Inorganica Chimica Acta 468 (2017) 16-27

journal homepage: www.elsevier.com/locate/ica

Contents lists available at ScienceDirect

Inorganica
Acta

Inorganica Chimica Acta

Review article

Endohedral fullerenes: Synthesis, isolation, mono- and

bis-functionalization

@ CrossMark

Maira R. Cerén*™*, Viviana Maffeis *“¢, Steven Stevenson ¢, Luis Echegoyen **

2 Department of Chemistry, University of Texas at El Paso, 500 West University Ave., El Paso, TX 79968, United States

bPhysical and Life Sciences, Lawrence Livermore National Laboratory, 7000 East Ave. L-367, Livermore, CA 94550, United States

€Nano Carbon Materials Laboratory, Istituto Italiano di Tecnologia, Via Morego 30, Genova 16163, Italy

d Department of Chemistry and Industrial Chemistry, University of Genova, Via Dodecaneso 31, Genova 16146, Italy

¢ Department of Chemistry, Indiana-Purdue University at Fort Wayne, 2101 East Coliseum Boulevard, Fort Wayne, IN 46805, United States

ARTICLE INFO ABSTRACT

Article history:

Received 17 February 2017

Received in revised form 26 March 2017
Accepted 27 March 2017

Available online 29 March 2017

Special Volume: Protagonists in Chemistry
Dedicated to Professor Luis Echegoyen

Here we present a short overview of the contribution of our research group to the discovery, functional-
ization and characterization of unprecedented endohedral fullerenes. We also report a comprehensive
study of regioselective bis-1,3-dipolar cycloadditions to cluster endohedral fullerenes M3;N@I;-Cgq
(M =Lu, Y and Er) and the spectroscopic characterization of the new bis-adducts obtained.

Published by Elsevier B.V.

Contents
B R {15 o« 1E ) U 16
2. Synthesis, purification and characterization of endohedral fullerenes . . .. ...... ... ittt ittt e 17
3. Functionalization of endohedral fUllerenes . ... ... ... ... ittt et ettt e ettt e e e 18
3.1, 1,3-Dipolar cycloaddition . . . ...ttt e e e e e e e e e 18
3.2, Bingel-Hirsch cyclopropanation . . . ... ..ottt ettt e e e e et e e e e e e e e e e e e e e 19
3.3.  Electrosynthesis and [3+2] cycloaddition . ... ... ... ..ttt e e 19
4, Bis-1,3-dipolar cycloaddition of MaN@I,-Cgo (M =Lu, Y and Er) . .. ..ottt ettt ettt e ettt et et et et ettt 20
41. M;3N@I,-Cgo (M =Lu, Y and Er) Bisadducts characterization. . ... ... ...ttt ittt et ettt ettt et 20
4.2. Purification of LusN@I;-Cgg and ErsN@I;,_Cgp using chemical methods .. ......... ... i ittt e e 23
S TR €03 e 113 1o o e 23
ACKNOWIBAGIMENLS . . . . ottt ettt ettt e e et e e et e e e e e e e e e e e e e e e e e e 24
Appendix A. SUPPIEMENTArY Aata . . . ... ittt ittt e ettt e e e e e e e e e e e 24
3 3 (<3 1 L PP 24

1. Introduction

Fullerenes were discovered in 1985 by Kroto and co-workers as
new carbon allotropes [1]. The investigation of their properties,
reactivity and applications was not possible until macroscopic
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quantities were available in 1990 [2]. In 1992, Echegoyen et al.
reported the electrochemical detection of C&~ and C$,~, and this
manuscript became a very influential work in the field, cited 941
times [3]. Before getting involved in the endohedral fullerenes
(EFs) field, Professor Echegoyen contributed to the electrochemical
characterization of higher empty fullerenes [4-6], and to the mono-
and bis-functionalization of Cgg and C;o [7-14]. He was also the
first to report a new route for the selective synthesis of [6,6]-
methanofullerenes [15] and the useful retro-Bingel strategy to
selectively protect-deprotect fullerene derivatives [9,16-21].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2017.03.040&domain=pdf
http://dx.doi.org/10.1016/j.ica.2017.03.040
mailto:ceronhernand1@llnl.gov
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http://dx.doi.org/10.1016/j.ica.2017.03.040
http://www.sciencedirect.com/science/journal/00201693
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2. Synthesis, purification and characterization of endohedral
fullerenes

