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Abstract: The study of isolated atoms or molecules inside a fullerene cavity provides a unique
environment. It is likely to control the outer carbon cage and study the isolated species when
molecules or atoms are trapped inside a fullerene. We report the Diels–Alder addition reaction of
9,10-dimethyl anthracene (DMA) to H2@C60 while 1H NMR spectroscopy is utilized to characterize
the Diels–Alder reaction of the DMA with the fullerene. Through 1H NMR spectroscopy, a series
of isomeric adducts are identified. The obtained peaks are sharp, precise, and straightforward.
Moreover, in this paper, H2@C60 and its isomers are described for the first time.

Keywords: 1H NMR spectroscopy; Diels–Alder reaction; 9,10-dimethylanthracene; fullerene; H2@C60

1. Introduction

A fullerene molecule is an allotrope of carbon. Investigating this newly discovered
class of form has become a particularly striking and dynamic research area [1,2]. In
the 1990s, the formation of an orifice on fullerene C60 attracted immense attention for tar-
geting endohedral fullerenes in organic syntheses, such as molecular containers [3–8], and
investigating their ability as electron acceptors in solar cells. Inside the cavity, endofullerene
contains small atoms or molecules, including helium, hydrogen, and water, as well as en-
dohedral metal-fullerenes, such as Li, Th, and Sc3N [9–14]. Inserting small molecules or
atoms into a big closed fullerene cage is an intriguing yet demanding research area for
scientists. Moreover, the encased molecule performs like a confined quantum rotor, with a
sophisticated energy level structure [15] that could be investigated via neutron scattering,
infrared (IR), as well as nuclear magnetic resonance (NMR) spectroscopy [15–21]. The
steadiness and homogeneity of endofullerenes like H2@C60, HF@C60, and H2O@C60 make
it possible to examine crucial physical phenomena like nuclear spin isomer transformation
with ease and precision [18,22–25]. Fullerene’s exterior chemical functionalities are heavily
influenced by their bond reactivity.

The Diels–Alder addition reaction is a valuable research area in fullerene chemistry.
To functionalize fullerenes, the Diels–Alder reaction is used [26]. When small molecules
or atoms are encapsulated in the fullerene, they not only enhance the stability but also
increase the Diels–Alder cycloaddition reactivity of the fullerene [27–29]. On the one hand,
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it has been demonstrated that the Diels–Alder reaction of 9,10-dimethylanthracene with
C60 is reversible at ambient temperature. This phenomenon also happens with C70 [30].
On the other hand, a reduction in the exothermicity of the reaction may cause a reversible
reaction because two methyl groups can increase steric hindrance. Hirsch has employed
the reaction to manipulate the position of several malonate additions by adding removable
templates to C60 (see Figure 1) [30–32]. In an early publication, we successfully employed
helium spectroscopy to explain the reactions of C60 and C70 with DMA and studied the
equilibria of the reaction [33]. When helium is inserted inside an endohedral fullerene
cage, and its NMR chemical shift is matched with the chemical shift of 3He outside, the
magnetic field shielded by the fullerene can be measured directly [27,34–41]. This is caused
by diamagnetism and is linked to the ring currents in the molecular orbitals of fullerene.
Higher fullerenes, He@Cn, have previously been demonstrated to have helium NMR
chemical shifts that fall between two extremes, namely low-field C60 and high-field C70,
indicating that they have an “intermediate” aromatic nature [37,39]. The 3He NMR is vital
for fullerene chemistry [42,43]. Still, there are some limitations to helium NMR, i.e., the
measurement at low temperature demands high sensitivity, low noise, and high pressure.
Even if the NMR signal itself is visible, changes in the signals are negligible at the lowest
temperature. Besides that, 3He can be studied in a specially designed and constructed
cryostat. Helium NMR spectra use potassium cyanide, or KCN, which is highly toxic, as
well as special 3He isotopes, which are very costly. While 1H NMR is inexpensive, simple,
and easy to operate, the spectra for each adduct give a simple and sharp peak.
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Figure 1. Gauss view of mono-adduct of DMA and C60.

