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www.rsc.org/ Poly(methyl methacrylate)s with high stereoreguwariand clickable end-groups were
synthesized via terminating reactions with(halomethyl)acrylates in stereospecific living
anionic polymerization. The terminating reactionswso efficient and tolerant to the reaction
conditions that almost quantitative end-functiomalion was achieved in isotactic- and
syndiotactic-specific polymerization systems. Thartinating reactions were also achieved in
the polymerizations of vinyl methacrylate and trimdsilyl methacrylate. For the
polymerization of butyl acrylate, however, the tération efficiency was limited as high as
69%. Further quantitative end-functionalizationtloé¢ incorporated C=C double bondeaend
was achieved with various thiols catalyzed byNEtThe base-catalysed thiol-ene reaction of
the stereoregular poly(vinyl methacrylate) withend C=C double bond proceeded selectively
to retain vinyl ester functions, and the subsequéytrolysis afforded w-functional
stereoregular poly(methacrylic acid). A combinatminthe terminating agent with a protected
lithium amide afforded stereoregular poly(methylthaerylates) with orthogonally clickable
a- andw-ends.

Introduction into a-end® Another way from living polymerization to click
chemistry is atom transfer radical polymerizatiésTRP) and
€he following copper-catalyzed azide-alkyne cychhitidn
- . S (CUuAAC) using azide group ab-end derived from terminal
also in various application areas such as attachnudn halogen atoms. In fact, Matyjaszewskial. have succeeded in

g?a/cro.rpqlelcllilebs.;nto mgt:eér_lgl surfafb.éalnd cgnstru;]:tlc;n F:f the direct combination of ATRP and CuAAC reactionoine-
i0/artificial hybrid materials:™ In particular, since the faci epot systenmt’-1°® Moreover, the conversions of bromo atormat

and q.uantlltatlve reaction sygtems based on the.:emmllf click end to cyclopentadienyl group for Diels-Alder cliokactiorR®
chemllstry. have been established, polymers vyltd<eble eQd- and to thiol group for thiol-ene and thiol-yne &liceactiort!
functionalities have attracted polymer chemists amakerial are also possible. There are many reports on th&®FAT

i i 1,12 i _ i it
§C|ent|st§. Ql!ckable engl fU.nCtIOI’].ahtIES . ar.e genera"%itiators with clickable group, some of which areow
introduced by living polymerizations with an inii& and/or a

terminating agent bearing clickable functional grewor their
precursors. For example, reversible addition fragmaiéon
transfer (RAFT) polymerization gives a dithioesgeoup in®-

End-functional polymetshave important roles not only in th
synthesis of block copolymeiand branched copolynier but

commercially availabl&?222.23

Besides end-functionality, control of stereoregtyahas
also been a major target of precise polymerizatioemistry2*
because stereoregularity often affects polymer gnttgs. For

eqd, whlch.can be converted to thiol b¥ a trea.tmﬁ/nh instance, isotactic poly(methyl methacrylaté)RMMA) have
primary amine and then conducted to thiol-ene dol4me a glass transition temperaturdg around 50 °C, while

i i 2-15 i
CI'Cl_( chemistry: Recgntly, Perrieet aI.. have reporteq a newsyndiotactic $-)PMMA exhibits Tg at 120 °C® Therefore,
chain transfer agent with carbonyl azide group,ciwhaffords

) ) ) . ; numerous efforts have been paid for the control of
the incorporation of an isocyanate group for cliatiemistry

