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Spaces of Open-Cage C4, Derivatives: Isolation and Structural
Characterization of the Host—-Guest Complexes
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Abstract: An open-cage Cg, tetraketone with a large opening
was able to encapsulate N, and CO, molecules after its
exposure to high pressures of N, and CO, gas. A subsequent
selective reduction of one of the four carbonyl groups on the
rim of the opening induced a contraction of the opening (—2)
and trapped the guest molecules inside 2. The thus-obtained
host—guest complexes N,@2 and CO,@2 could be isolated by
recycling HPLC, and were found to be stable at room
temperature. The molecular structures of N,@2 and CO,@2
were determined by single-crystal X-ray diffraction analyses,
and revealed a short N=N triple bond for the encapsulated N,,
as well as an unsymmetric molecular structure for the
encapsulated molecule of CO,. The IR spectrum of CO,@2
suggested that the rotation of the encapsulated molecule of CO,
is partially restricted, which was supported by DFT calcula-
tions.

Small and structurally simple gaseous molecules such as N,
and CO, are ubiquitous in the atmosphere. The fundamental
properties and structures of these molecules have been
extensively investigated by spectroscopic methods, both in
the gas phase and in the solid state, for example, by Raman!"!
and IR spectroscopy,? electron diffraction,”! as well as
powder X-ray diffraction analysis under high-pressure con-
ditions (e.g. 28 GPa at 680 K)."! If these molecules can be
selectively trapped in a suitable confined space, studies on the
intrinsic properties of the guest molecules and the interac-
tions between host and guest molecules, as well as the
dynamic behavior of the guest molecules should become
attainable. In addition, these studies can be conducted both in
solution and in the solid state at ambient temperature and
pressure. Although micro-porous materials with suitable pore
sizes and many kinds of clathrates are commonly used for the
separation and storage of such gaseous molecules,” it is still
difficult to keep a single gaseous molecule in a distinct
molecular container under ambient conditions. The design
and development of such molecular containers with a discrete
structure for the uptake of gaseous molecules thus represent
attractive research targets.
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Open-cage fullerenes exhibit specific and rigid structures
based on bowl-shaped skeletons.”! If their openings are
sufficiently large enough for the targeted molecules to be
encapsulated, the guest molecules can be accommodated in
the confined space on the sub-nano scale within these open-
cage fullerene derivatives. The formation of corresponding
1:1 host-guest complexes, consisting of an open-cage C4, and
a small molecule such as He,'! H,,® H,0,”) NH, " CcH, !
CO,"™I'N,,l3 or HF,"! has been reported previously. Based on
the van der Waals radii of these elements (C=1.70 A; N =
1.60 A; O =1.50 A)" in the encapsulated species, the length
of the major and minor axes of N, can be estimated as 4.3 and
3.2 A, respectively. There is no report on the encapsulation of
CO,, with the axes of 5.3 and 3.4 A, as the size requirements
of CO, exceed the internal space of pristine Cg with
a diameter of 3.7 A.

Accordingly, it should be of great interest to study the
encapsulation of CO, in suitable open-cage Cg, derivatives,
and to investigate their dynamic behavior, both with regard to
the size of the opening and the internal space. However, in
many cases the encapsulated species easily escape from the
open-cage fullerenes.'!* Such an escape should become less
likely, if either stable molecular complexes arise from
attractive interactions and/or the opening is contracted
chemically."”! Herein, we report 1) the encapsulation of N,
and CO, within an open-cage Cy, 2) the molecular structures
of these host—guest complexes, obtained from single-crystal
X-ray diffraction analyses, and 3) the rotational and vibra-
tional behavior of the encapsulated molecule.

