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ABSTRACT: A triple hydrogen bonding interaction effectively controlled the stereochemistry during radical
polymerization of acylamide derivatives. An acrylamide monomer, in which amide (proton donor site, D) and
pyridine (proton acceptor site, A) moieties were arrayed in the DAD sequence, was polymerized in the presence
of a cyclic imide as the ADA-type receptor in CHQb give syndiotactic polymers (= 72%) even at 60C

while atactic polymersr(= 43%) were obtained without the mediator. Furthermore, the simultaneous control of
the tacticity and the molecular weights of the polymers were attained by RAFT polymerization in the presence

of the mediator.

Introduction

Hydrogen bonding plays a crucial role in stabilizing the

even in the formation of well-designed natural small molecules.

Scheme 1. Triple Hydrogen Bonding for Stereospecific Radical
Polymerization of a DAD Monomer

secondary and tertiary structures of natural macromolecules anc """ )‘i g . -—-/‘k
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It is now exploited in bioinspired molecular recognition, self-
assembly, hostguest chemistry, and supramolecular chemistry
due to its moderate strength, reversibility, specificity, and
directionality! For synthetic macromolecules, a variety of

supramolecular polymers have been prepared using multiple
hydrogen bonding interactions between the designed arrays of

the hydrogen donor and acceptor skdsowever, there have

been few applications of such multiple interactions to catalysts
or mediators that can control the primary structure of synthetic

polymers during the polymerizations. In controlling the steric
structure of vinyl polymer$,some specific solvents, such as
bulky fluoro alcohol4®and aprotic solvent’;? which can form

a single hydrogen bond with the polar substituents in the
monomer units, were employed during radical polymerizations
to give syndiotactic polymers only at a low temperature due to
the weak interaction. For template polymerization, a high
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polymerizations although a similar divinyl acrylamide has often
been available as a recognition site in molecular imprinted
polymers!?
Experimental Section

Materials. o,0-Azobis(isobutyronitrile) (AIBN) (Kishida>99%)

number of hydrogen bonding sites were put on the template Was purified by recrystallization from methanol. 2,6-Diaminopy-

polymer chains, whereas some special polymerization conditions

are required for high stereospecificity/!

This paper describes the first efficient stereospecific radical
polymerization mediated by multiple hydrogen bonding interac-
tions of a low molecular weight mediator, which can work even
at a high temperature (6%C) to produce syndiotactic poly-
mers ¢ = 72%).

For the construction of an efficient triple hydrogen bonding
interaction, the monomer was designed to have the arrays of
DAD sequence (D, proton donor; A, proton acceptor), in which

amide and pyridine moieties were selected (Scheme 1). This

ridine (Wako,>98%) was recrystallized from chloroform. Succin-
imide (1) (Kanto, >98%), phthalimide Z) (Wako, >99%), beme-
gride (3-ethyl-3-methylglutaridmide3) (TCI, >98%), and 1,8-
naphthalimide4) (Wako, >97%) were used as received. Anhydrous
tetrahydrofuran (THF) was purchased from Kanto (Japan) and used
as received. Cumyl dithiobenzoate (CDB) was synthesized accord-
ing to the literaturé3

Monomer Synthesis. The monomer was synthesized by the
reaction of 2,6-aminopyridine with acetic anhydride followed by
acryloyl chloride according to the synthesis of similar com-

oundst

Step 1: Synthesis oN-(6-Aminopyridin-2-yl)acetamide. The
monomer was synthesized by the reaction of 2,6-diaminopyridine

compound has not been used as a monomer for any vinyl ang acetic anhydride. A solution of acetic anhydride (23 g; 0.23
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mol) in dried THF (60 mL) was added dropwise with vigorous
stirring to a solution of 2,6-diaminopyridine (29 g; 0.27 mol) and
triethylamine (23 g; 0.23 mmol) in dried THF (350 mL). The
temperature was maintained at-280 °C. The addition required 2

h and the stirring continued for 12 h. Water (400 mL) was added
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Table 1. Polymerization of a DAD Monomer in the Absence and Presence of ADA Imides {#4) as a Mediator

