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€ molar absorption coefficient

) chemical shift in ppm

DFT density functional theory

D fluorescence quantum yield

GPC gel permeation chromatography

J coupling constant in Hz

Amax wavelength at maximum absorption

Aem emission wavelength

Aex excitation wavelength

Mes mesityl (2,4,6-trimethylphenyl)

NMR nuclear magnetic resonance

T fluorescence life time

t temperature in Celsius degree

T absolute temperature in Kelvin

THF tetrahydrofuran

Tip 2,4,6-triisopropylphenyl

VT variable temperature

dba dibenzylideneacetone

pin pinacolato (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
dtbpy 4,4’-di-t-butyl-2,2’-bipyridyl

bipy 2,2’-bipyridine

cod 1,5-cyclooctadiene

SPhos 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl
Xphos 2-dicyclohexylphosphino-2’,4°,6’-triisopropylbiphenyl
dppf 1,1°-bis(diphenylphosphino)ferrocene

TMS trimethylsilyl
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AT, TYv by e ) FFev BB LS YA ZONEELEGET 27—
L&Y, okl oEffEkz o7y — VBB RO R ZTo 7. ETIREDORL 27— VFE
etk 7 7 —LVvEHOT AP DR EREI T2 28T, ZabDr —JLEYDETT
FAFELTCORENZRHEL, SR -7 X MR o FEMHEAERICBET 2 ME 211G 56
i<, RO G S CH- M AFHIC X o CTHEE I N7z Co 7 A b OEINZEEI B S 10T 5
TET, VAR a—TOBA,S, CH-n HEEHORE2EE L. AZECIIAE
CBA T 2 RN B IHe, EADFR L 77— L VEEKRD AT 2R .

1.1. @t

EHFAICK o THEI N FIcx L <, ARG ED 5 FRIMEIERIC X > TBKT 2
BERBEEZHES T LW, Z2odhcd, FA MR MU¥ETIE, FAMNSTFRTZ N 0T%
H0ihte & Tl TEMEZIERT 2. LT, & PO TBHE2EICT 2 My FraEans
ZETIE L 11 8%, £H50T (o) ZHWT [HFRX 7R ] LRT,
BHIOGKEH AR MLAYTH 22 77 v T —F v 18-crown-6 (%, 1967 #iC Du Pont @
Pedersen IZ X Wit & /-, ZoHTREROR ) -7 iE%25EH, NICETEEABHR
JRFIcBlE N 20000 %L 2B LT 5, iz, 18-crown-6iZX X/ — A THY v LA AV
iR WL, 18-crown-6oK'$EAZ R T % (Scheme 1-1). T XS, 777 vI—T I,
ZEILNICT A A YV BBAA v 2T AP & LTI ARBYTHARIER T 5 2 & T, HiEto
15 D GBI~ O VERNE & REER IC ) | X 2 2 R & F5o.

o™

@)
é/\ /\} K, =4.7 x 10% L mol’ 0 O
C )+ K< = [k )
0O in MeOH

(@) O O
I\/O\) I\/O\)
18-Crown-6 18-Crown-6 D K*

Scheme 1-1. Complexation of 18-crown-6 and K*. !



TR P-T R MRS D, @B L ENTiEE v 3 2 L cREA KGR (MOF) P
THATenRE, FI AT - VOEMLIMERMET L L TES. ThoDXHnk
AL FEL, F /7 A — At =X —CHRF ORI T N 7=E 2 E5 2 LA TE,
H—0r 1 L~ OlEANE Ll m R AR O EL L, 7/ v bu=7 2y
H~DIGHICHN L THANTH S, £, BERPF T v 7T VN =2 2T L7 EDELE B~
DIGCHICH LT HEMTH S, £D7D, INETIRA G4 4V EllAEbEE Rk
o TP T T &P 7, IRERAED TR AERCE T 2 MR 255 7200
KRR L LTH, B THAEOFHE XA 2T TH 5.

1.2. FRBALAEY 2 A A T2 85 T8k

L DI > TR BB S LT 2 By FL¥EohTtd, HERILAYEZ R P27 R

ICHLAAA 2B THHA IR b BRI T —~D 1 2 TH Y, REICTHE L ENICHIZE 5
FonTwd, AHEELCEMIEE R BT 2D, 20 nHICIZkA X050 7 RIHEER
B <M, F i, HEBAVI LAy 7Y v I RISERWCHEET 8T 5720, @
ST EBCCAHAEOE L=y FTh Y, HEBELEDE VRO RENIZ%
WP X pi, HEBCEYNOCRIN, R, MIEZZEE SeREELR SR EE > C
EH o, ZNEAHIIAAL T TR IR 2 B REMEATRL . L CoISHIS IR S 5.

1.2.1. n BT i@ < HEMEHR

HEEEY O n Bkt Uil < REM A& 4 200 FRIMAIER % Figure 1-1 ISR, 21 b
4 > DA E BN X AHEAFH & BB 2 MHEFH O 2 EICHET 2 LT
5. nmo-nHAEMERATE CH-n M AAERBNE FIC B0 2B s HAERCH 5. FRC n-nfHA
TERHEAEEBRFAR P EZHOCEEEEROBE T LT Hwbh, DX 5 AikoWmEeizdE
Wit~ hFAx v g HEERO L 7 = v AHE R ECEEN M EER T
b, hFAv--n HEEREZEBAA YRR FF VL o BEFOMICE X, HArdbeic
Lo CRAKRMEICIUET 2B 2 b 000 7=F v aHEEHEZ, BETARASERLET =4
vide oflic@ S MHAERTH M. Ek, FERORHEFEFEETH 5720, HFENFERY
L X o TT =d v L DI F M < 25, EFRIIMEDOEBEHREZEAT 2L, EFAERITER
LT =A v oI MBS Ko icms. L L, ZOWMEHNIZHE DS R,



Dispersion type interaction

- T interaction - 11 interaction

09 O

Electrostatic type interaction

Cation --- 1r interaction Anion --- 1r interaction
CH
HsCom, N/ ? / | o
H C/ T
’ \CH3 N\

Figure 1-1. Various interactions involving aromatic « electrons.

042D, FHEFECAYTIEEL o FREEERAE M. 2 b oM AEER I
HFALFE DB AT, EELEY DR EREE L RS O R k& B cEE AR %
iHoTWw3, UTTIE, RiFEICE CEERZH 2R3 oo HAERA & CH--nMHEEHIC
DWTHLLHENT 3.

1.22.n--n HEfER & CH- = HE{ER

FHEBERACKFEOMICE K n--n HEMEH, CH---n HEERIZ, B F Ok E e RnT
DG 7% ECHERKRE 2RO, FHEBUEAGMCEOIFFHICER ST AR TS
. 2D, INETEHABRIA—-TICL>T, b OMEIEMICET 2 MR e 7 it
BTN,

B2, HEBESFROEEE L TRd iA€'y X (4 <—TlL, Figure 1-2 IC7RT 325D
BHAEZ LD, 200V E YD nHiA AL VE 9 face-to-face B D n---n HAMEH TIX, 2
DRy XV PITEAEICET 5 Sandwich Z &, T4 THEZ 5 Parallel-displaced JE D 2 D DELFI S 5.
—77, nET LKFBRFOMICHE < point-to-face D CH---n #HAFHTIZ, RvE v D niicxf L
T, I —HDORVEY P C-HZ AT CHEEICHA L 72 T-shaped JTX23H 5.



O

Sandwich Parallel-displaced T-shaped
AE = -5.56 AE =-9.28 AE =-9.36

Figure 1-2. n---mand CH- - -m interactions and interaction energies (AE) for a benzene dimer calculated
at CCSD(T)/aug-cc-pVDZ’ level in kJ mol !, [

Sherrill &%, 2N b 3 2DEAIDEEN T AN F—AE %, CCSD(T)aug-cc-pVTZ’ L~ TEHEL
L7209 mn AHEAEH <13, Sandwich J & Parallel-displaced JE 12 & & 1T AE SEIC 72 b, $S{AIZ%K
ELd 5. FFIC Parallel-displaced 1358 < REMNLE N, 220DV L VEROFLA 0.16 nm 1T L
CTFNn2 L, ROLEICRBZIN, Z DD S, face-to-face B D w---n A IEFIZ, %70 Befil
DL E 2O KB EESK L, REARAKREZEY LT VI Lp3bh 5. CH - HAIFH
238 { T-shaped JED AE (% Parallel-displaced JEICPE# 3™ 2 CTH -7z, L 2L, point-to-face D
CH---n #HEAE L face-to-face B D - n HANFICH AR THE WK Z R0 2 L B b T
2. BlziE, Tsuzuki b iF, FEAREAIDOA X V- Ry L VKDL EN T AL F—%EE L, HA
EH 3% CH BZRVEVEOFLLLING L TREMZANVF—BHDT L2 L 2L I
L7 (Figure 1-3) UL c o X 5 icHGshaEmmaik, SuilhkFEttziioc L » b, ®EAL
RO HEL <, CH--nMAMEH%ZH W78 RO FNIIR S 4Tus 1617,

s 5 H
H--.CaH H"'--C‘H H""-d‘H

I
H

AE=-607 AE=-418  AE=-389

Figure 1-3. CH- ‘7 interactions and interaction energies (AE) between methane and benzene at
CCSD(T)/cc-pVDZ level in kJ mol L. )

N
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"
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¥ 72, Sherrill 5 I3 Figure 1-2 IC78 3% L2 Lo fici) <) < HAAFRH Z EE OB nElIL, 2n
ZNDZH 5 % SAPT2/aug-cc-pVDZ’ L ~ )L CEHE L 72 (Table 1-1) % ) icmd & 51, HALE
MFFHENHEAEN (Eae), EAHEIEH (Exa), HEDE (Eno), 8 (Eap) © 4 FEEHIC
DRI N,

Etotal = Eelec + Eexch + Eing + Edisp €Y

n--n lHAER X, SITMHEERE L3800 EF505& b KE v, ¥ 72, Parallel-displaced /&
Tl, Sandwich JZ & e~ CTHFEIMHAIEM & pEI OF G KE W, CHn HAERICENTD,
SN OZFERRDKE W, on MHAER & R CEHEWHAEROT S 28K E L, REMALE
Mo%FG23/hNE v, 2ok Hic, 2EROMEFERICKIETHESOEF50E S o A
& CH---n HAMERIZ, EHEICX > TRZF2HRIGECHEL 2L THREINS, T-shaped JTEDOX
VEV XA —ICBWT, CH FF—flloRy¥vIicks Rt s A L -BE0RENT 4L
¥—DZAL% Table 12 1R g0, HoD0FtEICK 2 L, nmntlAERTIE, BTG5 (X=CH;,
OH) t&ETREIE X=FCN) &b 28ALTH n-nHAFHIZEL 2%, —J, CH-nH
HEM<ix, BTG5 (X =CH;, OH) #8EA$ 2 ¢ CH-n tHAMEMIZT =Y, EFK5I%E
(X=F,CN) %##A$ 3 & CH-ntHEMEMIZHEL 72 3.

Table 1-1. Contributions to the interaction energy for benzene dimer at SAPT2/aug-cc-pVDZ’ level

in kJ mol !, [15b]
Orientation Eelec Eexch Eing Edisp Eotal
Sandwich —4.08 +25.25 —1.38 -27.31 -7.52
Parallel-displaced  —11.71 +36.20 =3.77 -33.03 -12.31
T-shaped -9.39 +20.36 -2.80 —-18.27 -10.10

Table 1-2. Interaction energies (AE) relative to substituent-free benzene dimer for heterodimers of
benzene with monosubstituted benzenes at CCSD(T)/aug-cc-pVTZ level. [152

X Sandwich / kJ mol™!  T-shaped/ kJ mol!

H 0.00 0.00
OH ~1.55 +0.17
CH; ~1.97 +0.29 M

F -2.05 ~0.63 S @
CN -5.23 ~2.64

11



13. 77—V Va7 R & LS TG

BATAACBFIAFRT AN TELT, A nlx2FF27 7Ly Rk HvwbhTH
2. 77—LV Celd, BTOILMRY DEET 5 LERWN 1.0 nm OXFED B (5 W FRE) BRIK
IGEWHEEZFE D, KW LUMO, T habbmuwErZAwkefionrcdsrM, xolkw, 7
TNA AL e E~DICHBR S N T B 72, 7L v oKL n BTICED
NTW37:0, 1 FF—& LT - MAMEHAS® CH--n HENEM 7 & DRk % 70 5 1 RAH EEH 23]
BECH D, L7zdioT, 77— LV id@nfikzMK+ 27 A pFe L TBAINTHY, &
NETICCZIFILDE L7 T—L Vv EROWEBIERBLEERE I N TS,

LA L, HEEE o-n HEFEHTH - Th, KEMER L OB TEMBAMFHR L RS L
DRV, FAM D TOREIRLBIRICHEL 22 b TORFPSETH 2. LUTTIE, 7
7—L v adEd s &) iciat I N REN R RIKEF R MiconwT, oo HAEME CH - n
MAERZRA W7 7—L v ol ik ERNT 5.

131l nm-nMHAMFRAEZRAVE7 7—L ViR

non MAEHAZERBI N E L7277 -1 vEiRE—BNICLETH Y, LEOBINBHE ST
W BRI, L SEARERT 2R A M ST LT, 77 —L v ofgiRicil L 7238 L 72 o %
DFE EGERZEAE I - KRBRRIEEY R L HwO NS, 2oL hF-X b pTe LT, Vv
JIRO, oL BB S — g ok 4 BIBIRO b o3l T Tw b, FRIClEHI S
WY Y ITEERR MIZOWT, W0 Dfl%RF (Figure 1-4). 2003 4, Kawase & Oda 51T X -
Tt & 1L72[6]-cyclo-p-phenylene—ethynylenes ([6]CPPA) (%, [EFEH) 1.0 nm OZEfLEFFO Y v 7
1T 2R INA~<=2Z b, 'THNMR A~=7 bo, $RO XHES SRS IC X 5T, 21
IC Coo 2T DL ABIH SN2, FRAMIXLTT A MEFEL 2D LWINA =27 bz HIE
T2ZLICEY, 2AEMK T 1.6x10°Lmol™ LIRE X7z, Yamago b1, 7T—2F = THH—
RV F ) F a— T DEHHEE TH B [10]cyclo-para-phenylene ([10]CPP) %5 L 721 Z D& %
b ERK 1.0nm DZEFLIC Coo 2 ClEET 5 2 LA TE, K, 1d2.8x10°Lmol! & KREWETH - /-,
Isobe &3, HBWAEFHENEYTHL 27 ) v Ea=y MDY v 7B+ X F(P)-(12,8)-[4]CC %
Wi L2 B aizFo2z Ve v 2V LI XY, Co& DRIICHRY - M 1 258 <
728, CofhD K, 1% 10PFRE L IEF TR E WHTH - 722,

COEI BN rHiZFOREEKRARA P FIRILERT7 77—V ViR ZEK T2 2 &3 TE 572
W, BENET7 7—L VR CobBhD X 5 lkk iy 2 Moo, BREEME L Lo
JEHRY, 72+ BB O fRIAR 72 & 0 % R OWFSE ISR S hTwv 3,

12



[6]CPPA D Cso [10]CPP D Cso (P)-(12,8)-[4]CC D Ceo

Ka=1.6x10* Ka=2.8x108 Ka = 1012
(in benzene) (in toluene) (in toluene)

Figure 1-4. Various - - -7 interaction-driven aromatic host—fullerene guest complexes and association
constants K, in L mol™!. Substituents on (P)-(12,8)-[4]CC were omitted. [2°-2%]

1.32.CH--ntHEFRZ A7 7 —L V#&k
(@) Ceo B < CH---nMHAEH

RYELVYPEHED nHEFO2OIKN LT, 77—L 3B L7z n @EEFF>. Wang 513 Ceo &
Ry XY OIS HEERDOLENL T ANF - ZDITANF -y % L7z (Table 1-3) @3,
SHERE L LT, CoD 6 BERRICH L TRV E VY ZFTICREL, 2 20BIC n---n HAENER 2ME) <
Parallel Bl &, RV XV DKEFRT% CooD 6 BERICHTCEEICKEL, 2 20MIic CH = fHA
{EF 258 < Perpendicular B0 2 DD fEER H V72, 2h b OfEiEIC D\ T, PBE0-D3/def2-TZVPP
L~ L CREEREAL L 721, SCS-SAPTO/jun-cc-pVDZ L _ATCLEN T AN X — %R L2, %
Eto A ¥ —%2iRs % &, CH--n HAMERHDME < Perpendicular B X 0 %, n---n tHAVEFR 23@)
 Parallel B LETH 2. Fiz, RvEV X4 ~<— (Tablel-1) LH~, CellfB)< CH-ntHAAF
R ENOFER LY KE L, BREMRICL2EL R L2 PHINS,

P EofERD S, L7z nili 22 Co% CH---nfHAEIERIC X o THlife 32 © L I3IEHE Ic i L
WZ EBbhb, LedoT, CH-nHAMER%ZFREE) & L ColifADIEICIE, CHE =
O AECIHEZFHE L2, FXAMTFO XV MERHGI Ak b3,

Table 1-3. Contributions to the interaction energy between benzene and Ceo at SCS-SAPTO0/jun-cc-
pVDZ//PBE0-D3/def2-TZVPP level in k] mol !, 2]

Orientation Eelec Eexch Eina E disp Eiotal
Parallel -9.66 +26.21 -1.84 -31.94 -17.22
Perpendicular —4.18 +16.89 -1.88 -19.69 —8.86

Parallel type Perpendicular type

13



(b) Coo %7 A b & L7z L ETEHEHA

2018 4E, MWFFEED Yamamoto b 1E7 v F T VER 6 B 1 AL, % DWERZEFLIC Coo %
WL CEMAZIER T 2 2 & 2E L7 (Figure 1-5) 29, U v 2" 1 13[24]circulene DERBH#ETH
b, 7¥bF7¥DI1-H, 8-H, 9-HAWHICE W72 FEA AR ERK | nm DZEfLEZHFH>. Vv o1
Co BN TR O EFKT 2 2 & 13 'H NMR A= 7 b v X S SR IC X - CHERE X 1,
W I N7 Coo i L TIRAR 18 227D CH-n tHAMER M < Z L 23S S 2T 7 o 72120, T 5,
VY7 1id, Cod@id s LRI NP, D 1oCo #ERIE, CH--n AR % 5Eh ) &
LT Co 2 BHELIVDTOHITH 72, LHL, TD CottfRDABTER K, 1E 2.3 % 10° Lmol™! T
HY, FIEHETICHEN L oon HEERZ E2EKE ) & L7z Co $5AD Ko LHERTNIWET
Hot.

ko X5, CHn HAER%Z EAME & Liz7 7 — L ViR RERIR DR L, —iic
K. AVNE W, 2070, HESRPEBEE, L7 7L vEEORA, TR OERZE
B &0 AT Tnid o 72,

Ring 1 D Ceo

Figure 1-5. (a) Complex formation of ring 1 and Ceo. (b) Side view of structure of 15Cego. (c) Crystal
structure of 1>Ceo (Tip groups are omitted). Tip = 2,4,6-triisopropylphenyl.

14



147V o vV-b)TFFRy =V

2RIEDY) VITEHRA P DEEERML T 220D T OWBKO 1 2L LT, FRFD 33X
ke 5. Bz, VY I/IHsA Y THE7 7V v —TAIExL, 2HpATCERETZEA
LCEBEMA -y — VIR AMTHE 20 T2 Fix, NEOZEIICT AR ) E&EA A v 2 H
DAL Z L TE, KEDERAEERIMHYUT 27797 v T —TLDEETERD 20 5l ETH B C
ARG TN T LB,

2021 4E, MHFFEED Kajiyama 513V V27 1 D220DT7 Vb7 v %2 b FF R VICEEHZT
TV TRy DBEERMAZr = ALEY 2 AL 72 (Figure 1-6) 28, 77— 2 o NERZEAL
X, ANCmEN 72 26l OKEFEFICHEN R Z 5, KE JIIEFEF 1 nm & Co DR Z XU
MM T 5. 77— 20Ca RO EATRIT 1.3x10* Lmol ' TH Y, U v 71D 5.7 %5 & KiFicm
EL7 2518, 20CH RO AATERIL 3.4x10°Lmol ' TH Y, Crold Coo & D DENRMICEEE X
N3 BRI Nz. 2DXHiC, CH-nMHAEFREZEK 26 2L TP T LT, AT
FIEHICKEL S o7, Lol, 77—V 2 2T 2R1MA2=y FTH 2 2,7-¥ 70 E-10- A &~
FATVETRvE 2714-F DRI VLY TFR2VOERDONEIMKL, 7=V 2 RBICAKT
22 ERBEHTREI o ZDD, WIBRIC KIS T BREGECAESE R Y, 2AICow
TOFHLWEREZES L IRETH 7=, £72, DT —%2% DFT i#E1r6, 779—L vF7 R
PO —VICEBEIN TS 2RI IN TR, HBEoBEIELh T vy,
DEBEN 7R AHLAE b Tk o 7z,

Cage 2 Cage 2 DCeo
Figure 1-6. (a) Complex formation of cage 2 and Ceo. (b) Optimized structure of Cso complex without
Mes groups at M05-2X/6-31G(d) level. Mes = mesityl (2,4,6-trimethylphenyl).

15



1.5. REwX D H Wy & sE

Kajiyama S3AHK L 727 v b7 v- b ) FF vy —20F, 77 —L VT A ELREREST
FEAREBERT 32 e TE, 77—L v DM CHn HEMEHOZKE #3258 LT
WY ke HEx2ONSE, LHL, ZOGROEIIMLS, 2B T 2 B R BEHN R,
TS ORI A L oM AR AR 2 ICREL A o7z, Z0R®, F—Y 0K, FHCKIG
ICRBICHWET Y 7R va=y F OGRREOUENISLHATH o7, ZOMEICKHL,
Kobayashi > D5 L7z 1,8- 7 U =T v b 7 & v OLLiEER 7% Hartwig-Miyaura = 7 B KE
BRI TH 2 LFEZT ZoOGeRH L, ZERMICHEAER18-Y TV —A TV T
=y PO, BB — LAYEER 3 O AR X e (Figure 1-7).

KEld, 1,8-Y TV =T v Jkvazy b 2ROy —VFHEEA3IOAEK 771V
L OGRS L U7 A P OBEENICB T 2 ITRREERME L2b DT, £5HETHRINS.
1 EIIMESEDOEAT, F2EIOLESELARTH S, H2ETIFI8-TYTI—AT VT
A=y FPOERET—V3DEM, EIWTR T V3L T T—L VL DIIERK, B
4ECTIITr—Y 3L 77— VT A OUERORGE, 5B TIIUEI NS Co T DRI
BWEBOFIHIC O VTR 2, LT ICEEOMEL R

Figure 1-7. Structures of cage 2 and cage 3.
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F28E r—ILEYFEROGK L HE

Bz B IREEZ RO 3D 18- 7V —AT7 v Ik vya=y &KL (Scheme 1-2a).
HEFEIR Y 72 Hartwig—Miyaura & 7V #{L 2R 2L T, TV 7 vy2=v }F (R=Mes)
DABNRIIIERD 2=y FDF) 20 {5 L %D, MEMAKECH L Zox=y F 2T,
fESk & MMk D FiETHM Y — VB8R 3 A L7z (Scheme 1-2b). S HAHTIC X > T, &7 —
FHENRDETIRAEE T L 7z,

R

(b) pinB Br Oee Br 2 steps r L)
o JCCeAE

pinB R R
Bpin
Triptycene unit 14 Anthracene unit 18
Me "BuO R F
R=;@Me bR =3~ Y-oeu o R:s%}F
Mé (Mes) "Buo (TBP) F F

Scheme 1-2. Synthesis of (a) 1,8-diarylanthracene units and (b) cages 3.

3@ r—IfkEPE 77— v X DK

T=Y3NTT—=L VT A Ce, Crn CorihbdfbztiZd 52 L%, 'HNMR A2 FABIL
HOLRR7 PV CHERE L 72 (Scheme 1-3). H#OGHGIEIC X Y, T XToOEL 1O TRET
ZEROMPY, h—=T 74 v T4V IZ7CXYEBROSEEREZIIE LT, £z, 3ac OFfE
DEGERZIKT LT, 77—V viiiRion3 2 @i B2 7.

Scheme 1-3. Complexation of cage 3 with fullerene guests.
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F4xE F—UfLEME 77— vikkoiE

X MRFEIGE T IC X o T 3aoCe SERDIEGE A & 10 72 b, WO EEN 22 5 S -
(Figure 1-8). DFT&tHLIC & b Z W Zh ok ofE sl 21T\, MG s L 2. %7,
WIPRIC X3 RENTANF —2FtH L, RBICKRITTFRA FBIET R+ OEHEDRICO N
TERLT-.

Cage 3aDCq

Figure 1-8. Crystal structure of 3a>Ceo.

L F—IMLAEMICUEE I N Co 7 A P T O EIZEE)

7 — 3a5Ce D X MRIEIEMNT 2 D, QI Nz Co 37 — ¥ D G lili% Blfinih & L 72—k o 0]
R 72 (3IREN 3% C L R X 7z (Figure 1-9). Z OFER D 6, 3a>Ce 541, Coo % LT,
F—VhREETE LTI v AnRa -7 LCRBES T AL 2ICh o2, T DFHY
72 2B DT, BRI XARERHT & DFT GHRIC X D i~ 7.

Figure 1-9. Uniaxial motion of included Cg in cage 3a.
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21. %S

AT CIE, 77—V 2 2BRT 57207V 7 vyaz=y b 9LtV 7Fra=yh 14
ZHWTW/z (Scheme 2-1) W, Zh ooz =y MIEHIEIEL, 77— OEHAREE R R
o Tk, 207k, F—YOBEMENELR EXMETT 2720 1ClL, 77— DRI L
TIiEDOMELBHATH 5. KEiTIE, BITHRICET 282=y I OFFll GRS &, ARUF5E
THIV 2 H 72 7o G AR BE DI SSIC D W TR 5.

pinB
O Br Br 2 steps
G e eu
—_—
GG 6%
Mes

Bpin
Triptycene unit 14 Anthracene unit 9

pinB

Scheme 2-1. Synthesis of cage 2.

211 0EREIC X B2y M AR DOREES
@ 7YvFokvaz=y OAK

TV EFIkvaz=y b 9ORERED G % Scheme 2-2 ISR TP, 9.7 v b v v 4 &2 HHAEYE
cLc="Frufl, 731, Sandmeyer I, =ITD 4 EKFEORIGIC LY, 3,6- 7 mET V1
v 8 BABPBEDIGE 37% TIEb iz, 20, A FAYF v L (Mes-Li) ZRHWZIGICXEY
MesH %ZEBAT L, TV Tkva=y F IREI%THLNLE., ZOo—#HDKIGIE 5 B,
IR N% ENEPTEL, KEDOT V7 vazy b2MELETE75 V208K ICBWTKE
BEEE Lo Tz, CORGRIEOMER L LT, 7ueHoBE AICSLEBOKIGELE T
5Z¢8, TueRkefoR AR Ciiz oo EICERELZEAT 201 H vy 7Y v I RIGH
(G ARy 5 % (I
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NaOH, @

OO0 s, ™ O‘O e N Y
AcOH EtOH/HZO
o rt, 3h 110 °C, 42 h o

60% >99% 6
CuBrs, tBuONO

HCl aq. ( 20% Br O‘O Br
CH5CN 2so4
110 °C, 42 h 30 °C, 18 h o

78% 80% 8
pesti, oee )
_
toluene
60 °C, 1 h
30% 'X'es

Scheme 2-2. Synthesis of anthracene unit 9 in the previous works.

(b) PV FFev=v FDEK
FYTFev =y b 14 DRERED G % Scheme 2-3 ICR T, Zoa=y iz Y FF
10 DEKP, = bufk, 731k, Sandmeyer 5it, RV AALD 5 ERECAR I N TV, &
OGO RINEIT 3% & IFF Ik, KR, 2EEEO = F ofLIdIEEERNTcH Y, H
BYICcH5 2714-F IV =tva b 7Fwy 11 OBEGRIGRIE 25% &K\, YV Arrvra~ b7
74—k oT, ERGTHLHNLEYTIER W 2615-F ) = b b Y T F Ry 2R RS &
E03h Y, FEEEOIFEIT 19% L & 51K, KEAKBHEETH - 7-.