In the continuation of our previous work [44], we used the T-Jump Method to the
Diels–Alder addition of 9,10-dimethylanthracene to C60. It was essential to ensure that
the equilibrium data of 3He@C60 was applied to H2@C60. Herein, we extended H2@C60
to investigate the Diels–Alder addition reaction of 9,10-dimethylanthracene and fullerene.
Through 1H NMR characterization and analysis, we found 1 mono-, 6 bis-, 11 tris-, and 10
tetrakis-adducts.
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2. Experimental Section

Preparation of Fullerene H2@C60 was prepared by following the previously de-
scribed method [45,46]. NMR tubes were used to prepare all of the 1H NMR samples.
A total of 3.6 mg of H2@C60 was kept in the nuclear magnetic tube. Subsequently, 1 mL of
mixed solvent CS2: CDCl3 = 4:1 was added to dissolve H2@C60 completely, and then a 1H
NMR test was performed to find the corresponding spectrum. Firstly, 0.51 mg of DMA
(0.5 equiv) was placed in the NMR tube. The reaction mixture (3.6 mg of C60 and 1.03 mg
of DMA (1 equiv) were mixed in 1 mL of CS2: CDCl3.

1H NMR was used to characterize
the reaction of C60 and DMA. It was found that almost no free DMA could be found by 1H
NMR~30 min after the mixing) was allowed to stand overnight, and then the correspond-
ing 1H NMR test was conducted to reach equilibrium. After that, a weighted amount of
dimethyl anthracene was added to the mixture to obtain another sample. To reach a satu-
rated solution, this procedure could be repeated. Increase the mass of DMA in increments
of 1.03 mg (1 equiv), 1.54 mg (1.5 equiv), 2.04 mg (2 equiv), 2.57 mg (2.5 equiv), 4.12 mg
(4 equiv), 6.19 mg (6 equiv), 10.31 mg (10 equiv), 15.41 mg (15 equiv), and 20.63 mg
(20 equiv) until the saturation solution is reached.

Proton NMR Spectroscopy A 500 MHz Bruker Avance spectrometer obtained 1H
NMR spectra. A solvent-gating pulse sequence was adopted to remove a substantial signal
from the ring protons on the non-deuterated solvent molecules. Bulky solvent signals
diminish the instrument’s automatic gain setting, decreasing sensitivity for smaller ones. A
total of 256 scans were acquired for the competitive reaction with a 3-second acquisition
time, a 2-second recycling delay, and a 5 Hz line broadening.

3. Results and Discussion

When the DMA concentration is increased at room temperature, the Diels–Alder
addition of DMA to C60 becomes reversible and yields mono-, bis-, tris-, and tetrakis-
adducts, respectively. Greater levels of the higher adducts accumulate as more DMA
is taken. A series of mixtures of DMA and H2@C60 were prepared in 4:1 CS2: CDCl3.
After the establishment of equilibrium, the 1H NMR spectra were recorded. When C60
reacts with DMA, a new peak in the DMA product peak appears at δ = 8.3, 7.4 ppm, and
near δ = 2.3–2.6 ppm in the 1H NMR spectrum, although the spectral peaks are complicated
and the integral area is relatively small. This is mainly because the addition product of C60
and DMA lowers C60’s symmetry, and the addition product is an isomer with the same
symmetrical features as C60, and its distinctive peaks cannot be created in 1H NMR. As a
result, corresponding to the new spectral peaks one by one using 1H NMR is difficult, as
illustrated in Figure 2.

In addition, while using H2@C60 with DMA, the addition product’s 1H NMR peak
appeared in the high field at δ =−1.39 ppm, which is easier to examine since the correspond-
ing spectral peak is far away from the spectral peak of other functional groups. Adducts
with more DMA molecules correspond to the faster-increasing peak if this ratio varies with
DMA concentration. Due to the high symmetry of C60, there is only one mono-adduct
between C60 and DMA. When 0.5 equiv DMA reacts with C60, its presence can be found
by analyzing the 1H NMR spectra (as shown in Figure S1 Supplementary Materials. Since
C60 is excessive at this time, the Diels–Alder addition reaction between DMA and C60 is
dominated by mono-adducts, and mono-adducts account for the majority. Therefore, we
speculate that the peak at δ =−4.979 ppm corresponds to the peak of the mono-adduct. The
Diels–Alder addition reaction with C60 cannot generate the tris- and tetrakis-adducts due to
the small amount of DMA, or the concentration of the tris- and tetrakis-adducts is too low
to detect. Therefore, we speculate that the peaks at δ = −4.591 ppm and δ = −5.896 ppm
are due to a small number of bis-adducts. When the amount of DMA was increased to 1
equiv and 1.5 equiv (as shown in Figures S2 and S3 Supplementary Materials), the analysis
of the 1H NMR spectra showed that at this time, the proportion of H2@C60 was relatively
low, that is, the unreacted H2@C60 continued to react with the newly added DMA, and
the intensity of the spectral peak at δ = −4.979 ppm was relatively increased, that is, the



