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ABSTRACT: The three different regioisomers of bis-N-methylfulleropyrrolidines have been separated by controlling the relative
amounts of γ-cyclodextrin and dimethyl sulfoxide (DMSO) contained in solutions of these compounds. When a small amount of
γ-CDx was used in a mechanochemical high-speed vibration milling apparatus, the trans-1 and trans-2•γ-CDx complexes were
separated from the trans-3•γ-CDx complex. In contrast, trans-3 was extracted in a relatively high ratio with an excess of γ-CDx.
The addition of DMSO to aqueous solutions of the fullerene derivative•γ-CDx complexes allowed for the three regioisomers to
be obtained in high purity (>95%). The basis for the observed regioselective separation was a competition between the relative
stabilities and solubilities of the complexes in the water and water-DMSO solvents. The stabilities of the complexes in water were
assessed by the number of hydrogen bonding interactions between the two γ-CDx units using molecular dynamics simulations.
To the best of our knowledge, this is the first reported example of the isolation of the different regioisomers of fullerene
derivatives using host−guest complexes.

■ INTRODUCTION

Fullerenes display a wide range of unique electronic and optical
properties.1 To enable the effective application of these
properties, organochemical derivatization of C60 is necessary
to improve its solubility and overall functionality.2 Bisaddition
to C60 usually leads to a mixture of regioisomers and the
resulting isomers possess different properties. Numerous efforts
have been made to purify and isolate regio- and stereochemi-
cally pure bisfunctionalized C60 derivatives.

3 To date, only two
methods have been employed for this purpose, including the
separation of the mixtures by high performance liquid
chromatography (HPLC)4 and the regioselective syntheses of
bis-adducts using connectors or protecting groups.5,6 In
contrast, there have been several reports describing the
successful purification of pristine C60,

7,8 C70,
8,9 and higher

fullerene10 materials through the formation of host−guest
complexes. To the best of our knowledge, however, there have
been no reports describing the isolation of the different
regioisomers of fullerene derivatives using host−guest com-
plexes.

Fullerenes and their derivatives have been solubilized in
water by the addition of solubilizing agents.11 γ-Cyclodextrin
(γ-CDx) can form a 2:1 complex with C60 and C70 in water.12

Furthermore, we recently reported that the pyrrolidine and N-
acylpyrrolidine derivatives of C60 can be included in γ-CDx.13

X-ray crystallographic analysis of an N-acylpyrrolidine deriva-
tive of C60 showed that it formed a 1:2 complex with γ-CDx
that possessed a pseudorotaxane structure in which the N-
acylated pyrrolidine moiety penetrated the upper rim of either
of two γ-CDx units.13b Multiple hydrogen bonding interactions
between the two γ-CDx units played a key role in stabilizing the
fullerene•γ-CDx 1:2 complex.
Herein, we describe the separation of bis-substituted

fullerene derivatives by complexation with γ-CDx. Bis-N-
methylfulleropyrrolidines (1, Figure 1) were selected as the
target molecules, because they are precursors of cationic bis-
N,N-dimethylfulleropyrrolidinium salts, which can act as
inhibitors of bacterial and cancer cell growth and the enzymatic
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activity of acetylcholinesterase. They also possess anti-HIV
activity.14

■ RESULTS AND DISCUSSION
Separation of Three Isomers from a Mixture of Eight

Isomers. A mixture consisting of three trans isomers (1a−c)
was separated from five other isomers by column chromatog-
raphy on silica gel [Figures 1 and S1, Supporting Information
(SI)].4e The isolation of 1a−c was confirmed by 1H NMR and
mass spectroscopic analyses (Figures S2a and S3, SI). The lH
NMR spectrum of the original mixture of 1 (prior to HSVM
treatment) revealed three distinct N-methyl resonances
corresponding to the three isomers 1a−c in a 11:40:49 ratio
(Table S1 and Figure S2b, SI).4e

Preparation of 1•γ-CDx Complexes. The 1•γ-CDx
complexes were prepared using a mechanochemical high-
speed vibrational milling (HSVM) apparatus according to the
method reported by Komatsu (Scheme 1).12b,13 Thus, a
mixture of 1 and γ-CDx ([γ-CDx]/[1] = 1.0, 1.5, 2.0, 4.0, or
8.0) was mixed vigorously using the HSVM apparatus and then
dissolved in a D2O solution containing 1.0 mM NaOD.15 The
resulting brown emulsion was then centrifuged to remove any
nondispersed 1. The regiochemistry of 1 and the formation of
the 1•γ-CDx complexes in the D2O extract were determined by
1H NMR spectroscopy [Figure 2; sample (A) in Scheme 1].
The 1•γ-CDx complexes were then decomposed by the
addition of dimethyl sulfoxide (DMSO) to give 1 as a black
precipitate. The stoichiometries of the regioisomers in the
precipitates were determined by 1H NMR analysis in CDCl3
[Figure S4, SI; sample (D) in Scheme 1].4e,16

