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Antioxidant activity of hydroxylated fullerenes, so-called fullerenols, against lipid peroxyl radical was evaluated by -carotene
bleaching assay. All samples showed moderate to high antioxidant activity (%AOA), especially for C¢,(OH),, (70.1) and C4,(OH)
(66.0) as compared with 8, 24, 26, and 36 hydroxylated ones (31.7-62.8). The detection of the possible products was conducted in
the model reaction of both fullerenols and Cy, with methyl linoleate by MALDI-TOF-MS. These results suggested that the two
possible mechanisms, such as C-addition to double bonds and H-abstraction from ~OH groups, are involved in the present radical

scavenging reaction.

1. Introduction

Fullerene known as “radical sponge” has been recognized as
a new class of antioxidant due to its high reactivity toward
radical species since its first report in 1991 [1]. Reactive
oxygen species (ROS), such as superoxide, hydroxyl radical,
peroxyl radicals, and nitric oxide, have such radical nature
and cause damage to biomolecules, including DNA, cell,
protein, and lipid, inducing various diseases. For this reason,
the development of biocompatible, nontoxic, and water-
soluble fullerene derivatives has been strongly demanded. In
the past several years, we have evaluated the ROS radical
scavenging ability as “antioxidant activity” of water-soluble y-
cyclodextrin- (CD-) bicapped Cg, and polyvinylpyrrolidone-
(PVP-) entrapped Cg, as well as the corresponding fullerene
oxides (C¢,0,,) [2, 3]. However, their solubility in water still
remains low and inevitable steric repulsion from the host
compounds, such as CD and PVP, brings about undesirable
interference for accurate bioassay.

Polyhydroxylated fullerenes, so-called fullerenols, have
attracted much attention in view of biological, pharma-
ceutical, and medical applications, because of their high
hydrophilicity and the low toxicity as well as the unique

spherical structure with a diameter of ca. 1 nm. In this point of
view, the antioxidant activity of fullerenol has been reported
in 1995 by Chiang et al. for C4,(OH);, [4] and in 2009 by
Miwa et al. for highly hydroxylated fullerenol Cy((OH)3, [5]
as well as other bioactivities, such as the inhibitive effect
for oxidative stress in adipocytes [6], protective effect of
human keratinocytes from UV-induced cell injuries [7], and
suppression of intracellular lipid accumulation [8]. In con-
nection with the recent developments of these biological
studies [9-11], new and facile synthetic procedures of highly
hydroxylated water-soluble fullerenols have been reported
[12-14]. However, little is known about their origin of
antioxidant activity and the relationship between the activity
and the number of hydroxyl groups. For the development
of new application of these unique nanomaterials, the sys-
tematic investigation of the antioxidant activity of variously
hydroxylated fullerenols, such as 8, 10, 12, 24, 26, 36, and
44 hydroxylated ones [15], is highly desirable to explore the
antioxidant mechanism of fullerenols toward ROS (Figure 1).

The B-carotene bleaching assay for evaluating antioxidant
activity is one of the common methods used in the field of
food chemistry [16]. The principle of the method is based on
the discoloration of yellowish color of a 3-carotene solution
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FIGURE 1: A possible isomer of fullerenols composed of a mixture of isomers and expressed by the average structures as (a) Cg(OH)g and (b)

Cyo(OH)34.

due to the breaking of 77-conjugation by addition reaction of
lipid or lipid peroxyl radical (L' or LOO") to a C=C double
bond of f-carotene. The radical species is generated from the
autoxidation oflinoleic acid by heating under air atmosphere.
When the appropriate antioxidant is added to the solution,
the discoloration can be retarded by competing reaction
between f3-carotene and antioxidant with the subjected rad-
icals. The structural similarity between fullerenes and f-
carotene, such as highly 7-conjugated molecules, enables the
accurate evaluation of antioxidant activity by this f-carotene
bleaching assay in contrast to other methods like DPPH
radical assay [17].

Herein, we report the systematic investigation of antiox-
idant activity of variously hydroxylated fullerenols with 8,
10, 12, 24, 26, 36, and 44 hydroxyl groups evaluated by S-
carotene bleaching assay. In combination with detecting the
possible products of both fullerenols and Cg, with radical
species generated from methyl linoleate under autoxidation
condition, we propose two antioxidant mechanisms which
are dependent on the number of hydroxyl groups.

2. Materials and Methods

2.1. Materials and Apparatuses. Fullerenols C4(OH), (n =
44 and 36) were synthesized by the previously reported pro-
cedures using hydrogen peroxide [12, 13] and Cy(OH),¢ was
synthesized by the modified method with a shorter reaction
time (methods A and A'). Fullerenol C4(OH)_,, prepared
from Cg,Br,, was purchased from MTR Ltd. (method B).
Fullerenols Cg(OH), (n = 12 and 8) were synthesized by the
modification of the literature method using oleum (method
C) [19]. Fullerene Cg, was purchased from Frontier Carbon
Corporation as nanom purple ST (99%).

B-Carotene, linoleic acid (>99%), catechin mixture,
isoflavone mixture, coenzyme QIO (as ubiquinone-10),

curcumin, and a-lipoic acid were purchased from Wako
Pure Chemical Industries, Ltd. Other reagents and organic
solvents as well as pure water were all commercially available
and used as received. UV-visible spectra were measured on
a JASCO V-550 equipped with a thermal controller. LCMS
analysis was performed on a SHIMADZU LCMS-2010EV.
Matrix assisted laser desorption ionization time-of-flight
mass spectra (MALDI-TOF-MS) were measured on a Bruker
autoflex IIL

2.2, B-Carotene Bleaching Assay. The [-carotene bleach-
ing assay was performed according to an optimally mod-
ified procedure [2, 3]. Chloroform solutions of 11uL of
p-carotene (1.0mg/mL, 8.2uM), 4.4uL of linoleic acid
(0.1g/mL, 628 uM), and 22 uL of Tween 40 (0.2 g/mL) were
mixed in a quartz cell equipped with a screw-on cap and then
the solvent was removed in vacuo. The residual emulsion was
immediately diluted with 2.4 mL of phosphate buffer solution
(0.02M, pH = 7.01), and 0.1mL of antioxidant (0-20 uM)
in deionized water (Cg(OH) ;4 36, and 44) or DMSO
(Cgo(OH)g, 12, and 26) was added to the diluted mixture. The
solution was mixed well and heated at 50°C under air in a
quartz cell on a UV spectrometer in order to monitor the
decrease in the absorbance of -carotene at 460 nm.

3. Results and Discussion

The discoloration rate in the presence of fullerene (R f) is
defined as (1), where kg is an observed pseudo-first-order
rate constant, and k_ and k¢ are rate constants for the reaction
of B-carotene and fullerene with radical species (represented
by LOO"), respectively. Because the concentration of radical
species must be considerably low and if it is approximated as
a constant, the rate obeys a pseudo-first-order rate law with
a constant of k... When fullerene is absent as a control (i.e.,
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FIGURE 2: (a) Time course of the discoloration of 3-carotene induced
by autoxidation of linoleic acid under air at 50°C in the absence
(solid line for control) or the presence of fullerenols (dotted line for
Cg,(OH),, and dashed line for Cg(OH); in 10 4M) by monitoring
of UV absorbance at 460 nm. (b) Plots of the ratio of S-carotene
bleaching (discoloration) rates in the presence (Ry) or absence (R,)
of fullerenol R /R, versus the ratio of concentration [fullerenol]/ [B-
carotene] for various fullerenols: marked by square for C(OH),,
triangle for C¢(OH),, and circle for Cy4,(OH),s. The slope of each
linear regression line corresponds to the relative radical scavenging
rate constant k, of fullerenols relative to B-carotene (=k/k,).
The dotted horizontal line indicates the value in the absence of
antioxidant as a control (R, = Ry at any concentration; k,, = 0).

