[2R2 sz

LAV

2 HF—FUED Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

gobbobbooggoobboobobodada

Synthetic strategy for polymers with cyclic structures by using thermally
responsive macrocycles

0o:00@O),
oooooo:0o0o0ooo,

0000:00127360,

00 000:20240 30 26001,

ooooo:0ooo,
000:0000,0000,0000,0000,0000

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:J 0 127360,

Conferred date:2024/3/26,

Degree Type:Course doctor,

Examiner:,,,,

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

2023 FE Hi-Liw

RICICET AHNLERERSFEFRALLE
RIABEZ L OFRBES N FOAKICHT 28R

Synthetic strategy for polymers with cyclic structures
by using thermally responsive macrocycles

™|

FURLEERY: VBB AR ISR

JoHfAEa — A
s L






EPN

¥—F F#
1.1. #48
1.2. B+ & Z2 DG
1.2.1. B
1.2.2. RIGHETRN 2 b OB FOBBRES
1.2.3. BURKEIE 15D o FAHAEH O TR
1.3. BREEZ b ORa T DGR & Z DR
1.3.1. BERET+
132. RywesgXHv - RVA7TFv
1.4, B REG
1.4.1. BVHEE RS L ma R
1.42. BIVLARAZIEH L &S0 FRe o —Zh
1.5. AGRCo HI &
1.6. AGSCDHERR
1.7. %3k

FE BIINETLIINGCRRRSFOER-EHEHRIG
2.1. #48

2.2. E#ERETF (LP) DAL

2.3. BHLEUG

2.3.1. BULSUSIC B 1T % RISk DO T8I0 2 A
23.2. BALKIGD A=Y —F (V) IZ7 2@
2.33. BULRIBICE T 540K L BN OMEIC K 2528
2.3.4. BULSUB DIRFEIT R 5 At

24. /2 —DHfE L Z OREE

25 ZVHZIILE=IHIZDOWT

2.5.1. BULSOG DML X 5 4k A

2.52. DFTRIRIC K 2BEATZ XL X —DHEH

26. 5

2.7. SEBRIH

2.8. ZE 3k

10
10
11
13
15
15
19
22
22
23
25
26
28

33
34
37
39
41
42
45
46
47
51
51
52
53
54
59



FZE BIINEITIBNERKRRASFORLAES

3.1. #5

3.2. KRERTT (MM) DHEIK

3.3. ETIVABIRD T MM(Cy) DEIEKES & Z DFENT
3.3.1. IRIESMICE T 2 MEVTE S 1L 5 RV D fdhit
3.3.2. EE DR
3.33. AV I =0T DT

3.4, LHEE

3.5. BREELERE DA

3.6. ftiE

3.7. EEIH

3.8. ZEHk

FNE BMLTRKRKSFEAV-ZEREZERRRKES D T0OE BER
4.1. #48
42. W)L EE
42.1. NIV EAETARERE ) v — DAL
4.2.2. i CHEARIE D K0 T D 4K
4.2.3. MM(PEG3) D73V 7 By
4.3, W TAHHAEREAL 2 & D€ /< — DAk & Rk
43.1. 82— DEH
4.3.2. ERIEEIFEADIEE
433, IFREE
4.4, BOTHAEHTMNZ D OE /) ~—D NV HE
45. f58
4.6. FEERIH
4.7. 2% 3k

FRE BEFKLS5A03F Y -DTFUDOHEELH

5.1. 5

5.2. BITEMPS % liffiic & 21 8 ¥4 v D4 & Frik 2T
5.2.1. BITEMPS Zfi%iic o1 ¥ ¥4~ DAk
5.2.2. BITEMPS % i & D1 & 4 » DL g YTl
523. B XY A T —DAK

61
62
65
67
67
71
73
74
78
81
82
86

90
92
92
94
95
97
97
99
101
105
112
113
119

121
122
124
124
126
128



5.3. BRALIIG DB 130

5.4.[3140 7 F v DERK 132
5.4.1.[318 7 F v D i & it 132
5.42.[31h 7 F ¥ DIKZEE Z DAY 135
5.4.3. DFT &5 137

5.5. 31 7 F v DEERIG 138

56. fiE 140

5.7. EHIH 141

5.8. ZECHR 149

EARE KRR 151

R ER 156

HEE 160






[ [{]=




DEa

#

KT BRAGE & V) RRAMENEAINGTFOARZEZBLT 5 720 E
BB 2B 2 KRBT 2 2 PEZHFE L, G070 R0y -8 T
DIEHICKES CHEZLE A, Rz WEEZ b O/ M ORI %223%, ZD &
)RR RLIIRO ST FERPEE I NS 2 LT, 205 OIERER 4 R D 5 FE )3 v hE
Lz b, BRREICHR L 2MEH 2 & oS 0 TR E L ToRALS IR S 1 5,
KRBT ANTEICB S % BN 2 ik 2 BEOH § 2 12 Je 2 6 B9 2 pF 781 > W T8I L |
AMEOHMNE L UVEEZBXS,

11. #%5

1920 FERIC, B FICOWT, ZROEFPIEREAIC X - Tl L 2R LER oG
DHEPIZ R >THh 6, X2 EFl-hEmaamraiIns kiickho7%, 2L T2
N\ TR . EEPY T Iy 7 A DM EE ik U CiRREMER BB LI #En,
TIARFy 7L, B, @ik ERA ZHBRTIACHBERNICHYONTE L, Fi,
BT MEHNE, BRC~AVAT 78, KMELREFMR R EOMEE L THEELRKLH %
HoTEY, EHEZNZIICERI N 2N - WENRELZ D OE MR ORTE
BRTEATREZ>T WD,

EETIE, VEVYJEHAZB LD L T34 ORBERS TEAEVPHAE I L, HHER—
R E S OETTVNEANINE 2Lt hot, R, BOTD "kt ZoTF#HD
AV 7 A A=y avOHHEPHEAGVICEELZKIZL, 202z RESEZL LD
MonTws, flziE, Kz b uBRES FIEE—OMK - 7 FE%2 b OESHRD
BT EHARTH 7 ZABBIRERE ., R NFEERNS . KEMRWR EohE %
boZEtPHoNnNTwE, 4, BIRGTFH IR vicilladoTHERENE AT F
YRRy XY R EOME R G NICb D TRBERR ) OES I3, BIREESD 25
BN [ IR T % &SRR IS R RIR ., B TR R
IR EZRTIEPHONT VS, 26 BURMEEZ b ORHRMES S 712, 20 T
by B L == 7 B ZTR L, ERICE AR - MBNREEZ b OEa M
BhE LTHifEsn %,

BREEEZED H 3 2o, RRICBRS FORERLE2BE6bE 280 7k 2
DL e B, IETIET I PP AT, 7Y v 7RG, X8 2y ARG E 2 v
7NN 2 B L RFEPIRESI N TE L, L L, BHREGEPLED D Z DOIED
v & v ) BES . O RMPEATE Z2HEICHIRLH % & & OREIMKA & LT’
STED, X )EHLR»OMBERBLTELILEE INS, Thabb, HLLTFEORHK
IZ & > TERALKIG DR EM e o 0 FEHEOHIRZBE L, TE T 20 FE&H A
AENLBIREEZMTECEIHT I ENTENE, BIREEPEAINLEHT T DA
DX ONHNLORRICR S, £, Z2RODLORELYIEOBHENIES NS,

DLl ki, BERRMEDEA I N @ FOFBAEREORMI T, BIRME S 726
TREWAYHEIC OO TRIAT 2 & v ) BN AT & v ) AN 2w, 565 2 MEe 7



DEa

#

47 =24 Ptk - B2 b OMBIOAIH L W FEENLRMONFICKE BHIEE D
LT ILENTESL, ZITARWMXTIE, BIRME L WIRELKEPEAINEGTTE
Rz EBT 2700 THNERERSFOEM 1220 TREL 2, DETIIARRR
2 BEAF RIS O W TR B,



DEa

#

12. BRDFEEDERA
AT, BURMEPEA S NET T 2K T % 72 0 O FEARE & 72 2 BIMEEH D
R 2 O SOz 2w TS %,

1.2.1. #5%
EIRMEZ S 2MEME., 200 FR2KORES (&) 2 LITFEIC 3 IR
52 EDTE S (Figure 1-1),

' ™~ i I
© OK,O o bjoojoj o N N Nj/\)\ "
& YA j/ e N é O
N T
o

S-g ’ w%? /N N N
© E%\*Qo & oH o | o]
HO
Cyclic compounds Macrocyclic compounds Cyclic polymers
Molecular weight (Mw) e

Figure 1-1. Examples of compounds and polymers which have cyclic structure.
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Hrh 2, L LERIGPMEDOBT., T 29E%2 b OMBOBT., FillEERSO
Bl 7z ENEEPND, Thbt, BIREEZ b LAY IX ALY - MR - Bl
R EDTRTOMETTFICE VT, BEARE#HAZHSTWE LWV B,

122 RIEHEELZE L DOBRSFOHRES

IATNRT NV, T2 EDRIGHETIZ b DERILE E . MR L
DRI X > CTHBREAEC2T (ROP) T2 2 EVAIGNTWDS, HEEATE SN
LEadFiE. VA 7, MEOSHKIE. ENMIERELCORRZHELTED,
BREZTRESC OB TIMEAERICHONTEL, 2 L C ML DT /) v —FEDOfME,
FOGHER 72 EDBIFBHEA TV S (Figure 1-2),
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Figure 1-2. Examples of reactive cyclic compounds and their polymerization.
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Zhu 51F, RARICOHEET VY ) —VBgEHAEYME L TRBERGTFE2EKRL, AL 74
YAy AEAICK S ED-ROP Z #Hifi L T\ %P (Figure 1-3a), DR CIIHEHEAS W
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D B,

(@)

o E/Z.
o\/‘OJLC,;H‘6 y
o

CeHiz O
=~HoHen EIz
714 + O  CgHia
n L =
o 1z CHy; O
CeHig 11 m
o

o E
o\/\OJLCBH‘: N
ED-ROP °

ED-ROP

Figure 1-3. Examples of ED-ROP; (a) Synthesis of ricinoleic acid-based copolymers via ED-ROP

11 and (b) synthesis of polypseudorotaxanes via ED-ROPP2,
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Ey b YB3l (cB) ITRESI N L REERT T3, AV A XMl 4 O A I
DWT, BREDTZTA M T2 LB THAKPIZIBRT 2 2 LMo TWw 3
(Figure 1-4), CD X ) ZEAEKIEZ, D0 TOWEHZALE LT TRIEIL ZWHT L
WHERECYMEZ b, £, IhoEaFHAMERICES S aFELoBEAIX. ARG
T HEBTE R ERFEECSIDHRIRE 2 & DRI 2 & 72 5 5,
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Figure 1-4. Host-guest interaction of macrocycles and guest molecules.
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1.3. RABEZL ORI FOERETORY

AT, AiSCORAMEIN 72 HINYITH 2 BURMEE 2 b DRIk G = 20 1 (Figure 1-5)
THLHRRETTFOPRI R XYY RVATF R EDHERPZNE DRHICO VT
Eﬁt‘g_éo

D O oo

Cyclic polymer Polyrotaxane Poly[2]catenane

Figure-eight-shaped polymer Poly[c2]daisy chain Polycatenane network

Figure 1-5. Various polymer structures which have cyclic structures.

1.3.1. BREHF

BOKE D 72203 K i 2 b 7o e v &0 ) K | IIRIE R N L 7 IREBIC B W T, %
no LIRS 2 RI2ET 28T LERBMEPRL S, I, —RZEHRST T &
Hd 2 & HARMOEREICL>Tary 7 X —2 a vy OHBEOE TR HHEDED
BT FHOMAGVDOWP R EDREREH L, ZOL) R bRy —WARERICENT 3
WAL EDOWAD 2. WRKEDE T, A7 ABB RO L% & DR R EE B <
WMESINT2W, Cns OREZBHE 2 I3I0H T 23 A 3R AZHETH D, BIR
BATERNDOT? 70 —FBRLICHRINTEL, ~RNAERRETFOERTEL L
T, () @R L 07N X 2 ESRE T 7O BAES (i) BRI 1~ D ff
ARGz P L 2B R REAIC & 2 EEEAD 0 2 MBS ICHE SN TWw 5 (Figure
1-6),
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(i) Ring-closure

b N__F

(ii) Ring-expansion

= OD
—;.D—_n

Figure 1-6. Schematic illustration of two synthesis methods of cyclic polymers.

BT F RGO KB & 2 ESRE T F BRI DT, 1980 FARIC i flEE 72 BRR & 2
DERBI DL O THE S 7z, Hocker 51X “HEMORKBAIIC L2 AFL Yo7 =%
VEAZITV, BEABRICEREOEILAZ SARESE T TMA S 2 ETHRIRFY 2 FL
YEARBR L, COTFERTREELR7 A vEAGZMHT O, oTEPHESI NS
TERAMOPETTZ2RoNMEABH 5, Lr L, @o T RKimich LTS EDEIEA
2N Z T2 BRITE R T 2 E SR O B B I M R R BB E T 5 2 L, BRLE
DYFEME N EOHREDH > 7z, BRILKIEDOINEZR LI 2720, BHE D7 7 v—
FOUNBHEIC RS FTITONTE TV S, FIZIF, "o 0K LD RKIEORHE % 5D
% 1.k & LT Grayson 6 1%, RISDIRLEIE S 4 OF oIS L CHHTREZR 7 Y
v 7 RIGICEH L BRE T FEBEYI2HRE L, 7Y PRI E 7V % v Rz & D~
TUEHBELRYAF LY Z2H5K L7206 | A B C Huisgen BRALK G 21T 9 2 & T,
FEAE R BR RV R F L v oA EER L 72, £, 7V v 7 KGOS0 RE 2 Kb Be 51k
B TiE. RYBE 2 NVES (ATRP) DB AIE X O n iy in b 24 4 i 54 7% 8
(RAFT) EGOHEBHA L 2 MWL I L TARTE 270, ZoBRLFIEIZIAHE 2 S
SN LU CTHEMAABETH 2, Z0ficd, FABRX ¥ o ARG %2 v 72 BYE G S 2
SN T il X B BBREAKIG EBRILD 7 Ry MU EREMA M I X 2 A R
EAF UREA DA A NOREIRNETKIG % A A6 b 72 B{LFEBY (ESA-CF) %&£,
ERR LB L FEB A I T E % (Figure 1-7),
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(i) Ring-closure
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Figure 1-7. Synthesis of cyclic polymers via ring-closure methods; (a) synthesis of macrocyclic
polystyrene from bifunctional living chain*®), (b) synthesis of macrocyclic polystyrene via click
reaction*”), (c) ring closure metathesis synthesis of cyclic copolymers!*®!| (d) cobalt mediated
switchable catalysis for the one pot synthesis of cyclic polymers*®!, and (e) ESA-CF polymer

cyclization of zwitterionic telechelic precursors!..

DX )R A+ 2 s T 2 BALKS 2 FIH L 2B IRE S T O &RIE., R4 ka8
I L CEHAMAEE 2> T&ER, ZO—HT, BARFHEVPBHETHL LwHEITFon
BORKOBENRH D, FEIAERE L TRALTL ) E#HRD FOoHCHE b HE T
HHLEVHIMED H 2, FERMNZEEZEICHPREAMZEIET 2L, 2HVERED L <
KR EDRGIHERTE 2IREEZ V5 2 &, il 20085 50 1A 58 il il oo A % 1)
BBETHILRIENITXREHETDH 5,

—7 T, RISKESGIC K 268, —MICMBEZ & X - TEMEAL S L2 BRI+ 1o x
LTRLZEE/)—DFHAIN TV ZLETH#ITT 2, HlAIE. Kricheldorf & 13 BREE(L
AR R FRAICH W B-7Fu s 7 b vE X Pe- AT 0o 7 F vOEAETH Z
TRERTTFOEEPNCRII L Twd, TOFEIZ05M &) MENEREOSH T
AT EDVTE MROBAEEIMDEL RV EWHIALERH L, L2 L, 2ORITEWTIE,
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AR Z RET D7 DICEHME R UL NETH S L v ) ERH 2 fih, BEHAIREZLR €/
v —MEERY RV E V) ES H S, 72, Waymouth 5 IFERIRZ ATV THSEF7 7 b i
N-~NTaBRANVNYZMASZ I LT, ZNETNDRWEBHEICAHAF AV BLIET A D
IREZ L DAL O FEHAVIETTA2MEA A VEAPIZREL VWL, 2oRiF
B TE/ v —IBREMBERO ANV VIBERZIRAT 5 &) e FETRIER 2 HEE
TE2, z2oflicd, BV T = aflilif s rur s rvEfui Ay 2y ARABNP
BRIR RAFT Al X 2 BRI KREAEDB), BRILKA F A VEHEPIR L, HT L WERILKESEDIH
I N TE 7 (Figure 1-8),

(ii) Ring-expansion

(c) =\
N

n

(e)

~

» N
U &
SnBr, ~o n0
O
\OQ }\

(0]

Figure 1-8. Synthesis of cyclic polymer via ring-expansion method; (a) ring-expansion of
butyrolactone with cyclic dibutyltin initiatorsi®*), (b) zwitterionic polymerization of lactide to
cyclic poly(lactide) by using N-heterocyclic carbenel®™), (¢) cyclic ruthenium-alkylidene catalysts
for ring-expansion metathesis polymerization!®*!, (d) cyclic poly(vinyl carbazole) via ring-
expansion polymerization-RAFT (REP-RAFT)** and (e) ring-expansion living cationic

polymerization[*®),
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RZHPLZ 72y 7 T7INY —EDERBEMBNOREHPKE CHIREINTWw 5, filllc
bFKSITL > T, BIRESD T 2 2 VIS EVE - WG YE - AR B v T, [Fl R
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Doz tns, BREDFEZNENIDT 2EBRT FEHRTRAZBEZDL B,
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WREyFalkzr RHT 2 Lo, BRETFOMEomHCZNEZHOH L ORELZ D
OB OB EE S NS,

1.32. Ry xHy -RYUATF>

RIRE DT OMICHBRRE V) RRAME2ZLACHHA LG TFORELT, vsdx
P8 gy 5 F TN RESI NI HLARGZ N LAV E R P AN GHAaZ Lo
HOTPME I TS (Figure 1-9), il 213, EH#RE D 720h & LS B O 6y 1538
fil7zRxymey Xy e LT, FHHS X CD OEANICEBRE S T %2 a8 L 2 BIR o
Y XY rEHRELTwE, i, CD LEFRES T2 BERRETCREA T 2 DA TH
IO N 2NN R Y XY o AEEIIE LCliffsn g, £/, mHS MK
NTklgT+ (779 v —7)b) BRI K > TR FOHR 2 B E) a6 & 7% 5577
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ICHEFEE L 2] A T F VI Oo0nT, XYY A 29— )LE Ty 7L —F & LEBARKIGIC
X 2B N ERFEPIZREL 0D, ZokHic, el rHAEEHICE SR
FXF AT I UMEZ b OREMER T FUPIOERP Z DREMICO W THE I 1
TWwa,
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Figure 1-9. Examples of polymers with interlocked structures; (a) complex formation between poly
(ethylene glycol) and a-CD!! (b) selective cyclization of linear polymers by using rotaxane
polymer!”", and (c) synthesis of molecular interlocked chains by using metallosupramolecular

polymer as a template!’*.