Nanomaterials 2022, 12, 1667 4 of 11

proportion of the mono-addition products gradually increased. Meanwhile, 4 new spec-
tral peaks appeared at δ = −5.941, −6.779, −8.276, −8.329 ppm, respectively, which we
assumed were bis-adduct peaks because the amount of DMA at this time was only 1 equiv
or 1.5 equiv, and it was difficult to generate tris- and tetrakis-adducts in the Diels–Alder
addition reaction with C60, or the concentration of tris- and tetrakis-adducts was too low to
be detected. When the amount of DMA was increased to 2 equiv, the analysis of the 1H
NMR spectra showed (as shown in Figure S4 Supplementary Materials) that the amount
of unreacted H2@C60 continued to decrease and the amount of unreacted and bis-adduct
continued to increase. In the meantime, a new spectral peak appeared at δ = −11.733 ppm.
The concentration of the tris-adduct should be detected, and we presumed that the new
spectral peak is the tris-adduct based on the chemical shift of the bis-adduct and its change
trend and that the tris- and tetrakis-adducts are analyzed by this method. A comparative
analysis of the spectra of 15 equiv DMA and 20 equiv DMA showed that no new spectral
peak appeared except for the increase in the proportion of the tetrakis-adducts (as shown
in Figures S5 and S6 Supplementary Materials) and the relative decrease in the tris-adduct.
Therefore, we speculated that the Diels–Alder addition reaction between DMA and H2@C60
took place without the pentakis- or hextakis-adducts. Or the concentration of the resulting
pentakis- or hextakis-adducts may be too low to detect.
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As a result, we can estimate the number of DMA addition products based on the 1H
NMR spectrum peak because the peak intensity ratio of the two peaks is not dependent on
DMA concentration. Then they will resemble an equal number of DMA molecules [33], and
H2@C60 will correspond to the adduct utilizing a similar quantity. But when the ratio varies
with DMA concentration, faster-rising peaks could be linked to an adduct containing extra
DMA molecules. The use simplifies the study of the Diels–Alder addition reaction between
C60 and DMA. The 29 new 1H NMR peaks are evaluated one by one, the fraction of the
NMR intensity for each isomer at 298 K, as shown in Figure 3a,c, (a partial enlargement of
Figure 3c is shown in Figure S7 Supplementary Materials) and the chemical shifts, as well
as the 1H NMR peaks, are described accordingly.
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3He@C60 with 10 equiv DMA at room temperature. The numbers 1, 2, 3, 4 stand for the isomers of
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As shown in Table 1, we found 1 mono-, 6 bis-, 11 tris-, 10 tetrakis-adducts, and an
unreacted embedded hydrogen fullerene from the Diels–Alder addition reaction between
DMA and C60. There were no spectral lines shown with an increasing concentration of
DMA. As a result, we did not find any indication of pentakis- and hexakis-adducts in the
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DMA-C60 Diels–Alder addition reaction. Such a conclusion is used by Wang Guanwu et al.
at 295.4 K [33] for 3He@C60, and the obtained peak patterns are very similar, except for the
overall shift of the NMR spectrum (as shown in Figure 3b,d). Furthermore, with the increase
in DMA concentration, the mono-adduct gradually decreases, and correspondingly, the
multi-addition products gradually increase.

Table 1. Chemical shifts of addition products of C60 and DMA.

