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R—O—N — R- + *O—N

)

monomer

Schemel-1. Mechanism for NMP.



ATRP 713 Matyjaszewski, A SIZ L > THRAICHSE SN EBLSE
il DAL E TS EFIRH L2V B I I NVESTH L, a7 AT
VX IVBIRAI D R SE -~ v 7 R NN T = Wi & OB e E Al &
BN O SN DEEIRIC Lo THAT LI Z LTI VAV b ENT
PEADNVER LEANBRT 5, £, BILLTSEENS T Vb ~nm 7w
MBENTHZ L TR—~v> MENHFEAKT 5 (Scheme 1-2), F 7=, reverse
ATRP, simultaneous reverse and normal initiation (SR&NI) ATRP,
activators regenerated by electron transfer (ARGET) ATRP %& Dk~ 73
ATRP #ER#E STV D [2,5-9],

R-X + Mt'/Ligand .—_ R+ + X-Mt"Ligand

X :Cl, Br, | U
Mt :Cu, Ru, etc monomer

Schemel-2. Mechanism for ATRP.

RAFT HEA XA BGHEEMEAE I L - THEITT 5, KIEEOYTF A LR =
MEEY R-S(=C-2)S (Z;7 = =V ete DIZRE RN R B35 2 &
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I VEA(TERP) 2845 L TW\W5b, 2o TERP T MESC KO SIS PE 72
EDORY v —FFHIBWTEk A R A2 H L TR 4% ERS I
EhTns [12,13]

SYS\R + R- T R'/S\(S\R :R'/S\’/S+ R
- - O

z

monomer monomer

Schemel-3. Mechanism for RAFT polymerization.
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Schemel-4. Mechanism for acid-catalyzed ring-opening polymerization.
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CH—-C—Br n CH=CH peroxidase CH-C—CH;—CH)}—Br

3 2 3 2

| | (HRP) | | "

C=0 C=0 C=0 C=0
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| | H0 | |
(SHy). _cH (cH,), cH
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Scheme 2-1. HRP-catalyzed ATRP of NIPAAm.
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ZZTH_ETIT HRP Ooffb ) L L THABHELUMWE CH L~~~ T U &
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COOH COOH

Figure 2-1. Chemical structure of hematin.

Hematin
Ry

Rj
/ H,O |
N CHZ=C 22 . —QCHz—Clﬁﬁ
Ro 2,4-pentadione Ro
(if necessarry)

MMA; R; = CHj;, R, = (C=0)OCHj,4
Styrene; R, =H, R, =Ph
Acrylamide; R; = H, R, = (C=0O)NH,

Scheme 2-2. Free radical polymerization of vinyl monomers by enzyme

mimetic catalysis
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bt weemy b
| | 25°C | | |
CH, CH, H CH
C|ZH Cl;H CH;  CH, CH;  CH;,
3 3
EBB PolyNIPAAmM

Scheme 2-3. Hematin-catalyzed ATRP of NIPAAm.
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§ 40 '. Hematin/As §C 1.60 f O Hematin/Asc
© @11} I {011
20 PAL2 | 0.80 } t PALR
‘W14 Calculated i [:1/4
, , '-.....l .......... J . line Mereeessseecnnes .
O 0 'l 'l 'l 'l
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Figure 2-2. (a) First order kinetic plot (full symbols), (b) M, vs
Conversion (open symbols). The calculated line indicate the theoretical
values of My, NIPAAm = 2.5 mmol. EBB = 0.01 mmol. Hematin = 0.01
mmol. Asc = 0.01 (circle), 0.02 (triangle), 0.04 mmol (square)

respectively.
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Figure 2-3. Kinetic plot for hematin catalyzed ATRP of NIPAAm.
NIPAAm = 2.5 mmol. EBB = 0.01 mmol. Hematin = 0.01 mmol. Asc =
0.01 (circle), 0.02 (triangle), 0.04 mmol (square) respectively.

Figure 2-3 (2GR Ln([M]o/[M]) %759, Figure 2-3 H A~~~ F
VIAsc DN /1 BIW1/4 O &= Ln(M]o/[M]) 135085 R R 23 #5012
EVEEIT DR RO RE T PV ORIENRE Sz, —F ., ~~F /Asc
DFEN 1/2 O L=, Lo(M]o/[M]) 13 50 RE [ O SIS AW BRI
HEMLTWD Z ERMRINTZ, 2O b, ~~vF U /Asc DN 1/2
DEEEFMET AN BIEEZMER Lt T T\ D 2 &R,

17



6.0 3.00

5.0 Calculated @ 270
é 4.0 1 240 &£
~ 3.0 ~
> 20 Vi 2.10 =

1.0 41 1.80

0 1.50

O 100 200 300 400 500
NIPAAmM / EBB Ratio
Figure 2-4. Plots of M, (full circle) and polydispersity index (open circle)
vs. NIPAAm / EBB feed ratio. The calculated line indicates the
theoretical values of A, EBB = 0.010 mmol, hematin = 0.010 mmol, Asc
= 0.020 mmol.

T T, ~~vF /Asc DEEFEZEZ 1/2 O L & NIPAAm/ EBB 1A & bz %t
T 50 &2 e Lz (Figure 2-4), Figure 2-4 X Y BHEANICK 5 F
V=AY 2T T ROBMATHER S, Bins TR E LK
HEEWE Ch o7z, Flo, TRENOERMETHFESMIEL 1.7 205 2.0 &
et DLED Z EMBEANY B SHICHEEIT L 2 E BRI,
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gmwmné ooy $H3D c b A
?”Bé F §%1F5 CH;O%C%—CkaHTFH_m

' A 0 NH NH

&B C Dl A C|:H2 §<|3Ij §C|:Q
__J_é@i;___dgugﬂ;_*l_ ECH3\9H3Y'CH%§H3Y'CH%

| | I | | | F F

Figure 2-5. 'H NMR spectrum of product after purification in D20 at
250C.

