 

Synthesis and Isolation of U@Cs(4)-C82. Uranium endohedral metallofullerenes were produced 

by a modified Krätschmer–Huffman DC arc discharge method. Graphite rods packed with U3O8 

and graphite powder (molar ratio of U: C = 1:30) were vaporized in the arcing chamber under a 

200 Torr He atmosphere and 4 Torr N2. The resulting soot was then collected and extracted with 

CS2 for 12 h. Multistage high-performance liquid chromatography (HPLC) separation processes 

were employed to isolate and purify U@C82 (Figure S1). The purity of the sample was confirmed 

by the observation of a single peak by HPLC and positive-ion-mode matrix-assisted laser 

desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS). As shown in Figure 

1, the mass spectrum of the purified U@Cs(4)-C82 shows a peak at m/z = 1221.929. In addition, the 

experimental isotopic distributions of the sample agree well with the theoretical predictions. 
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Figure 1. Positive-ion mode MALDI-TOF mass spectrum of U@C82 and the expansions of the 

corresponding experimental isotopic distributions of the compound in comparison with its 

calculated ones. 

The molecular structure of U@Cs(4)-C82 was unambiguously determined by single-crystal X-ray 

diffraction analysis. U@Cs(4)-C82 was cocrystallized with NiII(OEP) (OEP = 2, 3, 7, 8, 12, 13, 17, 

18-octaethylporphyrin dianion) by slow diffusion of the benzene solution of NiII(OEP) into the 

carbon disulfide solution of the purified compound. Theoretical calculations of the relative 

formation energies for nine pristine isolated pentagon rule (IPR) C82 isomers revealed that C2(3)-C82 

is the most stable pristine C82 isomer, followed by isomers Cs(4), Cs(2), and C2(1), whereas the 

pristine isomers, i.e., C3v(7), C3v(8), and C2v(9) appeared to be extremely unstable.21-22 To date, five 

isomeric structures of C82, C2(5)-C82, Cs(6)-C82, C3v(7)-C82, C3v(8)-C82, and C2v(9)-C82, have been obtained 

experimentally in the form of endohedral fullerenes. C2(5)-C82 and C2(3)-C82 can be transformed into 

the Cs(4)-C82 structure by a one-step Stone-Wales (SW) rearrangement. However, Cs(4) has never 

been obtained in its pristine form either as an empty cage or in the form of endohedral fullerene. 

The only experimental report of Cs(4)-C82 is Cs(4)-C82Cl20, a distorted cage structure after 
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chlorination.23 Thus, U@Cs(4)-C82, to the best of our knowledge, is the first observation of pristine 

Cs(4)-C82 stabilized by the encapsulation of U.  

 

Figure 2. (a) ORTEP drawing showing the relationship between the EMFs and porphyrin moiety 

for U@Cs(4)-C82 with 15% thermal ellipsoids; only the major uranium site (U1 with 0.697 

occupancy) is shown. For clarity, the solvent molecules and minor metal sites are omitted. (b) 

View showing the interaction of the metal ion (major metal site) with the closest cage portion. The 

symmetry plane is highlighted with dotted red lines. The sumanene motif closest to the 

encapsulated metal ions is highlighted in light green. 

Inside the cage, five crystallographic sites for U atoms can be identified. The major site of U 

has an occupancy value of 0.697 (U1), and the minor sites have much smaller occupancy values 

of 0.120 (U2), 0.057 (U3), 0.034 (U4), and 0.092 (U5), suggesting that the U ion is largely ordered 

inside the cage. As shown in Figure 2b, the major U site, i.e., U1 lies over a cage carbon (C67) at 

the apex between two hexagons and one pentagon with a short U-C distance of 2.384 Å, near a 

sumanene motif, which is in good agreement with the density functional theory (DFT) calculations 

(see Figure S5). This is consistent with the previous observation that U atoms tend to be located 

near sumanene patterns.18 Different positions of the metal within the Cs(4)-C82 cage were calculated 

to analyze the most likely location of the metal inside the Cs(4)-cage (Figure S5c). The U atom 

located near the sumanene is found to be by far the lowest-energy structure, in agreement with the 



 7 

X-ray structure, followed by the position lying next to the double jointly sumanene pattern at 20 

kcal·mol-1. Other positions lay at much higher energies (30 kcal·mol-1), which confirms the high 

stability of U placed in the symmetry plane next to the sumanene motif. In addition, to confirm the 

high stability of U@Cs(4)-C82, our calculations show that U@Cs(4)-C82 is among the lowest-energy 

and most abundant isomers among the nine IPR C82 cages (Figure S6).  

The electronic structure of U@Cs(4)-C82 in its spin-triplet ground state is consistent with a formal 

oxidation state of U(+4). This is confirmed by a) the molecular orbital analysis (Figure S5); and b) 

the spin population of ~2 unpaired electrons in the U center (f2). It is remarkable that the Cs(4)-C82
4- 

tetra-anion is at very high energy (around 30 kcal mol-1) compared to the lowest-energy C3v(8)-C82
4- 

tetra-anion. Therefore, the high stability of U@Cs(4)-C82 with respect to other U@C82 isomers 

comes from the particular interaction between the actinide and the sumanene motif in this cage 

and cannot be explained by the so-called ionic model, which is so successful in lanthanide EMFs. 

