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A small aperture enabling the 
encapsulation of HF in [60]fullerene
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A small aperture, allowing the encapsulation of hydrofluoric acid (HF), was made in [60]fullerene. To create this structure, 
reductive decarbonylation was performed on an open [60]fullerene with a 13-atom ring aperture, resulting in two primary de-
rivatives with 14-atom apertures. The chemical structure of the aperture was found to be critical in determining the selectivity 
between the two derivatives. Despite the reaction being performed at 180 °C in the presence of water, the products spontane-
ously allowed a water molecule to pass through the aperture. However, under milder conditions at 0 °C, HF was encapsulated 
in the cavity. The encapsulation of HF led to a distinct shifting of proton signals attributed to the translational movement of 
HF in the cavity, as predicted by theoretical calculations.
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1. Introduction

Fullerene C60 is a spherical carbon cluster consisting of pentagons 

and hexagons. Successive bond scissions can create apertures in C60 

[1–5], and the resulting derivatives can encapsulate specific guests. 

In 2001, Rubin, Houk, Saunders, Cross, and coworkers reported the 

creation of a 14-membered-ring aperture on C60 [6]. They also dem-

onstrated guest insertion of 3He and H2 under harsh conditions, with 

occupancy levels reaching only 1.5% (288–305 °C, approximately 

475 atm, 7.5 h) and 5% (400 °C, 100 atm, 48 h), respectively [7]. It is 

important to note that smaller apertures may prevent guest molecule 

encapsulation, while larger apertures may lead to guest release after 

encapsulation. Additionally, restoring the opened form to pristine C60 

can be challenging with larger apertures. To overcome these issues, it 

is crucial to develop ideal [60] fullerene hosts with apertures that are as 

small as possible to facilitate efficient encapsulation of various guests.

In 2011, we reported a cage-opened C60 derivative with a 13-mem-

bered-ring aperture [8, 9]. Under 9,000 atm at 120 °C for 36 h, water 

was quantitatively encapsulated. During this process, the aperture of 

the host transformed in situ into a 16-membered ring, creating a win-

dow through which a water molecule passed before returning to the 

original 13-membered-ring orifice. However, under ambient pressure 

at 160 °C for 24 h, the encapsulation ratio of water was less than 10% 

[10, 11]. Related C60 derivatives with a 16-membered-ring aperture 

encapsulate water molecules at an occupancy level of approximately 

5% under ambient pressure at 180 °C for 15 min [12]. The first cage-

opened C60 derivative, reported by Wudl and coworkers in 1995, has 

an 11-membered-ring aperture that prevents the encapsulation of 

any chemical species [13]. Using this compound, we synthesized an 

orifice-expanded derivative with a 12-membered-ring aperture, re-

sulting in 33% H2 encapsulation under 165 atm at 150 °C for 24 h. In 

this process, the actual encapsulation window is an in situ-generated 

15-membered ring [14, 15]. As exemplified above, high-pressure 

conditions are typically necessary for encapsulation with a reasonable 

guest occupancy level. Recently, we reported a small 14-membered-

ring aperture that enables a high water-encapsulation ratio of 78% 

at 180 °C for 24 h without applying high pressure [16]. However, 

undesired side reactions occurred during the synthetic preparation of 

the aperture, generating additional products and lowering the yield of 

the desired 14-membered ring. This is attributed to a reactive imine 

moiety on an orifice of the precursor molecule. To address this issue, 

a precursor molecule without the imine moiety is required. Herein, 

we report an improved synthesis of the small 14-membered-ring ap-

erture for guest insertion by replacing the imine with an olefin in the 

precursor molecule. We also discuss the spontaneous encapsulation of 

HF inside the C60 host under milder conditions, as well as the transla-

tional motion of HF in the cavity (Fig. 1).

2. Results and Discussion

In our previous report [16], 1a, which bears an imine moiety on its 
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aperture, could be transformed into 2a, 3a, and 4a in isolated yields 

of 35%, 3%, and 39%, respectively, through a reaction assisted by 

a single-electron reductant, namely, tris(dimethylamino)methane 

(TDAM, CH(NMe2)3) in a mixed solvent media of o-dichlorobenzene 

(ODCB) and water at 180 °C for 24 h (Fig. 2a). Notably, all three 

products spontaneously accommodate a water molecule inside with 

occupancy levels of 32%, 78%, and 32%, respectively. The water 

contents were determined by comparing the signal areas in 1H NMR 

spectra. All these compounds were characterized spectroscopically 

and/or crystallographically in the previous work [16].