" )\/\ONO v @ conc. HN03
~ reflux reflux O 105 °C,16 h

48% 19%

0,NZ H,N
O 0,NZ2
O H,, Pd/C

3 o] A P b
ONS MeOH
ONT7>" {3\ 2 d_rN% i, 16h HoN @

NO, >99%
| plnB

1) HCI, NaNO, O B,pin,, KOAC,
2) K PdClz(dppf)-CHzClz
2 o

H,0 F7 ‘ DMF

go°c,2h | Q 100 °C, 17.5 h pinB
529 13 | 67% Bp|n

Scheme 2-3. Synthesis of triptycene unit 14 in the previous works.
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2.1.2. FrR ROCRERR 1IC B 1) 2 BRIC
TvF7kvamy b b FFRervyamy POERNIEREZRET L7720, Hi7zkEHREE
MEt L7z, DT, ARESCCERA L 2 HHRIRIC B 2 RGIC o WTiR~R 3,

(@) HZiEZERT Hartwig-Miyaura 7 7 &1L

TYvEFIkvazy b OGEREEORKDORMEIL, BHREECLICLEREOIGCZFERL 2T niE
ORI Tholz, ZHNICHL T, FHERRICEEERELZEATLFIEL LT, MEERD
7z Hartwig—Miyaura = 7 RIS E W5 2 & 25 2 72, Hartwig—Miyaura 7= 7 Z{L I35 HFEL D KR
BRI AT 22 e TE P X5, ZORIGIRIARBEELZZ T3, MEHERNZRK
JEB LD MEINTVE, LAL, Wu bitdoT, AT FAT VY EFTRVIEHLT
Hartwig—Miyaura & 7 %L 2175 & 2.3,6,7 fiD TN 2 iR ) b L, FrE@&E RN
L S 7z (Scheme 2-4a) M. —75, Kobayashi &3 1,8-Y 7V =7 ¥ + 7 & v DL EER
fJ7% Hartwig—Miyaura 7 7 3 L% ¥ L 72 (Scheme 2-4b) . 7V — 3k Ar O KREEIC X D &
7 LI 3,6 AZICERATIC VRV MEBERMICHON DG, CORIGRETIE, TV b7
VD I 8FICTOEHILAZEATZLEND B, b DEFI T Suzuki-Miyaura 77 v 7Y v
Tl EORIGIC K VBEARRETH 5.

pinB Bpin Bpin
OOO 999
OOO [Ir(OMe)(cod) ]2 oinB
Mes

m} o

cyclohexane

70 °C, 1.5 days OOO

pinB Bpin
(b) B2p|r]2 dtbpy pinB Bpin
G i, "o
cyclohexane
Ar Ar 70 °C, 1.5 days
quant.

Scheme 2-4. (a) Hartwig—Miyaura borylation of 9-mesitylanthracene. (b) Regioselective Hartwig—
Miyaura borylation of 1,8-diarylanthracenes.

(b) frEERR 7 v (b

—77, PV T Fevaz=y F OGRREORADOMEX, BRI EERIICHET L 2w
ZLThot. ISR L CARIFZE T, Miura 238G L2 N-7uER 27 v 4 I F (NBS) %
7 AL EEIR 72 7 0 L 2 88 U 72 80580 G Rk 2 v 5 2 &ic L 72D, 9-TMS U 7'
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£ ¥ 20 (TMS: trimethylsilyl) % NBS T7u®{t3 3 &, 2,714 (i25ERMICKIGT % (Scheme
2-5). ¥bic, Z7vMkT I T7FAT vEZY L (TBAF) TTIMSEZREL %K, 7w b LT
352LT, 27,14-F )V TuEe ) FFRy 22 BEENICELILENTES. Zo{bEYIL,
2,7,14-F DRIV ALY FF RV 14 OHIEMATH 2. SCkTIX, T 7 v e{bofrEiE RN,
TMSEDEANIC KV EL 2RV EVEROOD T HIGER T 2 LT TN T3,

Br Br
NBS, AgSbFg,
9-SMe-trip TBAF

CZ ‘O CH,Cl, CZ ‘Q THF CZ ‘O

™S rt., 16 h Br ™S 70°C,20h Br
20 21 Br 22 Br

Scheme 2-5. Regioselective bromination of 9-(trimethylsilyl)triptycene 20.

213. AEDHK

KETIE, 77 LV EeDRBIET2EMBEESNR) S CH-n HAMEM %2 BRIV ICFHES 2 72
W, 7= PO KERTFOBETIRES R A2 3HED 7y —{LAEMFHER 3ac AL 7=

(Scheme 2-6). Kobayashi & D5 L 7- 7 iEER Hartwig-Miyaura & 7 FZ{CKIGE2F A L T, #H
M=y +TH2518-YTIV—ATVYFI7kvya2=y } 18%fE7%. E7, Miura b DREITHE,
WIFRHIC b Y TR va=y b 14 27 ®REIC, ThbDa=y PEHWTT—Y 3 2AML
7o, BHER L LCMesH, EFHEGMHD 246- ) 7 Fv 7 2= (TBP) H, EHRkjlHEo
Ry RZINAR T 2= (CeFs) FD 3 DAL 72.

pinB
Br Br  2steps R
+ Y
L ‘O R R

Bpin Anthracene unit 18 R
Triptycene unit 14

pinB

Me "BuO R F
aR-= é—QMe b: R = §—©onsu c:R= S—QF
Me (Mes) "Bu0 (TBP) F F

Scheme 2-6. Synthesis of cages 3 in this work.
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22. WERLEER

221L. 7V F 7 VIicBAT 2 BEHREORET

77 =LV Ceollf#) < CHnfHASEHICOWT, EFEESROHETFHIZL L, BEmatHIC X 25
i ic B3~ 2 EHIE H 2 23, FEBRIC X 2 BRI G ofLx v, zhietL <, 7—=V1aw
13 Coo ICEH DB E 7% R D, CH---n HAMEH % EERINICFTMT 2 200 % L LT
WL T3, CH-n AR % KERICTHMT 2 720 i3c R iiErd 5. 20128 LT,
T A MBS 2 KKREF OBM A % RN LZAC L 72 % DRGEC HE 2 iR 3 2 778
ZiFonsd, F—YaywTit, ZAONENCEE S W24 BoKBERFBCEINEZT R My
T& CH-n MHAEMRT 2 T, BEILRENLINE. 2D, TV b Jvvickks ik
REBAT S L OKBRTOBMOMI LS, SEEKREHE KT 22 LT, CHn HESE
I3 2 EHIES ROl A AR TH 2 L £ 272, £F, AKEZBRD AT, TvETkva
=y PIZEATZT Y =R ED XD IGER»EFEEAIC X WVRETL 7.

EEESRIC O W TP R B2 5 5 729012, DFT EIC X » CKEFRTOBEM A 2GR L
7. AL oic, HixoEBE LS 18- 7V =17 v+ 74 Y% B3LYP/6-31G(d,p) L ~ L Chitid
ol L, Mulliken B ZFE L7, 7=l L7z& ZICHANICAET 3T v F 7% D 451017
DIKBEFEFITDWT, Mulliken EBfif% Table 2-1 ICFE & 72, F—Y 3alcHVHN S Mes D&
i3, EELE (R=H) OHBEICHSNTOE2IERHD L. %77, 246-F YV AMFo 72 =3
REOETMHEEEZEANT 2 L, Mulliken EFfIZIHD L7z, £/, CFsix LOETRGIFEZEA
3% &, Mulliken ERAEML 7. AT CHOONZ9-T ) —AT v F TR VITOWT AR
DEHE%EFfT 572 (Table2-2). MesH% 24,6-F VA P F o7 2= Fd L UL CFs FEICE X2 72
56 ® Mulliken BRI OZ L EIZ, 9-TV—AT VP72 VOEAHLD 18-V T IV —AT VTV
DGO BRE VL, UEofER» S, BHREMRELHZDICE, 7—VICHWET V7
tvaz=y e LT, BREE 20818V TV ATV Iy FOHBERNTHSZ
EDBIREI Nz,

AW <TlE, T J7vaz=y MICHEATLEREE LT Mes i, 246-F Y7 rafe7x
=K, CFs BERALZ. b oiEfdkl, BEASHRIC L 2EBMEZEOLENSKE L,
TYEFItkvaz=y b OEBICHY OB FEEIA RN ZMTH 5720, 2=y F DREEKIC
WL CTWwW5, RIEUKETE, ThZhoBEiilsfHFoT7 v b7k va=y b er—VFdkos
AT D WTkR 35,
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Table 2-1. Calculated Mulliken charges of H atoms of 1,8-diarylanthracene at B3LYP/6-31G(d,p)
level.

R 4-H 5-H 10-H Average
H +0.084 +0.084 +0.083 +0.084
Ph +0.083 +0.083 +0.082 +0.083
Mes +0.082 +0.082 +0.082 +0.082
CeFs +0.092 +0.092 +0.090 +0.091 o s
3,5-(CF3)2C6H3 +0.088 +0.088 +0.087 +0.091
o-methoxyphenyl +0.080 +0.080 +0.078 +0.079 OOO
m-methoxyphenyl +0.082 +0.081 +0.082 +0.082 ! !
p-methoxyphenyl +0.082 +0.081 +0.081 +0.081
2,4,6-(MeO)3CsH> +0.075 +0.077 +0.075 +0.076
3.,4,5-(MeO)3CsH> +0.082 +0.083 +0.082 +0.082
p-(dimethylamino)phenyl ~ +0.078 +0.078 +0.078 +0.078
p-nitrophenyl +0.092 +0.092 +0.092 +0.092

Table 2-2. Calculated Mulliken charges of H atoms of 9-arylanthracene at B3LYP/6-31G(d,p) level.

R 4-H 5-H 10-H Average
H4 H 10 H5
H +0.084 +0.084 +0.083 +0.084
Mes +0.083 +0.083 +0.081 +0.082 OOO
CeF's +0.089 +0.089 +0.088 +0.089 R

2,4,6-(MeO);CeH>  +0.079 +0.077 +0.079 +0.078

0 et o o

C6F5 3,5+( CF3)2CGH3 p-nitrophenyl
O Do o D
MeO OMe

methoxyphenyl 2,4,6-(Me0);CgH,  3,4,5-(MeO)3;CgH,  p-(dimethylamino)phenyl
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222V AV FAT VTRV I= Y F DA

Kobayashi & D#EP %51 LT, Scheme 2-7 DRI T Mes A FfOoFH T v F 7k va=y
b 18a ZEM L7z, 18-y 7umuT v 7wy 15 & AV FARu VD Suzuki-Miyaura 77 v 7Y
v 7UNC X 5T, 1,8071C MesE: % ot &P 16a % INFE 79% TfF7-. RIC, 16alc Hartwig—Miyaura
T FEMICPZ T, TV b 7 v D 3,6 fANEIRINIC R ) b iz ¥R Y ik 17a 2 E &K
Wi 72. T, CuBrzHWT17aZ A YV A 7o e{tBF 221X >o T8V AL FAT Vb
7evaz=y b 18a kR T2%THR7z. Z OIGKRRIE 3 B&IE, RIEEST%TH Y, 9-AFLT
YETkvazy 9 ORIGREEE (5B, 2IGE 11%") &H~T, GEIESKIECH EL
7. ¥72, BTCORIGIKBNWT, Ya—thJLsrua~brT7 14— MeOH HEiFD (i 7 81F
T, B EERT LA TE .

MeSB OH)2 KzCO3 szing, tmphen
Pdy(dba)s, SPhos OOO [Ir(OMe)(cod)l,,

toluene/dioxane/H,O cyclohexane

110 °C, 42 h Mes Mes 70 °C,38h
15 79% 16a >99%
pinB Bpin Br
DO OOO
DMF air
70°C,22h
17a 72% 18a

Scheme 2-7. Synthesis of anthracene unit 18a.

ERCDRJGHER (Scheme 2-7) 12DV T, 3EIEH D 7 v B D B I3 OGS O BE 23 8C
Hotz. VEIAKI1TaDRAE Y L7 mELiconT, WL oho 7 e LEREE F RN
it L7z, 7 e {3 & L T CuBr, CuBr; % 72 13 CuBr/NBS % F\» CTfT o 72 IKIG DA F: % Table
2-3 1R T CuBr (entry 1) ¥ 721% CuBry (entry 2) Z#HW723554, HEWYID 18a 4K L 7-.
ZorE, 18a DILKITIH 60% & [6%TH - 7225, entry 2 D CuBr % Fl V72 KIGTIE, entry 1 D
BXVREWKIGHE AT L7z, —7, CuByYNBS ZH 7258, KIGIEHET LR 572 (entry3).
Z ¢, BKETKIGHHETST 2 CuBr ZHWZRKISEZHHA L CT7 7 LA — AV CRIGZRAT 2 7223,
PR CIEA D - 72, WH, entry 1 DEMETIRIGHET L ZBIC, RIGARDO GAE G L
By 5. YEOKEMA GG, RGO EIZET, 18a DIEIT 9% & KiE I
TL7 (entry 4). ZOKE»L, KBEISEHEST S5 2 LB bhorizd, L L Cli/K DMF
ZEAT 2L L7 I, RIGHRICZERZIE Y AL 2 & TG D E253E 2 0 1 Z24L
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L, HIGDHETL, ZoRHEICEY, 27— Ty 7 LEBICOBHRILSRIGHITZAS XD
Teotz. TDXHICL Tl L 725 % T, Scheme2-7 DRIGEAIT - 7=,

Table 2-3. Optimization of bromination of 3 6-dib0ry1-1 8-dimesitylanthracene 17a. [

pinB Bpin Reagent Br
OOO Solvent OOO
M

17a ® 18a
Entry Reagent t/°C Solvent Time/h  Yield/ %
1 CuBr (7 eq.) 70 DMF 17 66
2 CuBr (6 eq.) 70 THF/MeOH/water 63 58
3 CuBr/NBS (1 eq.) 80 DMF 16 -
4 CuBr (6 eq.) 70 DMF + water (15%) 14 9

[a] Reaction scale of 17a: ca. 30 mg (entry 3: 10 mg).

223. PV RIAP Y TFFR V=Y P DA

Miura b D#HEOZ SZIC LT, Scheme2-8 DFEPETHFY F'Frva=y F MEHEELZ. 9-7
HET VIR VERXVYF A VEMGT Diels-Alder )SIC X o T 19 Z UK 46% CTfF7z. "Buli %
AwT19 2Y F b, TtV AF1rs U (TMSCD) L DRIGICEY ) FFEvd 91
I TMS B2 28 AL, 20 2K 90% TH72. % D%, 9-(methylthio)triptycene % fififif & L T NBS i
KV 2027w LT 5L, 2,714 6010 U CTAZEERIVIC SOCSEST L, 21 2K 53% CTiF7-.
ZorE, HABYZHGERT 204 T2 2ERT 228 TEL. RIS, TBAFICXLY 21 2K
UMb T B T2 ETEENICHET. REIC, 22 @ Ishiyama—Miyaura & 7 #{Lic X > THH D
FY7Feva=y b 14 %2R 68% TR, IO BHORIGICEY 9-TRETV F 7RV b
5 BRE, IR 15%THMO M) 7ax b ) 75 v BATE, Ekofkig (5BH, 2ICF
3% LR TEKDORF A L T,
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vool @% A v ’L@

46%
1) "Buli 9-SMe-trip,
2) TMSCI NBS, AngF6 TBAF
—»
THF CH,Cl, R
90% 53% B >99%

Br pinB
O B,pin,, KOAC O
PdCI,(CH3CN),, PPhy

a ‘ DMF g O ‘
O 100 °C, 19 h pinB O
22 Br 68% 14 Bpin

Br

Scheme 2-8. Synthesis of triptycene unit 14.

224. TV 2% v-+ ) I F v T —LAEYDOERR
Bonz7virokva=y bt 18a sty FFeva=y b 42T, 2BBECHET Vb
TRV bYTFRVT=VEY 3a B EH LN T, P TFeva=v b 4L 9YED
Tv b7k va=v } 18a D Suzuki-Miyaura 77 v 7'V ¥ 7 X » T, 7 — JHIEMA 23a 2 AL 72
(Scheme 2-9). ZDIIJE% 100 °C TT 9 &, 'HNMR A~x72 b iz X Y 2 O ERKY) 25 ERE <
%7z (Table 2-4; entry 1). bV FF VOGN 7v + v 9-H 3 L < Ik 10-H ORI O £
DI 1:043TH Y, FEBFEHIALEY, BIERYET v o7eva=y b 3200y 7)Y
VIZL1IDORIYANEBBRI AT a b oAb LbEYITh s L HfEES iz, £/, chbodk
BYNE> Y AT a~ 777 4 —CORBERREETCH Y, VP4 7 GPC IC X 25 HE B
Thot. 22T, WMEEZ T CURMESFHETRIGEZIT) 2L T, ROUKISKEAHBETH 5D
DD, BRI T a b ALE W2 2 B TE, RIEKDOEEGIMET Lz (entry 2~4). Z L
T, RIG% 50 °C, 21 KETiT9 2 & ¢, BIEBOLEKZERIciflsT2 2 enxTE, ¥ VAT
Nrm= 7774 —IC k3 HIWYOBREERAIREIC R o7, 2hic kY, HILAY) 23a 2 IR
4% T2, ZDEE, TYvrTEvya=v | 18a % 63%HEILL 7.
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PdCl,(dppf)-CH,Cl,,

pinB
O Br Br
NI Vos toluene/dioxane/H,0 |

es
. 50°C,21h
Bpin ’
14 p 18a 419%

(9eq.) Precage 23a

pinB

Scheme 2-9. Synthesis of preage 23a.

Table 2-4. Product ratios of desired and side products in crude product of Suzuki—Miyaura coupling
of 14 and 18a at different reaction temperatures read by 'H NMR signal intensities (CDCls, 500 MHz).

Entry t/°C Time / h Intensity ratio
1 100 4 1:0.43
2 90 2 1:0.29
3 70 6 1:0.15
4 50 18 1:0

B%1C, Yamamoto 77 v 7'V ¥ 7T X B HiEAA 23a D &L % 1T o7z (Scheme2-10). )it 23a
1%} L T Ni(cod),, 1,5-cyclooctadiene, 2,2’-bipyridine % Z L2 4L 4 Y& \»C, b+ LT V/DMF = 5:1
H1C 100 °C T 21 RFfEINEA S 2 St CiT o 72, ROGIREY 2 %R, HCI/KBEREZMACr = v F
L, WAAEEYZ bz vy i L7z, HAERY© 'H NMR 2~<2 b, BlIERYOAY o
~—ICHEKT B EEZONBELY 7 F e, 7= 3a lTHET 2 & E 2 LN LMD E
VX =Ty 7 F R 72 (Figure 2-1). %72, MALDI-TOF HE/HHZ2HIE T % &, —8B{f
EPHEEINE D TRICY—2 (m/z2975.49) ZEWEIL 72 (Figure 2-2).
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Ni(cod),, cod
2,2-bipyridine ~ Mes

toluene/DMF
100 °C, 21 h
15% Mes'

Precage 23a

Scheme 2-10. Synthesis of cage 3a.

CHCl,4
V¥ : Cage 3a
v
v Yv v
\4 v v
LMM
S B I L B L B R R IR R AL IR A R B AL A S A
9 8.5 8 75 7 6.5 6 55
S5/ ppm

Figure 2-1. '"H NMR spectrum of crude product of Yamamoto coupling of 23a in CDCl;.

Ll hek hL Ak Mo
| L LI NN S B R N B B B B S B B S B S B B m e B e B B B BN H S S |
1000 2000 3000 4000 5000 6000 7000 8000 9000
mlz

Figure 2-2. MALDI-TOF mass spectrum of crude product of Yamamoto coupling of 23a.

32



INLDEBIZL VAT A ru~ 7T 7 4 —iC X B08IREECH 572, ZD7=¥, CHCL
RIRBERE L72) A 7L GPCIC X > T — 3a A58 L 72 (Figure 2-3). AHIRER 20 43 DRt
TARLZEZ 11 o) 34 70 2FTHHL, BigcHohzE kE 22 ) —Lre~FF v
THHT L LT, HYICTH 27— 3a ZHEEL 72, IR 15%THY, 77— 2 DI
(11%M) L [EEZETH > 7-.

Intensity / arb.units

[ rrr [ rr Tt LI |
0 30 60 a0 120 150 180 210 240
Retention time / min

Figure 2-3. Chromatogram of recycle GPC for separation of cage 3a with CHCIs eluent (Flow rate:
10 mL min™Y).

7 —v 3alf, 'HNMR A~<7 b v (Figure 2-4) & FD-TOF &5 #H7 (Figure 2-5) 1 X o> CIRGE
L7z. 'THNMR 27 b ik FdZnZND e —72 1%, 'H-'H COSY 227 b (Figure 2-6) &
NOESY A% b (Figure 2-7) I & o Cl@lg L7=. 'H-'H COSY Z=7Z F A TiE, F)7FEv
DHEEHE 7o r vORIT1I-3E, TV 72D 7a b vORBTI-3L 8-6CDARH Yy T v
I X MBI R S 7z (Figure 2-6). 7z, NOESY A~=7Z b A TiE, bV 7F v OiFHENMN 7B
FEAEEFHE T VORT 19 & 410, PV TFRVET VIRV Y MET I-I), B
OCT v F 7y ONlORY T 1-9-8 DA — =7 =20 (NOE) 12 X 2B RS
N7z (Figure 2-7). 'H NMR A7 MU CIIHERA 23a D> 7 F v HIRL T, 7 —vficfEo T
WElcfEST 2, P 7F2vD 1-H, 9-HBXUT v 7% D 1'-H, 9-H, 8-H D ¥ 7' F LA K
EKESG Y 7 P L. —T5, T—YSMINCAIEST 2 Y S F e v D 4H, 10-HB X7V F T %
YD 3-H, 10-H, 6-HD ¥ 7 F Aty 7 Pt KREARZ{LIZR b - 72, BR{LORFitk Ty 7
FNADREICTIIZ T 2L, TV B ThEOAMEEZ AL T3 Z PRI N, HiE
AR PATIE, mz=29754837 1 FAF v — 27 %BHIL 7= (Figure 2-5). Z DfHiZ7 — 3a
D431 CooHioo DFHHEAE (calc. 2975.4868) & —EL T3,
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81 1

9, )
M1 m
‘s 85 8 715

5/ ppm
Figure 2-4. '"H NMR spectra of precage 23a and cage 3a in CDCls.

2977.47738

T I T T T T 1 T T T T I L] T T T 1 T
2970.0 2975.0 2980.0 2985.0

m/z

Figure 2-5. FD-TOF mass spectrum of cage 3a.
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Figure 2-7. NOESY spectrum of cage 3a in CDCls.
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225 BT HEERFO 7 —VHEEKDOEK

Scheme 2-7 D 1,8-V AL FAT VY FIkva=y F 18aDEHESEIC LT, Erit5HEch 3
246-P VT Na X7 2 VEEROT VI v A=y FOAKEITo .

9, 246-F VA XU T 22 VEE S OFHERDEKZE AT (Scheme 2-11). 1,8-¥ 7 mnH
TYvEF7€v158246-F VX FFo7 z=Ru VBN Suzuki-Miyaurah v 7Y v 7 kb,
TY b7 vDI8HLIC24,6-F ) A F 7 2oV HEFFO16D’ % 1S72. T DOKISTIX, SPhos %
w2 ERIERYE LC—BiE2n% AR L, HILEYDOIEIMEL 72572, —J7, XPhos %
M3 &g E CROCET L CHI LAY QI 0 E L 72, &IEHICHIY) 16b° 2 I 73%
TS/, Dk, 16b’ICXt L T Hartwig-Miyaura &=V #{L 2 fTo72& 2 A, VRV K 170 1310 E
Lo nasor. LAY 160’ 13IEFICEMEI T, BAECIREZZT L TG ET> T
FERIFYGE S N h o 72,

R-B(OH),, Pdy(dba)s, SPhos XPhos

OO0 ===l (00 | @, ©

toluene/dioxane/H,0O . i

MeO OMe ipr Pr
Cl Cl 100 °C, 18 h R R O O
15 SPhos: 73% 16b’ A
XPhos: 29% Pr

B,pin,,dtbpy pinB Bpin MeO
[r(OMe)(cod)l, OOO
cyclohexane R= 3
70 °C, 38 h
trace 17b’

Scheme 2-11. Synthesis of 3,6-diboryl-1,8-bis(2,4,6-trimethoxyphenyl)anthracene 17b’.

wEEEE LS 37201, TALFAEEZHELZ 246-F )V 7 Fv 722 o7 v+ 7
o=y bOARERAR-. TV F Ty =y b 18b DEFEEK % Scheme 2-12 IC/8 T, 1,3,5-
FlerFueFoxvyry 2407 A0FAICLD, 135-F) 7T hFo_vEy 25 2K 81% T
72U Zotk, "Buli 12X 2 25 OV FAbE, TRk FTEE N Y X F v & ORISR fE
Ck b, Ao Vg2 ZICK 53% TR 18- 27ra T v b TRy 15 AR v VEE 26 D Suzuki-
Miyaura 7 v 7V v 7ic kb, 7v b7y D 1,871 24,6-+ U 7 b ¥ 7 2 =L 5% FDO 16b %
IR 71%CTE7-. 2D 16b DIRMEEIZE L, 24,6-F VX MF o 7 2= 246-F ) 7 F F
7 x SOVIRICET L 72 & & CIRRES RIFICSGE L 72, 2RI, 16b <X} L T Hartwig-Miyaura 7 7
FSOEEITS T & T, YHRY MK 17b ZIZTERMICIGF 2. iR, CuBr Z 27z 170 O+
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yrzuexftickoT, 1,82 46-F V7 rFo T z=N) TV TRV Z= Y b 18 Z UK
4% T57-. T DORIGTIXHWY & MR- RGO IERYBTEEL, YV ATZArra~< b7
T 74— X B RNEECTH o2, F T, GPCIT K 2 FEHL % #%C 18b % HiHE L 7-.

"BuBr, KI, "BuQ 1) "BulLi "BuQ
_ KiCO; 2) B(OMe); HO,
O"Bu —————— > B O"Bu
DMF THF HO
70 c7C 24 h "BuO r.t., 13 h "BuO
81% 25 53% 26
26, Pdy(dba)s, Bopin,,dtbpy
XPhos, Cs,CO3 [Ir(OMe)(cod)]>
toluene/dloxane/HZO cyclohexane .
100 °C, 18 h 70°C,38h
71% 97%
pinB Bpin
OOO OOO
DMF air O”Bu
70°C,22h n
TBP17b TBP 54%, BuO (TBP)

Scheme 2-12. Synthesis of anthracene unit 18b.

"Bonz7vr7kva=y L 18 VT, 7= 3b AR L7z (Scheme 2-13). b VU 7'F
tva=y 14 L 9YED 18b D Suzuki-Miyaura /7 v 7'V v 7T X o To — JHIEAE 23b % K
2% TIR72. TORIGTIEY VATV a~< b 7T 7 4 =12 X o THEETE oI 2 FEE
L7z72%, UH¥ 4270 GPCIZ X W IEHIL 72 (Figure 2-11). #%{%1C, 23b @ Yamamoto 77 v 7'V ¥
7k B B BT 72, MAERYDO 'THNMR 22 F g, BlIEBYIOA Y o~ —HKDIRIL
Wy e, HYTH S 3b ko y v — Ty S F IR L (Figure 2-8). V¥4 7 v
GPC I X Y fE#I3 % £ & T (Figure2-12), 3b ZINH 15%TfH7=. 77— 3b (%, 'HNMR 27 }
WEHBARZ PAMCEoTREL ., HEAXZ ATl miz=50682 10 A4 v — 2 %8l
ML 7= (Figure 2-13). Z DfEIZ7 — 3b D413 3C312C340Ha06036 DEHEAE (cale. 5068.0) & —3K
L, FAfifke—22—vb 3L 7.
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toluene/dioxane/H,0

pinB 50 °C, 22 h

pinB
(N S e gl

29%

Ni(cod),, cod
2,2'-bipyridine

toluene/DMF
100 °C, 22 h
15%

Precage 23b

Scheme 2-13. Synthesis of cage 3b.

v
V¥ . Cage 3b CHC,
vw v
$NUNIV ;
rrrrr+r 1 v+~ rrrr+rrrrrr.fr+ .~ ¢+ 1+ 1 & 1T 11
9 8.5 8 75 7 6.5 6 55
S/ ppm

Figure 2-8. '"H NMR spectrum of crude product of Yamamoto coupling of 23b in CDCl;.
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2.2.6. BT REIERFO T — VHEEKOERK

Scheme 2-7 D 1,8-Y AL FAT VY Tk va=—v t 18aDEKESEICL T, BIRIIETH 2
CFsHA2HEoOT v ovva=y FOAREITHT-.

TV 7=y b 18c DAL % Scheme 2-14 IC/R T, 18- 7un7 v 7k 15 &~
VREINFRRYE YD PR V7. CHIEML S v 7Y v 7 ROGIC K o T, 1,8471C CeFs %
Fio 16c # K 80% T 7211, kic, 16c icxf L T Hartwig-Miyaura & 7 #{LKIG%1T S C & T,
IR I NME 17c 2 EBNICE . &EBIC, 17c D CuBn ZfHWizliR ) v 7 e Eflic X > T 1,8-
A (RvzrTILFRT2=N) TV TRy =w b 18 UK 83% T 7-.

CgFsH, Pd(OAc), szlnz dtbpy

sool ool —
ProAc

cyclohexane

85°C,14 h 70°C, 38h
Cl Cl ’ CgF CgF
15 80% e >99%
pinB Bpin Br Br
e e
THF/MeOH/H,0O
CeFs CeFs 70°C, 110 h CeFs CeFs
17¢ 83% 18c

Scheme 2-14. Synthesis of anthracene unit 18c.

