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Abstract 

The tris- and tetra-adducts of M3N@Ih-C80 metallofullerenes were synthesized and characterized for the 

first time. The 1,3-dipolar cycloaddition (Prato reaction) of Y3N@Ih-C80 and Gd3N@Ih-C80 with an excess 

of N-ethylglycine and formaldehyde provided tris- and tetra-fulleropyrrolidine adducts in a regioselective 

manner. Purification by HPLC and analyses of the isolated peaks by NMR, MS, and vis-NIR spectra revealed 

that the major products were four tris- and one tetra-isomers for both Y3N@Ih-C80 and Gd3N@Ih-C80. 

Considering the large number of possible isomers (e.g., at least 1140 isomers for the tris-adduct), the 

limited number of isomers obtained indicated that the reactions proceeded with high regioselectivity. 

NMR analyses of the Y3N@Ih-C80 adducts found that the tris-adducts were all-[6,6]- or [6,6][6,6][5,6]-

isomers and that some showed mutual isomerization or remained intact at room temperature. The tetra-

adduct obtained as a major product was all-[6,6] and stable. For the structural elucidation of Gd3N@Ih-

C80 tris- and tetra-adducts, density functional theory (DFT) calculations were performed to estimate the 

relative stabilities of tris- and tetra-adducts formed upon Prato functionalization of the most 

pyramidalized regions of the fullerene structure. The most stable structures corresponded to additions on 

the most pyramidalized (i.e., strained) bonds. Taking together the experimental vis-NIR spectra, NMR 

assignments, and the computed relative DFT stabilities of the potential tris- and tetra-adducts, the 

structures of the isolated adducts were elucidated. Electron resonance (ESR) measurements 

measurements of pristine, bis-, and tris-adducts of Gd3N@C80 suggested that the rotation of the 

endohedral metal cluster slowed upon increase of the addition numbers to C80 cage, which is favored for 

accommodating the Gd atoms of the relatively large Gd3N cluster inner space at the sp3 addition sites. 

This is presumably related to the high regioselectivity in the Prato addition reaction driven by the strain 

release of the Gd3N@C80 fullerene structure. 
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Introduction 

Chemical functionalization of trimetallic nitride template-endohedral metallofullerenes (TNT-EMFs or 

M3N@Ih-C80, denoted as M3N@C80) have attracted considerable attention for the preparations of new 

functional materials such as photovoltaic devices(1) and magnetic resonance imaging-contrast agents 

(MRI-CAs).(2−6) To obtain these materials, it is important to have suitable molecular designs. For instance, 

the fullerene derivatives with specific addition patterns often display better performance as solar cells by 

forming a specific orientation or packing of the molecules on the surface of devices.(7) Likewise, MRI-CAs 

with well-defined structures and controlled chemical functionalization on the fullerene cage are expected 

to be safer by preventing the release of toxic Gd3+, while providing a high enhancement. 

Although many reported studies on the chemical conversions of M3N@C80 have focused on the isolation 

and characterization of monoaddition products,(8−13) there are a few reports on the bis-addition 

reactions using Diels–Alder cycloaddition (Gd3N@C80),(14) Bingel–Hirsch cyclopropanation 

(Sc3N@C78),(15,16) carbene addition (La2@C80),(17,18) or Prato reaction (second addition 

to La@C72(C6H3Cl2)(19) and direct bis-addition to M3N@C80 (M = Sc, Lu, Y, Gd, Er)).(20−24) Very 

interestingly, these bis-addition reactions to M3N@C80 often proceeded with high regioselectivity. 

Especially in the case of bis-Prato reactions, which generally do not proceed regioselectively with empty Ih-

C60,(25,26) the bis-adducts of M3N@Ih-C80 were obtained in a highly regioselective fashion, suggesting an 

influence from the endohedral M3N cluster inside the Ih-C80 cages. 

An initial study on Prato bis-additions to M3N@C80 was reported in the presence of larger metal clusters 

(M = Y, Gd; ionic radii: 0.90, 0.94 Å) to reveal the generation of an asymmetric [6,6][6,6]-isomer as a main 

adduct for both Y and Gd.(20,27) A separate report by the Echegoyen group on Prato bis-addition reaction 

of M3N@C80 with smaller metal clusters (M = Sc, Lu; ionic radii: 0.75, 0.86 Å) provided three symmetric 

isomers ([5,6][5,6]-bis, Sc3N@C80) or two symmetric isomers ([5,6][5,6]- and [5,6][6,6]-bis, 

Lu3N@C80).(21−23) These outcomes were explained by the positions of the three endohedral metals of 

monoadducts estimated by density functional theory (DFT) calculations.(20) In the presence of smaller Sc 

or Lu, the metal atoms inside monoadducts were located further from the sp3 addition site, while in the 

presence of the larger Y or Gd, one of the three metals was directed to the sp3 addition site of 

monoadduct. These larger metal clusters (Y3N, Gd3N) inside the pristine Ih-C80 were shown to be 

pyramidalized by X-ray (0.13 Å (Y), 0.52 Å (Gd))(28,29) and are flatter (less strained) in the monoadduct 

with increased inner-cage space at sp3 addition site that can host one of the three endohedral metals. 

Simultaneously, the movement of M3N clusters in monoadducts can be slowed down, and as a 

consequence, the particular C80 sp2 carbons located nearby two other metals of M3N become more 

pyramidalized and strained, priming it for the second Prato addition. These speculations are in line with 

our recent result on the X-ray crystal structure of a minor symmetric Gd3N@C80 bis-adduct having a planar 

Gd3N cluster and showing the coordination of two Gd atoms with inner C80 cage at two sp3 addition 

sites.(24) Following from the previous results on mono-Prato reactions that provided thermodynamic 

[6,6]- and [5,6]-adducts in a ratio as a function of the size of the metal cluster,(8,13,30−33) it was 

suggested that the endohedral metal clusters could be used to control the regioselectivity of Prato mono-

, bis-, and higher-adducts. However, there are no reports on poly(≥tris) addition reactions of M3N@C80. 

