A 1) NaH, Tm
Logooe: amm, COOH

E3. J0URBSE 13 OSRIAF—L

O T OOl Ot

!4. TOUSRRBE 14 OBRAF—L

5N

[ 5 COOMBu 57 coorsu oM
HM Po— ___TIOH N
BN s, 5 cHct,
cs, COOrBu COOHBy COOH
14a 15b 15

B5. J0USRBEE 15 O8RAF—L

HRE (TFIITAFIESE)

mr-oooa fm
g0l CHO
:
Toluene

MR (tert-TFILTAFTIER)

o7 CO0HE  COOM COO+Bu COOH
OBy  CTHO - " __/coom TIOH Jm
Toluane
Toluene COOtBy COOH
3a 3

B6. JOUSRREHE 3 ONMS SIS
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ERGE (IFILIRFIAES)

whl |

Er

25

- e Bt g

HEGE (tert-TFIIAFNEER)

AU
LOMS : Agilent 1260 & Agilent 6120
| Column: Myprrn M (L6 x 250 mm)
Column temp: 40 °C
1 Mobile phase: MeOH/DMF/TFA (40/60/0. 1}
i Flow rate: 1.0 ml/min
R UV wavelength: 310 nm
2 | iz o lonization: ESI (negative)
2Muerex h 8 ) 5
, 3., TIEERRGERI 7 | 2 3 ¥ -
”
B7. SRULETOUSRBEE 3 OWE
/~CO0r8u foom COOtBu
“—COOMI CHO - _/coom TIOH m
Toluene COOMBu
110°C, 10 min rt., ~10 min
3a
H8. [CloOUSUREE% 3 OamAF—L

‘Iﬂ’

E/TFNG

BhRmkiE 2

T/AFNAE

2 FITF NS
g 25 l(

““u \~.- \-—..' S




Mimic

N
i BRI
QIR ey & SR
N (mCPBA, PhIO, H,0,.
Feedback ' BuOOH, NaOC! etc.)
Feedback

(iY) — LN

9. Cytochrome P4ASO{EFREF LOESE

UVIBe RS Ih SIM 70?75 L

4
l

MERNRNY

m/z 940 CoP+2{0]

MEERERN

OOM COOM
£ COOM COOH
W O — (o = il
COOH 2 Coon

H10. 70V RBBE 3 OPASOEFEFARTOREROIOT M/ S A
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EESMNETRERNS (ERSREEmREL)
[EABRESICHT SRENDENBIBEILEN T DDS OS]
SIERHEE
EXRRFEHRAEDOIS—L > FHE4EIR EEBRENIRICET SR

AEDEE 85 I B CO0NA AU —FHRASH SJHAED

MRES

ERREMMEHO TS — L VBEEREZAIE | CNETORRTERSNERLRIS—LoHE
D55, MFEEEME., FEE - MAEERZOE AN S, &BENn L O 2 BEEEAR(3) (U
f%. C60-P) (CEBUJE. fEBEICLKD C60-P ZER UIIBE. #iE(60-70%)MEVC EH5RE
THOEN, BEEESDIIL—T(CLD. BHIEIC C60-P EAKT D ENFER SN, HJIL
—TJICBNT. ZOBRES IR —ILT7 Y TR DIz, BHIE C60-P DERREITD IEhER.
BB << SHER C60-PZEKT D EMNTEE (iE 95.7%) .

