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We report here reaction energies and NMR data for the

N-tritylpyrrolidino mono-adducts of Sc3N@D5h-C80. The

pyracylene adduct that was previously suggested to be important

for the Prato reaction is ruled out both from energetic and NMR

points of view.

Two different isomers are observed for M3N@C80 fullerenes,

with either icosahedral Ih or D5h symmetry. These two isomers

are related to each other: the D5h isomer is obtained by cutting

the Ih isomer in half perpendicularly to a C5-axis and then

rotating the top part by 361. The C80 fullerene usually has a

metallic nitride cluster encapsulated inside the cage, as is e.g.

the case for Sc3N@Ih-C80 that is the third most abundant

fullerene after C60 and C70. There is a clear distinction between

the D5h and Ih isomers. First, the number of non-equivalent

bonds differs largely, i.e. there are only two non-equivalent

bonds (one [5,6] bond and one [6,6] bond) in the Ih isomer, but

a total of nine in the D5h isomer (four [5,6] bonds and five

[6,6] bonds). Second, the Ih isomer of Sc3N@C80 is much

more stable than the D5h isomer, by some 20 kcal mol�1 at

PBE/DNP,1 BP86/TZP2 and B3LYP/6-31G(d)3 levels at 0 K.

Third, the reactivity of the D5h isomer is quite enhanced com-

pared to that of the Ih isomer. This was for instance observed in

recent studies by Balch, Gibson, Dorn and co-workers, who

observed that the addition of the N-tritylazomethine ylide (Prato

reaction, see Scheme 1) occurred faster for the D5h isomer4 than

for the Ih isomer.5 Two adducts (2a and 2b) were observed for

the D5h isomer of Sc3N@C80, whose NMR spectrum seemed

to suggest that the adducts should have been obtained over

[6,6] bonds.

We have recently carried out a study6 on the reactivity and

regioselectivity of M3N@C80 (M = Sc, Lu, Gd) for the

Diels–Alder reaction with both the D5h and the Ih isomer, and

found results that were not in agreement with the regioselectivity

patterns suggested by the experimental studies by Balch, Gibson,

Dorn and co-workers.4,5 Given that our study focused on the

Diels–Alder reaction with 1,3-cis-butadiene, and the experi-

mental study on the Prato reaction with N-tritylazomethine

ylide, our first thought was that this change in the reaction

might be the origin of the discrepancy, even though previous

studies had shown that in general the 1,3-dipolar and

Diels–Alder products show similar regioselectivities. For

instance, 1,3-dipolar cycloaddition ofN-ethylazomethine ylide7,8

and Diels–Alder addition of the diene generated from

6,7-dimethoxyisochroman-3-one9 to Sc3N@Ih-C80 occur regio-

selectively on the same [5,6] bond of the fullerene cage. More-

over, the theoretical predictions for the Diels–Alder reaction

on Sc3N@D3h-C78 were in agreement with the experi-

mental findings for the 1,3-dipolar cycloaddition on the same

Sc3N@D3h-C78.
10,11 Nevertheless, to be absolutely sure, we have

studied the addition ofN-tritylazomethine ylide to Sc3N@D5h-C80,

i.e. exactly the same system as was studied experimentally.

Because the Sc3N unit can rotate (almost) freely inside the fullerene

cage, we have considered different orientations of the metallic

nitride unit. Among all non-equivalent bonds and orientations

of the metallic nitride unit considered in our study with the

Diels–Alder reaction (see Fig. S1, ESIw),6 we have re-optimized

seven adducts for the 1,3-dipolar addition reaction, i.e. those

that were found to be the most reactive.

These seven adducts correspond to the addition of N-trityl-

azomethine to the type B (see ref. 10 for definition of types) [6,6]

bonds called 23, 25 and 35 (the subscripts 3 and 5 stand for

the orientation of the metallic nitride unit, see Fig. S1, ESIw), the
pyracylene [6,6] bond called 58, and the [5,6] bonds called b2, b8
and c2. We have obtained the reaction energies for the latter

additions at the ZORA-BP86-D2/TZP//ZORA-BP86-D2/DZP

level, in similar fashion as our previous studies.10,12–16 These

previous studies showed good behavior, both for the reactivity

and regioselectivity. The reaction energies for the different

bonds are shown in Table 1, with two different orientations of

Scheme 1 Prato reaction on Sc3N@C80 metallofullerenes.
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the triphenyl moiety (see Fig. 1): up (where it is pointing away

from the fullerene) and down (where it is ‘stacked’ above the

fullerene surface).