In this study, we report for the first time the tris- and tetra-adducts of M3N@C80 (M = Y, Gd), obtained by 

Prato reaction in the presence of a large excess of dipole providing a surprisingly limited number of 

regioisomers (Figure 1a). The structures of the HPLC-purified adducts (Figure 1b,c) were assigned in part 
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by 1H, 13C NMR for Y3N@C80 adducts. Based on the vis-NIR spectra of both Y3N@C80 and 

Gd3N@C80 adducts, high similarities in the structures of obtained tris- and tetra-adducts from both 

M3N@C80 were found. The fact that the direct precursor bis-adduct for the generation of tris was 

asymmetric major [6,6][6,6]-bis and observed thermal interconversion of some of the adducts were used 

for structural analysis. Intensive density functional theory (DFT) calculations were employed for the 

detailed structural elucidation of tris- and tetra-adducts and to rationalize the origin of the observed 

regioselectivity. The electron spin resonance (ESR) analyses of Gd3N@C80 adducts indicated the decrease 

of movement of the endohedral Gd3N cluster upon addition of pyrrolidine moieties on C80 cage, in good 

agreement with the DFT calculations that showed the larger Gd metals pointing toward the sp2 addition 

site being hosted by aromatic rings of C80 cage. 

 

Figure 1. Outline of the Prato reactions of M3N@C80 (M = Y, Gd) with generation of tris- and tetra-adducts 

(a) and corresponding HPLC peaks (b, c). (a) Prato reactions of M3N@C80 (M = Y, Gd) with 50 equiv of N-

ethylglycine (STEP 1, to generate mainly mono- and bis-adducts) and subsequent addition of 100 equiv 

of N-ethylglycine (STEP 2, for the generation of tris- and tetra-adducts). Reagents and conditions: (STEP 

1) N-ethylglycine (50 equiv), formaldehyde (400 equiv), o-dichlorobenzene, 120 °C, 15 min; (STEP 2) N-

ethylglycine (additional 100 equiv), 120 °C, additional 15 min. (b, c) HPLC diagrams of reaction process (i–

iii) (Buckyprep 4.6 mm i.d. × 250 mm, toluene, 1.0 mL/min, 390 nm) and purification process (iv–vii) of 

tris- and tetra-peaks A–D for Y3N@C80 (b) and E–I for Gd3N@C80 (c). (iv) Purification by semiprep HPLC 
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(Buckyprep 10 mm i.d. × 250 mm, toluene-acetonitrile (2:1), 5.0 mL/min, 390 nm) and (v–vii) subsequent 

purification by analytical HPLC (5PBB 4.6 mm i.d. × 250 mm, toluene-pyridine (99:1), 1.0 mL/min, 390 nm). 

 

Experimental Section 

General 

NMR spectra were recorded on Bruker 600 spectrometer equipped with a CryoProbe (Bruker BioSpin 

GmbH; Rheinstetten, Germany). MALDI-MS spectra were recorded in a negative mode on a Microflex LRF 

model MALDI-TOF mass spectrometer (N2-laser, 337 nm, 3 ns pulse) (Bruker Daltonics GmbH, Bremen, 

Germany) using 2-trans-[3-(4-tert-butylphenyl)-2-methyl-2-propenilyden]malononitrile (DCTB, 98%, 

Sigma-Aldrich) as a matrix, in a molar ratio above 1000:1 (matrix-to-analyte) in probes. ESI-MS spectra 

were recorded in a positive mode on a DIONEX Ultimate 3000 RSLC ESI MS (Thermo Fischer Scientific, Inc., 

Sunnyvale, CA, USA) and on a Bruker maXis ESI (Bruker Daltonics) for high resolution. The vis-NIR spectra 

were recorded on a JASCO V-570 spectrophotometer. HPLC analyses were carried out by a JASCO PU-2080 

PlusHPLC pump, JASCO MD-2018 Plus detector, and ChromNAV Chromatography Data System (JASCO Co., 

Tokyo, JPN) with Buckyprep columns (analytical and semipreparative) or 5BPP column (analytical) from 

Nakalai Tesque (Kyoto, JPN). All the solvents used were in HPLC grade and were purchased from Acros 

Organic (Thermo Fischer Scientific, Inc., Geel, Belgium). All the reagents were purchased from 

corresponding suppliers and purified as described when needed. All the M3N@C80 compounds were 

purchased from Luna Innovations (Roanoke, VA, USA). 

General Procedure for the Prato Reaction of M3N@Ih-C80 (M = Y, Gd) 

A solution of a mixture of M3N@Ih-C80 (10 mg, 8.1 or 6.9 μmol, 1.0 equiv), N-ethylglycine (50 equiv), and 

paraformaldehyde (400 equiv) in o-dichlorobenzene (50 mL) was treated under sonication for 5 min. 

Nitrogen gas was bubbled through the solution for 5 min to remove oxygen. The reaction mixture was 

stirred at 120 °C for 15 min (STEP 1 in Figure 1a) and reaction process was checked by HPLC (Buckyprep 

4.6 mm i.d. × 250 mm, toluene, 1.0 mL/min, 390 nm, Figure 1b,c-ii). Subsequently, additional 100 equiv 

of N-ethylglycine was added to the reaction mixture and heated for additional 15 min (STEP 2 in Figure 1a) 

and checked by HPLC (Figure 1b,c-iii). The solvent was removed under reduced pressure to ca. 0.5 mL, and 

the residue was dissolved in a mixture of toluene-acetonitrile (2:1, 4.5 mL) and filtered over a 0.22 mm 

filter before subjecting to the HPLC purification using Buckyprep column (10 mm i.d. × 250 mm, toluene-

acetonitrile (2:1), 5.0 mL/min, 390 nm, Figure 1b,c-iv). The major fractions were collected and subjected 

to further purification by 5PBB column (4.6 mm i.d. × 250 mm, toluene-pyridine (99:1), 1.0 mL/min, 390 

nm, Figure 1b,c-v-vii). The solvents were removed and dried under vacuum to provide the isolated 

products (additional details are given in the SI). 