— 77T, BURD 23RS ERE L TR S L2 Ml & UG R IC T 5 a1
SNZ, Z OEBESS HHEICER T 2\ RIS BN EZ R T 2 L o itkick
WH LW E L THIfEE T\ 3 (Figure1-10) . 21X, EES 1 8 O % L 2Bk
L& 2 ROFEDFHZEBEIE TR T 2 4GB Cch 209 X4 v 7 L U0% i
LTw3, BROTFTHLa-CODEHTRYZF LY 7Y a—)L (PEG) ZHES ¥ 7/
ERaZ ik, Z2ERPESTHEE R IA R T2 2L TCEL, 2ORBROBEIC X
RPN IS NS 70, WETH TS Wil e MY & 7 2 i, 3@ D
LRGNV EHRTEPICINI BY Y IR 2 HT 25 EORELRIEYEZ R T, —
JiT. Huang 53 k7 S FA T F U BEETEBI N D T F V2B LB D TH
HLTOL, AT FHFVYRBINVICEWT, AT FUyEoEEHREZZMIE 2 2 LT,
PNDNEYEERELSEZZZLIEILTE D, EICH W 2 BIREE 2 %2 K
ELEMT 22 EEZHSPITLT WS, ZOfhicd, T %y 7L A& 3 4GEIPR
RE DT F DM iAW L LIt onT, ZRZFNOEICHkET 2R
NEREPREIN TV S,
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Figure 1-10. Examples of polymers with interlocked cross-linking; (a) figure-of-eight crosslinking

polymer

[81]

I'and (b) [2]catenane crosslinking polymer®!l.
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1.4. BN EHS
RKIETIX, A XoFEIZLH S THN, ZREZ2LOEEGHEATH 2FHNILERKEGIC
DWTC, ZDOIEHFIIZ O WTHET 5,

141, BINEFEHRE LD FHH

B FMERORIEICE VT, WHEEDTFOERE ZDWIEIZ O TOIBERHE S
7HAETIE, OB L WP HEZ b > L MBHEANNGENEE 2 X ) Ik > TE K,
ZD—2 L L THEUREMR 0B85 0 | RE DA ERRIEIC)IE U T2 ok 2 78 Bl L
OIS ELD TCELHRATIMBE L TRELTEARFESON TS, TNE TICHA
BACSARY R B B R (pH, WEIE, B, AR L) WWIRE T 2 ma MR #HE I <
BED. FI2v 7 T7INY) =2 27 LPNDESCTE T ONEMEDOBR KRN T 2 —=v 7
PAL WIBH I N Tw 3

ﬂilJ{ﬁfcr“%lim/\¥Mﬂ@ 2 & LT, BHEAHRE1YPY (Dynamic Covalent Chemistry;
DCC) ZHR AT 2HIcO>VWTHEIN TS, BIWILAERKE L IX, FREDBRE N Tl
g fREE - A2 IR T AR GO TH 5, ME CREELMALE L TIRAHE) T
T, DR EDFRMETIEIEAZMARI DU DELZD T2 LVHEETH S, ZOM
B2 AMALT, H#ZOHDBEMER Y A4 2 VD &S FHRPSIRHE I N T S
ZOEWMNLEE LT . Wudl 617 7 v—~L A 3 FORHRN A D1els—A1der}iFG’¢’H§b)fc
BEED D 2HERERTFZ2AR L. o lma BRI X > TEMEE L 14158
JEWEarhiE T2 2 2MEL TP, Zofic bBEIIHLAERALE L TRA 5 S
22T DOFIP101 (Figure 1-11) 23 MEINTETE D, BIEICR 2 FTICHKA &%
ZiEH L SR RO fTThb i Tw 5

R! R2
— ( . RIS R2..S
RB +ER2 Re + Rt RSSR‘ + RSSRZ s>Rr2 t S'R!
R1
: 2 2 4 4 3
0B, OH HO R o unF o HnPR o HvR o unPR
0 + HO =—— B. + 1 + 3 —_— 1 +
R, R1B-oH HOIR3 RigAAN RN LU PN R AN

Figure 1-11. Examples of dynamic covalent bonds.
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142, BNMEFEHREZFTRALEZESFO RO D —HH

DCC T X 2 m7 F RIS RS FHRANDICHOARICE EE 63 BaTDy—7
I v AU bR v 2 —HIEII 10T S Fw S it TWw b, FEIC, DCC I X 2 B1LK
JiEs 52 B BRSO 1 AT 20 D Bifli 22 RIS ORI © & 2 72 & EAIER S 0 T O A Tk
& LTI T& % (Figure1-12), ]2 (X.Zhang 51k, 7 7 =< L 4 2 F D A 7 Diels—
Alder G Z W@ A T O FFAu Y —ZHIME2HE L Cvwb, ZOFETIE, KSED
Diels-Alder ffMAICH L CF A =L 2 AN, BN AREZRDELZ L TZDRER
V—ZEENMTELLWHIRERDH D, Z2OMhicd, A5, ~FH TV —LEA IS
V' =)L (HABI) DI Xk 245G O i & A mofilfic X 2 ESFR EBRD P Re Y —%&
FalSIZ G LT3, HICZo R —KIGLTETTFOL A Y —RERRKECE
ka2 L2zBBLTEY, BEALZ E~NOREMPHIFFIN TV,

(a)
s A
° (Dilute)
o] ; E _ N IO/
A N X
NO o 0

lo}

,(A)_,S
10
(b)
no UV
o (Dilute)
PhP O '0\) - UV O 0
Ph

P Ph P Ph
Figure 1-12. Examples of topological transformation of polymers via dynamic behaviors of

dynamic covalent bonds; (a) dynamic furan/maleimide bond-incorporated cyclic polymer for

(1041 (b) repeatable topological transformation of polymers based on the

photochemistry of HABI!],

topology transformation

sl LT, BEAEREGZHCLBE»r DR LERMIEE LTRES I3, ©
2(2,2,6,6-T F T AFILERY P V-4 )P AT 4 F (BITEMPS!®) Fi% % H w2 iA
BRI T2 6 RER D T~ D ZEHal1%2 #i 5 L T % (Figure 1-13), BiTEMPS [F =]l T
WBZELRMEGE L TRSHE) —T7T 100 °C BEOWMAZMEIZ L > T S-SHEEDITTh
WY —BIR 2R I L, 2,2,6,6-7 F TAXAFILERY L V1-AL 7 7 =)L (TEMPS) 7
ANEELDECIREZ DD, T, EUL LI NVIFELLICHEARE G DM A
ZRIGZBIER I T, 2 BITEMPS #iE L LR OMEZ LA A Tl L 2 E#RE S
T (LP) Z A MEMTMEAT 204 T, BRILMESRKIEZRETRERDTNLEWTE 2
CEZMELTE D, 1-15mM FREE D FE Y &R FE 2 S AF > D N E O A ¢ B il 4 7] 6E 75
IR O Pk R L7z, £7%. BiTEMPS D EHHBEIFAENEH VD, 20Tk
BEEOHEZBRREEGICHEHHATEZ LW HELH S,

23



%Ufi
Ik
5
2

W
Monomer
X=3~X + or — ey 0
} w, b~y
Polymer Topology (&)

transformation Macrocycle

i;l\zgg ;00°C (A\A 75 D or

Cyclic polymer

Figure 1-13. Schematic image of cyclization reaction via BITEMPS dynamic property.

Doz &ns, BINLERKAGIEZOMAELIRNELZIER L2 4 7 vk BEE%
LOMBLE L TOIBHDOAL ST, MO TN —7 Ty AR Ry —2HlAaii s Pk
ELTHLHEMRLEBETH 2, Fic, Bl A TR G2 lAaMz 2 BITEMPS HH#% % Hw»
T RERD FAERFEZ, SHE»OERZNANLRERKIETSH 5720, KB KB
RIL&EWERZFRO—DLELTHEHATHY, ZhzHvfic OHBELKRERD O
AR Z DEAGKIGNDEFRPHFEI NS,
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1.5. RBXDEMEBE

i@ by | TELREEE ) 3o RGP HAEER ., Mt KR E L EL 525, 20
720, F LA ERIEDOF LI ET 282 b oADK R ENEETE S, 2
DHhTY, BREEZ OB TIE. PR R EERBERMEE 2D B MY 2
IR T AR RZEEDIRSECHREINTEY. ZNs ORMEZ I £ 2 13)5H 3 33
AR A RETH 5, DX ) RREMES S FE KT 2HED—DTH 2 BIRHE
WOARIZOWT, FRICHIRD ToOERGRA L2 BEEbLE 2RO 70 203 E % 5,
20D, RN ERRSTFERFEERNT I LT, FitBBEZ DL OET FORRS
ZOMEICHET 2REZYELZ b OET FHRORIERESI NS LfFI N5,

Z 2T, KX ClRBEREGEZ b OESTOfE» ONHNAGREZARHTZ %2 H
e L., "B aRERDTFOIEH,) 2RET 2, i, KX TREEINAREAL LT,
100 °C BRE DR 2 MBI X > THE G A 2 B %2 5 Eifd 2 9 BITEMPS M Ic & H L,
BHATIDE T 2 KBRS F (MM) I X 2BRBEZ D OEa FOARZITH . BRI,
F9. MM %2182 7% ORI T 2 N 2RO Z L, MM O ST LD
SR Z DA IC O W TR T 5, RIC, MM DFEAKBKIGE AW T, BRIRES T
BORE S FRLEDZEMMCHEE L2 8o, A7 7y, RV udy 33 v Eoslz HEE
T35, CNSZEERT S ECAHEAZFEICHEATELZBERBEZ O80T TFOEHE2E
BL, 2ozl HBMERE~DRMZ HiE T,
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1.6. A DIEK
UM ISR S DR 2 8§,

F—F F#
AFEDOTEF EZDERIZOVWTEB L %,

BB ACINET 2HNBKRRRD FOR-HFEEHKRIG

Iy bhu—EREREEREAS (ED-ROP) 2B 35S FH O R M LHEOEEE &
N MM %2152 72 & O SOBIC B 2 B 2 M A oAz HW & L, BiTEMPS & HH
fili & LG S N EFRE 71 (LP) D5+ Wil & 5 SO 12 B0 < BRI E A& SO IC D
WCHEM & A L 2

Relationship

Chain Length
(Structure) A4S (Driving force)

Cyclization

— Heat —p
<€ in dilution == Q)

=

LP

FEZE ACWEIDIENBARRERIFORLAESR
P DR E 2 BRI R FIE D KB 2 HI5 L . BITEMPS & F KRER T 1 D 77 Mk &%
Ot 2 M L 2B IRRE AR 2P FE L 7,

Polymerization
S — S O ) 3>
in conc. c_j/

MM CP
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iz B L 7,

. -
. .Q

N
Supramolecule Polymerization s h/ t
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2.1. #5

FOBHER A % b O BRIRILEP OBERE S (ROP) TR LN S ESTU-Nx, VA 7Lk,
WD LM, BN IR ELCDREZAELTVS, ZOLOBIEETIIHEL LD
AATMEERICHe N, i DT /) v -2 S35 % ST & 021, ROP
DREHGTIRICEHELRERZD -2 L LTHREADDH S, BALRRELAYD ROP X,
BREAIZFILX— (RSE) OFRZHNE L LRI ERIIN, EADOKE 2MHEIZEE
ALRTORERH 2, ZORLZHIELTHEBRND S 2L SEED T 7 b v 2BIRT
Vv OEEPEF NS, EETIE, T EBEARADD ZERLAD ROP LI
BREADLEVEY A AVBKER (N> 14) KBRS TFZHOKEEAE, =¥ o —EE
# ROP (ED-ROP) 2N NFEHIN S L) I > TE 7, COFHEERE/, ~— @y
THHOVEIKIG, Thb bR PHEKINICEDCE/RETH 570, fERD ROP L X
T, KIBRICEOTHEERDPEEL VI EREAORYFOREDSTH % L) ik
Bh 5,

22T, ROPIZB I 2 EN A FHE IZXD (1) ATERT I LR TE S,

Ml AH A4S

M, ~rr R W

AH tAS Wz Fnz vy =tz vbub—%2mpnL, RIFAMBEE. TIZHEE. [Mle
O E 7 v — . [M] ZEEHEIRREE /) v —EETH B, ED-ROP DA IIEREAD
WENNE L (UH=0), {LE Py rtoE—oAic k> THlfENn 3,

ED-ROP IZBWT, (NKXX D A4S BIEICKREL 2N R 5 1F E[M]eq DIEDNS K 2D
BAEMKIGDETT 2, ASIZ. T OUEEENICHET 2 ASuus ETTFDEDEHE L2V 7
ARA=2aVICHET 2 AScons D 2O Y bR E—BICKHILTEZL I ENTES
(Figure 2-1), BBIRE /= —Da v 73 A= a VIZHET BTV b0 E —Sconr IFTEEC
FOoTHEICL> T EDHEZIND . B A ADBKEVIEEZOMIFKREL BB, —
T BRIRE/ 2= D Stans TR KA LIREEDSRKREWIZENS (508, 22T, K
Ve—DIy bRt —%E2%2t, RY—WFE/—LHRTENHBZay 753X —
3 VDB% D, Seont ZIEFHITRKE L WIT AScone.BIEE R D, — OO F 2o =
TEEEZZE, RV —R@BOTHPEBELTEDE ) v — LKL TEHE ISR DR
B Suans IFIEFITNI K HIZ ASans. WA E R S, LD 200y brE—#R2EE T
28, REPEVWEEADZIY PR YRR TDH 5 AStans DHFGB/NI KD AScont.
E AStans DHITH 5 ASWIEICKELS B2 2 ETHARIGDEIT T2 L35, L)U:@ct
HIZ, ED-ROPDRICEB I 2 EAE - BBRLBEAIZ. B/ ~—DEE L Z20EIC
CIRAET 2 gD, L L, EEIC i&r@@ﬁﬁwmA%@Amgwmgmfa
D. ED-ROP IZDO W T ORI AFTAEIZZER I N TRV,
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A4S = Astrans. + Asconf.

‘/Strans. @ W > X Strans.

Astrans. <0 Asconf. >0 v s

X Scont. Monomer Polymer con.

x n

Independent on concentration

Strans.

) x

il
I
A

MES

" x
Dependent on concentration

Figure 2-1. Entropically effect of ring-chain equilibria.

Tz LT, RIES X 100 °C BREDIECTH & OM A2 25 Z 2 BIILAH AT
HDHERA(2,2,6,6-TFTAFILERY T vo1-A4 V)Y A7 4 F (BITEMPS) ‘&% % fl
L 72 KEIRT T (MM) O & ik % N L 7212°1, BiTEMPS #i& L (B oz LakAT
IS L 2 ESRE T (LP) 2 AREMGETNET 204 T, BUULMBEAKIG., T4 b b
IRIEEICE T 2 BR-BF 2 5T MM ~NZ#L1TZ % (Figure 2-2), BiTEMPS D& D i
THEL 3 7P WIMLENREEICTEN LS AL TH ), BEPHELOEREILICHL T
AERETH L, 20D, TOFKICL>T, MAEME AR IHEETCHIETET %
RO LM EZ MM hICHAAL 2 L3 TE 3,

) <

L3
- »
S v w MM

{ ‘\:\)\: N
\J e
LP

Heat in dilution
Figure 2-2. Schematic illustration of cyclization reaction by the dynamic covalent

chemistry of BITEMPS.
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KBTI, ED-ROP IZE I 2 EBR-B PO RN AFHEDOHEIE LY MM 2825700
%ﬁ%ﬂif‘“k%ﬂ?é%ﬁwmﬁinﬁmﬂ“%% HivE L. BTN 3 2 Kbt o KERIL&D &
L C BiTEMPS & KBRODFICEHLAL, OB LBMNOEIPELLZEL4 D
BiTEMPS & HEHRE DT (LP) DERIREICE F 2 - Ic DWW TIHAET 5 2 & T,
BiTEMPS @ E & M 1L K 3 2 B8V SO0 O 5l &2 B & 2212 L, 2 O -4 Bt o il £l
Z HE L 72 (Figure 2-3), A%, RBERILEVOR-FEPHIcETs2 Iy PrE—®
IVINE—DRMNLEAEZIT > I DOHITH Y. ED-ROP OHEBEN AR 2 IR L
M- REPHELEZ b O R TMEROATICETE 2 LI N5,

Relationship

Chain Length

(Structure)

A4S (Driving force)
— Heat _— §) S
<— in dilution [+ l]

MM Polymer end

Figure 2-3. Schematic image of ring-chain equilibria in this chapter.
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.EHERESF (LP) DA

ﬁuﬂ*t% X 912 BiTEMPS #i&E# 80 R LHAICH T 2 &0 1 (LP) &, S o
ARG AL 5 ERLBEARSZE I T, RETIE, s oGz b> LP OB-
B SO D W T T 27201, OB LHELA (AR—Y—) DRIV RL S LP 2 &
L7z, BARMICIZ, 2 i BiTEMPS OEZ7 7 Y L — bk BiTEMPS-(acrylate); &
BiTEMPS-(acrylate);-S ¥ X O F 4 — UL &Y DT(R) Z Michael fHINM D F 4 — L -x
VERIBIZE D EMMEE S LT LPR) BLY LP(R)-S 24 L7 (Scheme 2-1) |
B, BOBRLHEMN (A=Y —) DEX, Thbb KBRRE/ v— @%E%&%N&%ﬁt

7
O X
°ﬁﬁ$?f\ . ﬁjf”s
VLO DT(R) ﬁ:}
BiTEMPS-(acrylate),-S

wsthsH R=cC, LP(R)-S
X DMPP
or + x=4,5,6,8, 10,12
THF
HS—@—SH R=Ph
A;j 78 96/, «\go N\/\o s
o L N Ees
YOy o /\)L /‘(\/O\’)’\o - )
BITEMPS-(acrylate), H=PEG 38,21 LP(R)

Scheme 2-1. Synthesis of LP(R) or LP(R)-S with various structures.

DRI LP(RYD &l %2 — 277§, BITEMPS-(acrylate);-S (658 mg, 1.00 mmol) &
1,4-7'% ¥ F 4 =)L DT(C4) (915 mg, 1.00 mmol) Z7 F 7 Fr 77> (5.0 mL) HT
B&L, il chH 2P AF V7 2=V KA7 4~ (DMPP) ZI A CEIRTHAEL 72, fil
BER MR ICKEEDR 2 LR L 72 2 2 0 EARICDETIHEER I Nz, 15 gz
BT 7D b, ROBERZ XY VICBEAL T ZIT> 7, 156 N2k 6 Lz
BRI, HEMEEZRL, AROFETELZIMECTTFEZ DD 14HBO LP(R) 8 &
" LP(R)-S 28 L., BonE@sFaEfiZ3T_XC 'H NMR 8 X' GPC IZTHHT L 7%
CGE_® REOFEBREHZ ZH),

TXRTD LPR) 8L LP(R)-S IZOWTOREZRXX— D Table 2-1I1ICF L D7z,
F9.LP O FRICLZBELEGNOFEDOFTEICH 272, BITEMPS-(acrylate);
EDT(CHDRALZ LT ICELIE L LT, B TFEDEL S LP(Cy) (Vv 7V 1ad
51¢) BAM L, £, WERWNE S F#H2 b OMEOEAICZOREIDBRIBICED
IO BREELLEZ 20 %R T 57O, BITEMPS-(acrylate);-S & 7L ¥ L VDO E X
M2 DT(Cy) 25, LP(Cy)-S (P ¥ 7206 7) #ZHR L7, 512, BIiTEMPS [H
DIEEDRIEF IR Z WHEIZOWTOHE D 7%, BITEMPS-(acrylate), & DT(PEG) 2>
5. LP(PEGy) (V¥ 7V 8 5 10) AL 7z, wfkic, A= —EF U LM
EPRERZZGHEICOVTHIET % 7% o, BITEMPS-(acrylate), ¥ £ ¥ BiTEMPS-
(acrylate),-S & DT(Ph) 5., 7 = = )L}% H D LP(Ph) 8 XX LP(Ph)-S (¥~ 7L 11
E12) AL %,
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Table 1. The properties of LPs

Molecular
Chain weight Yieldle]
Sample Name length per one . Mhn, gpcl?t Muw/Myldl
(N) 2] repeating (%)
unitt?]
1a LP(Ca) 34 781 95 5,100 2.13
1b LP(Ca) 34 781 92 15,100 2.03
1c LP(C4) 34 781 96 34,700 1.72
2 LP(C4)-S 24 607 95 6,800 2.20
3 LP(Cs)-S 25 621 95 17,500 1.80
4 LP(Ce)-S 26 635 96 17,600 1.75
5 LP(Cs)-S 28 663 91 21,600 1.76
6 LP(C10)-S 30 690 92 16,700 1.91
7 LP(C12)-S 32 718 84 11,500 1.52
8 LP(PEG:3) 49 1,029 81 21,500 1.65
9 LP(PEG:s) 64 1,249 95 18,700 1.47
10 LP(PEG21) 103 1,821 95 13,300 1.31
11 LP(Ph)-S 24 627 78 3,600 1.64
12 LP(Ph) 34 801 92 8,100 2.24

[a] N, chain length of a repeating unit. [p] Molecular weight of PEGk were estimated by 'H
NMR. [c] Yields of polyaddition. [d] Polystyrene standard used.

38



FOE BNTIDE T 2 B KRB 1 O S-SR SOG

2.3. IRIERIG
HIECAMR L 72 LP Z &M REMECMENT 2 2 & OBV SO 12 50 < BRI E % 17
. FHEHREEICE 1T 2 KEIRE /) v — B X ORERS A v —DEHE A% GPC B
@Eﬁtbi))%ﬁﬁ L 72 (Scheme 2-2), EHAMNIIZ X > THER I N7 LP X, E#HKT 72T
7 BRI 2 B O RBIEDY S 2 03, RIFFETIE, LP ORI D IZBMTh D B
BOPH OB ICE W T TE 2 b D & Lk, £/, BILMIELRY v — DRtk & 2%
JEL., 10 mM D b )LV IFEHEH 100 °C DSMATMELL 72,

ﬂi j}ﬁ

S\R/S
0, 0
g‘ %
4;( SRS Qﬁj@? \3_ C‘i—s E“} 4\()
ﬁ 10 mM Monomer Dimer
m ~ 2
LP(R)-S (BITEMPS unit) MM(R)-S MM(R)-S dimer
t’

Toluene s s :}‘__}o N’\,o
H Q o o [ R 0
OWN\/\OJ\/\S,R»S 100°C p \\\{/ O\/‘N q
SN o o]
[o] as 8 S
o\/\NJLO (h
o) H n HN

S

O:( \FO
LP(R) ° ° NJ‘O
Ry P

Monomer Dimer
MM(R) MM(R) dimer

Scheme 2-2. Cyclization reaction of LP(R) or LP(R)-S with various structures.

