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General Introduction 

Fullerenes are spherical carbon clusters with hollow cavities and their unique structures 

with three-dimensional π-systems have attracted great attention from chemists. Since 

macroscopic quantities of C60 were available in 1990,1 an enormous number of studies from 

fundamental chemistry to applied technology have been carried out based on the chemical 

modifications.2 These studies provide insights into the chemical reactivity, controllability of 

their inherent electronic properties, and structural diversification to apply for a variety of 

applications. 

Among the chemical modifications, ‘‘internal’’ modification to insert atom(s) or 

molecule(s) into the fullerene cage (Figure 1) controls the electronic properties and offers 

opportunities to elucidate 1) interactions between encapsulated guest species and the fullerene 

π-systems and 2) their intrinsic properties isolated from the outside as well as 3) the dynamics 

of them in a confined sub-nano scale space.2 Especially, in case of endohedral 

metallofullerenes2a-2d (EMFs, fullerenes encapsulating metal atom(s) and clusters), the 

encapsulated metal species drastically changes the electronic properties of outer fullerenes from 

the inside, affording the good electron affinity compared to that of empty one. Furthermore, 

‘‘skeletal” modification to transform the σ-framework of fullerenes is also developed.2e-2i This 

modification leads to the formation of open-cage fullerene derivatives (Figure 1). These 

derivatives would be used as containers for small molecules and the potential precursors of 

heterofullerenes or endohedral fullerenes.2e-2i The author describes the progress in the fullerene 

chemistry with a focus on “internal” and “skeletal” modifications in the following sections. 
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Internal and Skeletal Modifications 

 

Huge efforts have been devoted to ‘‘internal’’ modification of fullerenes since the early 

1990s as mentioned above. This modification was conducted physically based on the arc 

discharge method using metal oxide/graphite composite rods. However, there exist following 

problems2a-2d: 1) A large amount of empty fullerenes with various cage sizes (C60, C70, C76, C78, 

C80, and C82, etc.) were formed as side products, 2) these empty fullerenes made the 

composition of obtained mixtures more complicated, making the isolation of the desired EMFs 

difficult, and 3) the yields of resulting EMFs were extremely low (<< 0.1%). 

In order to overcome these obstacles, a certain level of improvements has been made from 

the viewpoints of both production and purification. In 2004, Dunsch et al. developed the 

“reactive gas atmosphere” method introducing NH3 into the arc-discharge furnace.3 Metal 

nitride clusterfullerenes (i.e. Dy3N@C2n; 39  n  44) were obtained as the dominant products 

in the resultant soot and the formation of empty fullerenes and conventional EMFs was 

significantly suppressed.4 Furthermore, in 2006, Akasaka et al. reported a convenient 

purification method for the isolation of endohedral EMFs.5 The use of DMF solvent to extract 

EMFs from the obtained carbon soot caused the selective reduction of EMFs with low redox 

potentials. The reduced EMFs were separated from empty fullerenes based on their different 

solubility in polar solvents. Isolation of EMFs was achieved by reoxidizing to their neutral 

states chemically. 

As the EMFs have become available, their reactivity and fundamental properties as well 

as the information about the orientation of the encapsulated chemical species have been broadly 

explored. For example, the reaction of Sc3C2@C80 with the excess amount of benzyl bromide 

(1) afforded only one isomer of Sc3C2@2 in high yield under photoirradiation conditions 

(Figure 2a).6 Each structure of Sc3C2@C80 and Sc3C2@2 was clearly determined by single 

crystal X-ray analysis. The addition of the photochemically generated benzyl radical was found 

to take place at a [5,6,6]-juncture of the Ih–C80 cage located near the encapsulated Sc atom. The 

orientations of the encapsulated Sc3C2 cluster in Ih-C80 and 2 were also disclosed. The Sc3C2 

cluster in pristine Ih–C80 adopted the bat ray form, where the C2 unit located above the triangle 

plane of three scandium ions (Figure 2b). In contrast to this case, the cluster in mono-adduct 2 

was found to adopt unusual trifoliate form with a 20% encapsulation ratio, where the C2 unit 
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directed perpendicular to the scandium plane (Figure 2c). Thus, the single crystal X-ray analysis 

serves as a powerful tool to determine not only the structure for fullerene cage but also the 

orientation of the encapsulated metal atom(s) and clusters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As another approach, Saunders et al. established the high-pressure and high-temperature 

method (650 C, 3000 atm) for the syntheses of endohedral fullerene C60 and C70 encapsulating 

rare gases (He,7,8,11 Ne,7,9,11, Ar,10,11 Kr,11 and Xe11) although the incorporation yields are 

considerably low (ca. 0.1%). The carbon signals of endohedral fullerenes in the 13C NMR 

shifted to downfield relative to that of empty C60. The differences of the chemical shifts for 

Ar@C60,
12 Kr@C60,

13 and Xe@C60
14 compared to C60 were ∆δ = 0.17, 0.39 and 0.95 ppm, 

respectively, suggesting that the degree of the van der Waals interaction increased as the 

molecular size of the guests became larger (Figure 3). In these studies, the enrichment of the 

endohedral fullerenes by the use of HPLC plays an important role,10,13-15 allowing the study on 
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the intermolecular interaction of fullerene cage with the encapsulated species. 

 

 

 

 

 

 

 

 

 

 

 

Ion beam implantation method for the production of a special class of endohedral 

fullerenes was also developed. Applying this method, reactive chemical species, which are not 

stable under ambient conditions, were introduced into C60 and C70 cages.16 For example, the 

formation of N@C60 was achieved by bombarding C60 with nitrogen ions from a plasma 

discharge ion source in 105104% yield.17 Likewise, P@C60 encapsulating a phosphorous 

atom18 was produced. In addition, isolation of [Li@C60](SbCl6
)19 was attained and its precise 

structure was determined by single crystal X-ray analysis. 

However, the production of endohedral fullerenes based on the aforementioned physical 

methods (arc discharge method, high-pressure and high-temperature method, and ion 

implantation method) are still faced on severe problems to obtain desired endohedral fullerenes, 

such as a narrow variety of the encapsulated species, low production yield, and low selectivity 

of the fullerene cages. Hence, development of completely different approach from conventional 

methods is anticipated in order to bring about a breakthrough into this situation.  

To overcome such difficulties, rational synthetic methodology using organic reactions, so 

called ‘‘molecular surgery’’ method,20 was developed. This methodology consists of following 

steps: 1) creating an opening that is large enough to insert small guest(s), 2) introducing atom(s) 

or molecule(s) into the cavity through the opening, and 3) closing the opening with retention of 

the encapsulated species. In order to realize the synthesis of endohedral fullerenes by this 

approach, organic chemists have sought novel reactions to open a large orifice on the surface 
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of C60 cage. In 1995, Wudl et al. reported ketolactam 3 with an 11-membered-ring opening in 

two-step reactions for the first time (Figure 4),21 which was used as a precursor for the synthesis 

of heterofullerene dimer (C59N)2.
22 However, the size of the opening in ketolactam 3 was too 

small to allow any guest molecules to enter the cage.  

 

 

 

 

 

 

 

 

 

In 2001, Rubin et al. synthesized open-cage fullerene 4 with an elliptical 14-membered-

ring opening23 (Figure 5). Applying high-pressure gaseous He (ca. 475 atm) to the powdered 

sample at 288305 C for 7.5 h, the insertion of He atom was achieved with an encapsulation 

ratio of 1.5% for the first time.23 In addition, a hydrogen molecule was also inserted into open-

cage derivative 4 with an encapsulation ratio of ca. 5% under similar conditions (H2; 100 atm, 

400 C, 48 h).23 These results proved the feasibility of the strategy of molecular surgery 

approach for organic synthesis of endohedral fullerenes. 

 

 

 

 

 

 

 

 

 

A significant progress in this research field was triggered by Komatsu et al. In 2003, a 

quantitative encapsulation of a hydrogen molecule into sulfide 524 with a 13-membered-ring 
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opening under severe conditions (800 atm, 200 C, 8 h) was reported (Figure 6).25 Finally, in 

2005, the synthesis of H2@C60 in four steps without any loss of the encapsulated hydrogen 

molecule was accomplished.26 This is the first example of the ‘‘molecular surgery’’ method 

based on the rational organic technique. In a similar fashion, He@C60 was also synthesized with 

a 30% encapsulation ratio.27 Additionally, H2O@C60 and HF@C60 encapsulating H2O
28 and 

HF29 molecules with dipole moments were synthesized in four or five steps using bis(hemiketal) 

derivative 6 with a 13-membered-ring opening. The sulfur insertion24 and nucleophilic 

oxidation28 reactions to expand the opening in open-cage C60 derivatives by the cleavage of the 

carbon-carbon bonds are key steps for the syntheses of H2@C60,
26 He@C60,

27 H2O@C60,
28 and 

HF@C60.
29 Thus, the thermal reaction of diketone 9 with S8 in the presence of 

tetrakis(dimethylamino)ethylene (8) gave sulfide 5 in 84% yield and the nucleophilic oxidation 

of diketone analogue 11 using N-methylmorpholineoxide (10) afforded bis(hemiketal) 6 in 88% 

yield after hydration of tetraketone 12 (Scheme 1). Moreover, this nucleophilic oxidation 

reaction was applied to ketolactam 3, yielding bis(hemiketal) 7 with a 12-membered-ring 

opening. The insertion of hydrogen molecule into 7 was achieved under the similar conditions 

(165 atm, 150 C, 24 h) with the encapsulation ratio of 2030% (Figure 6).30 The first synthesis 

of an endohedral azafullerene dimer (H2@C59N)2 was also accomplished using H2@7 as the 

precursor.31 However, the sizes of the opening in open-cage derivatives 57 are not enough to 

encapsulate larger molecules than a water molecule. Therefore, in order to introduce a wide 

variety of chemical species inside the cage, the construction of large opening in open-cage C60 

derivative is required. 
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At approximately the same time, Iwamatsu et al. reported a new ring-expansion reaction 

using diamine derivatives in the presence of an excess amount of pyridine and synthesized 

open-cage C60 derivative 13 with a 20-membered-ring opening (Figure 7).32 The size of the 

opening in 13 is large enough to encapsulate a water molecule even at room temperature in 

solution without any pressurization. The facile encapsulation and eacape of water molecules 

was observed by 1H NMR spectroscopy measured at the temperature range from 25 C to 100 

C. Moreover, this compound showed the capability of encapsulating a wide range of molecules 

such as CO,33,34 NH3,
35 and CH4.

36 The dynamic behavior of these encapsulated chemical 

species was investigated by IR, 1H NMR, and 13C NMR. It was found that even a CH4 molecule 

with kinetic diameter of 3.8 Å rotates freely inside 13 on the NMR timescale.36  
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In 2007, Gan et al. developed another ring-expansion approach based on the peroxide 

chemistry and synthesized open-cage derivatives 14,37 15,38 and 1639 encapsulating H2O, CO, 

and HF molecules inside the cavities, respectively (Figure 8). The first unambiguous 

observation of the encapsulated H2O and CO inside the cavities was conducted by the single 

crystal X-ray analyses. In addition, they reported the synthesis of open-cage derivative 17 

encapsulating an H2O molecule and described its characteristic dimer packing structure in 

crystals.40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Recently, Yeh et al. reported the synthesis of open-cage C60 derivative 18 with a 20 

membered-ring opening (Figure 9).41 The insertion of HCN and H2CO with functional groups 

into 18 was attained for the first time. Furthermore, compound 18 was reacted with methanol 

at 150 C for 3 days to yield open-cage C60 derivative 19 with a 24-membered-ring opening 

(Figure 9).42 Reflecting the large opening in 19, the C2H2 was also encapsulated when 

compound 19 was treated with C2H2 at 60 C for 12 h in solution. However, in many cases of 

open-cage C60 derivatives with large openings, the encapsulated species easily escape from the 



- 9 - 

cage.35,41,42 

 

 

 

 

 

 

 

 

 

 

Such an escape should become difficult when stable molecular complexes are formed with 

attractive interaction and/or the size of the opening is contracted by chemical modification of 

the opening. From these viewpoints, in 2007 Komatsu and Murata et al. reported the reaction 

of sulfide 5 with NaBH4 to give open-cage C60 derivative 20 with an 11-membered-ring opening 

(Figure 10).40 Owing to the partial contraction of the opening, trapping a He atom inside the 

cage of 20 was achieved. In 2010, Gan et al. reported an alternative approach using phosphite 

in the presence of water and synthesized open-cage C60 derivative 21 with a phosphonate moiety 

(Figure 10).41 This phosphonate moiety serves as an effective stopper, preventing the H2O from 

passing through the opening in 21. In both reactions, selective skeletal modification of one of 

the carbonyl groups on the rim is crucial aspect to contract the size of the opening. 
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Survey of This Thesis 

 

In this thesis, the author has investigated the thermal reaction of tetraketone 12 with 

elemental sulfur in the presence of reducing agent 8 in order to enlarge the opening. In addition, 

the author envisioned that the obtained open-cage derivatives with large openings should be 

good host molecules for small molecules as well as potential precursors for novel endohedral 

fullerenes. 

 

Chapter 1 describes the formation of novel open-cage C60 derivatives 22, 23 and open-

cage C59S derivative 24 with a loss of one carbon atom from the pristine C60 cage, which contain 

sulfur atom(s) in the rim of the orifice (Figure 11). These structures were clearly determined by 

single crystal X-ray analyses. Reflecting the large openings in 2224, a waster molecule was 

found to be encapsulated inside the cavities both in solution and in the solid state. 

 

 

 

 

 

 

 

 

 

So far, a number of molecular complexes consisting of open-cage C60 derivatives and 

various chemical species were synthesized. However, there was no report on the encapsulation 

of a CO2 molecule inside open-cage C60 derivatives because the size of the CO2 was estimated 

to be larger than the inner space of fullerene C60. Accordingly, it should be interesting to study 

the encapsulation behavior of the CO2 inside open-cage C60 derivatives. 

 

Therefore, chapter 2 describes the insertion of CO2 and N2 molecules into the cage of 22. 

Surprisingly, the encapsulation of CO2 as well as that of N2 was achieved under mild conditions 
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in spite of the molecular size of the CO2. However, the encapsulated CO2 was found to escape 

easily from the cage of 22 even at room temperature. In order to prevent such an escape, a 

selective reduction of one of the four carbonyl groups in CO2@22 and N2@22 was conducted 

to afford alcohol N2@25 and CO2@25 (Figure 12). The obtained host-guest complexes of 

N2@25 and CO2@25 were stable under ambient conditions and were isolated in pure form by 

the use of recycling HPLC. The structures of N2@25 and CO2@25 were unambiguously 

determined at the molecular level by single crystal X-ray analyses. 

 

 

 

 

 

 

 

 

 

 

Molecular oxygen 3O2 is one of the most important paramagnetic molecules with an S = 

1 spin system at the ground state and plays a critical role in a wide range of chemical and 

biological phenomena. Chapter 3 describes the insertion of 3O2 into 22 and formation of 

supramolecular complex 3O2@25 with a triplet ground state (Figure 13). The presence of the 

3O2 inside the fullerene cage of 25 was clarified by its single crystal X-ray diffraction analysis. 

It was found that supramolecular complex of 3O2@25 showed unique triplet character with 

incompatible “high spin density” but “small interspin interaction” properties in ESR and 

SQUID measurements, which could not be achieved in other supramolecular systems. In 

addition, upon photoirradiation three characteristic phosphorescent bands were observed at the 

NIR region, arising from the exited 1O2 generated by self-sensitization with the outer cage. The 

lifetimes were not affected by the environments, displaying the isolated nature of the 

encapsulated species. 
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In contrast to the insertion of N2, CO2, and O2 into a powdery sample of 22, chapter 4 

describes the insertion of methanol (CH3OH) and formaldehyde (H2CO) molecules in solution 

under high-pressure and high-temperature conditions. Isolation of their molecular complexes 

CH3OH@22 and H2CO@25 (Figure 14) as pure forms was achieved by the use of recycling 

HPLC. The 1H NMR spectra, single crystal X-ray diffraction studies, and DFT calculations 

demonstrated the sole orientation of the encapsulated CH3OH and H2CO both in solution and 

in the solid state, where the CH3 group of the CH3OH and the carbonyl group of the H2CO 

pointed to the bottom of the cages. 
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In chapter 14, most efforts were devoted to the enlargement of the openings on the rim 

of the fullerene cages, insertion of various guest molecules through the opening, and studies on 

the dynamical features and intrinsic properties of the guests. If closure of the opening is attained 

by the removal of the inserted sulfur atom, new family of endohedral fullerenes would be 

realized. It is well known that the inserted sulfur moiety to construct a large opening could be 

removed as the sulfinyl group (>S=O) under photoirradiated conditions after oxidation of the 

sulfide moiety (S), which was reported for 5 with a 13-membered-ring opening.26  

Hence, chapter 5 describes the attempt to remove the sulfinyl group under photoirradiation 

conditions. During the attempts, the author encountered the unprecedented photochemical 

rearrangement, and open-cage C60 derivative 26 with a 14-membered-ring opening and lactone 

moiety was obtained with a loss of the >S=O unit (Figure 15). The structure was definitely 

determined by the single crystal X-ray analysis. This reaction was found to be completely 

different from that of the previously reported open-cage C60 analogue with a sulfinyl group.26 
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Chapter 1 

 

Expansion of Orifices of Open C60 Derivatives and Formation of 

an Open C59S Derivative by Reaction with Sulfur  

  

 

Abstract: The reaction of a tetraketo-open-cage C60 derivative 

with elemental sulfur in the presence of 

tetrakis(dimethylamino)ethylene afforded novel open C60 

derivatives containing sulfur atom(s) in the rim of the orifice and 

the first example of an open C59S derivative. The single crystal 

X-ray analyses clearly determined these structures and 

demonstrated that a water molecule was encapsulated inside the 

cages. The orifice sizes and electronic properties of these 

fullerene derivatives were revealed.    
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Introduction 

Developments of open-cage fullerenes1-5 have been attracting considerable attention from 

the viewpoints of host-guest chemistry and usage as precursors for a heterofullerene such as a 

C59N derivative6 as well as novel endohedral fullerenes when closing of the opening is 

successful with keeping the encapsulated species inside fullerenes.1-5 After the pioneering 

report of an open-cage C60 derivative by Wudl et al. in 1995,7 several derivatives were 

developed so that small molecules, including a helium atom8-10 and a hydrogen molecule,8,11-14 

can go inside through the opening. Furthermore, a water molecule was encapsulated into an 

open-cage C60 derivative synthesized by Iwamatsu et al. in 2004 for the first time15 and later 

into open C60 and open C59O derivatives reported by Gan et al., whose structures were 

determined by single crystal X-ray analysis.16-19 The synthesis of H2O@C60 was recently 

achieved through quantitative encapsulation of a water molecule under high-pressure 

conditions into an open-cage C60 having ketal moieties followed by subsequent closure of the 

opening.20 In the case that a large opening was constructed on the C60 cage, other small 

molecules including CO,21,22 N2,
22 NH3,

23 and CH4
24 can be encapsulated inside the cage. Since 

examples of open-cage fullerenes are still limited, synthetic methods should be developed to 

give novel open-cage fullerene derivatives with a large opening, giving rise to realize 

encapsulation of a variety of molecules as well as hetero-atom embedded carbon cages.   