WA, BRAI D EAS DB L TVWD Z L 2R T 572912 NIPAAm /
EBB /~~F /] Asc = 20/1/1/2 OFETEAEZITV, K THEHT LA
BT Ko THIBEL 724 FEOK WA Y NIPAAm (M, gre = 2,980, My | My =
1.86) @ 'H NMR #l€ %17 - 7= (Figure 2-5), Figure 2-5 X 19§ 4.11 (2B
RO ZF NV AT IVHKO AT L UEERERBORE LI LR=L
BICHELEA T Eov -7 RNZEE B H S (C-CH-0C=0,
C-CH2(C=0)-Br) [25], L EDHER LY EBB 220 RAELTET VI AFEND
HENRGT DI &R INT,

19



Hematin(Fe')  + Asc —_— Heme(Fe') + DHA

R-Br + Heme(Fe") —_— R- + Hematin(Fe')-Br
——
Monomer
HO HO
lﬁfo lﬁo
HO / HO —
; ] \ Na O- oH
Dehydroascorbic acid DHA Asc Sodium ascorbate
(DHA) (Asc)

Scheme 2-4. Proposed mechanism for the present polymerization

catalyzed by hematin.

Scheme 2-4 [ZA5RIOFERNEBZ ONDIEAGKEMEZ T, ZOEARIZX
ARGET-ATRP O#tETH L L TSN D, WL LTEET, ~~vTF N
EILANZ Lo T~b~EirSh b, RIZE LS~ A 2 EBB O REH
THEBIEHELS ZETTIUINENKEL, EEVNEHIBIND, ET-RFEEF]
WO~ TF LB TANC L > THENLNEBEB LTINS DX
PRI L DBEICEY F—~ 2 MEZERT 2 A 7V EHY KT Z & T
RFEOBEZWRICT LI ENTHIIND, —FH ., ~~ T ORI
ERTIEA~~F U P RBILKRFIZ L - TN 4 b, D% 24
NRUBTVF AL ST 3 MOBA~EEBLINDBEICELDL TV INITL -
THEA DB S5 (Scheme 2-5)[23],
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Oxidation

|

hhd H,0, H,0 O
5 o N4 s
! Hematin(Fe') » Hematin(Fe)

W + RO W — W
0. O o © (0] (o]
H
W N e

O

O‘H o) Hematin(Flé'V) 5.
1 !

W w — Oxidation

o]

Scheme 2-5. Mechanism for catalytic cycle of oxidation by hematin of

enzyme mimetic compound.
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" FE
BB LME Th B ~~ F o &l iV 72 NIPAAm @ ATRP % it

L7fE SR~ 7 A7 v L BRin#Al s L ONE LA O FE F CEA N EITT
D2 ENMER SN, £, ROSITETT S NI~ F IS L o TRADG| &
WO TBRIGRNORAET LT P ANNOHET D, S DI ZRIRT S
ZLTHIRBRESTEZHIEAETHL Z L2l L, ZOERGRITAF
IR 2 oo BREE AR MKV ATRP & L TRIHATRETH D,
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EBR

A

NAY7Taenrr7 7 VL7 IR (NIPAAm, AR —LT ¢ v 7 2% E
B RAL) IR BT T CRAGEEE W TEESEZITWRER L,
~v F (RS Tk ath), 2- 7 ut 4 YR~ F L(EBB, v 7 ~7
NEY wF), TAaLbEUEF b U h(Ase, Y 7~<T /LR vF), BX
W NNV AF LA A7T 2 K(DMF, Fiytiise TEERXSH) AL
LOrZFOFEFEMA L, Mkl Millipore Milli-Q system % W TR L
77

NIPAAm DEA&

AR 72 NIPAAm EA 5E%Z2 LI FIZ729 (Run 4 in Table 2-1). NIPAAm
0.283 g, 2.50 mmol), ~~F > (6.33 mg, 0.010 mmol) % DMF/H:20 E&
BIE(1.8 mL, 4:5 (v/v)) (WL, N2 N7 U 7 F T ATRP OBHEAIE L
T7uxA Vg~ F /L (EBB) (1.95 mg, 0.010 mmol) / DMF (200 ul) &
WB IR TANCT Aare i FU v A (Ase) (3.96 mg 0.020 mmol)
KER(500 pl) ZIRABERICEML 25 °«C T24 h TEAEZ{T-7-, HA
%, KHCENT LEBURE R8I o CHLEE L 72 (s 0.236g, U 73%).
F )~ —DOEERIZESEK® 'H NMR HIEIC L > TEH L 7= @56 R;
80%), £ 7-. HEE#k O R Y NIPAAm D4+ =X GPC HI7E(10 mM LiBr &
# DMF, W E; poly(ethylene oxide)) (2 X v & L 7=, =31,800,
Myl My = 1.80),

TR
R ILE sy tdkE ; JEOL JNM-ECA600 (600MHz, JEOL)
TNREZEI 0~ NI T 7 40— 17 A% TOSOH TSK-GEL GMHur-M

(R Y — kR t), sk sk HITACHI L-2490 (M4t B e g 5 2
Juay—X) R L, BRI 10mM LiBr A DMF Z &R L. HE
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JEEE 40 oC, P 1.0 mL/ min CTHIE L7z, TRV TF Lo dF 7V
a— VA EYEYE L LT,
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B=E

BEREL 2 AW o e ) ~—DFET O HNLNES

B9

WHE O ATRP THEASOETANESE SN TWDLT 7 ULk XL OEHR E
=NAVORE T INVEEEZHNE LT AT 20T 7 )il LT
HEfg B = L OHI# 7 I VEAITOWTHEG L7z, NIPAAm OEA & [k
REMETT 7 VNVBOEGEIToT2E 2 A, ~a AT IV FIVERIEH ~
~F . BRAOETHIFET D25 EOHEAOETAERE SN, £,
HfEz o L o GPC MIE 24T - Iofi R £/ ~ — LR O EN I
FEMEMT 52 ENER SN, —T. ~~F > T YRRAWMAL EooHl
FAET CHFRE = VO ES ZME Lo/ R, BEG OGN RIS,
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Fr- 7

