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1. Introduction ~.

The fullerenes are a recently—discovered family of carbon allotropes. They are molecules
composed entirely of carbon. Spherical fullerenes are sometimes called buckyballs, and

cylindrical fullerenes are called buckytubes.

)G Discovery

In 1985, Harold Kroto (of the University of Sussex),
Robert Curl and Richard Smalley, from Rice
University, discovered Cy, and shortly after came to
discover the fullerenes. Kroto, Curl, and Smalley were
awarded the 1996 Nobel Prize in Chemistry for their

roles in the discovery of this class of compounds. Cyp  efc

*Structural Determination

J. M. Hawkins et al-
SCIENCE 1990, 252. 3/2.

Fi$2: Goos0e)(-tert-bityl pyridine),

Fig 1.
H.w. Knto et al. J. chem Soc chew. Com (990, (423, .
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4 Reactivity Enerdy-  |igeV

Fullerenes are stable, but not totally unreactive.

h, .H..H. .H.. .H. .H. HOMO
he 4 4 4 4
Low LUMO energy o “ & 4 4 4
gt H
. . . . - — Cgo 2u ++' ++ 4-+
* Easy to react with Nudeophile or radical species. by G444 H 4
+ Diels—Alder or tluf\ ﬂ. #
1,3dispolar rxn. ¢ . ‘
i CopPEAL: x orbital of Cg
Fig 3 Fig 4
¥ Solubilitys 1

1,2,4~tri.chlorobenzene (20 mg/ml) , carbon disulfide (12 mg/ml) , toluene (3.2 mg/mi)
chloroform (0.5 mg/ml), n—hexane (0.046 mg/mi), tetrahydrofuran (0.037 mg/ml)
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2 iarge amount of supply of fullerenes
2 —1. Large scale synthesis of fullerenes

# Ark dischange method (7 —2m L. 1990 |, Krits chmere'{'ql)

Radiation and Sublime
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The ite-is-hi large current is needed. Not suitable for large—scale synthesis of fullerenes.

# Combustion method (%Iﬁ,ﬁ 1991, 7.8 Howord)

etal. In JAPAN, FCC company
Penzen 'i w@ r—— [ - = 4o~
ov (o o't oo 2YYRI5—L2 (MF) ) 40 tons/year
Tolvene SXETE 20% ——y 500 yens/g
ANANANMN S \ C 0
50% 60 60 % : ~
The cost of raw material is low.
Cyo 25%
. H —
The assemblyline operation (sch eme 2. ) Corol 15%

The detailed generation mechanism of fullerenes is unknown.
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2—-2. Development of practical purification methods . ‘

o lomn chroma tog raphy

» Typca| method ((HPLC

=—> not suitable for large-scale

Purif: (ation
% selective complexation
T L. Atweod etal. Natore [794 .38 227 ax ™
al, Tolvene l N Q
Folletene wxtvre ————— (o ~Q1 omplex .
vecry withTolx 2 pore Cpo-0 CHQ i
0% CompleX vi
(scheme 3)
The cavity of the calixarene
75 too ewall for favovrable binding al r= tBu
off higer fuilereves. :

Efficient and Scalable Method for [60]Fullerene Separation from a Fullerene

c‘ﬂ,ixtture: Selective Complexation of Fullerenes with DBU in the Presence of
ater

K. Nogata et al. (Evgineering and Development Center . fcc)

: 7 AL
Ovgonic Process Reseach & Devlpment. 2005. 9. b60. e ¥
Scheme 1
QZD ©8v  H.0, Lo
A Ceo
. Cr0. o0
o ) A _ (L.3ky)
(3.0kg) Cro DBU, Copo-DBU (schewe 4)

Table 1. Complexation of full i i
wi(hout‘wa?:‘lf ;::Con ¢ erewes and various smines Table 2. Complexation of fullerenes and DBU in the

presence of a small amount of water at 20 °C*

component (%)

Ceo yield? component (%) .
ine? N 3 amount of H,O Ces yield®
entry amun Cso Cn Csn (%) entry  (equiv of DBZU ) G o O 0
1 DBU >99  <i 0 7
2 DBN >99 <1 0 70 1 0 88 i 1 86
3 2Me2 >99  <| 0 68 2 0.16 >9 <l 0 7
imidazolene 3 0.32 >99 <1 0 77
4  DABCO 57 24 19 100 4 0.64 99 1 0 78
5 TMEDA 57 24 19 99 5 161 89 10 1 88
6 EyN 57 24 19 100

) “ 6.9 mmol of[:BU was used for 1.0 g of fullerene mixture (Cro: 57%, Cao:
%, C>20: 19%5). » Based on the i 60 i tarting full

“6,9 mmol of amine was used for 1.0 g of fullerene mixture (Cen: 57%, iﬁfﬁﬁ_n %) on the quantity of {60]fullerenc in the starting fullerene

Cro: 24%, C.90: 19%). ® Based on the quantity of [60)fullerenc in the starting

fullerene mixture.