Figure 2-4 |24 LP Z NE L 72X D GPC AR ORI 2L 2R d, TNz
WTH, MBI TR FREBICHKRT 28— 0o HA L, KERE, v —12H
KT EMESINIE—7 (MhEHHO) LY v—ICHX T EHESINLIE—7 (Kb A
LyPHOE—7) BHEML T RF2 RSN, 2O &6, RIRESRFICE T
ZE-BIPH 2R T, KICOFERYE L TBRIRE /v —B X OBRRSY A v~ —2ER T %
ZEDEDPD SN, BB, HFE—=JIZOWVTIE, B/ —Lt¥ A=W OpHEEL
¥r o780V —varlk #EB),
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Figure 2-4. Changes in GPC profile at cyclodepolymerization of LPs (10 mM) (PS standard,

eluent, THF; flow rate, 0.6 mL/min, detected by UV).
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231 BIERIGICHE T HRIBAD S FEITH T HIKFHE

F9. LP DA TRICEZ2BMMKIENDEEZFHET 2720, T TFEDEL S LP(Cy)
(¥ 7N 1ad6 1c) ILOWT, BRLEE ) v —DEGDOREZIC O TR L 72,

% GPC AHH#RZ b Lo, BLRIGIC X o THELU 2 KREIRE / <~ — DK E & DR
Z{t% Figure 2-5 70y F L7, WINOHATH, KEFHLE EDICE /) v—DF
HEFEHEML TWE, B8 X Z 24 K% 5 48 B OMTEMIZ LA ERLRD
PHARRE L oz, £, WTNOHAICE VLT L REREICE T 2 €/ ~— AR E S
i 15%RE T E Lo, ZOMBID . LP O M, D53 %l T b 113 B8 SO
WEWT, FHREDE ) v —HAIHT 2 LP OO FEOMEEIM/NTH L 2 ENHS
DIl ot, DETIEH, He329 vy 710 TROEEZISETENATLIILE LK,

i
4

o)
Ago\n,n\/\oj\/\s/\/\/s 10 mM SO
S.o.N o] —>
o) N> - HN
O\/\Nkod Toluene
o N 100°C
LP(C,) Ng—gN

MM(C,)
80 -
£
o 60 - ON
2 40 {OA
§- 30 . 8 S - Sample 1a (M,, = 5k)
[7)
g 20 J% .......... 2 Sample 1b (M, = 15k)
= 40 e A =
g 10 -A A Sample 1c¢ (M, = 35k)
OE'"'l""l""l""l""l
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Figure 2-5. LP molar mass dependency for the production ratio of monomer at

cyclodepolymerization in toluene at 10 mM at 100 °C.
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232 BERIEDAR—H—R(N)IZHT BIKEHE

BALKIGIZBVWT, AR—V—R (£/~—DBREM N) PERTI2BRRE, v—%%
4?—®%éh&®i?&%%%5x6®bﬂﬁtko

£F9. HBNE AR —2 b OWEOHAICZDOREIVBRIGICED L) LhivEx
B2 230 %MR LT, LP(Cx)-S (V¥ 7N 2056 7) IZ2WT, KIGDFHIREIZEIT S
ARLIE) v —BLXUOS A v— DG 2L 72, % GPC FH#iftz b iz, PR
RE (MEVBHIA D& 48 W) O KBRE /) ~—B L0V A ~—EREG2HEHH L,
Figure 2-6 ICF L ® 7z, LP(Cy)-S DT VX IVHOBHENES 3o T, €/ v—¢
A2 —DORINEEZNZ 5D DT v — ML 72, Ko, KISOFERMIE, N
=26 MEDAR—F—RIZBVT, ¥4 ~v—06E /) v—~&L7, Ml En
5N, B/t A—DELLPERLTHELI2DPRET 2-OOHEELIFEL
LTHHTE, ARV —RVPDI2BEHOGEIEINOIINE L HITE /) v —IFE I L
THIEVHLLE RS T,

O?_/‘S‘(/\)‘S-—L?O
. 10 mM _ ﬂ
oSt BTEMPSUY Vﬂkﬁi@ b n
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Figure 2-6. Productivities of macrocyclic monomers and dimers in samples 2—7 at 10 mM.

Rz, HBEHEWS FHZ LD OBEOEAICZOREIVKIDICED LS hgE %2 5 2
5@%%@LkoLmnmuvﬁ/7wsﬁ%sm);owf\ﬁm@$@w%g % 4E
LT/, v—BLIUOY A ~—DEIGEZHEL 7, & GPC IS Z b L, FHRAE
OMEGALE 2 & 48 KilHlR) ORERRE /) v —B LV A v —DEREAZE N L, Figure
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Figure 2-7. Productivities of macrocyclic monomers and dimers in samples 8-10 at 10 mM.

BB B P2y ruE—oRIcBiL T, B{EXIGIE ED-ROP DM KIGTH 5
72, ASDOFFIETHE TR L 72(1)3d & WilE I & TE Z % (Figure 2-8),

AS = AStrans + Asconf

X Strans. = / \ % v Strans.
v's

xS
conf. AS, >0 A4S <0 conf.
trans. conf. Monomer

Figure 2-8. Entropically effect of ring-chain equilibria (cyclization reaction).
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Y—DENR/EZAVTF A= avBEL B D D|AScont|IZ NS BB, =TT, RY
S=noE /) v —~EAT SZEEICUGEEBICHR T 5 v b a B2l AS rans. (3. B D
FIRINZR)V 22—/ v—DELTHL2OTHTIEDEEZ LS, /o, £/ v —
D, BY A ZABKREIFIERBRRE ) v —2F0MBEN/NE 722 7% 0| A4S rans |13 /N S
(%5,

WD T, A=Y =L\ LP(Cy)-S (¥ 7L 2025 7) IZDOWT, LP(Cy)-S DT L
FLBMOBENPEL 212 o0T, /v —DEREAGHEM L7, $4bbNBAEL
BHIZONTASDBREL D, BILRISICHER G E ko7, £/, Fitx=4 DAR
— P —RWNIVRIZELSE /) v —DEREAEDNS ok, —HT, A=Y=
W LP(PEGy) (V¥ 7L 8505 10) IZ2W T, LP(PEGK) D PEGH#HOBENES £ 51D
ncT, B/ v—DERHMEPBD L, SNSDFERICOVTUTDOXIICERZELL,
TLNDNE VIR EADASconr BIEBKEL D, NBFEL NS0 E F|ASeonr | IR E K
BT ELI LT, ASuans EDORTH 248 /NS %5, ZOFER, €/ 2 —DAKH
HAWB/NS %5 (Figure 2-9a), 22T, N ZRELLTWL & |AScont | DFE & IED
|ASrans [1E TN S (o T, NI/ S 25 BHWZ LP(CHDHEATIE, [ED
| AStrans, |D3A R—=H —EDENMIZONTHD L TSR I D b BAD|AScont | D3R L T
WLAIRBKRESCHHNZFER, ZNODOHTH 548 DRLAICHEM L, A=Y —EDHE
medtice ) ~—0ERFEDP LR LLEEZSNS, — T, LP(PEG)DHE TIE,
IED[AStrans |3 LT BRI D S BAD[AScont |23 L T RPN o T
ik, ZNSDOHTH 545 BIRAZ IS L, ARXR—F—ROHEMEILITE ) v —DHER
HEPWAD L7 EFE Z 505 (Figure 2-9b),

(a) {- )y\’? 48 %(37 s -
N X

» N
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x | ASyrans | i
AS = ASans. + AScon, ASirans. > 0 AScon < 0
(b) AStrans

AStrans. +.ASCOT‘If- \
Asconf./

N<32; 49<N

AS

Figure 2-9. (a) Entropically effect of ring-chain equilibria (cyclization reaction), depending

on chain length N. (b) Graphical image of N vs. 4S.
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Figure 2-11. Entropically effect of ring-chain equilibria (cyclization reaction), depending

on chain structure.
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Figure 2-14. '"H NMR spectra of (a) MM(Cs)-S, (b) MM(Cs)-S, (c) MM(Cs)-S, and (d)
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Figure 2-15. '3C NMR spectra of (a) MM(Cs)-S, (b) MM(Cs)-S, (c) MM(Cs)-S, and (d)

MM(Cs)-S-dimer (100 MHz, 25 °C, CDCls).
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Figure 2-16. 'H NMR spectra of (a) LP(Cs)-S, (b) MM(Cs)-S dimer, and (d) MM(Cs)-S

(500 MHz, 25 °C, CDCls).
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Figure 2-17. X-ray structures of MM(Cs)-S.
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Figure 2-19. Temperature dependency for the residual ratio of monomer at oligomerization
of MM(Cs)-S. (a) Time vs. residual monomer ratio. (b) Productivities of macrocyclic

monomers and dimers after 18 days.
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Figure 2-21. Calculated RSEs of MMs.
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2.7. REIE
Materials

All reagents and solvents were purchased from Tokyo Chemical Industry (Tokyo, Japan),
Kanto Chemical (Tokyo, Japan), FUJIFILM Wako Pure Chemical Corporation (Tokyo,
Japan), and Sigma-Aldrich (MO, USA). All reagents were used without further purification.

Some BiTEMPS derivatives were synthesized according to previous studies!??-3%,

Instruments

'H spectra were recorded on a Bruker AVANCE III HD500 spectrometer. '3C{'H} NMR
spectra were recorded on a JEOL JNM-ECZ400S/L1 spectrometer. Analytical GPC
measurements were carried out at 40 °C on TOSOH HLC-8320 SEC system equipped with
a guard column (TOSOH TSK guard column Super H-L), three columns (TOSOH TSK gel
SuperH 6000, 4000, and 2500) and a UV-vis detector. Tetrahydrofuran (THF) was used as
the eluent at a flow rate of 0.6 mL/min. Polystyrene (PS) standards (M, = 4430-3142000;
Myw/M, = 1.03-1.08) were used to calibrate the SEC system. Electrospray ionization mass

spectrometry (ESI-TOF-MS) measurements were carried out on Bruker micrOTOF II.

Experimental procedure
Synthesis of BITEMPS-(acrylate),-S

Triethylamine (8.50 mL, 61.0 mmol) was added to a solution of BITEMPS-diol (3.00 g,
7.97 mmol) in 500 mL of dry CH2Cl, at 0 °C before acryloyl chloride (1.6 mL, 15.8 mmol)
was carefully added. The reaction mixture was stirred for 2 hours at 0 °C, and for 18 hours
at room temperature under an inert atmosphere. After the solvent was evaporated under
reduced pressure, the residue was extracted with CH2Cl,. The organic layer was
concentrated and purified by column chromatography on silica gel eluting with
CHCls/hexane (7/6, v/v). The obtained eluate was evaporated under reduced pressure to
afford BITEMPS-(acrylate);-S as a white solid (2.85 g, 74%). 'H NMR (CDCl3), § (ppm):
6.41-6.37 (d, 2H, -CH,=CH-CO-), 6.06-6.13 (m, 2H, -CH,=CH-CO-), 5.82-5.80 (d, 2H, -
CH,=CH-CO-), 5.14-5.21 (m, 2H, -O-CH-(CH2)2-), 2.01-1.97 (m, 4H, -O-CH-(CH»),-),
1.60-1.55 (m, 4H, -O-CH-(CH>»),-), 1.46 (s, 6H, -C-CH3), 1.25 (s, 6H, -C-CH3), "*C{'H}
NMR (CDCl3), 6 (ppm): 165.76, 130.69, 128.97, 67.32, 59.65, 45.78, 35.00, 26.84. FT-IR

(KBr, cm™'): 2980, 1723, 1634, 1463, 1407, 1381, 1300, 1202, 986, 813, MS (ESI): 507.2309

[M+Na]", calculated for C,,H, N,O,S Na [M+Na]": 507.2322.

Synthesis of LPs

Two kinds of LPs for macrocyclic monomers were synthesized via a Michael addition

between diacrylate derivatives of BITEMPS and DT(R)s, for which a typical procedure is
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presented below. BITEMPS-diacrylate-S (658 mg, 1.00 mmol) and DT(C4) (915 mg, 1.00
mmol) were dissolved in THF (5.0 mL), after which dimethylphenylphosphine (DMPP) (10.0
pL, 70.0 pmol) was added and the mixture was stirred for 15 minutes at room temperature.
The mixture was poured into hexane (50 mL) and the precipitate formed was separated by
decantation and dried under reduced pressure to obtain LP(C4)-S as a yellow solid. We also
obtained other LPs as white solids as a result of changing the combination of diacrylate and
dithiol. In addition, we prepared LP(C4)-L with different molecular weight by changing the
molar balance of diacrylate and dithiol monomers (1a; 1.1/1, 1b; 1.01/1, 1¢; 1/1) to
investigate the effects of the molecular weight of LPs for cyclodepolymerization. Yields

and properties are summarized in Table 1.
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Figure 2-23. 'H NMR spectra of LP(Cx)-S (500 MHz, 25 °C, CDCl3).
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Figure 2-24. 'H NMR spectra of BiTEMPS-diacrylate-S (red), LP(C4)-S (blue), and
LP(Ph)-S (green) (500 MHz, 25 °C, CDCl3).
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Figure 2-25. '"H NMR spectra of BITEMPS-(acrylate), (red), LP(C4) (blue), and LP(Ph)
(green) (500 MHz, 25 °C, CDCl3).
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Figure 2-26. '"H NMR spectra of LP(PEGx) (500 MHz, 25 °C, CDCl3).

Reaction tracking of cyclodepolymerization

A typical procedure is presented below. In a test tube, LP(R)-S or LP(R) (in toluene,
10.0 mM BiTEMPS unit concentration) was added and stirred at 100 °C for 48 hours. The
upper side of the test tube was kept at a temperature below 10 °C in order to prevent solvent
removal outside during this experiment. The reaction was tracked by gel permeation
chromatography (GPC). Generation ratio of monomer and dimer were calculated according
to the area ratio of the corresponding peaks. Assuming that all UV absorption is derived
from the structure of repeating units, the GPC area ratio was corresponded to the number of

repeating units, and absorption derived from end components was ignored.

Synthesis of MMs

A typical procedure for the isolation of macrocyclic compounds is as follows: In a 300
mL flask, LP(Cs)-S (1.12 g) was dissolved in toluene (112 mL) and stirred at 100 °C for 9
hours. Then, the solvent was evaporated in vacuo. The residue was purified by silica gel
column chromatography using a dichloromethane/ethyl acetate (v/v = 98/2) mixture. The
obtained elute was evaporated in vacuo to afford MM(Cs)-S as a white solid. (361 mg, 32%
by weight) MS (ESI): 685.3156 [M+Na]", calculated for C3,HssN»,O4SsNa [M+Na]":
685.3171. MM(Cs)-S; LP(Cs)-S (932 mg) was used instead of LP(Cs)-S and was purified
by column chromatography with a dichloromethane/hexane (v/v = 9/1) mixture (white solid,
353 mg, 38%). MS (ESI): 657.2846 [M+Na]", calculated for C3oHssN204S4sNa [M+Na]":
657.2859. MM(Cs5)-S; LP(Cs)-S (2.36 g) was used after purification using preparative GPC
with chloroform as the eluent. (MM(Cs)-S: white solid, 573 mg, 24% by weight, MS (ESI):
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643.2684 [M+Na]", calculated for C29Hs2N>204SsNa [M+Na]": 643.2702) (MM(C5s)-S dimer:
white solid, 457 mg, 19% by weight, MS (ESI): 1263.5507 [M+Na]", calculated for
CsgH104N40O35SgNa [M+Na]+: 1263.5512)

Oligomerization of MMs
In a test tube, MM(Cs)-S (in toluene, 10.0 mM of BiTEMPS unit concentration) was
added and stirred at 80, 90, or 100 °C for 18 days. The reaction was tracked by GPC. The

ratio of monomer and dimer was calculated from area ratio of peaks. The upper-side of the
test tube was kept under 10 °C to prevent the solvent removing outside during this

experiment.

X-ray crystallography
Single crystals of MM(Cs)-S and MM(Cs)-S were obtained by vapor diffusion of heptane

into ethyl acetate solutions and mounted on a fiber loop. Diffraction experiments were
performed on a Rigaku Saturn CCD area detector with graphite monochromated Mo-Ka
radiation (A = 0.710 73 A). Intensity data (6° < 20 < 55°) were corrected for Lorentz—
polarization effects and for absorption. Structure solution and refinements were carried out
by using the CrystalStructure program package.? The structures were solved by SHELXT?
and refined by full-matrix least-squares techniques against F? using the SHELXL-2014/7
program.* The crystals of MM(Cs)-S and MM(Cs)-S contain nine and two
crystallographically independent molecules. Some of the carbon atoms were partially
disordered and refined with restraint geometries and thermal displacement parameters. The
CH hydrogen atoms were included in the refinements with a riding model.

CCDC-2261420 and CCDC-2261421 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge Crystallographic

Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

DFT calculations
The calculations of AH was conducted by using DFT at the UB3LYP/6-31G(d,p) level.
L(Cx)-S was adducts of MM(Cx)-S and BITEMPS-OMe (BiTEMPS derivative with simple

structure) and used as linear counterparts AH value was estimated from the equation below.
AH = H(Linear) — ( H(Macrocycle) T H(End) )

As typical strained cyclic monomers, we calculated 4H of §-valerolactone, e-caprolactone,

1,2-dithiolane, cyclopentene, and cyclooctene. The calculated A4H values of

cyclopentene, and cyclooctene were referred to the article Wang reported!”]

(Calculations level was B3LYP/6-31G(d,p)). Optimized geometries from DFT calculations

at UB3LYP/6-31g(d,p) level was summarized at the end the document.
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3.1. &
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D Kb B A i 72 o7 FEGHICE R W RE T dH 2 — 7T, oK ZIEIT % 72 & I &
REUEDBBETH 5 2 LITMAKRKIEDBIRE T T OEECREDPRETSH 5 L\ ) [iE
MD3H 5, A, (i) BRIBEREGRIRRED T 2ZRND»ORAr— )V THATES L
WK Z b O I CHEMARESR T/ v —PHRABEBRENTH 2 &) RERD 5,
7, DS TFEGTPHREVPHELVE VLI RAD D S,

(i) Ring-closure (i) Ring-expansion
Bimolecular difunctional approach i
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Unimolecular difunctional approach
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Figure 3-1. Schematic illustration of two synthesis methods of cyclic polymers.

BRIFKEADOPTH IO Y BB 5 % Fiko—>2 & LT, RKISED KBRS T H
T oG EZMAMMZ LR o BARISPETT2) v 77 u A4 — N—EHAELT 2N EHR
HINTws, FlzE, THESIZ, FAZRXRTABEZ S ORERIFICT 727 v ES
7 L2708 F(TBAC) Z2ffHHI¥ 22 LT, FAZRATINVORMBRI)IGHET LEST S Z
EEMELT0BE, ZOFIEIE TBAC DRMOATRIEDHETT 2 W) FENd %
D, RERDTHEOABMEIMEH L w ) HELET TREZBRICCVEVLIFEN D
5, $lc, REGIE, 7Vaxy 7 I vz b O RERDTF2ER L, MEICX %Y &~
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Ring-crossover polymerization

OO ={ )=~

(a)

(b)

Figure 3-2. Example of ring-cross over polymerization.

AETIE, KON OHEFELBRIEAKFEOFEBEZHBE L, MADAIZL > THAR
Bz gl I TERQ2,2,6,6-TF T XFNLERYZ V1-4 )P A7 4 F (BITEMPS)
ZRALUZZBRIERESEZHAE L 2, BEWICIE, SR TER % BiTEMPS 22—

AELRERITF MM) 2 B L SRESE T CmET 2 2 &, o1&
JIZ L > TIRIBRKREAZETIEEREREDFANEEWT 2, 20 &, BHEBECLI-T
MM O KEfEEN BRI RPN T ga, 2k ®/ v—L 752 L CHEwRNICIE
BTBIRE D TOAEEZ %, ZOTFHEIZ BITEMPS B Z2EAT 2 2 LB ATED
SFEICEANETH D, RATTMAT 20ATHRIGVHETT 220, KIBOTY %
WRARBTHIHEDH 2, Lo T, RFFIIMEME L O EHAEE T AL S O EAR M 722 BLIR
Mo TDEREE LTS 2 L TE 5B (Figure 3-3),
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Figure 3-3. Schematic image of synthetic methods of cyclic polymers in this chapter.
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Scheme 3-1. Synthesis of MM(Cy).
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B EZEE L7, BonkBkzs A5V ra< 797 4 (N¥ Y V/EBELZF L) T
THELZZOLHEN (P 7au Xy v/ ~XH ) 12X D I#ES2%T36 mgD EBIR{ILAY %
B, FonERKYOGPCATMMIC T, HIEED —DoE—20AaZBH L2 &
o EE CHNYOME S 47z LW L % (Figure 3-4), %7z, Figure 3-512153 5 1171k
EME X2 OHIBRAEDOEFIRE S T O'H NMRAXRY b LvERT, WTnoftAmico
WTHETDOY T TN ZFERZSIRMBEBT LI ENTE, ZOBIEIBGMEE —& L %,
ALK D BRI DWW T, JTLOESEHRE T T O/ DR LA HET 52> 7 iz
REBEADRA SN D> —T, B FORMBEICHKRT 2> 7 F B ITER
LTwZ s, BILRIEE Z s < M EI iof%%%ﬁﬁ%é’mb%#
7 EPHLII R, LEDHERY S, HINOREIRE / = —MM(Cy) D HEEDTHETR
TE, HERIC, 7 2=V H%2 H OMM(Ph) & KRR Z # D R L HA712 S DO MM(Cy-diol)
D HBEIZ S I L 72 (Figure 3-6),

*
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AN T NN
Q\i jq M, = 840 J

MM(C,)

T 1 T T T

10 1" 12 13 14
Retention time / min
Figure 3-4. GPC chart of MM(C4) (PS standard, eluent, THF; flow rate, 0.6 mL/min,

detected by RI)

65



FEE BNODE T 2 B RERIR D T OBIERE A

CHCl,
O\/\N O H,O
agec H n
LP(C4)
a i
c b !
acrylate e d g i\u
SR A W AL
| .|
i STNAUS.a
Cyclization j
o b\ 0
7
¢ $d
NH €eHN
O:( :FO
o) o
h i J
alb
MM(C,) ¢ g
ey 1o s
l 2v12 A_ L
T T T T T T T T T T T T
6 4 2 [ppm]

Figure 3-5. 'H NMR spectra of MM(C4) (black), and LP(C4) (blue) (500 MHz, 25 °C,

CDCl3).
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Figure 3-6. Structures of MM(C4), MM(Ph), and MM (C4-diol).
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BiTEMPS & H KEIRE/ v — (MM) ZiGH L 2BIEKFE O 2 HIE L, AiHETHE
517 MM(Cy) %2 E T ULEY E L CH ., BRIBKEADWREI»FATL 72,

3.31. BEEEHICHBITA2MATHEONDIERMO@EN
MM(Cy) Z RIESMTMEL 72 BBICEA I HET T 2 D ED O 72 (Scheme 3-2),

ST oo

0]
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0 é’ 400 mg/mL ¢ §

3 NH HN
NH O (0]
o HN)=O 1,4-dioxane =<o 3‘
0 © 100 °C
QE—S'N Vstps”
MM(C,) CP(Cy)

Scheme 3-2. Ring-expansion polymerization of MM(Cy).