[fullerene] =0), the discoloration rate of -carotene is defined
as Ry. Consider

—d | B-carot
Ry = _Ui—%af_o_egﬂ = kps | B-carotene]

= k. [B-carotene] 6

k, [B-carotene] ) (L00"]
* <kc [B-carotene] + k  [fullerene] '

TaBLe 1: The relative rate constant (k) and antioxidant activity
(%AOA) of fullerenols®.

Compound Method® koo %AOA at 10 uyM
Cgo(OH) 4 A 1.54 66.0
Cyo(OH)s A 0.80 52.7
Cyo(OH),, B 0.68 46.0
Cgo(OH) 4 A 0.31 317
Cgo(OH),, C 1.62 70.1
Cgo(OH), C 1.24 62.8
Ceo’ 3] 0.79 50.0

#The reaction was conducted in anoxic conditions.
bPrepa.ration method described in Section 2.
“PVP was used as a water solubilizer,

The f-carotene bleaching assay was carried out by previ-
ously reported method [2]. The decrease in absorbance of 3-
carotene is plotted as In[(Abs,)/(Abs,)] versus reaction time
that gave a linear regression line after a short presteady state
(Figure 2(a)), consistent with the above approximation of the
reaction as a pseudo-first-order kinetics (1).

By the plot of discoloration rate ratio R¢/R, to the
various molar ratio of [fullerene]/[S-carotene] as shown in
Figure 2(b), the ratio of rate constants k £l k., which means the
relative reactivity of fullerene to S-carotene (defined as k),
can be obtained as the slope of a linear line with the intercept
of 1 as expressed by

& _ kops Of fullerene ) k. [B-carotene] + k [fullerene]
Ry kg, of control k, [B-carotene]

k k
4oL Hullerene] o fE Y
k, [B-carotene] k

(4

(2

The Rf/Ry plots for Cgo(OH)g Cgo(OH)yp and
Cgo(OH),s exhibited that the highest k value of 1.62
(i.e., 1.62 times reactive toward the present radical species
relative to B-carotene) was observed for Cgo(OH),,. The k.o
values as well as %AOA at 10 yuM of various fullerenols were
summarized in Table 1. The antioxidant activity expressed
using %AOA was defined by (3). The fullerenols having
higher k. values showed higher values of %AOA. The
%AOA is convenient to express the antjoxidant activity
using the value in the range from 0 (low) to 100 (high).
However, it should be noted that the value of %AOA
is concentration-dependent and the value of k. is not.
Consider

%AOA = (kyps of control) — (kg of sample)

100. (3
ks of control * ©)

Fullerenols Cg,(OH),, having ca. 10 (n = 8 and 12) or
ca. 40 (36 and 44) hydroxyl groups showed somewhat high
antioxidant activity as compared with those having ca. 25
(24 and 26). Lowly hydroxylated fullerene (ca. 10) showed
high antioxidant activity probably because of the remaining
relatively high 7-conjugation in C=C double bonds, such as
high HOMO and low LUMO, which is favourable for the



TABLE 2: The relative rate constant (k) and antioxidant activity

(%AOA) of naturally occurring antioxidants™”,

Compound Koo %AO0A at 10 uM
Catechin 4.95 80.2
Ceo(OH),, 1.54 66.0
B-Carotene 1.00 —
Isoflavone 0.68 35.6
Coenzyme QI0 0.50 291
Curcumin 0.26 17.7
a-Lipoic acid 0.10 7.4

*The reaction was conducted in anoxic conditions.
YData from [18].

FIGURE 3: Structure of methyl linoleate (ML) and its peroxyl radical
(MLOO").

efficient molecular orbital interaction with the radical SOMO.
Therefore, the activity decreased with the increasing number
of hydroxyl groups, thus decreasing 7-conjugation, up to ca.
25. However, surprisingly, the activity again increased with
the increasing number of hydroxyl groups up to ca. 40 as
highly hydroxylated ones. The present result suggests that
the antioxidant mechanism of highly hydroxylated fullerenes
may be different from those of lowly hydroxylated ones (vide
infra).

For the comparison, the antioxidant activities of repre-
sentative naturally occurring antioxidants measured by the
same procedure were summarized in Table 2 [18]. Catechin
showed the extremely high k. and %AOA values among
those tested. Fullerenol C¢,(OH),, also exhibited relatively
high radical scavenging activity, slightly higher even than
B-carotene, while curcumin and «-lipoic acid showed poor
values in the present 3-carotene bleaching assay.

General antioxidants are mainly categorized into three
types according to their antioxidant mechanism, such as (i)
electron donating type (reductant like ascorbic acid), (ii)
hydrogen donating type (antioxidant having reactive hydro-
gen atom like phenolic ~-OH group of catechin), and (iii)
radical trapping type (antioxidant having highly conjugated
C=C double bonds like -carotene) [20]. To investigate the
antioxidant mechanism of fullerene, the reaction of Cg,
with methyl linoleate (ML) under autoxidation condition
[21], heating with 300 equivalent excess of ML in toluene
at 70°C for 3 days, was conducted as a model reaction.
Because of the technical problems on solubility and mass
detectability, the employment of linoleic acid failed. Both
by MALDI-TOF-MS and by LC-MS with APCI negative
mode analyses of the crude reaction mixture, the peroxyl

Journal of Nanomaterials

21
g1 11! e
3 !
5 \ }’
| £
l | g
d 1 |
| | i h
. '%lﬂiia Plllxr:l ll@;ﬁl””ll
700 800 900 1000 1100 /2
Negative MALDI-TOF mass spectrum
(a)
a f
e 8
b i
[ (11
| bl
g1
. |
i | ‘
{ i
i 1ic ' i h
EPN 1 VTN W R TR T S ITORY O P R
700 800 900 1000 1100 m/z
Negative APCI mass spectrum
Peak m/z (MALDI/APCI) Ton
a 720/720 Ceo
b 7371737 Cgo(OH)™
c 753/753 CgoO(OH)™
d 1045/1046 Cgo(OOML)™
e 1061/1062 CgoO(OOML)™
f 1078/1078 Cgp0,(OOML)™
g 1095/1095 Cgp03(OOML)"
h 1111/1111 Cg04(OOML)™

(b)

FIGURE 4: Mass spectra of the crude product on the reaction of Cy,
with an excess amount of methyl linoleate by heating under air.

radical of methyl linoleate (MLOO") was revealed to give
fullerene multioxides (Cg4,O,) and their radical addition
products [Cg,(0O),(OOML),,] along with their fragment
peaks (Figures 3 and 4). This could be a part of evidence for a
radical trap mechanism of fullerene Cg,. On the other hand,
no peaks derived from MLOO® were obtained in the reaction
of C¢(OH)g with ML by mass and NMR spectroscopy.
Although it failed to detect the product in this case, the
disappearance of mass peaks corresponding to the starting
Cgo(OH)g, which were observed before the reaction, implied
that the fullerenol reacted with ML.
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FIGURE 5: IR spectra of the crude product on the reaction of fullerenol C4,(OH); with methyl linoleate (ML) under autoxidation condition

along with those of the starting materials.