Sulfur insertion into the rim of the opening on the C60 and C70 cage is a powerful method 

to construct a large opening.25,26 The reaction of an open-cage C60 derivative having a 12-

membered-ring opening with sulfur in the presence of tetrakis(dimethylamino)ethylene 

(TDAE) as a π-donor was reported to give the sulfur-inserted products with a 13-membered-

ring opening in a good yield.25 In this chapter, the author describes application of this reaction 

to an open-cage C60 having a 16-membered-ring opening,20 leading to construction of larger 

openings. The structure, encapsulation of a small molecule, and electronic properties of the 

novel open-cage derivatives were studied in detail.   

 

 

Results and Discussion 

Open-cage C60 derivative 2 with tetraketone moiety was generated from its precursor 120 

with a bis(hemiketal) moiety by dehydration at 180 °C under vacuum as shown in Scheme 1. 
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Although generation of 2 occurred smoothly in solution,20 formation of 2 in solid state needed 

several hours at higher temperature. It was found that 2 is stable as powder and in a dry solution, 

and that 2 gradually goes back to 1 by hydration under ambient conditions in solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reaction of 2 with 1 equiv of S8 in 1,2-dichlorobenzene (ODCB) at 180 °C in the 

presence of TDAE was conducted as shown in Scheme 1. It was found that the reaction using 

0.2 equiv of TDAE for 15 min afforded sulfide 3 having a 17-membered-ring opening as an 

almost single product in 60% isolated yield (entry 1) as expected. However when the amount 

of TDAE was increased to 0.5 equiv (entry 2), unprecedented two products, sulfide thioester 4 
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(16%) and open-cage C59S derivative 5 (31%), were found to be obtained in addition to sulfide 

3 (24%). Furthermore, the reaction using 2.0 equiv of TDAE for 14 hours afforded 5 selectively 

in 68% yield (entry 3). It should be noted that the sulfur insertion reaction using 3 as the starting 

material in the presence of 1.0 equiv of TDAE for 15 min afforded 4 and 5, indicating the 

stepwise insertion of the second sulfur atom to the opening containing the first sulfur atom. In 

these reactions, the author selectively used argon or nitrogen for the inert gas because it was 

found that a nitrogen molecule was encapsulated in 4 and 5 (see below). 

The structures of 35 were determined unambiguously by the single crystal X-ray 

analyses. As shown in Figure 1a, a sulfur atom was actually inserted into the conjugated 

butadiene unit C2=C3−C4=C5 in 2 to give 3 (the numbering system shown in Scheme 1). The 

DFT calculations (B3LYP/6-31G*)27 demonstrated that the LUMO of 2 is relatively localized 

on the butadiene unit. This position is considered to be activated by electron transfer from 

TDAE, followed by the reaction with elemental sulfur25 to form sulfide 3. The X-ray structures 

of 4 and 5 are shown in Figure 1b and 1c, respectively. It is clearly seen that 4 has the thioester 

C1(O)−S2−C2 in addition to the sulfide C2=C3−S1−C4=C5 moieties, resulting in the 

formation of the 18-membered-ring opening. Surprisingly, the carbonyl group C1(O) of 4 is 

lost in 5, resulting in the construction of the 17-membered-ring opening with two sulfide 

moieties. This compound 5 is the first example of fullerene derivative having a C59S skeleton.  

The shapes of the opening in 35 are rather ellipsoid as shown in the top views of the 

X-ray structures (Figure 1). The lengths of the longer axes of the openings in 35 are in the 

order of 3 < 4 < 5; C11−S1 distances are 6.804(3) Å, 7.101(4) Å, and 7.165(4) Å, for 3, 4, and 

5, respectively. These values are reaching to the diameter of pristine C60 (7.10 Å)28, with the 

size of the opening being almost the same as its body. On the other hand, the lengths of the 

shorter axses changed sensitively to the structures of the openings. The opening of 4 is the 

largest, judging from the length of the shorter axis of the opening in 4 (C1(O)−C6(O), 5.014(5) 

Å), which is longer than those of 3 (C1(O)−C6(O), 4.323(4) Å) and 5 (S2-C6(O), 3.830(6) Å), 

respectively. The opening of 5 seems smaller than that of 3, despite the fact that the openings 

of these compounds consisted of the similar 17-membered-ring, with only difference being 

carbonyl group C1(O) in 3 replaced by sulfide moiety (S2) in 5.  
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In order to get further insights into the opening sizes, DFT calculations were conducted 

to estimate the required energies for the insertion of a nitrogen molecule into 3'5' at the M06-

2X/3-21G level of theory, with the t-butyl groups replaced by the methyl groups. The calculated 

energies are 17.0, 9.7, and 23.5 kcal/mol for 3', 4', and 5', respectively, indicating that the size 

of the openings is in the order of 5 < 3 < 4, which is the same order of the length of the shorter 

axes of the openings. It is interesting to mention that the reason for the apparently smaller size 

of the opening of 5 with reference to that of 3 is the larger van der Waals radius of sulfur atom 

(1.80 Å)29 in 5 than that of the carbon (1.70 Å)29 in 3.   

The encapsulation behavior of a water molecule inside 35 was reflected by the size 

of the openings. A sharp signal corresponding to the encapsulated water molecule inside 5 
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appeared at δ −10.96 ppm, and a broad signal was detected for that inside 3 at δ −11.48 ppm 

both in CDCl3 at room temperature. Although the signal for that inside 4 was not seen at room 

temperature, a broad signal was observed at δ −10.95 ppm at −25 °C, likely due to rapid 

exchange of water between the inside and the outside of the C60 cage.30 The encapsulation ratios 

in solution were ca. 70%31 and 40% for 5 and 3 at room temperature, and ca. 30% for 4 at 

−25 °C, respectively.  

Interestingly, it was found that open-cage C59S derivative 5 synthesized under nitrogen 

atmosphere (Scheme 1, entry 3) encapsulates even a nitrogen molecule (35%) in addition to a 

water molecule (55%) as judged from the APCI MS (Figure 2b) and 1H NMR analyses. The 1H 

NMR showed the signals corresponding to one of the olefinic protons separately at δ 6.57 ppm 

for H2O@5, δ 6.56 ppm for empty 5, and δ 6.55 ppm for N2@5. Separation of N2@5 from a 

mixture of H2O@5 and empty 5 was possible by the use of recycling HPLC equipped with 

Buckyprep columns, presumably owing to more interaction of N2 with fullerene cage than that 

of H2O.  

The X-ray analyses of sulfide 3, thioester 4, and open C59S 5 revealed that a water molecule is 

encapsulated in the solid state at the encapsulation ratios of 100%, 52%, and 75% for 3, 4, and 

5,31 respectively. The larger encapsulation ratios of H2O for 35 in solid state than those 

observed in solution can be ascribed to enrichment of the encapsulated H2O during the 

recrystallization as reported.16 It should be mentioned that the X-ray analysis of 4, which has 

the largest opening, indicates the encapsulation of not only H2O (52%) but also N2 (48%). The 

molecular ion peak of N2@4 was detected in the APCI-MS analysis (Figure 2a), and N2 was 

likely encapsulated during the course of the crystallization through slow evaporation of air 

saturated benzene solution of 4.   
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Since all carbons derived from the pristine C60 cage retain sp2-hybridization including 

carbonyl carbons and divinyl sulfides, 24 still have spherical 60π systems with the functional 

groups directly introduced at the rim of the opening. To examine the electronic properties of 

these compounds, the redox behaviors were studied by cyclic voltammetry (CV) in ODCB. All 

derivatives 25 exhibited pseude-reversible three- or four-step reduction waves (Figure 3). The 

first reduction potential of tetraketone 2 appeared at −0.80 V (vs. Fc/Fc+ couple), which is 

anodically shifted by 0.29 V with reference to that of C60 (−1.09 V).26 Those of the sulfur-
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containing compounds 35 were observed at −0.99, −0.97, and −1.04 V, respectively, which 

are still less negative than that of C60 due to three or four carbonyl groups. These electron 

accepting characters were in good agreement with the LUMO levels calculated at B3LYP/6-

31G* level of theory: −3.43 eV for 2, −3.30 eV for 3, −3.35 eV for 4, and −3.26 eV for 5, 

respectively. The carbonyl groups directly connected to the π-system of the fullerene cage lower 

the LUMO levels, whereas the sulfide moieties raise them.25 No oxidation waves were observed 

for 2-5 within the potential window up to +1.33 V vs. Fc/Fc+.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

In summary, the reaction of 2 with elemental sulfur in the presence of TDAE afforded 

novel open-cage C60 derivatives 3 and 4 as well as open-cage C59S derivative 5 with a loss of 

one carbon atom from C60 cage, by simply changing the reaction conditions. The structures of 

35 were determined by the single crystal X-ray analyses which showed the encapsulation of a 

water molecule inside the fullerenes. The reduction potentials of these compounds can be tuned 

by the sulfide moieties in addition to at most four carbonyl groups. These fullerene derivatives 
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would be nice host compounds for other small molecules as well as potential precursors for 

novel endohedral fullerenes. 

 

 

Experimental Section 

General. Melting points were determined on a Yanaco MP-500D apparatus. The 1H 

and 13C NMR measurements were carried out with a Varian Mercury 300 instrument and a 

Bruker Avance III 600US instrument. The NMR chemical shifts are reported in ppm with 

reference to residual protons and carbons of CDCl3 (δ 7.26 ppm in 1H NMR and δ 77.0 ppm in 

13C NMR), CD2Cl2 (δ 5.32 ppm in 1H NMR), and 1,1,2,2-tetrachloroethane (TCE) (δ 6.00 ppm 

in 1H NMR and δ 74.50 ppm in 13C NMR). UV-vis absorption spectra were measured with a 

Shimadzu UV-3150 spectrometer. IR spectra were taken with a Shimadzu FTIR-8400S 

spectrometer. APCI mass spectra were measured on a Bruker micrOTOF-QII. The high-

pressure liquid chromatography (HPLC) was performed with the use of a Cosmosil Buckyprep 

column (250 mm length, 4.6 mm inner diameter) for analytical purpose, and the same columns 

(two directly connected columns; 250 mm length, 20 mm inner diameter) for preparative 

purpose. Cyclic voltammetry was conducted on a BAS Electrochemical Analyzer ALS620C 

using a three-electrode cell with a glassy carbon working electrode, a platinum wire counter 

electrode, and a Ag/AgNO3 reference electrode. The measurements were carried out in 1 mM 

solutions of substrate using 0.1 M tetrabutylammonium tetrafluoroborate (TBABF4) as a 

supporting electrolyte, and the potentials were calibrated with ferrocene used as an internal 

standard which was added after each measurement. Fullerene C60 was purchased from SES 

Research Co. Tetrakis(dimethylamino)ethylene (TDAE) and sulfur (S8) were purchased from 

Tokyo Chemical Industry Co., LTD. 

 

Computational Method. All calculations were conducted with Gaussian 09 packages. 

The structures were optimized at the B3LYP/6-31G* or M06-2X/3-21G* levels without any 

symmetry assumptions. All structures including the stationary states and the transition states 

were confirmed by the frequency calculations. 

 

 



- 26 - 

 

Synthesis of Open-Cage Fullerene Derivative 2. To a solution of open-cage fullerene 

derivative 1 (500 mg, 446 μmol) in CHCl3 (20 mL) was added hexane (200 mL) to give a 

precipitates of 1. The suspension was sonicated for 1 h at room temperature and then filtered to 

give a fine powder of 1. The resulting powder was heated at 180 ˚C for 3 h under vacuum, and 

then was dissolved in CHCl3 (20 mL). To the solution was added hexane (200 mL) again. The 

suspension was sonicated for 1 h at room temperature and then filtered. The resulting powder 

was heated at 180 ˚C for 4 h under vacuum to afford a compound 2 (425 mg, 385 μmol) as a 

dark-brown solid in 86% yield. 

 

2: mp >300 ºC (dec.); UV-vis (CH2Cl2) λmax (log ε) 258 (5.02), 319 (4.65); IR (KBr) ν 

= 1703, 1743 cm–1 (C=O); 1H NMR (300 MHz, CD2Cl2) δ 7.68 (t, J = 8.0 Hz, 1H), 7.61 (t, J = 

7.8 Hz, 1H), 7.41 (dd, J = 7.8 Hz, 0.9 Hz, 1H), 7.28-7.19 (m, 4H), 6.93 (d, J = 9.9 Hz, 1H), 

1.20 (s, 9H), 1.16 (s, 9H) ; 13C NMR (75 MHz, CDCl3) δ 192.05, 187.30, 183.20, 182.29, 168.86, 

168.33, 163.66, 162.29, 154.89, 150.00, 149.83, 149.69, 149.37, 149.14, 149.11, 148.61, 148.57, 

148.15, 147.90, 147.44, 147.38, 147.33, 147.08, 147.01, 146.95, 146.73, 146.12, 145.07, 

144.74, 144.68, 144.56, 144.41, 144.18, 143.93, 143.75, 142.90, 142.20, 142.09, 141.11, 140.98, 

139.99, 139.93, 138.96, 138.53, 138.36, 137.93, 137.82, 137.44, 137.10, 137.08, 136.87, 

136.80, 136.12, 135.68, 134.92, 134.69, 134.30, 133.48, 133.00, 132.92, 132.83, 131.56, 

130.61, 128.00, 125.89, 120.08, 119.50, 117.58, 117.06, 59.23, 55.04, 37.74, 37.59, 29.92, 

29.81 (three sp2-carbon signals were overlapped); HRMS (–APCI), calcd for C82H26N2O4 (M
−•) 

1102.1898, found 1102.1896. 

 

Synthesis of Open-Cage Fullerene Derivatives 35. To a stirred solution of open-

cage fullerene derivative 2 (500 mg, 453 μmol) and elemental sulfur (116 mg, 453 μmol) in dry 

1,2-dichlorobenzene (ODCB) (23 mL) was added tetrakis(dimethylamino)ethylene (TDAE) 

(55 μL, 48 mg, 227 μmol) at 180 °C under argon. After stirring for 15 min, the mixture was 

cooled to room temperature. Then the resulting mixture was subjected to flash column 

chromatography over silica gel. Elution with toluene-EtOAc (15:1) gave 5 (161 mg, 139 μmol 

(calculated as 75% of H2O@5), 31%), followed by 4 (84 mg, 71 μmol (calculated as a mixture 

of H2O@4 and N2@4 in a ratio of 52:48), 16%) and 3 (124 mg, 108 μmol (calculated as 100% 

H2O@3, 24%), all as dark brown solids. The encapsulated ratios of H2O and N2 in 3, 4, and 5 
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were determined by the X-ray analyses for the single crystals descrived below.  

 

3: mp > 300 ºC; UV-vis (CH2Cl2) λmax (log ε) 259 (5.05), 315sh (4.64), 440sh (3.86); 

IR (KBr) ν = 1705, 1742 cm–1 (C=O); 1H NMR (300 MHz, CDCl3) δ 7.61 (t, J = 7.8 Hz, 1H), 

7.50 (t, J = 7.8 Hz, 1H), 7.22 (d, J = 7.8 Hz, 2H), 7.11 (d, J = 7.8 Hz, 1H), 7.09 (d, J = 7.8 Hz, 

1H), 7.04 (d, J = 10.2 Hz, 1H), 6.49 (d, J = 10.2 Hz, 1H), 1.20 (s, 9H), 1.08 (s, 9H), 11.48 

(encapsulated H2O: s, 0.8H); 13C NMR (75 MHz, CDCl3) δ 190.81, 185.59, 182.78, 180.74, 

168.59, 168.34, 163.25, 161.74, 156.17, 152.53, 151.66, 151.01, 150.33, 150.21, 150.09, 

149.93, 149.84, 149.71, 149.56, 149.51, 149.29, 149.21, 149.18, 147.22, 146.89, 145.91, 

145.25, 145.16, 144.92, 144.86, 144.77, 144.44, 144.05, 143.31, 143.20, 143.18, 142.54, 

142.07, 141.70, 141.17, 141.12, 140.75, 139.73, 139.11, 138.29, 137.82, 137.72, 137.61, 137.38, 

137.11, 136.90, 136.83, 136.68, 136.21, 135.94, 135.65, 135.37, 133.62, 132.62, 132.26, 131.18, 

130.21, 130.11, 127.68, 125.89, 125.72, 119.98, 119.50, 117.36, 117.23, 59.74, 54.47, 37.65, 

37.60, 29.88, 29.77 (two sp2-carbon signals were not observed due to the overlap); HRMS (–

APCI), calcd for C82H26N2O4S (M−•) 1134.1619, found 1134.1600.   

 

4: mp > 300 ºC; UV-vis (CH2Cl2) λmax (log ε) 261 (5.00), 320sh (4.57), 410sh (4.09); 

IR (KBr) ν = 1690, 1699, 1734 cm−1 (C=O); 1H NMR (600 MHz, 120 ºC, TCE-d2)
† δ 7.66 (t, J 

= 7.8 Hz, 1H), 7.60 (t, J = 7.8 Hz, 1H), 7.29-7.24 (m, 2H), 7.21 (d, J = 7.8 Hz, 1H), 7.09 (d, J 

= 7.8 Hz, 1H), 7.06 (d, J = 8.7 Hz, 1H), 6.47 (d, J = 8.7 Hz, 1H), 1.29 (s, 18H); 13C NMR (125 

MHz, 120 ºC, TCE-d2) δ 194.13, 184.99, 184.03, 181.86, 169.83, 169.21, 164.31, 162.09, 

156.08, 153.26, 152.41, 151.50, 151.39, 151.24, 150.85, 150.67, 150.52, 150.07, 149.14, 

149.00, 147.22, 146.72, 146.13, 145.67, 145.61, 145.34, 145.04, 144.77, 144.32, 144.17, 

143.48, 143.26, 142.58, 142.24, 141.99, 139.89, 139.15, 138.99, 138.88, 138.06, 137.60, 

137.52, 137.20, 136.92, 135.86, 134.98, 134.59, 134.54, 134.39, 131.83, 131.15, 130.65, 

129.80, 129.57, 128.90, 128.39, 126.73, 124.33, 121.42, 120.30, 119.81, 117.97, 117.58, 60.91, 

55.16, 38.21, 38.13, 30.37 (nine sp2-carbon signals and one sp3-carbon signal were overlapped); 

HRMS (–APCI), calcd for C82H26N2O4S2 (M
−•) 1166.1339, found 1166.1345. 

 

† Upon the 1H NMR measurement at 25 ºC, one of the olefinic protons on the rim of 

the opening was observed as overlapped three signals. This is likely due to an effect of 
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encapsulated nitrogen molecule. It is known that a signal of a proton close to an encapsulated 

molecule shifts to a higher field when the inner space of the fullerene cage is filled.22 Thus, the 

author carried out VT-NMR measurements and found that the olefinic proton appears as a 

simple doublet at 120 ºC, probably due to the release of the encapsulated N2 from the fullerene 

cage.   

