WM AREENIC BT DDS B0 S IR0 SLHE & TR B

L7 (H2), kiz, BREBEBRARGTZEE  2b6T, Bilok F= FIBDLNEN /1

T, BT 2 V) A DIERS D ALK BN — a#a.:neuémwf&?wmﬁw%M@%6§
FREZRAT D8R, nSP70-N, B8 LT EEZLNE, F, INHOFMRIEEHIE, ¢ 3
nSP70-C 5 REICB VW TRENRDO b ko /2 HMOREMCBEOHLH DML TS, @iy :
~75C, nSPT0RS B TO A, WFWRILEO KM B & HES Z Lk Y, REWAIERTE L5y,
eI, MBIFERENT Y P—biE XD B 10% HERL TV, 7/ 7Y TVOHRIC S Lhgy 8
DLEgA$ 5% s, FREAEEERLT0E T BULDLEEITRVHDFHHT LI LM &
ENHE P E BT BB, INLHTDIERND TWAAL ﬁ%.%ﬁ&f/”“uﬂw%ﬂ@¢;f
KL HE~NOBI, B LTHE~NOREERE ALk RARTC VA A s i e S TN e it
nSP300, # & 08 mSP1000 TIZ® H ATz, We XYB LIRS L LD, FI/ITNT 08
ZOZENL, BLOIWEAF 7 20 BFEMD, A& EVEFHIITE O REZERMD 1 D THBEEZ Ty
MR HM AN E P L HLRETHLEDD, —if %o '

DFEMZONWTITEB LI LENDH DL T LR S

O e e A | -~ - . ODsE=co
(Z, BREICBT AR DL bD0, HERAIE 4. a-jb D j'-/ DDS E%QD@

FHRIR

RS 5 Cd B nSP300, mSP1000 Tk & i e v BOEIRN . L e o
BolcbDTHY, —HOIEREF /1) h 2t AIEH T, + 7 DDS~OBHOBIRE & iz
ﬁ'k’;”"’ﬁ)iﬂ G IR DEREEEFERT D b B3N 5 BRI 25 & PO Ic e

I BEMZE R L Twh, —FCnSP70-N, nSP70-C Lize RIETIE, =Ry F+/EMCHRETF ¥
&, EEE E IR ST 5 L v ) EERRIZH 2 DAZIMA, UL - AR Ex B LEES

— it —  fhraEE

~ ¥REF/ U

RiF
() COOH Q/ COCOH

BRBEOMIKAEES

Q;} C) L BNY— KRR

mSP1000  nSP300 nSP70

@/COOH @/ NH2

nSP70-C nSP70-N

nSP70, nSP70-C, nSP70-Ni, BARBICEW I &6
o, MBREESP 2 dB LIRFILE TR T3 Z LR
: (el

- ERBE (N — KETE) ‘LPL
- e, iy :.‘;.‘ o
i ®E e (W o WF C—WORREF YU DR
G5 kxwf g S B ST BOFRE U heEREBE
BafFoRER B ¥ BB % BT AR
R LN
£ Wl [ :;>
"‘; "\ T = VL
Gontrol BITRETS W cm-monstcSsons b
mSP1000 nSP70 nSP70-C nSP70-N DICBL TS, BOLEERIEE
EMTEIC LY, et adn
i RTESTRM
—*%IS(D’:}Eaaﬁv“/ PUHEMIID REEHERT T, Y-
WTi, REMCHEN S5, REERT 52 & HIEEC K B,

2 SEREBHEORASLDFKES/ VU HOREMTFE




rﬁj& U()nmi) F) OFEH (*f’/’ﬁ"ﬁaﬁﬁ) D B
% - ERMEDEA TR D, L LBURTIE, HERE
wF TV TNRYT I FMoRetIcERE
LaN, OECD 2 &8, BRRTCEHMIEA
R - RN
nE)ERRLDET

e

,}}Uf‘
b bOD, bREEEAL L,

(L‘\L”” 1ERESh - BRIEIRML G
7&%&&%%1% F AT YT Tr IE
w:a&bf_iﬁ?]éif:ﬁw 52, Tho&fkE
BT, T/ T YT AR TS Y AR
o EWROREEX (WEY) OATHIM ST
whHD, HEOYTI 7 ¥4 X (100 nm) Bl
roEMTREWFER SN OR, RRNIZE
prEZLNLEOTHNE, ST/ 375 /14
sz bOTHHBIEAMTETLI)IC LR
e Thbb, OF /- HTF LT, £
L EGOT B [BRRIFIEAIAE - RVR A5 W
—FEHTHoTH, MOV 7I a4 XpE
OEMRPDTIREHERELEHLEBELZ L, O
w&&w EoTh, +IFVTNRY T EM