Mechanism A: C-addition

Fast C-C cleavage due to higher strain

FIGURE 6: Possible mechanisms for lipid peroxyl radical (LOO") scavenging by fullerenols C4,(OH),;: (a) addition to C=C double bonds for
less hydroxylated fullerenes and (b) H-abstraction from —~OH group for highly hydroxylated ones.

Instead of the failed mass analysis, the reaction product
of fullerenol Cy(OH); with ML was analysed by IR spec-
troscopy (Figure 5). Even after reprecipitation of the product
from diethyl ether/hexane = 9/1 followed by Florisil column
chromatography with an eluent of THE the small peak at ca.
1700 cm™" assigned for ¥C=0 was observed along with the
peaks at ca. 2900 cm™ assigned for vC-H. These signals may
appear by the addition of MLOO" which has an ester moiety

or by the hydrogen abstraction from hydroxyl group with the
subsequent carbonyl group formation (vide infra).

By considering the above results, we proposed two pos-
sible radical scavenging mechanisms of fullerenols as shown
in Figure 6. One is “C-addition” type, which includes the
peroxyl radical addition to a conjugated C=C double bond
(mechanism A), and the other is “H-abstraction” type, which
includes hydrogen atom abstraction from ~OH group and the



subsequent skeletal rearrangement of fullerenyl cage forming
ether bridge (mechanism B). Lowly hydroxylated fullerenols
Cso(OH), (n = ca. 10) which have enough 7-conjugated
double bonds probably favour the “C-addition” mechanism
similar to the pristine Cq;. By contrast, highly hydroxylated
fullerenols Cgo(OH), (1 = ca. 40) seem to be relatively diffi-
cult to undergo the C-addition of MLOO" because they have
less and unreactive double bonds in addition to the larger
steric hindrance from the crowded hydroxyl groups. The
latter mechanism is the same as catechin (polyphenol) type
and it is supported by the fact that some fullerenols have
acidic (similar to phenolic) hydroxyl groups. Because highly
hydroxylated fullerenols have larger strain on fullerenyl cage
due to the conversion of many sp* carbons into sp® carbons by
hydroxylation, H-abstraction may be followed by the subse-
quent skeletal rearrangement on Cg cage to release the strain
energy, forming some ether bridge. Fullerenols Cg,(OH),
(n = ca. 24) result in poor antioxidant activity probably
due to the lack of both effects.

Finally, we also measured the antioxidant activity of
several alcohols and phenols. Under the same condition of
B-carotene bleaching assay, ethanol, ¢-butyl alcohol, benzyl
alcohol, allyl alcohol, phenol, and p-bromophenol did not
show antioxidant activity in spite of the existence of hydroxyl
groups and unsaturated structures. The result clearly suggests
the importance of high conjugation and distorted structure
of fullerenols for the antioxidant activity in S-carotene
bleaching assay.

4. Conclusions

In conclusion, we systematically evaluated the antioxidant
activity of variously hydroxylated fullerenols by f-carotene
bleaching assay. The antioxidant activity %AOA was varied
from 32% to 70% by changing the number of hydroxyl
groups and both lowly hydroxylated C¢,(OH),, (70.1%) and
highly hydroxylated Cy,(OH),, (66.0%) showed relatively
high antioxidant activity. The obtained relative radical scav-
enging rate of fullerene k toward radical species derived
from linoleic acid under autoxidation condition indicated
that these fullerenols reacted 1.62 and 1.54 times faster than
B-carotene, respectively. By the product analysis using the
model reaction of Cg, and methyl linoleate under autoxi-
dation condition, we detected several mass peaks of radical
scavenged fullerene derivatives as well as the IR spectra. These
results suggest that the high 77-conjugation and the strained
structure of fullerenol are responsible for the high radical
scavenging reactivity and thus we proposed two possible
antioxidant mechanisms, such as C-addition type and H-
abstraction type, which are dependent on the number of
hydroxyl groups.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Journal of Nanomaterials

Acknowledgments

This work was supported by Health Labor Sciences Research
Grants from MHLW, Japan. The authors thank Dr. H.
Aoshima (Vitamin C60 BioResearch Corporation) for helpful
discussion.

References

[1] P.J. Krusic, E. Wasserman, P. N. Keizer, J. R. Morton, and K. F,
Preston, “Radical reactions of Cg,” Science, vol. 254, no. 5035,
pp. 1183-1185, 1991,

[2] H. Takada, K. Kokubo, K. Matsubayashi, and T. Oshima, “Anti-
oxidant activity of supramolecular water-soluble fullerenes
evaluated by -carotene bleaching assay;” Bioscience, Biotechnol-
ogy and Biochemistry, vol. 70, no. 12, pp. 3088-3093, 2006.

[3] K. Matsubayashi, T. Goto, K. Togaya, K. Kokubo, and T. Oshima,
“Effects of pin-up oxygen on [60]fullerene for enhanced antiox-
idant activity,” Nanoscale Research Letters, vol. 3, no. 7, pp. 237-
241, 2008.

[4] L. Y. Chiang, E-J. Lu, and J.-T. Lin, “Free radical scavenging

activity of water-soluble fullerenols,” Journal of the Chemical

Society, Chemical Communications, no. 12, pp. 1283-1284, 1995.

S. Kato, H. Aoshima, Y. Saitoh, and N. Miwa, “Highly hydrox-

ylated or y-cyclodextrin-bicapped water-soluble derivative of

fullerene: the antioxidant ability assessed by electron spin
resonance method and f3-carotene bleaching assay,” Bioorganic

and Medicinal Chemistry Letters, vol. 19, no. 18, pp. 5293-5296,

2009.

Y. Saitoh, L. Xiao, H. Mizuno et al., “Novel polyhydroxylated

fullerene suppresses intracellular oxidative stress together with

repression of intracellular lipid accumulation during the differ-
entiation of OP9 preadipocytes into adipocytes,” Free Radical

Research, vol. 44, no. 9, pp. 1072-1081, 2010.

Y. Saitoh, A. Miyanishi, H. Mizuno et al., “Super-highly

hydroxylated fullerene derivative protects human keratinocytes

from UV-induced cell injuries together with the decreases in
intracellular ROS generation and DNA damages,” Journal of

Photochemistry and Photobiology B, vol. 102, no. 1, pp. 69-76,

2011

Y. Saitoh, H. Mizuno, L. Xiao, S. Hyoudou, K. Kokubo, and N.

Miwa, “Polyhydroxylated fullerene Cg,(OH),, suppresses intra-

cellular lipid accumulation together with repression of intracel-

lular superoxide anion radicals and subsequent PPARy2 expres-
sion during spontaneous differentiation of OP9 preadipocytes

into adipocytes,” Molecular and Cellular Biochemistry, vol. 366,

no. 1-2, pp. 191-200, 2012,

[9] G. D. Nielsen, M. Roursgaard, K. A. Jensen, S. S. Poulsen, and
S. T. Larsen, “In vivo biology and toxicology of fullerenes and
their derivatives,” Basic & Clinical Pharmacology & Toxicology,
vol. 103, no. 3, pp. 197-208, 2008.