 

5: mp > 300 ºC; UV-vis (CH2Cl2) λmax (log ε) 260 (4.99), 340sh (4.46), 400sh (4.20); 

IR (KBr) ν = 1676, 1736 cm−1 (C=O). Most signals corresponding to empty 5 and H2O@5 were 

observed separately in the following NMR spectra; 1H NMR (600 MHz, CD2Cl2) δ 7.66-7.60 

(m, 2H), 7.30-7.18 (m, 3H), 7.13 (d, J = 7.8 Hz, 1H), 7.00 and 6.99 (two sets of doublet, J = 

10.2 Hz, 10.2 Hz, 0.4 and 0.6H), 6.50 and 6.49 (two sets of doublet, J = 10.2 Hz, 10.2 Hz, 0.4 

and 0.6H), 1.219 and 1.218 (two singlets, total 9H), 1.163 and 1.162 (two singlets, total 9H), 

10.99 (encapsulated H2O: s, 0.73H), 11.02 (encapsulated HDO: t, 0.08H); 13C NMR (150 

MHz, CDCl3) δ 196.38, 196.32, 185.54, 185.48, 181.53, 181.52, 168.45, 168.42, 168.27, 168.24, 

163.92, 163.87, 161.83, 161.78, 161.51, 161.26, 156.12, 155.89, 155.26, 155.12, 152.69, 

152.64, 150.65, 150.59, 150.50, 150.29, 150.25, 150.14, 150.06, 150.02, 149.85, 149.84, 

149.75, 149.65, 149.56, 149.52, 149.43, 149.27, 148.82, 148.76, 148.55, 148.50, 148.44, 

148.36, 148.19, 148.15, 147.29, 147.25, 146.94, 146.73, 145.83, 145.55, 145.48, 145.44, 

145.40, 145.31, 144.73, 144.58, 144.49, 144.47, 144.40, 143.74, 143.65, 143.44, 143.42, 

143.03, 142.82, 142.59, 142.48, 142.45, 142.44, 142.16, 142.12, 142.11, 141.89, 141.06, 140.80, 

139.70, 139.38, 139.07, 138.77, 138.61, 138.56, 138.44, 138.33, 138.00, 137.88, 137.39, 

137.37, 137.35, 137.14, 137.05, 137.02, 136.77, 136.57, 136.41, 136.39, 136.33, 136.10, 

136.08, 135.95, 135.90, 135.80, 135.78, 135.36, 134.56, 134.42, 134.09, 133.74, 131.55, 

131.20, 130.42, 130.27, 130.19, 130.13, 129.98, 129.53, 129.25, 128.68, 128.53, 126.80, 

126.50, 126.11, 126.09, 120.00, 119.55, 117.47, 117.42, 117.08, 117.05, 58.95, 58.89, 54.46, 

37.64, 37.59, 29.88, 29.81; HRMS (–APCI), calcd for C81H26N2O3S2 (M
−•) 1138.1390, found 

1138.1407.  

 

Single Crystal X-Ray Analysis of 3. Single crystals of 3 were grown from a benzene 

solution of 3 in the presence of nickel(II) octaethylporphyrin by slow evaporation of the solvent. 

Intensity data were collected at 100 K on a Bruker Single Crystal CCD X-ray Diffractometer 
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(SMART APEX) with Mo Kα radiation (λ = 0.71070 Å) and graphite monochromater. A total 

of 31438 reflections were measured at the maximum 2 angle of 50.1°, of which 13260 were 

independent reflections (Rint = 0.0373). The structure was solved by direct methods (SHELXS-

97)32 and refined by the full-matrix least-squares on F2 (SHELXL-97).32 Ethyl group of C95–

C96 in nickel octaethylporphyrin moiety was disordered, which was solved using appropriate 

models. Thus, two sets of ethyl groups, i.e., (C95A–C96A) and (C95B–C96B), were placed and 

their occupancies were refined to be 0.70 and 0.30, respectively. t-Butyl group of C79–C81 on 

a 2-pyridyl group was disordered, which was solved using appropriate models. Thus, two sets 

of t-butyl groups, i.e., (C80A–C82A) and (C80B–C82B), were placed and their occupancies 

were refined to be 0.85 and 0.15, respectively. All non-hydrogen atoms were refined 

anisotropically. The hydrogen atoms of water molecule in the fullerene cage (H5–H6) were 

placed and restrained using DFIX instruction during the refinements. All hydrogen atoms, 

except for the water molecule (H5–H6), were placed using AFIX instructions. The crystal data 

are as follows: C112H62N4Ni0.5O5S; FW = 1605.07, crystal size 0.24 × 0.18 × 0.10 mm3, 

Monoclinic, P21/c, a = 17.1633(15) Å, b = 14.5957(13) Å, c = 31.045(3) Å, β = 103.967(2)°, 

V = 7547.1(12) Å3, Z = 4, Dc = 1.413 g cm–3. The refinement converged to R1 = 0.0567, wR2 = 

0.1225 (I > 2σ(I)), GOF = 1.015. 

 

 Single Crystal X-Ray Analysis of 4. Single crystals of 4 were grown from a benzene 

solution of 4 in the presence of nickel(II) octaethylporphyrin by slow evaporation of the solvent. 

Intensity data were collected at 100 K on a Bruker Single Crystal CCD X-ray Diffractometer 

(SMART APEX) with Mo Kα radiation (λ = 0.71070 Å) and graphite monochromater. A total 

of 30733 reflections were measured at the maximum 2 angle of 50.1°, of which 13137 were 

independent reflections (Rint = 0.0517). The structure was solved by direct methods (SHELXS-

97)32 and refined by the full-matrix least-squares on F2 (SHELXL-97).32 t-Butyl group of C70–

C73 on a 2-pyridyl group was disordered, which was solved using appropriate models. Thus, 

two sets of t-butyl groups, i.e., (C71A–C73A) and (C71B–C73B), were placed and their 

occupancies were refined to be 0.73 and 0.27, respectively. The electron density inside of the 

fullerene cage indicated that not only water molecule (O5A, H5, H6) but also nitrogen molecule 

(N5–N6) most likely sit in the fullerene cage. Thus, these molecules were placed and the 

occupancies were refined to be 0.52 for water molecule (O5A, H5, H6) and 0.48 for nitrogen 
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molecule (N5–N6). H5 and H6 were placed and restrained using DFIX instruction during the 

refinements. All non-hydrogen atoms were refined anisotropically and all hydrogen atoms, 

except for hydrogen atoms of water (H5 and H6), were placed using AFIX instructions. The 

crystal data are as follows: C112H61.04N4.96Ni0.5O4.52S2; FW = 1641.93, crystal size 0.25 × 0.15 

× 0.05 mm3, Monoclinic, P21/c, a = 17.122(2) Å, b = 14.8245(19) Å, c = 31.170(4) Å, β = 

102.629(2)°, V = 7720.4(18) Å3, Z = 4, Dc = 1.413 g cm–3. The refinement converged to R1 = 

0.0610, wR2 = 0.1404 (I > 2σ(I)), GOF = 1.014.   

 

 Single Crystal X-Ray Analysis of 5. Single crystals of 5 were grown from a toluene 

solution of 5 by slow evaporation of the solvent. Intensity data were collected at 103 K on a 

Rigaku Single Crystal CCD X-ray Diffractometer (Saturn 70 with MicroMax-007) with Mo Kα 

radiation (λ = 0.71070 Å). A total of 42859 reflections were measured at the maximum 2 angle 

of 56.0°, of which 13082 were independent reflections (Rint = 0.0732). The structure was solved 

by direct methods (SHELXS-97)32 and refined by the full-matrix least-squares on F2 

(SHELXL-97).32 The crystal contained a disordered toluene molecule i.e., (C102–Cl08) and 

(C109–115), which was solved using an appropriate model. The occupancies of C102–Cl08 

and C109–115 were refined to be 0.53 and 0.47, respectively. The open-cage moiety containing 

t-butylpyridyl group i.e., (C2–C9, C14–C16, C25–C31, C47–C48, S1–S2, and O1–O3) and 

(C82–C102, S3–S4, O5–O7), was also disordered, which was solved using an appropriate 

model. Thus, two sets of disordered moietyes i.e., (C2–C9, C14–C16, C25–C31, C47–C48, S1–

S2, and O1–O3) and (C82–C102, S3–S4, O5–O7), were placed and their occupancies were 

refined to be 0.72 and 0.28, respectively. The carbon atoms and oxygen atoms in the disordered 

fullerene cage moieties were restrained using SADI, SIMU, and ISOR instructions during the 

refinements. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms of 

water molecule in the fullerene cage (H4A–H4B) were placed and restrained using DFIX 

instruction during the refinement. All hydrogen atoms, except for the water molecule (H4A–

H4B), were placed using AFIX instructions. The crystal data are as follows: C88H36N2O3.75S2; 

FW = 1245.38, crystal size 0.06 × 0.04 × 0.04 mm3, Monoclinic, P21/c, a = 18.8292(2) Å, b = 

15.7485(2) Å, c = 20.6189(2) Å, β = 116.2721(7)°, V = 5482.58(11) Å3, Z = 4, Dc = 1.509 g 

cm–3. The refinement converged to R1 = 0.0934, wR2 = 0.1524 (I > 2σ(I)), GOF = 1.211.  
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Chapter 2 

 

Trapping N2 and CO2 on the Sub-Nano Scale in Confined Internal 

Spaces of Open-Cage C60 Derivatives: Isolation and Structural 

Characterization of the Host-Guest Complexes 

 

Abstract: An open-cage C60 tetraketone with a large opening 

was able to encapsulate N2 and CO2 molecules after its exposure 

to high pressures of N2 and CO2 gas. A subsequent selective 

reduction of one of the four carbonyl groups on the rim of the 

opening induced a contraction of the opening of this fullerene 

and trapped the guest molecules. The obtained host-guest 

complexes N2@2 and CO2@2 could be isolated by recycling 

HPLC, and were found to be stable at room temperature. The 

molecular structures of N2@2 and CO2@2 were unambiguously 

determined by single crystal X-ray diffraction analyses, and 

revealed a short N≡N triple bond in the encapsulated molecule 

of N2, as well as an unsymmetric molecular structure for the 

encapsulated molecule of CO2. The IR spectrum of CO2@2 

suggested that the rotation of the encapsulated molecule of CO2 

is partially hindered, which was supported by DFT calculations. 



 

- 36 - 

 

Introduction 

Small and structurally simple gaseous molecules such as N2 and CO2 are ubiquitous in the 

atmosphere of the Earth. The fundamental properties and structures of these molecules have 

been extensively investigated by spectroscopic methods, both in the gas phase and in the solid 

state, e.g. by Raman1 and IR spectroscopy,2 electron diffraction,3 as well as powder X-ray 

diffraction analysis under high-pressure conditions (e.g. 28 GPa at 680 K).4 If these molecules 

can be selectively trapped in a suitable confined space on the sub-nano scale, studies on the 

intrinsic properties of the guest molecules and the interactions between host and guest 

molecules, as well as the dynamic behavior of the guest molecules should become attainable. 

In addition, these studies can be conducted both in solution and in the solid state at ambient 

temperature and pressure. Although micro-porous materials with suitable pore sizes and many 

kinds of clathrates are commonly used for the separation and storage of such gaseous 

molecules,5 it is still difficult to keep a single gas molecule in a distinct molecular container 

under ambient conditions. The design and development of such molecular containers with a 

discrete structure for the uptake of gaseous molecules thus represent extremely attractive 

research targets in this context. 

Open-cage fullerenes exhibit specific and rigid structures based on bowl-shaped 

skeletons.6 If their openings are sufficiently large enough for the targeted molecules to be 

encapsulated, these guest molecules can be accommodated in the confined space on the sub-

nano scale within these open-cage C60 derivatives. The formation of corresponding 1:1 host-

guest complexes, consisting of an open C60 cage and a small molecule such as He,7 H2,
8 H2O,9 

NH3,
10 CH4,

11 CO,12 N2,
13 or HF,14 has been reported previously. Based on the van der Waals 

radii of these elements (C, 1.70 Å; N, 1.60 Å; O, 1.50 Å)15 in the encapsulated species, the 

length of the major and minor axes of N2 can be estimated as 4.3 and 3.2 Å, respectively. There 

is no report on the encapsulation of CO2, with axes of 5.3 and 3.4 Å, as the size requirements 

of CO2 exceed the internal space of pristine C60 with a diameter of 3.7 Å. 

Accordingly, it should be of great interest to study the encapsulation of a CO2 molecule 

in suitable open-cage C60 derivatives, and to investigate their dynamic behavior, both with 

regard to the size of the opening and the internal space. However, in many cases the 

encapsulated species easily escape from the open-cage fullerenes.10,14 Such an escape should 

become less likely, if either stable molecular complexes arise from attractive interactions and/or 
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the opening is contracted chemically.16 In this chapter, the author describes 1) the encapsulation 

of N2 and CO2 within an open-cage C60 derivative, 2) the molecular structures of these host-

guest complexes, obtained from single crystal X-ray diffraction analyses, and 3) the rotational 

and vibrational behavior of the encapsulated molecules. 

 

 

Results and Discussion 

The author has recently reported the synthesis of open-cage C60 derivative 1 with a circular 

17-membered opening, which contains one sulfur atom on the rim.17 The theoretically 

calculated structure of 1',18 in which the tert-butyl groups were replaced by hydrogen atoms, 

suggested an elliptical shape for the opening (Figure 1). Based on the 1H NMR analysis at room 

temperature, the rapid in/out exchange of a water molecule indicated that the opening of 1 is 

larger than that of Iwamatsu’s compound,19 demonstrating that 1 may serve as a new molecular 

host for various small molecules. To prevent a facile escape, as described above, the author thus 

envisioned that an effective strategy could be the introduction of a so-called stopper on the 

opening based on previous works.16 The author expected that a selective reaction of one of the 

four carbonyl groups on the rim of open-cage C60 derivative 1 with a hydride source would 

afford alcohol 2, in which the OH moiety should be able to act as such a stopper (Figure 1). 
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However, DFT calculations at the M06-2X/6-31G* level of theory did not support our 

hypothesis of a selective formation of alcohol 2 among the four possible alcohol derivatives 

generated by the nucleophilic addition of a hydride onto one of the four carbonyl groups in 1. 

Nevertheless, the reaction of tetraketone 1 with NaBH4 in a mixture of o-dichlorobenzene 

(ODCB) and EtOH at 0 C afforded alcohol 2 selectively in 47% isolated yield. The structure 

of 2 was determined by single crystal X-ray diffraction analysis (vide infra). Thus, this reaction 

can be used in order to install a stopper on the rim of 1 after the encapsulation of a guest 

molecule. According to DFT calculations, the required energies for an insertion of N2 and CO2 

into tetraketone 1' should be expected to be 8.5 and 4.3 kcal/mol, respectively. These results 

suggested a facile encapsulation of both N2 and CO2 molecules in spite of their larger sizes 

compared with the inner space of C60. Moreover, these values indicated that the insertion of 

these molecules should occur even at room temperature. Upon formation of alcohol 2', these 

values increased to 22.2 and 12.3 kcal/mol, respectively, reflecting the contraction of the 

opening relative to 1'. 

After having obtained these values, insertion of N2 into 1 was attempted. A powdered 

sample of H2O@1 was heated to 140 C under vacuum for 14 h, in order to remove the 

encapsulated water molecule. Subsequently, 1 was subjected to 100 atm of N2 gas at room 

temperature for 24 h. In order to prevent the release of the encapsulated N2, the powder was 

instantaneously dissolved in ODCB at 0 C, and treated with NaBH4 in EtOH (Scheme 1). This 

reaction has to be quenched with NH4Cl aq. after a short reaction period (15 min) in order to 

avoid reduction of more than one carbonyl group. Alcohol 2 was obtained in 37% yield as a 

brown powder that proved to be a mixture of N2@2, H2O@2, and empty 2. The N2 

encapsulation ratio was determined by integration of the newly observed OH signals in the 1H 

NMR spectrum for N2@2 (43%). It is assumed that H2O@2 was formed during the work-up 

process. 
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Despite the molecular size of CO2, an encapsulation of CO2 within 1 was also successfully 

achieved under similar conditions, i.e. treatment of 1 with 45 atm of CO2 gas, followed by 

reduction with NaBH4 in ODCB/EtOH at 0 C resulted in the formation of CO2@2 in 50% 

yield with a 76% CO2 encapsulation ratio. The molecular host-guest complex CO2@2 is, to the 

best of our knowledge, the first example of an open-cage fullerene derivative encapsulating a 

CO2 molecule. In the absence of a stopper, i.e. in CO2@1, the CO2 encapsulation ratio decreased 

from 72% to 46% after 100 h at room temperature. Owing to the opening contraction in 2, in 

addition to the stabilization energies of 16.7 and 20.0 kcal/mol for N2@2' and CO2@2', 

respectively, the encapsulated N2 and CO2 were fully maintained inside 2 for 100 h at room 

temperature. CO2 did not even escape from CO2@2 after heating to 50 C for 37 h, while only 

5% escape was observed after heating to 100 C for 63 h. Thus, the stopper in 2 is able to 

effectively prevent the release of the encapsulated N2 and CO2 guests. 

After the formation of N2@2 and CO2@2, the separation of these molecular complexes 

from H2O@2 and empty 2 was achieved by recycling HPLC using Cosmosil Buckyprep 

columns. In case of a mixture of N2@2, H2O@2, and empty 2, a complete separation into two 

peaks was accomplished after the 15th cycle (Figure 2). From the first fraction, a mixture of 
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H2O@2 and empty 2 was obtained. The 1H NMR spectrum of H2O@2 in CDCl3 exhibited a 

sharp signal corresponding to the encapsulated water at 11.07 ppm and suggested an 

encapsulation ratio of ca. 76%. For H2O@1 without the stopper, in contrast, a broad signal at 

11.48 ppm was observed.17 This difference reflects the stopper-induced suppression of in/out 

exchange of the water.19 From the second fraction, pure N2@2 could be isolated. In a similar 

fashion, molecular complex CO2@2 could also be isolated. Interestingly, in the case of CO2@2, 

a complete peak separation was achieved just after the 3rd cycle (Figure 3). This result indicated 

that CO2@2 is subjected to a significantly higher degree of van der Waals interactions between 

the molecular complex and the stationary materials of the HPLC relative to N2@2, H2O@2, 

and empty 2. These interactions should most likely be affected by the interaction between the 

fullerene and the entrapped guest.  
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The 1H NMR signals of open-cage C60 2 in CD2Cl2 were observed to shift upon 

encapsulation of the guests.12,13 For example, the signals corresponding to the methine proton, 

which are spatially in close proximity to the encapsulated guests, were observed at 7.50, 7.44, 

7.42, and 7.41 ppm for CO2@2, N2@2, H2O@2, and empty 2, respectively. And even though 

the tert-butyl protons on the pyridyl moieties are located far away from the guests, they were 

also subjected to such signal shifts. This result implied that the weak interaction caused by the 

encapsulation is distributed over the whole host molecule, most likely due to small structural 

changes on the C60 cage. The 13C NMR spectrum of CO2@2 in CDCl3 showed a signal for the 

encapsulated CO2 at 112.83 ppm, which is 12.16 ppm upfield shifted relative to free CO2 

(124.99 ppm),20 reflecting the strong shielding effect of the fullerene cage. 