stereoregularity of PMMA. In radical polymerizatiohighly
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isotactic PMMAs (hm content > 99.9%) was synthesized vi€hemical Industry) were fractionally distilled astbred over
the polymerization of bulky monomers such as 1-pleberyl Cake. The monomers were distilled over Cadnder high
methacrylate and the post-polymerization modifmatifor vacuum just before use. N®OLi (Aldrich) was driedn vacuo
isotactic polymef®28 and polymerization of MMA in at 100 °C for several hours and used as dry toleer@HCl>
fluoroalkyl alcohols for syndiotactic polymerr( content = solution. The received reagent contains a signifieanount of
93%)2%30  Furthermore, the simultaneous control odfsoluble material, and thus the supernatant spiwvas used
stereoregularity and molecular weight has beeneaeli by for polymerization. Isopropy-lithioisobutyrate (LitPrIB) was
living radical polymerization at low temperature{#8 °C) in prepared and recrystallized in toluene accordingutoprevious
fluorous alcohols, wherg-PMMA (rr content ~ 85%) could be report3? Ethyl o-(chloromethyl)acrylate 1@ and ethyl a-
synthesized! More sophisticated control of stereoregularitppromomethyl)acrylate 1p) were synthesized from ethyl-
and molecular weight could be achieved by steramfipe (hydroxymethyl)acrylate, a kind gift from Nippon &ubai
anionic polymerizations, which afford stereoreguRiIMAs Co., Ltd, according to our previous rep#itla (bp 44.3—
with high tacticity (nm content ~ 99.5% foit-PMMA3? andrr  45.0 °C / 2.5 mmHg) andb (bp 45.0-45.3 °C / 2.0 mmHg)
content = 96% fost-PMMAS33) with narrow molecular weight were distilled under reduced pressure and storeérunitrogen
distribution. In these stereospecific anionic podyimation atmosphere in the presence of Molecular Sieves M&4A,
systems, non-polar solvents such as toluene arel tise Nacalai Tesque) at-20 °C. Ethyl 2-methylpent-4-enoate
facilitate interaction of the living polymer anidio counter (Aldrich) and diisopropylamine were dried over CaHlistilled
cation or some additives, achieving the stereoetgul. As a under high vacuum, and stored as toluene solutions.
consequence, the reactivities of the living aniaressuppressed Benzylidene-bis(tricyclohexylphosphine)dichlororeitium
so low that they can scarcely react with typicalmi@eating (first generation Grubbs’ catalyst, Aldrich) anchet reagents
agents such as alffland benzy® halides, generally used forwere used as purchased without further purification
anionic polymerization in polar solvents. Thus, tidéntate or
strong amine ligands are required to activate ithiad anions
for the end-functionalization by terminating agefftsor a 'H and'3C NMR spectra were measured in CR@Idrich) on
functional initiator approach, the reagent desigoutd comply a Unity Inova 500 spectrometer (Varian) and an HOS-
with the demand of proper reactivity to allow thmgltaneous spectrometer (JEOL). Chemical shiftslih NMR spectra were
control of molecular weight and stereoregularityvasdl as of referred to the signal of tetramethylsilane (TM$)olecular
tolerance to their functional groups. In fact, thare only a few weights and its distributions of the polymers wdetermined
reports of functional initiator for stereospecifianionic at 40 °C by size-exclusion chromatography (SEChgisa
polymerization of MMA37:38 GPC-900 chromatograph (JASCO) equipped with two SEC
Recently, we have found that(halomethyl)acrylatesl] columns [Polymer Laboratories, PL-gel, Mixed C (360n
are effective terminating agents for stereoregBlMA living x7.5 mm)], using tetrahydrofuran (THF) as an elusna flow
anions, wherel undergoes addition-fragmentation reactionste of 0.8 mL-mt!, and calibrated against standard PMMA
(SN2’ reaction) with nucleophiles (living PMMA aniongd samples (Shodex, MW: 1.25X0 6.59x16, 1.95x16,
give the polymers withw-end functionality ofa,f-unsaturated 4.96x10, 2.06x10, 6.82x16G, 2.00x16).
ester’® The resulting polymers are susceptible to further )
chemical modification via Michael addition click eistry. In 11imethylsilyl Methacrylate (TMSMA)
this article, we report the details and advanceslilte of the Under nitrogen atmosphere, chlorotrimethylsilan®0(1ImL,

Instruments

termination and the subsequent end-functionaliratio 0.790 mmol) was added dropwise to a suspensiomtaspium
methacrylate (99.3 g, 0.800 mmol) in@&t(750 mL) containing
Experiment MS4A (15 g). After 21 h, the precipitate was renuviey
filtration over Cerite® No. 535 (Wako), and thetrfiite was
Materials concentrated. The residue was distilled twice uneeluced

CHzCl> (Wako, super dehydrated grade) was dried over.Capfessure with Vigreux column (40.5 °C / 16 mmHg)dive

(Nacalai Tesque) and distilled under high vacuust pefore  TMSMA as colorless oil (70.7 g). Yield: 55.8%. Ryri99.6%.

use. Toluene (Aldrich, anhydrous grade) was dehgdravith d = 0.8898 g/cth 'H NMR (400 MHz, CDC}, 30 °C)5 6.09

red colored complex of butyllithiumn{BuLi, 1.64 M hexane (dd,J1=1.8 Hz,J> = 0.9 Hz, 1H, €IH=), 5.58 (ddJ. = 1.8 Hz,

solution, Kanto Chemical) and 1,1-diphenylethyleffecros Jz2=1.6 Hz, 1H, Cii=), 1.91 (ddJ1 = 1.6 Hz,J2 = 0.9 Hz, 3H,

Organics), and distilled under high vacuum justobefuse. o-CHs), 0.31 (s, 9H, SiMg ppm.**C NMR (100 MHz, CDGj,

Ethylaluminum bis(2,6-di-butylphenoxide) [EtAI(ODBPJ 30 °C)6 168.4 (C=0), 138.3df, 126.6 f), 18.9 (OCH), 0.44

and methylaluminum bis(2,6-dibutylphenoxide) (SiMes) ppm.

[MeAl(ODBP);] were prepared according to our previous L

o - . Polymerization

report® and stored as toluene solutions under nitrogen

atmosphere. MMA (Nacalai Tesque), vinyl methace/atMA, All the polymerization reactions were carried outdar dried

Tokyo Chemical Industry), and butyl acrylate (BApKyo nitrogen atmosphere in glass ampoules fitted wlitlee-way
stopcocks and the solvents and reagents were ¢raedfvia
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hypodermic syringes. A typical procedure (Tabl&®@n 2): To mg, 12umol) was dissolved in CD€&0.60 mL) and EN (18

a glass ampoule filled in dried nitrogen passedugh MS4A uL, 120 umol). 2-isocyanatoethyl methacrylatéa( 17 uL, 120