Hirsch et al. chem. Phys Lett. 1§34 3200138 7% | Pottaling etal.
< N Chew. phys. Lett .
= < T ity o B fullereres.
gy N O ) Electron attnty o
ﬂgggo * 8 8 U’g’ﬂ — Qgg.' : Co  2.65 (V)
> T & &L () cry 2,73 (eV)
{
_ 307 (e7)

(scheme 5) , \ / Cro

Hoo stabilized +he Folc:\r tyons:ticn statle
or the 2w rtenon caw‘fs]ex' ? 4%,



« § Chemical synthesis of Cg

SYNTHETIC EFFORTS TOWARDS Cgp FRAGMENTS

14

n Ro\gcg't et Q_\, Ll‘i%q )

Scheme] , Plater's strategy for C60

L.T. Sttt etal. SCLENCE 2002.295 . /500,

A Rational Chemical.Synthesis of C¢o Argew dem . S od

. CH3 H:!
B 8 OH b cd
Jio gt S e
ci 97% o 6% o —
bf

D7 3) Mg, diethyl ether, b8 b) P8r,, benzene

then acetaldehyde €) P(CHg),, toliene

d) LIOCH,CH,, 2-naphthaldehyde,
ethanol, dichloromethane

GHs Ha '
{9
N = SO
G@ 5% “ QG de, dibenzoylperoxid
P N-bromosuccinimide, dibenzoylperoxide,
%) UV imadiation (254 nm), 1, g) KCN, tetrabutylammonium hydrogen sulfate,
blo O

. propylene okide, cyclohexane bl water, dichloromethane

N
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81% 85%

¢ ‘ lycol Ci ‘
}:7) :831’ hiene 8¢ O k) TiCl,, o-dichlorobenzene
LYER P AlCl,; dichloromethane bi3
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FVP (Flash Vacuum Pyrolysis), ]

FVP
1100°C, 0.01 mmH

N e CEMEXROBCH Can TRk -
U‘f«l.c% L. lﬁf’a‘iﬂ‘]lCIOOO"Cﬁﬁi&@Eiﬁ’&bx(jg)

FiE, CORT—BopsE “KERSLEE
BRau3,

Ceo
Buckminsterfutierene

? Curvanture can be introduced in polyarenes by flash vacuum pyrolysis (FVP).

¢ Even.a yield in the range 0.1-1.0%, however, means that the 15 new C-C bond must have been formed with
an average yield od greaer than 60% each. (0.60) 5 0.05%

¢ Introductioon of@logenﬁa Is very important. ( Ar—X < Ar—H )
ex) —
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¢ The extra steric strain affects
the yield of aldol cyclotrimerization.

. HPLC analysis of the prod.-
. uct obtained from the
("‘ Fig. 1. The peak at 4.64 min ap-
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4 sChemical synthesis of H,@GCq,

* “Encapsulation of Molecular et
Hydrogen in Fullerene Cg, \:’1 RS \%/W\wut.
by Organic Synthesis 7 o
Koichi Komatsu,* Michihisa Murata, Yasujiro Murata Saence 2005 307 13}’ . J.Am Chem/Sec 2003, /25, VI

: The success in 100% hydrogen
introduction to open—cage fullerene.

: The first chemical synthesis of

H,~encapsulated fullerene Gy,

aﬁt

© —pyC=N

% Reoction ¢\ —> C2
(ot
(Xray «ilyss )

H RGOCT:Oﬂ Cl._? )
The HOMO was found to be localized primarily
at the two double bonds, C2-C3 and C4-C5,
whereas the LUMO was found to be spread ovel
almost all the sp? carbon atoms.

