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ABSTRACT: Regioselective bisaddition of MzN@I},-Cg,
(M =Y, Gd) was observed for the first time in the Prato
reaction with N-ethylglycine and formaldehyde. The main
kinetic bisadduct of Y;N@Cg, was determined to be a
[6,6],[6,6] adduct by 'H and *C NMR and vis/NIR
spectroscopy, and it converted to a mixture of
regioisomers upon heating via a sigmatropic rearrange-
ment. The main kinetic bisadduct of Gd;N@Cg, (the
[6,6],(6,6] adduct on the basis of vis/NIR data) existed
stably under thermal conditions without isomerization.
The likely position of the second addition of the Gd;N@
Cyg bisadduct was predicted by DFT calculations.

ecause of the increasing attention devoted to metal-

lofullerenes, especially to the trimetallic nitride template
endohedral metallofullerenes (TNT-EMFs, e.g, M;N@I,-Cg,
denoted as M;N@Cyg,)," as functional moieties for materials such
as photovoltaic devices” and magnetic resonance imaging
contrast agents (MRI-CAs),* controlled chemical functionaliza-
tion methods for TNT-EMFs have become very important.
Suitable methods for the covalent functionalization of MsN@Cg,
were previously reported, 1nclud1n§ Diels—Alder reactlon,4a
Bingel—Hirsch reaction,* sﬂylatlon, 2 + 2] cycloaddition,*!
electrochemical reaction,* azide addltlon, and Prato 1,3-
dipolar cycloaddition.*®" The Prato reaction, which was initially
reported as a derivatization method for Cg,> provides stable
adducts of M;N@Csg in reasonable yields and has been highly
used in the preparations of new fullerene derivatives. The
intensive studies of the M;N@Cg, Prato reaction, especially by
the groups of Echegoyen and Dorn, indicated that the initial
Prato addition generally occurs on the [6,6] bond (between two
hexagons) of Cgy and subsequently rearranges to the [5,6]
junction (between a pentagon and a hexagon). In our previous
reports, we found that this [6,6]-to-[5,6] rearrangement is in
equilibrium when larger endohedral metals (e.g, M =Y, Gd) are
present because of the low energy difference between the [6,6]
and [5,6] adducts.®” Although monofunctionalization of M;N@
Cygo was well-studied as described above, there are few reports on
the bisaddition, except for the Bingel cyclopropanation of Sc;N@
Cg, the carbene addition of La,@Cyg, and cycloaddition to La@
C,(CeH;CL).* " In this study, we investigated the Prato
bisaddition reaction of M;N@Cg, (M = Sc, Lu, Y, Gd) using a
dipole with a small N-substituent (N-ethylazomethine ylide). We
found that bisadducts were easily generated in the presence of
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Figure 1. Prato reactions of MyN@Cy, and regioselective generation of
bisadducts (peak A for Y;N@Cg, and peak B for Gd;N@Cyg,). Reaction
conditions: N-ethylglycine (8.5 equiv) and formaldehyde (4S equiv) in
0-DCB at 120 °C for 1 h. HPLC: Buckyprep (4.6 mm X 250 mm),
toluene 1.0 mL/min, 390 nm.

larger metal clusters such as Y;N and Gd;N. Very interestingly, in
both Y;N@Cgj and Gd;N@Cg, the second addition kinetically
occurred in a regioselective manner to provide one major isomer
of the [6,6],(6,6] bisadduct. Upon subsequent thermal treat-
ment, the initial regioselective bisadduct of Y;N@Cg, was
converted to a mixture of isomers via rearrangement, while no
significant isomerization of the major kinetic bisadduct of
Gd;N@Cyg, was observed.

Prato reactions of MsN@Cg, (M = Sc, Ly, Y, Gd) were carried
out under consistent conditions in the presence of N-
ethylglycine (8.5 equiv) and formaldehyde (45 equiv) in o-
dichlorobenzene (0-DCB) at 120 °C for 1 h (Figure 1). The
reaction processes were monitored by HPLC using a Buckyprep
column. Under these conditions, significant amounts of
bisadducts were generated in the reactions of Y;N@Cy, and
Gd;N@Cg,, while only the monoadducts ([S5,6] adducts that
were converted from the initially formed [6,6] adducts) and
minor traces of bisadducts were observed in the reactions of
Sc;N@Cgy and Lu;N@Cy. No significant amounts of Sc;N@
Cjg bisadducts were observed even in the presence of 17 equiv of
N-ethylglycine (Figure S3 in the Supporting Information (SI)).
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As indicated in HPLC analyses, the bisadducts of both Y;N@Cg,
and Gd;N@Cyg, were generated in a regioselective manner with
major peaks A and B (Figure 1). Each isolated product A and B
showed a single peak in two additional HPLC analyses using
Buckyprep-M and PBB columns (Figures SS and S15), indicating
that each peak A and B presumably consisted of a single isomer.
Further characterizations of peaks A and B were carried out using
vis/NIR spectroscopy (Figure 2), MALDI-TOF mass spectrom-
etry (Figures S12 and S17), and 'H and "*C NMR spectroscopy
(only for peak A; Figure 3) for structure elucidation.