One advantage of using open-cage C60 2 as a host is its high tendency to crystallize from 

benzene solutions in the presence of nickel(II) octaethylporphyrin, and single crystals of 

CO2@2, N2@2, and H2O@2 were obtained in such a fashion. X-ray diffraction data were 

collected at 170 or 173 C, and allowed an unambiguous determination of the molecular 

structures (Figure 4ac). The structural analyses revealed that CO2, N2, and H2O are located at 
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the center of the fullerene cage with occupancies of 0.916(4), 0.995(5), and 0.906(7), 

respectively, representing encapsulation ratios of 92% (CO2), 100% (N2), and 91% (H2O). The 

slightly diminished value for CO2 should most likely be ascribed to an escape of CO2 during 

crystallization, while the higher value for H2O relative to that in solution (ca. 76%) should be 

assigned to an enrichment in the crystals.9b,9c,17 In agreement with the results from DFT 

calculations, the size of the opening in 2 is substantially smaller than that of 1, i.e. values of 

6.878(2) and 3.033(3) Å were measured for the long S1−C11 and the short O1−C6 axes in 

H2O@2 (Figure 4d), whereas the corresponding values in H2O@1 are 6.804(3) and 4.323(4) 

Å.17 These results confirmed the contraction of the opening in open-cage C60 2. 
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The encapsulated CO2 and N2 were found to be compressed in size compared to free CO2 

and N2. A bond length of 1.032(3) Å was observed for the N≡N triple bond within 2, which 

corresponds to a 5.7% decrease relative to that of free N2 in the gas phase (1.094 Å).21 Such 

compression of the encapsulated CO was also observed for the Gan’s compounds, in which 

several short contacts were observed between the encapsulated CO and the fullerene cage.12b 

Although no apparent short contact between the N2 and the fullerene cage was observed (Figure 

5a), small interaction observed by 1H NMR and HPLC analyses between them might induce 

this shortening. Of particular interest is the unsymmetric shape of the encapsulated CO2 within 

CO2@2 (Figure 4a). The C=O6 bond (1.105(4) Å) was observed to be slightly shorter than the 

C=O5 bond (1.166(4) Å), and the latter is almost identical in length to the symmetrical bonds 

observed for CO2 in the gas phase (1.1602(8) Å).3 This shortening of one of the C=O bonds 

was also reported for CO2 trapped in metal organic frameworks.22 In addition, the author 

observed 24 contacts (OCO2∙∙∙CopenC60 3.02-3.21 Å and CCO2∙∙∙CopenC60 3.35-3.39 Å) that are 

shorter than the sum of the van der Waals radii (O∙∙∙C: 3.22 Å; C∙∙∙C: 3.40 Å) between CO2 and 

2 (Figure 5b), reflecting strong interactions between them. These results are in good agreement 

with the observed differences in the HPLC analysis and the 1H NMR measurements (vide supra). 
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Molecular complexes CO2@2 and N2@2 should thus allow studies on the intrinsic 

properties of confined CO2 and N2 in sub-nano scale spaces. Unfortunately, the Raman band of 

the encapsulated N2 could not be detected clearly, due to the weak intensity of its stretching 

band, which is consistent with results from DFT calculations. In contrast, the IR spectrum of 

CO2@2 exhibited a sharp band for the encapsulated CO2 at 2334 cm1, corresponding to the 

antisymmetric stretch (Figure 6). Usually, the IR spectra of gaseous CO2 show two broad bands 

at 2342 and 2361 cm1,2 which arise from the rotation of CO2 (Figure 6b). The presence of only 

one absorption band in the IR spectrum of CO2@2 suggested that the rotational freedom of the 

encapsulated CO2 molecule is restricted, probably due to constraints by the internal space.12,23 

In order to obtain further insight regarding the rotational behavior of the CO2 encapsulated in 

2, DFT calculations were carried out at the M06-2X/3-21G level of theory. The rotation of the 

CO2 may be described as the dynamic exchange motion between the upper oxygen atom and 

the lower one in the optimized structures. For such a process, the author found a transition state, 

which was 8.1 kcal/mol higher in energy relative to the most stable conformation. This result 

suggested that a rotation of the CO2 should be possible at room temperature, and that the 

suppression of the rotation might be due to the shape of both the opening and the internal space. 
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Conclusion 

In conclusion, the molecular host-guest complexes N2@2 and CO2@2 were obtained by 

incorporating gaseous N2 and CO2 into open-cage tetraketone 1, followed by installation of a 

hydroxy stopper at the rim of the opening. Isolation of pure N2@2 and CO2@2 was 

accomplished by HPLC. Complex CO2@2 is the first example for an open-cage C60 

encapsulating CO2. The molecular structures of N2@2 and CO2@2 were unambiguously 

determined by single crystal X-ray diffraction analyses, revealing a contracted N≡N triple bond 

for the encapsulated N2 relative to free N2 in the gas phase, as well as an unsymmetric shape of 

the encapsulated CO2 relative to free CO2 with a symmetrical structure. IR spectroscopy 

measurements showed that the rotational behavior of the encapsulated CO2 is partially restricted, 

which was supported by DFT calculations.  

 

 

Experimental Section 

General. Melting points were determined on a Yanaco MP-500D apparatus. The 1H and 

13C NMR measurements were carried out with a Jeol JNM ECA 500 instrument. The NMR 

chemical shifts are reported in ppm with reference to residual protons and carbons of CDCl3 (δ 

7.26 ppm in 1H NMR and δ 77.0 ppm in 13C NMR) and CD2Cl2 (δ 5.32 ppm in 1H NMR). UV-

vis absorption spectra were measured with a Shimadzu UV-3150 spectrometer. IR spectra were 

taken with a Shimadzu FTIR-8400S spectrometer. APCI mass spectra were measured on a 

Bruker micrOTOF-QII. The high-performance liquid chromatography (HPLC) was performed 

with the use of a Cosmosil Buckyprep column (250 mm length, 4.6 mm inner diameter) for 

analytical purpose, and the same columns (two directly connected columns; 250 mm length, 20 

mm inner diameter) for preparative purpose. Fullerene C60 was purchased from SES Research 

Co. Sodium borohydride and super dehydrated ethanol was purchased from Wako Pure 

Chemical Industries, Ltd. Super dehydrated o-dichlorobenzene (ODCB) was purchased from 

Sigma-Aldrich Co. LLC. Ethanol and ODCB were degassed over 1 h by N2 gas before use. 

 

Computational Method. All calculations were conducted with Gaussian 09 packages. 

The structures were optimized at the M06-2X/6-31G* or M06-2X/3-21G levels without any 

symmetry assumptions. All structures including the stationary states and the transition states 
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were confirmed by the frequency calculations at the same level. 

 

Synthesis of N2@2. Open-cage fullerene derivatives H2O@1 was heated at 140 C for 14 

h under reduced pressure. High-pressure gas of N2 (100 atm) was applied to the obtained 

powder (47.6 mg, 41.9 μmol, calculated as empty 1) at room temperature for 24 h in autoclave. 

The powder was immediately dissolved in ODCB (7.1 mL) at 0 C. To the stirred solution was 

added a 15 mM ethanol solution of NaBH4 (1.50 mL, 22.5 μmol) under N2. After stirring for 

15 min, a saturated NH4Cl solution (5 mL) was added. The organic layer was separated. The 

aqueous layer was extracted with toluene three times (5 mL3). The combined organic layer 

was washed with brine (20 mL), dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product (47.8 mg) was purified by silica gel column chromatography 

(toluene/EtOAc = 100/1) to give 18.0 mg (15.6 μmol, calculated as a mixture of 43% of N2@2, 

37% of H2O@2, and 20% of empty 2) in 37% yield. Further purification by the recycle HPLC 

gave pure N2@2, in addition to a mixture of H2O@2 and empty 2, both as brown powders. 

 

A mixture of N2@2 (56%), H2O@2 (34%), and empty 2 (10%): mp >300 ºC (dec.); UV-

vis (CH2Cl2) λmax (log ε) 259 (5.01), 318sh (4.60), 378sh (4.26); IR (KBr) ν = 1738 cm–1 (C=O), 

3501 cm–1 (OH). 

 

A mixture of H2O@2 and empty 2: Most signals corresponding to empty 2 and H2O@2 

were observed separately in the following NMR spectra; 1H NMR (500 MHz, CD2Cl2) δ 7.63 

and 7.62 (two sets of triplet, J = 7.9 Hz, 0.6 and 0.4H), 7.54 (J = 7.9 Hz, 1H), 7.42 and 7.41 

(two sets of doublet, J = 4.9 Hz, 0.6 and 0.4H), 7.28−7.21 (m, 3H), 7.20-7.12 (m, 2H), 6.60 and 

6.59 (two sets of doublet, J = 10.3 Hz, 0.6 and 0.4H), 3.75 and 3.74 (two sets of doublet, J = 

4.9 Hz, 0.6 and 0.4H), 1.197 (s, 9H), 1.097 (s, 9H), −11.075 (encapsulated H2O: s, 1.2H); 13C 

NMR (126 MHz, CDCl3) δ 197.89, 197.76, 185.83, 185.76, 182.68, 182.56, 168.42, 168.40, 

163.85, 163.81, 162.70, 162.64, 157.76, 157.48, 156.62, 156.43, 153.06, 152.76, 150.90, 

150.83, 150.77, 150.66, 150.51, 150.46, 150.43, 150.35, 150.27, 150.20, 150.15, 150.12, 

149.93, 149.61, 149.57, 149.42, 149.32, 149.26, 149.09, 149.03, 148.98, 148.89, 148.72, 

148.32, 148.24, 147.06, 146.74, 146.46, 146.00, 145.23, 145.02, 144.87, 144.85, 144.80, 

144.73, 144.41, 144.30, 143.47, 143.39, 143.31, 143.03, 142.93, 142.80, 142.32, 141.97, 
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141.56, 141.45, 141.31, 141.05, 141.01, 140.75, 140.70, 140.44, 138.71, 138.13, 138.06, 

137.80, 137.57, 137.44, 137.37, 137.33, 137.14, 137.02, 136.98, 136.96, 136.78, 136.74, 

136.50, 136.47, 136.26, 136.13, 136.11, 136.06, 135.78, 135.05, 134.98, 134.72, 134.51, 133.64, 

133.34, 132.92, 132.67, 132.63, 131.77, 130.37, 130.23, 129.67, 129.55, 129.40, 129.31, 

124.91, 124.71, 124.65, 124.59, 119.87, 119.63, 117.36, 117.32, 117.09, 82.35, 82.29, 58.95, 

58.90, 54.36, 37.64, 37.60, 29.88, 29.81; HRMS (–APCI), calcd for C82H28N2O4S (M−•, empty 

2) 1136.1775, found 1136.1805. A molecular ion peak of H2O@2 was not clearly observed due 

to the release of the encapsulated H2O from the fullerene cage. 

 

N2@2: 1H NMR (500 MHz, CD2Cl2) δ 7.63(t, J = 7.8 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 

7.44 (d, J = 4.6 Hz, 1H), 7.26 (d, J = 7.8 Hz, 1H), 7.24 (d, J = 7.8 Hz, 2H), 7.16 (d, J = 10.3 

Hz, 1H), 7.14 (d, J = 7.8 Hz, 1H), 6.58 (d, J = 10.3 Hz, 1H), 3.70 (d, J = 4.6 Hz, 1H) 1.203 (s, 

9H), 1.101 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 197.71, 185.80, 182.55, 168.40, 163.98, 

162.77, 157.77, 156.32, 153.08, 150.78, 150.65, 150.62, 150.48, 150.28, 150.26, 150.24, 

149.88, 149.58, 149.47, 149.33, 149.04, 148.52, 148.32, 146.91, 146.18, 145.17, 144.96, 

144.76, 144.65, 144.57, 143.63, 143.51, 143.41, 142.87, 142.63, 141.77, 141.50, 141.19, 

140.76, 140.68, 138.60, 137.85, 137.62, 137.58, 137.37, 137.13, 137.02, 136.90, 136.86, 

136.84, 136.63, 136.17, 135.74, 134.97, 134.11, 133.22, 133.05, 131.76, 131.06, 130.20, 130.02, 

125.04, 124.69, 119.93, 119.66, 117.32, 117.06, 82.45, 58.94, 54.40, 37.64, 37.61, 29.88, 29.82 

(four sp2-carbon signals were overlapped); HRMS (–APCI), calcd for C82H28N4O4S (M−•) 

1164.1837, found 1164.1797. 

 

Synthesis of CO2@2. Open-cage fullerene derivatives H2O@1 was heated at 140 C for 

15 h under reduced pressure. High-pressure gas of CO2 (45 atm) was applied to the obtained 

powder (89.5 mg, 78.9 μmol, calculated as empty 1) at room temperature for 24 h in autoclave. 

The powder was immediately dissolved in ODCB (13.5 mL) at 0 C. To the stirred solution was 

added a 15 mM ethanol solution of NaBH4 (2.65 mL, 39.8 μmol) under N2. After stirring for 

15 min, a saturated NH4Cl solution (20 mL) was added. The organic layer was separated. The 

aqueous layer was extracted with toluene three times (5 mL3). The combined organic layer 

was washed with brine (20 mL), dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product (98.8 mg) was purified by silica gel column chromatography 
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(toluene/EtOAc = 100/1) to give 46.2 mg (39.4 μmol, calculated as a mixture of 76% of CO2@2, 

17% of H2O@2, and 7% of empty 2) in 50% yield. Further purification by the recycle HPLC 

gave pure CO2@2, in addition to a mixture of H2O@2 and empty 2, both as brown powders.  

 

CO2@2: IR (KBr) ν = 1736 cm–1 (C=O), 2334 cm–1 (encapsulated CO2), 3499 cm–1 (OH); 

1H NMR (500 MHz, CD2Cl2) δ 7.63 (t, J = 7.8 Hz, 1H), 7.53 (t, J = 7.8 Hz, 1H), 7.50 (d, J = 

3.4 Hz, 1H), 7.29 (d, J = 7.8 Hz, 1H), 7.25 (d, J = 7.8 Hz, 1H), 7.23 (d, J = 7.8 Hz, 1H), 7.18 

(d, J = 10.3 Hz, 1H), 7.14 (d, J = 7.8 Hz, 1H), 6.56 (d, J = 10.3 Hz, 1H), 3.77 (d, J = 3.4 Hz, 

1H), 1.203 (s, 9H), 1.090 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 197.62, 186.15, 181.95, 168.44, 

168.40, 163.84, 162.79, 158.11, 156.85, 153.61, 152.41, 151.46, 151.18, 150.98, 150.89, 150.72, 

150.69, 150.42, 150.40, 150.01, 149.96, 149.80, 149.13, 148.44, 146.70, 145.93, 145.49, 

145.29, 145.20, 145.16, 144.15, 143.79, 143.45, 143.14, 142.98, 142.86, 142.79, 142.37, 

141.56, 140.87, 140.02, 138.61, 138.43, 137.69, 137.49, 137.15, 137.04, 136.78, 136.53, 

136.46, 136.30, 135.90, 135.59, 135.16, 133.32, 132.83, 131.83, 131.81, 130.07, 129.73, 

129.16, 124.62, 124.30, 119.97, 119.74, 117.34, 117.14, 112.83, 82.68, 59.02, 54.65, 37.65, 

37.60, 29.89, 29.81 (four sp2-carbon signals were overlapped); HRMS (–APCI), calcd for 

C83H28N2O6S (M−•) 1180.1674, found 1180.1634. 

 

Single Crystal X-Ray Analysis of N2@2 (CCDC 1419724). Single crystals of H2O@2 

were obtained by recrystallization from a hot benzene solution of H2O@2 in the presence of 

nickel(II) octaethylporphyrin. Intensity data were collected at 103 K using a diffractometer 

equipped with an ADSC Quantun315 CCD detector with synchrotron radiation at a wavelength 

0.85 Å at the SPring-8 beamline BL38B1. A total of 71044 reflections were measured at the 

maximum 2 angle of 62.0°, of which 14002 were independent reflections (Rint = 0.0324). The 

collected diffraction data were processed with the HKL2000 software program. The structure 

was solved by direct methods (SHELXS-97)24 and refined by the full-matrix least-squares on 

F2 (SHELXL-97).24 Ethyl group of C95–C96 in nickel octaethylporphyrin moiety was 

disordered, which was solved using appropriate models. Thus, two sets of ethyl groups, i.e., 

(C95–C96A) and (C95–C96B), were placed and their occupancies were refined to be 0.62 and 

0.38, respectively. t-Butyl group of C71–C73 on a 2-pyridyl group was also disordered, which 

was solved using appropriate models. Thus, two sets of t-butyl groups, i.e., (C71A–C73A) and 
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(C71B–C73B), were placed and their occupancies were refined to be 0.85 and 0.15, respectively. 

All non-hydrogen atoms were refined anisotropically except for minor disordered groups. The 

hydrogen atoms of water molecule inside the fullerene cage (H5–H5A) were placed and 

restrained using DFIX instruction during the refinements. All hydrogen atoms, except for the 

water molecule (H5–H5A), were placed using AFIX instructions. The crystal data are as 

follows: C112H63.81N4Ni0.5O4.91S; FW = 1605.40, crystal size 0.03 × 0.03 × 0.02 mm3, 

Monoclinic, P21/c, a = 17.21980(10) Å, b = 14.56090(10) Å, c = 31.1255(2) Å, β = 

104.0104(3) °, V = 7572.11(8) Å3, Z = 4, Dc = 1.408 g cm–3. The refinement converged to R1 = 

0.0511, wR2 = 0.1357 (I > 2σ(I)), GOF = 1.046.  

 

Single Crystal X-Ray Analysis of H2O@2 (CCDC 1419723). Single crystals of N2@2 

were obtained by recrystallization from a hot benzene solution of N2@2 in the presence of 

nickel(II) octaethylporphyrin. Intensity data were collected at 103 K using a diffractometer 

equipped with an ADSC Quantun315 CCD detector with synchrotron radiation at a wavelength 

0.85 Å at the SPring-8 beamline BL38B1. A total of 143080 reflections were measured at the 

maximum 2 angle of 62.0°, of which 14050 were independent reflections (Rint = 0.0461). The 

collected diffraction data were processed with the HKL2000 software program. The structure 

was solved by direct methods (SHELXS-97)24 and refined by the full-matrix least-squares on 

F2 (SHELXL-97).24 Ethyl group of C95–C96 in nickel octaethylporphyrin moiety was 

disordered, which was solved using appropriate models. Thus, two sets of ethyl groups, i.e., 

(C95–C96A) and (C95–C96B), were placed and their occupancies were refined to be 0.63 and 

0.37, respectively. t-Butyl group of C71–C73 on a 2-pyridyl group was also disordered, which 

was solved using appropriate models. Thus, two sets of t-butyl groups, i.e., (C71A–C73A) and 

(C71B–C73B), were placed and their occupancies were refined to be 0.84 and 0.16, respectively. 