Similarly, we performed the reaction using 1b, yielding H2O@2b 

and H2O@3b in 4% and 68% yields, respectively. Notably, 4b 

was not generated because the olefin moiety in 1b did not undergo 

hydrolysis, unlike the reaction of 1a, which partially yielded the 

hydrolyzed product (4a). The encapsulation ratios of H2O@2b 

and H2O@3b were determined to be 22% and 39%, respectively. 

Structural characterization was performed using mass spectrometry 

and NMR spectroscopy. Mass spectrometric analysis of H2O@2b 

clearly showed the expected decarbonylation of 1b, with a molecu-

lar ion peak detected at m/z 982.0761, assignable to [1b–CO+ 2H+ 

H2O]•− (Fig. S3). The 13C NMR spectrum of H2O@2b confirmed 

the disappearance of one carbonyl signal (Fig. S2). In the 1H NMR 

spectrum (800 MHz, acetone-d6/CS2 (1 : 5)), two new singlet signals 

emerged in the aromatic region at δ 8.86 and 8.78 ppm (Fig. S1). 

Notably, these proton signals are shifted downfield even compared 

to the electron-deficient protons of the pyridyl substituents (8.52 and 

8.48 ppm). This indicates that these protons are directly attached to 

the electron-deficient [60] fullerene cage, resulting in a considerable 

deshielding effect. The molecular ion peak of H2O@3b was identified 

at m/z 1053.1149, which corresponds to [1b+NHMe2+H2O]•− (Fig. 

S7). Multiple long-range 1H–13C correlations, such as NMe2 (δ 3.40 

and 2.88 ppm)•••C=O (δ 166.19 ppm) and CH (δ 9.89 ppm)•••CPy (δ 

54.07 ppm), confirm the presence of an amide group and an aromatic 

proton attached to the fullerene cage (Fig. S6). These correlation 

peaks also reveal the substitution site of the amide group.

This chemical transformation begins with the nucleophilic addi-

tion of water to one of the two carbonyl groups in 1, resulting in the 

formation of the geminal diol INT1. Subsequently, INT1 undergoes 

C–C bond cleavage to potentially generate INT2 and INT3 (Fig. 

2a). TDAM is believed to play a role in facilitating the C–C bond 

cleavage process [16]. By comparing the structures, 3 can be deduced 

to be derived from INT3 via further reaction with HNMe2, which 

is generated in situ from TDAM (Fig. 2b). Meanwhile, 2 could be 

formed from either INT2 or INT3, concomitant with the release of 

CO2. Lastly, 4 is proposed to arise from INT2 through hydrolysis 

of the imine moiety, followed by condensation and release of ben-

zoic acid [16]. Upon examining the encapsulation ratios of H2O, the 

same value of 32% was observed for both H2O@2a and H2O@4a 

despite their structurally distinct apertures. To gain insights into the 

water-encapsulation process, we calculated the insertion barriers 

of H2O at the B3LYP-D3/6-31G(d) level of theory (Fig. 2a). The 

calculations revealed that the insertion barrier for 2a was estimated 

to be ΔG‡ +26.6 kcal/mol, which is considerably lower than that 

for 4a (+36.9 kcal/mol). However, this result does not fully explain 

the comparable water contents in H2O@2a and H2O@4a. Addition-

ally, the high activation barrier of ΔG‡ +36.9 kcal/mol for 4a makes 

it unlikely that the process would proceed at 180 °C. However, the 

intermediate of 2a and 4a (namely, INT2a) is predicted to undergo 

water encapsulation with an activation barrier of +17.4 kcal/mol. 

Therefore, water insertion likely occurs on INT2a before the forma-

tion of 2a and 4a, resulting in the same water occupation ratio. This 

further supports the notion that 2a is predominantly generated from 

INT2a. In contrast, the water occupation ratio for H2O@3a should be 

determined after the generation of 3a because the activation barrier 

for 3a is estimated to be +21.5 kcal/mol, which is ΔΔG‡ −2.1 kcal/

mol lower than that of its intermediate (INT3a, +23.6 kcal/mol).

In the case of the olefin analog, the water insertion process for 2b 

is similar to that for 2a. The activation barrier for 2b (+28.8 kcal/

mol) is predicted to be higher than that of INT2b (+20.2 kcal/mol), 

suggesting that water insertion occurs before the conversion of 

INT2b into 2b. A similar water insertion process is also proposed for 

H2O@3b, where its barrier of +26.5 kcal/mol is higher than that of 

INT3b (+24.9 kcal/mol). This process differs from that of H2O@3a, 

whose occupation level is determined after its generation.

It is noteworthy that changing the substructure of the aperture from 

imine functionality to olefin reverses the selectivity between INT2 

and INT3 (3a or 3b). In the case of the imine analogs, 3a, derived 

from INT3a, was obtained as the minor product in 3% yield, while 

the combined yield of 2a and 4a (both from INT2a) was 74%. Con-

versely, for the olefin analog, 3b (from INT3b) was obtained in 68% 

yield, while 2b (from INT2b) was the minor product in 4% yield. 

