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General Introduction 

 

 

The discovery of the fullerenes,1,2 the first molecular allotropes of carbon, has deeply 

influenced a wide variety of the current chemistry owing to their attractive physical and 

chemical properties.3  In particular, fullerene C60 exhibits superconductivity4 when it is 

doped by alkali metal and soft ferromagnetism5 after forming the charge transfer complex.  

Importantly, fullerenes show an unusually high chemical reactivity compared with other 

carbon allotropes6 providing an accessibility to prepare various tailor-made materials.  

Actually, C60 also works as an n-type semiconductor in polymer solar cells7 as well as 

displays biological activity8 after the appropriate modifications.  Therefore, huge efforts 

have been devoted to the development of the chemical reactions for fullerenes aimed at 

endowing their new functionalities in recent years.3,9   

There are three strategies in principle can be considered to chemically functionalize 

fullerenes, including 1) exohedral,3,9 2) skeletal,10 and 3) internal modifications.11  The 

first method, so-called exohedral modification, is the installation of organic functional 

groups on the surface of the fullerenes.  Today, especially upon the fullerene C60, the 

chemical reactivity of the outer surface have been extensively studied allowing people to 

prepare a variety of exohedral adducts in macroscopic quantities.3,9  The second method, 

the skeletal organization, is the method that transforms the σ-bond framework of 

fullerenes.  This method offers an access to replace a carbon atom(s) in the caged 

network by a heteroatom(s) giving heterofullerenes.  Importantly, the embedded 

heteroatom drastically alters the properties of the original carbon framework providing 

an alternative way to control the electronic properties and chemical reactivity of the 

fullerenes.10  The internal modification is the last method to control the properties of the 

fullerenes by way of the interaction between the encapsulated species and the inside wall 

of fullerenes.  Such supramolecular system, called endofullerenes, also provides an 

opportunity to study the intrinsic nature of the encapsulated species at molecular levels.11  

However, production of hetero- and endofullerenes mostly rely on the physical method 

and it strictly limited their further practical usage.  Because this conventional method 

resulted in almost no selectivity in controlling the cage size with extremely low yields 
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(below 0.1%).  Hence, an entirely different approach was apparently required in order 

to produce these fullerenes.  

 

Synthesis of Azafullerene C59N and Endohedral C60 by Organic Reactions 

 

 

 

The breakthrough was made by the discovery of a ring-opening reaction of C60 

reported by Wudl et al. in 1995.12  They obtained ketolactam 1 with an 11-membered-

ring opening from [5,6]-azafulleroid 2 by photochemical oxidation (Figure 1a).13  

Importantly, it can be transformed to nitrogen-doped fullerene dimer 3 having a C59N 

framework by a sequential organic reactions.14  Unfortunately, the limited size of the 

opening of 1 did not afford an opportunity to introduce any guests into the cage even for 

the smallest atom of He.13  Subsequently, Rubin proposed “molecular surgery” approach 

to synthesize endohedral C60 by the organic reactions.15  It consists of a series of 

reactions including creation of the opening, insertion of the guest(s), and restoration of 

the opening.  In 2001, they reported the first open-cage C60 4 which can entrap 3He and 

H2 under high-pressure and high-temperature conditions with the encapsulation ratio of 

1.5% and 5%, respectively (Figure 1b).16  Finally, Murata and Komatsu et al. 
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accomplished complete “molecular surgery” on C60 affording H2@C60.
17  The 

successful preparation of diketosulfide 5 was a key in this synthesis, which can entrap H2 

quantitatively and be reconstructible to the original C60 framework.  The essentials of 

the organic synthetic approach toward hetero- and endofullerenes are the preparation of 

suitable open-cage fullerenes in accordance to use.10,18  

 

 

 

The discovery of certain cage expansion reactions on the open-cage C60s triggered a 

huge progress in this research field.  In 2004, Iwamatsu et al. reported reactions using 

aromatic hydrazine or diamine derivatives to expand the opening affording open-cage C60 

derivative 6 with a 20-membered-ring opening (Figure 2).19  Its opening was large 

enough to introduce single molecule of H2O,19 CO,20 NH3,
21 or CH4

22 into the cage.  Gan 

et al. proposed another synthetic route to access the open-cage C60s which were derived 

from the peroxide C60 derivatives.23  They obtained open-cage C60 7 with a 19-

membered-ring opening which is able to entrap H2O,24 CO,25 or HF26 molecule inside the 

cage.  In addition, the peroxide derivatives can be embed by the heteroatoms such as N 

and O on the framework forming open-cage C58N2
27 or C58O2

28 derivative.  More 

recently, Yeh et al. synthesized open-cage C60 8 with a 24-membered-ring opening 

feasible to encapsulate larger guests such as HCN and C2H2.
29  However, the cages of 

those C60 fullerenes were severely ruptured during the reactions rendering these 

compounds rather difficult for repairing the opening.   

 

mailto:H2@C60.17
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Meanwhile, Murata and Komatsu et al. developed alternative reactions to expand 

the opening of C60 fullerenes, a sulfur insertion30 and nucleophilic oxidation31 reactions.  

These reactions are not only the powerful tool to enlarge the size of the opening but also 

providing an access to close the opening.  The first report of a sulfur insertion reaction 

was in 2003,30 the reaction can enlarge the opening from 12-membered to 13-membered-

ring opening forming 5, which can be derived to H2@C60.
17  In 2011, Murata et al.  

discovered a nucleophilic oxidation reaction yielding bis(hemiketal) 9 with a 13-

membered-ring opening (Figure 3).31  Importantly, the size of the opening of 9 can be 

controlled by dehydration reaction generating tetraketone 10 with a 16-membered-ring 

opening in situ which is suitable to entrap a variety of single molecule, i.e. H2,
32 H2O,31,32 

and HF33 into the cage.  Then, H2@C60, H2O@C60, and HF@C60 were obtained after the 

ring-closing reaction of G@9.   
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Structure and Reactivity of Fullerene C70 

 

 

 

In contrast to the myriad studies on C60, the survey of higher fullerenes such as C70, 

C72, C74, C76, C78, C80, C82, C84, and so on are still limited even the most abundant higher 

fullerene C70.
3  Although the properties of C70 are similar to C60, the less symmetrical 

cages of C70 (D5h) show a variety of bond environments with unequal reactivities in each 

type of the bonds.34  In particular, C70 has five distinct types of carbon atoms and eight 

different types of carbon bonds, i.e. four [6,6] bonds and four [5,6] bonds, respectively 

(Figure 4).  Therefore, it can be easily assumed that different types of regioisomers are 

generated during the reactions.  This feature should make C70 more difficult to purify 

and characterize after the functionalization compared with the C60 having Ih symmetry.   

At the same time, Haddon et al. proposed π-orbital axis vector analysis (POAV)35 to 

evaluate the local curvature of the carbon spheres.  They defined the value by the angle 

of (σπ – 90°) and applied to C70 (Figure 5a).  According to the POAV analysis, the most 

reactive sites of C70 could be the pole area and less reactive sites would be the equatorial 

area since the major driving force of fullerene chemistry is believed to be a strain release 

accomplished by rehybrization (sp2 to sp3) of the covalent binding of the addends (Figure 

5b).3   
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Exohedral Modification of C70 

 

 

 

Actually, Diederich et al. obtained three isomeric products 11, 12, and 13 with a 

12:5:1 ratio in 36 % yield when they conducted the [4+2] cycloaddition on C70
36 (Scheme 

1).  The major product 11 was resultant of cyclizing at the α-bond, which is constructed 

by the two atoms having the highest POAV value.  The second favored bonds are the β-

bonds affording 12.  In sharp contrast, only a trace amount of the reacgent was reacted 

on the ε-bonds and no reaction was observed at the κ-bonds.  The pole position showed 

high reactivity while the equatorial site displayed relatively less reactivity for the 

cycloaddition reaction.  This experimental result was in a good agreement with the 

theoretical analysis.35   
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The nucleophilic addition reaction on C70, for instance Bingel-Hirsch reaction, 

shows similar selectivity as the cycloaddition reaction.37  An enolate generated in situ 

from bromomalonate prefers attacking the α-bonds with very high selectivity affording 

14 and almost no formation of other mono-adducts was detected (Scheme 2).  However, 

an electrophilic addition reaction showed completely different selectivity compared with 

nucleophilic addition and cycloaddition, reported by Kitagawa and Komatsu et al. in 

2005.38  They treated C70 with AlCl3 in chloroform and obtained single alkylated product 

15 which reacted on κ-bonds located at equatorial sites of the cage.  The observed 

preferential electrophilic attack under Friedel-Crafts (CHCl3/AlCl3) conditions is owing 

to the large HOMO coefficient on the equatorial position.  Among the exohedral 

modifications, C70 acts typical electron-deficient olefins and shows a similar addition 

manner as C60 with a formation of several regioisomers.34 

 

Synthesis of Open-cage C70 Derivatives and Heteroatom Embedding 
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In contrast to the several reports of the exohederal modification for C70, the reports 

on the synthesis of open-cage C70s are quite limited.  Taylor et al. synthesized the first 

open-cage C70 derivative in 1995.39  As shown in Figure 6, bis(lactone) 16 with an 11-

membered-ring opening was obtained after the oxidation of an octa-adduct, C70Ph8.
40  

However, seriously modified framework and restricted size of the opening caused it 

difficult to derivatize towards C70-based heterofullerene or endohedral C70.
39  Wudl et 

al. synthesized ketolactam 17 with an 11-membered-ring opening by applying the same 

experimental procedure of C60 by the initial addition on the α-bonds.41  On the other 

hand, Shinohara et al. obtained ketolactam isomer 18 by the initial addition on the β-

bonds.42  After the following skeletal organization, both 17 and 18 were derived to 

azafullerene dimer (C69N)2 with a different substitution pattern of the N atom.41,42  A 

more recent report on the open-cage C70 was published by Murata and Komatsu et al. in 

2008.43  In this work, the method developed for the production of diketosulfide C60 5 

was successfully applied to C70 affording open-cage C70 19 with a 13-membered-ring 

opening whose opening was constructed from the initial addition on the α-bonds.  

During the reactions, these open-cage C70s showed similar reactivity as its C60 analogues 

and gave the several isomers.  However, the minor products of open-cage C70s were paid 

less attention due to the difficulty of the separation and characterization.  Therefore, 

their physical property and chemical reactivity are still not clear.44  In addition, except 

azafullerene (C69N), there is no report on the replacement of the carbon atom by the 

heteroatom(s) on the C70 cage.   

 

Synthesis of Endohedral C70s by the Physical Methods and Organic Reactions 

 

 

 

In 1998, Cross and Saunders et al. treated pristine C70 under high-pressure/high-
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temperature He atmosphere affording He@C70 and (He)2@C70 (Figure 7).45  This 

experimental result revealed that C70 has an enough space to accommodate two chemical 

species in its inside cavity.  Importantly, not only the physical method but also the 

organic synthetic method gave the endohedral C70 encapsulating two chemical species.  

Treatment of diketosulfide 19, which has a similar opening motif of open-cage C60 5, with 

high-pressure H2 gas (890 atm) at 230 °C resulted in almost quantitative encapsulation of 

single H2 molecule and 3% encapsulation of two H2 molecules.43  The opening was 

completely closed by a four-step reaction yielding H2@C70 and (H2)@C70 in the ratio of 

97:3 without considerable loss of the guests.46  These reports envision a possibility to 

utilize the C70 as a “molecular-flask” to investigate weak interaction or to conduct 

chemical reactions between two distinct guests, which would be possibly different from 

the bulk systems.47  Indeed, Murata et al. established the methodology of stepwise 

insertion for the different chemical species incorporating the technique of “molecular 

surgery”48 and “ion implementation”.49  They inserted the N atom into He@C60 or 

He@C70 affording endohedral fullerenes encapsulating both He and N atom.50   

As the author mentioned above, although certain cage expansion and heteroatom 

embedding reactions were developed for C60, only a few reactions were successfully 

applied tothe open-cage C70s.  It severely restricted the study on the hetero- and endo- 

C70s.  Therefore, it is important and desirable to develop novel methods to transform C70 

frameworks and techniques to introduce other chemical species into the C70 cage.  

Because it would provide the alternative way to control the properties of C70 and 

accelerate the utilization of C70-based materials.  Furthermore, endohedral C70 having 

two chemical species creates an ideal system to study the weak interactions or bimolecular 

reaction between the guests in molecular levels.  This study might bridge the gap 

between the properties of the single molecule and the bulk phase materials, and attract 

much attention from experimental and theoretical point of views.   

 

Survey of This Thesis 

In this thesis, the author investigated the reactions, which can transform the σ-bond 

skeleton of C70, and prepared a series of open-cage C70 and C69X (X= S, O) derivatives.  

Furthermore, the author utilized the three strategies to introduce two chemical species 
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into the C70 cage:  1) controlling the opening size by the scission of different types of 

double bonds, 2) accompanying the effect of “pushing from outside” and “pulling from 

inside”, and 3) stepwise insertion of the guests.  These strategies successfully created 

the supramolecular system of (H2O)2@C70 and (H2O•HF)@C70 as well as (H2+N)@C70.  

The intrinsic nature of the encapsulated species were revealed in the molecular levels 

through those systems.   

 

In Chapter 1, the author synthesized a series of the open-cage C70 derivatives 

including bis(hemiketal) 20 based on the product of the initial addition at the α-bonds and 

scission of α- and β-bonds (Figure 8).  However, only a trace amount of a water molecule 

was inserted into 20 under the high-pressure/high-temperature condition.  Thus, a sulfur 

insertion reaction was conducted on 20 for the further enlargement of the opening.  

However, it was found that the reactivity of 20 was completely different from its C60 

analogue 9 forming open-cage thiafullerene derivative 21 having a C69S framework.   

 

 

 

Hence in Chapter 2, the author extended the sulfur insertion reaction to other 

chalcogens i.e. oxygen (O) and selenium (Se).  Although Se did not react with 20, the 

oxygen atom was successfully embedded on the cage forming open-cage oxafullerene 

derivative 22 having a C69O skeleton (Figure 9).  It showed a similar structure with 21 

and the effects of heteroatom doping on C70 cage were investigated.  
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In Chapter 3, the author focused on the differences between the open-cage C70 

isomers.  Bis(hemiketal) isomer 23 was synthesized by the initial addition on the β-

bond and scission of two α-bonds (Figure 10).  Under the high-pressure/high-

temperature conditions, water molecule was quantitatively introduced into the cage 

showing a clear difference compared with 20.  The opening was closed completely by 

a two-step reaction affording H2O@C70.  Importantly, (H2O)2@C70 were also obtained 

in those reactions.  The 1H NMR measurements revealed that the water dimer rotated 

quickly on the NMR timescale, with perpetual formation and cleavage of the hydrogen 

bond.   

 

 

 

In Chapter 4, the author discovered that the synergetic effect of “pushing from 
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outside” and “pulling from inside” can drastically improve the yield of double 

encapsulation of HF and H2O into 20 under the high-pressure/high-temperature 

conditions (Figure 11).  Then, HF@C70, (H2O•HF)@C70, and H2O@C70 were obtained 

after the closing reactions.  The structure of (H2O•HF)@C70 was unambiguously 

determined by NMR and single crystal X-ray analysis.  (H2O•HF)@C70 created the 

simplest and isolated hydrated acid system of H2O•HF for the first time.  Importantly, 

no proton transfer occurred between the HF and H2O even at 140 °C.   

 

 

 

In Chapter 5, the author accompanied “molecular surgery” and “ion implantation” 

method to synthesize doubly encapsulated species utilization of C70 cage as a “molecular-

flask”.  Endohedral C70s encapsulating a single molecule of H2, D2, H2O, and HF were 

treated by radio-frequency plasma (RF plasma) under nitrogen atmosphere to insert extra 

N atom into those fullerenes (Figure 12).  As a result, N atom was successfully inserted 

into H2@C70 or D2@C70 confirmed by ESR and MS analysis.  The N atom was weakly 

interacted with the neighboring H2 or D2 molecule instead of forming the N-H (N-D) 

bonds.   
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Chapter 1 

 

Synthesis and Structure of an Open-Cage Thiafullerene C69S: 

Reactivity Differences of an Open-Cage C70 Tetraketone 

Relative to Its C60 Analogue 

 

Reprinted with permission from J. Am. Chem. Soc. 2014, 136, 8193-8196. 

Copyright 2014 American Chemical Society. 

 

Abstract:  An open-cage fullerene C70 having a 13-membered-ring 

opening with a bis(hemiketal) moiety was synthesized by the reaction of 

the corresponding open-cage C70 diketone with nucleophilic oxidizing 

reagents.  The opening of the obtained open-cage C70 derivative could 

be enlarged to a 16-membered-ring opening with a tetraketone moiety.  

An open-cage C69S thiafullerene was formed after the treatment of 

tetraketone derivative with elemental sulfur in the presence of reductant.  

The formation of this sulfur open-cage fullerene reflecting the 

considerable difference of its chemical reactivity compared with C60 

analogue.  The structure of open-cage C69S was unambiguously 

determined by single crystal X-ray diffraction analysis, in addition to 

which the electrochemical properties of the thiafullerene were examined 

and compared with those of the corresponding C70 analogues.   
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Introduction 

Heterofullerenes, where at least one carbon atom of the fullerene cage is replaced by 

other atoms such as boron, nitrogen or oxygen, are very interesting compounds as their 

chemical reactivity, photo-physical properties and solid-state characteristics can be tuned 

relative to the original carbon-cage fullerenes and are expected to be very exciting and 

even unprecedented.1  Although the generation of these molecules in the gas-phase has 

been reported,2 viable synthetic routes to heterofullerenes on a macroscopic scale have 

only been successful for azafullerenes such as C59N, C69N, M2@C79N (M = Y, Gd, Tb) 

and their derivatives.1  In contrast, studies on thiafullerenes, i.e. sulfur-containing 

heterofullerenes, are very rare and so far remain limited to theoretical studies on C59S
3 

and the gas-phase detection of C58S, C56S2, C52S4 and C50S5.
4   

To synthesize heterofullerenes in a controlled fashion under mild reaction conditions, 

open-cage C60 and C70 derivatives,5 which are also used for the synthesis of endohedral 

fullerenes, should be promising precursors.  Azafullerenes C59N
6-8 and C69N,9 for 

example, were prepared from the open-cage C60 and C70 derivatives, respectively.  The 

successful formation of C58N2
10 and C58O2

11 in the gas-phase were reported for laser 

irradiation of open-cage C60 derivatives under MALDI-TOF MS conditions.  Open-cage 

C59O
12 and C59S

13 derivatives, and CO@C59O6,
14 have been synthesized by 

unprecedented decarbonylation reactions in solution as well.  However, the cages of 

these C60 fullerenes were severely modified during the reactions and several functional 

groups are present on the rim of the openings, rendering these compounds rather 

unsuitable precursors for the synthesis of closed heterofullerene cages. 

