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11 ER

BAE, RO REET 29 2 THDOEVIZIZZL OT T AT v 7 /-ERH S5
NTN5, 7T7AF v ZIXKREBEENIEE - TIOFERE LE-> TWhaend o
O, EIEEEM, BEERS, (EF - BMICEDLIETRIASFH SN TEY
BRIV ERA R D LR THDEMN, ZOEITAaMEREE LT
AEINTZLOTHDY, B, HoHFITEAR < & LTV D AHBSEDILAH
TITAF w7 LT, T UINEBIERHILILTW S, Poly(methyl methacrylate)
PMMA)IZRESNLDT 7 U VKIIRIL, EVE, MitEt:, SaPE, B 7o ik,
BLOLL OEANKTHMENEESND 20, TEMICRLE S, @R
JETHWO, FELE LTEL, ATF, = F I, n-TF L, 2-mF u~F b
TRAFTNIRED(RAZ)T 7 ) L— FRFEEICHH ST 52,

—F CAMNIMEEEER TH A0, AlEEEE T =RV —ApES T
TAF 7 WL P OEE Z OF EOBRE Tk L T\ < &, FRERICITE
BEREELTCLEY Z Lo TLEY, B2 b OENRATENF T& 72 <
LT ENRKRESIEEEIND, 7o, BRI Z R § 5 =L X —A
bDHUVNTT T ATy 7 BN OIRBEI > THEE S5 bk 3R 1T, BIEHRA
b LT 2 HIBRIRBEAL O 7RI & b 72> TV D728, Fifse ATRE 7otz D FEBL
Z AT 9 2 T, FHBMHEEIEA~OEEN S DOBANRD 5TV 5D,

20154F121%, EHEY < » MZIVTSDGs (Sustainable Development Goals) 3£
REN7z, SDGsTIE, FifivlRER AL EH I 2 Z L 2 HIF L. 20305 % Ak
BIRE T D1MHD T =1 169HDF—7 y FRRE SN TV D, TOHITIL,

(S DFME, 209 FME] EWHOHBIZEBWT, Rkt nlaE7/R1HE & AERED /N
A= ZMRTH VD BENED LN TERY, fhaimE s LTEmINT
W5, ZDOX DI, RIS AT W 7o AR T RE = Rk L — ORI PR RS
T —R v =a— N T NAEDFEBL~DO LB & E - TE T4 (Figure
1-1).
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FERE st GOALS g 71& h—ik> ‘K?\/\ﬁﬂl.‘ﬂj
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EEEEE o
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Figure 1-1. One of the social images to aim for

12 RAFR—ZRRY =—

H—Ry=a— N ITNMAEOEBNT =T 7T e—FD 1oL LT, R4 F
N=2ARY ~v—DEK] BEFOND, A FRXR=ZAR) v—F, A A~ R
m%@ﬁﬂ#EAﬁénémA%mﬁﬁT%U ZID DERBEIZ K> THEH S

B TERALIRFBITIFEL & 72 DNA A~ AT O AR L - TIRFBETE SN D,
%@%%\ﬁ%mﬁ%f%:kkﬁékb\N%ﬁN—xﬁUV~ﬁ\ﬁ~ﬁ
v=a— NIVIRRIIEEM & L TRERBIGREE LN TN D,

NAFR=ZARYv—¢L LTUL, VY FUFERENLHEONIFELZHES Y
A Fx= )= L, ENEWAKTHZETERT LIS A F Lo z)R
BtE LA A _R=ZR Y =F L (PE)R/AA A _N—Z R U L E =L (PVC),
SHEANAF T L ETEBR L TCOLEDFEIL LTINS T R—ARY 7
2 B L (PP)7R ERZET 5L 5 (Figure 1-2)°, L LRNRG, ZIUH D/ A
— ARV ==L, TNETOAMBRRY v —DJFEE 2 A I~ Ak~ A&
L=t ThY, LEMEET HITHZ> TE, AMEEZHvCilE s
NAAMBK T T AF v 71 LT, LIRLITAEZ A FREL 2D R TR
£V LTLEY, HOPRITIEAS HE LT 5121, £FLEELEZ L OERES AT
2.

—H T, FUERaIRH Ny EREDLELNDFEICHBEAZEH S,
WL > THELNIABEFEEE LT, (b7 e A TEK, EA L CHE
S 1% poly(lactic acid) (PLA)X>, BE. HEMH Z )5BS LT, e ZFIH Lo
A A A TYE 5 41 5 poly(hydroxybutyrate-co-hexanoate) (PHBH)7¢ & D /XA F_—
AR Y ~—I%, REFOMWAEMIZ L > THESNDFE THESEME] LW

3



W1

A 2 A L T2 (Figure 1-3)%, & D X 5 7 AL fiRVE S A A _— 2K Y <~ —[%,
RIRICAMZ 529, £ IMEBRICKESEHBNL 9 2R THEEBZED T
B, ZINOEFHLET 7 AT v 7 8RIFHOHRITR A1 &K LIt TV 5,
LU, ZNEDNAFR—2AR ) ~— 2B L TH, BHEZEIZHZS
MBCIERT 2 A MBERAR Y ~—2 2 L T 29, #REZ /0BT
TG EITEWEEN,

H; .
27Otz {/c\c,) JirAre
z28 Hy
PAI-LREE e
2L

PN ~CH.
Hic” o BK ootz giu JLrARve
. Zi - B ca'
S AT =L SAATFL it .
. " AiHEECERL
JRARETES
c H .
SAAZA HiC. _CL, Bk e = my e Mo v troes
o A, 9285 ey
SAATOI =)L PO CHa
OoEL->

Figure 1-2. Production route of bio-based poly(ethylene), poly(vinyl chloride), and
poly(propylene)
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Figure 1-3. Production route of bio-based PLA and PHBH
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13 NA A ARRBESHEPERT 7 ) L—Fh
S

A A AR DIE ARIFPGE — R CERE G 2 AT D IRV LS
HEBALEM I EE LGOS,

BIZIL, IERBAA T~ A THVAEMERNIfFESND Y 7 =13, Yo
TERHIREE Z SR D EER D THh Y . Z2EOGTEBALEMDEMEIHE S L
T TEILEMTHDLN, 2OV = e E LTHonsd ) 7=
VIRERIZIE, A FEE(cinnamic acid) D, X7 7 < /LEE(p-cumaric acid), 7 7
= [ (cafferic acid), 7 = /L 7 Eg&(ferulic acid), 7 & > f(sinapinic acid)7e & D~
= /) —IVIHEE RN L EEND 08, F£7-, cinnamic acid 2DV TiX, Citrus
bigaradia D H#EF L O 7> 5 D5 Populus balsamifera 7> 6 O, o7
MO E UTHREDOHEM BT 5 Z N TELH{LEMTHLH D %, Zih
Dr A JilgE / ~—(cinnamic monomer){t & DI DK & L T, o,p—E
AR BED BALZ K FRERILEZH T 5 2 L B3% T b5 (Figure 1-4),

OH OH OH OH
OH OMe MeO OMe
™ ™ ™ ™ ™
COOH COOH COOH COOH COOH
Cinnamic acid p-Cumaric acid Cafferic acid Ferulic acid Sinapinic acid

Figure 1-4. Chemical structure of cinnamic monomers

F7-. 7 v b EEE /<~ —(crotonic monomer)iL. o,p— REAFIA LR EED B
PAZATFNIEEFT HLEW ThH D, Crotonic monomer (%, Croton tiglium DFE
FPOMBEIN DN OERS TH DM, MAED DA FAEIZL>THS
NbHE /) ~—"Tdos 3-hydroxybutanoic acid (3HB)D /Ko A A _— AR
U ~—I|Z4¥E &5 PHBH <° poly(3-hydroxybutyrate) (P3HB) D EV iR #) & L
TAFTHZENARERILAM TH DD, A A~ AHEKFEE LTI S
Z L BT X D (Figure 1-5) 1013,
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cH. o Main product
=3 Pyrolysis OH O Dehydration
z 3 - A + H,0
\éo HoC OH H,C OH
n

Poly((R)-3-hydroxybutyrate) (P3HB) SHB Crotonic acid
Dehydration

Main products

CH; O Cz;H;, O
H = Pyrolysis OH O OH O
\éo/\)g\éo/\)g\ —>> )\HL )\/U\
m n H;C OH C3H; OH
H
PHBH 3HB 3-Hydroxyhexanoic acid

Figure 1-5. Synthesis routes of crotonic monomer

Z 3L 5 @ cinnamic monomer X° crotonic monomer (%, BALICEHELEZFH T D of
— KRBT NVER CEALEMPREBRT 7 ) L— MIZDETHZENTE, O
=NV EMAINES L THELONARY v —IXE /) v —HAY 720D 2 2O
L EFTH L L7 B (Figure 1-6), L7223 > T, &SRR 2 fil4 L
DO, MO INGDE ) v —F moFELTE 2REEN AT 5
LT, T UNABIRBARE T D EWEAMESCIHEM e EORREICIZ T,
SEARBIAIPEICATRE U CHBLT 2 @ PERE - miSRE R IMEZ A L, S Hic=a X
NEZH O ZENTELHHT 7 VBIIERM ORI IS5,

O = Methyl or aromatic group
A O = Ester group

B-Subsituted acrylate
I
Addition polymerization

Diisotactic polymer Disyndiotactic polymer Dihetrotactic polymer

Figure 1-6. Structural examples of highly stereo-controlled poly( 8 -substituted
acrylate)
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LU 6, BEHT 7 U L— M, BALICALE T DEHIEDOSRT, H 5
WITE TR CR %@7/ww$A&%4ﬁ/$A&Ti 5y 1 EA LS A
R AT /v — D1 oL LTHLN TS, FEEE, BE#ET 7 U L— i,
O B, 12BBRT LU ) v —ICHBEINDN, 12BEHR=T LT <
—1X, —RICEASEENMELS . BFEO TV HNVEART =4 EATIE, BE
BEORY ~v—%2AER LI WEBZLNTWD, LT, BV pEBRT 7V

— MIBT 2 EABNZHOW TR T 5,

Bockman % (%, methyl crotonatez € / v —EEICHWT, b HTn-7F
N F T AERGAIE LTE ) <—IZR L TIA T, —20 °COIRESMT T3
H AMOT =4V EAEERBTZN, b L —R2AEORERES LGN
722 & &#iE LT 5 (Scheme 1-1)1%, &7z, ethyl cinnamate® € / ~— & 2 H
WG E b [ARRIC F L—ABOREIER D LG oNRho e 2 B HE L
TWb, TAFNLYFULEHNT =4 EEEIL, methyl crotonate<>ethyl
cinnamate’2 K OBEHLT 7 U L— MEE O &y FEAICIEE L TV RN 2 &R
M EnTWD

CH, 1.5 N BulLi/pentane-heptane(1:2) sol. (1.0 mL) nonvolatile products
XN > (trace)
Toluene (2.5 mL)
COOCH; —20 °C, 3 Months

Methyl crotonate (2.5 mL)

1.5 N BulLi/pentane-heptane(1:2) sol. (2.0 mL) nonvolatile products

(trace)

A —20 °C, 3 Months
COOC,H;

Ethyl cinnamate (5.0 mL)

Scheme 1-1. Polymerizations of methyl crotonate and ethyl cinnamate reported by
Bockman O. C. et al
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Sapiro 5 1%, ethyl cinnamate & / ~—FEIZ T, 4,000 atm, 125 °CO 544
T T, 40 OEGEZRAARIZE Z A, BBENNETHEHR KL L TR v—%
BeZ LA LT 5 (Scheme 1-2)Y, L L7en s, B LR Y ~—D5
FE THEEICET A 1HFRIT <. S OITINEEEIT L TV AHREILYE 72
mole, iz, BEEGTIEIEREEOBE2GME T TEMINTEY, T¥EW
ICHEBRPE LW TH D Z LITFE I ETHR,

> White powder
(58.5% yield)

NN 4000 atm, 125 °C, 240 h

COOC,H;
Ethyl cinnamate (15 mL)

Scheme 1-2. Polymerization of ethyl cinnamate reported by Sapiro R. H. et al

Makimoto & |, lithium aluminium hydride = i C, Y =F /L= —7 L H1 —70 °C
DREKIEZREIZ 3T, methyl crotonate, sec-butyl crotonate® 7 =4 > BEA % %
ALZHVI008EM, 40RERIFA 7= & = A, methyl crotonate(Z DWW TixAR Y <~ —723 5
B DN o 7278, sec-butyl crotonatelZ DU TlE44.6%INE TR U ~—2NE 57z,
fth 7. methyl crotonate s & / ~ —FEEIZHW T, ~ML= 2 H TCaZnEtWfb &%
filfif & LT /= —I12xf LT3.9mol% Iz, —78 *COMMKIR St C6IEfT D 7
=FVEGERBICE A, 203%NRTRY v —2 /Ll LaHWELTVDL D
D D(Scheme 1-3)8, ILEIXRIFTHDL EIFFVEHNLDOTH-oT, ZHHDOH
BT, T AT IVERBIERNEHICKT L CTHIREE T H D 5 MR SO T e
ITLRT VI ERERRENTND,

3.9 mol% CaZnEt,

A _
COOCH, Toluene COOCH,
-78°C, 96 h .
Methyl crotonate (2.02 M) (27.3% yield)

Scheme 1-3. Polymerization of methyl crotonate reported by Makimoto T. et al
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Marvel 5%, 2,2’-azobisisobutylonitrile (AIBN). & OMauryl mercaptan % B 45741 &
L CTHWTC, ethyl cinnamate & / = —H/E 1260 °CHRIHFTLOA DT U HIVEE
& @k 7x 7= (Scheme 1-4)%, 5, A & LT EAR K % 10%ILR TH7Z H DD,
RIS, R ~v—nFE, KOO FHEEICETLAERITETZLBARSH
TUNZRUY,

2,2'-azobisisobutylonitrile (0.10 g)

lauryl mercaptan (0.025 g) White powder

> (10% yield)

A 60 °C, 1 Month
COOC,H,

Ethyl cinnamate (20 g)

Scheme 1-4. Polymerization of ethyl cinnamate reported by Marvel C. S. et al

FiEo oz, TNETIBEBRT 7V L — b2 X—F v heTHT U UINVE
B, BLOYT =FVHEAOHRFNIEIH S HOD, WTHOESIZBWTHARY
~—PCRIFIFHEEFEZDBOTIHILRL, Fo, EAEOKERS LIV AERMIC
DOWNTOPMERAE S FEEL TWD LIFEWEEV, FriZ, alkyl cinnamatelZ- DU T
X, ERICET 50 FAREESMET A S M LefliE7e <. EDRIZD
WTHRHORMN LIRS, S HIT, EAEMRFBIOL AL THEMITITFETRE
RIS GFMEE LB LT THEAELZ AR TEHEICBONTHHEIES
VN,
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15 FN—F+F 277 —HEHA(GTP)

TN—TKF7 AT 7 —BHE(GTP)IL, (A &Z)7 7V v — NEDOKEEEA N
& LT, 19804EAtIZWebster 512 L - TR SNV BV JEAEDO—FETHD
20 GTPTIE, . HDHWITHEEN LIZ LIRS L THWS, Th & RIS
UNTT T REZ—V(SKA)BBRLEH L L TERI S LD 2 & DRI R ES
ETH D, WREZRGTPTIL, SKAWN(AX)T 7V L—hE /) ~—IZk L TT L
N—= B~ A T WATINBOSES 2 Z & T, BHAGHISKA & [RER et 2 Rim 2 A4
HY B THENERT S, TDO%, SHIZEDOY S THENAZ)T 7 U L—F
I LT~ A TIATINBOS 24k 0 k9 2 & T, R ROG AN E Rk
20, VEVIR)—OHENH O TN A=A L TEADEITT D
(Scheme 1-5), F£7-, GTPCIXHEMILOM, UV B VKNG L TEI S
back-biting, Wi LB LGS FE 72 fE IS E L TH LA TN D,

— AN W B AL A il & LT, tris(dimethylamino)sulfonium bifluoride7s &
Dbifluoridef A K>, MesSiF2 ., CN™ N3 72 EDRENEA Ao I ENFIT b b,
F 72, GTPITIIIIFEC ) 2 SRR CH#IT T 2V BV JESIETH L0, 15
ObNORY ~v—DnFERIZRHioTebD &R | ZD0F 'L IR
WHDERD, BT, TOXIRGTPO Y BV ZREEZFIH LT, GTPIZ 7 1
v I RY~v—, KR ~—, AF—HFR)~— T RN)~<v—HFY~<
—R EOERAELE LTHIFHINTWS,

Propagation

OR?

3
R Nosirt, o OR o OR o OR
R R?0 Z Sosir’ FZ F
SKkA . R R?0 OSiR's — 5  R20 R OSiR',
— R® R OR—> R3 R4 p—— R3 R4
)
o2 °
*H)7oIL—+

Back-biting (cyclization)

0._ _OR
o OR o
R20 2 Z osir’, R?0 n2
R3 R4 ; R® R* o
07 O0R 07 “orR 07 MR 07 "OR o
OR

ROSIR";

Scheme 1-5. General mechanism of GTP
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Z D% GTPIX Y & ZEEFRHEO M b AE A A2 IR T 572Dz bk
MM BENR SN TE T, #lz X, Hertler b 1E o 7 AMLHESNCAHET L I = A
e 72 &N A Al LTHWS Z LT 727 U L— FOGTPO SR
ar hka— L, GFEGMAORNKRY v —0DERIZEKS) L7z (Scheme 1-6)*122,
* 72, Kakuchi 513, N-(trimethylsilyl)bis(trifluoromethanesulfonyl)imide (Tf,NSiMe3)
DX D7) A A (silicon LA) % FV 2 BRI A B 4 -t c K %
GTPEAN Z B 5 70 &V BREZICHELE L 72 A REALE R TR RMICE S MEE S 1
HGTPY AT At iy S U w5 (Figure 1-7)%324,

OCH,
OSi(CH,)s
(4.71 mmol)
\ Znl, (20 mmol)
COOCAH; CH,Cl, (50 mL) g
m
Ethyl acrylate (92.2 mmol) -782°C2 3 min COOCHs

9.91 g yield
M, = 2,200 g mol!, D =1.05

Scheme 1-6. Lewis acid GTP technique by Hertler et al

OCH,

0Si(CH,);
(0.025 M)

Tf,NSiMe, (0.00125 M)

COOCH, >

Methyl methacrylate (2.0 M) HaCl, 2s
. 25°C,9h :
’ > 99 %yield

M, = 8,600 g mol!, =1.07

Scheme 1-7. Organo-catalyzed GTP technique by Kakuchi et al

Z L CORFE TR ERD X 9 v A AEEfili 2 - 7= GTPE i S BEE AT /
~—ThLHBEMRT 7V L— FOELSTFEEICK L TANREAEDI O TH S
ZEWRENTWD, WRIETIL, pEHT 7V L —h&2¥—% v & L7EGTPE
BHATICE L CHAT 5,

11
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1.6 BE#T 7 U L— h~DGTPHEFHHI

L, Utebld, Hgh, CdL7: E DR/ A ARl 2 v, SKABHIGA],
St LCa b Y TR T AL EW E AW IZGTPIZ B W T &5
alkyl crotonate ® /& 5y 1~ EALIZ % Eh L 72 (Scheme 1-8)*26, = MEE, —10°C L\ H K
TAME T T, B0+ B(Ma) 380,000 g mol ! & #3 2 % poly(ethyl crotonate) 73 5
5. FTORY ~w—DONERAIMEIZC oA X I T 407 ) v FTHDH I L
NIRRENTZ, LML S, Ute b DGTPY AT ATHERE B M %2 AT
WD AT, BRERICHE L7 Bl & XS VR,

OCH,
7 No0si(C,Hy),
(2.5 mmol)
A Hgl, (1.6 mmol)
C,H;Sil (7.5 mmol
COOCH; Gt ) COOC,H;
Ethyl crotonate (1.00 mol) CH,CI, 98 %yield

- [«
10°C, 48 h M, = 84,000 g mol!, D = 1.45

Scheme 1-8. GTP of alkyl crotonate using Hgl: or CdIz by Ute et al

—J7. Takenaka® 13 FFiKakuchi & OBREEIE U 7o MR EEME A1 701 Adiii 2 X
% GTPH 7 % #& ~ alkyl crotonate® B 4123 [ L 7227, Takenaka % Malkyl crotonate
A=y NI DRI AR A X 2 GTPTIL. SKABHAAHAI &
THNSiIMes, & 721LCeFsCHTE & SKA & O i B AT 2 silicon LA 2 F
TEY ., —40°CL W\ KRS T T, BOEY 7 E(Ma) £350,000 g mol ' %
Z_ 5 poly(ethyl crotonate) 315 541 TV 5,

OCH;
OSi(CH,);
0.5 mmol
X ( )
Tf,NSiMe; (0.05 mmol
COOC,H; 2 3( )‘ COOC,H;
Ethyl crotonate (50 mmol) CH,CI, (25 mL) 68 %yield
-40°C, 24 h M, = 13,800 g mol™', p=1.14
OCH,
= OSi(CH,);
0.5 mmol
X ( )
C¢F5sCHTf, (0.1 mmol
COOC,H; sFsCHTE | ) COOC,H;
Ethyl crotonate (200 mmol) CH,CI, (25 mL) 86 %yield
-40 °C, 14 days M, = 59,300 g mol™, b =1.32

Scheme 1-9. Organo-catalyzed GTP of alkyl crotonate by Takenaka et al

12
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FRGTPEAEDH T | Takenaka © dalkyl crotonate s & — /47~ b~ & 3% 58
FRVEABE ) T X D GTPELINIZ, BRE~DAM /NS AT 4T T
4 EBE LTSS, 2 OBEMERROND, L LERD, RN ESE
179 720121%, EBEILRUGEZIHET 2 72012, ROSTRE & TEANIXFER A EE L
WRBMEIE SR CTEHE L 72 AU B 7o, 727 VLV & LT 72t
EREIELH-0OIC, L0 En R TE L5402 RS il bauni
E. HIFGBIZBWTEL ORFORMAH 72, 52, WTFhoHEIck
WThH, BEHRT 7 U L— K & LTI, crotonic monomerd Zx% % —77 > k& LT
BY ., EEEHEGEHIZOWTHREAHOEH 132\, Lizdi-> T, crotonic
monomerIANDBE#LT 7 ) L— b / ~—& LT, Iz iXcinnamic monomer~
bIRE A AR S, L0 R EAEN~CILRA DS Z ik, &
ARSI ORBIZFES T HEERTHERTE,

13



1.7 AHZEOBH

AT, A A~ AHKROEHELEMEE ) ~—Ths p EET 7 U L—Fh
(2 LT, BREGICALRE L 7o R E Ay R K 5 GTP Hilrz i L. &
hRIPEEHMOBRE, K OESEENA A _X—2AK Y ~— & L TOIMEifE %
R E2HEMET D, BRMIZIE, Figure 1-7 IZ/R T X 912, LEMITITE
BLSEE U WBMEIR S COEA R ORI L 2 @R R EA MRS, pE
BT 7V L — b RV ~—IZHAEDOT X I T 4T 4 v ZSIRBHAIERR Y ~—
MM 52 BT, S5, INETHEOVRF SN TI eano7z B E#
727 U L— kT&® % cinnamic monomer ~@ KB i &P OYER, = LT GTP @
Ve TEARMEEN L B ERT 7 U L— FORELS VAT AR E B
15,

