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es derived from dioxa- and
trioxaalkyl-tethered diglycines†

Tatjana Kop,a Mira Bjelaković,a Jelena Đorđević,b Andrijana Žekićc

and Dragana Milić*b

Two different a,u-diglicynes linked by linear polyoxaalkyl chains in the presence of formaldehyde

underwent Prato reaction to the fullerene C60. The shorter linker templated formation of only cis-

bisadducts, while the longer one afforded a mixture of four bisadducts (all cis and the equatorial) and

difullerene dumbbell compound. Their structures were confirmed by the extensive analysis of the

spectral data and molecular symmetry, as well. All compounds expressed an ability to arrange into

hierarchically ordered supramolecular aggregates, the form of which depended both on the addition

pattern and the spacer structure. The attenuated electron-accepting affinity, examined by cyclic

voltammetry was in agreement with diminished delocalization of the p-electronic system. In addition, all

compounds exerted a notable radical scavenging activity.
1 Introduction

Fullerene C60 and its derivatives have been widely studied and
employed in materials1 and medicinal chemistry.2 The func-
tionalization of highly insoluble carbon sphere with remarkably
useful properties provides hybrids with an optimal ratio of the
target characteristics (such as antioxidant, radio protective,
optical limiting activity, or ligand–host interactions) and the
physical properties responsible for the suitable environmental
adjustment (solubility and aggregation). Common cycloaddition
reactions, known as Bingel cyclopropanation,3 Diels–Alder
cycloaddition4 or Prato reaction,5 covalently transform C60

affording mono- or multiple adducts. The usability of poly-
adducts can be even better in comparison to the corresponding
monoadducts,6 but the application is oen limited by formation
of large number of regioisomers.7 Multiplication of the addends
on the fullerene core mostly contributes to the solubility and
assembling capability due to enlarged number of possible
intermolecular interactions. At the same time, a reduced delo-
calization of the molecular orbitals increases the HOMO–LUMO
energy gap, such provoking a negative shi of reduction poten-
tials in comparison to nonfunctionalized C60,8 with exception of
Belgrade, Njegoševa 12, 11000 Belgrade,

e, Studentski trg 12-16, 11158 Belgrade,

, Studentski trg 12-16, 11158 Belgrade,

(ESI) available: Experimental section,
the NMR data, the NMR and HRMS
curves of compounds 3–14, and their
5ra17392b
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addends possessing electron withdrawing groups proximal to
the fullerene cage.9,6a–c Common bisaddition reactions usually
provide low selectivity, implying demanding purication process
although in some cases mixtures of bisadducts were subjected to
a further examination without separation of the individual
products.10 Examples of cycloaddition reactions which resulted
in complete separation and characterization of all synthesized
bisadducts11 demonstrated that trans-1 and cis-1 isomers are the
least favoured in all three types of cycloaddition reactions. The
trans-3 and equatorial adducts are the major products in Diels–
Alder and Bingel reactions, while the amount of the cis isomers
is almost negligible. The contribution of the cis-adducts in Prato
bisaddition is much higher, making the cis-2 adduct one of the
major products. Some of the rst attempts to improve the
selectivity of a bisaddition reaction included initial Diels–Alder
monoadduct as a directing group in successive Bingel biscyclo-
propanation. Aer retro-Diels–Alder cycloaddition, improved
amount of cis-methanofullerenes was achieved, but reaction was
still insufficiently selective.12 The rst signicant improvement
in bisaddition selectivity was made when templated substrate
wearing two different reacting groups at the opposite sides of
aromatic spacing unit underwent Bingel reaction followed by
Diels–Alder cycloaddition, selectively affording equatorially
tethered bisadduct in 50% yield.13 Since then, many of bis-
malonates efficiently templated biscyclopropanation, yielding
one major regioisomer of bis(methano)fullerenes tethered with
o-, m- or p-xylenes,14 Tröger bases,15 phorphirin16 or crown
ethers.17 Also, aromatic dialdehydes were used to template the
regioselective formation of bis(pyrrolidino)fullerenes in the one-
pot reaction,18 or via isolated monoadduct and subsequent
intramolecular addition.19 However, the utilization of dia-
ldehydes lead to the increment in the number of products due to
RSC Adv., 2015, 5, 94599–94606 | 94599
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Fig. 1 Relative distribution of isolated bisadducts bridged with 3,6-
dioxaoctyl (L1) and 4,7,10-trioxatridecyl linker (L2).
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stereocenter formation in pyrrolidinic rings. To avoid it, we have
recently examined a different approach to one-pot Prato bisad-
dition using formaldehyde and simple, alkyl-bridged diglycines
as amodel system.20With precursors containingmedium to long
alkyl-tethers, the number of isolated bis(pyrolidino)fullerenes
was rapidly reduced from eight possible to only two or three,
having in majority of reactions clearly dened the major isomer
over the other bisadducts. The length of the tether and the
addition pattern inuenced both spectroscopic properties and
the shape of the hierarchically organized supramolecular struc-
tures. In addition, a signicant in vitro antioxidant activity of
such obtained bisadducts was conrmed. All of the results
encouraged us to expand this reaction to other linkers and to
establish their effect on regioselectivity and the products prop-
erties. Having in mind that alkyl chains enriched with two or
more ether subunits have been already proven as suitable
attaching subunits for the fullerene derivatives upgrading,21 two
diglycino-derivatives containing different symmetric polyoxa-
spacers were chosen as substrates and subjected to biscy-
cloadditon to C60 in the presence of formaldehyde. Here we
present the results of one-pot double Prato reaction, together
with electrochemical, self-ordering, and in vitro antioxidant
properties of obtained products.