We have reported the synthesis of open-cage Cq, 1 with
a circular 17-membered-ring opening, which contains one
sulfur atom on the rim."”! The theoretically calculated
structure of 1',® in which the tert-butyl groups were replaced
by hydrogen atoms, suggested an elliptical shape for the
opening (Figure 1). Based on the 'HNMR spectroscopic
analysis at room temperature, the rapid in/out exchange of
water indicated that the opening of 1 is larger than that of the
compound prepared by Iwamatsu et al.,'”) demonstrating that
1 may serve as a new molecular host for various small
molecules. To prevent a facile escape, as described above, we
envisioned, based on the previous work, that an effective
strategy could be the introduction of a stopper on the
opening.'®! A selective reaction of one of the four carbonyl
groups on the rim of open-cage Cg, 1 with a hydride source
would afford alcohol (giving cage 2), in which the OH moiety
should be able to act as such a stopper (Figure 1).

However, DFT calculations at the M06-2X/6-31G* level
of theory did not support our hypothesis of a selective
formation of alcohol 2. Nevertheless, the reaction of tetrake-
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Figure 1. Structural formula of 1 and 2, as well as top views (space-
filling models) of the corresponding optimized structures of 1" and 2,
in which tert-butyl groups were replaced with hydrogen atoms;
calculated at the M06-2X/6-31G* level of theory. C gray, O red,

H white, S gold, N dark blue, inside of the cavity light blue.

tone 1 with NaBH, in a mixture of o-dichlorobenzene
(ODCB) and EtOH at 0°C afforded alcohol 2 isolated in
47 % yield. The structure of 2 was determined by single crystal
X-ray diffraction analysis (see below). Thus, this reaction can
be used to install a stopper on the rim of 1 after the
encapsulation of a guest. According to DFT calculations, the
required energies for insertion of N, and CO, into tetraketone
1’ should be expected to be 8.5 and 4.3 kcalmol ', respec-
tively. These results suggested a facile encapsulation of both
N, and CO, at room temperature. Upon formation of alcohol
2/, these values increased to 22.2 and 12.3 kcalmol ', respec-
tively, reflecting the contraction of the opening relative to 1'.

After having obtained these values, insertion of N, into
1 was attempted. A powdered sample of H,0@1 was heated
to 140°C under vacuum for 14 h, to remove the encapsulated
water molecule. Subsequently, 1 was subjected to 100 atm of
N, gas at room temperature for 24 h. Then, the resulting
powder was dissolved in ODCB at 0°C, and treated with
NaBH, in EtOH (Scheme 1). This reaction has to be
quenched after a short reaction time (15 min) to avoid
reduction of more than one carbonyl group. Alcohol 2 was
obtained in 37 % yield and proved to be a mixture of N,@2,

X@2

X =NyorCO,
Conditions Yield Encapsulation ratio (%)
fatm 26y N, CO, H,0 Empty
N, 100 37 43 — 37 20
CO, 45 50 — 76 17 7

Scheme 1. Synthesis of N,@2 and CO,@2 from 1. Reagents and
conditions: a) N, (100 atm) or CO, (45 atm), RT, 24 h; b) NaBH,

(0.5 equiv, 15 mm in EtOH), ODCB, 0°C, 15 min, then quenched with
NH,Claq.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H,0@2, and empty 2. The N, encapsulation ratio was
determined by integration of the new OH signals in the
'HNMR spectrum for N,@2 (43%). It is assumed that
H,0@2 was formed during the work-up process.

Despite the molecular size of CO,, an encapsulation of
CO, within 1 was also achieved under similar conditions, that
is, treatment of 1 with 45atm of CO, gas, followed by
reduction with NaBH, resulted in the formation of CO,@2 in
50% yield with a 76% CO, encapsulation ratio. The
molecular host-guest complex CO,@2 is, to our knowledge,
the first example of an open-cage fullerene derivative
encapsulating a CO, molecule. In the absence of a stopper,
that is, in CO,@1, the CO, encapsulation ratio decreased from
72% to 46 % after 100 h at room temperature. Owing to the
contraction of the opening in 2, in addition to the stabilization
energies of 16.7 and 20.0 kcalmol ' for N,@2' and CO,@2/,
respectively, the encapsulated N, and CO, were fully main-
tained inside 2 for 100 h at room temperature. The CO, did
not escape from CO,@2 after heating at 50°C for 37 h, while
only 5% escape was observed after heating at 100 °C for 63 h.
Thus, the stopper in 2 is able to effectively prevent the release
of the encapsulated N, and CO..