IS5 — L FEARDOERERE UTOEBIISERDIREE 326K 24 B KU 25 FE (L, ESR ZAULT,
EROFIILSTHIL (- OB IUVIEBERILAFIILSZHIL (LOO - )X BEEERERE
L. STHIEESEEEROBFEEERUE, 2 TDIS—LOHFERKE. WITNELOO- £LDE -
OH (CW T BHEEEAOAIEBNTWE, REEX, X—/\—AFZ R (0;7) BKU'DPPH S>H
WICH I BDHEEERZTMT DT EICKD,. C60-P ZEFUHETBTS— L UFEEADHEMLIER
(CRI9 DERBINRZIEEIREE LTz, Pristine C60 DIEE. KEESZX DT ENTERs, DPPH
STHIVEEERERSRU. UhURAS, OV ESEEAORTSE, 5 C60-PlF. 7R
JLE D BR(CILEN S D DPPH SHEEARZERUME. KBTS —L 2 (CHBNWTH., OV D REREK(C
HEARTEENEDD, DPPH SZHILEEERNROSNEZ. 0,/ ([Cx3 ZHEAMERIE. #MAmCTO
U BIEREAR R DEKEME TS — L > DIESHMENTWVDMERN RO SN, TOY > REEEARD
BA. (1), C60-P. (10). BIUVUL)DFEHREFEVEDD., FOY D BIEREIR(7)~(9)DIEM (K
Mofe. MEMEERZIEEEUT, BARSDHILICH T IBEEFRAZLLR UEFER. BN (C
C60-P FEMNEBN Tz, NMEMBERICH T IBRERTH D 5-ASA BE| S LB UEIBE(CE.
C60-P (& 5-ASA HFICILHG B\ G LEIBAB(LIERERT T ENHESHNCRDZ. TS5—L>
FBEARDOHRT, FIWI\ANY—BEEEUT, EITUTEEMRMNMED SN TND YO EEFER
[CDWTESTHIVEEERZTMU. C60-P DEMH B U, TDHEER, C60-PDSHILHE
EERZ. YOVEFEARIDBENTWIT ENBESHCRDTZ,.

TS5— L EEBROERNBIRER | SR 24~25 EEICHNT T, P—IREFERNT, I5—
L2 BHRIC[C] ZEA UE[MCICo DA EDHIIZRB =, TR, FITXEDEH 20
BEHERKIL, 1'C & Coo NEBATBRTE(CHRINL., BRINICESNEZ[MCICyH DLERETEE=18.6
uCi/mg (Total Activity : 198.6 uCi)Top b, INE=11.8 mg T2z, UNULEHS. 7—TK
Bkl LEEtEEDEIHNEH L <, BATES C OMICIRANG D, FEBRIBADKETEE
PNFEREIND, COBRBEBRT BH,. [VC]-3-TxT/LTOEA S BEEHRER & UESE
REIC K B[MCICo0 DERSEDHIIZBH UTHEERIT O, TR, N8 - INRH(TIEKL,
518, RSZHEORBICEZITONENGIBEDD, HRTHH T, 2EMEICED, [MClCsh &
BT D ECRKRIIUE,
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A. RER

AERFEIE. FUAL - FIRIEERICEN S D5 —
LBEAZRNT, JORSYIEREDE
BIZENT7TO0-F(CLD, FEYpaBEosEbc
S [ EYRES X5 L (F/ DDS) ] =¥
MICER - FARC. AN EEREER (ERM
KB - 00— 29%) ZENEL. FHBEN (1R
O#%5) T, D2 DEWRFE - BEERES/ /&
MIDOMEINERBRT DT EEBBLTLD,
RE 24~25 FEE, BIERR(ICEDINET
S— L HERTRE T Dm0, AN
ERICWIDIENENAFINDIEBHRD TS —
Lo dBikeamUic. 8L S—L 2 FE
K(F, ERRBEAREUTOERNNREIRET D
=&, ESR ZzHWCE ROFILSZHIL (-
OH)BLUIEERILAFZILSZHIL(LOO - YD
EEEEETHAUE, F. J5—L B8k
HREEMIAERIE L. [Y'C]Cs DA EE
Y1927z, RIERFGEDRBELEITD I,
AEE(E. FRL 24 FEOHFTHN S, BNZE
NSNS EE X S5NIE C60-P (CHlEkHhis
FHUTHRZEITDCEEL. BERMICEUTD
HREBZEmRI D EZBENE U,

(1) BEFELEG(CKD. BHIE C60-P sENBIF
SNECENS,. BREZHERT 2D, B
#iE C60-P EBREITD,

(2) IS—LFEROEERE UTOERN
WERERIES B/, DPPH SZHILE LV
O, TZHILICH T DEEERZETET 5.