at —78 °C, CHCI2 (5.0 mL), MeSiOLi (2.5 mmol), and Li- pmol) was added, and the reaction was monitoretHoiNMR
iPriB (0.25 mmol) were added at room temperaturee Thpectroscopy. After 15 h, the reaction mixture waared into
reaction mixture was cooled t&8 °C, and the polymerizationhexane (50 mL). The precipitate was collected by
was started by the addition of MMA (5.0 mmol). Afte h,1a centrifugation, dissolved in CHE[(10 mL), washed with 1 M
(1.25 mmol) was added to the polymerization mixtamed HCI aq (10 mL) and D (10 mL), and concentrated. The
reacted for further 1 h. Then the reaction wasllfinrguenched residue was drieth vacuo to give a polymeric product (40 mg).
by HCl ag—MeOH solution, and the polymer was receuey
precipitation with hexane, filtered and washed wfitbxane,
acidic water and water, successively, and ditedacuo at 40 S-(Undec-10-en-1-yl) acetothioate (0.25 mL, 1.0 mmahs
°C. treated with propylamine (0.16 mL, 2.0 mmol) in §€HN (0.20
mL) at ambient temperature for 3 h, astetPMMA (st-14, 64
mg, 20umol) was added. After 14 h, phenyl isocyanatb, (
A typical procedure: To a solution sf-PMMA (st-2, 64 mg, 0.33 mL, 3.0 mmol) was added. After 12 h, the rieactixture

20 umol of the functional group) in G&N (0.20 mL) was was diluted with CHGI (1 mL) and poured into hexane (50
added a catalytic amount of ¢&f and2b (0.17 mL, 2.0 mmol). mL). The precipitate was collected by centrifugatiovashed
The reaction mixture was stirred at ambient tempeeafor 12 with hexane, and drieh vacuo. The precipitate was dissolved
h and poured into hexane (30 mL). The precipitatas win CHCE (1 mL), and insoluble product was removed by
collected by centrifugation and washed with watken dried filtration. The solution was concentrated, and tbsidue was
in vacuo for 6 h to give the corresponding polymer (62 mgilissolved in acetone. The solution was poured vwater (15
For the PMMA with higher molar masses4, st-5, andst-6), mL) — MeOH (35 mL) cosolvent, and the precipitatasw
the volume of the solvent was 0.50 mL and the moleollected by centrifugation and drig@vacuo at 40°C to give a
concentration of the functional group was 20 mMtéas of polymeric product (16 mg).

100 mM in the typical case described above.

Thiol-ene and amine-isocyanate ‘double click’ rea@ns

Thiol-ene ‘click’ reaction

Synthesis of telecheligt-PMMA (it-7m)

All reagents were added via hypodermic syringes.aTglass
To a solution ofit-poly(VMA) (V1, 74 mg, 10umol) in EBN ample filled in dried nitrogen gas passed througB4i at—
(0.209 mL, 1.50 mmol) was added 2-mercaptoethylamum 78 °C, to a solution of-BuLi in hexane (1.64 M, 0.24 mL,
chloride @d, 0.113 g, 1.00 mmol). After 12 h,.8 (30 mL) 0.40 mmol) was added diisopropylamine in toluen®g0M,
was added, and the product was extracted with @(B0ImL). 0.24 mL, 0.46 mmol) was added dropwise. After Ethyl 2-
The organic layer was concentrated, and the residigedried methylpent-4-enoate in toluene (0.75 M, 0.53 mK400mmol)
in vacuo. The obtainedw-functional polymer (70 mg, 0.63was added to the viscous reaction mixture cooleer avater
mmol/ unit) was dissolved in GEOOH (1.0 mL, 13 mmol) bath. After 1 h, MsSiOLi in toluene (0.99 M, 2.0 mL, 2.0
and HO (0.23 mL, 13 mmol). The reaction mixture was bdatmmol) and toluene (2.0 mL) was added, and the i@act
at 70 °C for 3 h and poured into acetone (30 mL). Thaixture was cooled at78 °C. MMA (1.1 mL, 10 mmol) was
precipitate was collected by centrifugation andediin vacuo added to initiate the polymerization. After 30 mihe reaction
to give a poly(methacrylic acid) (57 mg). mixture was warmed at30 °C, andla (1.3 mL, 1.0 mmol) was
added. The reaction was finally quenched by 5 M &g(0.7
mL). The reaction mixture was then poured into mex§l50
st-PMMA (st-13) was reacted with 11-mercaptoundec-1-emal), and the precipitate was collected by centiafiimn and
(29) in a similar manner as described above. The mo0 driedin vacuo to afford the product (1.36 g). It was dissolved i

o-Functional stereoregular poly(methacrylic acid)

Amine-isocyanate ‘click’ reactions

Table 1. Terminating reaction with-(halomethyl)acrylates in isotactic-specific anmpblymerization of MMA?

Polymerizatiol Terminatior Tacticity /%
[MMA] o/
Rur [Li-iPrIB]o Solven T Equiv® Temp./°C  Time/ r Polyme M4 MM mm . F /%
1 20/1 CH,Cl, Hs0* exces -78 >( it-1 800( 1.22 98 2 ~0 -
2 20/1 CH.Cl, la 5.C -78 1 it-2 700C 1.1¢ 9C
3 20/1 CH,Cl, la 5.C -4C 1 it-3 680( 1.1¢ 93
4 100/1 CH,Cl, la 5.C -78 1 it-4 2800( 1.32 97 3 ~Q 93
5 20/1 CH.Cl, 1b 5.C -78 1 it-5 800( 1.2C 93
6 20/1 Toluen 1b 5.C -78 — (09 1 it-6 750( 1.2¢ 9€

