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ABSTRACT: In this paper, we provide an effective route to cyclopolymers via the
Lewis acid-assisted “ring-expansion” living cationic polymerization of vinyl ethers,
directly from a simple “cyclic initiator” designed with a hemiacetal ester for
dynamic and reversible initiation and propagation. The built-in hemiacetal ester, or
a carboxylic acid—vinyl ether adduct, is a key to control the polymerization: as the
leaving group, the activated carboxylate is well-suited for designing the ring
structure, differing from monovalent halogens often employed in carbocationic
initiation. The choice of a Lewis acid catalyst (SnBr,) is equally crucial to retain
the cyclic structure via the reversibly dissociable but relatively strong ester bond
not only during propagation but also even after quenching. The formation of cyclic
polymers was proved by irreversibly cleaving the hemiacetal ester linkage of the
product via acidic hydrolysis into an open-chain structure, i.e., an increase in size
exclusion chromatography (SEC) molecular weight (hydrodynamic radius), along
with the clean transformation of the endocyclic hemiacetal ester into an a-
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carboxylic acid and w-aldehyde terminals (by NMR). The polymerization was really “living” polymerization via ring-expansion, as
demonstrated by successful monomer-addition experiments and a linear increase in molecular weight with conversion. This ring-
expansion living polymerization would open a door to well-defined cyclic polymers free from terminus (end groups) and to
hybrid macromolecules with combinations of cyclic and linear architectures.

Linear polymers are so common that most polymer
chemists would picture linear chains in their mind when
discussing polymer design. In contrast, “cyclic” polymers
belong to an atypical category in terms of topology' since
they carry no end groups, by which they are accordingly
expected to hold the promise of specific functions and physical
properties. For example, polymer physicists have been
interested in properties or functions derived from the cyclic
structures in solution, in bulk, or on surface, most typically
lower viscosity than linear counterparts, though still poorly
understood. The paucity of detailed knowledge about cyclic
polymers is primarily due to the limited availability of synthetic
methods for cyclic polymers,” in sharp contrast to that a wide
variety of well-defined linear polymers have been constructed
by living and controlled polymerizations. Obviously, precision
synthesis of cyclic polymers will open the door toward new
polymer design and functions.”

A possible way to cyclic polymers is to connect both end
groups of a linear chain, ie., by intramolecular chain-end
coupling.>~” In this case, diluted conditions are often required
to prevent intermolecular coupling or chain extension, and
quantitative single-chain cyclization is not so easy, which would
have hindered extensive research and application of cyclic
polymers.

Another methodology is a “ring-expansion” polymeriza-
tion®'® from a cyclic initiator, which is in principle
independent of the concentration and possibly quantitative in
cyclization. Though rather limited in scope, successful examples
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include ring-opening metathesis polymerization (ROMP)® and
nitroxide-mediated radical polymerization (NMP).''” The
leaving or capping group in these cyclic initiators should be
endocyclic, a carbene in ROMP or a nitroxide in NMP as
designed for a “reversibly activatable” bond to which monomers
successively insert to expand a cyclic architecture. However, the
reported syntheses are apparently not so straightforward, and
polymerization control is less perfect than with the
corresponding linear initiator. Indeed, there have been little
examples of well-defined ring-expansion block copolymeriza-
tion.

In this research, we provide an effective system for “ring-
expansion living cationic polymerization”, a precisely controlled
ring-expansion via a carbocationic growing species (Scheme 1).
Crucial is the use of a cyclic hemiacetal ester, or a carboxylic
acid—vinyl ether adduct,"” as an initiator where, upon coupling
with a Lewis acid, the endocyclic activated carboxylate
reversibly generates a growing carbocation associated with a
nucleophilic ester anion within a single molecule. The initiator
can readily be synthesized in one step from a common
compound, and the polymerization is really “living” polymer-
ization, as demonstrated by a monomer addition experiment.
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Scheme 1. (A) Synthesis of Cyclic Initiator (1) and (B)
Ring-Expansion Living Cationic Polymerization of Vinyl
Ethers with 1 (m-CPBA: m-Chloroperoxybenzoic Acid)
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The cyclic hemiacetal initiator (1) was synthesized by
Baeyer—Villiger oxidation from a cgclohexanone with a vicinal
methoxy group (Scheme 1, A);*° note that, with the six-
membered precursor, 1 was designed to have a weakly strained
seven-membered ring to facilitate initiation via transient ring-
opening. As demonstrated in living cationic propagation of
vinyl ethers,”"** the hemiacetal ester can be “reversibly”
activated and dissociates into a carbocation with a Lewis acid
(LA) as a catalyst, and proper choice of LA would allow
retention of the intramolecular (endocyclic) hemiacetal ester
bond not only in initiation/propagation but also even upon
quenching the polymerization with methanol.”® In this regard,
we found that tin tetrabromide (SnBr,) is suitable as the LA
catalyst for this purpose, as we have already achieved, with this
particular LA, precise syntheses of “cleavable” block copolymers
in which two segments are connected by a hemiacetal ester
connection.”***