Endohedral fullerenes were reported soon after the discovery of
Coso [22,23], but their low synthetic yields and inefficient separation
methods limited the ability to fully investigate their properties. In
1999, Dorn et al. serendipitously revolutionized the endohedral
fullerene field, with the discovery of the first cluster endohedral
fullerene, ScsN@I,-Cgqg [24]. To date, ScsN@I,-Cgg, remains the most
abundant endohedral fullerene and the third most abundant fuller-
ene after Cgp and Cyo. Since the discovery of ScsN@I,-Cgg many
other nitride cluster fullerenes have been reported including scan-
dium, yttrium and most of the lanthanides except Promethium,
identifying cages ranging from Cgg to Cos [25-31]|. Numerous
efforts have been made to improve the yields and separation of
EFs, by either changing the arcing conditions or by using non-chro-
matographic methods to isolate targeted EFs [29]. Some of the
alternative isolation methods are selective extraction [32-34], sub-
limation enrichment [35,36] and chemical reactions [37-40]. A
specific example of a chemical-based separation method will be
presented later. Echegoyen et al. developed an alternative method
based on the differences of the oxidation potentials of EFs [41]. By
selective chemical oxidation with acetylferrocenium [Fe(COCH3Cs-
H4)Cp]*, Echegoyen and co-workers were able to isolate every
member of the ScsN@C,, (n=34, 39 and 40) family, with the
advantage of separating large quantities of ScsN@I,-Cgg after a sin-
gle step [38,42,43].

Endohedral fullerenes are divided into two large groups, those
that obey the isolated pentagon rule (IPR) and those that possess
fused five-membered rings, or pentalene units (non-IPR) [44].
The isolated pentagon rule states that five-membered rings are
always adjacent to six-membered rings. EFs that do not obey the
IPR are fascinating to study because despite the large number of

possible non-IPR isomers, on the order of tens of thousands, fre-
quently only one provides the perfect match for the encapsulated
cluster. Here we present some of the exceptional examples of
non-IPR EFs recently reported [45-47]. To date, five different types
of junctions for IPR and no-IPR endohedral fullerenes have been
reported, such as [5,5], [5,6], [6,6], [5,7] and [6,7] [48,49]. There
are eighteen different types of possible C—C bonds of which thir-
teen have been experimentally observed [50-54] and two pro-
posed by DFT calculations [55] (Fig. 1).

The Krdatschmer-Huffman arcing synthesis is the method that
has led to the discovery of unique EFs by changing the metal
oxides/graphite powder mixture, discharge current, solid additives
or the gases used in the reactor [56-59]. Echegoyen et al. con-
tributed to the discovery of notable EFs such as the Gds;N@C,,
(n=39-43) family [26,60-62], for which the existence of IPR
exceptions is a common observation. The smallest cage member
of the family (Gd3N@C,(22,010)-Cg) exhibits two pentalene units,
while for larger cage members (Gds;N@C(39,663)-Cg; and
GdsN@((51,365)-Cg4) only one pentalene unit is observed [63].
Furthermore, for GdsN@D3(17)-Cgg and Gd3N@D,(35)-Cgg, which
are the largest isolated members of the family, the cluster fits
perfectly well without pyramidalization, and no pentalene units
are observed (Fig. 2) [45,60,64].

By introducing SO, as a sulfur source, Echegoyen et al. were able
to synthesize macroscopic quantities of a new family of EFs,
Sc,S@C,, (n=35-50) [66]. Interestingly, changing the source of
sulfur from guanidium thiocyanate (CH3N3-HSCN) [58] to SO, not
only increased the arcing yield of the metallic sulfide fullerenes,
a new isomer of the most abundant member of the family was
observed, Sc,S@C,(6)-Cs, [66], along with the previously reported
SC2S@C3V(8)—C82 (Flg 3) [58,67]

A remarkable example of the complementarity of the shape and
size of the encapsulated cluster and the carbon cage was reported

[6,6] [6,6] [6,6] [6,6]
Type A Type B Type C Type G
(Pyracylene) (Pyrene)
[5.6] [5,5] [5,6] [5.6] [5,5] [5,6]
Type D Type E Type F Type H Type | Type J
(Corannulene) (Pentalene)
[6,7] [6,7] [5.7] [5.7] [5.7]
Type K Type L Type M Type N Type O

Fig. 1. Different types of possible C—C bonds in endohedral fullerenes. Types J and O proposed by DFT calculations [55].
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Gd;N@C»-Crs Gd;N@/,-Cso Gd;N@C,-C,

Gd;N@C;-Cys Gd;N@D;-Cys Gd;N@D;-Cys
Fig. 2. Gadolinium nitride endohedral fullerene family (GdsN@C,,, n=39-43)
[26,45,60-62,64,65].