δ a (ppm) f b δ a (ppm) f b

Mono Tetrakis
1 −4.954 1.000 1 −6.667 0.008

Bis 2 −8.092 0.009
1 −4.591 0.012 3 −9.397 0.031

2 −5.896 0.073 4
5

−10.041
−9.531

0.047
0.031

3 −5.941 0.008 6 −10.321 0.282
4 −6.779 0.092 7 −10.391 0.354
5 −8.276 0.435 8 −10.482 0.042
6 −8.329 0.380 9 −11.013 0.166

Tris 10 −11.145 0.030
1 −6.073 0.005
2 −7.076 0.008
3 −7.120 0.024
4 −7.198 0.042
5 −8.618 0.053
6 −9.142 0.009
7 −9.182 0.162
8 −9.249 0.018
9 −9.881 0.217

10 −11.142 0.054
11 −11.733 0.408

a Chemical shift in ppm relative to TMS; b Fraction in each isomer of the total NMR signal for all isomers with a
given number of DMA addends.

The supposed reversible reactions of 1H@C60 and DMA have been described in the
following Equations (1)–(4):

H2@C60 + DMA
K1

−−−−→←−−−− H2@C60(DMA) (1)

H2@C60(DMA) + DMA
K2

−−−−→←−−−− H2@C60(DMA)2 (2)

H2@C60(DMA)2 + DMA
K3

−−−−→←−−−− H2@C60(DMA)3 (3)

H2@C60(DMA)3 + DMA
K4

−−−−→←−−−− H2@C60(DMA)4 (4)

The calculations of mono-, bis-, tris-, and tetrakis-adducts are measured in these
equations. Though the 1H spectrum can be used to determine the sums of C60 and the
mono-, bis-, tris-, and tetrakis-adducts, it cannot determine the quantity of free DMA. As a
result, a computer program was written that simulates the experimental results using the
concentration of free DMA. A number of values for concentrations of free C60 and DMA
were obtained for any presumed values of K1, K2, K3, and K4. The preceding formula
was applied to calculate the total concentrations of the various types of adducts based on
these values. When these quantities are added together, the overall concentration of C60 is
calculated. Similarly, the total volume of DMA was calculated by summing up the number
of DMA molecules in each adduct. The experimental results were compared with estimated
values. To meet the experimental facts, K1, K2, K3, and K4 were modified. The theoretical
concentration curves presented in Figure 4 were created using values of 3,608,505.76, 38.89,
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and 2.42 M−1, which best fit the experimental results. As shown, all of the experimental
values for C60 and C60(DMA)n fractions at different DMA/C60 ratios are very close to
the estimated curves. With the addition of DMA, the concentration of free C60 declines
until it is close to 0 at 2.5 equiv of DMA, whereas the concentrations of mono-adducts,
bis-adducts, and tris-adducts initially increase, reach a maximum value, and then decrease.
The concentration of tris-adduct peaks reached the maximum at 6.3 equiv of DMA and
then gradually fell. Tetrakis-adduct concentrations continue in an upward direction.
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The initial concentrations of H2@C60 and DMA are 5 mM and 4.74 mM, respectively.
From the NMR peak strengths of H2@C60 and DMA, we can infer the concentrations of
each single addition product and multi-addition product. In contrast, the concentration
of unreacted DMA can be calculated by subtracting the reacted part from the initial con-
centration of DMA. According to the spectrum analysis, when the DMA concentration is
increased to 2 equiv, the mono-adduct concentration reaches its maximum, and essentially
no bis-adduct is formed. As a result, the following formula can be used to derive the
corresponding equilibrium constant K1:

K1 =
[Mono]

[DMA][H2@C60]

The concentrations of the three after the reaction can be calculated using the NMR
peak intensities of H2@C60 and DMA, which are [Mono] = 2.15 mM, [DMA] = 0.1453 mM,
and [H2@C60] = 4.1 mM, respectively.

K1 =
2.15

0.1456× 4.1
= 3608 M−1

When the concentration of DMA is increased to 4 equiv, the concentration of unreacted
H2@C60 tends to zero, the concentration of mono- and bis-adducts increases and gradually
decreases after reaching the maximum value, and the corresponding equilibrium constant
K2 is derived.

K2 =
[Bis]

[Mono][DMA]
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In the meantime, there are six bis-adducts, so [Bis]total = [Bis]1 + [Bis]2 + [Bis]3
+ [Bis]4 + [Bis]5 + [Bis]6, since the amounts of [Bis]1 and [Bis]3 are very small, so ne-
glected. By analysing the nuclear magnetic peak strength in the spectra, it is obtained
that [DMA] = 0.000145 mM, [Bis]2 = 0.0108 mM, [Bis]4 = 0.0140 mM, [Bis]5 = 0.728 mM,
[Bis]6 = 0.0605 mM, so [Bis]total = 0.158 mM, from which the equilibrium constant K2 is
calculated.