[E2BEAA DX LA - EERESFOEN
KANZALBEATIESNSMBERIC,
BEEMOEN. anFRIbeiRs

\Ig\o,sm'x x

a "3

X (RISKA) a
Catalyst COOR

[BAEREEMT RS FRIBEGTPE S 1/ KRBT IR [B5E]IGTPOVUEIREEEN UEHESS AT LHR
HTAHE /T —DOAMESHIFDR0N %I/ N —BEREHE,. HESNSZIRET

Figure 1-7. Contents of this study

AL FEIC 4 DOBEHETHER SN WD, F2E 7o b BE /) ~—D
R AR Tk X 5 GTP ICBIT 2 EA A = X LW TiX, EAD
FUGIZOWTRIGEEET VAR L, A D= X LR AT, £ L
T, FoHmAN G, silicon LA fiilit, K& OF SKA BHiGAID > U VEHIL DT
BRNREZTEHT 5 2 & T, FIERSZf L EARE 2 =R E T8
HZ LI LT, SHICHEAFRFORELIZL > THTFEN 10 TEB 2 55
NTERPELNDEAREER LN L,

8 3 DRI Ay A L5 GTP TR L7 a b Ui Y ~—IC
BT TFETT 4T 4 EEWIRE] TIX, BEASMELAERKTHRY
YDV VVFRTT 4T 4 OHBEMEEFI LN LT, S5, BEIT Y
Vb= RY~w—=DVL o TFZTT 42T 4 PRI RE BT D Z
BB MM LT,
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71k EEE / ~ —(crotonic monomer), M ONE DT AT UK Z G T ER T,
A2 7 D NEEROZE OFER & A AEOBIRICH 23, o, B — I LR
MO BALIC A FAIEF L TBY . Z0 BALEMIEOSILET, &5 VIEE T
FIKZ & - T\ 2,2"-azobisisobutyronitrile (AIBN)<*EEE{L-~2 V' A L7g EAHW 5
WO T N NEEES, TARAY F U L, Grignardik i (152 HAH 72
T =ACESETIE. o rEEPARER A E LTI b Tng!,

Takenaka ® O &2 K > T, N-(trimethylsilyl)bis(trifluoromethanesulfonyl)imide
(TENSIMes)72 ED Y 2 )b A A (silicon LA) % HEsRFLM: A1y 1t & L
THUW, 1-trimethylsiloxyl-1-methoxy-2-methyl-1-propene (M*SKA)% B 4A4 & L C
fifi 3~ 5 GTPO k ~ 72alkyl crotonate D EAIC AN TH H Z E M I8, Z
DFRBIRERIEATE T AT X 5 GTPIX A E R &R Z VW RTEREIC D
B LIZEHAETHY . LEMM LW BLETHEREVIM,

L L7 6, Takenaka > ORI T D EASRMIL, GTPY BV 7 KN ES
59~ B back-biting s Jis, Wi DERALIGE & DRSS E BT D72 DI,
IR F(FE L <140 °CUL F) CEMi SN TWH 1215, Z o X 9 7R 50
PVELTLESIL. TENREE 0 R 2EE LEEE., ErRHlREE b
BT ZENRZNWBT L XBC, GTPOAETH U BV IREICHED ST, 1<
DINDT —ATITEADERPTEIELTLEY, FUSRTICEL ORMEEE /
V=S TLEI LWV o LiENAZ T NS, fRELT, BoNDHRY
~—ILEEREE BT AT TEEA LTS EIEE 0 E,

FIGHETT VAR T 5 2 L1, LIEULIESRHSTENCT 4 —P T
NREEV AT LAEZRBT 59 2T, AIRARERVED, T72bb, Kb
HWEET VL, BEAERICBIT2FRICEZEENCHI L, KIS A =X AT
THHAITEAS VAT 2OE(LICET 2 AERRERE G2 T<ND,

ARETIL, Fix YT XU LEE AT Ssilicon LA (TR2NSiR1R2R3) % i#
SRERPEATHE Sy TR, ROV T o U LT R 2 — L (RIRRIGR A& BRI & LT
HWIZGTPIZB W T, &/ ~ B, RIS, B I MEILRIGEZRE LIZX
JSREET NV OME G Lz, £, K U VEBE OSSR RO ZE %+
FEL, BEAY AT LAOREGIZE Y MEAT,
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22 FEREEBE

2.2.1 Silicon LA %V 7= crotonate @ GTP

Figure 2-1 (2. silicon LA % &5 7l & L TH /= corotonate @ GTP (23
W, Takenka HIZ L > TIRESNIZEGA D =A L% T 8, Takenaka 52 &
He HELIEME LT, £/ ~—Msilicon LA i ICE N T2 2 & T, £/~ —
MEMAL &3 active species (activated monomer) 23R 5, iV T, ARk L7z
active species 23BHAA A, & 2V EBHAAH & FIER 2 EZ RKmICAE T U B 7R
Ve—¢ ST 52 8T, MERISHEZ Y, 2L [FEFC silicon LA fifigtix Y
J—23NbH, ZOTBERAZHEYIETZ LT, VEV IR v—FHOTn
<o ARWFIEITHINT DGR EET /LiE, Takenaka HIZ K> CTHRBE SN/ ZOE
BAN = XL Z TS 5 — 5, silicon LA fillt & £/ ~—ROES/ICET 5
FLWEES, KOEAPICE Z 245 LG ZF MR & LB L TR LT,

(o]
Crotonate \/\(

OR

of monomer TN
©
@
Tf,NSiMe; SiMe;
(o)
Silicon LA W Activated
OR monomer
OMe
4 .
Initiation and \H\O&Mecg
Propagation reaction
or
CH; CH; OR CH; OR
4 :
5 OSiMe, OSiMe,

COOR \/

Figure 2-1. Plausible propagation pathway for the GTP of a crotonate using a
silicon LA. (Reproduced from Takenaka and Abe®)
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222 RIGRBOEE

silicon LA fiftfif & L T THNSiMes, BAAAH & LT MISKA % vy, —40 °C &4
T, ethyl crotonate (EC)DEA %1T-72, ZOFE, £/ ~—., B#AA, silicon LA
fE DB A AT 5720, BSRDREZTE 2 T Lc, EASRMFL BIZ
E ) v —i bR L EAYMORET OE )~ —IHEEE (vapp) Z Table 2-1 [Z7R7,

Table 2-1. GTP of EC using Tf2NSiMes/ M3SKA at —40 °C?

Entry [ECloe [“SSKA], [Tf.NSiMes], Time Conv.b M, pe Vapp'
M M M h % g mol Mw/ My mol Lt h?
1 2.0 0.0050 0.0050 8 11.0 10,000 1.17 0.0275
2 24 27.2 28,300 1.14
3 72 535 52,800 1.29
4 168 54.8 58,300 1.32
5 2.0 0.0100 0.0050 8 18.1 12,000 1.16 0.0453
6 24 47.5 33,300 114
7 72 83.2 58,200 1.27
8 168 83.5 59,000 1.26
9 2.0 0.0200 0.0050 3 17.9 4,100 1.20 0.1195
10 7 40.6 11,100 117
11 16 89.1 27,300 117
12 24 100.0 31,500 1.14
13 48 99.9 31,400 1.14
14 72 100.0 30,700 1.16
15 15 0.0050 0.0050 8 17.0 11,600 1.16 0.0319
16 24 39.9 37,400 111
17 72 65.1 65,000 1.25
18 168 64.6 60,400 1.28
19 1.0 0.0050 0.0050 4 15.9 6,800 1.21 0.0398
20 8 26.7 15,300 1.18
21 24 63.2 40,100 1.18
22 72 75.6 52,300 1.26
23 1.0 0.0025 0.0025 24 23.2 24,800 1.16 0.0097
24 72 443 46,900 1.28
25 168 46.5 48,800 1.34
26 1.0 0.0025 0.0100 6 185 20,400 117 0.0308
27 12 30.9 34,500 1.18
28 24 43.3 47,400 131
29 72 46.3 52,300 1.36
30 168 46.3 53,700 1.34
31 1.0 0.0025 0.0400 3 24.6 28,600 1.19 0.0820
32 6 38.2 47,200 1.19
33 24 46.6 57,000 1.33
34 72 52.3 58,300 1.41
35 168 47.6 57,100 131

aperformed on an aluminum block in an argon atmosphere. CH2Cl2 was used as the reaction solvent.

bMonomer conversion was calculated from the sum of the weights of the hexane-insoluble and hexane-soluble parts.
°Number-averaged molecular weight (Mn) and dispersity (P) were determined using conventional GPC against PSt
standards in CHCla.

dApparent rate of monomer consumption during an initial period (vapp) Was calculated using the first data point for each

condition.

21



CRE

BAAA. £/ ~—. silicon LA fIEDOIREICEIT 2 SOSREAMET D720,
ZNENDRESTIZHONTOHIHIREMSESKAL), [EClo. [THNSiMes]o (295 vapp
® double-logarithmic plot Z 1TV, 1 HIFRITELZ F2hiE L7z, Figure 2-2 ([ZHFHTHE
Ra2R"T, BALAAI MESKA (ZBI L Cik, 3 DERRT — (MSSKA] = 0.0050 M;
[EC]o = 2.0, 1.5, and 1.0 M; [Tf2NSiMes]o = 0.0050 M) (entries 1, 15, and 19, Table
2-1)% W TS| L= PR O X 1% 1.04 (R =097) TH 7=, £7/-. ECE/
~—IZB L TiE, 3 SMOERT —H (M3SKA] = 0.0050 M; [EC]o =2.0, 1.5, and 1.0
M; [T2NSiMes]o = 0.0050 M) (entries 1, 15, and 19, Table 2-1) % HWTHRgl L7z
PR OB E 13-0.53 (RZ = 1.00) TH > 7=, & 5T, silicon LA iz B L T,
3 DO ERT —H ([MSSKA]y = 0.0025 M; [ECJo = 1.0 M; [Tf:NSiMes]o = 0.0025,
0.010, and 0.040 M) (entries 23, 26, and 31, Table 2-1)% FH\ > CTHE5| L 7= Bl R
X132 0.77 (R*=1.00)TH - 7=, ZDHE, ZH SMEX DMENREESITHONTDR
JERBATH Y T 5,

(a) (b) (c)
20 - . 30 - 22
24 324 o 26 1 Pad
= ’ = N T30 ; e
._%—2.8 . ,5-3.4 : ‘ S34 ] e
2’3‘2 ] . ::."3'6 1 v=-0 53x-322‘--‘ 2’3'8 1 ’
P I At Iy ) H21 o Ty=0TTx+ 000
R#=0.97 46 { & Rz=1.00
4.0 — 40 ———— 50 . . .
55 5 45 4 35 02 0 02 04 06 08 65 55 45 35
In ([M*SKA]o) [-] In ([ECo) [1] In ([TfNSiMe;]o) [-]

Figure 2-2. Double-logarithmic plots of apparent rates of monomer consumption
during an initial period (vapp) as a function of (a) initiator, (b) monomer, and (c)
silicon LA

BRLAAENCEE T DM E A3 1.04 TH D Z Lid, EAEENBHAAANRE IOV
FFE 1R THDZ EEREBL VWD, ZiUL, Figure2-1 (2735 X511, B
AL WY B 7R Y v —Rimds, E/ ~—7 silicon LA fEIZEAL LT
AT % active species [IZXF L T TR TRIG L TWH Z L2 EHRTLHHDOTH D,
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—Ji. &/ ~—1 70+ & silicon LA il 1 73+ & DIGA 6 active sepecies 73
BT DL E2FBETDHE, £/ ~—, LUsilicon LA fifififlcB L T8, BEHHE
FEIXZEN O ORSTREICH LT 1 RERDITT THLNR, KEGV AT LK
My 7em e LT, £/~ =BT 2 USRBITADHE{EE = -053)L > TH
. X 5IT silicon LA filEIZBILTH 1 LV b T/ WER\EE =
0.7 72> TWDHZ ENRETF B 5,

ZNBE /v — & silicon LA fiiIZ B9 2 w00 70 BUSTRER D FEHTRE RIZ, £/
~ — DSE AR & JE S, />0 silicon LA il 5653 2B 5 LT\ 5 Z & &R
BLTWDEBZ T, RFETIE, 20X RBGEEZHAT 572010,
Scheme 2-1 |Z/R K 572 F /¥ —1 /01 & silicon LA fit#i 1 73+ D=6 THARK
9% active species (ZXF LT, S HITE/ ~—1 7 FDEML UATEM:FE (inactive
species) N L TWDDTIZRWNEE X, TOXYEMERBREE LT,

S

RO/}:“:?C_!

':;;'Sana

L .
o * DsiMe, —

RO S0 f)-.\ OR

RO
RO @z y/
Silicon LA catalyst ~SiMe, — -
Activated monomer o
RO

(Active species) . E
Inactive species

Scheme 2-1. Proposed equilibrium between monomer and silicon LA
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2.2.3 E ./ <—/silicon LA QI)EEBFERHOZET v R

Inactive species & L C, &/ ~—2 431 & silicon LA fittlit 1 73D E5KDHE
A RRAET DL, BERHEICL AT e —TF &5 L 7=, Figure 2-3(a), &Y
Figure 2-3(b)(Z. DFT 35 (B3LYP/6-31G*)IZ L » THESE KL 21T~ T7 X 7 b
A (active species, EC/"SiMes; = 1/1), 38 X Y7 4 7 | B (inactive species, EC/*SiMes =
2/1) & ZEINEInT, Figure 2-3()IZA 5315 L 512, silicon LA D7 A FZR+
Si (la)& €/ ~—D IR =)VEEFE O(la) & DFEAIEREX 1.805 A THH7-DIC
% LT, Figure 2-3(b) Tl Z ALY T 2 /55 FEEE Si(1b)—O(1b), ¥ LT Si(1b)
—OR2b)IE. FINEI2.037A, 2078A THH 7=,

(a) (b)

Figure 2-3. Computed structures of (a) adduct A (EC/*SiMes = 1/1) and (b) adduct
B (EC/*SiMes = 2/1) at the B3LYP/6-31G* level
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OFERIT, TH7 PABLIOT X7 FBOWFIZBWNT, £/ ~—Dh)L
iﬁw&ﬁ@¥&mmmLA@ﬁffE¥i@$E¥i@ﬂ/A7% L CHH
AfEHTE DI EHDICEWEBECH A Z L 2R L TWA B LT, 7
27 bAREE, 77 FBOIFEEDS DFT SR O X &Sz, &b, 747
NBIZBITDH T A FE— M%ﬁ@ﬁ%@?&&%A B AFE—EREORE
BELDDREWZ END, 77X 7 N BIZBITAHE ) ~—IEHILOEEWNE, T4
7 FA XD B EINEEZ BT,

F7o. TE I P BIIBUJAE/ v—DE=LEADOES C(1b)=C(2b).
C(4b)=C(5b)iX 1.346 A THY ., TH 7 N AILBITLE /) ~—DE=LfERDOE
S C(la)=C(2a) 1.351 A £ v %6 <, silicon LA [ZEINL L T2V 7 U —d EC &
J<—(1.339 AL Lo TmIcEN-Tz, AT, 7427 F BIZBIF5 /LR
=NV EEDRFE=RFRE A E C3b)=0(1b), KT C(6b)=0(2b)I%, ZiLE4L 1.251 A,
1254 ATHY . ZNHIEXT X7 FAIZKIT 5 CBa)=0(1a) (1.280 A) L v H, 4 < |
ZU—@OECE/v—(1217A) L0 b bTMIEN-T-, ZNLOREERIZEET
HFERNG, )~ —IEHEDESWN, 7X 7 NA LD ST X7 FBIZEBW
THHWZ LRI T,
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2.2.4 Silicon LA % vz GTP 2B 3 & 1Kk

Table 2-1 (2R3 K 9512, BEAANIKRIT 2 7 ~—OHEA B LE DN SV
(entries 9-14, Table 2- 1)7&51“1/ T, B/ v—E&EPEPTIFELELREEE ) ~—
WEESTIRETHEANILE>TLE I T —ANL o7, E7z. alkyl crotonate
D GTP IZOWTOMEDOREFNCH D L D1, RIHEE /) ~—DF(EFCTEE
ﬂ%mbfbiotﬁﬁT®MAuanms\ﬁficﬂpfi<ﬂ6m5m
ERSIZ & » CRIICR#EE 28T 2R U ~—fiz, Ve 7R <~ —Kifk
DOFEIERIZ K > THEKT DV =T RBEORY ~— L RIFFICHER I N TN D 8,
ZORERNL, HAERF T N LA AR L, TN EKRTY BT
R ~—n78 hAEINKIELTWDHZ ENEZHND,

ABFFE Tl methyl crotonate (MC)? GTP THufS L 72 KUt iR © MALDI-TOF-MS
T EERE L. EIERISED A = XM HOWTEEMICHAE L, EAERIT
ERRE X OFRBEROBI 2R T 5720, BGANCRT 5/ ~— DA
HIEE AR D U, F 7oA LRSS 5 L 9 Iy @i S 20 °C T
L7, Figure 2-4(a)lZHif5F L7 SSIRAG Y D MALDI-TOF-MS 74T R4,
MALDI-TOF-MS A7 ML Tlix, YU —XA~ED 52D~ AL F L DE—7
Ty FEBRTAZENTE, WTINE—2 2y MZEWTHL AL F DN
f@IE MC O T IS T D miz=100 THDHZ ENDH, MCOEEMTHD Z
ERFERINTE, ZFLTHM2ZMBTOoME., VU —X A X
(CH3)2[CH30C(=0)]C—(MC)n-1—CH(CH3)~HC=C(OCH3)(OSiMe3) (2 #H 4 9~ % #§ 1
REATHERI~—THLHZ ENghrolz, £z, VU —X B ORI ~— 3
1EH(CH;3)2[CH3;0C(=0)]C-(MC)i-H A L Tz, bbb, U —X A%,
VINTT TR NAMMEEERGICET OV =T RIS IR w—ThHY
VIV—=ABIEFVI—AXADVE TR Twe b ALSTRIE LY =T 7

RV~—ThdrEEXONZ, —H., AVY—ln L LTHERINTZDOIEY
—XE@‘J‘)V ToH V| Figure 2-4(b)IZ~" T &L 9 ITKRImIZERIEEZ A L T\,
Thbb, VI—XEIZY = Tﬁ)t/&f)v~@a),zm BWTERILK
JIERHEITT D 2 E TR SN EE LN, £ LT, TOHEKELTYY
—ACRVI—ADDORIv—%@BHTHZLHTET,

INBDOREENS . BALISIZ T 1 b o MHAEEY O MeOH X° Me;SiOH @ L 9
TN A=)V DEREMES TEEITL, RFTEKR LI E T L a— LR
WV =7 )R v —Rim & nT 52 LT, VB IR v —ILKRTE
Lf:c‘:»j%i bz, OF0., ZoOT I a—LVARNY =T RRY v —NEET

CHEDL LT, RHET ) ~—PNESTIREETEANMEILELTCLE I ERT
&)é EEZ LN,
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Figure 2-4. MALDI-TOF-MS analysis of the reaction mixture in the GTP of MC.
(a) MALDI-TOF-MS spectrum measured using dithranol as the matrix and CF3COONa
as the ionizing agent. The polymerization was performed at a feed ratio of
[MC]Jo/[M=SKA]o/[TH:NSiMes o = 3/1/0.03 ([MCJo = 1.7 M), in CH>Cl; at 20 °C for 24
h.

(b) Proposed scheme of termination reactions predicted from the products and
intermediates observed in the MALDI-TOF-MS spectrum.
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2.2.5 Kinetic modeling
TIVE TOMRFHE R A FIZ, silicon LA % FH\ 7= alkyl crotonate @ GTP (259"
% 3t % Scheme 2-2 (242835,

Equilibrium between monomer and LA catalyst

ky
R
M+C . M"* (active species) M : monomer
kl,/;\', I : initiator
Kk C : LA catalyst
. — 3 , M : M/C=1/1 (active species)

M*+M __ M, (inactive species)

kz/ M3 : M/C=2/1 (inactive species)

K>

PE, : linear living specie

s o ; P, :cyclic form
Initiation & Propagation PE rwiitomatet Form

kiltkp.) ) . snerate .
M*+1 PLI +C R'OH : alcohol generated in situ
L kp I k. k I : | rate constant of association (= 102 x k,,)
* A A 9 s |—] T p ( as! :
M®+ P, » PPpy1 +C 1172 Lnots . r
! il T t tant Li
- Sy ke b SO
; Inml “ rate constant of propagation
Cyclization & Alcoholysis ,
¢ | 7 I :rale constant of cyclization
mol - s

: ke - . :
PL, +C—— P, +C+R'OH
crate constant of alcoholysis

{175l WA
£s ’nm[ . \‘l

kq .. L
PI‘,l +R'OH — Pnn + R'051R3 K, K, |m| : equilibrium constant

Scheme 2-2. Elementary reactions in the GTP system of an alkyl crotonate using a
silicon LA.

The definition of the rate constants k1 and k> for the equilibrium between the monomer
and silicon LA catalyst, the rate constant ki for initiation, the rate constant k, for
propagation, the rate constant k. for cyclization, the rate constant k. for alcoholysis, and
the equilibrium constants K; and K> for the equilibrium between the monomer and

silicon LA catalyst are shown.
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Scheme 2-2 Ti, £/ ~—(M)¢& silicon LA filiE(C) DB o 2B L CTid, &
= (MYIE S H FE B H ke T silicon LA il E(C)IZBLAL L active species (M*) 734
R %o Z OO SIS O FUSHREE ERNE P ER K 2 W T /K TR LT,
AMFFE TIE, B 72258 & L CL active species (M*)IZ X BT 1 531 DF J ~—(M)
BN 25 Z & T IEMELES W OIL T L7z inactive species (Mx*)3NER%T 5 2
Bt H OFlr a8 AN L7, £ LT 2 BREH OFEIZEA L Tk, ERISDRUGH
FEER, BIOEEEREENEN kb, Ko R LT,

BRAAL G, & D VWMEHE G active species (M*)3BHAEAID). D LI1TV =
TRV TR — (P ERIETH I ETEITT S, 2R, BRIAHIIE Y
=T RV BT RY v —(PL)DOREIIHEIE DL L TR Y RIFEO a2 A9
HEEBEZONDTCD, WRISITIT D ROSHEEEERIT b TR LERIL L7,

Silicon LA fiii(C)DFFAE F COEILRISIZE L TIEL, V=72V B 7K
~ = (PR TV 3 =)V (R'OH)D AR Z > TERALBS 28 2 L, Kbl BR i
EHTHRY ~—(PORBREND, ZOROBRILIGEDO G RECEE ke &
FlLT, I AR LETVa—WROH)IE, V=772 B 7R ~—(Ph)
RIS D Z & TREM L ENTZR Y ~— PP~ B SN D, O
DIOESREER % ko &R LT, BRBAMIETIL, ki IOV TIE, BEEKIS X
DHHFICRWEREL, K =kh=10* X kL EEXRLT,
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Scheme 2-2 # 4 L2, FTICOWTOUNEER A SOUSKER(2 (s)) &2 AW
T, UTFK(Eq ()-()D X o IcERH LT,

G = —laMIIC] +52 M) = ko [MIIM] + 2 (M, ], (1)

d[g*] = —k,[M*][P*,] - (—kl[M] [C]+ 1% [M*]) + (—kz [M][M"] + ,’Z—E[Mz*]) -
ak,[M*]1[P¢,], 2

Wl = k[ [M] - M, 3)

L = —k[Mm[c] + % [M*] + kp, [M*1[P%,,], (4)

Wl = e [PL,][C] — ka[PEal[R'OH] + akey [M*][PE,,], ()
Ul = ke IPLLIC] — aky [M7][PE, ), ©)

AROM ko [PL,][C] — kalP" ][R OH]. @)

dt

ZZTald, V=72Y BRI v—POICOMERISICHT 8L LT
N U~ —(PCa) DAR R SO D SOSR BE E S DOFAXHE 2 R 25, A2 TIEL, a =0
ERE LTz, kD Xy icHansg 7 SO iR A B E T B9 fiz <
ZeTEMEND, K () DRED[M], [M*], [Mx*1Z W5 Z & T, LLTFH(Eq.
@)D L DT, K t ()DEFEDR Y v~ —~ LB I NT-F /) ~—#bFE(x (%)%
FHRETHZENTED,

x(%) = 100 (1 _ w)

[M]o

(8)
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KIZ, Mathcad ¥ 7 F 7 =7 &\ T, AdamsBDF curve-fitting fi#HT % SEhi L
720 FEMTCIX. Table 2-1 (R L= /) v —#fbLRDOERT —H LI 21—
va ik BT v — i LROFEMEN O £ AT D L DIZ, Scheme 2-2 (2
RUTCHRE N T A —H (kp kew kae Ki. BE Ky )& icii{b L 72, Figure 2-5 12,
—40 °C 4/ F T silicon LA fififi: & L C THNSiMes; &, BHAAHI & L T MSSKA %
WCHENM L7 BC O GTPIZH T 2 FERE L HBEMO 7 ¢+ v T 4V IHEREZRT,
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Conditions: [EC], / [MTS], / [TF,NSiMe;],

(a)
(b)
(c)
(d)
(e)
()

(9)
(h)

2.0M/0.0050 M /0.0050 M
2.0M/0.010 M/0.0050 M
2.0M/0.020 M/ 0.0050 M
1.5M/0.0050 M/ 0.0050 M
1.0 M /0.0050 M/ 0.0050 M
1.0 M/0.0025 M /0.0025 M
1.0M/0.0025M/0.010 M
1.0 M/0.0025 M /0.040 M

Figure 2-5. Curve-fitting calculations for the GTP of EC using M®SKA as the
initiator and Tf2NSiMes as the catalyst in CH2Cl2 at —40 °C.

