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ABSTRACT: A new curved π-conjugated molecule 1-fluorosumanene (1) was
designed and synthesized that possesses one fluorine atom on the benzylic carbon of
sumanene. This compound can exhibit bowl inversion in solution, leading to the
formation of two diastereomers, 1endo and 1exo, with different dipole moments.
Experimental and theoretical investigation revealed an energetical relationship among
1exo, 1endo, and solvent to realize the various endo:exo ratios in the single crystals of 1
depending on the crystallization solvent. Significantly, the molecular dynamics (MD)
simulations revealed that 1exo positively worked for the elongation of the stacking
structure and the final endo:exo ratio was affected by the relative stability difference
between 1endo and 1exo derived by solvation. Such an arrangeable endo:exo ratio of 1
realized the preparation of unique materials showing a different dielectric response
from the same molecule 1 just by changing the crystallization solvent.

■ INTRODUCTION
The process of nucleation, the initial step in crystallization, is
largely affected by various factors such as temperature, solvent,
concentration of the solute, and impurities.1 These factors
significantly affect the molecular arrangements and morphol-
ogy of the resulting crystals. Understanding these structural
aspects is crucial as they are closely linked to the physical
properties of crystalline materials. Notably, the contribution of
solvents to the nucleation has been investigated recently by
combining the experimental approach using 1H NMR and FT-
IR spectroscopies and the theoretical one applying density
functional theory (DFT) calculations and molecular dynamics
(MD) simulations. The outcomes of these studies have
unveiled discernible solvent-induced effects on nucleation
events in various small aromatic compounds2−10 and
pharmaceutical molecules.11−14 Despite these advancements,
the general rules governing nucleation and subsequent
crystallization processes remain elusive.15−17 Therefore, the
control of crystal packings and the physical properties of the
crystals remain a challenging issue.

Buckybowls are the partial structures of fullerenes such as
C60 and are recognized as distinctive molecular components in
the realm of new molecular materials. Bowl-to-bowl inversion
is one of the most representative and attractive phenomena in
buckybowl chemistry. This unique property of the curved-π
system affords a variety of structural and physical properties
that respond to external environments. Consequently, these
buckybowls hold potential applications as the molecular
switches responsive to external stimuli.18 One representative
buckybowl, sumanene (Sum), also shows dynamic phenom-
enon involved by its bowl inversion in the solution state
(Figure 1).19,20 Sum possesses three benzylic carbons, and

their two geminal protons are not geometrically equivalent due
to the bowl structure. This characteristic implies that
monobenzyl substitution on sumanene potentially gives endo-
(concave side) and/or exo- (convex side) substituted
derivatives. The resulting endo:exo product ratio is affected
by the electronic factor, namely, the stereoelectronic effect, as
well as the structural factor, mainly the steric hindrance
between the substituent and the bowl.21 For example, OH
group substitution exclusively yields the endo product, while
trimethylsilyl substitution gives only the exo product. The
above example shows noticeable energy differences between
the corresponding diastereomers. Meanwhile, the reaction with
comparable exo and endo populations is also reported if the two
diastereomers possess similar energy. In such an occasion, it is
expected that other environmental factors such as the
temperature, concentration, solvent, and the presence of
other additives may affect the final endo:exo ratio. Especially
in the crystalline state, in which small intermolecular
interactions afford different types of stabilization effects from
that in the solution state, it is unsurprising to observe a
disparate endo:exo ratio.

Recently, our focus has been on studying fluorine-
introduced buckybowls,22−24 especially fluorosumanenes25−28

from both structural and application viewpoints. The salient
feature of these compounds is that they form isostructural
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single crystals of pristine sumanene.29,30 Particularly intriguing
is the instance of difluorosumanene (F2-Sum), where two
fluorine atoms are on a single benzylic carbon site. This
configuration induces the anisotropic dielectric response due
to its strong dipole moment caused by F-introduction.26 This
attribute has been harnessed to create solid solutions with
pristine sumanene and change the activation energy of
dielectric response depending on the Sum:F2-Sum ratio.27