All non-hydrogen atoms were refined anisotropically except for minor disordered groups. All 

hydrogen atoms were placed using AFIX instructions. The crystal data are as follows: 

C112H62N5.99Ni0.5O4S; FW = 1616.95, crystal size 0.02 × 0.02 × 0.05 mm3, Monoclinic, P21/c, 

a = 17.21680(10) Å, b = 14.56400(10) Å, c = 31.1350(2) Å, β = 103.9891(2)°, V = 7575.42(8) 

Å3, Z = 4, Dc = 1.418 g cm–3. The refinement converged to R1 = 0.0455, wR2 = 0.1163 (I > 

2σ(I)), GOF = 1.041. 
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Single Crystal X-Ray Analysis of CO2@2 (CCDC 1419722). Single crystals of CO2@2 

were obtained by recrystallization from a hot benzene solution of CO2@2 in the presence of 

nickel(II) octaethylporphyrin. Intensity data were collected at 100 K on a Bruker single crystal 

CCD X-ray diffractometer (SMART APEX) with Mo Kα radiation (λ = 0.71073 Å) and graphite 

monochromater. A total of 31069 reflections were measured at the maximum 2 angle of 51.0°, 

of which 13010 were independent reflections (Rint = 0.0275). The structure was solved by direct 

methods (SHELXS-97)24 and refined by the full-matrix least-squares on F2 (SHELXL-97).24 

Ethyl group of C95–C96 in nickel octaethylporphyrin moiety was disordered, which was solved 

using appropriate models. Thus, two sets of ethyl groups, i.e., (C95–C96A) and (C95–C96B), 

were placed and their occupancies were refined to be 0.66 and 0.34, respectively. t-Butyl group 

of C71–C73 on a 2-pyridyl group was also disordered, which was solved using appropriate 

models. Thus, two sets of t-butyl groups, i.e., (C71A–C73A) and (C71B–C73B), were placed 

and their occupancies were refined to be 0.84 and 0.16, respectively. All non-hydrogen atoms 

were refined anisotropically except for minor disordered groups. All hydrogen atoms were 

placed using AFIX instructions. The crystal data are as follows: C112.92H62N4Ni0.5O5.83S; FW = 

1629.37, crystal size 0.35 × 0.15 × 0.05 mm3, Monoclinic, P21/c, a = 17.2204(16) Å, b = 

14.5643(13) Å, c = 31.143(3) Å, β = 103.9734(18)°, V = 7579.5(12) Å3, Z = 4, Dc = 1.428 g 

cm–3. The refinement converged to R1 = 0.0510, wR2 = 0.1225 (I > 2σ(I)), GOF = 1.042.   
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Chapter 3 

 

A Stable, Soluble, and Crystalline Supramolecular System with a 

Triplet Ground State 

 

Abstract: A supramolecular complex was constructed by 

encapsulation of a 3O2 molecule inside an open-cage C60 

derivative. Its single crystal X-ray diffraction analysis revealed 

the presence of the 3O2 at the center of the fullerene cage. The 

CV measurements suggested that unprecedented 

dehydrogenation was promoted by the encapsulated 3O2 after 

two electron reduction. The ESR measurements displayed the 

triplet character as well as the anisotropy of the 3O2. 

Additionally, the SQUID measurements also demonstrated the 

paramagnetic behaviour above 3 K without an 

antiferromagnetic transition. Upon photoirradiation with visible 

light, three phosphorescent bands at the NIR region were 

observed, arising from the exited 1O2 generated by self-

sensitization with the outer cage, whose lifetimes were not 

affected by the environments. These electronic, magnetic, and 

photophysical studies confirmed that the complex is a stable, 

soluble, and crystalline triplet system with incompatible “high 

spin density” but “small interspin interaction” properties.   
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Introduction 

Multispin systems are fascinating from the viewpoints of both fundamental chemistry and 

applied technology toward sensors, information storages, superconducting materials, spintronic 

devices, etc.1,2 In most cases, inorganic solids, including metal oxides, metal complexes, and 

physically-doped materials, are utilized because of their chemical stabilities and nonvolatility 

of spins.3,4 Besides, organic molecules are also considerably appealing because they are light-

weight and low-toxic with enough solubility as well as good crystallinity for revealing 

relationships between structures and properties at the molecular level. Although multispin 

systems based on organic molecules are rather rare due to their low chemical stabilities and 

synthetic difficulties,5,6 triplet systems have so far been synthesized,7 such as carbenes,8 photo-

excited species through intersystem crossing from their singlet exited states,9 molecules with 

two radical centers,10 and expanded π-conjugated systems with thermally excited triplet states. 

11,12 However, it is necessary for these examples to improve intrinsic chemical stability.  

Molecular oxygen 3O2 is one of the most important paramagnetic diatomic molecule with 

an S = 1 spin system at the ground state, which is ubiquitous, abundant, and stable. The magnetic 

properties have been revealed in various forms. In a gas phase, a virtually infinite set of lines is 

observed at 100 K and their spin-Hamiltonian parameters are determined by the electron spin 

resonance (ESR) measurements as g and D values (gx = 2.005, gy, = 2.005, gz = 2.0022, and D 

= 3.965 cm‒1).13,14 Liquid oxygen gives a broad signal at 77 K covering roughly 1,000 mT in 

the ESR spectrum, and molecular oxygen in a condensed phase of N2 matrix below 10 K affords 

a narrow signal giving D = 3.562 cm‒1.14,15 The signal shape highly depends on the 

concentration and the matrices owing to vibrational and rotational modes as well as interaction 

with neighbouring molecules. Moreover, applying such intermolecular interactions, molecular 

oxygen is adsorbed inside a microporous cupper coordination polymer (PCP)16 and single-

walled carbon nanotubes (SWCNTs)17. However, the encapsulated oxygen molecules show 

antiferromagnetic behaviour due to their intermolecular interactions. Although the spin 

properties of 3O2 were studied well, the usage as a spin source has so far been quite limited, 

probably due to its gaseous form under ambient conditions.  

To utilize a molecule of 3O2 as the paramagnetic source, several requirements should be 

considered: 1) complete isolation of one 3O2 molecule with a distinct structure to control 

interactions with others, 2) high stability at ambient conditions to achieve easy-handling, and 
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3) structural diversity to apply for a variety of applications including regular arrangements in a 

solid or thin film. For the purposes, supramolecular systems based on an organic molecule 

having a suitable space to accommodate a 3O2 would be promising. Open-cage fullerene 

derivatives are one of the ideal systems because of their rigid structure resulting in high 

encapsulation ratio of molecules.18 In addition, they would have a potential use for 2D 

monolayer assembly on a substrate.19 In this chapter, the author describes the synthesis and 

properties of a 3O2-based triplet supramolecular system.  

 

 

Results and Discussion 

The author selected an open-cage C60 derivative 1 as a host since the author previously 

reported that an N2 molecule, with almost the same size as the 3O2, was encapsulated inside 1, 

and that supramolecular complex N2@2, formed by selective reduction of one of the four 

carbonyl groups, was stable at ambient conditions.20 Although there was a concern that 

molecular oxygen would react with the outside of 1,21 the author applied high-pressure oxygen 

of 75 atm toward the powder of 1 for 24 hours at room temperature as shown in Figure 1a. The 

resulting powder was treated with NaBH4 to contract the size, affording alcohol 2 in 35% yield. 

This alcohol 2 was a mixture of O2@2 (81%), H2O@2 (11%), and empty 2 (8%). Although the 

sulfide moiety and other functional groups on 1 remained almost unchanged under the 3O2 

conditions, the author found the formation of an oxidation product 3 with an acid anhydride 

moiety in 2% yield (Figure 2), likely due to the Baeyer-Villiger type reaction.22 The isolation 

of O2@2 from a mixture of H2O@2 and empty 2 was achieved by recycling high-performance 

liquid chromatography (HPLC) equipped with the Cosmosil Buckyprep columns. The isolated 

O2@2 was found to be stable under ambient conditions, and neither escape of the O2 nor 

decomposition of the fullerene cage was observed for one year at room temperature under argon 

atmosphere.  
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Because both the open-cage C60 derivative and molecular oxygen are redox active,23,24 

supramolecular complex O2@2 should display interesting behaviour upon electrochemical 

reduction. Without the encapsulated O2 molecule, alcohol 2 and tetraketone 1 showed reversible 

redox waves (Figure 1b (i,ii)) upon the cyclic voltammetry (CV) measurements. In contrast, the 

CV of O2@2 showed complex multi-stage redox behaviour (Figure 1b (iii)) depending on the 

scan cycles. The pseudo-reversible first reduction wave was observed at E1/2 = 1.07 V versus 

ferrocene/ferrocenium couple. However, after the second reduction peak at Epc = 1.43 V, the 

corresponding oxidation peak was not observed, implying that irreversible chemical process 

should occur. After the 1st cycle scan, new redox waves appeared at E1/2 = 0.98, 1.37, and 

1.70 V, which are in good accordance with those of tetraketone 1. These results suggested that 

tetraketone 1 is formed after generation of dianion of O2@2, likely via self-oxidation of the 22 

cage by the encapsulated O2 accompanied by irreversible cleavage and formation of chemical 

bonds. One of the resulting products would be anion radical of 1 and the other might be HOO 

which would be released from 1 and undergo further reactions as shown in Figure 1c. 

The single crystal X-ray diffraction analysis using co-crystals with nickel(II) 

octaethylporphyrin (NiOEP) clearly determined the supramolecular structure of O2@2 (Figure 

3a). There exists a structural disorder of O2@2 and H2O@1 with occupancies of 0.771(7) and 

0.229(7), respectively. H2O@1 should be formed by oxidation of the hydroxyl group, release 
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of the encapsulated O2, and adsorption of an H2O in the solution during crystallization. The 

encapsulated O2 is located at the center of the cage without any orientational disorder at 103 K, 

pointing toward the opening as was seen in the N2 analogue.20 Crystals of O2@2•(C6H6)3 

without NiOEP were also prepared and the single crystal X-ray structural analysis revealed that 

the crystals consist of the enantiomers with approximately 1:1 disorder. In this crystal, one can 

see that the encapsulated O2 is isolated from each other with the intermolecular distances of 

9.751, 13.703, and 14.483 Å along the b axis, respectively (Figure 3b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Owing to the paramagnetic ground-state triplet character of molecular oxygen, 

magnetic properties of supramolecular complex O2@2 should be attractive. The proton nuclear 

magnetic resonance (1H NMR) analysis in CD2Cl2 showed the fairly broad signals (Figure 4a), 

which is in sharp contrast with that of a diamagnetic mixture of H2O@2 and empty 2 (Figure 

4b). Especially, the signal of the hydroxyl proton at around 3.8 ppm, that is located in close 

proximity to the O2, was almost vanished. In addition, most of the signals corresponding to the 

fullerene cage were not observed in the 13C NMR spectrum (Figure 4a). These results clearly 

demonstrated the paramagnetic character of O2@2. 
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To get deeper insights into the paramagnetic properties, the ESR measurements were 

performed for a powder of O2@2. The X-band ESR measurements showed no signal at room 

temperature in the magnetic field from 0 to 1,500 mT. On the other hand, a set of signals was 

observed below 64 K at around 1,200 mT. Since this behaviour is similar to that of the diluted 

3O2 in an N2 matrix observed at 1,150 mT,15 the signal should be originated from the 3O2 

encapsulated inside 2. However, the signal shape was different: the distinctive doublet lines at 

1,160 and 1,280 mT were observed (Figure 5a). Taking the energy levels caused by Zeeman 

effects for 3O2 in an N2 matrix into consideration,15 this resonance absorption was considered 

to correspond to the transition between the two higher spin states of ms = ±1 with the external 

field applied to the X or Y axis (Figure 5c and 5e). The doubly splitting signals should be 

produced by the unsymmetrical environment on the X-Y plane. The similar unsymmetrical 

environments toward ESR signals were reported for Gd@C82 and Eu@C82.
25,26 In addition, the 

W-band ESR spectrum at 20 K displayed a sharp singlet at 620 mT (Figure 5b), corresponding 

to the transition between the lower state of ms = 0 and one of the higher states of ms = 1 with 

the external field applied to the Z axis (Figure 5d and 5e). These data clearly demonstrated the 
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isolated triplet character of supramolecular complex 3O2@2 from the other 3O2 as well as the 

unsymmetrical environments of the 3O2 that were not observed in other systems. 

The signals were well reproduced by computer simulation using the following parameters 

(Figure 5a and 5b): the g values (gx = 2.0027, gy, = 2.0027, and gz = 2.0025) and the zero field 

splitting constants (D = 3.716 cm1 and E = 0.0146 cm1). The smaller D value compared to 

that of the gaseous 3O2 (3.965 cm1)14 and non-zero value of E would suggest the strain of 

radical  orbitals for the encapsulated 3O2 caused by the interaction with the cage. It is reported 

that the rotational and librational motions of 3O2 in a condensed phase lead to the vanishment 

of the anisotropic D tensor.14 Assuming that an two-dimensional harmonic oscillator model is 

valid at the low temperature (1.5 K), the potential barrier of the librational motions for the 

encapsulated 3O2 could be approximately estimated by the following equation: V0 = 

(9ћ2/16I)[Dgas/(Dgas-D)]2,14 where I is the moment of inertia for 3O2 (1.9348  1039 g cm2), 

affording the potential V0 = 398 cm1 for 3O2@2. This value is 2.6 times larger than that of 3O2 

in an N2 matrix (152 cm1),15 reflecting stronger restriction of motions for the 3O2 inside 2.  

Another experimental support of the paramagnetic behaviour of 3O2@2 was obtained from 

the temperature dependence of the magnetic susceptibilitiy, using a superconducting quantum 

interference device (SQUID) magnetometer in the temperature range from 3 to 300 K under a 

magnetic field of 1 T (Figure 5f). A mixture of H2O@2 and empty 2 did not show any magnetic 

character as an analogous diamagnetic material. On the other hand, the magnetic susceptibility 

of 3O2@2 increases monotonously with decreasing temperature, following the Curie-Weiss law. 

This is in marked contrast to the magnetic susceptibilities of O2-incorpolated PCP16 and 

SWCNTs17 that show a broad maximum at ca. 80 K and 60 K owing to sizable 

antiferromagnetic intermolecular interactions. The maximum value of 0.247 emu mol1 for the 

susceptibility is significantly larger compared to above cases (ca. 0.013 and 0.0065 emu mol1), 

achieving the high spin density without antiferromagnetic interaction. 
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The inverse susceptibility was fitted with the Curie-Weiss law in the temperature range 

below 50 K, where the structural disorder of the encapsulated 3O2 was likely diminished (inset 

of Figure 5f). This fitting yielded the Weiss temperature  of 1.95 K and the Curie constant C 

of 1.097 emu K mol1, resulting in the effective magnetic moment μeff of 2.96 μB for 3O2@2, 

where μB represents the Bohr magneton. This value coincides with the theoretical spin-only μeff 

value of 2.83 μB for an S = 1 system, calculated from gave√𝑆(𝑆 + 1), where the averaged g 

value is 2.0026 from the ESR measurements. This result also confirmed that supramolecular 

complex 3O2@2 is an S = 1 spin system. In order to estimate the intermolecular interactions for 

the encapsulated oxygen molecules, the exchange constant J/kB = 1.46 K is estimated using 

the equation J/kB = 3/(2zS(S+1)), where z is the number for the nearest neighbours of oxygen 

molecules (z = 1) estimated from the X-ray structure (Figure 3b). This calculated value is 

considerably smaller than those of 3O2 in PCP (ca. 50 K)16 and in SWCNTs (42.4 K).17 This 

result demonstrated that the longer intermolecular distances (~ 10 Å) arising from the shielding 

by the outer fullerene cage contributes to a diluted intermolecular interaction even in the solid 

state. Thus, the author successfully constructed the unusual supramolecular system with 

incompatible “high spin density” but “small interspin interaction” properties, which could not 

be accomplished in other supramolecular systems. 

It is well known that excited-state singlet 1O2, usually generated by energy transfer from 

photo-excited dyes to ground-state triplet 3O2, gives phosphorescence in the near-infrared (NIR) 

region.27 It is very fascinating to study emission properties of the discrete 3O2 inside 2. The 

time-integrated phosphorescence measurements for 3O2@2 were conducted in a CCl4 solution, 

irradiated by a laser of 550±50 nm using a tunable bandpass filter without adding any sensitizers, 

to afford three NIR bands (Figure 6a), which was not affected by the solvents. In addition, the 

similar bands were observed even when a powdery sample of 3O2@2 was irradiated. These 

bands should arise from the excited singlet state of the encapsulated O2 inside 2, and the 

fullerene cage should work as the sensitizer. It is to be noted that the shape of the bands are 

characteristic with the two maxima at 1290 and 1280 nm in addition to the band at 1271 nm 

which coincides with that of free O2 dissolved in CCl4. To clarify these splits, the density 

functional theory (DFT) calculations were conducted for the model compound 3O2@2', where 

the t-butyl groups are replaced with hydrogens, at the unrestricted M06-2X/6-31G(d).28,29 The 

results demonstrated that some vibrational modes with strong correlation with the O2 motions 
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such as tilt and translation exist above the zero-point energy level by 56, 65, 81, 117, and 136 

cm1 (Figure 6b). These energy levels account for the observed splits of the 55 cm1 between 

1271 and 1280 nm as well as the 116 cm1 between 1271 and 1290 nm, respectively. The 

restricted motion of the encapsulated O2 appeared both in solution and in the solid state even at 

room temperature. It is reported that the lifetimes of free 1O2 highly depend on the solvent 

system; 30 μs (toluene), 207 μs (CHCl3), and 87,000 μs (CCl4), respectively.27 In sharp contrast, 

almost no dependency was observed for the trapped 1O2; 900 μs (powder), 1,200 μs (toluene), 

1,200 (CHCl3), and 1,400 μs (CCl4), respectively, showing that the encapsulated O2 is 

effectively isolated from the outside environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

In conclusion, the author demonstrated the synthesis of 3O2@2 by encapsulation of 

molecular oxygen inside an open-cage C60 derivative followed by the selective reduction of one 

of the four carbonyl groups on the rim of the opening. This is a stable, soluble, and crystalline 

supramolecular system with a triplet ground state. The ESR and SQUID studies revealed its 

paramagnetism as well as restricted motion of the encapsulated 3O2. In addition, 3O2@2 was 
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found to be emissive both in a solution and in the solid state. This supramolecular system is 

expected to play an important role in more sophisticated supramolecular systems30.  