{ C_,

\

The electrophilic addition of the singlet oxygen wa
expected to take place on these double bonds.
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w Reacfion (3—> C4
{
€ /
TDAE (5t —electron donor) w < N\ /N N
octwate h/C N
The electrophilic addition of S;to (3 7\ \
) 0
P 2‘ : { t
OM — OM —_— W — W — h &
3 O J - oN MY e
r/s—s-—S ~ N 1 ) ’ 5 (’? )
S\ g—~s5—S" /){{ S X oy omly-.{"a) ’

g

YA

R



# Reoction €8 — C?

Structural characterization
o MALDI-TOF mass analysis Ha. migh pressore
— H Fm ’
¢ X—ray analysis (C2,.9 ©tc Cy > H.@® CY.
0%
NMR  gpectrum
° pe Ha, W39 pesre AN
Table 1. Experimental and Calculated NMR Chemical Shifts for ¢y —> H.@C5
Encapsulated Hydrogen of a Series of Open-Cage Fullerene
Derivatives and H:@Ceo ,\,L";?,O&M
WE WG WG WG hale
exp” ~725  —633  -580  -295 145
caled®  —587  —4712  —38  —017  +179
A 1.38 161 1.95 278 3.24
“Al 300 MHz, in ODCB-d,. *Calculated st the GIAO—B3LYP/6-
311G**/BILYP/6-31G* level of theory.
% Another example
Rubin et al. Angew.chem. Int. I3 200/. %o . /§%3
Ha

or @ Cio




Gd* is enshrouded to fullerene.

Table 1. Proton Relaxivities, Ry and R; of Gd@Cs(0OH) 4
and Gd-DTPA at 0.47,1.0, and 4.7 T, 25 °C and pH 7.5

Gd@Cg2(OH)40* Gd-DTPA?
mM-tsl] 047T 10T 47T O047T 10T 47T
R 67 81 31 3.8 39 38
R 79 108 131 4.2 6.2 5.9

= The proton relaxivities R and &; (the effect on 1/T; and }/T3)
of Gd@Cg2(0OH)4e were determined at 0.47 T (Minispec, Bruker),
1.0 T (MAGNETOM Harmony, Siemens), and 4.7 T (Unity INOVA,
Varlan) at 25 °C. ¢ The values of the conventional MRI contrast
agent, Gd-DTPA (Magnevist), were also determined for compari-

son.

=, More stable complex

. 9. Application of fullerenes ' ,
[—”— 2 13 14 15 5 7 F«T
i Be 8 c N 0o F Mo
5_1 . MRI Contrast agents 'Nﬂ Mg | 3 4 [ 5 10 1 gz | M ISP stola
K m, Sc T v Co fMo| Fe | Co| N Cu |20 | Ga | Ge | As | Se B Ke
ﬂ Merqu"“erens' rofs v fz]mm]|x Rufrn|lprafagfcalm|[safso]re] s xT
M C —_ n+ - Cs | Ba H Ta w Re | Og & ‘ P A Hg n fr B Po At FIL
@ 32 = M @ C-82 BTN \\ il el S S B R B R K
\ La Pr Nd | fm m | Eu b T Yo Lu
UnEa'ned electron e - ~ = ‘] ‘
B SRRt L™ v w e fanfom Gk_ ct | Es Fm,l,,m‘m u
‘ Bl 77-LAXRYENLRE o
RUBEIRCAELT 7 LoCARRERL, B RIEE, 7 ERALPE -7 o
Paran.la.gnetlc Water-Soluble Metallofullerenes Having the Highest
Relaxivity for MRI Contrast Agents :
H. Shinohara et a|. Bocogugate Chem. 2001, 12 510
?  Water soluble Gd endohedral fullerenes’ s paramagnetic
properties are evaluated MRI contrast agents for next
generation.
o Gd-fullerenols is significantly higher than the commercial
MRI contrast agent Gd~DTPA (20—folds). e
. noocue, S cucoon OHOH 1 OH
@ 1/20 of the clinical dose NCH.CHNCHLCHR “HOH.C~C—C~C— €~ CHNHCH
~00CH.C Hcoo- \Ci.c00- H HOHHA
2 The strong signal was confirmed in vivo MRI
. . d-DTPA (R7TFCZRY)
at lung, liver, spleen, and kidney. Commercial MRT Controst agent.

signal intensity o< p (1 — ¢~ TRTl)o~TEM2

AL -] 3 @)i

TR: 4V ELeFd

Te: x2- %M

T T2 - 2$4oed P

T, T2 =0 , Signalintensity —
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[ MRI (REHEERE) &3
RIBERRT5BF BFBIUPRT) A &5,
ARBRFHELTOAC ARER. (T5EFLDEEE. 25T
PHELYHDN. BEEACTILY IR boTE, ~h
CABRBEHFESEDI L. RCCREBELVHIC Lo TS
—IBMLOENED LT D, COBR. REHILT U4l R
LTBVEIAX—REBICRY | BV HEV TR X —higin 2|
DEETUABRBMT 5 LB TED LIRS, BRIBPTT
CAEEDH T, 2TCORFEOTIAXF—REELEE1 DL 7y
DRELESXOND, TOERKEBT S L. RIFRIBELH LY
BHECZIAF—EY (LACREB) KR>T 5, “OBK
EEMLEE, RROEED M&ICE 0 FREICLOEL S,
:n&mﬁﬁéﬁﬁb‘nyen—am;orﬂ&T5¥TEWﬁ
BROBESR & 1EY