The symbols represent the experimental data, and the lines represent the simulation

results. The experimental data correspond to (a) entries 1-4, (b) entries 5-8, (c) entries
9-14, (d) entries 15-18, (e) entries 19-22, (f) entries 23-25, (g) entries 2630, and (h)
entries 31-35 in Table 2-1.
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Figure 2-5 |24 H 415 X 912, AWFRIZIRW TS L 72 ROSHEEEE 7 /UL, 52
BAEREZ O E<HBTLH2HOTHY . RIHEDE /) v —»PEAFALTVDHIZHH
Do, HEMEIETHZLEZ S ESHPATEL LD TH -7, Table 2-2 (T,
AL Lo ERT A= 2 F Lo, REMRFERZT., MESICET K
S TE B (k)23 0.94 L mol ™! s7!, BRALKUSICBE T~ 2 RO B B £k (k)28 1.70 L
mol 's 1 TH -7,

Table 2-2. Estimated Kinetic parameters (kp, k¢, ka, K1, and K2) of the GTP of EC
using TH2NSiMe3/MS3SKA at —40 °C

kinetic parameter unit value
propagation kp L molts™? 0.94
cyclization ke L mols™? 1.70
alcoholysis Ka L mol?ts™? 0.01
1st equilibrium K1 L mol™* 630
2nd equilibrium K2 L mol™* 1.4
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Wiz, RERIG, LS, T a—Y 3 2B A 1EMEL = 2L ¥ —(E,.
Ee. BEWE)E M*, BEOMEREEIZIS T DR ET & 1 v —2{(AH
BLO AL)OHER et LT, TN DOHENRT XA —X BRI D702,
THNSiMe; & MSSKA % V72 EC @ GTP B A EBR &5k & 7R ES4:(—10 °C,
—20 °C., BLU-30°C)IZTFHEfi L7, Table 2-3 (k4 RIRESRETFTOE /)~
—i LA KT 5, Table 2-3 [/ RSNDH L 92, EERENEL 2DHIToN
T, ZVERWE ) v~ — LR TCEAITEIE L, BIZIEX, -10 °C TOE/
~ — AR 26% & I < (entry 14, Table 2-3). Z DO#EHR1T, HEAIRE
MEL 2B EMERISE D BEBILEN L VIET 5 Z L2 RBE LTV D,

Table 2-3. Results of EC polymerization using Tf2NSiMe3/M3SKA at various

temperatures?

Entry Temperature Time Conv.? Mn® De
°C h % g mol™? Mw/ Mn
1 =30 8 17.8 20,100 1.16
2 24 36.6 45,300 1.18
3 48 41.3 51,400 124
4 72 41.3 51,400 1.24
5 -20 25 10.9 11,900 117
6 5 184 21,200 1.18
7 10 21.7 33,200 1.23
8 24 32.6 38,900 1.32
9 72 32.3 39,100 131
10 -10 25 14.7 17,500 121
11 5 22.3 27,100 1.26
12 10 24.9 30,700 1.32
13 24 25.7 31,100 1.33
14 72 25.6 31,600 1.32

aperformed on an aluminum block in an argon atmosphere. CH,Cl, was used as the reaction solvent.
The conditions were as follows: [EC]o = 2.0 M, [M*3SKA]o = 0.0050 M, and [Tf.NSiMes]o = 0.0050 M.
®Monomer conversion was calculated from the sum of the weights of the hexane-insoluble and hexane-
soluble parts.

°Number-averaged molecular weight (M,) and dispersity (D) were determined using conventional GPC
against PSt standards in CHCls.
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WIZ, Mathcad ¥ 7 b7 =7 % V), Table 2-2 TEHJ L 7=—40 °C (28T 5 iH
JE /T A —H ZA#i 5 C AdamsBDF curve-fitting it 2 Fhiti L 7=, 723 IR E—40 °C
DIRFD I FE TE B (k-a0) % AN D Z & T, Arrhenius U2 HI - T, EE T OFFD
OGS TE B (k) L ARE T DR OTEMA L= RV —(Er) & KUK TEF(R) & fifi > T
kr = k-a0exp[(E7/R){(1/=40 °C)—~(1/T)}1 & KT Z LN T&E 5, £/, IRE-40 °C D
RE D S5 TEE(K -a0) % VN D Z & T van’t Hoff ZUZHI] - T, IR T ORF O YAl iE
B(KDIX. Kr=exp[(AH/R){(1/-40 °C)—(1/T)}\ HIn(K-40)] E KT Z LMW TE D, ZD
IKF AH 13Z O B8 DI o 2 L e —2 ka2 KT,

L7=M 5T, fi#HrClt, Table 2-3 [2EH LT=F ) v —l{L RO EBRT — & L
T2l — gl kAR vl ROFEMEN D ELAET B LI, E
FERT A=K L U THEBSDIEMEL = RV —(Ey. Ee. 3 XN E) & £ P O f
Hex o 2 V=2 W(AH, B X AH, )& ik L7z, Figure 2-6 (2, £k~ 72
JE 5544 7 C silicon LA filtiit & LT THNSiMes 2, BAAAI & LT MSESKA 2 T
Fhi L72 EC O GTP IZB T 2 EBRE L FHEEDO T 4 v T 4 » THERZ T,

D
k]
—~
o
-
-~
o
1)

100 - 100 1 100 4

80 4 80 1 80 4

-30 °C -20 °C -10 °C

60 A 60 4 60 1

40 40 4 40 -
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Figure 2-6. Curve-fitting calculations for the GTP of EC using M*SKA as the

initiator and Tf:NSiMe3s as the catalyst in CH2Cl2 at various temperatures (a:

=30 °C, b: =20 °C, c: —10 °C).

The conditions are as follows: [ECJo = 2.0 M, [M**SKA]o = 0.0050 M, and [Tf:NSiMes]o

= 0.0050 M. The symbols represent experimental data, and the lines represent

simulation results. The experimental data correspond to (a) entries 1-4, (b) entries 5-9,

and (c) entries 10—14 in Table 2-3.
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Table 2-4 (2, Fiifb L7zl NT A —X % F Llz, REMRERIT. HE
FOGIZ B B IEME AL = R L —(Ep) 28 28.6 kI mol ™!, BR{LSUGZ B9 2 ik b=
K —(E)N 378kImol ! THoT-, ZOFERIT, EARENEL RDHIToN
THREISIZRT 2 BACKIS DROSHEE EM ORI LN R E L 0D 2 & &R
LTS, ZOXHIT, RUIETHEE LTEHEET VL, EEOESZEH)IC
DONWTHBNZE > THATHZENTELHHDOTHo T,

Table 2-4. Estimated Kinetic parameters (Ep, Ec, Ea, AH1, and AH?) for the GTP of
EC using Tf2NSiMes/MS3SKA

kinetic parameter unit value
propagation Ep kImol? 28.6
cyclization Ec kImol? 37.8
alcoholysis Ea kImol™? 29.8
1st equilibrium AH: kI mol™? -14.2
2nd equilibrium AHz kI mol™? -12.2
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227 VUNLVEHBRESE

Silicon LA filtfit, 3 X OBIAEHI DO > U LV EHBIEOS R A HE T 5720, a7
silicon LA fit5(THENSIR1R2R3), 35 K Ofiiad™ 2 BALAAIRRPR3SKA) & T EC
® GTP Z % L7=, AWFZETIX. silicon LA fififit & BRIEAI DA S HE L L T,
TEHENSIEG/EPSKA, THNSi'BuMey/B™M2SKA, 3 LY THNSiPra/TPSKA %3847 L,
FLHAEVAT LIZBWTHERT A —X Zii~7=, KKRHIEB W TIL, Scheme
2-3 (R T L HiC, Tt L LT TENH % RIRRSKA LSS5 2 & T,
AT 5 silicon LA fREBE(TEHENSIRIR2R3) 2 R A STt S LU CTREA L
722 & F£72 TENSIPrs/fPSKA EERICEWTINE CTEICHW TW 2 SURNE
D CHLCL (b.p. = 39.8 °C) &L ¥ H B 23\ 1,2-dichloroethane (b.p. = 83.5 °C)%
FOSEEEEE UCTHER LS. EiRD THNSIMe;MESKA EHA S AT LB L
THENT A—F &8 U FIA L ARG 28D 72, Table 2-5 12, &S
P CFEM L 7= EC ® GTP O / v —iif{b R A3+ 5,

OMe OMe
TENH  + >=< ———>  TENSIR'R®R® 4 H
OSiR'R?R? o

Pre-catalyst R'RZR3SKA Silicon LA catalyst Methylisobutyrate

Scheme 2-3. Generation of a silicon LA catalyst in situ
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Table 2-5. Summarized data on the GTP of EC using silicon LA catalysts and

SKAs having various trialkylsilyl moieties®

Entry RIRZR3GK A THNSIR'R?R? Temperature [EClo [RIRZR3SK Ao [TENSIR'R?R?]y Time Conv.® My® b°
°C M M M h % gmol! My My
1 EBSKA TEHNSIE; 10 2.0 0.0050 0.0050 2 25.6 25,300 1.12
2 4 46.8 46,000 1.09
3 8 72.7 66,500 1.18
4 16 72.6 67,600 1.18
5 1.5 0.0050 0.0050 2 36.8 30,000 1.09
6 4 63.6 50,800 1.10
7 8 76.4 60,900 1.18
8 16 78.0 61,300 1.25
9 2.0 0.0050 0.0025 4 27.0 25,200 1.12
10 8 47.6 45,900 1.10
11 24 72.5 65,400 1.18
12 48 71.5 66,000 1.18
13 1.0 0.0025 0.0025 2 16.1 17,100 1.18
14 4 274 32,700 1.10
15 12 47.8 54,200 1.20
16 24 479 53,500 1.19
17 -40 2.0 0.0050 0.0050 8 7.8 6,800 1.31
18 24 20.0 20,400 1.20
19 72 53.0 56,300 1.13
20 168 100.0 99,800 1.23
21 =30 2.0 0.0050 0.0050 8 14.1 12,900 1.23
22 24 37.5 39,300 1.10
23 72 96.7 90,500 1.19
24 168 100.0 91,100 1.20
25 -20 2.0 0.0050 0.0050 8 23.8 23,600 1.14
26 24 68.6 64,800 1.10
27 48 100.0 94,200 1.19
28 72 100.0 93,800 1.20
29 -10 2.0 0.0050 0.0050 4 20.8 20,500 1.16
30 8 41.2 40,800 1.08
31 24 99.4 87,800 1.18
32 48 100.0 87,200 1.17
33 30 2.0 0.0050 0.0050 1 24.0 25,200 1.13
34 2 383 42,600 1.12
35 4 47.1 50,300 1.18
36 8 46.2 50,300 1.19
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37 BUM2GK A THENSiBuMe: 30 2.0 0.0050 0.0050 1 23.0 22,300 1.15
38 2 41.8 39,800 1.17
39 4 70.9 66,100 1.16
40 8 88.6 79,500 1.25
41 16 89.3 79,800 1.23
42 24 88.9 84,700 1.23
43 1.5 0.0050 0.0050 1 34.0 26,000 1.11
44 2 63.4 46,800 1.10
45 4 95.9 57,500 1.21
46 8 96.1 60,800 1.18
47 2.0 0.0050 0.0025 2 239 21,800 1.21
48 4 44.7 39,400 1.12
49 8 735 62,700 1.17
50 16 86.0 71,600 1.24
51 1.0 0.0025 0.0025 4 47.8 50,900 1.09
52 8 65.2 69,800 1.15
53 16 672 62,500 1.24
54 24 65.0 60,800 1.25
S5 0 2.0 0.0050 0.0050 8 393 40,000 1.20
56 16 69.0 70,600 1.23
57 24 100.0 72,700 1.39
58 48 100.0 82,500 1.39
59 15 2.0 0.0050 0.0050 3 36.1 35,500 1.13
60 6 673 61,800 1.15
61 12 100.0 85,700 1.23
62 24 100.0 78,400 1.23
63 375 2.0 0.0050 0.0050 1 27.8 22,700 1.35
64 2 48.4 47,400 1.13
65 4 70.7 66,900 1.20
66 8 72.0 64,700 1.22
67 PSKA THNSIPrs 40 2.0 0.0050 0.0050 2 15.0 13,200 1.25
68 4 26.1 23,300 1.21
69 8 439 37,800 1.20
70 16 72.6 57,200 1.20
71 24 86.2 63,800 1.24
72 48 97.6 67,500 1.29
73 96 100.0 69,900 1.24
74 1.5 0.0050 0.0050 4 42.8 29,400 1.15
75 8 78.2 50,800 1.13
76 24 100.0 59,800 1.15
77 48 100.0 59,200 1.16
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78 2.0 0.0050 0.0025 8 258 22,800 1.21
79 24 52.8 45,700 1.14
80 48 69.1 53,700 1.18
81 96 85.2 60,300 1.21
82 1.0 0.0025 0.0025 8 34.6 31,700 1.17
83 24 71.2 57,100 1.19
84 48 87.7 64,500 1.25
85 72 83.8 61,300 1.26
86 30 2.0 0.0050 0.0050 4 193 18,300 1.23
87 8 347 34,400 1.16
88 24 97.9 78,700 1.20
89 48 100.0 80,800 1.21
90 72 100.0 81,400 1.19
91 120 100.0 80,600 1.21
92 50 2.0 0.0050 0.0050 2 17.5 15,100 1.26
93 4 27.0 22,600 1.26
94 8 36.7 28,500 1.29
95 16 41.4 30,400 1.31
96 24 43.1 30,400 1.35
97 48 44.4 31,700 1.32
98 60 2.0 0.0050 0.0050 1 11.3 9,100 1.25
99 2 14.8 12,000 1.29
100 4 17.7 12,800 1.37
101 8 17.6 13,500 1.36
102 16 17.8 12,800 1.35

*Performed on an aluminum block in an argon atmosphere. The silicon LA catalyst was
generated via the reaction of RR?RSKA and THNTH in situ. CH2Cly was used as the
reaction solvent for entries 1-66; 1,2-dichloroethane was used as the reaction solvent
for entries 67—-102.

®Monomer conversion was calculated from the sum of weights of hexane-insoluble and
hexane-soluble parts.

“Number-averaged molecular weight (M,) and dispersity (D) were determined using
conventional GPC against PSt standards in CHCl3;. Small high-molecular-weight peaks
(>106 g/mol), attributable to polymer aggregation, were present in the case of entries
39-42, 45, 46, 48-50, 53, 54, and 88-91 (<5%); in the case of entries 60—62 (<20%);
and in the case of entries 55-58 (<30%).
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FHERE(T)ERE L, T, COMERNT A —H (kpy ke kav Ki. BIOK)ZHERE
L7z, 2B, ZOFOKEES T AT ATHKE LT T id. THNSIEG/EPSKA HEAE Y
AT ADOYA T =10 °C, TENSi‘BuMey/B™M2SKA EE T AT L DA T, =30 °C,
Z LT TENSIPry/P3SKA A AT LDOHA Tr=40°C Tho 1=,

AdamsBDF curve-fitting fi##T Cli., Table 2-5 [ZEK L= TLRESRMCTHOE /)~
— b ROERT —Z L2 —va LD/ ~—ifbROFFEMEN S
FLAET A LT, BERT A —H(kps ke ks Kiv BELOK )& Fedfll L7z,
Figure 2-7. Figure 2-8, 33 X UV Figure 2-9 (R L7277 4 v T 4 Y THERD LBV |
WTFNOEG VAT LBV THERMGERLBRSFIT LI LN TE L, £,
el U728 /X A — 4 % Table 2-6 (27”7,
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(a) [EC], = 2.0 M, [E3SKA], = 0.0050 M, [Tf,NSiEt,], = 0.0050 M
(b) [EC], = 1.5 M, [F3SKA], = 0.0050 M, [Tf,NSiEt,], = 0.0050 M
(¢) [EC],= 2.0 M, [E3SKA], = 0.0050 M, [Tf,NSIEt,], = 0.0025 M
(d) [EC],= 1.0 M, [E3SKA], = 0.0025 M, [Tf,NSiEt,], = 0.0025 M

Figure 2-7. Curve fittings for the GTP of EC using TH:2NSiEtz/*3SKA at 7r (10 °C).
The symbols represent the experimental data, and the lines represent the simulation

results. The experimental data correspond to (a) entries 14, (b) entries 5-8, (¢) entries
9-12, and (d) entries 13—16 in Table 2-5.
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(b) [ECo = 1.5 M, [BMe2SKA], = 0.0050 M, [Tf,NSi‘BuMe,], = 0.0050 M
(€) [EClo = 2.0 M, [BtMe2SKA], = 0.0050 M, [TF,NSi'BuMe,], = 0.0025 M
(d) [ECo = 1.0 M, [P™M2SKA], = 0.0025 M, [Tf,NSi'BuMe,], = 0.0025 M

Figure 2-8. Curve fittings for the GTP of EC using T2NSi‘BuMe2/B"M2SKA at T
(30 °C).

The symbols represent the experimental data, and the lines represent the simulation
results. The experimental data correspond to (a) entries 3742, (b) entries 43—46, (c)
entries 47-50, and (d) entries 51-54 in Table 2-5.
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Conditions:

(a) [EC], = 2.0 M, [F3SKA], = 0.0050 M, [TF,NSiPry], = 0.0050 M
(b) [ECl, = 1.5 M, [P3SKA], = 0.0050 M, [Tf,NSiPrs], = 0.0050 M
(¢) [ECl, = 2.0 M, [P*SKA], = 0.0050 M, [Tf,NSiPrs], = 0.0025 M
(d) [EC]o = 1.0 M, [F3SKA], = 0.0025 M, [T,NSiPry], = 0.0025 M

Figure 2-9. Curve fittings for the GTP of EC using Tf2NSi'Pr3/P=3SKA at T (40 °C).

The symbols represent the experimental data, and the lines represent the simulation

results. The experimental data correspond to (a) entries 67—73, (b) entries 74-77, (¢)
entries 7881, and (d) entries 82—85 in Table 2-5.

Table 2-6. Estimated kinetic parameters (kp, k¢, ka, K1, and K2) for the GTP of EC

using silicon LA catalysts and SKAs having various trialkylsilyl moieties at 7

THNSIEG/ESSKA  THLNSIBUMea/BMe2SKA

THNSI'Prs/PRSKA?

(Tr=10°C) (Tr=30°C) (Tr = 40 °C)
propagation kp L molts™? 4.49 6.20 1.80
cyclization ke L molts™ 1.08 0.53 0.16
alcoholysis Ka L molts™?t 0.45 0.45 0.10

1st equilibrium K1 L mol™ 130 81 71
2nd equilibrium K2 L mol™? 0.11 0.07 0.07

The parameter o was set to 0.1 in the case of TH,NSi'Prs/PPSKA.,
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~ —Hi{t 27 — ¥ (entries 1-4 and 17-36 in Table 2-5 for THNSIEt:/FPSKA, entries
37-42 and 55-66 in Table 2-5 as for THNSiI'BuMey/B™®2SK A, and entries 67—73 and
86-102 in Table 2-5 as for THENSi'Prs/TPSKA)Z{#H L C, kit & RO T 7' o —F
T L7z, Figure 2-10, Figure 2-11, 3 X O Figure 2-12 (2R L7727 4 v 7 o
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Figure 2-10. Curve fittings for the GTP of EC using TH:NSiEt:/*3SKA at various
temperatures.

The conditions are as follows: [EC]o = 2.0 M, [F®*SKA]Jo = 0.0050 M, and [T:NSiEt:]o
= 0.0050 M. The symbols represent the experimental data, and the lines represent the
simulations. The experimental data correspond to (a) entries 17-20, (b) entries 21-24,
(¢) entries 25-28, (d) entries 29-32, and (e) entries 33—36 in Table 2-5.
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Figure 2-11. Curve fittings for the GTP of EC using Tf2NSi‘BuMez/B"™M2SKA at

various temperatures.

The conditions are as follows: [ECJo = 2.0 M, [B™M2SKA], = 0.0050 M, and
[THrNSi'BuMez]o = 0.0050 M. The symbols represent the experimental data, and the
lines represent the simulation results. The experimental data correspond to (a) entries
55-58, (b) entries 59-62, and (c¢) entries 63—66 in Table 2-5.
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Figure 2-12. Curve fittings for the GTP of EC using Tf2NSi'Pr3/P3SKA at various

temperatures.

The conditions are as follows: [EC]Jo = 2.0M, [P*SKA]o = 0.0050M, and [T:NSi'Pr3]o =
0.0050M. The symbols represent the experimental data, and the lines represent the

simulation results. The experimental data correspond to (a) entries 86-91, (b) entries
92-97, and (c) entries 98—102 in Table 2-5.

Table 2-7. Estimated kinetic parameters (Ep, Ec, Ea, AH1, and AH>) for the GTP of

EC using silicon LA catalysts and SKAs having various trialkylsilyl moieties

TFNSIEts TRNSi'BuMez TfNSi'Prs
[EBSKA [1BME2S K A [P3SK AR
propagation Ep kJmol? 317 37.4 40.0
cyclization Ec kImol?! 457 69.7 168.7
alcoholysis Ea kImol?! 29.2 30.5 34.8
1st equilibrium AH: k] mol™ -13.6 -14.0 -14.7
2nd equilibrium AH2 k] mol™ -12.2 -11.6 -9.6

aThe parameter a was set to 0.1 in the case of Tf2NSi'Pra/FPSKA.
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Figure 2-13. Comparison of Ep and E. for each trialkylsilyl moiety system with
those for TH2NSiMe3/MS3SKA system.