Ratios of Three Regioisomers in the 1•γ-CDx
Complexes. Following the complex formation with γ-CDx
in D2O [sample (A) in Scheme 1], 1H NMR analysis revealed
the ratios of the three regioisomers of 1 to be highly dependent
on the amount of γ-CDx present (Table S1, SI, Figures 2b−f, 3,
and S4, SI). When a small amount of γ-CDx was used ([γ-
CDx]/[1] = 1.0 and 1.5), the 1a and 1b•γ-CDx complexes
could be separated from 1c•γ-CDx complex ([γ-CDx]/[1] =
1.0, 1a:1b:1c•γ-CDx complexes =12:87:1; [γ-CDx]/[1] = 1.5,
1a:1b:1c•γ-CDx complexes =13:86:1).
The ratio of the 1c•γ-CDx complex, however, increased with

increasing amounts of γ-CDx ([γ-CDx]/[1] = 2.0, 1a:1b:1c•γ-
CDx complexes =12:77:12; [γ-CDx]/[1] = 4.0, 1a:1b:1c•γ-
CDx complexes = 7:44:49). It was difficult to separate 1a and
1b by complex formation with γ-CDx using the HSVM
treatment because the ratios of [1a]/[1b] (0.14−0.16)
remained almost unchanged in a range of [γ-CDx]/[1] =
1.0−4.0. Figure 4 shows the UV−vis absorption spectra of the
1•γ-CDx complexes [sample (A) in Scheme 1]. The solubility

of the 1•γ-CDx complexes in D2O containing NaOD increased
with increasing amounts of γ-CDx up to [γ-CDx]/[1] = 2.0, as
shown by the absorbance at 250 nm (Figure 4 inset).
In contrast, 1c could be extracted using a larger amount of γ-

CDx ([γ-CDx]/[1] = 8.0, 1a:1b:1c•γ-CDx complexes =
3:12:86) [Table S1, SI, Figures 2f, 3, and S4e, SI; sample (A)
in Scheme 1]. The solubility of 1 in D2O containing NaOD
decreased with increasing amounts of γ-CDx over [γ-CDx]/[1]
= 2.0, as indicated by the absorbance at 250 nm of [γ-CDx]/[1]
(Figure 4 inset). It was therefore envisaged that the dissolution
rates of the 1a and 1b•γ-CDx complexes could be inhibited by
the presence of excess free γ-CDx. To investigate this
hypothesis, 6 equiv of γ-CDx were added to a solution of the
1•γ-CDx complexes that was at [γ-CDx]/[1] = 2.0. As shown
in Figure 5, precipitation was observed following the addition of
γ-CDx. Although the root cause of this precipitation remains
unclear, we believe that the precipitation of the 1a and 1b•γ-
CDx complexes was facilitated by intermolecular complexation
with the excess γ-CDx units. It was clear that the majority of the
1a and 1b•γ-CDx complexes precipitated and only the 1c•γ-
CDx complex remained in solution because the UV−vis
absorption spectrum of the solution (Figure S5, blue line, SI)
following the addition of excess CDx units was similar to that of
the 1c•γ-CDx complex (Figure 4, orange line). Furthermore,
when [γ-CDx]/[1] = 8.0, it was envisaged that the residue
obtained following the HSVM treatment would consist of the
1a and 1b•γ-CDx complexes. That is, although the 1a and
1b•γ-CDx complexes were formed in the residue when [γ-
CDx]/[1] = 8.0, these complexes were insoluble in D2O

Figure 1. Structures of the three isomers purified from the eight
regioisomers of 1 by column chromatography.