2 Results and discussion
2.1 Synthesis

In intention to examine the selectivity of one-pot biscycloaddi-
tion of polyoxa-bridged diglycines to C60, starting diamines 1
and 2 were subjected to the synthetic sequence presented in
Scheme 1. A simultaneous double mono-alkylation by benzyl-
bromoacetate (BBA) afforded corresponding dibenzyl esters 3
and 4 in satisfactory yields, and further Pd–C catalysed hydro-
genolysis led to diglycines 5 and 6 almost quantitatively.
Following the procedure previously optimised for similar alkyl-
analogues,20 a suspension of obtained products and 10-fold
molar excess of formaldehyde in ODCB at elevated temperature
(160 �C) was in situ transformed to corresponding azomethi-
neylides which underwent double [3 + 2]-cycloaddition to an
equimolar amount of C60.
Scheme 1 Synthesis of fullerene derivatives containing 3,6-dioxaoctyl (L

94600 | RSC Adv., 2015, 5, 94599–94606
The cis-2 isomer was obtained as a major product in both
reactions, but better selectivity was achieved by employing the
shorter chain (Fig. 1). Thus, diglycine 5, containing dioxa-spacer
gave exclusively bridged bispyrrolidinofullerenes in overall yield
of 27%. Only three of eight possible isomeric bisadducts were
isolated, cis-1 (7), cis-2 (8) and cis-3 (9) in 1 : 7.4 : 2.6 ratio,
respectively. Under the same conditions diglycine 6 with three
ether subunits in bridging chain reacted somewhat less selec-
tively affording the mixture of four bispyrrolidino adducts 10–
13 (24%) together with dumbbell-like difullerene derivative 14
(3%). As in previous case, the cis-2 compound was isolated as
a major product, but with lower prevalence, so the product ratio
followed the order cis-1 (10) : cis-2 (11) : cis-3 (12) : eq (13) ¼
1 : 4.8 : 2.8 : 1.3. It should be noted that the formation of the
dumbbell-bisfulleropyrrolidine was achieved without a large
excess of the C60, which was usually applied for the synthesis of
such compounds.22

Both reaction mixtures were separated easily, by SiO2 dry
column ash chromatography using toluene to collect unreac-
ted C60 and toluene/EtOAc mixtures for individual compounds.
1) and 4,7,10-trioxatridecyl linkers (L2).