In this context, we further extended our interest to another
fluorosumanene family, monofluorosumanene (1), which
possesses one fluorine atom at the peripheral benzylic carbon.
In this paper, we found that 1 was a diastereomeric mixture of
its endo- (1endo) and exo- (1exo) substituted products in solution
and solid states. Because of the curved structure of the
sumanene skeleton, 1endo and 1exo exhibited distinct electronic
structures, leading to different dipole moments (1.96 D for
1endo and 4.57 D for 1exo at B3LYP/6-311+G(d,p)). Note-
worthy is that 1 gave the isostructural single crystal packing of
Sum, and its endo:exo ratio significantly changed depending on
the crystallization solvent from 1endo:1exo = 60:40 to 18:82.
This alternation in the endo:exo ratio directly corresponds to a
remarkable difference in the dielectric response of each crystal.
In addition, we investigated its mechanism through quantum
chemistry calculations and molecular dynamics simulations to
find that solvation and intermolecular interactions in the
aggregated structure significantly affected the final endo:exo
ratio in the crystals.

■ RESULTS AND DISCUSSION
Monofluorosumanene (1) was synthesized from direct
fluorination of previously reported hydroxysumanene21 by
135 mol % diethylaminosulfur trifluoride (DAST) in CH2Cl2
in 43% yield (Scheme 1). The fundamental properties of 1

were confirmed by UV−vis spectroscopy and cyclic voltam-
metry (CV) experiments (Figures S1 and S2). The UV−vis
spectrum of 1 showed similar absorption patterns of pristine
Sum and other fluorosumanenes, showing an absorption at 276
nm with a broad peak at around 300 nm (Figure S1). These
values are in between those of F2-Sum and F6-Sum.25,26 The
voltammogram of 1 in MeCN with tetrabutylammonium
perchlorate as a supporting electrolyte showed a clear
reduction peak (Ep

red = −1.81 V (vs Fc0/Fc+), Figure S2)
which positively shifted compared with that of Sum (Ep

red =
−2.49 V (vs Fc0/Fc+)).31

The thermodynamic relationship between 1endo and 1exo was
clarified by theoretical calculation and 1H NMR measuremens.
The theoretical analysis operated at the B3LYP/6-311+G(d,p)
level of theory indicated that 1endo is 0.67 kcal/mol more stable
than 1exo and the bowl inversion energy of 1endo was 20.74
kcal/mol while 1exo was 20.06 kcal/mol (Figure 2). These

calculation results agreed with the variable temperature 1H
NMR measurements in various solvents (Table 1). Regardless
of the solvents and the temperature range, the gem-proton
signal on the F-attached benzylic carbon of 1endo showed an
intensity higher than that of 1exo, appearing at a higher
magnetic field (see Supporting Information). This observation
strongly indicated that 1endo was the major component of the
system. The van’t Hoff plot based on the experimentally
obtained endo:exo ratio at each temperature demonstrated no
temperature range (193−373 K), in which the equilibrium
relationship between 1endo and 1exo could be reversed (Tables 1
and S1, Figure S3). The thermodynamic parameters ΔrH⊖ and
ΔrS⊖ displayed a notable compensatory correlation between
enthalpy and entropy, suggesting a consistent inversion
mechanism across all solvents (Figure S4).32,33 It was

Figure 1. Bowl inversion of Sum and the conceptual figure of this
work.

Scheme 1. Synthesis of 1-Fluorosumanene (1)

Figure 2. Structural and energetic difference between 1endo and 1exo.
All the calculation data were obtained at the B3LYP/6-311+G(d,p)
level of theory.
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hypothesized that the positive entropy change, resulting from
the flipping from a more crowded environment of 1endo due to
the presence of solvent-interactive adjacent H atoms to a more
F atom-exposed 1exo structure, serves as the primary driving
force behind the bowl inversion process. Although the largest
ΔrS⊖ value was obtained with acetone, the molecular size (van
der Waals volume: CH2Cl2, 56.27 Å3; acetone, 66.60 Å3; DMF,
77.59 Å3)34 or polarity (ET(30): CH2Cl2, 40.7 kcal/mol;
acetone, 42.2 kcal/mol; DMF, 43.2 kcal/mol)35 did not
explain the results, indicating simple consideration of solvent
size and polarity does not solve this relationship, and more
detailed and careful investigation of the whole bowl flipping
process, including transition state through DFT calculation
using cluster model of 1 and solvent molecule, is required,36