Scheme 1. Schematic Diagram for the Purification of 1 in
Water with γ-CDx
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containing NaOD in the presence of the excess γ-CDx. When
[γ-CDx]/[1] = 8.0, the residue was re-extracted with D2O
containing NaOD and the ratio of the three regioisomers in the
re-extracted solution was determined by 1H NMR analysis in
D2O [Figure S6, SI; sample (E) in Scheme 1]. The ratios of the
1a:1b:1c•γ-CDx complexes were found to be 11:82:7 (Table
S2, SI). In accordance with our prediction, the 1a and 1b•γ-
CDx complexes had already formed in the residue when [γ-
CDx]/[1] = 8.0. Figure S6, SI, shows that the assignable peaks
appeared for γ-CDx in the 1a and 1b•γ-CDx complexes.
Purification of the Three Regioisomers by the

Addition of DMSO. To obtain the pure 1 being free from

γ-CDx, DMSO was added to the D2O solution of the 1•γ-CDx
complexes. The regiochemistries of 1 in the precipitate were
determined by 1H NMR analysis of the precipitate dissolved in
CDCl3 [Figure 6a−e; sample (D) in Scheme 1]. Under the
small amount of γ-CDx conditions ([γ-CDx]/[1] = 1.0 and
1.5), the ratio of 1b increased with increasing amounts of γ-
CDx ([γ-CDx]/[1] = 1.0, 1a:1b:1c = 7:93:0; [γ-CDx]/[1] =
1.5, 1a:1b:1c = 4:96:0) (Table S2, SI, Figures 6a,b and 7).
When [γ-CDx]/[1] = 1.5, the proportion of 1a in the 1•γ-CDx
complexes was high in the D2O−DMSO-d6 solution [filtrate;
sample (B) in Scheme 1] and increased with increasing
amounts of DMSO-d6 [D2O:DMSO-d6 = 1:1 (v/v):
1a:1b:1c•γ-CDx complexes =45:55:0, D2O:DMSO-d6 = 2:3
(v/v): 1a:1b:1c•γ-CDx complexes =95:5:0] (Table S2 and
Figure S7b,c, SI). These results indicated that the 1a•γ-CDx
complex was more stable than the 1b•γ-CDx complex because
the two substituent groups in 1a could smoothly penetrate the
upper rim of two γ-CDx units without steric interference. When
the residues obtained following concentration of the D2O−
DMSO-d6 solution [2:3 (v/v)] were dissolved in CDCl3, only
1a could be separated from the 1a•γ-CDx complex [Figure 6f;
sample (C) in Scheme 1]. In contrast, 1c was extracted using
larger amounts of γ-CDx ([γ-CDx]/[1] = 4, 1a:1b:1c =
2:16:82), and only 1c could be separated when the amount of
γ-CDx was increased further ([γ-CDx]/[1] = 8, 1a:1b:1c =
0:0:100) (Table S2, SI, and Figure 6d,e) following the addition
of DMSO [D2O:DMSO-d6 = 2:1 (v/v)]. These results
suggested that the 1c•γ-CDx complex was not as stable as
the 1a and 1b•γ-CDx complexes because the two substituent

Figure 2. 1H NMR spectra (400 MHz, D2O) of 1−γ-CDx containing
1.0 mM NaOD following HSVM [sample (A) in Scheme 1] at 25 °C.
(a) γ-CDx, [γ-CDx]/[1] = (b) 1.0, (c) 1.5, (d) 2.0, (e) 4.0, and (f) 8.0.
(●, free γ-CDx; purple ●, γ-CDx in the 1•γ-CDx complex; red ●, 1a;
blue ●, 1b; green ●, 1c).

Figure 3. Relative ratios of 1 prior to the HSVM treatment and the
ratios of the 1•γ-CDx complexes in the D2O solutions following the
HSVM treatment with γ-CDx [sample (A) in Scheme 1]. [γ-CDx]/[1]
= 1.0, 1.5, 2.0, 4.0, and 8.0 (red bar, 1a; blue bar, 1b; green bar, 1c).

Figure 4. UV−vis absorption spectra of the 1•γ-CDx complexes in
D2O containing NaOD following the HSVM treatment [sample (A) in
Scheme 1]. [γ-CDx]/[1] = (a) 1.0 (black line), (b) 1.5 (blue line), (c)
2.0 (purple line), (d) 4.0 (red line), and (e) 8.0 (orange line). All
spectra were measured at 25 °C (1 mm cell). (Inset) Absorbance at
250 nm.