ERORISREIKICOWT, 1EREHOT ) —fb e 3EREH O 7 v (L0 BRS 13 UGS tF ok
NRBETH o7, T, LAY Lee EEKT 27DIC 15 bRy EZIALFu T s =R u VD
Suzuki-Miyaura 77 v 7'V ¥ 7 %7 o 253, ISIZHET Led> - 72, % 2T, Fagnou b DA%
SEICLT, vzt uaxvEyiEfni CHEWD vy 7)) v I RIEERRR . Br D5k
T CRIGZAT > 72455 % Table 2-5 1ICR"d. 1ZFL®IC, 15ICHLTIYHEBEDORVYZ 7 rtuvE
v, fliIC PA(OAc), BCfZ1-1C SPhos, AIEIC AcOEt Z W 7=4&FChit%1To &, HIW D4
KixbTrThh, —EREBREEBYITH -7 (entry 1). FEHI T & LT XPhos % W 72354,
Hi o &Sk A 2SI < B L 72 (entry 2). MAKEEESKE WA v 7Y v 7 KISICHHAT
HBHTEDPHMLNTVS rac-BI-DIME" Z 7235413, JFRO 2058 T 07z (entry 3). BifiL
F% XPhos IZ[EE L TlMEE Pdydba; ICEH L 7225, Pd(OAc), DHH & K& B W IRHER & uix
o7z (entry 4). W% PrOAc ICEH T 2 & IGHETL I <72 b, HIVY2 NMR IR T 75%
AR L 7 (entry 5). —J7, toluene/dioxane/H,O IR A AIET Tldd £ 0 KIS HETT L 722> o 72
(entry 6). LA ED#ERD S, entry 5 OFMFEZFHA L. A7 —AT v 7 LB, HOPILSMCDH
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WBiZ o kBB L. 22T, _RVYZR7ZALAuRvyErvE 10 Y8ICHe L, KIGEE% 85 °C
W B2z &R Hicm b L, ICGKE 80% THMY) % Bl L 7-.

Table 2-5. Optimization of Pd-catalysed reaction of 1,8-dichloroanthracene 15 and pentafluoro-
benzene.

CGF5H 3 eq CSQCOg

Pd catalysis, ngand ” ” ”

80 c 06F5 CeFs CeFs
A (16c)
_ NMR yleld /%
Entry  Pd catalyst Ligand Solvent Time / h
A B C
1 Pd(OAc), SPhos ! AcOEt 41 1 20 51
2 Pd(OAc)> XPhos [*! AcOEt 41 20 26 17
3 Pd(OAc): BI-DIME (¢} AcOEt 41 0 0 77
4 Pddbas XPhos ! AcOEt 15 280 24 8
5 Pd(OAc): XPhos [ PrOAc 15 75 2 0
Toluene/
[b] 15 7 24 32
6 Pd(OAc) XPhos dioxane/Ha0
[a] SPhos [b] XPhos [c] rac-BI-DIME
)
® ® S,
Pcyz PCYz P*tBu
MeO O OMe ipy. O 'Pr MeO O OMe
Pr
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xic, L&Y 17¢ DBA Y V7 v el D RKIGSMF 2 a7 (Table 2-6). T E T & [AKRIC
CuBrz Wz 7aefb%fTH &, INEIF3I7T% LMK e o7 (entry 1). % T T, Table2-3 2Z&EIC
LTCBnzHWwe7 e e{tzl7) &, RICKEIIZRL %% b DD HIY IR 98% & KiEIC
M EL7., 20729, entry2 DFEMFZEHAL 7.

Table 2-6. Optimization of bromination for 3,6-diboryl-1,8-bis(pentafluorophenyl)anthracene 17¢.

RPOOME-— 5008
—_—
Solvent

70 °C

CeFs CeFs CeFs CeFs
17¢ 18¢c
Entry Br source Solvent Time/h  Yield/ %
1 CuBr DMF 22 37
2 CuBrn THF/MeOH/H>0O 116 98

o777V r 7=y 18 2T, 77— 3¢ ZAM L7z (Scheme 2-15). Y 7'F
=y 14 L 9 4B D 18¢ D Suzuki-Miyaura 77 v 7'V ¥ 27T X o TH — JHIEKK 23¢ # UK
25% 157z, CeFs Bz FiD 18¢ 1F A & F AR %2 £ 18a & A~ THEMIEDIEF ITE C, IERDMK L
o7z, Bi%IC, 23¢ @ Yamamoto # v 7V v ZiC X B T BLEITo 72, HAERY D 'H NMR &~
7 v, BlIAEBMIOAF ) < —hkolELmy 7 e, HOYITH S 3c HikDy v — 77y
7' F %R L7z (Figure2-9). 77— 3a < 3b OHAKYI D 'THNMR 2= 2 + v (Figures 2-1,2-8)
LT 2L, BRI FARHLD, AV IT2—B%LERL TR Enbrs. U ¥4
2 )V GPC (Figure 2-14) & FHFESIC X VSRS 2 2 & T, 3¢ 2K 4% T2, 77— 3¢ 13
TR, FRCPCEMES o7z, 7 — 3¢ id, 'HNMR A2 P AL EEHRBART FLITL >
TRE L7z, BEAXZ FLTIE mz=35503528 I FAAvEe—2 %@L, ZofEixr—
¥ 3¢ D53 F3 CrosHssFeo DEHEAE (cale. 3550.3580) & —EL T\ 3.

41



toluene/dioxane/H,0
CeFs CeFs 50 °C, 22 h
14 Bpm 18c 25%,

pinB
O Br Br PdCly(dppf)-CH,Cl,,
C52C03
(S i

Ni(cod),, cod
2,2'-bipyridine

toluene/DMF
100 °C, 22 h
4%

Precage 23c

Scheme 2-15. Synthesis of cage 3c.

| CHCl,

V¥ : Cage 3¢ ollens

7 6.5 6 55
S/ ppm

Figure 2-9. '"H NMR spectrum of crude product of Yamamoto coupling of precage 23¢ in CDCl;.

42



2.2.1. 7 —VFHEE O HENNE

B L 727 — VFHER3ICDO T, UVvisINARZ PAB X PHNEAR7 P A% bz T
HI%E L 7= (Figure 2-10, Table 2-7). UV-vis BIX A <27 b L TiE, 77— 3a iF 315 (356000), 333
(254000), 346 (197000 L mol ' cm™ )7 LIS 2 F5D. £z, WAL A TlE, 451,481, 516
nm ICHWFEHANVY FER L, EBOLDARZ P AICEWTDH, BEFLIC X Z2ILE X OBFEN
Y FOZIZIZE AR ONT, SEMEE I IS T EBEN R NS o7z, Fiv T, 4o
FrtE 2~ 2 7o, #HNEA IR & SO m A2 HIE L7z, Aot &1 &l 3a (0.66), 3b (0.32), 3¢
(036)TH O, ZTNHDfHIT 2 (028) & LENTRE W, FFIC 3a IZROFENMEEZ R L 2. #HNXFD o
IZ 3a (14.2ns),3b (11.1ns), 3¢ (13.8ns) TH V), THHDEIZ2(93ns)k Y bR EL kol

(b

Fluorescence intensity / a.u. ™

300 350 ., 400 450 400 450 500 550
Z./nm l/nm

Figure 2-10. (a) UV-vis absorption and (b) FL spectra (dex 425 nm) of cages 3a—c in toluene at 4.9 x
10 mol L. Spectra of cage 2 are compiled (UV-vis: 1.1 x 10° mol L™}, FL: 1.1 x 10 mol L !, Aex
420 nm). [

Table 2-7. UV-vis absorption and fluorescence spectral data of cages 3 and 2 in toluene at 298 K.

Cage  Amax(6)/nm @ Joger/nm ™ Aen/nm  d¢l1 z¢/ns  Stokes shift / cm™!

346 (197000)

3 410 sh (18700) 442 451 0.66 142 2220
3p 30 (168900) 446 458 032 11.1 2150
417 sh (19500)
347 (178000)
3 414sh (21000) 443 454 036 138 2130
S 344 (163000) 440 o 0as o3 -

407 sh (17600)

[a] Wavelengths and molar extinction coefficients of the absorption bands. sh: shoulder. [b] Wavelength at ¢
=1000 L mol' cm™. [c] Absolute fluorescence quantum yield. [d] Ref. 1.
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23. %L ¥

KRETIE, ZhRMICTHEATRER 18- TV —AT v b7 vEZHWT, FHT7 Y FTRv-} )
TFe vy —VEEE3I KL T

TYr7vD L8 LICEALZ200T Y —AHDOVARREIC XY, Hartwig-Miyaura 7+ 7 3
LA ESIRIICHEST L, BERICkRTT v b I v 2=y oA ERIBICHENLT 2 2 L2
TE/ T/, CORIGREEZFALC, fMiroEfkrsiFo3@EoT v 7y =v |} 18
AL, P T FReva=v b 141200 TYhH, (EERWL 7 022 RH L - 9ERg %
RALEZ L CARERALLEZ chbD2o002=y b, 7— VK3 % 2 BEROK
JGIC X V1R, Bonsy — UHEAR 3 REEDOr — 2 UL OENIEE 2o 2 L B
HIE X W d oz, CORKEZIGH TS 2L T, =AY ERN O KAATREE 72 Y,
=Y Ok MEEERFENICEHE T 2 © & A RREIC A o 2. RELETZ Of AR~ 3,

44



2.4. EERDEL

2.4.1. Synthesis

General. Melting points were measured with a Yanako Technical Science MP-500P and are
uncorrected. NMR spectra were measured on a JEOL JNM-ECX500 spectrometer ('H: 500 MHz,
13C: 125 MHz) or a JEOL JNM-ECZ500 spectrometer (H: 500 MHz, *C: 125 MHz). High-
resolution FAB mass spectra were measured on a JEOL JMS-700 MStation mass spectrometer using
polystyrene as an internal reference. High-resolution FD mass spectra were measured on a JEOL
JMS-T100 mass spectrometer using PFTBA (perfluorotri-n-butylamine for FD") or polystyrene.
MALDI-TOF MS spectra were measured on an AXIMA confidence mass spectrometer using Peg
4000 (Polyethylene Glycol). UV-vis spectra were measured on a JASCO V-670 spectrometer with a
10 mm cell. Fluorescence spectra were measured on a JASCO FP-6500 spectrofluorometer with a
10 mm cell. Absolute fluorescence quantum yields were recorded on a Hamamatsu photonics C9920-
02. Column chromatography was carried out with Wako gel C-300 (4575 mesh). Gel permeation
chromatography (GPC) was carried out with Bio-Rad Laboratories Bio-Beads S-X1 Resin. Recycle
GPC was carried out with JAIGEL-2.5HR (20¢x600 mm) and JAIGEL-2HR (20#x600 mm) columns
with CHCI; eluent.

(a) Synthesis of anthracene unit 18a
1,8-Bis(2,4,6-trimethylphenyl)anthracene (16a) !”!
MeSB(OH)z, sz(dba)3,

OO0 e (00

toluene/dioxane/H,0O

Cl Cl 110 °C, 42 h Mes Mes
15 16a

A solution of 1,8-dichloroanthracene (15) (5.02 g, 20.3 mmol), 2,4,6-trimethylphenylboronic acid
(10.0 g, 61.0 mmol), Pdx(dba)s (0.185 g, 0.202 mmol), SPhos (0.167 g, 0.407 mmol), and K>COs
(8.51 g, 60.8 mmol) in a degassed mixture of toluene (50 mL), 1,4-dioxane (25 mL), and H,O (25
mL) was stirred at 110 °C for 42 h under a N, atmosphere. After cooling to room temperature, the
reaction mixture was quenched with H>O (50 mL). The organic materials were extracted with CH>Cl
(50 mLx3). The combined organic layer was washed with H>O (20 mL x 2) and brine (20 mL), dried
over Na>SOs, and evaporated. The crude product was passed through a short pad of silica gel with
CH:Cly/hexane 1:1 eluent. The residue was washed with MeOH to give the desired product as a pale
yellow solid. Yield 6.67 g (79%); mp 198-200 °C; R 0.15 (hexane); 'H NMR (500 MHz, CDCl3): 6
=1.72 (s, 12H), 2.31 (s, 6H), 6.81 (s, 4H), 7.14 (s, 1H), 7.22 (d, J = 6.0 Hz, 2H), 7.50 (dd, J = 8.8,
6.8 Hz, 2H), 8.00 (d, J = 9.0 Hz, 2H), 8.49 (s, 1H); *C NMR (125 MHz, CDCls): 6 = 19.92, 20.94,
122.67,125.34,126.25,126.92, 127.45, 130.53, 131.87, 136.06, 136.42, 139.26 (two aromatic signals
were overlapped); HRMS (FD): m/z calc for C32Hzo: 414.2348 [M]"; found: m/z 414.2357.
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3,6-Bis(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1,8-bis(2,4,6-trimethylphenyl)
anthracene (17a) %!

B,piny,dtbpy,

nB Bpin
O o, ™ OOOp
cyclohexane
Mes Mes 70°C,39h
16a 17a

A solution of 16a (2.70 g, 6.51 mmol), bis(pinacolato)diboron (4.14 g, 16.3
mmol), [Ir(OMe)(cod)]2 (0.217 g, 0.327 mmol), and 4,4’-di-t-butyl-2,2’-bipyridyl (btbpy, 0.174 g,
0.647 mmol) in anhydrous cyclohexane (81 mL) was stirred at 70 °C for 39 h under an Ar atmosphere
in a flask covered with aluminum foil to protect from light. After cooling to room temperature, the
solvent was evaporated. The crude product was passed through a short pad of silica gel with CH»Cl»
eluent. The residue was washed with MeOH to give the desired product as a pale yellow solid. Yield
4.32 g (>99%); mp 296-297 °C; R¢0.55 (AcOEt/hexane 1:5); 'TH NMR (500 MHz, CDCl3): § = 1.40
(s, 24H), 1.70 (s, 12H), 2.28 (s, 6H), 6.77 (s, 4H), 7.13 (s, 1H), 7.54 (s, 2H), 8.55 (s, 2H), 8.59 (s,
1H); '3C NMR (125 MHz, CDCl3): § = 20.03, 20.93, 24.65, 83.88, 122.17, 125.74, 127.36, 128.76,
129.57, 131.20, 132.47, 136.01, 136.14, 136.29, 136.34, 138.25 (one aliphatic signal was
overlapped); HRMS (FAB): m/z calc for C4sHs,'"B204: 666.4052 [M]"; found: m/z 666.4066.

3,6-Dibromo-1,8-bis(2,4,6-trimethylphenyl)anthracene (18a) 81

pinB Bpin Br
DO G- OOO
DhAF air
M

70°C,22h
17a 18a

A suspension of 17a (5.01 g, 7.51 mmol) and CuBr (6.46 g, 45.1 mmol) in anhydrous DMF (100
mL) was stirred at 70 °C for 22 h under ambient atmosphere. After cooling to room temperature, the
reaction mixture was quenched with H>O (100 mL). The crude product was passed through a short
pad of silica gel with hexane eluent. The residue was washed with MeOH to give the desired product
as a pale yellow solid. Yield 3.11 g (72%); mp 235-236 °C; R 0.13 (hexane); '"H NMR (500 MHz,
CDCl3): 6 = 1.71 (s, 12H), 2.29 (s, 6H), 6.79 (s, 4H), 7.07 (s, 1H), 7.32 (d, J = 2.0 Hz, 2H), 8.16 (s,
2H), 8.29 (s, 1H); 3C NMR (125 MHz, CDCl3): 6 = 19.90, 20.94, 120.26, 123.67, 124.59, 127.60,
128.55, 128.99, 129.09, 133.08, 134.30, 136.17, 137.06, 141.65; HRMS (FD): m/z calc for
C32H2s”Bra: 570.0558 [M]; found: m/z 570.0562.
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(b) Synthesis triptycene unit 14
9-Bromotriptycene (19) !

OOO + @fiw )\/\ON% Oﬁi OL@

reflux reflux
Br NH, g

Br
19
9-Bromoanthracene (8.00 g, 31.1 mmol) and isopentyl nitrite (4.70 mL, 35.3 mmol) were dissolved
in anhydrous CH>Cl, (130 mL) and this solution was refluxed under Ar atmosphere. To the solution
was added a solution of anthranilic acid (4.44 g, 32.4 mmol) in acetone (32 mL) over 4 h under reflux.
After the complete of the addition, the mixture was refluxed for further 30 min. After cooling to room
temperature, the solvent was removed by evaporation. The residue was heated with maleic anhydride
(4.48 g, 45.7 mmol) in xylene (65 mL) under reflux for 30 min. After cooling to room temperature,
the solvent was removed by evaporation. The residue was dissolved in CH>Cl> (140 mL). This
solution was washed with KOH aq. (15%, 40 mL x 3) and brine (40 mL), dried over Na>SOs, and
evaporated. The obtained dark residue was washed with hot ethanol to give a yellow solid. Yield
4.74 g (46%); '"H NMR (400 MHz, CDCl3): § = 5.43 (s, 1H), 7.03-7.09 (m, 6H), 7.35-7.41 (m, 3H),
7.76-7.82 (m, 3H).

9-(Trimethylsilyl)triptycene (20) ¢

O 1) "BuLi O
‘ 2) TMSCI ‘
—_—
I . D
19 20
To a solution of 19 (8.49 g, 25.5 mmol) in anhydrous THF (130 mL) was added n-butyllithium

(20.0 mL of 1.57 mol L' hexane solution, 30.6 mmol) at —78 °C under N, atmosphere. After this
solution was stirred at that temperature for 1 h, chlorotrimethylsilane (4.0 mL, 30.6 mmol) was added.
This solution was warmed up to room temperature and stirred for 3 h. The reaction was quenched
with conc. NH4Cl aq. (100 mL). The organic materials were extracted with CHCl3 (50 mL x 3). The
combined organic layer was washed with brine (50 mL), dried over Na;SOs, and evaporated. The
crude product was washed with MeOH to give a white solid. Yield 7.48 g (90%); 'H NMR (500 MHz,
CDCI3): 0 =0.760 (s, 9H), 5.33 (s, 1H), 6.98 (dt, J= 6.0, 1.0 Hz, 3H), 6.95 (dt, J= 6.1, 2.0 Hz, 6H),
7.39 (dd, J=6.0, 2.0 Hz, 3H), 7.45 (dd, J=17.0, 2.0 Hz, 3H).
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9-(Methylthio)triptycene ¥

O 1) "BuLi O
2) DMDS
—_—

0 ‘ rtT H1Fh U ‘Q

Br Q S

19

To a solution of 19 (0.200 g, 0.600 mmol) in anhydrous THF (4.3 mL) was added n-butyllithium

(0.45 mL of 1.56 mol L™! hexane solution, 0.72 mmol) at —78 °C under Ar atmosphere. After this
solution was stirred at that temperature for 1 h, dimethyl disulfide (0.0677 g in 0.7 mL THF, 0.719
mmol) was added. The reaction mixture was stirred at 0 °C for 30 min and at room temperature for
30 min. The reaction was quenched with conc. NH4Cl aq. (5 mL). The organic materials were
extracted with AcOEt (5 mL x 3). The combined organic layer was washed with brine, dried over
NaxSOs, and evaporated. The crude product was passed through a short pad of silica gel with
AcOEt/hexane 1:10 eluent. The yellow solid was further purified by recrystallization from
hexane/THF to give white crystals. Yield 0.116 g (64%); '"H NMR (400 MHz, CDCls): § = 2.57 (s,
3H), 5.37 (s, 1H), 7.02 (t, J = 7.0 Hz, 3H), 7.06 (t,J = 7.0 Hz, 3H), 7.39 (d, /= 6.8 Hz, 3H), 7.60 (d,
J="17.2Hz, 3H).

2,7,14-Tribromo-9-(trimethylsilyl)triptycene (21) °!

Br
O NBS, AgSbFg, O
‘ 9-(methylthio)triptyceng ‘
CH,Cl,
20 21 Br
A solution of 20 (7.50 g, 23.0 mmol), 9-(methylthio)triptycene (0.0698 g, 0.232 mmol), NBS (12.5

g, 70.2 mmol), and AgSbFs (1.6 mL of 0.145 mol L' 1,2-dichloroethane solution, 0.230 mmol) in
anhydrous CH>Cl; (290 mL) was stirred at room temperature for 16 h under N> atmosphere. The
reaction was quenched with conc. NaHCO3 aq. (100 mL). The organic materials were extracted with
CHCI> (100 mL x 3). The combined organic layer was dried over Na;SO4 and evaporated. The
crude product was passed through a short pad of silica gel with CHCI; eluent. The crude product was
further purified by recrystallization from CHCIl3/MeOH to give white crystals. Yield 5.98 g (53%);
'"H NMR (500 MHz, CDCl3): 6 = 0.78 (s, 9H), 5.24 (s, 1H), 7.15 (dd, J= 7.8, 1.3 Hz, 3H), 7.24 (d, J
= 8.0 Hz, 3H), 7.55 (d, /= 1.0 Hz, 3H).
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2,7,14-Tribr0m0triptycene (22) 161

Br
TBAF
THF ‘
70°C, 20 h C / O
TMS Br
22 Br

To a solution of 21 (7.00 g, 12.4 mmol) in anhydrous THF (240 mL) was added TBAF (18.6 mL
of 1.00 mol L' THF solution, 18.6 mmol). The reaction mixture was stirred at 70 °C for 20 h under
N> atmosphere. After cooling to room temperature, the reaction was quenched with water (100 mL).
The organic materials were extracted with CHCI3 (100 mL x 3). The combined organic layer was
dried over Na>SOs4, and evaporated. The crude product was passed through a short pad of silica gel
with CH2Clo/hexane 1:3 eluent to give a white solid. Yield 6.06 g (99%); 'H NMR (400 MHz,
CDCls): 6 =5.28 (s, 1H), 5.33 (s, 1H), 7.15 (dd, J= 1.8, 7.8 Hz, 3H), 7.23 (d, J= 7.6 Hz, 3H), 7.52
(d, J=1.6 Hz, 3H).

2,7,14-Tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)triptycene (14) ¢!

Br pinB
B2pin2, KOAc
PdCIl,(CH5CN),, PPh,

Br C 7 ‘Q 100?23/|,F19h 7 ‘O

pinB
22 Br 14 Bpin

A solution of 22 (5.95 g, 12.1 mmol), bis(pinacolato)diboron (13.0 g, 51.2 mmol), KOAc (9.00 g,
91.7 mmol), PdCl>(CH3CN), (0.287 g, 1.11 mmol), and PPh3 (0.578 mg, 2.20 mmol) in anhydrous
DMF (120 mL) was stirred at 100 °C for 19 h under N, atmosphere. After cooling to room
temperature, the reaction was quenched with water (120 mL). The crude product was filtered through
a short pad of silica gel eluting with AcOEt/hexane 1:3 eluent to give a white solid. Yield 5.21 g
(68%); 'H NMR (500 MHz, CDCl3): 6 = 1.28 (s, 36H), 5.43 (s, 1H), 5.48 (s, 1H), 7.37 (d, J=7.5 Hz,
3H), 7.44 (dd, J= 7.3, 0.8 Hz, 3H), 7.77 (s, 3H).
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(c) Synthesis of cage 3a
Precage 23a

r PdClz(dppf)CHzClz,

pinB
B B
C L ‘Q toluene/dioxane/H,0 s

. Mes Mes 50 °C, 21 h
14 Bpin 18a

pinB

Precage 23a

All solvents were degassed by bubbling N> gas immediately before use. A solution of 14 (0.203 g,
0.322 mmol), 18a (1.66 g, 2.89 mmol), PdCl»(dppf)-CH2Cl, (78.2 mg, 95.8 pmol), and Cs,COs3 (0.782
g, 2.37 mmol) in a mixture of toluene (25 mL), dioxane (10 mL), and H>O (5 mL) was stirred at 50 °C
for 21 h under a N> atmosphere in a flask covered with aluminum foil to protect from light. After
cooling to room temperature, the reaction mixture was quenched with H>O (40 mL). The organic
materials were extracted with toluene (40 mL X 3). The combined organic layer was washed with
brine (40 mL), dried over Na,SOs, and evaporated. The crude product was purified by column
chromatography on silica gel with CH>Cly/hexane 1:4 eluent. The starting material 18a (1.04 g, 1.82
mmol) was recovered as a less polar fraction. The residue was washed with MeOH to give the desired
product as a yellow solid. Yield 0.227 g (41%); mp >300 °C (dec); Rr 0.39 (CH,Cly/hexane 1:3); 'H
NMR (500 MHz, CDCls): 0 = 1.73 (s, 18H; 0-Me), 1.74 (s, 18H; 0-Me), 2.31 (s, 18H; p-Me), 5.64 (s,
1H; 10-H), 5.71 (s, 1H; 9-H), 6.81 (s, 12H; m-H), 7.11 (s, 3H; 10°-H), 7.29 (d, J= 1.5 Hz, 3H; 6’-H),
7.46 (dd,J=17.5, 1.5 Hz, 3H; 3-H), 7.52 (d, J= 1.5 Hz, 3H; 3’-H), 7.58 (d, /= 8.0 Hz, 3H; 4-H), 7.90
(d, J = 1.5 Hz, 3H; 1-H), 8.14 (s, 3H; 1°-H), 8.16 (s, 3H; 8°-H), 8.40 (s, 3H; 9’-H); *C NMR (125
MHz, CDCl3): 6 =19.90, 19.98, 20.93, 53.10, 54.73, 119.55, 123.02, 124.06, 124.17, 124.55, 125.72,
126.03, 127.54, 127.57, 128.54, 128.96, 129.89, 132.72, 132.89, 134.59, 135.59, 136.21, 136.32,
136.65, 136.94, 138.26, 138.35, 140.02, 141.57, 144.26, 145.73 (one aliphatic and two aromatic
signals were overlapped); HRMS (FD): m/z calc for Cii¢Hos"’Brs: 1724.4984 [M]*; found: m/z
1724.5012.
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Cage 3a

Ni(cod),, cod
2,2'-bipyridine

toluene/DMF
100 °C, 21 h

Precage 23a

All solvents were degassed by bubbling Ar gas immediately before use. A solution of Ni(cod)
(0.225 g, 0.817 mmol), 1,5-cyclooctadiene (85.3 uL, 0.694 mmol), and 2,2’-bipyridine (0.114 g,
0.729 mmol) in a mixture of anhydrous toluene (15 mL) and anhydrous DMF (8.5 mL) was stirred at
80 °C for 30 min under an Ar atmosphere. A solution of precage 23a (0.301 g, 0.174 mmol) in toluene
(28 mL) was added to the solution, and the whole was stirred at 100 °C for 21 h in a flask covered
with aluminum foil to protect from light. After cooling to room temperature, the reaction mixture
was quenched with conc. HCI (8.0 mL). The organic materials were extracted with toluene (10 mL
x 3). The combined organic solution was washed with brine (10 mL), dried over Na>SOs, and
evaporated. The crude product was purified by column chromatography on silica gel with
CHxCly/hexane 1:1 eluent. This crude product was purified by recycle GPC with CHCI; eluent and
fractions containing the desired product were collected (Figure 2-3). The residue was washed with
MeOH and then with hexane to give the desired product as a yellow solid. Yield 37.5 mg (15%); mp
271-272 °C (dec); R 0.72 (CH2Cly/hexane 1:1); 'H NMR (500 MHz, CDCls): § = 1.77 (s, 36H; o-
Me), 1.81 (s, 36H; 0-Me), 2.31 (s, 18H; p-Me), 2.32 (s, 18H; p-Me), 5.67 (s, 2H; 10-H), 6.06 (s, 2H;
9-H), 6.83 (s, 12H; m-H), 6.85 (s, 12H; m-H), 7.16 (s, 6H; 10’-H), 7.60 (m, 18H; 3,4,6’-H), 7.67 (s,
6H; 3°-H), 8.45 (s, 6H; 1-H), 8.54 (s, 6H; 8°-H), 8.64 (s, 6H; 1°-H), 8.83 (s, 6H; 9°-H); *C NMR
(125 MHz, CDCI3): 6 = 20.00, 20.06, 20.93, 52.83, 55.36, 122.35, 123.00, 123.08, 124.32, 124.54,
125.35, 125.86, 127.27, 127.57, 128.89, 130.13, 130.23, 132.68, 132.77, 135.88, 135.91, 135.98,
136.40, 136.50, 136.61, 136.66, 136.69, 138.63, 140.03, 140.09, 144.23, 145.87 (one aliphatic and
one aromatic signals were overlapped); UV-vis (toluene): 4 (¢) 315 (356000), 333 (254000), 346
(197000), 372 (46200, sh), 391 (32100, sh), 410 nm (187000 L mol~! cm™, sh); FL (toluene): Aem 451,
481, 516 nm (Lex 425 nm, Pr 0.66, v 14.2 ns); HRMS (FD): m/z calc for Ca32Hioo: 2975.4868 [M]";
found: m/z 2975.4837.
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(d) Synthesis of cage 3b
1,8-Bis(2,4,6-trimethoxyphenyl)anthracene (16b’)
R-B(OH),, Pd,(dba)s
XPhos, K3PO
3P0y R = 3
tquene/dloxane/HZO

100 °C, 18 h

A solution of 1,8-dlch10r0anthracene (15) (0.302 g, 1.22 mmol), 2,4,6-trimethoxyphenylboronic
acid (0.771 g, 3.64 mmol), Pdx(dba)z (11.9 mg, 13.0 umol), XPhos (23.8 mg, 49.9 pmol), and K3PO4
(1.03 g, 4.87 mmol) in a degassed mixture of toluene (6 mL), 1,4-dioxane (3 mL), and H>O (3 mL)
was stirred at 100 °C for 18 h under N> atmosphere. After evaporation, the residue was washed with
H,0, hexane and CH,Cl, to give the desired product as a pale green solid. Yield 0.437 g (73%); 'H
NMR (500 MHz, CDCl3): 6 =3.42 (s, 12H), 3.90 (s, 6H), 6.14 (s, 4H), 7.30 (d, J = 6.5 Hz, 2H), 7.47
(dd, /= 6.8, 9.0 Hz, 2H), 7.55 (s, 1H), 7.97 (d, /= 8.5 Hz, 2H), 8.43 (s, 1H).

