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In the vinyl polymerization industryf-methylstyrenes have  Scheme 1. Aqueous-Controlled Cationic Copolymerization of
rarely been employed because such 1,2-disubstituted olefins exhibitVaturally Occurring j-Methylistyrenes
little or no tendency to undergo homopolymerizations due to the CHe—CHOH ST . oo g:S—CH
steric inhibition! On the other hand, such compounds and their ~° © BF,0Et, B 2 Myand M, 2© @7
. . 1 —_— N n
polymers are often found in natural productgpagnylpropanoids 1o CHONHO/CHaCl o

The most abundant natural polymer is lignin, which is the main OCH, OCH, Aqueous Solvent OCHs R OGH,, OH
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biochemical functions, such as an anti-oxidant and sunburn protec- '
tion due to the phenolic hydroxyl grodp-However, its complex OCHs | OCH,
cross-linked structure, formed by oxidative coupling biosynthesis,
has not been realized in synthetic polymers. In contrast, similar  This communication reports the controlled cationic copolymer-
but different phenol-based petrochemical-derived vinyl polymers izations of the naturally occurringgmethylstyrenes (Ane and IEu)
are applicable to photoresists, epoxy-curing agents, adhesives, and!ith p-methoxystyrene (pMOS) by tHEBF;OEt, system (Scheme
anti-oxidants 1). The copolymerization of IEu and pMOS produced an alternating
Bio-based polymer materials from renewable resources have phe.nolic copolymgr, which can be regarded as a well-defined linear
recently been attracting much attention from the viewpoint of 9nin analogue with 4-hydroxy-3-methoxyphenyl groups, for the
environmentally benign and sustainable chemisthy.this com- first ime. L . )
munication, we focus our attention on the naturally occurring | 1€ homopolymerizations of Ane and IEu were investigated
p-methylstyrenes, which are usually abundantly produced in natural using thel/BF:OEk systeLn n the. presence.ofl a large .a'mount of
plants. For exampletrans-anethole (Ane: 4-methoxg-methyl- water ([Mo = [H20]o) at0°C, thatis, under similar conditions for
styrene) is extracted from anise or fennel oil and isoeugenol (IEu: the controlled polymerizations of pMOS or piS. The homopo-

4-hydroxy-3-methoxy3-methylstyrene) or its precursor, eugenol, Iymerlzatl.on of hoth monomers did not proceed_ln LH/CH,
. : Cl, (8/2) in the presence of water, whereas their polymers were
from clove or ylang-ylang oil, thousands of tons of which are ) . . .
; . obtained in low yields in the absence of water as already reported
annually used in the flavor and fragrance industAlthough there . .
; L .~ ~.  (Supporting Information).
are several reports on the conventional cationic (co)polymerizations

. ) The two monomers were then copolymerized with pMOS by
of thesef-methylstyrenes, they afforded ill-defined polymers or 1/BF:OE in the presence of water. They were simultaneously
resulted in low molecular weight oligomers in low yields especially

for the phenoli 587 Althouah th v develoned consumed with pMOS, in which the consumption rate of IEu was
_or_t € phenolic monomer, 1. _t ough the recently evelope almost the same as that of pMOS, while Ane was consumed slower
living radical polymerization might be the most suitable for

) o ) than pMOS. Furthermore, theSemethylstyrenes were not polym-
controlling the (co)polymerization of IEu due to the highly tolerant  oi;0 4t all after the depletion of the counterpart comonomer,
nature to functional grougsthe phenolic moiety is fatal to the

. o ) o X pMOS. Figure 1 shows the number-average molecular weilyhs (
radical polymerization due to its antioxidative properties. molecular weight distributions (MWDs), and size-exclusion chro-

Recently, we have found a unique and rather surprising system matograms (SEC) of the obtained copolymers. In both cases, the
to control the cationic polymerization of styrene derivatives ;s increased in direct proportion to the monomer conversions
including a phenolic monomep:hydroxystyrene (pHS), which can  and were close to the calculated values assuming that one molecule
be directly polymerized into living polymers without any protection  of 1 generates one living polymer chain, in which the deviation
of its phenolic group in the presence of borontrifluoride etherate from the calculated values most probably resulted from the
(BFsOE®b) coupled with an alcohol as an initiatat:[ the adduct  polystyrene calibration. The SEC curves shifted to high molecular
of water andp-methoxystyrene (pPMOSJ]In sharp contrast to the  \eights as the reactions proceeded, while retaining relatively narrow
conventional living cationic polymerizations in rigorously dried MWDs (Muw/M, = 1.2—1.4). TheMy’s increased up to 23 400 with
reaction media? the system is also unique in requiring a fairly  varying [1]o. The comonomer compositions in the copolymers and
large amount of water (approximately equimolar to the monomer the copolymer structures were confirmed¥yNMR (Supporting
and large excess over BPEL) for controlling the polymerization. Information).