K2 =
0.158

2.15× 0.000145
= 505.76 M−1

And so, K3 = 38.89 M−1 and K4 = 2.42 M−1.
In 2009 [44], we found very similar results by analyzing the reaction rates and equi-

librium constants of DMA and C60 using H2@C60 and 3He@C60. The chemical shifts
of the spectral peaks for the mono-adduct of H2@C60 and 3He@C60 are δ = −1.39 ppm,
δ = −6.32 ppm, and δ = −4.95 ppm, δ = −9.86 ppm, respectively. Hence, the single mono-
adduct shift differences are 3.56 ppm and 3.54 ppm, which are very close, indicating that
the embedded H2 and 3He have little effect on the C60 shell reaction (as shown in Figure 5),
while in 129Xe@C60, the chemical shift between the mono-adduct and unreacted C60 is
δ = +10.9 ppm [47]. In both scenarios, it is concluded that the endohedral molecule is
bouncing around inside the C60 cage without creating any substantial interference to the
C60’s electrons. The carbon cage of fullerene and the molecule inside have a weak van
der Waals force, as well as a repulsive force when the molecule approaches the cage. The
equilibrium constants of both endohedral fullerenes can then be safely assumed to be the
same as those of empty C60.
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Nonetheless, the synthesis of H2@C60 is a complex process that takes eight steps to
be complete [37,39,48]. H2@C60 is still preferred to 3He@C60 for different reasons. (1)
Because the matching peaks are far away from the peaks of other functional groups, 1H
is an excellent NMR probe to analyze H2@C60 precisely. (2) We can make H2@C60 with
a 100% incorporation ratio, whereas 3He@C60 has approximately 1%. Since H2@C60 has
two hydrogen atoms versus one helium atom in 3He@C60, hence giving us a sensitivity
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boost of more than two orders of magnitude. (3) In proton NMR, there is no issue of noise as
compared to helium NMR, as shown in Figure 5. As the endohedral hydrogen resonances
occur far up-field from the solvent, the peak separation is easy and well separated from
the other remaining spectrum. Furthermore, the force between H2 and C60 in endohedral
fullerenes is a van der Waals force. As a result, the H2 atom has little effect on the basic
chemical reactivities of C60.

4. Conclusions

In summary, we have employed 1H NMR spectroscopy to explain the reaction between
fullerene C60 and DMA. Through obtaining several 1H NMR spectra of the reaction mixture
of H2@C60 and DMA, we were able to identify a series of DMA molecules that reacted to
the fullerene and the isomers that existed in the reaction mixture for each peak in the 1H
NMR spectroscopy. We have successfully obtained 1 mono-adduct, 6 bis-adducts, 11 tris-
adducts, and 10 tetrakis-adducts from C60 and DMA. The findings suggest that changing
the skeleton of fullerene can substantially impact the cage’s reactivity and that H2@C60 will
be helpful in a number of complex fullerene reactions, such as the conversion of electrophile
to nucleophile [49], and is expected to have numerous applications in materials science and
technology [50], as well as H2@C60, paves the way to the pyrrolidinoendofullerene [51–53].
Further work is underway to investigate H2@C60 inside the fullerene cage and explore its
chemical and physical properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12101667/s1, Figure S1: 1H NMR spectra of H2@C60 with 0.5 eq
DMA; Figure S2: 1H NMR spectra of H2@C60 with 1 eq DMA; Figure S3: 1H NMR spectra of H2@C60
with 1.5 eq DMA; Figure S4: 1H NMR spectra of H2@C60 with 2 eq DMA; Figure S5: 1H NMR spectra
of H2@C60 with 15 eq DMA; Figure S6: 1H NMR spectra of H2@C60 with 20 eq DMA; Figure S7: 1H
NMR spectra of H2@C60 with 10 eq DMA.
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small-molecule endofullerenes. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2013, 371, 20110631.