Chemical reactivity studies of U@Cs(4)-C82 

U@Cs(4)-C82C(COOC2H5)2. The Bingel reaction of U@Cs(4)-C82 with an excess amount of 

diethyl bromomalonate (1) was carried out in the presence of 1,8-diazabicyclo[5.4.0]-undec-7-ene 

(DBU) in anhydrous toluene under an argon atmosphere at room temperature.24-26 The reaction 

process was monitored by high-performance liquid chromatography (HPLC). Figure 3 shows the 

reaction scheme and the corresponding HPLC profiles of the reaction mixture probed at different 

times. 
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Figure 3. (a) Schematic illustration of the Bingel–Hirsch reaction of U@Cs(4)-C82 with (1) in the 

presence of 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU). (b) HPLC profiles of the reaction mixture 

probed at different times. (c) Recycling HPLC profile for the separation of 2a. HPLC conditions: 

Buckyprep column (10 mm × 250 mm), eluent = toluene, flow rate = 4 mL min-1; detection 

wavelength = 310 nm. 

The single peak at retention time of 80 min can be assigned to the unreacted pristine U@Cs(4)-

C82. After the reaction proceeded for 2 h, a new peak of mono-adduct (2a) was observed at 27 min, 

as confirmed by mass spectrometry results (m/z =1380.057 (Figure S2). A recycling HPLC 

separation process was then employed to verify the purity of this mono-adduct. After five recycling 

steps (Figure 3c), the peak of 2a is still a well-defined single peak. This suggests that the Bingel-

Hirsch reaction of U@Cs(4)-C82 with 1 only afforded one mono-adduct isomer. In addition to its 

high regioselectivity, the product yield of 2a reaches as high as 72%. 

Extensive studies on the Bingel-Hirsch reaction of endohedral fullerenes have been carried out 

for variable EMFs, including mono-EMFs such as M@C2v(9)-C82 (M= La, Gd),27-30 Y@Cs(6)-C82,31 and 

metallic nitride clusterfullerenes (NCFs) such as M3N@Ih(7)-C80 (M=Sc, Y, Gd, Lu, Er)14, 32-34, 

Gd3N@C2n (2n=82, 84, 88)35-36 and TiM2N@Ih (7)-C80 (M=Sc, Y)37-38. Notably, most of these Bingel-

Hirsch reactions yield more than one mono-adduct. Some EMFs, i.e., Sc3N@C68
39 and Sc3N@C78

40 
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yield one mono-adduct but multiple adducts. Thus, both the regioselectivity of the Bingel reaction 

of U@Cs(4)-C82 and the yield of 2a are exceptionally high compared to the known EMFs. 

The molecular structure of 2a was further determined by single-crystal X-ray diffraction (XRD) 

analysis. Black crystals of 2a were obtained by slow evaporation of a solution of 2a in carbon 

disulfide (CS2) with n-hexane layered above. Inside the cage, the U atom exhibits three disordered 

positions with fractional occupancy values of 0.780 (U1), 0.107 (U1A), and 0.113 (U2). The 

fullerene cage is completely ordered. As shown in Figure 4, the addition occurred at a [6,6] ring 

junction, which is common for methano-adducts of fullerenes via the Bingel-Hirsch reaction. The 

attached malonate group is far from where the U atom is located, consistent with what has been 

observed for the previous reaction studies of M@C82 (M=Gd, Y, and La)31, 41,29-30, 42 that the nucleophilic 

bromomalonate reactant prefers to attach at the region far from the internal metal ion of mono-

EMFs. 

 

Figure 4. (a) Experimental structure of U@Cs(4)-C82C(COOC2H5)2 (front) (2a). (b) Labels for the 

different carbon atoms of M@Cs(4)-C82 (M=Th, U). The sumanene motif where the metal atom is 

located is drawn in green, and the region where the reaction takes place is drawn in purple. 

The Bingel–Hirsch reaction is an important nucleophilic [2+1] cycloaddition that generates a 

three-membered ring on the fullerene surface. Three addition patterns have been reported for the 
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BH reaction of EMFs to date.14, 27-36, 39-40, 43 One of them is the closed cage of the cyclopropane addition 

mode, which was reported in the reaction of Gd@C2v(9)-C82,27-28 Sc3N@C78
40 and Gd@C60.12 However, 

to date, there is no unambiguous crystallographic proof of the closed cages of these cyclopropane 

adducts. In this work, surprisingly, crystallographic analysis unambiguously shows that 2a has a 

[6,6] closed structure with a C1-C2 distance of 1.711 Å, which represents the first crystal structure 

of the closed ring of the Bingel-Hirsch adduct of EMFs. The nearest U-to-cage distance in 2a is 

2.381 Å (vs. 2.394 Å in calculations, Figure S7), which is slightly shorter than the value in pristine 

U@Cs(4)-C82 (2.384 Å), suggesting a likely slight change in the U-cage interaction as a 

consequence of the BH reaction. 

The BH reaction proceeds by a two-step mechanism (Figure S3).44 First, the bromomalonate 

reacts with the fullerene cage by nucleophilic addition to form a negatively charged intermediate. 

Then, the carbanion displaces the bromide, and an intramolecular cyclopropane ring closure takes 

place. Recently, a predictive aromaticity criterion (PAC) for BH reactions was proposed, which 

suggests that the addition of EMFs should occur at particular sites to maintain the maximal 

aromaticity of the fullerene cages.44 The first principle of PAC is that in the first step of the Bingel-

Hirsch reaction, the lowest-energy intermediate should be located at a 666 C atom (i.e., a carbon 

atom situated among three hexagonal rings, denoted as C-666). However, the structure in the 2a 

crystal does not follow the predictive aromaticity criteria at all. In fact, in this case, the addition 

occurs at a carbon atom C1 or C2 (see Figure 4), which are the carbon atoms situated among two 

hexagonal rings and one pentagonal ring (C-566). 