During the polymerization, the aliphatic-@©H bond in the initiator To investigate the copolymerizability and the controlled nature
(1) or at the growing terminal is selectively dissociated by the highly of the copolymerization, a fresh feed of pMOS was added to the
oxophilic and somewhat water-tolerant ¥Et, to generate the  reaction mixture just before the initial charge of pMOS had

growing carbocationic species, which can be subsequently andcompletely been consumed while almost half of the Ane remained
reversibly converted into the covalentOH bond by the hydroxide (Figure 2). The addition of pMOS resumed the consumption of
or water. the remaining Ane to induce the second-stage copolymerization,

HyCO
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(A) gz . M Comy. % " Ane with 1/BF;OE% was similar to that with the conventional
16 s " omoshne o\ My, SMOSIEY M, systems reported in the literattfreyhile that of pMOS/IEu with
| o 4:300 100 mit 44120 30 21119 2200 1/BF;0OEtL showed a nearly alternating way of monomer addition
T [el4:100/300 mM in which both the monomer reactivity ratios are much lower than
58 i unity and close to zero. Furthermore, the matrix-assisted laser
§ o~ desorption-ionization time-of-flight mass spectrometry (MALDI-
= | TOF-MS) analysis of the pMOS/IEu copolymers clearly showed
/ ] an alternating fashion, in which the highest series of peaks are
o . ! ] alternately separated by the molecular weight of the pMOS and
mw:dlﬂﬂ 18 o’ Mw(;‘s‘[’: IEu monomers. The unprecedented cationic alternating copolym-

erization is most probably due to the highly bulky and electron-

Figure 1. M, andMu/M, curves of pMOS/IEu copolymers (A) and size- donating monomer (IEu); that is, the sterically hindefetheth-

exclusion chromatograms of pMOS/Ane and pMOS/IEu copolymers (B)

obtained withl/BFsOE/H,0 (4.0/10/200 mM) in CHCN/CH:Cl, (8/2) ylstyryl growing cation would not react with the bulky monomer,
at —15 °C: [pMOS]h + [IEu]lo = 400 mM (for A), [pMOS} = whereas the less hindered pMOS-derived cation favors the more
[-methylstyrene] = 200 mM (for B). electron-rich monomer (IEu) (Supporting Information).
200 . : . 10 i : i Thus, the controlled cationic copolymerizations of plant-derived
_ —_ t' Sdswi addivon - calog p-methylstyrenes proceeded with the alcohoyBEt, system to
_ _”'5';{1’-_."0%'8/“' reseen] L omy phtOS produce a well-defined phenolic copolymer. To the best of our
§ / 5 addition knowledge, this is also the first example of the alternating
%m R ____1.-_;______\_Nith_O_th_ﬂ;‘?d"io'l TsL copolymerization by a cationic process. The properties of the bio-
E ; )\____..\-,_-———3 s § based copolymers as well as the scope and mechanism of this
I : i | alternating cationic copolymerization are now under investigation.
S i o lternating cat poly t d tigat
' 1.4
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Figure 2. The pMOS addition experiment for pMOS/Ane copolymerization

with 1/BFsOE®b (4.0/10 mM) in CHCN/CH,Ca (8/2) at 0°C: [JMOS) Supporting Information Available: Experimental details and
= [Ane]o = [pMOé]add= 100 mM, [H:O]o = 200 mM. ' polymerization results. This material is available free of charge via

the Internet at http://pubs.acs.org.

{B) H CHy-CH ?:‘—‘H OCH.
R T(’ ac:) ] Q T References

g ] o o Ten, 8% s (1) Principles of Polymerization4th ed.; Odian, G., Ed.; Wiley-Inter-
2 .- 9. 4 pes D=9 leala28738) science: Hoboken, NJ, 2004; p 277.
< R 2 4 | 1 n=10 (2) Lignin and Lignan Biosynthesidewis, N. G., Sarkanen, S., Eds; ACS
Z080 ol 2 1 Symposium Series 697; American Chemical Society: Washington, DC,
by 4 r, = 0.275 +0.125 1998.
%025 | £=001£001 o (3) (a) Frehet, J. M. J.; Tessier, T. G.; Willson, C. G.; Ito, Macromolecules

7 1985 18, 317. (b) Munteanu, D.; Csunderlik, ®olym. Degrad. Stab.

i 1 1991, 34, 295-307.
0.00 1 1 1 1 1 1 1

(4) (a) Klass, D. L.Biomass for Renewable Energy, Fuels, and Chemicals

000 025 050 075 1.00 Academic Press: San Diego, CA, 1998. (b) Wool, R. P.; Sun, Ri®.