After the formation of N,@2 and CO,@2, the separation
of these molecular complexes from H,0@2 and empty 2 was
achieved by recycling HPLC with Cosmosil Buckyprep
columns. In the case of a mixture of N,@2, H,0@2, and
empty 2, a complete separation into two HPLC peaks was
accomplished after the 15th cycle (Figure S10). From the first
fraction, a mixture of H,0@2 and empty 2 was obtained. The
'HNMR spectrum measured in CDCl; exhibited a sharp
signal corresponding to the encapsulated water at &=
—11.07 ppm and suggested an encapsulation ratio of around
76 % . For H,0@1 (that is, without the stopper), in contrast,
a broad signal at 8= —11.48 ppm was observed.'”! This
difference reflects the stopper-induced suppression of in/out
exchange of the water."”! From the second fraction, pure
N,@2 was isolated. Molecular complex CO,@2 was also
isolated in a similar fashion. Interestingly, in the case of
CO,@2, a complete peak separation was achieved after just
the 3rd cycle (Figure S11). This result indicated that CO,@2 is
subjected to a significantly higher degree of van der Waals
interactions between the molecular complex and the sta-
tionary materials of the HPLC relative to N,@2, H,0@2, and
empty 2. These interactions should most likely be affected by
the interaction between the fullerene and the entrapped
guest.

The 'H NMR signals of open-cage Cq, 2 in CD,Cl, were
observed to shift upon encapsulation of the guests.'>" For
example, the signals corresponding to the methine proton,
which are spatially in close proximity to the encapsulated
guests, were observed at 0 =7.50, 7.44,7.42, and 7.41 ppm for
CO,@2, N,@2, H,0@2, and empty 2, respectively. Although
the fert-butyl protons on the pyridyl moieties are located far
away from the guests, they were also subjected to such signal
shifts. This result implied that the weak interaction caused by
the encapsulation is distributed over the whole host molecule,
most likely due to small structural changes on the Cy, cage.
The “C NMR spectrum of CO,@2 in CDCl, showed a signal
for the encapsulated CO, at 8=112.83 ppm, which is
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12.16 ppm upfield shifted relative to free CO, (&=
124.99 ppm),*"! reflecting the strong shielding effect of the
fullerene cage.

One advantage of using open-cage C4, 2 as a host is its
high tendency to crystallize from benzene solutions in the
presence of nickel(II) octaethylporphyrin, and single crystals
of CO,@2,N,@2, and H,0@2 were obtained in such a fashion.
X-ray diffraction data were collected at —170 or —173°C, and
allowed an unambiguous determination of the molecular
structures (Figure 2a—c). The structural analyses revealed
that CO,, N,, and H,O are located at the center of the
fullerene cage with occupancies of 0.916(4), 0.995(5), and
0.906(7), respectively, representing encapsulation ratios of
92% (CO,), 100% (N,), and 91% (H,O). The slightly
diminished value for CO, should be ascribed to an escape of
CO, during crystallization, while the higher value for H,O
relative to that in solution (ca. 76 % ) should be assigned to an
enrichment in the crystals.”®!"! In agreement with the results
from DFT calculations, the size of the opening in 2 is
substantially smaller than that of 1, that is, values of 6.878(2)
and 3.033(3) A were measured for the long S(1)-C(11) and
the short O(1)-C(6) axes in H,0@2 (Figure 2d), whereas the
corresponding values in H,0@1 are 6.804(3) and 4.323-

0(5)
" 1.166(4) A
0®) J 1.105(4) A

Figure 2. Single-crystal X-ray structures of a) CO,@2, b) N,@2, and

c) H,O@2. Encapsulated molecules are shown separately in the insets
of (a) and (b). A top view of H,O@2 is shown in (d) to illustrate the
size of the opening. Selected bond lengths are in [A]. Thermal
ellipsoids are set at 50% probability, while hydrogen atoms, solvent
molecules, tert-butylpyridyl groups, and nickel(ll) octaethylporphyrin
are omitted for clarity. Red line marks the edge of the opening. The
blue line is the long axis, the green line is the short axis.
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(4) AN These results confirmed the contraction of the
opening in open-cage C, 2.

