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Carbon Monoxide Inside an Open-Cage
Fullerene**

Sho-ichi Iwamatsu,* Christopher M. Stanisky,
R. James Cross, Martin Saunders, Naomi Mizorogi,
Shigeru Nagase, and Shizuaki Murata

The chemistry of fullerenes that encapsulate molecules or
atoms (endohedral fullerenes) has developed extensively in
the last decade. A high-pressure, high-temperature method
has made it feasible to insert atoms and some small molecules
into fullerene cages.!"! However, the yield of the incorporated
product obtained by this method is very low. In an attempt to
prepare endohedral fullerenes in higher quantities, carbon—
carbon bonds of fullerene cages have been cleaved by organic
reactions.” The resulting product, a so-called open-cage
fullerene, has an opening that is large enough to insert an
atom or a molecule into the cavity of the fullerene.’ Unlike
complete endohedral fullerenes, these derivatives can hold
and release substrates in a reversible manner. This property
offers sensing and storage materials as potential applica-
tions.'”) Furthermore, an open moiety can be restored to an
intact cage with the inserted chemical species inside. Indeed,
pure endohedral H,@C,, was recently synthesized from Cy, by
using this strategy.!*

The narrow orifices of previously obtained open-cage
derivatives restricted the molecules that could be inserted to
helium and hydrogen.F® Recently, we constructed a wide
opening on Cy, by successive cage scissions.”’! The orifice of 1
(Scheme 1) is the largest known to date for a fullerene, and 1
spontaneously encapsulates one water molecule to form
H,0@1.”! This result shows that it is possible for atoms or
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1 (Z=COOMe)

Scheme 1. Open-cage fullerene 1 and its reactivity towards CO and
H,0.

molecules larger than H, or He to enter the fullerene cage.
Herein, we describe the formation, characterization, and
properties of an endohedral carbon monoxide complex,
CO@1. Although several theoretical studies have been
carried out on CO@Cy,,['"'? the formation of this complex
was confirmed only by mass spectrometry.l'*!

Carbon monoxide was introduced into 1 by heating a
mixture of H,O@1 and 1 dissolved in 1,1,2,2-tetrachloro-
ethane (TCE) under 9.0 MPa of CO. The signal at d =
—11.4 ppm, characteristic of H,0@1, disappeared in the
"H NMR spectrum of the reaction mixture,” and the fraction
of CO@1 in the final product reached 84 % (see below). By a
similar method, *CO@1 was prepared under 3.3 MPa of *CO
(C content: 99%); the fraction of *CO@1 at the end of the
process was 59%. The reaction even proceeded under
ambient pressure of CO; however, the final mixture yielded
only 20% CO@1. For a higher incorporation of CO, it is
necessary to carry out the reaction in solution; when the
reaction mixture was pressurized as a solid, the conversion
into CO@1 was only 52% even at 9.0 MPa and 150°C. This
low yield may arise from the difficulty in releasing the water
molecule of H,0@1 in the solid state.”®! Alternatively, CO
and/or H,O might not be able to diffuse through solid 1.

The product was identified as CO@1 by electrospray mass
spectrometry (ES-MS), 'H NMR, *C NMR, and IR spectros-
copy. In the ES mass spectrum of the product, a series of
parent ion peaks was observed around m/z 1200. These peaks
correspond to the presence of varying numbers of *C atoms
(Figure 1a). For *CO@1, the series of parent ion peaks shifts
to m/z 1201 (Figure 1b). Figure 1c shows the spectrum of the
starting material with peaks centered at m/z 1172, which
correspond to 1 (peaks corresponding to H,O@1 were not
detected by ES-MS). 1t is apparent that the addition of CO
causes a decrease in the intensity of the peaks at m/z 1172 and
an increase of those at m/z 1200 or 1201. These results are
consistent with the formation of the 1:1 complex of CO and 1.

In the '"HNMR spectrum of CO@1, signals associated
with H,O were absent and resonances of methylene protons
along the orifice of CO@1 showed upfield shifts with respect
to those of HyO@1. As shown in Figure 2 a, two out of the four
methylene-proton signals were observed at 6=3.38 and
286 ppm (/=20 and 19 Hz, respectively, each 1H). The
corresponding chemical shifts of H,O@1 were 6 =3.50 and
2.99 ppm, respectively (Figure 2b). The spectrum of empty 1
showed signals similar to those of H,O0@1 (Figure 2c¢). Thus,
the fraction of CO@1 present can be estimated by comparing
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Figure 1. ES mass spectra (negative mode) of a) CO@1, b) *CO@1,
and c) 1. lon peaks of [M+16]~ and [M+32]™ result from oxidation of
the samples during measurement (e.g., m/z 1188 and 1216). These
peaks are commonly observed in the spectra of fullerene derivatives.
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Figure 2. Segments of the "H NMR spectra (methylene- and methoxy-

proton regions) of: a) CO@1; b) H,O@1; c) empty 1 (measured in the
presence of P,0s) in CDCls.

the ratio of integral values of these signals of CO@1 with
those of H,O@1 and 1.