which will be our future work.
The previous experiments confirmed that no conversion of

the major species occurred in the diluted solution state.
Nevertheless, considering the slight energetic difference
between 1endo and 1exo is small (<1 kcal/mol), it is anticipated
that the endo-favored condition is easily replaced by the exo-
favored condition when perturbed by intermolecular inter-
actions in a dense system, namely in the solid state. In this
context, we next investigated how the endo:exo ratio changes in
the solid state by crystallization conditions, such as solvent
type and temperature. Single crystal preparation was
performed by slow evaporation or vapor diffusion methods
using three kinds of solvents, CH2Cl2, acetone, and DMF, with
a temperature range from 193 to 323 K (Table 2). All the
crystals were isostructural with Sum and already reported other
fluorosumanenes,25,26,29,30 trigonal R3c space group. In all the
trials, the temperature effect was not significant, even though
the entropic effect seemed to contribute to result in a slightly
higher 1endo ratio at more than 298 K. Meanwhile, the endo:exo

ratio of 1 in each crystal significantly differed depending on the
type of crystallization solvent. Figure 3 shows the typical X-ray

analysis results of the single crystals prepared from CH2Cl2 at
193 K. In the structure, we could find no solvent incorporation
and observed that only one-third of the sumanene skeleton was
independent. Within that, the two-electron densities dangling
on the benzylic carbon were not equivalent, indicating the
disordering of F atoms in a whole crystal. After refinement of
the data, it was found that the occupancy factor of the two F
atoms at the endo and the exo sides were 0.154(3) and
0.179(3), respectively; namely, the approximate 1endo:1exo ratio
in the present crystal was 46:54 (Figure 3a). The bowl depth,
defined by the vertical distance between the bottom hexagonal
ring and the peripheral aromatic carbon, was 1.14 Å. This value
was in between those of Sum (1.11 Å)29 and F2-Sum (1.16 Å)
(Figure 3b).26

In the crystal structure, 1endo and 1exo formed 1D columnar
structure mainly stabilized by intracolumnar CH···π inter-
actions between the benzylic C−H and π-plane of the
sumanene skeleton and weak π−π interactions to give the
bowl to bowl distance to be 3.890 Å (Figure 3b). All of the 1D-
columns were connected through CH···π interactions (C−C:
3.895 Å) between benzylic carbon and neighboring aromatic
carbons, probably with a slight contribution of CF···π and F···F
interactions (2.393 Å) to stabilize the total packing structure
with the distance of the central column axes to be 9.625 Å
(Figure 3b,c). Notably, the endo:exo ratio difference did not
affect the structural parameters much, supporting that the
structural difference between 1endo and 1exo was well relaxed in
the packing structures (Table S2). It is reasonable to assume
that the slight structural and electronic difference between 1endo
and 1exo was magnified in the crystal growing process via
intermolecular interactions with solvents to achieve the
formation of single crystals with such a variety of endo:exo
ratios.

Such a biased endo:exo ratio in the crystal of 1, coupled with
the significant difference in dipole moments between 1exo and
1endo, prompted us to apply 1 as a modifiable source of
dielectric material. We tried to evaluate the dielectric response
on the pelletized crystalline (PC) samples made from two
kinds of crushed single crystals: recrystallized from DMF
(PCDMF) or CH2Cl2 (PCCHd2Cld2

) (1endo:1exo = 27:73 for PCDMF,
47:53 for PCCH2Cl2). Both samples underwent measurements

Table 1. endo:exo Ratio of 1 in CD2Cl2, Acetone-d6, and
DMF-d7 at Various Temperaturesa

1endo:1exo

temperature (K) CD2Cl2 acetone-d6 DMF-d7
373 59:41
348 61:39
323 63:37
298 68:32 64:36 64:36
273 72:28 70:30 66:34
243 75:25 78:22 69:31
193 80:20 90:10

Thermodynamic Parameter
ΔrH⊖ (kJ mol−1) 2.7 7.4 2.5
ΔrS⊖ (J mol−1 K−1) 2.5 20 3.3

aAll the samples were prepared in 1.5 mg/mL. Thermodynamic
parameters ΔrH⊖ and ΔrS⊖ obtained via van’t Hoff plot are also
shown.