22. Vidal, S.; Izquierdo, M.; Alom, S.; Garcia-Borràs, M.; Filippone, S.; Osuna, S.; Solà, M.; Whitby, R.J.; Martín, N. Effect of
incarcerated HF on the exohedral chemical reactivity of HF@C60. Chem. Commun. 2017, 53, 10993–10996. [CrossRef]

23. Mamone, S.; Concistrè, M.; Carignani, E.; Meier, B.; Krachmalnicoff, A.; Johannessen, O.G.; Lei, X.; Li, Y.; Denning, M.; Carravetta,
M. Nuclear spin conversion of water inside fullerene cages detected by low-temperature nuclear magnetic resonance. J. Chem.
Phys. 2014, 140, 194306. [CrossRef]

24. Frunzi, M.; Jockusch, S.; Chen, J.Y.-C.; Calderon, R.M.K.; Lei, X.; Murata, Y.; Komatsu, K.; Guldi, D.M.; Lawler, R.G.; Turro, N.J. A
Photochemical On–Off Switch for Tuning the Equilibrium Mixture of H2 Nuclear Spin Isomers as a Function of Temperature. J.
Am. Chem. Soc. 2011, 133, 14232–14235. [CrossRef]

25. Li, Y.; Lei, X.; Jockusch, S.; Chen, J.Y.-C.; Frunzi, M.; Johnson, J.A.; Lawler, R.G.; Murata, Y.; Murata, M.; Komatsu, K. A magnetic
switch for spin-catalyzed interconversion of nuclear spin isomers. J. Am. Chem. Soc. 2010, 132, 4042–4043. [CrossRef]

26. Sato, S.; Maeda, Y.; Guo, J.-D.; Yamada, M.; Mizorogi, N.; Nagase, S.; Akasaka, T. Mechanistic Study of the Diels–Alder Reaction
of Paramagnetic Endohedral Metallofullerene: Reaction of La@C82 with 1,2,3,4,5-Pentamethylcyclopentadiene. J. Am. Chem. Soc.
2013, 135, 5582–5587. [CrossRef]

27. Cioslowski, J.; Fleischmann, E.D. Endohedral complexes: Atoms and ions inside the C60 cage. J. Chem. Phys. 1991, 94, 3730–3734.
[CrossRef]

28. Garcia-Borràs, M.; Osuna, S.; Luis, J.M.; Swart, M.; Solà, M. A Complete Guide on the Influence of Metal Clusters in the
Diels–Alder Regioselectivity of Ih-C80 Endohedral Metallofullerenes. Chem.—A Eur. J. 2013, 19, 14931–14940. [CrossRef]

29. Zhao, P.; Zhao, X.; Ehara, M. Regioselectivity of Sc2C2@C3v(8)-C82: Role of the Sumanene-Type Hexagon in Diels–Alder Reaction.
J. Org. Chem. 2016, 81, 8169–8174. [CrossRef]

30. Lamparth, I.; Maichle–Mössmer, C.; Hirsch, A. Reversible Template-Directed Activation of Equatorial Double Bonds of the
Fullerene Framework: Regioselective Direct Synthesis, Crystal Structure, and Aromatic Properties of Th-C66(COOEt)12. Angew.
Chem. Int. Ed. Engl. 1995, 34, 1607–1609. [CrossRef]

31. Hirsch, A.; Vostrowsky, O. C60 Hexakisadducts with an Octahedral Addition Pattern − A New Structure Motif in Organic
Chemistry. Eur. J. Org. Chem. 2001, 2001, 829–848. [CrossRef]

32. Lamparth, I.; Herzog, A.; Hirsch, A. Synthesis of [60] fullerene derivatives with an octahedral addition pattern. Tetrahedron 1996,
52, 5065–5075. [CrossRef]

