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ABSTRACT: We compared the chemical reactivity of D,;(23)-Cg, N
and that of Sc,C,@D,,(23)-Cg4, both having the same carbon cage N
VA

geometry, in the photolysis of 2-adamantane-2,3’-[3H]-diazirine, to
clarify metal-atom doping effects on the chemical reactivity of the
carbon cage. Experimental and computational studies have revealed
that the chemical reactivity of the D,;(23)-Cg4 carbon cage is altered
drastically by endohedral Sc,C, doping. The reaction of empty
D,4(23)-Cg, with the diazirine under photoirradiation yields two
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adamantylidene (Ad) adducts. NMR spectroscopic studies revealed )}/}A\\T » ‘ /<\/\ ,T//( _>\\I\\
that the major Ad monoadduct (Cg,(Ad)-A) has a fulleroid structure ¢ E AdN2  four \<,¥(\T,\\<:}—>_:
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ene structure. The latter was also characterized using X-ray
crystallography. Cg,(Ad)-A is stable under photoirradiation, but it
interconverted to Cg,(Ad)-B by heating at 80 °C. In contrast, the

8C,Co@ Dy (23)-Cag

via a carbene addition

reaction of endohedral Sc,C,@D,,(23)-Cg, with diazirine under photoirradiation affords four Ad monoadducts (Sc,C,@
Cgi(Ad)-A, Sc,C,@Cgy(Ad)-B, Sc,C,@Cgy(Ad)-C, and Sc,C,@Cg4(Ad)-D). The structure of Sc,C,@Cgy(Ad)-C was
characterized using X-ray crystallography. Thermal interconversion of Sc,C,@Cgs(Ad)-A and Sc,C,@Cgy(Ad)-B to Sc,C,@
Cg4(Ad)-C was also observed. The reaction mechanisms of the Ad addition and thermal interconversion were elucidated from
theoretical calculations. Calculation results suggest that Cg,(Ad)-B and Sc,C,@Cgy,(Ad)-C are thermodynamically favorable
products. Their different chemical reactivities derive from Sc,C, doping, which raises the HOMO and LUMO levels of the

D,4(23)-Cg4 carbon cage.

B INTRODUCTION

Encapsulation of metal atoms or metal-containing clusters in
fullerene cages provides hybrid molecules known as endohedral
metallofullerenes (EMFs)." Recent progress has revealed that
the chemical reactivity of EMFs differs greatly from that of
empty fullerenes and that it is strongly dependent on the
encaged metal species. For instance, M@C,,(9)-Cg, (M = La,
Ce, Pr, Gd, and Y) and M,@I,(7)-Cgp (M = La and Ce)
undergo both photochemical and thermal reactions with
disilirane to form bis-silylated adducts, whereas the reactions
of empty fullerenes (Cgo, Cro, Crg, and D,(22)-Cg4) and Sc;N@
I,(7)-Cgo with disilirane are suppressed under thermal
conditions.” Akasaka et al. reported that retro-reaction of a

-4 ACS Publications  © 2016 American Chemical Society

Diels—Alder adduct, La@C,,(9)-Cg,(Cp) (Cp = cyclopenta-
diene), proceeded much faster than that of Cg(Cp).’
Accordingly, Dorn et al. developed a nonchromatographic
purification protocol for isolating M;N@Cg, (M = Sc, Gd, Er,
Lu, etc.) from soot extracts containing empty fullerenes and
other EMFs by taking advantage of its kinetic chemical stability
with respect to the Diels—Alder reaction with Cp-function-
alized resins.” These differences in chemical reactivity between
empty fullerenes and EMFs derive from the presence of
intramolecular electron transfer from endohedral metal species
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to the carbon cages, thereby drastically altering their electronic
structures in EMFs. Nevertheless, how the metal encapsulation
affects the chemical reactivity of the carbon cages in reactions is
an issue that has remained unexplored.” An important difficulty
in answering this question is the fact that almost no carbon cage
of EMFs is available in its empty form. Such a situation results
from the fact that endohedral metal-atom doping drastically
alters the thermodynamic stability of the carbon cages. In this
respect, the sole exception is the D,4(23)-Cg, carbon cage. To
date, both empty D,;(23)-Cs,° and endohedral Sc,C,@
D,4(23)-Cg,” are known to be stable and available in pristine
forms (see Figure 1).

SC2C2@ DZC/(23)-CS4

Figure 1. (a) Structure of D,,(23)-Cg4 where the 11 nonequivalent
carbon atoms on the cage are labeled as a—k. (b) Structure of Sc,C,@
D,4(23)-Cgy, where the 22 nonequivalent carbon atoms on the cage
are labeled as a—k and a’—k’. Lowering of the molecular symmetry
results from the Sc,C, cluster placement because the C, unit is not
parallel to the main C, axis.