PMOS (M) in Monomer Feed 2200 2400 2600 2800 300 mz Based Polymers and Composit&sevier: Oxford, 2005. (c) Satoh, K.;
Figure 3. Copolymer composition curves of pMOS wifhmethylstyrene Sugiyama, H.; Kamigaito, MGreen Chem2006 8, 878-882.
E ~ : (5) The New Crop Industries HandbgadRalvin, S., Bourke, M., Byrne, T.,
(A) and MALDI-TOF-MS Spe.c”U’.“ qf PMOS/IEu (40/360 mM in feed) Eds; Rural Industries Research and Development Corporation: Canberra,
copolymer (B). The dashed lines indicate= 1.25,r, = 0.01 for pMOS/ 2004.
Ane andr; = 0.275,r, = 0.01 for pMOS/IEu, respectively. (6) (a) Overberger, C. G.; Tanner, D.; Pearce, EJMAmM. Chem. S04958

80, 4566-4568. (b) Kennedy, J. P.; Magkal, E.Carbocationic Polym-
erization Wiley-Interscience: New York, 1982; Chapter 6.
ini i (7) (a) Mizote, A.; Higashimura, T.; Okamura, $. Polym. Sci., Part A-1
whe_r_eas the remaining Ane was not consumec_i without the pMOS 1965 3, 25672578, (b) Higashimura. T.. Kawamura, K. MasudaT.
addition. TheM, of the copolymers further increased as the Polym. Sci., Part A-11972, 10, 85-93. (c) Alexander, R.; Jefferson, A.;
copolymerization proceeded though the MWDs became slightl Lester P. DJ. Polym. Sci.: Polym. Chem. E#i981 19, 695-706.
poly P . . 9 . ghtly (8) (a) Kamigaito, M.; Ando, T.; Sawamoto, NLhem. Re. 2001, 101, 3689
broader due to some termination or chain transfer. These results 3745. (b) Kamigaito, M.; Ando, T.; Sawamoto, hem. Rec2004 4,

indicate that the growing copolymer chains have a long-lived nature, 159-175. (c) Matyjaszewski, K.; Xia, Lhem. Re. 2001, 101, 2921~
. . 2990. (d) Hawker, C. J.; Bosman, A. W.; Harth, Ehem. Re. 2001,
despite the unusual reactivity of the two monomers. 101, 3661-3688.
The copolymerizations of pMOS (Mand theB-methylstyrenes 9) éi)ogfé%hl'oKd))KgTighaiE' % S,avytam,ato,SMacrorpoI'aculeéZO(?Q 3|3,
. R .. . atoh, K.; Kamigaito, M.; Sawamoto, Macromolecules
(M;) were further discussed in terms of the monomer reactivity 200Q 33, 5830-5835. (¢) Satoh, K.; Nakashima, J.; Kamigaito, M.;
ratio, which was determined by varying the comonomer feed 10 ?aswsamoto, MM&gomollgclu|e§%0$lggvl3fg‘l4&1- (b) Kennedy, J. P
L e . a) Sawamoto, MProg. Polym. Sci , . ennedy, J. P,;
compositions. The copolymer composition curves are shown in Ivan, B. Designed Polymers by Carbocationic Macromolecular Engineer-

Figure 3A. The curve for pMOS/IEu exhibited a typical alternating ing: Theory and PracticeHanser: Munich, 1992. (c}ationic Polymer-

R B : izations Matyjaszewski, K., Ed.; Marcel Dekker: New York, 1996. (b)
line, where the M contt_ants in the resulting copolymers were .kept Puskas, J. E; Kaszas, €10g. Polym. Sci200Q 25, 403-452.

close to one-half and independent of the feed ratio. According to (11) Kostjuk, S. V.; Radchenko, A. V.; GanachaudMacromolecule007,
the intersection method, the monomer reactivity ratios were 40, 482-490.

calculated as shown in the figure. The reactivity ratio of pMOS/ JAQ0732227

J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007 9587