33. Wang, G.-W.; Saunders, M.; Cross, R.J. Reversible Diels−Alder Addition to Fullerenes: A Study of Equilibria Using 3He NMR
Spectroscopy. J. Am. Chem. Soc. 2001, 123, 256–259. [CrossRef] [PubMed]

http://doi.org/10.3390/ma12081314
http://doi.org/10.1126/science.1106185
http://doi.org/10.1126/science.1206376
http://doi.org/10.1038/nchem.698
http://doi.org/10.1039/B914624E
http://doi.org/10.1021/jp401582j
http://doi.org/10.1038/nchem.2563
http://doi.org/10.1098/rsta.2012.0429
http://doi.org/10.1098/rsta.2011.0627
http://doi.org/10.1103/PhysRevLett.102.013001
http://doi.org/10.1073/pnas.1210790109
http://doi.org/10.1063/1.3080163
http://doi.org/10.1063/1.3637948
http://doi.org/10.1039/C7CC05987F
http://doi.org/10.1063/1.4873343
http://doi.org/10.1021/ja206383n
http://doi.org/10.1021/ja910282p
http://doi.org/10.1021/ja309763f
http://doi.org/10.1063/1.459744
http://doi.org/10.1002/chem.201302202
http://doi.org/10.1021/acs.joc.6b00947
http://doi.org/10.1002/anie.199516071
http://doi.org/10.1002/1099-0690(200103)2001:5&lt;829::AID-EJOC829&gt;3.0.CO;2-V
http://doi.org/10.1016/0040-4020(96)00114-7
http://doi.org/10.1021/ja001346c
http://www.ncbi.nlm.nih.gov/pubmed/11456511


Nanomaterials 2022, 12, 1667 11 of 11

34. Buehl, M.; Thiel, W.; Jiao, H.; Schleyer, P.v.R.; Saunders, M.; Anet, F.A. Helium and lithium NMR chemical shifts of endohedral
fullerene compounds: An ab initio study. J. Am. Chem. Soc. 1994, 116, 6005–6006. [CrossRef]

35. Elser, V.; Haddon, R. Icosahedral C60: An aromatic molecule with a vanishingly small ring current magnetic susceptibility. Nature
1987, 325, 792–794. [CrossRef]

36. Pasquarello, A.; Schlüter, M.; Haddon, R. Ring Currents in Icosahedral C60. Science 1992, 257, 1660–1661. [CrossRef]
37. Saunders, M.; Jiménez-Vázquez, H.A.; Cross, R.J.; Mroczkowski, S.; Freedberg, D.I.; Anet, F.A. Probing the interior of fullerenes

by 3He NMR spectroscopy of endohedral 3He@ C60 and 3He@ C70. Nature 1994, 367, 256–258. [CrossRef]
38. Smith, A.B., III; Strongin, R.M.; Brard, L.; Romanow, W.J.; Saunders, M.; Jimenez-Vazquez, H.A.; Cross, R.J. Synthesis and 3He

NMR studies of C60 and C70 epoxide, cyclopropane, and annulene derivatives containing endohedral helium. J. Am. Chem. Soc.
1994, 116, 10831–10832. [CrossRef]

39. Saunders, M.; Cross, R.J.; Jiménez-Vázquez, H.A.; Shimshi, R.; Khong, A. Noble gas atoms inside fullerenes. Science 1996, 271,
1693–1697. [CrossRef]

40. Saunders, M.; Jimenez-Vazquez, H.A.; Bangerter, B.W.; Cross, R.J.; Mroczkowski, S.; Freedberg, D.I.; Anet, F.A. 3He NMR: A
powerful new tool for following fullerene chemistry. J. Am. Chem. Soc. 1994, 116, 3621–3622. [CrossRef]

41. Saunders, M.; Jimenez-Vazquez, H.A.; Cross, R.; Billups, W.; Gesenberg, C.; Gonzalez, A.; Luo, W.; Haddon, R.; Diederich, F.;
Herrmann, A. Analysis of isomers of the higher fullerenes by 3He NMR spectroscopy. J. Am. Chem. Soc. 1995, 117, 9305–9308.
[CrossRef]

42. Zhao, S.; Zhao, P.; Cai, W.; Bao, L.; Chen, M.; Xie, Y.; Zhao, X.; Lu, X. Stabilization of Giant Fullerenes C2(41)-C90, D3(85)-C92,
C1(132)-C94, C2(157)-C96, and C1(175)-C98 by Encapsulation of a Large La2C2 Cluster: The Importance of Cluster–Cage Matching.
J. Am. Chem. Soc. 2017, 139, 4724–4728. [CrossRef] [PubMed]

43. Wei, T.; Wang, S.; Lu, X.; Tan, Y.; Huang, J.; Liu, F.; Li, Q.; Xie, S.; Yang, S. Entrapping a Group-VB Transition Metal, Vanadium,
within an Endohedral Metallofullerene: VxSc3–xN@Ih-C80 (x = 1, 2). J. Am. Chem. Soc. 2016, 138, 207–214. [CrossRef]