2 Polymerizations of MMA (5.0 mmol) were carried dgnisolvent (5.0 mL) at78 °C for 1 h. [MgSiOLi]o / [Li-iPrIB], = 10 / 1.° Terminating agent.
¢ Equivalent of terminating agent to LP+IB. ¢ Determined by SEC (PMMA standard$Estimated byH NMR spectra’ End-functionalization efficiency
9 Terminating agent was added-&B °C and then the reaction system was warmed@ 0
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(a)

CHg CHy CH3 CH3 CHy
I \ Me3SiOLi
CHy— ﬁ + CH,=C ——— C%CHZ C)*CHZ
c- o°L® c=o <‘: 0 <‘: o E—oPL®
OiPr OCHs OiPr OCHj OCHj,
Li-iPriB MMA it-PMMA living anion
(‘)HZX
CH2:(‘)
(\::O CH CH CH
OC,Hs 3 3 M2
1a(X=C) CHy— c%cH2 C)*CHZ c
1b (X = Br) <‘: o <‘: o c o
—_— OiPr OCHjg OC,Hs
it-PMMA
b tBu
(b) EtAI(ODBP), (‘:H3 CHy CHy
Li-iPriB + MMA ————— CH;— C‘(CHZ c)—CH2 c o -
77777777777777777777777777777 c 0" AI Et

|
L|® O

i i o OCH3 cmo{j/

/!
st-PMMA living anion

tBu

—

‘ EtAI(ODBP)z ‘
CHs CHy CHy
laorth _ on,— C%CHZ C}*CHZ
9 o 9 o  ¢=o
oiPr OCH;  OC,Hs
St-PNIMA

Scheme 1. Termination of (a) it- or (b) st-PMMA living anions with 1.

CHClz and washed with 1 M HCI ag (20 mL) twice andCH
(20 mL). The organic layer was concentrated aneddimn
vacuo to recover the producit{7, 0.83 g). The obtainedt-
PMMA (it-7m) was reacted with2g in a similar manner
described above to give a telechélieMMA.

Attempt of cyclization telechelicit-PMMA by olefin-metathesis
reaction

The telechelidgt-PMMA obtained above (57mg, 1dmol) was
dissolved in anhydrous GBIz (100 mL) distilled over CaH
under vacuum. First generation Grubbs’ catalyst 1fi§ 20
pmol) was added to the solution, and the reactioxtureé was
refluxed for 5 days, passed through activated alantayer, and
concentrated to give the product (37 mg).

Results and Discussion

Terminating reaction of it-PMMA living anion

According to the previous repof,isotactic-specific living
polymerization of MMA was carried out in GHI2 at-78 °C
with Li-iPrIB / MeSiOLi (Scheme 1a). After 1 h, the
conversion of MMA reached 100%, and terminating rage
HCIl ag—MeOH solution (Table 1, Run 1) da (Run 2) were
added. Fig. 1 shows th#H NMR spectra of the resulting
polymers,it-1 and it-2. In both cases, the isotacticityn
contents), determined from the integral ratioae€Hs signals
were higher than 98%. In tH&l NMR spectrum ofit-1 (Fig.
1a), the signal assignable to CH protormwagnd was observed
around 2.44 ppm. In contrast, theCH signal was very weak
in the'H NMR spectrum oft-2, while the signals assignable to

4| J. Name., 2012, 00, 1-3

vinylidene (6.17 and 5.48 ppmQ@-methylene (4.17 ppm), and
allylic (2.62 and 2.47 ppm) protons were observei).(1b),
which clearly indicate the presence of @f-unsaturated ethyl
ester unit, supporting effective terminating reawmtivith 1a to
afford it-PMMA with ®-end C=C bond. The end-
functionalization ratio k) was determined as 90% from the
intensity ratio of the vinylidene signals atend to the CH
signal of isopropyl ester at-end. Termination at higher
temperature 40 °C) did not significantly improve the end-
functionalization ratio £ = 93%, Run 3). The terminating
reaction was proved effective for ddxPMMA anion with
higher molecular weight (Run #4, = 28000,Mw/Mn = 1.32,F

= 93%). The bromidédb also gave a similar result (Runfk:=
93%), indicating the leaving ability of halogen mtds not
significant in the terminating reaction. In contra® the
polymerization in CHCIlz, the polymerization in toluene at
—78 °C resulted in gelation of the reaction mixtuféus, the
reaction mixtures were gradually heated up to Oafer the
addition of the terminating agents a8 °C in order to mix
them homogeneously. Though the livitgPMMA anion may
undergo spontaneous chain-end cyclization terndnat O °C,
the end-functionalization ratio was even highern{R1 F =
96%). Consequently, the efficiency of terminatireaation is
not significantly dependent on the reaction condii

Terminating reaction of st-PMMA living anion

In a similar way, syndiotactic specific living poherization of
MMA was carried out in CkCl2 at —78 °C with a binary
initiator, Li-iPrIB / EtAI(ODBP} for 24 h (Conv. ~100%) and
terminated with HCI ag—MeOH solution (Table 2, Ronor
1la (Run 8) to give the corresponding polymessl andst-2,
respectively (Scheme 1b). Fig. 2 shows ¥#HeNMR spectra of
st-1 andst-2. In both cases, syndiotacticity determined from th

i
_CHZ_C
—OCH, I
CHy— | (E8) 1
T —O?H
L Ly JUL
(b) A (b) *20
w-CH
(a) L 1 (a) J"LJ
r —7 T — — ~ I-l—|—|—I—l—l—l—|—l—|
- 5 4 ) .
) L |
: J-ocH; |
E :
! ! i
(a) Y
‘e 5 4 3 2
&/ ppm