The most important conclusion is that the adduct over the

[6,6] pyracylenic bond (58) is not favored at all, even though

this was suggested by the experimental study to be the

thermodynamic product. Instead, the most favored adducts

are the ones where the addition takes place over [5,6]-bonds

(b2 and c2, see Table 1 and Fig. S1, ESIw). There does seem to

be a slight preference for the up orientation over the down

orientation, which is in agreement with the orientation

observed in the crystal structure for the Ih-C80 isomer.5 How-

ever, this preference could be influenced by the dichloro-

benzene solvent molecules that can form favorable p–p
stacking interactions with the phenyl groups. The solvent

molecules have not been taken into account because of the

computational cost, but may play a role in the formation of

either the up or down orientation. Most interestingly, the two

most reactive bonds (b2 and c2) were also the most reactive

ones in our study on the Diels–Alder reaction, reinforcing the

notion that the Diels–Alder and 1,3-dipolar reactions should,

and do, lead to comparable reactivity and selectivity.

Given the excellent results from previous computational

studies, which can nowadays be trusted for providing reliable

trends regarding reactivity and selectivity of fullerenes,16 the

(experimental) suggestions for the adducts of the Prato reaction4

are arguable. However, these were based on NMR spectra, and

not on actual (crystal) structures of the adducts. Therefore, in

order to explore if the problemmight be due to the assignment of

the NMR spectra, we have computed the chemical shieldings

for the adducts of Table 1. The calculation of these shieldings

were performed at the KT2/ET-pVQZ level, using a functional

(KT217) that was specially designed for giving good representa-

tions of the HOMO–LUMO gap, and hence NMR shieldings.17

A very recent study18 showed that the best results were obtained

with the even-tempered ET-pVQZ basis set,19 and with either the

SSB-D20 or KT217 functional. Given that KT2 better reproduced

the CCSD(T) data,18 we have chosen to use the KT2 functional

here. The computed NMR chemical shieldings at KT2/ET-pVQZ

are given in Table 2, where we have taken tetramethylsilane

(TMS) as reference compound and have taken the solvent

(dichlorobenzene) into account with the COSMO model.21,22

Our NMR data show a number of interesting features (see

Table 2). All of the up oriented adducts show two pairs of

signals for the methylene hydrogens, which are well separated

from each other (2–3 ppm). In contrast, the down oriented

adducts show chemical shifts for the four hydrogens that are

much closer. A direct comparison of computed and experi-

mental 1H chemical shifts usually shows differences of between

0.5 and 1.0 ppm,18 if vibrational corrections are not taken into

account. Therefore, based on the experimental data4 that show

a broad single peak for 2b (3.19 ppm) and four doublets for 2a

(2.95, 3.13; 3.44, 3.53 ppm; i.e. separated by only ca. 0.5 ppm),

we can exclude the up-oriented adducts (see Table 2).

In order to verify this, we have computed the NMR spectrum

as well for the most stable adduct for the Ih-C80 isomer, for

which the crystal structure is known. Note that the regio-

selectivity for our most stable Diels–Alder product6 for Ih-C80

matches perfectly, both regarding the [5,6] bond and the

orientation of the Sc3N cluster inside the fullerene. The crystal

structure for theN-tritylpyrrolidinomono-adduct of Sc3N@Ih-C80

has the triphenyl group in the up orientation and shows a NMR

spectrum with two well-separated (doublet) peaks at 2.53 and

3.95 ppm. We have computed the chemical shifts for this Ih-C80

isomer as well, using the ZORA-BP86-D2/DZP optimized

geometry, and including the CS2 solvent through the COSMO

model. We then find two groups, at 1.62/1.71 ppm for H1/H2

and at 4.19/4.24 ppm for H3/H4 (again taking TMS as refer-

ence). The difference between these two groups (of around

2.5 ppm) is larger than the experimentally observed difference

(1.4 ppm), because our chemical shifts are computed at 0 K;

vibrational and temperature effects will make this difference

smaller (Boltzmann averaging). More importantly, the general

features match perfectly: similar to experiment we find a doublet

of doublets, which are more or less found at the same position.