HEHZ o NVEEGDO—>2>TH5H ATRP (I ERHIH SN T-Er T2 ES
THIENARETH DHI[1-4], 7=, ATRP 17 I /78, B Faexvik =—
REXVHEEZBEREICETAMA OF )~ —ICHEIGARETH Y /0 T EDAA DN
W o FESBENFIH SN @D FERHICERRTH D &0 ) FlE
%ﬁbﬂ\é[&a] LanL. 727 U LB E =L (VAC) DL 5 7E )
~—% ATRP [ZHEHT 22 L IIN#ETH L, 727 VABO LD VARF
VHERTLE /) —CIIEBSRBMBE N D NVAR BB A TR T D720
ATRP O#ITHAKEE & <4 Tuv 5 (Scheme 3-1) [7],

Q Monomer

—CH;CH—X + M"X L _ _ .
’ | n CH2 (|:H + Mn+lxn+1|-m
CcC=0 X:Cl, Br _
| M: Cu, Ru (|:_O
L :Li d
OH igan OH

Scheme 3-1. ATRP of acrylic acid.

Flo, VAc LOWHREE /) ~—1ZT7 VI NVEPRIEFRICALETH Y
RF- T UFERICED =~ ML KT 5 & B R A T II B A
Wi Z 670 ATRP O#ITHANEETH 5, 4 Jérome HIX7T Y R
RFIGFAE T Ta L hMEKRZ AW VA DYV BV 7T U IVERZRE L
TW5[8-10], =V MEEDREADARERK 7 VHNEIZTF Y v B T &
TV, MBUZ LY F—~ > NEE T VI NFEE A WIICERATEETH D
(Scheme 3-2),
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Q VAc

— CH;—CH—Co'" - L —CH~—CH + Co'L
! — 0
| L : Ligand
C=0 L_
| 7o
CH, CH,

Scheme 3-2. Cobalt mediated living radical polymerization of vinyl

acetate.

— . B B TCHRBARUME CThH L ~~F 2 7z NIPAAm @ ATRP
ARG LR R R AHEOICRET D22 LTI B IMICEHEAGNETT S
BRI, £ T, RETIEAYT U A BV AA O ATRP
et L7z, BAtAANC EBB, Ao 7 ==/t KTV % M\, DMF /
HoO BEBEBA TITW, ZTOEESHZRND ATRP & L THEITTIHINITHOWNTHKR
Al7c, £, ~~F Uiz vz VAe Ol 7 U VES 2R L
7zo BABEANC T >V RBAMGAl. EouIca v P@aE v, ZOHEGRAHIE T
CANEEELTEITT 20T OWTRHRE LT,
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FERLEBER
NI FUEMBIZRANEZT 7 VVBORTBEI S I NLVES

B ETCBER L7 K )i~~~ F o2 Milic v NIPAAm @ ATRP (i
BUWT DMF/H:0 IBRABEEN N KRE Chollod, AA DEGHE L
DMF/H20 {REEREE(4/6 viv) %R L7-, £9°, NIPAAm O EAF & Ak
(2 BR#EAIIC EBB, #TANZ Asc 2 W T, A%t AA / EBB /~~F >/
Asc=250/1/1/2, 60°C T24h HEZIToT=, TD%, HA OEIT % HERD
THROELSEKRO 'HNMR HEZITo /R, AU AA ITHRT 58—
7 LRIED AA ITHEKT =7 38, BESOEITHRHR I N
(Figure 3-1), L2>L. GPC HIEMNLHEIE Ly FEN/ERME» O KX L
$72 > T2 (Runs 5in Table 3-1), £ Z T, Hx RETHZH W CEE %
*ﬁ%ﬁbf:ff\*% LA 7 = =/ K7 Y (PhNHNH) % W\ /-BfICH

EITNAON, GPC JIENOEM L2 FE S HERMEICEVETH -

2o o T, UUTFOMmaNIETANC PANHNH: 2341 LiEfl e it 217 -
76

Cl:Hs A B CH, D C
CHC—Br N CHFCH  DMF/H,0 (4/6 vIv) CHyC—-CH;—CH)CH;—CH—Br
| | 60°C, 24 h | | |
c=0 c=0 —— Cc=0 Cc=0 c=0
| + | Hematin | | |
o OH PhNHNH, 0 OH OH
CH, i,
| A, B |
CH, CH,
C D
L\.k v, - i

I I I I I I I I
70 60 50 40 30 20 10 0.0 PpPmM

Figure 3-1. 1H NMR spectrum of reaction solution in D20 at 25°C.
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E
B C CH
E [ °c B A
CH;(|:—ECH2—|CH9;10H2—c|:H—Br
: (|::O (|::O (|::O
0 OH OH
A (|;|-|2
. D CH
I I I

5.0 4.0 3.0

Figure 3-2. 'H NMR spectrum of product after purification in D20 at
250C.

It ANZ PANHNH: % W CflAZk AA/ EBB /~~ 9 >/ PHNHNH,
=100/1/1/2 TEAEZ{T->T-, EAH%K, KPP CTEM LA IZEIC K-> THAE
L7=/ER %2 "TH NMR IE %217 - 72/ . §4.11 (A) ICBMRER DO = F L
TATNVHKRDOAF LV ERERERGD RFLE DV R =V EITHEE LA
F oo —7 (C-CH2-OC=0, C-CH2(C=0)-Br), & 1.22 (D) (ZBH4A K
DEZFNLTATILHKDAFLIEOE—2 (C-CHs). § 1.15 (E) I[CBHIAR
MDA FNLEOE—2 (0-(C=0)-C-(CHs)2) BNZ i ZNEBM iz
(Figure 3-2) [11,12], —J5, NIPAAm O & & L [RERICBHLAA] « ~~F > -
BIEAOENN—DONRFELRVWG A, BEHE0ETIIR NN -7
(Runs7-9 in Table 3-1), Z OFER ML, ZOEARIIHLMGA] [~~F ] &
THRIPBETH L Z LRI, L EOFRR IV EBB o HAELLT
CANENOEGBHGET S LRI,
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CH

3
C B
CHz=C~ CH;—CH-—CH;—CH—Br
A B C | | |

‘I O O O

o CH CH, A CH,
|

i ||'1
A Ul_.! |-._-'" ALY CH,
| | | | | Poly(methyl acrylate)
40 30 20 10 00 PPM

——

Figure 3-3. 1H NMR spectrum of methylation product after purification
in CDCl3 at 25°C.