Figure 2 shows the vis/NIR spectra of the main bisadducts of
Y;N@Cg, (peak A in Figure 1) and Gd;N@Cyg, (peak B in Figure
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Figure 2. Vis/NIR spectra of isolated peaks (a) A and (b) B of the
bisadducts of Y;N@Cgy and Gd;N@Cyg, (in toluene). The [6,6] and
[5,6] monoadducts with a bis(tert-butoxycarbonyl) group® were used as
standard compounds (monoadducts of N-ethylfulleropyrrolidines of
M;N@Cy, were not soluble enough in toluene for vis/NIR analysis).

1). By comparison with the previously reported characteristic
vis/NIR spectra of the [6,6] and [5,6] monoadducts of M;N@
Cg (typically three bands for [6,6] adducts and one band for
[5,6] adducts),**®” the regioselectively obtained main bisad-
ducts of Y;N@Cyy and Gd;N@Cg, were both suggested to be
[6,6],[6,6] bisadducts. This was further confirmed for the Y;N@
Cgo bisadduct by 'H and *C NMR spectroscopy as described
below (peak B was paramagnetic).

In the '"H NMR spectrum (Figure 3a), four pairs of methylene
protons from the pyrrolidine groups (a total of eight doublets,
H'™* and H'™*?) and two pairs of methylene protons from the
ethyl groups (two quartets, H®, H®) were observed, suggesting
that the isolated peak A contained a single isomer of an
unsymmetrical bisadduct. This was further confirmed by the *C
NMR spectrum (Figure 3b), with 76 peaks corresponding to the
sp® carbons of the Cg, cage (in the region of 105—155 ppm).
Consistent with the vis/NIR analyses, both addition sites of the
Y N@Cg, bisadduct were confirmed to be on [6,6] junctions on
the basis of the '*C NMR chemical shifts of C*** and C''*?
observed downfield at 130—14S ppm (in [5,6] adducts, sp” cage
carbons adjacent to the sp® addition site should be observed
upfield at 105—120 ppm).>"!

The multiple HPLC analyses together with the vis/NIR and
NMR spectra clearly confirmed that peak A contained a single
regioisomer of an unsymmetric [6,6],[6,6] bisadduct of Y;N@
Cygo and that the second Prato addition proceeded in a highly
regioselective manner. Since the bis-Prato adducts of Cg, are
generally obtained in a non-regioselective manner when tether
chemistry is not used,'>" this highly regioselective second
addition of the dipole to the Cg, cage is speculated to be due to
the effect of the metallic cluster inside Cg,. Since the addition
sites of the main bisadducts were both on [6,6] junctions, the
second addition seemed to occur only on the [6,6] monoadduct
before it was converted to the [5,6] monoadduct. To
experimentally demonstrate this, the reactivities of the [6,6]
and [5,6] monoadducts of Y;N@Cg, against the second Prato
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Figure 3. (a) 'H and (b) "*C NMR spectra of the Y;N@Cj, bisadduct
(peak A) in 1:1 CDCl,/CS,. Assignments were based on the '"H—'H
COSY, HSQC, and HMBC measurements (Figures S9—S11).
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Figure 4. Second Prato reactions with the (a) [6,6] and (b) [5,6]
monoadducts of Y;N@Cg,. Conditions: N-ethylglycine (5.0 equiv) and
formaldehyde (4S equiv) in 0-DCB at 120 °C. The bisadduct was
observed significantly only in the reaction with the [6,6] monoadduct.
HPLC conditions as in Figure 1.

reaction were compared (Figures 4 and S13). While the second
Prato addition to the [6,6] adduct occurred efficiently (Figure
4a), much lower production of the bisadduct was observed in the
reaction of the [5,6] adduct (Figure 4b). This result is in line with
the fact that very small amounts of bisadducts were observed in
the reactions of Sc;N@Cg, and Lu;N@Cyg, (Figure 1), where the
[6,6]-to-[5,6] isomerization of the monoadducts proceeeded too
fast for the second Prato addition to occur.