(3) 2ERRICKEB[MCICso DERDTBELEZ 8
93,

B. HARAE
1. C60-P OEMESHK (BRI
1-1. tert-Butyl glyoxylate D& 6

100mL 3 D027 Z X1 Di-tert-butyl
tartrate (1.0 g) . Iodobenzene diacetate
(1.5g) . >orO0X~> (50 mL)yZAN. ZR

T2 B Uz, RIS®. T/URL—45—(C&
DBEZEEL. SUBSIHSLAoOX NS
T+ (BEBE  AFYU /BT FIL=2/1)ICKL
D UHEREREIT O Iz, BEBEREZERELC. BYW
¥ tert-Butyl glyoxylate ZUN&E 0.66g. UXE
66% Tz,

1-2. TFILAEDERL

500mL =DHE 2735 X(C Fullerene Cgg SUH
(600 mg). tert-Butyl glyoxylate (324 mg).
Di-tert-Butyl imminodiacetate (270 mg). %7
OO > (300 mL)ZE AL 90°C3 BRI
HFemadis Uiz, is#g. T)URL—45—IC&K
DBEZEREL. SURTILITSYSahS LD
O NI ST 1 (BREBE . AF5>/MLIT>
=10/1)[C K> CHBBRZIT Oz, BEBEE
PRE®. BEZEEZEL. BRMTFILERQ)EINE
449mg. IXFE 50% TE=.

1-3. J'FILE(1)>C60-P DEEL

100mL 3 DO TS XL TFILEKRQ)
(215mg) . Trifluoromethanesulfoonic acid
(300 mg). ZO0ORIE> 40mL ZAN, =8
T 5 BRIR#H Uz, MBI ERUTES &ERER L
Ritzibsh. R ZEDH LTz, DI UTZRE)
ZNUVI> T—FILTHRELUE BT,
B4 C60-P ZIX= 160mg. IR 88% THT=.

1-4. C60-P D5

0OV EEER(3)D LC-MS (. LT D&
HrCEmUIZ,
$5 L : Buckyprep, 4.6 x 250 mm, 40 °C
#2848 : DMF/Methanol/TFA=80/20/0.1 (v/v)
o E : 0.5 mL/min
EAZ :5ul
BHEER 1 335 nm
MS : APPI MS, Negative



2. IS5—L BB &ONECEEM
2-1. DPPH S hJViEEEA

UBRAR]
MES Buf. (pH5.5) : MES (5g)(C. 7K%&#J 200mL
X, KOH ZRL\T pH5.5 (CHAZE#E. /KT 250
mL [CXRT7Y T UTz,.
0.5mM DPPH in EtOH : DPPH (4mg)% EtOH
(20 mL) (SR U1z,
MES Buf. (pH5.5):EtOH:DPPH=1:1:0.5 T
& U. DPPH working Sol.& U7z,

(RSEERE - AIE]
96 "N oOFL— MT, BIFEH>FIL(10 ul)
H KU DPPH Working Sol. (190 uL)ZZFMIL.
30 31&IC 524 nm ([CBITDRAEZAE U,

DPPH - HEERE U TORXRZRAWTER Uz,
DPPH - BREZE(%)=[AOpppr ~Atsampie] X 100
S0%MEEREESD 2 AERVEERRNS.
DPPH « % 50%i4% 9 2R (ICs) R EH LTz,

2-2. O S HIVEEER

SRR
WST working Sol. : WST solution (1 ml)%Z&
Buffer solution (19 m) T&HRU=.
Enzyme working Sol. : Enzyme solution ZE
RYT o DJBET, B RE LR, 15
uL ZHD. Dilution buffer (2.5 m)ZHWTH
fRUT.
Sample Sol. : > F)Lig&*% Dilution buffer
»DU\(E DMSO THIRLEZ (DMSO (&, §5EY
BERDS3ZH. 5%UTICRDBKLDICTHE).