Photolysis of diazirines generates carbenes and diazo
intermediates, both of which are reactive to Cg.® Results
show that adamantylidene (Ad) carbene reacts with a [6,6]-
bond (bonds between two six-membered rings) of Cy, via [2 +
1] cycloaddition to afford the [6,6]-closed methanofullerene
([6,6]-C¢o(Ad)), whereas diazoadamantane reacts with one of
the [5,6]-bonds (bonds between a five-membered ring and a
six-membered ring) of Cg via [3 + 2] cycloaddition with
subsequent N, extrusion from the pyrazoline intermediate to
afford the [5,6]-open fulleroid ([5,6]-Cg(Ad)).” In fact, the
photolysis of 2-adamantane-2,3'-[3H]-diazirine (1) in the
presence of Cg, yielded [6,6]-C4y(Ad) and [5,6]-Cgo(Ad) in a
49:51 ratio, which shows good agreement with the formation
ratio of Ad carbene and diazoadamantane ascertained from
laser flash photolysis.'” In that case, the Cy4o(Ad) derivatives,
[6,6]-Cgo(Ad) and [5,6]-Ce(Ad), do not mutually interconvert
under the photolytic conditions. In this respect, Cq, can act as a
chemical probe for characterization of the photolytic pathway
of diazirines."' However, Akasaka et al. found that La@C,,(9)-
Cg, is reactive toward Ad carbene, but that it is not reactive
toward diazoadamantane, for the photolysis of 1.°*'> The
regioselectivity in the Ad carbene addition to La@C,,(9)-Cs, is
explainable by localization of the charge densities and the large
p-orbital axis vector (POAV) ' values on the carbon atoms near
the encaged La atom, although the HOMO is delocalized over
the Cg, sphere. X-ray crystallographic analysis of the Ad
monoadduct of La@C,,(9)-Cg, revealed that the electrophilic
Ad carbene selectively bonded to one of the six most electron-
rich strained carbon atoms. As described in this paper, we
explore the chemical reactivity of D,;(23)-Cg, and that of
Sc,C,@D,,(23)-Cg, in the photolysis of 1 to clarify how Sc,C,
doping affects the chemical reactivity of the D,;(23)-Cg, carbon
cage.

B RESULTS AND DISCUSSION

Reactivity of D,,4(23)-Cg, and the Structure Determi-
nation of the Ad Adducts. Photoirradiation to a toluene
solution of D,;(23)-Cg,, which we abbreviate as Cg,, and an
excess (47 equiv) of 1 at room temperature was conducted
using a ultrahigh-pressure mercury-arc lamp (cutoff <350 nm).
The reaction was monitored using analytical HPLC (Scheme
1). After irradiation for 90 s, 52% of Cg, was consumed. Two

Scheme 1. Reaction of Cg, with 1 under Photoirradiation
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new peaks were observed. MALDI-TOF mass spectrometry
revealed the products to be Ad monoadducts. Subsequent
recycling HPLC separation afforded isolation of the two
products (designated as Cg,(Ad)-A for the major product and
Cg4(Ad)-B for the minor product). The conversion yields of
Cg4(Ad)-A and Cgy(Ad)-B were estimated as 80% and 12%
using the HPLC peak area.

The structure of Cg4(Ad)-B was ascertained using single-
crystal X-ray diffractometry (XRD). The X-ray structure shown
in Figure 2 confirms that cyclopropanation occurred at the (a—

Q\

CPL»\D/I

Figure 2. ORTEP drawing of Cg(Ad)-B ([6,6]-(a—a)-closed
methanofullerene) with thermal ellipsoids shown at the 50%
probability level for 90 K. Solvate molecules are omitted for clarity.

a) bond between the two six-membered rings on the Cg,
carbon cage (hereinafter the bond is designated as a [6,6]-(a—
a) bond; labeling of carbon atoms in the Cg, carbon cage is
shown in Figure 1a). It is noteworthy that the site of addition in
Cg4(Ad)-B is similar to that reported for the addition of an
iridium complex.® The C—C distance between the cage
carbons bonded to the Ad moiety was found to be 1.566 A.
Results show that Cg,(Ad)-B has C,, symmetry. The [6,6]-(a—
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a)-closed methanofullerene structure of Cg,(Ad)-B was also
characterized using '"H and C NMR spectroscopy, which
showed that NMR resonance patterns are consistent with the
X-ray structure. The *C NMR spectrum exhibits 7 signals for
the Ad skeleton, 19 signals out of 21 expected ones for the Cg,
cage at the sp® carbon region of 134—152 ppm, and 1 signal for
the bonded sp* cage carbon at 68.86 ppm.

For Cg(Ad)-A, all attempts to grow single crystals were
unsuccessful. However, the 'H and *C NMR spectra suggest
that Cg,(Ad)-A has C; symmetry. Particularly, the *C NMR
spectrum exhibits 10 signals for the Ad skeleton, and 81 signals
out of 84 expected signals for the Cg, cage at the sp” carbon
region of 124—153 ppm, suggesting that the Ad addition caused
the rupture of the C—C bond on the carbon cage to form a
fulleroid structure. The similarity in the absorption spectra of
pristine Cg, and Cg,(Ad)-A also shows good agreement with
the fulleroid structure of Cg,(Ad)-A because such a fulleroid
retains its original 7-electrons of the carbon cage (Figure 3).
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Figure 3. Absorption spectra of Cgy, Cgy(Ad)-A, and Cg,(Ad)-B in
CS,.

The contribution of Ad carbene and diazoadamantane must
be considered in the photoreaction of Cg, with 1. To assess the
chemical reactivity of Cg, toward diazoadamantane, photolysis
of §',5'-dimethoxyspiro[adamantane]-2,2'-[ A®-1,3,4-oxadiazo-
line] (2) in the presence of Cg4 was conducted at —78 °C
because 2 is known to give diazoadamantane exclusively under
photoirradiation (Scheme 2).'*'> On the one hand, photo-
irradiation to a toluene solution of 2 (0.16 equiv) followed by
mixing with Cg, at —78 °C caused the formation of Cg,(Ad)-A
and Cg(Ad)-B in a 10:1 ratio (yields: 4% and 0.3%,
respectively, estimated from the HPLC peak area). On the
other hand, photoirradiation to a toluene solution of 1 (0.16

Scheme 2. Reaction of Cg, with 2 under Photoirradiation
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equiv) followed by mixing with Cg at —78 °C caused the
formation of Cg,(Ad)-A and Cg,(Ad)-B in a 10:1 ratio (yields:
8% and 0.8%, respectively, estimated from the HPLC peak
area). In both cases, formation of the corresponding pyrazoline
intermediate was not observed experimentally. Comparable
product ratios between the reaction of Cg, with 1 and that of
Cgy with 2 imply that in situ generated diazoadamantane
contributes mainly to the reaction process in the photoreaction
of Cg, with 1, although no conclusive evidence exists for the
impossibility of Ad carbene addition on Cq,.