Table 2. 1endo:1exo Ratio in a Single Crystal of 1 Prepared in
CH2Cl2, Acetone, and DMF at Various Temperatures

1endo:1exo

temperature (K) CH2Cl2 acetone DMF

323 34:66 22:78
298 45:55 25:75 18:82
243 60:40 27:73 29:71
193 46:54 36:64

Figure 3. Representative crystal structure of 1. The sample crystal was
obtained by the slow evaporation method using CH2Cl2 at 193 K.
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at several frequencies with the temperature range from 300 to
420 K (Figure 4) under N2 atmosphere. There was a significant

difference in the dielectric properties depending on the
endo:exo ratio. In the case of PCDMF, both real (ε1) and
imaginary (ε2) parts of the dielectric constant were enhanced
above ∼360 K at 1 MHz, with a Debye-type dielectric
relaxation (Figure 4a,b). This phenomenon was quite similar
to that of already reported F2-Sum,26 indicating that the in-
plane directional thermal vibration of polarized 1exo worked as
the main contributor to the dielectric response. The ln(τ)−
Tp1

−1 plots of PCDMF indicated a linear correlation (Figure S5),
where Tp1 is the dielectric ε1-peak and the τ-value is the
relaxation time of the inverse of the measured f-values of τ = 1/
(2πf). The activation energy for the thermally activated motion
of PCDMF was evaluated to be Ea = 70 kJ/mol, comparable to
previously reported F2-Sum and other reported π-planar
organic dielectrics (Figure S5).37,38 On the contrary, PCCH2Cl2
showed significantly high dielectric constants as a simple
organic molecule even after carefully drying up the possibly
containing solvents. After the first heating, the dielectric
constant decreased significantly (Figure 4c−f). Based on the
experimental results, considerable structural relaxation was
expected to occur at high temperatures, leading to a more
stabilized structure in which the thermally activated motion of
1exo is strongly prohibited.

Regarding utilizing the functional molecules, it is a
significant benefit that just a change in crystallization solvent
gives a substantial property difference. To obtain more
profound insight into how each conformer and solvent
contribute to the obtained results, we first conducted DFT

calculations to investigate how the intermolecular interactions
involved in the crystallization process of 1 affect the final
1endo:1exo ratio in the single crystal of 1. Our analysis employed
a simple dimer model of 1endo and 1exo to explore the most
stable conformer and stacking order. We focused on evaluating
the interaction energies between the upper and bottom sides of
1s in the model. Here, interdimer interactions were not
considered as intracolumnar interactions were approximately
10 times stronger than intercolumnar ones, especially for
sumanene derivatives that pack in the R3c space group.27 The
dimer model preparation was prepared by optimizing 1endo and
1exo at the ωb97XD/6-311+G(d,p) level of theory, with the
bowl-to-bowl distance to be 3.9 Å and a rotation angle θ of F-
attached benzylic carbons set to 60° or 180° (Figure 5). It

should be noted that all the possible stacking orders (upper or
lower sides in the dimer) were considered. The simulation
performed at the ωb97XD/6-311+G(d,p) level of theory
clearly showed that the two dimers (1endo/1endo and 1exo/1endo),
in which 1endo was placed at the bottom part of the stacking
structure, were less stable (−18.35 to −18.94 kcal/mol)
compared to the others (1exo/1exo and 1endo/1exo) with 1exo at
the bottom position (−21.03 to −21.34 kcal/mol). These
results were reasonable because the F atom of 1endo connected
vertically to the bowl, leading to significant steric hindrance
when another 1 came from the concave side. In contrast, the
C−F bond on 1exo takes a somewhat in-plane direction of the
bowl to avoid serious steric repulsion during stacking
formation. These results explained that 1exo was more likely
to be incorporated into the stacking column, especially when it
approached the convex side. Indeed, the increment of 1exo ratio
in all the crystals compared with the solution state data
suggested that the above discussion is somewhat applicable to
explaining the phenomena. However, the significant differences
in the final endo:exo ratio in the crystalline state depending on
the crystallization solvent indicated the presence of distinct
solvent effects during the crystal growth, which assisted or
interfered with introducing 1exo into the resulting crystal
structure.