Sc,S@C,-Cro

Sc,S@Cs-Cr2 Sc,S@C5-Cs; Sc,S@Cs-Cs,

Fig. 3. Scandium sulfide endohedral fullerene family (Sc,S@C,,, n=35-50)
[66,72,73].

for two members of the dimetallic sulfide family. The IPR C; car-
bon cage is the only empty fullerene which has never been iso-
lated, while the IPR Co carbon cage is the second most abundant
fullerene. Thus while these are very different empty fullerenes, as
EFs a close structural resemblance was observed, with the same
encapsulated cluster, the same number of pentalene units and
the same four-electron charge transfer from the cluster to the cage.
In the case of Sc,S@C,, the chosen cage was C4(10,528)-C;5, out of
11,189 possible non-IPR Cy; isomers (Fig. 3). This cage is different
from the three previously reported C;, endohedral isomers
[68-71], highlighting the importance of the shape, size and charge
complementarity of the encapsulated Sc,S and the matching cage
[72]. For Sc,S@C;q, the C5(7892)-C;9 cage was unambiguously
assigned by experimental and computational studies out of 8149
possible C; cages (Fig. 3). Interestingly, a single C, addition to a
hexagon of (5(7892)-C;o gives rise to Cy(10,528)-C;», without
further rearrangements [73].

There are very few reports of EFs containing only transition
metals trapped such as Ti,C,@Ds3,-C75 and Ti,@Cgyq [74-77]. In
2009, Yang and coworkers failed to synthesize titanium nitride
EFs using pure TiO,, but when they used a TiO,-Sc;03 mixture
they obtained the first mixed metallic titanium nitride EF,
TiSc;N@I,-Cgo. These results suggested that the only method to
synthesize EFs containing titanium was by simultaneously using
a rare metal [78]. In 2013, Echegoyen et al. changed the gas source
from N, to SO, and used graphite rods packed with pure TiO, and
graphite powder to successfully synthesize the first sulfide EF with
no-rare metals inside, Ti,S@C;g [79]. Comparison of the UV-Vis
absorption spectra of Ti,S@C,g with previously reported C;g iso-
mers led to the assignment of the cage symmetry to the IPR
D3,(24,109)-C7g, confirmed by theoretical calculations. DFT calcu-
lations concluded that a six electron charge transfer occurs from
the Ti,S cluster to the C;3 cage, and the encapsulated cluster is
essentially linear (Ti-S-Ti 172° angle) [79].

Sc,C,@C,,-Cg

Sc,C,@C4(hept)-Cgq

Fig. 4. Scandium carbide endohedral fullerenes; structural relationship between
Sc,C@C5,(9) Cge and Sc,CL,@C(hept)-Cgg [84,85].

EFs with M,C,,, composition are a challenge to unambiguously
assign because they can exist as conventional EFs, M,@C,,, or as
metal carbide EFs, M,C,@C,,,_; [80]. Single crystal X-ray diffraction
or DFT calculations are necessary to assign the correct structure. All
reported cases of metal carbide EFs exhibited the M,C, cluster in a
folded butterfly shape with considerable disorder. This suggests
that the cluster shape is influenced by the cage size; thus for larger
cages a more linear M,C, unit should be expected [81-83].
Recently, Chen et al. confirmed the previous assumption by
reporting the synthesis, electrochemical and X-ray characteriza-
tion of a planar twisted Sc,C, cluster encapsulated in an
unprecedented C,(9)-Cgs carbon cage [84]. Unanticipated, the
Sc,C,@C5,(9) Cge showed remarkable crystalline order which was
explained by its unsymmetric shape and its dipolar nature
(Fig. 4) [84].

Curious about the shape that the Sc,C, unit would adopt inside
larger carbon cages, Chen and co-workers isolated and character-
ized the metal carbide EF, Sc,C,@Cgg [85]. Interestingly, X-ray
diffraction revealed a zigzag Sc,C, cluster encapsulated in a never
reported Cs-Cgg cage. Moreover, the cage possesses a heptagon ring
which results from a C, insertion on the described Sc,C,@C5,(9) Cgg
(Fig. 4). DFT calculations suggested that the observed Sc,C,@C(-
hept)-Cgg is not the thermodynamically favored structure, and cor-
responds to a Kkinetically trapped species derived from
Sc,C,@C5,(9)-;Cgs (Fig. 4) [85], providing strong evidence for the
bottom-up growth mechanism of EFs [86].