200 mg?d MM(Cq) 2500 pLD1,4-F & FH VITEMB I T, K&H100 °)CTIMET %
Z & TBiTEMPSD 5 &K X 2 EAKIGZ T > 7o MEABH > 5100 RE T, &
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1 My = 55000, My/M,=2.37 £ BEEH 547 (Figure 3-7), B0 FEREBHZ SN L2

5. MM(Cyq) 3 IRIEIFBEN TR G KR IC P M CHET L, RaTERZ5 22
e E oI,

M, = 55,000
M, = 110,000
QXHXQ M,/M, = 2.37

[ T T T I [ |
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Figure 3-7. GPC chart of CP(C4) (PS standard, eluent, THF; flow rate, 0.6 mL/min, detected
by RI)
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Figure 3-8. GPC-MALS charts of CP(Cy4) and its linear control synthesized by polyaddition
(PS standard, eluent, THF; flow rate, 0.6 mL/min).

L2 L. Kricheldorf P EASPEMMIC L > THONIZET TICRBRRA Y I —%
BIREDTORIERY 2 &0 2 L 28E L TWwaB320%g  ic g L 2 E#IRE S 1
LP(Cy) DERIZEHRET T TH 2 EIERS 2w, 22T, BHRESTFORLH
B E L TMM & KiifiE & 72 2BIiTEMPS#FEER 2 lA GO LHEES (ROP)P %
Ty Frrzicwind 2 EERE 2T LP(Cq)-(anthracene), % % L 72 (Scheme 3-3), &
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REDTFTHEIEEFTTICHEINTVDS,
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Scheme 3-3. Ring-opening polymerization of LP(C4)-(anthracene),.

[ AR IC GPC-MALS Jl'E &K b, #H 7 IZE& L & 7z LP(Cy)-(anthracene); & L L T,
CP(Cy) F @ F DU NN L Tw s 2 & DHER I L7z (Figure 3-9), YA LD
ZEDG, fEJﬁmﬁ?@ilﬂzﬁ)ﬂ‘”’aéfh%%%# 57z,
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10" 3
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Figure 3-9. GPC-MALS charts of CP(C4) and its linear control synthesized by ROP (PS

standard, eluent, THF; flow rate, 0.6 mL/min).

Molecular weight [g/mol]

Linear

Z 2T, MM(C4) & CP(Cy) BEIOZN S DHIEKIATH %2 LP(Cy) D'H NMRARY |
V% L 72 (Figure 3-10), WD EWICOWTHETOL I F V2 FER L E
THIEDTE, MOBEHRETTFOMEDIELFMICHKT 2> 7 F VIcid K E R ZD
Ao olk, ZOZEPSEIKIGR S EARKIGPHETLTWE I EXHL MR- T2,
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Figure 3-10. 'H NMR spectra of CP(C4) (lower), MM(C4) (middle), and LP(C4) (upper)
(500 MHz, 25 °C, CDCls).
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Scheme 3-4. Ring-expansion polymerization of MM(Cy4) in X mg/mL solution.
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Figure 3-11. Change in GPC charts in polymerization reaction of MM(Cy4) at 100 °C in 1,4-
dioxane. (a) 20 mg/mL, (b) 30 mg/mL, (¢) 50 mg/mL, (d) 100 mg/mL, (e) 200 mg/mL, and
(f) 400 mg/mL (PS standard, eluent, THF; flow rate, 0.6 mL/min, detected by UV).
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Figure 3-12. (a) Peak top molecular weight obtained from GPC vs. reaction time. (b)

Conversion estimated based on GPC.
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Figure 3-13. Plausible mechanism for the ring-expansion polymerization.
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Figure 3-14. (a) GPC curve for oligomer mixture of MM(C4) (PS standard; eluent: THF;
flow rate: 0.6 mL/min; detected by UV). (b) ESI-TOF MS profile for oligomer mixture of
MM(C4) (M, < 3500, all peaks were detected as [M+Na]").
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3.34. ES
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Z0H%, ~XH AL CHAEEZ B L 72 (Scheme 3-5),
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Scheme 3-5. Ring-expansion polymerization of MM(Cy4) in X mg/mL solution.
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Figure 3-15. (a) Change in GPC charts in ring-contraction depolymerization of CP(Cy4) (10
g/L) at 100 °C in dioxane (PS standard, eluent, THF; flow rate, 0.6 mL/min, detected by
UV). (b) 'H NMR spectrum of obtained mixture of MM(C4) monomer, its oligomers (lower),
and CP(C4) before polymerization (upper) (500 MHz, 25 °C, CDCIl3).
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Scheme 3-6. Copolymerization of MM(C4) and MM(Ph).
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Figure 3-16. (a) GPC curve for CP(C4+Ph) mixture (b) GPC-MALS charts of CP(C4+Ph)
and its linear control synthesized by ROP LP(C4+Ph)-dialkyne (PS standard, eluent, THF;

flow rate, 0.6 mL/min).
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Figure 3-17. '"H NMR spectra of obtained of MM(C4), MM(Ph), and CP(C4+Ph) (500 MHz,

25 °C, CDCl3).

-1
1

=1 m
>
T

F1 [log(m2/s)]

e

it

Copolymer

oVJm\/\/\m
AN
AR
\{f T
e
=

J \ "_'l
w
]
T
-92 -94 -96 -98

i
K

I s e e e e e L B e e e e B e e L
8 6 4 2 F2 [ppm]

Figure 3-18. '"H DOSY spectrum of obtained of CP(C4+Ph) (500 MHz, 25 °C, CDCls).
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Figure 3-19. GPC curve for oligomer mixture of MM(C4) and MM(Ph) (PS standard; eluent:

THF; flow rate: 0.6 mL/min; detected by UV).
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Figure 3-20. ESI-TOF MS profile for oligomer mixture (M, < 3500, all peaks were detected

as [M+Na]").
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3.5. BHEELLBRE N FDERK
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Scheme 3-7. Ring-expansion of a functional macrocyclic monomer.
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Figure 3-21. GPC curves for (a) MM(C4-diol), (a) MM(C4-diacrylate), and (a) CP(Cs-

diacrylate) and its monomer (PS standard, eluent, THF; flow rate, 0.6 mL/min).
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Figure 3-22. 'H NMR spectrum of obtained of (a) MM(C4-diol), (b) MM(C4-diacrylate),
and (c) CP(C4-diacrylate) (500 MHz, 25 °C, CDCl3).
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Figure 3-23. GPC curve for oligomer mixture (PS standard; eluent: THF; flow rate: 0.6

mL/min; detected by UV).
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Figure 3-24. ESI-TOF MS profile for oligomer mixture (M, < 4500, all peaks were detected
as [M+Na]").
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3.6. #&5
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Figure 3-25. Abstract image of this chapter.
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3.7. RER1IH
Materials

All reagents and solvents were purchased from Tokyo Chemical Industry (Tokyo, Japan),
Kanto Chemical (Tokyo, Japan), FUJIFILM Wako Pure Chemical Corporation (Tokyo,
Japan), and Sigma-Aldrich (MO, USA). All reagents were used without further purification.

Instruments

'"H NMR spectra were recorded on a Bruker AVANCE III HD500 spectrometer. The LED
method for DOSY measurement was used. 33 Pulse program: ledbpgp2s, Diffusion time: 40
ms, Diffusion gradient length: 2000 pus, Maximum gradient strength: 51 g/cm. '*C{'H} NMR
spectra were recorded on a JEOL JNM-ECZ400S/L1 spectrometer. GPC measurements were
carried out at 40 °C on TOSOH HLC-8320 GPC system equipped with a guard column
(TOSOH TSK guard column Super H-L), three columns (TOSOH TSK gel SuperH 6000,
4000, and 2500), a differential refractive index detector, and a UV-vis detector.
Tetrahydrofuran (THF) was used as the eluent at a flow rate of 0.6 mL/min. Polystyrene
(PS) standards (M, = 4430-3142000; My /M, = 1.03—1.08) were used to calibrate the GPC
system. For some of polymers, absolute molecular weights were measured via multiangle
laser light scattering size exclusion chromatography (GPC-MALS) in THF at 20 °C and a
flowrate of 0.6 mL/min on JASCO ChromNAV Lite system equipped a guard column
(TOSOH TSK guard column Super H-L), three columns (TOSOH TSK gel SuperH 6000,
4000, and 2500), a differential refractive index detector, and a UV-vis detector. MALS
detection consisted of a Wyatt DOWN EOS LASER PHOTOMETER operating at 658 nm
and refractive index increment dn/dc of each sample were measured by OTSUKA
ELECTRONICS DRM-3000 at 20 °C. Absolute molecular weights were calculated using the
Wyatt ASTRA software. Electrospray ionization mass spectrometry (ESI-TOF-MS)

measurements were carried out on Bruker micrOTOF II.

Experimental procedure

Synthesis of macrocyclic monomers MM(R)s

Cyclization reactions of the LP precursors were carried out in 1,4-dioxane (10 mg/mL) at
100 °C. Typical procedure was presented below. In a 300 mL flask, 1,4-dioxane (180 mL)
was added to the LP(C4). The resulting mixture was stirred at 100 °C for 18 h before the
solvent was removed using a freeze-drying technique. Purification of MM(C4) was carried
out using column chromatography on silica gel (dichloromethane/ethyl acetate, 9/1, v/v).
The obtained solution was evaporated under reduced pressure before the residue was
recrystallized from dichloromethane/hexane (1/9, v/v) to afford MM(C4) as a white crystal
(yield 52%). "*C{'H}NMR (CDCls), & (ppm): 171.76, 155.99, 67.43, 63.35, 59.39, 45.88,
39.91, 34.86, 34.61, 31.72, 28.60, 27.42, 27.02, MS (ESI): 803.32 [M+H]+, calculated for
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C34HsoN4O3sS4 [M+H]+: 803.32.

Purification of MM(Ph) was carried out using column chromatography on silica gel
(dichloromethane/ethyl acetate, 19/1, v/v). The obtained solution was evaporated under
reduced pressure before the residue was recrystallized from dichloromethane/hexane (1/9,
v/v) to afford MM(Ph) as a white solid (yield 40%). '*C{'H} NMR (CDCl;), & (ppm):
171.39, 155.96, 133.80, 130.65, 67.53, 63.54, 509.38, 45.88, 39.93, 34.86, 34.17, 29.55,
27.07, MS (ESI): 823.29 [M+H]+, calculated for C36Hs6N4OgS4 [M+H]+: 823.29.

Purification of MM(C4-diol) was carried out using column chromatography on silica gel
(dichloromethane/ethyl acetate, 2/3, v/v). The obtained solution was evaporated under
reduced pressure to afford MM(Cs-diol) as a white solid (yield 61%). *C{'H} NMR
(CDCl3), o (ppm): 171.70, 155.96, 71.25, 67.64, 63.58, 45.86, 40.00, 36.49, 34.89, 34.60,
27.66, 27.07, HRMS (FAB): 813.3270 [M+H]+, calculated for C3sHsoN4O10S4 [M+H]+:
813.3271.

Ring-expansion polymerization of MM(Cy4)
In a 20 mL test tube, 1,4-dioxane (500 puL) was added to MM(C4) (200 mg) and stirred at
100 °C for 1 h. Then, the mixture was poured into hexane/ethanol (30 mL, 8/2, v/v). The

precipitate was separated by filtration and dried under reduced pressure to obtain CP(Cy)

as a white solid (105 mg, 53%).

Ring-opening polymerization of MM(Cy4)
In a 20 mL test tube, 1,4-dioxane (500 uL) was added to MM(C4) (200 mg), and BITEMPS-

(anthracene); (3.88 mg) was used as a polymer-end source. The mixture was stirred at
100 °C for 6 h, before it was poured into methanol (30 mL). The precipitate was separated
by filtration and dried under reduced pressure to obtain LP(C4)-(anthracene); as a white

solid (183 mg, 90%).

Oligomerization of MM(C4)
In a 20 mL test tube, 1,4-dioxane (1 mL) was added to MM(C4) (20 mg) and the resulting

mixture was stirred at 100 °C for 24 h. Then, the mixture was poured into hexane (20 mL)
and the thus obtained precipitate was separated by filtration and dried under reduced
pressure to afford oligomer of MM(C4) as a white solid. Yields were not determined, and

all oligomers were characterized using GPC and ESI-TOF MS.

Reaction tracking of polymerization behavior
In a 20 mL test tube, 1,4-dioxane (1 mL) was added to MM(C4) [(a) 20 mg, (b) 30 mg,
(c) 50 mg, (d) 100 mg, (e) 200 mg, and (f) 400 mg] and stirred at 100 °C for 24 hours.
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Depolymerization of CP(Cy)
In a 20 mL test tube, 1,4-dioxane (2.0 mL) was added to CP(C4) (20 mg) and stirred at
100 °C for 24 hours.

Ring-expansion copolymerization of MM(C4) and MM(Ph)
In a 20 mL test tube, 1,4-dioxane (500 pL) was added to MM(C4) (100 mg) and MM (Ph)

(101 mg) and the resulting mixture was stirred at 100 °C for 1 h. Then, the mixture was
poured into hexane/ethanol (8/2, v/v, 30 mL). The thus obtained precipitate was separated
by filtration and dried under reduced pressure to afford CP(C4+Ph) as a white solid (141
mg, 70%).

Ring-opening copolymerization of MM(C4) and MM(Ph)
In a 20 mL test tube, 1,4-dioxane (500 uL) was added to MM(C4) (100 mg), MM(Ph)

(101 mg), and BITEMPS-(alkyne), (as the polymer-end source) and the resulting mixture
was stirred at 100 °C for 6 h. Then, the mixture was poured into methanol (30 mL). The
precipitate was separated by filtration and dried under reduced pressure to afford

LP(C4tPh)-(alkyne), as a white yellow solid (174 mg, 70%).

Oligomerization of MM(C4) and MM(Ph)
In a 20 mL test tube, 1,4-dioxane (1 mL) was added to MM(C4) (10 mg) and MM(Ph) (10

mg) and the resulting mixture was stirred at 100 °C for 24 h. Then, the mixture was poured
into hexane (20 mL) and the obtained precipitate was separated by filtration and dried under
reduced pressure to afford oligomer of MM(C4) and MM(Ph) as a white solid. Yields were
not determined, and the oligomers were characterized using GPC and ESI-TOF MS.

Synthesis of MM(Cg4-diacrylate)

Under a nitrogen atmosphere, 2-isocyanatoethyl acrylate (400 pL, 3.209 mmol) and
dibutyltin dilaurate (1 drop) were added to MM(C4-diol) (600 mg, 738 umol) in DMAc (4.0
mL). The mixture was stirred at room temperature for 18 h, before the reaction was quenched
by adding excess ethanol to the mixture. The mixture was extracted using ethyl acetate (3
x 30 mL). The combined organic fractions were washed with water and dried over anhydrous
Na;S0q, filtered, and concentrated under reduced pressure. The crude product was poured
into hexane (100 mL), and the residue was purified by column chromatography on silica gel
using dichloromethane/ ethyl acetate (4/6, v/v) as the eluent. The obtained solution was
evaporated under reduced pressure to afford MM(C4-diacrylate) as a white solid (783 mg,
97%). HRMS (FAB): 1094.4037 [M]+, calculated for C46H75N6016S4 [M]+: 1094.4044.
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Polymerization of MM (C4-diacrylate)
In a 20 mL test tube, 1,4-dioxane (500 pL) was added to MM (C4-diacrylate) (200 mg)

and the resulting mixture was stirred at 100 °C for 1 h. Then, the mixture was poured into
hexane/ethanol (7/3, v/v, 20 mL). The obtained precipitate was separated by filtration and
dried under reduced pressure to obtain CP(C4-diacrylate) as a white solid (164 mg, 82 %).

Oligomerization of MM(Cg4-diacrylate)
In a 20 mL test tube, 1,4-dioxane (1 mL) was added to MM (Cs4-diacrylate) (20 mg) and

the resulting mixture was stirred at 100 °C for 24 h. Then, the mixture was poured into
hexane (20 mL) and the obtained precipitate was separated by filtration and dried under
reduced pressure to afford oligomer of MM(Cy4-diacrylate) as a white solid. Yields were

not determined, and the oligomers were characterized using GPC and ESI-TOF MS.
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SEPUTE B2 KBRS % o 72 22 ME RS RUBRR R 407 O A R

4.1. # 8

BRI rRae A NViclliaGo TSNS ATFvI8p0 8 34 U BikE %2
AERICA T %2 THBEEGER, oG ES Tk, Z20EEECHBEICHEKT 2 &5Vl
Rt e AR e, R et 2 m 3041710 il 21X, Huang 53 =7 S F[214
THUREBSI TG I N AT F VBT NVICOWTHE L TE YR, AT F U HdED
HENHHEZKEBEDOAERIC L > TSI L THEMEZEWT 2 2 LTI L
TWwb, £, S X8 0F 2 L ERRLAYIC 2 KDoE T F#HZEHE I E TR T %
HEMEThbsu s X7 z®mEL T, BRGFTHS a-> 7B TF ALY
Y (CD) ZHWTRYZFLZY a—) (PEG) ZHRBIE L Fay iz, EoF#Hs
ZORGREATIAFTEIENTE, COXABROBENC X 2RE TR TSNS
72, NEToFsinic skl %23, 2o ofliic, T2REMEFE, o
BEDFO—2E LT, TBRIRGED T O ARIERMICHEL L TS 15 HEg 11202
(Mechanically-interlocked cyclic polymer; MICP) | (Figure 4-1¢) 285 2 641 %, MICP I
BIREDTFEVIBERBNFAICHRT 2 RERAEIEZ OO, fERICZOYEZ LD
BaTMELERD ) 2 LI NG, ZOEHAIEA v,

(a) (c)

(b) (t;/\\

_://(f—_-" . N

k "\/ Free to rotate
Catenane cross-linking Rotaxane cross-linking MICP

Figure 4-1. Polymer networks with mechanically-interlocked structures.

MICP DR GG & U<, HES X 1,2-PF A4 702NNV 7 EECMET 5 2 &
TERV(,2-F A F7¥)DMICP & LTfRERoens I Lzl L Tw52%22 (Figure 4-2),
RYVA2-PFA 7 V) ZEMNGBHKAGVICHEDCICEICRRELZYEZ VL, IS
IR T O EHFR ST L IR L TEVHER 2R T 2/ E20D>Z e 2SI L
7oo LDL12-PFA T VEBREILEERZLVI EPHATEZMEICRIRH 245 L
DIREVD 5,

Figure 4-2. Schematic illustration of two synthesis methods of cyclic polymers.
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SFHEMAR ) 2 b 2BOhwEDT MR E 2% 2 WREVED S 5,
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Heat in the bulk.
Aggregation and polymerization

Figure 4-3. Schematic image of synthetic methods of cyclic polymers in this chapter.
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4.2. N)LVUESR

BEICTHETTFHOEAGVEFERIE L FRO—DL LT, RRKDBESHETH LA
WIEMBICB T2 MM OBRIERESGZIT) 2 L2 REL 7, RETIK, NV 7 &4 CH
BUHRE /) 2 —DHEREZDRIGIZOWTHEL 72,

421 NLYVESHRERE/ I—DERK

% CERIEKEAICHOTW A RBEIRE / = — MM(Cy) FREUSEE L. NV 7 &
100 °C 1ML CTHEAKICITET L 2o, 22T, B THEDO KEIRE /) < —
MM(PEG;) Z #7212 & L 7 (Scheme 4-1),
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Scheme 4-1. Synthesis of MM(PEG3).
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°Cf‘ﬂu§iw“z> Z & TBiTEMPS DGRBS IC & 2 BLKIE 21T o 7, ORFRIMANL 72D

VB EEE L, Bon Bk EZ HIGPC (Z7uu kLl THEEL., INFE39% TER
JMKA\%%*%&#M@WZM LCf37, BonERYOGPCA I T, HIEMEo
—=ODE =7 DHAZBML 722 L2 o HIWYIDBE S 7 LW L 72 (Figure 4-4), £ 7z,
Figure 4-5121% 5 7 {LAYD'H NMRA R bV ERT, 2TCOY T F V% FIERL IR
BT 22 ENTE, ZOMITMEIHEGHMEE L7z, UEOEREL S, HINDO KBEIRE /
< —MM(PEG:) DERPHERTE 7,
M, =940

s_/\n/O\/\o/\/o\/\o/\/O o)

S

D! gy 3y o)
% MM(PEG,)
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Retention time / min

Figure 4-4. GPC chart of MM(PEG3) (PS standard, eluent, THF; flow rate, 0.6 mL/min,
detected by RI)
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Figure 4-5. 'H NMR spectrum of MM(PEG3) (500 MHz, 25 °C, CDCls)
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422 BERTHRAEREDOREST FDEK
NV 7IREICE T 2HEBRESG 21T o, WEDKRERE /v — LFAMKIC, MM DRI
A IS B S TR D R 7T § PT Z A L 72 (Scheme 4-2),
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Scheme 4-2. Synthesis of PT.
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Figure 4-6. 'H NMR spectrum of PT (500 MHz, 25 °C, CDCl;).
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Figure 4-7. (a) Synthetic scheme of the polymerization of MM(PEGs3) in the bulk. Changes
in the GPC curves for the polymerizations of MM(PEGs3) and PT in the bulk.
MM(PEGs3;)/PT = (b) 1/0, (c) 40/1, and (d) 10/1 = w/w, respectively.