To assess the stability of the Ad adducts, we conducted
photolysis of pure Cg(Ad)-A and Cg,(Ad)-B by themselves.
After 20 min of photoirradiation, no interconversion was
observed between Cgy(Ad)-A and Cgzy(Ad)-B under the
photolytic conditions. However, it is particularly interesting
that Cg,(Ad)-A was interconverted to Cg,(Ad)-B under heating
at 80 °C. The quantitative thermal isomerization process was
monitored using HPLC. After heating for 8 h, Cg,(Ad)-A was
consumed completely; Cg4,(Ad)-B was formed in 89% vyield
(estimated from the HPLC peak area). Similar thermal
interconversion was also observed in Ad carbene adducts of
La@C2v(9)'C8212b and SCZCZ@CZ,,(S)-CSO.M

Mechanisms of the Ad Addition on Cg, and the
Interconversion of Cg4(Ad) to Cg4(Ad)-B. Density functional
theory (DFT) calculations revealed that the 2-fold degenerate
LUMO is localized primarily at the [6,6]-(a—a) bond in Cg,
(see inset in Figure 4)."” In this respect, Diederich et al.
reported that the (a—a) bond has the highest z-bond order.'®
Therefore, it is most likely that the regioselective [3 + 2]
cycloaddition of Cg, with diazoadamantane took place at the
[6,6]-(a—a) bond to give the pyrazoline intermediate. In fact, a
reasonable transition state (TS;,,) was found, as shown in
Figure 4. The energy barrier from the intermediate (INT,,) to
TS,,, is 5.1 kcal mol™". The 2-fold degenerate HOMO is not
distributed to the [6,6]-(a—a) bond. The Ad carbene addition
to such bonds must be unfavorable because Ad carbene is
electrophilic.

Regarding the decomposition of the pyrazoline, two possible
pathways must be considered (Figure S) by analogy with
reported examples of Cgy-pyrazoline derivatives.”” In a stepwise
mechanism, the pyrazoline decomposition was initiated by the
C—N bond cleavage under photoirradiation. After the
subsequent N, extrusion, the resulting diradical intermediate
engenders the [6,6]-(a—a)-closed methanofullerene and the
[5,6]-(a—b)-closed fulleroid by subsequent radical coupling, of
which the former corresponds to Cg,(Ad)-B. However,
according to DFT calculations, the stepwise pathway is
unfavored in energy. The energy barrier is as large as 56.9
kcal mol™*. Therefore, we infer that such a mechanism cannot
take place as a major path. However, in a concerted [#%s + 7°s +
6%a + o%s] mechanism, the barrier to yield the [5,6]-(a—b)-
closed fulleroid is 27.3 kcal mol™, which is 29.6 kcal mol™
lower in energy than that of the stepwise mechanism. In this
context, we concluded that the decomposition occurred via a
concerted pathway. The resulting [5,6]-(a—b)-open fulleroid is
expected to be Cg,(Ad)-A.

As for the thermal interconversion of Cg,(Ad)-A to Cg,(Ad)-
B, we found a reasonable transition state (TS,,-concerted) in a
concerted [1,5]-sigmatropic shift, as shown in Figure 6. The
reaction barrier of the concerted isomerization from Cg,(Ad)-A
to Cgu(Ad)-B is 32.6 kcal mol™". Cg,(Ad)-B is 24.7 kcal mol™!
more stable than Cg,(Ad)-A.
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Figure 4. Energy profiles (in kcal mol™) for the [3 + 2] cycloaddition of Cg, with in situ generated diazoadamantane (AdN,) to form the pyrazoline

intermediate. The inset shows LUMO of Cg,.

Reactivity of Sc,C,@D,,(23)-Cg, and the Structure
Determination of the Ad Adducts. Turning to Sc,C,@
D,4(23)-Cqy, which we abbreviate as Sc,C,@Cgy, photo-
irradiation to a toluene solution of Sc,C,@Cg, in the presence
of 50 equiv of 1 yielded four monoadducts in a 8:7:3:1 ratio
after 60 s (Scheme 3). Subsequent HPLC separation afforded
isolation of the monoadducts, designated as Sc,C,@Cg4(Ad)-A,
S6,C,@Cg4(Ad)-B, Sc,C,@Cyy(Ad)-C, and Sc,C,@Cy,(Ad)-D
in order of decreasing yields. The absorption spectra of the four
isomers are comparable to that of pristine Sc,C,@Csg,,
suggesting that all the monoadducts retain their z-electron
systems and that they could have fulleroid structures rather
than methanofullerene structures (Figure 7). The *C NMR
spectra suggest that all three isomers of Sc,C,@Cg4(Ad)-A,
S6,C,@Cgy(Ad)-B, and Sc,C,@Cgy(Ad)-C have C; symmetry,
although the NMR data of Sc,C,@Cg(Ad)-D are lacking
because of the insufficient amount of the sample. Among the
four isomers, we obtained a single crystal of Sc,C,@Cg4(Ad)-C
suitable for XRD studies. Both the carbon cage and the encaged
cluster are disordered. Nevertheless, the X-ray structure of
Sc,C,@Cg,(Ad)-C shows clearly that the addition took place at
the (k—i") bond between two six-membered rings (hereinafter,
the bond is designated as a [6,6]-(k—i") bond), forming a [6,6]-
open fulleroid (Figure 8), in accord with the absorption
spectroscopy. The C---C distance between the cage carbons
bonded to the Ad moiety is 1.792 A. The DFT calculations
support the [6,6]-open fulleroid structure of Sc,C,@Cg,(Ad)-
C. The opened C--C separation was calculated as 1.664 A,
which shows agreement with the distance found in the X-ray
structure. In the optimized structure, the '*C chemical shifts of
the cage carbons bonded to the Ad moiety were calculated as
85.12 and 96.37 ppm. The values agree well with the
experimental values obtained at 88.01 and 98.72 ppm. The
encaged Sc,C, cluster was found in similar positions to those
found in the cocrystals of pristine Sc,C,@Cg, and cobalt
octaethylporphyrin.”