This journal is © The Royal Society of Chemistry 2015
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The purity of all the compounds was checked by the HTPLC.
Functionalization of the fullerene sphere led to the signicant
improvement of compounds solubility in chloroform, ranging
from 10 mg mL�1 for dumbbell-compound 14, to 20 and 40 mg
mL�1 for bisadducts bridged by dioxa and trioxa-chain,
respectively. In such a way their full spectral characterization
and investigation of morphological, electrochemical and anti-
oxidant features was signicantly facilitated.
Fig. 2 The visible region of the UV-vis spectra of di-C60 adduct 14 and
the seven regioisomeric fulleropyrrilidine bisadducts (7–13) in toluene.
2.2 Structure determination

The structures of compounds 7–14 were fully conrmed by IR,
UV/Vis, 1D (1H/13C) and 2D (COSY andHSQC) NMR spectroscopy
and by HR (ESI-TOF) mass spectrometry. Among the spectro-
scopic methods employed, a comparative analysis of UV-vis and
NMR spectra gave the crucial proof on their addition patterns.
The spectra of isolated compounds presenting absorption
behaviour in visible region are superimposed in Fig. 2. Diful-
lerene adduct 14 showed a sharp peak at 431 nm and a broader
one at 698 nm, which are characteristic absorptions of full-
eropyrrolidine monoadducts.23 Both set of the cis-bisadducts
containing shorter L1 and longer L2 linker (7–9 and 10–12,
respectively) showed almost identical absorption properties with
notable variations among compounds within each series (Fig. 2).
In addition, observed distinct absorption patterns in the 400–750
nm visible region were similar to those reported for bis(pyrroli-
dino)fullerenes bridged by alkyl-tether,20 as well as to other C60

bisadducts,24 such conrming the major impact of the fullerene
chromophore and addition pattern on the absorption properties.

The addition patterns of bisadduct regioisomers have also
been corroborated by the molecular symmetry deduced from
their 1H and 13C NMR spectra (Cs symmetry for cis-1, cis-2, and
eq; C2 symmetry for cis-3).11d,20 The expanded 1H and 13C NMR
spectral regions of all the products 7–14 are presented in Fig. 3
and 4, respectively. Each of the bisadducts gave unique pattern
for the fullerene C-atoms, as well as the pyrrolidine and tether
carbons and protons. With the exception of the equatorial
isomer 13, all other bisadducts 7–12 gave the two pairs of
doublets (d ¼ 3.3–5.3 ppm) belonging to the two pyrrolidinic
rings with geminal coupling constants of about 10 Hz and
signicant chemical shi difference. Furthermore, two well
dened multiplets (dd, ddd or dt) corresponding to the geminal
protons of the two terminal methylene CH2 groups (H1,8 and
H10,80 for 7–9 or H1,13 and H10,130 for 10–12) are observed in the
range of d 2.8–3.7 ppm, indicating their equivalence. Addi-
tionally, the distinctive multiplet signals of the ether methylene
protons (CH2 (2,7; 4,5) for 7–9 and CH2 (3,11; 5,9; 6,8) for 10–12),
largely overlapped in a narrow range of d 3.7–4.0 ppm, while the
methylene CH2(2,12) protons of the cis regioisomers 10–12
appeared as a symmetric multiplet signal at a higher eld (d 2.0–
2.2 ppm). The 1H NMR spectrum of the equatorial bisadduct 13
showed two singlets (d 4.01 and 4.10 ppm) belonging to the
pyrrolidinic ring positioned in the mirror plane, and two
doublets (d 4.42 and 3.80 ppm) of the perpendicularly oriented
one. In addition, the 10 nonequivalent methylene groups of the
tether, located in the mirror plane gave triplets at d 3.10 and
3.08 ppm (CH2(1,13)), quintets at d 1.98 and 2.04 ppm
This journal is © The Royal Society of Chemistry 2015
(CH2(2,12)), and the remaining multiplet signals in the range of
d 3.48–3.82 ppm for the ether CH2-groups (Fig. 3).