[10] J. Gao, Y. Wang, K. M. Folta et al,, “Polyhydroxy fullerenes
(fullerols or fullerenols): beneficial effects on growth and
lifespan in diverse biological models,” PLoS ONE, vol. 6, no. 5,
Article ID 19976, 8 pages, 2011

[11] Z. Chen, L. Ma, Y. Liu, and C. Chen, “Applications of function-
alized fullerenes in tumor theranostics,” Theranostics, vol. 2, no.
3, pp. 238-250, 2012.

[12] K. Kokubo, S. Shirakawa, N. Kobayashi, H. Aoshima, and T.
Oshima, “Facile and scalable synthesis of a highly hydroxy-
lated water-soluble fullerenol as a single nanoparticle,” Nano
Research, vol. 4, no. 2, pp. 204-215, 2011

5

Wl

—
(=)
[l

[7

i

—
e
[t



Journal of Nanomaterials

(13]

[14]

[15]

[16]

[17]

(18]

(191

[20]

[21]

K. Kokubo, K. Matsubayashi, H. Tategaki, H. Takada, and T.
Oshima, “Facile synthesis of highly water-soluble fullerenes
more than half-covered by hydroxyl groups,” ACS Nano, vol. 2,
no. 2, pp. 327-333, 2008.

H. Ueno, K. Kokubo, E. Kwon, Y. Nakamura, N. Ikuma, and
T. Oshima, “Synthesis of a new class of fullerene derivative
Li*@Cq, O™ (OH), as a “Cation-encapsulated anion nanopar-
ticley’ Nanoscale, vol. 5, pp. 2317-2321, 2013.

G. Zhang, Y. Liu, D. Liang, L. Gan, and Y. Li, “Facile synthesis
of isomerically pure fullerenols and formation of spherical
aggregates from Cg,(OH)g,” Angewandte Chemie International
Edition, vol. 49, pp. 5293-5295, 2010.

M. S. Al-Saikhan, L. R. Howard, and J. C. Miller Jr., “Antioxidant
activity and total phenolics in different genotypes of potato
(Solanum tuberosum, L.),” Journal of Food Science, vol. 60, pp.
341-347,1995.

A. Djordjevic, J. M. Canadanovic-Brunet, M. Vojinovic-
Miloradov, and G. Bogdanovic, “Antioxidant properties and
hypothetic radical mechanism of fullerenol C¢,(OH),,,” Oxida-
tion Communications, vol. 27, no. 4, pp. 806-812, 2004.

H. Aoshima, K. Togaya, T. Goto et al., “Evaluation of antioxidant
activity of fullerenes and their inhibition effects on photodegra-
dation of cosmetic ingredients,” Journal of Japanese Cosmetic
Science Society, vol. 33, pp. 149-154, 2009.

L. Y. Chiang, L.-Y. Wang, J. W. Swirczewski, S. Soled, and
S. Cameron, “Efficient synthesis of polyhydroxylated fullerene
derivatives via hydrolysis of polycyclosulfated precursors,” Jour-
nal of Organic Chemistry, vol. 59, no. 14, pp. 3960-3968, 1994.
G. W. Burton and K. U. Ingold, “B-Carotene: an unusual type of
lipid antioxidant,” Science, vol. 224, no. 4649, pp. 569-573, 1984.
K. Fukuzumi, N. Ikeda, and M. Egawa, “Phenothiazine deriva-
tives as new antioxidants for the autoxidation of methyl
linoleate and their reaction mechanisms,” Journal of the Ameri-
can Oil Chemists'Society, vol. 53, no. 10, pp. 623-627, 1976.



b & -

International Journal of

Polymer Science

d
rch International

Hindawi

Submit your manuscripts at
http://www.hindawi.com

N novpamdes

' The Scientific : i
Scientifica World Journa iomaterials

Journal of

tallography Texties




International Immunopharmacology 20 (2014) 258-263

Contents lists available at ScienceDirect

International Immunopharmacology

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

Effect of chemical modification on the ability of pyrrolidinium fullerene
to induce apoptosis of cells transformed by JAK2 V617F mutant

@ CrossMark

Megumi Funakoshi-Tago **, Masaki Tsukada 2, Toshiro Watanabe ?, Yuka Mameda ?, Kenji Tago ",
Tomoyuki Ohe ¢, Shigeo Nakamura ¢, Tadahiko Mashino €, Tadashi Kasahara ?

2 Department of Biochemistry, Faculty of Pharmacy, Keio University, 1-5-30 Shibakoen, Minato-ku, Tokyo 105-8512, Japan

b Division of Structural Biochemistry, Department of Biochemistry, Jichi Medical University, 3311-1 Yakushiji, Shimotsuke-shi, Tochigi-ken 329-0498, Japan

¢ Department of Medicinal Chemistry and Bio-organic Chemistry, Faculty of Pharmacy, Keio University, 1-5-30 Shibakoen, Minato-ku, Tokyo 105-8512, Japan
d Department of Chemistry, Nippon Medical School, 2-297-2 Kosugi-cho, Nakahara-ku, Kawasaki, Kanagawa 211-0063, Japan

ARTICLE INFO ABSTRACT

Article history: JAK2 V617F mutant, a gene responsible for human myeloproliferative neoplasms (MPNs), causes not only cellular
Received 7 October 2013 transformation but also resistance to various anti-cancer drugs. We previously reported that pyrrolidinium fuller-
Received in revised form 26 February 2014 ene markedly induced the apoptosis of JAK2 V617F mutant-induced transformed cells through the reduction of
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1. Introduction

The myeloproliferative neoplasms (MPNs), which include polycythe-
mia vera (PV), essential thrombocytosis (ET) and primary myelofibrosis
(PMF), are clonal hematopoietic stem cell diseases characterized by
uncontrolled proliferation of terminally differentiated myeloid cells. A
somatic mutation of the tyrosine kinase Janus kinase 2 (JAK2) gene was
identified in more than 90% of PV patients and in approximately 50% of
ET and PMF patients. In the majority of MPN patients, the JAK2 gene
has a homozygous G — T transversion, which results in a valine-to-
phenylalanine substitution at codon 617 of JAK2 (V617F) [1-3].

Previously, we found that the JAK2 V617F mutant induces the
cytokine-independent survival of erythroid progenitor cells [4]. The
JAK2 V617F mutant was reported to induce the activation of signaling
pathways, signal transduction and activator of transcription 3 (STAT3)

Abbreviations: ASK1, apoptosis signal-regulating kinase 1; c-IAP1, cellular inhibitor of
apoptosis protein 1; DCFH, dichlorodihydrofluorescein; DMSO, dimethyl sulfoxide; Epo,
erythropoietin; ERK, extracellular signal-regulated kinase; EpoR, erythropoietin receptor;
ET, essential thrombocytosis; JAK2, Janus kinase 2; JNK, c-Jun N-terminal kinase; MKK4/7,
mitogen-activated protein kinase kinase 4/7; MPNs, myeloproliferative neoplasms; PMF,
primary myelofibrosis; PV, polycythemia vera; STAT, signal transducers and activators of
transcription; ROS, reactive oxygen species.
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and STAT5 and kinases, Akt, extracellular signal-regulated kinase
(ERK) and c-Jun N-terminal kinase (JNK) in a cytokine-independent
manner. We demonstrated that STATS5, Akt and JNK are critical signal
transducers for the proliferation and the transforming ability induced
by JAK2 V617F mutant [5-7]. In addition, it was shown that cells trans-
formed by the JAK2 V617F mutant exhibited resistance to various anti-
cancer drugs, such as bleomycin (BLM), which generates DNA double-
strand breaks, and mitomycin C (MMC) and cisplatin (CDDP), which
are DNA cross-linking drugs [8-11], suggesting that the JAK2 V617F
mutant causes not only the activation of survival signals against apopto-
sis induced by cytokine removal but also the resistance to various anti-
cancer drugs. Therefore, the rapid development of effective therapeutic
drugs for MPNs is required.