Computational details 

All density functional theory (DFT) calculations were performed with the Amsterdam Density Functional 

(ADF) program.(34,35) The molecular orbitals (MOs) were expanded in an uncontracted set of Slater-type 

orbitals (STOs) of triple-ζ (TZP) quality containing diffuse functions and one set of polarization functions. 

An auxiliary set of s, p, d, f, and g STOs was used to fit the molecular density and to represent the Coulomb 

and exchange potentials accurately for each SCF cycle. Energies and gradients were calculated using the 

local density approximation (Slater exchange and VWN correlation)(36) with nonlocal corrections for 
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exchange (Becke88)(37) and correlation (Perdew86)(38) included self-consistently (i.e., the BP86 

functional). All calculations reported here were performed considering the antiferromagnetic coupling 

(i.e., 7 unpaired electrons S = 7/2) for gadolinium. Scalar relativistic corrections were included self-

consistently using the zeroth order regular approximation (ZORA).(39)Moreover, energy dispersion 

corrections were introduced using Grimme’s methodology(40,41) (D2) as implemented in ADF 2010.01 

version.(34,35) All the structures were fully optimized using these corrections in each optimization step. 

It was shown that dispersion corrections are essential for a correct description of the thermodynamics 

and kinetics of fullerene.(42,43) The actual geometry optimizations were performed with the QUantum-

regions Interconnected by Local Descriptions(44) (QUILD) program, which functions as a wrapper around 

the ADF program. The QUILD program constructs all input files for ADF, runs ADF, and collects all data; 

ADF is used only for the generation of the energy and gradients. The starting orientation for the metallic 

cluster (both planar and pyramidalized) is taken from the orientations from the bis-adduct calculations 

and X-ray data previously reported.(20,24) 

ESR Experiment 

The ESR measurements were performed on a commercial Bruker ElexSys EPR spectrometer operating at 

9.43 GHz microwave frequency, with a rectangular TE102 mode commercial resonator probe-head 

(Bruker). Sample temperature was stabilized with a liquid-nitrogen flow cryostate. ESR spectra were 

recorded at 20 mW incident microwave power (10 dB attenuation), 0.1 mT magnetic field modulation, 

and 100 kHz magnetic field modulation frequency. Each Gd3N@C80 material (pristine, a mixture of bis-

adducts, or tris-adducts) was placed in a thin-wall quartz capillary with 3 mm outer diameter as a powder 

for the measurements. 

 

Results and Discussion 

Prato Reactions of Y3N@C80 and Gd3N@C80 and Purification of Tris- and Tetra-Adducts 

Prato reactions of Y3N@C80 or Gd3N@C80 were carried out in the presence of a large excess of N-

ethylglycine (150 equiv) and paraformaldehyde (400 equiv) in o-dichlorobenzene at 120 °C (Figure 1a). 

Since it is known that mono-Prato adducts of Y3N@C80 and Gd3N@C80 undergo [6,6]-to-[5,6] isomerization 

via a 1,5-sigmatoropic rearrangement with t1/2 of ca. 150 and 400 min at 120 °C,(31) each reaction was 

stopped after short intervals (<30 min) to observe predominantly the kinetic products. The reaction was 

carried out first with 50 equiv of N-ethylglycine for 15 min (STEP 1). After the reaction mixture was 

checked by HPLC (Figure 1b,c-ii) to confirm that the starting materials were largely consumed to provide 

the mono- and bis-adducts as major products, the reaction was maintained in the presence of an 

additional 100 equiv of N-ethylglycine for an additional 15 min at 120 °C (STEP 2). The starting materials 

and monoadducts disappeared and increases of poly-adducts peaks were observed in both Y3N@C80 and 

Gd3N@C80 (Figure 1b,c-iii). ESI-MS confirmed that main contents of reaction mixture were tris- and tetra-

adducts with minor amounts of bis- and penta-adducts (Figure 2a,b-i).(45) Both reaction mixtures were 

subjected to HPLC purification. 
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Figure 2. Positive-ion ESI-MS of the crude mixture of Prato reactions of and Y3N@C80 (a-i) and 

Gd3N@C80 (b-i) and separated peaks A–D for Y3N@C80 (a-ii–v) and peaks E–I for Gd3N@C80 (b-ii–vi). 

*Calibration standards. 

 

The HPLC purification was carried out first using a semipreparative Buckyprep column and toluene-MeCN 

(2:1) (Figure 1b,c-iv). Successfully separated tris- (two fractions) and tetra-adducts (one fraction) were 

further purified using an analytical 5PBB column with toluene-pyridine (99:1). As shown in Figure 1b-v,vi, 

three peaks A–C (containing four isomers),(46) corresponding to the tris-adducts of Y3N@C80, were 

separated. Interestingly, from the tetra-adduct fraction in Figure 1b-iv, only one major tetra-adduct 

peak D was observed by 5PBB HPLC (Figure 1b-vii). A very similar situation was observed in the reaction 

of Gd3N@C80, which provided four tris-adduct peaks E–H and one major tetra-adduct peak I. After all the 

purified peaks were confirmed by ESI- and MALDI-MS (Figures 2a,b; S1–S3; and S26–S28), the peaks A–

D from Y3N@C80 were subjected to NMR analyses. 