3. Functionalization of endohedral fullerenes
3.1. 1,3-Dipolar cycloaddition

Even though Sc3N@I,-Cgg is the most abundant EF, its function-
alization was not explored until 2005 because of its extremely low
reactivity [87,88]. Cardona et al. reported the first fulleropyrro-
lidine derivative of ScsN@I,-Cgo by using a 25-fold excess of
N-ethyl glycine and a 125-fold excess of paraformaldehyde to yield
regioselectively a [5,6]-pyrrolidine derivative (Scheme 1) [87].
After finding the conditions to functionalize cluster EFs, Echegoyen
and co-workers studied the reactivity differences of cluster EFs,
and found them to be dictated by the encapsulated metal cluster
[45,89-91]. Remarkably, when the same reaction conditions were
applied for YsN@I,-Cgo the [6,6]-pyrrolidine derivative was initially
observed, but slowly isomerized to the thermodynamically pre-
ferred [5,6]-pyrrolidine isomer [45,89,90,92]. The influence of the
size of the encapsulated cluster on the 1,3-dipolar cycloaddition
of azomethine ylide to MsN@I,-Cgo was also explored by Cai et al.
and Chen et al. who demonstrated that when the encapsulated
clusters fit perfectly planar inside (M=Sc and Lu) the [5,6]-
mono-adduct is the thermodynamically preferred product [91],
whereas for larger metals such as Y and Gd the encapsulated clus-
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R O M3N@/y-Cgo
s

N~ COOH +

R = CHz CH,CHj

Scheme 1. 1,3-Dipolar cycloaddition of azomethine ylide on M3N@I;-Cgo (M = Sc,
Ly, Y, Gd) [95].

ter is pyrimidalized and the [6,6]-mono-adduct is the preferred
product (Scheme 1) [45,93,89,94].

It is well-known that fulleropyrrolidines undergo retro-cycload-
dition reactions leading to the pristine fullerene and non-fullerenic
side products [96]. In 2006, Martin et al. used the same conditions
previously reported [87], to perform the 1,3-dipolar cycloaddition
reaction to a mixture of ScsN@Ds3,-C7g and the two isomers of
ScsN@Cgy, I, and Dsp. Due to the higher reactivity of ScsN@D3p,-Cog
and ScsN@Ds,-Cgy, they selectively isolated the [5,6]-mono-adduct
of ScsN@I,-Cgo and multiadducts of the other two EFs, and the
subsequent retro-cycloaddition of the mono-adduct yielded pure
ScsN@I,-Cgg [96]. This strategy was also applied to obtain
Y5N@I,-Cgo from its [5,6]-mono-adduct [96]. Electrochemical
retro-cycloaddition was also explored for the N-ethyl pyrrolidine
of Cgp and ScsN@I,-Cgq by controlled-potential oxidative electrolysis
leading to the pure pristine fullerenes in both cases [96,97].

3.2. Bingel-Hirsch cyclopropanation

In 2005, Cardona and coworkers reported the first Bingel-Hirsch
addition to EFs. Addition-elimination of bromo diethylmalonate to
YsN@I,-Cg, in the presence of DBU and o0-DCB selectively yielded
the [6,6]-methano derivative, and similar results were obtained
when using M3N@I,-Cgo (M = Gd and Lu) [98,99]. However, when
ScsN@I,-Cgg was used in place of YsN@I,-Cgo, no products were
detected, emphasizing the drastic difference in reactivity of
ScsN@I,-Cgo compared to its homologous endohedrals [100]. In
2010, Pinzén and coworkers modified the Bingel reaction condi-
tions by adding DMF to the solvent mixture to successfully synthe-
size the first [6,6]-Bingel derivative of ScsN@I,-Cgg. According to
Pinzo6n et al., DMF stabilized the transition state ylide during the
elimination step allowing the isolation of the [6,6]-mono-adduct
[100].

In 2015, Sola and coworkers used DFT calculations to study the
Bingel-Hirsh addition to the thirteen non-equivalent bonds of
ScsN@Ds3,-C7g and proposed the predicted aromaticity criterion
(PAC). This criterion helps to identify the most reactive bonds of
any given EF solely based on a simple evaluation of the cage
structure (Fig. 5) [101]. Echegoyen et al. verified the validity of
PAC for ScsN@Ds,-Cgo. Bingel-Hirsch cyclopropanation of
ScsN@Ds;-Cgo yielded three mono-adduct isomers. The major
mono-adduct isomer was assigned as an unsymmetric isomer by
'H NMR as predicted by the PAC and the addition likely occurred
at bond 3 (Fig. 5), while the other two isomers were assigned as
unsymmetric and symmetric isomers by 'H NMR, in agreement
with the PAC predictions, additions at bonds 1 and 2 respectively
[101].

Chaur et al. studied the cage size effect for the Bingel-Hirsch
reaction on four members of the GdsN@C,, (n = 40, 41, 42, 44) fam-
ily. When standard conditions were used with Gd3;N@I,-Cgg, both
[6,6]-mono-adduct and bis-adducts were observed instanta-

Int 1 Identify the least aromatic positions:
C-666 > C-566

Int 2 Count the number of 5MR in the a positions:
3>2>1>0

TS 1 Ring closure: the best nucleophile.