SHEOWRESPE#MLGASAZ L, P EILO0H
éké##wa;ﬂﬁﬁﬁ-%@@%ﬁ'ﬁ4¥
54 VERICIBEVONEIKTH . Lo
T,%%@,%ﬁ'wﬁ& BB IR 22 EEH
OB 2 R EM T AU ESEHBEEZL
5. SHXD I, I\fﬁmo-‘aafety Science O B
5, F2RTFUTNMOREUFEMERELLS 2
T, Nano-Safety Design D A6, LMo

B1E R EFepL b LSRR

WHDIEFEHLEHLEL, BREBORVE OEFERE
1’} ff\rfx}ffﬁ Lot LJ\.;@U}/" -;ﬁf usii DR o oy

B,
XL")’J’}“/
BEHRROIERL EXT %%)6’)?:2"’1 C\W b, &
{Efc F 7 BEEMTE L F 7 KRR AV I

L, Wilge o T&dCHkL T & T, Sustainable
Nanotechnology (\h @ 4, FeEtw et/ 5727 /
L, Wk BE e MCBELV (R
&) /T TNORE, OwTidd 2 EES
DFFEPRIBICEST L2 2B LAL, EHD
LT L P Ly

.....

w'_) (‘7\"

518 - 2#&X#]

1) K. Ajima, et al. : Mol Pharm., 2, 475 (2005).

2) Y. Tabata, et al. : Jpn. J. Cancer Res., 88, 1108
(1997).

3) C. A. Poland, et al. : Nat. Nanotechnol., 3, 423
(2008).

4) G. Oberdorster, et al,
4996 (2009).

5) H. Nabeshi, et al. - Part. Fibre Toxicol., 8, 1 (2011).

6) T. Yoshida, et al. : Nanoscale Res. Lett., 6, 195
(2011).

7) K. Yamashita, et al. © Inflammation. 33, 276 (2010).

8) H. Nabeshi, et al. 1 Biomaterials. 32, 2713 (ZGU)

9) K. Yamashita, et al. :
(2011).

. ] Nanosci. Nanotechnol., 9,

" Nat. Nanotechnol., 321

(HEBR FIB 18 RS




ORIGINAL ARTICLES

Laboratory of Toxicology and Safety Science!, Graduate School of Pharmaceutical Sciences; Laboratory of
Biopharmaceutical Research?, National Institute of Biomedical Innovation, Osaka, Japan; Cancer Biology Research
Center?, Sanford Research/USD, Sioux Falls, SD, USA; The Center for Advanced Medical Engineering and
Informatics?, Osaka University; Vitamin C60 BioResearch Corporation®; Division of Foods®, National Institute of Health

Sciences, Tokyo, Japan

Biochemical and hematologic effects of polyvinylpyrrolidone-wrapped

fullerene Cq, after oral administration

K. YAMASHITA!, Y. YOSHIOKA™, H. PANT, M. TAIRAT, T. OGURAT, T. NAGANO', M. AOYAMA', K. NAGANO?, Y. ABE?,
H. KAMADAZ4, S.-I. TSUNODAZ#4, H. AosHIMAS, H. NaBESHI®, T. YosHiKAwWA, Y. TsuTsumi 24

Received July 12, 2012, accepted August 10, 2012

Yasuo Yoshioka, PhD and Yasuo Tsutsumi, Ph.D, Laboratory of Toxicology and Safety Science, Graduate School of
Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka, 565-0871, Japan
yasuo@phs.osaka-w.ac.jp; ytsutsumi@phs.osaka-u.ac.jp

Pharmazie 68: 5457 (2013) doi: 10.1691/ph.2013.2708

The fullerene Cgp is used in consumer products such as cosmetics owing to its antioxidative effects and is
being developed for nanomedical applications. However, knowledge regarding the safety of fullerene Cgo,
especially after oral administration, is sparse. Here, we examined the safety of fullerene Cg in mice after
7 d of exposure to orally administered polyvinylpyrrolidone (PVP)-wrapped fullerene Cgp (PVP-fullerene
Ceo). Mice treated with PVP-fullerene Cgp showed few changes in the plasma levels of various markers of
kidney and liver injury and experienced no significant hematologic effects. Furthermore, the histology of
the colon of PVP-fullerene Cgo-treated mice was indistinguishable from that of control mice. These results
suggest that PVP-fullerene Cg lacks toxicity after high-dose oral administration and indicate that PVP-
fullerene Cgo can be considered safe for oral medication. These data provide basic information that likely

will facilitate the production of safe and effective forms of fullerene Cgo.