BFon=ARY AA % GPC HIET H27DICAF NV AT N EITHS T
(13, 14], HEEZOKR Y AA % THF/ A ¥ /) — VIRAEBHCRE S, R Y
AFN Y NTT AR ERML, 25°C T6h #1452 & THIHD 2
F o AT WAL % 1T - 7= (Figure 3-3), 60 °C T 6h J{/ER M+ 5 = & CTH
ML 72 /Epki %2 TH NMR JIE L72RE R, 6 3.68 (A) (I A k& FEh
kv — 7 (CHsO-) MA@l sn7z[15], 7o, 8B ko v —27 LIgH D 2
M VHBROE—7 OFESHNPOARY AA NEEMIZ A T LT XA T U1l
SN EREERINT, TITHLNLZAMRYZ GPC WIEZIT- T2
(Figure 3-4),
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N
o O
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> 1 25
Calculated :
4 F line
2.0
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N————
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0O 20 40 60 80 100

Conversion / %

Figure 3-4. (a) Conversion vs. reaction time and (b) M, vs. conversion

(full symbol; Mn, open symbol; polydispercity index). The calculated line

indicates the theoretical values of M, estimated on the basis of monomer

conversions. (AA/ EBB / hematin / PhNHNH, = 100/1/1/2 at 80 °C).

RY AA ZAF LT AT AL ZATV, 60°C T 6h LB S 2 & TE
& BB L GPC IEEIT\V., o FEZH M L7, Figure 3-4 (6K
Fxtii b s(a) B X G fbRIZH T 20 FEE D) 257, BEERMEIX
Table 3-1 £ [FI U< AA/ EBB /~~ 3>/ PhNHNH;: = 100/1/1/2 T& %,
Figure 3-4 (a) XV . #{bFITHKWI(< 0.5 h) 2PTEML., ZDOHKK LI
L7z, 7. Figure 3-4 (a) LY. b EOHEIMITLEN, 5T EOHEMN

MR S, B
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Figure 3-5. Kinetic plot for hematin catalyzed ATRP of AA. (AA/ EBB/
hematin / PANHNH: = 100/1/1/2 at 80 °C)

Figure 3-5 /)& K[ %F Ln(IMlo/[M]) % 7r 9, Figure 3-5 7> 5
Ln([M]o/[M]) @ i 23 5t g ] O HENIIZ RV ELRRAOIZEE M L T D 2 & A3l
eIz, ZOZENDL, ZOERBRDOMET VU VIETEMEZHER Lkl T
WHZ ENRBI LT,

Figure 3-6 (Z~~F > /PhNHNH, Ot % 1/2 © L x AA/ EBB fLiA
bt sy - EAE L ZREF L7, Figure 3-6 LV BHtEAICH T 5/ ~—k
AT 22 LT o FBEOWNMAHER S, Himm 8L b IEAT VW E
Td o 7=, Figure 3-5 1 L O Figure 3-6 OFEiHNE, EAENY BV 7 HIC
EATLTWD Z ERRBEINT,
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Calculated

2 r line
S 15 !
= 1
0.5
0 :

0 50 100 150 200 250
AA / EBB Ratio

Figure 3-6. Plots of M, vs. AA / EBB feed ratio. The calculated line
indicates the theoretical values of A4, EBB = 0.010 mmol, hematin =
0.010 mmol, PhNHNH:2 = 0.020 mmol at 80 °C.

HHE O ATRP 2 W TT 7 Vv agie7 vy 7 WEAIKE G T S
I 7 7 U VEBBOREHZ T VX VETRE LT 7V L— 2T TR
v 7 EGEREZGHM L. T OBRMNKDIREIZ I > THIREEZIT O LER D D
(Scheme 3-3) [16,17], L2rL7enn 6, Z O FETITIMAKS MY 7 Vv
e DRFEFL DN LMK S NEBERNO 7 ey 7 IHEAKEZ SR TE RN T
EMBDDL, EDID, T 7 I NABORETT Yy 7 HEAEREZ AR TER
WE O ATRP CTIXAKRKNEER 7 vy 7 HEAKOERPY/HEEIND, 2
T, v 7 aBRaHl, ~~F ., BRAGFETTT 7 VU AVBOEGZITWV., 7
J IV NREGL T vy 7 HEAEKROAEKEZ R LT,
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m CH,= CH | {CH-CHY, X

- I
[-X + C=0 ?:O
I
—
R : -C(CH); -CH, ? CuX ?
ete R, Ligand R,
Initiator Macroinitiator
CRe=GH | 4CH~CHK{(CH,~CH,x
R > (i::o RZ
CuX
Ligand CI)
R,
| -(CHZ—cI:H};(CHZ—cl:H-}nx
Hydrolysis C=0 R,
> |

OH

Scheme 3-3. General ATRP of blockcopolymer with AA.