Fullerene (Cgp) was discovered by Kroto et al. in 1985 as the third
allotropic form of carbon after diamond and graphite [12]. Fullerene
is a spherical molecule 0.7 pm in diameter and a new type of organic
compound with a cage-like structure [13]. Chemical modification with
several hydrophilic groups increases the solubility of fullerene, and the
derivatives of water-soluble fullerene were reported to possess various
biological and pharmacological properties [14-18]. As a typical deriva-
tive, pyrrolidinium fullerene exhibits anti-proliferative activity to various
cancer cells [19]. Previously, we reported that pyrrolidinium fullerene
markedly induced apoptotic cell death of cells transformed by the JAK2
V617F mutant through reduction of the protein expression of apoptosis
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signal-regulating kinase 1 (ASK1) and inhibition of the JNK pathway
[20]. ASK1, one of the mitogen-activated protein kinase kinase kinases
(MAPKKKs), was previously demonstrated to stimulate the JNK signaling
cascade mediating the activation of JNK upstream kinases, named
MKK4/7 {21].

In the current study, we focused on the relationship between
the chemical structure of the derivatives of pyrrolidinium fullerene
and their apoptotic effects. Our study suggests the possibility that the
chemical modification of fullerene would emphasize their utility as
anti-cancer drugs.

2. Materials and methods
2.1. Chemicals and reagents

Pyrrolidinium fullerene and its derivatives were synthesized as
previously described [15,17,19]). Anti 3-actin antibody and anti-HA anti-
body (3F10) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA) and Roche (Indianapolis, IN), respectively. Anti-phospho
JAK2 antibody (Y1007/Y1008), anti-phospho-STAT3 antibody (Y705),
anti-STAT3 antibody, anti-phospho-STATS antibody (Y694), anti-STATS
antibody, anti-phospho-ERK1/2 antibody (T202/Y204), anti-ERK1/2
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antibody, anti-phospho-Akt (S473), anti-Akt antibody, anti-ASK1 anti-
body, anti-phospho-MKK4 antibody (S257/T261), anti-MKK4 antibody,
anti-phospho-MKK?7 antibody (S271/T275), anti-MKK?7 antibody, anti-
phospho-JNK antibody (T183/Y185), anti-JNK antibody and anti-cleaved
caspase 3 antibody were purchased from Cell Signaling Technology (Dan-
vers, MA, USA). Peroxidase-conjugated secondary antibodies were from
Dako (Glostrup, Denmark). 2/, 7'-dichlorofluorescin diacetate (DCFH-
DA) and a-tocopherol were purchased from Sigma Inc. (St. Louis, MO).

2.2. Retroviral infection and cell cultures

Ba/F3 cells were infected with retroviruses coding a mutant of mu-
rine JAK2 c-HA (V617F) with murine EpoR as described previously [4].
The cells were cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum (BioWest, Nuaillé, France), 100 units/ml penicillin
(Nacalai Tesque, Tokyo, Japan) and 100 pg/ml streptomycin (Nacalai
Tesque).

2.3. Western blotting

Cells were harvested in ice-cold PBS and lysed in Nonidet P-40 lysis
buffer (50 mM Tris-HCl, pH 8.0, 120 mM NaCl, 1 mM EDTA pH 8.0, 0.5%
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Fig. 1. Pyrrolidinium fullerene and its derivatives exhibit cytotoxicity to VF-Ba/F3 cells. (A) Structures of fullerene derivatives. Pyrrolidinium fullerene (P) is Cgo-bis N,
N-dimethylpyrrolidinium iodide. In pyrrolidinium fullerene (P), the 2-hydrogen atom (- H) or N-methyl group (- CHs) was substituted with various alkyl groups and named 2-4, 2-6,
2-9, N-4, N-7, and N-10, respectively. (B, C) VF-Ba/F3 cells were treated with different concentrations (1, 2.5, 5, 7.5, 10, 15, 30 pM) of pyrrolidinium fullerene (P) and its derivatives for
24 h. Cell viability was determined by trypan blue staining. Results are the mean & S.D. of three independent experiments. * and ** indicate significant differences at p < 0.05 and

p < 0.01, respectively (vs pyrrolidinium fullerene (P)).
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Nonidet P-40, 10 mM B-glycerophosphate, 2.5 mM NaF, 0.1 mM NazVOy,)
supplemented with protease inhibitors. Denatured samples were re-
solved by SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes (Millipore, Billerica, MA). Membranes were probed using the
designated antibodies and visualized with the ECL detection system
(GE Healthcare, Little Chalfont, United Kingdom) [4].

2.4. Measurement of cell viability and cell cycle analysis

Transduced Ba/F3 cells were incubated with RPMI 1640 medium
supplemented with 1% fetal bovine serum. Cells were treated with
DMSO (0.1%) or various concentrations of pyrrolidinium fullerene
derivatives for 24 h. Cell viability was checked by the trypan blue exclu-
sion method. Cell cycle parameters were determined by flow-cytometry
analysis using FACSCalibur (BD Biosciences, San Jose, CA) [5].

2.5. DNA fragmentation assay

Genomic DNA was prepared for gel electrophoresis as described
previously [5]. Electrophoresis was performed on a 1% agarose gel in
Tris/boric acid/EDTA buffer.

2.6. Measurement of ROS generation

Cells were incubated with DCFH-DA (2/, 7'-dichlorodihydrofluorescein-
DA), a permeable fluorescence probes (10 pM) for 15 min and washed
with PBS. Then, cells were treated with each fullerene derivative at indi-
cated concentration for 1 h, and the fluorescence intensity of oxidized
DCF was monitored using FACSCalibur with the CELL Quest program
as previously described [19]. To test the effect of a-tocopherol, cells
were pre-treated with o-tocopherol (300 pM) for 1 h prior to the
treatment with fullerene derivative.

2.7. Data presentation

All of the experiments were independently performed at least 3
times. Error bar means standard deviation (S.D.).