A detailed DFT analysis for the BH reaction on U@Cs(4)-C82 to yield U@Cs(4)-C82C(COOC2H5)2 

(2a) was performed. For many calculations, we have used the Th atom as a model for the U atom 

because of its simpler electronic structure without f electrons in the Th(IV) oxidation state. Due to 
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the low symmetry of the M@Cs(4)-C82 (M=Th, U) cage, the BH reaction could take place on up to 

44 different carbon sites, see Figure 4b and Supporting Information (SI) for labels of equivalent 

atoms. Table 1 shows that the lowest-energy product is the adduct on bond 1-2 (denoted as B1-2, 

the same as experimental structure 2a), followed by product B11-12, far from the metal site, at 4-

5 kcal·mol-1 and product B67-68, in the sumanene near the metal, at 5-7 kcal·mol-1. Some 

regioisomers are predicted to have energies as high as 30 kcal mol-1. A complete list of all the 

results is collected in the SI (Table S4). Similar energies for Th and U are observed (Figure S9), 

confirming that our model with Th is suitable for the goal of this study. 

Table 1. Relative Energies and C-C Distances for Different Bingel-Hirsch (BH) Reaction Products 

of M@Cs(4)-C82 (M=Th, U). a 

Bond type Bond X-Yb 
Th@C82BH U@C82BH 

Erel d(X-Y) Erel d(X-Y) 

[6,6] - closed 1-2 (2a) 0.0 1.633 0.0 1.632 

[5,6] - open 11-12 4.2 2.197 5.4 2.197 

[5,6] - open 67-68 6.8 2.107 5.4 2.108 

[6,6] - closed 28-29 7.4 1.654 9.2 1.650 

[6,6] - open 32-33 7.9 2.147 8.0 2.146 

[6,6] - closed 10-11 8.3 1.556 8.6 1.556 

[6,6] - closed 13-14 8.7 1.716 8.6 1.703 

[5,6] - open 79-80 8.9 1.938 10.3 1.971 

[6,6] - closed 50-51 9.5 1.641 10.4 1.632 

[5,6] - open 4-5 11.1 2.195 13.1 2.190 

[6,6] - open 14-33 11.2 2.324 12.4 2.324 

[5,6] - open 16-17 15.2 2.180 15.4 2.180 

[6,6] - closed 30-31 15.5 1.510 15.2 1.508 

[6,6] - open 68-80 15.7 2.184 15.9 2.163 

[5,6] - open 1-3 16.0 2.139 16.3 2.141 

[5,6] - open 10-26 16.5 2.165 16.5 2.160 
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[6,6] - closed 4-15 17.2 1.633 17.3 1.634 

[5,6] - open 2-10 17.9 2.130 19.1 2.129 

[6,6] - open 66-67 23.8 2.095 21.5 2.086 

[5,6] - closed 68-69 24.2 1.588 28.2 1.668 

[5,6] - closed 11-29 24.9 1.603 24.5 1.600 

[6,6] - closed 56-57 28.6 1.628 29.4 1.628 

[6,6] - closed 74-82 29.7 1.741 29.7 1.661 
a Relative energies in kcal mol-1 and distances in Å, computed at the PBE0/TZP/D3 level. b Labels 
for the carbon atoms according to Figure 4b. The experimental structure (2a) corresponds to the 
addition on bond 1-2 (B1-2). 

 

Table 2. Relative Energies with respect to Reactants for the Different Intermediates (I), Transition 

States (TS) and Products (P) of the Bingel-Hirsch Addition on Th@Cs(4)-C82.a 

I Atom type Erel I Erel TS Barrier P Bond type Erel P 

I-1A 566 -27.2 -4.8 22.4 B1-3 [5,6] -22.5 

I-1B 566 -27.1 -18.1 9.0 B1-2 [6,6] -38.4 

I-2 566 -25.6 -18.2 7.4 B1-2 [6,6] -38.4 

I-29A 566 -22.9 -14.1 8.8 B28-29 [6,6] -31.1 
I-29B 566 -24.1 -1.7 22.4 B29-30 [5,6] -13.8 

I-29C 566 -23.0 -0.8 22.1 B11-29 [5,6] -13.7 

I-51 566 -27.6 -14.6 13.0 B50-51 [6,6] -28.6 
a Data from single-point calculations at the PBE0/COSMO level (toluene as solvent) using the PBE 
optimized geometry. Relative energies in kcal mol-1. 

The relative energies of different regioisomers are compatible with thermodynamic control of 

the reaction. However, previous studies suggest that BH reactions for most of the reported EMFs 

take place under kinetic control.34, 42, 44-50 Thus, the kinetic aspects of the process computing the 

different stationary points in the reaction path are also investigated. In the first step, the 
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intermediate (I) is formed, and then, to reach the product, a transition state (TS) has to be overcome 

through an energy barrier.  

Different intermediates for the addition of bromomalonate on M@Cs(4)-C82 (M=Th, U) were 

calculated using different computational settings (Table S5). In these intermediates, the malonate 

group is bonded to one C atom of the fullerene, named I-X in the text. The intermediate can present 

different conformations of the bromomalonate due to rotation around the Ccage-Cmal bond, 

distinguished as A, B, and C in the following, which can lead to different products. Two 

intermediates, I-1 and I-51, appear degenerate when the PBE functional is considered. Using PBE0, 

intermediate I-29 is also low in energy jointly with I-1 and I-51. Note that similar relative energies 

are obtained for Th and U, most of which are within 1 kcal mol-1. These intermediates, I-1, I-51 

and I-29, have been studied in the following steps of the BH reaction path, as well as I-2, which 

also appears low in energy and reaches product 2a.  

 

Figure 5. Energy profiles for the Bingel-Hirsch addition of bromomalonate on Th@Cs(4)-C82, 

considering single point energy calculations at the PBE0 level and solvent effects (toluene) with 

the PBE optimized geometry. Red, blue, orange and green lines correspond to the I-51, I-1, I-2 and 

I-29 intermediates and, consequently, their reaction pathways. TS energies (in kcal·mol-1) are 
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indicated. The barrier for the lowest-energy TS is 7.4 kcal mol-1. The B1-2 product is the 

experimental structure 2a. 