Although some examples of open-cage C60 derivatives have been reported,15 there 

are only a limited number of examples for open-cage C70 derivatives.  Until now, it has 

been acknowledged that C70 exhibits, similar to C60, the typical reactivity of electron-

deficient olefins.16  The lower symmetry of C70 relative to that of C60 often causes 

difficulties during the separation and characterization (especially by 13C NMR) of the 

usually isomeric reaction products.17  Despite these difficulties, some examples of open-

cage C70 derivatives have been isolated, including bis(lactones),18 ketolactams19 and 

diketosulfide.20  Developing synthetic strategies towards open-cage C70 derivatives are 

not only desirable from an academic perspective, but also justified by their photophysical 
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properties, which are extremely different from those of the C60 analogues.  So is, for 

example, the absorption of visible light stronger,21 the life-time of the excited triplet state 

by two orders of magnitude longer22 and the behavior as an n-type semiconductor in 

polymer solar cells much better.23  Moreover, open-cage C70 fullerene derivatives are 

also considered crucial for the generation of the corresponding hetero- and 

endofullerenes.24,25  

 

 

 

Previously, the thermal reaction of C70 with 3,6-di(2-pyridyl)pyridazine, which 

resulted in the formation of two open-cage C70 derivatives, both containing an eight-

membered-ring opening were reported.  The subsequent photochemical treatment of the 

major isomer afforded two diketone derivatives, each containing a 12-membered-ring 

opening.20  It was also reported that a similar reaction manner should be applicable to 

the C60 derivative.26  Open-cage C60 bis(hemiketal) 127 with a 13-membered-ring 

opening was transformed into tetraketone 2 with a 16-membered-ring opening,13,27 which 

gave access to tetraketosulfide 3 with a 17-membered-ring opening (Chart).13  In the 

interest of discovering the previously mentioned synthetic pathways to hetero- and 

endofullerenes, it should be desirable to establish whether similar reactivity can be 

observed for the corresponding C70 analogues of the open-cage C60 derivatives.  In this 

chapter, the author describes the synthesis of series of open-cage C70 derivatives and some 

reactions, which demonstrate that open-cage C70 derivatives exhibit a remarkably 

different reactivity compared to its C60 analogue.  Ultimately, these reactions resulted in 

the formation of the first example of an open-cage C69S thiafullerene.   

 

 



21 

 

Results and Discussion  

 

 

 

The open-cage C70 diketone 5 was synthesized from the reaction of the parent closed 

C70 fullerene with 3,6-bis(6-(t-butyl)pyridin-2-yl)pyridazine at initial addition of α-bond 

affording 4, followed by photochemical oxidation to give 5 (Scheme 1).  After each 

reaction step, the resulting mixtures of isomers were carefully separated by 

chromatography on silica gel.20  The t-butyl groups on the pyridyl rings of the pyridazine 

reagent were introduced in order to increase the solubility of 5 during the following 

reaction steps.27  The size of the cage opening in 5 was subsequently expanded by 

nucleophilic oxidation reactions (Scheme 2).  The reaction of 5 with N-

methylmorpholine N-oxide (NMO) at room temperature, i.e. under optimized reaction 

conditions described for the C60 analogue 1, resulted in the formation of complex product 

mixtures, indicative of different reactivity patterns between the C70 and C60 derivatives.  

Presumably due to the milder nucleophilicity of the oxidizing reagent, reaction of 5 with 

4-dimethylaminopyridine N-oxide (DMAPO), yielded bis(hemiketal) 8 in 86%.28  The 

author assumed that the reaction proceeds via the initial formation of epoxide 6, which 

would afford tetraketone 724 after reaction with a second equivalent of the oxidant, 

followed by the addition of one molecule of water to one of the carbonyl groups, thus 

generating 8.  This mechanism was corroborated by the isolation of epoxide 6 in 60% 

yield from the reaction of 5 with one equivalent of NMO at –78 ºC.  Consistent with the 

different reactivity observed for the C70 analogue 5, the corresponding epoxide based on 

the C60 analogue of the open-cage diketone could neither be detected nor isolated under 
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similar conditions.27  A subsequent sequential reaction of epoxide 6 with a second 

equivalent of DMAPO afforded 8 in high yield (91% estimated by HPLC analysis).  

 

 

 

Single crystals of 6 and 8 were obtained from hot toluene solutions of 6 in the 

presence of nickel(II) octaethylporphyrin and the slow evaporation of THF solutions of 

8, respectively, allowing the unambiguous determination of the molecular structures by 

single crystal X-ray diffraction (XRD) analyses (Figure 1).  The epoxide moiety in 6 is 

formed selectively next to the carbonyl group of the five-membered ring.  The 

subsequent nucleophilic attack of the second equivalent of DMAPO should accordingly 

proceed from the front, as the back side is sterically encumbered due to the cage 

structure.29  The opening of 8 contains both a diketone and bis(hemiketal) moiety, which 

adopt the same structural motif as in the C60 analogue 1.  This structural congruence 

prompted us to consider the possibility to obtain opening-expanded 7 from a dehydration 

reaction of 8 (Scheme 2), whereby a water molecule should be accommodated inside the 

cage of 8, as reported for the C60 analogue 1.27   
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To examine the size of the opening in 7 from a theoretical perspective, DFT 

calculations30 were conducted for the model compounds 2’ and 7’, in which the t-butyl 

groups on the pyridyl rings were replaced with hydrogen atoms.  In order to avoid 

unnecessary levels of complexity potentially arising from hydrogen bond interactions in 

case of H2O insertion, the insertion process with an Ar atom was modeled instead.  The 

energies for an Ar atom required to pass through the opening of 2’ and 7’ were calculated 

at the M06-2X/6-31G(d) level of theory to be 42.3 and 48.7 kcal/mol, respectively.  

These results demonstrate that despite their similar structures, the opening in the C70 

derivative 7’ is smaller compared to that in the C60 analogue 2’.  This result can be 

explained by the larger degree of strain release in the C60 cage16 by the larger opening 

relative to the C70 derivative, in which the ten additional carbon atoms in the fullerene 

cage may already defuse the present strain to some extent.  The smaller size of the 

opening in the C70 derivative is experimentally supported by the presence of mere trace 

amount of water encapsulated inside 8, after treatment with water in toluene at 120 ºC 

under 9,000 atm.  Under similar conditions, C60 analogue 1 quantitatively encapsulated 

a molecule of water inside the cage, again reflecting the significant reactivity differences 

between the C70 and C60 analogues.   
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For the open-cage C60 diketone26,31 and tetraketone2,13 as well as for the open-cage 

C70 diketone 5,20 the insertion of sulfur on the rim of the opening has been reported as an 

effective procedure to expand the cage opening.  In these reactions, a sulfur atom is 

inserted into the C-C single bond of the conjugated butadiene units, where the coefficients 

of the LUMO indicate relatively high degrees of localization.  Since the open-cage C70 

tetraketone 7 shares a similar opening motif with the C60 analogue 2, the author expected 

a similar reaction product from a simple insertion reaction with sulfur.  However, when 

tetraketone 7 was subjected to similar reaction conditions as 2, an unprecedented reaction 

was observed.  Dehydration of bis(hemiketal) 8 at 80 ºC for 16 h resulted in the 

generation of 7, which was dissolved in ortho-dichlorobenzene (ODCB) and heated to 

180 ºC for 15 min in the presence of ten equivalent of elemental sulfur and 0.2 equivalents 

of tetrakis(dimethylamino)ethylene (TDAE) (Scheme 3).13,20,26,31  After column 

chromatography on silica gel, followed by recycling HPLC separation using Buckyprep 

columns, the unexpected open-cage C69S thiafullerene 9 was isolated in 41% yield, 

whereas the expected product 10 with a 17-membered-ring opening could not be observed.  

A possible explanation for the formation of 9 instead of 10 is outlined in Scheme 4.  As 

previously mentioned, the LUMO of 2, the C60 analogue of 7, is localized to a relatively 

high degree on the conjugated butadiene unit.13  The LUMO of the C70 derivative 7, 

however, is not observed at the corresponding C-C bond “b” (blue), thus explaining the 

absence of 10 (Scheme 4).  Instead, sulfur should insert into the more reactive C(O)-

C(C) bond “a” (red), probably during the anion radical state, which is generated by an 
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electron transfer from TDAE to 7 under the reaction conditions applied.  The insertion 

of sulfur should be followed by a decarbonylation.  A subsequent carbonyl coupling 

reaction under concomitant loss of two oxygen atoms should then afford 9 after a transfer 

of one electron to the starting material 7, which is more electronegative than 9.  

 

 

 

Single crystals suitable for XRD analysis were obtained from hot toluene solutions 

of 5 and hot chlorobenzene solution of 9, respectively, which allowed the assignment of 

the molecular structures (Figure 2).  The loss of two oxygen atoms from the two 

carbonyl groups in starting material 7 is evident from the contracted 12-membered-ring 

opening in 9 (Figure 2a).  More importantly, the opening in 9 consists of 11 carbon atoms 

and one sulfur atom.  In contrast, the molecular structure of diketone 5 (Figure 2b) shows 

that the carbonyl group in the five-membered ring, which formed part of the C70 cage, has 

been replaced with a sulfur atom in 9.  The larger van-der-Waals radius of sulfur relative 

to carbon leads to a shortened (O)C-S distance of 2.0735(10) Å between the carbonyl 

carbon and the sulfur atom.  Compared to the corresponding (O)C-C(O) distance of 

3.104(8) Å between the carbonyl carbon atoms in 5, this represents a significant 

contraction of the opening.  Thiafullerene 9 is the first example of a heterofullerene with 

an open-cage C69S structure.  It is worth noting that due to the similar molecular 

structures of 5 and 9, the resulting packing structures are also quite similar.  Because of 

the differences in electronegativity and size between carbon and sulfur, in addition to the 
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structural modification, i.e. the introduction of an opening, sulfur-containing 

heterofullerenes are expected to show characteristic electronic properties relative to 

closed carbon-based fullerenes.   

 

 

 

In order to examine the effects of sulfur doping and decarbonylation on the redox 

behavior, 5 and 9 were examined by cyclic votammetry (CV) and differential pulse 

voltammetry (DPV) in ODCB with n-Bu4NBF4 as the supporting electrolyte.  The cyclic 

voltammogram of open-cage C70 diketone 5 exhibited a pseudo-reversible first reduction 

wave and several other reduction waves at more negative potentials (Figure 3), indicating 

electrochemical instability of the anionic species resulting from the electrochemical 

treatment of 5.  The observed instability stems most likely from the two adjacent 

carbonyl groups on the rim of the opening, which should be susceptible to pinacol 

coupling under the conditions applied.  However, for open-cage C69S thiafullerene 9, 

four pseudo-reversible reduction waves were observed, demonstrating significantly 

higher stability towards electrochemical reduction compared to 5.  The individual redox 

potentials of 5 were determined by DPV at –1.03, –1.35 and –1.81 V (vs. the Fc/Fc+).  

Under the same conditions, 9 displayed more negative redox potentials at –1.16, –1.41, –

1.89 and –2.21 V, respectively.  The difference in redox potentials of 9 compared to 5 

can be explained by the electropositive nature of the sulfur atom and the loss of one of 

the electronegative carbonyl groups.  DFT calculations at the B3LYP/6-31G(d) level of 
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theory are in close agreement with the observed trend: the calculated LUMO level of 9 (–

3.00 eV) is significantly higher than that of 5 (–3.17 eV).  Within the electrochemical 

window of ODCB, no oxidation peak was observed for 9, even though the HOMO level 

of 9 (–5.47 eV) was calculated to be higher than that of 5 (–5.66 eV).  The similar 

absorption bands of 9 and 5 observed in the UV-vis spectra suggest the absence of 

significant differences with respect to the HOMO-LUMO gap. 

 

 

 

Conclusion 

In summary, the author describes the synthesis of a series of open-cage C70 fullerene 

derivatives: a diketone (5), an epoxide (6) and a bis(hemiketal) (8).  Their structures 

were unambiguously determined by single crystal XRD analyses.  The opening in 8 was 

expanded by a dehydration reaction to give tetraketone 7.  The reaction of 7 with 

elemental sulfur in the presence of TDAE afforded open-cage C69S thiafullerene 9, which 

is evidence for a remarkably different chemical reactivity of the C70 tetraketone 7 relative 

to its C60 analogue 2.  The molecular structure of 9, which is the first example of a 

thiafullerene derived in a controlled fashion from a higher C70 fullerene, was also 

determined by single crystal XRD analysis.  The electronic properties of 9, which is less 

electronegative than 5, supported the notion that the LUMO of fullerene derivatives can 
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be tuned by embedding a heteroatom such as sulfur.   

 

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, δ 77.0 ppm in 13C NMR), tetrahydrofuran (THF-d8) 

(δ 67.57 ppm in 13C NMR), and ortho-dichlorobenzene (ODCB-d4) (δ 7.19 ppm in 1H 

NMR, δ 132.35 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-performance liquid chromatography (HPLC) was performed with the use of a 

Cosmosil Buckyprep column (4.6  × 250 mm) for analytical purpose, and the same 

columns (two directly connected columns; 20  × 250 mm) 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 C70 

was purchased from SES Research Co.  4-(dimethylamino)pyridine N-oxide hydrate, N-

methylmorpholine N-oxide, 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(d) or M06-2X/6-31G(d) levels without any symmetry 

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

confirmed by the frequency calculations at the same level.   
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Synthesis. 

4: A mixture of fullerene C70 (1.94 g, 2.31 mmol) and 3,6-bis(6-t-butylpyridin-2-

yl)pyridazine (1.24g, 2.86 mmol) in 1-chloronaphthalene (50 mL) was refluxed for 40 h 

under argon.  After cooling to room temperature, the solution was mixed with CH3CN 

(800 mL).  The resulting precipitates were filtered and dissolved in CS2.  The solution 

was directly subjected to flash column chromatography over silica gel.  Elution with 

hexane gave unreacted C70 (0.31 g, 0.37 mmol, 16%) while the following elution with a 

mixture of hexane/CS2/toluene = 2/1/1 gave open-cage fullerene derivative 4 in 42% yield 

(1.12 g, 0.967 mmol) as brown powder.   

 

4: mp >300 ºC (decomp.); UV-vis (CHCl3) λmax (log ε) 333 (4.52), 360 (4.38), 386 (4.52), 

465 (4.34), 542 (4.03), 599 (3.67), 657 (3.00); 1H NMR (500 MHz, CDCl3) δ 8.10 (d, J 

= 8.0 Hz, 1H), 7.98 (t, J = 8.0 Hz, 1H), 7.65-7.59 (m, 2H), 7.47 (d, J = 8.0 Hz, 1H), 7.16 

(d, J = 8.0 Hz, 1H), 6.51 (d, J = 9.0 Hz, 1H), 6.29 (d, J = 9.0 Hz, 1H), 1.55 (s, 9H), 1.21 

(s, 9H); 13C NMR (126 MHz, CDCl3) δ 169.29, 168.41, 167.94, 164.22, 153.51, 151.10, 

151.94, 150.67, 150.41, 150.12, 149.28, 148.80, 148.76, 148.59, 148.23, 148.18, 148.12, 

148.14, 148.09, 147.84, 147.73, 147.56, 147.46, 147.40, 147.35, 147.05, 146.42, 145.92, 

145.79, 145.66, 145.52, 145.36, 145.13, 144.89, 144.85, 144.82, 144.50, 144.41, 144.04, 

143.96, 143.40, 143.25, 143.17, 142.74, 142.26, 142.24, 141.37, 140.94, 140.49, 140.43, 

139.73, 139.60, 138.26, 137.86, 138.41, 137.76, 137.33, 136.73, 136.10, 135.24, 134.74, 

133.51, 132.46, 132.39, 132.27, 132.18, 131.24, 131.18, 130.66, 127.72, 126.63, 124.73, 

124.19, 123.26, 121.52, 120.48, 118.33, 116.97, 116.80, 54.74, 53.32, 38.01, 37.56, 30.23, 

29.92 (three sp2-carbon signals were overlapped); HRMS (–APCI), calcd for C92H26N2 

(M) 1158.2096, found 1158.2092.   

 

5: A brown solution of compound 4 (943 mg, 0.814 mmol) in CCl4 (1 L) in a Pyrex flask 

was irradiated by four LED-lamps (15.5 W) from a distance of ca. 30 cm under oxygen 

atmosphere for 7 days.  The resulting brown solution was evaporated under reduced 

pressure and the residual brown solid was dissolved in CS2.  The solution was subjected 

to flash column chromatography over silica gel (toluene as eluent).  The first fraction 

gave open-cage fullerene derivatives 5 in 65% yield (632 mg, 0.531 mmol) as red brown 
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powders.   

 

5: mp > 300 ºC; UV-vis (CHCl3) λmax (log ε) 368 (4.38), 400 (4.39), 449 (4.34), 617 (3.50), 

676 (3.30); IR (KBr) ν = 1697, 1744 cm–1 (C=O); 1H NMR (500 MHz, CDCl3) δ 7.78 (t, 

J = 8.0 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 

1H), 7.36 (d, J = 8.0 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 6.84 (d, J = 9.7 Hz, 1H), 6.64 (d, 

J = 9.7 Hz, 1H), 1.46 (s, 9H), 1.30 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 199.69, 188.19, 

169.28, 168.35, 163.97, 162.04, 154.84, 151.52, 151.22, 151.01, 150.88, 150.76, 150.58, 

150.16, 149.40, 149.17, 149.11, 148.82, 148.61, 148.60, 148.48, 148.40, 148.35, 148.31, 

148.27, 148.17, 148.15, 148.08, 147.91, 147.82, 147.80, 147.21, 147.07, 146.73, 146.18, 

145.92, 145.70, 145.56, 144.69, 144.32, 144.10, 144.04, 144.02, 143.52, 143.42, 143.14, 

142.89, 142.21, 141.34, 141.25, 140.91, 140.66, 139.98, 138.40, 138.01, 137.91, 137.62, 

137.39, 136.94, 136.47, 135.44, 134.83, 134.49, 133.61, 132.42, 131.24, 130.65, 130.24, 

129.94, 129.82, 128.97, 128.60, 128.50, 126.82, 119.65, 119.40, 117.44, 116.77, 59.97, 

52.94, 38.07, 37.52, 30.24, 29.82 (three sp2-carbon signals were not observed due to the 

overlap); HRMS (–APCI), calcd for C92H26N2O2 (M) 1190.1994, found 1190.1993. 