We conducted the photochemical reaction of Sc,C,@Cg, and
2. However, no reaction proceeded. Results show that, unlike
D,4(23)-Cyg,, Sc,C,@Cs, is not reactive toward diazoadaman-
tane. Accordingly, we conclude that the photochemical reaction

of Sc,C,@Cq, and 1 proceeded via a carbene addition
mechanism.

We also conducted photolysis of pure Sc,C,@Cg,(Ad)-A and
Sc,C,@Cy(Ad)-B by themselves. After 20 min of photo-
irradiation, we observed no interconversion under the photo-
Iytic conditions. Nevertheless, it is noteworthy that both
Sc,C,@Cg4(Ad)-A and Sc,C,@Cg,(Ad)-B were interconverted
respectively to Sc,C,@Cs4(Ad)-C under heating at 100 °C.

Regioselectivity of Ad Addition on Sc,C,@Cg,. As for
the thermal interconversion of Sc,C,@Cg4(Ad)-A and Sc,C,@
Cg4(Ad)-B to Sc,C,@Cg4(Ad)-C, we speculate that the addend
moves to bind with an adjacent bond, as proposed for the
interconversion of empty Cgy(Ad)-A to Cg(Ad)-B. Based on
this hypothesis, the possible addition sites in Sc,C,@Cg,(Ad)-A
and Sc,C,@Cg4(Ad)-B can be limited to (k—k), (k—f), (h'—i’),
and (i'—j").”" The [6,6]-(k—k)-open, [6,6]-(k—f)-open, [5,6]-
(h'—i")-open, and [5,6]-(i'—j)-open adducts are 6.2, 8.7, 16.1,
and 16.0 kcal mol™" higher in energy than the [6,6]-(k—i')-
open adduct that corresponds to Sc,C,@Cgy(Ad)-C, as shown
in Figure 9. Therefore, Sc,C,@Cg4(Ad)-A and Sc,C,@
Cg4(Ad)-B could be the [6,6]-(k—k) and [6,6]-(k—f) addition
products. However, we were unable to achieve final structural
identification for Sc,C,@Cg,(Ad)-A and Sc,C,@Cg,(Ad)-B as
well as that for Sc,C,@Cg(Ad)-D because one cannot deny
the possibility of carbene transfer or a “walk on the sphere”
rearrangement.22

Inspection of the MO diagrams shows that the LUMO of
Sc,C,@Cs, is higher in energy than that of Cg, (Figure 10). In
this context, the inertness of Sc,C,@Cg, toward diazoadaman-
tane can be inferred as resulting from the energy mismatch
between their frontier orbitals. However, the reactivity of
Sc,C,@Cg,4 possessing the higher HOMO level because of the
Sc,C, doping could be higher than that of Cg, toward the
electrophilic Ad carbene. Nevertheless, the distribution of the
HOMO is not an efficient criterion to predict the reactive sites
on Sc,C,@Cyq, because the HOMO is delocalized over the
hemisphere.

Next we examine the charge density and POAV values
(Table 1) in the cage carbons. Results of our previous studies
have pointed out that the favorable addition position in La@
C,,(9)-Cyg, is explainable based on these criteria in Ad carbene
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addition."** Carbon atoms bearing high POAYV values and high
negative charge density tend to be most reactive toward Ad
carbene. In Sc,C,@Cgy, carbon atoms near the encaged Sc
atoms such as C(a), C(b), C(c), and C(e) tend to have high
negative charge densities. In addition, C(a) in Sc,C,@Cg, has
higher POAV values than C(a) in Cg, However, C(k) and
C(i), which are the addition site in Sc,C,@Cg,4(Ad)-C, have no
high negative charge density. DFT calculations suggest that the
[6,6]-(a—a)-open and [5,6]-(a—b)-open adducts are 6.3 and
9.7 keal mol™" higher in energy than Sc,C,@Cgy(Ad)-C (see
Figure 7). In this context, results suggest that the formation of
S6,C,@Cg4(Ad)-C is governed by thermodynamic control

rather than kinetic control.