The transition states for the selected intermediates have been determined and characterized, 

resulting in the TS from intermediates I-1B and I-2 having the lowest relative energy (see Table 

2). Once I-1B or I-2 transition states are overcome, the final product 2a is formed in each reaction 

path. The energy barriers are 7 and 9 kcal·mol-1 for I-1B and I-2, respectively, values that can be 

easily overcome at work temperatures. Figure 5 displays the energy profiles for the BH addition 

of bromomalonate on Th@Cs(4)-C82, where it is clearly seen that the two TS that evolve to 2a (B1-

2) are those with the lowest relative energies and lowest barriers. Therefore, our results show that 

the formation of 2a also takes place under kinetic control. It is worth noting that analogous results 

are obtained if we consider the free energy profile (Table S6), as well as for U@Cs(4)-C82 (Table 

S7). 

Therefore, we have shown that the adduct on carbon bond 1-2 is by some kcal mol-1 the most 

favorable product in the BH reaction, in line with the high regioselectivity of the experiment. This 

result can be easily understood from qualitative frontier MO theory. In BH reactions, there is a 

nucleophilic attack of the malonate on the carbon cage. Analyzing the frontier molecular orbitals 

(MOs) of Th@Cs(4)-C82, we found that carbon atoms 1 and 2 have the largest MO contribution to 

the lowest unoccupied MO (LUMO, Figure S10), which agrees with the formation of intermediate 

I-1. The frontier MOs of I-1 were also analyzed, as the second step is the rate determining step in 

the reaction (Figure S11). The largest MO contribution in the HOMO of I-1 lies on carbon atom 

2, and a nonnegligible MO contribution in LUMO+2, almost degenerated with LUMO+1, is found 

in the C atom of the malonate attached to the carbon cage. This is in accordance with the formation 
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of product 2a. Moreover, the pyramidalization angles of Th@Cs(4)-C82 show that the reaction takes 

place in the most distorted region far from the metal (Table S8). 

U@Cs(4)-C82Ad. The photochemical reaction of U@Cs(4)-C82 with AdN2 was also carried out to 

further investigate the chemical reactivity of this novel actinide EMF. The toluene solution of 

U@Cs(4)-C82 with an excessive addition of AdN2 was irradiated with an ultrahigh-pressure 

mercury-arc lamp (cutoff < 350 nm) at room temperature. The reaction was monitored by 

analytical HPLC (Figure 6). Before irradiation, only one HPLC peak of U@Cs(4)-C82 appeared at 

retention time of approximately 80 min. After irradiation for 20 min, approximately 80% of 

U@Cs(4)-C82 was consumed, and two new peaks appeared at 32 min and 37 min. Both of the mass 

spectra of these two HPLC fractions show a well-defined signal at m/z = 1356, which can be 

ascribed to the signal of the two mono-adduct isomers of U@Cs(4)-C82Ad and agree well with the 

theoretical isotopic distribution (Figure S4). Thus, the resulting reaction products can be assigned 

to the mono-adduct isomers of U@Cs(4)-C82Ad(I) and U@Cs(4)-C82Ad(II), respectively. These 

mono-adducts were conveniently isolated and purified using a Buckyprep column. The conversion 

yields of U@Cs(4)-C82Ad(I) and U@Cs(4)-C82Ad(II) were calculated to be ca. 82% and ca. 18%, as 

estimated by their HPLC peak area. 
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Figure 6. HPLC profiles of the reaction mixture probed at different reaction times (black line: 0 

min, green line: 10 min, blue line: 20 min). HPLC conditions: Buckyprep column (10 mm × 250 

mm), eluent = toluene, flow rate = 4 mL min-1; detection wavelength = 310 nm. 

The molecular structures of U@Cs(4)-C82Ad(I) (racemic twins) were unambiguously determined 

by single-crystal X-ray diffraction analyses (Figure 7). Single crystals were obtained by layering 

hexane over a solution (o-dichlorobenzene/CS2, v:v = 1:1) of the derivative in a glass tube. Inside 

the cage, the U atom is highly ordered, and only two disordered positions with fractional 

occupancy values of 0.892 (U1) and 0.108 (U1A) were observed. The addition occurred at the 

[5,6]-bond [C(1)–C(3)], and the C1-C3 distance increased to 2.080 Å (vs. 2.073 Å in calculations, 

Figure S12), which is notably longer than that of the typical C–C single bond (1.5 Å). The closest 

U-cage distance in U@Cs(4)-C82Ad(I) is 2.350 Å (Figure 7a), slightly shorter than the value in 

pristine U@Cs(4)-C82 (2.384 Å). However, surprisingly, the U atom is far from the Ad group, which 

is different from the common understanding of electrophilic reactions in which the internal metal 

atom is located near the addition site, as observed in the corresponding reactions of M@C2v(9)-C82 

(U, Y, La, Ce, Gd, and Sc), La@Cs(6)-C82 and Th@C3v(8)-C82.20, 51-56 Nevertheless, this result is rather 
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similar to the case of Yb@C2(13)-C84, where the metal is placed under a hexagonal ring far from 

the sites of addition.57 For this reaction, computational works suggested that the addition of Ad to 

Yb@C2(13)-C84 is mainly driven by releasing the local strains of cage carbons rather than charge 

recombination due to the evenly distributed charge densities of divalent EMFs.57 Likewise, we 

speculated that for U@Cs(4)-C82, there may also be a stronger driving force than the electrophilic 

reactive sites on the fullerene cage. 

 

Figure 7. (a) The optimized structure of U@Cs(4)-C82Ad(I) (Front). (b) Addition site of the Bingel-

Hirsch (BH) and Carbene reactions (Top). 