The expanded sp2 and sp3 C regions of the 13C NMR spectra of
compounds 7–14 with a clear difference in the number, distri-
bution and intensities of the fullerene signals between
regioisomers are presented in Fig. 4. The chemical shis of the
fullerene subunits in the cis-bisadducts 7–12 were shown to be
independent of the bridge structure, and almost identical values
were observed for each individual isomer containing both
shorter L1 and longer L2 moiety (Table S2,† the cis-1, cis-2 and
cis-3 couples 7/10, 8/11 and 9/12, respectively). The presence of
half signals belonging to the 56 fullerene, 4 pyrrolidine, and 6 or
10 tether carbons in all the cis regioisomers indicated the pres-
ence of the mirror plane bisecting the fullerene cage, as well as
the tether. All observed motifs were in agreement with the cor-
responding molecular symmetry.11d,20 Thus, in the area of d ¼
130–160 ppm, corresponding to the fullerene sp2 C responses, Cs

symmetric cis-1 and cis-2 compounds gave 30 peaks (26 + 4 with
the intensities 2C and 1C, respectively), while C2 symmetric cis-3
bisadducts showed 28 signals (with intensity 2C). The region of
d 65–72 ppm contained two pairs of peaks, belonging to the
quaternary and the secondary pyrrolidine carbons, together with
2 or 3 signals of C–O nuclei from the tether. The terminal bridge
carbons gave 1 signal at d ¼ 50–53 ppm, and both remaining
C(2,12) from the longer L2 bridge resonated at d ¼ 29 ppm. The
RSC Adv., 2015, 5, 94599–94606 | 94601
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Fig. 4 Comparison of the fullerenic and aliphatic 13C NMR spectral
regions of the fulleropyrrolidine bisadducts containing the 3,6-diox-
aoctane chain (7–9), 4,7,10-trioxatridecane chain (10–13), and di-C60

adduct 14.
Fig. 3 1H NMR spectra of the regioisomeric bisadducts containing the
3,6-dioxaoctane chain (7–9), 4,7,10-trioxatridecane chain (10–13),
and di-C60 adduct 14.
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equatorial bisadduct 13 showed different 13C NMR pattern with
29 fullerene sp2 C responses (27 with the intensity of 2C and 2
with the intensity of 1C), two set of three signals belonging to the
fullerene sp3 and pyrrolidine carbons (both containing 2 + 1
signals with intensities 1C and 2C, respectively), as well as ten
peaks originating from the mirror plane located trioxatridecane
chain (Fig. 4).

The NMR spectra of difullerene 14 completely reected its
C2v symmetry. Chemically and magnetically equivalent protons
94602 | RSC Adv., 2015, 5, 94599–94606
of the pyrrolidine rings appeared as one singlet at d 4.42 ppm.
The propylene subunits of the tether gave two triplets at d¼ 3.86
and 3.21 ppm (CH2

3,11 and CH2,1,13 respectively) and the quintet
at d ¼ 2.23 ppm (CH2

2,12), while the resonances of the
remaining internal ethylene moieties superimposed into a ne
singlet at d 3.78 ppm (Fig. 3). The 13C NMR spectrum contained
a group of 15 sp2 fullerene signals at d ¼ 155–136 ppm,
distributed in a pattern of 1 + 11 + 3 peaks with intensities 16, 8
and 4C, respectively. Five signals, corresponding to the
fullerene sp3 C, pyrrolidine carbons and three groups of C–O
units appeared in the region of d ¼ 68–71 ppm, while the two
terminal bridge constituents C1,13 and C2,12 resonated at a higher
This journal is © The Royal Society of Chemistry 2015
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eld (52 and 29 ppm, respectively). In addition a molecular ion
of compound 14, observed at m/z 1713, conrmed the presence
of two fullerene subunits.
2.3 Morphology

The ability of the C60 and its derivatives to assemble into
ordered supramolecular architectures with controllable size,
morphology and structure was extensively studied.25 The
fullerene cage along with the attached moieties governed the
self-assembly, leading to the formation of different one- to
three-dimensional supramolecular nanostructures.26,10b

Furthermore, a notable effect of the external stimuli (solvent
polarity, temperature, pH, light, ultrasound) on the nal
morphology has also been observed.27 In our previous work it
has been shown that both addition pattern and the connecting
moiety expressed a remarkable inuence on the self-assembling
of alkyl tethered bis(pyrrolidino)fullerenes.20 Therefore, we
assume that new fullerene containing bisadducts 7–13, together
with dumbbell-like difullerene compound 14 offer the possi-
bility to study the synergistic effects of the polar oxaalkane
chain and the fullerene cage on the self-assembly process.