Figure 5. Photographs of the aqueous solutions of the 1•γ-CDx
complex in [γ-CDx]/[1] = 2.0 (a) before and (b) after the addition of
6 equiv of γ-CDx.
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groups of 1c could not simultaneously penetrate the upper rim
of two γ-CDx units as a consequence of steric interference.
Characterization of 1•γ-CDx Complexes. To develop a

better understanding of the observed selectivity levels, the
actual formation of the 1•γ-CDx complexes was investigated in
greater detail. When [γ-CDx]/[1] = 1.0−2.0, several new peaks

appeared in the 1H NMR spectra of the 1−γ-CDx mixtures
[Figure 2b−d; sample (A) in Scheme 1], which were attributed
to the 1a and 1b•γ-CDx complexes. These new peaks were
similar to those observed in the pristine C60•γ-CDx complex.
The stoichiometries of the complexes of 1a and 1b with γ-CDx
were determined to be 1:1.8−2.1 (Table 1) from the peak

intensities of the sum of 1a and 1b and γ-CDx. These results
indicated that the 1a and 1b•γ-CDx complexes were 1:2
complexes (Scheme 2). The formation of 1:2 complexes was
also supported by the results obtained from electrospray
ionization mass spectroscopy (ESI-MS). When an aqueous
solution of the 1a and 1b•γ-CDx complexes was subjected to
ESI-MS ([γ-CDx]/[1] = 1.5, H2O),

17 a weak peak appeared at
3449.97, which was assigned to [1:2 1•γ-CDx complex + Na]+

(Figure 8). In contrast, when [γ-CDx]/[1] = 8.0, no assignable
peak appeared for γ-CDx in the 1c•γ-CDx complex [Figure 2f;
sample (A) in Scheme 1], suggesting that 1c did not form a 1:2
complex in the same way as 1a and 1b (Scheme 2). Although it
was assumed that 1c formed a large self-aggregate, this
hypothesis was inconsistent with the data because a sharp
absorption band at 246 nm was observed in the UV−vis
absorption spectrum (Figure 4, orange line) and the average
particle size was determined to be 1.5 nm by dynamic light
scattering (DLS) measurements (Table S3, SI). The lack of a
separated peak assignable to γ-CDx in the 1H NMR spectrum
of the 1c•γ-CDx complex could be a consequence of the
coalescence with peaks from the free γ-CDx because the
complexation-decomplexation exchange rate could have been
faster than the 1H NMR time-scale. Changes in the chemical
shifts of γ-CDx from those of the free γ-CDx were negligible
because of the large excess of free γ-CDx. The absence of an
intermolecular hydrogen bonding network between the two γ-
CDx units in the 1c•γ-CDx 1:1 complex could have been
responsible for the fast exchange rate and led to the lability of
the 1c•γ-CDx complex by the addition of DMSO. The aqueous
solution of the 1c•γ-CDx complex underwent precipitation
within 3 days at room temperature.

Stabilities of 1•γ-CDx Complexes in Water. Compara-
tive molecular dynamics (MD) simulations were performed for
the 1a, 1b, and 1c•γ-CDx complexes in water to evaluate the
effects of the structural changes in the fullerene derivatives on
the stabilities of the complexes. Initial structure of the complex
is taken from a crystal structure,13b where the fullerene
derivative encapsulated by two γ-CDx units. The number of
hydrogen bonding interactions between the two γ-CDx units
(Nhb) was monitored throughout the MD simulations to
evaluate the stabilities of the complexes. Unlike in the crystal
structure, two γ-CDx units do not always keep the hydrogen
bonding to each other because of possible hydrogen bonding to
surrounding water molecules in addition to thermal fluctuation.
Indeed, the time period of no hydrogen bonding between γ-
CDx units was detected even in the most stable 1a•γ-CDx
complex in the course of MD simulations, showing a large
fluctuation in the hydrogen bonding interaction between the γ-
CDx units. Figure 9 plots the block-averaged Nhb over every 0.5

Figure 6. 1H NMR spectra (400 MHz, CDCl3) of the precipitates (a−
e) obtained by the addition of DMSO [(a)-(c): D2O−DMSO-d6 = 1:1
(v/v), (d−e): D2O−DMSO-d6 = 2:1 (v/v); sample (D) in Scheme 1]
and (f) the residue obtained after concentration of the solution
obtained by the addition of DMSO [CDCl3; sample (C) in Scheme 1].
[γ-CDx]/[1] = (a) 1.0, (b) 1.5, (c) 2.0, (d) 4.0, (e) 8.0, and (f) 1.5
(red ●, 1a; blue ●, 1b; green ●, 1c). All spectra were recorded at 25
°C.