1. Introduction

Advances in nanotechnology have led to the recent devel-
opment of many nanomaterials, including nanoscale silica
particles, titanium dioxide nanoparticles, and carbon nanoma-
terials (Augustin and Sanguansri 2009; Bowman et al. 2010;
Konstantatos and Sargent 2010; Petros and DeSimone 2010).
Nanomaterials typically are defined as materials that are 1 to
100 nm in length or diameter. Compared with micro-sized par-
ticles, nanomaterials have a high surface area, with increased
structural integrity and unique mechanical, chemical, electri-
cal, and magnetic properties. These properties have led to the
use of nanomaterials in electronics, foods, and cosmetics and
as drug delivery vehicles (Augustin and Sanguansri 2009; Bow-
man et al. 2010; Konstantatos and Sargent 2010; Petros and
DeSimone 2010).

The fullerene Cg is one of the most promising nanomaterials
because of its unique chemical and physical properties (Chen
et al. 2012). Fullerene Cq is a remarkably stable compound
consisting of 60 carbon atoms, with a diameter of approx-
imately 0.7nm. Thirty carbon double bonds are present in
the structure, to which free radicals easily bond, leading to
fullerene Cgp’s characterization as a “radical sponge” (Kru-
sic et al. 1991). Because of this strong antioxidative feature,
fullerene Cgp is used in cosmetics to reduce oxidative stress in
the skin (Benn et al. 2011; Kato et al. 2010). In addition, various
water-soluble fullerene Cgo derivatives have been synthesized
for use in a wide range of biologic applications (Aoshima et al.
2009; Kokubo et al, 2008; Lin and Lu 2012; Yin et al. 2009).
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For example, water-soluble fullerene Cgp has stronger anti-
melanogenic potential than do naturally occurring whitening
agents (Kato et al. 2009; Xiao et al. 2007). Furthermore, water-
soluble fullerene Cgp derivatives show promise for the treatment
of various inflammatory diseases including rheumatoid arthritis
(Hu et al. 2007; Yudoh et al. 2009a,b). Because of these potential
biologic applications, several studies have assessed the safety of
fullerene Cgp and its water-soluble derivatives (Aoshima et al.
2010; Kato et al; 2009).

One water-soluble derivative, polyvinylpyrrolidone (PVP)-
wrapped fullerene Cgp (PVP-fullerene Ceo), is used as a very
stable, strongly antioxidative ingredient of cosmetics (Aoshima
et al. 2010; Xiao et al. 2007). When applied to the skin, PVP-
fullerene Cg exhibits protective activity against the apoptosis
of keratinocytes that is caused by reactive oxygen species (Xiao
et al. 2007). Furthermore, in vitro chromosomal aberration
assays were conducted using mammalian cells and negative
results were reported for PVP-fullerene Cgo (Aoshima et al.
2010). However, only a few studies have addressed the safety
of orally administered PVP-fullerene Cgp in vivo. Therefore
assessment of the safety of PVP-fullerene Cgy after oral adminis-
tration is a key area in the development of nanomedicines using
PVP-fullerene Cgg.

Here, we examined the safety of PVP-fullerene Cg after oral
administration to mice. Our data show that oral administration
of PVP-fullerene Cgp induced negligible changes in various bio-
chemical and hematologic parameters. These data provide useful
basic safety information that likely will facilitate the develop-
ment of safe and effective forms of fullerene Cqgp.
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Fig. 1: Effect of oral administration of PVP-fullerene Cgo on body weight and wet
organ weights of mice. PVP-fullerene Cgo solution in distilled water (50
mg/500 pL/mouse) was administrated orally. Control mice received distilled
water or PVP only; all mice were treated by oral gavage daily for 7 d. (a)
Body weight during oral administration of PVP-full Ceo, PVP only, or
distilled water. Wet weight of (b) liver, (c) lung, (d) kidney, and (e) spleen
after 7 d of treatment. Data are given as mean+ SEM (n=8)

2. Investigations, results and discussion

We first used dynamic light scattering to measure the hydro-
dynamic diameters of PVP-fullerene Cg. The particle size of
PVP-fullerene Cg in the distilled water was 127 nm, and its
zeta potential was —2.2 mV.

To examine the safety of PVP-fullerene Cg after oral adminis-
tration to mice, each mouse received 0.5 ml of distilled water,
PVP only, or PVP-fullerene Cgy solution by oral gavage once
daily for 7 d. Daily behavior including eating, drinking, and
activity did not differ between groups; no mice died; and there
were no overt differences in body weight gain between groups
(Fig. 1a). In addition, wet organ weight after 7 d of oral treatment
did not differ significantly between groups (Fig. 1b—e). Hemato-
logic parameters including numbers of red blood cells, platelets,
white blood cells, lymphocytes, granulocytes, and monocytes
in mice did not show significant differences between groups
(Fig. 2a—f). Similarly, plasma biochemical parameters including
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) as indicators of hepatic injury and blood urea nitrogen
(BUN) as a marker of renal damage did not differ significantly
between groups (Fig. 2g—i).

