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MIHEND Z ERZ, Tb b #RNIIED TEROWBFEE b > 1222l 2t 50+ Th
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RBIRV, BERERP/ENRTWDEZA L LTIE, R EED+DITT7 4 v b LTS DT
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BLZOMRCTHEIL LD ETEIRANIEL REND L H o7, RFENRBIE LT,
1969 4EIZ J-M. Lehn 2K > THID T2 U7X > R EMEENDIEAMB AR S, £ Ok
BERREINTZ L, ZOLARNEFY U XFET R 2B 2 crypto’ iR T 5, 7 U7
Z v RiEA~T o I X o THEN RIS, R WIELE R A PEO M A/EH T~
IRA A ST ERD AT Z ENTED, ZOBEEITHRA M7 2 MEEE T, BERK
ISR T DHEN LB S T 2B X Lo TR FRCEEN LR D00 T2 KA My, #
ERBAETAN LRSI ENTED, E,. 72V XK ;UE%/(X’?D%EJZJ\TH
JFA-DENZ LT, RVIAENDZF A NOREN R S HTIEE#RE 2> TS,
TRMPBVWTHELRBINEL WHIBERORBICKE LS FE5 L bEWTH L (Figure 1-1)0
Lehn 51327 U 7% > REHWEAFERERM2 G T4 7k F(supramolecular chemistry)| & >
IRFEEARB L, —KROBAEE LIfe 2@0, FX h—7 2 MRS HEFEIcBiT 5
BRI 8 & Lﬂ‘”@jéz%f% D, InETr7Ivrz—713 vrZuarFxA L
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Figure 1-1. Chemical structure of cryptand and chart of host-guest chemistry.
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770 =7 )T —EENX fCH-CHy-0F THRIN D KRERAR Y =—F7 4 THY | C
Pendersen (Z X > THA Iz, ZORIKRDERIZETND Z & BIEMA T crown AW
bNTND, BEMRT 22 8% x, BEFRf B2y Ll x 27T vy T—
TVl snD  (Figure 1-2),

Figure 1-2. Chemical structures of various crown ethers.

779 rx—7)ud, BREMEDG LA E K2 b OB 03 22 Lo NI A TA)
THRAL TSNS, BFEEOEWEBZEEL TS, 2070 @W%%%K
B EEORNI T A MO T VI ) ERA A EeEMAAEERICXVaETs 2 &
MARE L 725, SBIZ, 77Uy —T LDORESIITH LT, @&k%é@%iy%@%
THIEDRMERINTND, T7obb, 1227 7 7 v—-4-x—7 )V F ) F 7 LA A (LY, 15
70 52 —T I M) DAL F 2 Na), 1827 T ~6-—TFT NI H VUL

YENTH L TIHERFICEWEEERE A LTS (Figure 1-3),
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Figure 1-3. Capturing cations by crown ethers based on cavity size.

770 =T NVORFERFOILFBEARFORBEITRNITICE EE 57200, ZD7w),

HFF L DHA ZPEEL TR E L, RAMF R MO 2:1 OEEER TS Z &
IRV EYRFE A ST 2L bR TH D, BlAIT T M. Vila 51X, Figure 1-4 (2773 L 9 72
770 ryz—T7 NVEREET Pd ZABRIREER (Palladacycle) AR L. B Y U LA A TR
LCHE TN A XD 157 T U5 —T VERWESEEIZ, 2 RA vy FROFB
A K= A SO 2:1 OREKT D2 & 2dfsE LD (Figure 1-4) 6,
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Figure 1-4. Sandwich type 2:1 complex.

70— VNOBERFIT, TAA VBT AN TEERREDN— e R
A F 2 L HERSI N EN L THERETERT 2, ZOBERFEZNO~T afHIcRx 252
LIZE  EoTehtEZ R Z M SN D, BIZIX7 70V BRO~NT vl &2 ZhEi
EHRMBICER LT 70—V TRF T 7 Ty =T L S RNERRICRE SN
TwW% (Figure 1-5),

N{—i_H\N S/_\S
[NH HN] [S S]
Y, ),

Figure 1-5. Chemical structures of azacrown ether (left) and thiacrown ether (right).

Flo, VIO —TIIEBRA AT TRL T V=T A BT A UL E NERIZELY
R Z ERMEESNTWDS Y, 7T 0 =T L OEHEFE I B AR N T
BO A= RREEXTHLDNN— N ThHL T N TADV&RAT T
THERA A, TR U LD T A LR EOETEEDORN D T A EEFENG )T
AT D, T, V77UV E—TVOBRBIRLT R LA T AL D HN EO O--HN
DKBREEERT D, Lo T 7TV =T )-T =T LA F A AT EM IR,
KFERES O 2 FEHOMEERIC XV ENICEEEIN D (Figure 1-6)
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Figure 1-6. Complexation between ammonium cation and crown ether.
I I =T NDEBA A ERERT =T AT A O EOWRIE. A
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/a7 XARN) Y (CD) X7V a—R51R a1,4-7Y 2y RiEETRHA L7zBRIR A Y
SWECTH D, I a—AR6HEA LI 7 aFx A M) vk o/ aFx A R v 7E
ALy z7uesXxA ) vE pvrzurXxAa by 8 S LY/ eTd AN v
ZyvrarxA M) e LS (Figure 1-7),
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OH °  oH
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Figure 1-7. Chemical structures of a-cyclodextrin (left), B-cyclodextrin (center), and y-cyclodextrin

(right).

a7 X A MY (CD) X R—FUHiEE LTEBY ., ZORIEEDIMANTZ < DKEE
FICHRkT 2 BUKMEZ RS, NI CH BRICHKT 2BUKEZ R L, NWEOZELY A X o
27 BTHXARN) U THS~A B2 7T XA M) TR TI8A v 70T XA R
TRIO~I0A TH D7, ZTNTIUCKHIET DA ROBUKMES 1% NI D iATe Z & A3
A[RET&H 5 (Table 1),

Table 1. Characteristic of a-cyclodextrin, B-cyclodextrin, and y-cyclodextrin

o-CD B-CD v-CD
Number of glucoses 6 7 8
Molecular weight 973 1135 1297
Cavity diameter 5~6 A 7~8 A 9~10 A
Chlorobenzene Bromobenzene Iodobenzene
Guest compound
Aniline Iodobenzene Anthracene




BT T, CD 727 A My 12V IAAT L1 85K Z BT 57210 Tl | #ii s
T D T A Ny FERD AT Z LIZRY | BRSFER -T2 K O IeiiE A T 5, =
DX D IRBRIRSY TN IR o TALBWNE, BTz i~ T U TV E LTERRICHIIES LTV S,
ZIX AN T ELTHRY=F L7 a— i EoRRESTL CD ZRESELZ L
T, 1 DOHRRSY FIZSZ B ORI TR -7 R ) v 2 2 oG SN T 5 (Figure
1-8) '

A U

Figure 1-8. Preparation of polyrotaxane. CD is illustrated by red circle.
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Tz )= )VERNVAT AT E REEEI®EHZETHRAYOANL T I AF v 7 ThHE
W IRE ST (R—=27 T4 ) BMEBND Z L 1E 20 HHATHIEEICHH H 2N STV, 1975
£ D. Gutze 137 =/ — VORI tert-7FNT = ) —LEHNDZ & TEAHFTlER &
WD a-6-8BFENNELLIGEONDZ AR LES, Bonimiko %, sl LT
WAHZ EMNDL, FUTUYEBEBTHEZEWT D calix & EHFFRIGAMZEWRT 5 arene A5
> T calix[nJarene (#V v 7 A[n]7 L—) L Sz (Figure1-9), BYU > 7 A[n]7
L— 2 OO FHFER OB CHOKMEFHEERIC I Y 7 X My 23835 2 L3 FHET
BH5,

+ )k base

OH

/
OH OH QoH HO

Figure 1-9. Chemical structures of calix[n]arene.

CZETREMRARA M FIZOWVTIHRANTE R, BIELZ DRA My FREK. &
BEnTkY, BESICERT Dm0 Rt 2 A4 50 FiisihoBRpB 2 s Ty
Do



5H oy TRk

Btk &3, HL 3N F =S UEE), (fF2 75002 L2 LT, NEHOEDL LA
BT HH0E L TAHOBEICTFLG L TEL, oIz 0T, Bl
DINB=R N F—ZE 1L LT, BRI RV X—ICEH L THHEFEEZTH2L0R3HDH, 2D
% K.E.Drexler 1. 55k, £72137 /~T & LTRB L, ARG+ TITALSIEREL
TVWDL T TH LN, ERIEFICBNTHRET DAl Z O TWD Z & BNTFE
HEEDTWD, FRIH WA KT 28D —28 LTHERE INLTWD OB, AT
v n gt RhicREINDA X —a v 75 THD (Figure 1-10),

Figure 1-10. Structures of catenane (left) and rotaxane (right).



AT F 2 LR EMREHD X S ITHEAG - THERE LTBIREZG T 20 FEGERD Z
EThHD, 1960 4E, E. Wasserman (I KU AT VAT ARET VA 2T oA v
RS E, BRI FRBHEG ST bDOEEINT 52 LICLY R THD T T F DR
BECREY LT 1 ZokE, B 6N T OICEIT DT 5 0.0001% T o7z, & D% 1983
. J. P. Sauvage DHFRI AR & KT A FEIC KV BT F U Z2@IETHKT 5 Z LI
L7z (Figure 1-11) 3, Figure 1-11 [ZREND L9 IZ, @BE 2 LI > TEHELS
PEANE DRI L 720 T F FEOIERR EICEIRL TV D, & EMEREE b
ORBAT YT B ML T ANy BB Y rESY 7 P OAKIE, AR ELT
DTENMHATH D,

=

Cyclization

Figure 1-11. Synthetic image of catenane.
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= A SANGF &7/ S i e us av/A) = BT A DN IYT T S N VA N D e TN VAY R 8 Sy S R
& TR T T DANIRL RS T ERTH D, v & XV OH ML, 1967 4 S.
Harrison (2 & Y 55 Sz 12, Ziud, B —X (BEEHR) (ICHEF S B2 BIRD FOE T,
B 72 D BTN LN FLERISSELZ LT XY U ERESELZLENT
DM, IRIT 6%E BT F URMENS D TH o7z, vXFHh i kiczr bee—
HINCAFI S T D72, BRIRF Loy & ORICENLRE S 17 CBUKMEMH E/EM 1 72

EERNITe DT TERT 2 FIENZENTH S (Figure 1-12),

_ U 4 9 590

Supramolecular interaction

Figure 1-12. Synthesis of rotaxane by supramolecular interaction between axle and cyclic molecules.
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AR T oom 2 X4 U7 EORBITRIE T — 7 2 AT, 8RS 1IMBRR IS
UCHEIIT 5 b ONIE AR EN Tz, BlzxiE, ILF Stoddart 17 7 7 =—F AN HF A
ML EE DN IATLHEEZFIA L, 24-2 T 0 8- —T VG kT o E=
AN FAELE DALY 2 XY U R L, & DICHE - EHEENC X0 BRIk
WES Z &, Thbbyy M U IEBERT I EZWE LY, 20X RZE# R RT 4y
FIE, o Fyy b Kidh, g oESIETR S 5 WVIMEFER R E TG 20 0]
FHDORHFHZ Lo Ta XX 0lhsy 1 EE2 RIS FRERICY Yy N 73562 Ll
HINTWD, £l FE—F =2 TR 200 L—4—2 (Figure 1-13) & JiE
OB FREOBREFE L INTEY, SBROBENMIFFTE LB L2>TND,

Molecular motor Molecular muscle Molecular elevator

Figure 1-13. Illustration of molecular machine such as molecular motor, molecular muscle, and

molecular elevator.
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BB, a2 X AL, W FORIEGIKRERA by R=00F NG SN TE ST, IR
FTHRHBEICHAY TS50 THS (Figure 1-14), B X X2 L LE_TEEMHIZKIT TV
DN BRI FREG RS 5 2 &, BIDOBRRDF 2B AT Z LIRS Z & 3R
Lo TEY, BHFLFICBIT 2 A MR EERD 1 2L LTHET LD,

Figure 1-14. Schematic representation of pseudorotaxanes.

Stoddart 5%, PRV 24-7 T -8 —T VOB LN T =T A AT A
VEMMEDKFBIR T EKFBRAEERT D E TR A UBNBRESNS Z EERE L
BoF, URUYB0-T T -0 —TADMBER L) Py AFFERD D T
TR OFBREEAC, nBrEERLITa— o=y b e aBIARREE ) V=
ULAFEEKED NS =T /e T —HAEERIC K DEr 2 Y AR A RE LT B,
Sauvage S, i1 LB 72 1,107 =) > b U UFHEREZ VT Cu' & OFMHE
Bl 2u 2V A ERE L2 2, o233 08 e 2 2ol il L LT, I
HEHEEDTWLORRY XY (RUfEn2X¥0) Thd, FFICRES & KT
ALDMEE 27 1%, oy 23T D BRIR O FELANEE STV RNz MEHNTTo 28
2T7A RTDHZENEGTHD, TDD MTF WLOEST AL D, KS IS,
BREDHEMZTHHOEE TEOHELZH L TV D RNRERFFHUTH D,
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W72 E OIS ERETT A, BEMOER S BRKERFEE 72> T b, BRI R ¥ X4
DI MR FRERA~DOIS LS E O HERID 720,

T ZTRIE, BRDRS ThH D R EMEF DD GG, Fia X X0 2 VT 1
ORI ERFT L L D &2, fEn ¥ 0 2R 2RI K& RS & LT, oy 1
BRI T L OMBEMEANRDH EVELS RV ERET BN D, AFFZEICB VTR, B+
BRI T E OMICHEBOM BRI Z b7 2 L2k, Ea s orEts
METHZENTEDLEE X, BEMHICEN R XX 2T 52 R TEH L,
S T HERA~DIS AN ATREIL 72 D £ B 2 B b,

Fx OMREITBES TE2RIRT ZIChTe-> T, VVRAIZERLTWD, — G Y
NMEETHD N T 2= VIR AT 4 XY REfioT0WD, NI T =)V kAT 4
Ay RIZZBRPCHFICLETHDHZ L, ZHBICT7 ==V a2 F L TS0, Bk
BANZEY ZHROEMERSG AR TE 52 &, BERTFOHFLFEFR1MAHEE
JBA A NTHK L CHERE WENLREZ AT 5 2 &, R EORHRE A LT\ 5, Fox ORFREE
TIHINETIE, N T 2= VR AT 4 Ay REKE L OREIRIEAY., AT HRA 7
T a7 7 DEREEEHEERNT., N 7 2= VR AT 4 AR MR E S OB
FDERE A TARZL LR & 51 ORI & FEORIERG 72 & DORFFE &2 1T > T & T,

MU 7 2= VARAT 4 FFRT FEVE Fax o7l ol Lo Tl Lk ey
DERUTKI L, £ OfEemEEMEHTIZ W T BRI FONEZERIC Y 7 Ak B IO
MVE 2R IALTND Z E & BNZ L2 (Figure 1-15) %,
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Figure 1-15. Crystal structures of oxaphosphacyclophane. The ellipsoids of all non-hydrogen atoms
have been drawn at the 50% probability level.