Fig.1 '"H NMR spectra of (a) it-1 and (b) it-2 (500 MHz, CDCls, 55 °C). X : toluene.
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Table 2. Terminating reaction with-(halomethyl)acrylates in syndiotactic-specificamtc polymerization of MMA:

Polymerizatiol Terminatior Tacticity /%
[MMA] o/ Temp./ Time/

Rur [Li-iPrIB]o Solven T Equiv® °C h Polyme M MJ/MS mm . F'l%
7 20/1 CH,Cl, H,O* exces -78 >0 st-1 280( 1.0¢€ ~Q 13 87 -
8 20/1 CH.Cl, la 5.C -78 1 st-2 320 1.0¢€ 98
9 20/1 CH.Cl, la 5.C —78 5 st-3 260( 1.0¢ 9¢

1C 20/1 CH,Cl, la 5.C -40 1 st-4 330¢ 1.0¢€ 91
11 100/1 CH.Cl, la 5.C -78 1 st-5 1130( 1.0¢ ~C 11 89  10C
12 200/1 CH.Cl, la 5.C -78 1 st-6 2370( 1.07 ~C 9 91 9¢
13 20/1 CH,Cl, la 0.5C -78 1 st-7 320( 1.0¢€ 8C
14 20/1 CH.Cl, la 3.C -78 1 st-8 310 1.0¢€ 10C
15 20/1 CH.Cl, 1b 5.C —78 1 st-9 300C 1.0¢ 9¢
16 20/1 Toluene 1b 5.C -78 1 st-10 210 1.1z 95
17 20/1 Toluene 1b 5.C —78-0¢ 1 st-11 210¢ 1.14 98

2 Polymerizations of MMA (5.0 mmol) were carried dnisolvent (5.0 mL) at78 °C for 24 h° Terminating agent. Equivalent of terminating agent to Li-
iPriB. ¢ Determined by SEC (PMMA standardsEstimated byH NMR spectra’ End-functionalization efficiency. Terminating agent was added-&8 °C
and then the reaction system was warmed to 0 °C.

i
—CH,—C
CHy=— | TOCH,- |
] -oCH (EY
|
(®r)
(b) b\
x75
l w-CH
(a) L (a)__~_
b 5 4 26 24
(b)__L A L) Ak -
E ! |-oCH; | —CH-|  CHy—

: ; L) (rm)
(a)_ . F 5 i‘J.MML
6 5 43 21

3/ ppm

Fig. 2. 'H NMR spectra of (a) st-1 and (b) st-2 (500 MHz, CDCls, 55 °C). X:

toluene.

species have lower reactivity than free enolat®rgnalmost
quantitative end-functionalization was achieved e
termination withla (F = 98%).

The terminating reaction seemed to complete withih
(Run 8:F = 98%), and thé& value slightly increased after 5 h
(Run 9:F = 99%). The termination a#40 °C resulted in lower
F value (Run 10F = 91%), although the reason was not clear.
On the other hand, molecular weight did not affée end-
functionalization (Runs 11, 12). Although the pobmization in
toluene became highly viscous even when e of the
obtained PMMA was 2100, the termination with (Runs 16,
17) gave similar results to that in @2 (Run 15).

The effect of amounts of adddé was also investigated
(Runs 8, 13, 14). It was found that the additiorl &f equiv. of
la to initiator (LiiPrIB) was enough to terminate the
polymerization quantitatively (Run 14). It should hoted that
the initiator efficiency was ~67% in this polymeaiion so that
1.0 equiv. ofla was excess to the living anions. In fact, the
addition of 0.50 equiv. ofaresulted inF = 80% as the case of
Run 13. When th€& value is significantly lower than unity, the
living PMMA remained might attack the-end C=C bond of
the terminated PMMA to form higher molecular weighoduct
(Scheme 2). The SEC trace stf7 was unimodal distribution
with a molecular weight dispersity/Mn = 1.06) as small as
the other Runs. Thus, such a reaction did not oqmabably
due to the bulkiness of PMMA chain attached to@ bond,
since the bulkiness od-substituent ina-substituted acrylate
drastically decreases the reactivity of vinylidgmeup.

a-CHzs signals were highr content = 87%). As in the case of

it-PMMA, theH NMR spectrum o§t-1 (Fig. 2a) exhibits the
»-CH signal (2.48 ppm), while that ef-2 (Fig. 2b) showed the
vinylidene (6.17 and 5.48 ppm®-methylene (4.17 ppm), and
allylic protons (2.52 ppm), indicating the smoo#rninating
reaction ofst-PMMA with la (F = 98%). Bulky aluminum
bisphenoxides like EtAI(ODBR)yare known to form complexes
with lithium ester enolat#. In this polymerization system,
therefore, the living enolate anion may stronglfeiact with

o e
st-PMMA + st—PMMA—CHz—(IZ

C=0

OCHs
CH,—st-PMMA

— st—PMMA—CHZ—ﬁ o

(IZ—O
OC,Hs

EtAI(ODBP) to be stabilized so as to afford livingness

(Scheme 1b)?