1,3,5-Tributoxybenzene (25) !l

HQ, "BuBr, KI,  "BuQ,
K,CO
OH — 2778 5 0"Bu
DMF
HO 70°C,24h  ng,d
24 25

A solution of 1,3,5-trihydroxybenzene (24) (10.0 g, 79.3 mmol), 1-bromobutane (48.9 g, 357
mmol), KI (2.61 g, 15.7 mmol), and K,COs3 (66.0 g, 478 mmol) in anhydrous DMF (130 mL) was
stirred at 70 °C for 24 h under N> atmosphere. After cooling to room temperature, the reaction was
quenched with H>O (130 mL). The organic materials were extracted with hexane (15 mL x 3), dried
over NaxSQOqs, and evaporated. The crude product was purified by column chromatography on silica
gel with AcOEt/hexane 1:20 eluent to give the desired product as colorless oil. Yield 19.0 g (81%);
'"H NMR (500 MHz, CDCl3): 6 =0.96 (t, J= 7.3 Hz, 9H), 1.43-1.51 (m, 6H), 1.74 (quint, J = 7.0 Hz,
6H), 3.91 (t,J= 6.5 Hz, 6H), 6.06 (s, 3H).

2,4,6-Tributoxyphenylboronic acid (26) '°

"BuO 1) NBulLi "BuO
HO
2) B(OMe
ongy 2 BOMe)s Ty O"Bu
THF HG
"BuO r.t., 13 h "BuO
25 26

To a solution of 25 (10.0 g, 34.1 mmol) in anhydrous THF (100 mL) was added n-butyllithium
(19.3 mL of a 2.64 mol L™! hexane solution, 50.9 mmol) at —78 °C under a N, atmosphere. After this
solution was stirred at 0 °C for 2 h, trimethyl borate (7.6 mL, 67.9 mmol) was added at —78 °C and
the whole was stirred for 1 h. This solution was warmed up to room temperature and stirred for 13 h.
After cooling to 0 °C, the reaction mixture was quenched with H,O (50 mL). After stirred for 1 h at
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room temperature, the reaction mixture was treated with CH>Cl, (150 mL) and H>O (100 mL), and
stirred for 1 h. The organic materials were extracted with CH,Cl> (100 mL X 3). The combined
organic layer was washed with brine (100 mL), dried over Na;SOs, and evaporated. The crude
product was washed with hexane to give the desired product as a white solid. Yield 6.10 g (53%); 'H
NMR (500 MHz, CDCIl3): 6 = 0.97-1.00 (m, 9H), 1.46—1.52 (m, 6H), 1.75-1.86 (m, 6H), 3.98 (t, J =
6.5 Hz, 2H), 4.04 (t, J = 6.8 Hz, 4H), 6.14 (s, 2H), 7.17 (s, 2H); *C NMR (125 MHz, DMSO-ds): &
= 13.71, 18.68, 18.71, 30.74, 30.89, 67.09, 67.35, 91.95, 161.20, 162.77 (one aliphatic and one
aromatic signals were not observed); HRMS (FD): m/z calc for C1sH31!°BOs 337.2301 [M]"; found:
m/z 337.2318.

1,8-Bis(2.,4,6-tributoxyphenyl)anthracene (16b)
26, Pdy(dba)s,

XPhos, Cs,COj

toluene/dioxane/H,O

Cl Cl 100 °C, 18 h TBP TBP
15 16b

A solution of 1,8-dichloroanthracene (15) (1.20 g, 4.86 mmol), 26 (4.98 g, 14.7 mmol), Pdx(dba);
(45.9 mg, 50.1 umol), XPhos (94.9 mg, 0.199 mmol), and Cs>COs3 (4.10 g, 12.6 mmol) in a degassed
mixture of toluene (24 mL), 1,4-dioxane (12 mL), and H2O (12 mL) was stirred at 100 °C for 18 h
under a N> atmosphere. After cooling to room temperature, the reaction was quenched with H>O (24
mL). The organic materials were extracted with CHCI3 (15 mL X 3). The combined organic layer
was washed with brine (15 mL), dried over Na>;SOs4, and evaporated. The crude product was passed
through a short pad of silica gel with CH>Cl eluent. The residue was washed with MeOH to give the
desired product as a white solid. Yield 2.61 g (71%); mp 91-93 °C; R¢0.59 (CH.Clo/hexane 1:1); 'H
NMR (500 MHz, CDCl3): 6 = 0.58 (t, J= 7.5 Hz, 12H), 0.83-0.98 (m, 8H), 1.06 (t, J = 7.3 Hz, 6H),
1.22 (quint, J = 7.0 Hz 8H), 1.58 (sext, J = 7.5 Hz, 4H), 1.84 (quint, J = 7.0 Hz, 4H), 3.39 (dt, J =
12.0, 8.0 Hz, 4H), 3.71 (dt, J = 12.0, 8.0 Hz, 4H), 4.00 (t, J = 6.8 Hz, 4H), 6.10 (s, 4H), 7.28 (d, J =
6.5 Hz, 2H), 7.43 (dd, J = 8.0, 6.5 Hz, 2H), 7.72 (s, 1H), 7.93 (d, J = 8.5 Hz, 2H), 8.38 (s, 1H); *C
NMR (125 MHz, CDCl): 0 = 13.59, 13.96, 18.79, 19.38, 31.00, 31.59, 67.82, 68.09, 92.23, 111.17,
124.47, 124.57, 125.30, 126.72, 127.28, 130.56, 131.54, 132.94, 158.41, 160.17; HRMS (FD): m/z
calc for CsoHesOs: 762.4859 [M]"; found: m/z 762.4852.
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3,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,8-bis(2,4,6-tributoxyphenyl)-anthracene
(17b)
B,pin,,dtbpy

pinB Bpin
OOO”WWM O
cyclohexane
TBP

70°C,38h
16b 17b

A solution of 16b (2.70 g, 3.54 mmol), bis(pinacolato)diboron (2.26 g, 8.89
mmol), [Ir(OMe)(cod)]> (59.5 mg, 89.8 umol), and 4,4’-di-z-butyl-2,2’-bipyridyl (48.0 mg, 0.179
mmol) in anhydrous cyclohexane (17 mL) was stirred at 70 °C for 38 h under an Ar atmosphere in a
flask covered with aluminum foil to protect from light. After cooling to room temperature, the solvent
was evaporated. The crude product was passed through a short pad of silica gel with CH>Cl, eluent.
The residue was washed with MeOH to give the desired product as a white solid. Yield 3.46 g (97%);
mp 135-139 °C; Rs0.29 (CH2Cly/hexane 1:5); 'TH NMR: (500 MHz, CDCl3) 6 = 0.58 (t, J = 7.5 Hz,
12H), 0.86—0.98 (m, 8H), 1.05 (t, J = 7.2 Hz, 6H), 1.20 (quint, J = 7.0 Hz, 8H), 1.38 (s, 24H), 1.58
(sext, J=7.5 Hz, 4H), 1.83 (quint, /= 7.0 Hz, 4H), 3.37 (dt, /= 12.0, 8.0 Hz, 4H), 3.70 (dt, /= 12.0,
8.0 Hz, 4H), 3.99 (t, J = 6.5 Hz, 4H), 6.07 (s, 4H), 7.68 (s, 2H), 7.73 (s, 1H), 8.49 (s, 2H), 8.50 (s,
1H); *C NMR (125 MHz, CDCl5): § = 13.66, 13.95, 18.78, 19.36, 24.92, 31.00, 31.57, 67.82, 67.88,
83.53, 92.09, 111.03, 124.26, 124.61, 128.06, 130.92, 131.51, 132.01, 132.31, 136.33, 158.37,
160.01; HRMS (FAB): m/z calc for Cs2Hss'°B2O1o: 1014.6564 [M]"; found: m/z 1014.6583.

3,6-Dibromo-1,8-bis(2,4,6-tributoxyphenyl )Janthracene (18b)

pinB Bpin Br
T oo OOO
DMF air
T

70°C,22h
17b 18b

A suspension of 17b (3.40 g, 3.35 mmol) and CuBr (3.91 g, 27.3 mmol) in anhydrous DMF (45
mL) was stirred at 70 °C for 12 h under ambient atmosphere. After cooling to room temperature, the
reaction mixture was quenched with H,O (45 mL). The crude product was passed through a short
pad of silica gel with AcOEt/hexane 1:20 eluent and purified by gel permeation chromatography with
CHCI; eluent. The residue was washed with MeOH to give the desired product as a pale yellow solid.
Yield 1.68 g (54%); mp 87-89 °C; R¢ 0.56 (CH2Clo/hexane 1:1); '"H NMR: (500 MHz, CDCls) 6 =
0.63 (t, J=7.5 Hz, 12H), 0.88-1.02 (m, 8H), 1.05 (t, /= 7.3 Hz, 6H), 1.24 (quint, J = 7.0 Hz, 8H),
1.58 (sext, J= 7.5 Hz, 4H), 1.83 (quint, J = 7.0 Hz, 4H), 3.39 (dt, /= 12.0, 8.0 Hz, 4H), 3.72 (dt, J =
12.0, 8.0 Hz, 4H), 3.99 (t, J = 6.5 Hz, 4H), 6.07 (s, 4H), 7.40 (d, J = 2.0 Hz, 2H), 7.70 (s, 1H), 8.08
(s, 2H), 8.18 (s, 1H); 3C NMR (125 MHz, CDCl3): § = 13.59, 13.93, 18.87, 19.35, 30.93, 31.51,
67.84,67.91,91.84, 109.05, 119.37, 123.70, 125.86, 128.20, 128.83, 131.12, 132.66, 135.17, 158.21,
160.69; HRMS (FD): m/z calc for CsoHes”’Br2Os: 918.3070 [M]*; found: m/z 918.3031.

54



Precage 23b

PdCl,(dppf)-CH,Cl,,

pinB

toluene/dioxane/H,O
C LTS TBP  TBP ¢ 20 1gp
. 50 °C, 22 h
14 Bpin 18b

pinB

Precage 23b

All solvents were degassed by bubbling N> gas immediately before use. A solution of 14 (0.100 g,
0.159 mmol), 18b (1.30 g, 1.42 mmol), PdClz(dppf)-CH2Cl> (45.3 mg, 55.5 umol), and Cs2CO3
(0.394 g, 1.21 mmol) in a mixture of toluene (12.5 mL), dioxane (5.0 mL), and H>O (2.5 mL) was
stirred at 50 °C for 22 h under a N> atmosphere in a flask covered with aluminum foil to protect from
light. After cooling to room temperature, the reaction mixture was quenched with H,O (15 mL). The
organic materials were extracted with toluene (10 mL X 3). The combined organic layer was washed
with brine (10 mL), dried over Na>xSOs, and evaporated. The crude product was purified by column
chromatography on silica gel with CH>Cl, eluent. This product was purified by recycle GPC with
CHCI3 eluent and fractions containing the desired product were collected (Figure 2-11). After
evaporation, the residue was washed with MeOH and then with hexane to give the desired product as
a yellow solid. Yield 0.130 g (29%); mp 113—114 °C; R¢ 0.38 (CH2Cla/hexane 1:1); 'H NMR (500
MHz, CDCls) 0 =0.51 (t, J=7.3 Hz, 18H; CH3), 0.61 (t,J= 7.5 Hz, 18H; CH3), 0.82—-1.01 (m, 24H;
CH>), 1.05 (t, J=17.5 Hz, 18H; CH3), 1.16-1.27 (m, 24H; CH»), 1.57 (sext, J = 7.5 Hz, 12H; CH>),
1.83 (quint, J= 7.0 Hz, 12H; CH>), 3.35-3.42 (m, 12H; OCH>), 3.67-3.74 (m, 12H; OCH>), 3.99 (t,
J=6.8 Hz, 12H; OCH>), 5.58 (s, 1H; 10-H), 5.65 (s, 1H; 9-H), 6.07 (s, 6H; m-H), 6.08 (s, 6H; m-H),
7.34(d,J=1.5Hz, 3H; 6’-H), 7.45 (dd, J=1.5, 8.0 Hz, 3H; 3-H), 7.53 (d, /= 8.0 Hz, 3H; 4-H), 7.59
(d, J=1.5Hz, 3H; 3°-H), 7.68 (s, 3H; 10°-H), 7.90 (d, /= 1.5 Hz, 3H; 1-H), 8.06 (s, 3H; 1°-H), 8.07
(s, 3H; 8°-H), 8.29 (s, 3H; 9°-H); '*C NMR (125 MHz, CDCl3): § = 13.54, 13.59, 13.92, 18.86, 19.35,
30.96, 30.99, 31.52, 31.54, 53.23, 54.99, 67.84, 68.00, 68.06, 92.03, 92.17, 109.60, 110.71, 118.63,
122.86, 123.75, 124.08, 124.21, 124.85, 124.98, 128.16, 128.23, 128.83, 129.87, 130.55, 132.33,
132.47, 133.42, 135.16, 137.44, 138.82, 144.01, 145.77, 158.28, 158.39, 160.29, 160.57 (four
aliphatic signals were overlapped); HRMS (FD): m/z calc for Ci70Ha203""Br3O1s: 2769.2520 [M];
found: m/z 2769.2564.
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Figure 2-11. Chromatogram of recycle GPC for separation of precage 23b with CHClIz eluent (Flow
rate: 10 mL minY).

Cage 3b

Ni(cod),, cod
2,2'-bipyridine

toluene/DMF
100 °C, 22 h

Precage 23b

All solvents were degassed by bubbling Ar gas immediately before use. A solution of Ni(cod)
(43.8 mg, 0.159 mmol), 1,5-cyclooctadiene (18 pL, 0.15 mmol), and 2,2’-bipyridine (25.9 mg, 0.166
mmol), in anhydrous toluene (3.0 mL) and anhydrous DMF (2.0 mL) was stirred at 80 °C for 30 min
under an Ar atmosphere. A solution of precage 23b (100 mg, 36.2 umol) in toluene (6.0 mL) was
added to the solution, and the whole was stirred at 100 °C for 22 h in a flask covered with aluminum
foil to protect from light. After cooling to room temperature, the reaction mixture was quenched with
conc. HCI (2.0 mL). The organic materials were extracted with toluene (10 mL x 3). The combined
organic solution was washed with brine (10 mL) and dried over Na>SQOy4, and evaporated. The crude
product was purified by column chromatography on silica gel with CH2Cl eluent. This crude product
was further purified by recycle GPC with CHCI; eluent and fractions containing the desired product
were collected (Figure 2-12). The residue was washed with MeOH to give the desired product as a
yellow solid. Yield 13.5 mg (15%); mp 261-262 °C (dec); Rr 0.56 (CH,Clo/hexane 1:1); 'H NMR
(500 MHz, CDCl3): 6 =0.47 (t, J= 7.5 Hz, 36H; CH3), 0.48 (t, J= 7.5 Hz, 36H; CH3), 0.83-0.95 (m,
48H; CH), 1.04 (t, J = 7.3 Hz, 18H; CH3), 1.05 (t, J= 7.2 Hz, 18H; CH3), 1.19 (quint, J = 6.5 Hz,
24H; CH>), 1.20 (quint, J = 6.5 Hz, 24H; CH>), 1.55-1.62 (m, 24H; CH), 1.80-1.86 (m, 24H; CH>),
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3.38-3.43 (m, 24H; OCHa), 3.66-3.72 (m, 24H; OCH>), 3.99 (t, J = 6.8 Hz, 12H; OCH>), 4.00 (t, J
= 6.8 Hz, 12H; OCH>), 5.60 (s, 2H; 10-H), 6.04 (s, 2H; 9-H), 6.09 (s, 6H; m-H), 6.11 (s, 6H; m-H),
7.53 (d, J=7.5 Hz, 6H; 4-H), 7.62 (d, J = 8.0 Hz, 6H; 3-H), 7.69 (s, 6H; 10’-H), 7.74 (s, 6H; 3’, 6’-
H), 8.46 (s, 6H; 1-H), 8.49 (s, 6H; 8°-H), 8.59 (s, 6H; 1°-H), 8.73 (s, 6H; 9’-H); *C NMR: (125 MHz,
CDCl3) 0 =13.47, 13.49, 13.95, 18.84, 18.86, 19.37, 30.99, 31.02, 31.58, 53.00, 55.44, 67.86, 68.12,
68.18,92.36,92.41, 111.53, 122.18, 122.52, 123.13, 123.75, 123.93, 125.42, 126.37, 126.50, 127.83,
130.11, 130.18, 132.32, 132.49, 133.09, 133.27, 134.63, 137.10, 138.14, 143.90, 145.95, 158.52,
158.55, 160.03, 160.14 (four aliphatic and one aromatic signals were overlapped); UV-vis (toluene):
2 (e) 310 (345000), 335 (205000), 350 (168000), 376 (45200, sh), 393 (35800, sh), 417 nm (19500 L
mol ™! ecm™!, sh); FL (toluene): Aem 458, 487, 520 nm (Lex 425 nm, @5 0.32, 7¢ 11.1 ns); MS (MALDI):
m/z calc for 3C3'2C340Ha06036: 5068.0 [M]*; found: m/z 5068.2 (Figure 2-13).

Intensity / arb.units
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Figure 2-12. Chromatogram of recycle GPC for separation of cage 3b with CHCI; eluent (Flow rate:
10 mL min™Y).
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Figure 2-13. MALDI-TOF mass spectrum of cage 3b (simulated for C343H406036).
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(e) Synthesis of cage 3¢
1,8-Bis(pentafluorophenyl)anthracene (16¢) "*!
CeFsH, Pd(OAC),,

ook t-Wsoe
iProAc

o] o] 85 °C, 14 h CoFs CoFs
15 16¢

A solution of 1,8-dichloroanthracene (15) (1.01 g, 4.09 mmol), pentafluorobenzene (4.5 mL, 40.5
mmol), Pd(OAc)2 (91.6 mg, 0.408 mmol), XPhos (0.390 g, 0.817 mmol), and Cs2COs3 (5.29 g, 16.2
mmol) in anhydrous ‘PrOAc (40 mL) was stirred at 85 °C for 14 h under a N> atmosphere. After
cooling to room temperature, the solvent was evaporated. The crude product was filtrated through
Celite with CH2Cl> (50 mL) eluent. The combined organic layer was washed with H2O (20 mL x 2)
and then with brine (20 mL), dried over Na>SOs, and evaporated. The crude product was passed
through a short pad of silica gel with CH2Clo/hexane 1:1 eluent. The residue was washed with MeOH
to give the desired product as a yellow solid. Yield 1.67 g (80%); mp 202204 °C; R 0.13 (hexane);
"H NMR (500 MHz, CDCl3): § = 7.50 (d, J= 7.0 Hz, 2H), 7.60 (t, J = 7.5 Hz, 2H), 7.61 (s, 1H), 8.19
(d, J= 8.5 Hz, 2H), 8.64 (s, 1H); *C NMR (125 MHz, CDCl3): 6 = 113.87 (t, Jcr = 21 Hz), 120.71,
124.02, 125.13, 128.15, 129.62, 129.65, 130.36, 131.71, 137.70 (dt, Jcr = 255, 14 Hz), 140.89 (dt,
Jer = 261, 13 Hz), 144.52 (d, Jcr = 247 Hz); HRMS (FD): m/z calc for Ca¢HsFio: 510.0466 [M];
found: m/z 510.0467.

3,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,8-bis(pentafluorophenyl)anthracene
(17¢)
Bopiny,dtbpy

pinB Bpin
OOO iovercodly =L
cyclohexane
CoFs 70 °C, 38 h CoFs CoFs
16¢c 17c

A solution of 16¢c (2.50 g, 4.89 mmol), bis(pinacolato)diboron (3.12 g, 12.3
mmol), [Ir(OMe)(cod)]> (97.4 mg, 0.146 mmol), and 4,4’-di-¢-butyl-2,2’-bipyridyl (78.0 mg, 0.291
mmol) in anhydrous cyclohexane (50 mL) was stirred at 70 °C for 38 h under an Ar atmosphere in a
flask covered with aluminum foil to protect from light. After cooling to room temperature, the solvent
was evaporated. The crude product was passed through a short pad of silica gel with CH2Cl eluent
to give the desired product as a yellow solid. Yield 3.73 g (>99%); mp 213-216 °C; Ry 0.42
(AcOEt/hexane 1:5); 'TH NMR (500 MHz, CDCl3): 6 = 1.41 (s, 24H), 7.58 (s, 1H), 7.83 (s, 2H), 8.72
(s, 3H); *C NMR (125 MHz, CDCl3): § = 24.94, 84.38, 113.99(t, Jcr = 16 Hz), 120.26, 123.13,
125.85,130.43, 131.16, 131.40, 133.97, 137.62 (dt, Jcr =252, 14 Hz), 139.45, 140.76 (dt, Jcr = 256,
14 Hz), 144.52 (d, Jcr = 252 Hz); HRMS (FAB): m/z calc for C3sH30!°B2F1004: 762.2171 [M]; found:
m/z 762.2183.
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3,6-Dibromo-1,8-bis(pentafluorophenyl)anthracene (18c) !

pinB Bpin Br Br
O e, I
THF/MeOH/H,O

CeFs CeFs 70°C, 110 h CeFs CeFs
17¢c 18c

A suspension of 17¢ (2.00 g, 2.63 mmol) and CuBr; (4.22 g, 21.2 mmol) in a mixture of THF (160
mL), MeOH (40 mL), and H>O (80 mL) was stirred at 70 °C for 110 h. After cooling to room
temperature, the organic materials were extracted with CH>Cl> (50 mL X 3). The combined organic
layer was washed with brine (50 mL), dried over Na>SOs, and evaporated. The crude product was
passed through a short pad of silica gel with CHCIl; eluent to give the desired product as a yellow
solid. Yield 1.46 g (83%); mp 251-252 °C; R;0.17 (hexane); 'H NMR (500 MHz, CDCls): § = 7.55
(s, 1H), 7.60 (d, J = 2.0 Hz, 2H), 8.35 (s, 2H), 8.44 (s, 1H); *C NMR (125 MHz, CDCls): § = 112.20
(t, Jcr = 18 Hz), 119.64, 121.71, 126.03, 126.31, 128.14, 131.84, 132.88, 133.07, 137.76 (dt, Jcr =
255, 15 Hz), 141.29 (d, Jcr = 257 Hz), 144.42 (d, Jcr = 261 Hz); HRMS (FD): m/z calc for
Ca6Hs"BraF10: 665.8677 [M]"; found: m/z 665.8677.

Precage 23c
pinB Br
O Br gy PdCly(dppf)-CH,Cly, < &
‘ n CsaCO;s .
oing-SF Y CoFs  CoFs O onol e atoMMa0 cof o
14 Bpin 18c ’ CoF s ), 3 Cos

Precage 23c¢

All solvents were degassed by bubbling N> gas immediately before use. A solution of 14 (0.100 g,
0.158 mmol), 18¢ (0.956 g, 1.43 mmol), PdCl>(dppf)-CH2Cl> (39.0 mg, 47.8 umol), and Cs>COs
(0.391 g, 1.20 mmol) in a mixture of toluene (25 mL), dioxane (10 mL), and H,O (5 mL) was stirred
at 50 °C for 23 h under a N, atmosphere in a flask covered with aluminum foil to protect from light.
After cooling to room temperature, the reaction mixture was quenched with H,O (30 mL). The
organic materials were extracted with CH>Cl> (20 mL x 3). The combined organic layer was washed
with brine (20 mL), dried over Na>SQOs, and evaporated. The crude product was purified by column
chromatography on silica gel with CH2Clo/hexane 1:4 eluent. The residue was washed with MeOH
to give the desired product as a yellow solid. Yield 78.4 mg (25%); mp 258-261 °C (dec); Rr 0.23
(CH2Cla/hexane 1:3); '"H NMR (500 MHz, CDCl3): § = 5.67 (s, 1H; 10-H), 5.76 (s, 1H; 9-H), 7.47
(dd, J=1.5, 8.0 Hz, 3H; 3-H), 7.56 (d, /= 2.0 Hz, 3H; 6’-H), 7.57 (s, 3H; 10-H), 7.63 (d, J = 8.0 Hz,
3H; 4-H), 7.74 (s, 3H; 3’-H), 7.88 (d, J = 1.0 Hz, 3H; 1-H), 8.27 (s, 3H; 1’-H), 8.33 (s, 3H; 8’-H),
8.51 (s, 3H; 9°-H); '*C NMR (125 MHz, CDCls): § = 53.27, 54.67, 112.56 (t, Jcr = 20 Hz), 113.55 (t,
Jer=19Hz), 119.12,121.20, 123.11, 124.52, 124.87, 124.99, 126.04, 127.40, 127.44, 128.16, 128.90,
130.36, 131.84, 132.61, 132.73, 137.35, 137.87 (dt, Jcr = 255, 16 Hz), 138.32, 139.99-142.52 (m),
144.60 (d, Jcr = 250 Hz), 144.82, 145.81 (one aromatic signal was overlapped); HRMS (FD): m/z
calc for CosHa9""BrsF3o: 2011.9340 [M]"; found: m/z 2011.9377.
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Cage 3¢

Ni(cod),, cod
2,2'-bipyridine

toluene/DMF
100 °C, 22 h

Precage 23c

All solvents were degassed by bubbling Ar gas immediately before use. A solution of Ni(cod)»
(67.4 mg, 0.245 mmol), 1,5-cyclooctadiene (24.4 pL, 0.198 mmol), and 2,2’-bipyridine (32.0 mg,
0.205 mmol) in a mixture of a mixture of anhydrous toluene (4.5 mL) and anhydrous DMF (2.5 mL)
was stirred at 80 °C for 30 min under an Ar atmosphere. A solution of precage 23¢ (0.101 g, 50.0
umol) in toluene (8.0 mL) was added to the solution, and the whole was stirred at 100 °C for 22 h in
a flask covered with aluminum foil to protect from light. After cooling to room temperature, the
reaction mixture was quenched with conc. HCI (2.5 mL). The organic materials were extracted with
CHxCl; (10 mL x 3). The combined organic solution was washed with brine (10 mL), dried over
NaxSOs, and evaporated. The crude product was purified by column chromatography on silica gel
with CH2Clo/hexane 1:1 eluent. This crude product was purified by recycle GPC with CHCI; eluent
and fractions containing the desired product were collected (Figure 2-14). The residue was washed
with MeOH to give a yellow solid. Yield 3.8 mg (4.3%); mp 251-254 °C (dec); Rr 0.66
(CH2Cly/hexane 1:1); 'TH NMR (500 MHz, CDCl3): 6 = 5.74 (s, 2H; 10-H), 6.04 (s, 2H; 9-H), 7.66 (s,
18H; 3,4,10°-H), 7.86 (s, 6H; 6’-H), 7.92 (s, 6H; 3’-H), 8.40 (s, 6H; 1-H), 8.66 (s, 6H; 8’-H), 8.75 (s,
6H; 1°-H), 8.92 (s, 6H; 9°-H); 1*C NMR (125 MHz, CDCls): § = 52.88, 55.25, 113.35-113.81 (m),
120.75, 122.26, 123.31, 124.69, 125.08, 125.29, 125.32, 128.86, 128.93, 129.02, 129.18, 129.22,
129.36, 132.47, 132.74, 135.41, 136.15, 137.23, 137.81 (d, Jcr = 254 Hz), 141.09 (d, Jcr = 252 Hz),
144.56 (d, Jcr = 249 Hz), 144.74, 145.87; UV-vis (toluene): 4 (¢) 312 (323000), 333 (220000), 347
(178000), 373(48100, sh), 389 (38800, sh), 414 nm (21000 L mol ! cm™!, sh); FL (toluene): Aem 454,
478, 513 nm (Aex 425 nm, P 0.36, 7r 13.8 ns); HRMS (FD): m/z calc for Ci96HssFe0: 3550.3580 [M]";
found: m/z 3550.3528.
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Figure 2-14. Chromatogram of recycle GPC for separation of cage 3c with CHClIz eluent (Flow rate:
10 mL minY).

2.4.2. Fluorescence lifetime

A solution of cage 3 in toluene was prepared and degassed with N> immediately before
measurements. A time-correlated single-photon-counting (TCSPC) system (HORIBA Fluoro Cube)
was used for measurements of spontaneous fluorescence decay. As an excitation light source, a
NanoLED-405L which provides a 0.5 ns pulse with a repetition rate of 1 MHz was used. The decay
profiles are shown in Figures 2-15~2-17.
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Figure 2-15. Fluorescence decay profile of emission of 3a in toluene (concentration: 1.97 x 107° mol

L") monitored at 481 nm upon excitation at 371 nm.
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Figure 2-16. Fluorescence decay profile of emission of 3b in toluene (concentration: 4.34 x 107 mol
L") monitored at 488 nm upon excitation at 401 nm.