The blue bars show the relative values of Ep, and the red bars show the relative values of
E. versus the case of THNSiMes/MSSKA.
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Scheme 3-1. GTP of EC using silicon Lewis acid catalyst and SKA initiator.
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32 REREEBE

3.2.1 Ethyl crotonate ® GTP

F9. kAR N T XA Y VEE AT S silicon LA fillilfE(THNSIR1IR2R3).
T OB AR (RIRPRSK A) % F VT ethyl crotonate (EC)D GTP % i L 7=, ABFFEIC
BOWTHRFLEMNI T AF LY LR, P AF LU LERL=R2=R3 =
Me), hU=F /L U LH(RL1=R2=R3=Et), tert-7F /LT A F /L U ILE(RL =
'Bu,R2=R3=Me). BLX U IV A V7L NLHERL=R2=R3=PNTH 5,
HAMEZ Table 3-1 [ZEHT 208, WTIhor—2CThH+40%0FEWM, >
50,000 g mol %)% 4~ % poly(ethyl creotonate) (PEC) 345 H 7=,

Table 3-1. Summarized data on the GTP of EC using silicon Lewis acid catalysts

and SKAs having various trialkylsilyl moieties, and the properties of the obtained

polymers?
Entry Initiator Catalyst Temperature Time ® Conv. Mn¢ be fd Disyndiotacticity ® Tof Tos? Tas0®
°C h % g mol™? Mw/Mn - % °C °C °C
1 MeESKA Tf2C(SiMes)CesFs —40 336 86 59,300 1.32 0.83 53 82 330 392
2 MeSKA TfNSiMes —40 168 55 58,300 1.32 0.43 61 103 327 390
3 EBSKA Tf2NSiMes —40 168 100 97,300 1.19 0.47 75 143 321 392
4 EBSKA TfNSIEts —40 168 100 99,800 1.23 0.46 85 175 349 394
5 EBSKA TFNSIEts -30 168 100 91,100 1.20 0.50 80 173 338 392
6 EBSKA THNSIEts -20 72 100 93,800 1.20 0.49 78 166 346 394
7 EBSKA TRNSIEts -10 48 100 87,200 1.17 0.52 75 161 340 392
8 EBSKA TRNSIiEts 10 16 73 67,600 1.18 0.49 69 141 334 393
9 EBSKA TRNSIiEts 30 8 46 50,300 1.19 0.42 68 127 324 393
10 (BUME2SK A TRNSi'BuMe: 0 48 100 82,500 1.39 0.55 92 201 348 395
11 (BUME2G KK A THNSi'BuMe: 30 24 89 84,700 1.23 0.48 76 151 338 394
12 SKA THN 30 120 100 80,600 1.21 0.57 72 143 354 395

aPerformed on an aluminum block in an argon atmosphere. The polymerization conditions are as follows: [EC]o = 2.0 M, [Initiator]c
= 0.005 M, [Catalyst]o = 0.005 M, except for the case of entry 1 ([EC]o = 4.0 M, [Initiator]o = 0.008 M, [Catalyst]o = 0.002 M).
The silicon Lewis acid catalysts were generated via the reaction of RIR2RSSKA and Tf2CHCeFs or Tf2NTH in situ for entries 1 and
4-12. CH2Cl2 was used as the reaction solvent.

bFor entries 1, 2, 8, 9, and 11, the polymerization times were set around the shortest time at which the polymerization stopped by a
termination reaction such as cyclization.

°Number averaged molecular weight (Mn) and dispersity (D) were determined using conventional GPC against PSt standards in
CHCls.

dInitiator efficiency: f = [molecular weight of polymer calculated by a feed ratio and conversion of monomer]/[number-average
molecular weight of polymers determined by SEC].

®Calculated by *H NMR spectroscopy (B-methyl proton resonance peaks at ~0.85 ppm corresponding to disyndiotactic regularity
were approximated using a VVoigt function).

Ty is defined as the temperature corresponding to the maximum tan J value in the DMA measurement.

9Tgs and Taso are defined as the temperatures at which the weight loss reached 5% and 50%, respectively, of the initial weight in a
nitrogen atmosphere.
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ANEL BAEAF AT 1 b o OILIEFEIIZ I\ T Voigt B HWT T 4 v 7
47T HTLTO8 ppm DV —27 Rl EOFRESFENOET L., FF
BV Y v PAZ 7T 43T 413 Table 3-1 IZit# L T B8, HifS L 7= PEC
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Figure 3-1. '"H NMR spectrum (CDCIl3, 500 MHz) of PEC (entry 1 in Table 3-1) at
room temperature.

All the peaks were assigned according to a previous report!*!>,
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ERAT D7D, THNSIEG/EPSKA BHA VAT ACBWT, SREEAEE ST
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Figure 3-2. Correlation between disyndiotacticity of PEC and polymerization
temperature.

The PECs plotted here were synthesized by GTP using **SKA as the initiator and
THNSiEt; as the silicon Lewis acid catalyst at various temperatures (—40 to 30 °C). The
data correspond to entries 4-9 in Table 3-1.
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S 512, silicon LA fiftfi, 35 1O SKA B4aHI % H D HH Sy 1-filllt GTP 1235
W, TV Y NVEBIEDOSAENEN D L oD FZ T 4 T 4 I I E TR
Z A L7, —40 °C IRJE 51T GTP % 55 L 7= Table 3-1 @ entries 2—4 (2D T
BTHDE, BONTER)~—DIPL P F X I T 4 T 1%, entry 2 (61%) <
entry 3 (75%) < entry 4 (85%) D JF¥ Tra < 72 DM 2GR S iz, Z DM,
FEAVATLATHW VY VEREO NS E S OS], 37205, entry2
(TENSiMe;MB3SKA) < entry 3 (TH:NSiMes/FBSKA) < entry 4 (THNSIEG/EPSKA) & &
BT,

INZ T, 30°C RESRMETESE %2 N L= entry 9 (THNSIEL/ESSKA)D EHA I
%t LT, entry 11 (TENSiI'BuMey/B"™M2SKA/) < entry 12 (THNSiiPrs/TPSKA)D L 9
REVDPIENV Y NVEBREZHWCES VAT LATIE, EHIVPVrIFH
TT AT ANELRD T EPER SN, TNHDRERNE, VEV IR
~— ORI D v U VERED | MRS OEBREBIZBWT, EHON
HRHRAMEZRET D OIS EL TWD I ENRR I, T7hbb, T
Figure 3-3 (2779 2 912, silicon LA fitfif, 35 X OBRIAHID > U L EHLEL O K
MR 5T, 2 00KBIFEAIIFECMNZ, Yo xT ez ) T — MIBALATF
WV ERGHINZI T 2 OB FE LW EB 2 bz,

_ _ 1

H R Me H H R Me

EtO =’ D -

— > Q—T—G—T—Q—T—G

H = = = =

H X Me H A R Me H H

Lewis acid ---O/ OEt
catalyst e = erythro
_ - t=threo

Si = trialkylsilyl R = COOEt

Figure 3-3. Newman projection of the preferred intermediate structure in the GTP

of EC using silicon Lewis acid catalyst
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322 WRABRIVUTVXEIT 4VT 4 EHT S PEC OEWIRHE

& 5472 PEC ® DMA, K ONTGA HIEZ1T-> T, BiReEE LT, 7 Rifig
BRI (Ty). 3B E OB IRE (Tas. Taso) WA L72, Tow Tus. Taso HUERG R I,
Table 3-1 |[Z#H 7=, 7ok, AWFFEIZHE W TIE, REERBENEDSC)IZIBUVT
W T AR K D ARERBGE Y 7 N DIHER S R o 72D T T, 1% DMA HIE T
Dtand NERERD EEDIREL LT -7, Table3-11ZA 55 L 9HIT, W
THODOPEC & Ty 1£80°C ZHZX DA RL, [F L=AT M ZFFD a EHRT
7 ) L— hAR Y ~—"T& % poly(ethyl methacrylate)® T, (64 °C) LV & mVMETH
S 2O X ) RFERIX. PEC 28 afif & BALOW FIZFIN T AT )L E
B, AFNVEZFELTEY, FHOMEMERmS R Z EIZERLTWDS &
EZz b,

WIZ, PEC DY VFE T 42T 4 & T, DBARME A4 L7, Figure 3-4
2. oYy A2 7T v 7 U wF 7 PEC (entries 1-12, Table 3-1)D 2
VUVHEE T T AT 4K LT, T, OEE T ey b LIERERERT,

250 1

200 1 slope = 3.1 °C/% P
— 150 1 @g?c
O
s o
=~ 100 | g

(o]
50 |
0 ' ' . . ,
0 20 40 60 80 100

Disyndiotacticity [%]

Figure 3-4. Correlation between 7 and disyndiotacticity in PEC.
The data correspond to entries 1-12 in Table 3-1. The dotted line is the fit of the data

using a linear approximation.
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Figure 3-4 OO KO0, PV UA X 7T 4 T 4 EmL IR DIToN
T, Te D3 E L IR DA DR S, PEC ORI Y v oA X 7T 0T
WICRELSEBEELZITHZ ENRE ST, Figure3-4 128\ T, vy b7 —
2 LC 1L ROIEPEREZRGI L2 2 A, ZTOMEXI1E3.1°C/%THY ., 21
aimcm////ﬁ&&74/&m & T EOBARMELZ RTETH D,
PMMA ICBHT DB EDRETIX, TDOL U PFHZ T T 4 v 7555 0r b U T R)
E Ty DBURMENTEH SN T, Vo VA XTI T 4 v 75470 O Teh B
0.9 °C/%& PEC IZHEE L/NE WD ThH 72 20, Z OFEW T, SRR ERIC
ERTHHDEEZ BN, T72bb, PECOX 72 BEWT 7Y L— KRV
~—IXEOEHFRICBWTE/ v—2=y N Y470 2 DORFRFEFLEH
LTWHZEnH, PMMAD X )o@ 7 ) L— MR U v— L0 HEEEHIC
R ~—DMNEZEFHIETEL LD EEX LN, T DX D RS e
X, FERE LT, AU ~>—HOHAWRBES 2L L TR Y ~—8H COMA
ERZEIR, K& 72 Ty BIZO7RN o720 T2 Bz b,

—J7. PEC @ Tus, Taso DfEIZ. £ILZEH 321~354 °C, 390~395 °C DHi[HIZ

Y, VYV ALTT AT AL LDRBICHEY Mo GTP TIH
FRIZA R L2 PMMA @ Tas. Taso (304 °C, 385°C)L Y bV MEZ R LT 2,
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3.2.3 PEC 7 4V ADRICTEMSES 2

I E WS Y A B T T 4T 4 AT H PECIZBWT, AU ~v—8#{0D
KA B OGRETET D720, ARV IFE I T 4T 420 T
% PEC (entries 1,2, 5, and 10, Table 3-1)Z FHWNTE T L 2 7 ¢ L A Z BB LI
SEMEER 2R A B LT-, 723, B\ L 2T 220 °C IRESAE T T, 20 MPa O£/
Z 1T D 2 & THE L=, Table3-2 I/ERR L7=ET L AT 1 )L ADJEI
LGSR & LT, AERNBIRER(T) . B & A R (Haze)DAE % 773, Table 3-2
IZBWT, &2TOY 7T 90%LL EDENARFIBREH L, 4%LL T O )
A ZfEZRLTEBY . 251X PMMA & RISEOBAMEEZHFT D Z & 23
WT&E2,

Table 3-2. Prepared hot-pressed films for polarizing optical micrograph?

Entry Disyndiotacticity Thickness TP Haze ®
% um % %
1 53 120 93.0 2.1
2 61 150 93.1 35
5 80 200 92.5 2.7
10 92 200 92.6 19

4PEC film samples were prepared with a hot-press method at 220 °C and 20 MPa
for 1 min.

PMeasured with a Shimadzu UV-3600 UV—vis spectrometer equipped with a
Shimadzu MPC-3100 haze measurement unit at room temperature in air.
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Figure 3-5 (ZHkAx P VA X2 VT 4T 4 T HPECH Y NS LR
o IV I DI B EEBI A R 4 7”97, Figure 3-5(a). 1 X (" Figure 3-5(b)I. ~
VUV F R T T 4 T 4 BHERRYE Y PEC (entry 1 in Table 3-1: 53% and entry 2
in Table 3-1: 61%) CIERK L7271V Th L0, TR ST E A EHERIN
Rinol, —h. VY TUAE T T 4T 4 BEEIIE Y PEC (entry 5 in Table
3-1: 80% and entry 10 in Table 3-1: 92%) C/ERk L 729 > 77 /L DB £ B (Figure
3-5(c). Figure 3-5(d)) ClE, #EITICH KT 2 TFHBANPfEICBHI ST, Z0
FERIX, PECIZBWTEWI Y Y IUF X I T 4 7 4 13RAIN2 R Y < —#Ho
RSN ZREST D Z L 2R TO/ETHL EBE BN,

Figure 3-5. Polarizing optical micrographs of PEC film samples prepared by a
hot-press method at 220 °C and 20 MPa for 1 min; (a) entry 1, (b) entry 2, (c) entry
5, and (d) entry 10 in Table 3-1.

The observations were conducted with a crossed polarizer and a sensitive color plate

(530 nm phase difference) at room temperature.
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324 PEC 7 4)VA®D X BEIVTER
512, PEC O&R Y ~—HOHAMESNZBET 2 ® &2 IS 3 5729, PEC
DEIEF v 2 b7 4 0 5% VT X BREHTFER(CuKa, L = 0.154 nm) & FEii L 72,
XBEHTTIX A R OFZ T 42T 4 T 5 PEC (entries 1, 2, 5, and

10 in Table 3-1)Z L CIHEEF v+ A M L72b D, I HIZENLE 220°C &K T1
RE L B LSO 7 =— VU v 7Bz a L7cb oz 7 e LT L7z,
Figure 3-6 (2. #Ffi L 7= PEC @ X #REr/ % — > &g,

(a)

Intensity [a.u.]

(c)

Intensity [a.u.]

entry 1
220°C,5h
-/ N 220°C,1h
10 20 30 40 50 60
26 [7]
v entry 5
Yiv
X 220°C,5h
v
A
Vi
A 220°C,1h
A 0°C
10 20 30 40 50 60
20[°]

(b)

Intensity [a.u.]

(d)

Intensity [a.u.]

i

entry 2
/\/&Cvsr‘
"\ 220°C,1h

N\

10 20 30 40 50 60

28]
entry 10
LA 220°C, 5 h
v
1
A
¥/ 220°C, 1h
\\ﬁ,/—"~w‘_\\\‘\_‘77
10 20 30 40 50 60
20[°]

Figure 3-6. X-ray diffraction patterns of the cast films of PECs with various

disyndiotacticities; (a) entry 1, (b) entry 2, (c) entry 5, and (d) entry 10 in Table 3-1.

The cast films were prepared by dissolving the obtained polymer (0.1 g) in
CHCIl5/(CF3)2CHOH (5:2 vol/vol, 0.5 mL). The solvent was allowed to evaporate at

room temperature for 1 week to yield a film, which was finally dried under vacuum for

it

several days at room temperature. The blue lines indicate the X-ray diffraction patterns

of non-annealed films, and green and red lines indicate the X-ray diffraction patterns of

annealed films at 220 °C for 1 h and 5 h, respectively. The data were recorded at room

temperature using nickel-filtered CuKa radiation (A = 0.154 nm, 45 kV, 300 mA) in the

20 range 5-60° at a scanning speed of 5.0° min .
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Figures 3-6 [CA L0 L HIC, WTFNhOTr—ATHLT =— 1 7 RIEBL DY
VT 20 =10~12°8 L OV 2030012 7 €V 7 7 AFH D N1 — 7 [al i &
— U ERTORTH TN, 220°C 7T =— Y 7B Z 9 2 & T 7V
TOENWNAE LTz, 220°C TS 7T =—V > ZFALEL A L 7= e oy
YA H T 4T 4 2 H 9 % PEC (entry 5 in Table 3-1: 80% and entry 10 in
Table 3-1: 92%) Ti%, 20=11.5~11.6°ICEH 72— 7 2 G35 L [[FFIZ, 20=6.0
~6.2°, 10.5~10.8°, 12.4~12.6°IZH /=72 =7 BNHBL L71=, 20=11.5~11.6°,
6.0~6.2°, 10.5~10.8°, B LN 124~12.6°1F. TNLN 7.6~77TA, 145A, 82
~84 A, 7.1 A @ d-spacing IZFHS T HEFTTH L, —FH, VT AFEIT 4
T 4 DI PEC (entry 1 in Table 3-1: 53% and entry 2 in Table 3-1: 61%)
1%, 220°C TSKHT7T =— U 7 A L ThH, 20=10.7°FB LT 200D/ 12—
E— 7 LR SN o Tz, THHORERIT, Bl U7 RG22 R
ERERIC, MW VAT T o T INEBL LT L ZFIZ, PEC AR Y ~—8H
DHRAIRICESI L D D Z L 2R L TWb EBE X LT,

fEmibA Y 277 4 7 PMMA O X fREIPT/NZ — il RS S B0 .,
105A, 6.2A, 5.3 A @ d-spacing (ZFHYSF 5 20=18.4°, 14.2°, 16.8°|Z L
WEHTE—27 38, 2O L2784 VX7 T 4 v 7 PMMA IZFHCERETHZ L
TAT VLA T Ly 7 RAEFEMTH I ENRHI ST D 220 RIF5EIcs i
LEWNTC TV F BT T 4T 4 AT H PEC O XMREHTASZ — 0%, Kb
AVETT 47 PMMA LRIITMEZZDT IR 00, [FEkZREPrEE
AR e, DUV Z T 4y PECHOHCERLAT LA T
Ly 7 2T 252 & TRY ~—8HOMHAEFEHZRO TWD Z &R I I
72,

ZO X, FLBMERLE. KO X BET Y — O RITwTab v
YVOAL T T 4y 7 PECA Y v —HOBAIN RIS Z SR LTz, SHI2, YV
YOFETT 4T 4 B IR HICONTRAZRESIM ET 52 L, E,
DX RBAN BN, BB Ko TRES N D Z LRI ST,
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3.3 fEom

ATl EC OA R GTP (28T, BALAHAIF X O silicon LA filfiEo <
UNVEBESCEASM EZILIED LT, ARV ETIT 4T 4
EETAHRIw—DHGonbZ e E AN L, £/, PEC OV IF X I T
4T AIFRY) v —DOBWFHETH D T T AEBIRIE IR AL 52 TEBY
ZOHREFTaBERT 7V L —F R ~—X D HEREVEDTHDLZ EEH LN
IZ L7z, BRI, R%EWVWI BN U H T T 4T 4 HHT D PEC (O
TiX, 201 °C OEWH FZ AEBIRELZ AT HR I ~v—ThHoHZ &2 A LT,
ZL T, BEHBT 7V L —F RY)~—THDPECIZBWC, ZDXHINRHFIT
4T 4L Ty OB, Py v PA X 7T 40T 4 O ERNRAI 2R Y
~—HOESNEEE LR THD 2 L&, RCHEMBEEZES X R R %
BRft4-2% = & CHAfEIZ L=,

FThbb, BEMHRT 7V L— FRETORELEEISER LR Y ~—8
B MRS L COBBEREIC e N S ARt 2 B L7,
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A

41 WS

7 A JZlEE / ~— (cinnamic monomer)iZ. Citrus bigaradia?®> %3 X OV 6 D
K=o Populus balsamiferan> & OFHH, > T MORSr & U CTRE DRED )N B
T2 2 N TE AWM TH O . NEMEY OBMEMILEE 2 5T M 7 =
=R GTThHDH ) T = OBSIRIZE > THFHEINHILAEMTH D3,
IS DALEMITHRRER 72 i e LT, e, B— AEIRI I VIR = VO BALIZ T A R IE
BEAFTHZ RTINS, 207, RE—IRFE _EEABTOHRTD
MMEAEZFEBTHZ N TEX, AU ~v—F8HE L TRMRSE - RAEHK
ERL, IS LTHBREINLAFT U L—ME HDEWVIEIZ AT VIENLZA
WA TR SN R~ —RERT L2 & D, ZOXIRARY ~v—hkid
. RUZF LIPS & T 7 U ARG DM 7 DR 2 Hedafi 2 7o mtERe. 230
ZRERETR N, A R—=ZARY = — L LTCOJSHNHGETE 5, SHIZ, ZnbHo
WU ~—1E, ofii, BRUOBMOMBEBHILICH KT 027 T 1 07 1 DRE
T, mNEREmAIM: & W o T fTIMEE G35 LB 6D,

LALR 6, BAICHLE T 5 A EFBEEBA O RES B LR &
A LT3 FRIRIZIAN 5B DOIERTELD 72D IZ, cinnamic monomer D 23
RAPINEASICET 2 HEFIT Z N E TIIZ & A L7204 12) Sapiro 51, 125 °C,
4,000 atm & V> 9 @8 ES 72 G & S T T Dethyl cinnamate D A 2 #Hi5 LTV 5
. BEOMFRIRERN D58 5% IR THLNTDOHRTH Y | EEY O3 7S
DFREEICEET 2 F IR S TuZevy, £z, Marvel 513, alkyl cinnamate
% FEZ, 2,2" -azobisisobutyronitrile (AIBN)%Z 7 < 4 /VEEBIGEAI & L CTHWT,
127H &0 D REIFOES 21T o 1ot R. BEmROERD1310% & W 5 KUY
RTCHELNLZEEZHELTWVWD, ZNUHOEEFIEITIENRNTHY | KB
—RFB_HEMEWGOHLTEHEPETL TS Z LICEH L THEEI N TV
Mo Tz, ANZ T, cinnamic monomer/» H AR S H AR Y = —IZ D\ T, £ DYk
M S RO SR HD TR D,

T, Terao b3, FELEAFEOMRZL LT, @Ml v 7o
TIVES., R BEIT 2 HVEES(ATRP), Al EAH IR S B (RAFT) A .
= b ¥ FEEA(NMP) 2 & ORSEEATEIC X 5 cinnamic monomer & 7 7
UAFEA FILRAF LU EDOE = VE ) ~— L OLELSHZH 5 L B L
L7 5, HEAMA~D cinnamic monomer === ks ME AKX, 15~40 mol%
DHIH T o7 led, HBondEmFMEHI T A KRR ER Y ~—ITHIfF S 1
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5 XD WA R TR REME IR W E E 2 b, LYo T, cinnamic monomer
DENRILEMEES S AT LAOBRBENEIRKRD SN D,

Cinnamic monomer & [FIERIZ. crotonic monomer 1. B NAZIZ A F LV E % FFD o,p-
REAFOH VIR =LA T 572D AIBN RCimfs b~ A L% v 5 iy B
2T VHIVEEES, TAF U F 7 AR Grignard R &l 92 AR 2 7
=F CEAETIEIES FEEPRNERE /) ~—L LTEISHMBATWDN, K
Tl o> T, IN—T 7 A7 7 —EHAH(CTP)RX/VA A « WEE~T N5
HAEZEH LTHERN O STn s 118 Ute 51, Hgl<° Cdl 72 &
DBJENVA AW il L, S— MU T AT T oaghfiifits LT
T, #Ex 72 alkyl crotonate & % —/%" v k& L7z GTP EABIZ#A Lz 172
Chen 5, /LA At & LT N-heterocycliccarbene ZfEH L. /LA AfgL LTT
N =T LB DHWIEER T FELA YA V7= methyl crotonate D EA Y AT HITO
WTCHRE L2 22, X 5T, Takenaka © (% . Kakuchi & 23BH ¥ L 7=
N-(trimethylsilyl)bis(trifluoromethanesulfonyl)imide (Tf,NSiMe3) % filtii: & 3~ 5 1%
Fefil il GTP 3 A 7 L3 4 @ alkyl crotonate DEAIZE L7-EAETHDHZ L&
FREL 72 2428, Z 0 Takenaka & O pkEhf % JSH L. crotonic monoer &[] U < #
FEAME ) ~—Td 5 cinnamic monomer |Z%F LT, AEREEZ —UIHWT R
BRI b s U7 AR GTP O Al REME AR D = S I E R,

ARETIX, AHERAEE GTP > 27 A% alkyl cinnamate, 3 X OVF DOFFEMK|C
WA L. BOEYSFE (M) A3 18,100 g mol ! DRERY ~—%2 AT 5 Z LI
BRI L= BN ARY =—IZ20W Tk, NMROHT, BL O~ Y v 7 22
U — B A A AR TR RIS &5 AT (MALDI-TOF-MS) % i, & 5124
U I — B AL 2 IS U CHLE B XBEMT 2179 2 & T, i, BX
ONLARHHIMEZ B DS T 5 2 & et Lz, A T, BAEESHT(TGA). By
M HT(DMA) Z it L. AU ~ — OB DA £ MFt LTz,
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421 FEFRMAERESF GTPIZ X 5 alkyl cinnamate 38 X OV ZF OFHE KO ES
F£ 7, alkyl cinnamate, ¥ X NZEN D OFEIRD GTP %4k~ 7R @RS 1
il B D7 T T 1-trimethylsiloxyl-1-methoxy-2-methyl-1-propene (M&SKA) % Bf 44

Kl UTEMR L7-, Tabled-1 |ZFEEE2ELT 5,

Table 4-1. GTP of cinnamates and their derivatives with M&3SKA in the presence of
various organic acid catalysts®?

