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ABSTRACT: The stereochemical outcome of cis-trans isomerization of optically pure [60], [70] and endohedral H2O@C60 

fulleropyrrolidines reveals that the electronic nature of substituents, fullerene size and, surprisingly, the incarcerated 
water molecule play a crucial role in this rearrangement process. Theoretical DFT calculations are in very good agreement 
with the experimental findings. On the basis of the experimental results and computational calculations, a plausible reac-
tion mechanism involving the H-bonding assistance of the inner water molecule in the carbanion stabilization of 
endofullerene is proposed. 

INTRODUCTION 
Rearrangement and retrocycloaddition processes on 

fullerenes have attracted much attention since they reveal 
the amazing reactivity of these highly strained curved 
molecules.1 Rearrangements are especially valuable as 
they constitute an effective way of broadening the struc-
tural wealth, thus increasing the diversity and variety of 
fullerene derivatives. In this regard, thermal and photo-
chemical fulleroid-methanofullerene conversions via di-
π−methane (Zimmerman) rearrangements are typical and 
known since the early days of fullerenes.2 Electrochemi-
cally induced “walking on the sphere” of Bingel 
cycloadducts,3 as well as the unusual migration from 
[6,6]- to [5,6]-junction on some endohedral4 and 
aziridinofullerenes5 have also been reported. On the other 
hand, cyclic functional groups rearrangements on fuller-
enes are closely related to the retrocycloaddition process-
es.6 Thus, fullerene derivatives can, under certain condi-
tions, undergo kinetically controlled retrocycloaddition 
reactions, that have proven their worth in several protec-
tion-deprotection protocols.6c,d However, despite the 
interest of the aforementioned chemical transformations, 
their stereochemical studies have not properly addressed 
and still remain as a significant scientific demanding task. 

In this regard, endohedral fullerenes having a chemical 
species in the inner cavity of fullerene represent a valua-
ble and a singular scenario where the encapsulated spe-

cies can contribute to the chemical transformation, thus 
providing further mechanistic information. 

As a representative example, it has recently been re-
ported the strong impact of the incarcerated lithium cati-
on in [Li+@C60](PF6

–) in the Diels-Alder reaction, due to 
the lowering of the LUMO level of the fullerene double 
bond by interacting with the Li+.7  

Chiral information is a valuable tool to inquire into 
mechanistic aspects. However, a major obstacle toward 
the use of stereochemical studies has been the scarce 
availability of chiral starting fullerenes. In this regard, we 
have recently reported a highly efficient methodology to 
obtain enantiomerically pure fullerene derivatives with a 
total stereochemical control by means of either metallic 
catalysts8 or organocatalysts.9 

 

Figure 1. “Three levels” approach that may influence the 
stereochemical result of the cis/trans isomerization in 
fulleropyrrolidines.  
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Herein, we report the first cis/trans isomerization reac-
tion from enantiomerically pure fullerene derivatives. The 
experimental findings and theoretical DFT calculations 
reveal that this process operates on a completely stereo-
specific manner. 

Furthermore, the cis/trans isomerization also works ef-
ficiently in the less-explored endohedral fullerenes, name-
ly H2O@C60. Interestingly, we report on an unprecedent-
ed behavior of the inner water molecule in assisting to the 
stabilization of the carbanion formed during the isomeri-
zation process through H-bonding involving a water H 
atom. 

Making use of optically pure cycloadducts as 
stereochemical tool, the study of the isomerization pro-
cess has been carried out considering three different lev-
els (Figure 1): i) [60]fullerene is a symmetric π-system 
scenario where the isomerization could only be influ-
enced by variations in the exohedral substituents located 
on the sphere; ii) changing into [70]fullerene adds new 
carbon atoms with different reactivity due to the loss of 
symmetry, but still maintaining an exohedral activity in 
the fullerene surface; and iii) the presence of chemical 
species in the inner cavity of the fullerene cage might 
affect the isomerization process and/or the kinetic and 
the stereochemical result.  