10°+

Prompt
Decay

Fluorescence intensity / counts

—_
o
=)

"0 20 40 60 80 100
Time / nsec

Figure 2-17. Fluorescence decay profile of emission of 3¢ in toluene (concentration: 9.24 x 107 mol

L") monitored at 483 nm upon excitation at 401 nm.
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3LKES

Kajiyama 5 2385 L7277 — 2 2 FPERICEES | nm 0 22L& 55, Pl 72 2 8o kR
T 771 voRIcE < CH - MHAEMERIC L 5T Co® Co % 1:1 DAL TEET S Z L AT
% % (Scheme 3-1) 'L Zh o dfffRicoWTIE, HOELHEHE L 'THNMR 227 P vic X h &G
TEREBSENRT A =&, ZHDOEER AT A— R BRE L., ZOTF—YDFRALELTOR
M2+ IR 3 % 729121, Ceo % Cro 2T ThRAERA T A P L OEERETRS 2 L, B
WS 24803 H 5. £/, CH-n HAEHZEBEWICFT 2 7ED 128 LT, F—YICHE
W ABAL T, 7 A eMENERT 2 KERT DEM I % FHENCE S €5 FiE8H 5.
COFEERERT 2720100k, 7= ViFERE AR L CAERIC KT T EREMN R % KT 5
DERD 572085, 77— 2 DEBMNRIZEL, Mes HUS D BIILZ oML 07 — VKL &
K5 2 L AFIERICHEL A2 o 72,

Scheme 3-1. Complex formation of cage 2 and Ceo.
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311 AEDHHK
F2EETIE, RARBHREZHED 18-V TV —AT Vv 7k va=y b EHWET —VFER 3

DARICONTHRR, 77— 3137 — 2 LRIUREEKREZEOZ0, CoZlILDE LT
L VHOWEESEETH L L EZLND (Figure 3-1a). RKETIZ

7 — , XL ®IC, Mes Hx o
T—=33allDOWNT Ce & DEGFEEFZFEL-. I HIC

, 3a B K Z A7 — L TART 2

CEICIN L2720, ZAFFE LT CoDfthic, Cro® 7 7 —L ViEEIKICMA, PCBM % >
TERAEHERAEL, 2AKCKETZ A Mo TOBEBRENE 2 HEZE L 7= (Figure 3-1b). & IC,
Mes FELIS D EHEE 2 507 — VB8R 3b & 3¢ 12D WT, CoB LU Cpl D

BICRITT 7 — Y DEHENR 2R L 72,

2OBHER~, &

Figure 3-1. (a) Complex formation of cages 3 and guest molecules. (b) Guest molecules adopted in
this work.
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3.2. ST DRI & BT Fi

AEiTlE, KETHOVWEIMEEICOWT, ZOWMELEEROMI 2L IEEEN K, ZIRET
% 728 O BAR ZE, BT R IC O W R 3 5.

3.2.1. HE DR
AAXF (H) 72 bF (G) 6 118K (C) #BKT 2L 20F#EIU T IckRT L
DTE 3,

H+G=C (2)

ToLE, KIFUTO X IcKT LR TE B,

oo 1o _ [C] -
* “THITG] ~ ([, — [CD)([Gl, — [CD)

T T [Hlo (FWF R P DENGREE, [Gl (307 2 P @ EAGREE, [HIEFHEIRECTOFRZ F 0
ERE, [GUIFHEREED 7 A P o VIRE, [CliXFHREDkoELVRETH 2. KQB)
Z[ClD 2 XFBRICERT 5 &,

[C]? — [CI([H]o + [Glo + 1/Ka) + [H]o[Glo = 0 (4)

Libh, RAECICOVTHL LUTD LS 12743,

ey = (o + [Glo +1/K0) = ([H]§ +1Glo +1/K,)” — 4THL[Glo

3.2.2.NMR iC & 5 REEDHRE

TR =7 A RO ORERICIL, NMR 2=2 PABLLHVWSLNE, NMR =2 b AT
X, KRBT AL2AET L, FRF2OLRTZEMMRICL T, FA LD ITFApRY
7 V55655, ikl 7Y —OF R b OZHEH NMR ORFHUEZIC A~ THoricv & £,
Blllc ot > 7 PIIWHEOLF > 7 b fFE 2 B L 2 EFH & 2%, —BIC, NMR A
N7 EE 107 MEREORECHIES 2720, HEAEE AR GEBDIRAIZ 10° L mol' KifiTH
D, NE K ZFOSEORHIICEL T\wa, 5. ik 7 ) —DOFX b OFOKHEDE N &
¥, ZhEhoy 7P Al icBlillEnd o, v 7 FABEr OFER ZEERD C &2
TE 3. i NMR ORFHUE & FIREOM S TR, v 7 F A RIA &Y, T8 % IEHE
SO Z e LR B.
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32.3. HAWEIC X 2 2ATERDOPEM

MR R P OERICT A N 2 NZ 5 & HERENZET 2556, WE L &0t b HEmE D%
fLZBEL, ZOWBEMITT 2 L EAEBPRETE 5, HRIRERE KRECHETE
5DT, REVEATERK %D OEAEOUEICHL T3, FlziE, 77— 2oC ko K1 10°
Lmol' FEE L KE VDT, SAERERET 272912, NMR #E L Y HYEHEE 2N L CTuw 30
— RIS, FRAMR T T—L VDR TIE, 77 LV OBTREERIE VLD, FA M-S AL
WA DR E COBTBEINIEF ICH K 2 ) IR IE BRI AR 2B, Lo, 2}
ZMA B Z LI XV IEERRMITET Y, ZoZLZBHT LI LICXY) K.PRETE S, £
DI iER AT ICHAT 5.

(a) Stern—Volmer 7' =& v 4
RA DN T A POFIIC L VT 2L E, MDA N =X LT FBIEGEE L Y
HCBEL D 5.
HAEDORRA N H EWHAAOT A G2 111 $EEZTER T 2 & & OFFIHEERED A /7 = X 4
WEUTDOXHICRT B TES.
K, hv
H+G = HG — HG* > HG+heat (6)

IZC®IC, FAFHET AT GBIV T 5. 85K HG 25561Ic X o TR L 721, SERAIFG0E
HEchni, MEGRENEC 5. (KR CIX[CIA G o L TIERIT/NE L, [Gl &[G]A
IFFELWERET S L, R ZH W THIECGERICE T 2 IUTO L5 1ckR 5,

Fo/F = [H]o/[H] = 1+ K,[Gl, (7)
T 2T, FIRHENHME, FlI[G]=0 COHNBETH 3.
—77, B YGERIED X A= X LU T LS IR T LR TE B,

H+ hv -» H” (8)
H*+G—->H+ G+ heat (9)

WD HBNFE L2 %, HAHD G Lol TcEFBREID LIz A LF—BEInic v,
IR ICTESE 2 2. O GERICB I 3RIEU T X Y e T L TE 3.

Fo/F =1+ [Glo = 1 + kq7e[G]o, = 1+ Ksy[G], (10)

_a
(kf + knr)
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TZTC, kg ZTHCREER, kel THEFEC D BT, heor 1Z BRI TH S 72 75 & O — R D R
FREDOEETEMDON, ldF A b HOHEEFEM, Ksv i$ Stern—Volmer S TH 5.
BRI & BIRYIEE 3 EIRFICEE © 2 548, HEREoRE X7 e Koo EckT o LTt
% 7=, Stern—Volmer DFUILAT D XL H IC7r 5.

Fo/F = (14 K,[Glo)(1 + Ksv[Glo)  (11)
22T, HROEEK( + KJ[G) & (1 + Kev[Glo)iF, ZNZNFNE X B CoFSE2EKL,
Stern—Volmer 7’1 v F ZAEHDIGE, &5 L2 DM GBI TH 2 L 2RT. DA,
KADFUTO XS A TR 5.

Fo/F =1+ky't[Gl, (12)

ZTT, kIE78y PICX o TRONDIHEHREERTH S, 77 7DMHEIT ko ICXIGT 5.
T+ DHINEEMP HDEPND kDS, KREICH T B HEIEHETEEDHESE (Frx v $h298K)
TOILER B YIS 3 5 Stokes—Einstein DX 2> 5 #ETE X 4172 BHERH YR EE R (kg theor = 3.5
x10°Lmol's™") XD biF2ICKEVEE, HHLICE W THIEEA RN TH L LEZLDL
ns.

LI b2 6, #tlh% Fo/F, K% [Glo & L7z Stern—Volmer 7’1 v M2 XV, §EK2 111 2ATH 3
Tel, Lo DOHNEREKLEKITH 2 0% MRT 22N TE S, £z, FRRHIGERER L
M TH 2856, HEIISAERK LIZITFELLRS.

(b) H—77 4 v T 4 v 7fEKE
FETZRRIC X 2 HEH I B W T, BIHECBEREA N TH 5 & &, #HNXHEIIUT o Tk
TENTE S,
Fo —F= (Fc - Fo) [C]/[H]o (13)

TZTT, Fcl3fRDHEDEEETH 5.
RG)EH13)2 0, UToArFEons.

Fc — Fo
2[H],

Fy—F = (([H]0 + [Glo + 1/K,) — v/ ([H]o + [Glo + 1/K,)? — 4[H]0[G]0) (14)

AETIX, RAHZEF T, HElEH%E W CERE AF=F - F,, BEI%Z[Gl/[H& L7711y Ficown
T, IEER/N_TEIC XDV =T 74 9T 4 v T2 L TCERATHRK BHREL 72
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33.MRLEER

331 7=V 3at Co DI L 2ATERDITE

7=V 32k CodRETEILEMRT 2720, BITHETHRESI N TS X HIC 'HNMR %
RZ MM XDWEEIT o7z (Figure 3-2). 77— 3a D b LT VoA (1.01 x 10° mol L'!) I
XL Coo®D PNVEV-dgiti®ETH T LT L, F—YAlloKRFETTH S 1-H, 9-H (Trip) L
1’-H, 8’-H, 9>-H (Ant)HKED ¥ 7 F 23 Coo DI E & HITEESG > 7 L7z (Ant: TV P 7k,
Trip: VU 7Fv). —F, 10-H(Trip)Zho & Lz o — M3 2 KERFHED > 7' F
N 7 MIIE A EEBL L o7z, ZORERIE, 7 — Y DHNEEILIC Co S B EI NZC
&T, Coo 037 — YN DIKRIFEF DHESUERI S E 2 5272 2 L 2R L TwW5, BB %
WT 272D, 3aD CDCLEHRICHERED Co ZMAZ T HNMR A_27 FAVZHIE L 7223, &7 Fu
ICZLIER NS, 2B REEI ko7

33:060
1:0

1 1

LA | LN DL L et L o
8 7.5 7 6.5 6 55
S/ ppm

Figure 3-2. '"H NMR spectra of cage 3a and Co in various ratios in toluene-ds at 298 K (initial
concentration of 3a: 1.01 x 1073 mol L.
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¥72, 77— 3ak Co & DEELAIT MALDI-TOF & &HT1C X » T b s & 17z (Figure 3-3).
T—Y 3a t Co DIREVD PN VIEREZHACT= MY v 7 2%EKL, T OEE% W CHlE
T2l Coo (mz=719.8) & 3a (m/z=2973.4) DHFFAF v E—27LLbic, TNENDHTED
HNCH 7225 m/z=3696.5 ICHEAR L b Z/NE v — 7 38l X 7z,

Ceo Cage 3a>Cq
miz=719.8 miz = 3696.5

I R
3200 3600 4000 4400

m/z
Cage 3a
s A —
r-rr+rr*rn+++r+15rr+ + 1+ T 11+ T 1 11
0 1000 2000 3000 4000 5000 6000
m/z

Figure 3-3. MALDI-TOF mass spectrum of 3a>Céeo.

RIT, SERORGTER K BRET 57280, #HHAXT PNV X BHEERTo 7. RAHD([H]
+[Glo+ VK)DIEZIE L K §Hli 2 72, &2 b OYIHIER T K, O EUCHY 3 2 125 ClbE % 17
IMEDD Y, FURBREKEZRIO7 —Y 2086, 77— v e DiiBKIcEIT 2 K, 13 10° L
mol ' LA B IEFFICREWETDH 572, NMRIFHETIE 7/ L, KR T OMIE 23 v RE & SO
EBRHVONT, 22T, =Y 3l o0nThAOFELH T K ZRE L.

P VRCHERRSZ PAZRBET 5 &, 3ald 451, 481, 516 nm (P; 0.66) (THRWFEN NV F
L7 GE2E 2272, EiRT, WIHEE 499 x 10°mol LD 3ad F LT ViEHK 3 mL I
X LT Coo®D ATV (101 x 10° mol L") Z 15 pL F 22 FML T &, dEEE oL s
HIZE L7z (Figure 3-4b). Ceo i DB, HATRE ORI/ 6 1 72BL —J7, UV-vis T
ALY PATHE, Ceo DI FICK D ARZ FADZEMIZRONT, 3a & CouDART PALDORLE
b Lo/ (Figure 3-4a). HHEARZ P OPER 480 nm ICH T 2 HEEE F &, 7R+ &2
LT e EDFRRA F OHOLIRE F, Ot 5 Stern—Volmer 7' v v M 2175 &, EMRBER2
iz (Figure 3-4c). L7235, $5EHD L1 KB TH L b orz. R(12)L D, ZOEMR
DIEZ L k’ee=1.9x10* Lmol ' TH Y, 3aDuFEM r=142ns 2> 5, k13 1.4 x 107 Lmol ' s
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EHRED bZ. Z ofiEl,

Fovx v 298 K TOHLER A BN IE G I XT3 % Stokes—Einstein D=

2 6 HEE X N7 BEEERTE YCRE E R (kgheor =3.5 10 Lmol ' s!) XV b+ kEWw, XoT, 2o
FDHENHE TIIFH S ZRITH 2 2 b oTz. B, RUHEHAWT, HEDOEE
AL AF L7 A VAR VD H =T 7 4 v T4 v IEHTICE Y K, ZRE L 7=, Figure 3-4d DT

»o,

Pz v H 298 KICHE 1T % 3a0Ce#E AR D Ko 13(2.2 £0.1) x 10° Lmol ' & RE X7z, DA,

ZDMDER TR FEHEICOWTD, REER K (FHICTHCREIC X Y IRE L 7.
@ * (6)%°]
] Ceo [equiv.] 2504 Ceo [equiv.]
34 120 R 0
' 200
[LH] = na _'ﬂ_')
2 sf I=
3 = & 2 4504
% 24 % II-;, """" 3a % 150
g i %_ B e CGO §
(I S 100
i, [
14 H—
0 0 500
Alnm 504
OI"'I""""I"" 0= —T T —T T
300 350 400 450 500 550 600 400 450 500 550 600
Alnm Alnm
(© > @ o1
»* A K, =(2.2£0.1)x10* L mol™
25 y =0.19x + 0.99 - Fa _ ,(: _ _277)
R?2 = 0.9995 . 504 ¢ 0
. F, = 281
e L ]
2.0 .
w o "
~ *
0o o 100 -
1.5 - ™
- *
" L ] * "
1od* -150 .
Lo —.
0547+ T 7T ™1 20T 7T T T 7T T T T
0 2 4 6 8 10 0 5 10 15 20
[Guest] / 10° M [Guest] / [Host]
Figure 3-4. Titration measurements and analysis for complexation of 3a with Ceo. (a) UV-vis

absorption spectra and (b) fluorescence emission spectra in toluene at 298 K (initial concentration

4.99 x 10 mol L™!). (c) Stern—Volmer plot and (d) nonlinear least-square fitting of fluorescence

titration measurements.
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3327 —V3alRiAnT7IT—L VTR DERK

RIJH G N7z Coo SR L IO TET, 77— 3a LA R 7 7 — L VO Z BET L 72.
FAMTELT, 2 &EDERPHE SN TS Croiahzl, nBEKE L CTHILN S ICMA

(indene—Cgo monoadduct) & PCBM ([6,6]-phenyl-Ce;-butyric acid methyl ester) % &R L 7z (Figure
3-52). 77— 3aD MLV dimi (5.04x10*mol L) I LTHAMTZTA MR 21 L7225 X
T AMEERML, '"HNMR 27 FL%2HIEL 72 (Figure 3-5b). $_RTCOT7 A FIZEWT,
Coo DEE LI XS iC, 7 —YNHlOKFERF (inner H) HRD > 7FAny 7 L, 7=
o KFEHF (outer H) HRD ¥ 7 FVic 3B R oNeh ol 2O ERL, TNLENLD
FARICOWT, 3a & OEERAMRINTS., 2T, CofhTlE, 68592 D—HDHEFRS
2 b YRR 7S FCBEl I, g, kT Lo, ke 7Y —DFRA DTS
FAEORMEIE N L &RIRT (3.3.4 ). Cp KO KIZ MALDI-TOF E&HFiICk > Td
ez x 7= (Figure 3-6: m/z = 3818.9).

e gl i 1

+ PCBM A | “ ol

95 9”“8.5””6'3“”75' 7|6'565|5
S/ppm

Figure 3-5. (a) Fullerene guest molecules. (b) 'H NMR spectrum of cage 3a and those of a mixture
of 3a and various fullerenes in toluene-ds at 298 K ([3a] = 5.04 x 104 mol L1, [guest] / [3a] = 0.5).
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Cage 3aoCy
miz = 3818.9
C?O
miz = 841.94
Cage 3a 3600 ;110})(2) 4400
mf/z = 2978.8
(I) I10|00l o l20I00I o I30|00I o I40IO0l o l50I00I o IGOIOO
m/z

Figure 3-6. MALDI-TOF mass spectrum of 3a>Co.

RIZ, ZTNENDFHRICOWT, FHHHEHHEZIT > 7 (Figures 3-16~3-18). T XTH7 A b
FTICDONWT, 7 A PDH MW = 3a OEERE A L7, X 51T, Stern—Volmer 7
oy b CEMBERAEO N2, D 1l RATHILPERINZ. Z LT, AF &
FAMBFAMDOA=T 74 v T4V IRITICEY, 2OERKRELZ. brz v 298 KIC
¥F 5 K, % Table 3-1 [T/~ T,

77— 3aC A D K, 13 4.5 x 10° L mol™ & Ce#iftAD I 2065 TH Y, KiFgic EF L~ o
fHix 2 THEMRTH 2N ZofERIE, 7=V WNEHOEILBHEIETH Y, FL HEMED Chy
BTFAPELCHEHLZMEETHLZ 2T, HBik3 2 NCI 7ry b2rbbh s X 51, Colfl
TlE Coo BB L LERT, 7=V OPNEIDKFEIRT L 7 & b 23S5s T 2 (55 4 E 4.22(d)2).

Table 3-1. Association constants K, of 3aofullerene 1:1 complexes in toluene at 298 K.

Guest K./L mol™! @
Coo (2.2£0.1) x 10*
Cro (4.5+0.2) x 10°

ICMA [ (2.9+0.1) x 10*
PCBM [¢] (2.5+0.3) x 10*

[a] Determined by fluorescence titration and curve-fitting of the quenching intensity (Figures 3-16~3-18).
[b] ICMA: indene—Cgo monoadduct. [c] PCBM: [6,6]-phenyl-Ce;-butyric acid methyl ester.
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Coo i BA & DEEAD R ETER Ko 1L CooSER L LR THFDICKE L Ir o k. EH, CorbiBfhe
DAL, BIEOY A XPEFIRBICL 2 ELZ T35 THs. LirLl, SHOKTIH,
bEVEEFR NG o SEID XD & CodFEBAREZ T A & LBy THEOREITHEV S
(v, ZRNETICWEINT L2 DEHKICE VT, BIRELLEICH 2 58T FR b
DTDFIRPLH A ZIWHKIFT 5 2 E BRI N T WAL il 2 1E[11]CPP TIXEEN LD Cp % T
T34, FA MR ECRES N, K13 1.5%x10° Lmol ! & EWHETH 5 (Figure 3-7) 1, —
Ji, Cpo ICEHHEEA I NG, BEEOTAREEL O 7SR P efimE cafEds e AT
FUCHER 2 CEBEIND. Cpo DFEICH L C[11]CPP DPERZEFLIZMEIICKE 720, -1 A
TERDENCE 2T, Kld 1512707z,

[11]CPP D2 Cqy [11]CPP 3 C4q derivative
K, =1.5%10°L mol™’ K, =4.1%x10%L mol™’

Figure 3-7. [11]CPP complexes and association constants K,. (!

Coo B BERDFFOEHIELDPRICOWTHIRZ[E 720, 77— 3a D Mes Fz KRFEFICHE X
Wzl —v 3d ZHVT, TNZNDOT A 2 WL 728tk % M05-2X/3-21G L~V CHEE i
b L7 (Figures 3-8, 3-9). 77— i3 +507Aa K& IO ZRH, BE TR L7z ConnBih D&k
I X 2 UREEEZZ T I W, 2070, SERIAEINT, YR MRS IcaEIn:
EEzZ2LND. ¥, FAITOERAICFEHT 2L, 5008k BRI — 2 ol
BLCnr.

Figure 3-8. (a) ICMA: indene—Cso monoadduct. (b) Side and (c) top views of CPK molecular model
of 3dDICMA at M05-2X/3-21G level. The guest molecule is shown with yellow meshing.
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and (c) top views of CPK
molecular model of 3d>PCBM at M05-2X/3-21G level. The guest molecule is shown with yellow
meshing. Red: oxygen atom.

Figure 3-9. (a) PCBM: [6,6]-phenyl-Csi-butyric acid methyl ester. (b) Side

3.3.3. 2AEHEICHN T 5 F R F OEBEBESE

TV nToBREFRELAGICHT IBREFARS 20, 7= 3a LFFKOFEEZH T,
R B BRI RO — U FHEMR3D & 3¢ D Coo £ 7213 Cro i 2 A ER K, #RE L 72 (Figures
3-19~3-22). 7272 L, 3cil oW TR THRIN 2 2AEMPMEL, RN FECLEZN—T 740 T
4V TR DN K E D> 7272%,  Stern—Volmer 712 v F DIEEZ 25 K, #RE L 7= (Figures 3-
21c, 3-22¢). 7 —¥ 3 EBLICHE I Nz 21800 T, Ceodtifh & Cro#iifAD K, % Table 3-2 I % & &
7z, F7z2, TORITIIT A MEREZ T 2729, Coflifh e CoilthD K. DIt (Ki(Cr)/ Ka(Coo))
bR L7z,

77— 3aoCe SEIR D K, 13 20Ce $ERD 1715 TH o 72, CrfRic o nTH FEEDMEA 2D 0,
3a0Cq B D K, 13 20Co #5AD 1.3 5L o7z, T XY, 12D Mes H%FfD 3ald, 6o
Mes #AZFF2 2 LD R AP ELTENRTWRZLARBINZ, LAL, 7 & &R K(Co) /
Ka(Coo)lZ DT ITE T L 7=,

BTG ED TBP %227 — 3b 102 WT, 3boCe #HAD K, 13 3a5Ce ${A & RIS DfET
Hotz. —J7, CollBWTIE, 3b2CyoHAED K 1d 3aoCh SR L LN, 12 IET L7, ZD7
B, 3b D Ky(Cr) / Ka(Ceo)ld 3a & E_T 12 &, 7R MEBRWEIET L7z, B REIMED CFsF %
Ffor —2 3¢ T, 3eoCedHtRD K, 1t 3aoCe $E1A & IEX, 1/5 & RIEICK T L72. £7, Cx
BEARICHE VT, 3eoCrnliRD Ky X 3anCro $851RD 1/4 L REKT L2, 2 b ofERiE, &1
KIFEEZEAT L L AR LCORNPKRIRICTH 25 2 L 2RmBT 5,
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Table 3-2. Association constants K, of cage 3ofullerene 1:1 complexes and related data in toluene at
298 K.

Guest K, / L mol ™! [

Host Coo Cro KalCro) / Kul Ce)
328 (22+0.1)x10*  (4.5+0.2)x 10° 20
3b  (22£0.1)x10*  (2.5+0.1)x 10° 11
3¢ (4.5+£03)x10°" (1.1+0.1)x 105 ) 24
20 (1.3+02)x10°  (3.4+0.2) x 10° 26

[a] Determined by fluorescence titration and curve-fitting of the quenching intensity unless otherwise
noted. [b] Determined by the Stern—Volmer plot of fluorescence quenching data. [c] Ref. 1.

CH--m MHAMERIC R 2 B RiconTi, chE cicEimEIC X 2% ofgEr b
NTW3, % 1E 1.2.2 T~/ Sherrill 5 DFHRIC X 2 &, BTH5H (X = CH;, OH) DEAX
CH---n AR %599, BTRKEIFE (X=FCN) OEAIZ CH-ntAIEH %5 % (Table1-2) U,
SROZRICENT, BFHGHEEZEFOT7 — 3b O CoofiATIE 3a L HE_TEFA LS, BRI
BEIAONARD o7, —T7, 3boCoiiATId3a L ERNTK WD L, BEfREGENRONZ. <
D CrodlADRERIZ, Table 12 DEEGREIHO PR EF CMEITH 2. 72, ETHEGHEOEAK X
% Cr & Coo DEFREDKTIX, 7R F ORI X o CEEBIENRIC X 2 ENENT L L %2R
L7z, Zhicx U<, BTREIEZFFD 3¢ Tld 3a & T CoodlfA, Crodifk & 31T Ka 23K & <
WL, HERFHOTHEE ZUofERE Lo L OBEHRIEICOVTIE, 45 423 T
DFT SR OFER L ADETH LA ERT 3.

334. 57—V k37 2} oW/ Ak OEE OREKFE

7= D Mes OB, 7 A POEBILICK > TEL 27 R b OB/ EEE DA g~
DHELRFRD 720, WBERZ 'THNMR A~=7 FAZEE L. 77— 3a O bV T Vdy IR
(420x10*mol L™Y) IR L TO5 YBOZ R FEMMA, EiREAKETHE L /ZAR7 L ZR LK
L7z, FAMCHLTT A ro@ER Tz, FHRCTEEREZEKL CuiRnwEDr—v L,
FEREZER L TV B 7 =Y B HFEL T35 (Scheme 3-2). £9, 77— 3aDAZRML 72150 T
HEST 2L, ERTRY v — 7Ry 7 FAH-60 °C TldbT2IEIL L 7> 7= (Figure 3-10). —
Ji, 3a 't Coo DA TIE, HimTIE 1Mo 7 F A Bl S 7223, —60°C TIZ7r —YH
floKFBRFHFD > 7 F A DFEICHRIA L 72 > 72 (Figure 3-11). T DFER2 L, DT —v
CEERD T A T O, NMR DKL ICH LT, R TIHIFFICHE L, —60 °C T LEN
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Tenbhrr s, LHL, ©—2@35R L o2 0, NMR OREINE ICHN LT, izt

ITITEL W2 e Db d o 7.

Scheme 3-2. Complex formation of cage 3a and guest molecule (0.5 eq.).

. L

—60 °C UK‘ N M&A

| L L BB BB R IR BN BN BN RN BRI BN B
10 9 8 7

S5/ ppm
Figure 3-10. VT *H NMR spectra of cage 3a in toluene-ds ([3a] = 4.20 x 10°* mol L™1).

5/ ppm
Figure 3-11. VT *H NMR spectra of a solution of a mixture of cage 3a and Cgo in toluene-ds ([3a] =
5.04 x 104 mol L%, [Ceo] = 2.47 x 104 mol L%, [Ceo] / [3a] = 0.49).

1?“
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r— 3a t Cp DIRABWTIE, BERICEOTIRIL Y 7 F A28 & 7 (Figure 3-12). &
NOLDY 7 FANFEIRTIEY Yy — T hotz, —J, WMEAXZERIVTFLL, »7Frids
IR 72D, 20 °C THHLIAD -, IHMERICT I Tyr =7y, 2o 7
DEHIE N, b DfERPS, Zor—Y Ltk 2 b oL, NMR ORI E I L
T, ERTIHEL, BETEPPECARD, -60°C TIRIFHE L2 L 23bh» 5. [FED 'HNMR
A7 DIEZEAIR, 2 L CoDRABKTOME I N TR, 22T, # 6 ppm B X
N3 9-H (Trip)® ¥ 7 F N DIIEEAC T L€, REPLHEZRIET 5 2 L L7z, IR I
WinDNMR-Pro 7' 0 7' 7 L2 FIWCTTw, FHILFIHEARZ P2 KT 22 LI X T, HiRE
DEHE k(s ZRE L7 (Figure3-13). DXL TH/~ k%D &IT L7 Eyring 71 v FIC
KD HEGNT A= 2% PIE L7z (Table 3-3). 77— 3a k2 Tlt, EiRICHT2HELLF 7
ANF —=AG s I RERZET Do, LaL, ASOMIEIZRE <, AFIZ/NE &Y, Mes
DECHLE DIASHOR L 1B 2 T T L b ho Tz,

80 °C )‘ h
60°C ) ML, ||
40°C A Mo | [ yL

rrrtrgrrrrrgrrrrryrrrrrqrrrr|rro&r[rro T
10 9 8 7 6 5
S/ ppm
Figure 3-12. VT *H NMR spectra of a solution of a mixture of cage 3a and Cro in toluene-ds ([3a] =

5.04 x 104 mol L', [Cro] = 2.62 x 10 mol L%, [Cro] / [3a] = 0.52).
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0.0
0.5
Cage 3a + Cy
104 y:—2.14X+7.89
R? =0.9915
-
< -1.54
£
2.0
Cage 2 + Cy
2.5 y=—4.63x +18.2
R? = 0.9969
‘ e T < e B e e e e s T
6.2 6.1 6.0 5.9 5.8 38 4.0 42 44 46 438
&/ ppm T'10°

Figure 3-13. (a) Line shape analysis of the 9-H (Trip) signals in the VT 'H NMR spectra of a mixture
of cage 3a and C7g in toluene-ds. Calculated signals are shown in red. (b) Eyring plot of the exchange
between the free and complexed host in 3a (red) and 2 (blue).