KUZR (4= @HNVRXLT7x2=)L) To2=)L) RAT 403X REBTI & LTERK
L., i TSR LA AT o728 2 A, 2—u vy A& B % HW TR S AR &
TR D 2 LIS Le, ZOKIIENERN T2 LIChVa—m 'y 254
DRI ERT (Figure 1-16) ¥, ZZThU 7 == VKA T 4 A XY ROBEIFRT-
XA HEA R~ OB G 2 TR L T,

AN

Figure 1-16. Crystal structure and emission property of europium(III) porous coordination polymer.
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KRG THRIT, ZBEMEICEN B 2 XY O E ZOREWEZHONITHZ &%
Hi) & Lz, 0 FXEHIRW T, il L BRIk & OISV < OO EAEH 3 IE72 6 <
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Lic, BET VBT LNTF AL 7 T =T EORITITTZ b < KRFEFHEIT X
STERZ XV UNIKT 203, RAR=T L AF AL 7 F 0 2—T L& DRI
X b HEMAERICE 2o v oRELRAR EEHHF LI O TH D, -, 8BIR
DTELTCORY I T =T N EANDLZ LI, Wiy TORRIHD N 7 =
ST IR RAR=ZT LA TFF VAN DOT 2=V RS 7S —F )LD
YU EORICHER-SHRHBBEANIZL &, En ¥ X0 oL Ebm EAgrcE
Do

EBIT, BARZDAADFAUENE N T 2=V RAT ¢ A%y REL AT 5 2
LTk A EEEASOBAMREZ ) T I b7 D Z ENAREE D, Ty LT T
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AR TILH 12, BROES S EZEICANTA Ny =i a N 7 U —L7 1%
JWRAR= g LT oHn 2 X U255 L (B 2%), BikarelTrovr=
—TNBLOUR Y 7Ty =T AV, EORMENE LT UE=U LT FF
VEAL Ay B AT S (Figure 1-17)

n

Q\P%i\/\uea/\/\/ [ Q\Pi/);\ﬂ”@
&) o e,

Figure 1-17. Chemical structures of phosphonium-ammonium type pseudorotaxane.

Z OIS F FIIIARAR =T A D TF AN E T BT LI TF A LD 2 DD F
FUDPFAEL TV D TefEn 2 X3 U ORROBIC, 77 ZADEPERHFTE 5, T7hbb,
TURZULNFAVEMNLE 7 T e —T )V E OBICKEREARIC L Vi X &
BT 2I2MA T, RAR=T LI FAELE 7 T 0 =—T )V E ORI EH AAE
ANT X a2 X ORENEZR ESEHZ LN TEDEEZ T, £, TUoyE=Y
DAF A MR CTUIRT A Z LI LV T I VAR T A LRV iAEh-7 T DT
— 7 VT D 2 e R Ly 7 L BRI FICRBET D, T D& E RAKR=T LT
FAUEMLE B o TSR X X U AR LT EOREEMEIC W TR,

SHIL, 7700 m—TNE LTINS I T =T VWD TR T
T—TIVORBUBREM SO 7 2=V E OMICEFR- S EFRMAFEANT-O X
o2 XY ORERER EIEDLZENTEL LB, TNICLD | KERE L TEER
~FHEBRMAERO _FBEOMEERICL ) REEICELEe X XV U 2METE S
(Figure 1-18), F72. bV 7 ==L 7 TR AR=T AN 2 BRERLT 5 2 & T
DFHFER-FSHERBEAERZRT 5 Z LN AlRE L 72D,
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Aromatic ring—aromatic ring interaction

Figure 1-18. Aromatic ring-aromatic ring interaction between axle and cyclic molecules.
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%V@ﬁi_ﬁﬁbkﬂ\7ﬁvyi~%wﬁﬁ$X$:vAw%ﬁy%&%ﬁ<Mﬁb
RNWZ ERHLNE IR oTe, DT, A Ny /NI E R AR =T DA T LD B R
AT 4 FXY R~ EH L, KO ZREEOREWER X X0 25 L (B =%),
AR Z T, AAT 0 A ¥ R ORI 1232 TSR~ ORI % 7R
T e, HTERNME~ORBNMFINDG ST LD, 22T, MY 7 x2=/LiRA
T4 AR Y RERMEAL, BN TE L TR Y 7 T rm—T B, O
AL LTT =Y DT A A2y I3 AT 5 (Figure 1-19)

0 O o
>0 e T TUREN & s B

Figure 1-19. Chemical structure of phosphine oxide-ammonium type pseudorotaxane.
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FE WA AT

HII CHLORABR =T L—=T =0 LB 2 X5 0 OGRE 2R 57205
FFENT 24T > 7= (Figure 2-1),

O =DB24C8, 24C8

Br
PW”/\/\/ - Q\P%ﬁ\/\ Br — ©\P + WBF
PFg PFg

Figure 2-1. Retrosynthesis of phosphonium-ammonium type pseudorotaxane.

HREWECTHD N 72 VR AT 2 ena P AL T S L OREBHR G L 57k
ARG DAF A VEMOBRIHE, TAXAT IV OEAN, TO®KT V=T L AT A
VEREASDEREIT O T LT, RARZ U LD T AN E T =T DB T A AN
HHE L O T ORWMNARETH D, TV EZ T LAFALEMLE 7> TWHIRFET, 7
T E—TNARR I T =T NV ENAL LIk Ve X AT D
ENTEDLEEZT,
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U KRR K= A —T VvESY LRSS FOERK

AEILE, EBEOERICOWTIHERTWL , ZLDICHEYETCHE ) 72 AT R T
AVERBHMOEL 2 uZ VLT A A Y EDORIGICE W R R K=Y LA F A VEALD
B EITV, T H Y v R — A4 F v as#iw{T 57 (Scheme 2-1),

Scheme 2-1. Synthesis of alkyltriphenylphosphonium salts.

© o © NH,PFs aq. ©\
Q\P n toluene, 100 °C, 1 d PAI~"g; MeOH. t, 5 h P~ g,
e e
Br PFs

PV Z7zonAFmRAT74 e na Tl AL TAR Y ED SN2 KIGICKX D FRRAF=Z T L hF
FULEBEBIE WYV R —AF VBT, ATV R—AF VERBAF DO ~FH
Iadu ) VLA VICEL T2 2AK Lz, 2Ty u s vk A v E LT, VT
nE72y (a), Y7uEXVZY (b), Y7uE~IHY (0) ZHWV, ZNEFNDI
% Table 2-1 IC/R 3

Table 2-1. Yields of various alkyltriphenylphosphonium salts

Length of linker Yield of 1a, 1b, 1c¢ Yield of 2a, 2b, 2¢
n=1 (tetramethylene linker) 98% quant
n=2 (pentamethylene linker) 78% 90%
n=3 (hexamethylene linker) 88% 96%

Y722V TAFNRRARZY LAFAVENL 2 I LTCT IANT IVvERIGEES
L THRR=ZVL-TIVIKRI ZHK L7z, Z0% 3 ICXfLC#EMA s & TT IV
ETVEZTLAFAVEMICEIRL, dRAF=Y L —TFT vE=ZY LT 4 ZEL
7= (Scheme 2-2),
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Scheme 2-2. Synthesis of phosphonium-ammonium type axle molecules.

TFA NH,PFg aq.

Q\; amylamine, K,CO3 ©\ Q\
® ®
_— P.
PAIS g, PW”/\/\/ CH,Cly, 1, 6 h MeOH. . 5 h I
€]

DMF (dry), 80 °C, 1d ]
o o 2
PFg PFe 2PFg

FY) 7 2=V TAFAKRAKZ T LAFAVES 2 I LT, 7IAT7 I Vv 2EMT 2
SN2 BERECRUGIEEIT L. N 7AF ALk Vv RF = L —T7 3 VK 3 234K L 7=,
Z Ol FRIBA I LC P Y 74 o fffE (TFA) 2z 52 kick by, 7I vtz 7
VEZD LA FA VNN EEBRL, ZOE%~NFIIAA R Y VBT VEZ TV LICE D A
VYR ATV ERMTEETHRARE Y L =T v Y LGS T 4 OEREITo T
(Table 2-2),

Table 2-2. Yields of various phosphonium-ammonium type axle molecule

Length of linker Yield of 3a, 3b, 3¢ Yield of 4a, 4b, 4¢
n=1 (tetramethylene linker) 40% 90%
n=2 (pentamethylene linker) 18% 72%
n=3 (hexamethylene linker) 29% 86%

BAEBYID NMR F v — PZEBIEICHKE 325, UTFICFRAF=Y L -T vE=T L%
T E ATV G TG L, Bl 7RISR 3a LBl T da O T A FAFIHO 'H NMR
2227 b A%ERT (Figure 2-2),

©
OF sa
H
O
PFg

3a

<} )
SN S
O oom,

2PFg

4a
I

,J. Mo,

A o

Figure 2-2. The comparison of 'H NMR of 3a with 4a.

TIVETVEZYLAFAVENICERTZ2 T, TIVOERICHET2RELD
7a b voREESY 7 S BB N, 2R T I voIdEEEEF RN T e b v A L.
Bk = FOBTEEMETLTWBEZ EZRBLTWS,
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Fontamao7T b7 X5 1L VBEEER (da) 2 RIGEE 7 v udbv o, BEE~*Y v
DASILHGE I X 2 b2 T o 72 & T 2R b N7, Hfhe X SEEMRIT 21774
o7k A, HE T 2{LEYOREEZR S 7z (Figure 2-3),

Figure 2-3. Crystal structure of phosphonium-ammonium type axle molecule 4a. The ellipsoids of all

non-hydrogen atoms have been drawn at the 50% probability level. (Gray: C, White: H, Blue: N,
Orange: P, Red: O, Green: F)

TR 3 2 AT 2, TIAT I VD S IGOIEMEGEE & LCii, &%
Ry LEABEELE L3720 92 208 E2005%, 7, BIEEYE LTy L X
YHEEE b oA NMR, Hifddh X SRAEERTIC X 0 FE X iz (Figure2-4), 7 IV
TIVEMASEZICHCIKED D) Y LOREA & v BICICBE G L7z Th b &#H
Z b, FElll 7 SOSHERE IR TH 5,

F5

c )

b:> F6
F1

a

Figure 2-4. Crystal structure of urethane as byproduct. The ellipsoids of all non-hydrogen atoms have
been drawn at the 50% probability level. (Gray: C, White: H, Blue: N, Orange: P, Red: O, Green: F)
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HUUET R R A= A—T vESY AHED X X4 O NMR BB

AEICIE, BT LTHRRRZ Y LA F A VEN-T vE= Y L AT F ViEkfieET 3
4G, BT ELTYRY Y —24—2 57 —8—T—F L (DB24C8) B XN 24— 7
T v —8—T—F) (24C8) WD Z LICX WG 2 T o 728k u 2 F 9 v oFEIC O W»
T3,

77 4 & DB24C8 F X U0 24C8 #iRAT A Z & CHtu 2 xH v iEES B L W6 0iffl%
1T - 72 (Scheme 2-3,2-4),

Scheme 2-3. Preparation of [2]pseudorotaxane 5 by the reaction of phosphonium-ammonium type axle
with DB24CS8.

R T
2 Lo o/ 9

Scheme 2-4. [2]pseudorotaxane 6 formation from the phosphonium-ammonium type axle and 24C8.

(\o/_\o/w o
@EE N(D/\/\/ [ B MJ/
<:§ew% " { \) <:§ W%QQ oy

4 6

INOLDRIGRICDOVWTIFEZ v RV AR TRIGEZITY 2 ik b, 'THNMR HIEIC
LGB 2T &3 T& 2y UTICT P 7 X F L V&K 4a IC DB24C8 5 L O
24C8 ZERM R 72 & ¥ OB O T %~ (Figure 2-5,2-6) o
Figure 2-5 D L XY 7AFNLT =T DO a— A F L U KBRS 7 LT
WA ORI S N, ST, e X X U EIBRT AR T U =T LV ORERIR T
NT =T LI TF AL DOKFERA EKRBREEEZERT D2 LI2LY, ERFEFOE
THEEMEL 2o TNDZ EER LTS, 72 DB24C8 DT L U ELD B — 7 134
LTS Z &vh, DB24C8 D—EAM iy F S AHAAMEH LTV D Z L AR LT\ 5,
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F 72, Figure 2-5 D T X Y, DB24C8 DB UVEROE—7 DML L TND Z b,
DB24C8 O —EB3 sy - E M AERA L CWA Z EAVRIBEND, — STl T 4a D7 ==
VENERS Y 7 P LTS, ZhiE DB24C8 DU P U B & OHFEEENITL 72> TEY
BREBRNRICL 2B Y 7 MBS - HERIL TV D,

4
) U

~—

Figure 2-5. '"H NMR (CDCls, 500 MHz, 25 °C) monitoring of pseudorotaxane 5a formation (top:

aromatic region, bottom: alkyl region).
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—77 Figure 2-6 @ L X V| Figure 2-5 L [FAFRICT AF VT o E=T DEMLD - A F Lo
KRFBIMERES S 7 B LT DM S iz, Zhud, a2 YU 2R T8I 7
Uy T —TNVOBRIEAINT =T DAT A UENLOKRIR A L KBRS EZIERT D 2
IR, BEFRFOBFEEMES Lo TWAEZEEZRLTND, 7 T 7 m—TF L%
FED@EmW ST CTh D72, DB24C8 D L X LTy | = F LU OE—2 1 F7 e —F
ftLTn5,

Figure 2-6 D TXITlE, 7 7V v —T VDR LT vE=Y LOKEFRT L DKHE
AR T 2SS 7 F 2Bl S Tw 3, FEKREEO NMR &~ 7 F Lot /123
Y.DB24C8 D& X LIRS TOT7 =T m MRS 7 LTV A
ZEMDbND,

D

C J

o oS

b

(¥
o G )
GQMQU) X
OF o e
@

64

S ]

Figure 2-6. 'H NMR (CDCl;, 500 MHz, 25 °C) monitoring of pseudorotaxane 6a formation

(top: aromatic region, bottom: alkyl region).
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DB24C8 Z W 7zt m X ¥ VHEHD L XTI, P 7 2= AT AFARAKFZY LA T
FVENi D7 = Ao Fa b vAERISEY 7 P LTWA I &b, DB24C8 DX V¥ VI
ORNICHEBR - S EBEMEERBIEZ50WT w3 Z el N 3,3 7bb DB24CS D
XYL VEROBERMBICIV P 722 ATAFARRAF= Y LA FF Vo7 2 =
MED T e by REHSE Y 7 P L ELLND, COBEBRR-FERHAERICE T,
RARZT LAFTA VTN -T VEZY LA F A VEML OB OERERED S 2 Lic kY,
by 7 MEICED X 5 BB RSN 5 2% MET L7 (Figure 2-7),