Figure 7. Relative ratios of 1 prior to the HSVM treatment and the
ratios of 1 in the CDCl3 and D2O−DMSO-d6 solutions obtained from
the precipitates and the solutions, respectively, following the addition
of DMSO. [γ-CDx]/[1] = 1.0, 1.5, 2.0, 4.0, and 8.0. (a) the precipitate
obtained following the addition of DMSO [D2O:DMSO-d6 = 1:1 (v/
v); sample (D) in Scheme 1], (b) the precipitate obtained following
the addition of DMSO [D2O:DMSO-d6 = 2:1 (v/v); sample (D) in
Scheme 1], (c) the solution following the addition of DMSO
[D2O:DMSO-d6 = 1:1 (v/v); sample (C) in Scheme 1], (d) the
solution following the addition of DMSO [D2O:DMSO-d6 = 2:3 (v/
v); sample (C) in Scheme 1], (red bar, 1a; blue bar, 1b; green bar, 1c).

Table 1. Stoichiometries of 1•γ-CDx Complexes in D2O
Solution Following the HSVM Treatment

[γ-CDx]/[1] 1 γ-CDx

1.0 1 1.8
2.0 1 2.1
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ns. A clear difference is detected among the three γ-CDx
complexes. Although the 1c•γ-CDx complex retained a few
hydrogen bonding interaction during the first 55 ns, one γ-CDx
unit eventually dissociated from the complex. Once dissolved
into water, the γ-CDx unit did not come back to the complex
throughout the MD simulation, whereas the other γ-CDx unit
remained in contact with the fullerene derivative. This
simulation was consistent with the experimental observations.
In contrast, the 1a•γ-CDx complex retained 4.2 hydrogen
bonding interactions on average, whereas the 1b•γ-CDx
complex had 1.9 hydrogen bonding interactions on average.
Although these numbers were relatively sensitive to the choice
of the parameters selected to define the hydrogen bonding
interactions, the qualitative difference between the complexes
regarding the stabilities of the hydrogen bonding interactions
was clearly evident. As shown in Figure S8, SI, a time course of
the calculated cohesive energy provided the same information
as that provided from a plot of the number of hydrogen-
bonding interactions (Figure 9). Figures 10 show three typical
snapshots of the MD simulations. In the case of Nhb∼4−5, two
γ-CDx units associated to form a closed capsule, although the
opening of a mouth like structure occurred when Nhb∼1−2.
The two N-acylated pyrrolidine moieties of the fullerenes
clearly affected the orientation of the associated γ-CDx. Thus,
two γ-CDx units in the 1b•γ-CDx complex simply existed in a
fully closed association, exposing their hydroxy groups toward
the water. To completely and effectively assess the thermal
stabilities of the γ-CDx complexes, a free energy calculation
would be required, and this represents a future piece of work.
The differences detected in the structures of the complexes as
well as in the number of hydrogen bonding interaction,
however, strongly suggested that the 1a•γ-CDx complex was
more stable than the 1b•γ-CDx complex.

Scheme 2. Schematic Illustration of the 1•γ-CDx Complexes under the Low and High Concentrations of γ-CDxa

aPercentages represent the relative ratios.

Figure 8. ESI-MS spectra of the 1a and 1b•γ-CDx complexes ([γ-
CDx]/[1] = 1.5, H2O).

Figure 9. Time evolution of the number of hydrogen bonding (Nhb)
between γ-CDx units in each complex. Red line, 1a•γ-CDx complex;
blue line, 1b•γ-CDx complex; and green line, 1c•γ-CDx complex.
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■ CONCLUSION

In conclusion, although γ-CDx formed 2:1 complexes with 1a
and 1b in D2O containing NaOD under low concentrations of
γ-CDx the selectivity for the formation of the complex with γ-
CDx was low. However, only 1b precipitated out readily on the
addition of DMSO because the stability of the 1b•γ-CDx 1:2
complex was lower than that of the 1a•γ-CDx 1:2 complex.
The difference in the stabilities of the 1a and 1b•γ-CDx
complexes was attributed to the larger number of hydrogen
bonding interactions between the two γ-CDx units in the 1a•γ-
CDx complex, compared with the number of interactions in the
1b•γ-CDx complex as shown by the MD simulations. The
filtrate contained a high proportion of the 1a•γ-CDx 1:2
complex. In contrast, 1c formed a 1:1 complex with γ-CDx that
dissolved in D2O containing NaOD in the presence of a large
amount of γ-CDx. MD simulations indicated that the difficulties
encountered with the multipoint-hydrogen bonding interac-
tions between two γ-CDx units resulted in the formation of a
1:1 complex as opposed to a 1:2 complex. The presence of an
excess of free γ-CDx, however, effectively lowered the
solubilities of the 1a and 1b•γ-CDx complexes in D2O
containing NaOD. Furthermore, the 1c•γ-CDx 1:1 complex
readily decomposed to give only 1c as the precipitate following
the addition of DMSO to the solution. The selectivity was
therefore led by a competition between the stabilities and
solubilities of the complexes in D2O containing NaOD and

DMSO. By forming a complex with γ-CDx, we succeeded in the
regioselective separation of 1a−c. These compounds are
precursors of the cationic bis-N,N-dimethylfulleropyrrolidinium
salts which have received considerable attention because of
their potential applications in medicinal chemistry. Further
studies for other fullerene derivatives are currently underway in
our laboratories.