1H and 13C NMR Analyses of Tris- and Tetra-Adducts of Y3N@C80 

As described above, four tris-adducts isomers and one major tetra-adduct isomer were obtained from 

both Y3N@C80 and Gd3N@C80. Considering that >1140 and >4800 types of tris- and tetra-adducts are 
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possible in terms of geometry of the Ih-C80 molecule, these limited numbers for tris- and tetra-adducts 

obtained suggested that oligo-Prato reactions of M3N@C80 (M = Y, Gd) proceeded in a highly regioselective 

manner. To obtain structural information on these tris- and tetra-adducts in part, especially the addition 

pattern ([6,6] or [5,6]), NMR analyses of Y3N@C80 adducts (A–D) were performed. Based on the numbers 

of pyrrolidine CH2 protons and numbers of ethyl CH2 protons, the peaks A, C, and D consisted of a single 

isomer, while peak B was a mixture of two tris-isomers (namely B-1 and B-2) (Figures 3 and 4), as 

described in detail below. 

 

Figure 3. 1H NMR spectra of Prato adducts of Y3N@C80 (in CDCl3, 600 MHz). (a) Major bis-adduct as a 

standard (asymmetric [6,6][6,6]-adduct); (b) tris-adduct A; (c) tris-adducts B (a mixture of B-1 and B-2); 

(d) tris-adduct C (*ΔδH value indicating one [5,6]-addition); and (e) tetra-adduct D. The signals marked by 

the individual color line correspond to each pyrrolidine moiety, as assigned on the basis on the COSY, 

HSQC, and HMBC NMR spectra (all spectra are provided in the SI). The bottom figure shows assignment 

strategy based on ΔδH (**ΔδH values are from the previous reports)(20−22,31) and 2D NMRs. 
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Figure 4. 13C NMR spectra of tris-adducts A (a), B (b), and tetra-adduct D (c) of Y3N@C80 in the key regions 

of 100–130 and 50–75 ppm. The five peaks instead of six in the range 52–60 ppm in (b) and seven peaks 

instead of eight in 63–75 ppm are due to the overlapping of two peaks in (c). Bottom figure is the 

typical 13C NMR patterns of [6,6]- and [5,6]-monoadducts. The peaks for impurities are marked with 

asterisks. 

 

NMR Analysis of Peak A 

In the 1H NMR spectrum of peak A (Figure 3b), 12H pyrrolidine methylene protons (three pairs of four 

doublets) and 6H of methylene protons for N-ethyl groups (three quartets) were observed, suggesting 

that peak A is a single isomer with an asymmetric tris-adduct structure. The connections between each 

pyrrolidine and ethyl groups (Figure 3b) were assigned by two-dimensional (2D) NMR (Figures S6–S9). 

The 13C NMR spectrum of peak A (Figure 4a) revealed 74 signals in the region for sp2 C80 carbons (100–160 

ppm, Figure S5) and 6 signals corresponding to sp3 addition sites (52–73 ppm, signals III and IV in 

red, Figure 4a) confirming the asymmetry of the molecule. This was in line with the pyrrolidine CH2 signals, 
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which were observed as 6 peaks (I and II in green in Figure 4a) in the 13C NMR (assignment was in 

combination with HMBC and HSQC). As depicted in the bottom picture in Figure 4, it is known that the 

sp3 junction carbon is in general observed over 65 ppm for the triple hexagon junction (THJ) and below 60 

ppm for the pentagon-hexagon-hexagon junction (PHHJ).(30) Based on this, we assigned all three addition 

sites to [6,6]-junctions (one THJ and one PHHJ carbons). Furthermore, the apparent spectral pattern of 12 

sp2 carbons adjacent to the sp3 addition site was in the high field region (103–122 ppm, 6 signals in blue 

in Figure 4a), and the downfield peaks (130–145 ppm, other 6 signals) indicated that the three addition 

sites of A were all [6,6] (please refer the numbers in the structure of [6,6]-adduct in the bottom picture 

of Figure 4). Taken together, the 1H and 13C NMR data indicated the tris-adduct A was an asymmetric 

[6,6][6,6][6,6]-tris-isomer. 

NMR Analysis of Peak B 

As indicated in the analytical HPLC peak with a shoulder, the 1H and 13C NMR of peak B clearly suggested 

that it was a mixture of two tris-isomers (B-1 and B-2) (Figure 1b-v). In the 1H NMR (Figure 3c), the signals 

for the pyrrolidine methylenes were observed as 6 sets of 2-coupled doublets (in total 24-H). Based on 

the previous studies on mono- and bis-adducts showing that ΔδH values of geminal H (Ha versus Hb and 

Hc versus Hd) are generally larger in case of [5,6]-adduct (ca. 0.6–1.4 ppm) and relatively smaller in the 

case of [6,6]-adduct (ca. 0.1–0.3 ppm),(20−22) it is likely that both isomers B-1, 2 had the [6,6][6,6][6,6]-

tris structure. Furthermore, in the 13C NMR of B (Figure 4b), peaks corresponding to the sp3 carbons on 

the addition site were observed in two separate regions, such as a higher field at 54–59 ppm (5 signals 

with one overlapping) and a lower field at 65–72 ppm (6 signals, marked with red) in good agreement 

with reported [6,6]-adducts (one peak at 67–70 ppm and the other at 53–60 ppm, depicted in the bottom 

picture of Figure 4). The 13C NMR signals for the sp2 cage carbons adjacent to the addition sites (marked 

with blue) were found in two separate regions: 12 signals in 105–122 ppm and 12 signals in 125–145 pm, 

in line with the general observation for the [6,6]-adducts (bottom picture of Figure 4). These data 

supported the assignment of peak B as a mixture of two asymmetric all-[6,6] tris-adducts. 

NMR Analysis of Peak C 

The NMR spectra of peak C revealed that it contains one asymmetric tris-isomer, presumably with the 

[6,6][6,6][5,6]-structure. In detail, the 1H NMR spectrum (Figure 3d) revealed that ΔδH values of geminal 

CH2 protons of one pyrrolidine (marked with asterisks in Figure 3d) were 0.99 and 1.04 ppm, indicating 

that one of the addition sites was on a [5,6]-junction, while the other two addition sites were on [6,6]-

junctions, with smaller ΔδH values of geminal pyrrolidine CH2 protons (0.1–0.3 

ppm).(20−22) Unfortunately, the 13C NMR spectrum of C was not available due to the limited amount of 

product obtained. 