Given these initiator/catalyst design criteria, isobutyl vinyl
ether (IBVE) was polymerized with 1 and SnBr, in the
presence of dioxane and 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) in CH,Cl, at 0 °C (Figure 1); the cyclic ether is
a mild Lewis base for reaction control,*® and the pyridine for
sequestration of a proton is possibly generated from
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Figure 1. SEC curves of polymers in the polymerization of IBVE with
1 (A) and after hydrolysis of the products with aqueous trifluoroacetic
acid (TFA) (B). Polymerization: [IBVE],/[1],/[SnBr,],/[DTBMP],
= 380/5.0/0.50/0.15 mM in CH,Cl, with 2.5 vol % dioxane at 0 °C.
Hydrolysis: TFA (1.40 mL) and H,0 (0.20 mL) for polymer (0.157
g) in THF (4.0 mL) at rt for 12 h.
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adventitious protogen and/or f-proton elimination (chain
transfer) from the growing vinyl ether cation.”” The polymer-
ization was quenched by an addition of methanol in
predetermined time. The monomer was smoothly consumed,
and the conversion reached 94% in 20 min. Size exclusion
chromatography (SEC) curves of the obtained polymers turned
out multimodal, but the main population was very sharp and
shifted to higher molecular weight with increasing conversion
without any tailing (Figure 1A). From these results, any
irreversible chain transfer reaction (typically S-hydrogen
elimination) did not occur during the polymerization.

The obtained polymers were mixed with aqueous
CF;COOH (TFA) to convert the expected cyclic form into a
linear open-chain form via the hydrolysis of the hemiacetal ester
linkage. As shown in Figure 1B, the SEC curve turned almost
unimodal and narrower, and most importantly, the peak top
shifted to higher molecular weight, as typical in the trans-
formation of a cyclic polymer into a linear counterpart due to
an increase in hydrodynamic volume.®

The product structures were further analyzed in detail by 'H
NMR spectroscopy before and after the hydrolysis. For the as-
obtained polymer before hydrolysis (Figure 2A), a peak (i)
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Figure 2. '"H NMR spectra of the obtained poly(IBVE)s before (A)
and after (B) hydrolytic cleavage of hemiacetal ester.

characteristic of the methine in the hemiacetal ester was clearly
observed around 6.0 ppm, in addition to another distinct signal
(a) at 2.4 ppm from the neighboring methylene. Note that
virtually no peak was detected for the methine of a methoxy-
capped terminal [~~CH(Oi-Bu)OCHj; around 4.6 prm],
though the polymerization was quenched with methanol.”" The
apparent number-average molecular weight (M, xyr) was 5300,
as calculated from the integrated intensity of signal a relative to
the main-chain peaks (0.7—1.1 ppm), which was much lower
than M, ¢ (8600) by SEC but agreed well with M, ,,, (4900)
by conversion (at 63%). All these observations indicate the
expected cyclic structure. The cyclic structure was also
supported by MALDI-TOF-MS analysis (see Supporting
Information).

After the hydrolysis, the methine peak from the hemiacetal
ester disappeared, and instead a new peak (i’) assignable to an
aldehyde was observed at 9.8 ppm. The aldehyde/main chain
signal ratio gave M, xyyr = 4600, reasonably close to M, .ony =
4900. From these results, the ring-expansion polymerization of
IBVE was well controlled to give cyclic polymers.