Moreover, for both theory and experiment the most stable adduct

is the same.

Table 1 Reaction energies (kcal mol�1)a for selected Prato-adducts

Bondb 23 25 35 58
c

b2 b8 c2

Downd �9.0 �10.3 �10.2 �2.7 �17.5 �13.7 �15.8
Upd �14.8 �13.2 �15.2 �5.7 �17.8 �17.2 �17.8
a At ZORA-BP86-D2/TZP//ZORA-BP86-D2/DZP. b Bond over which

the addition takes place. c Pyracylenic bond. d Orientation of the triphenyl

moiety with respect to fullerene (see text and Fig. 1).

Fig. 1 Different orientations of triphenyl: up (left) and down (right).

Table 2 NMR chemical shieldingsa (ppm)

Bondb 23 25 35 58 b2 (2b) b8 c2

H1down 4.24 4.51 5.19 4.89 4.04 2.80 4.09
H2down 5.15 4.81 4.35 4.91 3.96 3.25 3.70
H3down 4.81 5.26 4.85 5.06 4.37 3.96 4.99
H4down 4.80 5.54 4.85 4.94 4.21 4.04 5.10
Rangeb 0.9 1.0 0.8 0.2 0.4 1.2 1.4
H1up 1.38 1.95 2.02 2.14 1.67 0.64 1.70
H2up 2.27 2.14 2.61 2.08 1.46 0.70 1.59
H3up 4.13 4.37 4.28 4.25 3.74 3.57 4.47
H4up 4.00 4.52 4.01 4.23 3.49 3.49 4.49
Rangeb 2.8 2.6 2.3 2.2 2.3 2.9 2.9

a Obtained at COSMO-KT2/ET-pVQZ, see Fig. 2 for atom names.
b Range observed for the computed chemical shifts (in ppm).

Fig. 2 Atom numbering for NMR chemical shifts (see Table 2).
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Going back to the experimental NMR data for the D5h-C80

isomer, we can immediately discard the [6,6] pyracylenic bond

(58) as candidate for the adduct responsible for the single

peak of 2b. Although its computed chemical shifts are found

quite close together (within a range of 0.2 ppm), the shifts of on

average 5.0 ppm are too far downfield compared to the experi-

mental data of 2b (3.2 ppm). Note that the computed data for 58
are even some 0.8 ppm larger than the computed data for the

Ih-adduct (at 4.2 ppm), and hence should be even further downfield

than it. Given that the Ih-adduct 1a showed a peak at 3.95 ppm,

the 58 adduct should have been seen experimentally at around

4.6–4.9 ppm, far away from the peak observed around 3.2 ppm.

Apart from discarding the [6,6] pyracylenic bond, we can also

suggest a new assignment for the two adducts. The experimental

results4 (obtained at 55 1C) showed a singlet for the thermo-

dynamicallymost stable isomer 2b, at 3.19 ppm. Apart from the

discarded 58 adduct, there is only one other adduct (b2) that can

be considered as candidate for being 2b. The chemical shifts

for b2 are found within a small range (0.4 ppm), which would

further decrease when computed at real temperatures (instead of

at 0 K); all other adducts show much larger ranges (see Table 2).

Moreover, adduct b2 is within the down orientation the most

stable adduct. As mentioned above, the up-oriented adducts

were found to be slightly more stable than the down-oriented

ones. But this might be influenced by p–p stacking with the

(dichlorobenzene) solvent, and the formation of the adduct

may be under kinetic control and not thermodynamic control.

Nevertheless, it is striking that our calculations indicate only

one possible candidate (b2) for being isomer 2b from the

experimental study, which is moreover the thermodynamically

most stable down-oriented adduct.