 

8: To a solution of 5 (492 mg, 0.413 mmol) in dry THF (40 mL) was added 4-

(dimethylamino)pyridine N-oxide hydrate (270 mg, 1.96 mmol) under argon atmosphere 

and the resulting mixture was stirred at 50 ºC for 2 h.  After concentration of the reaction 

mixture under the reduced pressure, the residue was dissolved in CS2.  The solution was 

subjected to flash column chromatography over silica gel (toluene/AcOEt = 5/1 as eluent).  

The first fraction gave a small amount of unreacted 5 and the second fraction gave 

bis(hemiketal) 8 in 86% yield (446 mg, 0.360 mmol) as brown powders.   

 

8: mp > 300 ºC (decomp.); UV-vis (CHCl3) λmax (log ε) 380 (4.34), 427 (4.39), 552 (3.79), 

619 (3.63); IR (KBr) ν = 1696, 1764 cm−1 (C=O); 1H NMR (500 MHz, CDCl3) δ 7.78 (t, 

J = 8.0 Hz, 1H), 7.70 (t, J = 8.0 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.55 (d, J = 8.0 Hz, 

1H), 7.35 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 8.0 Hz, 1H), 6.96 (d, J = 9.7 Hz, 1H), 6.75 (d, 

J = 9.7 Hz, 1H), 5.46 (s, 1H), 5.21 (s, 1H), 1.42 (s, 9H), 1.19 (s, 9H); 13C NMR (126 MHz, 

THF-d8) δ 195.31, 192.63, 170.09, 169.24, 164.86, 164.56, 155.62, 154.49, 152.67, 
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152.58, 151.61, 151.27, 151.00, 150.66, 150.37, 150.02, 149.87, 149.77, 149.70, 149.59, 

149.50, 148.91, 148.75, 148.42, 148.34, 148.16, 147.49, 147.41, 147.36, 147.26, 147.15, 

146.90, 146.48, 145.75, 145.27, 145.22, 144.86, 144.72, 144.35, 143.71, 142.99, 142.88, 

142.60, 142.32, 142.00, 141.89, 141.11, 140.62, 139.20, 139.04, 138.56, 138.39, 138.33, 

137.72, 137.34, 137.25, 136.87, 135.93, 132.54, 132.43, 132.31, 132.23, 130.90, 130.53, 

130.38, 130.32, 127.37, 126.93, 126.40, 123.67, 121.26, 120.86, 118.37, 118.09, 108.71, 

97.55, 59.98, 55.28, 38.89, 38.49, 30.79, 30.49 (six sp2-carbon signals were not observed 

due to the overlap); HRMS (–APCI), calcd for C92H28N2O5 (M) 1240.1998, found 

1240.2003.   

 

6: To a solution of 5 (53.4 mg, 0.0443 mmol) in dry THF (10 mL) at 78 ºC, N-

methylmorpholine N-oxide (5.3 mg, 0.045 mmol) in dry THF solution (0.023 M) was 

added under argon atmosphere and the resulting mixture was stirred at 78 ºC for 1 h.  

After concentration of the reaction mixture under the reduced pressure, the residue was 

dissolved in CS2.  The solution was subjected to flash column chromatography over 

silica gel (toluene as eluent) to give a mixture of 5 and 6.  Further separation of the 

mixture was accomplished by recycling HPLC (Cosmosil Buckeyprep, two directly 

connected columns; 20  × 250 mm) eluted with toluene at 50 ºC.  The first fraction 

gave unreacted 5 in 20% recovery (10.4 mg, 0.00898 mmol) and the second fraction gave 

epoxide 6 in 60% yield (32.4 mg, 0.0268 mmol) as brown powders.   

 

6: mp > 300 ºC; UV-vis (CHCl3) λmax (log ε) 380 (4.34), 434 (4.33), 617 (3.55), 646 (3.24); 

IR (KBr) ν = 1702, 1754 cm–1 (C=O); 1H NMR (500 MHz, CDCl3) δ 7.79 (t, J = 8.0 Hz, 

1H), 7.70 (t, J = 8.0 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.36 (d, 

J = 8.0 Hz, 1H), 7.19 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 9.7 Hz, 1H), 6.75 (d, J = 9.7 Hz, 

1H), 1.41 (s, 9H), 1.16 (s, 9H), 13C NMR (126 MHz, CDCl3) δ 197.20, 188.52, 169.20, 

168.39, 164.05, 162.08, 151.92, 151.10, 150.90, 150.45, 150.00, 149.57, 149.21, 148.92, 

148.81, 148.79, 148.65, 148.49, 148.37, 148.18, 147.95, 147.67, 147.59, 147.50, 147.21, 

147.06, 146.94, 146.69, 146.61, 146.39, 146.08, 145.77, 145.35, 144.95, 144.66, 144.49, 

144.44, 144.14, 144.04, 143.71, 141.96, 141.78, 141.74, 141.62, 140.70, 140.45, 140.04, 

139.45, 138.75, 138.52, 138.14, 137.50, 137.04, 136.81, 136.69, 136.03, 133.99, 133.74, 
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133.48, 133.16, 133.10, 132.79, 132.50, 131.43, 130.91, 130.05, 129.49, 128.91, 128.29, 

128.05, 127.33, 127.24, 119.84, 119.40, 117.52, 116.84, 81.04, 80.23, 59.60, 53.37, 38.02, 

37.57, 30.19, 29.85 (four sp2-carbon signals were not observed due to the overlap); 

HRMS (–APCI), calcd for C92H26N2O3 (M) 1206.1943, found 1206.1940.   

 

9: Compound 8 (83.6 mg, 0.0674 mmol) and elemental sulfur (21.3 mg, 0.666 mmol) 

were dried at 80 ºC for 16 h under vacuum.  To this mixture were added dry ODCB (5 

mL) and TDAE (3.0 L, 0.013 mmol) and the solution was refluxed under argon for 15 

min.  After concentration of the reaction mixture under the reduced pressure, the residue 

was dissolved in CS2.  The solution was subjected to flash column chromatography over 

silica gel (toluene as eluent).  The first fraction gave open-cage C69S derivative 9 in 41% 

yield (33.4 mg, 0.0277 mmol) as brown powders.   

 

9: mp > 300 ºC; UV-vis (CHCl3) λmax (log ε) 353 (4.32), 399 (4.39), 442 (4.27), 540 (3.98), 

679 (3.38); IR (KBr) ν = 1673 cm–1 (C=O); 1H NMR (500 MHz, ODCB-d4) δ 7.69 (t, J = 

8.0 Hz, 1H), 7.59-7.49 (m, 3H), 7.27 (d, J = 8.0 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 7.01 

(d, J = 9.7 Hz, 1H), 6.50 (d, J = 9.7 Hz, 1H), 1.54 (s, 9H), 1.31 (s, 9H), 13C NMR (126 

MHz, ODCB-d4) δ 191.59, 169.05, 168.37, 164.76, 164.04, 163.04, 162.95, 151.85, 

151.04, 150.64, 150.34, 150.30, 150.25, 150.12, 149.89, 149.71, 149.54, 149.24, 149.20, 

149.08, 148.51, 148.34, 148.14, 147.93, 147.58, 147.50, 147.39, 147.28, 146.87, 146.65, 

146.26, 145.90, 144.89, 144.59, 144.44, 144.27, 144.03, 143.83, 143.00, 142.89, 142.79, 

142.56, 142.47, 142.36, 142.10, 141.97, 141.45, 141.25, 137.54, 137.20, 137.12, 136.97, 

136.75, 135.93, 135.25, 135.02, 134.53, 134.26, 125.75, 124.95, 119.98, 119.77, 117.40, 

116.89, 59.69, 49.41, 38.01, 37.51, 30.26, 29.94 (some of the signals between 133 and 

126 ppm were not seen by the overlap of the signals of ODCB-d4); HRMS (–APCI), calcd 

for C91H26N2OS (M) 1194.1766, found 1194.1764.  

 

X-ray Crystal Analysis.  

5: Single crystals of 5 were grown from a hot toluene solution of 5 by slow evaporation 

of the solvent.  Intensity data were collected at 103 K using a diffractometer equipped 

with an ADSC Quantun315 CCD detector with synchrotron radiation at a wavelength 
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0.85000 Å at the SPring-8 beamline BL38B1.  A total of 46,584 reflections were 

measured at the maximum 2 angle of 62.0°, of which 9,976 were independent reflections 

(Rint = 0.0511).  The collected diffraction data were processed with 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 crystal contained a 

disordered toluene molecule i.e., (C93A–99A) and (C93B–99B), which was solved using 

an appropriate model.  The occupancies of C93A–99A and C93B–99B were refined to 

be 0.79 and 0.21, respectively.  All non-hydrogen atoms were refined anisotropically 

and all hydrogen atoms were placed using AFIX instructions.  The crystal data are as 

follows: C99H34N2O2; FW = 1283.28, crystal size 0.10×0.10×0.05 mm3, monoclinic, 

P21/n, a = 10.97440(10) Å, b = 15.67120(10) Å, c = 32.7548(3) Å, β = 96.3456(4)°, V = 

5598.72(8) Å3, Z = 4, Dc = 1.522 g cm–3.  The refinement converged to R1 = 0.077, wR2 

= 0.204 (I > 2 (I)), GOF = 1.044.   

 

 

 

8: Single crystals of 8 were grown from a THF solution of 8 by slow evaporation of the 
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solvent.  Intensity data were collected at 103 K using a diffractometer equipped with an 

ADSC Quantun315 CCD detector with synchrotron radiation at a wavelength 0.85000 Å 

at the SPring-8 beamline BL38B1.  A total of 56,138 reflections were measured at the 

maximum 2 angle of 62.0°, of which 11,485 were independent reflections (Rint = 0.0510).  

The collected diffraction data were processed with 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 crystal contained a disordered THF molecule 

i.e., (O8A, C101–l04) and (O8B, C105–108), which was solved using an appropriate 

model.  The occupancies of O8A, C101–l04 and O8B, C105–108 were refined to be 

0.73 and 0.27, respectively.  The t-butylpyridyl group i.e., (N2, C88–C92), was also 

disordered, which was solved using an appropriate model.  Thus, two sets of t-

butylpyridyl group, i.e., (N2A, C88A–C92A) and (N2B, C88B–C92B), were placed and 

their occupancies were refined to be 0.61 and 0.39, respectively.  The THF molecules 

were restrained using DFIX, SIMU, and ISOR instructions during the refinements.  All 

non-hydrogen atoms were refined anisotropically and all hydrogen atoms were placed 

using AFIX instructions.  The crystal data are as follows: C102H48N2O7.5; FW = 1421.42, 

crystal size 0.03×0.03×0.02 mm3, triclinic, P-1, a = 10.96900(10) Å, b = 14.08040(10) 

Å, c = 20.8984(5) Å, α = 97.7600(4)°, β = 94.6572(4)°, γ = 101.0449(3)°, V = 3119.84(5) 

Å3, Z = 2, Dc = 1.513 g cm–3.  The refinement converged to R1 = 0.081, wR2 = 0.268 (I 

> 2(I)), GOF = 1.115.  
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6: Single crystals of 6 were grown from a hot toluene solution of 6 in the presence of 

nickel(II) octaethylporphyrin by slow evaporation of the solvent.  Intensity data were 

collected at 103 K using a diffractometer equipped with an ADSC Quantun315 CCD 

detector with synchrotron radiation at a wavelength 0.85000 Å at the SPring-8 beamline 

BL38B1.  A total of 65,572 reflections were measured at the maximum 2 angle of 62.0°, 

of which 15,271 were independent reflections (Rint = 0.0550).  The collected diffraction 

data were processed with 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 crystal contained a disordered toluene molecule i.e., (C91–C97) 

and (C98–104), which was solved using an appropriate model.  The occupancies of 

C91–C97 and C98–104 were refined to be 0.65 and 0.35 respectively.  The toluene 

molecules were restrained using DFIX instructions during the refinements.  Although 

the low value of the completeness of data was alerted by the cif check process, it is 

because of the slightly insufficient collection of the diffraction data from the reciprocal 

space with the 2D detector.  Since the molecule exhibits triclinic unit cell, it is necessary 
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to collect reflections in the wide range of max.  However, the author believes that the 

structure of the compound can be discussed.  All non-hydrogen atoms were refined 

anisotropically.  All hydrogen atoms were placed using AFIX instructions.  The crystal 

data are as follows: C138.5H82N6O3Ni; FW = 1936.81, crystal size 0.01×0.01×0.05 mm3, 

triclinic, P-1, a = 14.6820(3) Å, b = 14.9432(3) Å, c = 22.5408(4) Å, α = 104.8959(9)°, 

β = 102.9910(10)°, γ = 99.4224(12)°, V = 4526.018(15) Å3, Z = 2, Dc = 1.421 g cm–3.  

The refinement converged to R1 = 0.079, wR2 = 0.219 (I > 2 (I)), GOF = 1.059.   

 

 

 

9: Single crystals of 9 were grown from a hot chlorobenzene solution by slow evaporation 

of the solvent.  Intensity data were collected at 103 K using a diffractometer equipped 

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

0.85000 Å at the SPring-8 beamline BL38B1.  A total of 42,208 reflections were 

measured at the maximum 2 angle of 62.0°, of which 9,989 were independent reflections 

(Rint = 0.0673).  The collected diffraction data were processed with the HKL2000 

software program.  The structure was solved by direct methods (SHELXS-97)32 and 
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refined by the full-matrix least-squares on F2 (SHELXL-97).32  The crystal contained a 

disordered cholorobenzene molecule i.e., (Cl, C92–97), which was solved using an 

appropriate model.  Thus, two sets of a chlorobenzen molucule, i.e., (ClA, C92A–C97A) 

and (ClB, C92B–C97B), were placed and their occupancies were refined to be 0.78 and 

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

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

C97H31N2OSCl; FW = 1307.75, crystal size 0.05×0.01×0.01 mm3, monoclinic, P21/n, a 

= 10.99980(10) Å, b = 15.5835(2) Å, c = 32.7449(4) Å, α = 96.8988(5)°, V = 5572.34(10) 

Å3, Z = 4, Dc = 1.559 g cm–3.  The refinement converged to R1 = 0.077, wR2 = 0.207 (I 

> 2(I)), GOF = 1.054.  
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Chapter 2 

 

Synthesis and Structure of an Open-Cage Fullerene 

Derivative with a C69O Framework 

 

 

Abstract:  A novel Open-cage fullerene having a C69O framework was 

synthesized by an oxygen replacement reaction of an open-cage C70 with 

tetraketone moiety.  This result indicated that C70 tetraketone has a 

completely different and unique reactivity compared with its C60 

analogue.  The reaction mechanism of replacement was elucidated and 

the structure of the open-cage C69O was determined by single crystal X-

ray diffraction analysis.  Furthermore, the effect of an oxygen atom 

doping were investigated and compared with sulfur analogue.   
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Introduction 

Chemical functionalization of fullerenes has been extensively studied in the last two 

decades in order to control their electronic properties.  Indeed, the methods of exohedral 

modification of fullerenes, which install functional groups on the fullerene surface, were 

well studied and several useful reactions have been developed.1  In contrast, the study 

on the σ-bond transformation of fullerenes, which can convert fullerenes to hetero-2 and 

endofullerenes,3 are strictly limited.  The representative synthetic examples include 

azafullerenes C59N
4 and C69N

5 as well as endohedral fullerenes H2@C60,
6 H2@C70,

7 

He@C60,
8 He@C70,

8 H2O@C60,
9 H2O@C70

10 and HF@C60.
11  Especially for the 

azafullerenes, the doped N atom in the fullerene skeleton can drastically alter the chemical 

reactivity and electronic properties of the cage compared with the pure carbon ones.2  

Therefore, develop of the methods that can modify the σ-bond framework of fullerenes 

are highly desired. 

 

 

 

Open-cage fullerenes2,3,12,13 are one of the promising precursor to obtain 

heterofullerenes by organic reactions in controlled fashion.  Actually, azafullerenes 

(C59N and C69N) were derived from the open-cage fullerenes which served as key 

intermediates.  Up to now, certain open-cage fullerenes with heteroatom-embedded 

carbon framework were developed such as derivatives of C58N2,
14 C59O3,

15 C59S,16 and 
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C69S.17  Although the complete closing of the orifice of them have not been achieved yet 

by the chemical reactions, heterofullerenes C58N2 and C58O2 without any addends were 

observed under the MALDI-TOF MS condition.  Contrary to the progress on skeletal 

transformation of C60 in recent years, there are few reports about transformation of 

fullerene C70 are fairly rare.2,3 

The main obstacle of the skeletal transformation of C70 is owing to the formation of 

unavoidable isomeric products during the reactions.17,18  These isomers are extremely 

difficult to be separated and characterized by other than single crystal X-ray diffraction 

analysis (XRD).17-19  Despite those difficulties, three open-cage C70 derivatives have 

been reported including bis(lactone),20 ketolactams,5 and diketosulfide19 derivatives.  In 

those reports, open-cage C70s displayed similar reactivity with the corresponding C60 

analogues.19,21  In contrast, the author found that open-cage C70 tetraketone 117 showed 

a quite different reaction pattern compared with its C60 analogue when applying a sulfur 

insertion reaction (Figure 1).16  In the case of 1, one carbon atom was replaced by a 

sulfur atom forming open-cage C69S thiafullerene 2 while upon the C60 analogue 3, a 

sulfur atom was inserted onto the C-C bond of the cage forming 4 without such a 

replacement.  Therefore, further investigation of the heteroatom insertion reaction 

toward 1 is quite interesting because it can deepen the understanding of the unique 

reactivity and influence of doped heteroatoms in the cage.  In this chapter, the author 

replaced the reagent from sulfur to other chalcogens, such as oxygen and selenium, 

affording an open-cage C69O derivative and elucidated the reaction mechanism of 

replacement of the carbon atom by an oxygen atom on open-cage C70 tetraketone 1. 
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Results and Discussion 

 

 

 

Tetraketone 1 was generated by the dehydration of bishemiketal 517 at 80 °C 

(Scheme 1).  As reported previously, open-cage C69S derivative 2 was obtained in 41% 

yield,17 after the reaction of elemental sulfur (S8) with 1 in the presence of 

tetrakis(dimethylamino)ethylene (TDAE) as a reductant under reflux ortho-

dichlorobenzene (ODCB) (Table 1, Entry 1).  At first, to attempt replacement with a 

selenium (Se) on the cage, Se powder was used instead of elemental sulfur (S8) (Entry 2).  