@ 5-MR > 6-MR

TS 2 Less aromatic ring, lowest TS.

@ 5-MR(Y) - 3>5-MR(Z) - 4

Kinetic Bingel Derivative

Fig. 5. Predicted aromaticity criteria (PAC) for Bingel-Hirsh cycloadditions.

neously. On the other hand, when Gd;N@Cs-Cg, and GdsN@C,-Cgy
were used mono-adducts were detected only after 20 min of reac-
tion and no further additions were observed. For the largest mem-
ber of the family, GdsN@D,-Cgg no cyclopropanated products were
obtained. These results indicated that the reactivity increases as
the cage size decreases, thus for smaller cages a higher degree of
pyramidalization at the C atoms and cage strain results in an
increase in the reactivity [99,102].

3.3. Electrosynthesis and [3+2] cycloaddition

Electrochemical synthesis methods using EFs involve anionic
fullerene species generated by electrochemical reduction to pro-
duce methano derivatives regioselectively [95,103]. These deriva-
tives are not accessible by typical synthetic procedures. Li et al.
reported the reactivity differences of anionic EFs depend on the
nature of the encapsulated cluster. Under identical conditions,
[ScsN@I,-Cso]?~ was completely unreactive with benzal bromide
(PhCHBr,) while [LusN@I,-Cgo]>~ vyielded the [6,6]-methano
derivative LusN@I,-Cgo(CHCgHs) [104]. DFT calculations were used
to rationalize these reactivity differences by showing that
[ScsN@I,,-Cso]?~ exhibits low nucleophilicity because its charge
density is mainly localized on the encapsulated cluster and not
on the cage. The corresponding trianion [ScsN@I,-Cgo]>~ has
higher charge density localized on the cage and was consequently
able to react with benzal bromide to selectively produce the
[6,6]-methano derivative ScsN@I,-Cgo(CHCgHs) [105].

There is only one example of an EF derivative in an organic pho-
tovoltaic (OPV) solar cell: PCBH-LusN@I;-Cgy, which yielded a
power conversion efficiency (PCE) of 4.2% [106]. For this reason,
we recently functionalized EFs with two addends, the dipheny-
lamine (DPM) addend and the PCBM addend, since the correspond-
ing empty fullerene derivatives performed very well in OPV [107-
111]. Functionalization of the least reactive EF ScsN@I,-Cgq using
the DPM addend resulted in the synthesis of the first [5,6]-
methano adduct [112]. The reaction exhibited high yield under rel-
ative mild conditions which is unusual for EFs [102,113,114]. The
[6,6]-methano adduct showed very similar redox properties to
those of PCBH-LusN@I,-Cgp, suggesting that this compound could
potentially be an effective acceptor in OPV devices [112].

Functionalization of a ScsN@Ds;,-Cgp and ScsN@D;-Cgg mixture
using the PCBM addend led to the isolation of pure ScsN@Ds,-Cgo
and derivatized ScsN@Ds-Cgg [48]. Highly regioselective formation
of two out of thirty-four possible regioisomers was observed for
ScsN@Ds-Cgg, possibly directed by the encapsulated cluster and
the presence of the three pentalene units. PCBM functionalization
of ScsN@Ds;,-Cgg gave rise to five out of fifteen possible regioiso-
mers, while ScsN@I,-Cgo yielded only one isomer [115]. The
increase in the number of isomers observed was explained by
the lower symmetry of ScsN@Ds;,-Cgo compared to the highly sym-
metric I,-Cgo isomer and to the free rotation of the encapsulated
cluster of Ds;-Cgo compared to the rotationally locked cluster in
ScsN@D3-Cegg [48]
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4. Bis-1,3-dipolar cycloaddition of M3N@I,-Cgo (M = Lu, Y and Er)

To date, the derivatization of trimetallic nitride EFs has been
focused primarily on the isolation and characterization of mono-
addition products [95,103,116], but a few derivatizations have
reported the regiochemistry and properties of some bis-addition
products|[14,117,118].Recently, it has been shown that some regioi-
somerically pure empty fullerene bis-adducts perform better in OPV
solar cells than their corresponding isomeric mixtures [119,120].
Consequently, we investigated the controlled multifunctionaliza-
tion of M3N@I,-Cgo (M =Sc and Lu) using two different methods:
the tether-controlled bis-addition reaction [121-123] and the inde-
pendent (non-tethered) bis-1,3-dipolar cycloaddition [117]. Sur-
prisingly, using the tether method no detectable amounts of bis-
derivatives were observed, while the independent cycloadditions
yielded a very limited number of bis-adducts, three for ScsN@Ij-
Cgo and two for LusN@I,-Cgg out of the 91 statistically possible
regioisomers [117]. Taking into account the large number of statis-
tically possible bis-adduct isomers on an I-Cgg cage and the strong
influence of the size of the encapsulated cluster [117], we did a com-
prehensive study of bis-additions using different cluster endohedral
fullerenes, including M3N@I,-Cgo (M = Lu, Y and Er). Although bis-
1,3-dipolar cycloadditions to M3sN@I,-Cgg (M = Lu and Y) have been
reported [117,118], some minor isomers observed were not charac-
terized. Here we report for the first time the synthesis and character-
ization of two minor bis-adduct isomers of M3N@I;,-Cgoq (M = Lu and
Y) and three additional bis-adduct isomers of ErsN@I,-Cgo.