 

 

Experimental Section 

General. The 1H and 13C nuclear magnetic resonance (NMR) measurements were carried 

out with a Jeol JNM ECA500 and JNE-ECA 600 instruments. The NMR chemical shifts are 

reported in ppm with reference to residual protons and carbons of CDCl3 (δ 7.26 ppm in 1H 

NMR and δ 77.0 ppm in 13C NMR) and CD2Cl2 (δ 5.32 ppm in 1H NMR and δ 53.80 ppm in 

13C NMR). Atmospheric pressure chemical ionization (APCI) mass spectra were measured on 

a Bruker micrOTOF-QII. The high-performance liquid chromatography (HPLC) was 

performed with the use of a Cosmosil Buckyprep column (250 mm length, 4.6 mm inner 

diameter) for analytical purpose, and the same columns (two directly connected columns; 250 

mm length, 20 mm inner diameter) for preparative purpose. Cyclic voltammetry (CV) was 

conducted on a BAS Electrochemical Analyzer ALS620C using a three-electrode cell with a 

glassy carbon working electrode, a platinum wire counter electrode, and a Ag/AgNO3 reference 

electrode. The measurements were carried out in 1 mM solutions of substrate using 0.1 M 

tetrabutylammonium tetrafluoroborate (TBABF4) as a supporting electrolyte, and the potentials 

were corrected against ferrocene used as an internal standard added after each measurement. 

Fullerene C60 was purchased from SES Research Co. Sodium borohydride and super dehydrated 

ethanol were purchased from Wako Pure Chemical Industries, Ltd. Super dehydrated o-

dichlorobenzene (ODCB) was purchased from Sigma-Aldrich Co. LLC. 

The X- and W-band ESR measurements were performed using Bruker E500 and E680 

spectrometers. The powder sample was dried under reduced pressure and sealed in thin-walled 

quartz tube. The temperature was controlled by a helium flow cryostat (Oxford Instruments 

model ESR910 for X-band and CF935 for W-band) and a cryostat controller (Oxford 

Instruments model ITC500). The X-band ESR spectra were measured at 1.5 K, and W-band 

ESR spectra were measured at 20 K. The temperature for these experiments was calibrated 

using a silicon diode sensor with a digital thermometer (Lake Shore model DT-470-SD-13-1.4L 

and model 201). The ESR simulation was performed by using the MATLAB toolbox of 

EasySpin which is distributed through the website http://easyspin.org/. Magnetization 
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measurements were performed by using a magnetic property measuring system (Quantum 

Design, MPMS) in the temperature and field ranges of 3–300 K and 0–7 T, respectively. 

For the optical excitation of the sample, the author used pulse light obtained from a 

supercontinuum light source (SC400-4-PP; Fianiuum). The excitation wavelength was set at 

550±50 nm using a tunable bandpass filter (SuperChrome; Fianiuum). An optical chopper 

operating at 100 or 200 Hz was used to create optical pulse with duration of 60 or 30 μs, 

respectively. The excitation spot size was estimated to be 35 μm2. The author evaluated the 

excitation power density of 23 W cm2. The phosphorescence spectra were recorded by the 

monochromator with liquid-N2-cooled InGaAs array. A thermoelectric cooled near-infrared 

photomultiplier tube (H10330B-45; Hamamatsu Photonics) and a time-correlated single photon 

counting board (TimeHarp260; PicoQuant) were used to record detected photons. The 

measurement time for phosphorescence and life-time measurements were 60 or 120 s. All of 

the samples were degassed by the freeze-pump thaw technique at least three times except for 

the powdered sample. The measurements were conducted at room temperature. 

 

Computational Method. The calculations were conducted with Gaussian 09 packages. 

31 The structure of O2@2' was optimized at the M06-2X/6-31G(d) level without any symmetry 

assumptions. The optimized structure was confirmed by the frequency calculations at the same 

level.  

 

Synthesis of O2@2 and Oxidation Product 3. Open-cage fullerene derivative H2O@1 

was heated at 140 C for 18 h under reduced pressure in order to remove the encapsulated water 

molecule based on the previous method.20 High-pressure gas of O2 (75 atm) was applied to the 

obtained powder (91.1 mg, 80.2 μmol, calculated as empty 1) at room temperature for 24 h in 

autoclave. The powder was immediately dissolved in ODCB (14 mL) at 0 C. To the stirred 

solution was added a 15 mM ethanol solution of NaBH4 (2.65 mL, 39.6 μmol) under O2. After 

stirring for 15 min, a saturated NH4Cl solution (10 mL) was added. The organic layer was 

separated. The aqueous layer was extracted with toluene three times (5 mL  3). The combined 

organic layer was washed with brine (20 mL), dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The crude product (78.3 mg) was purified by silica gel column 

chromatography (toluene/EtOAc = 200:1) to give a mixture of O2@2, H2O@2, empty 2, and 
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oxidation product 3 (39.8 mg). Additional purification by the HPLC gave alcohol 2 (32.9 mg, 

28.2 μmol, calculated as a mixture of 81% of O2@2, 11% of H2O@2, and 8% of empty 2) in 

35% yield in addition to oxidation product 3 (2.04 mg, 1.74 μmol, calculated as a mixture of 

H2O@3 (62%) and N2@3 (38%) based on the X-ray analysis described below) in 2% yield, 

both as brown powders. Further purification by the recycling HPLC gave pure O2@2.  

 

O2@2: Most signals were broadened due to the paramagnetic effect of the encapsulated 

O2 and for this reason, the author detected only a small part of the signals in the following NMR 

spectra.; 1H NMR (500 MHz, CD2Cl2) δ 7.65 (br s, 1H) and 7.55 (br s, 1H), 7.50-7.20 (br m, 

3H), 7.15 (br m, 1H) 7.01 (br s, 1H), 6.48 (br s, 1H), 1.22 (br s, 9H), 1.13 (br s, 9H); 13C NMR 

(126 MHz, CDCl3) δ 184.27, 181.85, 168.66, 168.63, 168.02, 166.53, 149.54 (br), 137.09, 

137.06, 131.76, 124.31, 120.47, 119.51, 117.66, 117.49, 37.73, 37.66, 29.97; HRMS (–APCI), 

calcd for C82H28N2O6S (M•) 1168.1674, found 1168.1655.  

 

A mixture of H2O@3 and N2@3; 1H NMR (600 MHz, CD2Cl2) δ 7.69 (t, J = 7.9 Hz, 1H) 

and 7.53 (t, J = 7.9 Hz, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.27 (d, J = 7.9 Hz, 1H), 7.14 (d, J = 7.9 

Hz, 1H), 7.04 and 7.02 (two sets of doublet, J = 7.9 Hz, 0.85 and 0.15H, caused by the difference 

in the encapsulated species, H2O or N2), 6.84 and 6.82 (two sets of doublet, J = 10.3 Hz, 0.85 

and 0.15H, caused by the difference in the encapsulated species, H2O or N2), 6.44 and 6.43 (two 

sets of doublet, J = 10.3 Hz, 0.85 and 0.15H, caused by the difference in the encapsulated 

species, H2O or N2), 1.20 (s, 9H), 1.14 (s, 9H); 13C NMR (151 MHz, CD2Cl2) δ 191.09, 184.06, 

168.92, 168.74, 163.15, 162.69, 161.35, 159.02, 156.68, 154.76, 153.27, 151.89, 151.38, 

150.74, 150.63, 150.27, 150.15, 150.04, 150.01, 149.96, 149.68, 149.64, 149.57, 149.33, 

147.83, 146.13, 145.60, 145.54, 145.42, 145.29, 144.94, 144.16, 143.43, 143.17, 143.11, 143.03, 

142.99, 142.69, 142.44, 142.10, 141.61, 140.96, 139.89, 139.34, 139.18, 138.16, 138.02, 

137.99, 137.95, 137.89, 137.77, 137.51, 137.37, 136.17, 135.56, 134.86, 134.09, 133.79, 

132.31, 132.16, 131.93, 130.36, 125.97, 125.70, 121.29, 120.75, 120.61, 120.58, 120.33, 

120.29, 117.85, 60.73, 55.24, 37.92, 30.05, 29.96, 29.88; HRMS (–APCI), calcd for 

C82H26N2O5S (M•, empty 3) 1150.1568, found 1150.1558. 
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Single Crystal X-Ray Analysis of O2@2•(NiOEP)0.5•(C6H6)2 (CCDC 1517596). Single 

crystals of O2@2 were grown from a benzene solution in the presence of nickel(II) 

octaethylporphyrin by slow evaporation of the solvent. Intensity data were collected at 103 K 

on a Rigaku Saturn 70 CCD Diffractometer with the VariMax Optic, using Mo Kα radiation (λ 

= 0.71075 Å). A total of 64152 reflections were measured at the maximum 2 angle of 50.1°, 

of which 13398 were independent reflections (Rint = 0.0332). The structure was solved by direct 

methods (SHELXS-97)32 and refined by the full-matrix least-squares on F2 (SHELXL-97).32 

The methyl group in nickel octaethylporphyrin moiety was disordered, which was solved using 

appropriate models. Thus, two sets of ethyl groups, i.e., (C95–C96A) and (C95–C96B), were 

placed and their occupancies were refined to be 0.62 and 0.38, respectively. The t-butyl group 

of C71–C73 on the 2-pyridyl group was also disordered. Therefore, two sets of t-butyl groups, 

i.e., (C71A–C73A) and (C71B–C73B), were placed and their occupancies were refined to be 

0.83 and 0.17, respectively. In addition, there exists a structural disorder of O2@2 and H2O@1, 

which was solved using following appropriate models: 1) the sets of the hydroxyl group (C1–

O1A) in 2 and the carbonyl group (C1–O1B) in 1 and 2) the sets of the encapsulated oxygen 

molecule (O5–O6) in 2 and the water molecule (O7) in 1 were placed and their occupancies 

were refined to be 0.77 and 0.23, respectively. All non-hydrogen atoms were refined 

anisotropically except for the minor components. The hydrogen atoms of the water molecule in 

the fullerene cage (H7A–H7B) were placed and restrained using DFIX instruction during the 

refinements. All hydrogen atoms were placed using AFIX instructions except for the water 

molecule (H7A–H7B). The crystal data are as follows: C112H62N4Ni0.50O5.77S; FW = 1617.40, 

crystal size 0.18 × 0.07 × 0.07 mm3, Monoclinic, P21/c, a = 17.221(3) Å, b = 14.566(2) Å, c = 

31.129(5) Å, β = 103.979(2)°, V = 7577(2) Å3, Z = 4, Dc = 1.418 g cm–3. The refinement 

converged to R1 = 0.0502, wR2 = 0.1208 (I > 2σ(I)), GOF = 1.052.  

 

Single Crystal X-Ray Analysis of O2@2•(C6H6)3 (CCDC 1517597). Single crystals of 

O2@2 were grown from a benzene solution by slow evaporation of the solvent. Intensity data 

were collected at 100 K using a diffractometer equipped with an ADSC Quantun315 CCD 

detector with synchrotron radiation at a wavelength 0.85 Å at the SPring-8 beamline BL38B1. 

A total of 93732 reflections were measured at the maximum 2 angle of 62.0°, of which 11388 

were independent reflections (Rint = 0.0707). The collected diffraction data were processed with 
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the HKL2000 software program. The structure was solved by direct methods (SHELXS-97)32 

and refined by the full-matrix least-squares on F2 (SHELXL-97).32 The t-butyl group of C71–

C73 on the 2-pyridyl group was also disordered. Therefore, two sets of t-butyl groups, i.e., 

(C71A–C73A) and (C71B–C73B), were placed and their occupancies were refined to be 0.81 

and 0.19, respectively. The open-cage moiety was also disordered. Thus, two sets of disordered 

moieties, (C1–C9, C15–C64, S1A, and O1A–O4A) and (C83–C141, S1B, and O1B–O4B), 

were placed and their occupancies were refined to be 0.53 and 0.47, respectively. Some carbon 

atoms in the disordered fullerene cage moieties were restrained using SIMU and ISOR 

instructions during the refinements. The electron density inside of the fullerene cage indicated 

that an oxygen molecule (O5 and O6) existed in the fullerene cage. Thus, the oxygen molecule 

was placed and the occupancy was refined to be 0.92 (O5 and O6). In addition, the crystal 

contained two disordered benzene molecules i.e., (C148–C153, C154–159) and (C163–C168, 

C169–174). The occupancies of C148–C153 and C154–C159 were refined to be 0.69 and 0.67, 

and those of C163–C168 and C169–174 were 0.31 and 0.33, respectively. Some of the bonds 

in the disordered benzene molecules were restrained using DFIX instructions during the 

refinements. All non-hydrogen atoms were refined anisotropically except for the minor 

components. All hydrogen atoms were placed using AFIX instructions. The crystal data are as 

follows: C100H46N2O5.84S; FW = 1400.94, crystal size 0.03 × 0.01 × 0.01 mm3, Monoclinic, 

P21/n, a = 21.6909(2) Å, b = 12.21110(10) Å, c = 25.2592(2) Å, β = 109.3726(3)°, V = 

6311.60(9) Å3, Z = 4, Dc = 1.474 g cm–3. The refinement converged to R1 = 0.0860, wR2 = 

0.1826 (I > 2σ(I)), GOF = 1.155.  

 

Single Crystal X-Ray Analysis of Oxidation Product 3 (CCDC 1517296). Single 

crystals of 3 were grown from an air-saturated benzene solution in the presence of nickel(II) 

octaethylporphyrin by slow evaporation of the solvent. Intensity data were collected at 100 K 

on a Brucker SMART APEX II with Mo Kα radiation (λ = 0.71073 Å) and graphite 

monochromator. A total of 34842 reflections were measured at the maximum 2 angle of 51.0°, 

of which 13530 were independent reflections (Rint = 0.1491). The structure was solved by direct 

methods (SHELXS-97)32 and refined by the full-matrix least-squares on F2 (SHELXL-97).32 

The electron density inside of the fullerene cage indicated the presence of a water molecule (O6, 

H6, H6A) in addition to a nitrogen molecule (N5–N6). Thus, these occupancies were refined to 
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be 0.62 for the water molecule (O6, H6, H6A) and 0.38 for the nitrogen molecule (N5–N6). 

These encapsulated molecules were restrained using SIMU instructions during the refinements. 

The N5 and N6 as well as the hydrogen atoms of the encapsulated water molecule were 

restrained using DFIX instruction. All hydrogen atoms were placed using AFIX instructions 

except for the water molecule (H6–H6A). All non-hydrogen atoms were refined anisotropically 

except for the minor components. The crystal data are as follows: C112H61.25N4.75O5.62Ni0.5S; 

FW = 1624.84, crystal size 0.20 × 0.08 × 0.05 mm3, Monoclinic, P21/c, a = 17.272(6) Å, b = 

14.557(5) Å, c = 31.165(10) Å, β = 103.785(4)°, V = 7610(4) Å3, Z = 4, Dc = 1.418 g cm–3. The 

refinement converged to R1 = 0.0703, wR2 = 0.1180 (I > 2σ(I)), GOF = 1.013. 
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Chapter 4 

 

Encapsulation and Dynamic Behavior of Methanol and 

Formaldehyde inside Open-Cage C60 Derivatives 

 

Abstract: Methanol (CH3OH) and formaldehyde (H2CO) 

molecules were inserted into an open-cage C60 derivative with a 

large opening under high-pressure and high-temperature 

conditions in solution. Isolation of their molecular complexes in 

pure form was achieved by the use of recycling HPLC with the 

Buckyprep columns. The 1H NMR spectra, single crystal X-ray 

diffraction studies, and DFT calculations revealed the 

orientation of the encapsulated CH3OH and H2CO both in 

solution and in the solid state, where the CH3 group of the 

CH3OH and the carbonyl group of the H2CO point to the bottom 

of the cages. Furthermore, the dynamic behavior of the CH3OH 

and H2CO were studied at the molecular level. 
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Introduction 

Methanol (CH3OH) and formaldehyde (H2CO) are one of the simplest organic molecules 

with oxygen functional groups. These chemical species are used in direct methanol fuel cells1 

and primary materials of adhesives and impregnating resins.2 The fundamental properties of 

these species have been investigated by spectroscopic methods, such as NMR,3 IR,4 and Raman5 

spectroscopies, and electron diffraction6 as well as single crystal X-ray analyses.7 Their 

structural orientation adsorbed in microporous materials are important from the viewpoints of 

dynamical features and intermolecular interactions. Such information has not been clear yet at 

the molecular level although molecular dynamics simulations were applied to the adsorption of 

CH3OH and H2CO in nano-carbons.8 If a single molecule of CH3OH or H2CO is introduced 

into a suitable host molecule with a distinct structure, it would be possible to gain the deeper 

understanding.  

Open-cage C60 derivatives have hollow cavities with rigid and curved -systems, whose 

sizes are suitable to accommodate small atom(s) and molecule(s).9 Formation of molecular 

complexes between open-cage C60 derivatives and a wide range of chemical species is achieved 

to date.10 For example, in 2013, Gan et al. reported the first X-ray observation of a carbon 

monoxide (CO) molecule trapped in open-cage C60 derivatives and revealed its sole 

orientation.11 Recently, Yeh, et al. reported the first successful insertion of H2CO and HCN 

molecules into an open-cage C60 derivative with a 20-membered-ring opening.12 Furthermore, 

they reported new reaction of this caged compound with CH3OH and ethanol (C2H5OH) to give 

an open-cage C60 with a 24-membered-ring opening.13 However, isolation of the molecular 

complex with H2CO in a pure form was not accomplished due to low encapsulation ratio and 

its facile escape, and so far, there is no report on the encapsulation of CH3OH. In this chapter, 

the author describes 1) the encapsulation of CH3OH and H2CO inside open-cage C60 tetraketone 

1 (Figure 1) and their isolation as pure forms, 2) the studies on the orientation of the 

encapsulated species both in solution and in the solid state, and 3) the consideration on their 

dynamics for insertion/escape and encapsulation.  

 

 

Results and Discussion 

The author previously reported the synthesis of tetraketone 1 with a 17-membered-ring 
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opening, which contains a sulfur atom on the rim.14 Inside this host molecule, the author 

succeeded in putting an N2 or CO2 molecule by applying high-pressure gas (100 or 45 atm) at 

room temperature.15 This result suggested that tetraketone 1 was expected to serve as a good 

host molecule for various small molecules. Since methanol is liquid at ambient conditions, 

application of high-pressure method to a solution16 would be effective rather than that in a gas-

phase.  

 

 

 

 

 

 

 

 

An attempt to insert a CH3OH molecule into tetraketone 1 was conducted under 8000 atm 

at 150 C for 24 h in chlorobenzene (PhCl) in the presence of an excessive amount of methanol 

(Table 1, entry 1). After purification with silica gel column chromatography, a mixture of 

CH3OH@1 and X@1 (X = N2, H2O, and empty) was obtained in 65% yield. The CH3OH 

encapsulation ratio (35%) was determined by integration of newly appeared signals in the 1H 

NMR spectrum in CDCl3 (vide infra). The molecular complex CH3OH@1 is the first example 

of the open-cage C60 derivative encapsulating a CH3OH molecule. The formation of N2@1 

showed that an N2 molecule dissolved in PhCl was trapped inside 1, suggesting that application 

of high pressure to the solution is also effective for encapsulation of gaseous molecules. The 

high-pressure and high-temperature conditions are crucial for the insertion. The decrease of the 

temperature from 150 to 100 C (entry 2) or the pressure from 8000 to 2000 atm (entry 3) 

resulted in the lower encapsulation ratio of 1 or 5%, respectively. When the treatment time was 

elongated from 24 to 48 h (entry 4), the ratio increased to 47%. The highest ratio of 60% was 

obtained under 9000 atm at 150 C for 50 h (entry 5).  