Interestingly, open-cage C69O derivative 6 was formed in 39% yield without formation of 

the expected open-cage C69Se derivative.  Therefore, NaSMe was used as the reductant 

since the successful Se insertion of open-cage C60 was reported.22  However, the same 

product 6 was obtained in 36% yield (Entry 3).  Then, to see if molecular oxygen is 

involved in this reaction, the ODCB solution was bubbled by oxygen gas for 1 h and the 

reaction was conducted under an oxygen atmosphere without addition of selenium 

powder (Entry 4).  In this reaction, the yield of 6 decreased to 20%.  In contrast, the 

treatment of 1 with TDAE without selenium under an argon atmosphere obviously 

improved the yield of 6 to 55% (Entry 5). 
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A possible mechanism for the formation of 6 is outlined in Scheme 2.  After 

formation of radical anion of 1, an oxygen atom is inserted into the C-C bond “a”, where 

the SOMO of 1•– is localized to a relatively high degree.17  The insertion of an oxygen 

atom should be followed by a carbonyl coupling reaction with a loss of two oxygen atoms 

forming 9•–.  Subsequently, 6 was yielded after the loss of CO and one electron transfer 

to starting material 1 to generate 1•–.  This reaction proceeds catalytically (TDAE, 0.2 

equiv.). In entries 1, 2, 3 and 5, a trace amount of diketone derivative 7 with a 12-

membered-ring opening were detected by HPLC (Cosmosil Buckyprep, toluene, 50 °C) 

and MS analysis.  Therefore, the author considered that the carbonyl coupling reaction 

of 1 to form 7 is formed in trace amount with a release of two oxygen atoms are involved, 

which would be the oxygen source for the initial step.  Once 9•– is formed, an oxygen is 

supplied to the newly formed 1•– to give 8•–.  This cycle works without addition of 

reagents.  In the case where oxygen is used as the atmospheric gas, the TDAE and/or 

radical anions of open-cage fullerenes might be quenched by the excess amount of oxygen 

leading to the low yield of product 6.  The unsuccessful insertion of Se is likely due to 

its less reactive nature compared with oxygen and sulfur atom.   
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The structure of open-cage 6 was determined by NMR and XRD analysis.  It 

showed similar 1H and 13C NMR spectra with 2.  Especially upon the 13C NMR, only 

one carbonyl carbon signal at 191.6 ppm was observed, which is a clear evidence for the 

loss of the carbonyl carbons of 1.  Further structural information of 6 was obtained from 

the XRD analysis (Figure 2).  The single crystals suitable for analysis were prepared by 

slow evaporation of CS2/hex = 1/1 solution of 6 with nickel(II) octaethylporphyrin.23  

The structure of 6 was similar to that of sulfur analogue 2, so that the same carbonyl group 

was substituted by an oxygen atom forming a furan ring on the carbon cage.  Thus, 6 is 

the first example of open-cage oxafullerene with a C69O framework. 
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To evaluate the influence of the embedded heteroatom, the X-ray structure of 6 was 

compared with that of sulfur analogue 2.17  As shown in Figure 2, the characteristic 

features by the oxygen-doping are seen in the shorter C-O bonds (1.402(5) and 1.406(4) 

Å) for 6 compared with the longer C-S bonds (1.747(4) and 1.766(4) Å) for 2, as well as 

the shorter distance of the oxygen atom to the carbonyl oxygen (2.854(3) Å) compared 

with the distance of the sulfur atom to the carbonyl oxygen for 2 (2.995(3) Å). 

In order to investigate the influence of oxygen-doping and decarbonylation on the 

carbon cage, the electronic properties were studied for oxygen analogue 6 by the cyclic 

voltammetry (CV) in ODCB, and the results were compared with those of sulfur analogue 

217 and diketone 717 (Figure 3).  While 7 exhibited a pseudo-reversible three reduction 

waves, 6 displayed four reversible reduction waves, similarly to those of 2.  

Electrochemical instability of 7 in the higher reduced stage comes most likely from the 

presence of the pair of carbonyl groups in close proximity, which should be susceptible 

to pinacol coupling after the third reduction.  On the other hand, 6 without one carbonyl 

group showed stability for electrochemical reduction due to suppressing of such reaction 

pathway.  Moreover, with compared the reduction potentials, the first redox potential of 
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6 was anodically shifted by 0.05 V relative to 2.  These results can be explained by more 

electronegative nature of the oxygen atom compared with sulfur.  DFT calculations at 

the B3LYP/6-31G(d) levels of theory are in good agreement with the observed trend: the 

calculated LUMO level of 6 (‒3.07 eV) is slightly lower than that of 2 (‒3.00 eV).  

Although no oxidation peak was observed for 6 nor 2 within the electrochemical window 

of ODCB, the HOMO level of 6 is slightly higher (‒5.44 eV) than that of 2 (‒5.47 eV) by 

the DFT calculations. 

 

 

 

Actually, upon the UV-vis measurements in CHCl3, absorption at the longer 

wavelength was observed for 6 relative to that of 2 as shown in Figure 4.  The absorption 

tails to 735 nm for 6, which shows the smaller HOMO-LUMO gap than sulfur analogue 

2 (712 nm).  The TD DFT calculations at the CAM-B3LYP/6-31G(d)//B3LYP/6-31G(d) 

supported the smaller gap: the longest transition of 576 nm (f = 0.0138) for oxygen 

analogue 6 and 556 nm (f = 0.0040) for sulfur analogue 2.  In addition, absorption at 

401 nm for 6 is red-shifted relative to 2 at 398 nm. 
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Conclusion 

In summary, open-cage C69O derivative 6 with a 12-membered-ring opening was 

synthesized.  It was formed by an oxygen atom insertion, followed by loss of CO similar 

to the mechanism of open-cage C69S 2. The electronic properties of 6 is more 

electronegative than that of 2, showing that the LUMO of fullerene derivatives can be 

tuned by embedding a heteroatom.   

 

Experimental Section 

General.  

The 1H and 13C NMR measurements were carried out with a JEOL JNM-ECA 500 and 

Bruker Advance III 600US instruments.  The NMR chemical shifts are reported in ppm 

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

ortho-dichlorobenzene-d4 (δ 132.35 ppm in 13C NMR).  The APCI MS spectra were 

measured on a Bruker micrOTOF-QII.  Cyclic voltammetry (CV) was conducted in an 

ALS Electrochemical Analyzer Model 620C using a three-electrode cell with a glassy 

carbon working electrode, a platinum wire counter electrode, and a Ag/0.01 M AgNO3 

reference electrode.  Ultraviolet-visible (UV-vis) spectra were recorded with a 

Shimadzu UV-3150PC spectrometer.  Fullerene C70 was purchased from SES Research 

Co. Tetrakis(dimethylamino)ethylene (TDAE) was purchased from Tokyo Chemical 

Industry Co., LTD.  Selenium powder and soudium methanethiolate were purchased 

from Sigma-Aldrich Co.  
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Computational Method. 

All calculations were conducted with Gaussian 09 packages.24  The structures were 

optimized at the B3LYP/6-31G(d).  All structures including the stationary states and the 

transition states were confirmed by the frequency calculations at the same level.  Optical 

transitions with oscillator strength were calculated at the TD-CAM-B3LYP/6-31G(d) 

using the optimized structures at the B3LYP/6-31G(d) level.   

 

Synthesis. 

6: Compound 5 (50.9 mg, 0.0410 mmol) were dried at 80 ºC for 18 h under vacuum.  To 

this mixture were added dry ortho-dichlorobenzene (ODCB) (5 mL) and 

tetrakis(dimethylamino)ethylene (TDAE) (1.9 L) and the solution was refluxed under 

argon for 1.5 h.  After concentration of the reaction mixture under the reduced pressure, 

the residue was dissolved in CS2.  The solution was subjected to flash column 

chromatography over silica gel (toluene as eluent).  The first fraction gave open-cage 

C69O derivative 6 in 55% yield (26.6 mg) as brown powders. 

 

6: Uv-vis (CHCl3) λmax (log ε) 362 (3.74) 401 (4.38) 462 (4.20) 636 (3.44) 697 (3.32); 
1H NMR (500 MHz, CDCl3) δ 7.79 (t, J = 8.0 Hz, 1H), 7.64 (t, J = 8.0 Hz, 1H), 7.54 (d, 

J = 8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.20 (d, J = 8.0 Hz, 

1H), 7.01 (d, J = 10.0 Hz, 1H), 6.54 (d, J = 10.0 Hz, 1H), 1.50 (s, 9H), 1.23 (s, 9H); 13C 

NMR (151 MHz, ODCB-d4) δ 191.62, 169.05, 168.37, 164.76, 164.03, 163.04, 162.95, 

151.84, 151.05, 150.64, 150.39, 150.34, 150.26, 150.13, 149.89, 149.53, 149.24, 149.20, 

149.08, 148.39, 148.26, 148.11, 147.85, 147.58, 147.50, 147.40, 147.27, 146.87, 146.65, 

146.26, 145.90, 144.89, 144.59, 144.28, 144.03, 143.83, 143.00, 142.89, 142.78, 142.55, 

142.47, 142.36, 142.10, 141.96, 141.45, 141.25, 138.75, 137.45, 137.45, 137.07, 136.97, 

136.74, 135.92, 135.19, 135.02, 134.47, 134.26, 124.82, 119.98, 119.77, 117.41, 116.89, 

59.69, 49.41, 38.00, 37.51, 30.26, 29.93 (some of the signals between 133 and 126 ppm 

were not seen by the overlap of the signals of ODCB-d4 ); HRMS (–APCI), calcd for 

C91H26N2O2 (M
–) 1178.2000, found 1178.1984.  

 

X-ray Crystal Analysis.  

Single crystals of 6 containing solvent, and nickel(II) octaethylporphyrin were grown 

from CS2/hexane solution of 6 in the presence of nickel(II) octaethylporphyrin by slow 

evaporation of the solvent.  Intensity data were collected at 100 K on a Brucker SMART 
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APEX II with Mo K radiation (λ = 0.71073 Å) and graphite monochromater.  A total 

of 41,061 reflections were measured at the maximum 2θ angle of 51.0°, of which 15,432 

were independent reflections (Rint = 0.0638).  The structure was solved by direct 

methods (SHELXS-2014/7)25 and refined by the full-matrix least-squares on F2 

(SHELXL-2014/7).25  The t-butyl group was disordered, which was solved using an 

appropriate model.  Thus, two sets of t-butylpyriddyl group, i.e. (C89-C91) and (C92-

C94), were placed and their occupancies were refined to be 0.29 and 0.71, respectively.  

The crystals of 6 contain disordered CS2 or hexane solvent molecules, which could not 

be modelled and refined properly.  As a result, the solvent molecules were removed by 

using SQUEEZE routine of the PLATON26 software to improve the accuracy of the 

structural parameters.  All hydrogen atoms were placed using AFIX instructions.  The 

crystal data are as follows: crystal size 0.30 × 0.12 × 0.08 mm3, monoclinic, P21/c, a = 

18.5544(14) Å, b = 13.4117(14) Å, c = 35.7050(15) Å,  = 100.1437(15)°, V = 

8717.5(15) Å3, Z = 4, D = 1.349 mg/m–3.  The refinement preliminary converged to R1 

= 0.0644, wR2 = 0.1586 (I > 2(I)), GOF = 1.003.  The data was deposited at the 

Cambridge Crystallographic Data Centre (CCDC 1523332). 
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Chapter 3 

 

Synthesis of a Distinct Water Dimer inside Fullerene C70 

 

Reprinted by permission from Macmillan Publishers Ltd: 

Nature Chemistry, 2016, 8, 435-441, copyright 2016.  

 

Abstract:  Water dimer is an ideal chemical species to study hydrogen 

bonds.  However, owing to the equilibrium between its monomers and 

oligomers, selective generation and separation of a genuine water dimer 

have not been achieved yet.  Strategically designed synthetic methods 

offer the successful encapsulation of one or two water molecules inside 

fullerene C70.  These endohedral C70s represent the aforementioned 

condition of water and opened up the door to unveil intrinsic properties 

of a single water molecule without any hydrogen bond as well as a 

genuine water dimer with a single hydrogen bond.  The unambiguously 

determined off-centered position of water in H2O@C70 by X-ray 

diffraction provides insight into the formation (H2O)2@C70.  

Subsequently, the 1H NMR measurements for (H2O)2@C70 confirmed the 

formation of a single hydrogen bond rapidly interchanging between the 

dimeric water.   
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Introduction 

Water plays a critical role in a wide range of chemical and biological phenomena.  

The characteristic properties of bulk water such as high boiling and melting points are 

due to its hydrogen bond (H-bond) network.1  Understanding H-bonds of water clusters 

and liquid water is crucial at almost every field from fundamental research to applied 

technology.  It is possible to deepen such understanding if the simplest system or pure 

materials are available.  A water dimer,2 which consists of two H2O molecules loosely 

bound by a H-bond, has been an ideal model.3  At the same time, the water dimers are 

believed to play an important role in atmospheric processes.4  However, selective 

generation of the dimer in pure form is extremely difficult under ambient gas-phase 

conditions2 since the dimer is in equilibrium with a monomeric H2O and several types of 

oligomers.5  If the dimer is produced as a distinct and stable chemical species under mild 

conditions, detailed and further information of a water dimer could be unveiled on a 

molecular level.  Therefore, it is crucial to develop the methodologies to obtain such a 

discrete dimer.  Although a water dimer was obtained by fixing two water molecules 

with many H-bonds from surroundings,6 examples of water clusters without such H-

bonds7 realized in solutions or solid-states are rare.  These examples include ten water 

molecules in a self-assembled cage,8 one-dimensional water array in a single-wall carbon 

nanotube,9 and a single water molecule inside fullerene C60.
10  

 

 

 

Fullerenes are spherical carbon clusters that have a hollow cavity.11  The diameter 

of the spherical inner space is 3.7 Å for C60 (Figure 1).  This sub-nano space is 

completely isolated from the outside environments by the outer carbon cage.  Therefore, 
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isolation of very reactive species such as non-solvated metal ions12 or nitrogen atom13 

inside the cage is feasible.  Most of the endohedral fullerenes are produced by arc-

discharge methods using metal-doped carbon rods, and M@C60 (M = Li14 or N13,15) is 

formed under ion-beam or plasma conditions using pristine C60.  However, the 

application of these harsh conditions for encapsulation of a stable molecule is limited to 

N2@C60.
16  Another approach to obtain endohedral fullerenes is use of the molecular 

surgical method,17 which is a sequence of construction of an opening on the pristine 

fullerene cage, insertion of a small molecule through the opening, and restoration of it 

with retention of the encapsulated species.  This method is quite promising for the 

synthesis of yet-unknown endohedral fullerenes as H2@C60,
18 He@C60,

19 and H2O@C60
20 

have been successfully synthesized.  In all cases, a limited space inside C60 is a drawback 

for encapsulation of two small molecules.   

 

 

 

Since fullerene C70 has a larger inner space (ellipsoidal 4.7 × 3.7 Å) than C60, C70 

can accommodate two chemical species, resulting in formation of (He)2@C70,
21 

HeNe@C70,
22 and HeN@C70.

23  Applying the molecular surgical approach on C70, two 

H2 molecules were put in an open-cage C70 derivative,24 and restoration of the opening 

gave (H2)2@C70 (Figure 2).25  In contrast to many examples of open-cage derivatives 

based on C60,
26 however, only a limited number of open-cage C70 derivatives were 

developed due to the lower symmetry of C70 that often causes difficulties in separation 

and characterization of the reaction products.27  In this chapter, the author describes 
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rational synthesis of H2O@C70 and unprecedented formation of (H2O)2@C70 with an 

isolated water dimer inside C70.   

 

Results and discussion 

Fullerene C70 has several reaction sites (α-bonds, β-bonds, and others, as shown in 

Scheme 1) for addition reactions.27,28  The α-bonds are the most reactive followed by the 

β-bonds and others, due to the degree of pyramidalization of carbon atoms on spherical 

C70, and many α-adducts of C70 were synthesized and characterized.27,28  However, the 

products reacted on β-bonds, secondary reactive site of C70, have been paid less 

attention.29  In previous chapter, the author described the thermal reaction of C70 with 

3,6-di(6-tert-butylpyridin-2-yl)-pyridazine resulting in formation of open-cage C70 

derivative α-8mem with an eight-membered-ring opening in 42% yield.30  It was found 

that another open-cage C70 derivative β-8mem was also obtained as the minor product in 

6% yield (Scheme 1).  Apparently, α-8mem and β-8mem were produced from the initial 

[4+2] addition of the pyridazine to the α- and β-bonds, respectively, followed by the 

extrusion of N2, the intramolecular [4+4] cyclization, and the retro [4+2] reaction.  For 

this major product α-8mem, enlargement of the opening to afford α-12mem, further 

transformation of the opening toward α-13mem, and formation of α-16mem with a 16-

membered-ring opening,30 expecting successful insertion of a water molecule inside C70 

like its C60 analogue.10  However, a water molecule was not efficiently encapsulated in 

α-16mem since the opening of α-16mem was not large enough for the purpose.30  

Therefore, the focus was moved onto the minor product, β-8mem, as the starting material 

in order to expand the cage-opening.   
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Under the similar reaction conditions applied for α-8mem, expansion of the opening 

of β-8mem was conducted (Scheme 1).  The photo-irradiation on β-8mem under an 

oxygen atmosphere afforded β-12mem in 78% yield.  Then, the reaction of β-12mem 

with 4-(dimethylamino)pyridine N-oxide in the presence of water afforded β-13mem in 

42% yield through intermediate β-16mem.30  As observed for α-13mem, the high-

performance liquid chromatography (HPLC) analysis revealed the formation of β-16mem 

with an enlarged 16-membered-ring opening upon heating at 120 ºC and its reversible 
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conversion back to β-13mem in the presence of water at room temperature.   