(IR - AE)] (R 128])
1) 96 "I oO0F L — MY TILBER
(sample, blank 2) UL (3K (blank 1,
blank 3) % 20 uL ' Di&RMULTE,
2) &1 )LIC WST working Sol. % 200 uL 3
DX, JL—hEFT-TLIBEU

65

3) blank 2 & blank 3 @2 x)LIC Dilution
buffer % 20 uL 3" DHM U,

4) B T)IVEREANTED TILE blank 1 DD
TJUIC Enzyme working Sol. % 20 uL 3'D
INX 7=(Enzyme working Sol.Zilx 3 &3 <
([CR—=/\—=AF> ROFERMIA),

5) 37°CT 20 offl-1 >Fax— kLT,

6) JL—hU—F—ZFBT, 450 nm ([CBF
DIRNEZRATE LTz,

7) SOD &EMAE( BHEEY) (&, TEDstEIC
KDOR&., ICoZBH U,

SOD EMfE(Formazan &REER %) =

[(Ablankl - Ablank3) - (Asample - Ab‘ankz)] /
(Ablankl - AblankB) x 100

2-3. ESR [C&D OH S HIVHEEER

H0; & Fe" &R&L. JI> hURBICE
D.OHZREEEL. AE> MY TEIE LT,
5,5-Dimethyl-1-pyrroline N-oxide (DMPO)%
B\ &k U7z -OH & DMPO A &G L. DMPO- -
OH 7FUOh&EUT, BFREHIE (ESR;
Electron Spin Resonance) Z#RAWTH&E Uz,
BIEFHBID OH - HEMEAE, HBRRmMECELD
DMPO- - OH 740 b F )8 E R = 181E
EUTz. STFILBREDOHEBEEEE, MnO @ 3
BEOSIFIEFERTIEEUEY,

BRSRFS : 0.1 mM FeSO4 (45 ul). DMSO
(2 L), A (98 uL). 4 EHFHEFRLT= DMPO (10
ul)ZRo0OF 21— ITHRMU. RILFY I
SHH—TRAURE. 0.1 mM Hy,0, (45 ul)
ZwmUiz.

RAOO0ERYS—2ZHANT., RIS (100
uL)ZHSABF v ESUICIREF. /STFTHE
ZURR. ARELCHSABFVYESUEANT
ESR %8 (AAETHE JES-REIX)CtY ~U.
H202 &bl 1 DD T FHILERIE LIz,

- OH JHZE/EA(E. DMPO- « OH 774540 K774



O MEADHERER (Inh%) LT, BIFD
XZEAWTEE U,

% Inh = 100 — [(S.Isampie/S-Imn2+)/(S.Ie/
S.IMn»4+)]x 100

(S.Isample : B> TILHEMEEDS T FILERE,
S.lier @ B TIVERIKEDS T FILARE, S.Iun
2+ L MNO X—H—DITFILRE)

50%PHEREZHE 2 mzALZEREKNS.
DMPO- - OH 77452 DA% S50%BEET i
E(ICso)ZEH LTz,

D IEARIC EHE. HEEMHEHERBEMBIFEDTZHD
EE®TTOMI—)LE

3. 2AMREICELB[1CICeo BRS EDRET
7 — IR BF v > IN—EBE[MCICeo DE
K 2E. UTFOLSRREESNH D, ik
[CEBXETEKRT DI ENHULY,
- [*C]ICe0 DERZNEAMELY (59 1%)
- LERS B BE DB (PRI ZH
- BIAEERAD DR IR IC K DB LD ERE
TEMBERZERRRT B8, Otero 5D Cep i
Bk CEB U, RERICEKD[MCICe DERE
HABTEEURE. TOBELCED[MCICH EE
BRI D ENTENL, UTFDLSBH NGBS,
- LEETBEZEAERIEDRY 10 15[ E
(Ceo 1 DFITHULT, 3MED CZEA)
- LEETRR D FIEI T AR
- BETREI B IR D ERRIEN RN
SERMXTCRHRBSNTVWCHENETHD
Truxene (CgoHsp) @ RI ERINHERESNTLVR
Lz, [Y*C]-3-phenyl propionic acid (3-PPA)
ZHFEMNE U, Truxene, FREMA I, fEdk 11
ERETC[MCG]Cs; 2ERT 2T EEFALE (K
1),
Truxene &F : Truxene DERUNERZME L&
B3, RimES KUNMBAREZERET U,
TOFER, 160°CT 3h MIRATDZ&ICLD, |