Thus, a computational study was also carried out to analyze carbene addition on U@Cs(4)-C82. 

As in the BH reaction, we first proceeded with the model calculations on Th@Cs(4)-C82. In previous 

reports, the local strain on cage carbons plays a key role in determining the reactivity of carbene 

addition.20, 52, 54-56, 58-59 The pyramidalization angles from the p-orbital axis vector (POAV) are a useful 

tool for exploring the local strain. Nevertheless, it has also been shown that in some cases, the 

charge density is more effective than the POAV value to understand the carbene addition.51, 53 

Therefore, based on the largest pyramidalization angles (Table S8) and the largest negative 

Mulliken charge densities (Figure S13) of M@Cs(4)-C82 (M=Th, U), selected bonds were 



 18 

considered to calculate the corresponding carbene products, which include, among many others, 

the experimental structure of U@Cs(4)-C82Ad(I) (see Tables 3 and S9). The lowest-energy 

cycloadduct is that with the carbene attached to bond 1-2 (product B1-2). Interestingly, this is the 

same bond where the BH reaction takes place. Carbon atoms C1 and C2 show rather large POAV 

values and significantly large negative charges, suggesting that this bond is rather favorable for 

the electrophilic attack of the Ad group. Carbon atoms close to the metal, i.e., C80, C68 and C67 

are also electron-rich sites. However, the relative energies of the corresponding products B68-80, 

B79-80 and B67-68 are found to be approximately 8 kcal·mol-1. The crystallographic U@Cs(4)-

C82Ad(I) structure, which shows the Ad group attached to the 1-3 bond far from the metal (B1-3 

product), is 18.7 kcal·mol-1 higher in energy than the lowest-energy B1-2 product. A test calculation 

on the B1-3 product with the metal close to the cycloadduct shows that the metal prefers to remain 

near the sumanene by 12 kcal·mol-1. This is most likely due to the very favorable actinide-sumanene 

interaction in the U@Cs(4)-C82 cage, which restricts the actinide to be fixed at that position. 

Analogous results were found for M = Th and U (Table 3 and Figure S14). 

Calculations on the mechanism of carbene addition were also conducted to further understand 

the observed addition position of Ad to the M@Cs(4)-C82 (M=Th, U) cage. In this case, preliminary 

calculations were performed with a model of the Ad group, i.e., we replaced it with the C(CH3)2 

model. Then, selected structures were also recomputed with the Ad group. The carbene addition 

reaction is an electrophilic reaction that may take place via two pathways depending on the spin 

state of the carbene, i.e., singlet or triplet spin states. Both studied carbenes, the C(CH3)2 model and 

Ad group, show that the triplet spin state is somewhat lower in energy than the singlet 

configuration (Table S10). Thus, we first studied the carbene addition via the triplet carbene 
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reaction pathway in detail. However, the singlet carbene mechanism has also been analyzed due 

to the small relative energies between both spin states. 

Table 3. Relative Energies and C-C Bond Distances of Selected Carbene Reaction Products of 

M@Cs(4)-C82 (M=Th, U).a 

Bond type Bond X-Yb 
Th@C82Ad U@C82Ad 

Erel d(X-Y) Erel d(X-Y) 

[6,6] - closed 1-2 0.0 1.653 0.0 1.651 

[6,6] - open 68-80 7.7 2.163 7.9 2.146 

[5,6] - open 79-80 8.1 1.964 9.8 1.990 

[5,6] - open 67-68 8.5 2.040 7.2 2.055 

[6,6] - closed 28-29 9.0 1.661 9.2 1.661 

[6,6] - closed 10-11 9.1 1.580 9.3 1.580 

[6,6] - closed 3-12 9.5 1.577 9.6 1.577 

[5,6] - open 11-12 9.7 2.140 9.7 2.141 

[6,6] - closed 13-14 9.9 1.706 9.9 1.701 

[6,6] - open 66-67 15.3 2.087 13.3 2.089 

[5,6] - open 1-3 (Expt.) 18.7 2.070 18.9 2.073 

a Relative energies in kcal mol-1 and bond distances in Å at the PBE0/TZP/D3 level. b Labels for 
the carbon atoms according to Figure 4b. The experimental (Expt.) structure U@Cs(4)-C82Ad(I) is 
bond 1-3 (B1-3). 
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Figure 8. Energy profiles for carbene addition (C(CH3)2 model) on Th@Cs(4)-C82, considering 

single-point energy calculations at the PBE0 level and solvent effects (toluene) with the PBE 

optimized geometry. Green, blue and yellow lines correspond to the I-51, I-1 and I-29 

intermediates and, consequently, their reaction pathways. Relative energies (in kcal·mol-1) for the 

intermediates (I), transition states (TS) and products (P) are plotted. Each color indicates a reaction 

path that leads to one product named BX-Y. The product B1-3 is the experimental structure of 

M@Cs(4)-C82Ad(I). 