The multimodal SEC profile of the pristine polymers (before
cleavage), with a minor fraction of higher molecular weights,
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suggests that a larger ring consisting of several segments (and
thus of multiple hemiacetal linkages) was generated by
occasional “fusion” of two or more cyclic living polymers via
counteranion exchange, particularly at higher conversion
(Scheme 2).'"®*® The near disappearance of these minor

Scheme 2. Proposed Mechanism for Generation of Larger
Cyclic Polymers
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products upon hydrolytic cleavage supports this proposition,
where the multiple hemiacetal linkages have all been cleaved to
give a set of linear chains of similar molecular weights.

The living or precision-controlled nature of the polymer-
ization was further demonstrated by sequential monomer-
addition (chain-extension) experiments (Figure 3): When the
polymerization was almost completed (conversion = 95%), a
fresh feed of IBVE monomer was added to the reaction
mixture. The added monomer was smoothly consumed up to a
high conversion above 90% (Figure 3A), to give second-stage
products with SEC distributions overall shifting to higher
molecular weight along with conversion, though somewhat
multimodal (Figure 3C, left).

After hemiacetal cleavage, much narrower and virtually
monomodal SEC curves emerged (Figure 3C, right), with a
clear molecular weight increase. The conversion—M,, szc plots
(Figure 3B) are linear and passing through the origin, both
before and after the ring cleavage (squares and triangles,
respectively), and the slope was reduced into half upon the
cycle-to-linear transformation, all consistent with living nature
of the polymers as well as the cyclic structures maintained
throughout the two-stage polymerization processes. In addition,
as also seen in Figure 3B, M, spc (triangles) after the cleavage
agreed well with the calculated values (M, ) for linear
polymers (the straight line in red).

From these results, the system is essentially “living”
polymerization via the proposed ring-expansion mechanism.
This feature further implies the possibility of ring-expansion
“block” copolymerization by sequential addition of different
monomers, and this will be presented in our forthcoming
publication.

In conclusion, we have achieved a ring-expansion living
cationic polymerization with a hemiacetal ester-based cyclic
initiator 1 and an LA catalyst SnBr,. The polymerization was
well controlled without any unfavorable reactions to the ring-
expansion event, such as f-hydrogen elimination and a bromide
capping of the cationic intermediate with SnBr, [e.g,
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Figure 3. Sequential monomer-addition experiment in the ring-
expansion living cationic polymerization of IBVE and hydrolysis (ring-
cleavage) of the polymers with aqueous TFA: (A) Time—conversion
curve; (B) conversion—M,, plots before and after hydrolysis; and (C)
SEC curves of the products. Polymerization: [IBVE],/[1],/[SnBr,]o/
[dioxane],/[DTBMP] = 380/5.0/0.50/0.15 mM in CH,Cl, with 2.5
vol % dioxane at 0 °C; [IBVE] 44 = 380 mM. Hydrolysis: see Figure 1
(caption).

~~C(OR)—OCO~~ + SnBr, - ~~C(OR)—Br + (SnBr;)-
OCO~~]. The polymerization control even after the fresh
monomer would involve the potential of ring-expansion block
copolymerizations. Block copolymers of cyclic structures would
interest us for material applications of the ring-oriented self-
assembly.” Larger cycles were in fact generated apparently via
counteranion exchange between two hemiacetal linkages, but in
our viewpoint, contriving polymerization conditions (solvent,
temperature, and reagent concentrations) would suppress this
process. In another extreme, the promotion of this cyclic fusion
via counteranion exchange would in turn be interesting in that
it would lead to another synthetic possibilty of cyclic
“multiblock copolymers”, which is also among our future
research targets.
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Experimental details for synthesis of 1, polymerizations, and
structural characterization of obtained polymers. This material
is available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: ouchi@living.polym.kyoto-u.ac.jp; sawamoto@star.
polym.kyoto-u.acjp.

Notes

The authors declare no competing financial interest.

dx.doi.org/10.1021/mz400191t | ACS Macro Lett. 2013, 2, 531-534


http://pubs.acs.org
mailto:ouchi@living.polym.kyoto-u.ac.jp
mailto:sawamoto@star.polym.kyoto-u.ac.jp
mailto:sawamoto@star.polym.kyoto-u.ac.jp

ACS Macro Letters

B ACKNOWLEDGMENTS

This work was supported by Japan Society for the Promotion of
Science (JSPS) KAKENHI Grant Numbers 24245026 [Grant-
in-Aid for Scientific Research (A)] and 23685024 [Grant-in-Aid
for Young Scientists (A)].

B REFERENCES

(1) Kricheldorf, H. R. J. Polym. Sci,, Part A: Polym. Chem. 2010, 48,
251-284.