Disease symptom scores and colon length are well-known indi-
cators of colonic inflammation, which is the most common
adverse effect after oral administration of test compounds. We
scored fecal occult blood as a disease symptom in mice. Sim-
ilar to those for the distilled water group (1.6 +0.1) or PVP
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Fig. 2: Effect of oral admini ion of PVP-full Ceo on hy logic and

biochemical parameters of mice. (a—f) Hematologic parameters were
measured after oral administration of PVP-fullerene Csg for 7 d. (g—i)
Biochemical parameters in the plasma were measured after oral

dministration of PVP-full Cgo for 7 d. Data are given as mean+ SEM
(n=6o0r7)

only group (1.5+0.1), the score for the PVP-fullerene Ceo-
treated group (1.5+0.1) did not indicate any occult or gross
rectal bleeding (Fig. 3a). Furthermore neither colon length
(Fig. 3b) nor histology (Fig. 3c—e) differed between groups.
Taking together all of our results, we consider that oral adminis-
tration of 50 mg PVP-fullerene Cgy daily for 7 d has negligible
effects on the health of the colon in mice (Fig. 3).

Various in vitro and in vivo safety assessments of fullerene Cgp
and its derivatives have been reported previously (Metanawin
et al. 2011; Nielsen et al. 2008; Zhang et al. 2009). Most stud-
ies have shown that fullerene Cgy and its derivatives are not
genotoxic under in vitro conditions (Aoshima et al. 2010; Ema
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Fig. 3: Effect of oral administration of PVP-fullerene Cgo on the histology of the
colon in mice. (a) Occult blood scores were determined after 7 d of treatment
by assessing the consistency, overt blood, and occult blood of feces. (b)
Effect of PVP-fullerene Cgo on colon length. All data are expressed as
mean £ SEM (n =8). Histopathology of the distal colon in C57/BL6 mice
after oral administration of distilled water (c), PVP only (d) or PVP-fullerene
Coo (e) for 7 d. Representative sections were stained with hematoxylin and
eosin and examined by using light microscopy

et al. 2012; Shinohara et al. 2009). In addition, water-soluble
fullerene Cgo derivatives can safely be used for dermal and
intraperitoneal injection (Aoshima et al. 2010; Gharbi et al.
2005). However, insufficient information is available regarding
the safety of water-soluble fullerene Cg derivatives after oral
administration. In this study, we evaluated the safety and toxi-
city of oral PVP-fullerene Cgp by monitoring the body weight,
hematologic and biochemical parameters, and colonic health of
treated mice. Our results indicate that oral PVP-fullerene Cgg
has no adverse effects on the evaluated parameters in mice.
Guidelines from the Organization for Economic Co-operation
and Development (OECD) recommend 28- and 90-d repeated-
dose oral toxicity studies in rodents for the safety assessment
of chemicals used as nanomaterials. As a first step in the safety
assessment of PVP-fullerene C¢, we here performed a 7-d oral
toxicity study. Now we are trying to perform safety evaluations
after long-term exposure.

In conclusion, we showed that oral administration of PVP-
fullerene Cgp induced negligible change in various hematologic,
biochemical, and histologic parameters in mice. Although addi-
tional studies are needed to further examine the safety of
PVP-fullerene Cgp, we consider that our data provide the basic
information that likely will facilitate the development of safe
and effective forms of fullerene Cgp.

3. Experimental
3.1. Particles

PVP-fullerene Cgp was provided by Vitamin C60 BioResearch (Tokyo,
Japan) and is composed of purified fullerene Cgp and PVP of 60 to 80 kDa.
The Cep content in PVP-fullerene Cgp was determined by HPLC analysis
on a 5SPBB column (Nacalai Tesque, Kyoto, Japan) and found to be approx-
imately 3000 ppm. PVP-fullerene Cp was used after 5 min of sonication
(280 W output; Ultrasonic Cleaner, AS One, Tokyo, Japan) and 1 min of
vortexing. Particle size and zeta potential were measured by using a Zeta-
sizer Nano-ZS (Malvern Instruments, Worcestershire, UK). The mean size
and size distribution of particles were measured by using dynamic light scat-
tering; zeta potential was measured by using laser doppler electrophoresis.

3.2. Mice

Female C57BL/6 mice were purchased from Nippon SLC (Kyoto, Japan)
and used at 6 weeks of age. Mice were housed in a ventilated animal room
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maintained at 2042°C with a 12:12-h light:dark cycle. Distilled water
and sterilized mouse chow were available ad libitum. All procedures were
performed in accordance with institutional ethical guidelines for animal
experiments. During the treatment period, each mouse received 0.5 ml dis-
tilled water, PVP only, or PVP-fullerene Cg in distilled water (total dose,
50 mg) by oral gavage once daily for 7 d. Mice were euthanized 24 h after
administration of the final dose, and liver, lung, kidney, and spleen tissues
were harvested and weighed. Blood samples were collected in tubes con-
taining 5IU/ml heparin sodium, and plasma was harvested. Colons were
resected for the determination of colon length (from cecum to anus) and
histopathologic examination. Feces were collected and evaluated for occult
blood.