H7uuRVAHTT P I XF L VRGO T 4a. = v X AT L Y RIERL O T 4b,
~F Y AF L VBT O T 4c & DB24C8 HRA L, #r X X9 5a, 5b, Se ¥ T NZT
AL, 'THNMR HIE %175 72,

Q9N
Q\Pwu@/\/ol/
C} eZPFs k/oum@
tetramethylene linker ‘I'\
i N\

AAVAN W AN PVANN N AN N AN
pentamethylene linker ’| X
Wl
|

|'|‘ ‘ \ | ‘ . ‘Ix
__Jq‘df J / (AN N - \\J\J’V AN _A

hexamethylene linker '
- ﬂl

tetramethylene linker

i e P N o ) N

pentamethylene linker /

Hoe
A

hexamethylene linker /

R L ~ -

7
‘vf "’L A

L A

Figure 2-7. Spectra comparison by length of alkyl chain between phosphonium and ammonium (top:

alkyl region, bottom: aromatic region).
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fto 2 %9 v 5a, 5b, Sc WL BRI, TAXAT VBT LENLO a—AF L KFHE
PERESGS 7 M DR FICREBRE(RITR b o7, L2l P 7 2= AT A F sk
ARZY LAF A VELLD 7 = 2 VEDOKFEIZEB N T, 20 OMESBBH S, 370b
H, ~AFX Y AF U URICL VRIS EEr 2 XY 5S¢ OFARIFIC, TNHDOKFEDOT T
NI E A BRI SN2 o T2, 23U Se IZBWTIE, i) F DR AR = A T4 fF
TN T T—TNDOEBEEHFEVZT TN EWNRBIND, TVE=ZTLNTF
b RN 7 2= VT IIVFRIVR AR =T AENL R EWE, N 7 2= LT )L F LR AR
=LA F A EMLD T = = HE & DB24C8 DAY B E ORIIC T FH RS AR AR
BROLNELS R, e X XY VY OREE~DFHFGNS BdLFIZLND,

NOESY 12 X 0 ZEICEWLEICH 5 7 u b v ol 2fTo72 A v X X9 v 5
HHBLL BRI T Dy —AF L v EDiKkFEE DB24C8 DN VX VERDKFE L O 'H-'H
MBS 2380 X 7= (Figure 2-8, 2-9, 2-10 FDOFRAL TR T ),

— = &

— o

Figure 2-9. NOESY spectrum of 5b in CDCls.
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J‘L/’ \ 4
— 7< -~
) o 7T
= 38"
— | .o
—_ &F

Figure 2-10. NOESY spectrum of 5S¢ in CDCls.

SOICHBETICX Vo 2 X3 Y OELTRRT 20T A4 v E—27pBllls T
(Figure 2-11, 2-12),

3
lonization Mode: ESH x10”  Intensity (266800)
x10°  Intensity (810865)
800 47126030 250
998.56548
7007 42678810
200
600
150 4
500
427.28944- 999.56897
400 100
472.26408
300
1 998.56548 507
1000.57343
200
405.30605
1 999.56897
487.23662 L\
o4  |{{ ——— T
995.0 1000.0 1005.0 1010.0
m/;
TN ll 1
=S S e e ——
500 1000 1500 2000
m/

Figure 2-11. ESI-MS spectrum of 5a in CHCly/MeOH. m/z 998.5([5a]), 550.2([4a—PFq]"), 471.2

([DB24C8+Nal"), 404.3([4a-2PF¢]*").
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lonization Mode: ESI+
10 Intensity (942461)

378.78541
9007 Ionization Mode: ESI+
x10°  Intensity (458500)
800+
400
700+
902.56194
379.28621
600 404.30702
300
500+
400 2007
902.56194 1 903.56575
300+
100
E 405.31011
200 903.56575 g
904.56938
1 _448.30358 1 L&K
100 0 A
-_—
4 890.0 9000 910.0 920.0
I m/z
odul_till Il a
T T T T T T T T T T T T T T T T T T T T T T T 1
500 1000 1500
m/z

Figure 2-12. ESI-MS spectrum of 6a in CHCly/MeOH. m/z 902.5([6a]), 550.3 ([4a—PF4]"), 404.3([4a—

2PF]*"), 378.8([24C8+Nal").

BT, Be 2 ¥ v ORERERIRDTOY ¥ + Y v 7B RS 2 -0, B
HICX 224 vF v 7%¥E % '"HNMR TBEFL 72 (Figure 2-13), #Hr X ¥4 vicxfL T
VZFA7 Iy (BuN) L LTMA2 2 ICk D, TYES Y LA AF 4 VIR —
W7 Iv~eEfIns L, 77y v —TA L OMEERRKDNS 20, BRI T L il
DT DOMBEENRZ 3, CZTRKBERIMTEILTT I V2B T VES Y LA FF v
AL AT 5 e TE, BUEe 233 v sEI NG,

T 7 AFL U LUERES) T 42 & DB24C8 L DT I N-fitn X X% v 5aDE s 1
TRV LRI LT, 10 8D EGN 2N 2 L, 2o —2, §hbbhRAFt=
v L—T7 I RO T 3a & DB24C8 O ¥ — 7 MLl X L7z, T 2 Tld. DB24CS & KA
R v LA F A VEMLE OMBERIC X 2L Ey 7 o v — 2 2Bl & hd, o T
CERDFIRMEEL TV B 2 LRI NS, ZORIGEIICH LT Y 74 v R
(TFA) ZiN$ 2 & toin 2 X9 v sa 2GR L2 & & LR v — 27 BB S 17,
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NTRETOBMETIE, T v =D LA FF VL E AR K=Y Lh F A v O T E
CX 32777 v T —FADEMENRALZWFL Cnizzd, TYEZY LA FF VEE
BT IVICEBRINTGEICD, FAK=VLAF A VEVOEEICL Ve 2 XS v D
HEEDLRETH 5 2 L BWIFFL T2, KR TR T AT =T L4 F 4 vILIcx 3
2779V IT—T VDS TRMRER BT 2 LIZTEhd o7,

PO
4
PF, o I q
AL . ]
. . l‘ A S i ) i i A — ’(%\ D R
P A EGN 100q. A! . 0
\—/_| 2 O / g \ q
K ) %eE o e N T _/*&___J'LJ'{\ AAAAAAA s AN VL S ﬂu_,».ni_,__,,; Ve
: \ ~ - )
N S ll
0 Lt ) / l
» 0 . MEA i A0
I\ pQ A n® & 5. 4 EQNTO. » TFAZOeq. /o e [ S SR S D e U Sy
=/ ¥ Mo
&) %wFg 0
C — S —— . A e st N
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Figure 2-13. '"H NMR (CDCls;, 500 MHz, 25 °C) monitoring of acid-base switching behavior (top:

alkyl region, bottom: aromatic region).

LEDOFREREI D, ARIER LTERAR= 5=-T By 21X, 770U =—T
JNZ X DHEn 2 XY U BREESH 2 L2 'THNMR B8l Sz, F7- DB24C8 % H 7=
LE, M)V T2V TAAFNVRAR=Z T LT A OT7 ==L DB24C8 DX
VEREDMITIITE D FFR-FERMAEEANIITZO VTS Z ENRB IS, 2O
AAERIE, RARS D LDF ML T = A AFF O/ 28k 5 7 %1
KORIERLTL2LHDoNLZ L bBHlSNT, —FH T, YWD Fikah Tl FAR
SULNTAVEMNLE 7 T =T VOMAENER E IR L2, HEORIMER LY, 2
O LD AR AAERNTBI ST, @i & BRIR TIER S BT SRR L 2o T,
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B WL TV —TLORETER

RAR=TFAMEFIZEBNT, RA MY ET ANy EORMTEARERT 5 L& X
NMR i EHEIC L0 SRS ORI B L OB AEROBEHNTREL 72D, AETHRRIL
Tt 2 X UARSICB W TIL, AR Ny & A Ny & FRIMAEERN S %
DR < TN OB AIREE L ARBEIRIE & ORI OZZHHE R NMR X A DA — )W\ Z &
DT END, ZTHHED NMR Z A L A7 —/L L0 HEWNEA L BVSGES T, 288D
BMAERRRD Z ICERTOMNERDH D, 22T, XHAEEZ{T>72& 2 A, Zhang H
2, DB24C8 & VT FNT =T AAT A UEALD 1:1 $EATHRIEB LN 24C8 LT T
T U= LR 11 $ERRICR T DR GEROR LA, Y o 'THNMR JIEC
Lo TIFoTWE N, 24C8 L DT FAT V=Y AAFAUEAAO 1:1 $EEFRLZ BT
X, SOIREE & AREEIRRE & ORI OZSHIEE S NMR & A LA —)L L )72, NMR E
TIHARA MY T A IS B Z XY Ov 7 FARE LN —7 NS5,
ZOHGE. TA RN FHLWVIERA My FOREZ —EL L AR Ny FE2IET A M+
DYRE 2Bl L ST L E DLy 7 FENOESATEREZEE T 5 Z ENARETH
%, ARETHR LS L 24C8 & DRISIZEWTIL, A IRKE & REEIREE & DDA HA
A NMR & A LA —NV IV loTc, ZD7®, Zhang HD 24C8 L VT FNT L E
=0 LT F L OB G TEBINT & REROLLT O FIE TR/ ERE M L,
FANA 1) ORE[AyEZ—EL L, RA Ny (V70 rz—7 ) OIRE[W]
LS Z 'TH NMR O L7z, TN ZENORE T L7AEF 27 FEA 6 o
& 24C8 DEWHIEERIPH 1/[W]o 27 1 v b Uiz, KOG HEn 2 5 228 100%IF 68
ENTBEOFET 7 NEE (A §1) Bbnd, THIZLY SGEHEEHTH2XELLITIC
T (eq. 2-1),

A(Sobs/

(1 =A%obs/ < Y((Wly — AOo0s/ < [A]y)

11 11

K, = (eq.2—-1)

i
o>

SR

Aéobs: $Ehﬁj\¥c: 7 ? 17 ‘/1_71/‘/%7][]%_#_ k % @'ﬂﬁi\‘/7 F%’ﬂ:

K. =

Adii: Em 2 ¥ 9 v % 100%Z L 72 ofbs:y 7 b2k

[Alo: T T DVIIREL

Wlo: 777 v T —7LVOHIRE
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—J. RA NG ET ARG ORZEEEDN NMR XA AR — )L L _TROE X
NMR b CIIsEEIREE (En 2 XV ) RA MyF L7 A MaFORlxc e —r L LTHE
MEND, ZOEA e IX V2R LIEEEDL T T ALET ) —RKRA N THDH N
T AR F DL T FNOREMEN O XEGERERET 2 Z LRFRETH 2 3, Zhang &
DOIFFEIZF VT DB24CS & T F LT L E =7 A F A L ELO 1:1 $SRFIRLZ BT,
RA Ny EFARST L OB OZHIEE S NMR X A LA 7—)L X 0N, $5 L
TUVRWY DB24C8, a—AF L AKBEDOREMEEZEREL L, Sk L7 b5 e 2 x4
V) OXINT D> 7T NVOFEGEE i U TR B EREFR LT\ 5, RFFERIZIBW TR,
iy 7- & DB24C8 & D Z XV L PHBSIE DR A My & A Ry & ORI O HH E
MNMR & A LA =)L Z VBN, [AERROFIETREEREZRE L. (eq.2-2),

(Integral value) complexea
(Integral value)ypq§ €O

K, = (eq.2 —2)
“ {( 1— (Integral vlue) compiexed )conc. z

(Integral value),yiq

(Integral value)compxea: FHIEZAK L 72 & & DFESME
(Integral value)owa:: BEEAL LT- & & &7 U —72REEDFE ME D FI
conc.: RNA NFT-DWIET A Ny DX

Zhang b X, YT FNT VEZY LA T A VERLL L 24C8 35 X U DB24C8 L Dfitw X X 4
VIBEKICB T 228 EBBEHZET v P R TIToT0w5, 20720, A0 X ¥4 VI
BEIGIC BT 2 2G6ERENSET 2 b v TfTo 7z,

9. AL 72007 (4a,4b,4c) & 24C8 DGR ICE T 2 B TEMDMRITHE R % 4a I
DT Table 2-3 35 X UF Chart 1. 4b 12D\ T Table 2-4 35 X UF Chart 2. 4¢ 122> T Table 2-5
BXUChart 3 ICZNZIVRT, TNHDRTI, Wi TORMREOKFZL y —AF LV
FoKkFEDOEY 7 P EEHG, eq.2-1 DHEICHE> TREEREEHL 72,
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Table 2-3. Determination of Ka, 24c8-4a from Chemical shift changes

[W]o (mM) Adops (terminal
CHs)
0 0
o | ! 4a
8 0.02 =
VA
10 0.026 /N S\ 4a +24C8(800)
15 0.035
- / N o )\, 4a +24C8(10eq.)
20 0.039 ]
25 0.041 SN ,,__-_,_,J"»'k_m_ 4a +24C8(15eq)
/\ N
[W]o (mM) Adobs (y-methylene) B N | S ——— ekt e
A\ "
0 0 N PR 4ev24c825)
8 0.025
10 0.028
15 0.029
20 0.032
25 0.034
0.045
0.04 | B
0.035 S
<o T
0.03 S~al T
- terminal CH3 Ttsoll AL
£ 0.025 T
k> y = -0.2265x + 0.0502 ~~o_
& 0.02 2 T
S R? =0.9978 -~
0.015
0.01 v-methylene
0,005 y =-0.1867x + 0.0414
R? = 0.9992
0
0.02 0.04 0.06 0.08 0.1 0.12 0.14
1/[W], (1/mM)
Chartl. 7 ¥ —ds 25 °CD 24C8 L ili5F 4a & DEEIRTEEKICEH T 57T 7, 24C8 D
WIHIERE 13 0.00 mM . #1159 F 12 4.00mM CT—ETH %,24C8 Z 1T HIF 5 A 51113 0.0502,
0.0414ppm TH %, Ka=200+1 M.
X A S %KD 2720 DEEHRIZ[W]o 25, 15mM, 20mM, 25mM D & T OfEi% AT
KD7,)
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Table 2-4. Determination of K 2scs.a from Chemical shift changes