Entry Monomer Initiator ~ Catalyst CH.Cl; Temp Time Polymer yield ~ My° B°
(mmol) (mmol) (mL) (°C) (day) (%) (@mol™®)  (Mw/My)
1 Methyl cinnamate 0.26 TfNSiMes 0.26 7.5 rt 7 23 7,300 1.60
2 Methyl cinnamate 0.26 Tf.NSiMes 0.26 7.5 0 7 34 12,000 1.81
3 Methyl cinnamate 0.26 TH:NSiMes 0.26 75 -20 7 46 12,200 1.84
4 Methyl cinnamate 0.26 Tf.NSiMes 0.26 7.5 -35 7 43 13,000 1.47
5 Methyl cinnamate 0.26 Tf.NSiMes 0.26 7.5 -35 14 69 15,000 1.69
6 Methyl cinnamate 0.33 Tf.NSiMes 0.26 7.5 -35 14 84 14,400 1.37
7 Methyl cinnamate 0.37 TF.NSiMes 0.26 7.5 —35 14 89 12,200 1.41
8 Methyl cinnamate 0.43 Tf.NSiMes 0.26 7.5 -35 14 88 9,500 1.48
9 Methyl cinnamate 0.52 Tf.NSiMes 0.26 7.5 -35 14 85 7,500 1.49
10 Methyl cinnamate 0.26 TF.NSiMes 0.26 7.5 -35 28 81 18,100 1.90
11 Methyl cinnamate 0.26 TF.NSiMes 1.30 7.5 —35 7 75 17,800 1.73
12 Methyl cinnamate 0.26 Tf.NSiMes 0.05 125 -35 7 22 4,200 1.27
13 Methyl cinnamate 0.26 CeFsCHTf; 0.05 12.5 -35 7 9 4,600 1.30
14 Methyl cinnamate 0.26 Tf.NH 0.05 12,5 -35 7 14 4,500 1.27
15 Methyl cinnamate 0.26 PhsC[B(CeFs)a] ~ 0.05 12,5 -35 7 8 4,200 1.28
16 Methyl cinnamate 0.26 Tf.NSiMes 0.26 125 -35 7 35 7,300 1.27
17 Ethyl cinnamate 0.26 Tf.NSiMes 0.26 12.5 -35 7 6 3,800 1.10
18 Isopropyl cinnamate 0.26 TfNSiMes 0.26 125 =35 7 trace 800 1.06
19 Methyl 4-methyl 0.26 TF.NSiMes 0.26 125 -35 7 35 8,300 1.16
cinnamate
20 Methyl 4-methoxy 0.26 Tf:NSiMes 0.26 125 -35 7 66 3,000 1.48
cinnamate
21 Methyl 3,4-dimethoxy 0.26 Tf.NSiMes 0.26 125 -35 7 none® -
cinnamate
22 Methyl 3,4,5-trimethoxy ~ 0.26 Tf,NSiMe; 0.26 125 -35 7 none® -

cinnamate

aMonomer, 13 mmol. All experiments were performed in a dry argon atmosphere.

®Number-average molecular weight (M.) and dispersity (D) were determined using
conventional GPC against PSt standards in CHCls.
‘Polymer was not obtained.
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42.1.1 ERIRERE

THNSiMes il D FEAE T, FIENH-35°C DIRERPIT, £/ ~—HEEHL LT
methyl cinnamate 2 T 7 HIf D GTP ZEhE L7 & Z A %HET % poly(methyl
cinnamate)S, IEE 23%~46%., FOV-IE)55 1 8(Mq) 23 7,300~13,000 g mol ™', 43k
FE(D)H 1.47~1.84 T 5 7= (entries 1-4, Table 4-1), $#i2, —35°C CT7 HHE
AEHITID L, DFENENE < (My = 13,000 g mol™"), D 2% 1.47 &P
poly(methyl cinnamate) 7345 & 41 7= (entry 4, Table 4-1), — 5, =R T%EfE L 7= GTP
TIE, Ma=7,300 g mol™" D LLEEHIERY V71 L 7)EERK T & 727> > 72 (entry 1, Table
4-1), ZOFERIT, AX 7V L —1+D GTP TIEEINTWVDH X I, K ~—
HOU B 7 RKimnBE LT Z 2RISR S U VRO BSOS 72 &
Do FPHEIEREA, =35 °C & W IRIRSA Tl W Timl S v, RIS
S U CH#EIT L2 2 & 27”2 L 7 (Figure 4-1) 271

OCH, - PMMA COOCH
EUMA P | cyclization 3
OSICH): _ chy0si(CHa)s o
COOCH; COOCH; COOCH
3
O-to-C-silyl isomerization PMMA Si(CH3)3

o
E

COOCH; COOCH; COOGH;

Figure 4-1. Proposed termination reactions in the GTP system of methacrylate

LALZR S, 2L EOIRIR., #]213-80 °C ORI ClE, WHEE D
MECE ) ~—ER AR —PR L CLEo70, YL ELEITH 2
ENTE ot

WITRESRMFL LTHLTWD EEZ BN DH-35 °CIZBWT, B 2aRUsS
¢ GTP % Zifi L7z, methyl cinnamate & MSKA OG5 L= (mol/mol) % 50 7>
5 25 O#IPH T L S ¥ 72 & Z A(entries 5-9, Table 4-1), S5 72K U ~—dD M,
AR ~—ICRTHRLUIEIL, £/ ~—/BaAI O RIS L CT— IR T
L 7= (Figure 4-2), Z Of551%. methyl cinnamate D E5 R —iXH72 GTP A 1 =X
LENLTHEITLTWAZ LEERETHHLOTHD,
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25,000 -

20,000 A

15,000 1

10,000 -

5,000 -

i1, ! Polymer yield[g mol™1]

0 T T T T T ]
0 10 20 30 40 50 60

Feed ratio of monomerto initiator [mol mol]
Figure 4-2. The plot of the value of the molecular weight divided by the yield of the

obtained polymer to the feed ratio of monomer to initiator. (entries 5-9, Table 4-1)

4.2.1.2 BEARRFERE

Table 4-1 @ entry 4 |Z81F 5 HAKF# A 28 A £ THEIX L7z & Z A(entries 10,
Table 4-1), U~ —IUL=1E 43%7° 5 81%IZHIM L. My b 13,000 g mol™ 75
18,100 g mol ' F TR E L e o7, T ORERIT, WMEOHER] & bR L, R
ST CRhERAYIZ cinnamic monomer O B G & &y & E THED -l & LT,
FETRXLOTHD Y12

4.2.1.3 BB

KIZ, A GTP Y AT LAOMBANRZRAT D720, Hex Btttk 1
fil bt 2 #2 5 U 7= (entries 12—15, Table 4-1), 5t L 72 TRERME A HE 20 1 AR L3
1-[bis(trifluoromethanesulfonyl)methyl]-2,3,4,5,6-pentafluorobenzene (CecFsCHTY?) .
bis(trifluoromethanesulfonyl)imide (Tf2NH) N triphenylmethylium
tetrakis(pentafluorophenyl)borate (PhsC[B(CeFs)s]) TH D . WTILDHE TH X INT
% poly(methyl cinnamate)?35 54172, L2xL7en b, 2406 OIS, methyl
cinnamate ® GTP (2B L Tl THNSiMes & 0 b AR DMK > 72,
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4.2.1.4 BERFE

FREOBRHERN D, &b &GN THNSIMe; &AM X L CTHW T,
fH 4 @ cinnamic monomer @ GTP % & L 7= (entries 16-22, Table 4-1), 3, —
AT IViEHEE DR & A4 5 72, ethyl cinnamate, isopropyl cinnamate ¢ & &
B LT 2 A, T AT VEBIEN ) S5 L 72 51223 C (isopropyl cinnamate
> ethyl cinnamate > methyl cinnamate), 78 U ~ —IERITAR T Lz, Z OfERIE,
TATNVEBRBEDONAKEENEGELAEFL LI LI bDEEX BN, —
T ABEIZOWTR, = AT VEBEN NS &S RO T, /R0,
poly(methyl cinnamate) CTiL D = 127 ThH o7 D IZx L T, poly(isopropyl
cinnamate) ClX P =1.06 TH-7-, ZDLHIZ, TATVEMHRLEEZHIELSTD
ZEE, AV —EHEHEKOFIEICIS W THERR TR TH D Z LRI,

WIZ, BER EOEHIL L BEEIEMEOFERE 2 A3 5 72 ® 12, methyl cinnamate
FHEIR L LT, methyl 4-methyl cinnamate, methyl 4-methoxy cinnamate, methyl
3,4-dimethoxy cinnamate, 33 & O methyl 3,4,5-trimethoxy cinnamate % 3£ (2 GTP
% F2hit L7z, #53. methyl 4-methyl cinnamate (%, 78 U < —IX =) methyl cinnamate
CRIETHDIICHLEDLLT, KU ~—4F&IL My = 8,300 g mol™! TH Y,
poly(methyl cinnamate)® M, = 7,300 g mol ™! £ ¥ & KX < 72> 7= (entries 16 and 19,
Table 4-1), —J5. methyl 4-methoxy cinnamate D355, LB/ S VN3 F (Mg =
3,000 gmol DR Y ~—Th 727, KU ~—ILHEIT 66% & methyl cinnamate
55 (@E5%) L0 b EVME TS o 7 (entries 16 and 20, Table 4-1), 7235, methyl
3,4-dimethoxy cinnamate. 33 JX T8 methyl 3,4,5-trimethoxy cinnamate % 35 (Z VN7
e, BRIIETET, RV ~v—2/(22 &0 TERholc, TOXIIZ, F
TR LOBEBIEDOSNARH), HDWVITEFIFGITESZIICREEET L Z
&I S LT,
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4.2.2 poly(methyl cinnamate) DI EARHT
4221 RY<=—0D NMR 347

BONTRY v—DEEZ A G IT 572912, poly(methyl cinnamate) (20
TIHNMR, X OBCNMR 74T % 5 L 7=, Figure 4-3 |21, Table 4-1 O entry
5 CHUE L 7= poly(methyl cinnamate), 35 &2 0¥ methyl cinnamate <€ / ~—® 'H NMR,
BC NMR A7 kL% 7~7, Figure 4-3(a) CHERR SV CW=E ) ~—D a-T V77
»7'u M, 6=643 ppm)& B-T /7w R (He, §=7.69 ppm)id, ARV~
—D A7 kJV(Figure 4-3(b)) THEEBICIHA L TWAH Z ENMER SNz, FT0.
RV ~—0 BCNMR A~ k/L(Figure 4-3(d)IZHBWN T, AT L U BHEDRBEIC
sk % & 27 F U(Cr, Cr)7S 40~60 ppm OFFHICET 7= 12 HHEBL L 7= 32, 2 Oft 57
5. B/ Vv —DRFA—IRA EMEANHEL, MROCHEIT L2 Z &R
STz,

IH1Z, AU ~=—0H NMR A7 ML TIL, BAAAAIH O BRI AR I )7 R
ENBAF AT 0 b H, H)DOHE E— 27 53 0.5 ppm. KON 1.0 ppm T2,
HIgHE L OBHEA RO A X Uo7 v v Hy, Hyé EHOATF 7 m F o
(Hg, Hp), S HITHERIGDO AT L o7 v b2 (Hy) DI E— 27 28 1.7~4.0 ppm O
HPICHEER SN, AT, HD 7 ==k o7 m b 2(Hy, Hp, Ho)lZ 3K
T HE—271L5.5~75ppm OHFHIZHER SN B, LaLans, Zhboy
—ZF3nInbrr— b0l LTHHlSNZ, ZOBHIFKER-L, Hoh
7R <= —OSHAIMEIZZNEE S RnbD EE L LT,
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Poly(methyl cinnamate)
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4 3 2 1 0
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CHCI,
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E,FH I K
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260 1 éO 1 éO 11;0 1 éﬂ 1 fI)O BIO 610 4:0 2I0
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Figure 4-3. TH and 3C NMR spectra of methyl cinnamate monomer and

poly(methyl cinnamate). 'H NMR spectra of (a) methyl cinnamate monomer and (b)

poly(methyl cinnamate) (entry 5, Table 4-1) measured in CDCl3 at room temperature

and 500 MHz. *C NMR spectra of (¢) methyl cinnamate monomer and (d) poly(methyl

cinnamate) (entry 5, Table 4-1) measured in CDCI3 at room temperature and 125 MHz.
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4.2.2.2 Y =—0 MALDI-TOF-MS 4347
SBIZRY ~—D0 G FEMICIHA T 572, Table 4-1 @ entry 12 TH
% L 7= poly(methyl cinnamate) ®> MALDI-TOF-MS 434 & i L 7= (Figure 4-4),

a Series A Series B One CH,OH loss from series A
Ph Ph Ph Ph
H,CO0C H HaCOOC COOCH;
n n3
COOCH; COOCH3
[®) Ph
COOCH;
10,000
5,000 A P A A
Ass @ = 2 Az
- 5 @ < & o Az1
2,000 g & = @ b g Az
5 5 & 8 E’j g 8 @ Ay
8 o b 9 pi =1 A
7,000 N 2 2 o 24
B a 2 2 I
3 so00 Bl By g 8 £
8, o " B B, B 3
2 = o 2 By B.
= 3 9 @ 24,
& 5000 2l | Bl g E Y -
a g =3 2 9 3 2 2
s T 5 2 2 o 5
S 4000 T S g ]
£
3,000
2,000
1,000 j ]J
0 | _.l.llllll:;;JJ
2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
miz
4200 1 Series A 4200 1 Series B
4000 4 mMlz=162.14 x n+125.11 & 4000 { miz=162.13 x n+93.123 [
3800 P 3800 =7
& p
3600 / 3600 pe
g o
N 3400 & N 3400 o
£ 3200 & £ 3200 ag
3,000 & 3,000 o
2,800 Q,'Q 2800 e
)
2600 { 4 2800 { -
2,400 2400
14 15 16 17 18 19 20 21 22 23 24 25 14 15 16 17 18 19 20 21 22 23 24 25
Repeat units (n) Repeat units (n)

Figure 4-4. MALDI-TOF-MS spectrum of poly(methyl cinnamate).

(@) MALDI-TOF-MS spectrum of poly(methyl cinnamate) (entry 12, Table 4-1),
measured using dithranol as a matrix and CF3COONa as an ionizing agent.

(b) Plot of m/z values of major series A vs the number of methyl cinnamate repeat units

(m).

(c) Plot of m/z values of minor series B vs the number of methyl cinnamate repeat units

(n).
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Figure 4-4@)IZRT X 912, EHNTm~ AR L, FICA Yy —v ) —
AAESAT =Y —=ABNLIERIN TNV, AV Yy —V U —XAIZBNT,
methyl cinnamate € / v — D ViR L=y )izt L Tmiz =7 ey L7
B 1 w0 X1, 162 TH Y, GIh1% 125 THH Z LRI
(Figure 4-4(b)). Z DOFFDOEH = 162 (% methyl cinnamate D7y - EIZ/AHYS L, Bl
125 1% CsHi002 DAERK A A H T 5 4R U ~ —ili K & MALDI-TOF-MS JIlEREIZ A
A AbAlE L TNA 72 CF3COONa (ICHKT 5 F MU U AL F L OEEDEFIC
B LTc, ZORENS, ATy — U —X AN, #iEA(CH;)[CH;0C(=0)]C-
(methyl cinnamate)~H ZH 3 H5R Y ~v—ThDH I ENRHALMNITR-T, T T,
B AR UH(CH3)2[CH30C(=0)]C 1L B46K] & L CHWIEMSSKA ICHEL D TH Y |
RO AF LU IKIZY B 7RO ) Ve —T )VEEOBRLFEIC L > T L
72D Th b,

—Ji, v AT =TV —XBITHYT LRI v—iL, MORLHEALAE L Tm/z=
162 ZEHTH5HDD, APy —v U —X A LITRRLIR) ~—Thotz, FEMl
IRRRNTOFER, ~A T =Y V=X BIEIA VY=L U =X AMNDLAHX ) —LH 1
DT HBEL 7R ~—ICHYB T D ENHL NI Tz, DFED, VELV K
Sa i & LT Z 5 GTP T b KRB LEINZ L - T, A F—
U—RABIFERLTWD Z EWRBEI N, ZDKL DT, AHEREAL GTP 5T
B % L7z poly(methyl cinnamate)ld, Tpkr & LT =7 AR ) ~— bk S h
LD, —HAREBRIE LR ~—NEENTWVDHZ RPN E o7,
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4.2.3 methyl cinnamate 3~V =< —DREEMHT

5 b7z poly(methyl cinnamate) D SEABRIME 2 B 5 722 % 72 012 AR5y [
WEAR O FE4M 70 4 & AT & B i L 7=, Figure 4-5(a)—(d)(Z. &% L 7= methyl
cinnamate 4~V I~ —DIEAEWE F & SEC/B L CEAE Z LIl =%
TNdD SEC F ¥ — M &7,

6mer Smer 4mer 3mer
N, [ "

CHCl; H,O T™S

b (6mer) A e (6mer) qu‘ ,LLI

C (smen A Fiamen | N -
s N e WLl

45 50 55 60 65 70 8 7 6 5 4 3 2
Elution time [min] ppm

Figure 4-5. Fractionation of low-molecular-weight homologues of poly(methyl
cinnamate).

Size-exclusion chromatographs of the mixtures of low-molecular-weight homologues of
poly(methyl cinnamate) synthesized by GTP in the presence of M*SKA and Tf:NSiMes
(a) and of the hexamer (b), pentamer (c), and tetramer (d) separated from the mixture by
SEC fractionation.

"H NMR spectra of the hexamer (e), pentamer (f), and tetramer (g) separated from the
mixture of low-molecular-weight homologues of poly(methyl cinnamate) by SEC

fractionation, measured in CDCIl3 at room temperature and 500 MHz.

Figure 4-5(e)—(g)i%. WEENORNEERICBW T LY =7 a4 d~v—
DHNMR AT MLZRTN, ZbO7 1 h o30S e — 7 [7[E X poly(methyl
cinnamate) D5 (Figure 4-3(b)) & K< & LTz, V=T RAF ) A~—IZBIJLHE
BEN N OKf, 3 FHIZIIWHDEDO A F VAT NVEEHETHZ & L7 DD,
AFNTZ AT NEET v~ oHskO MG E— 7 3B S EFH (3 ~4 ppm)IZ{ER T
HE. (NDEOE—2 % 1 HETHE—27 8y FAEEREGR SN TND Z &)
5, FA4N I~ —UIEHEREDO T AT VA~ —NFEET D 2 EIURIB I iz,
ZZ T HNMR IZEWT A Vv —pl5r & LTI STV 2R E/ 72 B R %
H59 5726 EFH HPLC S0 BV BEfE L, 7 A7 LA~ — D43 & F2ii L7z,
A5 U 7o R A 72 BRI T RS B X SRS AR 1Tt 2 2 & N TE D LT
frmmll S, FESEEOSARBRIMEC B3 2 3R 2R s S A 15
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Figure 4-6 |2, £ A4V I~ —IZ8I1F AR R EMARD ORTEP M%7,
cmmpl®“%%Lﬁ6%6W&;9 CBEFY Iv—3 ) =7 AR E —
IRFBEAMEE EHE L, A/%W%74w@ﬁm WHBEE LCT7 == Vi e A F
NEATNVHEERZEICAT HBETHD 2 ENHERINT, &5, FHIZE
FDARFIRBIR A OFRBELEIL, ~y RO T A VOFRIZTY ha), bbb
FODEBT D (et)ee > — T VAT SN TWDL Z ERHLNERST, 2D
KORBMEIX. P VA F I T 4y VTHEEICHEYT 2D TH S, £7-., Figure
4-5(e)~(@IZB N T, KA FNHBKDO T m h B — 7 OFES RN D
ML7TEBEF N A—DT T OFF T T 4 v TG, MEERD 45%, hEK
23 30%., /SEARN 22% T - 7=, LLRT, Ute © 23 alkyl crotonate @ GTP (23T,
MU T U ABRRA I =X LA TEAEDPET LIERICY Y VA2 7T ¢
v JHEEDREREEIND 2 k%#”ELTUW6 b, AR A T
cinnamic monomer @ GTP IZRB W TH ., [AERIC N VAN N T o AR RA =X
LN HRREESL L CEADEITLTWD H D EE X 5 7-(Scheme 4-1) 1718,
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Figure 4-6. ORTEP drawing of the X-ray crystal structure of disyndiotactic
oligomers.

Single crystals of methyl cinnamate oligomers suitable for X-ray crystallography were
grown in a mixed solvent of CHCls/n-hexane: (a) hexamer, (b) pentamer, and (c)
tetramer of methyl cinnamate. All hydrogen atoms are omitted for clarity. Carbon atoms
are shown in white and oxygen atoms are shown in red (thermal ellipsoids at the 50%
probability level).
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Table 4-2. Crystallographic data for disyndiotactic hexamer, pentamer, and
tetramer of methyl cinnamate

hexamer pentamer tetramer
Formula CesH70014 Css5He0012 CasHs50010
Fw (g mol™) 1075.21 913.03 750.85
Crystal system Triclinic Triclinic Monoclinic
Space group P(—1) (#2) P(-1) (#2) P2y (#4)
a(A) 13.0598(8) 9.8921(8) 11.8558(9)
b (A) 14.1324(8) 14.9406(12) 10.0627(6)
c(A) 16.3875(9) 17.3722(13) 17.4569(12)
a (deg) 91.238(5) 99.460(6) 90
S (deg) 97.708(5) 94.287(6) 102.757(8)
y (deg) 107.696(5) 107.007(7) 90
V (A% 2849.2(3) 2401.2(3) 2031.2(2)
VA 2 2 2
Deatc (g cm™3) 1.253 1.263 1.228
# (Mo Ka) (mm™?) 0.087 0.088 0.086
26max (deg) 50.1 50.1 50.1
Reflections Total: 37670 Total: 26076 Total: 13104
No. of Observation 9978 8404 6102
No. of Variables 721 647 503
R12 0.0759 0.0703 0.0525
wR2° 0.2642 0.2328 0.1463
GOF*¢ 0.975 0.988 1.05

aR; = X||Fol-|Fell/ZIFo| (1 >20(1)). "WR2 = [(EW(|Fol*—|Fc)¥/=w|Fo2)]¥2 (all reflections).
*GOF = [ZW(|Fo[>~|Fc[)?/(No—Nv)]*? (where No = number of observations, Ny = number
of variables).