RESULTS AND DISCUSSION 
Synthesis of enantiomerically pure starting materi-
als. The series of chiral metal-ligand pairs and bases, 
already reported by our group,8 achieved a total 
stereodivergent control in the 1,3-dipolar cycloaddition of 
N-metalated azomethine ylides onto fullerenes under 
mild conditions. Thus, enantiomerically pure 2-
methoxycarbonyl-5-aryl substituted 
pyrrolidino[60]fullerenes (2a-e) and [70]fullerenes (3-4) 
in all their stereoisomeric variants were synthesized with 
optical purities in the range of 80-99% (Figure 2; see also 
S.I.).  

 

Figure 2. Optically pure [60] and 
[70]fulleropyrrrolidines 

In order to determine an eventual effect of the incar-
cerated polar molecule inside the fullerene sphere, we 
have carried out the synthesis of unprecedented 
enantiomerically pure endohedral fulleropyrrolidines 5a 
with an inner water molecule, by means of the 
cycloaddition of α-iminoester 1a onto the asymmetric 
endofullerene H2O@C60.10 Our previously described 
methodology for the catalytic stereodivergent functionali-
zation of endohedral fullerenes11 afforded cis and trans 
H2O@C60 cycloadducts 5a with excellent asymmetric 
induction results (Scheme 1). 

Scheme 1. Stereodivergent synthesis of the four ste-
reoisomers of the endohedral water-encapsulating 
fulleropyrrolidines 5a.  

 
Screening and optimal conditions for the isomeriza-
tion. To study the viability of the process, we chose as 
model reaction the isomerization of (2S,5S)-cis 
pyrrolidinofullerene 2a into the trans adduct. Different 
reaction parameters, such as solvent polarity and temper-
ature, were screened to find suitable conditions for the 
rearrangement process in high yield and with high 
stereospecificity (Table 1).  

Table 1. Representative results for the screening of 
reaction conditions for the isomerization of (2S,5S)-
cis-2a 
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Entry Solventa t(d) T 
(ºC) cis:transb e.e.cis(%)c e.e.trans(%)c 

1 - 0 - 99:1 92 (2S,5S) -

2 Toluene 20 50 73:27 35 (2S,5S) 47 (2S,5R)

3 Toluene 25 35 87:13 61 (2S,5S) 65 (2S,5R)

4 MeOH 40 50 92:8 65(2S,5S) -

5 Tol/MeOH 40 50 83:17 64(2S,5S) 60(2S,5R)

6 MeCN 40 50 70:30 72 (2S,5S) 70(2S,5R)

7 Cl-Nap/MeCN 5 50 70:30 81 (2S,5S) 80 (2S,5R)

8 Tol/MeCN 8 50 70:30 70 (2S,5S) 70(2S,5R)

9 Cl-Nap/MeCN 25 20 75:25 87 (2S,5S) 87 (2S,5R)

10 Cl-Nap/MeCN 6 35 72:28 90 (2S,5S) 90 (2S,5R)

11 Tol/MeCN 9 35 71:29 89 (2S,5S) 89 (2S,5R)

12d Cl-Nap/MeCN 6 35 66:34 88 (2R,5R) 88 (2R,5S)

13e Cl-Nap/MeCN 6 35 72:28 97 (2S,5S) 97 (2S,5R)

14f Cl-Nap/MeCN 6 35 70:30 93 (2S,5S) 93 (2S,5R)

aSolvent mixtures ratios are 1/10. bDiastereoisomers ratio determined by crude 1H 
NMR spectroscopy. cEnantiomeric excesses measured by chiral HPLC. d(2R,5R)-cis 
pyrrolidinofullerene 2a (90% optical purity) employed as starting material. e(2S,5S)-
cis pyrrolidinofullerene 2a (99% optical purity) employed as starting material. 
f(2S,5R)-trans pyrrolidinofullerene 2a (95% optical purity) employed as starting 
material.  

Fortunately, cis-2a underwent isomerization reaction 
into the trans diastereoisomer. The reaction reached an 
equilibrium state where a mixture of both cis and trans-
2a adducts was present in a 7:3 concentration relation-
ship. Surprisingly, cis isomer was the major and thermo-
dynamically controlled product (vide infra). 