NMR Analysis of Peak D 

In the case of peak D, four sets of pyrrolidine groups were observed separately in the 1H NMR spectrum 

indicating that peak D contained a single asymmetric tetra-isomer. By the analysis of the 13C NMR 

chemical shifts for sp3 carbons on addition sites and their adjacent sp2 carbons (Figure 4c), peak D was 

assigned as the all-[6,6] tetra-adduct. In the 13C NMR, peaks corresponding to the sp3 addition site were 

observed in two separate regions, one in downfield at 67–70 ppm (4 peaks VI in red) and the other in 

upfield at 50–57 ppm (4 peaks VII in red). Furthermore, seven sp2 carbon peaks (blue peaks in Figure 4c, 

additional one being overlapped with the solvent peak) were observed and assigned as adjacent carbons 
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to the addition site in the range of 105–125 ppm, further supporting the conjecture that all addition sites 

were of the [6,6]-type. This elucidation was in good agreement to the smaller ΔδH values of geminal 

pyrrolidine CH2 peaks observed in 1H NMR (Figure 3e). 

Vis-NIR Analysis 

The vis-NIR spectra were obtained from the photodiode array detector of HPLC (eluent: toluene) 

(Figure 5). Each peak for the tris- or tetra-adduct showed an unique absorption pattern and mostly can 

correlate the analogous isomers between Y3N@C80 and Gd3N@C80. As shown in Figure 5, identical 

absorption patterns were observed in the pair of peaks A and E, B-1 and G, C and H, and D and I, 

indicating presumably the same C80 chromophore with same addition site between these pairs. Based on 

the addition patterns ([6,6] or [5,6]) of Y3N@C80 adducts indicated by NMR as above, addition patterns of 

adducts for Gd3N@C80 (peaks E and G–I) were speculated as summarized in Table 1. 

 

Figure 5. Vis-NIR spectra of Prato adducts of Y3N@C80 (a) and Gd3N@C80 (b). The spectra were recorded 

on a HPLC PDA detector with toluene as an eluent. 
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Table 1. List of the Obtained Adducts of Y3N@C80 and Gd3N@C80 with Their Structural Information 

 

a Based on NMR spectra. 
b Based on vis-NIR identical to Y3N@C80 adduct. 
c Based on X-ray diffraction in the previous study.(24)  

 

The bottom figure is the summary. 
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Generation of Tris-Adducts from Bis-Adducts 

In the structural elucidation of tris- and tetra-adducts, one of the most important information is the 

structure of the starting material (bis-adduct). Using two types of bis-adducts of Gd3N@C80 ([6,6][6,6]-

asymmetric major-bis-1 and [6,6][6,6]-symmetric minor-bis-2) as starting materials, the generation of 

poly-adducts was investigated by HPLC.(20,24) As shown in Figure 6a (Figure S29, in detail) in the reaction 

using major-bis-1 as a starting material, poly-adducts were generated directly, while the reaction of 

minor-bis-2 did not directly provide poly-adducts and only after initial thermal isomerization of minor-bis-

2 to major-bis-1 (Figures 6b and S30). These results indicate that major-bis-1 was a direct precursor to the 

tris- and tetra-adducts. A similar situation was observed for the synthesis of tris- and tetra-adducts of 

Y3N@C80 directly from the asymmetric bis-adduct (analogous molecule for major-1 of Gd3N@C80), 

providing the same ratio of products as direct reaction to Y3N@C80 (Figure S25). These results suggested 

that the structures of the tris- and tetra-adducts obtained in this study correspond to one or two more 

additions to the major bis-adducts and subsequent isomerization products (Figure 6c). 

 

Figure 6. Generation of tris- and tetra-Prato adducts of Gd3N@C80 from major-bis-adduct 1 (a) or minor-

bis-adduct 2 (b) and estimated reaction pathway in tris-, tetra-adducts generation from major asymmetric 

bis-1 (c). HPLC conditions: Byckyprep column (4.6 mm i.d. × 250 mm), 1.0 mL/min, eluent: toluene. The 

structures of major-bis-1 (asymmetric) and minor-bis-2 (symmetric) are based on a previous report.(24) 

 

Mutual Isomerization of Tris-Adducts 

It is known that Prato monoadducts of M3N@C80 exhibit [6,6]-to-[5,6] isomerization via sigmatropic 

rearrangement dependent on the relative thermodynamic stability of each isomer.(8,13,31,47) In the 

present study, a similar isomerization was observed between some of the isolated tris-adducts. As shown 

in Figures 7a,b and S31–32, mutual interconversions were observed between A (all-[6,6]) and a mixture 

of B-1 and 2 (both all-[6,6]) at room temperature, suggesting that one of the addition sites of these 
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adducts was presumably in an adjacent position and has similar stability. Related mutual isomerization 

was observed in Gd3N@C80 adducts (between all-[6,6]-E with identical vis-NIR to A and all-[6,6]-G with 

identical vis-NIR to B-1) (Figures 7c,d and S35i,iii) at room temperature, but more slowly. No isomerization 

was observed in tris-adduct C ([6,6][6,6][5,6]) and tetra-adduct D (all-[6,6]) (Figures S33 and 34) for 

Y3N@C80 and tris-F (unknown addition pattern), H ([6,6][6,6][5,6]), and tetra I (all-[6,6]) for Gd3N@C80 at 

room temperature, indicating their higher stability (Figures S35ii, 36, and 37). 

 

Figure 7. HPLC traces of mutual isomerization between tris-adducts A and B (1 + 2) of Y3N@C80 (a, b) and 

between tris-adducts E and G of Gd3N@C80 (c, d) in toluene at room temperature. Column: 5PBB 4.6 mm 

i.d. × 250 mm; solvent: toluene-pyridine (99:1); flow rate: 1.0 mL/min; detection: 390 nm. 