Although a common structure, 16-membered-ring with four carbonyl groups, can be 

found in both α-16mem and β-16mem, a critical difference between both derivatives 

exists.  The opening of β-16mem was constructed by cleavage of the two most strained 

α-bonds after addition of the pyridazine to the β-bond, whereas that of α-16mem was 

formed by cleavage of the α- and β-bonds (Figure 3), suggesting that the opening size of 

β-16mem can be larger than that of α-16mem as the larger degree of strain release.  In 

order to evaluate the sizes of the openings, DFT calculations were carried out for the 

model compounds on which the t-butyl groups on the pyridyl rings were replaced with 

hydrogen atoms.  To avoid unnecessary levels of complexity potentially arising from H-

bond interactions in case of water insertion, the insertion processes with an Ar atom was 

modelled instead.  The energies for an Ar atom required to pass through the opening of 

α-16mem’, β-16mem’ and the C60 analogue, were calculated to be 48.7, 42.8, and 42.3 

kcal/mol, at the M06-2X/6-31G(d) level of theory.  This result supports that β-16mem 

has a larger opening than α-16mem.  Since a water molecule was encapsulated inside 

the C60 analogue in high yield,10 newly obtained β-16mem would be a considerably 

suitable compound for encapsulation of water inside the C70 cage.  

Encapsulation of water inside β-13mem was conducted by treatment of the toluene 

solution with a small amount of water under 9,000 atm at 120 ºC for 40 h (Scheme 2).  

The 1H NMR spectrum of the resulting product showed a sharp singlet signal at δ –19.52 

ppm.  This signal corresponds to the proton of the encapsulated H2O inside β-13mem, 

reflecting strong shielding effects by the C70 cage.21,24  The encapsulation ratio was 

determined as 88% by comparison of the integral.  The encapsulation was also 

confirmed by atmospheric pressure chemical ionization mass spectrometry (APCI MS) 

analysis, displaying the molecular ion peak at m/z 1,258, corresponding to H2O@β-

13mem.  The insertion mechanism of water into β-13mem should be similar to that of 

the C60 analogue.10  Elimination of a water molecule from the bis(hemiketal) moiety of 

β-13mem produces β-16mem in situ having a tetraketone moiety.  Then, insertion of 

water into β-16mem takes place through the opening to afford H2O@β-16mem under the 

high-pressure conditions.  During the cooling process, addition of a water molecule to 

H2O@β-16mem yields H2O@β-13mem.   
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The complete restoration of the opening of H2O@β-13mem was achieved in a two-

step reaction10 (Scheme 2).  The reaction with excessive amounts of P(OiPr)3 in 

refluxing toluene gave H2O@β-8mem in 41% yield without considerable loss of the 

encapsulated H2O (86% encapsulation ratio determined by 1H NMR).  Then, removal of 

the organic addend of H2O@β-8mem was achieved by using N-phenylmaleimide31 to get 

desired H2O@C70 in 50% isolated yield (82% encapsulation ratio determined by HPLC).  

Although the resulting products contained empty C70 as the minor component (18%), pure 

H2O@C70 (100% encapsulation ratio determined by APCI MS) was obtained by 

preparative HPLC.  In the previous reports, separation of H2@C70
25 and He@C70

19 from 

empty C70 was achievable after many time-consuming recycles.  In contrast, H2O@C70 

was easily separated by the single-stage HPLC, probably owing to the larger van der 

Waals interaction between the encapsulated water and C70, and/or the polarity caused by 

the water.  A sharp singlet signal at δ –27.13 ppm was observed in the 1H NMR spectrum 

of H2O@C70.  The 13C NMR spectra showed five signals at δ 150.47 (∆δ +0.17 ppm), 

147.84 (+0.08), 147.15 (+0.07), 145.11 (0.06) and 130.62 (+0.06) ppm (in parentheses 

are shown the corresponding differences in chemical shift compared with those of pristine 

C70).  The ∆δ value of +0.17 is the largest and values signal corresponds to pentagon-
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carbons at the top and the bottom of C70.  These data suggested that the encapsulated 

H2O locates at the off-centered position inside C70 with quick rotation and translation to 

other side at the NMR timescale at room temperature, in contrast to the behaviours 

H2@C70
24 and He@C70,

19 and H2O@C60.
10   

 

 

 

Compared with H2O@C60 with a smaller and spherical inner space, the structurally 

interesting features of H2O@C70 were observed upon the single crystal X-ray diffraction 

(XRD) analysis of the crystals of H2O@C70 containing benzene, chloroform, and 

nickel(II) octaethylporphyrin, grown according to Balch and co-workers’ methods.32  

The C70 was located on the porphyrin32 and the encapsulated H2O was clearly observed 

at off-centered position of C70 (Figure 4).  Interestingly, the characteristic disorder was 

observed for the H2O, in contrast to H2O@C60 without any disorder.10  The observed 

two positions for the encapsulated H2O showed the refined occupancies of 0.49(3) and 

0.48(3), respectively, likely due to dynamic behaviour of the encapsulated H2O inside C70.  

The sum of the two occupancies was almost unity, indicating 100% encapsulation of the 

H2O.  These results propose that there still remains small space inside H2O@C70, for 

possible encapsulation of two H2O molecules.   
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Encouraged by such observation, the author paid much attention for detection of the 

doubly encapsulating (H2O)2@C70.  Figure 5a shows the HPLC trace for the products of 

the restoration step (Scheme 2), demonstrating the formation of an unidentified 

compound at retention time of 12.8 min.  The APCI MS spectrum showed a small peak 

at m/z 876.  Furthermore, the 1H NMR spectrum displayed a new signal at δ –25.25 ppm 

with 2% intensity compared with the signal corresponding to H2O@C70.  These results 

indicate the existence of (H2O)2@C70, encapsulating two water molecules.  

 

 

 

To confirm the formation of (H2O)2@C70, enrichment of the target was needed due 

to its fairly low content estimated from the 1H NMR analysis (ca.1%).  The enrichment 

was conducted by preparative HPLC, and the resulting fraction was found to contain 

(H2O)2@C70 as the major species (Figure 5b).  The APCI MS spectrum strongly 

exhibited the peak at m/z 876, with the isotopic distribution pattern being in good 

agreement with C70H4O2.  Additionally, the 1H NMR spectrum clearly showed the 

singlet signal at δ –25.25 ppm, confirming the presence of (H2O)2@C70.  Based on these 

results, the author concluded that two water molecules were definitely encapsulated inside 
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C70.  

Interestingly, the 1H NMR signal of (H2O)2@C70 appeared at much downfielded 

chemical shift compared with that of H2O@C70 (∆δ –1.88 ppm).  In the case of 

3He2@C70 and (H2)2@C70, the NMR signals of the doubly encapsulating species were 

only slightly downfield shifted compared to the singly encapsulating species with ∆δ 

+0.1121 and +0.17 ppm25, respectively.  These small ∆δ values were reported to be due 

to the small differences in shielding effects caused by off-centered position inside C70.  

In contrast, the larger ∆δ value of –1.88 for (H2O)2@C70 cannot be explained by such 

effects and it can be rather attributed to H-bonds between the two water molecules by 

formation of a water dimer.  

In order to evaluate the effect of H-bonds for (H2O)2@C70, theoretical calculations 

was conducted.33  The structures of H2O@C70 and (H2O)2@C70 were optimized at the 

ONIOM-(MP2/6-311++G(3df,3pd):M06-2X/6-31G(d)) levels,34 applying the MP2 for 

the two water molecules and the M06-2X for the C70, since the dimeric structure with a 

H-bond, in the case for gas-phase, can be only reproduced by the use of electron 

correlation methods.3  The 1H NMR chemical shifts were calculated based on the 

optimized structures by the gauge-independent atomic orbital (GIAO) calculations35 at 

the B3LYP/6-311G(d,p) level of theory (Figure 6).  The H2O location of H2O@C70 was 

calculated to be near the top of the C70 and the computed chemical shift was δ ‒27.45 

ppm.  These computational results were in good agreement with the experimental results 

obtained from the X-ray analysis and the NMR data.  In the case of (H2O)2@C70, the 

two water molecules were densely packed in the C70 forming a water dimer.  The 

structure of the dimer adopted unusual cis-linear2,3 conformation despite trans-linear is 

common for a gas-phase structure.2,3  More importantly, the two water molecules 

interacted through one of the OH bonds directing to the oxygen atom of the other water, 

providing the evidence of the H-bond.  The calculated chemical shifts of the four protons 

in (H2O)2@C70 were δ ‒22.16, ‒26.49, ‒26.50, and ‒28.24 ppm serving as significant 

supports of the presence of the H-bond.  It is noteworthy that one of the four protons, 

which bonded to the oxygen atom of the other H2O, had the clearly deshielded value (δ ‒

22.16 ppm) compared with the other three.  The averaged 1H NMR chemical shift of 

(H2O)2@C70 was δ ‒25.85 ppm, which was more deshielded (∆δ +1.60 ppm) than that of 
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H2O@C70.  This ∆δ value is almost equivalent with the experimental value of ∆δ +1.88 

ppm.  Thus, the two water molecules encapsulated inside C70 are considered to form a 

dimer with a H-bond.   

 

 

 

The dimer should have particular conformation with a shorter oxygen-oxygen 

distance compared with a free dimer.  Based on the study on the volume of ice depended 

on applied pressure36 and the oxygen-oxygen distance of ice under ambient pressure (2.75 

Å37), the calculated distance of the dimer (2.63 Å) in the C70 corresponds to 13% volume 

reduction.  This volume reduction can be equivalent with a high-pressure condition of 

ca. 70,000 atm, thus showing the very specific environments inside C70.  

The doubly encapsulating (H2O)2@C70 is an interesting compound to study 

dynamics and magnetic properties of the water dimer.  No change in the signal shape 

observed upon the 1H NMR measurements at variable temperature ranging from –80 to 

+80 ºC imply that the quick rotation of the water molecules on the NMR timescale with 
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perpetual formation and cleavage of the H-bond.  The vertical positional-exchange of 

the two water molecules would be suppressed due to the spatial limitation.  It is reported 

that spin-lattice relaxation times (T1) reflect nature and dynamics of the encapsulated 

species inside C60.
38  Therefore, the T1 values for the protons of (H2O)2@C70 and 

H2O@C70 in toluene-d8 were determined at room temperature.  The T1 value for 

H2O@C70 (1.41 s) was 2.2 times longer than that for H2O@C60 (0.64 s),39 possibly 

suggesting slower rotation of the water molecule in C70 owing to stronger attractive 

interaction of the water with ellipsoidal C70 compared with that with spherical C60.  The 

T1 value for (H2O)2@C70 (4.06 s) was 2.9 times longer than that for H2O@C70.  It is 

known that the relaxation of H2O protons is mainly caused by a combination of intra- and 

intermolecular dipolar interactions.40  Therefore, the longer relaxation time of the dimer 

inside C70 can arise from the interaction between the two encapsulated water located in 

close proximity.   

 

 

 

Infrared (IR) spectroscopy is another powerful technique to study the inter-

relationship between the water dimer and C70.  To study a minute sample, a highly 

sensitive technique of reflection-absorption spectrometry41 was employed to measure IR 
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spectra of a thin cast film deposited on gold (Figure 7).  Because of the dipole shielding 

effect by the C70, no bands of water were observed as reported for H2O@C60.
10  

Fortunately, however, some skeletal vibrational bands of C70 clearly appeared at 1,460, 

1,430, 1,265 and 1,133 cm–1.  According to a reference,42 the bands of 1,460 and 1,133 

cm–1 are mostly assigned to the irreducible representation of A2" of D5h that corresponds 

to the z axis of C70; whereas the band at 1,430 cm–1 corresponds to E1' having the direction 

of (x, y).  In both cases, the three bands appear apparently for the empty C70, and the 

intensity decreases with an increase of the number of the water molecules.  This 

systematic change implies that the skeletal vibration of the cage is deformed by 

introducing water molecules.  This discussion is confirmed by the rest band of 1,265 

cm–1.  This band is intrinsically IR inactive for the empty C70.  When a single water 

molecule is put inside the cage, however, an apparent peak appears, which indicates that 

the skeletal vibration is changed.  This band developed further when two water 

molecules are introduced in the cage.  As a result, empty C70, H2O@C70, and 

(H2O)2@C70 were readily discriminated by looking at the relative intensity between the 

bands at 1,430 and 1,265 cm–1.   

 

Conclusion 

In summary, the first synthetic example of a distinct water dimer was presented.  A 

series of open-cage C70 derivatives via sequential C=C bond cleavage on the small 

opening of β-8mem was synthesized.  The opening size of β-16mem was larger than 

that of its isomeric α-16mem and was large enough to insert water.  The restoration of 

the opening afforded the unprecedented (H2O)2@C70 in addition to the expected 

H2O@C70.  The structure of H2O@C70 was unambiguously determined by the XRD 

analysis, showing that the H2O molecule located at the off-centered position of C70.  

Furthermore, in the case of (H2O)2@C70, the H-bond was observed between the two H2O 

molecules and their rapid interchange was supported by NMR measurements and 

theoretical calculations.  The IR spectroscopy suggests the possible qualitative 

recognition of each water-encapsulating C70 species based on their unique and 

characteristic spectra.  
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Experimental Section 

General. 

The 1H and 13C NMR measurements were carried out with a JEOL JNM-ECA 500 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, δ 77.0 ppm 

in 13C NMR), CD2Cl2 (δ 5.32 ppm in 1H NMR, δ 53.80 ppm in 13C NMR), and 

tetrahydrofuran (THF-d8) (δ 67.57 ppm in 13C NMR).  The APCI MS spectra were 

measured on a Bruker micrOTOF-QII.  The IR spectra were collected by using a Thermo 

Fisher Scientific Magna 550 FT-IR spectrometer equipped with a Harrick Scientific VRA 

reflection attachment.  The detector was a liquid-nitrogen cooled mercury-cadmium-

telluride detector with a modulation frequency of 60 kHz.  The number of accumulation 

was 1,000 and the wavenumber resolution was 4 cm–1.  The HPLC was performed with 

the use of a Cosmosil Buckyprep column (4.6  × 250 mm) for analytical purpose, and 

the same columns (two directly connected columns; 20  × 250 mm) for preparative 

purpose.  Fullerene C70 was purchased from SES Research Co.  4-

(dimethylamino)pyridine N-oxide hydrate, N-methylmorpholine N-oxide and triisopropyl 

phosphite were purchased from Tokyo Chemical Industry Co., LTD.  

 

Computational Method. 

All calculations were conducted with Gaussian 09 packages.  The structures were 

optimized at the M06-2X/6-31G(d), MP2/6-311++G(3df,3pd), and ONIOM-(MP2/6-

311++G(3df,3pd):M06-2X/6-31G(d)) levels without any symmetry assumptions.  All 

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-B3LYP/6-311G(d,p) level using the optimized structures at the 

ONIOM or MP2 methods.  

 

Synthesis. 

β-8mem: A mixture of fullerene C70 (1.94 g, 2.31 mmol) and 3,6-bis(6-t-butylpyridin-2-
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yl)pyridazine (1.24g, 2.86 mmol) in 1-chloronaphthalene (50 mL) was refluxed for 40 h 

under argon.  After cooling to room temperature, the solution was mixed with CH3CN 

(800 mL).  The resulting precipitates were filtered and dissolved in CS2.  The solution 

was subjected to flash column chromatography over silica gel.  Elution with hexane 

gave unreacted C70 (0.31 g, 0.37 mmol, 16%) while the following elution with a mixture 

of hexane-CS2-toluene (2:1:1) gave products -8mem in 42% yield (1.12 g, 0.967 mmol) 

and -8mem in 6% yield (0.148 g, 0.128 mmol), respectively, as brown powders.   

 

-8mem: 1H NMR (500 MHz, CDCl3) δ 7.64 (t, J = 7.7 Hz, 2H), 7.55 (d, J = 7.7 Hz, 2H), 

7.21 (d, J = 7.7 Hz, 2H), 6.32 (s, 2H),1.31 (s, 18H); 13C NMR (151 MHz, CDCl3) δ 168.38, 

164.11, 160.71, 153.34, 151.00, 150.75, 150.11, 149.96, 148.75, 148.31, 148.20, 147.97, 

147.92, 147.90, 147.84, 146.89, 145.74, 144.61, 144.57, 143.48, 143.15, 142.36, 141.98, 

141.63, 140.94, 140.04, 139.98, 138.24, 137.94, 136.73, 134.89, 132.27, 131.27, 130.58, 

130.44, 127.32, 125.53, 124.93, 120.55, 116.98, 116.86, 53.15, 37.69, 29.96; HRMS (–

APCI), calcd for C92H26N2 (M) 1158.2101, found 1158.2080.  

 

-12mem: A red brown solution of compound -8mem (40.7 mg, 0.0351 mmol) in CCl4 

(500 mL) in a Pyrex flask was irradiated by four LED-lamps (15.5 W) from a distance of 

ca. 30 cm under oxygen atmosphere for 7 days.  The resulting brown solution was 

evaporated under reduced pressure and the residual brown solid was dissolved in CS2.  

The solution was subjected to flash column chromatography over silica gel.  Elution 

with toluene gave product -12mem in 78% yield (32.7 mg, 0.0275 mmol) as brown 

powder.   

 

-12mem: 1H NMR (500 MHz, CD2Cl2/CS2 = 1/1) δ 7.63 (t, J = 7.9 Hz, 1H), 7.57 (t, J = 

7.9 Hz, 1H), 7.30 (d J = 7.9 Hz, 1H), 7.26 (d, J = 7.9 Hz, 1H), 7.23 (d, J = 7.9 Hz, 1H), 

7.16 (d, J = 7.9 Hz, 1H), 6.67 (d, J = 10.0 Hz, 1H), 6.47 (d, J = 10.0 Hz, 1H), 1.29 (s, 9H), 

1.13 (s, 9H); 13C NMR (151 MHz, CD2Cl2/CS2 = 1/1) δ 202.69, 189.65, 168.89, 168.60, 

164.25, 161.13, 155.01, 152.03, 151.82, 151.75, 151.24, 151.03, 150.97, 150.87, 150.81, 

150.52, 150.45, 150.36, 150.31, 149.55, 149.45, 149.42, 149.38, 149.21, 148.95, 148.85, 

148.72, 148.44, 148.34, 147.80, 147.65, 147.24, 146.76, 146.71, 146.57, 146.43, 145.57, 
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145.34, 145.06, 144.86, 144.69, 144.34, 144.27, 144.40, 144.27, 144.15, 143.77, 143.64, 

142.35, 141.95, 141.30, 138.72, 137.46, 137.27, 137.17, 136.34, 135.44, 135.16, 135.13, 

134.96, 134.31, 134.20, 133.37, 132.16, 131.27, 131.21, 131.17, 130.94, 129.45, 129.01, 

128.90, 128.46, 128.11, 126.90, 125.56, 124.64, 120.12, 120.09, 117.92, 117.33, 59.03, 

52.574, 37.88, 37.80, 30.25, 30.23 (two sp2-carbon signals were not observed due to the 

overlap); HRMS (–APCI), calcd for C92H26N2O2 (M) 1190.2000, found 1190.2017.   