T2V NBESL T ey 7 EBAEEKEREGT OO~ 7 v B4 A
(NIPAAm-Br) %@ % @ ATRP ZH\WTAK L7z, &/ ~—IZ NIPAAm, B
EANC EBB, fili#iflc CuBr, UV A RIZh U RA[2-(PAF LT X /)=F )]
7 2 v (Me¢TREN) % T, fliA % bt NIPAAm / EBB /CuBr/ /MesTREN
=50/1/2/2, 25°C T6h HEEZITo7c, £DH%, REODVZFLZ—T )L
THILBZITW., T T — v a Uik, WIERZERICE Y <7 v BllaH 2 BHEE
Lz, WiZ, 2o~ 7 uplithFlz w7 ay 7 EBESKEZES L, £/
~—IZ AA, BI4AFIIC NIPAAm-Br, fiblfi~~ 5> ELAIZ PANHNH; %
W THAZ H AA / NIPAAm-Br /~~ F >/ PHNHNH; = 100/1/1/2, 25 °C
T6h THG%Z1T>7-(Scheme 3-4), G %, K TEMT LEF LRI L -
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CTHEEL 724k % 'H NMR JIEZ1T->7=/%. Mok NIPAAm &
AA OEFE AN 1:11.24 TH D Z & 23R S iz (Figure 3-7),

CH,
| C|3H3
H—C—B M CHz=
CH; (|: ' CH; (|3H CuBr CH3-C—€CH2—C,2H)r;Br
|C=0 n |C=O MesTREN (|:=o c|:=o
NH >
7 | DMF/H,0 Q N
(|:H2 _cd (5/5 (vIv)) C,3Hz AR
CH, CH, CH, 25°C,6h CHs CH3  CHs
EBB NIPAAM NIPAAmM-Br
T
AA CH3-C|3—-(CH2—(|3H)m—(CH2—(|3H)n—_1CH2—(|3H—Br
Hematin C=0 C=0 c=0 Cc=0
PhNHNH, (l) (l) y cl) |
> NH
DMF/H,O | |
(416 viv) C|3H2 _CH
90°C, 12 h CH, CHs  CHs

Poly(NIPAAM-b-AA)

Scheme 3-4. Hematin catalyzed ATRP of AA used by macroinitiator.
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CH
*c D C D_C A
CH3-C|3—(CH2—CI:H)m—(CHz—(llH)n—_f:Hz—(llH—Br
o) NH OH OH

| I
A CH, B_CH
| e

N

H
Poly(NIPAAM-b-AA)
H
C,D
B — e
| | | | | ppm
4.0 3.0 2.0 1.0 0.0

Figure 3-7 'H NMR spectrum of blockcopolymer product after
purification in D20 at 25°C.
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B %6 Al 2 7 V &R Bl 4 Al © H D 2,2-Azobis(4-methoxy-2.4-
dimethylvaleronitrile (V-70), ~~J >, #EuANZ =2 7 % VT 40 °C
T24h EA#%#1T-7- (Scheme 3-5, Run 1 in Table 3-2), E&%. 7/ nn
WV L ZRM LA~ F &Sl 40 oC THRIEREZITOHEEEL . GPC
WEZIT T2 ZA DT EPNESDoT, —J BILANT Asc 2R L |
HEZIToTc & T A, BGOEITIIMR I NI, GPC ENGHEE L
S ENFIEFITKE Do 72 (Runs 2 in Table 3-2, Figure 3-8), Z itz v
VBEHWAZ ETEERISEMIELTEZ ENRBX LD, 216 O ED
. WEIREMET AT 2D 2 LT VAe ORIEIEE O TR /R
ey W

| Hematin | N
? Kojic acid ?
= > C=0
? © 40 °C, 24 h |
CH, CH,

Scheme 3-5 Controlled radical polymerization of VAc using hematin.

Kojic
acid
AscC
9 12 15 18

Elute time / min

Figure 3-8. GPC trace of polyVAc at different reducing agent.
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Figure 3-9. (a) First order kinetic plot (full symbols), (b) M, vs
Conversion (open symbols). VAc = 10 mmol. V-70 = 0.20 mmol. Hematin =
0.01 mmol. Kojic acid =0.005 (squre), 0.01 (triangle), 0.02 mmol (circle)

respectively.

NI F U AEAFIL, 40 oC THRUEGEEZITV., AW % Bt L GPC HIE
ZITW, o FEEZEE L7z, Figure 3-9 (IR %tz F(a) B XL Oz
fb=ICxt 3 20 F8&ZMb) 274, BEAESKMIE VAe / V-70 DA A
100/2, ~~F /a2y PEOMAZ LY, 0.1/0.05, 0.1/0.1, 0.1/0.2 TH 5,
Figure 3-9 (a) £ 0 | #ICLA| D HLRIZEWERAL R OB R S vz, £,
bR ITRAI(< 6 h) I L, TO®%KRAIZHEM L7, & 512 Figure
3-:9(b) LV, ~vFU/avTBEOMAKRKEN, 0.1/0.05,0.1/0.2 O & Xz
{ER DI N, 3 FEOEMAHR ST, F2nEN0s T Eof
A LIRS~ F U /au PBOMAIAZ LD 0.1/0.2 D & & 23ERVME
Thole, ZTNHLDFRENS | BILHID RN & 72 5 & iR R 23 L E 72
K== MEANZEERIRO T < b enBxbond, —FH, ~~vF v
[2 9 PEEOMARLL, 0.1/0.1 O L ZIXEESWH(<6h) 2B W THERLED
BN PE D 2y T E OB BHERR Sz N EA K (24h) Tidy T E O BN
TR SN2 h o T,
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Figure 3-10 &t FE % Ln([M]o/[M]) %777, Figure 3-10 7205,
Ln([M]o/[M]) o E 13 50 e R 0 $8 NS £E WV ELRRBGICEE N L TV 5 2 & AVH
BENTZ, ZDZEMNLRET U NABIEMEEREER LT TWD Z & RE
SNz, L)L, Figure3-9 KV ~~F o /ay VROMAAHEL, 0.1/0.1
D & X TEAKEY(24h) TEHYFEOMMIMER SN ARhoT-20, 2Dk
RICBWTIEHRE 7 P ANAVNERITHER S TWRWZ EBNE X LD,

2.4 i

2.0 F
S 1.6 |

=12} ™ |
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Figure 3-10. Kinetic plot for hematin catalyzed controlled radical
polymerization of VAc. VAc = 10 mmol. EBB = 0.02 mmol. Hematin =
0.01 mmol. Kojic acid =0.005 (squre), 0.01 (triangle), 0.02 mmol (circle)

respectively.
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Figure 3-11 (I~~~ F v /Asc DE% 1/2 O & & AA/ EBB A A %!
T EEAZ G LTz, Figure 3-11 X Y BRAMGANI KT 2 € / ~— &2 80
THZET,. T EOEMPHERINTZ, 2O DRRNBETH DL RZ
BIRT 5L TCZOHEARVPHIEMES & L TEITT 2Rt sk s,