entry mediator T,°C [mediatory/[M] o yield, % MpP Muw/MpP r, %°
1 none 60 0 76 83 000 1.95 42.7
2 none —-40 0 68 50 000 2.02 44.4
3 1 60 1.0 65 151 000 2.65 52.7
4 2 60 1.0 66 141 000 2.42 54.8
5 3 60 1.0 91 96 000 1.84 54.3
6 4 60 1.0 50 50 000 2.02 71.5
7 4 60 0.25 85 73 000 2.68 52.4
8 4 60 0.50 81 68 000 2.65 59.4
9 4 60 0.70 74 75 000 3.58 67.2
10 4 60 1.5 64 46 500 2.15 72.4
11 3 60 4.0 85 73 000 2.38 545
12 3 —40 1.0 64 126 000 1.71 58.4

aDAD monomer: N-(6-acetamidopyridin-2-yl)acrylamidé: succinimide2: phthalimide3: 3-ethyl-3-methylglutaridmidet: 1,8-naphthalimide. Monomer/
a,0-azobis(isobutyronitrile)/CHGI= 100 mg/2.0 mg/2.0 mL, 14 h for 6TC; BusB + air, 42 h for—40 °C.  The number-average molecular weight.}
and polydispersity indexMw/My) were determined by size-exclusion chromatogragiishe content of racemo dyad)(was determined byH NMR
spectroscopy.

into the solution and the THF was removed via rotary evaporator. 'H NMR analysis of the reaction solution. Polymerization-&t0
The residual aqueous solution was set aside overnight, the crystals’C was carried out witim-BuzB in the presence of a small amount
were collected, washed with water, dried under vacuum &0 of air.

Yield: 19.3 g (47.3%)*H NMR (DMSO-dg), 6/ppm: 1.87 (s, 3H, RAFT Polymerization. A degassed mixture of a DAD monomer
CH3CO), 5.56 (s, 2H, Nb), 5.98-6.00 (d, 1H, C5-H of pyridinyl), (0.70 g, 3.4 mmol)4 (0.54 g, 2.7 mmol), CDB (4.6 mg, 0.017
7.04-7.06 (d, 1H, C3-H of pyridinyl), 7.14-7.18 (t, 1H, C4H mmol), and AIBN (2.8 mg, 0.017 mmol) in chloroform (5.6 mL)

of pyridinyl), 9.70 (s, 1H, CONH)*C NMR (DMSO-dg), é/ppm: was prepared, then the solution was evenly charged in six glass
24.61 (CH), 101.25 (C3 of pyridinyl), 103.74 (C5 of pyridinyl),  tubes, and the tubes were sealed by flame under nitrogen atmo-
139.29 (C4 of pyridinyl), 150.98 (C2 of pyridinyl), 158.87 (C6 of sphere. The tubes were immersed in thermostatic oil bath at 60
pyridinyl), 169.18 (G=0). °C. After the desired time, the solution was dropped into a large