H R H
R st H R
Ph: ey g ” GTP
H Ph
(R:COOCHs3) e : erythro, t : threo

Scheme 4-1. Proposed mechanism for threo addition and trance opening process
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4.2.4 poly(alkyl cinnamate)} & "2 DFHEME DB HME

BAF Lo ) ~— ORI L LT, 5%, S0%ZA R (Tes, Tuso) & H T A
ARG (Ty) 2 4L TGA, DMA 734 ToliAr L 7=, i % Table 4-3 (225K
50

Table 4-3. Thermal properties (7as, Taso, and Tg) of the polymers synthesized from

various cinnamates and their derivatives

M, b Tes? Taso® T

Polymer o
(g mol™) (Mw/My,) Q) Q) Q)
Poly(methyl cinnamate) 15,000 1.69 340 377 165
Poly(methyl cinnamate) 4,600 1.30 341 374 163
Poly(ethyl cinnamate) 3,800 1.10 327 361 122
Poly(methyl 4-methyl cinnamate) 8,300 1.16 339 362 194
Poly(methyl 4-methoxycinnamate) 3,000 1.48 358 407 145

aTgs and Tgso are defined as the temperatures at which the weight loss reached 5% and 50%, respectively,
of the total weight in a nitrogen atmosphere.
5T, is defined as the temperature corresponding to the maximum tan § value in the DMA measurement.

’_‘//\\‘ - poly(methyl cinnamate) (Entry 5 in Table 2-1)
_'-’_/\__ - poly(methyl cinnamate) (Entry 13 in Table 2-1)
//\/—‘ poly(ethyl cinnamate) (Entry 17 in Table 2-1)

= poly(methyl 4-methylcinnamate) (Entry 19 in Table 2-1)

0 50 100 150 200 250
Temperature [°C]

- poly(methyl 4-methoxycinnamate) (Entry 20 in Table 2-1)

Figure 4-7. Temperature dependence of tan J of poly(alkyl cinnamate)s and their

derivatives, measured by DMA at 1 Hz and a heating rate of 5 °C min™!
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4.2.4.1 By FRIREE

RF 72 poly(methyl cinnamate) (entry 5, Table 4-1, M, = 15,000 g mol™!; entry 13,
Table 4-1, M, = 4,600 g mol HNZBAL TiX, KU ~v—0FEICKERERNDH S
H B 597 Tos (340 °C, 341 °C). Tuso (377 °C and 374 °C)DEIZ K & 72 E W T A
Lbiirolz, TOX DI, AFROLTEFEMICEVTIE, A ~v—0T1&
I% poly(methyl cinnamate)?> A%y i FE |2 j< EREEERITEIRNEDEZEXD
U7z, Poly(methyl cinnamate) & ¥ &S HWTZ AT VK ZM[EHE L THET S
poly(ethyl cinnamate) (entry 17, Table 4-1)iZ- D\ Tld, ZA#RIEFE 1T poly(methyl
cinnamate) & U H K < | 57 poly(methyl 4-methoxy cinnamate) (Entry 20, Table 4-1)
D Tas. Taso 1L, ZHZEHI 358 °C, 407°C TH Y bV MEZ R LT,

4.2.4.2 H T AEEBIRE

S EDH72 5 poly(methyl cinnamate) (entry 5, Table 4-1, M, = 15,000 g mol ;
entry 13, Table 4-1, My = 4,600 g mol VR4 5 T, 1%, ZHZH 165 °C, 163 °C T
H Y FALLOME %A 7R LT, F 72, poly(ethyl cinnamate)?® T I%, 122 °C & poly(methyl
cinnamate) £ ¥V HAK< . IO IXB AR & FIEROFB) Th o7z, TIZBAL T
IZ. poly(methyl 4-methyl cinnamate) (entry 19, Table 4-1)2° 194 °C & i b &\ ME %
RLTe, MBI, TH T T 427 PMMA O Ty 25 105~122°C, > VA X I T
£ 7 PMMA D T, 73 105~120 °C. A ¥ % 7 F 4 7 PMMA O Ty 3 51~107 °C,
FTPStD Tl 85~107°C THDH I EBMEINTND 3, T b DfE & ik
T5HEWLNRE ST, GTP A7 A TEHREL LT poly(alkyl cinnamate)¥s & OV
DOFERIL, FEFITEWIHEMELZFT LR ~—ThH oD Z &R NIz, KR
poly(methyl cinnamate)=<> poly(methyl 4-methyl cinnamate)(Z- D>\ Tik, =Y =7
Vo 77 I 2AF v 7 L L TELHBILD poly(carbonate)D Ty = 137~154 °C (2
M, ®2WTEBETDIZEITEMATH D Z EDRWLNE RT3,

TOEDIREMENREE UIZERNE LT, BiROR U ~—EEfENT > 5 B
B2 K 912, poly(methyl cinnamate)l T FHEHD afif, BALOM T IZEHILEZH L
m\zﬁ_m;fé@nu WERENZ &, SRV VA E T T 4y 7 NRHEI
WRHLBEESL L TND D, RN ~—8HEOMAEIERIC L 22 ENE
HLEb DB 2 bz,
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ARETIH, EEEMEE /) ~— L L TGS cinnamic monomer & % —7% » k
& U CHBEEAAMEE GTP 2925 2L T, ZNETOREF LKL TLVIR
7225 T CHMESAMIBICEITL, S0 FELTELZ2EDHLNER-
7o BEARIEE W BUSTIX, EAIREAZKIBT D Z LT, 5 IESUS Z ]
L, MERICEELEZSELZLENTE, B/ v — DT AT NVEBREONEES
IRV ~—FOa L b —WIHRRTRTHL Z PRI, S HIZ,
cinnamic monomer O G HIREHL G EAFEIKESHELHX DT LR D)

ST,

X512, RU~=—, BLOA U I~—IZD\ T, NMR, MALDI-TOF-MS, X
ARG e S AT 70 C A BEE U, RIS T A E T 52 & T, ZHETH
BN ENT I 22> 7= poly(methyl cinnamate)?D /) 1§15 IOV T < DOIE#H
2157, BAKHYIZIX, cinnmaic monomer @ GTP TlLiRFE —RFE _HEREA DL
HENETLTWDHZ &, ZOEEGOKFITIE, —H Y B 7 RKiENES LR
{ER)EZEEE T HEIERISDEITTHZ &, SLICHERISICBWNTIEY V>
VHE T 4 INREEN S HRREESE L CTERT A E AL LT,

Mz T, BFRTH LN —BHORY v —DOEGFRIEE, B8XOT T R
BEIWTNLEWEZRL, BEWEL AT R v—Ths Z &DHERS
7z, HFIZ poly(methyl cinnamate)=<° poly(methyl 4-methyl cinnamate)D % 7 Afi5f
BEZT =TV T TIFAF v 7 ThdPCIZILHL, HDWITERET L HD
Thy, BEHT 7V L—FEFEIE LTERLERY ~—722 0 TIEOFH %%
R L7,
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51 f5

TIVETHRATE L DI A AWl Z2 W -GTPIZ#E AT /) ~—T
b5 BEET 7Y L— hOEmyFEENNE LTETH S, T hsilicon LA
D Fx 7 fillle & 3 2 BRI A oy RIS L A GTPIL, BREEIC bl L 7= A H
TH Y, ARBFFEIZIV T, cinnamic monomer<>crotoninc monomer D 2SR 7 Bl
HEEZEDD LN TEHHINTHLZ &, FEELNIRERY ~—TEk
BERE DI MEIE L OSHT 2 2 ENTE 2Rt a 6952 L2 AT
LC& 7, —h T, LEGIIBUEZEM TR AR U ~ — RO HiH 2 KIE I dGE,
FROFHET 2K E L CAEARERTHL ™, LieRn-T, BEBET 7 U L—
N O BEREETEA ISy AL X DGTPICR W T HEAMSCE H Alfe /e o€ /) ~
—HFAPHEZ AT D Z X, BEMNRR Y ~— @B Z KT 5 B TR RE
W, LU S, GTPTILY B o 7 Kz R & 9 212 LS M EEICH 2 0
D B 1= BRI TEA Y AL X AGTPICEB W CTHEE AN EH T 2 4R3EX
TR0 72578,

AL DOHE2E TIE, THNSIMes/MBSKAE AV AT AL LS Emn U 7 b
XL U NI EH T HTHNSIIBUMe/BME2SKAE AV AT A &TEAT 5 Z LI,
EIL S ZE MR T 2 FRELTAEDTHL Z L EZRAHLTNDS, 22T, A&
TlX. THNSIIBuMe/BMMESKATE AT AT MMZBW T, ZHETICHE W HDR
V cinnamic monomer=<°crotoninc monomer’g KD B EHAT 7V L— FOILEAS
FREt L7=1912, Scheme 5-1iZ7~ 3 K 912, ARWFZE T, 2D / ~— & [AFRC
ATe 7 v ¥ AILEA, BLUREMB CHEEDOE ) ~— 2 iATe 7 1 v 7 4L
HxER, HoNTa R ~—OBE RO ICE Y AT,

One-stage copolymerization

e
~Fco.R?
Alkyl crotonates

or — s Copolymers incorpor
two kind:

\%CO;R' .

Alkyl crotonates
Phc0,cH,

Methyl cinnamate (MCin)

BuleZgye s

( R'. R = GHy: MC. CyHg: EC, #C3Hy: IPC. n-CaHg: nBG |

Two-stage copolymerization

\ﬁ\c 0.R!
Alkyl erotonates
or

Phco,cH,
Methyl cinnamate (MCin)

2\ 3 L\‘_b Biock copolymers of B-substituted acrylates
CO:R TENSTBUMe; with common methacrylates
Alkyl methaerylales  muvezgyes

( R® = CHs: MMA, 1-C.Hy: nBMA )

Scheme 5-1. Copolymerization strategies toward p-substituted acrylates via GTP
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5.2.1 iBEREEMAERS TAEEGTPICK 2 2BEOBERT 7V L— FOXES
£, TRNSI'BuMe/B™ME2SKA A AT AIZEUW T, methyl crotonate (MC).,
ethyl crotonate (EC). isopropyl crotonate (iPC). n-butyl crotonate (nBC), 33 & U methyl
cinnamate (MCin)Z J&E (2, 2 FEf D pEHT 7 U L— MM, M)DILEE % 1
L7z, 2R, ML M2IEEVE 11 THEGAAT, Table5-112, EAESKM. B
FOEGEREZZN L, Figure5-1 I 6N 7R Y ~—dD GPC it 4~7,

Table 5-1. Summarized data for the copolymerization of two Kinds of -substituted
acrylates?

entry  M?! M? initiator  catalyst  solvent M40 Mo time xt¢  x2¢  yield¢ M, © pe ff
mmol mmol mL mol L™ mol L h % % % gmol™  Mw/M: %

1 MC EC 0.025 0.025 8.9 0.50 0.50 48 100 100 100 84 500 1.18 51
2 MC iPC 0.025 0.025 8.8 0.50 0.50 96 61 87 59 76 600 1.14 45
3 MC nBC 0.025 0.025 8.7 0.50 0.50 48 100 100 100 107 600 1.18 45
4 MC  MCin 0.10 0.10 6.5 0.64 0.64 168 100 84 95 24 900 1.26 48
5 EC MCin 0.10 0.10 6.4 0.64 0.64 168 100 85 94 25200 1.25 50
6 iPC MCin 0.10 0.10 6.3 0.64 0.64 168 100 41 62 16 300 1.23 60
7 nBC MCin 0.10 0.10 6.3 0.64 0.64 168 100 79 83 27 800 1.19 49
8b MC nBC 0.025 0.025 8.7 0.69 - 24 + 24 100 20 44 53100 1.10 48
9t nBC MC 0.025 0.025 8.7 0.69 - 24 + 24 100 10 59 63 900 1.09 48

aperformed on an aluminum block at 0 °C in an argon atmosphere. The polymerization conditions were as follows;  M?
feed and M? feed = 5.0 mmol, initiator = BUME2SK A, catalyst = Tf2NSi'BuMe: (generated via the in situ reaction between
BuMe2SK A and Tf.NH), solvent = CH2Clz. M* and M? were fed simultaneously into the polymerization system (one -stage
polymerization).

bTwo-stage polymerization was conducted. M* was homopolymerized for 24 h in the first stage, then a second feed of M2
was added to the system. The second stage of polymerization was carried out for an additional 24 h.

®Monomer conversions (x! = M! conv., and x? = M? conv.) were calculated directly by *H NMR measurements (500 MHz,
rt, CDClzs) of the reaction mixture.

4The polymer yield was calculated based on the total weight of the feed monomers.

®The number-averaged molecular weight ( Mn) and dispersity ( P) were determined using conventional GPC against PSt
standards in CHCls.

fInitiator efficiency: f = [molecular weight of polymer calculated by a feed ratio]/

[number-average molecular weight of polymers determined by GPC].
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entry 1
M, = 84,500,£=1.18

entry 2
M, =76,600,0=1.14

==

entry 3
M, =107,600,0=1.18

entry 4
M, = 24,900, D= 1.26

entry 5
M, = 25,200,D= 1.25

entry 6
M, = 16,300, = 1.23

entry 7
M, = 27,800,0= 1.19

entry 8
M, =53,100,0= 1.10

entry 9
M, = 63,900, 0= 1.09

10 15
Retention time [min]

reeeel

25

Figure 5-1. GPC curves of the obtained polymers for the reaction presented in
entries 1-9 (Table 5-1).

Table 5-1 @ entries 1-7 Ti%, 2 O B E#HT 7 U L— M(MY, MA) & [AIREIZ (1
AATERESZEM LTz, ZOREK, WFTOE /) ~—T+RITHEINDL Z &
DHERRC& 7=, Entries1-3 TliX, M* & L TMC # v, M2t LCTEC, iPC, &
HUME NBC MV, BARANIC KT 5 € / ~ — O fkaE /L SR & 400 S T EH
B EAT D Z & T, M 23 74,000 g mol ™ % #8 X 5 &) 471 B AR DS FLHR A N3 BIUEE (D
<1.2)TE BT, BT MC & nBC % V- entry 3 7K U =~ —IZ. My 75 100,000
gmol 12z 5138 THo7z, F/-. MM & L THi 4 @ alkyl crotonates (MC, EC,
iPC, or nBC), M? & L C cinnamic monomer C& % MCin & fH\>, BHEAAIC X9 2
T~ —OPHFEE VRS 100 £ CTIHEA 21T o 72 entries 4-7 (2B L TiE, =
T IVEBIEONS B EINEET L 2 ECHRMERRNEE X BN S IPC &
Uz entry 6 2 BRUVNTIL, Mo 28 24,000 g mol ™t &8 2 5 LRI E 2y - DR U~ —
DN FEEE NS B (D < 1.3) T BTz,
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—7Jj. Table 5-1 ®entry 8 58X Wentry 9 TiX, F1E/~—LLTM %24
FFBEANE S SH7-%&IC, 2/ ~v— L LT M ZBIL X5 24 R EA
ki D 2 BEBEOEAEIT ST, H2E /) v —MOWTIL, 1Z& A ETHE
SN oT, ZORELNTZR Y = —0D0F&EITZ N1, M, = 53,100 g mol ™
(entry 8, Table 5-1), 63,900 g mol* (entry 9, Table 5-1) T& ¥ | entry 8 35 X WX entry
9 LR UHEMHOE /) ~— % [RFCHIAAL CEEZITo 7 entry 3 DR U ~—0D%5
F#(Mn=107,600 gmol ) L 0 H SN/ E Do T2, ZOFRERIT, entry8 B X
Wentry 9 DL D22 BEEHLEAICB WL, H2E/ ~—% BT R TH
1E/v—MBRODY L ITRY v —RFEAERIEL TN Z EZ2RELT
W5, DFD, GTP EG VAT ATEKHONDRIMFEILSUS 2 EMEZ D |
¥ 2 /) ~—BMFCIETTICY BV RN E A CHFEEL T otz b
EBZ T8,
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SONTEAR Y v —DOHEZ R T 5720, 'THNMR #2520 L 72, Figure

5nmmﬁf&LTMaAﬁ&LTEC%%wTW%Lt$)v~@MyLEMe
5-1)® 'THNMR AL kL& WD 72 D2 [FEE 72 GTP T TE AL L 7= poly(MC).
B LD poly(EC)?D 'HNMR A7 h L&A T/RT, F£72, Figure 5-2(b)IZ1%
M' L L TEC, M* & LT MCin & HWTHEA LA U ~—(entry 5, Table 5-1)
THNMR A~7 L& | [FRRZR GTP 5 TH R L 72 poly(EC). 38 X UF poly(MCin)
® 'HNMR A7 NV~ TRT

8
Hs cn, oc:HJ CH, ;
}/%H\ H)_Iandoh!‘%,,,\”)/ >[/%H\ H)(random a\g
o=

I
Cc
OCHJ OCH ,CH, OCH CH; OCH

b.e,}

chemical shm [ppm) chemical shift [ppm)]

Homopolymer of MC (m = 0) Homopolymer of EC (n = 0) b, C]
cd,l f c.dl ”
J LﬁJ W f\ A JWL

8 7 6 5 - 3 2 1 0 1 8 7 6 5 B 3 2 1 0
chemical shift [ppm] chemical shift [ppm)]

Figure 5-2. '"H NMR spectra (red lines) of the polymers synthesized from (a) MC as
M and EC as M? (entry 1, Table 5-1), (b) EC as M' and MCin as M? (entry 5, Table
5-1), measured at S00 MHz in CDCl3 at room temperature.

The blue and green lines represent the 'H NMR spectra of the homopolymers
synthesized from M' and M?, respectively.

Figure 5-2(a)/> LB 520072 KX 912, entry 1 @ 'THNMR A7 kUi, poly(MC)
& poly(EC)D AR hvEEREDLETHLDIZL S AE LT, [FEIZ, Figure
5-22b)IZB VT, entry 5 D 'THNMR A7 ~LiZ, poly(EC) & poly(MCin)? A
XY MNEF=N=T TSI DL RN—8E R LT, ZO/RRIT. HE
SNTWE ) ~—WM' MYBRY ~—FHIZ) E<MVIAEZ & %/Tﬂ*': L7,
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KIZ, MALDI-TOF-MS 74T & 30 L, £ D FEMICAR Y v — &I OV T
L 72, Figure5-3(a)iZif, M'E L TMC, ML LTiPCEHWTEELZRY
~ —(entry 2, Table 5-1), Figure 5-3(b)IZ{%., M' & L CTEC, M? &£ L C MCin % ff
WTCHUS L7727 Y =~ —(entry 5, Table 5-1)D~ A A7 hvEZNLRT,

Poly(MC-random-iPC) A, , Poly(EC-random-MCin) B,, ,
(a) (b)
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OCH;
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Figure 5-3. MALDI-TOF-MS spectra of the polymers synthesized from (a) MC as
M and iPC as M? (entry 2, Table 5-1), and (b) EC as M! and MCin as M? (entry 5,
Table 5-1), measured using dithranol as a matrix and CF3COONa as an ionizing
agent
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Figure 5-3 (27”9 & D IZFEMZR AT OFE R, Bl SN/ —27 & v M,
BIMISK A Z PR & L THWZ GTPIC L » TAERT % M' & M THEp S D
2R Y ~—& MALDI-TOF-MS 734t OB 2 7oA A AbFIH RO T ~ U o L
AF L DOEEDORITHE TS5 Z LR TE 72, ©FE V., Figure 5-3(a) THEZR T
X2 —2 v I ER(CHs):[CH;0C(=0)]C~(MC),(iPC),—H IZFH24 3 2 K Y
~—To V., Z I T(CH3)[CH;OC(=0)]C I% BM2SKA Bil#s All H 3 D B AA A b |
ERIEDATF L UL B RGO Y Vo —T VORI L > TAET
M Cd o7, FIFKIC, Figure S3(b) TRER TE 5 E'— 7 & v b IAiG
(CH3)2[CH30C(=0)]C~(EC)n(MCin),—H IZH4 L TH Y . T 5 DFERND . 2
O BEWET 7 ) L— FNOIESPIAFICEIT L Z ENIFF Sz,
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5.2.3 Time-conversion curve

T, aRY~—FRICBIT LT/ v—2=y FOREICET 2 ERE 5
L, BAEKSFTORE ) ~—OHERIZEH U TRIFZ(L T — 2 2B LT,
Figure 5-4(a)lZi%, M' & L TMC, M?> & LT EC % H\ 7= GTP (entry 1, Table 5-1)
\ZB89"% time—conversion curve %, Figure 5-4(b)(Z(%, M' & L TEC, M* &L LT
MCin % FV 72 GTP (entry 5, Table 5-1){ZB4 4" % time—conversion curve % 7R 7,

( )100 = 10 ( Loor—o—o = * 10
— 90 1 A K] — 90 N 9
o o
& 80 | L s — = 80 _ 8 m
— NN = ®: M' (EC) =
% 70 A A o L7 % 709 A:M: (MCin) 7 %
5o 60 - L6 < 5 60 & <& MYM? (ECIMCin) 5
s 804, ®: M (MC) Ls 2 s 509 A 5 S
S 404" ° A: M (EC) L, & s 0] o 4 &
) < MUM? (MCIEC) < o ‘ A =
L 304 A E3 © g 30 o 3 &
= ) A 5]
‘_-20-5 L2 O _~ 20 & 2 O
S 10 & 1 = 5 < 1
o & O
0 ' . T T r 0 04 r r r 0
0O 10 20 30 40 50 60 0 50 100 150 200
Time [h] Time [h]

Figure 5-4. Time—conversion curves for the copolymerization of (a) MC with EC
and (b) EC with MCin.