The preferred formation of INT2a over INT3a is likely attributed to 

the stabilization of the transition state by an intramolecular hydro-

gen bond between the carboxylic acid and the imine moiety. In the 

olefin analog, however, there is no such assistance for the formation 

Fig. 1 HF encapsulation through a small aperture.
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of INT2b, and therefore, the route to INT3b is likely to proceed to 

avoid steric repulsion of the carboxylic acid with the olefin moiety 

(Fig. 2c).

Owing to the high electronegativity of the fluorine atom, HF 

typically exists as oligomers and readily undergoes self-ionization to 

form HF2
−. It also readily forms hydrate complexes upon exposure to 

a humid environment [17]. Consequently, producing a non-naturally 

occurring form of HF poses a synthetic challenge. Thus, we attempt-

ed HF insertion into 3b (Fig. 3a). Powdery H2O@3b (H2O: 39%) was 

dissolved in ODCB in a sealed Teflon vessel. An excess of hydrogen 

fluoride pyridine complex was added, and the resulting solution 

was stirred at 22 °C for 24 h and 0 °C for 24 h. After the reaction, 

the crude mixture was treated with saturated Na2CO3 and extracted 

with CS2. Chromatographic purification yielded the sole product 

without considerable decomposition of 3b. The 1H NMR spectra 

exhibited a singlet signal at δ−10.09 ppm corresponding to H2O@3b 

(Fig. 3b), indicating that the pre-encapsulated H2O molecule remains 

encapsulated with an unchanged occupation level of 39% under both 

conditions at 22 °C and 0 °C. We also observed a doublet signal at 

δ−7.53 ppm, which can be assigned to HF@3b. The coupling con-

stant was measured to be JHF=508 Hz, which is comparable to those 

reported for HF in fullerene derivatives [18–20]. The 19F NMR signal 

of HF@3b was detected at −225.76 ppm as a doublet signal. The 

encapsulation ratio of HF was determined to be 6% and 18% for the 

reactions performed at 22 °C and 0 °C, respectively, while the encap-

sulation ratio of H2O remained unchanged. This is in contrast to the 

report by Gan and coworkers, who demonstrated the release of the 

encapsulated H2O molecule mediated by HF [21]. Because 39% of 

Fig. 2 (a) Synthesis and reaction pathways with insertion barriers of H2O, ΔG‡ (kcal/mol) at 298 K, calculated at the B3LYP-D3/6-31G(d) 
level of theory. (b) Proposed mechanism for the generation of Me2NH. (c) Proposed mechanism for the selective formation of INT2a•− 
or INT3b•−.

Vol. 4 No. 1 2025
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3b was already occupied by water, the net encapsulation ratio of HF 

was estimated to be 10% and 31% at each temperature. The lower en-

capsulation ratio of HF at a higher temperature suggests that HF read-

ily escapes even after encapsulation. Therefore, these values reflect 

the thermal equilibrium in the reaction system at the applied tempera-

tures. In fact, at room temperature, the complete release of HF from 

HF@3b (18%) was confirmed a few days after isolation as a mixture 

with 3b (43%) and H2O@3b (39%). According to theoretical calcula-

tions (Fig. 3c), the release barrier of H2O from 3b is ΔG‡ +36.8 kcal/

mol (TS-i), which is too high for the process to occur. This observa-

tion aligns well with the experimental finding that the water occupa-

tion level remains unchanged during the reaction. Theoretical calcula-

tions revealed two possible routes for HF insertion into 3b with low 

activation barriers of +17.0 (TS-ii) and +11.1 kcal/mol (TS-iii). The 

lower activation barrier for TS-iii is attributed to the assistance pro-

vided by the intermolecular hydrogen bonding between the inserting 

HF and the amide moiety on the aperture. Unlike water in 3b, HF can 

be released with a barrier of only +19.2 kcal/mol, which is again con-

sistent with the experimental observations.

Interestingly, 3b contains an aromatic proton of a benzene ring in 

a bay region. The corresponding 1H NMR signal serves as a valu-

able indicator of fullerene aromaticity. In the case of 3b, this signal 

appears at δ 9.81 ppm (acetone-d6/CS2 (1 : 5)) (Fig. 3b), which is 

more deshielded than that of phenanthrene (δ 8.84 ppm, acetone-d6) 

[22], indicating the electron-deficient nature of the fullerene cage. 

For H2O@3b, this signal is slightly downfield-shifted to δ 9.87 ppm. 