In the first step of the triplet carbene mechanism, the reaction intermediates were calculated at 

different levels of theory (Table S11). Note that the two intermediates I-1 and I-3 can proceed to 

the formation of M@Cs(4)-C82Ad(I). Each intermediate has three different carbene conformations, 

indicated as A, B, and C, which lead to different products. The lowest-energy intermediate is the 

one in which the carbene is attached to carbon atom 51 (I-51), followed by I-1 and I-29 with 

relative energies of approximately 2 and 3 kcal·mol-1, respectively. The results including solvent 
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effects gave several intermediates with relative energies of 3-4 kcal·mol-1. All these low-energy 

intermediates were selected and recomputed with Ad, also resulting in I-51 being the most stable  

intermediate, followed by I-29, I-1, I-13 and I-67. As we obtained very small energy differences 

between the intermediates, we also calculated all the possible transition states related to the lowest-

energy intermediates (Tables 4 and S12). The transition states with the lowest energies appear to 

be I-51B, I-29C and I-1A. Figure 8 shows the energy profiles for the C(CH3)2 carbene addition on 

Th@Cs(4)-C82, considering the reaction paths from I-59, I-29 and I-1. We note that the intermediate 

I-1A evolves to one of the transition states with the lowest relative energy to lead to the 

experimental product on bond B1-3. The intermediates I-51B and I-29C reaching products B51-

52 and B11-29, respectively, are also competitive, which is in accordance with the experimental 

detection of more than one monoadduct. Energy barriers are rather low, in line with reactivity at 

ambient temperature once the carbene is photogenerated. It is remarkable that the intermediate on 

atom 1, I-1, could evolve to the thermodynamic product (bond B1-2) overcoming an energy barrier 

of 12.8 kcal mol-1 or to the kinetic product on bond B1-3 through a low-energy TS at only 6.2 kcal 

mol-1. The lower distortion of the cage in the TS structure and the superior cage-carbene interaction 

explain the preference for bond B1-3 over the thermodynamic B1-2 bond. Test calculations using 

other functionals were performed, obtaining analogous results (Table S13). Therefore, our 

calculations show that the formation of M@Cs(4)-C82Ad(I) (M=Th, U) occurs via a kinetically 

controlled process. Moreover, we suggest that M@Cs(4)-C82Ad(II) (M=Th, U) could be product 

B51-52 or B11-29. 

For the singlet carbene reaction pathway, the mechanism is concerted. The most competitive 

sites were considered to calculate the corresponding transition states in the (open-shell) spin singlet 

configuration. In this case, the transition states were found to have lower energies than the reactants, 
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so the Gibbs free energies at room temperature were analyzed. The Gibbs free energy barriers are 

provided in Table S15. In accordance with the triplet carbene addition pathway, TS1-3 is one of 

the transition states with the lowest free energy, along with TS51-52 and TS29-30. Thus, these 

results also confirm that the formation of U@Cs(4)-C82Ad(I) (M=Th, U) occurs via a kinetically 

controlled process. 

Table 4. Relative Energies with respect to Reactants for the Different  Intermediates (I), Transition 

States (TS) and Products (P), as well as the Energy Barriers (EB) of carbene addition on Th@Cs(4)-

C82.a 

I-Xb Atom type Erel I Erel TS EB P Bond type Erel P 

I-1A 566 -46.2 -39.8 6.4 B1-3 [5,6] -75.6 

I-1B 566 -46.2 -33.2 12.9 B1-2 [6,6] -94.3 

I-51A 566 -48.4 -34.5 13.9 B50-51 [6,6] -82.5 

I-51B 566 -48.4 -41.7 6.7 B51-52 [5,6] -72.6 

I-51C 566 -48.4 -36.3 12.0 B31-51 [5,6] -71.2 

I-29A 566 -45.6 -33.6 12.0 B28-29 [6,6] -84.4 

I-29B 566 -45.4 -34.5 10.9 B29-30 [5,6] -75.0 

I-29C 566 -46.2 -40.6 5.6 B11-29 [5,6] -66.4 

a Relative energies in kcal·mol-1. Data from single point energy calculations at the PBE0/COSMO 
(toluene as a solvent) level with the PBE optimized geometry using the C(CH3)2 model. b The carbon 
atom (X) numbering is according to Figure 4b. 

 

Discussion 

The experimental results of the two addition reactions of U@Cs(4)-C82 demonstrate its unusual 

chemical reactivity and regioselectivity, which has never been reported for other EMFs. Both the 

BH reaction and photochemical carbene addition on U@Cs(4)-C82 show high selectivity. For the 
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BH reaction, in particular, only one single mono-adduct was obtained. Moreover, both reactions 

took place at unexpected addition sites, which is different from previous predictions and reports. 

The BH reaction is a nucleophilic reaction, and the carbene reaction is a typical electrophilic 

reaction. Supposedly, the two addition sites of the two reactions would be distant from each other, 

as observed in previous studies.42, 56 The BH reaction on closed-shell EMFs leads to cycloadducts, 

usually open fulleroids but also closed methanofullerenes, with the internal metal normally 

pointing to the addition site, both for mono-metallofullerenes and nitride clusterfullerenes. 

Interestingly and already noted by Yang, Xie and coworkers, if bromomalonate is added to a 

radical EMF, such as M@C82 with M3+ metals, singly bonded monoadducts are mainly obtained, 

with the possibility of also having some cycloadduct regiosiomer.60 For all the singly bonded 

adducts known thus far, the metal is placed far from the bromomalonate. In addition, BH products 

are obtained under kinetic control. In contrast, carbene addition is a reaction of a radical 

electrophile with closed-shell or radical EMFs. Consequently, the regioselectivity is expected to 

be lower than for BH. In all cases, open fulleroids are obtained with the metal placed near the 

addition sites, which usually show large negative charges in the pristine cage. 

In this work, for U@Cs(4)-C82, as shown in Figure 7b, both the BH reaction and carbene addition 

occurred in adjacent C-C bonds in the same hexagon ring, with the U atom placed far from the 

functionalized bonds. Actually, these addition sites, which are surrounded by four pentagonal rings, 

are among the carbon atoms with the largest tension, i.e., pyramidalization, on the carbon cage. 

Therefore, in this particular case, the reaction mechanisms seem to be more strain-driven rather 

than charge-controlled nucleophilic or electrophilic additions. 