In the ®CNMR spectrum of CO@1, one sharp signal
characteristic of CO was observed at 0=174.3 ppm in
[D,]TCE (6 =174.6 ppm in CDCl,) together with the signals
of 1 (Figure 3a). For comparison, the resonance of CO in
CDCl, is 184.6 ppm.I" The calculated chemical shifts (GIAO-
B3LYP/6-31G*) of CO inside 1 and free CO are 0=
1723 ppm (average of the three rotational isomers
CO@1-A, CO@1-B, and CO@1-C shown in Figure5;
Table 1) and 0=181.3 ppm, respectively.") These results
agree well with the observed spectra. Furthermore, atoms
and molecules inside fullerenes are known to show upfield
shifts because of the magnetic shielding by the fullerene
cage. 1 Thus, the observed upfield shift is clear evidence of
the endohedral structure of CO@1. In a variable-temperature
BC NMR study of *CO@1 in CD,Cl,, the CO signal showed
slight broadening at —90°C, which suggests that the encapsu-
lated CO rotates rapidly on the NMR time scale.
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Figure 3. *C NMR spectra of: a) CO@1; b) H,O0@1+1 in [D,]TCE
(308 K).

Table 1: Calculated chemical shifts and relative energies of CO@1
(B3LYP/6-31G*).

Complex 0(CO) [ppm] E [kcal mol~"|¥
CO@1-A 174.88 +2.7
CO@1-B 170.99 +3.8
CoO@1-C 171.16 +8.1

H,0@1 - 2.4
CO@Cy - 4844
H,0@Cq - 15

[a] E=E(X@1)—[E(X) + E(1)], in which E(X@1) is the total energy of the
complex, and E(X) and E(1) are the energies of guest molecule and cage,
respectively.

In the IR spectrum of CO@1, two CO absorption bands
are observed at v=2125 and 2112 cm™' (Figure 4), which
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Figure 4. IR spectra of H,O0@1+1, CO@1, and *CO@1 (KBr).

differ by —18 and —31 cm™, respectively, from the CO gas
frequency (2143 cm™). For ®CO@1, the corresponding
absorptions exhibit clear shifts to lower frequencies (7=
2078 and 2066 cm™'; Figure 4), with a uniform ratio of *CO/
2CO =~ 0.978. This ratio is slightly larger than that calculated
for the *C/*2C isotope shift (0.961)."!

In a related study, carbon monoxide absorbed on the
exohedral surface of Cg, showed two similar absorptions at
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#=2135 and 2128 cm™' (at 77 K) arising from CO at the
octahedral and tetrahedral sites, respectively, in the crystal
lattice.™™ For comparison, carbon monoxide inside single-
walled carbon nanotubes absorbs at #=2135cm™.["") The
similar but larger shifts of CO@1 indicate an enhanced
interaction between CO and the fullerene cage with respect to
that of the exohedral compound. This greater interaction
might be due to the shorter distance between the trapped CO
and the narrow Cg, cage. As shown in Figure 4, the intensity
ratio of the absorption at v=2125 cm™' versus that at v=
2112 cm™'is approximately 35:65, independent of the fraction
of CO@1 present. This case contrasts with that of exohedral
CO absorptions, in which the ratio is known to be dependent
on the equilibrium pressure of CO.'®! The presence of two
absorption bands indicates that there are two distinct
orientations for the trapped CO on the IR time scale
(picoseconds) whereas there must be rapid interchange
between these states on the NMR time scale (milli- to
microseconds) to account for the single resonance in the
BC NMR spectrum. In the UV/Vis spectrum, no detectable
change was observed between CO@1 and H,0@1 +1.

Carbon monoxide absorbed on the exohedral surface of
Cy is known to disappear under reduced pressure, even at
77 K.0% In contrast, CO@1 was relatively stable under
reduced pressure even at ambient temperature. However, it
gradually reverts to a mixture of 1 and H,O0@1 both in
solution and in the solid state. A '"H NMR study on the escape
of CO was carried out at 40°C by using a solution of 2.2 pmol
CO@1 in 0.6 mL CDCl,. In the presence of 9.3 umol H,O (ca.
4.2 equiv relative to CO@1, analyzed by Karl Fischer titra-
tion), the fraction of CO@1 decreased from 88 to 68, 37, and
7% after 4, 16, and 48 h, respectively. This escape of CO is in
contrast to the spontaneous formation of H,0@1, which
suggests that H,O is bound inside the cage more tightly.