RIZ, Bonk@g FEERICOWT, GPC-MALS HIE %17\, fuof sy 78 & A H R
DEfR%Z 71 v b L7 (Figure 4-8) . Kliior %2 MM(PEG3)/PT (40/1, w/w) TlRG L 7%
TV EHEK LT, MM(PEG3) DA ZMEL 723 v 7V 73 A4 AHHEIL Tw 5
CEVHER I N, UMD o IREBHKSMICE T 2 HEH O KE & AR ICERIEKEH
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Figure 4-8. GPC-MALS charts of CP(PEG3) and its linear control synthesized by ROP (PS
standard, eluent, THF; flow rate, 0.6 mL/min).
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Figure 4-9. Monitoring G' and G" during REP of MM(TEG).
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Scheme 4-3. Synthesis of MMs with NDI or DAN structure.
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Figure 4-10. GPC charts of (a)MM(NDI) and (b) MM(DAN) with their precursors (PS
standard, eluent, THF; flow rate, 0.6 mL/min, detected by RI)
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Figure 4-11. '"H NMR spectra of (a) MM(NDI) and (b) MM(DAN) with their precursors

(500 MHz, 25 °C, CDCls).
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9/1) THEA L% 100 mM O CDCLERZHEL., ZO 'HNMROHEFBE7 R+ ADr
SHANT T D5 Jobplot ZEMK L 72 (Figure 4-12), MM(NDI) D [ D ERICHE- T,
Ju by AICHRKRT S 7P ANEREY 7 L2 L5, MM(NDI) & MM(DAN)
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Figure 4-12. (a) Changes on 'H NMR spectra of mixture of MM(NDI) and MM(DAN) (500
MHz, 25 °C, CDCl3). (b) Job plot of MM(DAN) and MM(NDI) in CDCls;.

RIZ, MM(NDI) £ MM(DAN), BX U216 D 1/1 IRAWITOWT UV-vis JIlE % 17
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/1 TRALLEZT Y 7VIECTROEEICE VLTS 500 nm B DR TR O 8 K H
AT, T, CT HEMRICFEN 2 DI TH H, MM(NDI) & MM(DAN) 28 CT
SEARZR L CTWd 2 EDME»D Sz, £, Figure 4-13¢ IZZ NN D 100 mM FHK
ODHBER LT, 2N, e, REOAZRL, BEROBRIC X 3 a2z iR
XL EDRDLIo T,
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Figure 4-13. Concentration dependences of UV-vis spectra. (a) MM(NDI), (b) MM(DAN),

(c) their 1/1 mixture, (d) the comparison of (a) to (c), and (e) appearance of solutions.
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Figure 4-14. Concentration dependences of (a) UV-vis spectra of 1/1 mixture of MM(NDI)
and MM(DAN) and (b) plots for determination of association constant K.

433. BRES

i £ ¢C. REIRE/ v— MM(NDI) 8 X' MM(DAN) DA E L 8, $ERIEK %2
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ZEPEREABNCHEHMA I FAT L 2, Z20ZNDE /) v—F7%iF 1/l OREWIZO W

T, bz v 400 mg/mL DRIESEMET 100 °C 12 90 EMEY L, HA X ¥ 7 (Scheme
4-4),
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—_—
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MM(DAN) 100 °C CP(DAN)

Scheme 4-4. Polymerization of MM(NDI) or MM(DAN) in concentrated solution.
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Figure 4-15. GPC charts of (a) MM(NDI), (b) MM(DAN), and (c) copolymer with their
monomers (PS standard, eluent, THF; flow rate, 0.6 mL/min, detected by RI)
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Figure 4-16. '"H NMR spectra of CP(NDI), CP(DAN), and copolymer of them and their
monomers (500 MHz, 25 °C, CDCl3).

(a) CP(NDI) (b) CP(DAN) (c) Copolymer

Figure 4-17. Appearances of CP(NDI), CP(DAN), and copolymer.
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Figure 4-18. Concentration dependences of UV-vis spectra (a) MM(NDI), (b) MM(DAN),

(c) their 1/1 mixture, and (d) appearance of solutions.
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Figure 4-19. DSC curves of (a) CP(NDI), (b) CP(DAN), and (¢) copolymer.
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DL EDkESR2 6 WO FHEEHEAMZ SO RKEBIRE / ~— MM(NDI) ¢ MM(DAN)
BTN L ERIERKEAICEHANE T D, ZOHELMEICOWT, NIV 7 HRERIRE
BT D CT DR EZMHRT LI ENTEL, —HT, BonkLILEAKRDERIC
DWTE, FTFHNTOBTFHAEFHZERT 2 LR TE R, £/, ZNZEh
DEARPERMEIC T, 205, ZOoRELGKEIZNZNOTHO T, 2HL Tkl
o, HOZRERE /) =&k T T, 2B THs Z LRI NT,

104



SEPUTE B2 KBRS % o 72 22 ME RS RUBRR R 407 O A R

4. BAFHEEERABELZLDODE/ I—DNILIES
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Figure 4-20. Conditions of polymerization of MM(NDI), MM(DAN), and PT in the bulk.
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.
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Figure 4-21. Image of polymerization in the bulk
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WIIERBESTHER L LESREIZEAEEREALNLD > (Figure 4-23), 2D
ZEDS, HIRIBICE> TS 20 ER/ENEL TR FERBIOB ©— 7 B8inkb
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Figure 4-22. GPC profiles of resulting polymers at runs I to VI (PS standard, eluent, THF;
flow rate, 0.6 mL/min, detected by RI).
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Figure 4-23. '"H NMR spectra of Copolymer synthesized in solution (400 mg/mL) and in
the bulk (500 MHz, 25 °C, CDCls)
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Figure 4-24. Conditions of polymerization of MM(NDI), MM(DAN), MM(PEG3), and PT
in the bulk.
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Figure 4-25. Appearances of samples during heating process (runs 1 to 3).
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RIZ, Figure 4-26 12 L A0y —HE®KICHE S L&YW D GPC AT Z Z2 N2 un T,
MM(PEG;:) %ML 72 L TOUTNOFRMBICELTOREDTTEREZEL 2 LN TE L,
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Figure 4-26. GPC profiles of resulting polymers at runs 1 to 6 (PS standard, eluent, THF;
flow rate, 0.6 mL/min, detected by RI).
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Figure 4-27. (a) Evolution of G' and G” during the ring-expansion in run 1. Evolution of G’

during the ring-expansion in (b) runs 1-3 and (c) runs 4-6.

Table 4-1. Results for the bulk polymerization of the MMs under different conditions

Feed ratio® G (50 °C)® G’ (100 °C)® G (50 °C)®
Run Before polymerization After polymerization After polymerization M, (Mw /M,)°
(a/b/c/d)
[Pa] [Pa] [Pa]
1 2.5/2.5/5/0 9.5+1.4x10° 20+05x10° 6.0+0.9x10° 3.0x10% (4.4)
2 REP 5/0/5/0 1.2+ 0.6 x 102 7.2+4.0x102 1.1+04x10° 1.3x10%(1.9)
3 0/5/5/0 1.2+0.5x 10’ 2.1+0.8x10* 29+0.9x10° 2.6 x 10* (1.8)
4 2.5/2.5/5/1 6.8 +1.3x10? 4.0 £ 0.6 x 102 1.1+0.1x10° 1.2x10%(1.9)
5 ROP 5/0/5/1 28+1.6x10' 1.9+ 0.9 x 102 89+7.7x10° 1.2x10%(1.8)
6 0/5/5/1 1.0+1.2x 10" 1.2+ 0.6 x 102 34+1.6x10* 1.1x10*(1.7)

“a/b/c/drefers to the weight fractions of MM(NDI) / MM(DAN) / MM(PEG3) / PT,
respectively. © Measurements were conducted 3 times. ¢ Estimated from the GPC analysis
(PS standard).
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ZIPKIETVS run 1 8LV run 4 BPEFICECEZR L2, 20U, KR z2IBHI €
7228 T, B/ —[HTHEDFNREFENEL 727D GPRELS ok LHfEZINS,

R, RISKREGZT572run 12256 run 3OEAED GBI FEZ KT S L.
run 1IZEWVWTHEHFICHWY GZRL, ZO0FRESMOBEFICKRERMEEZRI L, —/
T, Kz MAFHREASSIEZrun 4225 run 6 DEHAED GBI O FEZHEKT % L,
run4 BV THZITHV GZRLAEDDOD, ZO0FREFTMITunS BELX P run6 &K
EhERIAON Lo, 20O, BIOFMHAEHOIERIZL>T GIARELS LS
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Figure 4-28. (a) Dependence of the G’ value on the frequency for the polymers obtained
from runs 1-3. (b) Dependence of the G' and G" values on the temperature of the polymers

obtained from runs 1 and 4.
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4.5 #E
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Aggregation and polymerization

Figure 4-29. Abstract image of this chapter.
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4.6. RERIE
Materials

All reagents and solvents were purchased from Tokyo Chemical Industry (Tokyo, Japan),
Kanto Chemical (Tokyo, Japan), FUJIFILM Wako Pure Chemical Corporation (Tokyo,
Japan), and Sigma-Aldrich (MO, USA). All reagents were used without further purification.

Instruments

'H and '*C{'H} NMR spectra were recorded on a Bruker AVANCE III HD500 spectrometer.
Analytical GPC measurements were carried out at 40 °C on TOSOH HLC-8320 GPC system
equipped with a guard column (TOSOH TSK guard column Super H-L), three columns
(TOSOH TSK gel SuperH 6000, 4000, and 2500), a differential refractive index (RI) detector,
and a UV-vis detector. Tetrahydrofuran (THF) was used as the eluent at a flow rate of 0.6
mL/min. Polystyrene (PS) standards (M, = 4430-3142000; M./M, = 1.03-1.08) were used
to calibrate the GPC system. For some of polymers, absolute molecular weights were
measured via multi-angle laser light scattering size exclusion chromatography (GPC-MALS)
in DMF at 20 °C and a flowrate of 0.6 mL/min on JASCO ChromNAYV Lite system equipped
a guard column (TOSOH TSK guard column Super H-L), three columns (TOSOH TSK gel
SuperH 6000, 4000, and 2500), a differential refractive index detector, and a UV-vis detector.
MALS detection consisted of a Wyatt DOWN EOS LASER PHOTOMETER operating at 658
nm and refractive index increment dn/dc of each sample was measured by OTSUKA
ELECTRONICS DRM-3000 at 20 °C. Electrospray ionization mass spectrometry (ESI-TOF-
MS) measurements were carried out on Bruker micrOTOF II. Fast atom bombardment (FAB)
MS spectroscopy measurements were carried out on double focusing mass Spectrometer
JEOL JMS-700. UV-vis absorption measurements were carried out on JASCO V-650
spectrophotometer. Differential scanning calorimetry (DSC) was carried out using a
Shimadzu DSC-60A DSC at a heating rate of 10 °C min ' under N, flow. The oscillatory
shear rheological properties, that is, the frequency dependence of the storage elastic
modulus (G’) was measured with a double cylinder geometry with 8 mm diameter cylinders.
The mixture of monomers was poured into the interstice of the double cylinder of a

rheometer and heated. (MCR501, Anton-Paar, Austria).

Experimental procedure
Synthesis of NDI-diol (diol derivative of NDI)

2-(2-Aminoethoxy) ethanol (4.70 g, 44.7 mmol) and naphthalene tetracarboxylic
dianhydride (3.00 g, 11.2 mmol) were mixed with 140 mL of 1,4-dioxane. The mixture was
heated to reflux for 21 hours. After the reaction, the mixture was poured into a 1IN
hydrochloric acid solution (400 mL). The precipitate was filtered and dried to afford NDI-
diol as a yellow solid (3.84 g, 78%).
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Synthesis of NDI-diacrylate (diacrylate derivative of NDI)

Acryloyl chloride (2.10 mL, 26.0 mmol) and triethylamine (11.5 mL, 82.5 mmol) were
added to a solution of NDI-diol (4.0 g, 9.0 mmol) in 500 mL of dry CH,Cl, at 0 °C. The
reaction mixture was stirred for 2 hours at 0 °C, and for 18 hours at room temperature under
an inert atmosphere. After the solvent was evaporated under reduced pressure, the residue
was extracted with CH2Cl,. The organic layer was concentrated and purified by column
chromatography on silica gel eluting with CHCI3/MeOH (100/1—50/1, v/v). The obtained
eluate was evaporated under reduced pressure to afford NDI-diacrylate as a yellow solid
(3.34 g, 67%). *C{'H} NMR (CDCls), & (ppm): 165.96, 162.80, 130.99, 130.88, 128.10,
126.68, 126.51, 68.56, 67.75, 63.55, 39.47. HRMS (FAB): 551.1657 [M + H]"; calculated
for C28H27N2010 [M + H]", 551.1666.

Synthesis of DT(NDI) (dithiol derivative of NDI)
3,6-Dioxa-1,8-octanedithiol (5.92 mL, 36.3 mmol) was dissolved in CH»Cl, (20.0 mL) and
dimethylphenylphosphine (DMPP) (50.0 pL, 350 pmol) was added to the solution. Then,

NDI-diacrylate (2.00 g, 3.63 mmol) was slowly added to the mixture, which was stirred for
20 minutes at room temperature. Then, the reaction mixture was poured into 250 mL of
hexane. The formed precipitate was separated by decantation and dissolved in chloroform.
After the solution was concentrated by evaporation under reduced pressure, the residue was
purified by column chromatography on silica gel eluting with CHCIl3/ EtOAc (3/2, v/v) to
afford DT(NDI) as a yellow viscous liquid (1.67 g, 50%). 3C{'H} NMR (CDCls), & (ppm):
171.60, 162.59, 130.89, 126.43, 126.33, 70.95, 70.20, 70.10, 68.46, 67.62, 63.59, 39.39,
34.71, 31.42, 27.20, 24.18. MS (ESI-TOF): 937.23 [M + Na]"; calculated for
C40Hs4N2014S4sNa [M + Na]*, 937.23
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Figure 4-30. '"H NMR spectra of NDI-diol (blue), NDI-diacrylate (red), and NDI-dithiol
(black) (500 MHz, 25 °C, CDCl3).
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Synthesis of DAN-diol (diol derivative of DAN)
1,5-Hydroxylnaphthalene (6.00 g, 37.5 mmol), K,CO3 (3.10 g, 22.4 mmol), and KI (310

mg, 1.87 mmol) were mixed with 50 mL of dry DMF under an inert atmosphere. Then, 1-
chloro-3-propanol (9.50 mL, 114 mmol) was added to the mixture, which was heated to
80 °C for 20 hours. Then, the resulting residue was filtered and washed with chloroform
several times. The obtained solid was dried and washed with water several times. The

residue was dried to afford DAN-diol as a white solid (4.30 g, 41%).

Synthesis of DAN-diacrylate (diacrylate derivative of DAN)

Acryloyl chloride (815 uL, 10.1 mmol) and triethylamine (5.00 ml, 35.9 mmol) were added
to a solution of DAN-diol (1.11 g, 4.02 mmol) in 300 mL of dry CH2Cl, at 0 °C. The reaction
mixture was stirred for 2 hours at 0 °C, and then for 18 hours at room temperature under an
inert atmosphere. After the solvent was evaporated under reduced pressure, the residue was
extracted with CH;Cl,. The organic layer was concentrated and purified by column
chromatography on silica gel eluting with CHCls to afford DAN-diacrylate as a white solid
(785 mg, 51%). *C{'H} NMR (CDCls), § (ppm): 166.20, 154.29, 130.84, 128.41, 126.69,
125.17, 114.41, 105.42, 64.58, 61.63, 28.77. HRMS (FAB): 384.1567 [M]"; calculated for
C2sH27N2010 [M]F, 384.1573.

Synthesis of DT(DAN) (dithiol derivative of DAN)
3,6-Dioxa-1,8-octanedithiol (8.40 mL, 51.6 mmol) was dissolved in THF (20.0 mL) and
DMPP (50.0 pL, 350 pmol) was added to the solution. Then, DAN-diacrylate (2.00 g, 5.20

mmol) was slowly added to the mixture, which was subsequently stirred for 20 minutes at
room temperature. Then, the reaction mixture was poured into 300 mL of hexane. The
formed precipitate was separated by decantation and dissolved in chloroform. After the
solution was concentrated by evaporation under reduced pressure, the residue was purified
by column chromatography on silica gel eluting with CH,C1,/EtOAc (95/5, v/v) to afford
DAN-dithiol as a white solid (3.08 g, 79%). *C{'H} NMR (CDCls), & (ppm): 171.90,
154.26, 126.66, 125.19, 114.37, 105.43, 72.91, 71.06, 70.29, 70.20, 64.54, 61.77, 34.96,
31.59, 28.72, 27.50, 24.27. HRMS (FAB): 748.2455 [M]"; calculated for C34Hs52010S4 [M]",
748.2443.
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Figure 4-31. 'H NMR spectra of DAN-diol (blue) (500 MHz, 25 °C, DMSO-ds), DAN-
diacrylate (red), and DAN-dithiol (black) (500 MHz, 25 °C, CDCl3).

Preparation of the LPs

The precursors for the cyclic monomers were synthesized via a Michael addition between
BiTEMPS-diacrylate and the dithiol monomers. A typical procedure is presented below.
BiTEMPS-diacrylate (658 mg, 1.00 mmol) and NDI-dithiol (915 mg, 1.00 mmol) were
dissolved in CH2ClI, (5.0 mL), DMPP (10.0 uL, 70.0 pmol) was added, and the mixture was
stirred for 15 minutes at room temperature. Then, the reaction was quenched by addition of
more BITEMPS-diacrylate (5 mg). The mixture was poured into hexane (50 mL) and the
formed precipitate was separated by decantation and dried under reduced pressure to obtain
LP(NDI) as an orange solid (1.56 g, 99%).

LP(DAN) (quant.) was obtained as a white solid by following the same protocol but using
DAN-dithiol instead of NDI-dithiol, and THF as the reaction solvent instead of CH,Cl,.

Synthesis of MM(NDI) and MM (DAN)

The cyclization reactions of the LP precursors were carried out in toluene at 100 °C. A
typical procedure is presented below. In a 300 mL flask, toluene (1.0 L) was added to
LP(NDI) (1.56 g) and the resulting mixture was stirred at 100 °C for 14 hours. Then, the
solvent was removed by evaporation and the residue was purified by column
chromatography on silica gel eluting with CHCI3/MeOH (20/1, v/v) to afford MM(NDI) as
a viscous orange solid (1.00 g, 64%). MS (ESI-TOF): 1595.54 [M + Na]"; calculated for
C70H104N6O22S6Na [M + Na]", 1595.54.

MM(DAN) (39%) was purified by column chromatography on silica gel eluting with
CH:CIl,/EtOAc (3/2, v/v) and obtained as a viscous colorless liquid. MS (ESI-TOF): 1429.54
[M + Na]"; calculated for Ce4H102N4O1sSeNa [M + Na]", 1429.54.
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Synthesis of MM(PEG3)

The cyclization reactions of the LP precursors were carried out in toluene at 100 °C in
the same way when used other LPs. MM(PEGs3) for reaction tracking with GPC was purified
by column chromatography on silica gel eluting with CH>Cl2/MeOH (92/8, v/v). MM(PEG3;)
for rheological measurement was purified by preparative HPLC eluted with CHCl3; and
obtained as a viscous colorless liquid (39%). MS (ESI-TOF): 1051.41 [M + Na]+; calculated
for C44H76N4O15S4Na [M + Na]+,1051.41

Synthesis of PT
BiTEMPS-diacrylate (387 mg, 0.590 mmol) and mono-methyl mono-thiol triethylene

glycol (520 mg, 2.06 mmol) were dissolved in THF (10 mL). Then dimethylphenylphosphine
(DMPP) (10.0 pL, 70.0 pmol) was added to this solution and the mixture was stirred for 15
minutes at room temperature. The reaction mixture was poured into 100 mL of hexane. The
precipitate was separated by decantation and dried under vacuum to obtain BiTEMPS-
triethylene glycol (PT) as a colorless viscous liquid (570 mg, 81%). MS (ESI-TOF): 1185.57
[M + Na]l+; calculated for CsoHooN4O16S4Na [M + Na]+,1185.50

Ring-expansion of the MMs in solution

CP(NDI): In a 20 mL test tube, MM(NDI) (100 mg) was heated in toluene (250 pL) at

100 °C for 90 minutes. Then, the reaction mixture was poured into 30 mL of hexane. The
formed precipitate was separated by decantation and dried under reduced pressure to obtain
CP(NDI) as an orange solid (98 mg, 98%).

CP(DAN): In a 20 mL test tube, MM(DAN) (200 mg) was heated in toluene (500 pL) at
100 °C for 90 minutes. Then, the reaction mixture was poured into 30 mL of hexane. The
formed precipitate was separated by decantation and dried under reduced pressure to obtain
CP(DAN) as a white solid (198 mg, 99%).

Copolymer: In a 20 mL test tube, a mixture of MM(NDI) (100 mg, 63 pmol) and MM(DAN)
(90 mg, 63 pmol) was heated in toluene (475 pL) at 100 °C for 90 minutes. Then, the
reaction mixture was poured into 30 mL of hexane. The formed precipitate was separated
by decantation and dried under reduced pressure to obtain the copolymer as a purple solid

(169 mg, 89%).