5.0
Ol
4.0 F
S 3.0 F O
~20 U
1.0 F
0 1 1 1 1 1

O 40 80 120 160 200
VAc / V-70 Ratio

Figure 3-11. Plots of M, vs. VAc / V-70 feed ratio. VAc = 10.0 mmol,
hematin = 0.010 mmol, kojic acid = 0.020 mmol at 40 °C.
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UEDR RN ZEZ b2 HAHM % Scheme 3-6 (2”7, ZOEA
RIIDPWIREEFER O B 7SI U NVEAGEBETH L LTINS, T,
AN FUNBETTHNC L > TALNBILIND RITT Y RBAGAEAID B EHE R
B LA LT P ric~~F U BMfa L N—~ v MEEZBEKRT 5. T D
RITCHANC R DBITINC K> THRA L Z P VERFRELT 2914 7 v
EEOIRTZETCI BT IUANEREARICT S22 ER TSNS,

) Monomer
Reducing Q

—CH,—CH — i i agent .
> ¢ Hematin(Fe') Y _ CHZ_?H + Heme(Fe')
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| =0
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Scheme 3-6. Proposed mechanism for the present polymerization

catalyzed by hematin.
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TeBRIGRINORHAET DT VAN NOHET 2, S DI ZEIRT L2 LT
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T UNEE (AA, 7 ~<T NV RY vF) ITBEREEZITOVER- L, NA
Vy7ua 7 7 U7 I K (NIPAAm, BlA KR — /LT ¢ v 7 AR RS 4E0
SIgfl) 1IN B AR Y REEEAH W THEMER ZITVIER L2, B
ikt =/L(VAc, FIEHIE T EMASHIZARZ ZIT VBRI L, Y 2[2-(¥
AFNT I )=FN]T I (MeeTREN) 1ZBEHIZHE - THRK L 72[19,20],
~F U F R TR NS4, 2-7 v 1 YEB=F V(EBB, v/ ~7
VRY yF), BRSO (CuBry, ¥ 7 ~7 Vv KU v F),
2,2'-Azobis(4-methoxy-2.4-dimethylvaleronitrile (V-70, FnJ¢ ffi 3K T 3 Kk
K&, 72aLe @B Y v Ah(Ase, Y 7~T IR vF), 7=/
b K7 v (PHNHNH:, #URfbpk TEKASHE), hUAF ALY LD T Y
AH o (10% ~F Y UK. 0.6 mol/L) (Rtfbk L¥MASH), 7 b b
Fr 7 Z (THF, FtflisE TR ), 2 & 7 — (Rl TR S
), B LY NN*T AF AR L7 I R(DME, Foot il T3k s 4 1308
AL7ebDEZOF EMHH L, #iAKlE Millipore Milli-Q system % T
L 7=,

T I NLVBOES

WA 727 7 U Vg O E A 5 QRun 6in Table 3-1) Z LA FIZ/RT, 77
Y Vg (72 mg, 1.00 mmol), ~~ F > (6.33 mg, 0.010 mmol) %
DMF/H:0 REGEBE(3.6 mL, 1:2 (v/v)) IZER L, TDtk, No NT U T
T ATRP OBHIAAIE LTT7 nE A VEE=F /L(EBB) (1.95 mg, 0.010
mmol) / DMF (200 p) FiR B L OXECHIC 7 ==k KT Vv
(PHNHNH>) (1.08 mg 0.020 mmol) / DMF (200 pl) ¥k % 1B & Wi (7N
L60°C T24h THAZITo/L, EAEK, KPP TEN LEF LRI - T
HEE L 72 (&S 25.2mg, I3 35 %), £/ ~v—OH{LRITEAEIRD H
NMR HIEIC &> THEH L 720 bE ; 41 %),
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31 (V) WML, FURAFILL Y ALDT V RAY U ERIANFEAE LR
HETHF Lz, MINARZEIRT 15 h %, KIS % 60 °C T 6h
WL % = & CHIEEL 72 (&S 5.9 mg IUHK; 66 %), HiEER O 4Ry
Z 1H NMR 4T\, A FIAEDRE BT DO TV D TR LT,

~ 7 a BEAl DA R
~ 7 v BAAANFBESR I HE > TIT - 72[20], NIPAAm 113 mg, 1.0 mmol), EBB
(3.9 mg, 0.020 mmol), % DMF 1.0 mL (Z{&fiE L., D%, Ny N7 VU 7
T CuBr (5.74 mg, 0.040 mmol), Me¢TREN ( 10.69 uL, 0.040 mmol) /
H20 (1.0 mL) /K&K % DMF &RIZIML 25°C T6h TEHAZIT- 7,
HEth. RKEOVZF N —T )V CTHILEEIT o2, LM% Al L O
JERZBRIZ X0 Ak % Bk L 7= (INE; 82.3 mg, UVE; 73 %), £/ ~—Dig
fERITEAGWHE O 'THNMR JIEIZ L > CTHEH LZERLER ; 77 %),

77 UNER L NIPAAm o237 uy s XEAGEOES

77 U )VEE (144 mg, 2.00 mmol), ~~F > (12.66 mg, 0.040 mmol) ~
7 v B #541(0.040 mmol) %2 DMF/H20 IE&EE(1.6 mL, 5:3 (v/v)) (ZIEfiF
L. D%, Ny A7V 27 F < PHNHNH; (4.32 mg 0.080 mmol) / DMF
(400 pl) WIHEZRBEHICEML 90 oC T12h TEA%ZIT-71-, EAHE.
KHCFEANT LA ORI Ko THEEL 72,