 

-13mem: To a solution of -12mem (35.1 mg, 0.0293 mmol) in dry THF (5 mL) was 

added 4-(dimethylamino)pyridine N-oxide hydrate (21.2 mg, 0.153 mmol) under argon 

atmosphere and the resulting mixture was stirred at 50 ºC for 12 h.  After concentration 

of the reaction mixture under reduced pressure, the residue was dissolved in CS2.  The 

solution was subjected to flash column chromatography over silica gel (toluene/AcOEt = 

10/1 as eluent) to give product -13mem in 42% yield (15.5 mg, 0.0124 mmol) as brown 

powder.   

 

-13mem: 1H NMR (500 MHz, CDCl3) δ 7.67 (t, J = 8.0 Hz, 1H), 7.53 (d, J = 8.0 Hz, 

1H), 7.50 (t, J = 8.0 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.08 (d, 

J = 8.0 Hz, 1H), 6.95 (d, J = 10.0 Hz, 1H), 6.48 (d, J = 10.0 Hz, 1H), 1.23 (s, 9H), 1.04 

(s, 9H); 13C NMR (151 MHz, THF-d8) δ 197.21, 193.52, 169.45, 169.23, 165.34, 163.68, 

156.01, 153.94, 153.47, 152.50, 152.11, 151.98, 151.08, 150.80, 150.65, 150.51, 150.43, 

150.40, 150.33, 150.24, 150.20, 150.13, 150.01, 149.90, 149.83, 149.75, 149.48, 149.26, 

149.20, 149.09, 148.28, 147.83, 147.79, 147.16, 146.05, 145.79, 145.47, 144.51, 144.36, 

144.25, 144.17, 143.01, 142.42, 142.32, 141.47, 141.06, 140.55, 140.35, 138.48, 138.28, 

138.19, 136.75, 136.53, 135.61, 135.55, 135.47, 135.17, 134.05, 133.89, 132.65, 132.06, 

131.58, 131.54, 130.71, 130.38, 130.30, 129.01, 127.80, 127.14, 126.85, 126.74, 121.08, 

121.04, 118.33, 118.04, 107.26, 96.19, 58.64, 54.63, 38.54, 38.41, 30.53, 30.42 (five sp2-

carbon signals were not observed due to the overlap); HRMS (–APCI), calcd for 

C92H28N2O5 (M) 1240.2071, found 1240.2053.   

 

H2O@β-13mem: In Teflon container a solution of β-13mem (50.9 mg, 0.0410 mmol) in 

toluene (10 mL) and water (10 L) were added.  The container was kept under high-
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pressure of 8,500-9,000 atm for 40 h at 120 ºC.  After reverting to ambient conditions, 

the resulting mixture was concentrated and the residue was dissolved in THF (2 mL).  

The solution was mixed with hexane (10 mL).  The resulting precipitates were the water-

encapsulating product H2O@β-13mem as brown powder.   

 

H2O@β-13mem: 1H NMR (500 MHz, CDCl3) δ 7.68 (t, J = 8.0 Hz, 1H), 7.54 (d, J = 8.0 

Hz, 1H), 7.51 (t, J = 8.0 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.25 (d, J = 8.0 Hz, 1H), 7.10 

(d, J = 8.0 Hz, 1H), 6.95 (d, J = 10.0 Hz, 1H), 6.45 (d, J = 10.0 Hz, 1H), 1.24 (s, 9H), 

1.05 (s, 9H), –19.52 (s, 1.76H) (one signal at 7.26 ppm were overlapped with the signal 

of CHCl3); 
13C NMR (151 MHz, THF-d8) δ 197.15, 193.46, 169.46, 169.24, 166.24, 

163.63, 156.04, 153.92, 153.76, 152.79, 152.33, 152.30, 152.11, 151.29, 150.78, 150.66, 

150.56, 150.48, 150.39, 150.32, 150.23, 149.99, 149.94, 149.79, 149.67, 149.42, 149.37, 

149.30, 148.71, 147.94, 147.77, 147.75, 147.14, 146.25, 146.08, 145.74, 144.70, 144.53, 

144.44, 144.03, 143.00, 142.41, 142.29, 142.20, 141.63, 141.30, 140.42, 140.38, 140.35, 

138.32, 138.21, 136.90, 136.58, 135.59, 135.53, 135.26, 135.20, 133.85, 133.71, 133.00, 

132.05, 131.89, 131.42, 130.74, 130.53, 130.30, 129.00, 127.59, 127.02, 126.74, 126.72, 

121.10, 121.08, 118.36, 118.08, 107.26, 96.19, 58.64, 54.61, 38.54, 38.40, 30.52, 30.41 

(five sp2-carbon signals were not observed due to the overlap); HRMS (–APCI), calcd for 

C92H30N2O6 (M
–) 1258.2177, found 1258.2163.   

 

H2O@β-8mem: To a solution of H2O@-13mem (55.0 mg, 0.0437 mmol) in dry toluene 

was added P(OiPr)3 (0.20 mL, 0.88 mmol) and the mixture was stirred at 120 ºC for 42 h.  

The reaction mixture was concentrated and the residue was purified by column 

chromatography (silca gel, toluene as eluent) to give the product H2O@-8mem in 41% 

yield (20.9 mg, 0.0178 mmol, 86% encapsulation of H2O) as red brown powder.   

 

H2O@β-8mem: 1H NMR (500 MHz, CDCl3) δ 7.65 (t, J = 8.0 Hz, 2H), 7.55 (d, J = 8.0 

Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 6.32 (s, 2H), 1.31 (s, 18H), –25.40 (s, 1.72H); 13C NMR 

(151 MHz, CDCl3) δ 168.40, 164.06, 160.79, 153.46, 151.25, 150.95, 150.71, 150.07, 

150.01, 148.90, 148.44, 148.41, 148.37, 148.11, 148.02, 147.98, 147.04, 145.96, 144.76, 

144.58, 143.61, 143.23, 142.40, 142.03, 141.61, 141.08, 140.07, 140.00, 138.12, 137.91, 
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136.75, 134.74, 132.41, 131.09, 130.58, 127.14, 125.64, 124.94, 120.55, 116.89, 116.68, 

53.12, 37.69, 29.97, 29.70; HRMS (–APCI), calcd for C92H28N2O (M–) 1176.2207, found 

1176.2200.   

 

H2O@C70 and (H2O)2@C70: To a solution of H2O@β-8mem (10.8 mg, 0.00918 mmol) in 

1-chloronaphthalene (1.5 mL) was added N-phenylmaleimide (5.6 mg, 0.032 mmol) and 

the mixture was stirred at 255 ºC for 40 h.  The reaction mixture was directly subjected 

to flash column chromatography over silica gel. Elution with hexane gave product 

H2O@C70 (4.0 mg, 0.0046 mmol, 50% yield, 82% encapsulation ratio) as black powder.  

Further purification by the use of preparative HPLC gave a toluene solution of H2O@C70 

with 100% encapsulation of H2O and another solution of containing H2O@C70 and 

(H2O)2@C70 in a 2:3 ratio.   

 

H2O@C70: 
1H NMR (500 MHz, CDCl3/CS2 = 1/1) δ –27.13 (s); 13C NMR (151 MHz, 

CDCl3/CS2 = 1/1) δ 150.47, 147.84, 147.15, 145.11, 130.62; HRMS (–APCI), calcd for 

C70H2O (M–) 858.0111, found 858.0108.  

 

(H2O)2@C70: 
1H NMR (500 MHz, CDCl3/CS2 = 1/1) δ –25.25 (s); HRMS (–APCI), calcd 

for C70H4O2 (M
–) 876.0217, found 876.0259.  

 

X-ray Crystal Structure Analysis. 

H2O@C70: Single crystals of H2O@C70 containing benzene, chloroform, and nickel(II) 

octaethylporphyrin were grown from benzene/CHCl3 solution of H2O@C70 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 K radiation (λ = 

0.71073 Å) and graphite monochromater.  A total of 26,525 reflections were measured 

at the maximum 2θ angle of 50.1°, of which 12,790 were independent reflections (Rint = 

0.0195).  The structure was solved by direct methods (SHELXS-97)43 and refined by the 

full-matrix least-squares on F2 (SHELXL-97)43 without any restraints and constraints 

except for the hydrogens of the water.  The encapsulated water molecule was disordered 

i.e., (O1) and (O2).  The occupancies of O1 and O2 were refined to be 0.49(3) and 
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0.48(3), respectively.  The crystal contained two disordered benzene and chloroform 

molecules i.e., (C107–C112, C114-119) and (C113, C120), which was solved using an 

appropriate model.  The occupancies of C107–C112 and C114-C119 were refined to be 

0.772(4) and 0.616(4), respectively.  All hydrogen atoms except for the encapsulated 

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

C114.93H54.85Cl1.84N4NiO0.96; FW = 1630.99, crystal size 0.05 × 0.05 × 0.02 mm3, triclinic, 

P-1, a = 14.3930(11) Å, b = 14.6571(11) Å, c = 18.8797(14) Å, = 87.4893(9)°,  = 

86.8843(9)°, = 60.8258(8)°, V = 3471.8(5) Å3, Z = 2, Dc = 1.560 mg cm–3.  The 

refinement converged to R1 = 0.0363, wR2 = 0.0869 (I > 2(I)), GOF = 1.030.  The data 

was deposited at the Cambridge Crystallographic Data Centre (CCDC 1422309).   
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Chapter 4 

 

Isolation of the Simplest Hydrated Acid 

From [Science Advances, 2017, in press].  

Reprinted with permission from AAAS. 

 

Abstract:  Dissociation of an acid molecule in aqueous media is one of 

the most fundamental solvation processes but remains poorly understood 

in detail at the distinct molecular level.  The synergistic effects of 

“pushing from outside” and “pulling from inside” drastically improved 

the efficiency of both encapsulation of H2O and HF into the C70 cage 

affording (H2O•HF)@C70.  The distinct molecular structure of H2O•HF 

complex was unambiguously determined by the combination of single 

crystal X-ray analysis and an NMR study.  This molecular system 

provided an access to study the simplest and isolated hydrated acid of 

H2O•HF complex.  Importantly, no proton transfer occurred even at 

140 °C between the encapsulated H2O and HF.  
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Introduction 

One of the most important chemical processes is dissociation of a Brønsted acid in 

aqueous media accompanied with proton transfer from the acid to H2O molecules and 

solvation of the charged fragments.1  This fundamental event plays a key role in myriad 

chemical reactions and biological phenomena.  However, the detailed mechanism of 

acid dissociation2 and the nature of protons in an aqueous environment3 are rather 

complex, which still remain unveiled at the distinct molecular level.  Hydrogen fluoride 

(HF) is the smallest acid and has been studied well, mostly in a gas-phase, both 

theoretically and experimentally.4  One extensively discussed issue on HF is the 

minimum number of H2O molecules that is necessary to solvate an HF molecule resulting 

in the formation of the solvent-shared ion pair (H3O
+(H2O)nF

–).2,5  However, the central 

obstacle on this subject includes the difficulty in preparation of any of the possible 

HF•(H2O)n complexes in a pure form with definite components.  This is because the high 

reactivity of HF and the strong hydrogen bond affinity of H2O often result in the formation 

of many types of oligomers, which are in an equilibrium with others, rendering their 

separation and isolation almost impossible.6  In order to understand this fundamental 

process, it is highly desirable to construct an ideal system which can elucidate the intrinsic 

nature of the hydrated HF molecule.   

To isolate reactive chemical species, the compounds should be located in an inert 

atmosphere preventing interaction and/or reaction from the outer environments.  Such 

environments with sub-nano size can be found inside fullerenes, which are spherical 

carbon clusters having a hollow cavity.  Indeed, very reactive chemical species such as 

metal ions,7 metal clusters8 and a nitrogen atom9 are so far realized inside fullerenes.  

These well-defined supramolecular systems have provided opportunities to study 

physical and chemical properties of the encapsulated species at the molecular scale as 

well as to use them as functional materials.10  However, selectivity on encapsulated 

species in addition to fullerene cages are difficult to be controlled due to the production 

methods mostly relying on harsh conditions.8,9  In contrast, the “molecular surgery” 

approach can produce molecule-encapsulating fullerenes with almost perfect selectivity 

under mild conditions in solution.11  Using this method, endohedral C60 encapsulating a 

single molecule of H2
12, He13, H2O

14 and HF15 were synthesized.   
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The “molecular surgery” was able to be applied to fullerene C70 in spite of difficulties 

in characterization of products due to the low symmetry.  Importantly, reflecting the 

larger inner space than C60,
16,17 two small molecules were introduced inside open-cage 

C70 derivatives to afford the corresponding doubly-encapsulating endohedral C70s after 

restoration of the cage, i.e., (H2)2@C70
18 and (H2O)2@C70,

19 respectively.  Open-cage 

C70 α-13mem20 and β-13mem21 (Figure. 1), both having a 13-membered-ring opening 

were synthesized by a three-step reaction starting from the addition of a pyridazine 

derivative to the α- and β-bonds of C70 with total yields of 22% and 2%, respectively.  

Both openings were enlarged in situ into the 16-membered-ring as their C60 analogue.14  

Interestingly, the opening of α-16mem is smaller than that of β-16mem evidenced by the 

fact that only a trace amount of H2O was introduced inside α-16mem, while an H2O 

molecule was entrapped in a high yield inside β-16mem.  The DFT calculations also 

supported the smaller size of α-16mem.19  Taking an advantage of the efficient synthetic 

yield of α-13mem, it would be more suitable as a starting material for novel endohedral 

C70s.  Since the size of HF is smaller than that of H2O,21 the encapsulation of HF into α-
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13mem was studied with initial intension to synthesize HF@C70.  In this chapter, the 

author describes facile synthesis of HF@C70 as well as unprecedented formation of 

(H2O•HF)@C70 and H2O@C70, using α-13mem as a key compound in spite of the small 

size of the opening for insertion of H2O.  

 

Results and discussion 

 

 

 

As shown in Scheme 1, after optimization of the conditions (vide infra), the 

treatment of α-13mem in the presence of 0.5 equivalence of 70% w/w hydrogen fluoride 

in pyridine (HF-Py)22 and a trace amount of water was conducted in chlorobenzene under 

9,000 atm at 120 °C for 18 hours to afford guests-encapsulating α-13mem (G@α-13mem, 

G = HF, H2O•HF, and H2O) in total isolated yield of 40% after purification with column 

chromatography.  The filling factors of the guests inside α-13mem were determined by 

the 1H NMR analysis; 32% HF@α-13mem, 11% (H2O•HF)@α-13mem, 27% H2O@α-

13mem, and 30% empty α-13mem, respectively.  After collecting the products from 

several batches, closure of G@α-13mem via two-step reactions, without considerable 

loss of the encapsulated species, gave the corresponding endohedral C70s, i.e., expected 

HF@C70, unprecedented (H2O•HF)@C70 and H2O@C70.   

The HF encapsulation into α-16mem did not take place in chlorobenzene under 
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ambient pressure at 110 °C, which was in contrast to the case for the open-cage C60.
21  

Thus, the high-pressure conditions was found to be critical, where the guest species are 

forced to be “pushed from outside” of the opening of α-16mem.  In Table 1 are 

summarized the conditions and the results.  Upon checking the time dependence (Entry 

1-4), the filling factor of HF appeared to almost reach a plateau after 14 h, whereas that 

of H2O•HF increased slowly and that of H2O was developed rapidly at around 14 hours.  

These observation suggested stepwise formation of G@α-16mem, i.e., HF@α-16mem 

followed by (H2O•HF)@α-16mem and then H2O@α-16mem.  To prevent high degree 

of decomposition of the starting materials and the products, a reduced amount of HF-Py 

at slightly higher temperature gave the better chemical yield of G@α-13mem (Entry 5).  

As described previously,19,20 H2O encapsulation did not occur in the absence of HF (Entry 

6), showing that only “pushing from outside” was not effective to insert H2O inside α-

16mem.  Among the products obtained from Entry 1-5, (HF)2@α-13mem and 

(H2O)2@α-13mem were not detected.   

 

 

 

According to the experimental results, the insertion mechanism of HF, H2O•HF, and 

H2O were considered as shown in Figure 2.  Since the size of the opening of α-16mem, 

which was generated in situ from α-13mem by elimination of a water molecule from the 
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bis(hemiketal) moiety, is not large enough for a water to pass through, insertion of a 

smaller HF initially takes place by “pushing from outside” to give molecular complex A.  

In the literature, Gan and co-workers reported that the encapsulated H2O inside an open-

cage C60 was pulled out by attractive interaction with fluorine atom being present outside 

the opening, resulting in release of the H2O.23  Taking the similar attractive interaction 

of the encapsulated HF and the H2O near the opening into consideration, the H2O is 

supposed to be introduced into α-16mem by the assist of “pulling from inside”, shown as 

B, to yield C.  Then, positional exchange of the lower HF and the upper H2O occurs to 

afford D.  The density functional theory (DFT) calculations at the M06-2X/6-31G(d) 

level showed that the required energy for the positional exchange of the HF and H2O in 

C is 20.8 kcal/mol, which should be possible to occur under the applied conditions.  

Finally, the resulting HF near the opening escapes to form E.  During the cooling process, 

addition of a water molecule regenerates α-13mem cage to furnish G@α-13mem.   