Bulk polymerization of MM(PEG3)
Ring-expansion: In a 1 mL micro tube, MM(PEG3) (30 mg) was heated at 100 °C for 3

hours. The progress of the reaction was monitored by GPC.
Ring-opening (1): In a 1 mL micro tube, MM(PEG3) and PT, a terminal group source, (10/1
= w/w, 30 mg) were heated at 100 °C for 3 hours. The progress of the reaction was monitored

by GPC.
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Ring-opening (2): In a 1 mL micro tube, MM(PEG3) and PT (40/1 = w/w, 30 mg) were
heated at 100 °C for 3 hours. The progress of the reaction was monitored by GPC.

Rheological measurements

All samples were prepared by evaporation of a solution of the MMs.

Bulk polymerization: The strain and the frequency were 5% and 1 Hz, respectively. The
temperature program for the measurements is shown below. (1) 50 °C for 5 minutes, (2)
heating to 100 °C from 50 °C within 1 minute, (3) 100 °C for 60 minutes, (4) cooling to
50 °C from 100 °C within 1 minute, and (5) 50 °C for 5 minutes.

Frequency dependency: The strain and the frequency were 5% and 100 rad/s to 0.1 rad/s,
respectively. The temperature was 50 °C.

Temperature dependency: The strain and the frequency were 5% and 1 Hz, respectively. The

temperature was increased from 5 °C (5 °C/min).
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5.1. #5

BUR oy [ L3 MM IS ERE L 2o F AR THL ATV IE, 7 FE—F T AA
vFREDHFEFELTEHIN T AU, BERPEAKATERKL VAR wELD, 2
NZNMYLCHE - A7 A4 FCTE2HHEZD>TED, AT Fr2EagFIciliirit
CETREBEERICHE OS2 E T FICHETE 2 LS 308, 47 > UG
AihFnlmoFE LT, RIATF Yy EGRT AP SF 3y 7 L ARG g1
RY[R21ATF U nAh T rry b7 =20V ERREINTEY, AT+
DB PEICEED  FRYER A T v 2R T 280 AR S RRIORE 7 &3
BT 3 (Figure 5-1),

A
=\

\

[2]Catenane crosslinking

Poly[2]catenane [n]Catenane network

Figure 5-1. Examples of polymers containing catenanes.

FErAhTFYOERTFIEE LT, WMo F Iy F2EEIE T 6B bEfT) Tk,
2ODAr R ARFICERILI Y 2 FIED 2D 23F 2 6015 (Figure 5-2), W TIZBWT
b, B, o702 RBINEE T TLEIERE 2D, LB E»ORKRIC
BALKIGZAT ) AT F VRO L 725, FETIE, AT F v 2ENICERT 5 F
e LT, A7 ALROBRYI, 7 3 PRSP, BB X & 2 > 2 Ol 7Y -7
VX7 y 7GR e ML OBLKIGIC X 20 7 F v AERBRE SN TE 1,
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[ORVER S
N-U— K=

Figure 5-2. Schematic illustration of two synthesis methods of catenanes.

AETIE, KONHBN» O R A 7+ v ERTFIEORMFE., BifizflicncdZdsns
XY ATF VDAL yF T, RVu XY roaRaEZHEL., EA (2,2,6,6-T
FIRFILERY P V-4 V) ¥ A7 4 F (BITEMPSZ-27)) F#% % R H L 72 KBRS 1
(MM) O GREPNZIER L7 7F V& %Z21T > 7, Figure 5-3 IC/R$H D, KD
BiTEMPS IZ X 2BH{b G20 ¥ X4 VIC#HHIE 2 2 LT, oA TRysIH s
ATFVNEBMTELRZMEARTH D, £/, AW THoNL AT vId, 22/
WL WIOMENEREZE L TCw20A %67, BINFEATH S BITEMPS ZH L THE
D, HiEETORLAEEESKIGP32IEATE 2,

(a) - ¥
.. - ¢
{__y gor)\l— :2/‘{6/"" -I—> %Q

Linear precursors Heat in dilution Cyclic products

(b)
P
‘)-Q-' _t_’ — Polyrotaxane
. 7 Heat in dilution &) Heat in conc. y
Rotaxane Catenane

Figure 5-3. Schematic image of synthetic methods of (a) synthesis of macrocycles with

BiTEMPS and (b) catenanes in this chapter.

123



BhHE AEENCLZuy XYy AT v DAL

5.2. BITEMPS Z@i#IC+£ 204 X4 > D&/ & 5T
£, AT F AROEIEE & 7 201 BITEMPS Z D210 ¥ ¥ v 28K L., #
O Ry R % 175 72

5.2.1. BITEMPS ZMifIC£t D202 FH > DERK

0y XYy DOERICIE, Leigh 8L Goldup 523 EL T3 Y P Uil b
iy IS DAL L CEEfT T2 7Y F=7 v v 7Y v 7 KK (AT-CuAACE334)y 12 X %
XY rEREH W, AT-CuAAC [ ZEANFED» D4 ORG24y FICE AT RE % 1
XY v EHETH B0, BITEMPS Zlilglc b o0 8 X4V HRICEYTITH 5 L5 2
7o RDAFX—LIZATIHEY, BITEMPS O 7 V¥ VB E 7Y FEERKR 2 KBS ¥,
Mj%i i BITEMPS %2 D210 ¥ X% v % &4 L 7 (Scheme 5-1),

]

Z.2

Z°
i

o
_ O
HO- )/// Ny N:‘( -OH BPy ) HO§A /’; r\/‘\ 7
Cu(CH3CN)4](PF,
Om~~y r%o [CU(CH3CN)4I(PF) lﬁmANquxf
HO' on CHyCl, O-\_/-O 75

BiTEMPS-(OH)(yne) BiTEMPS-(azide)(OH) [2]Rotaxane

Scheme 5-1. Synthesis of [2]rotaxane.

BPy (121 mg, 253 umol) £ ¥, [(CH3;CN)sCu]PFs (89.6 mg, 240 pmol) % & K55
S PFTIO mLOYZ7vaa Xy vIZiEBEIE, BITEMPS-(OH)(yne) (128 mg, 250 umol)
& BiTEMPS-(azide)(OH) (134 mg, 250 pmol) DREMDHNERZFHLA T TIMAZ TE
WmOHEMPL ., SHERKIGZH T 7205, S0 mLOY7uu Xy rziiz, = FL Y7
S VBT v = 7 RAUKIER CHEE L 7o, AREEZ PN LR 7 %> 7 L TR
Db, WIEEMEL 2, fohfiii#lrzs Vv Aarvrsa< b 7774 (NFH v/
ranu Xy Yy BLOSTEGPC (Z7a b b) IZTHEL, INE21%T81 mgd H &
2, BonBHEOILEYDOGPCAETIAIC T, HIEHED —DD -7 DA 2 #]
M L 7 (Figure 5-4e), 7z, Figure 5-5I2f% 6 N7ALAYD'H NMRARY F L ZRT,
BTCDTTFNZFERAIFET LI ENTE, ZOBOMEPHRME L%, YLD
25, HNOBITEMPSZMUHIC o0 & X~ OHBEIC I L 72 & HW L 72,

2T, A7 LR OHEMEYOGPCIAHI AR (Figure 5-4d) ICEHL., 221D
v — 7%%%?5& Hiv & b b@Eagrefilict ) I~—Kas., H X b ES 7
AN BEEE L 722 Ky FAR I N, MEoZ &, KIBDHEIKIGE LT, 7 FNZE
g rEcuy X9 v oALIIEREITL, Z20—HBAF ) Iv—fbL Tl
WRB I N7,
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BERENIC X a0 Xy — AT+ v DA

@) Macrocycle (a) M, =610 /\

N;(»OH Azide (b) Mp =840

s Alkyne G(C) =880 J\
Crude (d)_//\/\,\/'\
ot
IS M, =1,300 /\
After purification (€) M = 1.

(21%) L L R L A |
10 12 14
Retention time / min

Figure 5-4. GPC charts of [2]rotaxane and its precursors. (a) BPy, (b) BiTEMPS-
(azide)(OH), (c) BiTEMPS-(OH)(yne), (d) crude product, and (e) [2]rotaxane (PS
standard, eluent, THF; flow rate, 0.6 mL/min, detected by UV)

™S

CHCl,
2,3,4,589,
gh 10,11,12,13,
20,21,22,23
18 [24] 25142023, it
al c 16 def,
15 b, 17 [1H] i/ '
19 24 6 !
A k

8 6 4 2 0 [ppm]
Figure 5-5. '"H NMR spectrum of [2]rotaxane (500 MHz, 25 °C, CDCl;).
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5.2.2. BITEMPS ZMlim(ct 202 4 > DR E 41

HIHIZ T, AT-CuAACORIMIEE LT, YW E LB ot ¥ X9 v oia K
IEIT L. 20 —FB AV av—fbL Tk I EBRBINZ, I T, AT-CuAAC
DFEM (B, FED 1 MiOHEET) I8 %, HEEL 72 [2]rotaxane D & 7E M % 5 L
7z (Scheme 5-2),

HO. AYA
1; X s-s#,fj NN [Cu(CH3CN)4](PF)
7 N —_—
of\/\/\/@,{;a"\ﬁ)\ﬂo ?
I ngFS CH,Cly
0 /O =
OH

[2]Rotaxane

Scheme 5-2. Stability test of [2]rotaxane.

[2]rotaxane IZXF L C 1 MEOHME ZEAL. 25 mM, EHEFHEKT. 20 °C T 72
REMIBE L 7z, BOBRIZZF L o7 S VIHEERR 7 v € = 7 BIRIZKIER Coeid L. SO AT
#% D GPC BHIMMADOZ M 2 MER L7z, £/, ML LTIl Z Nz 2wy 7vico
WTHEFE 21T o %, Figure 5-6 IZBHT# O GPC ARt 2 8§, Sifih 2 0 2 7255
G, BFICAHY) I —EDHET L 77T, A G- 8613 GPC B IcZ2{Lss
Ao olz, LEDZ 95, [2]rotaxane DERDOEEIC0 ¥ XV U DBERL 72D B,
i 2 il it & L 72 BITEMPS DA SIEEIT L, AV T~ — (LT L T/ 2 &8
HS iz,

(a) [2]rotaxane with Cu(l)

o
s LS J
72h

@ r

(b) [2]rotaxane

S

72 h

I r

HO~ )OH

-

T T T T T T T T T T T T
10 12 14 10 12 14
Retention time / min Retention time / min
Figure 5-6. GPC profiles of Rotaxane before and after stability test (a) with Cu(l), and

(b) without Cu(I). (PS standard, eluent, THF; flow rate, 0.6 mL/min, detected by UV).

BiTEMPS 23 i%# /M L TR T 2 XA AL DIRED 1 D& LT, XD Kk IHITHEZEL -
(Figure 5-7), £, 1 flio#ic X > T BiTEMPS DY 2L 7 4 FiEADFZ L. TEMPS
FICHANDBEL B, 0B, ALY AaABEAERBIRIbE &R T, £/, £
FIANICE S THEMHDOR DK EBFHAL., LD ViliOfBSFHEI NS, Bl T
R R > Ty, BiTEMPS 28 1 fliofiz i L CHIRTHMARIKIGT % &
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W) R zmoTHRIBL 7,

Figure 5-7. Plausible mechanism of exchange reaction of BITEMPS with Cu(l).
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523. AAXHUF)IT—DERK

HiH £ ¢ BIiTEMPS ZMjic b o0 ¥ X4 v 2 B L 7225, Z O HEEIRIL 21% &K
(L, ZNZATFVOEBICH WS 2 EFBO TIHEMETH 5, MEREKLIEZE N L 7B
ERIGIC X > THEL 2ERWIE, ZoRiEEE LTy XS rot) Iv—%2HokEq
KEWTH, iy vzl HRLTRELGETZVWEEZEZOLND
(Figure 5-8), # 2 C, HIKIGTEKT 24 ) ITv—HModbEHTuwy X ZEILL
(Scheme 5-3), BOBR(LISICHEMH T 52 & & L7,

(@) ‘)‘Q‘ o
OY\\AO‘ ,\}

— & HO~ DroH
&, > Wo -~
<

Figure 5-8. One of plausible images of cyclization reaction of (a) [2]rotaxane and (b) its

oligomers.
7\ 7\
Nad
& & )
= \s° O o' o
HO- )’/ N3 Nl‘( o BPy AYA
bmnms \©\«° [Cu(CH;CN)](PFe) Hoq 57’:]5\ Aad
NS‘SNP + 1 NeSy Ns OW\/\/{Q?H’\ﬁ: o s
Hoﬁ ’& ; § CH,Cly o 4 (;NF ~5
H o _sO S OH
BiTEMPS(OH)(yne) BiTEMPS(azide)(OH) [2]Rot: ( ining olig s)

Scheme 5-3. Synthesis of [2]rotaxane (containing oligomers).

521. L ARDFETCHEKZITVW, fon-HE#EMZ VAV Iu< 757 4
(NFHv/rua Xy ) ITTHERL, IR68%T261 mgd bk zZ{7%, 8607k
L DAY OGPCIA AR IZ T, [2]rotaxane £ Z DAY I —%2 R T E—T7 DA%
Bl L 72 (Figure 5-9), X, Figure 5-912f3 6N 7{LAYWD'H NMRAXRY bV ERT,
ETDY 7 F )% [2lrotaxane B8 X N Z DAY I — KT Z 7 F L E L THFERL
IRET 5 LR TER, T, ZOMAMEICO VT, #iF7% [2]rotaxane & LR TH I
WICHKRT 2 7P AL Tl o, £ T~ —(LRISIC K > T—HDO KD
Bl L T3 Z b olk, U EDFERLS, &Y < —4% & [2]rotaxane D A% &
DIRAVIDE ST LWL 7,
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10 12 14
Retention time / min
Figure 5-9. GPC curve of [2]rotaxane (containing oligomers) (PS standard, eluent, THF;

flow rate, 0.6 mL/min, detected by UV).

H,0 ™S
CHCl,
g;h
l 2!3!475!8’9’
. 2,5,14,20,23, SO
\'a Cc 16 i @ d’e’f’i o
b | 3 .
s 7 ]
19
A
T | T T T l T T T | T T T | T T T |
8 6 4 2 [ppm]

Figure 5-10. '"H NMR spectrum of [2]rotaxane (containing oligomers) (500 MHz, 25 °C,
CDCls).
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5.3. RIL RJE DB

FIIEICCTA Y O < — T & [2]rotaxane DADIEEW =&/, KHEHTIE, v ¥ X959
F &2 AREETMENT 2 2 & CTERALKIGDHEITTT 200 £ ) & L 72 (Scheme 5-4) , i
HofEohA) ade—% LTV 1 mg/mL OAREETMEL, GPC EHED S
BOGOMEFT 28I L7, 7, HIRE U CTHEEL Z2#liF 2 [2]rotaxane 8 X O fid 2 b
7= Wil axle ICDOWTHEMO K IE 21T 72,

bgiw (;B QWQG?@

UVL;\’\'\_\’\ HO~ )’OH
HO?% 7\yl /_g}% ‘\‘;\j >(t£ 1y or;NF
R N ., OH
[2]Rotaxane (containing oligomers) q'\’\,\_\/ri{' gox:o BiTEMPS(OH)(OH)
[2]Catenane é Nk
o

[3]Catenane

Scheme 5-4. Cyclization reaction of [2]rotaxane (containing oligomers).

Figure 5-11a lC0 ¥ ¥4 ¥ 4 :r“v—% 100 °C T 9 RFREIMEL L 72 B% D GPC ¥ H il
DFERZALZ R T, KT FRELET L, ROty & —B T2 —7 BN N7
Do RIBDMET 2R L, BB X Z 6 FHEEE T GPC MNP EML & ko
722 D6 IO PEIREEBICR > 7 LT L 72, £72, T Th 52 REIREE Y P v iC
HET2E—27DMBED GPC ITEWTALNLYL > I &6, KT d 5
ER K BULBOGDHEAT L7 LT L 72, T #4uid. BiTEMPS FEE D140 d&m < oy 23
WroNNE L2 CAPy A= L THEBELTWVWASAILZRLTWVS, I5IT, Y
— 7 DR D & GO FERYIZE ) v —TH % [2]catenane T3, ¥4 <v—7T
% % [3]catenane TH % Z L Bbo o7z, KIT, Figure 5-11b IZ#fif 7 [2]rotaxane % H
W E D GPC B ORNE L EZRT, v Xt Iv—2HGE L iR
LTRELERDB AN LGP ES, AV I —2 AT VORIELE L THW S
CEDEMBWEPRINT, I 51T, Figure 5-11c I[ZHili7r 1 axle Z H W72 8E D GPC 5 H
HiFR DR Z R T, axle Z H O ZEAIZOWTH, EFYD GPC iAHBIRR X D 44
v —DEBRBE ) v —DERLI D SEMNTHL I LWL R, Thbb, uyx
Py OBLIGICE VT 2 BEDP AR I Lo EZ K3, BUL T 280 FOMETH %
ZEDbhrol, SHORZRE, £/ —DOEREB N Z 29 THY, 2HETHELLRTIE
Taic® ) 2 —DERBERIC 20 TR THD o703, WEZ FY 7Y — VERPHHFR
ZHboTWwbD, B/ 3—DERBARE Lo e HEINE, LEOHEDLS
[2]rotaxane ® Z DAV T —Z HINFHETIMET 2 2 L CERILKIGDHET L. SR FR

TIEZDFEERY E L T[3]catenane 2 52 5 Z EBHS IR - 72,

130



I

(a) [2]Rotaxane oligomer (1 g/L)

on 409" )

1h N

3h N

6h

Lo 55 7550

1 1 1
9 10 11 12 13 14 15
Retention time / min

(c) Axle (1 mM)

Oh HO“)\)‘:H’/k
1h X
3h A
6h NoA
on T D

T T T
9 10 11 12 13 14 15
Retention time / min

Figure 5-11. Change in GPC charts in cyclization reaction of (a) [2]rotaxane (containing

oligomers), (b) [2]rotaxane, and (c) axle (PS standard, eluent, THF; flow rate, 0.6 mL/min,

detected by UV). (d) Structure of axle.
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(b) [2]Rotaxane (1 mM)
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54. 31hTFDERK

HiJH £ TT. [2]rotaxane P Z DAY A~ —%2HNEHETMET 52 2 LT, KIbDFEE
B & L CT[3]catenane 252 % Z EDHL NI o7z, KETIEBELKIGD Ay — V%
T, [3]catenane % HiffE L fEHT L 72,

5.4.1. [3]h TF > O Bk & BT
A 3w —%& L [2]rotaxane % ML U 1 mg/mL THIENT % Z & T[3]catenane %
AL 72 (Scheme 5-5),

7N\ 14 o)
HO. s NN >(1 KA\F‘
N A N N,
;NS #ﬁof\/\/\/\,@’\-"l"\ﬁg\“o $ g
@ N J q stﬁ Toluene S\ N
N s, OH 0

[2]Rotaxane (containing oligomers) N'N o

[3]Catenane

Scheme 5-5. Synthesis of [3]catenane.

665 mg DAY I v —%E&E [2]rotaxane % 665 mL D LT VIZEMREI T, KRAHh
100 °C THMEY % Z & T BiTEMPS Difili & 2SR & 2 BAL SR 2 7 > 72, 9 IR [H] 0 2
Lot iz E L, Bonk@ikzsUArvra< b 777 4 (XY V/EEEE
IF V) IS THERL, BRI T 2 EHEINHE 51%7T 339 mg @ [3]catenane #1572, 155
Yo GrC EHfRIC T, HgED 2o =270 2B L2 L0 HIOY
DHHEICEY) L 7 & HIWT L 72 (Figure 5-12a), £ 7z, Figure 5-12b IZfF o N 7{b&Y D
ESI-TOF MS 70 7 7 A V%2R d, HNOILEYD S FRE T 24 4 E— 27 B
SN EPSHBND [3]catenane DR ZMER L 72, I 512, Figure 5-13 I8 617
EYE XV ZDORIERAED 'HNMR A7 L ZRT, WTENOLAIZTOWTHETD
ST FNEFEGESIHET S I LR TE, BRILKIGE D LI D\ TR G I HE T
B2 0F)N (P 7FL 1,24) BiHAL TR e, BULKIG E Z2 sk < BB E I
X o TRMMEDID Bro e 2 L 2R L 72,
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(b) ESI-TOF MS
(a) GPC

DY

[M+HI' ‘S;;‘\ylo &

2301.3197 7y <

mixture é) NN: 5
Mp =1,400 Lo
C136H183N14O1OS4
Theoretical value; 2301.3095
[3]catenane
1 r 1 r 1 ! I T T T T T T T
1.0 12.0 13.0 14.0 2298 2300 2302 2304 2306 2308 2310
Retention time / min m/z

Figure 5-12. (a) GPC curves of [3]catenane and its precursor (PS standard, eluent, THF;
flow rate, 0.6 mL/min, detected by UV). (b) ESI-TOF MS profile of [3]catenane.

2,5,14,20,23,
d.ef,

4,5,8,9,10,
11,12,13,
20,21

8 6 4 2 [ppm]

Figure 5-13. '"H NMR spectra of [3]catenane and its precursor (500 MHz, 25 °C, CDCls).