Our mechanism and energy profile are able to explain the high regioselectivity of the BH 

reaction (one single adduct) on U@Cs(4)-C82, and the crystallographic structure of the mono-adduct 
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isomer agrees well with the predicted thermodynamic and kinetic product, with a rather low energy 

barrier (< 10 kcal mol-1). Unusually, the addition site is far from the metal, which is stacked near a 

sumanene motif. Other positions of the uranium inside the pristine Cs(4)-C82 are much higher in 

energy (>20 kcal mol-1), which indicates the important U-sumanene interaction in this cage. In 

particular, a significant orbital interaction between the fragments is at the origin of such 

stabilization according to preliminary calculations. For both the BH and the carbene addition, 

moving the U off this sumanene or external functionalization on the sumanene motif disrupts this 

very favorable U-sumanene interaction and leads to intermediates and products with higher 

energies (Figure 9). In addition, due to the radical character of the carbene, this latter reaction is 

less regioselective, and several transition states with low barriers are found within a few kcal mol-

1, in agreement with the two regioisomers observed for Cs(4)-C82. Therefore, the characteristic 

reactivity of U@Cs(4)-C82 is likely a consequence of the strong actinide-sumanene interaction in 

this very particular cage. In contrast, carbene additions on cages U@C2v(9)-C82 and Th@C3v(8)-C82, 

in which the actinide is not as fixed as in U@Cs(4)-C82, showed the expected products with the 

actinide near the addition site. 
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Figure 9. Bingel-Hirsch and carbene addition on U@Cs(4)-C82 lead to kinetically controlled 

products with barriers below 10 kcal mol-1. The two reactions take place in the same region with C 

atoms showing high pyramidalization far from the metal atom, thus retaining the very favorable 

U-sumanene interaction present in the pristine cage. Lower regioselectivity is predicted for carbene 

addition, in line with the two products detected in the experiments. 

Conclusion 

In summary, a novel actinide EMF, U@Cs(4)-C82, was successfully synthesized, and its 

molecular structure was unambiguously determined by single-crystal X-ray diffraction analysis.  

Crystallographic analysis show that U@Cs(4)-C82, a new isomer of U@C82 has a Cs(4)-C82 cage, 

which has never been discovered in the form of empty or endohedral fullerenes. The unique 

chemical reactivities of U@Cs(4)-C82 were further revealed by investigations through the Bingel-

Hirsch reaction and photochemical carbene addition, both of which usually show high 

regioselectivity toward U@Cs(4)-C82. In particular, U@Cs(4)-C82 presents exceptionally high 
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selectivity with only one reaction product and high product yield (72%) for the BH reaction. This 

adduct is found to be both the thermodynamic and kinetic product of the BH reaction. In contrast 

to previous reports of carbene additions on M@C82, where addition takes place at the most 

pyramidalized and negatively charged carbon atoms near the metal, the addition site in U@Cs(4)-

C82-Ad(I) is on carbon atoms with large pyramidalization and is far from the uranium atom. In 

addition, this carbene adduct is not the thermodynamic product, which indicates that this radical 

reaction is kinetically controlled with a lower regioselectivity than in the BH reaction, in line with 

experimental results.  

For both reactions, the addition sites are located unexpectedly on adjacent carbon atoms far 

away from the actinide metal, despite the nucleophilic (Bingel-Hirsch) and electrophilic (carbene 

addition) nature of either reactant. DFT calculations suggest that this characteristic reactivity of 

U@Cs(4)-C82 is originated essentially from the unusually strong U-sumanene interaction, which 

prevents the motion of the actinide inside the cage. Thus, U@Cs(4)-C82 is a rare example of 

regioselectivity control by means of the metal-cage interaction. This study reveals unique 

molecular structure, as well as, unusual chemical properties of actinide EMFs and the critical role 

of the encapsulated actinide metal ion in the determination of their chemical behavior, which is 

beneficial for their future applications. 

Experimental section 

Synthesis of U@Cs(4)-C82, U@Cs(4)-C82C(COOC2H5)2 and U@Cs(4)-C82Ad(I, II). 

U@Cs(4)-C82: Uranium-based endohedral metallofullerenes were produced by a modified 

Krätschmer–Huffman DC arc discharge method.61 Graphite rods packed with U3O8 and graphite 

powder (molar ratio of U: C = 1:30) were vaporized in the arcing chamber under a 200 Torr He 

atmosphere and 4 Torr N2. The resulting soot was then collected and extracted with CS2 for 12 h. 
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Multistage high-performance liquid chromatography (HPLC) separation processes were employed 

to isolate and purify U@Cs(4)-C82. 

U@Cs(4)-C82C(COOC2H5)2: The Bingel-Hirch reaction of U@C82 (3 mg, 2.5 μmol) with diethyl 

bromomalonate (0.75 μL, 4.4 μmol) was conducted at room temperature in the presence of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (0.2 μL, 1.3 μmol) in dry toluene under N2. The reaction 

proceeded very readily over 2 h. The crude reaction mixture was filtered to remove a small amount 

of precipitate and separated by multistage separation on HPLC. 

U@Cs(4)-C82Ad(I, II): AdN2 was synthesized and purified as previously reported.62-63 In a typical 

procedure, 3 mg of U@Cs(4)-C82 and an excess of AdN2 were dissolved in 10 mL of anhydrous 

toluene, and the mixture was degassed by freeze–pump–thaw cycles under reduced pressures and 

then irradiated with an ultrahigh pressure mercury-arc lamp (cutoff < 350 nm) at room temperature. 

The reaction was monitored by analytical HPLC. The two isomers U@Cs(4)-C82Ad(I) and 

U@Cs(4)-C82Ad(II) were isolated from the unreacted starting materials by one-step HPLC. 

X-ray Crystallographic Study 

U@Cs(4)-C82: Black block crystals of U@Cs(4)-C82·[NiII-OEP] were obtained by slow diffusion 

of a benzene solution of NiII-OEP into a carbon disulfide solution of the metallofullerene sample. 