16527

B CONCLUSION

In summary, we demonstrated that the reactivity of the
D,(23)-Cg4 carbon cage in photoreaction with 1 is changed
drastically by endohedral Sc,C, doping. In the case of empty
Cgy two Ad monoadducts were obtained in the photolysis of 1.
Single-crystal XRD investigations revealed that the minor
isomer, Cg,(Ad)-B, is the [6,6]-(a—a)-closed methanofullerene.
Although single crystals of the major isomer, Cg,(Ad)-A, were
not obtained, isomerization studies and DFT calculations
suggest that Cg,(Ad)-A is the [S5,6]-(a—b) open fulleroid. DFT
calculations also provide the plausible reaction mechanism of
Ad addition on Cg, showing that the initial [3 + 2]
cycloaddition at the (a—a) bond with in situ generated
diazoadamantane took place, followed by N, extrusion, to
form a pyrazoline intermediate. Subsequent decomposition of
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CS,.

the pyrazoline via a concerted [7%s + %s + 6%a + 6°s] pathway
can afford the [5,6]-(a—b)-open fulleroid, Cg,(Ad)-A, as the
kinetic product. In addition, DFT calculations suggest that
interconversion from Cg(Ad)-A to Cg,(Ad)-B, which is
thermodynamically favorable, took place via a [1,5]-sigmatropic
shift. However, in the case of Sc,C,@Cg,, four Ad
monoadducts were obtained in the photolysis of 1. Single-

Figure 8. ORTEP drawing of Sc,C,@Cg,(Ad)-C ([6,6]-(k—i")-open
fulleroid) with thermal ellipsoids shown at the S0% probability level
for 90 K. Only the major cage orientation with 0.63 occupancy and the
major Sc sites with 0.53 occupancy and the major C, sites with 0.69
occupancy are shown. Solvate molecules are omitted for clarity.

crystal XRD studies showed that the third most abundant
isomer, Sc,C,@Cg4(Ad)-C, is the [6,6]-(k—i')-open fulleroid.
Although we were unable to achieve final structural
identification for the other isomers, Sc,C,@Cg,(Ad)-A,
Sc,C,@Cgy(Ad)-B, and Sc,C,@Cq,(Ad)-D, we found that
Sc,C,@Cgy(Ad)-A and Sc,C,@Cg,(Ad)-B interconverted to
Sc,C,@Cgy(Ad)-C under thermal conditions. Based on the
hypothesis that the addend moves to bind with an adjacent
bond, the addition sites in Sc,C,@Cg,(Ad)-A and Sc,C,@
Cg4(Ad)-B can be limited to four candidates. DFT calculations
show that Sc,C,@Cg,(Ad)-C is the most thermodynamically
stable among the candidates. Based on the fact that S¢,C,@Csg,
is not reactive toward in situ generated diazoadamantane, we
conclude that the Ad addition to Sc,C,@Cg, proceeded via a
carbene mechanism. DFT calculations suggest that raising the
LUMO level by the Sc,C, doping causes the inertness of
Sc,C,@Cyq4 toward diazoadamantane. However, raising the
HOMO level might become favorable for the addition of
electrophilic Ad carbene to the carbon cage. Additional studies
should be conducted to elucidate the structures of Cgy(Ad)-A,
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Figure 9. Optimized structures and relative energies (in kcal mol™) of
seven selected Ad monoadducts of Sc,C,@Csg,.

S6,C,@Cgu(Ad)-A, and Sc,C,@Cgy(Ad)-B by single-crystal
XRD and to explain the formation mechanism of Cg,(Ad)-B
and the regioselectivity in the reaction of Sc,C,@Cy, with Ad
carbene.

B EXPERIMENTAL SECTION

Reaction of Cg, with 1 under Photoirradiation at Room
Temperature. A toluene (2.0 mL) solution of Cg, (0.050 mg, 5.0 X
107 mmol) and 47 equiv of 1 (0.38 mg, 2.3 X 107> mmol) was
degassed by three freeze—pump—saw cycles under reduced pressure.
The mixture was photoirradiated using an ultrahigh-pressure mercury-
arc lamp through a cutoff filter (cutoff < 350 nm) at room
temperature. After irradiation for 90 s, 52% of Cg, was consumed.
The monoadducts were isolated by recycling HPLC using a Buckyprep
column to obtain pure Cg(Ad)-A and Cg,(Ad)-B. The conversion
yields of Cg,(Ad)-A and Cg,(Ad)-B were estimated as 80% and 12%
using the HPLC peak area.

Cgy(Ad)-A. "H NMR (500 MHz, CS,/1,1,2,2-tetrachloroethane-d,
1:1, 298 K) 6§ S5.12 (brs, 1H), 2.88 (brs, 1H), 2.78 (brd, J = 12.5 Hz,
1H), 2.30 (dd, J = 12.5, 2.0 Hz, 1H), 2.23—2.15 (m, 5H), 2.01 (brs,
1H), 1.95 (brd, J = 12.5 Hz, 1H), 1.89 (brs, 1H), 1.85 (dd, J = 12.5,

Table 1. NBO Charge Density and POAV Values of Carbon
Atoms in Cg, (left) and Sc,C,@Cg, (right)

atom in charge POAV charge POAV
Cgy density value atom in Sc,C,@Cyq,  density value
a 0.022 10.78 a —0.090 13.74
b 0.006 10.51 b —0.082 10.01
c —0.001 8.84 [ —0.020 8.77
d 0.001 10.55 d —0.006 10.35
e 0.006 9.61 e —0.04S5 8.18
f —0.008 7.94 f 0.014 7.94
g 0000 1059 g 0007 1140
h 0.002 10.98 h —0.003 10.92
i —0.005 10.86 i 0.006 10.90
j 0.007 10.72 j —0.005 10.81
k 0.001 7.72 k 0.012 7.53
a’ —0.093 13.95