44. Frunzi, M.; Xu, H.; Cross, R.J.; Saunders, M. NMR Temperature-Jump Method for Measuring Reaction Rates: Reaction of
Dimethylanthracene with H2@C60. J. Phys. Chem. A 2009, 113, 4996–4999. [CrossRef] [PubMed]

45. Komatsu, K. Classic Carbon Nanostructures. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2013, 371, 20110636. [CrossRef]
46. Krachmalnicoff, A.; Levitt, M.H.; Whitby, R.J. An optimised scalable synthesis of H2O@C60 and a new synthesis of H2@C60. Chem.

Commun. 2014, 50, 13037–13040. [CrossRef]
47. Cross, R.; Khong, A.; Saunders, M. Using Cyanide To Put Noble Gases inside C60. J. Org. Chem. 2003, 68, 8281–8283. [CrossRef]
48. Rubin, Y.; Jarrosson, T.; Wang, G.W.; Bartberger, M.D.; Houk, K.; Schick, G.; Saunders, M.; Cross, R.J. Insertion of helium and

molecular hydrogen through the orifice of an open fullerene. Angew. Chem. Int. Ed. 2001, 40, 1543–1546. [CrossRef]
49. Yao, J.; Xiao, Z.; Zhang, J.; Yang, X.; Gan, L.; Zhang, W.-X. Switched role of fullerene in the Diels–Alder reaction: Facile addition of

dienophiles to the conjugated fullerene diene moiety. Chem. Commun. 2008. [CrossRef]
50. Kadish, K.M.; Ruoff, R.S. Fullerenes: Chemistry, Physics, and Technology; John Wiley & Sons: New York, NY, USA, 2000.
51. Filippone, S.; Maroto, E.E.; Martín-Domenech, Á.; Suarez, M.; Martín, N. An efficient approach to chiral fullerene derivatives by

catalytic enantioselective 1,3-dipolar cycloadditions. Nat. Chem. 2009, 1, 578–582. [CrossRef]
52. Maroto, E.E.; de Cózar, A.; Filippone, S.; Martín-Domenech, Á.; Suarez, M.; Cossío, F.P.; Martín, N. Hierarchical Selectivity in

Fullerenes: Site-, Regio-, Diastereo-, and Enantiocontrol of the 1,3-Dipolar Cycloaddition to C70. Angew. Chem. Int. Ed. 2011, 50,
6060–6064. [CrossRef] [PubMed]

53. Maroto, E.E.; Filippone, S.; Martín-Domenech, A.; Suarez, M.; Martín, N. Switching the stereoselectivity: (Fullero) pyrrolidines “a
la carte”. J. Am. Chem. Soc. 2012, 134, 12936–12938. [CrossRef] [PubMed]

http://doi.org/10.1021/ja00092a076
http://doi.org/10.1038/325792a0
http://doi.org/10.1126/science.257.5077.1660
http://doi.org/10.1038/367256a0
http://doi.org/10.1021/ja00102a077
http://doi.org/10.1126/science.271.5256.1693
http://doi.org/10.1021/ja00087a067
http://doi.org/10.1021/ja00141a023
http://doi.org/10.1021/jacs.6b11970
http://www.ncbi.nlm.nih.gov/pubmed/28099802
http://doi.org/10.1021/jacs.5b10115
http://doi.org/10.1021/jp901230y
http://www.ncbi.nlm.nih.gov/pubmed/19348451
http://doi.org/10.1098/rsta.2011.0636
http://doi.org/10.1039/C4CC06198E
http://doi.org/10.1021/jo034851b
http://doi.org/10.1002/1521-3773(20010417)40:8&lt;1543::AID-ANIE1543&gt;3.0.CO;2-6
http://doi.org/10.1039/B817300A
http://doi.org/10.1038/nchem.361
http://doi.org/10.1002/anie.201101246
http://www.ncbi.nlm.nih.gov/pubmed/21557425
http://doi.org/10.1021/ja306105b
http://www.ncbi.nlm.nih.gov/pubmed/22834487

	Introduction 
	Experimental Section 
	Results and Discussion 
	Conclusions 
	References