3.3. Hematologic analysis

The numbers of white blood cells, granulocytes, lymphocytes, monocytes,
red blood cells, and platelets in whole blood were measured by using an
auto analyzer (VetScan HMII Hematology System, Abaxis, Union City,
CA). Liver function was assessed by measuring plasma levels of AST and
ALT. Nephrotoxicity was evaluated by measuring plasma levels of BUN.
AST, ALT, and BUN were assayed by using a biochemical autoanalyzer
(Fuji Dri-Chem 7000, Fujifilm, Tokyo, Japan).

3.4. Histopathologic ex T

For histology of paraffin-fixed tissue, colons were excised and fixed
overnight in 10% neutral buffered formalin, embedded in paraffin blocks,
sliced, and placed on glass slides. Sections were deparaffinized, rehydrated
through a graded series of ethanol, and stained with hematoxylin and
eosin. Stained sections were dehydrated through a graded ethanol series and
mounted using permount (OCT Compound, Sakura Finetek, Tokyo, Japan).
Representative histologic images were recorded by a CCD digital camera
that was affixed to a microscope. Fecal occult blood was scored by using
the Coloscreen Occult Blood Card Test (Shionogi, Osaka, Japan), with the
scale ranging from O for negative to 4 for strongly positive.

3.5. Statistical analysis

All results are presented as mean = standard error of the mean (SEM). Sta-
tistical significance in differences was evaluated by analysis of variance
(ANOVA) followed by Bonferroni correction. The P value used to define
significance (P <0.05).
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Metal encapsulation into a cage and chemical modification on the outer surface of fullerenes endow them
with some unique characteristic properties. Although the derivatization of endohedral fullerenes holds
promise for producing novel new nano-carbon materials, there are few reports about such compounds.
Herein, we report the synthesis of lithium encapsulated fullerenol Li*@CgoO~(OH); using a fuming
sulfuric acid method from [Li*@Ceol(PFs™) and characterization of its structure by IR, NMR, FAB mass
spectroscopy, and elemental analysis. The hydroxylation of [Li*@Ceol(PFs™) is site-selective to
preferentially give a single isomer (ca. 70%) with two minor isomers in marked contrast to the reaction
of empty Ceo. We conclude from the analysis of radical species produced in the reaction of a Ceo cage
with fuming sulfuric acid that this unusual site-selective hydroxylation is caused by the lower HOMO
level of Li*@Cgo than that of empty Cgo. Furthermore, our results clearly indicate that the internal
lithium cation is interacted with the introduced hydroxyl groups, and thus the properties of endohedral
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Introduction

Since the first report of macroscopic synthesis, complete isolation,
and structural determination of lithium encapsulated fullerene
[Li"@Céo)(SbCls ™), it has attracted growing attention owing to the
strong electron accepting ability as well as the semiconducting
property in the fields of organic electronics and materials
chemistry.> However, details on the chemical modification of a
fullerene cage and on the properties of resulting derivatives have
not been well investigated except for the recent successful
synthesis of [Li*@PCBM](PFs~).* Such external functionalization
of endohedral metallofullerenes, especially solubilization in polar
solvents, can be a versatile and promising protocol for controlling
the physicochemical properties and the static behavior of encap-
sulated metal ions in a 7-conjugated molecular cage.

On the other hand, polyhydroxylated fullerene, so-called
fullerenol Cego(OH),, has been one of the most intriguing
fullerene-based materials due to the prominent hydrophilicity
and bioactivities with relatively low toxicity.*~® Various types of
synthetic procedures for variously hydroxylated fullerenols®~*®
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fullerenes can be controlled by the external modification of a fullerene cage.

have been reported so far including our highly hydroxylated
Coo(OH)3s and Cgo(OH)44.***® As expected, these fullerenols
consist of a mixture of a wide variety of isomers with various
numbers and positions of introduced hydroxyl groups, and only
an average number of hydroxyl groups can be determined by
elemental analysis except for recently synthesized Cgo(OH)g as a
single isomer.*®

Considering these situations, it is no doubt that metal
encapsulated fullerenols will play a significant role as a new class
of functionalized nanomaterials not only in life science but also
in materials chemistry. However, only a few cases are known; e.g.,
Gd-encapsulated fullerene'”*® and our previously reported
mixture of Li-encapsulated and empty fullerenols prepared from
the Li@Ceo cluster with an encapsulation ratio of only 12%.*

Herein, we report the unusual site-selective synthesis of
Li-encapsulated fullerenol Li*@CecO (OH), as a single major
isomer along with two minor isomers when pure
[Li*@Ceo)(PFs ) was treated with fuming sulfuric acid. Although
the regiochemical positions of hydroxyl groups could not be
determined due to its C; symmetrical structure, its unique
physicochemical properties based on both the internal Li* and
the external ~OH groups as well as the mechanistic aspects on
site-selective hydroxylation were revealed.