Z 2T, o7 [3]catenane & 1, 4-PAFH U /AFH UVIEABAHELDHEESL, BH
fiti il X ARG fRENT 21T > 72, Figure 5-14 I8 5 NS MG 28 9, HfS&hIic, KRB
REEY v & BITEMPS &z 2 03 ob 0 | BBEORBIA T F oG 2R T2 2 &0
TE 7, Frlz, BN T3 head-to-tail BLD ¥ A4 v — D ADBEIM X 41, head-to-head
DEEBRBIHER I NG o (ZNITOWVTRRETELETS), £/, PV TYV—L L
EEY Y VORTARERAVBESTED ., W FI3o F ) 7Y — VEREZICHEL Tw
2o 'HNMRICEWTHHITFOADRERTFEHE T2 & Y 7Y — VBRICBEE T 2
7a b VIR T A7 FL (16) BDRESEWG Y 7P LTwE 2L EFIFHLAROHER
TdH > 7% (Figure 5-15), M LEOFEHED» S, HHID[3]catenane D HEEIC)RI) L 72 & T L
7
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a : N\ N~
OL/O
a13.71A,b15424,c18.724A
o 83.52°, B 73.45°, y 69.23°
Figure 5-14. X-ray structures of [3]catenane.
(@) oHel h H:0 ™S
1, . :
& .l
O-\_j/-O
(b) l
O:Qf'{:z'\—\_\ﬂ
» (;% 4,5,8,9,10,

11,12,13,
20,21

Z/}i h
>(oj£ gh

g 14 4,5,8,9,10,
et ot B " fie
08 10,471, \ a :
® WN ‘©°=o° 15 AT
NN \1718 AN
137 94 16
T T T T T T T T T T T T T T T T T T T T
8 6 4 2 [ppm]

Figure 5-15. 'H NMR spectra of (a) BPy, (b) cyclized product of axle, and (c) [3]catenane
(500 MHz, 25 °C, CDCl3).
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54.2. B1hTFT DMK EEZTDERY

HITE O LS Y X AR EARAT Tld . head-to-tail LD ¥4 = — DA MPEM X 41, head-to-
head B O BIE B IIHER S N e Do 7y RETIE, B RERATO Y~ 711 head-to-head
BT R —DHETZ20EI)PRAEL 72, BARNARFiELE LT, [3]catenane 23 DT
AT IVEED MK B2 4T\ Z DERY) %2 T L 72, [3]catenane DMK B E RN D
B SOE 72  KIGD3HEST L 72 ERE T % & head-to-tail BLD ¥ A4 v =205 1% 1 FEHD TR
Y% 5 % . head-to-head ®1D ¥4 = =26 2 B DO DY % 5 Z % (Figure 5-16), % D
7, TN ERET S L CRIEFRDOFERGZENT 22 L TE 5,

(a) Head-to-tail dimer

S’Niﬁ ?:'}i EtOH/ H,0 §N‘S
o, y E

o
(b) Head-to-head dimer
A oM,
ot 4 g
o= \/N\_\;—\’\,\ﬂ 9 o S Nh

X? O(;F OH P ¥ .
N N, N,
y ¢ s KOH ¢ P C N‘§
S
S
N N

S (\f / EtOH / H,0 y ;{‘5 y ):
>\§ 3 o OH { K B o
0% G N J/—/ o Qv o~
Q= Q) =
@NN 0 Q{“NN 0
onJ° oJ°

Figure 5-16. Hydrolysis of (a) head-to-tail [3]catenane and (a) head-to-head [3]catenane
(500 MHz, 25 °C, CDCl3).

S EY AT O [3]catenane (23 mg, 0.1 mmol) I 9 mL DX % / — )b, | mL DK, Kt
AV A (561 mg, 10 mmol) ZHA T, FIRT24 RFHEPE L 72, KIGHEDOEWIC b L
vaEMA, MLIERLZ0EEREZIRO ML 2, BEZEEL., HAaEEZE 7,
Figure 5-17 2o N7 0Y D '"H NMR A7 F L2 T, AEBEICEEN2{LEYIE
Fiz, KEIREEY Y v BPy & BiTEMPS O ¥ 4 — )L iEER BITEMPS-(OH), TH D,
ANVKUBDOH ) 7 LRI N o7, BPy DAL ZMEIZ, KSR E>TE
HWA LNy )X—Td 2% BITEMPS VREI N, Wi FhroUlhishilzdTdh
(Figure 5-18), % 7. BiTEMPS-(OH); & head-to-head ®1D ¥ 4 = =225 D ALK T % 1k
GYTH 579, head-to-head B D BYEE S FFSETICHET 2 2 L Bbr o7, TIT,
GHE T ICE $ 2 BPy 8 XU BiTEMPS-(OH), DFED S, Bk FEEH G2 A
T2 ENTESL, ZNTORMKOHFEE Z x /1y £§5 L, ERIVITMAS B
HEFTL 72 ET 5 L, x D head-to-tail [3]catenane 2> 5 1k 2x il D BPy 23, y D head-
to-head [3]catenane 2> 5 % 2y il D BPy £ X O y fl® BiTEMPS-(OH), 4K T 5, 0
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LERTRTEWECHINS N7 EIKET % &, Figure5-15¢ ® BPy ICHKT 5> 7 F )L h
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Figure 5-17. "H NMR spectra of (a) BPy, (b) BITEMPS-(OH);, and (c) organic layer of the

hydrolysate (500 MHz, 25 °C, Acetone-ds)
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Figure 5-18. Schematic image of deslipping of bipyridine macrocycles from hydrolysates

of [3]catenane and products of in organic and water layers.

5.4.3. DFT &

HIEHDOER 2 S . FiS L ET O [3]catenane H112 1%, head-to-head B D BME:R X ) & head-
to-tail MOMEER LK HEEFNT 0L I L RKBRI N, REHTIE, 22 R
WTDFTEFHEZfTwv, ARZ AV X —2HEKT 5 2 L TZDOLE®RITOWTHRHAL 72,

PR L XV IE UB3LYP/6-31G(d,p) ¢ L. ZNZNDRUEFEDOERF 7A XL X —D
AxBHH L7 (Figure 5-19), Z Of§%. head-to-tail B D B {4 X head-to-head M o F 1k
WEHMRTERF 7AZRFLX =N Z I EBbro%k, T4b b, head-to-tail LD
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Figure 5-19. Difference in free energy (G) between two isomers of [3]catenane.
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calculations were conducted by using DFT at the UB3LYP/6-31G(d,p) level.
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55 [B8]1h T+ DEERG

4 & 41 72[3]catenane |3 BITEMPS #ii&E 1 X - CTHFE I N TE D, BiTEMPS &H KRER
FrEHOAEBEGRIBP32INEHTE 2 LS N5, RIETIE, [3]catenane 2H
GRIGICGEMABETH L L2 RTHEODOTEV AL —var e LT, BlzSEICH
BRILE G BPY %2 4T > 7 (Scheme 5-6),
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Scheme 5-6. Copolymerization of [3]catenane.

MM(Cs) (44 mg, 56 pmol) . BiTEMPS-(anthracene); (4.7 mg, 6.3 pmol) £ X ¥
[3]catenane (7.2 mg, 3.1 umol) % 125 pL D 1,4-P 4 X%V ITAMR I, KR&5H 100°C T
MET 2 2 L CHEGRIGZIT> 7, 6 REIMEL 72D H | wnm@«%#y’mﬁgﬁ
THAEEERZ BN L 72 (quant.), GPCIEHEMR LD, BoTRILDOET 2R TE, 0T
BEIOT TR My = 9,600, My/M, = 1.57 £ HEED 5407 (Figure 5-20), E"\%
BANE SN L5, [3]catenane 021:?)%F?ﬁ?ﬁ&{fFT‘ﬁ?Faﬁ%*A’\Tﬁ}ifhiﬁ 1L,
HATEEZ5Z5ZEPHOL LGS, RITBFLNTETFEAED 'HNMR AX7 b
)% Figure 5-21 12777, ?&f@yffw%%ﬁﬁ<%ﬁﬁﬁ ZNZEND IR
THLY 7TV EE X ZMiAAKE L T, X512, Figure 5-22 121585
n7AtE&EY D DOSY AR PV ZRT, MEVDPH—DIEHFEEZzHL Tl &b,
TRTOEFTHBHAAEN I EBEGEOERZMHRL 72, DL EOFR2» S, HINOMKZ
bO 7 VY LAIEAERBE N EHMIL 2, ZOfERIX, BiE £ TTHR L% BiTEMPS
GEHERBERD FOEEKIGT XN TIZ[3]catenane ZHEHGETH L Z 2R LTEDH, I
B A T[3]catenane 2> S EEOMBPRImZ b >RV u ¥y X v 2 AR THS 2 &
ZR LT3,
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Figure 5-20. GPC charts of copolymer and its precursors. (PS standard, eluent, THF; flow

rate, 0.6 mL/min, detected by UV)

10
CDCl, Water 10 T™S
A F
OO
12 15 18 3032 37 Q
13 Sk
2 9 -}‘;;(Ow"{‘o s’?é\'s“\fo"‘n o I .
31 7(V/NC s ©° 16 o h |
40 14 36
50 1
8
1718 hexane
6 19
1

T l T T T l T T T
6 4 2 0 [ppm
2’2‘;27’3‘5 8,9,11,20,21,28,29,
,ef,] 30,31,32,33,36,37

Figure 5-21. '"H NMR spectrum of copolymer (500 MHz, 25 °C, CDCl;).

s LIS

S f*}
a Anthracene unit {” \(
oK)
et i
R I
<) |

Copolymer '

L L N L L

Figure 5-22. DOSY spectrum of copolymer (500 MHz, 25 °C, CDCl3).
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5.6. f&5

AETIE, KON O R A 7+ v ERTFIEORMFE., BifizflicncdZssns
XV - ATFVDALyF VT KIS XH oKL ERZHIE L, BITEMPS Offi&
LT & B BALIIS IS TH 7 F v Z & L 72 (Figure 5-23),
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TWRZEDPHSNICR S, TDI LD 5, BiITEMPS 12 X 2 & 54 Bt 23 i fil 45 12
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FE2HOAESHEGRIENBIA T T v Z2HEHAT2I LR TEL 2 L2He I 7,
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FUNOHAEBREER L2, $/o, RFRTE SN T i3, 2R & v ) Hd
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Wi & SO ME Z2 fLAJA A 7Rl 4 DT AR 2 OYEREHT ~ DRSS I 5,

Figure 5-23. Abstract image of this chapter.
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5.7. RERIH
Materials

All reagents and solvents were purchased from Sigma-Aldrich, FUJIFILM Wako Pure
Chemical Corporation, Tokyo Chemical Industries, or Kanto Chemical Co. and used as

received. The diol derivative of BITEMPS prepared following our previous reports.

Instruments

'H spectra were recorded on a Bruker AVANCE 111 HD500 spectrometer. The LED method
for DOSY measurement was used. Pulse program: ledbpgp2s, Diffusion time: 40 ms,
Diffusion gradient length: 2000 us, Maximum gradient strength: 51 g/cm. '3C{'H} spectra
were recorded on a JEOL JNM-ECZ400S/L. Analytical GPC measurements were carried out
at 40 °C on TOSOH HLC-8320 GPC system equipped with a guard column (TOSOH TSK
guard column Super H-L), three columns (TOSOH TSK gel SuperH 6000, 4000, and 2500),
a UV-vis detector. Tetrahydrofuran (THF) was used as the eluent at a flow rate of 0.6 mL/min.
Polystyrene (PS) standards (M, = 4430-3142000; Myw/M,=1.03—1.08) were used to calibrate
the SEC system. Electrospray ionization mass spectrometry (ESI-TOF-MS) measurements

were carried out on Bruker micrOTOF II.

Experimental procedure
Synthesis of BITEMPS-(azide):

Acid anhydride (1.82 g, 5.41 mmol) was added to a solution of BITEMPS-(OH), (815 mg,
2.16 mmol) and DMAP (661 mg, 5.41 mmol) in dry DCM 50 ml. The reaction mixture was

stirred for 24 h at room temperature under inert atmosphere. After the reaction, the solvent
was evaporated in vacuo. The residue was purified by silica gel column chromatography
with hexane/CH,Cl, (v/v = 100/0 to 0/100) mixture. The obtained elute was evaporated in
vacuo to afford BITEMPS-(azide); as a white solid. (1.22 g, 81%). BiTEMPS-(azide); ;'H
NMR (CDCls, TMS), & (ppm): 8.05-8.04, 7.39-7.38, 5.38-5.32,4.42,2.12-2.09, 1.71-1.67,
1.50, 1.31, *C{'H} NMR (CDCls), § (ppm): 165.71, 140.45, 130.53, 130.16, 128.02, 68.02,
59.75, 54.39, 45.79, 34.98, 26.89, FT-IR (KBr, cm™'): 2970, 2930, 2100, 1715, 1615, 1500,
1415, 1380, 1365, 1315, 1280, 1240, 1195, 1175, 1105, 1020, 1000, 980, 915, 755, MS
(ESI): 717.2979 [M+Na]", calculated for C34H4sNgNaO4S> [M+Na]": 717.2976.

Synthesis of BITEMPS-(azide)(OH)
In a 200 mL flask, BITEMPS-(OH); (5.69 g, 15.1 mmol) and BiTEMPS-(azide); (2.10 g,

3.02 mmol) were dissolved in toluene (210 mL) and stirred at reflux for 6 hours. After the
reaction, the mixture was filtered to remove unreacted BiTEMPS-(OH); as a white
precipitate (4.31 g, recovered). The filtrate was concentrated in vacuo and purified by silica

gel column chromatography with hexane/ CH2Cl; / ethyl acetate (v/v/v =100/0/0 to 0/100/0
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to 0/0/100) mixture. The obtained elute was evaporated in vacuo to afford BITEMPS-
(azide)(OH) as a white solid. (1.76 g, 54%). Another fraction was also evaporated in vacuo
to recover BITEMPS-(azide); as a white solid. (567 mg, 27%). BITEMPS-(azide)(OH); 'H
NMR (CDCls, TMS), & (ppm): 8.05-8.04, 7.40-7.38, 5.37-5.30, 4.42, 4.04-3.97, 2.11-2.07,
1.95-1.93, 1.70-1.65, 1.48-1.46, 1.29, 1.20, '*C{'H} (CDCls), & (ppm): 165.71, 140.44,
130.53,130.16, 128.01, 68.05, 63.57,59.71, 59.68, 54.39,49.73,45.77, 35.02, 34.94, 26.99,
26.88, FT-IR (KBr, cm™'): 3420, 2970, 2930, 2100, 1720, 1460, 1380, 1365, 1310, 1280,
1240, 1175, 1105, 1050, 1035, 1020, 1000, 985, 915, 890, 755, MS (ESI): 558.2533 [M+Na]",
calculated for C26H41NsNaO3S, [M+Na]*: 558.2543.
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Figure 5-24. '"H NMR spectra of BITEMPS-(azide)(OH) and BITEMPS-(azide); (500 MHz,
25 °C, CDCly).

Synthesis of BITEMPS-(yne):
BiTEMPS-(OH); (1.85 g, 4.91 mmol) was dissolved in dehydrated DMAc (15 mL) under

N, atmosphere. Sodium hydride (60%, dissolved in paraffin liquid, 1.28 g, 32.0 mmol) was
added under N flow at 0 °C. After stirring for 20 minutes at 0 °C, 10-bromodec-1-yne (3.20
g, 14.7 mmol) was slowly added at 0 °C. Then the mixture was stirred for 20 hours at room
temperature. The reaction mixture was quenched by excess amount of water at 0 °C and
extracted with hexane and ethyl acetate mixture. The organic layer was dried with MgSOq4
and concentrated in vacuo. Purification was carried out by silica gel column chromatography
with hexane/ethyl acetate (v/v = 100/0 to 5/1) mixture. The obtained elute was evaporated
in vacuo to afford BITEMPS-(yne): as a pale-yellow oil. (1.10 g, 35%) Other fraction was
also evaporated in vacuo to afford BITEMPS-(OH)(yne) as a pale-yellow oil. (541 mg,
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21%) BITEMPS-(yne)2; "H NMR (CDCls, TMS), § (ppm): 3.59-3.51, 3.45-3.42, 2.20-2.16,
1.96-1.93, 1.52-1.49, 1.42, 1.39-1.32, 1.17, 3C{'H} (CDCls), & (ppm): 84.86, 70.74, 68.25,
68.18, 59.56, 46.62, 35.06, 30.31, 29.46, 29.16, 28.80, 28.57, 27.02, 26.29, 18.51, FT-IR
(KBr, cm™'): 2970, 2935, 2855, 1715, 1460, 1375, 1365, 1280, 1240, 1175, 1100, 630, MS
(ESI): 671.4622 [M+Na]", calculated for C3sHssN2NaO2S> [M+Na]™: 671.4614.

Synthesis of BITEMPS-(OH)(yne)
In a 200 mL flask, BITEMPS-(OH); (4.23 g, 11.2 mmol) and BITEMPS-(yne); (1.46 g,

2.25 mmol) were dissolved in toluene (100 mL) and stirred at reflux for 6 hours. After the
reaction, the mixture was filtered to remove unreacted BiTEMPS-(OH):, as a white
precipitate (3.62 g, recovered). The filtrate was concentrated in vacuo and purified by silica
gel column chromatography with hexane/ethyl acetate (v/v = 100/0 to 5/1) mixture.
Obtained elute was evaporated in vacuo to afford BITEMPS-(OH)(yne) as a slight yellow
oil. (1.26 g, 55%) Another fraction was also evaporated in vacuo to recover BITEMPS-
(yne): as a white solid. (457 mg, 31%). BITEMPS-(OH)(yne); '"H NMR (CDCls, TMS), &
(ppm): 4.04-3.94, 3.60-3.52, 3.45-3.42,2.21-2.16, 1.98—-1.88, 1.52-1.49, 1.43, 1.39-1.24,
1.12 *C{'H} (CDCls), & (ppm): 84.87, 70.73, 68.26, 68.20, 63.58, 59.62, 59.57, 49.72,
46.63, 35.06, 34.99, 30.30, 29.46, 29.16, 28.80, 28.57, 27.02, 26.98, 26.29, 18.51, FT-IR
(KBr, cm™'): 3305, 2970, 2930, 2855, 1460, 1430, 1375, 1365, 1240, 1205, 1175, 1090,
1055, 1040, 1000, 985, 910, 890, 830, 640, 620, MS (ESI): 535.3359 [M+Na]", calculated
for C23H52N2NaO,S> [M+H]": 535.3362.
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Figure 5-25. 'H NMR spectra of BITEMPS-(OH)(yne) and BITEMPS-(yne), (500 MHz,
25 °C, CDCls).
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Synthesis of [2]rotaxane (pure)

A solution of BPy (121 mg, 253 pmol) and [(CH3CN)4Cu]PFs (89.6 mg, 240 pmol) in 10
mL CH,Cl, was added to BiTEMPS-(OH)(yne) (128 mg, 250 pmol) and BiTEMPS-
(azide)(OH) (134 mg, 250 pmol) under N,. The orange solution was stirred at 20 °C for 3
days, diluted with CH,Cl, (50 mL) and washed with an EDTA-NH3; solution (100 mL). The

aqueous phase was extracted with CH»Cl, (2 x 100 mL), then the organic extracts were dried
over MgSO4 and concentrated in vacuo. The residue was purified by silica gel column
chromatography with hexane/CH,Clz (v/v = 100/0 to 0/100) mixture. Further purification
was carried out by preparative GPC (eluent; CHCI3). The obtained elute was evaporated in
vacuo to afford [2]rotaxane as a white solid. (81 mg, 21%). FT-IR (KBr, cm !): 3415, 2970,
2930, 2855, 1715, 1610, 1575, 1510, 1460, 1375, 1365, 1310, 1275, 1240, 1205, 1175, 1105,
1040, 1020, 1000, 915, 890, 830, 795, 750, MS (ESI): 1526.8806 [M+H]", calculated for
Cs6H128N9O7Ss [M+H]": 1526.8814.

Synthesis of axle

A solution of PMDETA (214 mg, 1.23 mmol) and [(CH3CN)4Cu]PFs (44.0 mg, 118 pmol)
in 5 mL CH»Cl, was added to BITEMPS-(OH)(yne) (64 mg, 12.5 mmol) and BIiTEMP-
S(azide)(OH) (67 mg, 12.5 mmol) under N». The orange solution was stirred at 20 °C for 3
hours, diluted with CH,Cl, (100 mL) and washed with an EDTA-NH3 solution (20 mL). The

aqueous phase was extracted with CH,Cl, (2 x 20 mL), then the organic extracts were dried
over MgSO4 and concentrated in vacuo. The mixture was purified by silica gel column
chromatography with CH:Clz/ethyl acetate (v/v = 100/0 to 90/10) mixture. The obtained
elute was evaporated in vacuo to afford axle as a white solid. (75 mg, 57%), MS (ESI):
1070.6030 [M+Na]*, calculated for Cs4Ho3N7NaOsSs [M+Na]™: 1070.6013.
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18 7 7 10,11,12,13,
20,21,22,23
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Figure 5-26. '"H NMR spectra of [2]rotaxane and axle (500 MHz, 25 °C, CDCl;).
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Synthesis of [2]rotaxane (containing oligomers)
A solution of BPy (120 mg, 251 umol) and [(CH3CN)4Cu]PFs (89.4 mg, 240 pmol) in 10
mL CH,Cl, was added to BiTEMPS-(OH)(yne) (128 mg, 250 pmol) and BiTEMPS-

(azide)(OH) (134 mg, 250 pmol) mixture under N». The orange solution was stirred at 30 °C
for 3 days, diluted with CH,Cl, (50 mL) and washed with an EDTA-NH3; solution (100 mL).
The aqueous phase was extracted with CH,Cl, (2 x 100 mL), then the organic extracts were
dried over MgS0O4 and concentrated in vacuo. The residue was purified by silica gel column
chromatography with hexane/CH,Cl, (v/v =100/0 to 0/100) mixture. The obtained elute was
evaporated in vacuo to afford [2]rotaxane (containing oligomers) as a white solid. (261

mg, 68%).