66

EEWNETHHEZEMS, 3-PPA (3.3 mmol,
0.59)BLU/RUVU B (5.0 g)Z2=HT5 X
([CANL. N, BES T TNEER (65C, 30min
—160°C, 3h) Uz, BRETAM U, TDE,
i A>K (5.5 mZEIX CE#R (ZR,
60min) L. %31 3BICLDBSNIELENE T
TR THEFRUR, BRE. SAFILINLATE
RTEERIDZEICEKD, Truxene 8=

(3-PPA JLIRFILEDRRKEIE) o

FRREA T (CooH3oBrs) &% 1 ERTOTXTE
B L 7= Truxene (1.0 mmol, 340 mqg). Btk THF
(50 ml). n-BuLi/ANFH>iE& (1.6 mol/l, 3.2
mmol, 2 mE=O0J S XJICAN., N, FEK T
TREZ LITRASHER (-78C—>-107C, 4h)U
J=#%. 1-bromo-2- bromomethyl naphthalene
(3.5 mmol, 10.5 mg)ZEMiX TERLE (BE,
30min)., M TFIL TRIEZEILESEZR.
# NaCl /'BRTHEL. BKREIRIIL%E
BAWTEzEL, T)URL—4—TEEID &I
KD HPRER I Z8TZ,

EMA I SEREIECHVT, anti-fbE% : syn-
1EEW =3:1 DEIETHEM T DD, FRHA LD
BT OT XD, syn-{b&EWMDHEBD =D
DRAFY I EFZFE (KSR 1), PREMK T (0.5
mmol). tert-butyl alcohol (30 ml), potassium
tert-butoxide (1 equivalent)Z=[075X(C
AL N, FESTTER (80°C, 12h)L. 5#0
BICENE - 2B U, RAKTHESRL, T
—ILERE NI THEERZET DI

FRREA 1T (CeoH30) &A% : dimethyl acetamide
(8 ml). HEHAI (0.15 mmol, 150 mg). B
Paradium (0.15 mmol, 34 mg). BnMesN*Br
(0.3 mmol, 69 mg). cesium carbonate (1.5
mmol, 207 mg)Z =07 S XA AN TER

(140%C, 36h) Lfztg. =RFTHENIT D, 3B
L. BiEZSO00X5> + 7 b THRiELE
#. 7> AEF NUDLKBRPTERE (1h)U.
ZBUEEICEHREK+ 7 N THREL, HS
LZBAWTHEREUE,



[MC3]1"2Csy (=["C]Ceo) &% : FRHA I &2
OO/RLAICERL, BEMRER LR, U
OONILAZERSETIZEL (K1 T). BE
Ze FThlE: (10*mBar, 427°C, 20min) L7z
(SRE LTz,

5 1 5Tt D Tl Coo DT —SHER S
NTWB3MEDH. STM(Scanning Tunneling

Microscope) & IEN D EEMER THEER L TULVD AN

AHAFT(CHWLTIE. LC. NMR. MS, UV/VIS Ik
INZARD BILDAIEREREFZRE LT, Coo DE
REHR I D EE Uz, FZNE - IRE(F, K
FHEMEDENSER U,

2 Sumner S. et al., 3. Appl. Toxicol., (30)4:
354-360, 2010.

%) Otero G. et al., Nature, 454: 865-869,
2008.

0

ARFER (REDICELHTRETS)
D. & &
1. SHE C60-P DEMB KU
EHEZANT C60-P ZEKT DES. i
*HEUTIRFTIVEEERUREE. f C60-P &
B LTV, IEBREIC K> TER SN/ C60-P
DFE (L. 60~70% RN ENIBERTEH D
7o
BEFEAE GIE, A E LTI FILEZESR U
=%, C60-P ZEMI BT EICKD. TR
HTLRVWEHER C60-P ZEMTETRT &%
BHURE, TTTYHIIL-TTE. GROBIRKE
HRBLURT—ILT7 v TR UTEHER. S
JE72 C60-P B#AMI DT ENTE R L&D
Lz (B 2), &kUTE C60-P @ FT-IR KU
'HNMR X MLE, ZNTNR 3 BLUE 4
(RUTZ,