100
80
60
40
20
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Cell phase (%)
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3. Results

3.1. Effects of pyrrolidinium fullerene derivatives on the viability of
VF-Ba/F3 cells

A previous study showed that pyrrolidinium fullerene induced apo-
ptotic cell death of Ba/F3 cells transformed by the JAK2 V617F mutant
(VE-Ba/F3 cells) [20]. To test the effect of chemical modification on the
cytotoxicity of pyrrolidinium fullerene, 6 types of derivatives were
newly synthesized from pyrrolidinium fullerene as the lead compound.
As shown in Fig. 1A, derivatives named 2-4, 2-6 and 2-9 are compounds
in which the 2-hydrogen atom (-H) in pyrrolidinium fullerene was
replaced by a butyl group (- C4Hg), hexyl group (- CgH;3) and nonyl
group (—CgHyg), respectively. In three other derivatives, named N-4,
N-7 and N-10, the N-methyl group (- CH3) in pyrrolidinium fullerene
was replaced by a butyl group (—C4Hs), heptyl group (- C;H;s) and
decyl group (-CyoHz1), respectively. First, we tested the effects of
these two groups of derivatives on the viability of VF-Ba/F3 cells. Com-
pared to original pyrrolidinium fullerene, 2-4 more effectively induced
the cell death of VF-Ba/F3 cells, while the cytotoxicity of 2-6 and 2-9
was comparable and lower than the original compound, respectively.
In the next derivative's group, only N-4 showed more effective cytotox-
icity. The cytotoxicity of N-7 was lower than the original compound and
N-10 had no effect on the viability of VF-Ba/F3 cells (Fig. 1C). JAK2
V617F mutant-transformed cells exhibited higher sensitivity against
these two derivatives, 2-4 and N-4, than the original pyrrolidinium
fullerene. ICso of derivatives 2-4 and N-4 was 3.3 pM and 1.7 pM,
respectively, while ICsq of pyrrolidinium fullerene was 5.2 pM.

3.2. Apoptosis induction of VF-Ba/F3 cells by pyrrolidinium fullerene
derivatives

In the previous study, pyrrolidinium fullerene exhibited apoptotic
effects on VF-Ba/F3 cells. Therefore, we tested whether the derivatives
could induce apoptotic cell death of VF-Ba/F3 cells. As in the previous
study, the original pyrrolidinium fullerene resulted in the accumulation
of sub-G1 phase, an index to evaluate apoptosis in a dose-dependent
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Fig. 2. Pyrrolidinium fullerene and its derivatives induce apoptosis of VF-Ba/F3 cells. VF-Ba/F3 cells were treated with DMSO (0.1%), pyrrolidinium fullerene (P) or its derivatives, 2-4, 2-6,
2-9, N-4, N-7, and N-10 (2.5, 5, 7.5 uM), for 24 h. (A) Cells were fixed, treated with propidium iodide and subjected to flow-cytometry analysis. (B) DNA was isolated from cells and
subjected to agarose gel electrophoresis. (C) Cell lysates were prepared and immunoblotted with anti-cleaved caspase-3 antibody or anti-3-actin antibody.
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manner (Fig. 2). In the first derivative's group, only 2-4 showed higher
efficiency to induce Sub-G1 accumulation, while the others, 2-6 and
2-9, were comparable and weaker, respectively. Similarly, in the next
derivative's group, only N-4 showed a higher apoptotic effect against
VF-Ba/F3 cells. It is also notable that 2-4 and N-4 showed apoptotic
effects at a lower concentration (5 pM), and these observations
well fitted the observed results in Fig. 1. The ladder pattern of DNA
internucleosomal fragmentation and the cleavage of caspase-3 were
other suitable indexes to evaluate apoptosis. We next tested the effects
of derivatives of pyrrolidinium fullerene on DNA fragmentation
and caspase-3 activation. DNA fragmentation was clearly detected in
VF-Ba/F3 cells treated with 2-4 and N-4 at 5 pM, while pyrrolidinium
fullerene and 2-6 showed similar effects at a higher concentration
(7.5 pM) (Fig. 2B). Notably, derivatives 2-4 and N-4 showed similar ef-
fects on caspase-3 activation (Fig. 2C). These data clearly suggested
that the chemical modification of pyrrolidinium fullerene with a butyl
group at a suitable position enhances its cytotoxicity.

3.3. Pyrrolidinium fullerene derivatives caused apoptosis in ROS-
independent manner

Next, we tested the ability of pyrrolidinium fullerene derivatives to
induce ROS generation. Derivatives 2-4, 2-6 and N-4 comparably caused
ROS generation like unmodified pyrrolidinium fullerene. On the other
hand, derivative 2-9 exhibited slightly lower activity to induce ROS
generation, and N-7 and N-10 failed to induce ROS generation in
VF-Ba/F3 cells (Fig. 3A). Next, to test whether oxidative stress is involved
in their cytotoxic effects against VF-Ba/F3 cells, the effect of an antioxi-
dant, a-tocopherol was analyzed. Pretreatment with a-tocopherol
significantly suppressed ROS generation induced by pyrrolidinium
fullerene and its derivatives, 2-4, 2-6, 2-9 and N-4 (Fig. 3B). However,
a-tocopherol failed to cancel their cytotoxic effects (Fig. 3C). These results
suggest that fullerene derivatives cause apoptotic effects against VF-Ba/F3
cells through ROS-independent mechanisms.

3.4. Effects of pyrrolidinium fullerene derivatives on the expression of ASK1
protein and JNK signaling cascade in VF-Ba/F3 cells

Previously, we showed that pyrrolidinium fullerene reduced the
expression level of ASK1 by the proteasome pathway, resulting in the
inhibition of its downstream molecules, including MKK4, MKK7 and
JNK, which are important for the survival and proliferation of VF-Ba/F3
cells [20]. Next, the effects of fullerene derivatives on the expression of
ASK1 in VF-Ba/F3 cells were examined. Interestingly, derivatives 2-4
and N-4 reduced the expression of ASK1 protein more strongly than
treatment with pyrrolidinium fullerene. Furthermore, derivatives 2-4
and N-4 exhibited a more potent inhibitory effect on the activation of
MKK4, MKK7 and JNK than pyrrolidinium fullerene, and the inhibitory
effect of N-4 was particularly high. The inhibitory effect of 2-6 on
ASK1 expression and the phosphorylation of MKK4, MKK7 and JNK
was equivalent to the effect of pyrrolidinium fullerene, and the inhibito-
1y effect of 2-9 was lower than pyrrolidinium fullerene. On the other
hand, derivatives N-7 and N-10 had little effect on ASK1 expression
and activation of MKK4, MKK7 and JNK (Fig. 4A, B). On the other
hand, these compounds failed to inhibit other signaling molecules
including JAK2, STAT5, ERK and Akt (Supplemental Fig. 1S). Notably,
the tendency towards the reduction of ASK1 protein and inhibitory ef-
fects on ASK1 downstream signals caused by pyrrolidinium fullerene
and its derivatives are well correlated with the strength of their ability
to induce apoptosis of VF-Ba/F3 cells.

4. Discussion
As reported previously, JAK2 V617F mutant-induced transformed

cells show resistance to various anti-tumor drugs in comparison with
untransformed cells {20]. Here, we showed that pyrrolidinium fullerene
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Fig. 3. Pyrrolidinium fullerene and derivatives 2-4 and N-4 induced apoptosis of VF-Ba/F3
cells independently of ROS production. (A) VF-Ba/F3 cells were incubated with DCFH-DA
fluorescence probes (10 uM) for 15 min and treated with DMSO (0.1%), pyrrolidinium
fullerene or its derivatives, 2-4, 2-6, 2-9, N-4, N-7, and N-10 (2.5, 5, 7.5, 10 uM), for 1 h.
Oxidative stress was measured using DCFH-DA fluorescence probes. (B, C) VF-Ba/F3 cells
were incubated with DCFH-DA fluorescence probes (10 uM) for 15 min and then
pre-incubated with c-tocopherol (300 uM) for 1 h before exposure to DMSO (0.1%) or ful-
lerene derivatives (7.5 uM) for 1 h. (B) Oxidative stress was measured using DCFH-DA
fluorescence probes. (C) Cell viability was determined by trypan blue staining. Data are
the mean =+ S.D. of the relative expression levels in three experiments.

potently induced apoptosis of the cells transformed by JAK2 V617F mu-
tant by inhibiting JNK activation. This finding suggests that pyrrolidinium
fullerene can be used as a new MPN therapeutic drug. In the current
study, we additionally found that the chemical modification of
pyrrolidinium fullerene with a butyl group enhanced its cytotoxicity
(Fig. 5).