Table 3-3. Kinetic data for complex formation of cages 3a and 2 with Cro.
AH* /kImol™t  AS*/Tmol ' K  AG*s/kJ mol™!
3a+ Cro + 18 - 130 + 52
2+ Cqpo + 38 —46 + 57
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T AP ELTICMA & PCBM ZH\W2856%, Co DA & FkRIC, ERTEL Y — 7Ry 7S
DB X 72 (Figures 3-14, 3-15). —60 °C Tl > 7 F NV IFEIA K 7o 7228, DHETICEED
F, T2 FOLEEE R THIGEL o Tnh W LR INE, ZORIL, 72 oiEf
REISEERZ T T, RIEEEICDHEVEELRITI RV L EZRBL TV,

- . | l l
WUW LL e
10 9 8 51 ppm 6 5

Figure 3-14. VT 'H NMR spectra of a solution of a mixture of cage 3a and ICMA in toluene-ds ([3a]
=5.04 x 10 mol L', [ICMA] = 2.50 x 10 mol L%, [ICMA] / [3a] = 0.50).

?t
==
S

)

10 9 8 7 6 5
s/ ppm

Figure 3-15. VT *H NMR spectra of a solution of a mixture of cage 3a and PCBM in toluene-ds ([3a]
=5.04 x 10“ mol L%, [PCBM] = 2.49 x 10* mol L}, [PCBM] / [3a] = 0.49).




34.¥t®

KeEClE, AR L7 —VFHEK 3ac iICOWT, BAD75—L Vv HiEs 2 e LCEERE
1T 7z.

'HNMR A7 PV X BHEIC L > T, 77— 3ald Ce, Cro, Coo ik (ICMA, PCBM) % ¢l
BT s LRI N, 5T, HMHLHEICL > T, F—VFHER 3a—c &7 X P OED
SBEBEPRE L. $TDT—DICD0T, Crflfkld Co SR L LN TAEA TR K E L
Bole. £z, TAMNGTTHD Co ~DEMEE AN IDAERICKE B2 5 2700 T L D30k
RE Nz, T—VHER 3a-c DRATEROHE D b & X b OBHINESHS 0 ICin 572, T —
VICETHEEZEANL 5, ColikORAERICITECITIRONT, CrolifliadERME
L& —F, EBFRGIEEZEAL LA, Co, Co ke BICEATEPARE KT L, I
BRI R AR I N, REAZ 'THNMR RA<7 P ic kY, ZEnsr — L ko 38 i ic
DWTIHERBE O N2, Coo & Coo HERIFEKIRTH RIEaDEL AT, Y X bo@Efikic X 3%
X707, —J7, CoffkiZ-60°C T 7 FABHEL, 207 — &R B ik L 7-.
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3.5. EERDEL

3.5.1. Titration experiments

Fluorescence titration were performed following Ref. 2. A solution of cage in toluene and a
solution of guest molecules in toluene were separately prepared. The fluorescence spectra were
measured with a sample of 3.0 mL of solution of cage in a 10 mm cell upon excitation at 425 nm, and
measured each time after addition of a small amount of solution of guest into the sample. The Stern—
Volmer plot, [guest] vs Fo/F, gave a linear relationship in all experiment. The association constants
of the complexes with 3a or 3b as hosts were determined by the nonlinear least square plot. The
association constants of the complexes with 3¢ as hosts were determined by Stern—Volmer plot.
Stern—Volmer plot and nonlinear least square fitting were analyzed using MS office Excel2020.

0.4 2504
(a) (b)
7 Cro [equiv] Cro [equiv]
i A 200+ ‘,
0.34f | 2 - A 0
ha -%'
© g
o £ 150+
(0]
0.2 g
s o
2 & 100
E
(T
0.14
504
0.0 o —
300 350 400 450 500 550 600 400 450 500 550 600
Alnm Alnm
2.0+ 0
(c) (d) °F., K, = (4.5£0.2) x 105 L mol™"
18 . F.-Fy=-231
. y =4.0x +0.97 o 201 . Fo=214
16 R? =0.9970 * .
.6 . s )
-40 .
S s .
LLQ - y - % . .
" -60- .
1.2- «* "
«* »
» he Y
1.04° -807 b
L
L
o8 —o——+—-+—r—"+—+-rr-r—+—rr+—+r+r—+7++r—+— -100+—/——"———"7T" 7T 7
0.00 0.04 0.08 0.12 0.16 0.20 0.0 0.5 1.0 1.5 20
[Guest] / 10° M [Guest] / [Host]

Figure 3-16. Titration measurements and analysis for complexation of 3a with Cz. (a) UV-vis
absorption spectra and (b) fluorescence emission spectra in toluene at 298 K (initial concentration
1.01 x 10 mol L™!). (c) Stern—Volmer plot and (d) nonlinear least square fitting of fluorescence

titration measurements.
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(@) (b))
7 ICMA [equiv.] ICMA [equiv.]
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g 5150—
c £
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300 350 400 450 500 550 600 400 450 500 550 600
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K, =(2.9£0.1)x 104 L mol™*
m _ o h F.—- Fy=-248
. y=0.37x +0.88 50- . Fo=232
R? = 0.9955 .
. * *
. 3.0 .. p .
we P 4 100 o
2.0 «* .
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1042 -1507 e,
* . .
0.0+ 777 20— 7 T T 7 T r T T T
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[Guest] /107 M [Guest] / [Host]

Figure 3-17. Titration measurements and analysis for complexation of 3a with ICMA. (a) UV-vis
absorption spectra (initial concentration 4.95 x 107 mol L") and (b) fluorescence emission spectra
(initial concentration 5.20 x 10~ mol L™!) in toluene at 298 K. (c) Stern—Volmer plot and (d) nonlinear

least square fitting of fluorescence titration measurements.
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22504
w
v - 15
§ £ 200
1]
£ 29
§ | §150—
E
1 o 100+
- 50_
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40 h F.- Fy=-324
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- L ]
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. * b
1.0 -200- .-,
*
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Figure 3-18. Titration measurements and analysis for complexation of 3a with PCBM. (a) UV-vis

absorption spectra and (b) fluorescence emission spectra in toluene at 298 K (initial concentration

4.90 x 10 mol L™"). (c) Stern—Volmer plot and (d) nonlinear least square fitting of fluorescence

titration measurements.
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Figure 3-19. Titration measurements and analysis for complexation of 3b with Cep.

[Guest]/ 10° M
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(a) UV-vis

absorption spectra and (b) fluorescence emission spectra in toluene at 298 K (initial concentration

5.32 x 10® mol L™!). (c) Stern—Volmer plot and (d) nonlinear least square fitting of fluorescence

titration measurements.
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Figure 3-20. Titration measurements and analysis for complexation of 3b with C7. (a) UV-vis

absorption spectra and (b) fluorescence emission spectra in toluene at 298 K (initial concentration

1.05 x 10 mol L™"). (c) Stern—Volmer plot and (d) nonlinear least square fitting of fluorescence

titration measurements.
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Figure 3-21. Titration measurements and analysis for complexation of 3¢ with Ceo. (a) UV-vis
absorption spectra and (b) fluorescence emission spectra in toluene at 298 K (initial concentration
4.92 x 10 mol L™"). (c) Stern—Volmer plot and (d) nonlinear least square fitting of fluorescence

titration measurements.
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Figure 3-22. Titration measurements and analysis for complexation of 3¢ with Cy. (a) UV-vis
absorption spectra and (b) fluorescence emission spectra in toluene at 298 K (initial concentration
6.80 x 107" mol L™"). (c) Stern—Volmer plot and (d) nonlinear least square fitting of fluorescence

titration measurements.
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41. %S

Kajiyama 5 1C X o THBI Nz — Y 21, 'THNMR A7 FLRHEHERALT7 P AL DFHEIC L -
T77—L v e T 3 C e R E NN Lo L, X SRS SRS MAT 1< L 72 8508 o B 5
PROLNTEDLT, TAMRTF—YONFICUEINTWS 2 L OERN LA S LT
V., 7=V B X UHEEROREEIX, M05-2X/6-31G(d)L VT DFTRHE AT ) S LI X » TR b
72. Mes A KBRTFICEEIMA 27— &, £ D Coo ik, Crodlifho RE LS % Figure 4-1 1C
Y. T —Uld Coo DIERICHHE T 28 1 nm DZEFLEFEH, W I N7z Coo 137 — Y DR IUICHIE
T HEERE SN (Figure 4-1b, ¢). —J7, Cro&tkTix, BHEED Cp ORI & £ 7213
it IcalEI NG 2HEEORAOENRFON, ZOIBHIELLVRETH S LBHEX
M7= (Figure 4-1d).

Figure 4-1. (a) Structure of cage 2. Optimized structures of (b) cage, (c) cageoCeo and (d) cageoCro
at the M05-2X/6-31G(d) level. Mes groups were replaced by H atoms. Two energy minimum

structures of cage>C7o were obtained. !/

411 FEDOHW

KBTI, F2ECTAMLET—Y 3a ZHVB T LITX Y Co RO HERAE SN, X HES
SRS IEAT IO L 72D C, % DR O HHADOEM A E 2 WG T 5. £, faEEE b L
T, F—VFER 3ac L ZILD D Coo fEARD DFT BRI X 2 il 217\, i & o g
LT =V O, ETREBICKITTEREMEERG L. RZIC, BRI RELT AL
¥F—%, FEIBRTHONAEZLATER LI L, BERAGRICOVWTERL 2,

-
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42 fER L ER

4.2.1. 7 — ¥ 3aoCe B D X i RAERET
(8) X R b i

77— 3a LEFER (110 48) O Co DRAVID p-F > L VIER DD, X A& T 1w
Lz Ro 8RR %2 L3 T& 2. 150 °C T, Z OEEEFH O XFREHT T — & ZHIE L
TG 2 REAL U7z, HEEMENT D #5 3 % Figure 4-2 1078 7.

BONTHEEIX 3a-Coo D 117 HAERTH Y, 7=V 1T LT Coo 1 597 (F) 2SNERZE
flic, 6431 OKt) 37 — JHERICHCE X LTV 7= (Figure 4-2a). T DHEAR IS SL2AIYIC Dy %
o 72 ILEYTH Y, IENFREALICIE 3a0Ce FEED 1/6 & Co 1l B FEHENT WS, ZOFER
13, KRDT =T LD Co$EAD X FEMEL LTIRYITH Y, Codd7 —YicaEInTn3
Z L OEFENRIE L CEERLD L. OOy v IHEETIE, 3a-(Ceo) 2HHIE L < Bt
FIL T BT ERETE % (Figure4-2b). 7 — Y DARICHE S Nz ColdZNZEN MY TF %
VO REICET 3 X O KB I, Mestd O CH-niEfiltb iR Iz (422d)3H). $7-, 4
HRICHCIE X L7z Ceo [AH D55 i R X 7z,

. * o :‘; e =9 - /;&(};rvz Y h.¢
Figure 4-2. (a) Side and top views of X-ray structures of 3a—Cgo 1:7 cocrystal at —150 °C. Solvent
molecules are omitted. (b) Packing structure. A minor part of disordered Cso molecules is omitted.
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X G ST TR O NE R FE L KT S 2. 7 — Y olEI Dy THY, Py T
v OGN O RFER T (9-C, 10-C) %2 Gz Ty LCHRo, 7 —YixZ officih> Tl
LNTEY, HABDOF IV LERZ D, fimhTld=F v It ~—2" 1.1 THEEL, £DH
b—HDOIFvFAT—ILOWT, TV TV} TFRVEKONEL Figure 4-3 ICRT.
&L=y FEO I 13+43.8° (Ant-Ant) &-—24.4° (Ant-Trip) T® > 7= (Figure 4-3a). T D
3a D Ant-Ant ® "[Hif L, U ¥ 7 10Ce# A D X #Ei CBUH X 4172 Ant-Ant D "THIA  (§J+35°)
XA LREN,

RIT, 7= 3a ODNTREILOKE X %2R T 2720, M) 7Fv v OIGHMDORKRETH S 2D
D9-COFEETr—YDhL M EEEL, 2I2hodrbFr=y t ONHIORERT £ COk
R L7, b, X BGETIE, 9474 VZETACTEWEKERFOMEIZH £ Y IEMET
Fn7z®, REFRFOMBICHESOTIELZ. 7—YFLr b b Y 7FF 2 v ORFHEMD 9-C %
TOMEHEX 0.682 nm, 7V F 7Y ORFERT (1-C, 8-C, 9°-C) £ TOFE#ET 0.736~0.796 nm T
BHotz. MEDHHACLH DT, Zor— ik GllioHmcdh LR LEEREEO L%
ALTw2s., 22T, C-H#AHERE (010 nm) EAKBHEFO7 7y TAT7 =L (vdW) FF

(0.12nm) ZEET 2 &, WEBEILOMERIZN 092 nm, £&IZH 1.08nm TH 5 (Figure 4-3b).

Figure 4-3. X-ray structures of cage moiety in crystal structure of 3a>Ceso. Mes groups, outer H atoms,
and solvents molecules are omitted. (a) Stick model. Inner H atoms are omitted. Values in
parentheses are the distances between the cage centroid (blue circle) and the inner carbon atoms in
nm. Values in brackets are dihedral angles between aromatic units. (b) CPK model. The red and
blue double arrows show short and long diameters of the ellipsoidal space in nm, respectively.
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X #ifEE O E L DT, 7 — Y DEFICH—DIEIC Co i THBEWTHEITT 2 L, oI
WBEATE RO LML ol LL, TAAF =X =172 DDfBIC Co %iBL 2 & T
K# s 2 2 L3 T& 72 (Figure 4-4). MR, $MAOMERNRXRB 2R ICT 27-01C, diisn
7z Coo DITHIZ [FRE], PY 7FEvD 9-H OFA%E MR &, Ce ZHERICHIZ CTEHHT %

(Figure 4-5). ZD22ODT 4 AF—X—L7 CelZ, MDA 6 BERDFLAMLE T % BLiH %
Fib, GO Y T 60°[Hfzs 2 & B WICAHAR[RETH 5. 150 °C ICBT 5, T D 2 DDA D
HAEEDHIL 67:33 TH o 7. Figure 44 TlE, HELEDOEWA Y ¥ —72 Co DELM ZEHET, HAH
KO~ 4 F—7x Co DELHZFRA TR L. HORBRT LI, 20D CopirFIionT,
MiCE 25 6 BEROAME XL, ZolUo6 8L 5 BROAEREL S,

Figure 4-4. Side and top views of structure of 3a>Cso with major- and minor-oriented Cgo molecules,
which overlap when rotated 60° about the Cs axis (red line). Mes groups, outer H atoms, and solvent
molecules are omitted.

Pole regions

Equator

Figure 4-5. Schematic structures of 3a>Cso and a globe.

95



7 — 3 3aoCe EA D X #iHfiE © ORTEP X% Figure 4-6 I[C/Rd. TORTIX, T4 AA—X—L

72 Co B TDIHAY v —RECAIDST721F 2R L, Mes fd X U7 — MUl O/KFKIR 112 EHE L
7z, WEINTZ Co DRFFT ORGERER T IEMIAECH Y, BRI G EE 2R

B AN > CTRIME O 2 R e Bk & Fio Tz, 72, ZoRAHERERTIE, G iho
BT oSy 2 & AREE S IC D S I oNT, REX VMY, KBV HBKREL Rol, ThL,
U I N7z Co DIRBIETORAOHHES CGEIE Y OFHRICEH W L EZRL TS, D%,
FEEIC B WT, I N Co R FOREED TR 72 13IRE) L T 5 Z L AR X 7z,
Bk Bz (Gt J8 » CHUEBR A [BIR 3~ 258 H) O X 5 7% Co O —HhEIFRES) 1%, b3 2 9-H
(Trip) D F8\> CH--n #fIciEK$ 2 £ E 256N 5. ORI AREINZEHIC O WTIZE S ETHL
ik %,

Figure 4-6. Side and top views of ORTEP diagram of 3a>Ceso with a major-oriented Cso molecule
with thermal ellipsoids at the 50% probability level. Mes groups, outer H atoms, and solvent

molecules are omitted.

20DT 4 AF =K —=1L72CeoD I B, AV v =Tl D Ceo% EhE L 7= ZEMFHEE 7 v % Figure
4-7Ta 10T, WEINT CoD nET L7 — YAl CH officEftiA o, 72, 77—
D220 ) 7Ty E1DDY TV M) LY T —LDA%EYY L 7222/ FEHE T L % Figure
4-Tb IR T, Ceol P 7TV EDRICITH F Y REDG R DICHL, Col& 7 v F TV & DfH
I LRI H 5. C-HASAERZ 0.10nm LIET 2 &, U7+ oKERT 1-H,9-H &
BB Co DIRFBIRT OIFEEIXZ N Z410.29, 030 nm TH o7z, —J7, TV b7+ vDKERT
1’-H, 8-H, 9-H & iz b ii\> Ceo DR BT DRA#EIL Z %4 032,039,033 nm TH o7z, ThbHD
1K FBIETF & RFBIRTF D vdW L O (0.29nm) & FRIRED, K&, 48T CH-nMHA
ERLCTWw3 2 L AR I NTz, Figured-Tc ICZEMFREE T L OWHEK Z/R3. 2T, C-HEEA
PREEE vdW PEZ D Lic, BETFOMERMFGERL. FEOKHITRLE, 7F—YOoHLrb
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9-H (Trip) % TO ML KEF T D vdW £ (0.12nm) DEIC K> TERING, =Y oL
b7 —YORMETOHHET 046 nm TH o7z, Z DREEEIX, Co DL B IRFEIFRT £ TOREHE

(0.352 nm) &, RHAEFD vdW F£E (0.170 nm) 25 FH L 72 Coo DFAE0.52 nm X Vv, &
lE, 9-H (Trip)A3 Coo D 6 BERD 6 D DRKFRIET- & RIRFICEE L, KFEFET23 Coo RIMDEAICA
DAL X 5 AiEEAIZ ZL ZRLTWS, 22T, 6 BROPLDLLRERT 9-C (Trip)E TD
FREEEIE 0.360 nm & JEF ICUTVy (Figure 4-7d). 4L, Tsuzuki > OHEERFEIC X > TR S iz,
CH-n ARG 2 & vV VERics T 28BN X 2 VIREBIR - v ¥ v Ok
0.38 nm ISIEWETH VB, Y FF v & Cop DFICHEV CH---n HAMERH2MB VT35 Z & %R
LTWw3.

(c)

vdW(H): 0.12
vdW(C): 0.17
C-H: 0.10 0.682 &

(0.30)

[0.52]

Cage centroid

Figure 4-7. (a) CPK model of X-ray structure of 3a>Cso moiety of 3a—Cso cocrystal. Solvents, Ceo
outside the cage, and a minor part of disordered Ceo inside the cage are omitted. (b) A partial CPK
model. Two of the three dianthrylene arms and peripheral mesityl groups of the cage are omitted.
(c) Schematic diagram of crystal structure. Orange line: distances between the cage centroid defined
by the midpoint of two 9-C (Trip) atoms (red circle) and 9-C (Trip), or radius of Ceo in nm. Blue line:
distances between 9-H (Trip) and the cage centroid, or the radius of Ceo in nm, taking into account
the van der Waals radius, in brackets. Green line: distance between 9-H and C atoms of Ceo in nm,
in parentheses. (d) The distance between 9-C (Trip) atom and the six-membered ring in nm. H atoms
are omitted.

97



(b) Hirshfeld 2R [ifi#HT

B, @EEI N Coo &7 — Vor T ORI OE % FHMICHERZ 35 729, Crystal Explorer % F\»
C Hirshfeld RIAIfET 217 0 7P 2 o FETlE, FEFPRROEBETFHEMMEREOL W ET L
Db L, HEEEOLEBTEENSRTICZNTNEOREREBEI NI 2FIE TS LT, &R
T ENAESRTOBTEEME2RE. chiHA0T, EHOSHOBETEEICNT 2 &HT
DGR % JIET 5. Hirshfeld REMNTCTlX, EREIGER L 20T BT 22 TCORTOFHEGH
DD 0.5 L b %k, ZONTRHAET I EMOBEREERL, ZoBEALZORVTELNS
{1 % Hirshfeld [ & L CHRIf{ET 5.

WEINTZ Co DT &7 — 3a DERDIEE D Hirshfeld [fi % Figure 4-8 IC7/8 9. Figure 4-8a, ¢ D
curvedness (¥ Hirshfeld O HIFE DO K& X 2R L, REOITFS &M, fREIEIEKRKICQEHL 2R, Fi
ZIEF ISR E MR Z RO Z/R L T b, Wi I N7 Co @ Hirshfeld [ TlE, 77— Y HlloKE
JRF e B L 728 3 BRI IC B A, 2 o BRI AEBICR>TWwb, 1 Td, 9-H (Trip) & Bl 3
LOES TIEIHOAEERTHY, BOELAPFEETL2ILHbr5. TRICHIET S X5 I,
o7 — < 3a @ Hirshfeld [ 1C 5T hH 9-H(Trip) D53 255 <, BB FEES 5. 2% D, 9-H(Trip)
23 CooRIMDERCAVIAL K9 &z L 5 LR T 5.

Figure 4-8b O d; & Figure 4-8d D d. 1%, % #%Z i Hirshfeld [ ICH d EWNED L < 134 JH 1
I COMEZERT. 22T, Eb6d Ceo DERFERF & DEEEEZ/RL T35, Ce @ Hirshfeld [f
TiE, MOEFHBKE S MHA, Copo @ 6 BERDRFR T L ORI LR TE S, 2L T,
7 — < 3a @ Hirshfeld [ T, 9-H (Trip) D &R 2358 { Coo LA L T3 72, L 72285 C, 9-H (Trip)
& Coo D 6 BIRDOICFRICHR CHn Bk SFEST 2 2 &R &, LU EO#RESL S, 9-H (Trip)
23 Coo DFEDFSTICH L CT v h—D X 5B L T3 2 L IR 72,
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-4.0 +0.40 0.15nm 0.25nm

curvedness ‘

-4.0 +0.40 0.10 nm 0.20 nm
Figure 4-8. Side and top views of Hirshfeld surface for included Cso of 3a>Cso, mapped with (a)
curvedness and (b) di. Cso molecules outside the cage and solvent molecules are omitted. Hirshfeld

surface for a moiety of cage 3a of 3a>Ceo, mapped with (c) curvedness and (d) d.. Ceo molecules

and solvent molecules are omitted.

RIT, @I NI Coo 2T D Hirshfeld [HICDWT, 74 ¥ H—FV v F7avy b d % Figure
4-9 1T/ 3. Figure 4-9allR L7274 v =7V v b7 ay b Tl CeollX3 2Hfl% C---H Hfil
L CC o2 01T HL T3, CH Bz — I oKERIFE-Rmitn &, aEsh
7z Ceo DRElD CH--n HfiiZ R L CTH Y, 2FD 81.4%% v 5. —J, C---C HEMUIRES T
T—=IHED Coo &, WEEINT Coo DD n-nHEfilZ R L TH Y, 2RD 18.6%TH 5. Figure
4-9b 12789 3 O D Hirshfeld HIE KD d. &, C-HEEflE 7213 C-CEMDOHREZANALTA T LTz de
ZRLTW2, CHEMOMHERD C--C HEfl ORI LR THL IR, T[4 T4 b &
NIRRT L DEEEERFE WSS W 2o b, F—YRNHlOKFERET & i I N7z Co D IEEES
WL, %RITO CH-n il H 2 2 L AHERTE 5. —J7, C--C HEfil <l i Rk A% <
nn B AE SN B T e W T AR T X 72,
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0.10 nm
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C---H (81.4%)

0.20 nm

28
26
24
22
20
18
16
14
12
10

de

C---C (18.6%)

TUTZ T84 1Tb To 2U 22 284 20 51

C---H contéct C---C contact

Figure 4-9. (a) Fingerprint plots for included Ceo, broken down into contributions from specific pairs

of atom-types. (b) Hirshfeld surface for included Ceso of 3a>Cso, mapped with de.. Cso molecules

outside the cage, and solvent molecules are omitted.
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4.2.2. DFT &
(@) 7—IA{bEY & Coo PR DI E BREAL

F=IMEYOREEICOWTHER MRS 2720, MEEEDO T — 3a0Cxn &b &iT, ZED
7 — L CoififRicDWT DFT M 21T o 7. fEmd l i3 M05-2X/6-31G(d,p) L~V TIT o 7.

D ENBIR L FERBE R 25 RIE, BloRE WS TFRICH L CTRY AT -2 %252
2ZeMAHMbNTWBRISL Ik, FHRKMOMDO®, 77—V OETREBICKE REREL R
T C B A IR L 72, Mes RIS IO X FAREKBRFICEERZ 7 (F— 32,
2°). TBPEIRTO T M F oA X P FoEICEZIZ L (5= 3b°). 77— 3a’ & 3a’oCa
RO R S % Figure 4-10, 7 — VB8R 3b%, 3¢, 22 L B Rl r —Y 3d DED T —
& Coo SR DIGE % Figure 4-11 1R T, £z, 77—V OFLrbKE2=y FORNHORERTF T
D% Table 4-11C, 22D 9-H (Trip) DI DRl & 7 — & IC BT 284 LRG0 AL L
DIEE X T A — 2% Table 42 IC/R" T, T H D Table I Il E LT, X i MEHERITIC X - C
3507z 3aoCe FEIRD 7 — X BN X 7=,

IZL®IC, DT — 32t 3a’5Ce SR DRBEUHHEIC DO WThR 2. EH 5 b 7 — YOk
I DR RO, 7=V 32 ONHELDOKRE X 2R T 2720, F—yYohlLrbiEi=y o
Wl R FRIR 7% coEE (Figure 4-10c, d), KERTD vdW REE2ZR L 2N EILOKE X

(Figure 4-10e,f) # KL 72, 2207 =Y TlE, 77—V DL L MY 7F 1 v DREHEMD 9-C
TORHEE 0.722nm, TV F 7k ¥ ORFFRF 1°-C, 8-C,9-C T TOREHEIL 0.738~0.774nm TH -
7= (Figure 4-10c). ZZ20HH L 72N ZEA D MEEITH 099 nm, E£IZH 1.11 nm TH Y

(Figure 4-10e), WERZEFLIZ DT 2 ICHEHARETH o7z, HEHEKEL= v MO A Z-28.2° (g1
Ant-Trip) &+44.1° (¢r: Ant-Ant) TH Y, CGHHCIHE o727 — VRO LN 13+14.9°TH - /-

(Table 4-2).

—J, 7=V 3CeoffRIC BT 2= TlE, =Y odub b 9-C £ TORREX 0.720 nm,
1’-C, 8°-C, 9°-C ¥ CTOfix 0.735~0.772nm TH - 7= (Figure 4-10d). Ceo #ifED 7 — ¥ D NHEZEFL
DREFEIEH 0.98 nm, FfRIEH 1.10nm TH 57z (Figure 4-10f). TN 5 DfEIZZED T — Y DfE & 1%
EFALCTHhol. THIC, HEHEL=y MED HMAIZ-27.5° (¢ Ant-Trip) &+42.9° (¢ Ant-
Ant) TH Y (Figure 4-10d), CHHICIRH > 727 — Y 2RO LN 13+18.6°TH - 7= (Table 4-2).
INDDFERDPD, CoDURRICL 27 —UREZIZH T Y RELS BV LRI N,
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Figure 4-10. Optimized structures of (a) cage 3a’ and (b) 3a’>Cso at the M05-2X/6-31G(d,p) level.
The distance between 9-C (Trip) atom and the six-membered ring in nm, in parentheses. (c-f)
Structures of cage moiety in 3a’ and 3a’>Cso. Mes groups and outer H atoms are omitted. Stick
model of (c) 3a’ and (d) 3a’>Ceo. Inner H atoms are omitted. Values in parentheses are the distances
between the cage centroid (blue circle) and the inner carbon atoms in nm. Values in brackets are
dihedral angles between aromatic units. CPK model of (e) 3a’ and (f) 3a>>Cs. The red and blue
double arrows show short and long diameters of the ellipsoidal space in nm, respectively.
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Figure 4-11. Optimized structures of cage and cage>Ceso complexes at the M05-2X/6-31G(d,p) level.
(a) Cage 3b’. (b) Cage 3c. (c) Cage 2°. (d) Cage 3d.
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7 — 32 oCo R DEGE UG %, 3anCe DAL & L2 L, 77—y DHulD b 9-C (Trip)
¥ COIFREZ 0.022 nm F< &Y, 8-C (Ant)E TOEEEIX 0.040 nm K< 72> 72 (Table 4-1). O F
BOBEAULRGE D 7 — ¥ O N2 LIRS SIS & LR CBRICiE Y, 2o ofEE LT, ik
s T 25y F v 7B X 2 EBREZ NS, T —IIERICiET % Ce & CH-m
g 2200 XA F A FiconT, AFAEORFERFHEOERZ T 2 &, #HafEck
1.32nm, Fob UAEE T 1.29nm TH -7 (Figure 4-12). X 51, 9-C(Trip)& Coo D 6 BEZDHIL
D FEE x 1% 0.396 nm &, 3a>Ce SR DL G IC 351 2 BEEE (0.360 nm) PEAEN 7 CH---n #H A
TEF Dk (038 nm?) X h R\ (Table 4-2). 727- L, #fh&EEEL X 9iC, 9-H (Trip)2S &
CoolTHILTHEY, P 7Ty DRICCH nMHAEMPEC EEZONS.