2. I5—L > FEEAONE(CEERM

67

2-1. DPPH S>hJLEEER

BREY > FILICHFD DPPH S HILEENE
BZEEEHTER 2 (RUE. BN, OV
1, 3OSTHIVEENINEL. 7 BEOS>
BIVBEEDMEWNE WD ERIE, FR% 24, 25 &
FE(CEMU ESR DRAIEFRER SFEML TULVE,
KL TS — L 2o(E. Ceo(OH)12~Cso(OH)4q =
T, KEEHORRDIFEARZHNT Vv &
T2z, Ceo(OH)12 BASME. DPPH - JHEZR(C
BEMARFENRDENT [CraBHTDRII &
TERh oIz,

FHFEY > TILD 1Cso EZDIBEZER 5 (TR
UTz. Pristine C60 (&, /KEBRHSEEN TN,
DPPH SZHIILEHBEEIT D EETERN. T35
— L 2FEERICHBNT. DPPH STHIVEEEME
(FERDHENZEWDERIE. DPPH ST HILEE
(CHUTIE BEREEDTSICLDIEBDEEZSN
. JOUBEEEKR(ICHULTIE. DPPH S5
JUBEERRROSNES ENS. BILIRBEBD
OHMN Tz /—ILEDOHDEEIEREL.
DPPH S HILIKBRZHELTWR EEZ SN
%. OV EEREHRE THE USSR, H)LR
> B & DPPH S ) LHEEME DR (BN R
HENRBNS ENS. DIV EEDEBEEFE%
REFEUTWDIEREENH D,

2-2. 0,5 HIEEFR

FBRFED > TIVICHITD 0, ST HIVEHEER
ZEEHTE 2 (ORUE. O T2HIILICHTD
SHEVEAE, Ceo(OH)2a XU TR IILE BN
ROBENTUz. BENC, OV BSBEARK
DEKBIELTS—L>DESH. 0, 5ZHILD
SHEFERANSVMERN RO SNz, KESREDEL
PYRNEDSH,. O STHILEEBEEN SN
fz. OV BEBER(ICHTIE, EHE C60-P
DEENAREE L. RWTTOUE()>
C60-P>(10), (9), (11)>(9), (8), (7)T&HND.
BiE CIEM M (CEAMRER M (R s nan
o1z,



O,y ST HIVEHEEBOEAM(E. Xanthine
/Xanthine oxidase RIGICKDERKEND 0,5
SHILE WST-1 BRISUTERT D WST-1
Formazan (BAIRIN 450nm) ZRIEIT D&
[CKDFHE LTz, CORIGRE BERIGTHD
ZE DTS- URBRERRT DIZHICERL
TL\D DMSO HSEMEICIRD & FeTS
— L 28RS 450nm FHEICEIRINA B DED
BEMNS., T-FOBERECREENDD EEhN
2o TDIZE. FIZICER UTZERERIE. ESR &
FAWEFHEitERI & s U,

2-3. ESR [ &3 OH S hIViHEFA

R 24 FEICERUZEREGDET, #R
'EEHTE 3 ([TRUIZ, &EFEE C60-P D OH
STHIVEEERG. ERETEMKR LI C60-P
DFEHICHEARD & PWROVERNMESNZ. &
DEHEUT, IERETERUIEEHRICESR
N23FRHE, OH SZHIVEHEERZBLTW
SEEEEHNER SN,

C60-P &BIfFD IBD BEETHIA YT
(5-ASA BE) DS HIVEEERER 4 (TRU
Jzo C60-P (&, AHAFRTHREULEETDSTH
JVCH U TEHEERZB D ENBASHTR
D7z, FEz. C60-P DS HIVEEVEAE. 5-ASA
RIFNCITHT D, HDLE 5-ASA BF%E E[ESD
EHEEBUL TN EMRESMNIRD T2,

Dugan 5{&. I5—L 2FEBARORTHE, YO
SEERER(CER U, FILYI\A I —DEEE S
UT. BIEEMARMNEDSNTUND, REMAVEH
ROFER. YOVESSERITILYINAI—DE
ERERY ZEMNRESNTND Y, YOVE
BERE, STHILEHEHETDIEICELD., ER
ZRUTWRERRENRIZEN TS, CDT &
o, YOVEFEAR (MTRHR) (CDVWTES
SHIVEEERZFHMEL. C60-P B UTE (R
5). TDFER. C60-P DT HIVEEERE. ¥

OVEFEARIDEBENTWB S ERBESMNC
Bolz.