This journal is © The Royal Society of Chemistry 2012

Although this ate-complex type propagating

Scheme 2. Chain-transfer reaction to the generated C-C bond at w-end.
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Table 3. Terminating reaction witha in stereospecific polymerization of various (mathylates initiated by LiPrIB2

Polymerizatiol Terminatior
. o . Temp. Time Temp Time Tacticity /%¢
Run  Monomer (equi?) Additive (equiv.f Solven /°C /h °C h Polymer M, M/ME mm mr T e 9%
18 VMA (20) Me;SiOLi (10) Toluene -78 1 78 1 V1 740C 1.0¢ 98 2 ~0 98
19 VMA (20) EtAI(ODBP), (3.0) Toluen¢ -78 24 78— -30® 1 V2 470C 1.08 ~C 13 87 98
20 TMSMA (50) Me;SiOLi (10) CH.Cl, -78 1 78 1 TMS1 14000 14€ 94 4 2 94
21 TMSMA (50) MeAIl(ODBP), (3.0) CH.Cl, -78 24 -78—-0f 24 TMS2 250C 1.0¢ 1 3 96 96
22 BA (50) EtAI(ODBP), (5.0) Toluen¢ -6C 0.t -6C 1 B1 1080C 1.1¢ 69

2 Solvent = 5.0 mL, monomer = 5.0 mmol, [IB¥IB], / [1a]o = 1/ 5. ° Equivalent against LiPrIB. ¢ Determined by SEC (THF, PMMA standards).
Estimated byH NMR spectroscopy (500 MHz, CDEBS °C).¢ End-functionalization efficiency. The reaction mixture was warmed-®0 °C/ 0 °C then
stirred for 1 h / 24 h.

Terminating reaction with other (meth)acrylates

o . . . CH CH, R-SH(2) CH CH,-SR
The terminating reaction withla was applied to other o (I:;_CH 82 Et;N tom CII;—CH CHZ
(meth)acrylate monomers in order to reveal the iagple 2 (|:_f(') 2 é—o CH,CN 2 é—% 2 é—o
scope (Table 3). Although the stereospecific amioni i —-  m12h N -
OCHj OC,Hs OCH, OC,Hs

polymerizations ofsec-alkyl methacrylates such as isopropyl

methacrylate are known not to be controllable wed,recently ® O

have found that of VMA can be controllé&iBoth in isotactic- ©/\SH HOOC\/\SH HO\/\SH H3N\C|/\SH
2a

(Run 18) and syndiotactic- (Run 19) specific polyirations of 2b 2c 2d
VMA, the terminating efficiencies withla were almost FE FE FE F

quantitative F = 98%). Although the stereospecific SH

polymerizations ofert-alkyl estersj.e. tert-butyl methacrylates, F c £ F F F Hs/\/\/\/\/\/SH
in the above mentioned conditions are not contotélathose of 2 2

TMSMA have been establishéd Isotactic- and syndiotactic-
specific polymerization of TMSMA was terminated kihigh
efficiencies (Runs 21, 22). Since the polymerizatias finally

Scheme 3. End-functionalization by thiol-ene ‘click’ chemistry.

quenched with HCI aq, the products were obtained |
poly(methacrylic acid) due to the acid-hydrolysisityl ester. ‘(3:;;

As reported, polymerization of BA in the presencke
EtAI(ODBP). proceeds in a living mann&t. Thus, the I _(,S:f
termination withla was also applied to this polymerizatior 7?,;')427
system (Run 22). However, the terminating efficiem@as not ¢ 20 ikl x 20
quantitative £ = 69%). This might be due to the low reactivity 3 6 T M
of the living polyacrylate aniorsécondary carbanion) than that © : — :
of polymethacrylate anionteftiary carbanion), and further ('EsszteT —OCH,— CH;—
optimization of the conditions for the terminatingaction is J[\(Et) mm)
under examination. . %20

T

Stereoregular PMMA and poly(methacrylic acid) with o-
functions via post-polymerization modification

As the C=C double bond at the-end is activated by the oCH— (
carbonyl group, it can undergo Michael-additioneythiol-ene _
click chemistry. In fact, we previously reportede thurther jJ—j—ﬁ—ﬁ === [x20]
@ :
7| L L e

(b)
CHy,—
(o-end) CH,— —OCH,—

ester) (Et)

functionalizations of the end-functional stereolaglPMMASs
with various thiols 2a-d) (Scheme 3). In a similar way, end-
functionalization was attempted for other thiolsl golymers. Fig. 3. 'H NMR spectra of V1 (a) before and (b) after thiol-ene reaction with 2d in
Sugiyama et al. have reported that the chain-endpci, and (c) the hydrolysis product [poly(methacrylic acid)] in DMSO-ds (500
modification of polymethacrylates with a perfluolod group MHz, 55°C). o CHCls, =: DMSO, LI residual 2d, x: acetone.
mproves their water-repellenéy. Thus, thiol possessing
perfluoroalkyl group.2e, was reacted witlst-PMMA in ethyl (2f) was also reacted to the terminal vinylidene grouprder
acetate at 50 °C. Although the reaction mixture apee tO incorporate thiol group at the-end. To suppress the
heterogeneous, the conversion of terminal vinyldaroup dimerization, a large excess (50-fold)2ffwas reacted witlst-
reached 92% after 48 h. The reaction was then tepeaain, PMMA (st-4). Since the SEC profile of the obtained polymer
and the conversion finally increased to 95%. Bifiowal thiol ~ @greed with its precursor, no dimerization occureder this