Table 4-1. Distances between the molecular centroid and the inner carbon atoms of cages and their
Ceso complexes in the crystal structure and the optimized structures in nm. [

1-C 9-C 1’-C 8-C 9-C
3a>Ceo (X-ray)  0.719 0.682 0.746  0.796  0.736

3a’ 0.756 0.722  0.772 0.774  0.738
3a’>Ce0 0.754  0.720  0.769 0.772 0.735
3b’ 0.757 0.723 0.771 0.775 0.738
3b’>Ceo 0.754  0.721 0.768 0.773 0.735
3c 0.751 0.716 0770 ~ 0.780  0.741
3¢oCeo 0.750  0.716  0.767 0.775 0.736
2’ 0.755 0.721 0.772 0.776  0.738
2°2Cs0 0.753 0.719  0.769 0.771 0.734
3d 0.757 0.723 0.773 0.775 0.737
3d>Ceo 0.757 0.723 0.771 0.771 0.734

[a] The molecular centroid (red circle) was defined by the midpoint of two 9-C (Trip) atoms.

1.29 nm
Figure 4-12. Top views of (a) X-ray structures and (b) Optimized structures, and the distances

between two C atoms of methyl groups.
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U I N Co DELHI, 77— 322Ce 1T LD & LT RTD Coo $51A D LI IC B
T, 3aoCe DitibimE & [A U X 5, MoJjmic 6 BEROPLAMES 2EHMTH o7, T,
Kajiyama b D& IC I 1 5 Bt (Figure 4-1¢!") & I3RZ 2HRTH o 7225, FHRE OV
BICXDENTHEEEzONG, BIHEORL L7 —YicowTlikT 2L, 77—V 32,30, 2
WCDOWTIE, NTA—RICKEREZTIRONL» o7, —T7, 3c l3bI»ICERR LN, Hlx
E, GElNCih o727 =Y RED R U g 13+21.008 LA Z L, 22D 9-H (Trip) D FFEf d 1%
1214 nm & DFHIT/NI W, 7 —Y 3e i3 & T, W22 GEiTHICRTFL Tk, Zh
IOy —Y ot 7V b 7 v O A 13 Mes FEFFD 3a°, 271349 90°TH Y, 3b°L 3¢
D ¢ 1359 60°TH > 7=,

Table 4-2. Selected structural parameters of cages and their Cso complexes in the crystal structure and
the optimized structures.

d / nm [?] x / nm [?] ¢ /° [c] ¢ /° [c] #3 /° [c] ¢a ° [e]

3a>Ceo (X-ray) 1.16 0.360 -24.4 +43.8 +90.3, +82.4 +39.6
3a’ 1.226 - —28.2 +44.1 +91.0, +89.6 +14.9
3a’>Ceo 1.223 0.396 -27.5 +42.9 +90.8, +89.7 +18.6
3b’ 1.223 - -27.0 +44.6 +61.5, +59.5 +15.6
3b’>Ceo 1.223 0.396 -26.6 +43.6 +61.1, +59.7 +19.3
3c 1.214 - -29.6 +45.0 +59.3, +58.8 +17.3
3¢2Coo 1.215 0.392 —28.6 +43.6 +59.1, +59.1 +21.0
2’ 1.224 - -28.4 +44.4 +89.0 +15.9
2°2C0 1.221 0.395 -27.8 +43.2 +89.0 +19.6
3d 1.228 - —28.5 +44.8 — +15.1
3d>Ceo 1.229 0.399 —28.0 +44.0 — +17.0

[a] Distances between two 9-H (Trip) atoms. [b] Distances between 9-C (Trip) atom and the six-membered
ring of Ceo. [c] Averaged values of the dihedral angles defined below. The optimized structures were almost
C; symmetric. ¢;: dihedral angles between anthracene and triptycene units. ¢,: dihedral angles between
anthracene units. ¢;: dihedral angles between substituted phenyl groups and anthracene units. ¢@4: dihedral
angles between triptycene units along C3 axis.

&
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ZNZND Co SR DREIC O NWT, =Y NHIDKER T & Coo DIRFZIR T DM D FHEES Table
43 1CF 072, ZNZENOHEEIKEIR D vdW 8 (0.120 nm) & sp? REIR T D vdW £
(0.170 nm) DF10.290 nm IS WETH O, %HTD CH -l n 3,

Table 4-3. Interatomic distances between inner H atoms in cage and C atoms in Cgo in the crystal
structure and the optimized structures in nm. !

Complex 1-H-Cep  9-H~Ceo 1’-H~Ceo 8-H~Cs 9-H+Ceo

3a>Ceo (X-ray) 0.29 0.30 0.32 0.39 0.33
32’>Ceo 0.302 0.321 0.339 0.336 0.303
3b°5Ce0 0.302 0.321 0.336 0.336 0.304
3¢5Ce0 0.299 0.317 0.337 0.339 0.305
25Cso 0.301 0.320 0.339 0.337 0.303
3d>Ceo0 0.304 0.315 0.340 0.350 0.308

[a] The shortest H--C distances defined below are listed. vdW(H) = 0.120 nm and vdW(Csp?) = 0.170 nm.

(b) 77— LA DIKRIR+ D B+ E D LR

FA b EORICE < CH-n MHAEFEMICHVSNE 7 — Y NlOKFER OB REERTIX2 /-
W, TNZThor—VFEEKiconT, HEFRT v v L (BSP) v v 7% IIKL 72 (Figure
4-13). ESP = v 7' TlE, BFEELII»RE, EFARRESAFETRING, 77—V 3a,
2, 3d 2T 5L, Yor—YiisnTdNoKEFRTFIZKETH o7 (Figure 4-13a, d, e).
INnEY, EBFEEICREREVIT R, Mes I X 2 B RIT/NEI W e 3bhr o7z, &
TG ZEAL 72 3 TIIAMIOKER T2 fEICR Y, 3t ThbFricEFEETH-
7= (Figure 4-13b). —7Jj, B\TRKF[HEEFHFD 3¢ THAEIOKEBRTAHFBICAKD, 322 E_TH
HoKFEFRF DT 2 ICEFARTH o7 (Figure 4-13¢).
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-6.5 +6.5
- I < (02

Figure 4-13. Electrostatic potential maps of cages with a scale of —0.065 (red) to +0.065 (blue) a.u.
at the M05-2X/6-31G(d,p) level.

=Y NHIOKBRFICOWT, FHRTE S L7z Mulliken B O, 77— 3a—¢ @ 'H NMR 1k
o7 b OFEHPEE Table 4-4 ISR T, 77— 3a<c il DT T — Y AlOKKFET OBEMH % i d
2L, FUTFRyYOKKRETF 1-H, 9-H HEBEIC X 228i/hEw, —F, 7Y FJ7kvoK
FEF U-H, 8-H, 9-HICIZZEA R oN, 3a LT, EFHGE%ZED 3b TIHEIHS L, &
KAIFEEEFFD 3¢ TIHEABEML 72, KIRIRFOBTFHEEIL '"HNMR OfLFs 7 Micd KX 3.
IKBRIRFOBTHEEBEMT 2 LIERRNIRP WL b7z 7P idEtgssy 7 b L, KERT
DEFTHEEIMET T2 LERNELTHL R b720, P 7FL3EESEY 7 P § 5. 2ok
FIFRF 0¥ 7 b 2R 3L, I’-H, 8-H, 9-H (Ant)® ¥ 7 F L 3B E5 R 0E A X Y S5
Y7L, BrHEROEAIC X VKIS 7 F L7z, 2 OfERIE, Mulliken B DA & —50d
3. UEO#HRE,IL, BIREICX > Tr — VOB RENENT 5 2 L BRI NI

Table 4-4. Observed 'H NMR chemical shifts (CDCls;, 500 MHz, 298 K) and calculated Mulliken
charge at M05-2X/6-31G(d,p) level of inner H atoms in cages.

Chemical shift / ppm (Mulliken charge *)
Cage 1-H 9-H 1’-H 8-H 9°-H
3a  8.45(+0.109) 6.06 (+0.115) 8.64 (+0.117)  8.54 (+0.120)  8.83 (+0.116)
3b  8.46 (+0.110) 6.04 (+0.116)  8.59 (+0.114)  8.49 (+0.114) 8.73 (+0.110)

3c 8.40 (+0.109) 6.04 (+0.116)  8.75 (+0.124)  8.66 (+0.128)  8.92 (+0.123)
[a] Calculated for cages 3a’ and 3b’.
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© T A1 ¥ —DHiK

DFTHEIC X > THEET —, Co CofffAD T AN F—2 LEERICIE) T AL X — A 3E L
7z (Table4-5). H(15)ICHEV, 77— D Coo $ifAD T F L F —E(cagenCen) 2> b, T F L F —E(cage)
L Coo DITFNF —ECoo) DI Z T\ 7l % SETI T A V¥ —AE. & LCEHE L 72.

AE, = E(cageoCq) — [E(cage) + E(Cqo)] (15)

5D 7 — Y oCe SR DK T 4 L ¥ — AE, 13-71.8~74.0 k] mol™ O#EIFHICH v, B OfEILH
ERBRETHZEERRT. 77— 32 30°D Coo RO FHHRAAIZIZITZEL K, 3a & 3b D Ce #f
HROFMOAEEHPIZITFLVE VI EFRRLETE LR\, —77, 3¢oCe $EEDFETZK T +
X —3-73.6 I mol! THY, HhOFEAEDMEL Y PPRETH o7, T OFIHEFERIL, 3¢oCe D
EHHTERD 32, 3b D CoofADRATEM I VIRV & v ) EEFER L (384 2. BN T ofR%
FEICERRR T A S L I L W, WESNRY IV P e -0 HF LR L OoERAER I N TV
OTHEEEZOLNS, TOHICOWTIE, 423 TREL K EET 3.

Table 4-5. Calculated complexation energies of cages and Cso guest at M05-2X/6-31G(d,p) level.
Cage  E(cage)/a.u. E(Ce0)/au.  E(cageoCeo)/au.  AE:/a.u. (kJ mol") [Pl

3a>  —8483.476683  —2286.207852 —10769.711897 —0.0274 (—71.8)
3b>  -11662.290626  —2286.207852 —13948.525793 —-0.0273 (- 71.7)
3¢ —-13493.104301 —2286.207852 —15779.340183 —0.0280 (— 73.6)
2’ —6625.454781  —2286.207852 —8911.690059 —-0.0274 (- 72.0)
3d —4767.416991  —2286.207852 —7053.653020 —0.0282 (—74.0)

[a] 1 a.u. = 2625.5 k] mol™". [b] Complexation energies.

e\ >"C, Counterpoise 5% FV> CTHEEARDREBIBEZ Y 342 (BSSE) %EMHE L 72 (Table 4-6).
ATEMEEIC IS T — Y D CottR D B LS Z F Vv, M05-2X/6-31G(d,p) L~V CT—RGIHEZT -
7z. 85K D BSSE 13+28.9~293kImol ' TH VY, TR FDEMHIICL 22 I EAER bR -
7-. %L T, BSSE % #&E L 72 5T T 4 v F — AEcomected 13-42.6~44.7 kK mol' T&H - 7=.
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Table 4-6. Calculated complexation energies (AE.) and BSSE of cages and Ceso guest at M05-2X/6-
31G(d,p) level.

Cage AE. / kJ mol ™! BSSE / kJ mol! AE corrected / kJ mol ! 18]
3a’ —-71.8 +28.9 —-42.9

3b’ -71.7 +29.1 —42.6

3¢ —173.6 +28.9 —44.7

2’ —172.0 +29.0 —-43.0

3d —74.0 +29.3 —44.7

[a] AFEcorected = AE: + BSSE

(d) Noncovalent interaction (NCI) f##T

T — ¥ Coo iR Cro A1l < HAMER Z R MICKIR T 2 720, EHEHAMEEER (NCD
7ay b ERERLEZDY. NCL 7y Fi3oFRICE C MEERZ LT3 c e 8c& 2. i
DEMETNLF ), HROEFMERIET), MEOFHEEIZFHCHEEER LY. Biftkokwr —
Y 3d DEHAD REEE %2 M05-2X/6-31G(d,p)L VT, NCIPLOT4 7 u 27 J L& HWTEHEL
7z. Ceodtith & CrodfifR DR % Figure 4-14 IT/R T

7= 3doCe D 71 v kT, CooZHUY FHE X 5 15O BT AN % 7R 3k (0 o Sl 1 28
JEA3 > Tz (Figure 4-14a). T DFERDP S, 7=V PHIDOKEFR T2 Co @ n BT L 55 S AHALE
LT3 Z EHERTEZ 5. REDOFEEH DLV ICHEHT 5 L, 9-H(Trip) & Ceo D HICH < #H
B o KBRTFOb DL HRTKE W, ZofRIZ, 77— HHloKEFRTD S5, 9-H
(Trip)7s Coo EAHEAER T2 L ZICRDEETHZ T EAERL TWE, 2T, XA SRS RAT
% DFT StECRINEMEL KT 3. I5Ic, TV 7%y DKERT & OHANEM T
T T &L, CofitkDRB I T 2 EIEROBEN NS W L 2RBL T 2.

[FRED 73T 3doCyp $ERICDOWTSH NCI 7 u v + %f7 > 7= (Figure 4-14b). FHELICIZ, LA
Kajiyama H 23##5 L 72 Cro iR D 2 FEH O FoBUEED 5 b, X DV LE GG % A\ 72, Coo SA
DG L FBRIC, Cro OEBICHREDFHEE ALY, SBOKER T2 Cro LHEERAL T3
ZEDBMRTE. Co kDG LT 2 L, &fe LCHEAEMAMSBR 2D, T v 7
v OKFERT & OMEEAEZRTEMEEDBILL 7oz, TOREIZ, F3F 332 THMELE,
Ceo FER X D Coo SR D RATEBH R E WEERFER L —8 3 5. 2 TR L 2tk ofhE <,
EARIEO 7 2+ Cr OREZN 7 — 2O G ik L CIZITEBEIC R > 2 A T, 7R FAEE
nNcwg, 7F—YoRNEZELD GHcN L CRELTHICRHZFOBHARECH 2 2 Lhb,
CORMTTY A MPEEEI N LICX Y, CH-niEMam hoz &5,
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-0.03 +0.03
[ EE—— ]

Figure 4-14. NCI plots of optimized structures of (a) 3d>Cso and (b) 3d>C7 at the M05-2X/6-
31G(d,p) level with a scale of —0.03 (blue) to +0.03 (red) a.u (isosurface: 0.500 a.u.).

EEPicEIT 5, r—y3a k=Y okEOREICE b 2z (clathrated) Ceo 2 D
B A EAER Z WS 20T 2720, LEEkHD NCI 7u v b 238 L7z (Figure 4-15). FHEIC
X, WSSO —Y 3a, WEINSZ Co B LUHBICHET S 12D Ceo IO HL 72
3a>Ce0+Co0 DI HEEZ V72, IMEBD Coo & 3a D+ ) 7' F v v o FOMICHREDOFMER 25
N, m-n HEERMICT WS 2 DR TE 2, 72, JBD Cold 3a D Mes D 20D X F
WL D CH-ntHAEH L Tz, 61T, I L7z Co LAMIBD Coo DRICIZIER IC55 WA
TEF SRR & 7z,

Figure 4-15. NCI plots of crystal structures of 3a5Cso. Plot of cage with included Ceo molecule and
one clathrated Ce¢o molecule (left) expanded view around clathrated Ceo molecule (right) with a scale
of —0.03 (blue, attractive) to +0.03 (red, repulsive) a.u. (isosurface: 0.500 a.u.).
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4.2.3. BEES RN T 5 E%

F3F 333 THRLNET — VHER 3a—c & Co T 721 Cro DARBTERITOWT, DFT iHHE O
Raed LIicEET 3.

BT RAMETH B CFs DL IERL L 727 — 2 3¢ TlE, Cooflith & CrodfithD Il o &EERIZL,
3a & 3b DY T 2HEROEHEERL VNS, Thbb 3cDREPTH I LEF3EHE333 Tib
~_fz. —J, DFT iR TR AN F—%kDd 5 &, 3¢ DHARDHEIT 3a 35 X U 3b DEADfE
LV REL A, ERHERLE ZWOMmZRL 7, Sherill 5017 o BEwEIHICK 2 &, T-
shaped [EOR v € v XA ~—TlE, CH FFr—flloxRv ¥ V/RICETFRIIEEZEAT S L, CH-«
WHERA B 22 & PRINTHEPL 72, Hammett IC 5T CoFs D BEIRILERK 0, 12
+027 THY, FOEFKREETH S e MEIN TS (of CFa: +0.54, CHs: —0.01. TEDfEIL
Bk O o bpr»b, CFs EPEHRT 2L, 20X TZNICHY T 5ED
IKBIRTFOBEFHEEIMET T2 2 L I3E»TH 3.

AT, 7—Y3LT7 7L VYT AFOREERIE P VIEERTHEI N TN S DT,
BRI ARG OBERICEELZRIZTRITTH L. Bor—VEe 77— v IERPcREmM s
TW5DT, INLBRAET 57D ICEMBEEMT 24088 H Y, ZoBERIET AL F—% S5
92, bL, F—Yicid 3 by oFEMAEE O, T ORISR AL ¥ — 234
KOLBICHEL G2 2L+ H 3. 22T, 7vF 9%y (CH FF—) ¢x_vEY (n
FF—) 2E7A%L LT, BHEMz ALY —% DFT SHRICX Y AEb 22 icL. Lol
WEZFED 18- TV — ATV T vexyEyoMic# CH n HAEEHOZ ANV ¥ —%
MO05-2X/6-31G(d,p)L AV TEFHE L 7=, 3D 18- 7V —AT v 7+ v eiEdEmbEl L%,
TV I vD 10 fiOKERFHBRyEy o6 BEROPIICHS S XS ICEBEICHKEL, ko
IANF—%HELZ COLE, TYEI7RvD 10 MORERTFPOXVyE oL ETOE
HEZ 0.38 nm ICHEE L7220 JllicTy v F 7R v R v v o F -2 HICERL, Z
NHODOIANF —DHDOHERDOZANF -2 E LG Wicflik, REZANF—AE & L TEHR
L 7.

AE. = E(Ant - benzene) — [E(Ant) + E(benzene)] (16)

AR % Table 4-7 1R g, 3HEHOT VP IR VEFEARD 5 B, CFs Ba Fioif 8k ik d &

EAL L7z, 2ad, Bl L7z Sherrill Ik 3RV ¥ v X4 ~—DFEEROMHA & —Fkd 50,

LicioT, WHECTH 2 vz v b BETRIIEOBE WL 727 v F 7 v EMHAFALLTL, B

BWIRRICKE R T ANV T —PMETH B L FREIND. 7 — VIR 2 WD 1 O BRI A

MoEfEs, X0 RELBHEENELZZIZ20THENIE, YA FIRNTEIEEDMEIBT -V D
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CH FF—Moffme —HLanwI bbby H5, COLHIGBTE, Tvirr—0F5eL
LN DB RL (Bl 2L, N2 OEEER) bEET 24EEH L. LrL, KFFRONR
LLTWwE T —UHHKIE N T RAREL, TOXS RMBELEEL -HERNIMINECH Y,
FEMI A AT IC I E o T Zn,

Table 4-7. Interaction energies (AE.) between 1,8-diarylanthracenes and benzene in T-shaped form at
MO05-2X/6-31G(d,p) level.

R R
R AE. / kJ mol™
ve s O
(MeO)3CsHa —-14.0 H 10-C---benzene
C6F5 ~17.8 ; E__\ 0.38 nm

T = Co itk & CrofhDRBERDILD 5KD 55 CrolCoo EIRIEIC D WT, EFHEGHED
TBP L EGEIL L 727 — 2 3b1d, 3a LR TERMEIME N & 25 33 333 Tlhi7z. Coofl
KCTiZ 3a & 3b DABTERICELAONARD 5 72DICH LT, Co#kTid 3b DAATERKIT 3a D
112 EIETFLTEY, EZXRbN. LEE->T, 77— 3b O Crn/Ce iR IL 32 & ENTE
W, ZOFERICOWT, DFT GHHEIC X VR 572 Mulliken Efif& NCI 71 v F 2 6ELT 5. 7
2+ EMHEERST 27— NHlOKEFRFIcoWT, TBPEZES3b1E3a s HRT, TV I+
¥ @O 1’-H, 8’-H, 9°-H ® Mulliken Ffif (X{XT L 7z (Table 4-4). —75, bV 7 F+E ¥ ® 1-H, 9-HIZlE
FEACREIRON o7, Lo T, BIESNEIEIFICT v b 72 v okERTFOEFR
BICHEL G2 5LE2bN%. 22T, NCIl 7uay XY, CofithTIX ) 7F & v DKFEHR
TR S HHEAER LTz (Figure 4-16a). 2% 0, 2ABICKIET T v b 71 Vi &)
RliIhZweEzohs, i, 3al 3b D CofilRDRBERICEN RN & LT 5. —
75, Cr$AD NCI 7u vy FTlE, 7 7% vOkERFBEICHECHEIER L T/ (Figure
4-16b). 2V, HHCKITTERENELKELS A2 eE2ONS, EkL 72X 51, CH F
F—H~DEFHEHDOE AL CH - HAFRAZ T 5 720P), 3boC RO R ATEER D 3a & 1t
RTENZ L =T 2. ULOERL»S, ¥R OBKRICKE L CEHRERIC X 2HE0K
EIDNEML, Cuo/CoiERMEICENELZEEZONS,
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(a) Cage 3d>Cq, (b) Cage 3d>C,,

Figure 4-16. NCI plots of (a) 3d>Ceo and (b) 3d>C7o at the M05-2X/6-31G(d,p) level with a scale of
—0.03 (blue) to +0.03 (red) a.u. (isosurface: 0.500 a.u.).
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43. ¥

ARECIF, XSS & DFTERICX 2T, 77—V 3 & CollihDREE 2 5 21T L 72,
F—Y3ak Co®D p-FLL VIR DP S 3a-Coo D 1:7 HlEFZ S/, 2 LT, X G SRS AT
CEMADHLEZH oI L7z, 77— Y 3ald GHllCih > TR LN, DEAFRDF 7V lidE %z
Fro. 7z, WERZALIZ GEhoFRcA LR L ZEREETch o7z, @I Nz Co X, o
FIANC 6 BEROPLAMLIET LM EZ & Y, %m<o CH--n HAMFHBHR Sz, hTd, b

Y7 FvD9-HEDCH -n BFEMAFFCH N Z L 23S AT 7 5 72,

DFTEHHIC X o T, 77— 3a,3b,3¢,3d,2 DZED T — 2 & 7 — P oCeo SR DI % Fodifl L 7-.
7= 32O FolEEE O N FLIE, MG L L TERRIGEWEBRTH o2 T, DT —
V3L T, Co#ffRicBIT 27—V oNERZELIZT/NE L, FRAMoWEICk-oT, -V
ERDTLICEL LT, CFsHEEFO7r— 3¢k, o — & H~THEZEILD Gl IR
FLCThh, BERESRICL2DT2REMBAON, FHHEICX > TH7ZESP~ v 7 & Mulliken
BHILY, TV 72 v oKBRERFIZERENROFLELZ T2 EBHL IR o7z, B
HE%ZFO 30 CIEFFHESEML, EFRK5Ez2E> 3¢ TREFHEEI ML THIC
2Dy —P L CofiAD T INF —%HEET2 2L CHERTANF—2HE Lz, Rikic, ik
DONCI7ay MickY, 77—y &7 A+ O CH o HAFHME < 2 & 2R L 7-.
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4.4, EERDOE

4.4.1. X-ray crystallographic analysis

Diffraction data were collected at —150 °C on a Rigaku XtalLAB Synergy R/DW HyPix
diffractometer with multi-layer mirror monochromated Cu Ka radiation (1 = 1.54184 A) and
processed on a CrysAlisPro 1.171 (Rigaku Oxford Diffraction, 2018). The structure was solved by
the direct method (SHELXS 2008)!'!! and refined by the full-matrix least squares method (SHELXL
2015)!"2 using Olex2.1.2 (2009) as a graphical user interface. Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were refined by using the riding model.

3a>Ce0-(Ce0)s: Dark violet single crystals (0.748 x 0.263 x 0.228 mm) were obtained by
recrystallization from a solution of a mixture of 3a and Ceo (ca. 1:10 molar ratio) in p-xylene.
Crystallographic data: formula Ca32Hi90-7Cso+ 18(CsHio), FW 9932.90, trigonal, R3¢, a = 43.0595(2),
c=45.41192) A, V=72918.6(8) A%, Z=6, Dc = 1.357 gcm™>, 20max = 151.430° , unique reflections
used for refinement 48187, R1 = 0.0566 [I > 2.0a(])], wR> = 0.1564 (all data), GOF = 1.133,
CCDC2215455.

2SS ~_"..u 5 vy ..’ ‘v."_" RN N el NI
Figure 4-17. Pictures of (a) cage 3a crystals prepared from a CCls/hexane solution and (b) 3a—Ceo
cocrystals prepared from a p-xylene solution of 3a and a large excess of Ceo.

4.4.2. DFT calculation

Calculations were carried out with Gaussian 16 program. ['*] The structures of the cage compounds,
Ce0, and their complex were optimized by the hybrid DFT method at the M05-2X/6-31G(d,p) level
of theory. The input structures of the cages and complexes were prepared with reference to the X-ray
structure of 3a>Ceo.

4.4.3. NCI plot

The input files (.wfx format) for the crystal structures of cage complexes were prepared by the
Gaussian program at the M05-2X/6-31G(d,p) level. The calculations for the NCI analysis were
carried out with NCIPLOT 4.0 program. [l The 3D RDG isosurface was visualized by using other
output files (grad.cube, dens.cube, and .vmd formats) with VMD program. 4]
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5.1. ¥

FABETR LT —Y 3a & Coo kD X BRSO T — 22026, R TT 2 o1 0381y
ZH) 2R TAREMEA TR I N, RN ABINEE 2R3 0 T, 7YV v reyryinra—
77 & ORI Il o 2 e BB Y, ST O ST CRRER L L THFEHINT
Wa., 207D, ZOHFICHEWT, BN AMECES R T AR FORGHIER T —<
TH2., RETIE, REBICBHE L ZEERICET 20 TOBNZEENICOWT, ERNAHEES X
OCREM AT R IB~ 5.

51.1L BT 4 AF—X—

BEARREICE WC, MEO —H0BNEH 2RI fm%E 7T v 74 X4+ v 7 (amphidynamic)
fidh & v UL il 21X, Harada, Ogawa O IIfSEMNICH T 2 T VR v ¥ v OFRIZEH) IOV THE
L7- (Figure5-1) Bl XAREFTT =2 DETIC XY, TYRVvEVIZ20DEH%Z & 5 2 L 2HS
PUCTe o7z, BRICH T 2 2 00K D HEHKIL 82:18 TH 07243, 2K T T 4 A4 — X — 53l
KL, AV Y=o 0ABBHEN-. ok, BEE X BEEMTcE oy, BER
JEIHE L CHEBORA O HERICEMBRONE G, 20T 4 AF—X =B8N T 4 2+ —
XK= WEng. —J5, BROHEEPMEREICKE LR VIEGE, 8INT 14 24— X — L iE
N3, TOT7YRvEYOHNEHL, VY VBEPHEHEORZL, N=NE&E2I SV I T —
L, N-Ph #fi&5E% A Y P BT T e ZICREZNVHEENCBITH 2720, [F<x0] EE
NTW3, FAFEOEENIIRF ARV R EICEWTHBIHIE . 20X ) REEIRETCOBINZE
g, BENE X AREGEMNT Ofhic, [EfF NMR 2= 27 b2 DFT GHRICK > TR S Z & 28T

5.
MO — O
O a®

Figure 5-1. Pedal motion of azobenzene. 2!
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5.1.2. 7 7 — L vk D BRI ZEE)

77— L VEMRIC BT EEO - EHABNEE 2R T RAHREINT WS, 22 TIE, non
MHEAEH % F 288 1 & L 7dskh o7 2+ oBIRgZEH)ic > v BRI 2l % R T

Isobe I X - T, m-n fHAMEHHIC X Y L 72(P)-(12,8)-[4]cyclo-2,8-chrysenylene ((P)-
(12,8)-[4]CC) & Ce DEERICH T 2 WS R F OB EH BWE I N7z (Figure 5-2) B
(12,8)-[4]CCoCe DA BC NMR 2227 b L TlE, FA FHEDIRL Y 7 F e L BT, Cep D
RBEFETFHEKD Y v — Ty 7 F Al E Nz cofERi, EfkfcsechagEsns
Coo DTIANIEIXHITE T, Co BWEBEFFICHIEL TWEZEWHLMITL ., F 7,
(12,8)-[4]CCoCeo D Hifitidt % W 72 X BEREMRITIC X - T, FR Tl EEI Nz Co DETEED
BRARICIEDS D, Coo 2384 2 lilIA % & 2 T & D3 & 92 1C 70 o 7289, Ceo D [RIHAREEE X [E & *C NMR
A7 PN E o TREI NS, T 51T, (P)-(12,8)-[4]CC @ Hirshfeld FmfEHTIC X - T, &A b
D nHBRDONTHDLI LD Co DEIHLERST 5 Z L %p LR, Z ki, Ceo281F 5 2
CEEET 2200 [HF_T YV V7| EFEFRTWS, fhicdh, Isobe 5137 & M ICER:E Ceo ih
BREZHWS 2 eC, VAREELZFIH L CEEA R ZHR L ZRICOWTHIERE L T 5B

Figure 5-2. (a) Structure and (b) crystal structure of (P)-(12,8)-[4]cyclo-2,8-chrysenylene>Cso
complex at 95 K. 33 Hexyl groups are omitted.