Among the tested conditions, solvent mixtures of 1-
chloronaphthalene:acetonitrile and toluene:acetonitrile 
both in 1:10 ratio, afforded at 35ºC the best outcome. 
Pleasingly, (2S,5S)-cis enantiomer isomerized exclusively 
into the (2S,5R)-trans adduct and maintaining the same 
optical purity from the starting material (Table 1, entries 
10-11). These unprecedented results led us to test the be-
havior of the opposite (2R,5R) enantiomer under the same 
conditions, that converted after six days into the contrary 
(2R,5S)-trans isomer with identical degree of 

enantiospecificity (Table 1, entry 12). To better illustrate 
the results, 99% optically pure enantiomers of cis-2a were 
prepared by chiral HPLC separation, furnishing totally 
enantiospecific isomerization profiles with up to 97% of 
enantiomeric excess in the new formed trans adduct (Ta-
ble 1, entry 13). 

The reaction was effectively reversible, affording equal 
equilibrium results when using (2S,5R)-trans-2a as chiral 
starting material (Table 1, entry 14). It is important to 
remark that the absolute configuration of the pyrrolidine 
carbon C2 is retained in every cis-trans diastereoisomer 
interconversion.  

Low polarity and solubility resulted in too long reaction 
times and poor stereospecificities (Table 1, entries 2-6). 
Disappointingly, racemization and retrocycloaddition 
processes that compete with the isomerization were ob-
served at temperatures higher than 35ºC, resulting in a 
decay of the asymmetric performance (Table 1, entries 7-
8). The rearrangement also worked well at lower tempera-
tures in terms of stereospecificity but with longer reaction 
times (Table 1, entry 9).  

Isomerization in [60]fulleropyrrolidines. Once opti-
mized the experimental conditions for the enantiospecific 
cis/trans isomerization we examined the scope of the 
reaction with respect to the electronic nature of substitu-
ents of the chiral [60]pyrrolidinofullerenes 2b-e (Table 2, 
entries 1-18). 

The isomerization worked very well for electron-
releasing substituted pyrrolidinofullerenes 2b-c, thus 
showing an excellent enantiocontrol and providing exclu-
sively the corresponding stereoisomer with almost the 
same optical purity than the chiral starting cycloadduct 
(Table 2, entries 1-8). No differences were observed using 
either the cis or the trans derivative: the process was fully 
enantiospecific, reaching an equilibrium state with a mix-
ture of both cis and trans products in ratios of about 
70:30, respectively. Again, cis adducts 2b-c resulted to be 
the products of thermodynamic control whereas trans 
isomers are controlled by kinetics. 

Pyrrolidinofullerenes 2d-e bearing electron-
withdrawing substituents did not exhibit the same behav-
ior. None of them isomerized to the corresponding cis or 
trans adduct under the optimal experimental conditions 
(Table 2, entries 9-16). Higher temperatures were re-
quired, but even heating at 60ºC, cis-2e afforded only 5% 
of trans-2e after 10 days, (Table 2, entry 18). On the other 
hand, the adduct bearing the p-fluorophenyl substituent 
cis-2d furnished 17% of trans-2d in 10 days at 60ºC (Table 
2, entry 17). However, these low isomerizations were not 
enantiospecific, due to the high reaction temperature that 
favors the racemization and retrocycloaddition processes. 
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Table 2. Isomerization reaction of 
fulleropyrrolidines in 1-chloronaphthalene: acetoni-
trile 1:10 at 35ºC. 