WA MRI TSI, AR T H OES2 85, chooEes
PEgE LI BEE PSP TR Fickn . 1H %3]
B ERHBIT D E 512 LT, $onES0MRES HRIcE
BLTRBETEGEROEIREEY Y, SENE &R
REgHIsickn, LEBPDTHEFD L dHBEBICLY 7
2 bR RES N, TORRITIEEN K& < 120 WML
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5-2. HIV-protease inhibitor (Application of fullerenes) serockie

Inhibition of the HIV-1 Protease by Fullerene Derivatives:
Model Building Studies and Experimental Verification

George L. Kenyonot al. J. Am. Chem. Soc. 1993, 115, 6506
v G, s steric and chemical (hydrophobic interaction)
complementary with the active site of HIVP.

v Possibility of recognition of fullerene derivatives
to the mutant that acquired a tolerance ?

s The fullerene derivatives recognize the shape of the

entire actice site of HIVP. f‘% 12 |
' h/drophob?csw?uce of HIVP/s ocfiesite

(h]dwp\ﬂo}c awino acidg extept For two A?P)

(o]

HO

e

oy, [ HOF e ager

0o OH A )
X = CH,CIONHCHS),

d ‘ Y=

0

' etal. J-Am Chem. Soc. 1993, 113, 651
Ad%m)( ECs = = rl-uM G.L. kenyon .

( PBMC)
Tox‘\a't/: ECxo0 7 loo aM
( PBMC, Verocet)

D.LScuusteR eral.  Bio. Med. Chem. Lett. (996. 6. (2573

@)/N A(T\’Vi't)' tECso —,‘ 0-?uM ,

\ Toxicity: EC (00 uM ,O1FS els-Alder HY

r tm'" , 50 7 E‘ + Cbo V e ﬂ CMA
| 44 oMe i ;

oMe
d5 d6
cMA; carboXy .
M Prato etal. methoxy o e
2. 3185 tH
(Ovg.Lett 2000 3?  ) ercrcoon + Seet I tigoc
dg = df
Toluene, A
Cea
R R
Mol X AHBoc
PO el
OO0 -2 (D)
Q.‘l 2Cl Q.‘ : ‘
drl 7 f‘% 3.
sogee 00 electrostutic infetaction with Aspas and Aspis.
b, R = CH;CH,OCH;CH;0CH,CH,0CH; shevld increase the binding constant.
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Water-soluble dendrimeric fullerene

as anti-HIV therapeutic Hirsch et al. U.S. Pat. Appl. Publ., 2003, 23 pp

Bu

R = HN-G2

1 -HOBT,

o-ﬂwovc"m NH A
05 %u pese et
BN § SUNT- S oV :7:: . mﬁa i ie

Ac\\v‘-t)li ECsp= 0.294M
Toxyc\tz': ECyo> 100w M

it &"’9“"

» A highly water-soluble dendrimeric derivative of Gy, with 18 carboxylic acid groups was
found to be active in primary human lymphocytes acutely infected with HIV-1LAI with an
EGS50 of W\gg/@(\e anti—HIV fullerene derivative), and showed no toxicity up
to 100 ¢ M in human PBM, Vero and CEM cells.

s The fullerene dendrimer was also active against mutant mol. infectious clones of HIV=1
which are resistant to AZT. and/or 3TC drugs that are widely used in AIDS therapy.

9-3.
A non-metal system for
nitrogen fixation  (zer-ichi Yosndo et al Natvre 200% 4% 2p0)
Haber — Bosch process ((906)
Fe at. | L
N+t oot too% 2 2NHs (very nard condition) //\‘})y 3
200atm. 500 e
. \ri; (QO ’ :
Ces VAR VAN
Ceo: t’f,[l—(—tl) Coh\Ple)(O 2y
N + 3H, = Na.S:0¢ . tao 2 nHs
visthle Lght Cupto 45%
/

norma | -i'evuPera‘t‘WE, ‘norwa |l pressure:

Qvery soft condition)

Zen=ichi Yoshido et af. Angew.chem Tnt. £d
99%.33 1597 “/
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