4 |.L.Dugan et al., ANNALS of Neurology,
76(3): 393-402, 2014.

3. 2AREICKB[C1Ceo AR EDIRE

VECEE DN BB EHEDAMEIC L B[MCICqo

BREEORZET O R, INEBLVINEE
ETENEDD, ARICED., EFEES LT
[MCCeo DERLICEEINUE (MEIEENSEH SN
JZUNER 1 6.5%107°%, URE : 33ng). INEHMEH
SEREUTIE, UTFOEENEZ BN/,

- Truxene NSILEWD 2 ZEHk S DBIEICH L
T. RISHFR+D17zh, JOEFIIL>D
INEIR D IR NE DR
L&Y 2 DRhBERREL
- BIERYIDFIEIC KD Coo BRDIEE

PEDZENS, EPRIGEZEICINERZME -

TEIZIEHICEF. RIGESZRELL. FPREMA
DNEE - BRI EZERT T DHNENG D,

E. f&m

TERDOEREICHITD C60-P FEE. 60~
70%T&H D . AFEH 30~40%ZFENDIZH.
EXREAELUTOMHEZIERICFHIS 3728
(& FEDOBRZE - BRYIOSHELNSED
FECTHDOZ. TR, EEFEEGICIOTHE
ESNEEREZAVWDZEICLD, BER
C60-P ZER TS DI ENASMTIRD 1z, B
HZEBIDHCER LI C60-P DFER
95%UE(ICELELTH D, BEFE GDEME &
BREEOMEIC C60-P ZEKT DT &(CHKINIL
Zo UDUIBR'S. ERRFEMFIBZRIZITZH
(Z(3, 99.9%LU LDFEENROENDe8, BT
LBRECLD., e5(CHEZRDDTEZREY
TINENDD.

ABECSWCAIRENLET S - L 2FHEEHAK
ZRAWT, EEREARE U TORRNRIRZAREL

68.



BTz, ESRICKD « OH BLVLOO - (CxFT
DHEEEREREUZ, F/z. DPPH - 0,5
PV ZHEEREIHMI L. TORER. 4
B (C, KEME D S—L > B8RLDET0O0U >
BSOS ZHIVEEERDAER., BNTnd
ERN RO SNE. CNSDRRENS, TS5—L
CHERCLBSTHIVESERIE. JS5—-L>
BERO_EFSCMA T, BREBTFSLTWVWS
AREENEZ SNz,

7 — O BEERNZ[MClCo BMRIC L DM
BRZEHFRINRL, 3-PPAZEREREL. 25
FSEIC KD BoRRS KU CICo DA ICH
hUfze ULHIULRHS, IESLVINERH L
T3z, BERATY TR ZREELTINE
n&3.

F. ERfEIREEH
21U

G. MRRE
D BXRE
7 L

(#85H - Zoit]
ZE1RU

@ FRER
(S 2RIUAFE : &5t 0 4]

(EAFESHER : &5t 9 ]

1. EHEEE, SHBH, TSR, KIHZ,
BERI, MR W, KB 15, BFEE,
HIRFIEE, 12 B : Coo IS5—L2FHEK
DFREINHIFE & UT OB ~in vitro
(CHTDFHIm~., % 30 EIHA DDS F&F
fiife=., =, 2014 F 7 A.
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ABSTRACT: We studied the kinetics of the Diels—Alder
reaction of Li*-encapsulated [60]fullerene with 1,3-cyclo-
hexadiene and characterized the obtained product, [Li*'@
Cgo(CsHg)](PF¢™). Compared with empty Cgp, Li*@Cgo
reacted 2400-fold faster at 303 K, a rate enhancement that
corresponds to lowering the activation energy by 24.2 kJ
mol™!. The enhanced Diels—Alder reaction rate was well
explained by DFT calculation at the M06-2X/6-31G(d) level
of theory considering the reactant complex with dispersion
corrections. The calculated activation energies for empty Cg,