MR =L OEA

IE) 72 VAe ORIEEAS FiEZ L TFIZRT, VAe (859.28 mg, 10.00
mmol), V-70 (61.68 mg, 0.20 mmol), ~~F > (6.32 mg, 0.01 mmol), =
7 Vg (2.84 mg, 0.02 mmol)%Z, No N7 U7 FTRAL40°C T24h
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HEOMEREAS CIIEAOEITIRNEL SN TWDy-7Fr T 7 hrDE
NG T CORMBHRESICOVWTHRHNLE, RV G-7FaF s b)) &

WA INEFET A ESIRMERY Z AT LD —KASDORY (4-8 Rax 7 F
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TFuZ 7 hrOEAOEITIINETCH S, — ., mESERME T TIL@EE T
FHEAT LWL AT T2 Z L RRISEDRIFIZH ET 52 LMo Nn
TWb, RETEHEENSZH T Tyr-7Fu 77 b oiRftitBR EA 2 it
L7icL ZARGOETHHER SNz, iz, HINEDOHEIMIfENE ) ~—
DEALR OB R SNz, S HITIALROEMIZ Y, 7o' O
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RN AR Y = A7 VITAERBEAER L OESBEEZ AL TN DH DRk~
BB THEAIN TV DI1-4], —&IC, HERE S 72K Y = 27 V3
ERIELTWD T 7 hrOBBREGZHVWTAERIND[5,6], LaL,
FBREAIIEREOOT AOMREZREEN /1L L TWD 7D, y-BL O X 9 7Btk
EORERT 7 b UXIEE A EESG LRW[T,8],

RUyBL IIAEMFELER) AT LD Ky THLHRY G- Faxv
TFL— R IS LTBY ., 7F 1252 b (BL) OEA £ 721%y-BL
DT 7 N OEERICL S THLNDENMMER Y = 27 )L I13kk 4 72
FETOICHIEFEATWA[14], 2D07e®, yvBLOERIZZ 7 oo
BEADOHED Ny 7 AD—2>TH D0, ik & 5 12y-BL OBREAIE
T NCOBRBENLERTZOE LN S ILEESMHRILYy-BL By kv &
M [9-13],

ARETIEZ, @ENFMET CTy-BL ORMEREES 21772, 727 F D
PR B A OBRICERfEZ VWD 2 LT 7 F U NG L S, o T B
MNEE SN\ T2 EAGTDHIENTE 5[5,6,14-22], VA AED X 9 72
fiEth TZ 7 NI A F A DR Z TR L KT L 3 — v B AR AN
LCHINTDHMRARY AT NELENTEL, ZORISEBRVIET Z &
TV EVIWCARMISHAERKICZBZ T, fIZIE, NV Zrdue X &
2R CEE(TIOH) O X H BT VU AT v RligxE HWD Z & TRHRMIC
WENHIE SN TeEmaFEEAT 22 LN Th 2 [16,201],

— 7. BELRM TR ORD N E U D 72, OGO M i AR o4
DI A~BEN T 5, 0> TRUSATH THRE 2 GEELARTE) O D 28 K & )i
&R DARHE N BIFF S 5 [23-26], BHERE A IRV T HIEMERE B T
L6, BEAORENASFEINS, Rahman HITEEEREE FTT Mo R
n7 7 ORREARTF L. ESOEINZEN, RV T FF7 Fr7 700
WHEBLLIORIFREN EAT 22 L 2@EL TWDI[27],

ARFETIEBIEANC A &Z 7 — v, filfiflc TfOH %AWV CEIESME T TEA
ATV, JENOREDRIZE > T, BEEN ) B ITHICEITT 202 RET L
72 (Scheme 4-1)

53



C”) Trifluoromethane

C sulfonic acid 0O
N (TIOH)
CH;OH + n o High pressure HaC %\/\/O%
40°C O nH

Scheme 4-1. Acid-catalyzed anionic ROP of y-BL under high pressure

conditions.
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HREBE
f15A Z tey-BL / MeOH / TfOH = 100/1/0.1 TEIAIE /) 800 MPa, 40°C T
24 RE B 2T o7z, ERENTMER T2 /T LEEE X b 2B

L7e@ET v " —% W CHIN L 72 (Figure 4-1), &R O TH NMR #l
EEATSTofER, AV (G-BL) ICHkT 58 —2(A,B,B,C,C) B8LUE/
~—IZHKTDHE—7Z(a, b, c) BNENENEHN 7= (Figure 4-1 (@), = D
FERLVEEND T CERESOEITIER SN, £/, B/ v—HEKOE—
7 a (8 4.33 (-C-CH2-0-) & RV ~v—Wkotr—2 A (G 4.12 (-C-CH2-0-))
DO ENDIRERERE I LIz 2 A 44% Tho Tz,

Flo, VEFALZ—TAPLHBLETLHZ LIV HEEL ARk o 1H
NMR HIEZ4T > 24EF, LT O v — 7 BBl &S 725 4.12 (-C-CH2-0-), §
3.68 (PH #h K ¥s B L Ok & K % (CHs-O, C-CH2-OH)), & 2.40
(-C-CH2-(CO)-), & 1.96 (-C-CH2-C-)) (Figure 4-1 (b)) [10,28], =1 & DR
EVEBIEAZ 7 = bEM L BB R E A K > THRE RSB ELT
L ERRmsinie, £z, B OR Y (-BL) o4+ &% GPC HIE
WX THRILEEEZ A, 6,450 ThoTo, S HIT, KISIREAZ 2 T 800
MPa T 24 h ERALBEBHER B & 2 et U 7o . i b SIS OIS IR EE o i
X o TRkELPFEAD L= (Runs 3, 5, 6in Table 4-2),
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Table 4-1 Acid-catalyzed anionic ROP of y-BL at the different

conditionsa.