■ EXPERIMENTAL SECTION
Materials. γ-CDx was purchased from the Aldrich Chemical Co.,

Inc. (Milwaukee, WI). Compound 1 was prepared according to a
method previously described in the literature.18 The 1H NMR and
mass spectra of 1 are shown in Figures S2a and S3, SI.

UV−Vis Absorption Spectroscopy. All experiments were
performed at 25 °C and a 1 mm cell was used.

1H NMR Spectroscopy. We used 3-(trimethylsilyl)propionic-
2,2,3,3-d4 acid sodium salt as an internal standard.

Dynamic Light Scattering (DLS) Analysis. The hydrodynamic
diameters of the 1−γ-CDx mixtures were measured on an instrument
for electrophoretic light scattering with a laser Doppler system
(Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, UK).

Preparation of the C60·γ-CDx Complex. A mixture of 1 (5.00
mg, 5.99 μmol) and γ-CDx ([γ-CDx]/[1] = 1.0, 1.5, 2.0, 4.0, or 8.0)
was placed in an agate capsule together with two agate mixing balls and
mixed vigorously at 1800 rpm for 20 min using a high-speed vibration
mill (MM200, Retsch Co. Ltd., Haan, Germany). The mixture was
then dissolved in D2O containing 1 mM NaOD (1.5 mL)15 to produce
a brown emulsion. The D2O solution of 1−γ-CDx mixture and the

Figure 10. Snapshots of solvated γ-CDx complexes from MD simulations. (a) 1a•γ-CDx, (b) 1b•γ-CDx, and (c) 1c•γ-CDx complexes. The
hydrogen bonding interactions within the γ-CDx are indicated by the orange dashed lines. Water is depicted with a transparent surface. The carbons
are shown in cyan, oxygens in red, nitrogens in blue, and hydrogens in white.
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precipitate of nondisperse 1 were separated by centrifugation (18000×
g, 20 min, 25 °C). Following the measurement of the UV−vis
absorption and 1H NMR spectra, DMSO ([γ-CDx]/[1] = 1.0−2.0; 1.0
mL, [γ-CDx]/[1] = 4.0−8.0; 0.5 mL) was added to the D2O solution
(1.0 mL) leading to the precipitation of 1. The precipitate was then
dissolved in CDCl3 for analysis by

1H NMR spectroscopy.
Molecular Dynamics (MD) Simulations. Molecular dynamics

simulations were performed at constant pressure (1 atm) and
temperature (298 K) using the NAMD software.19 The CHARMM
force field (C36)20,21 was used to model the γ-CDx and fullerenes,
whereas the fractional charges of the fullerene derivatives were
estimated by molecular orbital calculations at the B3LYP/6-31G(d)
level with the Merz−Singh−Kollman scheme.22 The TIP3P model was
employed for water.23 Initial structures of the 1a, 1b, and 1c•γ-CDx
complexes were taken from the crystal structure13b with the
modifications needed for the fullerene derivatives. For the 1c•γ-CDx
complex in particular, the fullerene derivative was slightly moved and
rotated within the γ-CDx cage to prevent a poor physical contact
between the γ-CDx units and the fullerene derivative. The complexes
were placed in a water box of about 40 Å in length. The Coulomb
interaction was calculated using the particle mesh Ewald method.24 All
bonds involving hydrogen atoms were constrained to their equilibrium
lengths based on the SHAKE/RATTLE algorithm.25 The time step
size was 2 fs. Following an equilibration MD run of 20 ns, a 60 ns-
production MD run was carried out for each system. For the analysis
of the hydrogen bonding interactions between the γ-CDx units, the
two hydroxyl groups between the different γ-CDx units were
considered to be hydrogen-bonded only if their interoxygen distance
was <3.2 Å, and simultaneously the angle between the O−O axis and
one of the O−H bonds was 30°.
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