b’ —0.082 9.96

¢ —-0.016 8.84

d’ —0.004 10.37

e’ —0.052 8.10

f 0.009 7.82

g' —0.006 11.42

h’ 0.000 1091

i’ 0.011 10.90

i’ —0.002 10.83

k' 0.005 7.44

2.0 Hz, 1H), 1.80 ppm (brd, J = 9.0 Hz, 1H). *C NMR (125 MHzg,
CS,/1,1,2,2-tetrachloroethane-d, 1:1, 298 K) § 152.50, 147.06, 145.56,
144.56, 144.19, 143.79, 143.67, 143.38, 142.96, 141.96, 141.87, 141.70,
141.66, 141.35, 141.34, 141.19, 140.77, 140.70, 140.64, 140.62, 140.57,
140.45, 140.26, 140.19, 140.15, 140.34, 140.08, 139.88, 139.86, 139.82,
139.75, 139.72, 139.67, 139.61, 139.34, 139.29, 139.25, 139.14, 139.01,
138.81, 138.72, 138.64, 138.60, 138.58, 138.52, 138.48, 138.47, 138.43,
138.39, 138.32, 137.92, 137.89, 137.84, 137.11, 136.98, 136.8S, 136.72,
136.58, 136.53, 136.39, 136.29, 136.18, 135.89, 135.18, 135.00, 134.92,
134.55, 134.41, 134.35, 134.18, 134.14, 132.05, 132.01, 129.76, 129.60,
12891, 128.83, 128.10, 127.58, 125.21, 124.74, 58.33, 37.45, 36.07,
35.19, 34.67, 34.07, 33.83, 33.34, 27.24, 26.81 ppm; 91 resonances out
of 94 expected ones were observed. MALDI-TOF MS (matrix =
1,1,4,4-tetraphenyl-1,3-butadiene (TPB)) m/z 1142 [M~].

Cg4(Ad)-B. 'H NMR (500 MHz, CS,/1,1,2,2-tetrachloroethane-d,
1:1, 298 K) & 3.94 (brs, 2H), 2.56 (brd, J = 12.0 Hz, 4H), 2.41 (brs,
2H), 2.38 (brd, ] = 12.0 Hz, 4H), 2.22 ppm (brs, 2H). *C NMR (125
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Figure 10. MO diagrams (isosurface = 0.03 au) of Cgy, Sc,C,@Cgy, Ad carbene (Ad:), and diazoadamantane (AdNS,).
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MHz, CS,/CD,Cl, 1:2, 298 K) & 151.86, 144.61, 144.20, 143.62,
143.56, 143.03, 142.54, 141.85, 141.64, 139.77, 139.02, 138.99, 138.56,
138.46, 138.37, 138.13, 137.33, 135.67, 134.41, 68.86, 68.32, 39.49,
31.18, 30.62, 29.76, 24.62, 23.96 ppm; 27 resonances out of 29
expected ones were observed because of peak overlap. MALDI-TOF
MS (matrix = TPB) m/z 1142 [M™].

Crystal Data for Cgy(Ad)-B. CoH,,2(C{H,CL), M,, = 1437.04,
crystal size: 0.10 X 0.08 X 0.07 mm?®, monoclinic, C2/c, a = 44.997(18)
A, b =11.379(4) A, c =22.258(9) A, B = 90.415(7)°, V = 11348(8)
A% Z =8, Dy = 1.682 g/cm’, p = 0278 mm™', T = 90 K, 47 430
reflections, 7936 unique reflections; 3646 with I > 26(I); R, = 0.0474
(1> 2 o(I)], wR, = 0.1093 (all data), GOF (on F*) = 0.766. The
maximum residual electron density is equal to 0.512 e A7 All
measurements were obtained at beamline BL-8B of the Photon
Factory, KEK, Japan. CCDC 1501207 includes the supplementary
crystallographic data used for this Article.

Reaction of Cg, with 1 under Photoirradiation at —78 °C. In a
two-way Pyrex tube, a 1.0 mL toluene solution of Cg, (0.040 mg, 4.0 X
10~ mmol) was added to one side and a 1.0 mL toluene solution of 1
(0.0010 mg, 6.4 X 10~ mmol) was added to the other side. The two
solutions were degassed using three freeze—pump—thaw cycles under
reduced pressures. The side tube containing a solution of 1 was
photoirradiated using a ultrahigh-pressure mercury-arc lamp through a
cutoff filter (cutoff < 300 nm) at —78 °C. After irradiation for 3 min,
the solution of 1 was mixed with the solution of Cg, in the other side.
Then the mixture stood for 5—60 min at —78 °C, after which it was
injected into an analytical HPLC, where the column was cooled to 0
°C in an ice bath. Yield: 8% (Cg(Ad)-A) and 0.8% (Cg,(Ad)-B)
accompanied by 26% consumption of Cg, (estimated from the HPLC
peak area). No other product was detected.

Reaction of Cg, with 2 under Photoirradiation at —78 °C. In a
two-way Pyrex tube, a 1.0 mL toluene solution of Cg4 (0.040 mg, 4.0 X
10~ mmol) was added to one side; a 1.0 mL toluene solution of 2
(0.0014 mg, 5.8 X 107° mmol) was added to the other side. The two
solutions were degassed using three freeze—pump—thaw cycles under
reduced pressures. The side tube containing a solution of 2 was
photoirradiated using an ultrahigh-pressure mercury-arc lamp through
a cutoff filter (cutoff < 300 nm) at —78 °C. After irradiation for 3 min,
the solution of 2 was mixed with the solution of Cg, in the other side.
Then the mixture stood for 5—60 min at —78 °C, after which it was
injected into an analytical HPLC, where the column was cooled to 0
°C in an ice bath. Yield: 4% (Cg4(Ad)-A) and 0.3% (Cgu(Ad)-B)
accompanied by 44% consumption of Cg, (estimated from the HPLC
peak area). No other product was detected.