Results and discussion

The hydroxylation of [Li*@Ceo](PFs~) was carried out using the
reported procedures under the optimized reaction conditions
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(Scheme 1). The product was characterized through infrared
spectroscopy (IR), nuclear magnetic resonance spectroscopy
(NMR), fast atom bombardment mass spectroscopy (FAB MS),
thermogravimetric analysis (TGA) as well as the elemental
analysis. The IR spectrum of the product is shown in Fig. 1
along with that of the empty fullerenol Cgo(OH), (n = 10, as the
average structure of a mixture of isomers) synthesized inde-
pendently by the same fuming sulfuric acid method as a refer-
ence. The spectrum showed five characteristic bands at 3281,
1625, 1418, 1081 and 1040 cm ™' assignable to »O-H, »C=C,
6;C-0-H and two types of »C-O, respectively. These absorption
peaks clearly confirm the formation of a fullerenol cage. Of
interest is that the splitting of the »C-O peak was observed only
for Li" encapsulated fullerenol. The higher energy band at 1080
ecm™' (by ca. 40 em™') implies the appearance of the full-
erenoxide C-O~ bond with enhanced bond order probably
because of the deprotonation from one of the OH groups by
electrostatic repulsion against the encapsulated Li" ion.?

The encapsulated lithium cations were clearly detected by “Li
NMR spectroscopy. In the spectrum obtained in DMSO-dj, three
characteristic signals were observed in the range of —15 to —19
ppm relative to LiCl in D,O as an external standard (Fig. 2a).
The observed upfield chemical shifts apparently suggest the
encapsulation of Li" by the m-conjugated fullerene cage. The

1.HS0,S0; 1Oy
Cyclosulfauon
HO
2 H0O
hydrolysis
HO OH

Li‘@C,,07(OH),

[LI'@C,,)(PF,)

Scheme 1  Synthesis of lithium encapsulated fullerenol.

(a)
(b
3500 2500 1500 500
Wavenumber / cm™
Compound Absorptions / cm™* (assigned to)
3281 1625 1418 1081, 1040
Product :

rody (VO-H)  (vC=C) (8,C-O-H)  (VC-0)

Cego(OH)o 3250 1622 1373 1044

Fig. 1 IR spectra and the typical absorptions (cm~") of (a) the Li* encapsulated
fullerenol and (b) reference empty fullerenol Cgo(OH)10.
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abnormal higher upfield shift of the product than that of
[Li"@C40)(SbCls ) salt (—10.5 ppm)* may be caused by the
increased diamagnetic shielding effect of the appeared surface
negative charge interacting with the inner lithium cation as
already reported in our recent paper.'” These three sharp signals
seem to correspond to a major isomer (—16.7 ppm, ca. 70%) and
two minor isomers (—15.3 and —18.2 ppm, ca. 10 and 20% by
integration ratio), respectively. This Li NMR spectrum is quite
different from the highly broadened previous one,"” implying
the formation of the less number of isomers possibly due to the
unusual site-selective hydroxylation. Surprisingly, as shown in
Fig. 2b, seven tall sharp peaks (a-g) along with four smaller
minor peaks (*) assignable to ~OH groups were clearly detected
by 'H NMR spectroscopy, whereas the empty fullerenol
synthesized from pristine Cg, showed a highly broadened signal
centred at 7 ppm on account of the presence of a wide variety of
isomers. These sharp peaks were found to disappear by addi-
tion of D,O due to H-D exchange of the hydroxyl protons. The
product distribution of isomers was also confirmed by HPLC
analysis, consistent with Li NMR (Fig. S11). Whereas the three
isomers could be detected clearly, their preparative separation
was failed because (1) we could not secure enough amount of
starting lithium encapsulated fullerene and (2) the product
easily degraded during the separation process.

It was also noted that the "*C NMR spectrum provided
several signals assigned for sp® C-OH carbons at 72-77 ppm,
probably eight large peaks and four small peaks, together with

(a)

15 17 19
A A A K P o 4
10 0o 10 20  ppm
(b) ‘t'
i @0 ‘
e L ° | ¢
i } T !
! ! g ‘
Lo 1
/ it e R W
LA Y N
PPw
7.5 7.0 6.5 ppm

Fig. 2 (a) 'Li NMR spectrum and (b) "H NMR spectrum of the Li*-encapsulated
fullerenol in DMSO-dg. The D,0 solution of LiCl was used as an external standard
for the measurement of “Li NMR.
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over 40 signals of sp” carbons at 140-160 ppm (Fig. S21), in
conformity with the C; symmetrical structure. Unfortunately,
however, the peaks corresponding to the minor isomers could
not be clearly observed due to the small amount of the sample
even on 60 000 times accumulation.