The morphology and size of supramolecular assemblies of
compounds 7–14 were studied by means of SEM using dried
samples obtained by a slow evaporation of dilute solution28 in
individual solvents and solvent binary systems of different
polarity (PhMe, ODCB, CHCl3, PhMe/i-PrOH (1 : 1) and PhMe/
dioxane (1 : 1)) on a glass substrate at room temperature.
Selected results are presented in Fig. 5, while additional
pictures of all performed experiments are collected in ESI.†

The detailed analysis of the SEM images revealed no strong
inuence of the solvent on the primarily formed nano-
particles. In all tested environments the obtained self-
assemblies were made up of quite similar, circular to oval
particles (Fig. 5a and b and ESI†), indicating the prevalence of
intermolecular interactions over the solvent-solute ones. The
cis-bisadducts 7–9 further organized to compact, densely
packed multilayered spherical structures (Fig. 5c) or ower-
arranged petals (Fig. 5d and S52†) with dimensions in the
range of 5–20 mm. On the other hand, the initial oval particles
of compounds bridged by longer tether (10–14) formed diverse
Fig. 5 The SEM images of self-organized assemblies of selected
bisadducts prepared by a solvent evaporation of a dilute solution on
a glass substrate at room temperature. Scale bars correspond to 5 mm.

This journal is © The Royal Society of Chemistry 2015
aggregates, such as circularly arranged microakes of the cis-2
11 (Fig. 5e), lm-like irregular networks of the cis-3 12 (Fig. 5f)
and the cis-1 10 (Fig. S53†), and the highly unordered micro-
structure of the equatorial isomer 13 (Fig. S53†). The SEM
images of dumbbell-like fullerene derivative 14 with two bulky
C60 at both ends of the chain (Fig. 5g), revealed quite different
ower shaped morphology composed of the rectangular
multilayered plates, once again indicating the overriding
inuence of the structure on the self organization in
comparison to the environmental conditions. The only except
was the cis-2 compound 8 where the solvent-induced poly-
morphism, extensively studied by Nakanishi and coworkers,29

was observed. Thus, a low level of self-ordering was achieved in
all individual solvents, while in their more polar mixtures very
large well-organized star-like forms (built of spindle rod
particles) were formed (Fig. S52†).
2.4 Electrochemical properties

The electrochemical properties of the bisadducts 7–13 and
difullerene 14 were investigated by cyclic voltammetry in 1 mM
solutions at room temperature. Voltammograms were recorded
in two different solvents, ODCB/DMF 2 : 1 and DCM, both
accompanied with TBAP as a supporting electrolyte and cali-
brated with ferrocene/ferrocenyl couple (Fc/Fc+) as an internal
standard. In addition, an inuence of the bridge structure and
length on the electrochemical behaviour was examined along
the series of compounds with equally positioned, but variously
tethered pyrrolidine rings. To that purpose, the electrochemical
data of the cis-2 adducts 8 and 9, achieved in ODCB/DCM 2 : 1
mixture at the scan rate 0.7 V s�1 and in the presence of TBAP,
were compared to those collected for already known alkyl
tethered cis-2 adducts 15–1920 under the same conditions.
Detected distortion of the cyclic voltammograms, with anodic to
cathodic half-waves separation higher than 60 mV could be
attributed to an attenuated electron transfer and the uncom-
pensated resistance, as it was previously observed both for the
reference Fc/Fc+ system30 and fullerene derivatives.31

In the solvent mixture all fulleropyrrolidines showed three
successive, reversible, fullerene-centred one-electron reduc-
tions, while mainly two of them, both located at more positive
values were detected in DCM (Table 1). The presence of ODCB in
the solvent mixture signicantly lowered a total electron-
accepting ability of the medium (dened by ET