 

Interestingly, the thermal stability of tris-adducts for both TNE-EMF was lower compared to bis-adducts. 

In case of Gd3N@C80, the major-bis-1 was stable at 130 °C for 72 h,(20) while the major-

tris E and G (derivatives from major-bis-1) isomerize at room temperature over a similar time range 

(Figure S35i,iii). Taken together, the previous reports on the stability of major-bis-adduct of Y3N@C80, that 

was much less stable than major-bis-adduct of Gd3N@C80,(20) we speculated that the relative size of 

metal cluster and inner cage space may be related to the stability of adducts. The Y3N@C80 bis-adduct 

with a smaller metal cluster was less stable compared to the analogous bis-adduct of Gd3N@C80 with a 

larger metal cluster. Gd3N@C80 bis-adduct with a smaller inner cage size was more stable than 

Gd3N@C80 tris-adducts with a larger inner size due to three sp3 addition site. 

 

Computational Studies 

The experimentally observed regioselectivity toward tris- and tetra-adducts formation for both Gd- and 

Y-based EMFs is remarkable given the large number of potential addition sites for tris- and tetra-adduct 

formation. Such a high number of potential adducts, together with the previous observation that 

isomerizations between Prato adducts can take place via sigmatropic rearrangement at the experimental 

conditions,(24,31) makes the computational exploration of the most favorable addition site for tris- and 
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tetra-adduct formation highly challenging. However, in previous studies, we demonstrated that, in EMFs 

containing large TNT clusters (such as Gd3N), pyramidalization angles of sp2 cage carbons can be used to 

predict the most favorable addition sites for the regioselective formation of adducts.(20,21) To discuss 

such origins of the high regioselectivity of the 1,3-dipolar cycloaddition toward tris- and tetra-adducts 

formations, DFT calculations were performed. 

On the basis of previous DFT calculations on bis-adduct formation,(20,24) we suggested that the major 

bis-adduct-2 from Gd3N@C80 corresponds to an asymmetric [6,6][6,6]-isomer at bonds [94–95] and [57–

58], while the minor bis-adduct was characterized by X-ray and corresponds to [94–95] and [53–54] 

additions. The analysis of pyramidalization angles of the DFT-optimized major bis-adduct-1 of Gd3N@C80, 

direct precursor for tris-adducts, was performed on sp2 C80 cage carbon, which indicates that the region 

composed by carbons 20, 22, and 74 (see Figure 8 and Table S1) presents the highest pyramidalization 

angles with the most strain, being highly reactive, and thus tris-adduct functionalization on this region 

was highly expected. In total, more than 55 different Gd3N@C80 tris-adduct isomers were computationally 

evaluated. As results, Prato tris-adducts with a third addition site on either [20–22] ([6,6]), [22–23] ([6,6]), 

[20–74] ([5,6]), [20–16] ([5,6]), [74–73] ([6,6]), or [22–21] ([6,6]) present favorable relative stabilities 

(see Figure 8) possibly corresponding to peaks E and G. Considering the experimental results that the 

isomers in peaks E and G were all-[6,6] tris structures, structures i ([20–22], ΔE = 3.7 kcal/mol), ii ([22–23], 

ΔE = 4.6 kcal/mol), iii ([22–21], ΔE = 5.6 kcal/mol), and iv ([74–73], ΔE = 4.6 kcal/mol) were thought to be 

possible structures corresponding to peaks E and G. 

 

Figure 8. DFT optimized structure and corresponding Schlegel diagram of major bis-adduct (addition sites: 

[94–95] and [57–58] bonds) for Gd3N@C80 with sp2 carbons highlighted with a red arrow and cyan 

corresponding to the most pyramidalized region (carbons 20, 22, 74) and predicted kinetic tris-adducts 

(all-[6,6], i and ii) and further obtained thermodynamic tris-adduct ([6,6][6,6][5,6], a - c) via 1,5-

sigmatropic rearrangement with DFT-calculated relative stabilities of the different tris-adducts (given in 

kcal/mol with respect to the lowest in energy tris-adduct e ([6,6][5,6][5,6]). 
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From the isomerization experiments (Figure 7c,d), it was shown that isomers in 

peaks E and G interconvert in equilibrium. Among structures i–iv, such isomerization was thought to be 

possible between i ([20–22]) and ii ([22–23]) based on the small energy differences (ca. 1 and 2 kcal/mol, 

respectively) and their vicinal location, similar to mono and bis-adduct isomerizations.(24,31) The 

isomerization from iv ([74–73]) to i ([20–22]) is less likely to take place given the stability of 

intermediate a with [20–74] bond, which yields a [6,6][6,6][5,6] tris-adduct (Figure 8), equally stable as 

the all-[6,6] i ([20–22]). The adjacent [5,6] bond on [20–16] also gives a stable [6,6][6,6][5,6] tris-

adduct b (ΔE = 3.5 kcal/mol). These [6,6][6,6][5,6]-tris-adducts a and b could potentially correspond to 

the experimentally observed F or [6,6][6,6][5,6]-H peak. 

Alternatively, in the tris-adduct i, isomerization in bond [57–58] to the adjacent [58–52] can yield a ca. 1 

kcal/mol more stable [6,6][6,6][5,6]-tris-adduct c (Figure 8). This adduct c may also correspond to 

experimentally observed F and H peaks. Our DFT calculations also indicate that, among all addition sites 

considered, the most stable tris-adducts were d and e with [6,6][5,6][5,6] structures with addition sites 

on [39–43] bond (ca. ΔE = 1.4 kcal/mol) or [75–79] bond (most stable computed tris-adduct), close to the 

initial addition sites (Figure 8). 