In the case for insertion of H2CO, 1,3,5-trioxane was used as a precursor to afford 

H2CO@1 with a 35% encapsulation ratio (entry 6). Insertion of C2H5OH and CH3CN into 1 

was also attempted (entry 7 and 8). However, the 1H NMR spectra of the resulting materials 
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showed almost no encapsulation, suggesting that the sizes of the opening and/or internal space 

inside tetraketone 1 are not large enough for them.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the encapsulated CH3OH was kept in tetraketone 1 under ambient conditions 

for months at room temperature, the H2CO was easily released from the cage. The value of the 

encapsulation ratio decreased from 12% to 5% in CDCl3 solution after 30 h at room temperature. 

To prevent such facile escape of the H2CO from 1, the contraction of the opening was performed 

by reduction of one of the carbonyl groups15 with NaBH4 to give alcohol H2CO@2 in 31% 

yield with maintaining its encapsulation ratio (35%). Reflecting the smaller size of the opening, 

the H2CO inside 2 was retained for months at room temperature. 

Isolation of CH3OH@1 and H2CO@2 from a mixture of X@1 and X@2 (X = N2, H2O, 

and empty) was achieved by the use of recycling HPLC with the Cosmosil Buckyprep columns. 

It was found that CH3OH@1 was easily separated just after the 1st cycle (Figure 2). In contrast, 

purification of H2CO@2 needed many recycling steps (Figure 3). Since the separation behavior 

depends on the van der Waals interaction of the encapsulated species with the outer fullerene 
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cage,15,17 the interactions would be stronger in the order of H2O < H2CO < N2 < CH3OH, 

reflecting the molecular size.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 1H NMR spectrum of CH3OH@1 in CDCl3 at room temperature exhibited only one 

set of signals at  7.17 (q, 1H) and  10.69 (d, 3H) ppm, indicating the presence of the sole 

orientation of the CH3OH or rapid rotation on the NMR timescale. Reflecting the strong 
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shielding effect of the fullerene cage, these signals are upfield shifted by Δ 8.26 ppm (OH) 

and 14.18 ppm (CH3), respectively, relative to free CH3OH ( = 3.49 and 1.09 ppm).18 Since 

the Δ value for the CH3 is larger than that for the OH, the CH3 group should locate near the 

bottom of the cage.13,19 Remarkably, the coupling constant of 5.6 Hz between the two signals 

was observed. This value is slightly larger than that of the dried CH3OH in CH3OD (J = 5.05.1 

Hz),3a indicating the naked nature without any hydrogen bonds. The H/D exchange between the 

CH3OH and excessive amounts of D2O in CDCl3 was not observed even after two days, 

reflecting the effective isolation by the cage. In the case of H2CO@2, a singlet signal 

corresponding to the H2CO was observed at 0.52 ppm in CD2Cl2. This signal is upfield shifted 

by Δ 10.06 ppm relative to free H2CO ( = 9.54 ppm in THF at 0 C).3b This value is close to 

that for the OH described above, likely suggesting that the CH2 group locates near the opening. 

The signal shapes for CH3OH@1 and H2CO@2 were not significantly changed in the 

temperature range from –90 to +130 ºC.  

In order to elucidate the orientation of the encapsulated CH3OH inside 1, DFT calculations 

at the M06-2X/6-31G* level were conducted for model compound 1', in which the tert-butyl 

groups were replaced by hydrogens.20 The resulting ΔG values at 298 K were shown in Figure 

4. For the two optimized structures (CH3OH@1'A and CH3OH@1'B), CH3OH@1'B with the 

CH3 group locating near the bottom of the cage is more stable by 3.2 kcal mol1 than 

CH3OH@1'A with the OH group sitting near the bottom, indicating that CH···π interaction 

plays an important role.21 The 1H NMR chemical shifts were calculated by gauge-independent 

atomic orbital (GIAO) method22 at the B3PW91/6-311G** level. The resulting averaged 

chemical shifts for CH3OH@1'B showed better agreement with experimental spectrum 

compared to those calculated for CH3OH@1'A (Figure 5). Therefore, experimentally observed 

1H NMR spectrum of CH3OH@1 suggested that CH3OH@1'B is the dominant component in 

the solution. Following the similar discussion based on the model compound 2' (Figure 6), the 

orientation of the H2CO inside 2 was found to adopt H2CO@2'A (Figure 5), in which the 

carbonyl oxygen is directing to the bottom of the cage, that is more stable by 1.5 kcal mol1 

than H2CO@2'B. 
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The solid state structures of CH3OH@1 and H2CO@2 at ‒173 K were clearly determined 

by the single crystal X-ray diffraction analyses using co-crystals with nickel(II) 

octaethylporphyrin (NiOEP)17 (Figure 7). It was shown that the encapsulated CH3OH and 

H2CO were located at the center of the cages without any structural disorder for the orientation. 

The orientation is in good accordance with the most stable calculated structures, and 

observations of the sole orientation in the 1H NMR were explained by these orientations. 

Interestingly, the CH3OH has stronger interaction with the cage of 1 because 36 short contacts 

below 3.7 Å23 (CCH3OH···CopenC60) and 8 contacts below 3.22 Å24 (OCH3OH···CopenC60) were found. 

This interaction would account for the strong interaction of CH3OH@1 with the stationary 

phase in the HPLC separation.  
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To obtain further insights, the whole encapsulation processes were studied in detail by the 

DFT calculations (Figure 4). The CH3OH, directing the OH group toward 1', comes close to 

the opening to generate initial molecular complex INT-A through transition state TS-1A. The 

insertion requires 26.2 kcal mol1 via transition state TS-2A to form CH3OH@1'A. Although 

the inside of the cage seems to fit the CH3OH, rotation of the CH3OH with upside-down fashion 

is possible with the activation energy of 8.0 kcal mol1 from CH3OH@1'A to yield 

CH3OH@1'B as the most stable orientation with stabilization energy of 9.1 kcal mol1. On the 

other hand, insertion of the CH3OH with the opposite direction needs higher energy of 29.0 

kcal mol1 through two transition states TS-1B and TS-2B (Figure 8). Thus, this direct route to 

form CH3OH@1'B is not feasible. In the case for insertion of H2CO into tetraketone 1', TS-3A 

with the carbonyl oxygen approaching to the opening requires 16.6 kcal mol1, while TS-3B 

with the opposite direction needs more energy of 27.3 kcal mol1 (Figure 6a). These results 

clearly demonstrated that the orientation of the guest molecule is very important for the 

encapsulation process both kinetically and thermodynamically. 
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Conclusion 

In conclusion, the author succeeded in the synthesis of molecular complexes 

encapsulating CH3OH and H2CO into open-cage C60 derivatives. The orientation of the 

encapsulated species in solution and in the solid state were unveiled by NMR analysis, single 

crystal X-ray analysis, and DFT calculations: the CH3 group of the CH3OH sits on the concaved 

carbon cage, whereas the CH2 group of the H2CO directs toward the opening. The importance 

of the direction for the insertion and escape is also disclosed. These findings would give further 

insights for the adsorption of small molecules into other host-guest systems at the molecular 

level. 

 

 

Experimental Section 

General. The 1H and 13C NMR measurements were carried out with Jeol JNM ECA500, 

Bruker Avance III 600US Plus, and Bruker Avance III 800US Plus instruments. The NMR 

chemical shifts are reported in ppm with reference to residual protons and carbons of CDCl3 (δ 
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7.26 ppm in 1H NMR and δ 77.0 ppm in 13C NMR), CD2Cl2 (δ 5.32 ppm in 1H NMR), and 

1,1,2,2-tetrachloroethane (δ 6.00 ppm in 1H NMR). IR spectra were taken with Shimadzu FTIR-

8400S and JASCO FT/IR-4100 spectrometers. APCI mass spectra were measured on a Bruker 

micrOTOF-QII. The high-performance liquid chromatography (HPLC) was performed with the 

use of the Cosmosil Buckyprep column (250 mm length, 4.6 mm inner diameter) for analytical 

purpose, and the same columns (two directly connected columns; 250 mm length, 20 mm inner 

diameter) for preparative purpose. Fullerene C60 was purchased from SES Research Co. Sodium 

borohydride was purchased from Nacalai Tesque, Inc. Super dehydrated Ethanol was purchased 

from Wako Pure Chemical Industries, Ltd. Super dehydrated o-dichlorobenzene (ODCB) was 

purchased from Kanto Checmical Co., Inc. and further purified by glass contour. 

 

Computational Method. A part of the molecular geometries for the transition states were 

first estimated by the Reaction plus Pro software package25 based on the nudged elastic band 

(NEB) method.26 All calculations were conducted with Gaussian 09 software packages to 

optimize the structures at the M06-2X/6-31G* levels without any symmetry assumptions. The 

optimized structures including the stationary states and the transition states were confirmed by 

the frequency calculations at the same level. The calculated 1H NMR chemical shifts were 

obtained at the GIAO-B3PW91/6-311G** level using the optimized structures. These 

calculated shifts were calibrated by that of tetramethylsilane obtained at the GIAO B3PW91/6-

311G**//M06-2X/6-31G* level. 

 

CH3OH@1 (Entry 1). Open-cage fullerene derivative H2O@1 was heated at 140 C for 

16 h under reduced pressure. To a Teflon container a solution of empty 1 (40.3 mg, 35.5 μmol) 

in chlorobenzene (9.0 mL) and CH3OH (0.1 mL) were added and the lid was closed. The 

container was kept at 150 C under 8000 atm for 24 h. After getting back to ambient conditions, 

the resulting mixture was concentrated under reduced pressure. The crude mixture was purified 

by silica gel column chromatography (toluene/EtOAc = 30:1) to give 26.7 mg (23.0 μmol, 

calculated as a mixture of 35% of CH3OH@1, 57% of N2@1, 5% of H2O@1 and 3% of empty 

1) in 65% yield. Further purification by the recycling HPLC gave pure CH3OH@1, in addition 

to a mixture of N2@1, H2O@1 and empty 1.  
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CH3OH@1: IR (KBr) ν = 1739 cm–1 (C=O); 1H NMR (500 MHz, CDCl3) δ 7.60 (t, J = 

7.9 Hz, 1H), 7.49 (t, J = 7.9 Hz, 1H), 7.23 (d, J = 7.9 Hz, 1H), 7.22 (d, J = 7.9 Hz, 1H), 7.19 (d, 

J = 7.9 Hz, 1H), 7.09 (d, J = 7.9 Hz, 1H), 7.07 (d, J = 10.5 Hz, 1H), 6.57 (d, J = 10.5 Hz, 1H), 

1.20 (s, 9H), 1.06 (s, 9H), 7.17 (q, J = 5.6 Hz, 1H), 10.69 (d, J = 5.6 Hz, 3H); 13C NMR (126 

MHz, CDCl3) δ 190.26, 185.91, 182.25, 180.27, 168.65, 168.41, 163.17, 161.65, 156.29, 152.77, 

151.95, 150.66, 150.61, 150.33, 150.04, 149.65, 149.52, 149.34, 149.27, 149.21, 148.72, 

148.59, 147.32, 146.22, 146.11, 145.90, 145.70, 145.36, 145.23, 144.87, 144.63, 143.80, 143.77, 

143.63, 143.29, 143.08, 142.67, 141.69, 141.54, 141.51, 141.44, 140.79, 139.69, 139.13, 

138.73, 138.67, 138.16, 138.02, 137.88, 137.64, 137.28, 137.25, 137.22, 137.13, 136.28, 

135.73, 134.87, 133.90, 133.86, 131.92, 130.96, 130.64, 129.19, 126.37, 125.61, 120.08, 119.44, 

117.39, 117.29, 59.18, 54.58, 37.68, 37.63, 36.11 (encapsulated CH3OH), 29.90, 29.80 (three 

sp2-carbon signals were overlapped); HRMS (–APCI), calcd for C83H30N2O5S (M•) 1166.1881, 

found 1166.1853. 

 

H2CO@2 (Entry 6). To a Teflon container a solution of empty 1 (113.1 mg, 99.6 μmol) 

in chlorobenzene (9.0 mL) and 1,3,5-trioxane (106.9 mg, 1.19 mmol) were added and the lid 

was closed. The container was kept at 150 C under 8000 atm for 48 h. After getting back to 

ambient conditions, the crude mixture was purified by silica gel column chromatography 

(toluene/EtOAc = 15:1) to give 111.5 mg with 35% H2CO encapsulation ratio. The obtained 

mixture was dissolved in ODCB (19 mL) at 0 C. To the stirred solution was added a 15 mM 

ethanol solution of NaBH4 (3.30 mL, 49.4 μmol) under N2. After stirring for 15 min, a saturated 

NH4Cl solution (20 mL) was added. The organic layer was separated. The aqueous layer was 

extracted with CH2Cl2 three times (20 mL  3). The combined organic layer was washed with 

brine (30 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 

product (113.5 mg) was purified by silica gel column chromatography (toluene/EtOAc = 100:1) 

to give 35.2 mg (30.4 μmol, calculated as a mixture of 35% of H2CO@2, 16% of N2@2, 23% 

of H2O@2, and 26% of empty 2) in 31% yield. Further purification by the recycle HPLC gave 

pure H2CO@2 as brown powder.  

 

H2CO@2: IR (KBr) ν = 1737 cm–1 (C=O), 1722 cm–1 (encapsulated H2CO); 1H NMR 

(500 MHz, CD2Cl2) δ 7.62 (t, J = 7.9 Hz, 1H), 7.53 (t, J = 7.9 Hz, 1H), 7.45 (d, J = 4.7 Hz, 1H), 
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7.27-7.20 (m, 4H), 7.14 (d, J = 7.9 Hz, 1H), 6.63 (d, J = 10.3 Hz, 1H), 3.81 (d, J = 4.7 Hz, 1H), 

1.20 (s, 9H), 1.09 (s, 9H), –0.52 (s, 2H); 13C NMR (201 MHz, CDCl3) δ 197.74, 187.84 

(encapsulated H2CO), 185.74, 182.56, 168.50, 163.80, 162.64, 157.48, 156.61, 153.57, 152.92, 

151.68, 151.27, 151.19, 151.09, 151.04, 150.96, 150.82, 150.78, 150.51, 150.23, 150.13, 

148.97, 148.75, 147,44, 146.79, 145.64, 145.35, 145.16, 145.09, 144.83, 143.76, 143.27, 

143.25, 143.13, 143.06, 143.04, 142.21, 141.72, 141.12, 140.45, 139.11, 138.43, 137.69, 137.56, 

137.25, 137.24, 137.16, 137.08, 137.04, 136.52, 135.85, 135.21, 135.19, 133.29, 132.91, 

132.57, 131.85, 130.54, 129.98, 129.13, 124.84, 124.32, 119.89, 119.58, 117.37, 117.14, 82.68, 

59.16, 54.57, 37.66, 37.63, 29.89, 29.83 (five sp2-carbon signals were overlapped); HRMS (–

APCI), calcd for C83H30N2O5S (M–•) 1166.1881, found 1166.1925. 

 

Single Crystal X-Ray Analysis of CH3OH@1 (CCDC 1521076). Single crystals of 

CH3OH@1 were grown from a benzene solution in the presence of nickel(II) 

octaethylporphyrin by slow evaporation of the solvent. Intensity data were collected at 100 K 

on a Brucker SMART APEX II with Mo Kα radiation (λ = 0.71073 Å) and graphite 

monochromator. A total of 36479 reflections were measured at the maximum 2 angle of 51.0°, 

of which 14069 were independent reflections (Rint = 0.0387). The structure was solved by direct 

methods (SHELXS-97)27 and refined by the full-matrix least-squares on F2 (SHELXL-97).27 

The methyl group in nickel octaethylporphyrin moiety was disordered, which was solved using 

appropriate models. Thus, two sets of ethyl groups, i.e., (C95–C96A) and (C95–C96B), were 

placed and their occupancies were refined to be 0.73 and 0.27, respectively. The t-butyl group 

of C71–C73 on the 2-pyridyl group was also disordered. Therefore, two sets of t-butyl groups, 

i.e., (C71A–C73A) and (C71B–C73B), were placed and their occupancies were refined to be 

0.87 and 0.13, respectively. The electron density inside of the fullerene cage indicated the 

presence of a methanol molecule (O5 and C114). The occupancies were refined to be 0.96. All 

hydrogen atoms were placed using AFIX instructions. All non-hydrogen atoms were refined 

anisotropically except for the minor components. A bond length of 1.420(3) Å for the CH3OH 

was observed, which is consistent with that of the CH3OH (1.415 Å) in crystals.7a The crystal 

data are as follows: C112.96H63.84N4O4.96Ni0.5S; FW = 1617.78, crystal size 0.03 × 0.08 × 0.28 

mm3, Monoclinic, P21/c, a = 17.2231(15) Å, b = 14.6300(12) Å, c = 31.117(3) Å, β = 

104.0104(12)°, V = 7607.3(11) Å3, Z = 4, Dc = 1.413 g cm–3. The refinement converged to R1 
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= 0.0533, wR2 = 0.1361 (I > 2σ(I)), GOF = 1.144. 

 

Single Crystal X-Ray Analysis of H2CO@2 (CCDC 1521077). Single crystals of 

H2CO@2 were grown from a benzene solution in the presence of nickel(II) octaethylporphyrin 

by slow evaporation of the solvent. Intensity data were collected at 100 K on a Brucker SMART 

APEX II with Mo Kα radiation (λ = 0.71073 Å) and graphite monochromator. A total of 36476 

reflections were measured at the maximum 2 angle of 50.1°, of which 13481 were independent 

reflections (Rint = 0.0287). The structure was solved by direct methods (SHELXS-97)27 and 

refined by the full-matrix least-squares on F2 (SHELXL-97).27 The methyl group in nickel 

octaethylporphyrin moiety was disordered, which was solved using appropriate models. Thus, 

two sets of ethyl groups, i.e., (C95–C96A) and (C95–C96B), were placed and their occupancies 

were refined to be 0.62 and 0.38, respectively. The t-butyl group of C71–C73 on the 2-pyridyl 

group was also disordered. Therefore, two sets of t-butyl groups, i.e., (C71A–C73A) and 

(C71B–C73B), were placed and their occupancies were refined to be 0.84 and 0.16, respectively. 