Copolymerization was conducted using B*M¢2SK A as the initiator and Tf;NSi‘BuMe;
(generated via the in situ reaction between B*™™M¢2SK A and Tf;NH) as the catalyst in
CHCl; at 0 °C. The polymerization conditions were as follows: (a) [MC]Jo = [EC]o =
0.50 M, [B™Me2SK ATy = 0.0025 M, and [TH:NSi‘BuMez]o = 0.0025 M, (b) [ECJo =
[MCin]o = 0.64 M, [B"M2SK A]o = 0.013 M, and [TH:NSi'BuMez]o = 0.013 M.
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Figure 5-4(a)lZA H 15 £ 912, M? (EC)DHsAbLRIZxT 2 M (MC)Dis{bE D
LR, EAWHINOLBEICT T05~1 OoFiPHICH D Z Lnn, HEAICE
WTEC DEAHEIIMC L0 bbb MR ERRB SN, /2. Z Ok
BB, Table5-1 @ entry 1 TR L7ZZaR Y ~v—id, ZORY ~—FHEKE
KIZPH7e> T MC,EClE /v —=2=y FDRRVIAEFNTWND EEZ B,
—J7. Figure 5-4(b)IZB VN CTik, M (EC)DEs LRI EAFIHA B L T M? (MCin)
DEALFR IV H 10 58 EmWZ &5, Table5-1 D entry 5 THUAF L7V
~—I%, RV ~—F& OB AR TIEEIC EC 8B iA £, fERIAHITET
IZMCin 2=y FRKREP D EEHOTWDLEEZ LT, TD X DI, FISTERK
LS BT ) ~—HEERCNZZ TV MERa R ~— L AR ATHET
bHHZ ENRB ST,
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524 FBIEREAMA O FREEGTPIZL S a BT 7V L — L BEBT 7Y L
— hOHXES
WIZ, THNSI'BuMe/BIMEISKA HE A 3 A 7 AIZHEV T, methyl methacrylate

(MMA)=X° n-butyl methacrylate (\BMA)D £ 5 72 o BT 7 U L— FMY) &, Bi&E
#r 27U L —rM?)& LTMC, nBC, MCin Z W EEAEZ KRG Lz, 2D
F, BHEEAITB W T ML, M2 IXE/VIH 11 CHAA T, Table5-2 (2, FEAl72E
AEME, BIOEAKEEZER L, Figure5-5 12850 7-K Y ~—D GPC fhif
T,

Table 5-2. Summarized data for the copolymerization reactions of a-substituted

acrylates with B-substituted acrylates®

entry mt M2 initiator  catalyst  solvent Mo Mo time x4 x2d yield® M f pf f9
mmol mmol mL molL*  molL™? h % % % gmol®  Mw/M: %

10 MMA MC 0.025 0.025 8.9 1.0 - 24 +24 78 81 72 58 300" 127" 55
11 MMA nBC 0.025 0.025 8.7 1.0 - 24+ 24 79 97 81 77000 " 125" 56
12 nBMA MC 0.025 0.025 8.7 1.0 - 24 +24 73 70 56 57 600 " 124" 60
13 nBMA nBC 0.025 0.025 8.4 1.0 - 24+ 24 78 100 84 68200" 1.23" 75
14 nBMA MC 0.025 0.025 8.7 1.0 - 12+24 51 92 59 56 300 1.21 59
15 nBMA MCin 0.100 0.100 6.3 1.0 - 6 + 162 100 38 67 16 800 1.17 61
16° MC nBMA 0.025 0.025 8.7 1.0 - 24+ 24 100 4 40 49 300 111 43
17¢  nBMA MC 0.025 0.025 8.7 0.50 0.50 48 6 90 35 46 700 1.16 42

2 Performed on an aluminum block at 0 °C under an argon atmosphere. The polymerization conditions are as follows: M feed and M? feed = 5.0 mmol, initiator
= BuMe2SKA | catalyst = Tf 2NSi'BuMe, (generated via the in situ reaction between ®“™e2SKA and Tf>NH), solvent = CH -Cl,. Two-stage polymerization was
conducted. M* was homopolymerized in the first stage, then a second feed of M? was added to the polymerization system.

> MC was used as M* and nBMA was used as M2

¢ M* and M? were fed simultaneously into the polymerization system.

4 Monomer conversions (x! = M* conv., x> = M? conv.) were calculated directly by *H NMR measurements (500 MHz, rt, CDCls) of the reaction mixture .

€ The polymer yield was calculated based on the total weight of the feed monomers ( M* and M?).

fThe number-averaged molecular weight ( M») and dispersity (P) were determined using conventional GPC against PSt standards in CHCI .

9 Initiator efficiency: f = [molecular weight of polymer calculated by a feed ratio]/

[number-average molecular weight of polymers determined by GPC].

" Bimodal in GPC as for entries 10-13.
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entry 10 M,, = 89,100
M, =58,300,0= 127 M2 = 33,600
entry 11 M,, = 107,900
M, =77,000,0= 125 M,; = 31,700
entry 12 M,; = 87,100
M, =57,600,0=1.24 M, = 40,900
entry 13 M,; = 94,900
M, = 68,200,0=1.23 M,, = 32,200
entry 14
M, = 56,300, 9= 1.21
entry 15
M, =16,800,0=1.17
entry 16
M, = 49,300,0= 1.11
entry 17
M, = 46,700,D = 1.16
L) L] . T T T |
10 25

Retent:on time [mln]

Figure 5-5. GPC curves of the polymers obtained from the reactions outlined in
entries 10-17 (Table 5-2).

The blue and red inverted triangles represent lower- and higher-molecular-weight
polymers, respectively.
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Table 5-2 @ entries 1015 TiE, F1E/ ~—¢L L Ca@EHRT 7 L — & H
MEAIERBIC, FH2E/ v—L L TRERT 7L —FEZBNLSHIZE
HBEFER LT, ZTOME, WMHDOE /) ~v—IZBW T2 8D MR S,
FRZBE#T 7 U L— k& LTMC X nBC ® X 9 72 alkyl crotonate % F\ >, Bth
KNk 5 /) ~—DOHHGE NS 400 S5 CTHhi L 7= F & (entries 10-14,
Table 5-2) Tl LB W0 BWMa > 56 kg mol N2 H T H R U ~—2 &G 57z,
Fio. BEHRT 7 U L— k& LT alkyl cinnamate T % MCin & H\, BHAAANC
*I5E )~ —OMFTE VR Z 100 SoF THEMi L 72 EH A (entry 15, Table 5-2) T
X, MRS B Wh =168 kgmol hYDR Y ~—nE 57,

— B EB1E /) ~—L LTREHRT 7 U L— FMC)%EH = 2 B E S (entry
16, Table 5-2) ClX, 2 €/ ~v—DaEHT 7 U L — F(mBMA)DERLZIL 10%
R THY, I FEALEHBESNR -T2, EBHIC, BEHBET 7 U L— FMC) &
a BT 7 U L— F(aBMA) & [FIRFIC A A THRE G 237 72 77— A (entry 17,
Table 5-2) Ch . a EH#T 7 U L — s (aBMA)DER(LRIL 10%A00 & K> 7-, &
LT, 2O ONTEARY v—D 51 EiL entry 16 25 My = 49,300 g mol ™! entry 17
N My=46,700 gmol THYH, ZHIEFRILE/ ~v—FHEZFEHL, F1E/~v—
ELTa@EHRT 7Y L— FmBMA)Z HV /o 2 BEREE & (entry 12, Table 5-2) TS
SNTZR Y ~—5 8 My=57,600 gmol ' LV L LN/ E o7z, ZNHD
FEERIX, BEMT 7 U L—FHRDY B SR v — KN o BT 7 U L—
MIFLTZ LWEIEL DA L TV RnZ L2 RIBT 5 L L hic, BE#T
VL= bFHRDY TR v —BNERALBUGR EDIFEIERIS ZE Z LT
FMEZF o TWAHZ BRI L TS EE X bl 378,

Figure 5-5 7> 5 B 5 7372 X 9 12, Table 5-2 @ entries 10-13 TH LA U v —
I GPC F v — MZHBW T binodal E—27 ZH L CHY | KO FEMOE—2713 1
BepE H OBEATIEIEISIC E > TY B VRN RIE LT a BT 7 U L—
FNOBRER)v—ThHoHEB2x O, —FH, mofEMOY—2713582E/
v —ZMZDRERCTEZE STV B 7REBICHD o &Y 7 U L— bR
Ve—MWNHE2E/)~v—ThbHLEBT 7V L — RS LTHELEZT R Y
AR 2 —ZHIET D EEZ LN, 2D X S binodal E—27 2 HTHRY ~
— AR LT, entry 14 Tidk, 5 1 B TORIE 2 i KRB 230\ C,
%1 BREOEASKRMZ 24 RO 12 FFEICES LTEALZFE M LT, T O
£, entry 14 ® GPC v — Mt unimodal £"— 727 & U CHER T H Z LN TE 7=,
Z O RIE, bimodal B —72 @D 9 LIRS FEMOE =7 (T a BT 7 U L— R R
FERY~—HRKRTHDLZ L E2IFFL, 1 BEOESRMA KT 52 & T
Bons7ay 7 aR)~v—floxn EIEBG5 2 EERBTLHEEZ LN,
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KIZ, DMA BEIOTCGAHIEIZ LT, oz aRy ~—0BRRMEL L
T, Too Tas. Taso oA L7-, Table5-3 IZFERAENT 5, 7o, AUFZEICE
Wi, DSCHIE TH T ARBIRE I C T 2 M2 B0 > 7 b D3RR Sz

Mo 72120, Teld DMA HIEIZBWT tan 0 Nl K &7 HIRE L EF LT,

Table 5-3. Thermal properties of the obtained copolymers

molar ratio

entry M2, M2 Mp bt Ty Tos 9 Taso @
in copolymer @
MY/M? g mol™? Mw/Mn °C °C °C
1 MC, EC 50/50 84 500 1.18 173 357 397
2 MC, iPC 41/59 76 600 1.14 153 326 376
3 MC, nBC 50/50 107 600 1.18 130 341 394
4 MC, MCin 54/46 24900 1.26 216 343 378
5 EC, MCin 54/46 25200 1.25 189 348 382
6 iPC, MCin 71/29 16 300 1.23 172 310 383
7 nBC, MCin 56/44 27 800 1.19 167 331 377
10 MMA, MC 49/51 58 300 € 1.27¢ 132 348 393
11 MMA, nBC 45/55 77000 ¢ 1.25¢ 116 333 383
12 nBMA, MC 51/49 57 600 © 1.24¢ 51 325 389
13 nBMA, nBC 44/56 68 200 € 1.23¢ 53 327 377
15 nBMA, MCin 73127 16 800 117 58 285 318

#Calculated from the monomer conversions.
®The number-averaged molecular weight (M) and dispersity (P) were determined using
conventional GPC against PSt standards in CHCls.
°Ty was defined as the temperature ¢ orresponding to the maximum tan ¢ value in the

DMA measurement.
9Tgs and Taso were defined as the temperatures at which the weight loss reached 5 and
50%, respectively, of the total weight in a nitrogen atmosphere.

¢ Bimodal in GPC as for entries 10-13.
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Table 5-3 [ZAHND K HIZ, 2FBEAD BEHRT 7 U L— b2 HWTHK LT
2178 U = —(entries 1-7, Table 5-1)i%, W9 41 H 130°C LA LD T, 285> THY |
B E OB Z G T ARV ~—Thd I ERERINT, ZOXHeEmn
Told, EEHEKICBONT oI AT AEN, BALUCATF LI, HHWIET =
SVEDPEEL, afii, BALOWMFGICEBELZFTHZ L TRY ~—FHODHM
EMEREL 22TV DZ IR LTS EEZ B,

MC & MCin @ 227K Y <~ —(entry 4, Table 5-1){%,MC & £-F# alkyl crotonate (EC,
iPC, 5\ d nBC)D 2278 U ~ —(entries 1-3, Table 5-1) X U & &\ To(= 216 °C)
ZALTEY, MCin T EZ R EEE b2t/ ~—L LTAHATHDLZ &0
AR Tz, E£70. entries 1-3 D THIEZITH &, 2/ v —MHDT AT )V
EHTE D IRFBEDNE 2 DT O T Ty DMK N DM A3 R S 417, [FIERIZ . MCin
2%} L T4 alkyl crotonate (MC, EC, iPC, &»2WInBC)ZLEA S E /- aR
) <~ —(entries 4-7, Table 5-1)D [E] D L T4 | alkyl crotonate DT A 7 /L #a k1T
T RESHEZKIT LI, ZOLIIZ, RIFRICHKITHRERT 7 U L— |
ARV ~—iF, WYRIE ) v —2RIRT 52 LT, R WIRE B
WT Ty 2 mie CThH Z LN STz,

—F, aBEBRT /UL —REBEBHET 7Y L—bDaRY ~—IZB LTI,
PMMA 7' &1 v 7 49 % 2178 U ~—(entries 10 and 11, Table 5-2)? Ty (X F(C 116~
132 °C O#iPHIZ, polynBMA)7 1 v 7 #4935 278 U ~ —(entries 12, 13, and 15,
Table 5-2) @ Ty ILFEIT 51~58 °C OFAFIIHERR S iz, BEIZ PMMA O Tl
51~122 °C, poly(nBMA) ® T,1% 15~50°C TH D Z LB HEINTNDH I L
5. AFZECEONTZ BT 7 VL — e BEHBT 7V L—FDaR) <v—
WZOWTIE, a7 7V L— R ~—7 1y OFEBENRBRIBNTND G
DEZEZ BT,

BRI EEIZ OV T, Ma <20 kg mol ™' & LRI /518 DS/ NS 2> 7= entry 6

BLWentryl5 ZERWDTIE, WL Y Tus >325°C, B LN Tyso > 375 °C & LRy
EVMEZRL TR, WEWES S FHEIE L TOISHPIRGTE 5,
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AZETIE, A5 LSS 2 4] T & 5 TRNSI'BuMe/BUMe2SKA A S AT L & FI| H
L T, alkyl crotonate X alkyl cinnamate 72 & D BE#RT 7V L— hE2EA L2
R~ —DOERICKY Lic, 2 OIESZIHIICEBT 572012k, Hv
HE ) —ORIGME, B/ v—HRKY B RKEORIERICCKT o8 T
AT SEB/THIENEETHY, #URE /) v — DALY, £LE
BEAICBWTIEE, v—7 44— FOIAF, FEABMEICHET 2 EAKRMO &K
BNV ETHDLZ Ex R LT,

Bz aRl) <—ZoW Tk, NMR, MALDI-TOF-MS 234t #8425 = &
TEOHELHA LT LTz, £ LT, B\WFEOMEIC L > T, BEBT VY
L= FZBALTaRY v —3@mWINEWEZ B L, £ T (Xl m IR TE
MIZBW T, HnDa® /) ~—ICX o THENRETHD Z L EH LT LT,

Thbb, GTP MEAFEZEMTLI LT, BEMBRT 7V L—F&FfIH L
Te@ o M B ORAER 22 R EPRYER D —B) &L 7R DAL 21520 Z LR TE T,
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A LTI, BREEICELE U 7o B iR A o Ak I X 2 GTPHEAN 2 FIH T %
LT, A AT ABROBESMEBEWT 7 ) L— FE / ~— T Scrotonic
monomer<>cinnamic monomer% SN E 4y FEAL TE L EAG VAT LS
L. @fIMEEZ B 534 4 _— 2RV ~—OBAZFICHE Y #LA T,

52 BT, IR AR I XD GTP A Y AT LADFESUSMI OV
THRINEEET VEHBE L, KREARDO A= ALERIZKEI LIz, A =X
LRI L > TR LN ERE A E LTI, silicon LA fillii<> SKA Ba#hA D >
U VIERIE DO SIRNES AR RRIG, K OFE IS OIEME (L= L F—IZ K&
SEEBLZRIFTZEnFT oD, BERMIZE, VI VERKENSEHLSTD
ZET, BIERISEMHIL, MERIGCEELEITE DL ENTELHZ EE2HLN
2Lz, TLCZOMRAEFRT S Z & T, T E THEREBIEAIE Y 1Al
X5 GTP EE VAT MMIBWTHASMH TH - I2ARIRSEME T COES ZEiRAT
WECHFHEBEMESEDL Z EICKH Lz, S HICEASFIFOKEIZ L > THT
BN 10 TEBR D@D FEEPEONLDEGRFZHL NI LT,

3T TIL, HIRMIEA S T LD GTP EA VAT LMK 2 EAS
HLAERT IR ~—DP v IF X I T 4T 4 OMBEAMEEZ 52N Lz,
BARMIZIE, RIBESIE T COEENDN DY U X 7T 4 VT 4 10 L& T D
Z &, EBIT, silicon LA filtlii> SKA BRIGAID U VEHBIER S EmODIZE Y
VUVFE T T 4T a4 NEL A E RN LT, £, BEEHBT U L—
MR ~—=CBT LT TFZTT 47 4 O EIE, B\IEE, FFICH 2
AEERBIRE DM BIZO 35 Z ENWRRIZ /o T2, £ LT, 2D L5 Bah R,
EWT U E T T 4y 7 AT ARY v — 0N HAIRNICEY L TEL LAY
~—SHBEOMAERICERN LTS Z LR ENT, SHIZ, Z0%FiTa
BT 7 VL —RFRU~—XVLBEHETHY, BEHET 7V L —F KR ~v—N0
BTBHYHR T 42T 4 BNEMIMIEIC SRR BT 7 7 X —THH I &
ZRRULRTZENTET,

AT TIL, EIRMmIEARS T LD GTPEA VAT L%, ZRETIC
B £V HABINN 72 H>- 7= cinnamic monomer ~iE 4% Z & T, AEAFIRFE—R
EEEAE S TOMMES ZHIBICEITSY, HBHESFEDORY ~—%
BHZ LIS LTz, Eo, FEMRBERIT OfE R, N ~—3v v oF#
T 4y I NRHAIERESLE L CTAKR L TS Z a2 X R, Methyl
cinnamate N HEOLN DR U ~—i%, FHD o i, BILIZENETNTI/LT LEH
B 7=V EEMEE L THET AR ~—Th V., TOEHEHOMIEMIII X
T, VTR I T 4w 7 SERHRAEIZEIR LT, poly(carbonate) (2 PEF & 5
WITIERET HI1EEDOMEBWEZA L, PMMA <° PSt L 0 & @& IMifE 2 A L T
WL Z 2B LT,
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P TIL, BIRIRIEA Y LI L DGTPEAS Y AT A& FIH LTz B B
TV L— MEESERFL, LESARER T v —®H, RObE L7z E
BTG EHGNI L, REAVAT LAZBWTHESZFEET D700,
T/ w—OKEE, VEY TR v —RKOEIERIGOE Z LT S 25 ET
HZENEETHY, WUIRE ) ~v—DMAEDLYE, FEZEBEAICBWT
XE /) ~v—7 14— RONEF, SEAERICK T 2EARFHOREEDBLETH
HZEERH L, iAo ncaR)~—ZHLTIE Hndsat/ ~—
ZBRINT 5 2 & T, I E VIR TEIIZ I8V TE DO A T ARSI L D3 % AT
RETHO, BEMHT 7V L — R ~—0SHEHEIEKN RSN D,

PLED X DIZ, AL TH, A A~ AHRBERT 7 U L— b s —5
hE L@ R EA Y AT LML, £ LT, BEHBT 7 U L— LAY
V=X DE ) v EEICERNT DX T 4 T 42 & o T EATIMEED
M CELRYv—ThoIENWLNERoT, % TO XS eEfH i
ERNRA A R=ZARY = —=NHOPICER L TN ZET, I—Rr=a2—F
TNARORIUH G55 2 L2 T 5,
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Materials

Methyl crotonate (MO), ethyl crotonate (EO),
1-trimethylsiloxyl-1-methoxy-2-methyl-1-propene  (M**SKA), methyl isobutyrate,
chlorotriethylsilane, tert-butyldimethylchlorosilane, chlorotriisopropylsilane,
N,N'-dimethylpropyleneurea, lithium(diisopropylamide) (1.5 M in  THF),
N-(trimethylsilyl)bis(trifluoromethanesulfonyl)imide (Tf2NSiMes), and
bis(trifluoromethanesulfonyl)imide (Tf2NH) were obtained from Tokyo Chemical
Industry Co., Ltd. (TCI). Distillation using CaH, was performed for MC, EC, and
Me3SK A before they were stored in a glovebox. CH2Clo, THF, and 1,2-dichloroethane
(Kanto Chemical Co., super dehydrated grade) were purified using an SPS 800 system
(MBraun). Argon and nitrogen were used after purification by passing through a dry

clean column (4A molecular sieves) and a gas clean CC-XR column (Nikka Seiko).

Synthesis of Silyl Ketene Acetal (SKA)
1-Methoxy-1-(triethylsiloxy)-2-methyl-1-propene (*®SKA) was synthesized
via the reaction of methyl isobutyrate and chlorotriethylsilane, in accordance with a
method reported in the literature!. Methyl isobutyrate (14.0 g, 137 mmol) in THF
solution (200 mL) was charged into a flask filled with dry nitrogen gas, following which
1.5 M lithtum(diisopropylamide) (100 mL, 150 mmol) in THF was added dropwise with
vigorous stirring at —78 °C for 30 min. Subsequently, N,N'-dimethylpropyleneurea (200
mmol) and chlorotriethylsilane (22.6 g, 150 mmol) in THF solution (50 mL) were added,
and the reagents were stirred at —78 °C for 60 min, following which they were warmed
to room temperature. The reagents were then stirred for 24 h at room temperature,
following which they were concentrated. The resulting mixture was taken up in 500 mL
of hexane and washed with 100 mL of water thrice. Next, the mixture was washed with
100 mL of saturated aq. NaHCO3; and 100 mL of brine and subsequently dried over
MgSOs. After filtration, the organic layer was concentrated. Distillation under a vacuum

resulted in a 90% yield of ®*SKA as a clear colorless liquid with purity > 97%, as

measured using 'H nuclear magnetic resonance (NMR).
1-Methoxy- 1-(tert-butyldimethylsiloxy)-2-methyl-1-propene (B"M®2SKA) (54% yield as
a clear colorless liquid with purity > 99%) and

1-methoxy-1-(triisopropylsiloxy)-2-methyl-1-propene (**SKA) (70% yield as a clear

colorless liquid with purity > 97%) were synthesized in a similar manner.
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Measurements

All molecular weight data of polymer samples were obtained through size
exclusion chromatography (SEC) at 40 °C using a Shimadzu GPC system equipped
with a RID-10A refractive index detector, Shodex GPC K-802 column, and Shodex
GPC K-806M column. CHCI; was used as an eluent at a flow rate of 0.8 mL min'.
Polystyrene standards with low polydispersity values were used to draw the calibration
curve.

Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy
(MALDI-TOF-MS) was conducted wusing an ultrafleXtreme MALDI-TOF
spectrophotometer (Bruker Daltonics, Billerica, MA) operated in reflection mode at an
accelerating voltage of 20 kV. The samples that underwent MALDI-TOF-MS were
combinations of  the reaction mixture (2 ul), the matrix
(1,8-dihydroxy-9(10H)-anthracenone (dithranol), 10 mg mL™!, 8 pL), and the ionizing
agent (sodium trifluoroacetate, 10 mg mL™!, 2 uL) in THF. These samples were
deposited on an MTP 384 ground steel target plate TF in a glovebox. External
calibration was conducted prior to data acquisition. The detected mass list was extracted
using FlexAnalysis software (Bruker Daltonics).

'H NMR measurements were performed with a Varian NMR system. The
samples were dissolved in CDCl3;, and 500 MHz '"H NMR spectra were recorded at
room temperature. The data were calibrated against tetramethylsilane (TMS, 6 0.00) and

analyzed using the Mnova NMR software.