4.1. M3N@I,-Cgo (M = Lu, Y and Er) Bisadducts characterization

Bis-adducts 1-4 were synthesized using LusN@I,-Cgo and
purified by silica gel column chromatography and preparative
TLC following previously reported procedures [117]. Characteriza-
tion of isomers 1 and 2 was reported elsewhere [117], while
isomers 3 and 4 are reported here for the first time (Scheme 2).
The matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectra of bis-adducts 3 and 4 showed molecu-

a)

N

H

N

+

COOH

(o]

X

H

LusN@I,-Csgo
0-DCB, A

lar peaks at 1252.0095 and 1252.0278 m/z respectively, corre-
sponding to bis-adduct regio-isomers.

The 'H NMR spectrum of bis-adduct 3 exhibited four AB quartets
corresponding to the unequivalent protons of the pyrrolidine rings
and one multiplet for the methylenes of the N-ethyl groups (Fig. 6).
Therefore, bis-adduct 3 is an unsymmetric regio-isomer, similar to
the one reported for M3sN@Cgo (M =Sc and Y) [117,118]. Due to the
lack of symmetry of bis-adduct 3 and the large number of possible
C;-symmetric regioisomers (sixty-three), based solely on NMR we
cannot assign it to a specificisomer. As a result of the similar stability
of [5,6]- and [6,6]-mono-adducts for LusN@I,-Cgo, we considered all
63 possible C;-symmetric bis-adduct regioisomers and used the
energy values of the optimized geometries previously reported by
density functional theory (DFT) [117]. DFT calculations indicated
that the preferred unsymmetrical bis-addition site for LusN@I,-Cgg
corresponds to the bond denoted as 31-13 or 52-70 (see Scheme 2b
for bond assignments and relative stabilities).

The 'H NMR spectrum of bis-adduct 4 shows a more symmetric
resonance pattern, with two AB quartets corresponding to the
methylenes of the pyrrolidines and one quartet corresponding to
the methylenes of the N-ethyl groups (Fig. 6). This must be one
of the 18 possible C;-symmetric regioisomers. DFT calculations of
all 18 possible Cs-symmetric regioisomers indicated that the pre-
ferred second addition site is bond 46-47, which corresponds to
the same C;-symmetric bis-adduct regioisomer reported for Scs-
N@I,-Cgo (Scheme 2b) [117].

The redox potentials of LusN@I,-Cgo bis-adduct regioisomers
were measured by cyclic voltammetry in o0-DCB solutions
(Figs. S5 and S9). The CV of 3 and 4 exhibited irreversible reduction
processes analogous to those observed for LusN@I,-Cgq and bis-
adducts 1 and 2 [103,117,124]. In contrast to LusN@I,-Cgg, bis-
adducts 3 and 4 showed irreversible oxidation processes cathodi-
cally shifted approximately 430 mV and 580 mV, respectively, sim-
ilar to bis-adducts 1 and 2 [117].

Yamakoshi et al. previously assigned the main bis-adduct 5
regioisomer of M3;N@I,-Cgg (M=Y and Gd) based on NMR
spectroscopic and DFT calculations as one of the 18 possible

b)

53 7
s \ ~
79 - / 54
67\48/ 28 0.0\ 32
2. 6.7
26 10 %2
66-@Ys.9 2\5 L 2/ PS3
6.7 /e N/ \
45-24, | 3-15 34-55
AN w . |
Y - A A L g
| et : \ Baas :
3 \‘ 43-22 20 18~477 3 1
| ; 21§ 19 b !
b k. 4 37~ .34 |
77 & 42‘\ 40- -39, 36\ .56,
6 62 41 38 57"
60----59_
61 258"