Step 2. Synthesis oN-(6-Acetamidopyridin-2-yl)acrylamide. amount of diethyl ether and collected by centrifugation, washed
A solution of of acryloyl chloride (2.7 g; 30 mmol) in dried THF ~ with methanol, and finally dried under vacuum at ¥Dfor 12 h.
(10 mL) was added dropwise with vigorous stirring to a solution Monomer conversions were measured by using the vinyl protons
of N-(6-aminopyridin-2-yl)acetamide (3.0 g; 20 mmol) and triethy- in the *H NMR spectra of the reaction solution.
lamine (3.1 g; 31 mmol) in dried THF (45 mL). The temperature ~ Measurements.The 'H (400 MHz) and™*C NMR (125 MHz)
was maintained at 8C and gradually increased to room temperature Spectra were recorded on a Varian Gemini 2000 spectrometer and
after the addition. The addition requirel h and the stirring a Varian INOVA 500 spectrometer, respectively. The diad tacticity
continued for additional 12 h. Water (55 mL) was added into the Of the polymer was determined by the area of the methyl carbon
solution and the THF was removed via rotary evaporator. The protons of the backbone, and the measurement was carried out at
residual aqueous solution was put aside and the crystal was collected 70 °C in DMSO-ds. The number-average molecular weight,)
and washed with water. The crystals were dried and dissolved in and polydispersity index Mw/M,) were determined by size-
ethanol before hexane was added (ethanol/hexaés, volume/ exclusion chromatography (SEC) in DMF containing 100 mM LiCl
volume). The insoluble part, if any, was removed by filtration and at 40°C on two polystyrene gel columns [Shodex K-805L (pore
then the solvents were removed via rotary evaporation. The white Size: 26-1000 A; 8.0 mm i.d.x 30 cm) x 2; flow rate 1.0 mL/
crystals were dried under vacuum at*4D Yield: 3.48 g (84.6%).  min] connected to Jasco PU-980 precision pump and a Jasco 930-
IH NMR (DMSO-dg), o/ppm: 1.95 (s, 3H, CECO), 5.61-5.64 Rl detector. The columns were calibrated against 7 standard
(dd, 1H, trans H of CH=C, J' = 2 Hz, J2 = 10 Hz), 6.12-6.17 poly(methyl methacrylate) samples (Shodeb;= 1990-1950000;
(dd, 1H, cis H of CH=C), 6.47-6.54 (dd, 1H, CH=CH), 7.59- Mw/M, = 1.02-1.09). Glass transition temperaturég)( of the
7.60 (d, 1H, C5-H of pyridinyl), 7.64 (d, 1H, C3-H of pyridinyl), polymer was recorded on SSC-5200 differential scanning calorim-
7.69 (d, 1H, C4-H of pyridinyl), 9.94 (s, 1H, &CCONH), 10.15 etry (Seiko Instruments Inc.). Samples were first heated t0°220
(s, 1H, CONH)13C NMR (DMSO-dg), d/ppm: 24.70 (CH), 109.84 at 15C/min, equilibrated at this temperature for 5 min, and cooled
(C5 of pyridinyl), 109.88 (C3 of pyridinyl), 128.28C0H,=CH), to 30 °C at 5°C/min. After being held at this temperature for 5
132.06 (CH=CH), 140.48 (C4 of pyridinyl), 150.65 (C6 of  min, the samples were then reheated to 220at 10°C/min. Al
pyridinyl), 150.94 (C2 of pyridinyl), 164.13 (C#CHCO), 169.76 Ty values were obtained from the second scan after removing the
(CH5CO). thermal history.

Conventional Radical Polymerization.For a typical example, . .
a degassed solution of monomer (100 mg; 0.49 mmol) in chloroform Results a_nd Dlscussm_)n _ }
(2.0 mL) and AIBN (2.0 mg; 0.012 mmol) was prepared and 1. Radical Polymerization of the DAD Monomer in the
dropped into a tube charged with 1 molar equivalent of 1,8- Presence of ADA Additives: Control of Tacticity. A con-
naphthalimide 4) (97 mg; 0.49 mmol) as a mediator (based on ventional radical polymerization of the DAD monomer was
_monomer)_and sealed _und_er nitrogen atmosphere, the tube wasarried out with AIBN in CHC4 at 60 °C to give atactic
immersed in thermostatic oil bath at 60 for 14 h. The polymer  polymers ( = 42.7%) (entry 1 in Table 1), in which the tacticity
was recovgred by precipitation in diethyl gther and collectlon. by was calculated by the integration of the main-chaiese and
centrifugation, and purification was carried out by repeating ,. methylene proton peaks at 4.9 ppm intH NMR spectra
dissolution in DMF and precipitation in methanol, and finally dried . o L

(Figure 1A). The tacticity was almost atactic similarly to other

under vacuum at 60C for 12 h. The gravimetrical polymer yield : . i ) .
was 50%. acrylamide polymers obtained in conventional radical polymer-

2 s : ) X ;
In the case of mediators other thandialysis against dimethyl  12&tions;®in which the growing splike planar carbon radical
sulfoxide (DMSO) (24 h) was carried out by using dialysis SPECI€S lacks the stereospecific chain growth if no other factors
membrane (Spectra/Por, MWCO 3500) to remove the mediator aré available. The monomer was soluble in Ckl@®ut the
before the above treatment. Polymer yields were measuredresulting polymer was precipitated during the polymerization
gravimetrically while monomer conversions were determined by due to the low solubility in CHGI CDV
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Figure 1. *H NMR spectra (400 MHz, DMS@}, 170°C) of the polymer prepared witty,a-azobis(isobutyronitrile) (AIBN) in CHGlat 60°C
(entry 1, Table 1 in the main text; racemo dyayl € 42.7%) (A) and with AIBN/1,8-naphthalimidet(in CHCI; at 60°C (entry 10, Table 1 in
the main texty = 72.4%) (B).