Cyclization reaction of linear precursors

In a test tube, [2]rotaxane (containing oligomers) was dissolved in toluene (1 g/L) and
heated at 100 °C for 9 h. We conducted the same reaction by using isolated [2]rotaxane and

axle (1 mM) as references.

Synthesis of cyclized product of axle

In a 500 mL flask, axle (60 mg) was dissolved in toluene (300 mL) and heated at 100 °C for
9 h. The reaction mixture was evaporated in vacuo. Purification was carried out by silica
gel column chromatography with hexane/ethyl acetate (v/v = 60/40) mixture. The obtained
elute was evaporated in vacuo to afford cyclized product of axle as a white solid. The yield

of them was not determined and characterized by 'H NMR.

Synthesis of [3]catenane

In a 1L flask, [2]rotaxane (containing oligomers) (665 mg) was dissolved in toluene
(665 mL) and heated at 100 °C for 9 h. The reaction mixture was evaporated in vacuo.
Purification was carried out by silica gel column chromatography with hexane/ethyl acetate
(v/v = 100/0 to 50/50) mixture. The obtained elute was evaporated in vacuo to afford
[3]catenane as a white solid. (339 mg),!3C{'H} (CDCls), § (ppm): 162.69, 157.71, 157.43,
137.05,136.79, 133.07, 129.19, 128.59, 121.31, 120.17, 115.18, 70.67, 68.23, 66.70, 59.76,
59.63, 46.66, 45.88, 37.03, 36.72, 35.11, 35.04, 34.52, 32.06, 30.41, 29.30, 28.75, 27.09,
26.99, 26.36, 25.82, 25.02, FT-IR (KBr, ecm™'): 2930, 2855, 1715, 1610, 1575, 1510, 1460,
1380, 1365, 1275, 1240, 1175, 1105, 1045, 1020, 1000, 915, 830, 795, 750, MS (ESI):
2301.3197 [M+H]", calculated for Ci136H183N14010S4 [M+H]": 2301.3095.
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Figure 5-27. 'H-'"H COSY spectrum of [3]catenane (500 MHz, 25 °C, CDCl3).
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Figure 5-28. 'H-'"H ROESY spectrum of [3]catenane (500 MHz, 25 °C, CDCls).
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Stability test of [2]rotaxane

(a) Stability of [2]rotaxane toward Cu catalyst

[(CH3CN)4Cu]PF¢ and [2]rotaxane were dissolved in CH.Cl, (25 mM in 100 uL). The
solution was stirred at 20 °C for 3 days under N, atmosphere, diluted with CH>Cl> (1 mL)
and washed with an EDTA-NH3 solution (3 mL). The organic layer was dried over MgSOg4

and concentrated in vacuo. The product was analyzed by GPC.

(b) Stability of [2]rotaxane

[2]rotaxane was dissolved in CH2Clz (25 mM in 100 uL). The solution was stirred at 20 °C
for 3 days under N, atmosphere, diluted with CH»Cl, (1 mL) and washed with an EDTA-
NH3 solution (3 mL). The organic layer was dried over MgSO4 and concentrated in vacuo.

The product was analyzed by GPC.

Hydrolysis of [3]rotaxane

We added excess amounts of KOH (561 mg, 10 mmol) and water (1 mL) to [3]catenane
(23 mg, 0.1 mmol) and stirred the mixture at room temperature for 24 h in ethanol solution

(9 mL), then, we washed the mixture with toluene and collected organic layer.

X-ray crystallography

Single clear light colorless block-shaped crystals were obtained by recrystallisation from
1,4-dioxane and hexane mixture. A suitable crystal 0.18x0.12x0.08 mm?® was selected and
mounted on a suitable support on an XtaLAB Synergy R, DW system, HyPix diffractometer.
The crystal was kept at a steady T = 90 K during data collection.

Data were measured using ® scans of 0.5° per frame for 5.0/15.0 s using Cu Ka radiation.
The diffraction pattern was indexed and the total number of runs and images was based on
the strategy calculation from the program CrysAlisPro (Rigaku, V1.171.42.81a, 2023) The
maximum resolution that was achieved was ® = 76.778° (0.79 A).

The diffraction pattern was indexed and the total number of runs and images was based on
the strategy calculation from the program CrysAlisPro (Rigaku, V1.171.42.81a, 2023) and
the unit cell was refined using CrysAlisPro (Rigaku, V1.171.42.81a, 2023) on 17344
reflections, 38% of the observed reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro
(Rigaku, V1.171.42.81a, 2023). The final completeness is 100.00 % out to 76.778° in ®. A
multi-scan absorption correction was performed using CrysAlisPro 1.171.42.81a (Rigaku
Oxford Diffraction, 2023) using spherical harmonics, implemented in SCALE3 ABSPACK
scaling algorithm. The absorption coefficient p of this material is 1.062 mm™' at this
wavelength (A = 1.542 A) and the minimum and maximum transmissions are 0.837 and 1.000.

CCDC-2292612 contains the supplementary crystallographic data for this paper. These data
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can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

DFT calculations

The explanation for preference of head-to-tail was supported by the computation,
estimating the free energy (G) of head-to-tail dimer and head-to-head dimer. The
calculations were conducted by using DFT at the UB3LYP/6-31G(d,p) level. DFT
calculations was carried out using the TSUBAME3.0 supercomputer at Tokyo Institute of

Technology.
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A B G2 D OTEICIRE T 2 B & RERIR T T I D WL T O if%E 217 - 72,
(1) RERD T OEMIEZHELL . Z O RSIC D » CHBEN A M A 25 L 7%, if:\
SO N KBRS o0 PRGOS ZFA L, (i) BEIRED F O S HIE OB
O (iii) ZERBEFERBRE D O SHIE O 2T 72, S 61T, KERY ﬂ%@é\ﬁﬁrf%m
XY UaTIHEAL, (v) A7 F v aTOEE %N L 7 (Figure 6-1),
ARETIZ, FEOMETHS IR STHARICOWVWTE LD,
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Figure 6-1. Abstract image of this thesis.
B T Tl BRIREEZ DO TIc o TR L 2. 2 oA EHI R, T

A ZED B, %ﬂbY’C B REAoEHEZzNZHOEES Ry —EH o
WTiHR7Z2D L Ko W EME 2L 7,

B TAVCIDE T 2B KBRS T 0BR8P KIE, T3, =¥ b r E—ERERG
BRE A (ED-ROP) IZ B 2581 PO RN EDOEH E X VKBRS T+ MM) %
B2 70D FHICICET 2 BN MBI E HNE L, Kot KER{ILE & L
TER(2,2,66-T F I XAFNLERYL V14 V)P A7 4 F (BITEMPS) &H MM 1L
H L 7, BiTEMPS (% 100 °C FREDMBATH A DOM A Z 235 Z 2 FHVLERK A TH D .
BiTEMPS 2SI A i &4 CHlifs S N EHR ST (LP) Z&AMEFETmET2 2 & TH+
NG 3 SO I He D BUL R BR A MG HET T 5, SORIGZ A L 72 BRI 7 B8
VD ZHEN R EDFHEE LT, ML DAR—Y—E NPILAHEZ LD LP 245
BT OMEIC X 2 B{LKIGZ TV, ZOFEHICOWTHEL 2, 2OME., BILKIEDR)
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RIF2HORLE 52Oy PO E—ZL ASeont. B LD ASuans. DN T VY AD AT K
STREIN, AR—Y—DWEICTEKEFET I EPHSLICE>, £, BTt
T 5 KRERD T2 OPHEEL ZOMEICO>LWTHELLEI A, N D/WAI 2 REIR
FIHarv7xrx—vavofilBzRELZITI TV ENRBINL, MEXD, KB
RILEVOBR-STHIC BT 2 v P E—RIRO RN ARE IS L, BiTEMPS &H
REBLIR ST F % v 72 ED-ROP D HEBEM 22 FI R ORI L 72,

B TRMCIDE T 282 RER D FORIERES ) <Tik, WA O 22 B35 K
FHEOFEBZHIE L, MEADHIC K> TR G2 5] i 2§ BITEMPS %z MM L 7 B8
KEGEZFEFK L, BIETAERAEE X2 OFHISICOWTHS »IZ L MM X,
RS T CMET 2 &, oA RIIBIC X 2 BEIGPETT 5, maTFOR
U BT EREL MM O AZHEET 2 2 LT, BAIGDERYIEKIEBFE L 20
LOBIRES T2, HEEL 72 MM %2 1,4-2 4 ¥ ¥ > 11, 400 mg/mL, 100 °C THIET 3
EETTREDERL., Fo @y FRIE%E GPC-MALS IC TN T 2 &, FUMEKDOE
FURE DT L I L TR 22 BRI L T 2 DB E Ro T, o, B D
2HOMEZ DO MM Z W ABEERKIER, 77V L —FEZ LD MM OBREEGKIGIZDH
Y L7, LEX D, D A CTERIZNKEAGZER L 2 OHBBEFTFAMER S FiGEHo Bl
FERE W ESHEIO 6N,

P TE TEI 2 KRBR 1 % o 72 2GS T BLIR & 0 1 o &G <k, BRRE S
T L BRSNS RS L 22 S (MICP) OHRIEIY &2 S EE OB FE %2 HIE L .
MM OBIEKES LB FHAEMEHICER L, BfEmicix, (1) RROBESEGETH S
PNV EET MM OBRIEKREAZITOED FHEI L OBAGVWEZFEET 52, 2) B Fa
GHRZIR L 72 IREED MM ZBHERESICHEIGI ¥ 2 2 LT B FIARHAEFEHIZ X -
TZNZEND MM DPEWISEE L 2 £ FHEAEZET I, o TF#HEALOKAEG L
ZHERIE LI LETMICP DFENEEREZHEL ., RERDTICEAT 285 THA
EFHELT, 772V YT hFI7ANLEFYA I ND) 8L 7 raxsy 741y
(DAN) O E M BB A (CT &) KWEHL, 2z nofiEz b Oo>RERE, v —
MM(NDI) & MM(DAN) &K L 72, 3 6 L7 REUIR 7 - & il TR RERIRE /7 =~ —
MM(PEG;3) ZiEA LA OEMETHANLV 7 EEGZIT> 7, AR Y —HIEIC X 2 EARKIGD
TV 7B ICEEY O GPC AR & il FHEER %2 B S & D BRI5KEH
HGERIToREGATIE, ENT 2 ES FREDEZF ICEHVCITEEER ¢, BuesTE M B
KPR FREDM My/My, 25D ERHE L E ol B THAEEM, SV I7EA,
BRIEKD 3 DDHEEIC XD, BUIRE S T L 221 72 8ifsE S E A & [H RIS B3R IS
SN EVRRBI N, LEXD ., MM OB 2R % WG U 7 2GS R BLIR & 9 1
DI 2 A Fikz B9 2 LI L 72, AR I: BiTEMPS O EWEBETAMEIC X
DA OB FHAMERZIEHTE 2720, Z0ERPEEGEMFORELRETDH 5,
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AKX T, RIS L7 TEIRY, i e TBRIRFEGE, 20 b om0 Tk, 205
R T 28N EHECE THAMFERICIG. Cao— 7 2Rt 2 BT TH 2, 2
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MEPERRBEZ D OETTOARZG T, 4 ORREEST FOEREZOYMIZET
LR ~NEBRT 2 2 & 2 YN .

154



i
@]
SE

i
&

155



D

RERX FR/XOANBTLEETDHLD) [FEEE 4 4]

1. R. Takashima, D. Aoki, H. Otsuka, “Rational Entry to Cyclic Polymers via Thermally Induced
Radical Ring-Expansion Polymerization of Macrocycles with one Bis (hindered amino) disulfide
Linkage”, Macromolecules, 53, 4670—-4677 (2020)

2. R. Takashima, D. Aoki, H. Otsuka, “Synthetic Strategy for Mechanically Interlocked Cyclic
Polymers via the Ring-Expansion Polymerization of Macrocycles with a Bis(hindered
amino)disulfide Linker”, Macromolecules, 54, 8154-8163 (2021)

3. R. Takashima, D. Aoki, S. Kuwata, H. Otsuka, “Ring-chain equilibria of dynamic macrocycles
with a bis(hindered amino)disulfide linker”, Polym. Chem., 14, 4344-4351 (2023)

4. R. Takashima, D. Aoki, A. Takahashi, H. Otsuka, “A Thermally Driven Rotaxane-Catenane
Interconversion with a Dynamic Bis(Hindered Amino) Disulfide”, Org. Biomol. Chem., 22, 927—
931 (2024)

FRERX (XKXRXOABREEEBELLGZWVLD) [BFEZE3H, #£ZF 44]

5. R. Takashima, J. Kida, D. Aoki, H. Otsuka, “Maleimidophenyl isocyanates as post polymerization
modification agents and their applications in the synthesis of block copolymers”, J. Polym. Sci.
Part A Polym. Chem., 57, 23962406 (2019)

6. N. Tsurumi, R. Takashima, D. Aoki, S. Kuwata, H. Otsuka, “A Strategy toward Cyclic Topologies
Based on the Dynamic Behavior of a Bis (hindered amino) disulfide Linker”, Angew. Chem. Int.
Ed., 59,4294-4298 (2020)

7. H. Yokochi, R. Takashima, D. Aoki, H. Otsuka, “Using the Dynamic Behavior of Macrocyclic
Monomers with a Bis (hindered amino) disulfide Linker for the Preparation of End-functionalized
Polymers”, Polym. Chem., 11, 3357-3363 (2020)

8. R. Takashima, M. Ohira, H. Yokochi, D. Aoki, X. Li, H. Otsuka, “Characterization of N-Phenyl
maleimide-terminated Poly(ethylene glycol)s and Their Application to a Tetra-arm Poly(ethylene
glycol) Gel”, Soft Matter, 16, 10896—10875 (2020)

9. T. Abe, R. Takashima, T. Kamiya, C.P. Foong, K. Numata, D. Aoki, H. Otsuka, “Plastics to
Fertilizers: Chemical Recycling of a Bio-based Polycarbonate as a Fertilizer Source”, Green Chem.,
23,9030-9037 (2021)

10. T. Sato, R. Takashima, D. Aoki, H. Otsuka, “Isolation of Hetero-telechelic Polyethylene Glycol
with Groups of Different Reactivity at the Chain Ends”, Polym. J., 54, 1321-1329 (2022)

11. R. Takashima, D. Aoki, H. Otsuka, “Maleimidophenyl isocyanates adducts as versatile post-
polymerization modification agents for biobased furan polymers”, J. Polym. Sci., 61, 2076-2083
(2023)

156



ok [HZE 1 4]

BHA K, @iE O, K& s Tp-hilceL A4 I FPE2F 2722 1r<L A 3 FA
V73— FEEEREZHWEFEMiE Z00H) Fy P =27 R ) v —im X, 42,
(2021)

EiRFEs (O

1. R. Takashima, D. Aoki, H. Otsuka, “Synthesis and Characterization of N-phenyl maleimide-
terminated PEGs for Their Application to TetraPEG gels”, GPS-K 2020, Online, (November, 2020)
2. R. Takashima, J. Kida, D. Aoki, H. Otsuka, “Polymer modification with maleimidophenyl
isocyanates: their applications to the synthesis of block copolymers and functionalization of bio-
based furan polymers”, Pacifichem, Online, (December, 2021)

3. R. Takashima, D. Aoki, H. Otsuka, “Synthetic strategy for mechanically interlocked cyclic
polymers using the exchange reaction of bis(hindered amino)disulfide”, ACS Spring 2022, Online,
(March, 2022)

4. R. Takashima, D. Aoki, H. Otsuka, “Synthesis of Macrocycles via Exchange Reactions of
Bis(hindered amino)disulfide Linkages and Their Polymerization Behavior”, [UPAC MACRO 2022,
Canada (July, 2022)

5. R. Takashima, D. Aoki, H. Otsuka, “Formation of Macrocycles via Exchange Reactions of
Bis(hindered amino)disulfide Linkages and Their Ring-expansion”, IUMRS-ICYRAM 2022,
Fukuoka (August, 2022)

EffFEs (KR4 —)

1. R. Takashima, D. Aoki, H. Otsuka, “Post-polymerization Modification with Maleimidophenyl
Isocyanates and Their Applications in the Synthesis of Various Block Copolymers”, PPCI16,
Singapore, (December, 2019)

2. R. Takashima, D. Aoki, H. Otsuka, “Thermally induced radical ring-expansion polymerization
based on dynamic property of bis(hindered amino)disulfide-containing macrocycles”, Pacifichem,
Online, (December, 2021)

3. R. Takashima, D. Aoki, H. Otsuka, “Synthesis of Macrocycles via Exchange Reactions of
Bis(hindered amino)disulfide Synthetic Strategy for Mechanically Interlocked Cyclic Polymers by
Utilizing the Dynamic Behavior of Bis(hindered amino)disulfide”, PPC17, Australia, (December,
2022)

4. R. Takashima, D. Aoki, H. Otsuka, “Synthesis of a Catenane via the Exchange Reaction of
Bis(hindered amino)disulfide Linkage and its polymerization”, ACS Fall 2023, America, (August,
2023)

157



EARZ%< (OE)

1. OB, RHEEY, HAKE, KFEE, 'L P74V 7%= MO
el OB T L ABEOG~DIGH ), T8 68 Wl fitinsy , 2V10, fHK¥E,
201949 H

2. OB, HFARKE, KFEESE, TE2A Yy Y —F73I /7 YP2ALV7 4 FiEADMAREEL
Btz A 72 BURE T O A By, T4 69 &0 TR K22 s, 2D09, FRifE#E D A, 2020
£5H

3. OFEIBIT, HAKIE, KL, NEE WY 2L 7 4 FEGOZIIE % v 72 BURE
BFOEE,TEARESFETFEY~—% v v 72020 224E%E, M-08, v J 4, 2020
£ 8 H

4. OFBHE, HFARKE, KEFHESE, TEEVWS AL 7 4 FiaoMafaz Gz L 7~
BIRETFo&M , T4 69 ME s Titimes , 1ID16, ¥ 74 », 2020 429 H

5. OGN T, KRPAESE, Bis s, FARKE, Ve vy, REEs, Y- MEMEZ
LOPNDOEREEALEZCLA IR 72204 VY 73— MC X %59 T B8 K5 B
¥, TS 70 M@y Fitiwss , IMIS, v 74 >, 2021 £ 9 A

6. OFIB T, HAKE, KL, TEEWY 2L 7 4 FOKBIIEZFIH L 72 KBRS
ToaKEZORERGEE), , U5 70 BIES Fafiwaa , 1E27, A 74 v, 202245 H
7. OB T, FAKE, KE®E:E, THEWY AL 7 4 F2ET 3 KBRS O BR-81F
rOn & 2 DI, T8 71 MEsS Fatamas , 3E09, JuiffiE K, 2022 4 9 H

8. OFEIENE, HARKE, EHEH, KFEWEE, TEEVY AL 7 4 FEHo#EEI X %
Oy xgv-hrr oz, U 72 BESFatamas , 3C06, FINKYE, 2023 49 H

BRERE (RRX42-)

1. OFWBHE, KRHEEF, HARKE, KFEE, 172212V AN AV 72—+
BiEEAOkEs B E 70y 7 HEABRERADIGH ) , TH 68 [IET F4HEXK
21 , 2Pf004, KB Z E B 225855, 2019 4 5 H

2. OFEIBHE, REEY, FARKE, KEHEE, TEX(e v ¥ —F7 3 7)Y ANV7 4 Pl
G URMEAEM O 2 2 A VEIERES ), T8 9 CSI e 7 = 2 ¥ 5, P4-087,
&7 — ik — Ui, 2019 4 10 A

3. OB T, FAKE, KEHES, TEEOY AL 7 4 FOSSH)EZFIH L 72BURE S
TSZERIICHRS L e\ T o, , T8 70 &S T4ER Ky, 1Pb008, 4 v 74 v,
2021 £ 5 H

ok

kxv3
b4
1.

2020 8 H BIR@mTFH TRV ~—F v 7 2020 FAEFEER AAEFEIHE

158



159



B EE

K3, R LR EVEM T Ab Bz R REOBRYTEHL THED S &
IR L 7cbDTHD, ZIICHZ2THEZHBY LA 20l D ECEHBL LT
9,

i X DBHEZPRS TRE L E, EHICBVLTIEBOER LIPSz EEEL
TR TRRPER AEmRE A, SREAN L, WEEdr il Jed. PEm
T EAEIECHEILEB L BT E T,

A SCICB$ B 7RI BV TRBRY) TS 2 THRE - JHfER w2 » e TRERFERFERE T
FOtEbt WEBHZ EAKE ot B L AR TERAYEBE TR B Efa ek
D& DECEBHHL BT T,

ATFRICHEL T HAS X SHEIC L CRITE X OB 2 L 2 3 & L umiik
LRGSO FE ek 1 AR L LI £ T

APFFRICE L T, Hiie X SEERIT P ER DM 2T o T & F L AR LERY
=777 VT4 vy =M ERA K DARAN KICE AL L T
9,

AFEIEB OB B ZTICH 7, THHhzvwikZs s L, F5MER AR K
LA E K. 26 VIS HBMB OB ICHE EH L ET,

HIEZZRITTBICHD, HAEMIRBME L S RESEZ WP EEF L E2HE
A2 L 9,

FEFITH Y HALAMIRE SR RO BHIEZ (DC1) X D BFNAEZ WS X
Ll 2R OEHCLET,

H\GICYIBEREE L, REL 00N Z £ b IS L AR LEREZREMAEORE LS
SOEBEDERGICL X DIEHH L T,

I, CTNEFTCOMEEEZBS THTELRBOIEZ WKk, Bk—R, %
U& ﬁj\f_ u.lLDJ: b(*( ug‘j‘b)f; Lij‘

2024 2 H &I