It has been well established that fullerene derivatives show biologi-
cal effects by mediating the production of ROS [19,20]. We also exam-
ined the effect of the modification of pyrrolidinium fullerene with
alkyl groups of various lengths. It was found that the modification of
pyrrolidinium fullerene with alkyl groups enhanced the cytotoxicity to
HL-60 cells, and their effects depended on the length of the introduced
alkyl groups (data not shown). Their cytotoxicity to HL-60 cells was
effectively abolished by pretreatment with ai-tocopherol, suggesting
that their cytotoxic effects against HL-60 cells were mediated by the
production of ROS. However, in the case of VF-Ba/F3 cells, pyrrolidinium
fullerene modified with a butyl group caused the apoptotic effect, not
through ROS production (Fig. 3). These findings clearly suggest that
alkyl pyrrolidinium fullerenes cause cytotoxicity by affecting various
signaling pathways, depending on the type of target cells. However,
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Fig. 4. Derivatives 2-4 and N-4 cause protein reduction of ASK1 and inhibit JNK signaling cascade. (A, B) VF-Ba/F3 cells were treated with DMSO (0.1%), pyrrolidinium fullerene (P), or its
derivatives, 2-4, 2-6, 2-9, N-4, N-7, and N-10 (2.5, 5, 7.5 pM) for 16 h. (A) Cell lysates were immunoblotted with anti-ASK1 antibody, anti-phospho-MKK4 antibody (S257/T261), anti-
MKK4 antibody, anti-phospho-MKK7 antibody (S271/T275), anti-MKK7 antibody, anti-phospho-]NK antibody (T183/Y185), anti-JNK antibody or anti-3-actin antibody. (B) The expres-
sion level of ASK1 was normalized with the expression level of B-actin. The phosphorylation levels of MKK4, MKK?7 and JNK were normalized with the expression level of these molecules.
The fold expression of ASK1 and the fold phosphorylation of MKK4, MKK7 and JNK are shown in graphs. Data are the mean 4 S.D. of the relative expression levels in three experiments.

it is still unknown what causes the differences in the response to we observed that a specific JNK inhibitor, SP600125, significantly in-
pyrrolidinium fullerene and its derivatives in target cells. duced the apoptosis of VF-Ba/F3 cells. In addition, inhibition of JNK re-

A number of studies have reported the importance of the JNK duced the expression of c-Myc, a proto-oncogene product contributing
signaling cascade for anti-apoptotic and oncogenic signals. Previously, to the transforming activity of JAK2 V617F mutant [20-24]. The JNK
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Fig. 5. Inhibitory mechanism of JAK2 V617F mutant-induced signaling pathway by pyrrolidinium fullerene derivatives. Pyrrolidinium fullerene (P) reduces the expression of ASK1,
resulting in inhibition of the phosphorylation of MKK4, MKK7 and JNK, and induces apoptotic cell death of VF-Ba/F3 cells. The replacement of the 2-hydrogen atom (- H) or N-methyl
group (—CHs) with a butyl group (- C4Hs) enhanced the ability of pyrrolidinium fullerene to induce apoptosis. In particular, replacement with a butyl group at 2-H more effectively
enhanced the ability of pyrrolidinium fullerene to induce apoptosis.
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signaling pathway has been reported to inactivate a pro-apoptotic
protein, Bad, through its phosphorylation [25]. Although we did not
test the effect of pyrrolidinium fullerene on the phosphorylation of
Bad, this will be an important issue to be clarified in the near future.

Notably, we found that the cytotoxicity caused by pyrrolidinium
fullerenes was well correlated with the tendency of ASK1 reduction in
VF-Ba/F3 cells (Fig. 4). Previously, we showed that the down-regulation
of ASK1 by pyrrolidinium fullerene was abolished by a proteasome inhib-
itor MG132, suggesting that pyrrolidinium fullerene caused ASK1 degra-
dation by the proteasome pathway [20]. ROS generation activates ASK1
through the oxidation of an ASK1 inhibitor, thioredoxin [26]. Although
pyrrolidinium fullerene and its derivatives induce ROS generation, this
does not contribute to the activation of ASK1 and its downstream signals
(Fig. 4). Yu et al. reported that JAK2 controls the expression level of ASK1
by directly phosphorylating ASK1 at tyrosine 718 [27]. However, we ob-
served that the expression level of ASK1 was not affected by the expres-
sion of JAK2 V617F mutant, suggesting that JAK2-mediated stabilization
of ASK1 seems to depend on the cell type.

The cellular inhibitor of apoptosis protein 1 (c-IAP1) was identified
as the E3 ubiquitin ligase for ASK1 in the TNFa signaling pathway
[28]. Although the detailed mechanism of how pyrrolidinium fullerene
induces the degradation of ASK1 is unclear, pyrrolidinium fullerene
and its derivatives may prompt the proteasomal degradation of ASK1
through ubiquitination by c-IAP1. Identification of the target protein of
pyrrolidinium fullerenes will be a very important issue in future studies
of pyrrolidinium fullerenes as anti-tumor drugs.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.intimp.2014.02.035.
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Abstract — Variously aryl-substituted pyrrolidinofullerenes were synthesized via a
single electron transfer (SET) reaction of diaryldienamines with Cg, and the
following consecutive 1,6-hydrogen shift and the [3 + 2] cycloaddition of the
generated radical ion pair. The LUMO levels of pyrrolidinofullerenes were ca. 0.1
eV higher than C, consequently suppressing the bisadduct formation. The phenyl
—substituted pyrrolidinofullerene 2a representatively exhibited the protic
acid-catalyzed intramolecular Friedel-Crafts cyclization and the DDQ induced

oxidative reversion into Cg,.

INTRODUCTION

Pyrrolidinofullerenes'® are useful fullerene derivatives in materials chemistry and for medicinal
applications, as liquid crystals,’ light-converting substances,’ and chiral fullerene compounds.®* These
fullerenes are easily synthesized from the [3 + 2] cycloaddition of azomethine ylides which were prepared
from various precursors such as carbonyl compound/amino acid (Prato reaction),'? aziridine,'? lactone,!
and imine.* In very recent communication, we have reported that morpholinodiphenyldienamine 1a
underwent a single electron transfer (SET) reaction with Cg, to give diarylpyrrolidinofullerene 2a via the
subsequent 1,6-hydrogen shift and the [3 + 2] cycloaddition of the radical cation with C, radical anion
(Scheme 1) We also confirmed the reaction mechanism by DFT calculations as well as the
radical-trapping experiment. In this paper, we report the synthesis of variously aryl-substituted
pyrrolidinofullerenes by way of this SET/H-shift process. Moreover, we have examined the electronic
properties and thermal stability (by DSC and TGA), TfOH catalyzed transformation, and DDQ induced

oxidative degradation.
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RESULTS AND DISCUSSION