5.1.3.40FYy4rRa—7

DTREVLCHFRT Y v 7D XS RN BN 2EE 2 R 30113, S Mo e ciEE
INTVE., B OTEICENT, kA ZEINZEEZRTROHMTYH, H4E 421 TRKI
N2k 57, BEEO AR a~D X S ICKEDHORE Y cll 2 [ 2357, 4
T¥ ¥ Anrzxa—7] (Figure 5-3) LMFEN M, 53 FY ¥ A r X3 —71% Gladysz i k> T
TOXHICTERINT LB,
(1) —EhEEL3 2 [[EfsT (rotator) | & ZN %X x5 [[EIET (Stator) ] IC ko> CTHEE N 3.

5 F DR X EE T2 b7 LT, RERES) %3 5.

(2) [BEEFI3IME 2 & 3 RoTHICHERiE N, BEEF DR O AR -7 Ik o THENTW 5,
B) EEoY x4 v xa— 7o, SNUEEZFREL ZBIREFEo.
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Stator
Spoke

Figure 5-3. Schematic diagram of a molecular gyroscope.

DTV x4 v Ra—70EBKE % Figure 54 IC/8 3. Setaka b 235 L7201 1%, BT TH 5
NTT 2LV R200 C-Si HEMETEE I N, SiETFi2EOIHTTSMBEE T, —HEEGE
BUTLVIAVEBAR =27 LR 7 —VEr AL C0 30, SETOER NMR 272 b b,
MBS X 2HEZLTr —VED O TR ER S, X771 vazy F2EEETE 2 X
I B T DM X N7, Garcia-Garibay H 1%, PV 7 2=V AFNEL - b ) FF U LB A [E
EFELTHWSEZ LT, P CEET Sy ¥ v 2C X Y EE S, [BlEE T 0 &pS il [
T2 aRME LAY Zoftucd, BEETOEEICHAERKHAEHCRV 17 VEEETIPKER
A oML ZWME LT3l Gladysz bIZY R A7 4 v =V %REET L L, B 7255
ALEBESEZNIET L LTy v 4 uxa—728E L0 [mifE 1o FE i i3S %
FHuwohTnwd, £72, 2ONTY v A ura—7Cld, B T2Z 222 LIk EEETDR
WEHETLLHBTE S,

Frio, PR F2RIERAERGICIsCEEINZD DR [Ty ry 4 vra—7 | LIER
NETICMEINLHY TV y Ao ra—7TlE, ELE/KAE L L OKERE R L O LERE
SRRV b Tnz,

Setaka group ] Garcia-Garibay group [€] Gladysz group "]

.“E)

Q;} &,

Figure 5-4. Molecular gyroscopes. Red: rotator. Black: Stator.
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5.1.4. AXFED HK

CHn MHEMEMRZ FREE L L7 7 —L VElfkicow<Tlt, 7 &+ o828 B3 2 3
Hpld 7w, UL, 54 F TR L7z 3a0Ce $5A D ORTEP X (Figure 5-5) ICB W T, wfzan
72 Ceo 2> CyEJE D ICmliR D L < IZIRENT % X 5 R FHE A B 28 2 7 3 rl R 23 R e X 7z,

Z 2T, ARBETIRIEERZ X FEITIC X o T, 3aoCe R D Co DENNZEEN ZZEL K TN B Z
Ll L7,

T HiC, DFTHEICK o T, $ATD Ceo D [RIHREE) D F 754 R0 FREE 2 3~ 7z

Figure 5-5. Structure (left) and ORTEP diagram (right) of 3a>Cso moiety with a major oriented Ceso

molecule with thermal ellipsoids at 50% probability at —150 °C. Peripheral Mes groups, H atoms
except for inner ones, and solvent molecules are omitted.
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5.2. iR L EE

5.2.1. 7 — ¥ 3a-Ce IhE R D X MREHT

FHATEA21 TRBINTT — ¥ 3a0Ce D X BMEEIC BT B Coo DENIZEENICOWTHIR 215 5
728, —150 °C THIE L 72 XA D 7 — & 5 B T HE 04 % T~ 7= (Figure 5-6). @I n-
Coo DBRTHENMICTEHT 2 &, Coo AU DEFHEDMIEERICILD > T B T & DR S N7z,
FAF 421 ICBT DHEMEOEMNT X, COBFEENMIL D LI T, 2D, BFHED
ild Coo DT 4 AA =X — L7 2 0DBCAR, KT DM R ORI 20 871 %2 S L T
%, ZOfERIZ, R T — I @S N Co MRFE DT NI 86 F 72 13IREN I 2 Al HEME &R
BLTEY, 3a-Co LHEMIIT v 74 ZAF Iy 7fERITH L L BRBI N CofEics
W, —H[REE T 5 Co ZMlET, EHEIL 20T — YV ZEE T & A, ZoMEITES TV ¥
ArRa—7TchsreEIbN%., TIT, BHEF Celd, 7—YDFY 7T v o NEIEIHEL
Ofr) ®2-o0C-HICk->T, FEEHKEED CH-nHEMFHAZEL CEE I TS

Figure 5-6. Side and top views of electron density mapping of inner Cep with 2F, — F'c (RMSD: 20)
measured at —150 °C. Peripheral mesityl groups, hydrogen atoms except for inner ones, and solvent
molecules are omitted.

5.2.2. ImBE WA X #RfEMT
7= 3a0Ce SR Y ¥ A B R — T L 72 BB 2R TH 85 D hENI O B 7-DI1C1E, Ce
DAEPCHIC, DFED CoDT 4 A —X—DFNTH 5 Z & 2B T 20ELEH L. £ T,
W A28 X AT IC X o T Coo DEEB) % FEMNICHH~ 72, [Rl— D Hifi& % F v T-180, —120, —60, 0 °C
TG ISR AT X AREE 21T - 72, BB D150 °C OHIE 7 — & OfFHT & [FFkic, —180 °C 2
5-60 °C DHFATHE L 727 — &2 1F, T4 AT =X =L 722 20DFAD Co/r FZEBEL T EITLY
W#Ells 3 2 L3 Cc& 72 (Figure 5-7). 2D 2 008HED HEREZR/N_FEIC L W EELT S L,
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FARFE D HIZ 71:29 (~180 °C), 62:38 (~120 °C), 56:44 (—60 °C) & 72> 7=. —J7, 0°C THlE L 727 —
R CIXERED iR CHE R RT3 e Tt d, H—ofidme LTHEELLEZ. REEICE
JAFERFI N T A =R REARZEII AL, BEALCE2HERR IR ONA 2o 72

(Table 5-1).

Figure 5-7. Structures of 3a>Cso with major- and minor-oriented Ceo molecules. Peripheral Mes

groups, H atoms except for inner ones, and solvent molecules are omitted.

Table 5-1. Crystallographic data of 3a>Cso'(Cs0)s complex measured at variable temperatures.

Temperature —180 °C —120 °C —60 °C 0°C
major : minor 71:29 62:38 56:44 -
crystal system trigonal trigonal trigonal trigonal

space group R3c R3c R3c R3c

alA 42.9775(2) 43.1115(2) 43.2399(2) 43.3822(2)
c/A 45.3473(2) 45.4932(2) 45.6921(2) 45.8641(2)
v/ A3 72537.7(8) 73225.6(8) 73984.5(8) 74752.6(9)
Z 6 6 6 6
D./gem™ 1.364 1.351 1.338 1.324
20max / ° 151.866 152.130 134.152 134.160
Jiggﬁ:;iigiigﬁgﬁl 47161 47095 43294 49124
Ri [I>2.00(])] 0.0547 0.0788 0.0783 0.0652
wR> (all data) 0.1650 0.1854 0.2373 0.2122
GOF 1.190 1.049 1.043 1.016
CCDC 2215453 2215455 2215457 2215462
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ZNEFNOIREICH T 5 ORTEP X% Figure 5-8 IZ/8d. —180, —120, —60 °C DX Ti%, HHAED
RKEWRX Y ¥ —REEM D Co 3T 72T %R L, WED EFICoNT, RERT2RETT it
TR MR L 722 S REL R 2T 23R T X 5.

-60 °C 0°C
Figure 5-8. Side and top views of ORTEP diagrams of 3a>Ceo with a major-oriented included Ceo

molecule (a solely oriented included Cgo molecule at 0 °C) with thermal ellipsoids at 50% probability
at variable temperatures. Peripheral mesityl groups, H atoms except for inner ones, and solvent
molecules are omitted.
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FAREE CHIE L 7247 7 — X B 2, Coo DERHIH 20 D 2F, - F BV HEDM (F,  FHIKE
R, Fo: sHERBERT) % Figure 5-9 IO T, @I Co DIRKIRTFOIMEIL, Z0E
I ICEE D W THEE L L 72, —180 °C > 5-60 °C D #iPH <%, Figure 5-6 D—150 °C & [E LU X 9 iT,
TR IC IR AS o 2Bl T =, —J7, 0°C Ik Wn»TlE, WRIIZIEHEL, BTEER
BRAIRICIER 2 0fi & e o7z, L7223> T, 0°C TIRIBDEE &, Co DRERFHA D % Y HlHY
INTHrneEEZLND,

Figure 5-9. Side and top views of electron density mappings of included Cso molecule with 2F, — F
(RMSD: 20) measured at variable temperatures. Peripheral Mes groups, H atoms except for inner
ones, and solvent molecules are omitted.
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7 — 3anCe $HET D 2 DD F 4 AF =K — L7z Coo 0T D EERBIBEMRGENE AR L= &
2o, b DEAIDEINICSHLL T B AMREMES R I L7z, 22T, WEINZ CoD 20D
fliE o G HRO K Z T, van’t Hoff 70 v + %17 -7z (Figure 5-10a). 7' v v 2 EAREIR
ERL7ZZEDD, 2O0DREIZRLY < v HIHE o 72BN FERIRRECTH B 2 L S S
D7 o 7= (Figure 5-10b). Z DFERIE, Co 23HEEH CEIN R 28B 2R L, < OEEHIPH Tl 2
Uy =Rl e~ 4 F—llA2Y, X BREPFOZ L LR T —riiE TR S TRIRT 5 C
EZRL T3,

(a)12]
1.0
0g] R2=0.9834

¢ b
< 0.6 4

0.4+

0.2 K Minor

0.0 T T T T T 1
0.000 0.005 0.010 0.015
T /K
Figure 5-10. (a) van’t Hoff plots for the two orientations of included Cso molecule in the crystals of

3a>Ceo. K is the ratio of the populations of the major and minor orientations. (b) Major and minor
orientations of included Ceo.

5.2.3. DFT 3t EIic X 2 B8 o 3

AP I, BRI X BT OFE R A 5, fificsn T, 7 —YIculEI N Co B
BB 2T EDBHERINZ., COXHBY v A 0 Ra—TWARBINZES, Thbb Con T2
=0 GEIORE Y Il 23 EE)TH 5 &AL T 3 E B S 29I, DFT §HE%
fTo7. SEfTHFt L LC, DFT GHRICK o C, $ERICB T 27 X ol a2t ¢ 8H0
N X = b 7 A b OERZEE) & FFAl L 721235\ < 02205 5B il 21X, Rodriguez-Otero ©
IZ[10]CPPoCeo SHIRICDWT, 7 A P DEERICHE ) T ANV F -2 2 L7z, cid N7z Co D
CsHild L <1 G Hlias, [10]CPP DXy ¥ vEOTLAEAT 2 X517 2 P &2EE L, Co % iz
BOJE D ICEiE X ¢, ZRAZNoMETCT ALY —%2 —Hat T2 2 L TN AL F—%2 RN
L 7= (Figure 5-11) ™ KiffgeoRics T, 2200FAIICT 4 AF—X—L7 CoBRED LD
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R CHAEA T 2 02T AR2 720, ZOMEITH->T, BELEZT — I HT ChpDALH %221l
TRGEDT ALY —EL% DFTIEIC X D EFE L 7=,

Figure 5-11. Side and top views of rotation of included Cgo of [10]CPP>Cso around (a) Cs or (b) C3
axis of Ceo. [86]

() FIETTE
SHEI, DUTF O FIEICHE M05-2X/6-31G(d,p) L~ T 72 o 7=,

(1) FHHEICHVZ 7 =Y oiEE LT, §TD Mes % HICEZEZ 27— 3d ZHWw7z.
523()TlE, X &R D 3a5Ce D7 — P DREE R V72, #5 5 EE O f#HT <13, Riding
model TEW/KBRFOMEBEIZLT LDHIEHETIEIRVWD T, KREBWEZEEL, KRFETD
fED A% REEL L7z (7 — 3d°). 5.2.3(c)TlE, DFT iH5 CHREL L 72 3doCe 1A D it

BT —Y3d o okEE 2D TV

(2) CeoT FITDWTIE, HIRD Co % Folifl L 7-E% W 72,

() 7 =Y DOWNEAEFL D FLIT Coo % B4 7B CHEUE L 72 (Figure 5-12). fhffEE & F L <,
=YD G EICH B 2 DD 9-H (Trip)2* Coo D 6 BEROHFLICHD I MEER AL Lz, 2D
fthic, 9-H (Trip)2® Ceo® 5 BERDHL (B), THEL (C), [5,6] C-CHEicroH sl (D), [6,6] C-C
faodm (B) s 5 2ofExs v (56135 BERE 6 BEMMEA L 7-FA, [6,6]
X220 6 BERDMiEA L ke aRT).

(4) ZNETNOHEICONWT, TV OMELXEEL, Co ZEEDTHICEEEX & T L F—
—RalHE L7z,
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Figure 5-12. Calculated structures of A-E and orientation of Ceo molecule for each uniaxial rotation
around polar axis passing 9-H (trip) atoms. The closest point to 9-H (trip) in each structure is shown
in the schematic structure in square.

(b) FEEEREICE T B Coo DRCIHIC X 5 T4 L F —Z1L
9, WHEINE Co DR T D 3a05Ce LRI U TH 2 & A ITDWT, Coo ZERA 7277 1]

CEEE L 72540 A v ¥ —Z{L % F*72 (Figure 5-13). 77— D Gili% 8, ZnicEER C,
iz yHh & ERL, x,p, 28D D IC 0~180°DHiPH T 5°F ORI, TANVF—%—RGH L 7%

(Figure 5-13a). 7 — ¥ OWGEIX Dy XFRTH 2 720, [aliizilo /7 HICHE > TR = 2 v ¥ —
2T 5. xlhE yEOJE Y TIX 180°, zEhDJE D Tl 120°[HH53 % & 9=0°DiiE & —E(F 5.
xilBs L y WO Y OREETIE, TAVF -2 RK 28 kI mol ' TH o7z, —77, z DY
DT, T AL F—Z{UITH 3 kI mol! & /N W BT 7 > 72, Figure 5-13¢ IC/R T T A )L ¥ —Hi
INDREIETIE, Ceold 9-H (Trip)®D FIC Coo D 6 BER 5 BERBME L 2B %Z & > Tz, —77,
Figure 5-13d IC/R 3T A0 ¥ — K OREIE TIE, Ceold 9-H (Trip)D T I fK KRR T D TE 1. %[5,6], [6,6]
C-CHEGDMIE L 7ZIEMTH - 7-.
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(3)25-

AE / kJ mol™

6, =100° 6, =160’

6, =20° 6, =60’
Figure 5-13. (a) Energy profiles for internal rotation of Cso molecule included in substituent-free cage
3d calculated at M05-2X/6-31G(d,p) level. (b) Definition of axes of rotation. (c) Energy minimum

structures and (d) energy maximum structures during y axis rotation.
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Figure 5-13 ICEWT T AN F — /N E 72 13K TH - 72 ic i = L, B4 AR B0 2 8%

IANF—%RFR72. A~E D 5 201 (Figure 5-12) 122\ C, Coo % GEIDRE Y i< 10°F 2 [A]
MR 728 E DA NF —Z (U % Figure 5-14 ISR T, HHE AICE T 2 Gl JE Y O[EEIE, Figure
5-13D GO fE Y ORELICHY L, [FEICHE S oA F =2 idIEFE IS v (<3 K mol!). %
7o, CONEEMAICENTOHLE A IMfthofhE & LR TRETH 7. 9-H (Trip)2s 5 BERICH 1
iE B T, fE A LT 2~5 kI mol ' ALETH Y, FIFRICHE D = AN F—ZI/NE 220 72
(<04 kI mol™). —75, KERT DM (C) #[5,6], [6,6] C-CHiaDHmE (D, E) (a7 i#iE
X, MEAPBLHARTHIIALETHY, MEA LD AL F AT 12k mol ' LA ETH 5 7.
INDOFERI, i o RIS, 9-H(Trip)2s Ceo D 6 BERICH S HEEAZEFTH Y, #
HWAICET S GEFEAY OEFEAEZ VY 2+ W2 & 2R LA ZRIZIREAIZ X ST Ic X 2
FERER L S —BT 5. ZNITK D, 3asCe 2¥fiimn T T Coo Z HlER T, 77—V ZEEF L Lz
FrrAuvRa—7L LT ERRINT.

30+

95 /r’-ﬁ\\‘

AE / kJ mol™
o

10+
v ¥ w ¥ ¥ w ¥ ¥ ¥w ¥ ¥ .y
54
0 T T T T T T T T T T 1
0 20 40 60 80 100 120

01°
Figure 5-14. Energy profiles for internal rotation of Ceo molecule included in substituent-free cage
3d’ calculated at M05-2X/6-31G(d,p) level. The closest point to 9-H (trip) in each structure is shown
in the schematic structure in square. The most and least stable orientations for each structure are

shown in Figure 5-19.
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(c) wBELHEEICE T 5 Coo DELMIC X 5 = 4 v F —Z51L

BRI, T VRBEDEIC K D Co DEIET~DREICOWTHN 272, DFTEHRICL V&
AL U 72 3doCeo SR D 77 — PHiE % VT, Figure 5-14 L AR D5 % 17> 72 (Figure 5-15). Hi
HER UL, 9-H (Trip)2® Coo @ 6 BERDOHLL (A), 5 BERoH.L (B, THA (C), [5,6] C-CHE
Botig (D°), [6,6] C-Chiaohm (B) K29 5 DDOMEIC O W TR L7z, BIHORR L
FHRRY, BERICHES T AL F—ZLIF R TOMEICE VT3 K mol ' BAT &/hE v, £/, HIK
ZRETH HHEE A, B & ANRIE RS CO~E DT AV F —713#) 3 kImol ™' &/N& £, Figure 5-14
DHEICE T2 ZANF—EDK 1/5 THoTz., 2D, L3Ry, #iE C~E %&H
L7z Co DERTFRERIEIAR IR I 2 L ExbNE. 0L RiEVE, fHHICK2 7 —Y ok
BLREE & LT, FiRP TRy F v I X ) r = UREENZL L T, 9-H (Trip) & Coo DIEflA
SR 72D, 9-H (Trip)2s Ceo DRIAID 6 BEDOFEAICK L TCT v Ah—D X5 I e iciERT 5.

30+
—— A
254 D'
* B|
<~ 204
IS
E
= 154
y
104

0 20 40 60 80 100 120

61°
Figure 5-15. Energy profiles for internal rotation of Ceo molecule included in substituent-free cage 3d
calculated at M05-2X/6-31G(d,p) level. The closest point to 9-H (trip) in each structure is shown in
the schematic structure in square. The most and least stable orientations for each structure are shown

in Figure 5-20.
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(d) ¥v A4 vxa—7HZEENCNT 5 CH---n Efih D%

o — 2 3aoCe BER D W & N7z Coo DEIIZEENIC D\ T, CooWNELDIEEZ MR L2 % £ Gl
DJE Y OREEE & (387 2 FHICH [MET 28556, LIEEAD» D, G C~E ® X 9 I 9-H (Trip) A3
6 BERORFR A I 72 E~DIB 2T 5. 20, #hE AICEIT 5 Co D —Tililal
HRlt, A & C~E ODEDOMO T ALF —ZIC Lo THERIINDG. ZOZALF -
CH--n MHEAEIC X 2 ZEAC, KFEFT L Co DEIDZZH T I X 2 ALEITER T 2 &F 2
bhd, TOLE, ) TFvV IMOIKFERFD Co DRMODEARICKLTT VY A—D X I
e ZRT720ITIE, Coo D —HhEHRD T2 K2, EEOKFERTICX S CH - Hfit DT
172 <, 9-H (Trip)® CH-n ffihTH 5 Z L 2R T 2 E B H L. 22T, FP)TFRva=y
MCEHL, KHREAFL Co DREIDEHEL, #E A, C~E DT AN F —EDFREZHH T,

FHEMESE & L C, Figure 5-14 IC B 1F 25 A O b ANLE RS (0 =40°) &, C~E DixdL
E G (0=0°) ZHWZ (Figure 5-19). % LT, KUK, C~EICHIT 5T 40 ¥ —H/\
DIGED T ANV F —Eqaie 2, A ICET 5 T ANF —fKDOEED T 4 F —Epgante (A)Z 5\ 72
% T ANV ¥ —FEAE LTERL 7.

AE = Egaple — Eunstabie (A)  (17)
CH--n AHAAEFAME) CKBIR T & Coo DI DOBEREZ FAEET 27200, P 7 Fw v 9fid LK IF 147
D C-H GG DHEE d # 22 b 272 (Figure 5-16; 9f7: d=0.1090 nm, 1 fi7: d=0.1083 nm). D X 5
AR % AT 5 72 Coo SEIRITDOWVT, M05-2X/6-31G(d,p)L A T— R Z1T\V, TAALF—72 AE
ZEHR L 7.

5,

Figure 5-16. C—H bond distances d at 9- and 1-position of triptycene unit of 35Cso complex.

FL®IT, 220 9-H (Trip)lc 2T, il CH HAEHOL{LE ((Ad L LT, AE 27
o v b L7 (Figure 5-17a). 907D C-HAEGDEL D, Co & DEEMDTIL Fo o7z & &, AE TN
S otz FRCHEECTIE, -Ad=003mmICEVTAEIHAAF—2WEEL, K& LEL
2. ZORERIL, HiEAL C-EDORO T ANF O ERERD, IMOKERT & CoDDR
RN EDARRENTHZ L EBRBL TS,
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KIZ, 62D 1-H (Trip)lc 2T, #iih%z C-HAEGHEHOZIE ((Ad L LT, AEZ7 vy}
L7 (Figure 5-17b). 167D C-H#EEHE L 2D, Co & DD o7z &, AEIZDT DI
RKEL o7, ZORERIE, 1620 CH--n A Coo D MR L CTh £ 0 8% T 7w

TeZERLTWES,

(2)2- (b) 281
24 V v 24
] N, 1 ¢
205~ C ,sHs H 204
5164 164 D
212 212 c g V
H 4+ H H
4 1 1 1 4 1 1 1
0 0.01 0.02 0.03 0 0.01 0.02 0.03
-Ad /nm -Ad /nm

Figure 5-17. Dependence of relative energies (AE) on C—H bond distance at (a) 9- or (b) 1-positions
of triptycene units at M05-2X/6-31G(d,p) level.

LLEDFER DB, 3a0Ce $5AD Y ¥ 4 v 2 a— FNEEO EARERNL, FY 7FEy 9 i
CH-n#fihch 2 LB RBIN/. BEIRREICENT, 7= Gl Fmicd LRFL 72
Wh L BT, 9-H(Trip)? Co DREDIERICH LTT v H—D X 5 i, 3asCeiithny v
A Ra—-THEBENRERL-LEZLOLNS (Figure 5-18).

(b)

CGO
Figure 5-18. (a) Gyroscope-like motion of 3a>Ceso. (b) Schematic diagram of a part of CPK model

of 3a>Cg.
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53. ¥ ¢ ¥

KRBT, 7= icadEEI N Con FOBMZEE %, RENZ X MEHEMRNTE DFT GHHEIC X
DTz,

fERmP T, GEEIhE Con TR 6 BRET —Y oA RICH T2 2 EORMZI Y, Zh

BB ENCFHIRIECTH o 72, DF D, Coo MM CEIZE B 279 2 & SIS 21T 78 o 7.
X 51T, DFT §HHIC X 2T, Ceo 13 Z D 6 BER2DS 9-H (Trip)iC [l  BRAIDSRDZEETH Y, Cs il
Ho C—HFHE L LT W LRI N, SO OFRERIE, #EdH T 3a0Ce $51A23, Co % [RIHL T,
r—YREETFE LBy A uRa—T L LTAhBE3EH T LERT.

AR I EEILD Coo P TR TH IR Yy A v Ra—7L LT, AOHBRY WD
TOHITH S, TNETICHEINTE 7 Co Fifk D% < 12, face-to-face B D n---n M AN %
Wzb DTH Y, CoD—HlMERIL, Coo~DEHILFE NI X o THEL ZIZEEELZFHL72b D72
FTHotz. —J7, TDRTIE CH--n MANEFD point-to-face T < & &1 X 5T, 9-H (Trip)A
Coo DRHDEALIH L TCT v A—D XS CTEES 2 2 LT, —HbiRzGHIcT2LEx
bhd.

VxAmRa— 7 IHEUL A0S U, BERENICH o 2 BRRR & ORGP KB A
7Y, WIRRSRCHEERIC X o CHlis T2 EE L, —ihEB2EHL Tz, LaLl, Zof
RickBWBChEEFZEE L TwW2% CH o HAMEHRANAOHAER XY bid s 20550, 2%
TOREES OFIEHNIE S £ v EE TRV, FHOHAEHEZHW T BTy A v xa—7
DREETE ZAMRERE R R L T 3.
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5.4, EERDER

5.4.1. VT X-ray crystallographic analysis

Dark violet single crystals (0.5 x 0.2 x 0.2 mm) were obtained by recrystallization from a solution
of a mixture of 3a and Ceo (ca. 1:10 molar ratio) in p-xylene. Diffraction data were collected at —180,
—120, —60, 0 °C.

5.4.2. Calculated structures of Cs complex

AE =+3.98 AE = +6.68 AE=+27.0 AE=+21.2 AE=+24.7
Figure 5-19. Most (top) and least (bottom) stable calculated structures during rotation of Cso guest in
cage 3d’ along various axes with rotation angle 6 and relative energies AE (kJ mol™!). Hexagons or
pentagons around rotation axes are highlighted in red. See also, Figure 5-14.

AE =+4.83 AE=+4.34 AE =+5.27

6=20°
AE=+2.74 AE=+2.64 AE =+45.97 AE = +5.80 AE =+5.99
Figure 5-20. Most (top) and least (bottom) stable calculated structures during rotation of Ceo guest in

cage 3d along various axes with rotation angle # and relative energies AE (kJ mol™'). Hexagons or
pentagons around rotation axes are highlighted in red. See also, Figure 5-15.

135



5.4.3. Dependence of complexation energies on C—H bond distance

The most and least stable structures of 3d>Céeo, as shown in Figure 5-19, and the free cage 3d were
used as the calculated structures. To adjust the distances between the inner H atoms of cage and Ceo,
the C—H bond distances at 1- or 9-positions of triptycene units ware reduced (9-position: d = 0.1090
nm, 1-position: d = 0.1083 nm). The single-point calculations were performed for the cage and the
Cso complexes at M05-2X/6-31G(d,p) level. The complexation energies (AE.) were calculated from
the energies of the free cages, Cso, and the Ceo complexes.

(@ °7 e (B) 07
—e— A (6=60)
-10- B (0=0) -10
s 20 ~— C(6=0) o -20
E —— D (6=0) €
2 -30- . 2 -30
~. E(6=0°) =
L Ly
<1 _40 <
-50
+ .
'60 1 1 1 1 '60
0 0.01 0.02 0.03 0
—Ad/nm

e E (6=70)
_40\

—e— A (6=40")
—>— B (6=110")
—a— C (6=607)
—— D (6=70")

0.01 0.02 0.03
—Ad/nm

Figure 5-21. Dependence of complexation energies (AE:) on C—H bond distance at 9-positions of
cage of (a) most and (b) least stable structures of 3d>Cso, as shown in Figure 5-19, calculated at MO5-
2X/6-31G(d,p) level.

—e— A (0=60°)

—o— A (6 =40°)

0- 0
(a) . (b) a
—*—B(0=0) —»— B (6= 110°)
-10- —a— C(0=0) -104 —a— C (=60
5 204 —+—D(6=0) S 20+ ——D(6=70)
E E(6=0) E A, —mE(0=70)
2 -30- 2 30"\_"" ———3
Ww” —— w” —— —e
< 40 —=— < -40-
-50 — -50%
. —_.________.
-60 T T T 1 '60 T 1 1
0 0.01 0.02 0.03 0 0.01 0.02 0.03
-Ad/nm -Ad/nm

Figure 5-22. Dependence of complexation energies (AE:) on C—H bond distance at 1-positions of
cage of (a) most and (b) least stable structures of 3d>Cso, as shown in Figure 5-19, calculated at M05-
2X/6-31G(d,p) level.
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