Decreasing the polymerization temperature @0 °C 8 Tt
increased the syndiotacticity slightly € 44.4%) but did not i |
significantly influence the tacticity (entry 2). Little changes of 70
the tacticity by the polymerization temperatures were also =
observed in radical polymerizations of the other vinyl monomers, < 60
such as vinyl acetate, acrylamidésisopropylacrylamidé;>15 =
in normal solvents without additives while the fraction of Z 50

syndiotactic diads increases with decreasing temperatures in
radical polymerizations of other 1,1-disubsituted monomers,
such as methyl methacryafté® 'H NMR analysis of the r T
monomer solution showed almost no dependence of the chemi- so L1111l 1l
cal shifts on the monomer concentration, indicating no signifi- 00 02040608 1.0 1.2 1.4 16

: o 4],/[DAD
cant intermolecular self-association of the monomer. i > D g ‘ [4b1 dlod) val f the obtained
; S, _ igure 2. Dependence of racemo dyad) (alues of the obtaine

A SEeries .Of cyclic imides {—4) were then adde_d to the polymer on [1,8-naphthalimidet)]o/[M] o during the radical polymer-
polymerization as the ADA-type receptors for possible control jzation at varying the concentrations 4in CDC; at 60°C (M/o,a-
of the stereospecificity. The addition of an equimolar amount azobis(isobutyronitrile)/CHGl= 100 mg/2.0 mg/2.0 mL).
of these imides did not disturb the polymerization in terms of
the yields and molecular weights, but affected the stereochem-°C, ther content reached 70%. Such significant dependences
istry of the polymer chains. With—3, the diad syndiotacticity  of the tacticities on the solvent amount and the temperature are

(r) increased to 5355% (entries 3-5). A further increase was  due to the relatively low association constants between the
observed with the increasing bulkiness of the imidesy thalue monomers and the solvent& (= 10'—1C? L/mol at room

increased to 71.5% witheven at 60C (entry 6). The increased  temperature}.”
syndiotacticity was due to the increased bulkiness of the
monomer units via the strong hydrogen bonding interaction with
the mediators, which results in increased steric hindrance on
the propagation.

This is similar to the solvent-mediated syndiospecific radia

polymerizations of methacrylates, (meth)acrylamides, and vinyl >~ e
acetate (VAc) in bulky fluoro alcoh#f or amide solvents;® (Figure 2). A similar dependence was observed for a less bulky

in which a single hydrogen bond is responsible for the induction, Mediator 8), in which ther content reached 55% on addition
while the triple hydrogen bonding is highly effective in terms  ©f €quimolar amount of3 (entry 5) and did not change

of the temperature and the amount of the solvents/mediators,Significantly on the further addition (4 equiv; entry 11). On
For example, addition of the same volume of a bulky fluoro decreasing the temperature, thealue increased slightly to 58%
alcohol [(CR)sCOH] to VAc ([(CFs)sCOH], = 50 vol %) (entry 12) while the effect was smaller than those in the solvent-
resulted in only a slight increase of the racemo diad from 53.4% Mmediated syndiospecific radical polymerizations mentioned
to 55.9% at 60C though a higher syndiotacticity was attained above. These results suggest that the added ADA-mediators
by lowering the temperature t678 °C (r = 67.5%)* Further coordinate efficiently and strongly to the DAD arrays in the
addition of the solvent at 78 °C ([(CF3)sCOH]y = 80 vol %) monomer units at 1:1 molar ratio to induce stereospecific chain
increased the content ( = 72.2%). A similar result was  growth even at high temperature. However, the linear increase
obtained forN-isopropylacrylamide radical polymerization, in ~ of the tacticity with increasing amounts of the mediator up to
which ther content increased only slightly from 55% to 59% 1:1 molar ratio indicates that the mediators cannot work
at 60°C on addition of equimolar amount of a bulky aprotic catalytically due to the strong association constant with the
solvent, such as hexamethylphosphoramide, while a higher monomer, unlike lanthanide triflates, which work catalytically
content (65%) was obtained at a lower temperatui@((°C).” during the isospecific radial polymerization of (meth)acryla-
With increasing the solvent ((HMPAINIPAM] o = 2.0) at—60 mides via multisite coordinatiot?. CDV