N) resulting in
reduced stabilization of formed anions and hindered reduc-
tion.32 Nevertheless, the appearance of only two, quite broad
redox waves, as well as an insufficient solubility of alkyl tethered
bisadducts 15–19 in DCM, prompted us to continue investiga-
tion using ODCB/DMF mixture. As expected, the fullerene
functionalization and consequent double bond saturation
aggravated reduction, so the half-wave potentials corresponding
to the rst reduction were up to 300 mV negatively shied in
comparison to the pristine C60. However, no regular change of
the reduction potential with increasing the number of addends
was observed, indicating a long-range electron-withdrawing
effect of the second fullerene moiety in the dumbbell mono-
adduct 14.
RSC Adv., 2015, 5, 94599–94606 | 94603
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Table 1 The half-wave potentials (E1/2) of the first (I), second (II) and third reduction (III) and energy gaps (DE) of compounds 7–19 recorded in
ODCB/DMF 2 : 1 and DCM with TBAP as supporting electrolyte, at scanning rate of 0.7 V s�1

Compound

E1/2 (V vs. Fc/Fc+) ODCB/DMF 2 : 1 E1/2 (V vs. Fc/Fc+) DCM

I II III DEI�II DEII�III I II III

cis-1 7 �1.51 �1.95 �2.65 0.44 0.70 �1.33 �1.72
10 �1.46 �1.96 �2.73 0.50 0.77 �1.29 �1.70 �2.34

cis-2 8 �1.36 �1.79 �2.47 0.43 0.68 �1.37 �1.75
11 �1.33 �1.77 �2.42 0.44 0.65 �1.35 �1.74
15 �1.37 �1.79 �2.40 0.42 0.71
16 �1.34 �1.78 �2.48 0.44 0.70
17 �1.32 �1.77 �2.48 0.45 0.71
18 �1.33 �1.77 �2.46 0.44 0.69
19 �1.34 �1.78 �2.44 0.44 0.66

cis-3 9 �1.59 �2.04 �2.57 0.45 0.53 �1.40 �1.82 �2.31
12 �1.57 �2.03 �2.58 0.46 0.55 �1.39 �1.81 �2.31

Eq 13 �1.55 �1.98 �2.66 0.44 0.68 �1.35 �1.76
Di 14 �1.41 �1.87 �2.49 0.46 0.62

C60 �1.28 �1.74 �2.27 0.46 0.53
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Thus, the lowest shi was observed for the cis-2 compounds
(40–90 mV), somewhat higher for compound 14 (130 mV) and
the highest value of 200–300 mV for the rest of compounds
containing the cis-1, cis-3 and equatorially positioned pyrroli-
dine rings (Fig. 6). As can be seen from Table 1, no signicant
inuence of the tether length nor the structure on the electro-
chemical behaviour of tested compounds was found. The
reduction potentials corresponding to individual regioisomers
appeared at the similar values, regardless the presence of L1, L2
or C7–C12 linker (Table 1, compounds 7 and 10 (cis-1); 8, 11 and
15–19 (cis-2); or 9 and 12 (cis-3)). On the other hand, a variation
of the addition pattern provoked different distortion of the
p-electronic system of the carbon sphere, resulting in a quite
different schedule of the corresponding potential maxima.33

Values of the rst potential gap (DE1/2
I�II) in ODCB/DMF

mixture of all compounds were distributed in a range from
0.43 to 0.50 V (mostly in a narrow radius of 0.44–0.45 V), while in
DCM the CV curves of the cis-2 compounds 8 and 11 were
constricted in comparison to other bisadducts (DE1/2

I�II � 0.30
and 0.40 V, respectively). In contrast, the magnitude of the
second potential gap (DE1/2

II�III) varied considerably with the
addition pattern on the carbon core. The values from �0.53 V
for the cis-3 compounds, over 0.6–0.7 V for monoadduct 14, the
cis-2 and the equatorial isomers to almost 0.8 V for the cis-1
compounds were detected on the CV curves obtained from
ODCB/DCM solution, whereas no enough data were achieved
from experiment performed in DCM.
Fig. 6 Shifts in half-wave potentials of the first reduction with the
change of the addition pattern on the carbon core. Figure presents
parts of the cyclic voltammograms of adducts 10–14 and of parent
C60, recorded in ODCB/DMF 2 : 1 with TBAP as supporting electrolyte,
at scanning rate 0.7 V s�1.
2.5 Antioxidant capacity