In addition, there exists a structural disorder of H2CO@2 and an oxidation product with an ester 

moiety encapsulating a water molecule. This oxidation product was obtained in the case of O2 

insertion into tetraketone 1, which might be formed by oxidation of the hydroxyl group in 2, 

release of the encapsulated H2CO, further oxidation of the diketone in the five-membered-ring 

of the resultant 1, and adsorption of an H2O in the solution during the crystallization. This 

structural disorder was solved using following appropriate models: 1) the sets of the hydroxyl 

group (C1–O1A) in 2 and the carbonyl group (C1–O1B) in the oxidation product, 2) the sets of 

the carbonyl group (C7A–O3A) in 2 and the acid anhydride moiety (C7B-O3B-O5) in the 

oxidation product, and 3) the sets of the encapsulated formaldehyde molecule (C113-O6A) in 

2 and the water molecule (O6B) in the oxidation product were placed and their occupancies 

were refined to be 0.76 and 0.24, respectively. The hydrogen atoms of these encapsulated 

molecules were restrained using DFIX instruction. All hydrogen atoms were placed using AFIX 

instructions except for the encapsulated molecules. All non-hydrogen atoms were refined 

anisotropically except for the minor components. A C=O bond length of 0.946(6) Å for the 

H2CO was observed, which is shorter than that of the crystalized H2CO (1.195 Å).7b This large 

deviation would be due to disorder of the encapsulated species with water molecule. The crystal 

data are as follows: C112.76H63.52N4O5.24Ni0.5S; FW = 1619.58, crystal size 0.08 × 0.08 × 0.01 
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mm3, Monoclinic, P21/c, a = 17.2396(8) Å, b = 14.6021(7) Å, c = 31.1904(15) Å, β = 

104.0938(6)°, V = 7615.3(6) Å3, Z = 4, Dc = 1.413 g cm–3. The refinement converged to R1 = 

0.0414, wR2 = 0.1073 (I > 2σ(I)), GOF = 1.070.  
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Chapter 5 

 

Unprecedented Photochemical Rearrangement of an Open-Cage 

C60 Derivative 

 

Abstract: Upon irradiation of a sulfoxide C60 derivative with a 

17-membered-ring opening, rearrangement of the carbon 

framework took place to give an unprecedented lactone C60 

derivative with a 14-membered-ring opening, whose structure 

was unambiguously determined by single crystal X-ray analysis. 

This reaction is completely different from that of the previously 

reported sulfoxide C60 and C70 derivatives with a 13-membered-

ring opening. 
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Introduction 

Open-cage C60 derivatives have hollow cavities with rigid and curved -systems and their 

unique structures have been attracting considerable attention from the viewpoints of host-guest 

chemistry and usage as precursors for endohedral fullerenes.1 In the synthesis of open-cage C60 

derivatives, skeletal modification of fullerene C60 through the cleavage and formation of 

chemical bonds plays an important role.2,3 For these purposes, photochemical reactions are 

appealing.2 For example, Wudl et al. reported the reaction of [5,6]-open azafullereroid with 

self-sensitized singlet oxygen to yield the open-cage C60 with a ketolactam moiety,4 which is a 

precursor of endohedral C59N dimer.5 Rubin et al. reported the synthesis of an open-cage C60 

derivative with an eight-membered-ring opening via intramolecular [4+4] cycloaddition and 

following [2+2+2] cycloreversion under irradiation conditions.6  

Photochemical reaction is also crucial for closing of the opening with a sulfoxide moiety. 

The author had reported that sulfur insertion into the rim of the opening on the C60 cage gave 

open-cage C60 1 with a 13-membered-ring opening7 (Figure 1) and this reaction is applicable 

to an open-cage C70 derivative.8 These sulfur-inserted compounds provide two advantages: (i) 

the larger openings were constructed by inserting one sulfur atom into the CC bond and (ii) 

the inserted sulfur moiety was able to be removed by elimination of the sulfinyl group (>S=O) 

under irradiated conditions after oxidation of the sulfide (S).9,10 So far, the synthesis of 

H2@C60,
9 H2@C70,

10 He@C60,
11 and He@C70

11 was accomplished using this desulfinylation 

under irradiation as a key step.9-11  

 

 

 

 

 

 

 

 

 

 

 



 

- 93 - 

 

The author had reported the synthesis of sulfide 2 having a tetraketone moiety with a 

larger 17-membered-ring opening.12 This opening is large enough for encapsulation of H2O, N2, 

and CO2 to afford 2 encapsulating a small molecule.12,13 If the size of the opening is contracted 

by the aforementioned photochemical reaction, a new family of molecule-encapsulating C60s 

would be realized. However, during the attempt to remove the sulfur atom of 2, the author 

encountered the unprecedented photochemical rearrangement, resulting in formation of an 

open-cage C60 derivative with a lactone moiety. In this chapter, the author describes the 

synthesis of the lactone with a contracted opening, its molecular structure obtained from the 

single crystal X-ray diffraction analysis, and the plausible mechanism for the structural 

rearrangement.  

 

 

Results and Discussion 

The synthetic route is shown in Scheme 1. The opening of 2 is so large that the compound 

in solution consisted of a mixture of N2@2, H2O@2, and empty 2 at room temperature, with 

the encapsulation ratios for N2 and H2O being ca. 20% and ca. 40%, respectively. The mixture 

of 2 was reacted with 1.0 equiv of m-CPBA in CH2Cl2 at room temperature to give 

corresponding sulfoxide 3 in 83% yield. Formation of the sulfone was not  
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observed under these conditions. As shown in Figure 2, the atmospheric pressure chemical 

ionization (APCI) MS analysis of 3 clearly showed the molecular ion peak [M+H]+• in addition  

to the peaks of [M+H‒O]+• and [M+H‒SO]+•, indicating the possibility to remove the SO unit 

from 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Encouraged by the APCI MS result, the author conducted photoirradiation to a benzene 

solution of the mixture of sulfoxides N2@3, H2O@3, and empty 3 at room temperature by a Xe 

lamp for 21 hours, resulting in complete consumption of 3. However, formation of the expected 

products, tetraketone 5 with simple elimination of the SO unit and its hydrated compound 6 

with a bis(hemiketal) moiety,12 was not detected by HPLC and 1H NMR analyses. Instead, in 

addition to the formation of considerable amounts of insoluble materials, unexpected lactone 4 

was isolated in 13% yield after column chromatography on silica gel and the following HPLC 

separation using Buckyprep columns. 

The structure of 4 was clearly determined by the single crystal X-ray analysis. Single 

crystals of a mixture of N2@4, H2O@4, and empty 4 were obtained from dichloromethane 

solution and the diffraction data were collected at 173 C. Figure 3a shows the molecular 
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structure of 4, revealing that lactone 4 does not have a sulfinyl group as expected but 

surprisingly that unique structural modification on the rim of the opening took place for 

sulfoxide 3. Figure 3b and 3c demonstrate the differences in structures between lactone 4 and 

sulfoxide 3: the diketone in the five-membered ring A in 3 became the six-membered lactone 

A' in 4; the 1,3-cyclohexadiene ring B' was newly formed; and the cyclohexadiene ring C with 

two Ar groups bonded at the 1,4-positions changed into the cyclopentene ring C' with two Ar 

groups attached at the 1,3-positions. These characteristic features of lactone 4 were also 

supported by NMR spectroscopy in CD2Cl2. The signal for the methine proton in the 

cyclopentene ring C' for empty 414 was observed at δ 5.78 ppm in the 1H NMR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The size of the opening in 4 was found to be significantly smaller than that of sulfide 2. 

The values of 6.376(6) Å for the C3C9 distance and 3.353(12) Å for the C1C6 distance were 

measured for the long and the short axes of the opening, respectively, whereas the 
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corresponding values in H2O@2 are 6.804(3) Å and 4.323(4) Å.12 The smaller size of the 

opening in 4 were also supported by DFT calculations at the M06-2X/6-31G* level of theory.15 

The ΔG value at 298 K for insertion of an N2 molecule into the model compound 4', in which 

the tert-butyl groups were replaced by hydrogens, was estimated to be 75.8 kcal mol1. This 

value is considerably larger than that for 2' (20.1 kcal mol1). Reflecting the contraction of the 

opening in 4, the encapsulated N2 inside 3 remained in the cage of 4 with almost the same 

encapsulation ratio of ca. 20%. 

A plausible mechanism for the formation of lactone 4 from sulfoxide 3 is described in 

Figure 4. The carboncarbon bond in the five-membered ring diketone in 3 is cleaved 

photochemically to generate the six-membered lactone A' in intermediate INT1, which has an 

oxacarbene moiety. The similar photochemical generation of oxacarbene derivatives were 

reported by Pirrung et al.16 Then, intramolecular addition of the resulting carbene to the alkene 

moiety in the close proximity affords the cyclopropane intermediate INT2. Due to the ring 

strain of the cyclopropane, further structural rearrangements take place to afford INT3 with the 

formation of the fused rings B' and C'. Finally, the consecutive elimination of the SO unit yields 

lactone 4. Although the elimination of the SO unit from sulfoxide 3 is considered before the 

photochemical rearrangements, it should not be feasible because the resulting tetraketone 5 or 

bis(hemiketal) 6 was not detected experimentally (Scheme 1). 
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Conclusion  

In conclusion, the author described a novel photochemical rearrangement reaction of 

sulfoxide 3 with a 17-membered-ring opening to give lactone 4 with a contracted 14-membered-

ring opening. The reactivity was completely different from open-cage sulfoxide derivatives 1 

and its C70 analogue with a 13-membered-ring opening.9-11 Although the complete closure of 

the opening in sulfide 2 was not achieved yet, lactone 4 in this study is considered to be an 

interesting open-cage C60 derivative having rich functional groups. 

 

 

Experimental Section 

General. The 1H and 13C NMR measurements were carried out with a Jeol JNM ECA500 

and a Bruker Advance III 800US instruments. The NMR chemical shifts are reported in ppm 

with reference to residual protons and carbons of CDCl3 (δ 7.26 ppm in 1H NMR and δ 77.0 

ppm in 13C NMR), CD2Cl2 (δ 5.32 ppm in 1H NMR and δ 53.8 ppm in 13C NMR). APCI mass 

spectra were measured on a Bruker micrOTOF-QII. The high-performance liquid 

chromatography (HPLC) was performed with the use of a Cosmosil Buckyprep column (250 

mm length, 4.6 mm inner diameter) for analytical purpose, and the same columns (two directly 

connected columns; 250 mm length, 20 mm inner diameter) for preparative purpose. 

 

Computational Method. All calculations were conducted with Gaussian 09 packages. 

The structure was optimized at the M06-2X/6-31G* levels without any symmetry assumptions. 

The optimized structures including the stationary states and the transition states were confirmed 

by the frequency calculations at the same level. 

 

A mixture of Sulfoxide N2@3, H2O@3, and empty 3. Open-cage fullerene derivative 2 

(200 mg, 174 μmol, determined as a mixture of N2@2 (20%), H2O@2 (40%), and empty 2 

(40%)) and m-chloroperbenzoic acid with a 77% purity (39.5 mg, 176 μmol) in 20 ml of CH2Cl2 

were stirred at room temperature for 9 hours under nitrogen atmosphere. To the solution was 

added sat. NaHCO3 aq. (20 mL), and the organic layer was separated. The aqueous layer was 

extracted with toluene three times (15 mL × 3). The combined organic layer was washed with 
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brine (30 mL), dried over Na2SO4, and filtered. The resulting solution was evaporated under 

reduced pressure to give open-cage fullerene derivative 3 (168 mg, 144 μmol, determined as a 

mixture of N2@3 (22%), H2O@3 (55%), and empty 3 (23%)) in 83% yield as a brown solid. 

 

A mixture of N2@3, H2O@3, and empty 3: Most signals corresponding to N2@3, H2O@3, 

and empty 3 were observed separately in the following NMR spectra; 1H NMR (500 MHz, 

CDCl3) δ 7.65 (t, J = 7.9 Hz, 1H), 7.63 (t, J = 7.9 Hz, 1H), 7.27 (d, J = 7.9 Hz, 1H), 7.25 (d, J 

= 7.9 Hz, 2H), 7.22 (d, J = 7.9 Hz, 1H), 7.183, 7.179 and 7.167 (three sets of doublet, J = 10.3 

Hz, 1H), 6.70 and 6.69 (d, J = 10.3 Hz, 0.8H and 0.2H), 1.189, 1.185 and 1.181 (three sets of 

singlet, 9H), 1.162, 1.160, and 1.156 (three sets of singlet, 9H), 10.31 (bs, 1.1H); 13C NMR 

(126 MHz, CDCl3) δ 190.82, 190.78, 190.66, 185.30, 185.20, 183.72, 181.02, 180.96, 168.72, 

168.69, 168.35, 163.13, 163.10, 162.94, 161.82, 161.68, 156.41, 156.27, 156.22, 155.87, 

155.84, 155.66, 150.88, 150.86, 150.81, 150.75, 150.68, 150.62, 150.57, 150.48, 150.31, 

150.28, 150.22, 150.12, 150.06, 149.98, 149.87, 149.82, 149.79, 149.72, 149.69, 149.66, 

149.61, 149.57, 149.47, 149.40, 149.36, 149.29, 149.22, 149.15, 149.10, 149.07, 148.94, 

148.89, 148.78, 148.68, 148.53, 147.78, 147.68, 147.56, 147.38, 147.36, 147.34, 147.29, 

147.16, 147.02, 146.97, 146.92, 146.90, 145.35, 145.30, 145.23, 145.13, 145.08, 144.77, 

144.72, 144.69, 144.67, 144.04, 144.00, 143.97, 143.93, 143.89, 143.84, 143.78, 143.73, 

143.34, 143.24, 143.20, 143.14, 143.10, 142.86, 142.83, 141.93, 141.83, 141.23, 141.18, 

141.07, 140.95, 140.63, 140.58, 140.55, 140.44, 139.92, 139.78, 139.33, 139.28, 139.19, 

139.08, 139.05, 138.71, 138.59, 138.54, 138.44, 138.37, 138.32, 138.04, 137.85, 137.77, 

137.72, 137.66, 137.60, 137.51, 137.38, 137.29, 137.23, 137.16, 137.09, 137.03, 137.01, 

136.96, 136.89, 136.86, 136.81, 136.67, 136.63, 136.57, 136.55, 136.47, 136.40, 136.25, 

136.18, 135.16, 134.80, 134.66, 134.36, 134.30, 133.43, 133.27, 133.17, 133.10, 132.88, 

132.79, 132.75, 132.72, 132.63, 132.47, 131.96, 131.15, 131.00, 130.82, 130.23, 128.95, 

128.35, 128.20, 128.18, 128.13, 128.06, 128.00, 127.00, 126.86, 126.73, 126.68, 126.45, 

126.41, 126.18, 126.01, 125.96, 125.21, 120.04, 119.50, 117.62, 117.59, 117.40, 117.37, 59.67, 

59.58, 54.73, 54.69, 37.64, 37.59, 29.81; HRMS (+APCI), calcd for C82H27N2O5S (M+H+•) 

1151.1635, found 1151.1586. 
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A mixture of lactone N2@4, H2O@4, and empty 4. A stirred solution of open-cage 

fullerene derivative 3 (50.3 mg, 43.2 μmol, determined as a mixture of N2@3 (20%), H2O@3 

(38%), and empty 3 (42%)) in 15 ml of benzene was irradiated with a Xe lamp (500 W) from a 

distance of 15 cm at room temperature for 11 hours under nitrogen atmosphere. To the solution 

was added 35 mL of benzene and further irradiation was conducted for 10 h. After removal of 

the solvent under reduced pressure, the residual brown solid was purified by silica gel column 

chromatography (toluene/EtOAc = 100:1) and the following HPLC to give open-cage fullerene 

derivative 4 (6.1 mg, 5.5 μmol, determined as a mixture of N2@4 (20%), H2O@4 (38%), and 

empty 4 (42%)) in 13% yield as a brown solid. The empty material was obtained after recycling 

HPLC for the characterization. 

 

empty 4: 1H NMR (800 MHz, CD2Cl2) δ 7.76 (t, J = 7.8 Hz, 1H), 7.70 (dd, J = 7.8, 0.7 

Hz, 1H), 7.62 (t, J = 7.9 Hz, 1H), 7.40 (dd, J = 7.8, 0.7 Hz, 1H), 7.34 (d, J = 6.1 Hz, 1H), 7.33 

(dd, J = 7.8, 0.7 Hz, 1H), 7.22 (dd, J = 7.9, 0.7 Hz, 1H), 5.78 (d, J = 6.1 Hz, 1H), 1.26 (s, 9H), 

1.05 (s, 9H); 13C NMR (201 MHz, CD2Cl2) δ 194.14, 187.63, 169.97, 169.32, 162.92, 161.53, 

159.82, 156.70, 149.87, 149.79, 149.61, 149.60, 149.54, 149.53, 149.28, 149.09, 148.58, 

147.81, 147.59, 147.54, 147.40, 147.16, 147.14, 145.84, 145.51, 145.43, 145.20, 145.06, 

144.70, 144.66, 144.61, 144.50, 144.41, 144.21, 144.20, 143.45, 143.06, 142.97, 142.81, 

141.96, 141.86, 140.54, 140.11, 139.35, 139.19, 139.00, 138.06, 137.84, 137.73, 137.71, 137.20, 

136.98, 136.77, 136.40, 136.02, 135.72, 135.29, 134.50, 132.72, 130.67, 130.08, 127.10, 

126.79, 125.02, 118.89, 118.71, 118.32, 118.24, 111.45 (two sp2-carbon signals were 

overlapped), 75.52, 58.91, 38.12, 37.82, 30.18, 29.93 (one sp3-carbon signal was overlapped 

with the signals of CD2Cl2); HRMS (–APCI), calcd for C82H26N2O4 (M•) 1102.1898, found 

1102.1881. 

 

Single Crystal X-Ray Analysis of A mixture of N2@4, H2O@4, and empty 4 (CCDC 

1523319). Single crystals of a mixture of N2@4, H2O@4, and empty 4 were grown from a 

CH2Cl2 solution of a mixture of N2@4, H2O@4, and empty 4 by slow evaporation of the solvent. 

Intensity data were collected at 100 K on a Brucker SMART APEX II with Mo Kα radiation (λ 

= 0.71073 Å) and graphite monochromator. A total of 24418 reflections were measured at the 

maximum 2 angle of 51.0°, of which 9283 were independent reflections (Rint = 0.0380). The 
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structure was solved by direct methods (SHELXS-97)17 and refined by the full-matrix least-

squares on F2 (SHELXL-97).17 The open-cage moiety was disordered. Thus, two sets of 

disordered moieties, (C1–C8, C11–C25, C29–C64, and O1A–O4A) and (C65–C123 and O1B–

O4B), were placed and their occupancies were refined to be 0.80 and 0.20, respectively. The 

electron density inside of the fullerene cage indicated the presence of a water molecule (O5, 

H5A, and H5B) in addition to a nitrogen molecule (N3–N4). Thus, these occupancies were 

refined to be 0.50 for the water molecule (O5, H5A, and H5B) and 0.18 for the nitrogen 

molecule (N3–N4). These encapsulated molecules were restrained using SIMU and DELU 

instructions during the refinements. The N3 and N4 as well as the hydrogen atoms (H5A–H5B) 

of the encapsulated water molecule were restrained using DFIX instruction. All other hydrogen 

atoms were placed using AFIX instructions. All non-hydrogen atoms were refined 

anisotropically except for the minor components. The crystal data are as follows: 

C83H29N2.36O4.50Cl2; FW = 1202.02, crystal size 0.05 × 0.06 × 0.07 mm3, Monoclinic, P21/a, a 

= 19.9364(18) Å, b = 11.5274(10) Å, c = 22.498(2) Å, β = 104.9076(13)°, V = 4996.3(8) Å3, Z 

= 4, Dc = 1.598 g cm–3. The refinement converged to R1 = 0.0725, wR2 = 0.1712 (I > 2σ(I)), 

GOF = 1.148. 
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