Figure 4. Temperature dependence of (a, c, e) the real part (ε1) and
(b, d, f) the imaginary part (ε2) of the dielectric constant of PCDMF (a,
b) and PCCH2Cl2 (c−f) in compressed pellets measured at various
frequencies. (e) and (f) represent the 2nd sweep results.

Figure 5. Dimer model preparation and the resulting intermolecular
energies based on the stacking species and order.
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To illustrate the relationship between the solvent and the
endo:exo ratio in the crystallization process, we applied
molecular dynamics (MD) simulation considering three
kinds of solvent systems: acetone, CH2Cl2, and DMF. All the
molecules were modeled with a potential function based on the
general Amber force field (GAFF) through DFT calculations at
the B3LYP/6-31G(d,p) level for geometry optimization.39,40

All the MD simulations were carried out with GROMACS
2020.6 in the NPT ensemble at 300 K, 1 bar for 30 ns (see
Supporting Information for the simulation details).41 We first
investigated the effect of the solvent on the aggregation of 1endo
and 1exo. Three systems (100% population of each conformer
or a 50:50 mixture of endo and exo conformers) were
considered in the simulation. Note that there is no conversion
between the endo and exo forms during the simulations. The
concentration of 1 was 0.5 M at each run, and the population
of the aggregates was examined. Here, we set the position of
the center of mass on each conformer and defined the specific
component as an “aggregate” when all the molecules are
connected with a distance between centers of mass of 8 Å or
less (see Supporting Information). The monomer population is
larger in the order of DMF > CH2Cl2 > acetone for each
conformer and the 50:50 mixture (Figure 6). Conversely, the

aggregation tendency is stronger with acetone > CH2Cl2 >
DMF and is particularly suppressed in DMF. It is also seen in
Figure 6 that the 1endo isomers are less likely to aggregate,
indicating that the aggregation is more preferable for the 1exo
form.

The relative preference of the 1exo and 1endo isomers in the
monomeric and aggregates states are listed in Table 3. In
acetone, for example, the monomeric 1endo and 1exo population
is 57:43, implying the preference for the endo form when 1 is
monomeric. This agrees with the experimental observation in
Table 1, while Table 3 shows that more than half of 1 is in the
exo form when the degree of aggregation exceeds 2. The
tendency in CH2Cl2 was relatively close to the case in acetone,
while in DMF, the 1exo population increment was not as steep
as observed in acetone and CH2Cl2, and the average number
was 3.3 even at the seventh degree of aggregation.

We next analyzed the stacking manner of 1 in all of the
aggregates, focusing on the neighboring pairs. A pair of 1 is
counted as neighbors to each other when their center-of-mass
distance is less than 8 Å. The MD simulation in acetone and
CH2Cl2 revealed that the population of the 1exo/1exo
combination became dominant as the degree of aggregation
increased, while others with the endo form were on the
decrease (Figure 7). This result matched the conclusion

obtained from the DFT calculation that 1exo positively
contributed to the elongation of the stacks more than 1endo.
The same tendency was observed in the case of DMF, although
the population of 1exo/1exo is smaller than those in the other
two cases, in agreement with the smaller number for 1exo in
Table 3.

The above discussion indicated that 1exo was more easily
introduced in the aggregates than 1endo, contributing to its
elongation, and that aggregation is somehow suppressed in
DMF. It should be noted, though, that the endo and exo
conformers ratio is 50:50 in their mixture systems in MD. As
shown in Table 1, the experimental endo:exo ratio is not 50:50,
and this also affects the extent of exo propensity at
recrystallization, as discussed next.