[W]o (mM) | A8eps (terminal CH3)
0 0
8 0.008 A
10 0.009 S J \ o
15 0.012 N S\ & e
20 0.013 A A s
25 0.015 |
[\ J 4b + 24C8(15eq.)
[W]o (mM) Adobs (y-methylene) ~ e | e
0 0 NJP\\M\_& - _/_'- _ 4b+24c800e)
8 0.028 N 4b +24C8(25eq)
> o
15 0.029
20 0.034
25 0.035
0.04
0.035 R X
0.03 y-methylene s .
oo | |y=-02327x+o0.0448| e
£ R2=09506 | T
go02 b0 T
é \\\\\\\ ~,
<10.015 : -
terminal CH3
0.01
y =-0.1071x + 0.0189
0.005
R% = 0.961
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
1/[W], (1/mM)
Chart2. 7 ¥ —ds 25 °CD 24C8 Lo+ 4b L DEHATERICE T 2 77 7, 24C8 D
VIR X 0.00mM T, #1113 4.00mM T—ETH 3, 24C8 ITHIF 3 A 511 % 0.0448,
0.0189ppm TH %, Ka=15629 M.
(X A S %KD 3720 DELERIE[W]o 25, 15mM, 20mM., 25mM D & % Dffi% FvT
KD7,)
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Table 2-5. Determination of K, 2acs.4cfrom Chemical shift changes

[W]o (mM) Adobs (terminal CH3)
0 0
8 0.024 |
A ) 4
10 0.029 — ——+
a \
15 0.032 S A 4c + 24C8(B0a)
20 0.040 I\ A\ 40 +20C8(1003)
/ | I
25 0.041 u/\\ M\ 4c + 24C8(156q)
[W]o (mM) Adobs (y-methylene) L | o
N /,’ ‘\ " 4c + 24C8(20eq.)
0 O e ' e — . V/|\.\,
8 0.006 N, ‘\\. o~ o /L‘»‘\#‘* o ‘C‘W.’
10 0.021
15 0.027
20 0.037
25 0.038
0.045
0.04
X X
0.035
0.03 terminal CH3
=t
g 0-0% y = -0.352x + 0,0561
2 0.02 RZ = 0.9243
<
0.015
y-methylene
0.01
y = -0.4316x + 0.0565
0-005 R? = 0.9138
0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
1/[W], (1/mM)
Chart3. 7t b v —ds 25 °CD 24C8 L Hil5r T 4c & DR ICE T 577 7, 24C8 DY)
RS 1Z 0.00 mM T, $l5rF13 400 mM T—ETH 53, 24C8 ITHBIF 5 A 511 13 0.0561,
0.0565ppm TH %, . Ka=107+17 M,
CX A S %KD 2720 DWBFRIZ[W]o 25, 15 mM, 20mM, 25 mM @ & & Ofi % v Tk
D7)
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. B L 7= (4a. 4b. 4¢) & DB24C8 DL RICEB T 3B ES

DO TR DN % 42 18D\ T

Figure 2-14, 4b (C2\» T Figure 2-15, 4¢ IC 2T Figure 2-16 IC/R T, L5 DIGH T

N \‘ci\
FER (e 2 3 VB LTl WIREE L 8EERK L 72 REE TRl © NMR + 7' F v % #]
HL727280. eq.2-2 DHEILHE > TEETEREREB L7z, k., HE BT, BlLiEHE
L7fitu 2 %49 (5a, 5b, 5¢) 2R L7222/, FA VTP LT AT D

WRERFEL RS L 2EEL., 2OERE ARDS -7,
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Hb
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@EHC Hg Hh Hj Hs >\
PW®W Hz\e\o

O
He N HI /2
VIR ¢ e
(o] o
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Figure 2-14. "H NMR spectrum (500 MHz, acetone-ds, 25 °C) of 5a (1 mmol/L)

ZNZN.DB24C8 D & — 27 2 5(0.19/1.19)x1.00x10-3)/[(1-0.19/1.19)x1.00x 10> = 289 M~

-methylene ® &' — 7 %> 5[(0.23/1.45)x1.00x1073]/[(1-0.23/1.45)x1.00x107]* = 221 M, K

AFNDE—27 5 5[(0.21/1.10)x1.00x107]/[(1-0.21/1.10)x1.00x 103> =291 M' L HH & L7z,
L7235 T, DB24C8 Ll 4a L DREERIT. LT O XS ICEIR I N,

Ko, DB24cs-4a = (289 + 224+291)/3 = 268(x23) M.
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Figure 2-15. "H NMR spectrum (500 MHz, acetone-ds, 25 °C) of 5b (1 mmol/L).

ZNZ 1., DB24C8 D ¥ — 7 %> 5[(0.18/1.18)x1.00x10]/[(1-0.18/1.18)x1.00x 107 = 212 M~
I, 7 -methylene ® t'— 7 %> 5[(0.25/1.46)x1.00x103])/[(1-0.25/1.46)x1.00x 10> = 234 M', K
Ui A F D ¥ — 27 5 5[(0.17/1.02)x1.00x103)/[(1-0.17/1.02)x1.00x10° P =240 M . L B X 1
720 L72235 T, DB24C8 L db & OREERIZ. LT D X5 IKFIHE I N,

Ko pB2dcs4p = (212 + 234 + 240)/3 = 233(:18) M.
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Figure 2-16. "TH NMR spectrum (500 MHz, acetone-ds, 25 °C) of 5¢ (1 mmol/L).

ZNZ ., DB24C8 D ¥ — 7 %> 5[(0.17/1.17)x1.00x10]/[(1-0.17/1.17)x1.00x10* = 199 M~
', y-methylene ® ¥ — 2 %, [(0.17/1.08)x1.00x107°/[(1-0.17/1.08)x1.00x10°]> = 222 M"', K
Ui A F LD ¥ — 7 5 5[(0.10/0.68)x1.00x1073)/[(1-0.10/0.68)x1.00x10°> =202 M L B &
Teo L72H3o T, DB24C8 L dc & DREERIT. U T D XS ICEHEI N,

Ka, pB2acs-4c = (199 + 222 +202)/3 = 207(£12) M.
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PUTDXH5ICLTROEEATERMK, ZRICE &7 (Table 2-6),

Table 2-6. Association constants of [2]pseudorotaxane.

Entry Axle Wheel Pseudorotaxane K. [M]
1 4a DB24CS8 5a 268+23
2 4b DB24C8 5b 233+18
3 4c DB24CS8 Sc¢ 207+12
4 4a 24C8 6a 2001
5 4b 24C8 6b 156+9
6 4c 24C8 6¢c 107+17

Table2-6 £ U, 5a, 6a & LKL T 5b, 6b. Sc. 6¢ D K fHAE N L2 b, FAF=Y L
HFA VIO Y VIRF T vEZY LATF A VELOERFT & DA R WIZ LD
AXYVEBKT S VLSRR RBINT VS, 2L, i TFORAKT=Y
LA F A4 VEL L DB24C8 & OFFEMAERR I b VwTwb itk b, Thbb, &
ARG LA FAVIHNPFET LV v 2 39 v 2 REEPD T2 ET S
ZEDBHL Loz, —F, 5a, 5b, 5S¢ L LB L T 6a, 6b. 6¢c D K, fHIME T L H 5,
F) 7 2=V TAFAKRAKZ Y LATF A VENDO 7 2 =13 e DB24C8 DRV ¥ VERL
DO FHER - FHEMHAFERAR I 7200w T0wE Z e R Ins, £72, £7-. Zhang b
lIDB24C8 L ¥V T FAT VEZY L AT A VERLLD 1 5D T & b v —ds D K, fE23 135
t6M!' THEZEEMELTC0DE N, coZlrbd, SHFAML e 2 XS iF MY
Tz ZNTNANFNKRAKRZY LA TFF VN ORECREREBOLEA M L Twa Z
EHBRR I T,
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HEANET B X X oS

Bonzta 2 X9y 5a ZRAEE 7 0oL A, BREEA~F IV ORSILBCEIC X 55
L Z T o7& T AHEBE O N-T20I1C, B X ST 217 - 7=,

Figure 2-17. Crystal structure of phosphonium-ammonium type pseudorotaxane Sa. The ellipsoids of
all non-hydrogen atoms have been drawn at the 50% probability level. (Gray: C, White: H, Blue: N,
Orange: P, Red: O, Green: F)

N-H---0: 2.254 A

CH-r interaction
X \
N-H---0:2.189 A

Figure 2-18. Intermolecular interactions of pseudorotaxane Sa (left: hydrogen bond, right: CH/n

interaction)
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FEAEE N DY TN R Y 7 T =T VNICEE L TV S n ¥ X s
TR LT Z &R & ivle (Figure 2-17), Figure 2-18 Al DA L o P4 Ton L7268
ST, WS- da DT R LA F AL EDOKERF L DB24CS L DRENCIL S < KHERE
BTHHEEZOND, HB T BT DI T A UEALD 2 DDKEFF L DB24CS D
2 OOMRFEF T OHHIIZNZ 2254 A, 2193 A TH Y, —RIKBR/BEIEEE (~2
ARRFE) LEBRETHD, /-, i F4a DA~y =L R>TWNW5, P 7xz=L
TIVFIVRAKR=DT LEALOD 7 = = /L4 L DB24C8 DR B U EBROMICHHAERANED
%, Z#uid tilted-T shape "> CH-n f#HAAEH TH V. DB24C8 DX B U EEOHLE R Y
T 2 ZVTIVF VIR AR = DD T = = VO AV MiikFE E OERET 2771 A TH
-7z (Figure 2-18),

fEen 2 XY Ol LRI T EOMICIEE O S HAERICONT, o LEELL
AT 57212, Hirshfeld REFEHT 21T - 72 @@, Hirshfeld (E/L> 27 =L ) K
Mrid, BT D—2>Th D, N Z o2 HA T 5k E &5 ENMIC KON T
SEIL, Ry X RS R EAER 2 fI LT X 5 X 512 U7z BT LT 7
15 Toh %, Hirshfeld i, 1H LicFBHEOIIRIZT T2 < s+ & OEZ 558
LTCWAH 728, vander Waals R0 OHM LR m LD b, NI T 50 A
TER ZiimT 2 D12 LT %, Hirshfeld Z AT Cix, BEE2Y van der Waals DA
FHZE LWEESIT A TR E M, BREEDS van der Waals 2 L 0 W R & RWEESITEN
TR EBFETRIND, LTFORBRIZBNT, MfoHFR, A X OREIR LTV
S, BEERED 3 FEIZB W THT L 22O A/EANMNTWD Z & E2 R LT D, 7
2L S rHEOMAEERZBBIC AN REMITNATEETH D720, BAEH X M
TEREAT CH BN A o T4y FEREEBE L 0 | BLIRIGEWVWREAZ R L TS W 5, KiwLT
1772 > T % Hirshfeld ZEMEHT TlE, W< O0OFEEICHE > TEEZ A G L T MNERE
WZOWTCiEmmd 50, Rl LEOSNLERLITVIMUDR £ TORBEZ RT d ZHh, £
i EDORNOERBIEVWNAIOREFE COEBART & Z8Ehict Y 7ey 425 2D
fingerprint plot Z VY%, Z @ 2D fingerprintplot 2> 61X, FERFR2L = MZIIT 501 HHH
AAIEROE 2 OF5IZET 2 ER&ARITERDEFOND, Thbb, KR OKEH X551
IO ETOMEERAEZERL, BRI E LR FROMAEEREZEY, $2h
O DOEN G5 TRENAHAEVERENV 2 RIL LD DD doom 22H TH D, van der Waals -8
CNRIEFREE O CH D08, L0 1AV OFEE2 ARE NI 2 TV 2 fT Tk
& LTI REER 28D TV 2 HIETH D, AL 0 Hirshfeld fi##71342 T Crystal Explorer™
EHWTIT 7257,
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I TR 2 F Y 5allBT 5, Wy & DB24C8 DFHA/EMIZ DWW TR TH D,
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ﬁﬂi . . 1.0
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¢
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d;

Figure 2-19. Selective highlighting of C---H contacts on the Hirshfeld surface of axle of Sa mapped
with drorm surface (left), and fingerprint plots of axle of 5a resolved into all contacts (right). The full

fingerprint appears beneath decomposed plots as a gray shadow.

i FOPY 722 AT AFAKRRARZY LECIE 7 = = ABGERFIC C & H Offficid
72O MHEEHOFEZ RTHEfch 2 2 LRI NTw5 (Figure 2-19), 72, TV E
S LAFAVEFETIE, 77V VI —TADOEEIFRT & ORICHEEH O %2R i
METH 2 EpOKEMEEERL T3 Z LRI N S (Figure 2-20),

de

d;

(A 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Figure 2-20. Selective highlighting of O---H contacts on the Hirshfeld surface of axle of Sa mapped
with dnorm surface (left), and fingerprint plots of axle of 5a resolved into all contacts (right). The full

fingerprint appears beneath decomposed plots as a gray shadow.
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DB24C8 % RCAZ &, 7z = A FIAHHIC C & HOMICIR 72 5 K AR OTFE L2 /R T
Htcd 2 LR INT S (Figure2-21) L EOFER X 0 fiiw & %42 Sa 2B\ T,
By ED Y 7 2= VT IVRILR AR =T A F A UMD 7 = =L L DB24C8 DX
VBV EOMIZ CH-oHAFEHD X 5 i3 b nTn5d 2 L BRBE iz,

Ry -

‘ (&) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Figure 2-21. Selective highlighting of C---H contacts on the Hirshfeld surface of wheel of 6a mapped
with dhorm surface (left), and fingerprint plots of wheel of 6a resolved into all contacts (right). The full

fingerprint appears beneath decomposed plots as a gray shadow.
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RATZ 4o AX v R=T =y LMy 770y m—FT VI K 58Hr ¥ %
WAV B

i
[1]
pils

=

Ff HHAR 7 4 v Ry T ot

BoBECTHAR LR AKRZ Y LA —T vES Lo 2 X vicBwT, ) VT LS
RIRTLOMBT P IAFLVERBD L EE~F I AF L VEED L E TRAEERICED
Holeo CNIFFRAK=T LAFA VA DH L LI 5T, v 2 X4 v OREEDR
FERLTCW, — T, 2o 2 X3 vich LCEREZRMT 2L T vE=Z Y L AT A
VLT I VLT S, COLE, EBTEELRI TV VI —TIE FAKZ T LA T
AV EMHAEHL e 2 X9 v 2R LA L0222 WL 2280, BT IR
Fe I v I—TNEIRG RIS 2R oz, 2D LD, KRAK=Z Y L AFF
VERL MR T 2 ¥ Y VIERIC KT TREIR, 2 ETHVLWHDOTE AW LHL 2L
272, VRV Y I Iy Vv I—TAEERSTL L THOEGAI, e 235 v OREEE
M EXR2HRBBTEY, DTREHCB T 2R AF=Y L h FF VB2 REETRL T
BRVDOTERVWPLEEZDICE ST, LI, AKLAZFRF= 7 4 —T vE=y L7,
DTDOERICENT, 7 I MUKEBMEIRTH o7z 2 & & RAF =Y L hF 4 vilhiix
MAKDFRICE D TR T 4 vAF O FICET 22 MEI LTS ¥ b, FAK
=Y LAFA VN OGN REEOR I BB EINE, 22T, hA K=Y LA F A+ v
MORDOVICF Y 72 = VR AT 4 v F Y VN ER D TR 2{To72, FY 72
SRR T 4 vAFO NN, 7= KRBT 5729 DB24C8 L ORICHEFER - HE
BMHOEMZEKTE 2, £/, NMKGRRIGE EZRZTIC WEERKEZ L TWw 5,
RETIE, R XFF YDA by =it LT, SR 74 v FF¥ FAOEAZ K3
% (Figure 3-1),

»

L Y
ot —
2 W

Figure 3-1. Design of phosphine oxide type axle molecule.