Such a change in chemical shift is expected because encapsulation 

can lead to a slight deformation of the fullerene cage, and larger 

guests tend to induce greater changes [23]. Unexpectedly, the aro-

matic proton signal of HF@3b was detected at δ 9.88 ppm. This ob-

servation deviates from the intuitive prediction based on guest size, 

as HF is smaller than H2O. Notably, in previous studies on HF in 

fullerene hosts [18–20], no considerable deviation in the 1H signals 

of the addends between HF@hosts and empty hosts was observed 

owing to the small size of HF. Similarly, in this study, the change in 

chemical shifts of the addends (including protons in the olefin and 

Fig. 3 (a) HF insertion into 3b. (b) 1H NMR spectra (500 MHz, acetone-d6/CS2 (1 : 5)) of X@3b (X=HF, 18%; H2O, 39%; empty, 43%). (c) 
Guest insertion mechanism (B3LYP-D3/6-31G(d)). ΔG values are given in kcal/mol at 298 K. (d) Structural overlay of HF-I@3b and 
HF-II@3b (B3LYP-D3/6-31G(d,p)). (e) van der Waals surface plot of 3b. (f) NICS(0) (HF/6-311G(d,p)//B3LYP-D3/6-31G(d,p)) and 
simulated proton chemical shifts (GIAO-B3LYP-D3/6-311G(d,p)//B3LYP-D3/6-31G(d,p)) for 3b, H2O@3b, HF-I@3b, and HF-II@3b.
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pyridyl substituents) is minimal. In contrast, a considerable deviation 

was observed only for protons directly attached to the [60] fullerene 

cage (Fig. S4). During the detailed computational analysis, we found 

that translational motion of HF in the fullerene cage was possible. 

Structural optimization suggested two orientations along the z-axis 

pointing toward the aperture (Fig. 3d). This type of dual positioning 

was not observed for H2O@3b. The smaller size of HF may enable it 

to adopt an orientation closer to the aperture, where the void diameter 

is considerably narrower, as confirmed by the van der Waals surface 

plot (Fig. 3e). The calculated translational displacement was 1.359 Å, 

which is rather larger than water displacement in open-[60] fullerene 

with a large aperture (0.87(6) Å [24]) and closed [70] fullerene deriva-

tives (0.70(2) [25] and 0.66(3) Å [26]).

To elucidate the discrepancy in guest-dependent chemical shifts, 

we calculated the nucleus-independent chemical shifts (NICS(0)) for 

the benzene ring and the chemical shifts of the proton in the benzene 

ring (Fig. 4a). The NICS(0) values for all structures were compara-

ble, indicating that local aromaticity does not considerably contribute 

to the chemical shift. Although the simulated proton chemical shifts 

were slightly overestimated, the downfield shift for H2O@3b (δcalc 

+10.94 ppm) relative to 3b (δcalc +10.93 ppm) was reproduced. How-

ever, an upfield shift was predicted for HF-I@3b (δcalc +10.74 ppm), 

which should be canceled out by the large downfield shift predicted 

for HF-II@3b (δcalc +11.02 ppm). The two structures with different 

HF positions have nearly identical Gibbs energies, with the latter 

being only slightly less stable than the former by ΔG+0.12 kcal/mol 

at 298 K. Assuming a Boltzmann distribution, this Gibbs energy dif-

ference corresponds to HF-I@3b : HF-II@3b=55 : 45. Therefore, the 

HF-II@3b structure would contribute considerably to the unusually 

large shift of the proton signal.

3. Conclusion

We synthesized small apertures with a 14-membered ring on the 

C60 cage (2 and 3) via reductive decarbonylation of 1, which pos-

sesses a 13-membered-ring aperture. By substituting an imine func-

tionality on the aperture with an olefin analog, the selectivity between 

2 and 3 was reversed. 2a (35% isolated yield) became the major 

product over 3a (3%), while 2b (4%) was obtained as the minor prod-

uct along with 3b (68%). This reversed selectivity may be attributed 

to the stabilization of the transition state for converting INT1a•− into 

INT2a•−, where the hydroxy group forms intramolecular hydrogen 

bonds with the imine moiety. During the reaction, these host materi-

als spontaneously incorporate a water molecule at a level of 22–78%. 

Using H2O@3b (H2O: 39%), we attempted HF inclusion at 0 °C for 

24 h, achieving 18% encapsulation of HF without any change in the 

water content. The proton signals of the addends, especially at the 

benzene ring in 3b, were affected by the guests, with the smaller HF 

guest inducing a larger change in the chemical shift compared to the 

larger H2O guest. Theoretical calculations suggest that HF under-

goes translational motion in the cavity of 3b, with a displacement of 

1.359 Å. The upper disposition of HF would contribute to the larger 

shift owing to the closer distance to the benzene ring on the aperture.
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