On the basis of previous studies, we expected that the relative
positions of bis-Prato addition could relocate upon thermal
treatment via a sigmatropic rearrangement. We subjected the
main kinetic bisadducts of YsN@Cgy and Gd;N@Cg to thermal
conditions. o-DCB solutions of the isolated kinetic bisadducts
(peaks A and B in Figure 1) were kept at 130 °C, and the reaction
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Figure 5. Thermal treatment of the major bisadducts of (a) Y;N@Cg,
(peak A in Figure 1) and (b) Gd;N@Cg, (peak B in Figure 1) at 130 °C
in 0-DCB. HPLC conditions as in Figure 1.

processes were monitored by HPLC (Figures S and S19). After 4
h, the single peak of the main bisadduct of YsN@Cg, (peak A)
became a mixture of several bisadducts, and subsequent
generation of monoadducts via retro-cycloaddition'* was
observed after 4 h (Figure Sa). After 24 h, the kinetic bisadduct
mostly disappeared, giving a mixture of various bisadducts and
[6,6] and [S5,6] monoadducts. In contrast, the same thermal
treatment of the main kinetic Gd;N@Cy, bisadduct (peak B)
provided very little generation of products either from
isomerization or retro-cycloaddition even after 72 h (Figure
5b). This result indicated that the kinetic [6,6],[6,6] bisadduct of
Gd;N@Cy did not isomerize and was thermodynamically stable.
It was thermally much stabler even than the Gd;N@Csg, [6,6]
monoadduct (the [6,6]-to-[5,6] isomerization of Gd;N@Csg,
monoadduct occurred with ¢,,, = 6.7 h at 120 °C).’

Although the spectroscopic data indicated that the kinetic
bisadduct of Y;N@Cg, was an unsymmetric [6,6],[6,6]
bisadduct, this information was not sufficient to determine the
exact position of the second addition site of MJN@Cgy (M =Y,
Gd). Therefore, density functional theory (DFT) calculations at
the BP86-D2/TZP//BP86-D2/DZP level using the computa-
tional package ADF'>'® were employed to estimate the
thermodynamically most favorable bisaddition site of Gd;N@
Cygp taken together with the experimental observation that the
kinetic bisadduct of Gd;N@Cy, was also the thermodynamic
product. A simpler N-methylfulleropyrrolidine was used to
reduce the computational complexity, and 23 second addition
sites on the Cg, cage were considered (Figure 6a).!” The
obtained relative stabilities of the Gd;N@Cg, bisadducts are
represented as blue or black non-italic numbers (red italic
numbers indicate the positions of the second addition sites). As a
result, three thermodynamically preferred bisadducts of Gd;N@
Cy, were found: two [6,6],[6,6] bisadducts (marked in blue in
Figure 6a) with second addition sites of 57—58 (lowest energy)
and 20—22 (0.8 kcal/mol higher than $7—58) and one [6,6],
[5,6] bisadduct with a second addition site of 16—20 (0.6 kcal/
mol higher than 57—58). There were also three bisadducts with
relative stabilities in the range of 1.2—1.8 kcal/mol.

The computed thermodynamic stabilities together with the
experimental observations lead to the following conclusions. For
Gd;N@Cyg, the only addition site that could lead to stable
bisadducts corresponds to 57—58, which is the most favorable
addition site (Figure 6a). The other thermodynamically stable
[6,6],[6,6] bisadduct at 20—22 was also approximately as stable
as the adjacent [5,6] bond 16—20, and therefore [6,6]-to-[5,6]
isomerization would be expected. It is worth emphasizing that in
the most favorable bisadducts with second addition at 57—358,
both endohedral Gd atoms directly face the substituted C—C
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Figure 6. (a, b) Schlegel structures of (a) Gd;N@Cgj and (b) Y;N@Cg,
with relative stabilities for 23 different bisadducts calculated at the BP86-
D2/TZP//BP86-D2/DZP level of theory. Blue thick bonds represent
the second addition sites of bisadducts with the lowest energies (non-
italic numbers are energies in kcal/mol, red italic numbers correspond to
the positions), and bonds situated close to the metal cluster are
highlighted in pink. (¢, d) Overlays of the lowest-energy thermodynamic
[6,6],06,6] bisadducts of (c) Gd;N@Cgy (16—20 in orange, 20—22 in
light orange, and 57—58 in gray) and (d) Y;N@Cg, (22—23 in teal, 16—
20 in blue, and 57—58 in gray). Larger versions are shown in Figures S21
and $22. The TNT unit is fixed in Gd;N@Cg, but significantly rotated in
Y;N@Cy,. (e, f) Superpositions of the most stable monoadducts of (e)
Cygo, S&N@Cgp, and LusN@Cgg and (f) Cgp, Y3N@Cyg, and Gd;N@Cy.