Entry 
Starting 

derivative t(d) cis:transa e.e.cis(%)b e.e.trans(%)b 

1 cis-2b 0 99:1 90(2S,5R) -

2 cis-2b 7 68:32 88(2S,5R) 87(2S,5S)

3 trans-2b 0 1:99 - 90 (2R,5R)

4 trans-2b 7 70:30 84 (2R,5S) 84 (2R,5R)

5 cis-2c 0 99:1 90 (2R,5R) -

6 cis-2c 6 71:29 89 (2R,5R) 89 (2R, 5S)

7 trans-2c 0 1:99 - 90 (2R,5S)

8 trans-2c 6 68:32 90 (2R,5R) 90 (2R,5S)

9 cis-2d 0 99:1 90 (2S,5S) -

10 cis-2d 10 99:1 87 (2S,5S) -

11 trans-2d 0 1:99 - 94 (2S,5R)

12 trans-2d 10 2:98 - 91 (2R,5S)

13 cis-2e 0 99:1 88 (2S,5S) -

14 cis-2e 10 99:1 85 (2S,5S) -

15 trans-2e 0 1:99 - 91 (2S,5R)

16 trans-2e 10 1:99 - 88 (2R,5S)

17c cis-2d 10 83:17 65 (2S,5S) 64 (2S,5R)

18c cis-2e 10 95:5 69 (2S,5S) -

19 cis-3 0 99:1 96 (2S,5R) -

20 cis-3 2 69:31 96 (2S,5R) 96 (2S,5S)

21 cis-4 0 99:1 94 (2R,5S) -

22 cis-4 9 71:29 91 (2R,5S) 92 (2S,5R)

23 cis-5a 0 99:1 92 (2S,5S) -

24 cis-5a 6 66:34 92 (2S,5S) 92 (2S,5R)

25 cis-5a 0 99:1 90 (2R,5R) -

26 cis-5a 6 68:32 90 (2R,5R) 90 (2R,5S)

27 trans-5a 0 1:99 - 93 (2S,5R)

28 trans-5a 6 71:29 93 (2S,5S) 93 (2R,5S)

aDiastereoisomers ratio determined by crude 1H NMR spectroscopy. bEnantiomeric 
excesses measured by chiral HPLC. cReaction carried out at 60º C. 

These experimental findings can be rationalized assum-
ing a stepwise isomerization pathway that leads to a 
zwitterionic intermediate, stabilized by a fullerene anion 
and a benzylic cation, where the absolute configuration of 

the C-2 from the pyrrolidine ring is already defined 
(Scheme 2). Thus, stable intermediates undergo rotation 
around the N−C2 pyrrolidine bond yielding the opposite 
diastereoisomer. It is interesting to note that, whereas the 
anion is the same for all the evaluated cycloadducts, the 
different stability of the benzylic cation will determine 
the outcome of the process. Consequently, highly stable 
electron-rich benzylic cations support the 
enantiospecificity in the isomerization of electron-rich 
aryl substituted fulleropyrrolidines. On the contrary, 
electron-withdrawing substituents on the aromatic ring 
results in a more energetically demanding reaction pro-
file, thus requiring higher temperatures with a concomi-
tant loss of chiral information (see Theoretical Calcula-
tions section).  

Scheme 2. Stepwise isomerization reaction involving 
a zwitterionic intermediate 

 

 

Isomerization in [70]fulleropyrrolidines. Encouraged 
by the excellent results achieved on C60, we focused our 
attention in broadening the scope of this methodology to 
higher fullerenes, namely C70 as the most abundant and 
available higher fullerene. To our delight, the isomeriza-
tion of 2-methoxycarbonyl-5-(2-thienyl)pyrrolidino[ 
3,4:25’,8’][70]fullerene (3), under the optimized condi-
tions, proceeded in higher enantiospecificity and much 
faster than [60]pyrrolidinofullerene (Scheme 3a). After 2 
days, (2S,5R)-cis-3 converted exclusively into the (2S,5S)-
trans-3 resulting in an equilibrium mixture of both cis-3 
and trans-3 in a 7:3 ratio (Table 2, entries 19-20). Fur-
thermore, the reaction achieved different levels of 
stereospecificity since no traces of other site- or 
regioisomers as isomerization byproducts were detected. 

In contrast, regioisomer 4 bearing the ester moiety on 
the equatorial region of C70 did not perform in the same 
way (Scheme 3b). The cis-trans 4 isomerization, although 
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enantiospecific, resulted to be much slower than for 3, 
thus reaching the equilibrium state within nine days (Ta-
ble 2, entries 21-22). 