To evaluate the rotation of CO in CO@1, six rotational
isomers were geometrically optimized at the B3LYP/3-21G
level.’™ The two lowest-energy geometries and one less-
stable geometry were further optimized at the B3LYP/6-31G*
level (Figure 5 and Table 1). In the conformation of lowest
energy (CO@1-A), the CO molecule is aligned towards the
opening with the C atom towards the opening. The confor-
mation with the O atom towards the opening (CO@1-B) is
higher in energy by 1.1 kcalmol'. Conformations with the
CO perpendicular to the opening are even higher in energy
but only by about 5.4 kcalmol™' (CO@1-C). These results
support that CO may rotate rapidly on the NMR time scale
but not on the IR time scale, thus giving rise to two or possibly

Figure 5. Optimized structures of the rotational isomers of CO@1
(B3LYP/6-31G*). Carbon monoxide molecules in 1 are shown by the
space-filling model.
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more IR bands. Calculated energies of CO@1 relative to
(CO +1) are in the range from +2.7 to +8.1 kcalmol!
(Table 1)." The corresponding energy for H,0@1 is
—2.4kcalmol™. The same trend has been reported for
CO@Cy, and H,0@Cg, (Table 1).'"*J These results suggest
that the encapsulation of CO is energetically less favorable
than that of H,O, which is in agreement with the observed
instability of CO@1.

In summary, we report the formation of an endohedral
CO complex of a chemically modified fullerene derivative.
The presence of carbon monoxide inside the fullerene cage
was confirmed by ES-MS, "CNMR and IR spectroscopy.
Gradual leakage of the CO from CO@1 contrasts with the
spontaneous formation of H,O@1, which suggests that water
binds more strongly than CO within 1. Further investigations
are now in progress to construct a library of endohedral
complexes of open-cage fullerenes.

Experimental Section
CO@1: Compound 1 (50 mg) and TCE (10 mL) were loaded into a
50-mL stainless-steel autoclave equipped with an inner glass tube.
The reaction vessel was flushed with carbon monoxide three times,
charged to 7.5 MPa of CO, and heated at 100°C for 20 h (the pressure
reached 9.0 MPa). After the reaction mixture was allowed to cool, the
pressure was released and the solvent was removed in vacuo. The
resulting product was centrifuged with Et,0, and dried in vacuo to
give CO@1 (52 mg, quantitative) as a reddish brown powder. The
fraction of CO@1 present was estimated to be 84% by 'H NMR
spectroscopy. 'H NMR (CDCL;): 6 =8.19 (s, 1H), 8.03 (s, 1 H), 4.51 (d,
J=20Hz, 1H),4.48 (d,/=19 Hz, 1H), 4.14 (s, 3H), 3.96 (s, 3H), 3.82
(s,3H), 3.74 (s,3H), 3.38 (d, /=20 Hz, 1 H), 2.86 (d, /=19 Hz, 1H),
2.61 (s, 3H), 2.59 ppm (s, 3H); *CNMR ([D,]TCE, 308K): 6 =
174.30 ppm (CO). Full data are given in the Supporting Information;
IR (KBr): #=2125, 2112cm™'; UV/Vis (CH,CL): A (¢) =313
(72000), 351 (68000) nm; ES-MS (negative mode): m/z 1200 [M]~
(100), 1172.

BCO@1: Compound 1 (16 mg) and TCE (4 mL) were loaded into
a 10-mL stainless-steel autoclave. The reaction vessel was immersed
in a dewar of liquid nitrogen and evacuated. A *CO lecture bottle was
connected to the reaction vessel, and approximately 0.9 L of *CO was
condensed into the container. The cooling bath was removed, and the
reaction vessel was heated to 100°C and maintained at that temper-
ature for 20 h (the pressure reached 3.3 MPa). The reaction mixture
was allowed to cool, the pressure was released, and the solvent was
removed under reduced pressure to give *CO@1. The fraction of
BCO@1 was estimated to be 59% by 'HNMR spectroscopy.
BCNMR (CD,ClL): 6 =174.92; IR (KBr): #=2078, 2066 cm™"; ES-
MS (negative mode): m/z 1201 [M]~ (100), 1172.
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