@
=N
C H,
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FATAVFFSRIIFRAT 4 vV EESTEATTIERICLKETH Y., P=0fHAIE C=C
O EE S TA A VIS PO WG D720, KE TG L R\ &3
MEINTWE B L bRERITENRTW S,

ey KRAZ7 4 VA F L VORBERETFIZ 7 v b v HEMBIESER & L RKERFEEHETE 2
T &, BRFEHMEOmVA LEGE R LI L TRMEA T2 2 8, BlE I TR 3
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Wof AR T A VAR PR TG

BTz X DI, RRKF= T LA F A vERIoMEE R & 5 VBRI RIE TR IR
FZETHNDLDTIE AW &, FAKZ Y LA FA VI OEKN R ZEERHE Y &
(BN e Bbrol, XTI APy N—HfIIZPY) 7 2=V K A7 4 vEF o FPEIKT
HbHIO, 7= NFICT VX NVHEEAT 5 2 & BME L 7 %, Williamson T — 7 LA K
I BHICTAFAEOEESRETH L PO 4~ PR FL 722 Y T 22K R
T4 VEAFYRNOERERIEL 72, 20K, FAF=Y LA-T vE= 7 LS TARK L [A
RO ITIETHAT 4 vAF v PRl T O AR Z MG % (Figure 3-2).

|
Cl

Figure 3-2. Retrosynthesis of phosphine oxide type axle molecule.

CZOFRICEWT, A P FHEOBAF AR ZRA Y FETIT I 2, HARREHP
Lzt & ALAEYOI Y v i WA fins A Sz, — 2 RIGH TRICKED X % 7
—VEMMA S 70, MEEOBEE L W &, —Dldh 7 2510 X 3 E8EER T H
STHREZOENMHTLEI T L TH S, 2OBRDOIIGEITI I, X 0 EHRE
GRAPHELWEEZ, UTOFEZR L7z, $74bb, mHIC Williamson T — 7 L
ARICKX O TAFVEEAET 27 2 =V E AR L 72, VVETFEEALKRAT 4 v
* o FHBT %52 ik eR At (Figure 3-3),

Qg .

Br
> <> + ©\{©:} <> OB AN,

O\/\/\Br OH
O\/\/\Br

Figure 3-3. Alternative retrosynthesis of phosphine oxide type axle molecule.
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Yo

5=

FRATZ7 4 VvAFY F=T vE=Y LBES T DEK

Scheme 3-1 IZ/RT L IC4—TnET7 2/ —VEHREYEE LT, 4 BE TS T+OERK

TR o7,

Scheme 3-1. Synthesis of phosphine oxide-ammonium type axle molecule.

Br Br

1) n-BuLi, THF (dry), —78 °C, 30 min

1,4-dibromobutane, K,CO.

QSUie

DMF (dry), 80 °C, 1 h 2) PPh,CI, THF (dry), 1t, 2 h

3) H,0; aq., 10 min
OH O~g,

7:82% yield

SUe

O\/\/\Br

8 : 54% yield

eUie

amylamine, K,COj3 TFA NH4PFg aq.
- >
DMF (dry), 80 °C, 1d (53:202, t, MeOH, rt, 3 h
OO~
O\/\/\N/\/\/ Ha
H
©PFg

9: 87% yield

10: 96% vyield

BB LT, HRERYECTHE 4—TuET ) — N, 14—V TuETRXRVED
Williamson T—F AERIC X VINK 82%T 11— 7 0E—4—7uET P FIXvE Y T2
2o ROT n-7F NV Fvrcr7ueikz ) FAHLLAZE, Z7uenY 7 2=k AT7 4V

(PPhCD) #EA L., Z DEEBILKFBKICE > THRRT 4 v BFRRAT 4 VFF L F 8L
B L 72, 8 DPCRIL 54% TH o720 OV TV —=AFRT7 4 V4 F 2 FifioifiEin 2 %
YDAy Nl Ie b, "N VAET A XA IS LTT IAT I v E SN2 Hl
ICCRIG I EZRT I VIR 9 UK 87% CT72, 2D T I vik% + U 7 4 v liEEE (TFA)
c7a bbb, TR LATFF VI EAK LR, AV v A —AF Vv ERFRAF
PONFFTIALFRY VEAFVANENT VR = AF VR EIT G, FAT 4V FFUF
B> 10 ZUNFE 96% CTHM L 72 7T I v T VEZ Y LA T4 VEMLICE S 2 2 L T,
TIVOERFETICHETIRELDO 7 v + vORES Y 7 P Bl Lz, 2hid, T3
YOIFLEFEEFNAE T 0 b v G LBERIKR LOETFEEMET LT 2 L 2RRL
Tw3 (Figure 3-4),
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©PFg

Figure 3-4. Downfield shift by changing amine site to ammonium ion in 10.
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HUUET RR 74 vAFY F-T7 ey AR O £ 9 2 O NMR ED

AECIZ BT LTCHRRTZ A VA F L VEE-T vE=Z Y LA F 4 VEkfiZH T3 10
CERIRT T L LTDB2M4C8 WA Z LIcX Vi 2 ¥4 v 11 OFH % 1T - 72 (Scheme 3-
2),

Scheme 3-2. Synthesis of phosphine oxide-ammonium type pseudorotaxane.
@\ﬁ/@ Y ©\9
o n
) o > QO o7
¥ @[O OD CDCly, 1t °©
o\) \/\E/\

Ha 0

10 1

Figure 3-5 X Dl FIc B 2 81ppm D =27 13T v =V LA F A4 VERLICE T %
KEFFTH 5, DB24CS ZMz7-L Xlo, 2O — 27 DR 7 F Bl I niz, oh
7 vEZY LA F A VERLO D DIKFRE T £ DB24C8 DIERIF T & DfEfIcidz b <K
FHEAICL2bDTH 2, KICPYV 722 AKRAT7 4 VAFV FEKRO 7 2 = Vo 7 m
F ORGP LTCwE R, =T Ao ML T e F vidE#ES Y 7 L
TWwb, ZTiid DB24C8 D7 = = VEHOERERMFIC L 2 d D LHEllTE | A& cdhi~7
FAF=ZY LA-TvE=ZY LAO 2 X3 v D L X LFEFRIC, DB24C8 DRV EVERL Y
TLZAVERAT 4 VFFYFEIO 7 =B ofIC T BFR-SERBAEERZA O
BTUBTRBING, /. T2 ATAFAI—FAEMD a— AFL v 7 bt voEkk
B 7 b YTAIAT VEZY LAT A VEALD a— X F L v DIKFRE T OS> 7 b
BEHIENTEY, 2, BT 7 =/ %o ALICH LT DB24C8 DR v+ VERD
BRETNEDE T2 H VT3 2 L DB24C8 & DKEBAEPTER I N T B T LAREI
5,
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Figure 3-5. 'H NMR (CDCl;, 500 MHz, 25 °C) monitoring of pseudorotaxane 11 formation.
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IOICHEBDICK W iu 239 v OMELTRRT 20 A4 v e —2BEIlI T
(Figure 3-6) ,

lonization Mode: ESI+
x10°  Intensity (330700)

300

200+

884.40366

885.40978
100

886.41448

. .

T T T T [ —
890.0 900.0

m/z

(L T T T T
880.0 885.0

Figure 3-6. ESI-MS spectrum of 11 in CHCls/MeOH. m/z 884.4 [11].

'HNMR., BESH»OFRAT7 4 vAF L F—T7 vE= v L8l 7 & DB24C8 1T X {5t
DXEHUREHR LI EBNREBI N,

RAT 4 A F =7 E=0 DN DB T, 7 X 2 ABBOG TOREN R
AR=T L=T =y DR - ORF L LR TEINETH - 72, ARG Lo 12k
WT, 7 MU K DRVERINIZE A EB Lol Emb RAT 4 A F YRR
FISICEELTRELT, RAKR= T LD F A UEA L i L CREENE N ENREN
72o F£72. HNMR, BEOPINOERAT 4 A X2 R=T =y MR # X4 O
DRI S 72,
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WHET Eh4 7 & DB24C8 DA ER

RAT 4 Xy R=T =y L1 & DB24C8 ZEH 7 & F 1T NMR ZHIE L
T2 & ZABBUREE L AREEIRAE & D ASHEEE S NMR & A LA 7 —L X 0 Bho T, JiiE Tk
RIZRAR= T 5=T =7 LUy & DB24C8 DA ERZ R L [FEED ik TIT-
7= (eq.2-2) 2%, $EZRL L TUWRUN DB24C8 D a— A F L KFEDOREME & HAEL L, $EEAL
LizfEn 2 X% 0 Ot 5V 7T VOSBRI L CTRaEHEH R LT,

AR L7287 1 10 & DB24C8 DG RICE T DA E KON % Figure 3-7 (287,

Ha
o
g Hb
H, He
Hd He 3 >_\
He Hg Hi  Hj HI H,
S/ Hn

H, (6] (o]
HAY%A#YA T:f
PFq N
M MR 7 o)

Hk  Hm
kx/CKAA)D

p
JO
J

- NO ¥ NO NN Y OV =~
© ® O F o H O OO ©® XD~ O
~ ™M N[ ®o - - 9 O O OO0 © O
MM mN NN NN NN NN

HI , Hm uncomplxed

3.870

HI , Hm complxed

7.715
7.595

7.591
7.579
7.574

4.155

7.729

-
o
©
~

7.688
7.631
7.614
7.559
7.034
6.909

6.976

Hn uncomplxed

H2 uncomplxed Hn complxed

H 2 complxed

- SO et

10 9 8 7 6 5 4 3 2 1 0

0 zz{
1.00

0.344
0.09L
0.25_
0.05[

Figure 3-7. 'H NMR spectrum (500 MHz, acetone-ds, 25 °C) of 11 (1 mmol/L).
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ZNZE . DB24C8 D ¥ — 7 %> 5(0.22/1.22)x1.00x1073]/[(1-0.22/1.22)x1.00x103]* =268 M,
y -methylene @ £ — 7 7> £[(0.09/0.43)x1.00x1073]/[(1-0.09/0.43)x1.00x107]* = 334 M, K4
A F LD — 7 % 5[(0.05/0.30)%1.00x107]/[(1-0.05/0.30)x1.00x 103> =240 M L HH X 7=,

L7z%%>C, DB24C8 Liifida & DR AERIZ. AT O X5 IR I,
Ko, pB24cs-10 = (268 + 334+240)/3 = 281(x52) M!

CORERDP D, FAFZY LA FA VI E D 2 AVEINT 10 B WThH, FRF= 7 L4
-7 vE=Y LT L DB24CS b b m X F Y v sa D & T LU XD BB TERK
ERTILBbh ot TYESYLATF VEMI & K7 = = & DEFEEAE U Tk
720, —BHCHiRT 2 Z L idTE RV, B TOKRE 7 = = e DB24C8 DNV E v
BREOFER -FERMEERM e 2 X9 v OoREWHICHFG LTI T LR RKEEING,
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“

HIUE FeRS

KA TIE, BEMICEN- o Z XV Ol L zorEnMEZ e LT, AR
R LT AMBLIRNRRAT 4 A R LT v BE=U D AT A BT
LENSF DR AEAT, W7 T 0 rm—T e OfEn 2 XY VIR E TR 5T, F
T- 2B EROFE & BikE i X SRS ERNT, BRI JOSE NMR JIEIZ LD . FAR
SULHNFAUEMLE PRV T T T 2= T DR R VB EORICIETE S < HEER-
HEBRMEAERAN R 2 XV ORZEMICTHFGTHZEEHLMME LT,

HOETIE, RARS T LD FF AT V=T DA TFF LA b O T & LT,
RAR=ZG LT A EMLET VBT LATFH A E DN T NTAF L RH
AF Ly AXTRATF L UAUE ST 3OSy 1 (4a, 4b, 4¢) ZERLLTZ,

B LTy 1 & R —24-7 T 7 o —8—T—F )L (DB24C8) BLN24-2 T 7 —8—=
—7 v (24C8) Mmb#En A XY AR LI, 7TV =T NET =T LI TF AR
frp7m h o EARFER-EGETER L, BSBHT 5, —FH T, RAR=U LD F AL D
MICEEMAERNITE 6L 2 E2HFE L, a1 RIS L oG ERE KDz L
Z A, DB24C8 L 24C8 D ELLIZBNWTH, T h I AFLUAEBO L X ITKLAEWVWEETE
¥ THo7- (Scheme 4-1), ZDORR IV RAKR=ZTLADTF AU NRNT VB0 TF 4
WG, RAEENRENZ ERDhoT2, ZHUTHA S NCRAR=T A F A4 B TF
ETHZ LR, FErF X T OREENR ELTWDSZ EERLTND,

Scheme 4-1. Association constants of axle and molecules and crown ethers.

DB24C8 ©
@M"\/\H/\/\/ . Q — @ N ”

©2pF, ©2pF,
K, =268+23 n=1
K,=233+18 n=2
K,=207+12 n=3
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© 24C8 ©
%Wﬁ:\/\/ . Q ‘;;‘ %ﬁ/rn\/e/\/

©2pF, ©2pF,
K, =200+1 n=1
K, =156+9 n=2
K,=107+17 n=3

w2 XY ORENA AT 272D E R EROZFE % "THNMR TiEBR L7z, #i5)

1 4a & DB24C8 Ol n-fEn & &V Sa (IR AERINT 2 Ly 1 L BRI 1T
fiEEfE L, BRA RN 5 L HOEn X £ 5a 2B L7= (Scheme4-2), = Z Cid, HEEN
IMZE o TT VUL TFF N T I~ BT 52 LIk o> ThER Z X0 Ok
MBRAR=Z L ANTF AL OEBI L > THEIND Z L2 L TWed, Wik cHin
ZXx Y ANTBRSBIITE R 0T, TRDOL, RAR=ZDU LD FF L Hr & X0
BEVESNDTFHIZZZETREL RN ERP LN E R T2,

Scheme 4-2. Acid-base behavoir of phosphonium-ammonium type pseudorotaxane.

O//\\O/B Q (\o/—\o/y
Q@ Q _ base QPW”/\/\/ ° OD

P @ ] +
TSSO . o o
@ O H, acid
5 K,o \j)@ 5 K/o\_/o\)
2PFg PFs

—FH. T hTAF L UBEOES T 4a & DB24C8 Ll L7zt # 42 5a OfEdh
REEDN S B F DA b X—EL & > TWDIR AR =T A B F A U ENLD 7 = =)L Jk
& DB24C8 OB B & ORI tilted-T shape T CH-n fHAEAEAN X H W TNDH I &
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Figure 4-1. CH/ n interaction between ortho-position hydrogen of phenyl group for axle molecule

and benzene ring of DB24C8 (blue: axle molecule, red: DB24C8).