N
o
T
|

The concentration o#t was then changed to examine its
effects on the tacticity. On increasing the amoun# ¢éntries
1 and 6-9), the syndiotacticity increased almost linearly,
| reached 70% in the presence of equimolar amount, gind
became almost constant even on further additioh(Gf5 equiv)
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Figure 3. Differential scanning calorimetry curves of the atactic
[racemo dyadr) = 48.0%, the number-average molecular weid)(
= 131,000, the weight-average molecular weid¥t M, = 3.57; the
glass transition temperaturg) = 160°C] and syndiotacticr(= 72.4%,

M, = 47,000,M,/M, = 2.15; T, = 180 °C) polymers.
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Figure 4. *H NMR spectra of the mixture of the monomer and 3-ethyl-
3-methylglutaridmide ) by varying the concentration & in CDCl

at 23°C: [M]o = 100 mM; [38]o = 0 (A), 25 (B), 50 (C), 75 (D), 100
(E), and 150 (F) mM.

We then analyzed the thermal properties of the polymers,
which usually depend on the tacticity of the polymers. Even
the atactic polymers (= 48.0%,M,, = 131,000 M,,/M,, = 3.57)
had a relatively high glass transition temperatdig= 160°C)

Figure 5. Changes in the amide proton chemical shifts of the monomer
in the presence of 3-ethyl-3-methylglutaridmi® ((M], = 100 mM)

(A) and Job plots for the association of the monomer 8ifnrom the
changes in chemical shift (ppm) of the acetamide proton of the monomer
(IM]o + [3]o = 50 mM) (B) in CDC}; at 23°C.

Conversion M,
Time M,/M,
18% 9,000
15h 1.28

14,200
1.18

25,500
1.34
r=68%

100 T

0 50
Conversion, %

108 10°

1
10°Mw(PMMA)

Figure 6. Reversible addition fragmentation chain-transfer (RAFT)
polymerization in the presence of 1,8-naphthalimideig CHCl; at

60 °C. [M]o/[4]d/[a,a-azobis(isobutyronitriley][cumyl dithiobenzoatg)]

= 244/195/1.0/1.6 mM.

a 1:1 complex between the monomer and the mediator. The
binding constantK) calculated from the data in Figure 5B is
654 L/mol, a reasonable value for the triple hydrogen bonding
between similar combinations under similar conditibhghus,
the strong triple hydrogen bonding interaction should also exist
in the radical polymerization to work for controlling the reaction.
Such strong hydrogen bonding as well as the bulkiness of the
additive is requisite for the stereospecific radical polymerization
though such a detailed analysis was not possibletfdue to
its low solubility.

2. Stereospecific Living Radical Polymerization for the
Simultaneous Control of Molecular Weights and Tacticity.
A further study was directed for the simultaneous control of
the tacticity and the molecular weight’—24 The reversible
addition fragmentation chain-transfer (RAFT) polymerization

due to the presence of the aromatic group in the substituentsof the DAD monomer was thus carried out with AIBN in the

(Figure 3). The syndiotactic polymerns< 72.4%,M,, = 47 000,
Mw/M, = 2.15) were more thermally stabl@(= 180°C) than
the atactic polymers similar to a series of poly(NIPMA) with
different tacticities

To confirm the hydrogen bonding interaction between the
DAD monomer and the ADA additive, the mixture of the
monomer and, which gave the homogeneous CH®Gblution
at any mixing ratios, was analyzed By NMR spectroscopy
in CDCl; at 23°C. Upon the addition o8 into the monomer
solution, both the amide protons @nd b) in the monomer

presence of a RAFT agent (CDBf>and4 in CHCl; at 60°C
(IM] o/[4]o/[AIBN] o/[CDB]o = 244/195/1.0/1.6 mM;4]o/[M] o
= 0.8).