Due to the complexities in the structures of H2O clusters and hydrated HF, it is very 

difficult to evaluate energy profiles including A, B, D, and E by DFT studies.  In the 

case for gas-phase stabilization energy calculated at the MP2/6-311++G(3pd,3df) level, 

H2O•HF gains more energy of 7.3 kcal/mol than HF dimer (3.9 kcal/mol) and H2O dimer 

(3.8 kcal/mol).  Such stability is considered to play an important role for the formation 

of C.  However, it was necessary to study another possibility that the presence of an acid 

would change the solvated structures of HF and H2O before encapsulation to result in 

facile encapsulation of H2O.  Although a high-pressure treatment was conducted in the 

presence of HCl-Py instead of HF-Py under the same conditions, the resulting products 

obtained in 64% were found to contain only a small amount of H2O@α-13mem (1.8% 

filling factor).  These results strongly support that both “pushing” and “pulling” effects 

are necessary to achieve encapsulation of H2O•HF inside α-13mem in a remarkably high 

yield compared with the doubly-encapsulating C70s reported so far.18,19   
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After closure of the openings (Scheme 1), the high-performance liquid 

chromatography (HPLC) analysis of the products displayed three peaks corresponding to 

empty C70, a mixture of HF@C70 and H2O@C70, and (H2O•HF)@C70 as shown in Figure 

3a.  The mono-encapsulating HF@C70 and H2O@C70 appeared at almost the same 

retention time regardless of the encapsulated species.  In contrast, facile separation of 

(H2O•HF)@C70 as a pure form was achieved in a preparative scale, showing clear 

differences caused by the double-encapsulation.  By the atmospheric pressure chemical 

ionization mass analysis (APCI MS), (HF)2@C70 was detected before elution of 

(H2O•HF)@C70 albeit in only a trace amount.   
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The 1H NMR analyses are powerful tool to study the structure and dynamics of the 

isolated H2O•HF.  As shown in Figure 3b, a signal of the singly-encapsulated H2O at –

27.1 ppm (500 MHz, CDCl3/CS2 = 1/1, 25 °C) coincides with that of our previous report 

for H2O@C70 synthesized by different synthetic routes,19 showing strong shielding effects 

due to C70 cage.18,19  A doublet corresponding to the singly-encapsulated HF was 

observed at –25.0 ppm with a coupling constant JHF = 507 Hz, whose value is almost the 

same as that of HF@C60.
15  The 1H NMR of (H2O•HF)@C70 displayed a singlet at –25.3 

ppm corresponding to the H2O in addition to a doublet at –17.5 ppm corresponding to the 

HF (Figure. 3c).  It is noteworthy that both chemical shifts are down-field shifted 

compared with those of H2O@C70 and HF@C70, indicating more positive charges on the 

protons due to formation of a hydrogen bond.  The shifted value for the HF (Δδ +7.5) is 

larger than that of the H2O (Δδ +1.8), demonstrating that this molecular complex adopts 

the structure H2O•HF, in which the oxygen works as a hydrogen-bond acceptor, rather 

than HF•H2O, in which the fluorine works as the acceptor.  In addition, the smaller value 

of the coupling constant JHF = 443 Hz also supports the structure H2O•HF, the value being 

close to those of HF in diethyl ether and dimethyl sulfoxide solutions, JHF = 464 and 410 

Hz, respectively.24  Hence, the author concluded that this is the simplest hydrated acid. 

Upon heating the solution in ortho-dichlorobenzene-d4 (ODCB-d4), no change in the 

spectral shape was observed even at 140 ºC, revealing that no proton transfer takes place 

between the H2O and HF on the NMR timescale.   

The structure of (H2O•HF)@C70 was unambiguously determined by the single-

crystal X-ray diffraction analysis of the crystals containing nickel(II) octaethylporphyrin 
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and solvent molecules, with almost the same unit cell constants as those of empty C70
25 

and H2O@C70.
19  As shown in Figure 4a, the O and F atoms of the H2O•HF were clearly 

observed inside the C70 located on the porphyrin.  It is the first example of the X-ray 

structure for doubly-encapsulating C70.  In contrast to the X-ray structure of H2O@C70 

with dynamic disorder on the position of the O, the O and F in this study did not show 

any dynamic nor positional disorder, demonstrating the perfect alignment of the H2O•HF.  

Reflecting its dense encapsulation, the averaged longer axis of the C70 cage (7.931(1) Å) 

was elongated by 0.20% compared with that of H2O@C70 (7.915(1) Å).  The distance 

between the O and F was 2.438(2) Å (Figure 4b).  It should be mentioned that the 

position of the H between the O and F was experimentally determined and refined, 

showing the distance of 1.39(4) Å and 1.05(4) Å, respectively.  Thus, the H2O•HF was 

found to adopt such structure as the proton of HF forms a liner hydrogen bond to the 

oxygen of H2O, which is in a good agreement with the 1H NMR results.   

 

 

 

To get deeper insights, the structure of (H2O•HF)@C70 was optimized at the 

ONIOM-(MP2/6-311++G(3pd,3df):M06-2X/6-31G(d)) level (Figure 4c).  The 

calculated structure was found to well reproduce the X-ray structure, showing 2.496 Å 

for the distance between the O and F as well as 0.15% elongation of the cage.  Then, an 
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HF molecule and a molecular complex H2O•HF, in free forms in a gas phase, were 

calculated at the MP2/6-311++G(3pd,3df) level (Figure 4d and 4e).  Comparison of the 

calculated structures of (H2O•HF)@C70 with free H2O•HF demonstrated that the O-F 

(2.496 Å) and O-H (1.542 Å) distances are shorter by 5.5% and 9.6%, respectively, 

whereas the H-F bond is longer by 2.1%.  These data supported that a contact-ion 

character described as H3O
+•F– slightly appears by compression of the H2O and HF inside 

the limited space.  The positional exchange of the H2O and HF was not detected at room 

temperature since the 13C NMR of (H2O•HF)@C70 displayed nine signals due to its C5v 

symmetry, in contrast to the averaged D5h symmetry of H2O@C70 and HF@C70 with 

dynamic motion of the encapsulated species.   

The molecular complex H2O•HF should have a polarity, which could affect the 

properties of outer C70 cage.  In the 13C NMR spectra, the chemical shifts of the cage 

carbons near the H2O are smaller than those near the HF, indicating the polarity of 

(H2O•HF)@C70.  However, such polarity was not obvious on reduction potentials 

determined by cyclic voltammetry in ODCB, the first reduction potentials for 

(H2O•HF)@C70 and empty C70 being –1.04 and –1.06 V versus a ferrocene/ferrocenium 

couple (Figure 5a).  The UV-vis absorption in toluene is almost superimposable with 

that of empty C70 (Figure 5b).   

 

 

 

As previous reports,14,15,19 no bands for the HO-H and F-H were observed for 

HF@C70 and (H2O•HF)@C70, likely due to the dipole shielding effect of C70 cage.  As 

to the series of C70s including empty C70, H2O@C70, and (H2O)2@C70, the tendency of 

the decrease at 1,430 cm–1 and increase at 1,265 cm–1 were reported.19  However, the 
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different systematic changes of the bands at 1,460 and 1,430 cm–1 were observed for the 

series of empty C70, HF@C70 and (H2O•HF)2@C70 (Figure 6).  The relative intensity of 

the band at 1,460 cm–1, which is assigned to A2’’ of D5h corresponding to the z axis of 

C70,
26 slightly decreased for HF@C70.  In the case of (H2O•HF)@C70, the band at 1,460 

cm–1 almost disappeared together with a slight shift of the a band at 1,430 cm–1 which is 

assigned to E1’ having the direction of (x,y).27  These results indicated that H2O and HF 

can deform the skeletal vibration of the C70 cage in different direction.  Therefore, the 

IR bands can distinguish the encapsulated species and numbers of H2O and HF by looking 

at the relative intensity and position of the bands at 1,460 and 1,430 cm–1.   

 

 

 

Conclusion 

In summary, the simplest hydrated hydrogen fluoride was isolated in a confined sub-

nano space using molecular surgical methods.  Compared with the doubly-encapsulating 

C70s reported so far, a high efficiency of the encapsulation was achieved due to the 

synergetic effects of “pushing from outside” by the high-pressure conditions and “pulling 

from inside” with an attractive interaction of the encapsulated HF with the outer H2O, 
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which was supported by the stepwise formation of HF@C70 followed by (H2O•HF)@C70 

and then H2O@C70.  The NMR studies revealed the rigid structure of the H2O•HF 

without hydrogen exchange.  The single crystal X-ray analysis and theoretical 

calculations showed the closer contact of the oxygen atom with the hydrogen atom of HF 

compared with that of free H2O•HF.   

 

Experimental Section 

General. 

The 1H, 13C, and 19F NMR measurements were carried out with a JEOL JNM-ECA 500 

and JNE-ECA 600 instruments.  The NMR chemical shifts are reported in ppm with 

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

77.0 ppm in 13C NMR), tetrahydrofuran (THF-d8) (δ 67.57 ppm in 13C NMR), and 

hexafluorobenzene (C6F6) (δ 164.90 ppm in 19F NMR).  The APCI MS spectra were 

measured on a Bruker micrOTOF-QII.  The HPLC was performed with the use of a 

Cosmosil Buckyprep column (4.6 × 250 mm) for analytical purpose, and the same 

columns (two directly connected columns; 20 × 250 mm) for preparative purpose.  

Cyclic voltammetry (CV) was conducted in an ALS Electrochemical Analyzer Model 

620C using a three-electrode cell with a glassy carbon working electrode, a platinum wire 

counter electrode, and a Ag/0.01 M AgNO3 reference electrode.  Ultraviolet-visible 

(UV-vis) spectra were recorded with a Shimadzu UV-3150PC spectrometer.  The IR 

spectra were collected by using a Thermo Fisher Scientific Magna 550 FT-IR 

spectrometer equipped with a Harrick Scientific VRA reflection attachment.27  The 

detector was a liquid-nitrogen cooled mercury-cadmium-telluride detector with a 

modulation frequency of 60 kHz.  The number of accumulation was 1,000 and the 

wavenumber resolution was 4 cm–1.  Fullerene C70 was purchased from SES Research 

Co.  Triisopropyl phosphite was purchased from Tokyo Chemical Industry Co., LTD.  

Hydrogen fluoride pyridine was purchased from Sigma-Aldrich Co.   

 

 

Computational Method. 

All calculations were conducted with Gaussian 09 packages.28  The structures were 
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optimized at the M06-2X/6-31G(d), MP2/6-311++G(3df,3pd), and ONIOM-(MP2/6-

311++G(3df,3pd):M06-2X/6-31G(d)) levels without any symmetry assumptions.29  All 

structures including the stationary states and the transition states were confirmed by the 

frequency calculations at the same level.  The calculated 1H NMR and 13C NMR 

chemical shifts were obtained at the GIAO-B3LYP/6-311G(d,p) level using the 

optimized structures at the ONIOM or M06-2X methods.  

 

Synthesis. 

HF@α-13mem, (H2O•HF)@α-13mem, and H2O@α-13mem:  In a Teflon container, a 

solution of α-13mem (52.3 mg, 0.0422 mmol) in chlorobenzene (10 mL) and 1 drop of 

hydrogen fluoride pyridine (HF-Py, ca. 0.5 eq.) were added.  The container was kept 

under high-pressure of 8,500-9,000 atm for 18 h at 120 ºC.  After cooling to ambient 

conditions, saturated Na2CO3 solution (10 mL) was added to the resulting mixture and 

aqueous layer was extracted by THF (10 mL × 3).  The combined organic solution was 

dried over anhydrous Na2SO4.  The solution was concentrated and the residue was 

purified by silica gel column chromatography (toluene/EtOAc = 5/1) as eluent to give the 

products as a mixture of HF@α-13mem, (H2O•HF)@α-13mem, H2O@α-13mem, and 

empty α-13mem in 40% yield (21.2 mg, 0.0168 mmol, HF = 32%, H2O•HF = 11%, and 

H2O = 27%) as a dark brown powder.  After several reaction batch, the products were 

combined for the 13C NMR analysis and further transformation.  

 

The mixture of HF@α-13mem, (H2O•HF)@α-13mem, H2O@α-13mem, and empty α-

13mem with a ratio of 32:9:25:34: 1H NMR (500 MHz, CDCl3/CS2 = 1/1) δ 7.76 (t, J = 

7.8 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 7.8 Hz, 1H), 

7.33 (d, J = 7.8 Hz, 1H), 7.24 (d, J = 7.8 Hz, 1H), 6.91 (d, J = 10.0 Hz, 1H), 6.71 (d, J = 

10.0 Hz, 1H), 1.42 (s, 9H), 1.23 (s, 9H), –9.75 (d, J = 453 Hz, 0.046H), –11.76 (s, 0.17H), 

–15.60 (d, J = 507 Hz, 0.16H), –18.17 (s, 0.49H); 13C NMR (151 MHz, THF-d8) δ 195.30, 

195.28, 192.64, 192.54, 170.10, 169.25, 164.86, 164.82, 164.56, 164.53, 156.62, 155.56, 

154.84, 154.70, 154.49, 152.93, 152.83, 152.67, 152.58, 151.77, 151.70, 151.61, 151.50, 

151.41, 151.27, 151.15, 151.01, 150.83, 150.75, 150.66, 150.60, 150.50, 150.37, 150.21, 

150.14, 150.03, 149.94, 149.87, 149.80, 149.77, 149.70, 149.67, 149.65, 149.60, 149.49, 
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149.10, 149.06, 149.01, 148.92, 148.87, 148.81, 148.76, 148.64, 148.54, 148.42, 148.37, 

148.34, 148.26, 148.16, 147.63, 147.56, 147.55, 147.49, 147.41, 147.36, 147.27, 147.20, 

147.16, 147.07, 146.93, 146.91, 146.75, 146.65, 146.48, 145.75, 145.71, 145.64, 145.48, 

145.39, 145.28, 145.21, 145.08, 144.99, 144.95, 144.86, 144.72, 144.69, 144.35, 144.28, 

143.72, 143.18, 142.99, 142.89, 142.63, 142.60, 142.52, 142.40, 142.33, 142.09, 142.06, 

142.00, 141.89, 141.11, 141.01, 140.85, 140.71, 140.63, 139.21, 139.05, 138.98, 138.57, 

138.38, 138.34, 138.03, 137.87, 137.76, 137.72, 137.36, 137.25, 137.04, 137.02, 136.87, 

135.94, 135.88, 135.85, 135.81, 132.54, 132.43, 132.32, 132.23, 131.16, 131.11, 131.02, 

130.90, 130.74, 130.67, 130.62, 130.53, 130.45, 130.38, 130.32, 127.37, 127.15, 126.92, 

126.76, 126.69, 126.43, 126.35, 126.29, 126.21, 125.79, 125.68, 123.82, 123.75, 123.66, 

121.27, 120.87, 118.55, 118.37, 118.27, 118.10, 108.75, 108.71, 97.59, 97.55, 59.98, 

55.28, 38.88, 38.49, 30.78, 30.49 (A part of the sp2 and sp3 carbon signals were shifted 

due to the encapsulation of the HF, H2O•HF, and H2O); 19F NMR (470 MHz, CDCl3/CS2 

= 1:1) δ –220.39 (d, J = 453 Hz), –237.79 (d, J = 507 Hz); HRMS (–APCI), calcd for 

C92H29N2O5F (M–) 1260.2066, found 1260.2069 and C92H30N2O6 (M
–) 1258.2177, found 

1258.2173.  The peaks corresponding to (H2O•HF)@α-13mem were not found likely 

due to the release the encapsulated H2O•HF from the cage under the APCI MS conditions.   

 

HF@α-8mem, (H2O•HF)@α-8mem, and H2O@α-8mem: To a solution of the mixture of 

HF@α-13mem, (H2O•HF)@α-13mem, H2O@α-13mem, and empty α-13mem (94.4 mg, 

0.0752 mmol, HF = 32%, H2O•HF = 9%, and H2O = 27%) in dry toluene (15 mL) was 

added P(OiPr)3 (1.0 mL, 4.3 mmol) and the mixture was stirred at 35 ºC for 18 h.  Then, 

the temperature was raised to reflux and the mixture was stirred for another 28 h.  The 

reaction mixture was concentrated and the residue was purified by silica gel column 

chromatography (toluene as eluent) to give a mixture of HF@α-8mem, (H2O•HF)@α-

8mem, H2O@α-8mem, and empty α-8mem in 61% yield (54.1 mg, 0.0461 mmol, HF = 

34%, H2O•HF = 8%, and H2O = 27%) as a red brown powder.   

 

The mixture of HF@α-8mem, (H2O•HF)@α-8mem, H2O@α-8mem, and empty α-

8mem with a ratio of 34:8:27:31: 1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.0 Hz, 1H), 

7.98 (t, J = 8.0 Hz, 1H), 7.65-7.59 (m, 2H), 7.47 (d, J = 8.0, Hz 1H), 7.17 (d, J = 8.0 Hz, 
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1H), 6.54-6.50 (m, 1H), 6.29 (d, J = 10.0 Hz, 1H), 1.56 (s, 9H), 1.21 (s, 9H), –15.27 (d, 

J = 453 Hz, 0.04H), –21.18 (s, 0.16H), –22.34 (d, J = 507 Hz, 0.17H), –24.51 (s, 0.54H); 

13C NMR (151 MHz, CDCl3) δ 169.28, 168.41, 166.92, 164.21, 164.17, 153.50, 151.29, 

151.23, 151.10, 151.03, 150.94, 150.89, 150.82, 150.67, 150.58, 150.52, 150.41, 150.34, 

150.29, 150.11, 149.42, 149.38, 149.28, 148.90, 148.83, 148.79, 148.75, 148.73, 148.69, 

148.59, 148.56, 148.34, 148.28, 148.26, 148.23, 148.18, 148.13, 148.08, 147.84, 147.78, 

147.73, 147.66, 147.63, 147.59, 147.56, 147.54, 147.47, 147.39, 147.36, 147.07, 147.05, 

146.48, 146.46, 146.42, 145.99, 145.96, 145.93, 145.88, 145.80, 145.65, 145.53, 145.49, 

145.44, 145.36, 145.22, 145.12, 145.03, 144.96, 144.90, 144.86, 144.84, 144.81, 144.49, 

144.46, 144.45, 144.41, 144.22, 144.16, 144.13, 144.11, 144.04, 143.96, 143.42, 143.39, 

143.32, 143.25, 143.17, 142.78, 142.76, 142.74, 142.34, 142.24, 142.08, 141.41, 141.38, 

140.92, 140.89, 140.87, 140.61, 140.49, 140.42, 140.40, 140.36, 139.76, 139.73, 139.60, 

139.53, 138.39, 138.30, 138.24, 138.08, 137.88, 137.85, 137.76, 137.71, 137.69, 137.36, 

136.77, 136.14, 136.11, 135.37, 135.29, 135.24, 134.75, 134.73, 134.70, 133.58, 133.53, 

133.50, 132.60, 132.55, 132.51, 132.45, 132.38, 132.34, 132.31, 132.27, 132.16, 132.07, 

131.33, 131.24, 131.17, 130.65, 127.77, 127.72, 127.68, 126.63, 126.56, 124.73, 124.63, 

124.58, 124.19, 124.17, 124.07, 123.25, 123.10, 123.06, 121.53, 120.50, 120.42, 118.33, 

118.15, 118.11, 116.99, 116.83, 54.72, 53.31, 53.28, 38.01, 37.56, 30.25, 29.92 (A part of 

the sp2 and sp3 carbon signals were shifted due to the encapsulation of the HF, H2O•HF, 

and H2O); 19F NMR (470 MHz, CDCl3) δ –226.55 (d, J = 453 Hz), –249.53 (d, J = 507 

Hz); HRMS (–APCI), calcd for C92H27N2F (M–) 1178.2164, found 1178.2170, calcd for 

C92H29N2OF (M–) 1196.2269, found 1196.2265, and calcd for C92H28N2O (M–) 1176.2207, 

found 1176.2208.   