Scheme 3. Stereospecific cis-trans isomerization in 
enantiomerically pure [70]fulleropyrrolidines 3-4  

 

In order to understand the origins of this different be-
havior observed for both regioisomers 3-4, we should 
consider their zwitterionic intermediates. Indeed, the 
anion bent onto the C8 position of the C70 is more stable 
than the C60 anion due to the more planar geometry of 
the equatorial region.8b Therefore, a better performance 
in terms of stereospecificity and reaction rates can be 
expected for [70]pyrrolidinofullerenes isomerization. On 
the other hand, the intermediate involved in the cis-
trans-4 isomerization bears an anion located on the more 
curved polar region of the C70 molecule, resulting in a less 
stable intermediate (see Scheme 4). This difference of 
stability is consistent with the observed differences in the 
isomerization rates for both regioisomers. 

Isomerization in endohedral fulleropyrrolidines. 
Endohedral fullerenes, since their discovery in 1990,12 
constitute a new class of carbon allotrope with an atom, 
molecule or cluster inside the fullerene cage.13 These 
singular molecules have been extensively used for a wide 
variety of purposes, involving material science14 as well as 
medicinal chemistry.15 Furthermore, endofullerenes rep-
resent an unusual, or even unique, setting from where it 
is also possible to carry out mechanistic insights of great 
value, as mentioned above.7 

Given the inert character of the H2 molecule incarcerated 
in the C60 cage,11 we turned our attention to an 

endofullerene endowed with a polar water molecule 
encarcerated in the inner cavity, namely H2O@C60.10a In 
particular, we focused our study into chiral endofullerene 
derivatives 5a endowed with a polar molecule (i.e. H2O) 
inside the sphere. The cis-trans interconversion of 5a 
enantiomers proved to be absolutely enantiospecific, 
furnishing the corresponding fulleropyrrolidines with 
excellent enantiocontrol (Table 2, even entries). Interest-
ingly, we found that the reaction rates and 
enantiospecifities were slightly but persistently enhanced 
when compared with those obtained for the related emp-
ty-cage derivatives 2a. These data suggest that the encap-
sulated water molecule is not inert and plays a significant 
role in the isomerization process. 

To gain some insight into the endohedral influence on 
the reaction, kinetic experiments were conducted (Table 
3). We carried out the isomerization using identical con-
centrations of chiral starting (2S,5S)-cis-2a and (2S,5S)-
cis-5a under the previous optimal reaction conditions. 
The reaction was monitored using HPLC (see S.I.).  

Table 3. Comparison of isomerization reaction rates 
of (2S,5S)-cis-2a and (2S,5S)-cis-5a in 1-
chloronaphthalene:acetonitrile 1:10 at 35ºC. 

 

Entry Starting derivative t(d) cis:transa

1 cis-2a 0 99:1

2 cis-5a 0 99:1

3 cis-2a 1 99:1

4 cis-5a 1 97:3

5 cis-2a 2 98:2

6 cis-5a 2 95:5

7 cis-2a 3 92:8

8 cis-5a 3 87:13
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9 cis-2a 4 85:15

10 cis-5a 4 80:20

11 cis-2a 5 76:24

12 cis-5a 5 71:29

aDiastereoisomers ratio determined by HPLC. 

The experimental data clearly show a slight but persistent 
rate increase in cis-trans 5a isomerization with respect to 
the related empty-cage derivative 2a. Since all the reac-
tion parameters are identical, the acceleration of the rear-
rangement in 5a adducts could only be due to the incar-
cerated species influence. Actually, this different kinetic 
behavior could be rationalized by an unprecedented hy-
drogen bond assistance from a hydrogen atom of the 
inner water molecule that provides an extra stabilization 
to the zwiterionic intermediate of the endohedral deriva-
tive (see below in the theoretical calculation). This non-
previously observed interaction of the inner water mole-
cule not only produces an enhancement of the isomeriza-
tion rate but, in addition, it also influences the 
stereochemical outcome.  