Scheme 2. a) Bisadduct regioisomers obtained from the bis-1,3-dipolar cycloaddition on LusN@I;-Cgo. b) Schlegel representation of observed [5,6]-[5,6]- and [5,6]-[6,6]-bis-
adducts and their DFT relative stabilities (in kcal/mol). The first adduct is always attached to bond 1-5 [117].
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Fig. 6. 'H NMR spectrum of (a) bis-adduct 3, (b) bis-adduct 4 (600 MHz; CDCl5/CS, 1:1, 298 K); assignments based on the observed spectral symmetry, the '"H-'H COSY NMR
spectra and DFT calculations [117].
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[6,6]-[6,6]-unsymmetric bis-adducts [118]. Here we report two
minor bis-adduct regioisomers 6 and 7 (Scheme 3). Bis-adducts
5-7 were synthesized using YsN@I,-Cgo and purified by silica gel
column chromatography and preparative TLC following the previ-
ously reported procedure [117,118]. The matrix-assisted laser des-
orption/ionization time-of-flight (MALDI-TOF) mass spectra of 6
and 7 showed molecular peaks at 1383.9965 and 1383.9475 m/z
respectively, corresponding to bis-adduct regio-isomers.

The 'H NMR spectrum of 6 shows a high degree of symmetry,
similar to the one reported for LusN@Cgy [117], with two
uncorrelated singlets at 4.60 and 4.40 ppm (from COSY and NOESY
spectra) corresponding to a [6,6]-pyrrolidine and one AB quartet at
4.48 and 3.10 ppm. Thus, the [5,6]-pyrrolidine must be perpendic-
ular to the [6,6]-pyrrolidine so that neither adduct breaks the sym-
metry of the other. We also observed two symmetrically
inequivalent quartets for the methylenes of the N-ethyl groups at

a)

( o YsN@Iy-Cgo
v wAy  o-DoB A
COOH

Scheme 3. a) Bisadduct regioisomers obtained from the bis-1,3-dipolar cycloaddition on Y3N@I,-Cg,. b) Schlegel representation of observed [5,6]-[5,6]-, [5,6]-[6,6]- and [6,6]-
[6,6]-bis-adducts. The first adduct for 5 is attached to bond 9-10, while for 6 and 7 to bond 1-5 [118].
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Fig. 7. 'H NMR spectrum of (a) bis-adduct 6, (b) bis-adduct 7 (600 MHz; CDCl5/CS, 1:1, 298 K); assignments based on the observed spectral symmetry, the '"H-'H COSY NMR

spectra and DFT calculations [117].

3.22 and 3.01 ppm for the [5,6]- and [6,6]-pyrrolidines, respec-
tively (Fig. 7). Interestingly, the UV-Vis spectrum of this mixed
(hybrid) 6 is essentially identical as the one reported for LusN@I-
Cgo 2 (Fig. S12) indicating that the second addition likely occurred
at bond 65-78 (Scheme 3b) [117].

The 'H NMR spectrum of bis-adduct 7 exhibited a very similar
resonance pattern to that of LusN@I,-Cgg bis-adduct 1 [117], with
two AB quartets corresponding to the methylenes of the pyrrolidi-
nes and an ABX3 system corresponding to the methylenes of the
N-ethyl groups. Therefore, this regioisomer corresponds to one of
the 5 C,-symmetric chiral [5,6]-[5,6]-bis-adducts (Fig. 7). Remark-
ably, the UV-Vis spectrum of this chiral bis-adduct 7 is essentially
identical to the one reported for LusN@I,-Cgq derivative 1
(Fig. S16), thus the second addition site for 7 is likely on bond
11-29 (Scheme 3b) [117].

The redox potentials of the two minor bis-adduct regioisomers
of Y3N@I,-Cgp were measured by cyclic voltammetry in o-DCB
solutions (Figs. S14 and S18). The CV of 6 and 7 exhibited
irreversible reduction processes analogous to those observed for
the pristine fullerene Y3N@I,-Cgo [103,124]. 6 and 7 showed irre-
versible oxidation processes cathodically shifted compared to that

of Y3N@I,-Cgg by approximately 360 mV and 150 mV respectively,
so these should act as better donors.

Bis-1,3-dipolar cycloadditions to ErsN@I,;-Cgy resulted in the
isolation of three bis-adducts, but due to the paramagnetic nature
of erbium, we were not able to characterize the bis-adduct
regioisomers by NMR spectroscopy. However, we were able to
assign the addition patterns and symmetry of the regioisomers
solely based on the unique UV-Vis absorption pattern of the three
ErsN@I,-Cg bis-adducts and the previously mentioned M3N@I,-Cgg
(M =Lu and Y) regioisomers (Scheme 4, Figs. S22, S24, S27). Hence,
the main bis-adduct 8 corresponds to the [6,6]-[6,6]-unsymmetric
regioisomer with the second addition site on bond 38-39
(Scheme 3b), the second isomer 9 to the hybrid [5,6]-[6,6]
Cs-symmetric regioisomer with the second addition site on bond
65-78 (Scheme 3b) and the third isomer 10 to the chiral [5,6]-
[5,6] Co-symmetric regioisomer with the second addition site on
bond 11-29 (Scheme 3b) [117].