bonds (Figure 6¢). Interestingly, the orientations of Gd;N in the
three most favorable bisadducts were identical (Figure 6c). This
indicates that the large inner metal cluster is completely fixed
inside the cage after the first Prato reaction, which directs the
second Prato addition toward those bonds situated in close
contact. Addition to bonds close to the metal atoms is favored as
they are highly pyramidalized and the fullerene cage has to be less
distorted to react (see Figure 6f and Table S1 in the SI).
Similarly, DFT calculations to investigate the most favorable
thermodynamic addition site for Y;N@Cg, were carried out
(Figure 6b,d). The most favorable thermodynamic second
addition sites for Y;N@Cg, were one [5,6] bond (16—20 with
the lowest energy) and two [6,6] bonds (22—23 and 57—58 with
stabilities of 0.5 and 0.6 kcal/mol relative to 16—20,
respectively), which are shown in blue in Figure 6b. The bonds
57—58 and 22-23, which are completely surrounded by less
stable [5,6] positions, could not be possible as second addition
sites since no isomerization should be observed in these isomers.
The obtained thermodynamic stabilities suggest that the second
Prato addition to Y;N@Cg, might be kinetically favored at the
20—22 bond, which could subsequently isomerize to the most
stable 16—20 [5,6] and 22—23 [6,6] positions. We performed
restrained optimizations along the reaction coordinate (linear
transit (LT); Figure S20) for bonds 16—20, 20—22, and 22—23
to estimate the activation barrier for the second Prato addition in
Y;N@Cy. LT calculations indicated a slightly lower activation
barrier for bond 20—22 (the relative energy of the bisadduct is 1.4
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keal/mol) with respect to 22—23. As expected from our previous
study,” a reactant complex (at ca. 3.4 A) and a small activation
barrier (ca. 1.0 kcal/mol) exist in the case of [5,6] addition at
16—20. From these observations, we estimate bond 20—22 to be
the kinetic bisadduct site and bonds 16—20 and 22—23 as the
thermodynamic bisadduct sites for Y;N@Cg. As retro-cyclo-
addition was observed experimentally in the case of Y;N@Cg,
the possible addition at position 57—58 (0.6 kcal/mol) could not
be discarded. Interestingly, the most stable thermodynamic
Y;N@Cy, bisadducts presented the metal cluster significantly
rotated (Figure 6d). In contrast to Gd;N, the smaller Y;N cluster
is able to rotate slightly to face the attacked C—C bond, which
makes the second Prato addition less selective.

The highly favorable bisadduct formation observed in Y;N@
Cgo and Gd;N@Cg, can be easily explained by comparison of the
most stable monoadducts. It is worth emphasizing that the TNT
rotation is hindered after the first functionalization even in the
case of the smaller Sc and Lu clusters.'® For monoadducts with
larger metal clusters such as Y;N and Gd;N, one of the metal
atoms directly faces the attacked bond (Figure 6f). This leads to
an enhanced reactivity of those more pyramidalized areas
situated close to the other two metal atoms, as shown by the
computed relative stabilities. In contrast, for the cases of Sc;N@
Cgo and LusN@Cy, with smaller clusters, the lowest-energy
monoadducts do not present any of the metal atoms facing the
attacked C—C bond (Figure 6e). This different orientation of the
TNT unit directs the bisaddition to other regions of the fullerene
cage. Two out of the three regions are located close to the initially
functionalized bond, making the second reaction highly
unfavorable because of steric repulsion. The third possible
addition site is located right at the other site of the initial addition
site, which should lead to highly strained bisadducts.

In summary, we have found for the first time the regioselective
generation of bisadducts in the Prato reaction of Y;N@Cg, and
Gd;N@Cg,. The second addition occurred to the [6,6]
monoadducts to provide [6,6],[6,6] bisadducts. While the
kinetic bisadduct of Y;N@Cg, isomerized under thermal
conditions, that of Gd;N@Cyg, remained almost intact. This
phenomenon could be explained by the presence of a larger
metal cluster (Gd > Y), which presumably stabilizes the [6,6]
monoadduct to trigger the second Prato addition and further
stabilizes the [6,6],[6,6] bisadduct.
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