As in the case of 2a, variously aryl-substituted pyrrolidinofullerenes 2b-h were synthesized as shown in
Table 1. Dienamines 1b-h were prepared by the condensation of arylketones and cyclic amines with
p-toluenesulfonic acid (TsOH) catalyst. Due to the lability, less volatile dienamines 1b-h were
immediately used for the reaction with Cq, without further purification and identification. These crude
dienamines (ca. 25 equiv) were reacted with Cg, in toluene at 90 °C. The reaction was traced by HPLC
(Buckyprep column, toluene eluent). Unfavorable contaminants such as enamines and unreacted
arylketones appreciably neither inhibited the present cycloaddition nor brought about the side reactions.
The reaction solution was evaporated and the residue was submitted for column chromatography to give
pure monoadducts 2b-h in slightly lower yields (ca. 20-40 %) than 2a. Piperidinodienamine 1b reacted
faster than morpholinodienamine 1a on account of higher electron-donating piperidine substituent, so that
the isolated yield of 2b slightly decreased due to the formation of multiadducts. Similarly, the reaction of
morpholinodienamines with donative aryl groups such as 4-alkylphenyl (1d—f) and thiophene 1h gave
slightly lower yields because of the multiaddition. On the other hand, p-chlorophenyl-substituted
dienamine 1c needed slightly longer reaction time because of lower electron-donating ability. The 'H/"°C
NMR spectra of these 1:1 adducts showed similar signals to those of 2a; appearances of methyl group and
asymmetric morpholino/piperidino ring were only explained by the hydrogen shift of dienamino radical

cation and [3 + 2] cycloaddition.
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Table 1. Reaction of dienamines 1a—h (25 equiv, 90 °C) with Cg,

- Ot
N N

Ar
Ceo
H™ \__
Ar” S toluene, 90 °C
/7 _‘
AT f; I;*f i \ :\\
vl
4 \’\,:j;"lk ,/AQN -7 N
dienamine 1a—-h "
(X =0 or CHp) [3 + 2] adduct 2a~-h
i Time b .
Amine Ar () Conv. (%) Yield (%)
g Ny - 7 89 53
__/

N_
b {( N% 3.5 57) 33
1t O N¥ c §— 20 87 4
\_/
1d Me —@%— 14 88 30
le Et—@%— 15 88 29
1f CsH-;:_;‘@%“ 16 90 24
1g §—— 16 90 )

S
1h Ué 17 83 21

“From the preliminary communication.” “Determined by HPLC area ratio. “Isolated yields.

For the application to electronic materials, we estimated the electron affinity of pyrrolidinofullerenes
2a-h. Cyclic voltammogram measurements showed ca. 0.1 V lower reduction potentials than that of C,,
implying the pyrrolidino-fusion lowered the electrophilicity of fullerene core (Table 2). This lowering
electron affinity of monoadducts will suppress further SET reaction giving bisadducts. However, these

substituent effects are not so effective because of indirect inductive effect of the aryl substituents.



HETEROCYCLES, Vol. 90, No. 2, 2015 171

Table 2. Cyclic voltammograms and reduction potentials of 2a—h and Cy in 0-DCB*

2a
—
2b
Ce0
0 05 -1.0 15 ~2.0 25
E/V (vs. Ag/AgCl)
E"V vs Fe/Fc¢'

Compd Eired (LUMO level/eV)b Erred Eired
2a ~1.17 (-3.63) ~1.55 —2.08
2b ~1.20 (=3.60) ~1.58 -2.12
2¢ ~1.16 (-3.64) ~1.54 -2.07
2d -1.18 (-3.62) -1.56 -2.10
2e ~1.14 (=3.66) -1.53 -2.06
2f -1.15 (-3.65) -1.53 -2.08
2 ~1.15 (=3.65) -1.55 -2.11
2h —1.16 (-3.64) -1.55 -2.09
Ceo —1.08 (=3.72) ~1.46 ~1.91

“Electrolyte 0.1 M TBAP; scan rate 100 mV s potentials measured vs Ag/Ag" reference electrode and
standardized to Fc/Fc* couple [Ercre’ = +0.203 V vs Ag/Ag” (0-DCB)]. °Values from the vacuum level
were estimated using the following equation; LUMO level = —(Ejeq"*+4.8).%

Thermal stability of 2a was evaluated by DSC (Figure 1a) and TGA (Figure 1b) measurements. One
endothermic peak followed by exothermic plateau in DSC and drastic weight loss (ca. 13%) in TGA were
observed around 260-270 °C, suggesting melting with decomposition. This decomposition temperature is
comparable with those of pyrrolidinofullerenes bearing BOC-group (>250 °C),%* but lower than those of
liquid pyrrolidinofullerenes with stable alkoxylphenyl groups (340-420 °C).° These previous studies
indicate the pyrrolidino ring seems to be stable around 300 °C unless the compound has less stable

substituents such as BOC group. Thus we can consider the decomposition of 2a at 265 °C is due to the
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elimination of methylstyrene moiety, in consistent with the weight loss of TGA (F.W. of CH=CMePh is
117, whereas M.W. of 2a is 1012).1°

a
04-
gz
E
o 01 Y
w
o
—0.4-
-0.8 265 °C
100 200 300 400 500
Temperature (°C)
b)
100 -
X 90
S ca. 13%
()
= decrease
80
70 -
100 200 300 400 500

Temperature (°C)

Figure 2. a) DSC and b) TGA measurements of 2a under N, atmosphere.

We have carried out acid treatment of 2a because these pyrrolidinofullerenes inherently have basic site at
the nitrogen of pyrrolidino moiety. However, by adding excess amount of TfOH (25 equiv), the amino

linkage was retained but the intramolecular Friedel-Crafts type cyclization occurred to give spiro
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compound 3a (Scheme 2) as confirmed by 'H/”C NMR and 2D-HSQC/HMBC/NOESY correlation
(Supporting Information). Similar to styrene which easily polymerizes with electrophilic initiator,
phenylvinyl group of 2a may be protonated at the P-position to form relatively stable benzylic
carbocation. This cationic center is attacked by adjoining phenyl ring to construct the stable
dihydroindene ring." In this acid treatment, although pyrrolidino function can be protonated, the resulting
quarterly ammonium ion seems to persist any further transformation. The reaction proceeded in various
polar aromatic solvents such as 0-DCB, and anisole (Table 3). Anisole and toluene provided slightly
lower yield, probably because these solvents are likely to participate in the Friedel-Crafts reaction at the

fullerene sphere.'*"

e~ O e O

TfOH
H H
KL
2a 3a
[ NOESY
()
O
N\H"-./cma
H Ph
H
Scheme 2
Table 3. Reaction of 2a with TfOH (25 equiv) in various solvents
Solvent Temp (°C) Time (h) Conversion (%)” Yield of 3a (%)b
benzene 80 3 98 40
toluene 80 4 95 27
chlorobenzene 80 5 95 59
anisole 80 5 90 28
0-DCB 80 5 90 56
DMF 80 24 . -
chloroform 80 24 20 5

“Determined by HPLC area ratio. ” Isolated yields.

Pyrrolidinofullerenes are known to undergo the cycloreversion into azomethine ylide and Cg, under the
influence of oxidant such as Cu(ll) and trapping dipolarophiles.' Similarly, oxidation of 2a by DDQ led

to the regeneration of Cg even without trapping agents (Scheme 3). Since the unsubstituted