i e e o e e e B e B L e
6 5 4 3 2 1
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CHs o CH, CH,
Li | EtAI(ODBP), 1a HCl . | I R
N CH,=C % N—-CH,—C+-CH,—C A’ HCla
©/\é.M + 2 CI: 5 toluene 30°C ©/\H2—e 2 (I_jﬁo 2 CI: o HS™ ¢ g q
iMe = _78° — —
3 | 78°C,24h  05h | | cat. o~ NH:
3 OCH, OCH;  OC,Hs
R st13
| CH
s " e e
i T CH;—C—C—0Q NCO
ol CH, CH, c=0 CH, CH, I a
L i i R—NCO (4) i I i
N—f-CH—CJCHmC—H  ——————> N—-CH,—C - CH,—C—H
2 cI::o (I::o (IIZO (I‘,:O
OCH;  OC,Hsg OCH;  OC,Hs QNCO 4b

Scheme 4. Synthesis and double click reaction of hetero-telechelic st-PMMA.

—NH-Ph
Ph (a-end) PhCH,—
—CH= CH,=
(w-end) (w-end)
@ & N | ﬁ i
vl CH,=  —NHCH,—
Ph (a-end) (a-end)
T I j—lphwf—
(c) )
Ph [
1
—CH= CH,=
(w-end) (w-end)
&LL\«. 1 l@k iml .Mk_
Ph |
CH,= (a-end) —OCH,—
1 (w-end)\
PhCH,—
[ B
(a) |
5/ ppm 7 6 5 4

Fig. 4. 'H NMR spectra of st14 (a) before and (b) after thiol-ene reaction with 2g,
and (c) the product after amine-isocyanate reaction with 4a and that with 4b
(500 MHz, CDCl3, 55 °C). x: CHCl;.

condition.
The effect of molecular weight on the thiol-endick
reactions was also investigated wittd (Mn = 28000),st-5 (Mn

In the case of poly(VMA), the vinylidene group hetw-end
is activated by the carbonyl group enough to allberMichael-
addition of thiol, while the vinyl ester groupstime monomeric
units are inactive against the Michel-addition. Fhuhe
orthogonal and stepwise maodifications of the vidghie and
vinyl groups are possible. Treatment itfpoly(VMA) (V1)
with 2d in the presence of & afforded an amine-
functionalized polymer. In'H NMR spectra (Fig. 3), the
vinylidene signals (6.22 and 5.52 ppm) completébappeared,
while the vinyl ester signals (7.15, 4.88, and 4pp®n) did not
change. Then the end-functionalized polymer wasrdlyded
with CRRCOOH. The obtained polymer did not show the vinyl
signals. Consequently, the synthesis of end-funatio
stereoregular poly(methacrylic acid) was achieved.

Stereoregular PMMA with orthogonally-clickable a- and m-ends

Recently, polymer architectures by orthogonal deublick
reactions at both ends have gained much atteffiigve have
previously reported that a silyl-protected lithi@mide initiator
(3) in combination with aluminum compounds was effecfor
syndiotactic-specific polymerization of MMA, whichllows
the incorporation of a secondary amino group atotead of
PMMA.37” As well known, a secondary amino group can be
applied to click chemistry through urea-formatiorithwan
isocyanate. Hence, a combination3#s a functional initiator
and la as an efficient terminating agent may afford hmter
telechelicst-PMMA with orthogonally-clickable ends (Scheme
4). In fact, the anionic polymerization gagePMMA (st-13
Mn = 3200,Mw/Mn = 1.06,mmV mr/ rr = 0/ 13/ 87F = 98%)).
11-Mercaptoundec-1-en2d) was prepareth situ from the
corresponding thioester with propylamine and rehetith st-
13. Fig. 4 shows the!H NMR spectral changes after the
reaction. Apparently, the signals of vinylidene tpres due to

= 11300), andst-6 (Mn = 23700). Due to the higher moleculagye o-end group disappeared and those of vinyl protemived

weight of these polymers, the concentration of filnectional
group was set to be 20 mM instead of 100 mM inpgrevious
cases, where the reaction mixtures were even micEOUs.
Nevertheless, quantitative end-functionalizationsvechieved
without any further experimental modification sush reaction
period and temperature.

This journal is © The Royal Society of Chemistry 2013

from 2g were observed, indicating the complete thiol-eliek ¢
reaction. Subsequently, the product was reactech Wit
isocyanatoethyl methacrylatdd). Fig. 4c shows the shift of
signals assignable to aromatic protons and theaappee of
new signals assignable to the vinylidene protonsd(and 5.97
ppm) and that of the urea proton (4.27-4.57 ppnhese

J. Name., 2013, 00, 1-3 | 7



H
CH CH - CH CH ~c”
e [° MegSiOLi 1a al a2 ® N i 29
CH,=CHCH,~C +  CH,=C CH,=CHCH,— C+CH2 C)—CH2 - = -
n - 4 toluene toluene I cat /\/NH2
¢—oti ¢=0 78°C, 30 min ~30°C, 30 min <‘: =0 c o ¢=o -
OC,Hs OCH, OC,Hs OCH3 OC,Hs
it-7
w4 w3 a3 wh
‘S-(CHZ)ECH:CHZ ;CH=CH-€CH2}§S\ ‘S—(CH2}30H
" CHy CH, CHy CH, CHs CH, CHy CHy CH,
CH,=CHCH,— c—écm c)—CH2 C—H 154G Grubbs' cat. CHs™ C—QCH2 c)—CH2 c H o+ CHWCHZ—(‘J—QCHZ—(‘J#CHZ—(‘J—H
co co co _— co co co ¢=0 ¢=0  ¢=0
"0C;Hs OCH;  OC,Hs OcHs  OCH;  OCyHs OC,H;  OCH;  OC,Hs N
it-7Tm cyclo-(it-7)

poly(it-7)