Furthermore, we also confirmed the formation of lithium
encapsulated fullerenol by positive mode fast atom bombard-
ment mass spectroscopy (FAB MS) (Fig. 3, and the details are
shown in Fig. S31) and UV-vis-NIR spectroscopy (Fig. S4T). The
peak at m/z = 863 was attributed to Li'@CesO (OH);, suggest-
ing the encapsulation of the lithium cation. The high resolution
matrix-assisted laser desorption ionisation time of flight
(MALDI-TOF) mass spectroscopy also showed the molecular ion
peak assignable to the same species. The UV-vis-NIR spectrum
of the product was essentially the same as that of the empty one.
Finally, the structure was deduced from the elemental analysis
as being almost the same as the formula of Li'@Cgo-
O~ (OH);-4H,0 (Table 1).

These findings strongly indicate that the Li* encapsulated
fullerenols consist of a single major regioisomer (ca. 70%) of
Li*@CgO~ (OH); which has seven OH groups and one full-
erenoxide (CgoO~) moiety with C; symmetry. Similar to the
minor products it may be conceived of having a pair of (1)
different regioisomers of the major one or (2) the more or less
hydroxylated fullerenols.

Very interestingly, we confirmed that the counter anion PF¢~
was completely lost in the product on the basis of *'P and *°F
NMR spectroscopy (Fig. S5 and S67). This phenomenon can be
explained by the formation of a fullerenoxide (CscO~) anion
moiety which no longer needs the counter anion such as PFg~

Intensity (a. u.)

|
i
t 1
-
RN

850

Fig. 3 Positive mode FAB mass spectrum of the product. The peak observed at
m/z = 863 attributed to Li*@Cgo0~(OH); (M + H*) was detected. The other peaks
at 743, 761, 777, 795, 811, 829, and 845 were fragment signals assignable to
LiCgoO(OH)o_e, respectively.

Table 1 Elemental analysis of the product

Average Elemental Water
structure analysis® (%) content®? (wt%)
Product C: 77.16, H: 1.84 5.1

Li@Cgo0(OH); -4H,0 (C: 77.10, H: 1.62) (7.7)
“values in parentheses are calculated data. b water content was

determined by TGA.

(vide supra). The negative charge of fullerenoxide (C¢oO~) may
be partly dispersed on the highly conjugated fullerene surface
on account of the favourable electrostatic interaction with inner
Li" ions. As a result, the Li* would highly be inclined toward one
side of the inner wall of Cg, as similarly reported for
[Li*@Ce0](SbCls™) (ref. 1) and [Li'@PCBM](PFs ).> We have
confirmed such Li* behavior by DFT calculation as previously
reported.” Therefore, we propose the structure of Li'@Cso-
O~ (OH), without any free counter anion, and thus the
compound could be considered as a “cation encapsulated anion
nanoparticle”.

Why did the hydroxylation reaction of lithium encapsulated
fullerene take place site-selectively? The time course of Vis-NIR
spectra of the reaction intermediate in the cyclosulfation step®
recorded in fuming sulfuric acid H,SO,-SO; at room tempera-
ture provided telling clues about the reason. The spectrum just
after the reaction started is shown in Fig. 4 together with the
case of empty Cgo under the same conditions. The broad peak
around 823 nm (blue line) in the reaction of empty fullerene
with fuming sulfuric acid suggests the generation of divalent
cations of Cgp (Cgo>") through the two-electron oxidation which
was induced by strong acceptor H,S,0 resulting from SO;.2***
By contrast, the characteristic band of the Vis-NIR spectrum at
964 nm (red line) and the ESR spectrum recorded in fuming
sulfuric acid (Fig. 5) for Li" encapsulated one indicated that the
cation radical (Li"@Ce,"") was exclusively produced through
one-electron oxidation.?* The lower g value (2.0016) compared

1 Li@Cs emptyCso

0.8
06 4
2 |
< 04?,
02 4
04 :
400 500 600 700 800 900 1000 1100
Wavelength / nm

Fig. 4 Vis-NIR spectra of the reaction intermediate during the cyclosulfation of
[Li*@Cgol(PFs™) (red) and empty fullerene (blue) in fuming sulfuric acid. Inset: the
visual color of the solutions.

Mn?* Marker

!