The encapsulated CO, and N, were found to be com-
pressed in size compared to free CO, and N,. A bond length
of 1.032(3) A was observed for the N=N triple bond in 2,
which corresponds to a 5.7 % decrease relative to that of free
N, in the gas phase (1.094 A).?' Such compression of
encapsulated CO was also observed for the Gan’s compounds,
in which several short contacts were observed between the
encapsulated CO and the fullerene cage.'”! Although no
apparent short contact between the N, and the fullerene cage
was observed, small interaction between them detected by
'H NMR and HPLC analyses might induce this shortening.
Of particular interest is the unsymmetric shape of the
encapsulated CO, (Figure 2a). The C=0(6) bond (1.105-
(4) A) was slightly shorter than the C=0O(5) bond (1.166-
(4) A), and the latter is almost the length of the symmetrical
bonds observed for CO, in the gas phase (1.1602(8) A).”! This
shortening of one of the C=0O bonds was also reported for
CO, trapped in metal-organic frameworks (MOFs).?? In
addition, we observed 24 contacts (Ocoy**Copenceo 3-02-3.21 A
and Ceop*Copenceo 3-35-3.39 A) that are shoorter than the sum
of the van der Waals radii (O-C: 322 A; C--C: 3.40 A),
reflecting strong interactions between the CO, and 2 (Fig-
ure S16). These results are in good agreement with the
observed differences in the HPLC analysis and the "H NMR
measurements between CO,@2 and N,@2.

Molecular complexes CO,@2 and N,@2 should thus allow
studies on the intrinsic properties of confined CO, and N, in
sub-nano scale spaces. Unfortunately, the Raman band of the
encapsulated N, was not detected clearly, owing to the weak
intensity of its stretching band, which is consistent with results
from DFT calculations (Figure S12). In contrast, the IR
spectrum of CO,@2 exhibited a sharp band for the CO, at
2334cm™!, corresponding to the antisymmetric stretch
(Figure 3). Usually, the IR spectra of gaseous CO, show two
broad bands at 2342 and 2361 cm ' ? which arise from the
rotation of CO, (Figure 3b). The presence of only one
absorption band in the IR spectrum of CO,@2 suggested
that the rotational freedom of the CO, is restricted, probably
due to constraints by the internal space.!">*! To obtain further
insight regarding the rotational behavior of the CO, encapsu-
lated in 2, DFT calculations were carried out at the M06-2X/3-
21G level of theory. The rotation of the CO, may be described
as the dynamic exchange motion between the upper oxygen
atom and the lower one in the optimized structures. For such
a process, we found a transition state, which was 8.1 kcalmol !
higher in energy relative to the most stable conformation.
This result suggested that a rotation of the CO, should be
possible at room temperature, and that the suppression of the
rotation might be due to the shape of both the opening and
the internal space.

In conclusion, the molecular host—guest complexes N,@2
and CO,@2 were obtained by incorporating gaseous N, and
CO, into open-cage Cgy1, followed by installation of a hydroxy
stopper at the rim of the opening. Isolation of pure N,@2 and
CO,@2 was accomplished by HPLC. Molecular complex
CO,@2 is the first example for an open-cage Cg, encapsulating
CO,. The molecular structures of N,@2 and CO,@2 were
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Figure 3. IR spectrum (KBr) of a) CO,@2 and b) expanded superposi-
tion of IR spectra of CO,@2 (solid line) and gaseous CO, (dotted line)
for comparison.

clearly determined by single-crystal X-ray diffraction analy-
ses, revealing a contracted N=N triple bond for the N, relative
to free N, in the gas phase, as well as an unsymmetric shape of
the CO,. IR spectroscopy measurements showed that the
rotational behavior of the encapsulated CO, is partially
restricted, which was supported by DFT calculations. Encap-
sulation of other small molecules is currently ongoing in our
laboratory.
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