The ability of the fullerene core to express the antioxidant
activity is usually minimized by its poor solubility in both polar
and nonpolar media. As it mentioned before, the introduction
of the polyoxa-moiety provided compounds with slightly
reduced electron-accepting affinity. At the same time, the
presence of the tether signicantly improved the solubility in
94604 | RSC Adv., 2015, 5, 94599–94606
organic solvents and facilitated liposome formation, such
giving a possibility to investigate the radical scavenging capacity
in water environment. Loading soybean lecithin with
This journal is © The Royal Society of Chemistry 2015
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Table 2 Antioxidant activities in vitro of liposomal form of compounds
7–14 against H2O2 and TBHP, expressed as a direct percentage of
quenched peroxide (D), and relative activities recalculated to themolar
ratio 1 : 1 (AOAmol), toward vitamin C and parent C60

Compound

D (%) AOAmol vs. vit C AOAmol vs. C60

H2O2 TBHP H2O2 TBHP H2O2 TBHP

7, cis-1 �23.7 �23.0 9.1 10.3 1.6 1.8
8, cis-2 �23.4 �22.3 8.9 10.0 1.6 1.7
9, cis-3 �23.8 �23.1 9.1 10.3 1.6 1.8
10, cis-1 �23.2 �24.1 9.5 11.6 1.7 2.0
11, cis-2 �22.1 �22.0 9.1 10.6 1.6 1.8
12, cis-3 �22.7 �22.2 9.4 10.7 1.6 1.8
13, eq �22.1 �22.8 9.1 11.0 1.6 1.9
14, di-C60 �24.8 �23.9 17.6 19.8 3.1 3.4
C60 �19.0 �16.7 5.7 5.8 1.0 1.0
Vitamin C �13.7 �11.7 1.0 1.0 0.2 0.2
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compounds 7–14 and the fullerene C60 provided fullerosomes
which were subjected to the FOX protocol34 in the presence of
tert-butylhydroperoxide (TBHP) or H2O2 as sources of peroxides,
and vitamin C as a positive control. Obtained results are
collected in Table 2, and more detailed explanation is given in
ESI.† Quite uniform activities toward both peroxides, approxi-
mately 10-fold higher than vitamin C and 1.5 to 2 times higher
than parent C60 were observed along whole series of bisadducts
7–13. Although differed in the electrochemical and morpho-
logical properties, all synthesized compounds showed nearly
equal antioxidant capacity, indicating no strong inuence of
such parameters on radical quenching process. It might be
supposed that suppressed aggregation, resulted from the solu-
bility improvement aer functionalization, reinforced an
expression of the antioxidant potential of the fullerene core. As
expected, the activity of compound 14 with two fullerene
subunits was almost duplicated relative to other derivatives
(Table 2). It is important to note that regardless of the double
functionalization, performed derivatization led to the
improvement of the radical scavenging capacity, since all of the
synthesized compounds have proven to be more active than the
parent C60.
3 Conclusions

In conclusions, the dioxaalkyl-tethered diglycine has proven to
be a suitable template for the preparation of cis-bispyrrolidino-
fullerens. The prolongation of the tether led to the mixture of
four bisadducts (all cis and the equatorial one) and difullerene
dumbbell monoadduct, although reaction conditions were
adjusted to the bisadducts synthesis. The structure of each
compound was unambiguously determined by comparative
analysis of the spectral data, considering also the molecular
symmetry. Much better solubility in comparison to pristine C60

facilitated property investigations. All compounds underwent
highly ordered self-assembling giving hierarchically organized
aggregates, the ultimate form of which depended on the chain
structure and a spatial orientation of the pyrrolidine rings, as
well. No solvent induced polymorphism was observed, except for
This journal is © The Royal Society of Chemistry 2015
the cis-2 bispyrrolidinofullerene bearing dioxa tether. Further-
more, the electrochemical properties of obtained compounds
depended on the electroactive (fullerene) subunit and its addi-
tion pattern. Finally, despite hindered electron-accepting ability
all compounds expressed a signicant in vitro radical scavenging
capacity, which turned out to be independent on the addition
pattern as well as the investigated properties, and could be the
consequence of improved solubility. The compound containing
two fullerene subunits reached the highest activity, appearing
more potent than vitamin C, C60 and all the bisadducts for the
order of magnitude 20, 5 and 2, respectively.
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