The redox potentials of bis-adduct 9 of ErsN@I,-Cgo were mea-
sured by cyclic voltammetry in 0-DCB solutions (Fig. S25). The
CV of 9 exhibited irreversible reduction processes analogous to
those observed for the pristine fullerene ErsN@I,-Cgo [124]. 9 also



M.R. Ceron et al./Inorganica Chimica Acta 468 (2017) 16-27 23

o Er3N@Ih-C30
e JLH 0-DCB, A

22%

10% 4%

Scheme 4. Bis-adduct regioisomers obtained from the bis-1,3-dipolar cycloaddition on ErsN@I,-Cg,.
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Fig. 8. (a) LDI mass spectrum and (b) HPLC analysis of Lu soot extract, and
fullerenes remaining in solution after (c) 0.5 h (d) 28 h, and (e, f) 54 h, to obtain
purified LusN@I;,-Cgo. HPLC conditions: BuckyPrep-M column, 1 mL/min xylenes,
360 nm UV detection and 200 pL injection.

showed irreversible oxidation processes cathodically shifted com-
pared to that of ErsN@I,-Cgo by approximately 400 mV, similar to
all previously mentioned bis-adduct regioisomers.

4.2. Purification of LusN@I,-Cgo and ErsN@Iy,_Cgo using chemical
methods

In contrast to empty-cage fullerenes, electron-rich M3N@I,-Cgq
EF cages (M = Sc, Y, Lu, Er, Tb, Ho, and Gd) possess a lower reactiv-
ity to amines. This reactivity difference permits a chemical-based
separation method that immobilizes fullerene contaminants onto
aminosilica [125]. In the Stir and Filter Approach (SAFA), the addi-
tion of diaminosilica to solutions of soot extract yields isomerically
pure ScsN@I,-Cgg [125,126]. While investigating the deleterious
effect of “wet” solvents and “wet” aminosilica on the SAFA tech-
nique, ErsN@I,-Cgo was also purified [127]. Detailed in the supple-
mental material, the ErsN@I,-Cgo sample used in this bis-adduct
study was isolated in a similar manner.

However, the SAFA isolation of LusN@I,-Cgg is new, and details
are now described. To ensure sufficient amounts of purified
LusN@I,-Cgo sample for bisadduct experiments, 2.2 g of Lu soot
extract (Fig. 8a, b) was dissolved in 1.5 L of freshly opened anhy-
drous xylenes. To this stirring solution was added 300 g of synthe-
sized diaminosilica [125], which was vacuum dried overnight at
60 °C and immediately used after backfilling the oven with Ar
and cooling under inert gas. To monitor the uptake and immobi-
lization of fullerene contaminants, aliquots were taken at arbitrary
times of 0.5 h (Fig. 8c) and 28 h (Fig. 8d). After 54 h of reaction, the
reaction slurry was filtered, and the filtrate (Fig. 8e, f) contained
isomerically pure LusN@I,-Cgo. Upon solvent removal and subse-
quent ether washing, 25 mg of purified LusN@I,-Cgo was obtained.

5. Conclusion

There are still many challenges to overcome in the synthesis of
new EFs in order to improve their yields and separation. Function-
alization of endohedral fullerenes has helped to increase their sol-
ubilities and potential applications, but many new derivatives and
EFs remain to be prepared and characterized.

New bis-adducts of endohedral metallofullerenes LusN@I},-Cgg,
Y3N@I,-Cgo and ErsN@I,-Cgg have been isolated via bis-1,3-cycload-
dition reaction and characterized using mass spectrometry, UV-
Vis, NMR spectroscopy and electrochemistry. The remarkable
regioselectivity is attributed to the strong influence of the internal
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trimetallic nitride cluster. Out of 91 possible bis-adduct isomers,
we obtained four bis-adducts for LusN@I,-Cgq and three bis-adducts
for MsN@I,-Cgo (M =Y and Er). Though the factors controlling the
regiochemistry of multiple additions to EFs are still uncertain,
these findings provide new insight and rationale for the synthesis
and study of multiadducts of endohedral metallofullerenes. We
also observed that each bis-adduct regio-isomer of M3;N@I;-Cgg
showed a unique UV-Vis absorption pattern independent of the
encapsulated metal, which should help to identify new bis-adducts
by simple comparison of their UV-Vis absorption spectra. Two
bis-adduct regioisomers, [5,6]-[5,6]-chiral and [5,6]-[6,6]-hybrid,
were detected for different metal nitride encapsulated clusters
M;N@I;-Cso (M = Lu, Y, Er).
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