B XX U ARETATEDIC, TVEZU AN FFNIMITHRAR= T A FF
Ay FICEATHZ L iy LRI & ORI FER-SHERBEERNTZOLE
RERZ AT HZ ERROTHDL Z PRI NT, L, RAKR=T LI F A AL
Lo X ORENDTFHIFZEZETRENLDTIEIRNI &, RAR=TULAT
Fr DB E L TOREMEDMRNT 0D | 5 =8 CTIElhy 112, KVEERKRAT 4
Ty RENLAEANT S Z L aRBaf Lz, Z0%, B LE) 1 & DB24C8 N hifEn 4
FH AL, 'THNMR, BEEOITIC L W EEOHEREITR o7z, T bICRBEREHT
L., FAF=V L AFF vz aoEn 2 39 vofifl AREoSAEHTHL L
ZHHH T L7z,

Scheme 4-2. Association constant of phosphine oxide type axle molecule and DB24CS.
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Experimental section
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General. All manipulations were carried out under nitrogen atmosphere. NMR spectra were recorded
on a Varian UNITY INOVA 500 (500 MHz for 'H, and 126 MHz for '*C). Chemical shifts were
reported in ¢ ppm referenced to an internal tetramethylsilane standard for '"H NMR.

Residual chloroform (6 77.0 for '*C) was used as internal reference for '*C NMR.'H and *C NMR
spectra were reported in CDCl3 at 25 °C. Optical rotations were recorded on a JASCO DIP-1000
polarimeter with sodium lamp. X-ray crystal structure data were collected using a Rayonix
MarMOSAIC225 CCD or a Rayonix MX225HE CCD area detector with synchrotron radiation at a
wavelength of 0.7A or 0.8A at the BL26B2 or BL38B1 station of SPring-8 (Hyogo, Japan). The
distance between the crystal and the detector was 55 or 85 mm. Images were processed using software

HKL2000 (HKL Research).

Materials. All reagents were obtained from commercial sources used without further purification.

Compounds 1a-c,”’, 2a-¢,*® and 7*° were prepared according to previously reported publications

and other synthetic procedures are described as follows:
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Synthesis of raw materials for axle molecules.

Synthesis of Compound 3a.

Q\;® amylamine, K,CO3 ©\;®

P P
"B DMF (dry), 80°C, 1 d SN
o o H
PFs PFe
2a 3a: 40% yield

A solution of 4-(1-bromobutyl)triphenylphosphonium hexafluorophosphate (2a) (1.09 g, 2.00 mmol)
and K»COs (0.50 g, 3.60 mmol) in dry DMF (10 mL) was stirred at room temperature for 30 min under
nitrogen atmosphere. Amylamine (0.35 mL, 3.0 mmol) was added dropwise and the resulting solution
was heated to 80 °C. After stirring for 1 d, HCI aq. (2.00 mL, 2.00 M) was added. The resulting solution
was extracted with chloroform (10 mL X 3), washed H>O and sat. NaCl aq., and the organic phase was
dried over Na;SO4 and the solvents were removed under reduced pressure. The crude product was
purified by silica gel column chromatography eluting with chloroform : methanol=10:1 to give 3a in
40% yield (0.44 g, 0.80 mmol) as colorless oil; "H NMR (CDCls, 500 MHz, 25 °C) § 7.81 (t, J=14 Hz,
3H), 7.72-7.66 (m, 12H), 3.27-3.22 (m, 2H), 2.71 (t, /=14 Hz, 2H), 2.60 (t, /<15 Hz, 2H), 1.84-1.79
(m, 2H), 1.73-1.71 (m, 2H), 1.49-1.46 (m, 2H), 1.32-1.23 (m, 6H), 0.87 (t, J=4 Hz, 3H); *C NMR
(CDCls, 126 MHz, 25 °C): & 135.2, 133.4, 130.6, 118.0, 49.9, 48.5, 29.8, 29.6, 29.4, 22.5, 22.1, 14.1;
3'PNMR (CDCls, 202 MHz, 25 °C):8 23.7,-137.3,-140.8, -144.3, -147.8; IR (ATR, cm ') 3018, 1520,
1214, 908, 742; LRMS (ESI-TOF(+)) m/z caled for Cy7H3sFsNP, [M+H]": 550.22272, found
550.17200.

Synthesis of Compound 4a.

QQ TFA NH,PFg aq. ©\ ® ®

P\/\/\N/\/\/ CHyCly, rt, 6 h MeOH, rt, 5 h N

o o
PFg 2PFg

3a 4a : 90% yield

To a solution of 4-[1-(pentylamino)butyl]triphenylphosphonium hexafluorophosphate (3a) (0.55 g,
1.00 mmol) in CH>Cl, (5.0 mL) was added TFA (0.77 mL, 10.0 mmol) dropwise and stirred at room
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temperature for 6 h. After the solvents were removed under reduced pressure, to the resulting colorless
oil in methanol (5.0 mL) was added NH4PF¢ aq. (5.00 mL, 2 M) and stirred at room temperature for 5
h. After the solvents removed under reduced pressure, the resulting colorless oil 4a was obtained 90%
yield (0.63 g, 0.9 mmol); '"H NMR (CDCls, 500 MHz, 25 °C) & 7.83 (t, J=13 Hz, 3H), 7.74-7.70 (m,
6H), 7.65-7.61 (m, 6H), 6.40 (br, 2H) 3.12-3.00 (m, 6H), 2.06-2.01 (m, 2H), 1.81-1.76 (m, 2H), 1.70-
1.66 (m, 2H), 1.27-1.25 (m, 4H), 0.84 (t, /=14 Hz, 3H); *C NMR (CDCls, 126 MHz, 25 °C): §135.4,
133.4,130.7, 117.7, 49.4, 47.7, 28.1, 26.6, 25.5, 22.2, 21.9, 19.2, 13.6; *'P NMR (CDCls, 202 MHz,
25°C):523.2,-137.2,-140.8,-144.3, -147.8; IR (ATR, cm ") 3254, 2959, 2871, 1437, 1110, 754, 730;
LRMS (ESI-TOF(+)) m/z caled for Co7H36F12NP3 [M+H]": 695.18690, found 695.17026.

Preparation of Compound 5a.

O 0 QY
ng/\/\,?/\/\/ ¥ o o]@ T CHOL ng/\@fw
@ ®2PF6 " K,o o\) @ @2PF6 C{jo/

—/
5a

A solution of 4-[1-(pentylammoniumyl)butyl]triphenylphosphonium hexafluorophosphate (4a) (6.94
mg, 0.010 mmol) and dibenzo-24-crown-8-ether (8.97 mg, 0.02 mmol) in CHCl; was stirred at room
temperature for 1 h. After the solvent was removed under reduced pressure, 5a was obtained in 85%
yield as a colorless oil (9.72 mg, 0.0085 mmol); '"H NMR (CDCl;, 500 MHz) § 7.72 (m, 6H), 7.51 (m,
9H), 6.85 (m, 8H), 6.78 (br, 2H), 4.21-4.15 (m, 4H), 4.06-4.02 (m, 2H), 3.91-3.87 (m, 4H), 3.83-3.77
(m, 6H), 3.63(m, 2H), 3.17 (m, 4H), 2.71 (m, 2H), 1.81 (m, 2H), 1.44 (m, 2H), 0.85 (m, 3H); *C NMR
(CDCl3, 126 MHz, 25 °C): 147.4, 135.2, 133.4, 133.3, 130.6, 121.6, 117.7, 117.0, 112.7, 70.9, 70.3,
69.3, 68.0, 49.2, 48.4, 47.4, 28.3, 27.1, 26.3, 22.1, 22.0, 19.4, 13.7; *'P NMR (CDCls, 202 MHz,
25°C): §23.3,-137.3, -140.8, -144.3, -147.8; IR (ATR, cm™"): 3245 (arC-H st), 2937 (N-H," st), 2869
(N-H" st), 1439 (N-H," 8), 1114 (C-N st, C-O-C st as), 1056 (arC-O-alC), 754 (P-C st), 726 (P-F st);
LRMS(ESI-TOF(+)) m/z calcd for CsiHgsFeNOgP> [M+H]™: 998.43243, found: 998.35125
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Preparation of Compound 6a.

/N /1
O

SN O/ © ;>
N A )
@ ®2PF6 " K/o 0\) @ GZPFSQOBO/

4a 6a

A solution of 4-[1-(pentylammoniumyl)butyl]triphenylphosphonium hexafluorophosphate (4a) (6.93
mg, 0.010 mmol) and 24-crown-8-ether (7.04 mg, 0.020 mmol) in CHCI; was stirred at room
temperature for 1h. After the solvent was removed under reduced pressure, 6a was obtained in 8§9%
yield as a colorless oil (9.32 mg,0.0089 mmol); '"H NMR (CDCls, 500 MHz, 25 °C) § 7.81 (t, J=12
Hz, 3H), 7.72-7.70 (m, 12H), 3.61 (brs, 32H), 3.28 (m, 2H), 3.15-3.08 (m, 4H), 1.98 (m, 2H), 1.71 (m,
2H), 1.59 (m, 2H), 1.31-1.29 (m, 4H), 0.90-0.83 (m, 3H); '*C NMR (CDCls, 126 MHz, 25 °C): 135.2,
133.6, 133.5, 133.4, 130.7, 130.6, 118.0, 117.4, 71.1, 70.7, 47.5, 32.0, 29.7, 29.4, 28.5, 22.7, 22.3,
14.1, 13.9; 3'P NMR (CDCls, 202 MHz, 25 °C): § 23.7, -137.3, -140.8, -144.3, -147.9; IR (ATR, cm
1: 3075 (arC-H st), 2906 (N-H," st), 2871 (N-H," st), 1439 (N-H>" §), 1093 (C-N st, C-O-C st as), 836
(C-O-C st sym), 735 (P-C st), 725 (P-F st); LRMS(ESI-TOF(+)) m/z caled for C43HesFsNOsP2
[M+H]" : 902.43243, found: 902.35441

Synthesis of Compound 3b.

@\;GD amylamine, K,CO3 ©\;® H

P\/\/\/BI' P\/\/\/N
DMF (dry), 80 °C, 1 d NN
S o
PF PFe
2b 3b : 18% yield

A solution of 5-(1-bromopentyl)triphenylphosphonium hexafluorophosphate (2b) (1.10 g, 2.00
mmol) and K>,COs (0.50 g, 3.60 mmol) in dry DMF (10 mL) was stirred at room temperature for 30
min under nitrogen atmosphere. Amylamine (0.35 mL, 3.00 mmol) was added dropwise and the
resulting solution was heated to 80 °C. After stirring for 1 d, HCI aq. (2.00 mL, 2.00 M) was added.
The resulting solution was extracted with chloroform(10 mL X 3), washed H,O and sat. NaCl aq., and
the organic phase dried over Na;SO4 and the solvents were removed under reduced pressure. The crude

product was purified by silica gel column chromatography eluting with chloroform : methanol=10:1
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to give 3b in 18% yield (0.20 g, 0.36 mmol) as colorless oil; 'H NMR (CDCls, 500 MHz, 25 °C) &
7.82 (t, J=16 Hz, 3H), 7.73-7.65 (m, 12H), 3.20 (m, 2H), 2.61-2.53 (m, 4H), 1.53-1.52 (m, 4H), 1.51-
1.45(m, 4H), 1.32-1.25 (m, 4H), 0.878 (t, J=14 Hz, 3H); '*C NMR (CDCls, 126 MHz, 25 °C): § 135.3,
133.3, 130.6, 118.3, 49.9, 49.1, 29.7, 29.5, 29.2, 28.7, 22.5, 22.3, 14.0; *'P NMR (CDCls, 202 MHz,
25 °C): & 23.7, -137.3, -140.8, -144.3, -147.8; IR (ATR, cm') 3303, 1521, 1214, 909, 738; LRMS
(ESI-TOF(+)) m/z calcd for C2sHs7FsNP, [M+H]": 563.23054, found 563.18030.

Synthesis of Compound 4b.

@\;(9 H TFA NH4PFg aq. ©\;® Hy

P~ N CH,Cly, 1t, 6 h MeOH, rt, 5 h P\/\/\/é\‘\/\/\
S ©
PFq 2PFg
3b 4b : 72% yield

To a solution of 5-[ 1-(pentylamino)pentyl|triphenylphosphonium hexafluorophosphate (3b) (0.56 g,
1.00 mmol) in CH>Cl, (5.0 mL) was added dropwise TFA (0.77 mL, 10.0 mmol) and stirred at room
temperature for 6 h. After the solvents removed under reduced pressure, to the resulting colorless oil
in methanol (5.0 mL) was added NH4PF¢ aq. (5.0 mL, 2M) and stirred at room temperature for 5 h.
After the solvents removed under reduced pressure, the resulting colorless oil 4a was 90% yield (0.51
g, 0.72 mmol); '"H NMR (CDCls, 500 MHz, 25 °C) & 7.82 (t, J=14 Hz, 3H), 7.73-7.69 (m, 6H), 7.67-
7.62 (m, 6H), 6.58 (br, 2H), 3.12-3.06 (m, 2H), 3.01 (m, 4H), 1.83-1.78 (m, 2H), 1.72-1.66 (m, 6H),
1.30-1.25 (m, 4H), 0.85 (t, /=23 Hz, 3H); '3*C NMR (CDCls, 126 MHz, 25 °C): § 135.3 133.3, 130.7,
117.9 49.6, 48.6, 28.1, 26.1, 25.6, 24.4, 21.9, 21.5, 21.2, 13.6; *'P NMR (CDCls, 202 MHz, 25 °C): §
23.5,-137.2, -140.7, -144.2, -147.8; IR (ATR, cm ') 3257, 2961, 2869, 1442, 1110, 740, 722; LRMS
(ESI-TOF(+)) m/z caled for CosH3sF1oNP3 [M+H]"™: 710.21037, found 710.99031.
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Preparation of Compound Sb.