Based on the experimental evidence that tetra-adducts are also observed in the presence of tris-adducts, 

we hypothesized that some of the above-mentioned stable tris-adducts could be further functionalized 

for formation of the tetra-adduct. Given the large number of possible addition sites, we analyzed the 

pyramidalization angles of all C–C bonds on the thermodynamically stable tris-adducts (see Table 

S2): i (+3.7 kcal/mol), ii (+4.6 kcal/mol), c (+2.7 kcal/mol), d (+1.4 kcal/mol), and e (0.0 kcal/mol) 

(see Table S2). Interestingly, the lowest in energy tris-adducts e (0.0 kcal/mol), d (+1.4 kcal/mol), 

and c (+2.7 kcal/mol) yielded the largest pyramidalization angles, thus suggesting favorable tetra-adduct 

formation (smaller angles are observed in the case of i and ii, see Table S2). Based on NMR data of 

Y3N@C80 adduct, with identical vis-NIR spectrum of Gd3N@C80 tetra-adduct, the experimentally observed 

tetra-adduct was with all-[6,6] additions. This fact, taken together with the pyramidalization angle 

analysis, reduced the number of possible tetra-adducts to consider computationally. From c, d, and e, all-

[6,6] tetra-adducts were constructed based on the most pyramidalized areas and considering the possible 

isomerization between adjacent bonds (a total of 20 tetra-adducts were studied). 

The computed DFT relative stabilities revealed large energy differences of up to ca. 40 kcal/mol among 

adducts (see Table S3) and provided as the lowest in energy the c-based tetra-adduct corresponding to 

the addition on bonds [95−94], [20−22], [51−49], and [57−58] (structure c-1 in Figure 9). This finding 

suggests that after initial formation of c [5,6][6,6][6,6] tris-adduct, further Prato functionalization could 

take place on the[6,6]-junction of [51–49] site, followed by isomerization from the [5,6]-bond ([58–62]) 

toward the adjacent [6,6] 58–57 yielding the all-[6,6] tetra-adduct c-1. Another possible tetra-adduct 

from c corresponds to the Prato addition on [53–54], followed by isomerization from the [5,6]-bond ([58–

62]) to the adjacent [6,6] ([61–62]). This tetra-adduct c-2 ([95–94], [20–22], [61–62], [53–54]) is ca. 6.7 

kcal/mol higher in energy than c-1. Interestingly, the tetra-adducts from d and e that share three 

functionalized sites with c-2 (i.e., bonds [95–94], [20–22], [61–62]) present similar relative stabilities of 

ca. 6 kcal/mol: d-1 is ca. 6.3 kcal/mol higher in energy and has the fourth addition on bond [79–78], and e-

1 is ca. 5.7 kcal/mol and has the fourth addend on bond [42–43] (Figure 9). 
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Figure 9. DFT optimized structures of lowest in energy tetra-adducts studied in the present work (in 

kcal/mol) and corresponding Schlegel diagram: The lowest in energy tetra-adduct computed c-

1 corresponds to the Prato addition to bonds [95–94], [20–22], (shown in black), and [57–58], [51–49] (in 

blue), whereas c-2, d-1, and e-1 correspond to the addition to bonds [95–94], [20–22] (shown in black), 

[61–62] (purple), and either [53–54] (c-2), [79–78] (d-1), or [42–43] (e-1). 

 

The DFT relative stabilities, together with the pyramidalization angle analysis and NMR assignments, 

suggest that tetra-adduct formation is favored to occur from the most stable tris-adducts (c, d, and e). 

This is in line with the fact that computationally characterized lower in energy tris-adducts do not coincide 

with the experimental assignments based on NMR data. The large energy differences obtained for all 

analyzed tetra-adducts (that differ up to ca. 40 kcal/mol) are consistent with the high regioselectivity 

toward tetra-adduct formation observed experimentally, demonstrating that strain release of the most 

pyramidalized regions of the tris-adducts is the driving force behind the high regioselective tetra-adduct 

formation. 

ESR study of bis- and tris-adducts of Gd3N@C80 

From the isomerization results above, we speculated that there is a relationship between the stability of 

the adducts and the size of endohedral metal cluster relative to the inner space of C80 cage. Especially in 

the case of Gd3N@C80, the cycloaddition to C80 cage provides a longer inner space to better host an 

endohedral Gd3N cluster, which presumably stabilizes and freezes the rotation. In our previous study on 

the X-ray structure of Prato bis-adduct of Gd3N@C80, we showed that two Gd atoms are coordinated to 

two sp3 [6,6]-addition sites occupying the extended inner space of C80 cage, which presumably stopped 

the rotation. 

We investigate this situation by comparing ESR spectra of the pristine Gd3N@C80 and its bis- and tris-

adducts. Previously, high-frequency (210 and 315 GHz) ESR spectra of Gd3N@C80 were reported at varied 

temperatures by Jánossy and co-workers.(48) They interpreted the observed ESR spectra as the signature 

of three strongly coupled Gd(III) paramagnetic ions with the total spin of S = 21/2. For a paramagnetic 

center with half-integer spin (so-called Kramers case), the transition between ms = ±1/2 states was 

https://doi.org/10.1021/jacs.9b13768
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degenerated in zero magnetic field and thus detectable in an ESR experiment at any microwave (m.w.) 

band. At 210 K and 315 GHz m.w. frequency, the Jánossy group detected a narrow line at the Gd(III) g-

factor position (gGd 1.995), which was observed to be narrowed, presumably due to the cluster motion 

inside the C80 cage, which was, according to their interpretation, present at least down to the temperature 

of 50 K. Here, we performed temperature-dependent X-band ESR measurements (9.5 GHz m.w. 

frequency) on the pristine Gd3N@C80 and its bis- and tris-adducts. Due to their limited amounts, the bis- 

and tris-adducts were used as mixtures. 