The polymerization proceeded smoothly with a slight induc-
tion period to reach a 76% monomer conversion in 48 h. The
number-average molecular weigM) of the obtained polymers
increased in direct proportion to the monomer conversion and
agreed well with the calculated values assuming that one
polymer chain is generated from one molecule of the RAFT
agent (Figure 6), and the molecular weight distributions were

shifted downfield (Figure 4) and almost reached a constant narrow throughout the reactiondi{/M, = 1.1-1.3). The

(Figure 5A). The imide protonc] of 3 shifted upfield with
increasing amount &. This indicates that the multiple hydrogen
bonding interactions occurred between the monomer3aimd

polymer obtained in a combination with the RAFT system also
showed a high syndiotacticityr (= 68.0%), which was a
reasonable value for the polymer obtained in the presence of

CHCI; as expected. The stoichiometry of the interactions was 0.8 equiv of4 to the monomer (see Figure 2). Thus, the triple
then evaluated by Job’s method by varying the concentration hydrogen bonding interaction can efficiently function even
of these components (Figure 5B). This shows the formation of during the RAFT polymerization to produce polymers W&IE)V
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controlled molecular weights and a high stereospecificity even (8) Hirano, T.; Okumura, Y.; Kitajima, H.; Seno, M.; Sato, Jl.Polym.
at a relatively high temperature. Sci., Part A: Polym. Chen2006 44, 4450-4460.
(9) Shibata, T.; Satoh, K.; Kamigaito, M.; Okamoto, ¥..Polym. Sci.,

Conclusion. In conclusion, we have demonstrated that the Part A: Polym. Chem2006 44, 3609-3615.
triple h_ydrOgen bonding interaction 1s hlghly effeCt'V_e f_or (10) (a) Akashi, M.; Inaki, Y.; Takemoto, Klakromol. Chem1977, 178
controlling the stereochemistry during radical polymerization 353-364. (b) Inaki, Y.Prog. Polym. Sci1992 17, 517-570. (c)

even at high temperature, where the reported solvent-mediated ~ Khan, A: Ha?défé%'é‘fz' A annon, M. J.; Kukull, D.; Marsh, A.
. ipe . . . . . . acromolecule: s .

syndiospecific radlcal polymerlzatlons did not efﬂugntly wprk (11) (a) Serizawa, T.: Hamada, K. Akashi, Mature (London2004 429

due to the re_Iat|ver weak single hy(_jrogen bonding interactions. 52-55. (b) Serizawa, T.; Akashi, MPolym. J.2006 38, 311—328.

Although this study showed the first but only one effective (12) (a)Molecularly Imprinted MaterialsYan, M.; Ramstia, O., Eds.;

example based on the triple hydrogen bonding interaction for a Marcel Dekker: New York, 2005. (b) Yano, K.; Tanabe, K.; Takeuchi,

specific combination of the DAD monomer and the ADA Il?l'\_/'al‘tls;i'l? Ikebukuro, K.; Karube, Anal. Chim. Actal 998 363

additive, this may lead to developing organic catalysts that can (13) Chiefari, J.: Mayadunne, R. T. A.: Moad, G.: Rizzardo, E.: Thang, S.

produce excellent polymer materials without the contamination H. PCT Int. Appl. WO 99/31144.
of metal catalyst residues and would also allow further control (14) (a) Bernstein, J.; Stearns, B.; Shaw, E.; Lott, W.JAAm. Chem.
of the polymerization with better hydrogen bonding interactions S0c.1947 69, 1151-1158. (b) Manesiotis, P.: Hall, A. J.; Sellegren,

B. J. Org. Chem2005 70, 2729-2738.

(a) Isobe, Y.; Fujioka, D.; Habaue, S.; Okamoto,JY Am. Chem.

. . Soc.2001, 123 7180-7181. (b) Habaue, S.; Isobe, Y.; Okamoto, Y.
Acknowledgment. This work was supported in part by the Tetrahedron2002 58, 8205-8209. (c) Okamoto, Y.; Habaue, S.;

21st Century COE Program “Nature-Guided Materials Process- Isobe, Y.ACS Symp. Se2003 854, 59-71.

ing” and a Grant-in-Aid for Scientific Research on Priority Areas (16) Moad, G.; Solomon, D. HLhe Chemistry of Radical Polymerization,