Q?\/\/\/ N~ @[ /—\OEQ CHCIj, rt @Q\/\@ m/@\
&) oo, o o 5 s (00

4b 5b

A solution of 5-[1-(pentylammoniumyl)pentyl]triphenylphosphonium hexafluorophosphate (4b)
(7.10mg, 0.010 mmol) and dibenzo-24-crown-8-ether (8.97 mg, 0.02 mmol) in CHCI3 was stirred at
room temperature for 1 h. After the solvent was removed under reduced pressure, Sb was obtained in
78% yield as a colorless oil (9.03 mg, 0,0078 mmol); '"H NMR (CDCls, 500 MHz, 25 °C) §7.82-7.80
(m, 3H), 7.74-7.69 (m, 6H), 7.67-7.55 (m, 6H), 6.88-6.86 (m, 8H), 6.72-6.71(m, 2H), 4.29-4.25 (m,
4H), 4.15-4.11 (m, 4H), 4.09-4.07 (m, 2H), 3.91-3.89 (m, 6H), 3.82-3.80 (m, 6H), 3.69-3.64 (m,
2H), 3.30-3.20 (m, 2H), 3.05-3.00 (m, 2H), 1.63-1.59 (m, 4H), 1.35-1.25 (m, 6H), 0.90-0.87 (m,
3H); *C NMR (CDCls, 126 MHz, 25 °C): 147.5, 135.1, 133.5, 133.4, 133.3, 130.6, 130.5, 121 .4,
121.4,118.1, 114.1, 112.5, 71.0, 70.4, 69.9, 69.4, 67.8, 60.0, 48.7, 48.4, 38.1, 31.9, 31.2,29.7, 29.4,
28.4,26.3,36.0, 22.7, 22.0, 14.1, 13.7; *'P NMR (CDCls, 202 MHz, 25 °C): 23.5;, -137.3, -140.8, -
144.3, -147.8; IR (ATR, cm™): 3019 (arC-H st), 2970 (N-H," st), 2946 (N-H," st), 1433 (N-H," 3),
1215 (C-N st, C-O-C st as), 912 (arC-O-alC), 748 (P-F st, P-C st); LRMS(ESI-TOF(+)) m/z calcd for
Cs2H70FeNOgP> [M+H]" : 1012.44808, found: 1012.45186

Preparation of Compound 6b

© ) | g\o o}j - Q@ E(O:O/}j

P\/\/\/ U o o CHClj, rt P\/\Q/\/@)N\Aj\/\
o. N q o
2PF6 K/o o\) 2PFg
/
4b 6b

A solution of 5-[1-(pentylammoniumyl)pentyl]triphenylphosphonium hexafluorophosphate (4b)
(7.10mg, 0.010 mmol) and 24-crown-8-ether (7.03 mg, 0.02 mmol) in CHCl; was stirred at room
temperature for 1 h. After the solvent was removed under reduced pressure, 6b was obtained in 66%
yield as a colorless oil (7.01 mg, 0,0066 mmol); '"H NMR (CDCls, 500 MHz, 25 °C) § 7.80 (t, J=16
Hz, 3H), 7.74-7.66 (m, 12H), 6.83 (brs, 2H), 3.65 (brs, 32H), 3.17-3.12 (m, 6H), 1.75 (br, 2H), 1.67-
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1.55 (brm, 6H), 1.32-1.30 (m, 4H), 0.91 (t, J=13 Hz, 3H); '*C NMR (CDCls, 500 MHz, 25 °C):
135.2, 133.6, 133.5, 133.4, 130.6, 130.5, 71.1, 70.7, 47.5, 32.0, 29.7, 29.4, 28.5, 22.7, 22.3, 14.2,
13.9; 3'P NMR (CDCls, 500 MHz, 25 °C):  23.5, -137.3, -140.8, -144.3, -147.9; IR (ATR, cm’)):
3157 (arC-H st), 2972 (N-H," st), 2876 (N-H," st), 1372 (N-H," 5), 1098 (C-N st, C-O-C st as), 845
(C-O-C st sym), 725 (P-C st, P-F st); LRMS(ESI-TOF(+)) m/z caled for C4sH7oFNOsP, [M+H]" :
917.45591, found: 917.24476

Synthesis of Compound 3c.

©\;® amylamine, K,CO3 ©\;®

P G N P U

P~~~
Br DMF (dry), 80 °C, 1d N
© © H
PFe PFe

2c 3¢ : 29% yield

A solution of 6-(1-bromohexyl)triphenylphosphonium hexafluorophosphate (2¢) (1.01 g, 2.00 mmol)
and K»COs (0.50 g, 3.60 mmol) in dry DMF (10 mL) was stirred at room temperature for 30 min under
nitrogen atmosphere. Amylamine (0.35 mL, 3.00 mmol) was added dropwise and the resulting solution
was heated to 80 °C. After stirring for 1 d, HCl aq. (2.00 mL, 2 M) was added. The resulting solution
was extracted with chloroform(10 mL X 3), washed H>O and sat. NaCl aq., and the organic phase was
dried over Na;SO4 and the solvents were removed under reduced pressure. The crude product was
purified by silica gel column chromatography eluting with chloroform : methanol=10:1 to give 3¢ in
29% yield (0.33 g, 0.58 mmol) as colorless oil; '"H NMR (CDCls, 500 MHz, 25 °C) § 7.82 (t, /=16 Hz,
3H), 7.73-7.65(m, 12H), 3.23-3.18 (m, 2H), 2.60-2.57 (m, 4H), 1.61-1.61 (m, 4H), 1.51-1.45(m, 4H),
1.37-1.35 (m, 4H), 1.32-1.25 (m, 4H), 0.88 (t, J=14 Hz, 3H); *C NMR (CDCls, 500 MHz, 25 °C): &
135.2,133.3,130.6, 118.3,50.0,49.6,29.7,29.5,29.3,22.5,16.7, 14.0; *'P NMR (CDCl3, 202 MHz,
25°C): & 23.7,-137.3,-140.8, -144.3, -147.8; IR (ATR, cm ") 3019, 1520, 1213, 908, 748; LRMS
(ESI-TOF(+)) m/z calcd for C29H39FsNP, [M+H]": 578.25402, found 578.16210.
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Synthesis of Compound 4c.

A e
@
P\/\/\/\N/\/\/ CH,Cly, rt, 6 h MeOH, rt, 5 h P\/\/\/\N/\/\/
° H S He
PFg 2PFg

3¢ 4c : 86% yield
To a solution of 6-[1-(pentylamino)hexyl]triphenylphosphonium hexafluorophosphate (3¢) (0.58 g,
1.00 mmol) in CH>Cl, (5.0 mL) was added TFA (0.77 mL, 10.0 mmol) dropwise and stirred at room
temperature for 6 h. After the solvent was removed under reduced pressure, to the resulting colorless
oil in methanol (5.0 mL) was added NH4PF¢ aq. (5.0 mL, 2 M) and stirred at room temperature for 5
h. After the solvents were removed under reduced pressure, the resulting colorless oil 4¢ was obtained
in 86% yield (0.62 g, 0.86 mmol); '"H NMR (CDCls, 500 MHz, 25 °C) § 7.80 (t, J=14 Hz, 3H), 7.70-
7.62 (m, 12H), 6.27 (br, 2H), 3.12-3.03 (m, 6H), 1.72-1.65 (m, 6H), 1.58-1.55 (m, 2H), 1.45-1.44 (m,
2H), 1.30-1.28 (m, 4H), 0.85 (t, /=54 Hz, 3H); *C NMR (CDCls, 126 MHz, 25 °C):§ 135.3, 133.3,
130.7, 118.1, 49.9, 49.2, 28.9, 28.8, 28.1, 25.5, 25.3, 24.2, 21.9, 21.5, 13.6; *'P NMR (CDCl;, 202
MHz, 25 °C): § 23.6, -137.2, -140.7, -144.2, -147.8; IR (ATR, cm') 3252, 2960, 2868, 1438, 1110,
740, 722; LRMS (ESI-TOF(+)) m/z calcd for Ca9HaoF12NP3 [M+H]": 723.21820, found 723.05343.

Preparation of Compound Se.

/ N\
o o
0 i O r
@F’g/\/\/\,\]@/\/\/ * o O]ij ChClg, rt @P\/\@O\
H H
O ®2PF6 2 K/o\_/o\) O ©2PFs </o\_2/o/
4c 5¢

A solution of 6-[1-(pentylammoniumyl)hexyl]triphenylphosphonium hexafluorophosphate (4c¢)
(7.23 mg, 0.010 mmol) and dibenzo-24-crown-8-ether (8.97 mg, 0.020 mmol) in CHCl; was stirred at
room temperature for 1h. After the solvent was removed under reduced pressure, S¢ was obtained in
70% yield as a colorless oil (8.20 mg, 0.007 mmol); "H NMR (CDCls, 500 MHz, 25 °C) § 7.82-7.79
(m, 3H), 7.74-7.70 (m, 6H), 7.68-7.60 (m, 6H), 6.86-6.82 (m, 10H), 6.79-6.72 (m, 2H), 4.23-4.21 (m,
2H), 4.15-4.11 (m, 8H), 3.92-3.89 (m, 8H), 3.84-3.79 (m, 4H), 3.73-3.66 (m, 4H), 3.30-3.24 (m, 2H),
1.82-1.74 (m, , 2H), 1.50-1.31 (m, 8H), 1.11-1.06 (m, 4H), 0.91-0.87 (m, 3H); '*C NMR (CDCl;, 126
MHz, 25 °C): 147.5, 135.3, 133.3, 130.7, 130.6, 121.5, 117.6, 112.6, 71.0, 70.4, 68.0, 52.6, 38.1, 35.2,
29.7,25.4,17.7, 13.6; *'P NMR (CDCls, 202 MHz, 25 °C): § 23.8, -137.2, -140.8, -144.3, -147.8; IR
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(ATR, cm™): 3168 (arC-H st), 2941 (N-Hy" st), 2872 (N-H," st), 1441 (N-H," §), 1114 (C-N st, C-O-
C st as), 1056 (arC-O-alC), 723 (P-F st, P-C st); LRMS(ESI-TOF(+)) m/z calcd for CssH7,FsNOgP»

[M+H]" : 1026.46373, found: 1026.37077

Preparation of Compound 6c.

% o

P\/\/\/\N/\/\/

Hz
) o Co
\_/

4c

_—
j CHClj, rt

@QW VL

$) oo Lo 20

6¢c

A solution of 6-[1-(pentylammoniumyl)hexyl]triphenylphosphonium hexafluorophosphate (4c¢)

(7.23 mg, 0.010 mmol) and 24-crown-8-ether (7.03 mg, 0.02 mmol) in CHCI; was stirred at room

temperature for 1 h. After the solvent was removed under reduced pressure, 6¢ was obtained in 66%
yield as a colorless oil (7.10 mg, 0.0066 mmol); 'H NMR (CDCls, 500 MHz, 25 °C) § 7.79 (t, J=14
Hz, 3H), 7.73-7.66 (m, 12H), 6.74 (brs, 2H), 3.63 (brs, 32H), 3.19-3.16 (m, 4H), 3.10-3.08 (m, 2H),
1.76-1.63 (br, 6H), 1.55 (brs, 2H), 1.40 (brs, 2H), 1.33-1.32 (m, 4H), 0.91 (t, J=14 Hz, 3H); '*C NMR
(CDCl3, 126 MHz, 25 °C): 135.0, 133.5, 133.4, 130.6, 130.5, 118.4, 113.1, 70.0, 48.4, 39.6, 33.0, 31.3,
29.7,28.5,22.4.15.8, 14.0; *'PNMR (CDCls, 202 MHz, 25 °C): § 23.5,-137.3, -140.8, -144.3, -147.9;
IR (ATR, cm™): 3019 (arC-H st), 2969 (N-H," st), 2878 (N-H" st), 1435 (N-H," §), 1215 (C-N st, C-
O-C st as), 914 (C-O-C st sym), 745 (P-C st, P-F st); LRMS (ESI-TOF(+)) m/z calcd for

CasH72FsNOgP2 [M+H]" : 930.46373, found: 930.30839
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Synthesis of Compound 8.

. Qg
P

n-BuLi, PPh,ClI - H,0, aq. -
THF (dry), -78 °C—rt, 30 min—>2h TR (dry), rt, 10 min
(0]
\/\/\Br o~
Br
7 8: 54% yield

A 200 mL 2-necked round-bottomed flask was charged with 1-bromo-4-(4-bromobutoxy)benzene

(7) (3.32 g, 10.00 mmol), and THF (100 mL) under nitrogen atmosphere. To this solution was
added n-BuLi (6.33 mL, 1.58 M), and the mixture was stirred for 30 min at —78 °C. Then, it was
added Ph,PCl (1.84 mL, 10.00 mmol), and the mixture was allowed to room temperature, stirred for
2 h. After quenching with H>O, H>O; aq. was added dropwise, and the mixture was stirred at room
temperature for 10 minutes. The resulting solution was extracted with ethyl acetate (100 mL X 3),
washed H>O and sat. NaCl aq., the organic phase dried over Na;SO4 and the solvents removed under
reduced pressure. The crude product was purified by silica gel column chromatography eluting with
chloroform : ethyl acetate=10:1 to give 8 in 54% yield (2.32 g, 5.4 mmol) as colorless oil; 'H NMR
(CDCl3, 500 MHz, 25 °C): & 7.68-7.64 (m, 4H), 7.60-7.52 (m, 4H), 7.50-7.45 (m, 4H), 6.95 (d, J=10
Hz, 2H), 4.03 (t, /=10 Hz, 2H), 3.48 (t, /=10 Hz, 2H), 2.08-2.03 (m, 2H), 1.97-1.94 (m, 2H); '*C
NMR (CDCls, 126 MHz, 25 °C): §161.7, 134.0, 132.1, 131.8, 131.6, 128.4, 123.5 114.5, 67.0, 33.3,
29.3, 27.7; 3'P NMR (CDCl3, 202 MHz, 25 °C): § 29.0; LRMS (ESI-TOF(+)) m/z caled for
C2H2BrO,P [M+H] " : 429.06190, found 429.02394.

Synthesis of Compound 9.