X-ray data were collected at 134 K using a diffractometer (Bruker D8 Venture) equipped with a 

CCD collector. The multiscan method was used for absorption correction. The structures were 

solved using direct methods64 and refined on F2 using full-matrix least-squares using the 

SHELXL2014 crystallographic software package.65 Hydrogen atoms were inserted at calculated 

positions and constrained with isotropic thermal parameters. 

Crystal data for U@Cs(4)-C82·[NiII-OEP]·(C6H6)2: Mr = 1970.52, 0.10 × 0.08 × 0.06 mm3, triclinic, 

space group P -1 (No. 2), a = 14.5346(13) Å, b = 14.6294(11) Å, c = 19.9470(17) Å, α = 87.071(5)°, 
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β = 85.902(5)°, γ = 63.214(5)°, V = 3775.7(6) Å3, Z = 2, ρcalcd = 1.773 g cm-3, μ(Ga Kα) = 6.088 mm-

1, θ = 1.932-54.485°, T = 134 K, R1 = 0.1405, wR2 = 0.2825 for all data; R1 = 0.1000, wR1 = 0.2615 

for 9366 reflections (I > 2.0σ(I)) with 1250 parameters. Goodness of fit indicator 1.061. The 

maximum residual electron density is 3.036 e Å-3. 

U@Cs(4)-C82C(COOC2H5)2: Black block crystals of U@Cs(4)-C82C(COOC2H5)2·1.5(CS2) were 

obtained by liquid‒liquid bilayer diffusion methods of a solution of U@Cs(4)-C82C(COOC2H5)2 in 

CS2 and hexane as the poor solvent. X-ray data were collected at 120 K using a diffractometer 

(Bruker D8 Venture) equipped with a CCD collector. The multiscan method was used for 

absorption correction. The structures were solved using direct methods64 and refined on F2 using 

full-matrix least-squares using the SHELXL2014 crystallographic software package.65 Hydrogen 

atoms were inserted at calculated positions and constrained with isotropic thermal parameters. 

Crystal data for U@Cs(4)-C82C(COOC2H5)2·1.5(CS2): C90.5H10O4S3U, Mr = 1495.19, 0.10 × 0.07 × 

0.04 mm3, tetragonal, space group P 41 21 2 (No. 92), a = 15.0154(17) Å, b = 15.0154(17) Å, c = 

43.005(5) Å, α = 90°, β = 90°, γ = 90°, V = 9696(2) Å3, Z = 8, ρcalcd = 2.049 g cm-3, μ(Ga Kα) = 

8.019 mm-1, θ = 2.712-56.956°, T = 120(2) K, R1 = 0.0522, wR2 = 0.1140 for all data; R1 = 0.0440, 

wR1 = 0.1091 for 8918 reflections (I > 2.0σ(I)) with 925 parameters. Goodness of fit indicator 

1.065. The maximum residual electron density is 1.249 e Å-3. 

U@Cs(4)-C82Ad(I): Black block crystals of U@Cs(4)-C82Ad were obtained by liquid‒liquid 

bilayer diffusion methods of a solution of U@Cs(4)-C82C(COOC2H5)2 in CS2 and hexane as the poor 

solvent. X-ray data were collected at 127 K using a diffractometer (Bruker D8 Venture) equipped 

with a CCD collector. The multiscan method was used for absorption correction. The structures 

were solved using direct methods64 and refined on F2 using full-matrix least-squares using the 
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SHELXL2014 crystallographic software package.65 Hydrogen atoms were inserted at calculated 

positions and constrained with isotropic thermal parameters. 

Crystal data for U@Cs(4)-C82Ad: C110H18U, Mr = 1504.05, 0.12 × 0.1 × 0.08 mm3, orthorhombic, 

space group P 21 21 21 (No. 19), a = 11.3660(10) Å, b = 18.8343(12) Å, c = 23.017(2) Å, α = 90°, 

β = 90°, γ = 90°, V = 4927.4(7) Å3, Z = 4, ρcalcd = 2.027 g cm-3, μ(Ga Kα) = 7.725 mm-1, θ = 2.637-

53.983°, T = 127 K, R1 = 0.1123, wR2 = 0.2588 for all data; R1 = 0.0876 wR1 = 0.2384 for 6422 

reflections (I > 2.0σ(I)) with 921 parameters. Goodness of fit indicator 1.057. The maximum 

residual electron density is 1.598 e Å-3. 

Computational details. Amsterdam Density Functional (ADF, v. 2019) package66 was 

employed for the Kohn-Sham density functional theory (DFT) calculations. The PBE0 exchange 

correlation functional67-69 was used for optimizations of the Bingel-Hirsch and carbene addition 

products, whereas the PBE67-68 was employed for reactants, intermediates, transition states and 

selected products. In addition, the PBE optimized geometries of all these stationary points were 

recomputed as single point energy calculations using the PBE0 functional and with an implicit 

solvent model. Solvent effects were introduced by means of the COnductor like Screening MOdel 

(COSMO), as implemented in ADF using toluene as a solvent.70 All-electron triple-z polarized 

(TZP) Slater-type orbital (STO) basis sets quality were employed.71-72 The scalar relativistic (SR) 

zero-order regular approximation (ZORA)73 was included for relativistic effects, and the ‘D3’ 

dispersion corrections by Grimme were also considered.74-75 
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BRIEFS. The study of a novel EMF, U@Cs(4)-C82, reveals the remarkable chemical properties of 

actinide endohedral metallofullerenes (EMFs). The addition sites for both nucleophilic (BH) and 

electrophilic (Carbene) reactions of U@Cs(4)-C82 are unexpectedly located on adjacent carbon 

atoms far way from the metal, representing a rare example of chemical reactivity control by means 

of the actinide-cage interaction. 

 