“ . ” Second fully reised edition Pergamon: Oxford, U.K., 1994; p 174.
Advanced Molecular Transformations of Carbon Resources (17) (a) Kamigaito, M.: Satoh, K.. Wan, D.. Koumura, K.; Shibata, T.;

by the Ministry of Education, Culture, Sports, Science, and Okamoto, Y.ACS Symp. SeR006 944, 26-39. (b) Kamigaito, M.;
Technology, Japan. D.W. thanks the Japan Society for the Satoh, K.J. Polym. Sci., Part A: Polym. Chepin press.
Promotion of Science for providing the Fellowship and Research (18) (a) Ray, B.; Isobe, Y.; Morioka, K.; Habaue, S.; Okamoto, Y.;
Grant for this work Kamigaito, M.; Sawamoto, MMacromolecule003 36, 543-545.
’ (b) Ray, B.; Isobe, Y.; Matsumoto, K.; Habaue, S.; Okamoto, Y.;

Kamigaito, M.; Sawamoto, MMacromolecule2004 37, 1702-1710.
References and Notes (c) Ray, B.; Okamoto, Y.; Kamigaito, M.; Sawamoto, M.; Seno, K.;
(1) (a) Lehn, J-MS lecular Chemistry: C ) ap Kanaoka, S.; Aoshima, $olym. J.2005 37, 234-237.

a) Lehn, J.-M.supramolecular Chemistry: Concepts and Perspec-  (19) (a) Lutz, J.-F.; Neugebauer, D.; MatyjaszewskiJKAm. Chem. Soc.

tives VCH: New YOI’k, 1995. (b) Lehn, J.-MProc. Natl. Acad. Sci. 2003 125, 6986-6993. (b) Lutz, J.-F.; Jakubowski, W.; Matyjasze-

U.S.A.2002 99, 4763-4768. o ) wski, K. Macromol. Rapid Commur2004 25, 486-492.
(2) (a) Supramolecular Polymey2nd ed.; Ciferri, A., Ed.; Taylor & (20) (a) Miura, Y.; Satoh, T.; Narumi, A.; Nishizawa, O.; Okamoto, Y.;

Francis: Boca Raton, FL, 2005. (b) Brunsveld, L.; Folmer, B. J. B.; : : .
- 7o o P o ’ Kakuchi, T.Macromolecule2005 38, 1041-1403. (b) Miura, Y.;
Meijer, E. W.; Sibesma, R. FChem. Re. 2001, 101, 4071-4097. Satoh, T.; Narumi, A.; Nishizawa, O.; Okamoto, Y.; Kakuchi,JT.

(c) Prins, L. J.; Reinhoudt, D. N.; Timmerman,Ahgew. Chem., Int. : .
Ed. 2001, 40, 2382-2426. (d) Sherrington, D. C.. Taskinen, K. A. Polym. Sci., Part A:_Polym. Cheri00§ 44, 1436-1446.
Chem. Soc. Re 2001, 30, 83-93. (e) Percec, V.; Dulcey, A. E.; (21) Mori, H.; Sutoh, K.; Endo, TMacromolecule®005 38, 9055-9065.

Peterca, M.; llies, M.; Nummelin, S.; Sienkowska, M. J.; Heiney, P. (22) Sugiyama, Y.; Satoh, K.; Kamigaito, M.; Okamoto,J Polym. Sci.,

based on the significantly developing supramolecular chemistry. (15)

A. Proc. Natl. Acad. Sci. U.S./2006 103 2518-2523. Part A: Polym. Chem2006 44, 2086-2098.
(3) Habaue, S.; Okamoto, YChem. Rec2001, 1, 46—52. (23) Wan, D.; Satoh, K.; Kamigaito, M.; Okamoto, ¥lacromolecules
(4) Yamada, K.; Nakano, T.; Okamoto, ¥lacromoleculesl998 31, 2005 38, 1039710405.

7598-7605. (24) Koumura, K.; Satoh, K.; Kamigaito, M.; Okamoto, Macromolecules
(5) Isobe, Y.; Yamada, K.; Nakano, T.; Okamoto, Macromolecules 2006 39, 4054-4061.

1999 32, 5979-5981. _ (25) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J. Jeffery, K.; Tam, P.
(6) Hirano, T.; Ishii, S.; Kitajima, H.; Seno, M.; Sato, J. Polym. Sci., T. Le.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad, G.;

Part A: Polym. Chem2005 43, 50-62. Rizzardo, E.; Thang, S. HMacromoleculesl998 31, 5559-5562.
(7) Hirano, T.; Miki, H.; Seno, M.; Sato, TPolymer 2005 46,

3693-3699. MA0615654

Ccbv