Group-transfer polymerization

All manipulations were performed under a dry and oxygen-free argon
atmosphere using standard high-vacuum Schlenk techniques or a glovebox. A typical
polymerization procedure (entry 1, Table 2-1) is as follows: EC (2.85 g, 25 mmol),
Me3SK A (10.9 mg, 0.0625 mmol), and CH2Cl» (6 mL) were charged into a Schlenk tube
in a glovebox. A CH>Cl; solution (3.4 mL) of THrNSiMe; (22.1 mg, 0.0625 mmol) was
added to initiate the polymerization reaction at —40 °C. After 8 h, methanol (10 mL) was
added to the reaction mixture, following which the solvents were removed by
evaporation under reduced pressure. The residue was dissolved in CHCIls, and the
solution was poured into a large volume of hexane. The precipitated polymer was
collected as the hexane-insoluble part by filtration, washed several times with hexane,
and dried under vacuum for 24 h. The hexane-soluble part was obtained by the
evaporation of the filtrate, followed by drying under vacuum for 24 h. The monomer
conversion was calculated from the sum of the weights of the hexane-insoluble and

hexane-soluble parts.
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Computational method

Theoretical calculations were performed using the Gaussian 09 software
package?. All the computations employed in this study were performed using density
functional theory (DFT) with the B3LYP functional. Geometrical optimizations were

performed using the 6-31G* basis set>*.
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Materials

Ethyl crotonate (EC), 1-trimethylsiloxy-1-methoxy-2-methyl-1-propene
(M33SKA), methyl isobutyrate, chlorotriethylsilane, fert-butyldimethylchlorosilane,
chlorotriisopropylsilane, N,N'-dimethylpropyleneurea, lithium(diisopropylamide) (1.5
M in THF), [-[bis(trifluoromethanesulfonyl)methyl]-2,3,4,5,6-pentafluorobenzene
(TH2,CHCgFs), N-(trimethylsilyl)bis(trifluoromethanesulfonyl)imide (Tf;NSiMes), and
bis(trifluoromethanesulfonyl)imide (Tf2NH) were obtained from Tokyo Chemical
Industry Co., Ltd. (TCI). EC and M®SKA were distilled using CaH, and stored in a
glovebox filled with argon. CH>Cl> and THF (Kanto Chemical Co., super dehydrated
grade) were purified using an SPS 800 system (MBraun). Argon and nitrogen were used
after purification by passing them through a dry clean column (4A molecular sieves)

and a gas clean CC-XR column purchased from Nikka Seiko.

Measurements

All molecular weights of the polymer samples were obtained with size
exclusion chromatography (SEC) at 40 °C using a Shimadzu GPC system equipped
with an RID-10A refractive index detector, Shodex GPC K-802 column, and Shodex
GPC K-806M column. CHCI; was used as an eluent at a flow rate of 0.8 mL min'.
Polystyrene standards with low polydispersity were used to prepare a calibration curve.

'"H NMR measurements were performed at room temperature on a 500 MHz
Varian NMR spectrometer. The samples were dissolved in CDCls, the spectra were
referenced to tetramethylsilane (TMS, & 0.00), and analyzed using Mnova NMR
software.

Thermogravimetric analysis (TGA) was performed on a SII Nano Technology
TG/DTA7200 thermal analyzer from room temperature to 500 °C under nitrogen
atmosphere at a heating rate of 10 °C min-1. 7ys is defined as the temperature at which
weight loss reaches 5% of the initial weight and 7ys0 represents the temperature at
which weight loss of 50% is reached.

The glass transition temperature (7,) of the polymer samples was measured by
dynamic mechanical analysis (DMA) (Perkin Elmer DMAS8O00) under a nitrogen
atmosphere by cooling the sample to —50 °C at 10 °C min!
DMA scan from —50 to +200 °C or 250 °C at a heating rate of 5 °C min ' and a
frequency of 1 Hz.

, and then recording the

Polarizing optical micrographs were observed using an Olympus optical

microscope equipped with a crossed polarizer and a sensitive color plate (530 nm phase
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difference) at room temperature.

The total light transmittance (7t) and haze values of the prepared polymer films
were measured with a Shimadzu ultraviolet—visible (UV-vis) UV-3600
spectrophotometer equipped with a Shimadzu MPC-3100 haze measurement unit at
room temperature in air. Data were analyzed by the Shimadzu color software.

Wide angle X-ray diffraction (WXRD) patterns of solution-cast films were
recorded at room temperature on a Rigaku Smart Lab system using nickel-filtered CuKa
radiation (A = 0.154 nm, 45 kV, 200 mA) in the 26 range 5-60° at a scanning speed of
5.0° min"!. The cast films were prepared by dissolving the obtained polymer (0.1 g) in
CHCI3/(CF3)CHOH (5:2 vol/vol, 0.5 mL). The solvent was then allowed to evaporate
at room temperature for 1 week to yield a film, which was finally dried under vacuum

for several days at room temperature.

Synthesis of SKAs

1-Methoxy-1-(triethylsiloxy)-2-methyl-1-propene (E*SKA) was synthesized
via the reaction of methyl isobutyrate and chlorotriethylsilane in accordance with the
literature'. Methyl isobutyrate (14.0 g, 137 mmol) in THF (200 mL) was charged into a
flask filled with dry nitrogen gas, following which 1.5 M lithium(diisopropylamide)
(100 mL, 150 mmol) in THF was added dropwise with vigorous stirring at =78 °C for
30 min. Subsequently, N,N'-dimethylpropyleneurea (200 mmol) and chlorotriethylsilane
(22.6 g, 150 mmol) in THF (50 mL) were added, and the reagents were stirred at =78 °C
for 60 min, followed by warming to room temperature, stirring for 24 h, and
concentration under reduced pressure. The resulting mixture was taken up in 500 mL of
hexane and washed with water (3 x 100 mL). Next, the mixture was washed with 100
mL of saturated NaHCO3 aqueous solution, 100 mL of brine, and then subsequently
dried over MgSQs, filtered, and the organic layer was concentrated. Distillation under
vacuum resulted in *3SKA in 90% yield as a clear colorless liquid with > 97% purity, as
determined using 'H nuclear magnetic resonance (NMR) spectroscopy.
1-Methoxy-1-(tert-butyldimethylsiloxy)-2-methyl-1-propene (B"M*2SKA) (54% yield as
a clear colorless liquid with purity > 99%) and
1-methoxy-1-(triisopropylsiloxy)-2-methyl-1-propene (**SKA) (70% yield as a clear

colorless liquid with purity > 97%) were synthesized in a similar manner.

Group-Transfer Polymerization

All manipulations were performed under a dry and oxygen-free argon
atmosphere using standard high-vacuum Schlenk techniques or a glovebox. When using
THNSiMes as the silicon Lewis acid catalyst (entries 2 and 3, Table 3-1), the typical
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polymerization procedure (entry 2, Table 3-1) is as follows: EC (2.85 g, 25 mmol),
Me3SKA (10.9 mg, 0.0625 mmol), and CH>Clz (6 mL) were charged into a Schlenk tube
in a glovebox. A CHCl: solution (3.4 mL) of Tf2NSiMes (22.1 mg, 0.0625 mmol) was
then added to initiate the polymerization reaction at —40 °C. After 168 h, methanol (10
mL) was added to quench the reaction mixture, followed by solvent removal under
reduced pressure. The residue was then dissolved in CHCl3, and the solution was poured
into a large amount of hexane. The hexane-insoluble precipitated polymer was collected
by filtration, washed several times with hexane, and dried under vacuum for 24 h.

For entries 1 and 4—12 in Table 3-1, silicon Lewis acid catalysts (Tf2NSiR1R2R3 or
TH,C(SiR1R2R3)CeF5) were generated in situ by the reaction of a Brensted acid (Tf2NH
or TH,CHCFs) and the equivalent amount of R'R?R3SK A | A typical polymerization
procedure (entry 4, Table 3-1) is as follows: EC (2.85 g, 25 mmol), *3SKA (27.9 mg,
0.125 mmol), and CH>Cl» (6 mL) were charged into a Schlenk tube in a glovebox. A
CH>Cl; solution (3.4 mL) of THHNH (17.6 mg, 0.0625 mmol) was added at —40 °C to
generate THNSiEt; immediately followed by initiation of the polymerization. The
amount of ESSK A initiator at the start of the polymerization was 0.0625 mmol, as the
amount remaining after stoichiometric consumption by the former reaction with Tf2NH.
After 168 h, methanol (10 mL) was added to quench the reaction mixture, followed by
solvent removal under reduced pressure. The residue was then dissolved in CHCI3, and
the solution was poured into a large amount of hexane. The hexane-insoluble
precipitated polymer was collected by filtration, washed several times with hexane, and

dried under vacuum for 24 h.
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Materials

Methyl cinnamate, ethyl cinnamate, and iso-propyl cinnamate were obtained
from Tokyo Chemical Industry Co. (TCI) and were used without further purification.
Methyl 4-methylcinnamate, methyl 4-methoxycinnamate, methyl
3,4-dimethoxycinnamate, and methyl 3,4,5-trimethoxycinnamate were prepared by
esterification of the corresponding cinnamic acids (4-methylcinnamic acid,
4-methoxycinnamic acid, 3,4-dimethoxycinnamic acid, and 3,4,5-trimethoxycinnamic
acid, which were obtained from TCI) with methanol in the presence of sulfuric acid
according to the literature®. M$3SKA (obtained from TCI) was distilled over CaH and
was stored at —35 °C in a glovebox. C¢HsCHTT,, TEHNH, Tf:NSiMes, PhsC[B(CsF5)4],
and CHCI3 were obtained from TCI and Wako Pure Chemical Industries and were used
without further purification. Argon and nitrogen were used after purification by passing
through a dry clean column (4A molecular sieves) and a Gas clean CC-XR column
purchased from Nikka Seiko. CH>Cl, (Kanto Chemical Co., super dehydrated grade)
was purified via a SPS 800 system (MBraun).

Monomer synthesis

Methyl 4-methylcinnamate was synthesized by the reaction of
4-methylcinnamic acid and methanol. 4-Methylcinnamic acid (24.9 g, 0.15 mol) and
methanol (300 mL) were charged into a flask, followed by the dropwise addition of
sulfuric acid (2.5 mL) with vigorous stirring at 60 °C. The mixture was refluxed for 5 h
at 80 °C. After concentrating, the mixture was poured into saturated NaHCO3 aq., and
extracted with CHCIz. Then, the organic layer was washed with water and brine, and
dried over Na>xSOg. After filtration, the organic layer was concentrated. The residue was
dissolved in hexane, which was then evaporated until a white solid was separated.
Cooling the solution yielded methyl 4-methylcinnamate as white crystals (24.3 g,
89.6%). The syntheses of methyl 4-methoxycinnamate (85.9% yield), methyl
3,4-dimethoxycinnamate (78.8% yield), and methyl 3,4,5-trimethoxycinnamats (93.6%

yield) were carried out in a similar manner.

Polymerization

All manipulations were performed under a dry and oxygen-free argon
atmosphere using standard high-vacuum Schlenk techniques or a glovebox. A typical
polymerization procedure (entry 10, Table 4-1) is as follows: methyl cinnamate (2.10 g,
13 mmol), MS3SKA (45.1 mg, 0.26 mmol), and CH>Cl, (5 mL) were charged into a
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Schlenk tube in a glovebox. A CH>Cl solution (2.5 mL) of TE:NSiMes (91.5 mg, 0.26
mmol) was added to initiate the polymerization reaction at —35 °C. After a
predetermined reaction period, methanol (10 mL) was poured into the reaction mixture,
and then the solvents were removed by evaporation under reduced pressure. The residue
was dissolved in CHCI3, and the solution was poured into a large amount of hexane. The
precipitated polymer was collected by filtration, washed several times with hexane, and
dried under vacuum for 24 h. The polymerizations of various cinnamates and their

derivatives using various organic acid catalysts were carried out in a similar manner.

Oligo(methyl cinnamate) synthesis for X-ray analysis

Methyl cinnamate (4.05 g, 25 mmol), MS3SKA (1.45 g, 8.3 mmol), and CH>Cl,
(2.5 mL) were charged into a Schlenk tube in a glovebox. A CH>Cl, solution (6.5 mL)
of THNSiMes (88.3 mg, 0.25 mmol) was added to initiate the reaction at —35 °C. After
5 h, the reaction was terminated by adding 10 mL of methanol. The mixture was
evaporated under reduced pressure to remove the volatile components. Then, 40 mL of
CHCI3 was added to the residue. The CHCIlz-insoluble part was removed by filtration,

and the sample of mixed oligomers was obtained as the CHCI3-soluble part.

Fractionation of oligomers

Previously, Ute and co-workers reported the single-crystal X-ray structural
analysis of alkyl crotonate oligomers separated by SEC and HPLC to determine the
configuration of the disyndiotactic stereospecific poly(alkyl crotonate) synthesized by
GTP using Hgl> or Cdl as a catalyst and iodotrialkylsilane as a cocatalyst®®. Therefore,
we used a similar strategy to determine the structures of the obtained poly(alkyl
cinnamate)s.

Fractionation by SEC was performed at room temperature using a preparative
HPLC system (Shimadzu LC-20AR Semi-Preparative Solvent Delivery Unit, Shimadzu
RID-10A Refractive Index Detector, and Shimadzu DGU-20A 3R Degassing Unit)
equipped with a Shodex K-2001 column (20.0 mm ID x 300 mm; pore size, 6 um; plate
number, >18,000; exclusion limit, 1,500) and three Shodex K-802 columns (8.0 mm ID
x 300 mm; pore size, 6 um; plate number, >18,000; exclusion limit, 5,000) using CHCI3
as a mobile phase at a flow rate of 1.0 mL min !. The injection volume for each
fractionation step was 300 puL. The weight yield of each oligomer was as follows: 15.2
wt% (larger than hexamer), 8.6 wt% (hexamer), 12.2 wt% (pentamer), 13.8 wt%
(tetramer), 21.5 wt% (trimer), 28.6 wt% (smaller than trimer).

Fractionation by normal-phase HPLC was performed at room temperature

using the same system as for SEC fractionation, with the exception of the stationary and
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mobile phases. Two Devalosil 100-5 columns (10.0 mm ID % 250 mm) were used as the
stationary phase and a mixture of CH3CN and n-butyl chloride (9:91, v/v) was used as
the mobile phase at a flow rate of 2.0 mL min'. The injection volume for each
fractionation step was 100 pL.

Measurements

All molecular weight data of polymer samples were obtained by SEC at 40 °C,
using a Shimadzu GPC system equipped with an RID-10A refractive index detector, a
Shodex GPC K-802 column, and Shodex GPC K-806M column. CHCI3 was used as the

!, and a sample concentration of 1.0 mg mL™! was

eluent at a flow rate of 0.8 mL min~
applied. PSt standards with a low polydispersity were used to make a calibration curve.

'H NMR and "C NMR measurements of the polymer and
low-molecular-weight homologue samples were carried out on a Varian NMR system.
The samples were dissolved in CDCl3 and the 500 MHz 'H NMR spectra were recorded
at room temperature. Data was calibrated by tetramethylsilane (TMS, & 0.00). The 125
MHz C NMR spectra recorded at room temperature in a CDCl; solution. Data was
calibrated by TMS (8 0.00). Data were analysed by the JEOL ALICE 2 and Mnova
NMR software.

MALDI-TOF-MS analyses were conducted wusing an ultrafleXtreme
MALDI-TOF spectrophotometer (Bruker Daltonics, Billerica, MA) operating in the
linear or reflection mode at an accelerating voltage of 20 kV. The samples for
MALDI-TOF-MS were prepared by mixing the obtained polymer or oligomer (30 mg
mL~!, 2 pL), the matrix (1,8-dihydroxy-9(10H)-anthracenone (dithranol), 10 mg mL ™",
2 uL), and the ionizing agent (sodium trifluoroacetate, 10 mg mL™!, 8 pL) in THF, and
then depositing the mixture on an MTP 384 target plate ground steel T F. External
calibration was conducted prior to data acquisition. The detected mass list was extracted
using the FlexAnalysis software (Bruker Daltonics).

X-ray diffraction data collection was performed on a Rigaku XtaLAB P200
diffractometer equipped with a DECTRIS PILATUS 200K hybrid array detector
(HPAD), using a 3kW sealed tube of Mo Ka radiation (A = 0.71073 A) at —100 °C. The
Bravais lattice and the unit cell parameters were determined by the CrysAlisPro version
171.38.46 software package. The raw frame data were processed and absorption
corrections were done using CrysAlisPro. The structure was solved using SIR-2014°
and SHELXL-2018'°. Structural refinement was performed using the WINGX-Version
2014.1 system!!, on F? anisotropically for all of the non-hydrogen atoms by the
full-matrix least-squares method. The hydrogen atoms were placed at the calculated

positions and were included in the structure calculation without further refinement of
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the parameters. The residual electron densities were of no chemical significance. The
methyl ester groups (C(1), C(2), C(57), C(58), O(1), O(2), O(13), O(14)) of the
pentamer were modelled as disordered at 50% occupancy. The methyl carbons (C(13),
C(56)) of the pentamer were modelled as disordered over two positions at 70% and 30%
occupancies, respectively.

CCDC numbers 1898516 (hexamer), 1898517 (pentamer), and 1898515
(tetramer) contain the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif.

TGA was performed on a SII Nano Technology TG/DTA7200 from room
temperature to 500 °C under nitrogen atmosphere at a heating rate of 10 °C min™'. Tys is
defined as the temperature at which weight loss reaches 5% of the total weight. Tgso is
defined as the temperature at which weight loss reaches 50% of the total weight.

The T, of each polymer was measured by DMA (Perkin Elmer DMAS800)

under a nitrogen atmosphere, by cooling the sample to —150 °C at 10 °C min "

, and then
recording the DMA scan from —150 to +300 °C at a heating rate of 5 °C min™! and a

frequency of 1 Hz.

Data availability
Crystallographic data for the structures of the methyl cinnamate oligomers have
been deposited in the Cambridge Crystallographic Data Centre under codes
1898516 (hexamer), 1898517 (pentamer), and 1898515 (tetramer). These data
can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Materials

Methyl crotonate (MC), ethyl crotonate (EC), isopropyl crotonate (iPC),
n-butyl crotonate (nBC), methyl cinnamate (MCin), methyl methacrylate (MMA),
n-butyl methacrylate (nBMA), methyl isobutyrate, tert-butyldimethylchlorosilane,
N,N'-dimethylpropyleneurea, lithium(diisopropylamide) (1.5 M in THF), and
bis(trifluoromethanesulfonyl)imide (Tf2NH) were obtained from Tokyo Chemical
Industry Co., Ltd. (TCI). CH2Cl, and tetrahydrofuran (THF) (Kanto Chemical Co.,
super dehydrated grade) were purified using an SPS 800 system (MBraun). Argon and
nitrogen were purified before use by passing through a dry clean column (4 A molecular
sieves) and a gas clean CC-XR column purchased from Nikka Seiko. All the monomers,
except MCin, were distilled using CaH> and stored in a glovebox. MCin was purified

using 3 A and 4 A molecular sieves in CH2Cl; and stored in a glovebox.

Synthesis of 1-methoxy-1-(tert-butyldimethylsiloxy)-2-methyl-1-propene)
(BIMEGKA)

1-Methoxy-1-(tert-butyldimethylsiloxy)-2-methyl-1-propene (B*™M¢2SKA) was
synthesized by the reaction of methyl isobutyrate and tert-butyldimethylchlorosilane, in
accordance with the literature!. More specifically, a solution of methyl isobutyrate (14.0
g, 137 mmol) in THF (200 mL) was charged to a flask filled with dry nitrogen gas, after
which a 1.5 M lithium(diisopropylamide) THF solution (100 mL, 150 mmol) was added
dropwise with vigorous stirring at =78 °C over 30 min. Subsequently, a solution of
N,N'-dimethylpropyleneurea (200 mmol) and tert-butyldimethylchlorosilane (22.6 g,
150 mmol) in THF (50 mL) was added, and stirring continued at —78 °C for 60 min.
After this time, the reaction mixture was warmed to room temperature and stirred for 24
h prior to concentration. The resulting mixture was taken up in hexane (500 mL), and
washed with water (3 x 100 mL), saturated aqueous NaHCO3 (100 mL), and brine (100
mL), then dried over anhydrous MgSO4. After filtration, the organic layer was
concentrated. Distillation under vacuum conditions gave the desired B™M®2SKA as a
clear, colorless liquid (54% yield) with a purity of >99%, as determined by proton

nuclear magnetic resonance (‘H NMR) spectroscopy.

Measurements

All molecular weight data for the polymer samples were obtained by gel
permeation chromatography (GPC) at 40 °C using a Shimadzu GPC system equipped
with an RID-10A refractive index detector, a Shodex GPC K-802 column, and a Shodex
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GPC K-806M column. CHCl3 was used as the eluent at a flow rate of 0.8 mL min ™.
Polystyrene standards with a low polydispersity were used to obtain a calibration curve.

'"H NMR measurements were performed on a Varian NMR system. The
samples were dissolved in CDCIl3 and the 500 MHz. '"H NMR spectra were recorded at
room temperature. The data were calibrated against tetramethylsilane (TMS, 8 0.00) and
analyzed using Mnova NMR software.

Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy
(MALDI-TOF-MS) was conducted on an ultrafleXtreme MALDI-TOF
spectrophotometer (Bruker Daltonics, Billerica, MA) operating in the linear mode at an
accelerating voltage of 20 kV. Samples for MALDI-TOF-MS comprised combinations
of the polymer (2 pL), the matrix (1,8-dihydroxy-9(10H)-anthracenone (dithranol), 10
mg mL™!, 8 uL), and the ionizing agent (sodium trifluoroacetate, 10 mg mL ™!, 2 uL) in
THF. Samples were deposited on an MTP 384 ground steel target plate. External
calibration was conducted prior to data acquisition. The detected mass list was extracted
using FlexAnalysis software (Bruker Daltonics).

TGA was performed on an SII Nano Technology TG/DTA7200 thermal
analyzer from room temperature to 500 °C in nitrogen atmosphere at a heating rate of
10 °C min!. Tys and Ty4so were defined as the temperature at which the weight loss
reached 5% and 50%, respectively, of the total weight.

The Ty of each polymer sample was measured by DMA (Perkin Elmer
DMAR8O00) under a nitrogen atmosphere by cooling the sample to —50 °C at a rate of
10 °C min!, and then recording the DMA scan from —50 to +250 °C at a heating rate of

5°C min! and a frequency of 1 Hz.

Group-transfer polymerization

All manipulations were performed in a dry and oxygen-free argon atmosphere using
standard high-vacuum Schlenk techniques or a glovebox. A typical procedure for the
one-stage polymerization process (entry 3, Table 5-1) was as follows: MC (501 mg, 5
mmol), nBC (711 mg, 5 mmol), BM2SKA (10.8 mg, 0.050 mmol), and CH>Cl, (6.0
mL) were charged to a Schlenk tube in a glovebox. A CH>Cl, solution (2.7 mL) of
THHNH (7.0 mg, 0.025 mmol) was added to initiate the polymerization reaction at 0 °C.
After 48 h, methanol (10 mL) was added to the reaction mixture, after which the
solvents were removed by evaporation under reduced pressure. The residue was then
dissolved in CHCls, and the solution was poured into a large volume of hexane. The
precipitated polymer was collected as the hexane-insoluble component by filtration,
washed several times with hexane, and dried under vacuum for 24 h. For the two-stage

polymerization process (entry 8, Table 5-1), the procedure was as follows: MC (501 mg,
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5 mmol), BM2SK A (10.8 mg, 0.050 mmol), and CH>Cl> (4.0 mL) were charged to a
Schlenk tube in a glovebox. A CH>Cl, solution (2.7 mL) of Tf2NH (7.0 mg, 0.025
mmol) was added to initiate the polymerization reaction at 0 °C. After 24 h, a CH>Cl>
solution (2.0 mL) of nBC (711 mg, 5 mmol) was added dropwise, and the
polymerization reaction was allowed to continue for a further 24 h. The second
monomer feed was introduced without sampling from the first step, because such a
manipulation may deactivate the living polymers via introduction of trace amounts of
water. Finally, the reaction was worked up using the same process that was employed

for the one-stage polymerization.
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