 

HF@C70, (H2O•HF)@C70, and H2O@C70: To a solution of the mixture of HF@α-8mem, 

(H2O•HF)@α-8mem, H2O@α-8mem, and empty α-8mem (52.0 mg, 0.0443 mmol, HF 

= 34%, H2O•HF = 8%, and H2O = 27%) in 1-chloronaphthalene (10 mL) was added N-

phenylmaleimide (53.1 mg, 0.307 mmol) and the mixture was stirred at reflux for 70 h.  

After cooling to room temperature, the solution was mixed with CH3CN (30 mL).  The 

resulting precipitates were filtered and dissolved in CS2.  The solution was subjected to 

flash column chromatography over silica gel.  Elution with hexane/CS2 = 2/1 gave a 
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mixture of HF@C70, (H2O•HF)@C70, and H2O@C70 (14.5 mg, 38% yield) as a black 

powder.  Further purification by the use of preparative HPLC gave a mixture of HF@C70 

and H2O@C70 (1:1), and pure (H2O•HF)@C70.  Only a small amount of (HF)2@C70 was 

obtained from the HPLC fraction before that of (H2O•HF)@C70.  Then, by the use of the 

recycling HPLC, pure HF@C70 was isolated from a mixture of HF@C70 and H2O@C70.  

 

HF@C70: 
1H NMR (500 MHz, CDCl3/CS2 = 1/1) δ –24.99 (d, J = 507 MHz, 1H); 13C 

NMR (151 MHz, CDCl3/CS2 = 1/1) δ 150.41, 147.80, 147.13, 145.04, 130.52; 19F NMR 

(470 MHz, CDCl3/CS2 = 1/1) δ –247.99 (d, J = 507 MHz); HRMS (–APCI), calcd for 

C70HF (M–) 860.0068, found 860.0066.  

 

(H2O•HF)@C70: 
1H NMR (500 MHz, CDCl3/CS2 = 1/1) δ –17.53 (d, J = 443 MHz, 1H), 

–25.27 (s, 2H); 13C NMR (151 MHz, CDCl3/CS2 = 1/1) δ 152.30, 150.61, 148.77, 148.55, 

147.45, 146.86, 145.55, 144.39, 130.38; 19F NMR (470 MHz, CDCl3/CS2 = 1/1) δ –

222.11 (d, J = 443 MHz); HRMS (–APCI), calcd for C70H3OF (M–) 878.0173, found 

878.0171.  

 

X-ray Crystal Structure Analysis. 

(H2O•HF)@C70: Single crystals of (H2O•HF)@C70 containing benzene, chloroform, and 

nickel(II) octaethylporphyrin were grown from benzene/CHCl3 solution of 

(H2O•HF)@C70 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 K radiation (λ = 0.71073 Å) and graphite monochromater.  A total of 45,729 

reflections were measured at the maximum 2θ angle of 51.0°, of which 12,913 were 

independent reflections (Rint = 0.0195).  The structure was solved by direct methods 

(SHELXS-97)30 and refined by the full-matrix least-squares on F2 (SHELXL-97)30 

without any restraints and constraints except for the hydrogens of the H2O.  The crystal 

contained two disordered benzene and chloroform molecules i.e., (C107–C112, C114-

119) and (C106, C113), which were solved using appropriate models.  The occupancies 

of C107–C112 and C114-C119 were refined to be 0.80(4) and 0.63(4), respectively.  The 

hydrogen atom between the F and O was refined, whereas the two hydrogens on the O 
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were fixed.  All other hydrogen atoms were placed using AFIX instructions.  The 

crystal data are as follows:  C115.16H56.16Cl1.70FN4NiO; FW = 1649.84, crystal size 0.05 

× 0.03 × 0.01 mm3, triclinic, P-1, a = 14.4039(4) Å, b = 14.6713(4) Å, c = 18.8906(4) 

Å, = 87.6156(10)°,  = 86.9526(10)°, = 60.7778(9)°, V = 3478.50(15) Å3, Z = 2, D = 

1.575 mg/m–3.  The refinement converged to R1 = 0.0370, wR2 = 0.1015 (I > 2(I)), GOF 

= 1.095.  The data was deposited at the Cambridge Crystallographic Data Centre (CCDC 

1513130).  
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Chapter 5 

 

Fullerene C70 as a “Nano-Flask” to Reveal Chemical  

Reactivity of a Nitrogen Atom 

 

 

Abstract:  Nitrogen (N) is one of the most important elements and their 

simplest chemical species is an N atom.  However, its intrinsic 

reactivity is not clear yet because of the difficulty of its isolation.  Thus, 

of an ultimate to study the reactivity is constructing a system only one N 

atom with a single molecule of reactant in an inert environment.  Such 

a system was created by the combination of “molecular surgery” and “ion 

implantation” technique utilizing the inside cavity of fullerene C70.  

This system revealed that the N atom with a ground-state 3/2 spin system 

did not react with H2 molecule under thermal conditions.  The 

supramolecular system of endohedral fullerenes opened its usage as a 

“nano-flask” to study the simplest bimolecular reactions at the molecular 

level. 
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Introduction  

Nitrogen (N) is one of the most important elements in the universe, which is the 

components of proteins, deoxyribonucleic acids, amino acids, organic nitrates and 

cyanides, nitric acid, ammonia and N2 gas.  The simplest chemical species among them 

is an N atom,1 whose reaction with H2 were experimentally studied only in gas-phase by 

using special apparatus for generation of the N atom and for detection of its decay.2  

However, unavoidable drawbacks of gas-phase studies include recombination of reactive 

species itself, side-reactions of newly formed species, and decomposition by impurities 

on a wall of reaction vessels.  Thus, of an ultimate to study the reactivity is a system 

using only one N atom with single molecule of reactant in an inert vessel.  In this chapter, 

the author describes a method to create such a system inside a carbon-cage, and confirm 

that the N atom with a ground-state 3/2 spin system does not react with H2 molecule under 

thermal conditions.  The key of this method is the combination of the molecular surgery3 

and the following ion implantation4 toward fullerene C70.
5  Through the research, the 

fullerene cage opened its usage as a “nano-flask” to study the simplest bimolecular 

reactions at the molecular level, possibly different from those of bulk systems.   

 

Results and Discussion  

Chemical reactions are usually conducted in milligram to gram scale in glass flasks 

at laboratories and kilogram to ton scale in a stainless-steel vessels at industries.  In any 

case, huge number of molecules, around Abogadro constant 6 × 1023, of reactants and 

reagents are involved: for example, even a solution of 1 μL volume with 1 nM 

concentration contains 600 million molecules of a reagent.  Under such conditions, 

reactivity of a reagent is dominated by statistical factor with Boltzmann distribution.  In 

addition, interaction of the chemical species with solvents6 and other species including 

themselves7 and products8 plays an important role.  Thus, intrinsic reactivity of one 

molecule at the molecular level can be different from those observed in bulk systems.  

Recently, molecular containers9 were developed including cyclodextrins, carcerands, 

hemicarcelands, and self-assembled cages as a molecular flask10 to survey the properties 

of the guests trapped in the hosts.  In these systems, all of the chemical species should 

be stable enough to exist in a solution under equilibrium conditions before the 
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encapsulation.  Therefore, very reactive and small species, like an N atom, are not suited 

to be studied inside these systems.  On the other hand, fullerenes can be such a molecular 

flask owing to the completely closed structure and the inert inside wall.  In the case that 

one stable molecule is encapsulated, the fullerene works as a nano-flask to investigate 

conversion of the spin isomers.11  If the N atom is introduced toward the molecule-

encapsulating fullerenes by the stepwise manner, it allows us to study the intrinsic 

properties of the N atom that has been only investigated by the decay of the N atom in a 

gas-phase.   

 

 

 

In order to use of the endohedral fullerenes as a “nano-flask in which one molecule 

of the reactant is placed”, the filling factor of the encapsulated molecules should be 

important since the efficiency of the N-insertion3 is very low such as in the order of 10‒4 

to 10‒6.  Fortunately, this low efficiency is high enough for the resulting products to be 

analysed by ESR using the solution at ambient conditions.  Previously fullerene C60 and 

C70 encapsulating a He atom12 were synthesized and it was demonstrated that the 

following insertion of an N atom afforded HeN@C60 and HeN@C70, respectively.5  

Using the molecular surgical methods (Figure. 1a), a series of molecule-encapsulating 
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endohedral fullerenes, i.e., H2@C60,
13 H2@C70,

14 H2O@C60,
15 H2O@C70

16 and HF@C70
17 

were prepared and used for the following N-insertion (Figure. 1b).   

A mixture of H2@C60 and empty C60 in a 3:7 ratio (10 mg) was placed under radio-

frequency nitrogen plasma conditions (30 Pa of N2 gas) and sublimed by resistive 

heating,4 the temperature being estimated as around 500-700 ºC monitored with a 

radiation thermometer.  The deposited material (ca. 3 mg) was collected and dissolved 

in CS2.  After removal of the CS2, toluene was added and the soluble component was 

subjected on a high-performance liquid chromatography (HPLC) equipped with the 

Cosmosil Buckyprep column to remove oxidation products such as epoxides H2@C60O 

and C60O.  The resulting material was dissolved in CS2 and transferred into an ESR tube.  

The sample solution was degassed by freeze-pump thaw cycles and sealed under vacuum.  

The ESR spectrum showed only a triplet signal with the hyperfine coupling constant 

(hfcc) of AN = 5.67 Gauss.  This hfcc is corresponding to 14N@C60
4,5 originated from the 

empty C60, demonstrating that the N atom was not inserted into H2@C60.  To exclude 

the possibility that the N insertion occurred but the product was decomposed before the 

ESR measurement, H2@C60 at the filling factor of 100% was used.  In this case, no 

signal was observed, confirming that no insertion of the N atom inside H2@C60 took place 

likely because the inner space of H2@C60 is too small to accommodate the N atom as an 

additional guest.  Similarly, N insertion into H2O@C60 was not observed.  
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Fullerene C70 has a larger inner space than C60.  Therefore, the author envisioned 

that it is more suitable as a nano-flask.  Actually, reflecting the larger size, double-

encapsulation was achieved for (H2)2@C70,
14 (H2O)2@C70

16 and (H2O•HF)@C70.
17  

First, N insertion to a 3:7 mixture of H2@C70
15 and empty C70 was conducted under the 

same conditions (Scheme 1a).  The H2@C70 was sublimed similarly to H2@C60.  The 

ESR spectrum of the resulting material showed a new triplet of triplets in addition to the 

triplet corresponding to N@C70 (Figure. 3a).  Next, N-insertion was conducted to a 3:7 

mixture of D2@C70 and empty C70 (Scheme 1b).  The ESR spectrum showed a new 

triplet of quintets (Figure. 3b).  These data clearly demonstrated that the N-insertion into 

H2@C70 and D2@C70 did take place INSIDE the C70 cage, and that the new signals were 

not originated from radical species outside the C70 cage, some radical species generated 

from a trace amount of impurities such as water or hydrogen-source in the vessel or during 

the purification processes.  Formation of the new chemical species was also confirmed 

by the atmospheric pressure chemical ionization mass (APCI MS) analysis on the product 

(Figure. 2).  Since the molecular weight of (H2@
12C70+

14N) (2+840+14=856) is very 

close to a possible side-product 12C70
16O (840+16=856), deuterated product was analysed 

the.  After the ESR measurements, the product was further purified by the HPLC.  The 

APCI MS of the resulting material showed molecular ion peaks at m/z 858, in good 

accordance with a molecular formula of D2@
12C70+

14N (4+840+14=858).  These results 

definitely confirmed that the product was obtained by addition of the N-atom to D2@C70, 

especially inside the fullerene cage.  As another examples of the reactants, H2O@C70 

and HF@C70 were also used for the N-insertion reaction.  However, no new signal was 

observed in both cases probably due to the larger size of the H2O and HF.  
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In these experiments, insertion of the N-atom into the nano-flask having a molecule 

of H2 or D2 was achieved.  However, the products were still not clear.  The natural idea 

is a formation of NH2 or ND2 radical because of would-be high reactivity of both the N-

atom and the hydrogen molecule.  Indeed, NH2 and ND2 radicals were reported to be 

generated by ultraviolet photolysis of NH3 and ND3 in an argon matrix at low 

temperature,18 and their isotropic magnetic constants were determined19 (Table 1).  After 

the following discussions the author concluded that no covalent bond formation between 

the N-atom and the H2 or D2 molecule occurred and that the N-atom exists individually 

with weak interaction to the H2 molecule, represented as (H2+N)@C70 or (D2+N)@C70.   
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In Table 1 were summarized the ESR parameters of (H2+N)@C70 and the related 

species.  First, the g values of (H2+N)@C70 (2.0029) is very close to that of N@C70 

(2.0029) and HeN@C70 (2.0029), which is apparently different from that of NH2 radical 

(2.0049 ± 0.0001), demonstrating the similarity of the electronic structures of 

(H2+N)@C70 and N@C70.  Second, the hfcc of (H2+N)@C70 were determined as A = 

5.81 and 2.52 Gauss.  From the similarities of the AN values for N@C70 (5.38) and 

HeN@C70 (5.59), one of the values is assigned to the coupling with the 14N nucleus, 

supported by the similar observation for (D2+N)@C70.  This value is completely 

different from the AN value for the NH2 radical (10.4 ± 0.1).  Since the larger AN value, 

in the case of N@C70 and HeN@C70, is reflected by the denser electron density on the 

14N nucleus compressed by the limited space,5 the value of AN = 5.81 for (H2+N)@C70 

showed much smaller space available for the N-atom.  Then, the hfcc of 2.52 Gauss is 

assigned to the coupling with the two protons.  The considerably smaller value 

compared with that of the NH2 radical (23.8 ± 0.1) demonstrated weak interaction 

between the N-atom and the H2 molecule without formation of covalent bonds.  From 
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these analysis, the formation of (NH+H)@C70 was also denied.  

 

 

 

From the theoretical investigations,20 an N-atom has an electronic spin state of 3/2 

as the ground state and 1/2 as the lowest excited state.  The N(4S) is unreactive toward 

H2, whereas the N(2D), which is higher in energy by 57.5 kcal mol‒1, is reactive to give 

NH2 radical through the small barrier.  However, in the gas-phase experiments, only the 

decay profile of the starting chemical species of N(4S)2a or N(2D)2b was observed.  

Therefore, the product as well as the whole reaction profile are not clear yet: the N(4S) 

was generated by photo-decomposition of NO in a mixture of Ar and H2 at 1600-2300 

K,2a and the N(2D) was produced by irradiation of a pulsed electron beam toward a 

mixture of N2 and H2 at 200-300 K.2b  In sharp contrast, our results using a nano-flask 

gave a clear evidence that the N(4S) does not react with the H2 below 700 K.  Formation 

of NH2 radical from the N(4S) and H2 should be an highly exothermic reaction.20  It is 

considered that the activation energy to transform the N(4S) to N(2D) would prohibit this 

reaction, since an N(4S) should not react with an H2 to form an NH2, taking the Wigner 

spin-conservation rule21 into consideration.   

 

Conclusion 

In summary, the author confirmed no formation of covalent bonds when the N(4S) is 
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force to make a close contact with the H2 molecule, by using C70s as a nano-flask.  This 

reaction is of fundamental importance in various fields such as combustion chemistry, 

atmospheric science, and quantum mechanics.  In addition, since the N@C60 can act as 

a quantum-information carriers,22 the new radical species with quartet spin state would 

be useful in a field of material science and computer technology.   

 

Experimental Section 

Gneral. 

H2@C60,
13 H2@C70,

14 D2@C70, H2O@C60,
15 H2O@C70,

16 and HF@C70
17 were 

synthesized by following previous report.  The system reported by Ata et al.4b,c was used 

to generate radio-frequency plasma for the nitrogen insertion into the endohedral C60s and 

C70s.  The HPLC was performed with the use of a Cosmosil Buckyprep column (4.6  

× 250 mm) for analytical purpose, and the same columns (20  × 250 mm) for preparative 

purpose.  ESR spectra were measured by Bruker EMX and EMX plus spectrometers. 

Simulation of the spectra was carried out on a WinSim program.23  The atmospheric 

pressure chemical ionization mass spectrum was recorded on a Bruker micrOTOF-QII.   

 

Synthesis. 

(H2+N)@C70 or (D2+N)@C70: (H2+N)@C70 or (D2+N)@C70 was generated by a nitrogen 

radio-frequency plasma method.4  H2 or D2 incorporated fullerene C70, (~9 mg, ca. 30% 

encapsulation level) was put in a molybdenum boat and placed into the instrument.  

Under the reduced pressure of nitrogen gas (30 Pa), the material containing N-

encapsulating C70 was generated by sublimation through resistive heating in nitrogen 

plasma.  After cooling to room temperature, the deposit (~3 mg) was dissolved in CS2, 

followed by filtration and evaporation of the solvent.  The resulting material was 

dissolved in toluene and subjected to recycling HPLC equipped with the Cosmosil 

Buckyprep column (20  × 250 mm, toluene) for further purification.  The major 

fraction was collected and evaporated. The residue was dissolved in CS2 and placed in an 

ESR tube, which was connected to a vacuum line.  The solution was degassed by three 

freeze-pump-thaw cycles under reduced pressure, and then sealed.   
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Enrichment of (D2+N)@C70: After sublimation of D2@C70 through resistive heating in 

nitrogen plasma, the resulting deposit (~ 3 mg) was subjected to the recycle HPLC on 

Cosmosil Buckyprep columns (two directly connected columns; 20  × 250 mm, toluene).  

After 2 recycling, the latter portion of the main peak was collected and subjected to mass 

analysis to give the mass spectrum as shown in Figure 2.  
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