Qe Qg

amylamine, K,CO4
>
DMF (dry), 80 °C, 1d

O\/\/\Br O\/\/\N/\/\/

H
8 9: 87% yield

A 100 mL 2-necked round-bottomed flask was charged with 4-(4-bromobutoxy)phenyl-
diphenylphosphine oxide (8) (2.12 g, 5.0 mmol) and K,COs (1.38 g, 10.0 mmol), DMF (40 mL) under
nitrogen atmosphere. Amylamine (0.87 mL, 7.5 mmol) was dropwise and the resulting solution was

heated to 80 °C. After the stirring for 1 d, HCl aq. (2.00 mL, 2.00 M) was added. The resulting solution
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was extracted with chloroform (50 mL X 3), washed H,O and sat. NaCl aq., the organic phase dried
over Na,SO4 and the solvents removed under reduced pressure. The crude product was purified by
silica gel column chromatography eluting with chloroform : methanol=10:1 to give 9 in 87% yield
(1.89 g, 4.35 mmol) as colorless oil; 'H NMR (CDCls, 500 MHz, 25 °C):5 7.68-7.64 (m, 4H), 7.58-
7.52 (m, 4H), 7.47-7.44 (m, 4H), 6.95 (d, /=15 Hz, 2H), 4.01 (t, /=15 Hz, 2H), 2.68 (t, /<15 Hz, 2H),
2.60 (t, /=20 Hz, 2H), 1.85-1.81 (m, 2H), 1.70-1.65 (m, 2H), 1.51-1.48 (m, 2H), 1.33-1.28 (m, 4H),
0.90 (t, /=15 Hz, 3H); '*C NMR (CDCls, 126 MHz, 25 °C):5 162.0, 134.0, 133.0, 132.1, 131.8, 128.4,
133.5, 114.6, 67.9, 50.1, 49.6, 29.8, 29.6, 26.7, 26.6, 22.6, 14.1; *'P NMR (CDCls, 202 MHz, 25 °C):5
29.2; LRMS : [M+H]+ caled for C27H34NO2P 436.24054, found 436.20384

Synthesis of Compound 10.

g
Qs 7
P
TFA NH4PFg aq.
CHyCly, rt, 6 h ®
2Ll MeOH, rt, 5 h O\/\/\N/\/\/

O\/\/\N/\/\/ ©PFq
H

9
10: 96% yield

A solution of 4-(5-pentylamino)butoxyphenyldipehnylphosphine oxide (9) (0.43 g, 1.00 mmol) in
CH>Cl, (5.0 mL) was added dropwise TFA (0.77 mL, 10.0 mmol) and stirred at room temperature for
5 h. After the solvents were removed under reduced pressure, to the resulting colorless oil in methanol
(5.0 mL) was added NH4PFs aq. (5.0 mL, 2 M) and stirred at room temperature for 3 h. After the
solvents were removed under reduced pressure, the resulting colorless oil 10 was obtained in 96%
yield (0.56 g, 0.96 mmol); "H NMR (CDCls, 500 MHz, 25 °C):88.12 (br, 2H), 7.60-7.59 (m, 6H), 7.51-
7.48 (m, 4H), 7.43-7.38 (m, 2H), 6.91 (d, /=10 Hz, 2H), 3.83 (t, /=10 Hz, 2H), 2.90 (br, 4H), 1.73-
1.57 (m, 4H), 1.38-1.35 (m, 2H), 1.28-1.25 (m, 4H), 0.83 (t, J=10 Hz, 3H); '*C NMR (CDCl;, 126
MHz, 25 °C):5133.8, 132.5, 131.9, 130.8, 128.9, 122.3, 115.1, 67.4,49.1, 48.7, 28.5, 28.3, 25.6, 22.1,
13.7; *'P NMR (CDCl3, 202 MHz, 25 °C):5 31.8, -137.2, -140.7, -144.2, -147.7, LRMS (ESI-TOF(+))
m/z  caled for Co7H3sFsNO,P, [M+H]" : 581.20472, found 581.07348
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Preparation of Compound 11.

SUe e @g@@ﬂ
o) ) » o 9N
<> . @[0 ) jD CDCly, 1t ? V\EoA ®A:J\/

O\/\/\ﬁ/\/\/ N

N N
©PFs Hz s OPFs koQO
]

10 1

A solution of 4-(5-pentylammoniumyl)butoxyphenyldiphenylphosphine oxide hexafluorophosphate
(10) (5.82 mg, 0.010 mmol) and dibenzo-24-crown-8-ether (8.97 mg, 0.020 mmol) in CHCl; was
stirred at room temperature for 1 h. After the solvent was removed under reduced pressure, 11 was
obtained in 77% yield as a colorless oil (7.93 mg, 0.0077 mmol); '"H NMR (CDCls, 500 MHz, 25 °C):
8 7.62-7.56 (m, 7H), 7.50-7,45 (m, 7H), 6.89-6.88 (m, 10H), 6.81-6.80 (m, 2H), 4.16 (m, 8H), 3.92
(m, 5H), 3.89 (m, 3H), 3.84 (m, 8H), 3.81 (m, 3H), 3.72 (m, 4H), 3.38 (m, 1H), 3.21 (m, 1H), 2.98-
2.95 (m, 2H), 1.88-1.84 (m, 1H), 1.67 (m, 3H), 1.41 (m, 1H), 1.25-1.23 (m, 3H), 0.80 (t, /=13 Hz,
2H), 0.68 (m, 1H); *C NMR (CDCls, 126 MHz, 25 °C): § 148.9, 147.4, 133.8, 132.4, 131.9, 128.9,
121.9,121.4,114.8, 113.9, 112.7, 71.3, 71.0, 70.4, 69.9, 69.4, 68.1, 48.9, 48.4, 28 .4, 26.0, 25.6, 23.0,
22.0, 13.7; 3'P NMR (CDCls, 202 MHz, 25 °C): § 31.3, 30.0, -137.2, -140.7, -144.3, -147.8; LRMS
(ESI-TOF(+)) m/z caled for CsiHg7NO 0P [M+H]": 884.5026, found 884.40366
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Figure 5-1-1. "H NMR spectrum of 3a in CDCl;.
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Figure 5-1-2. '*C NMR spectrum of 3a in CDCls.
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Figure 5-1-3.3'P NMR spectrum of 3a in CDCl;.
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Figure 5-2-1. "H NMR spectrum of 3b in CDCls.
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Figure 5-7-1. "H NMR spectrum of 5a in CDCls.
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Figure 5-8-1. "H NMR spectrum of 5b in CDCls.
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Figure 5-11-1. "H NMR spectrum of 6b in CDCl5.
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Figure 5-12-1."H NMR spectrum of 6¢ in CDCl;.
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Nuclear Overhauser Effect Spectroscopy (NOESY)

Figure 5-17. NOESY spectrum of 5a in CDCls.
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Figure 5-18. .NOESY spectrum of 5b in CDCl;.
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Figure 5-20. NOESY spectrum of 6a in CDCls.
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Figure 5-21. NOESY spectrum of 6b in CDCls.
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Figure 5-22. NOESY spectrum of 6¢ in CDCls.
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IR Spectroscopy
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Figure 5-23. IR spectrum of 3a. 3648(w-u), 3254(w-n), 2959(vean-n), 2931(ve-n), 1586(dc-n),
1437(ve(an-can), 825(ve-r), 731(vp_c), 723(Sc(ar 1) cm ™.
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Figure 5-24. IR spectrum of 3b. 3645(w.i1), 3257(Wn), 2961(veean), 2933(ver), 1589(Sci),

1443(vean-can), 819(vp_r), 740(w-c), 722(Sc(ary-1) cm .
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Figure 5-25. IR spectrum of 3c¢. 3613(w-n), 3252(w-n), 2960(vcan-n), 2935(ve-n), 1589(dc-n),

1438(ve(an-can), 828(vp-r), 740(w-c), 722(Sc(ary-1) cm .
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Figrue 5-26. IR spectrum (ATR) of 4a. 3018(w_n), 1520(Sc-n), 1419(vean-ccan), 908(vp_r), 748(1vp-

0), 743(dcan-n) cm .
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Figure 5-27. IR spectrum of 4b. 3021(wW"_n), 2974(vcary-n), 2948(ve_n), 1521(5c-n), 1420( vean-can),

909(vp_r), 738(vp_c) cm.

109



1001—

80 ‘ -

o1 80 \

40 |

20 L L I L
4000 3000 2000 1000 600
Wavenumber [cm-1]

Figure 5-28. IR spectrum of 4¢. 3019(w"_n), 2980( vi(an-n), 2884(ve-n), 1520(5c-n), 1416( vean-can),

908(vp>_r), 748(wpc) cm™.
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Figure 5-29. IR spectrum of 5a. 3066(w ), 2960( viar-n), 2937(ve-n), 1593(5c-n), 1439(vean-can),

1114(ve_o-c), 840(vp_r), 726(wp_c) cm™.
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Figure 5-30. IR spectrum of 5b. 3019( W "_n), 2970(viary-n), 2946(ve_n), 1744(5c-n), 1425(vean-can),

1215(vc-o-c), 912(w-r), 743(w_c) cm !
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Figure 5-31. IR spectrum of 5¢. 3070(w_n), 2941(vean-n), 2873(ven), 1741(5c-n), 1442(vean-can),

1114(veo-c), 841(vo_r), 723(w.c) cm™.
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Figure 5-32. IR spectrum of 6a. 3075(w "), 2906( ve(an 1), 2871(vei), 1591(8c11), 1439(veean can),

1093(ve_o-c), 836(vb_r), 735(v-c), 725(Sc(an1) cm .
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Figure 5-33. IR spectrum of 6b. 3158(w"n), 2972(ve(an 1), 2941(ve-n), 1740(écc), 1372(8c-n),

1098(ve_o-c), 845(vbr), 725(vb—c) cm .
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Figure 5-34. IR spectrum of 6¢. 3019(w"_n), 2969(ve(an-n), 2944(ve-n), 1739(5c-n), 1435(vean-can),

1215(vc-o-c), 914(w-r), 745(w_c) cm !
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ESI-MS Spectroscopy
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Figure 5-35. ESI-MS spectrum of 3a in CHCl3/MeOH. LRMS (ESI-TOF) m,z550.2 ([3a]), 404.2

([3a-PFs]").
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Figure 5-36. ESI-MS spectrum of 3b in CHCl;/MeOH. LRMS (ESI-TOF) m/z563.2 ([3b]).
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Figure 5-37. ESI-MS spectrum of 3¢ in CHCly/MeOH. LRMS (ESI-TOF) m,z578.2 ([3c]), 432.2

([3¢-PFq]*).
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Figure 5-38. ESI-MS spectrum of 4a in CHCl;/MeOH. LRMS (ESI-TOF) m/Zz695.2([4a]), 550.3

([4a—PF¢]*), 404.3([4a—2PFs]*").
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Figure 5-39. ESI-MS spectrum of 4b in CHCl3/MeOH. LRMS (ESI-TOF) m/z711.0([4b]), 564.3

([4b-PFs]*), 419.3([4b—2PF¢]?").
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Figure 5-40. ESI-MS spectrum of 4¢ in CHCl3/MeOH. LRMS (ESI-TOF) m,/z723.2([4c]), 578.3

([4c-PFe]*), 433.3([4c—2PF4]?").
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Figure 5-41. ESI-MS spectrum of 5a in CHCl3/MeOH. LRMS (ESI-TOF) m/z 998.5([5a]),

550.2([4a-PFs]*), 471.2 ([DB24C8+Na]*), 405.3([4a-2PF;]**).
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Figure 5-42. ESI-MS spectrum of 5b in CHCl;/MeOH. LRMS (ESI-TOF) m/Zz 1012.5([5b]),

564.2([4b-PFs]*), 471.2 ([DB24C8+Na]*), 418.3([4b—2PF]**).
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Figure 5-43. ESI-MS spectrum of 5¢ in CHCly/MeOH. LRMS (ESI-TOF) m/z 1026.6([5c]),

578.3([4c-PFs]*), 471.3 ([DB24C8+Na]l*), 432.3([4c—2PFs]**).

Ionization Mode: ESI+
x103  Intensity (942461)

378.78541
9007 lonization Mode: ESI+
x10°  Intensity (458500)
8004
400+
7004 1
902.56194
379.28621
600+ 404.30702
300+
5004
400 2007
902.56194 (90356575
3004
1004
2004 405.31011 1
903.56575 | 90456938
1 448.30358 1
100 0: R
- \ ‘ ‘ ‘ ‘ 89‘0.0 ‘ ‘ ‘ ‘ 90‘0.0 ‘ ‘ ‘ ‘ 91‘0.0 ‘ ‘ ‘ ‘ 92‘0.0
I w2
0+ e aks A
T T T T T T T T T T [ T T T T T T T T T T T
500 1000 1500
m/z

Figure 5-44. ESI-MS spectrum of 6a in CHCl3/MeOH. LRMS (ESI-TOF) m,2902.5([6a]), 550.3

([4a—PF¢]*), 404.3([4a-2PF4]?*), 378.8([24C8+Na]*).
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Figure 5-45. ESI-MS spectrum of 6b in CHCl3/MeOH. LRMS (ESI-TOF) m/z916.5([6b]), 564.3

([4b-PFs]*), 418.3([4b—2PF¢]?").
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Figure 5-46. ESI-MS spectrum of 6¢ in CHCl3/MeOH. LRMS (ESI-TOF) m,2930.5([6c]), 578.3

([4c-PFe]*), 432.3([4c—2PF4]?*), 378.8([24C8+Na]*).
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X-ray Crystallographic Analysis and Hirshfeld Surface

Table 5-1. Crystal data of 4a and 6a.

Dual-cation axle (4a)

Pseudorotaxane

(32)

formula

Cy7H36NF12P3-H,O

CsiHesNF12P3

collected

formula weight 713.49 1143.97
T (K) 173 173
crystal system monoclinic monoclinic

space group P2i/c Cc
a(A) 10.72283(14) 10.28332(19)
b (A) 9.66341(12) 28.0763(8)
c(A) 31.4101(4) 19.3279(4)
a(®) 90 90
L) 91.2856(11) 97.5744(19)
7(®) 90 90
V(A% 3253.86(7) 5531.6(2)
Z 4 4
Deaie (gm>) 1.456 1.374
4 (mm™) 2.526 1.797
F(000) 1472 2392
Orange (deg) 4.124-76.391 3.904-76.602
no. of reflections
19635 16187
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no. of unique

6633(0.0798) 7769 (0.0416)
reflections (Rint)
goodness of fit
1.079 1.037
on F?

Ri, wRy [I>20(])]

0.0731, 0.2111

0.0548, 0.1343

Ri, wR; (all data)

0.0798, 0.2190

0.0732, 0.1473

CCDC number

CCDC-2040839

CCDC-2040840

Figure 5-47. Crystal structure of 4a in the ball and stick model.

(Gray: C, White: H, Blue: N, Orange: P, Red: O, Green: F)

122




Figure 5-48. Crystal structure of 4a in the thermal ellipsoid model. The ellipsoids of all non-hydrogen

atoms have been drawn at the 50% probability level.
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Figure 5-49. Selective highlighting of C---H contacts on the Hirshfeld surface of 4a mapped with dnorm
surface (left), and fingerprint plots of 4a resolved into all contacts (right). The full fingerprint appears

beneath decomposed plots as a gray shadow.
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Figure 5-50. Crystal structure of 5a in the ball and stick model.

(Gray: C, White: H, Blue: N, Orange: P, Red: O, Green: F)
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Figure 5-51. Crystal structure of 5a in the thermal ellipsoid model. The ellipsoids of all non-hydrogen

atoms have been drawn at the 50% probability level.
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Figure 5-52. Selective highlighting of C---H contacts on the Hirshfeld surface of axle of Sa mapped
with dnorm surface (left), and fingerprint plots of axle of 5a resolved into all contacts (right). The full

fingerprint appears beneath decomposed plots as a gray shadow.
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Figure 5-53. Selective highlighting of O---H contacts on the Hirshfeld surface of axle of Sa mapped
with dnorm surface (left), and fingerprint plots of axle of 5a resolved into all contacts (right). The full

fingerprint appears beneath decomposed plots as a gray shadow.
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Figure 5-54. Selective highlighting of C---H contacts on the Hirshfeld surface of wheel of 5a mapped
with dhorm surface (left), and fingerprint plots of wheel of 5a resolved into all contacts (right). The full

fingerprint appears beneath decomposed plots as a gray shadow.
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Figure 5-55. .Selective highlighting of O---H contacts on the Hirshfeld surface of wheel of 5a mapped
with dhorm surface (left), and fingerprint plots of wheel of 5a resolved into all contacts (right). The full

fingerprint appears beneath decomposed plots as a gray shadow.
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