Scheme 5. Synthesis and olefin-metathesis reaction of telechelic it-PMMA.

spectral changes indicated that the second clidctiens 7 in average from the increase Mp. The latter peak is
proceeded completely without any side reactionsthieumore, presumably a targeted cyclic polymary¢lo-(it-7)], since the
one-pot double-click reactions were investigated umsing
phenyl isocyanate4p) in place of 4a to avoid a side reaction of ’» cl:musT — OCH,—
the unreacted thiol tda. After the first click reaction witl2g, (G w-ends)
an excess amount db was added'H NMR spectral changes #Jt‘\
similar to the stepwise click reactions were obedr(Fig. 4d), M M
H H H H C) VM\ M P A ~\_

and thus it is concluded that quantitative doubled-e

functionalization was achieved via orthogonal deulalick
reactions. “’2
Attempted synthesis of cyclic polymer 7

Recently, Kamigaiteet al. have reported that cyclicyclo-)st- w2
PMMA forms polypseudorotaxane wititPMMA.4" Inspired f 5 w1 01
by this work, we have attempted the synthesiscyfio-it-

PMMA from a telechelic PMMA with vinyl groups atehboth
ends by olefin-metathesis reactirt® The telecheligt-PMMA az
(it-7m) was prepared through two step reactions; andtota (&) I LY .

specific polymerization of MMA was initiated by dhlium
enolate of ethyl 2-methylpent-4-enoate and termeidhatith 1a
to affordit-7 (Mn = 5100,Mw/Mn = 1.24,F = 96%,mm/ mr/ rr Fig. 5. 'TH NMR sp?ctra of it-7.(a) bef?re and (b) after thiol—eni reaction with 2g,
= 96 / 4 / 0), followed by the thiol-ene reactiorittw2g :Z?aEicgnifzireﬂf_g;:f;a:::ji;ii:;:!sgo MHz, CBCl, 35 70). >: CHaCly. For
(Scheme 5). The obtained telechelic polymif/m, was

refluxed with the first generation Grubbs’ catalystCHxCl2
(1.0 x 10* M) for 4 days. In'H NMR spectra (Fig. 5), the
vinylidene signals¢l: 6.16 ppm,w2: 5.48 ppm) disappeared
and after the thiol-ene reaction, and new vinylt@nosignals
(02: 5.85-5.77,w1: 5.03-5.00 ppm) appeared, indicating the
quantitative end-functionalization. These end-grosignals
disappeared almost completely after the olefin-thetsis
reaction, while new olefinic proton signal@a3{m5: 5.82-5.71
and 5.14-5.07 ppm) assignable to the generatedeviaygroup
appeared, indicating the high efficiency of metatheeaction.
However, the increase in molecular weight (peak tdp =
67000) from the precursoMg = 7700) was observed in the @)
SEC trace of the product, although a small sec@adk jat lower f T T T T T T T T !
molecular weight M, = 6700) was also seen (Fig. 6). The Elution time / min

former peak indicates the polycondensationitef, and the
resulting polymergoly-(it-7)] was estimated asa. 9 mer ofit-

4

(o1 B
o

o/ ppn;

Fig. 6. SEC traces of it-7m (a) before and (b) after olefin-metathesis.

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 8



Mp was 0.87 times of the precursor as expected froraller 4
hydrodynamic volume of a cyclic polymer than thepective

linear polymeri®:50 5

Conclusions 6

Stereoregulam-functional PMMAs were synthesized by the7
combination of terminating reactions of stereosfiediving
anionic polymerizations and click chemistiy-(Halomethyl)-
acrylates were highly active in terminating reactaf PMMA
living anion so that almost quantitative end-fuantlization
was achieved. The terminating reaction was foungrazeed
with high efficiency in the polymerization of VMA na
TMSMA. The incorporated C=C double bond underwent
Michael addition of functional thiols to allow fimer end- 11
functionalizations. This reaction was also possibier
poly(VMA), which afforded then-functional poly(methacrylic
acid) after hydrolysis. The combination of func@brnitiator
and the terminating agent resulted in hetero-telkciP MMAS,
which allowed orthogonal double-click reactionstla¢ both
ends.

One of the goals of precise polymerization chemiss
simultaneous control of primary structures of mawotecules
such as molecular weight, configuration and end:fionality.
The above results are the successful example ah tvith
highly sophisticated level in the polymerization o
methacrylates. Nowadays, the growth of needs fod- en
clickable polymer has drastically increased notyanlpolymer
chemistry but also in the fields of material sciemmnd medical
science, as the concept of ‘click chemistry’ hasopee a robust, 1
facile, and efficient methodology for chemical liga in those
areas. The current results may be a bridge bulldeveen two
concepts, stereospecific anionic polymerization aedd-
clickable polymer, and promote the use of a stewadar
polymers as building blocks at an edge of polyne&ree.
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