Thermal Isomerization of Cg,(Ad)-A to Cgy(Ad)-B. A mixture of
Cg4(Ad)-A (2.5 pg, 2.2 X 107 mmol), toluene (200 xL), and Cg, (50
#g, 6.9 X 107 mmol) as an internal reference was sealed in a Pyrex
tube after degassing by three freeze—pump—thaw cycles. The tube was
heated at 80 °C in an oil bath for 2—8 h. The solution was analyzed
using analytical HPLC. Yield: 89% (Cg4(Ad)-B) accompanied by 100%
consumption of Cg,(Ad)-A (estimated from the HPLC peak area).
The formation of Cg,(Ad)-B was also confirmed using a *C NMR
measurement. Note that Cg,(Ad) was not formed under the applied
conditions.

Reaction of Sc,C,@Cg, with 1 under Photoirradiation at Room
Temperature. A toluene (2.0 mL) solution of S¢,C,@Cg, (0.050 mg,
4.5 X 107 mmol) and 48 equiv of 1 (0.35 mg, 2.2 X 10~ mmol) were
degassed by three freeze—pump—thaw cycles under reduced pressure.
The mixture was photoirradiated using an ultrahigh-pressure mercury-
arc lamp through a cutoff filter (<350 nm) at room temperature. After
irradiation for 90 s, 76% of Sc,C,@Cs, was consumed. The
monoadducts were isolated by recycling HPLC using a Buckyprep
column to obtain pure Sc,C,@Cg4(Ad)-A, S¢,C,@Cg4(Ad)-B, Sc,C,@
Cs4(Ad)-C, and Sc,C,@Cg4(Ad)-D. The conversion yields of Sc,C,@
Cs4(Ad)-A, S,Co@C44(Ad)-B, Sc,C,@Cyy(Ad)-C, and Sc,C,@
Cg4(Ad)-D were estimated from the HPLC peak area as 40%, 37%,
16%, and 5%.

Sc,C,@Cgy(Ad)-A. *C NMR (125 MHz, CS,/1,1,2,2-tetrachloro-
ethane-d, 1:1, 280 K) & 151.32, 150.39, 149.13, 148.94, 148.78, 148.37,
148.20, 147.75, 147.58, 147.15, 146.90, 146.75, 146.53, 146.23, 145.68,

145.38, 145.23, 144.90, 144.70, 144.59, 144.10, 144.04, 143.86, 142.81,
142.73, 142.60, 142.81, 142.73, 142.60, 139.82, 139.52, 138.88, 138.54,
138.44, 138.15, 138.05, 139.91, 137.68, 137.63, 137.59, 137.48, 137.44,
136.98, 136.75, 136.60, 136.50, 136.48, 136.21, 136.07, 135.86, 135.58,
135.45, 135.24, 134.97, 134.71, 134.52, 134.41, 134.11, 133.27, 133.05,
132.85, 132.69, 132.47, 132.41, 131.59, 131.40, 131.32, 131.26, 131.02,
130.15, 129.61, 129.35, 128.85, 128.51, 128.13, 128.06, 127.27, 127.13,
125.91, 122.85, 67.69, 38.46, 34.37, 31.99, 30.25, 29.49, 28.87, 23.69,
23.16, 2291 ppm; 90 resonances out of 95 expected ones were
observed. Observation of a fine '"H NMR spectrum and its signal
assignment failed because of the poor solubility. MALDI-TOF MS
(matrix = TPB) m/z 1256 [M~].

Sc,C,@Cgy(Ad)-B. °C NMR (125 MHz, CS,/1,1,2,2-tetrachloro-
ethane-d, 1:1, 280 K) 6 149.74, 149.00, 148.62, 148.48, 148.35, 148.22,
148.16, 147.95, 147.83, 147.59, 147.53, 146.69, 145.55, 143.69, 143.45,
143.35, 143.19, 143.08, 143.00, 142.73, 142.16, 142.02, 141.59, 139.87,
139.68, 139.25, 138.61, 138.25, 138.09, 137.42, 137.37, 136.93, 136.81,
136.69, 136.59, 136.41, 136.29, 136.20, 135.89, 135.78, 135.49, 135.38,
135.23, 135.16, 134.52, 134.28, 134.14, 133.85, 132.40, 132.29, 132.19,
132.08, 131.84, 131.43, 141.33, 131.04, 130.44, 130.23, 130.06, 129.90,
1229.68, 129.00, 128.60, 128.53, 12848, 128.11, 127.49, 127.32,
127.06, 126.77, 124.24, 123.5S, 62.20, 43.06, 32.00, 29.51, 27.55,
27.16, 2697, 26.54, 22.94, 21.44 ppm; 82 resonances out of 95
expected ones were observed. Observation of a fine 'H NMR
spectrum and its signal assignment failed because of the poor solubility
of the sample. MALDI-TOF MS (matrix = TPB) m/z 1256 [M~].