The X-band ESR data for the pristine Gd3N@C80 showed a narrow single line at g = 1.995 at higher 

temperatures, and its gradual disappearance at lower temperatures (Figure 10a) is in good agreement to 

a previous study by Jánossy. Interestingly, for the bis-adduct, the intensity of the narrow EPR line at g = 

1.995 became weaker with simultaneous appearance of a broad anisotropic ESR line with much larger 

overall intensity (Figure 10b). Note that by decreasing the temperature from 275 to 150 K, the intensity 

of lines gradually decreased for Gd3N@C80 (Figure 10a), while it did not change for both bis- and tris-

adducts (Figures S39 and 40). This strongly suggests that, in the case of the Prato bis-adduct, the rotational 

mobility of the Gd3N cluster inside the cage is reduced. In the ESR spectrum of the tris-adduct, no narrow 

lines were observed anymore. A broader and relatively weaker ESR signal for this tris-adducts sample was 

hypothesized to be due to a small fraction of Gd3N clusters undertaking restricted rotational motion, while 

the main fraction of Gd3N clusters is not rotating anymore and their anisotropic ESR signal is out of the 

reach for the X-band ESR experiment. Jánossy discussed that the ferromagnetic coupling between in three 

Gd(III) ions would break around 20 K forming three Gd(III) centers with S = 7/2 and weaker zero-field 

splitting (ZFS) anisotropy. It is likely that ZFS parameters in such a system would be distributed according 

to the different geometries of the Gd3N cluster inside the cage, and the fraction of Gd(III) ions with 

weakest ZFS might be another possible origin of the ESR signal for the tris-adduct. Regardless of the 

particular interpretation of the ESR signal for the tris-adduct, our present study strongly suggested that 

Prato functionalization of the C80 cage leads to deactivation of the Gd3N cluster rotational tumbling at 

ambient temperature. 

 

Figure 10. (a) 9.5 GHz EPR spectra of Gd3N@C80 at various temperatures and (b) bis 1 and tris-adducts E–

G at 275 K. 
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Discussion on the Origin of the Regioselectivity 

As described above, bis-1,3-dipolar cycloaddition does not proceed regioselectively in the case of 

empty Ih-C60, and it is reasonable to conclude that the observed high regioselectivity in the generation of 

bis-, tris-, and tetra-adducts in Y3N@C80 and Gd3N@C80 reported in this study was due to the effect of the 

encapsulated endohedral metal cluster inside Ih-C80. In general, the regioselectivity in cycloaddition 

reactions involving fullerenes is explained by the pyramidalization angle of sp2 cage carbons; addition is 

favored to the most pyramidalized sp2 carbons with strain which is released after reaction by the 

formation of sp3 carbon. This situation is particularly observed in the cycloaddition to C70 having several 

types of sp2 carbons with different pyramidalization angles. In the case of TNT-EMF, molecules containing 

relatively large metal clusters (M3N, M = Y, Gd), they are known to induce strain on the fullerene cage 

carbon structure and pyramidalize specific regions of it to impact the fullerene exohedral reactivity. 

In the previous studies, mono-Prato reactions were shown to produce kinetic [6,6]-adducts, which 

isomerized to [5,6]-adducts in a rate and a ratio dependent on the metal cluster size. The [6,6]-adduct, 

which is stable in the presence of larger M3N clusters (M = Y, Gd), can produce bis-[6,6][6,6]-adducts in a 

high regioselective manner. This is due to the activation of certain sp2 cage carbons, which is 

pyramidalized by the effect of metals, one of which is accommodated by the inner space of initial 

sp3 addition site and the other one directs for the activation of second addition. This situation, a sort of 

host (internal concave space of C80 monoadduct)–guest (one of the metal cation) interaction, was clearly 

observed in the X-ray structure of minor-bis-adduct of Gd3N@C80 in the previous study. 

In the tris- and tetra-addition reactions in this study, pyramidalization of the C80 cage carbon was the main 

factor for cause of regioselectivity. When using the bis-adduct as a precursor of tris-adduct formation, 

two metals of M3N are already accommodated to the inside of sp3 addition site, simultaneously allowing 

the endohedral M3N cluster to be flattened. As one evidence in this study, the ESR spectra indicated 

reduced rotational mobility of the metal cluster inside the bis- and tris-adducts in comparison to the 

pristine Gd3N@C80 presumably because of the interaction of internal C80 cavity to the metal. In the bis-

adduct, the strain of the entire molecule is partially released because of the flattened M3N cluster, and 

couple of particular sp2 carbons are activated by the third metal (not pointing to any sp3 addition site yet). 

In comparison to the bis-addition, tris-addition provided more regioisomers presumably because the M3N 

cluster inside the C80 cage is less pyramidalized and activation of last sp2 addition site was less effective. 

An interesting result is the generation of tetra-addition with a single major adduct (all-[6,6]), which was 

hard to evaluate due to its complex structure and the high number of possible isomers. However, the 

combination of NMR, vis-NIR, pyramidalization angle analysis, and DFT calculations indicates that the 

driving force behind the high regioselectivity is strain-release of the most pyramidalized fullerene regions. 

DFT indicated that the most stable tris-adducts present considerably higher pyramidalization angles in the 

area surrounding the third metal cluster where none of the three previous Prato additions took place. This 

high pyramidalization favors the subsequent Prato addition for tetra-adduct formation, leading to a high 

regioselectivity of the process. This is also supported by the large energy differences obtained among 

tetra-adducts. 

Conclusion 

Exhaustive Prato cycloadditions to the endohedral metallofullerenes, Y3N@C80 and Gd3N@C80, provided 

tris- and tetra-adducts in a highly regioselective manner. By 1H and 13C NMR analyses of the adducts of 
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Y3N@C80, in combination with the vis-NIR spectra and DFT calculations, the addition patterns of tris- and 

tetra-adducts were elucidated. By isomerization and ESR studies, the motion of the endohedral clusters 

was estimated in relation to the numbers of the functionalization affecting the stability of the derivatives. 

The ability to form these unique fullerene adducts and their distinct physiochemical properties will be of 

great value in designing new TNT-EMF-based materials. 
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