L+ iaﬁé*‘}, ", V

E;‘f. aa'svu Y

LUMO 2
U Ir@C 0

B LUMO :

Y Q‘ C.H 8L o o f gt

CeHg 10%,=213 < 52300 M's
HOMO E, =704 > 46.2  kJmol!

Smaller energy gap 2,400 times faster

and Li*@Cyg, (652 and 43.6 kJ mol ™", respectively) agreed fairly well with the experimentally obtained values (67.4 and 44.0 k]
mol~', respectively). According to the calculation, the lowering of the transition state energy by Li* encapsulation was associated
with stabilization of the reactant complex (by 14.1 kJ mol™") and the [4 + 2] product (by 5.9 kJ mol ™) through favorable frontier
molecular orbital interactions. The encapsulated Li" ion catalyzed the Diels—Alder reaction by lowering the LUMO of Li*@Cg,.
This is the first detailed report on the kinetics of a Diels—Alder reaction catalyzed by an encapsulated Lewis acid catalyst rather

than one coordinated to a heteroatom in the dienophile.

B INTRODUCTION

Since the discovery of the Diels—Alder (DA) reaction in 1928,
it has become the most widely studied pericyclic reaction
because of its practical importance and fundamental interest in
synthetic and theoretical organic chemistry.” According to the
Woodward—Hoffmann rules, a normal-electron-demand DA
reaction is a thermally allowed [4 + 2] cycloaddition that occurs
through frontier molecular orbital (FMO) interactions between
the HOMO of the diene and the LUMO of the dienophile. It is
well-known that a smaller energy gap between the HOMO of
the diene and the LUMO of dienophile often results in a higher
reaction rate. A common strategy for accelerating normal-
electron-demand DA reactions is to introduce an electron-
donating group to the diene and/or an electron-withdrawing
group to the dienophile. Another approach is Lewis acid (LA)
catalysis. A heteroatom in the dienophile can serve as a
coordination site for an LA, which can accelerate the DA
reaction by lowering the LUMO of the dienophile (Figure 1a).>
For example, DA reactions run in the presence of lithium ion
(Li*), which serves as an LA, are accelerated up to 9-fold when
acrylonitrile is used as the dienophile.* However, metal ions
cannot be used as LA catalysts in DA reactions unless the
dienophile contains a heteroatom that can serve as a
coordination site. In addition, steric interactions between the
reactants affect the reaction rate. Yet, in previous research on
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11162

the DA reaction, it has been difficult to separate the electronic
and steric effects because electron-withdrawing and -donating
groups inevitably have some steric effect. If electronic effects
could be isolated from steric effects, this would provide useful
information about the DA reaction.

The DA reaction can be used to synthesize fullerene-based n-
type materials for organic photovoltaics, for example, indene-
Cgo bis-adduct and methano/indene fullerenes.® However, the
inherent equilibrium between the DA and retro-DA reactions
lowers the yield and limits the scope of dienes that can be
used.® Considering the enhancement of the DA reaction by LA
activation of dienophiles, we have focused on the DA reaction
of lithium-ion-encapsulated [60]fullerene Li*@Cy,.” Compared
with empty Cg, Li*@Cg has a lower LUMO level”® but exactly
the same size. When comparing the DA reactions of Cgy and
Li'f@Cg, the steric effects can therefore be ignored when
considering the reaction kinetics and thermodynamics, and in
particular, the reaction rate can be considered in terms of only
the HOMO jiene—LUMOgienopnie g2p (Figure 1b). In our
previous study,® we used cyclopentadiene as a diene to
efficiently synthesize the DA adduct of Li'@Cgy and we
observed a drastic rate enhancement due to the encapsulated
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