Sc,C,@Cay(Ad)-C. '"H NMR (500 MHz, CS,/1,1,2,2-tetrachloro-
ethane-d, 1:1, 298 K) & 5.11 (brs, 1H), 2.88 (brs, 1H), 2.77 (brd, ] =
13.5 Hz, 1H), 2.29 (brd, ] = 12.5 Hz, 1H), 2.21 (brd, ] = 13.5 Hz, 1H),
2.16 (brs, 4H), 2.01 (brs, 1H), 1.95 (brd, ] = 13.5 Hz, 1H), 1.89 (brs,
1H), 1.85 (brd, J = 12.5 Hz, 1H), 1.80 ppm (brd, J = 9.5 Hz,1H) ; *C
NMR (125 MHz, CS, (acetone-ds in capillary), 298 K) & 151.16,
151.13, 150.35, 150.19, 149.97, 148.88, 148.97, 148.65, 148.51, 147.96,
147.41, 146.96, 146.51, 146.30, 146.03, 145.91, 145.85, 145.18, 144.91,
14475, 144.69, 144.27, 144.25, 144.14, 143.79, 143.05, 142.43, 14231,
142.16, 139.96, 139.86, 139.77, 139.25, 139.08, 138.91, 138.78, 138.68,
138.60, 138.28, 138.13, 137.92, 137.85, 137.70, 137.62, 137.60, 137.48,
137.41, 137.36, 136.74, 136.50, 136.08, 135.94, 135.26, 135.17, 135.14,
134.76, 133.93, 133.87, 133.74, 132.71, 132.55, 132.17, 132.08, 131.96,
131.00, 130.90, 130.74, 130.56, 130.32, 130.19, 129.98, 129.59, 129.50,
129.12, 129.08, 98.72, 88.01, 48.86, 37.12, 35.87, 35.35, 35.00, 34.27,
32.49, 28.14, 28.00, 27.95 ppm; 87 resonances out of 95 expected ones
were observed. MALDI-TOF MS (matrix = TPB) m/z 1256 [M~].

Crystal Data for Sc,C,@Cgy(Ad)-C. Sc,CosH,,0.94(C¢H,CL,)-
0.66(CS,), M,, = 1442.71, crystal size: 0.406 X 0.238 X 0.070 mm®,
triclinic, PT, a = 11.2973(2) A, b = 14.9219(3) A, c = 16.4784(3) A, «
= 89.0570(10)°, = 76.5460(10)°, y = 74.1120(10)°, V = 2595.13(9)
A Z=2,Dy. = 1846 g/cm’, y = 0482 mm™', T = 90 K, 57475
reflections, 18721 unique reflections; 15661 with I > 26(I); R, =
0.0848 [I > 2 o(I)], wR, = 0.2430 (all data), GOF (on F?) = 1.033.
The maximum residual electron density is equal to 1.573 ¢ A™. All
measurements were performed at beamline BL-8B of the Photon
Factory, KEK, Japan. CCDC 1501208 includes the supplementary
crystallographic data used for this Article.

Reaction of S,C,@Cg, with 2 under Photoirradiation at —78 °C.
In a two-way Pyrex tube, a 1.0 mL toluene solution of Sc,C,@Cg,
(0.040 mg, 3.6 X 107> mmol) was added to one side; a 1.0 mL toluene
solution of 2 (0.0014 mg, 5.8 X 107° mmol) was added to the other
side. The two solutions were degassed using three freeze—pump—thaw
cycles under reduced pressures. The side tube containing 2 was
photoirradiated using an ultrahigh-pressure mercury-arc lamp through
a cutoff filter (cutoff < 300 nm) at —78 °C. After irradiation for 3 min,
the solution of 2 was mixed with the solution of Cgy, in the other side;
the mixture was left to stand for 5—60 min at —78 °C, after which it
was injected into an analytical HPLC, where the column was cooled to
0 °C in an ice bath. The reaction mixture was further photoirradiated
for 20 min and was injected into an analytical HPLC instrument. As a
result, the HPLC analysis revealed no formation of products. The
starting Sc,C,@Cg, was not consumed.
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Thermal Isomerization of Sc,C,@Cg,(Ad)-A to Sc,C,@Cgy(Ad)-C. A
mixture of Sc,C,@Cgy(Ad)-A (20 pg, 1.6 X 10~° mmol), toluene (900
uL), and Cg, (400 g, 5.6 X 10™* mmol) as an internal reference was
sealed in a Pyrex tube after degassing by three freeze—pump—thaw
cycles. The tube was heated at 100 °C in an oil bath for 4—11 h. The
solution was then analyzed using analytical HPLC. C¢o(Ad) was not
formed under the applied conditions. Yield: 21% (Sc,C,@Cg4(Ad)-B)
accompanied by 52% consumption of Sc,C,@Cg,(Ad)-A (estimated
from the HPLC peak area).

Thermal Isomerization of Sc,C,@Cg,(Ad)-B to Sc,C,@Cgy(Ad)-C. A
mixture of S¢,C,@Cgy(Ad)-B (20 ug, 1.6 X 10~° mmol), toluene (900
uL), and Cg, (400 g, 5.6 X 107* mmol) as an internal reference was
sealed in a Pyrex tube after degassing by three freeze—pump—thaw
cycles. The tube was heated at 100 °C in an oil bath for 24—96 h. The
solution was analyzed using analytical HPLC. C4(Ad) was not formed
under these conditions. Yield: 65% (Sc,C,@Cg,(Ad)-B) accompanied
by 61% consumption of Sc,C,@Cg4(Ad)-A (estimated from the
HPLC peak area).

Calculations. All calculations were conducted using the Gaussian
09> program. Geometry optimization and vibrational frequency
analyses were performed with density functional theory (DFT) at the
dispersion-corrected M06-2X-GD3** level using the Lanl2DZ basis set
and effective core potential®® for Sc and the 6-31G(d)*® basis set for C.
Zero-point corrected values were used to draw energy profiles. NBO
charge densities”” and POAV values'® were calculated at optimized
geometries. For the calculations of *C chemical shifts, the larger 6-
311G+(d,p) basis set was used for C.
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