Therefore, we have now obtained agreement with the experi-

mental data where our b2 adduct is the most stable cyclo-

addition product, and shows computed chemical shifts (average

value 4.1 ppm) that at elevated temperatures are likely to be

observed as one peak. The difference of 0.9 ppm between theory

and experiment in this case is not unexpected and most likely

resulting from the absence of vibrational corrections in our

computations.18,23 However, this difference between experiment

and theory is likely to be of the same order of magnitude for

the different bonds. Hence, we can go one step further and use

this average as new reference for the assignment of isomer 2a.

Based on this new reference, the computed chemical shifts for 2a

should be observed at 3.91, 4.09, 4.40 and 4.49 ppm. The down-

adduct that best resembles them is adduct c2, i.e. the second-

most stable down-adduct, with chemical shifts at 3.70, 4.09, 4.99

and 5.10 ppm. Note that these can be separated into two groups

of chemical shifts, consisting of H1/H2 (pointing forward, see

Fig. 2) and H3/H4 (pointing backwards); this is similar to the

situation for the Ih-C80 adduct (vide supra). However, although

we do find two pairs of signals, and more or less at the correct

position, we cannot assign isomer 2a to adduct c2. This is

because 2D-COSY experiments indicated that the two groups

of signals correspond to the two methylene groups, i.e. one

methylene shows signals at 3.91/4.09, and the other at 4.40/

4.49 ppm. One might argue that the coupling constants could be

affected by the presence of the fullerene and phenyl groups, with

their p-electron clouds, but this is not the case: the calculated

spin–spin coupling constants show the expected behavior

(H1 and H4 are coupled, as well as H2 with H3). We have also

tried other possibilities, such as positioning one of the phenyl

rings directly above one of the methylene groups, or adding a

proton to the nitrogen (the mass spectrum4 for 2a was found at

1395m/z, i.e. one mass unit larger than expected). None of these

possibilities resulted in a viable candidate for adduct 2a. It

might well be that p-stacking interactions with the solvent has a

large influence for this adduct 2a, whose structure remains

elusive. It should be noted that upon heating adduct 2a was

converted (partially) to other unidentified monoadduct isomers,

while adduct 2b was unchanged. Therefore, our new assignment

of the two isomers for Sc3N@D5h-C80 corresponds to one of

them (2b) being the most stable down-adduct b2 while the other

(2a) cannot be assigned to one of the structures studied here.

In summary, our results show convincingly and consistently

that the Prato reaction on Sc3N@D5h-C80 takes place over

[5,6]-bonds, and not over pyracylene [6,6]-bonds as suggested

by a previous study. Our predicted NMR data for the most

favored adduct in our computations (b2) are compatible with

that for the experimentally observed and thermodynamically

most stable adduct 2b. The pyracylene adduct that was pre-

viously suggested to be important for the Prato reaction is ruled

out both from energetic and NMR points of view.

Notes and references

1 A. A. Popov and L. Dunsch, J. Am. Chem. Soc., 2007, 129, 11835.
2 R. Valencia, A. Rodrı́guez-Fortea, A. Clotet, C. de Graaf, M. N.
Chaur, L. Echegoyen and J.M. Poblet,Chem.–Eur. J., 2009, 15, 10997.

3 Z. Slanina and S. Nagase, ChemPhysChem, 2005, 6, 2060.
4 T. Cai, L. Xu, M. R. Anderson, Z. Ge, T. Zuo, X. Wang,
M. M. Olmstead, A. L. Balch, H. W. Gibson and H. C. Dorn,
J. Am. Chem. Soc., 2006, 128, 8581.

5 T. Cai, C. Slebodnick, L. Xu, K. Harich, T. E. Glass, C. Chancellor,
J. C. Fettinger, M. M. Olmstead, A. L. Balch, H. W. Gibson and
H. C. Dorn, J. Am. Chem. Soc., 2006, 128, 6486.

6 S. Osuna, R. Valencia, A. Rodrı́guez-Fortea, M. Swart, M. Solà
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13 S. Osuna, M. Swart and M. Solà, Chem.–Eur. J., 2009, 15, 13111.
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