The energetic difference in Figure 1 was computed in a
vacuum, and the endo:exo ratio is modified due to the solvation
effect. This effect is quantified by the solvation free energy Δμ
of a monomeric 1, which is shown in Figures 8.42,43 It is
evident that the exo form interacts more favorably with each
solvent than does endo and partially cancels the endo

Figure 6. Aggregation state of 1 expressed as the % population of the
number of molecules forming an aggregate with the degree of
aggregation in the abscissae for (a) 100% 1exo, (b) 100% 1endo, and (c)
50:50 mixture of them in acetone, CH2Cl2, and DMF. The summed
values over the degrees of aggregation of 4 or more are also shown in
(d) to illustrate the dependence on the conformational states and
solvents more clearly.

Table 3. Average Number of 1exo in Each Degree of
Aggregation in Acetone, CH2Cl2, and DMFa

degree of aggregation

solvent 1 2 3 4 5 6 7

acetone 0.43 1.0 1.6 2.2 3.8 3.4 3.8
CH2Cl2 0.44 1.0 1.7 2.3 3.0 3.5 3.9
DMF 0.48 1.0 1.6 2.2 2.6 2.9 3.3

aThe concentration of 1 in the system was 0.5 M, and the endo:exo
ratio was 50:50.

Figure 7. Population analysis data for neighboring pairs of 1exo/1exo,
1exo/1endo, 1endo/1exo, and 1endo/1endo in various aggregates in (a)
acetone, (b) CH2Cl2, and (c) DMF. The averaged data over the
degrees of aggregation of 4 or more are shown in (d) to illustrate the
dependence on the solvents more clearly. The definition of the
neighboring pairs follows Figure 5.
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preference in Figure 1. The extent of partial cancellation is
stronger in the order of DMF > acetone > CH2Cl2, which
means that the exo population is larger in this order when the
recrystallization process starts. As discussed in Figure 7, on the
other hand, the tendency for exo inclusion is more evident in
acetone and CH2Cl2. With the combination of the two effects,
accordingly, the exo population in the crystal is high with
solvent DMF in Table 2 due to enhanced stability of the exo
form at the outset of recrystallization, and it is high with
acetone due to the higher inclusion efficiencies of 1exo. Indeed,
Table 3 and Figures 7 and 8 show for the solvent effects that
the exo form is less favorably incorporated into aggregates
when it is more strongly solvated. The energetic preference
toward exo pairs in aggregates competes against that for the exo
monomer at solvation, and the latter effect is more important
than the former to determine the exo propensity at
recrystallization. Accordingly, a guideline can be proposed
that the crystal becomes richer with exo when the exo−solvent
interactions are made stronger.

■ CONCLUSION
We successfully synthesized monofluorosumanene 1, which is
a diastereomeric mixture of 1exo and 1endo due to bowl
inversion. Our experimental and theoretical investigations
uncovered the energetic relationship among 1exo, 1endo and
solvent, enabling us to arrange the endo:exo ratio in the single
crystals of 1 by the appropriate choice of the crystallization
solvent. Throughout our project, it was found that the
solvation made 1exo more stable, though it was not sufficient
to reverse the intrinsic stability of 1endo, resulting in a higher
population of 1endo in the solution state. However, the sterically
favorable structure of 1exo for aggregation facilitated the
inversion of the endo:exo ratio in the solid state. Our DFT
calculations and MD simulations played a pivotal role in
understanding the underlying mechanisms, highlighting the
critical impact of the solvation stabilization effect and the
inclusion efficiency of 1exo. Such an arrangeable endo:exo ratio
of 1 realized the preparation of unique materials that exhibit
entirely different dielectric responses. One showed the Debye
type dielectric relaxation, while the other displayed a
significantly high dielectric constant, all derived from the
same molecule 1, solely by changing the crystallization solvent.
This significant achievement opens up new applications for the
bowl inversion phenomenon in the curved-π molecules and
highlights the remarkable potential of fluorosumanenes as
energy materials.
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