(2) Laurent, B. A; Grayson, S. M. Chem. Soc. Rev. 2009, 38, 2202—
2213.

(3) Tezuka, Y. Polym. J. 2012, 44, 1159—1169.

(4) Yamamoto, T. Polym. J. 2013, DOI: 10.1038/pj.2012.213.

(5) Hild, G.; Kohler, A.; Rempp, P. Eur. Polym. J. 1980, 16, 525—527.

(6) Lepoittevin, B.; Dourges, M. A.; Masure, M.; Hemery, P.; Baran,
K.; Cramail, H. Macromolecules 2000, 33, 8218—8224.

(7) Schappacher, M.; Deffieux, A. Macromolecules 2001, 34, 5827—
5832.

(8) Bielawski, C. W.; Benitez, D.; Grubbs, R. H. Science 2002, 297,
2041-2044.

(9) He, T.; Zheng, G. H.; Pan, C. Y. Macromolecules 2003, 36, 5960—
5966.

(10) Kudo, H.; Makino, S.; Kameyama, A.; Nishikubo, T.
Macromolecules 2005, 38, 5964—5969.

(11) Li, H; Debuigne, A.; Jerome, R.; Lecomte, P. Angew. Chem., Int.
Ed. 2006, 45, 2264—7.

(12) Takeuchi, D.; Inoue, A; Osakada, K. Kobayashi, M,;
Yamaguchi, K. Organometallics 2006, 25, 4062—4064.

(13) Culkin, D. A;; Jeong, W. H.; Csihony, S.; Gomez, E. D.; Balsara,
N. R;; Hedrick, J. L; Waymouth, R. M. Angew. Chem., Int. Ed. 2007,
46, 2627-2630.

(14) Jeong, W.; Shin, E. J.; Culkin, D. A.; Hedrick, J. L.; Waymouth,
R. M. J. Am. Chem. Soc. 2009, 131, 4884—4891.

(15) Jeong, W.; Hedrick, J. L.; Waymouth, R. M. J. Am. Chem. Soc.
2007, 129, 8414—8415.

(16) Narumi, A.; Zeidler, S.; Barqawi, H.; Enders, C.; Binder, W. H. J.
Polym. Sci, Part A: Polym. Chem. 2010, 48, 3402—3416.

(17) Nicolay, R.; Matyjaszewski, K. Macromolecules 2011, 44, 240—
247.

(18) Schuetz, J-H.; Vana, P. Macromol. Chem. Phys. 2011, 212,
1263—1275.

(19) Aoshima, S.; Higashimura, T. Macromolecules 1989, 22, 1009—
1013.

(20) Matsutani, H.; Ichikawa, S.; Yaruva, J.; Kusumoto, T.; Hiyama,
T. J. Am. Chem. Soc. 1997, 119, 4541—4542.

(21) Sawamoto, M. Prog. Polym. Sci. 1991, 16, 111—-172.

(22) Aoshima, S.; Kanaoka, S. Chem. Rev. 2009, 109, 5245—5287.

(23) Usually methoxy-capped (acetal-end) polymers are formed
upon methanol quench in living cationic polymerization of vinyl
ethers, which is unfavorable in this work. See: Katayama, H.;
Kamigaito, M.; Sawamoto, M. J. Polym. Sci, Part A: Polym. Chem.
2001, 39, 1249—1257.

(24) Ouchi, M.; Konishi, A.; Takenaka, M.; Sawamoto, M. Polym.
Chem. 2012, 3, 2193—2199.

(25) Hashimoto, T.; Iwata, T.; Minami, A.; Kodaira, T. J. Polym. Sci,
Part A: Polym. Chem. 1998, 36, 3173—3185.

(26) Higashimura, T.; Kishimoto, Y.; Aoshima, S. Polym. Bull. 1987,
18, 111-115.

(27) Gyor, M.; Wang, H. C.; Faust, R. J. Macromol. Sci. Pure 1992, 29,
639—653.

(28) Di Stefano, S. J. Phys. Org. Chem 2010, 23, 797—80S.

(29) Poelma, J. E; Ono, K; Miyajima, D.; Aida, T.; Satoh, K;
Hawker, C. J. ACS Nano 2012, 6, 10845—10854.

534

dx.doi.org/10.1021/mz400191t | ACS Macro Lett. 2013, 2, 531-534