Conv.! Yield®

Run Initiatorb Catalystc o Mn? theoryf Mn’ GPCg Mw / Mng
%o %
1 MeOH TfOH 44 32 3,860 6,450 1.49
2 MeOH  Sc(OTH3 34 16 2,940 3,000 1.36
3 t-BuOK - 0 0 0 - -

a Polymerization conditions

v-BL; 23.6 mmol, initiator; 0.236 mmol, catalyst; 0.0236 mmol, reaction
pressure; 800 MPa, reaction time; 24 h, reaction temperature; 40 °C.
MeOH; methanol, #BuOK; potassium tert-butoxide ¢ TfOH;
trifluoromethanesulfonic acid, Sc(OTo)s; scandium
trifluoromethanesulfonate. ¢ Monomer conversions were estimated by 1'H
NMR analysis of reaction solutions. ¢ Insoluble fraction in diethyl ether. f
Estimated on the basis of monomer conversions. & Estimated by GPC

measurement with chloroform as an eluent using polystyrene standards.

Pressure Hydraulic
gauge pump

High pressure

chamber
—

Piston
cylinder

Kerosine
petroleum
reservoir

| Teflon
tube

Figure 4-1. Schematic drawing of a high pressure apparatus.
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Table 4-2 Acid-catalyzed ROP of y-BL at the different pressures2.

Press. Temp. Conv." Yield® M, weorst M cpc” Myl M,*

Run
MPa °C % %

1 0.1 40 0 0 0 -

2 350 40 2 0 200 - -

3 800 40 44 32 3,860 6,450 1.49
4 1000 40 63 45 5,480 7,950 1.57
5 800 60 16 4 1,400 - -

6 800 80 5 0 460 -

a Polymerization conditions; y-BL = 23.6 mmol, Methanol = 0.236 mmol,
TfOH = 0.0236 mmol, reaction time = 24 h. » Monomer conversions were
estimated by 'H NMR spectra of the reaction solutions. ¢ Insoluble
fraction in diethyl ether. 4 Estimated on the basis of monomer

conversions. ¢ Estimated by GPC measurement.

— 05, B A ABLHIRICT 7 b EEELET A EN O TN
[14,21], 22T, TfOH LR U7 =4 e H T 5L A ABBTHD F
U7 A AR AT Y A5(Sc(OTHs) % AWV Ty-BL OBREA %
BREt Lo, EEOEITHMHERE 72 (Run 2 in able 4-1), LML,
Sc(OTH3 1% TIOH & HE L CHFEIZEMTT 7 o OBEMMERZ L, £
7. BV UL tert-7 Fx ¥ K (¢BuOKIEI T =4V BHERESOBKBAI L L
THWHRTWAI18], £ Z T +BuOK #BHtEANCHW/=y-BL OBRBRES
ERESRM T TITomE 2 A, EEITEIT L7222 -7~ (Run 3 in Table 1),
INHEORRIVABOELSRIIIEET / ~— M CH#EIT 5 2 & PR
Sz,
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Figure 4-2. 1TH NMR spectra of reaction solution (800 MPa, 24 h) (a) and
isolated product (b) in CDCls.
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Figure 4-3. Plots of monomer conversion vs. reaction pressure (Runs 1-4,

Table 4-2). (y-BL / methanol / TfOH = 100/1/0.1 at 40 °C at for 24 h)

Bk & 72 E IS T T 400C C 24 FEfEly-BL OFRAELBHER E S 217 o 728G
S HUME ) OB A 5L =R O BN 23 iR S 4L 7= (Figure 4-2 Runs 1-4
in Table 4-2), — 4. KRQ[UEFT CEAEZITo7HG. BEGOETIIR OGN
Mmool TOREND, ZOERGROETITTEHIENEZELRLETHSD Z &
MR S LT,
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Figure 4-4. (a) Conversion vs. time and (b) M, vs. conversion. The
calculated line indicates the theoretical values of M, estimated on the
basis of monomer conversions. (y-BL / methanol / TfOH = 100/1/0.1 at 40
oC, Reaction pressure; 800 MPa).

VIFNT—T AN HILET A LI HEEL MY E GPC HIE
ATV B &2 BH L7-, Figure 4-4 ([CHIUINE 77 800 MPa, iR 40 oC
B 5 ROSFEE xHiz b= (a) B8 L ORI T2 0 +E22 kb)) Z2R-7,
Figure 4-4 (a) XV #Es/LRIZESGMY(< 3 h) TRHIZEFH L. ZDOHER~
ICHAN L72(< 24 h), F£7=. Figure 4-4 (b) X 0 #x{bR DALV, 45 F
BEOWIAHERINT, SOOI FESMITLIING 150 TH-TZ, Z
NODOFRERIV ZOEGRENHIEES L LTEITLTWD Z ENRBEIN
76
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Figure 4-5. Plots of M, vs. y-BL. / MeOH feed ratio. The calculated line
indicates the theoretical values of M,, y-BL = 23.6 mmol mmol, TfOH =
0.0236 mmol.
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Figure 5-1. Schematic image of poly ((R)-3-hydroxybutyrate-co-
4-hydroxybutyrate).
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Scheme 5-1. Acid-catalyzed ring-opening copolymerization of (R)-B-BL

and y-BL under high pressure conditions.
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Figure 5-2. 'H NMR spectra of reaction solution (800 MPa, 48 h) (a) and
isolated product (b) in CDCls.
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Figure 5-3. Feed ratio of y-BL vs. conversion of y-BL (a) and feed ratio of
v-BL vs. y"BL content in polyester (b): Monomer / methanol / TfOH =
100/1/0.1, reaction temperature; 40 °C, reaction time; 24 h, reaction

pressure; 800 MPa.
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Figure 5-4. Feed ratio of y-BL vs. conversion of y-BL (a) and feed ratio
of y-BL vs. observed of poly(y-BL) units (b): (R)-B-BL /y-BL / methanol /
TfOH = 20/80/1/0.1, reaction temperature; 40 °C, reaction time; 48h.

B x 72 [E 14 T C 400C T 48 FfE](R)-B-BL & y-BL DO Eafil i B 57 3L &
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Figure 5-5. First order kinetic plot (a) and monomer conversion of y-BL
vs. y'BL content in polyester (b): B-BL /y-BL / methanol / TfOH =
20/80/1/0.1, reaction temperature; 40 °C, reaction pressure; 800 MPa.
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