Fig. 5 ESR spectrum of the reaction intermediate during the cyclosulfation of
[Li*@Cgol(PFs™) recorded in fuming sulfuric acid at 298 K calibrated by using a
Mn?* marker.
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with the reported empty Cg, radical cation and the line broad-
ening was probably due to the polarity of fuming sulfuric acid
and internal lithium cation.**~*’

These differences in the ionization potential between the Li"
encapsulated Cq, and the empty one can be rationalized by
comparing their UV-vis spectra as well as reduction potentials.
The UV-vis spectra of these fullerenes are almost superimpos-
able, because of essentially the same HOMO-LUMO energy
gaps. However, the first reduction potential, which corresponds
to LUMO, of Li" encapsulated Cq, was found to be 0.7 V more
reducible than the empty one on cyclic voltammetry (CV)
measurement.' Therefore, the first oxidation potential which
corresponds to the HOMO should also be different by ca. 0.7 V
due to the strong electron accepting ability of Li" and thus
monovalent Li'@Cg," seems to be sluggishly formed on fuming
sulfuric acid oxidation, while the empty Cq, can be easily
oxidized to the divalent cation species.?*?* Indeed, monovalent
cation radical Li*@Cg," was found to be persistent several days
in fuming sulfuric acid, whereas the divalent one degraded
within several hours. Therefore, the cyclosulfation reaction of
[Li*@Ceo)(PFs ) was quite slow as compared with the reaction of
the empty one (see Fig. S7-S91). This difference in the stability
(i.e., reactivity) of the oxidized species is partly responsible for
the difference in the site-selectivity of the multi-step addition of
fuming sulfuric acid.?*=** The Vis-NIR spectrum of the reaction
intermediate of the “Li@Cs, cluster”* in fuming sulfuric acid
was also recorded for comparison (Fig. S10T). However, no clear
peak at ~960 nm which can be seen in the case of
[Li"@Ceo)(PFs ) was observed probably due to the heteroge-
neous cluster nature of Li'@Cg, " surrounded by neutral Cg,
molecules. This electronic difference as well as the steric
restriction could result in the unselective hydroxylation of the
Li@Cgp cluster.*

One of the effects of the introduced hydroxyl groups to
[Li"@Ceo)(PFs ) was the improvement of solubility. Although
the solubility of [Li*@Cso](PFs ) is low compared with pristine
Ceo, Li'@CspoO~(OH); could be dissolved in polar solvents such
as DMSO and DMF comparable with the empty one. Indeed, the
particle size analysis by the induced grating (IG) method*
showed the small and narrow particle size distribution (ca. 1.1
nm, original molecular size) in DMSO solution (Fig. 6). The size
was also confirmed by scanning prove microscopy (SPM) for the
sample prepared by applying the highly diluted aqueous solu-
tion of fullerenol to a mica plate and drying it (Fig. 6).

Av. 112 nm
STDEV: 0.2
0.1 1 10 100 Av. 1.1 nm
Particle size / nm

Fig. 6 Particle size distribution of Li*@CgoO(OH)7 in DMSO solution (1 mM)
measured by the IG method (left) and SPM particle size analysis for Li*@Cgo-
O~(OH);7 on a mica plate (right).
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Conclusions

In summary, we synthesized Li'@CgoO (OH); using a fuming
sulfuric acid method from [Li'@Cgo](PFs ) and characterized
its structure by IR, NMR and FAB mass spectroscopy as well as
the elemental analysis. Notably, the reaction of [Li*@Ce](PFs )
was site-selective to give a single major isomer (ca. 70%) with
two minor isomers in marked contrast to the case of the Li@Cqg,
cluster. We concluded from the analysis of radical species
produced in the reaction of fuming sulfuric acid and Ce, cage
that this unusual site-selective hydroxylation was caused by the
lower HOMO level of lithium encapsulated fullerene than that
of empty Cgp. This result suggests the possibilities of the metal
encapsulated fullerenes being capable of becoming a new-type
of fullerene multi-adducts with appreciable site-selectivity.
Further mechanistic investigation on site-selectivity and the
properties of Li@Cs," are now undertaken as well as the
application of our new Li" encapsulated fullerene compounds.

Experimental section
Synthesis of Li'@Cg0 (OH),

A slurry of [Li'@Cego)(PFs~) (10 mg, 12 pmol) in 30% fuming
sulfuric acid (0.5 mL) was stirred for 48 h at 60 °C under an Ar
atmosphere. After cooling to room temperature, the resulting
mixture was added dropwise into chilled diethyl ether (100 mL).
After centrifugation, the residual solid was washed three times
with ca. 10 mL of diethyl ether and dried under vacuum at 30 °C.
The resulting brown solid was added to water (3 mL) and the
mixture was stirred for 48 h at 70 °C in air. After cooling to room
temperature, the suspension was filtered and the residual solid
was washed with water until the solution was neutralized (40
mL). It was then washed three times with acetonitrile and
diethyl ether (40 mL each) and dried under vacuum at 40 °C for
24 h, resulting in Li'@CeO (OH);-4H,0 (9.2 mg, 9.9 pumol,
83%) as a brown powder.
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