Theoretical Calculations.  

We have performed DFT calculations at the M06-2X/6-
311+G(d,p)//OLYP/TZP level of theory to unveil the 
mechanism of the isomerization process in the different 
cases studied experimentally (see SI for full computation-
al details and references).16 We have considered that the 
nitrogen inversion in the fulleropyrrolidines is a fast event 
(barrier of about 9 kcal/mol)17  at the operating tempera-
tures and, therefore, we have taken in all cases the most 
stable conformer. Our study starts with the investigation 
of the cis-trans isomerization in the C60-based system 2a 
and its possible competition with the retro-Prato reaction 
(see Figure 3). As anticipated from the experimental ratios 
obtained, PROD-(2S,5S)-cis is ca. 1.6 kcal/mol more stable 
than the product PROD-(2S,5R)-trans. The lower stability 
of the trans product could be mainly attributed to the 
higher repulsion of the lone pairs of the nitrogen atom of 
the pyrrolidine ring and the carbonyl group of the ester 
substituent. The isomerization process takes place via a 
stepwise mechanism through the formation of two 
zwitterionic intermediates: INT(2S,5S)-cis and 
INT(2S,5R)-trans (see Figure 3). In both cases, a fullerene 
anion and a benzylic cation is formed. DFT calculations 
indicate that the C-C bond dissociation process for the C5 
position (benzyl electron donating group) presents a 
small activation of barrier of less than 1 kcal/mol, whereas 
the dissociation of the C2-position (ester, electron with-
drawing group) is highly unfavorable (see Figure S35 in 
SI). These results are in line with the fact that the abso-
lute configuration of C2 is preserved along the isomeriza-
tion process. INT(2S,5S)-cis and INT(2S,5R)-trans are ca. -
16 and -12 kcal/mol more stable than isolated reactants. 
Once INT-cis has been formed, two possible pathways 

should be considered: (1) the cis-trans isomerization to 
achieve INT-trans, and (2) the retro-Prato process to 
recover the initial reactants. The most favorable isomeri-
zation process involves the rotation of the C2-N single 
bond, and has an activation barrier of ca. 8 kcal/mol with 
respect to INT-cis (and of about 4 kcal/mol with respect 
to INT-trans). It should be emphasized that the isomeri-
zation process through the N-C5 bond is extremely unfa-
vorable due to its higher double bond character (see Fig-
ure S36). In contrast, the retro-Prato reaction presents an 
activation barrier of ca. 10.5 kcal/mol. This is ca. 2.5 
kcal/mol higher than the one corresponding to the cis-
trans isomerization. These observations indicate that: (1) 
the retro-Prato could compete with the isomerization 
process at high temperatures (as observed experimentally 
for instance in the cases 2d and 2e), and (2) the stabilities 
of the intermediate INT(2S,5R)-trans give a reasonable 
estimate of the activation barrier of the isomerization 
process (less than 4.0 kcal/mol of difference between the 
activation barrier and relative stability of the cis-trans 
intermediates). In light of these observations, we decided 
to focus our study on the stabilities of the cis and trans 
intermediates for the rest of the considered cases. 

 
 Figure 3. DFT mechanism for the cis-trans 2a isomerization 
(represented using a blue line) and retro-Prato process (in 
purple). All energies are expressed in kcal/mol.  

 

The effect of the substituent, fullerene surface, and in-
ner cluster on the isomerization process has been studied 
computationally (see Figure S37). In Table 4, the relative 
stabilities of cis-trans products and their respective in-
termediates for the rest of the studied systems are repre-
sented. In all cases, the trans product is ca. 1.5 kcal/mol 
less stable than the cis one, showing that the same cis-
trans ratio will be obtained in all cases. As observed ex-
perimentally, the presence of electron-withdrawing 
groups in the benzyl substituent destabilizes the formed 
intermediates by approximately 2-3 and 5-6 kcal/mol for 
2d and 2e, respectively (see Table 4). This substituent 
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further fullerene rearrangements and retrocycloaddition 
processes. 
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