1070 Macromolecules 1996, 29, 1070—1072

Living Radical Polymerization of Methyl
Methacrylate with Ruthenium Complex:
Formation of Polymers with Controlled
Molecular Weights and Very Narrow
Distributions?

Tsuyoshi Ando, Mitsuru Kato,
Masami Kamigaito, and Mitsuo Sawamoto*

Department of Polymer Chemistry, Kyoto University,
Kyoto 606-01, Japan

Received August 11, 1995
Revised Manuscript Received November 13, 1995

Introduction. Recently, we reported the living po-
lymerization of methyl methacrylate (MMA) with the
initiating system of carbon tetrachloride, dichlorotris-
(triphenylphosphine)ruthenium(ll) [RuCl(PPhs)s], and
methylaluminum bis(2,6-di-tert-butylphenoxide) [MeAl-
(ODBP),].2 This polymerization appears to be a radical
process that involves a reversible and homolytic cleavage
of the carbon—halogen terminal assisted by the transi-
tion metal complex (eq 1). The ruthenium(ll) complex
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interacts with CCl, (as an initiator) to be oxidized from
divalent to trivalent followed by the radical addition of
CCl3* to MMA, and then the Ru(ll1) species is reduced
to the original Ru(ll) complex to give the CCl,—MMA
adduct with a terminal C—Cl bond.® The polymeriza-
tion proceeds via similar repetitive addition of MMA to
the radical species, reversibly generated from the
covalent species with the C—CI terminal. A similar
approach to controlled radical polymerizations has been
reported independently by Wang and Matyjaszewski.*

Several other attempts at achieving living/controlled
radical polymerizations based on methods different from
ours have been made worldwide,>~16 where stable bonds
in the dormant species are cleaved subsequently ther-
mally, photochemically, or by added radical species. In
contrast, the Ru(ll)-catalyzed polymerization? is based
on the reversible activation of the covalent carbon—
halogen bond by RuCl,(PPhs); as a redox activator. Our
concept of the living radical polymerization is originally
derived from living cationic counterparts, where the
terminal C—CI bond is reversible and heterolytically
activated by a Lewis acid (eq 2).17
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This study is to develop new ruthenium-based living
radical polymerizations of MMA with use of alternative
initiators and added aluminum compounds in place of
CCl, and MeAl(ODBP),, respectively. For this, we
employed a-halocarbonyl compounds 1 as potent initia-
tors so that the structures simulate the polymer termi-
nal that may have a halogen atom and a carbonyl group
attached to the same carbon atom (cf. eq 1). These
include 1,1,1-trichloroacetone (CCI3COCH3), a,a-dichlo-
roacetophenone (CHCI,COCgHs), and ethyl 2-bromoisobu-
tyrate [(CH3),CBrCO,C;Hs]. For the added metal com-
pound, aluminum triisopropoxide [Al(OiPr);] was em-
ployed because it gave the best results among metal
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Figure 1. First-order plots for the polymerization of MMA
with 1/RuCl,(PPh3)s/Al(OiPr); in toluene at 80 °C: [MMA], =
2.0 M; [1]0 =20 mM; [RUCIZ(PPh3)3]0 =10 mM; [AI(OlPr)3]o =
40 mM. 1: CCI3COCHs3; CHCI,COC¢Hs; (CH3).CBrCO,CoHs.

alkoxides used in preliminary experiments.1® Herein
we report that these new initiating systems give poly-
(MMA) with very narrov MWDs (M,/M, < 1.1) and
precisely controlled molecular weights.

Results and Discussion. (a) Living Polymeriza-
tion of MMA. MMA was polymerized with the three
a-halocarbonyl compounds in conjunction with RuCl,-
(PPh3)s and Al(OiPr); in toluene at 80 °C.1° All three
systems induced relatively slow but quantitative poly-
merizations, and the conversion reached over 90% in
60—80 h; time for 50% conversion: CCI3COCHgs;, 16 h;
CHC|200C6H5, 14 h; (CH3)2CBI’002C2H5, 9 h. As
shown in Figure 1, the logarithmic conversion data, In-
(IM1o/[IM]) ([M] is the monomer concentration at time
1), plotted against time t, gave straight lines passing
through the origin, which shows constant concentrations
of the growing species during the polymerizations.

The MWDs obtained with the two ketone initiators
were narrow (My/M, < 1.2), and the polydispersity
ratios were smaller than those obtained with CCl, under
the same conditions (Figure 2).2° The number-average
molecular weights (M) increased in direct proportion
to monomer conversion and agreed well with the
calculated values based on the assumption that one
molecule of the initiators generates one living polymer
chain.

To examine the living nature of the polymerizations
with the two chloroketones, a fresh feed of monomer was
added to the reaction mixtures when the initial charge
of the monomer had been consumed. The added mono-
mer feed was smoothly polymerized, and the M, of the
polymer further increased in direct proportion to mono-
mer conversion and agreed well with the calculated
values (Figure 3). The MWD stayed very narrow even
after monomer addition, and especially CHCI,COCgHs
gave the narrowest MWD (My/M;, < 1.1). Furthermore,
the polymers obtained with the aromatic ketone showed
ultraviolet absorption unlike the polymers from the
other two initiators that lack aromatic moieties. The
ultraviolet and the refractive index traces in size exclu-
sion chromatography (SEC) were almost identical over
the entire molecular weight range. The ultraviolet
absorption thus demonstrates the attachment of the
phenyl group at the polymer a-terminal (see below),
which shows that CHCI,COCgsHs functions as the initia-
tor. Thus, living polymerizations of MMA can be
achieved with the a-halocarbonyl compounds/RuCl,-
(PPh3)s/Al(OiPr); to form polymers with controlled mo-
lecular weights and very narrow MWDs.

© 1996 American Chemical Society
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Figure 2. M, and MWD curves of poly(MMA) obtained with 1/RuCly(PPhs)s/Al(QiPr)s in toluene at 80 °C: [MMA], = 2.0 M; [1]o

= 20 mM; [RUCI,(PPhs)s]o = 10 mM; [AI(QiPr)slo = 40 mM.
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Figure 3. M,, My/M,, and MWD curves of poly(MMA)
obtained in a monomer addition experiment with 1/RuCl,-
(PPh3)s/Al(OiPr); in toluene at 80 °C: [MMA]o, = [MMA]aqq =
2.0 M; [1]0 =40 mM; [Ruclz(PPh3)3]0 =10 mM; [Al(OIPr)3]o =
40 mM. (—) RI detection; (- - -) UV detection at 256 nm.
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Figure 4. *H NMR spectra of poly(MMA) obtained with
1/RuCly(PPhs3)s/Al(OiPr); in toluene at 80 °C. 1: (CHa)s-
CBrCOzCZHs (A), CHC|2COC5H5 (B)

(b) End-Group Analysis. The terminal structures
of the obtained polymers were then analyzed by 'H
NMR spectroscopy (Figure 4). Besides the large absorp-
tions of the repeat units of MMA, there are character-
istic signals originating from the a-halocarbonyl com-
pounds as initiators. The methylene protons of the ethyl
ester group derived from (CHj3),CBrCO,C,Hs and the
meta protons of the phenyl group from CHCI,COCsHs
were seen at 4.1 ppm in Figure 4A and 7.9 ppm in
Figure 4B, respectively. The small peak at 3.8 ppm next
to a large peak c is that of the methyl ester group
adjacent to the terminal chlorine at the w-end.

The DP, for these poly(MMA) was determined from
the peak intensity ratio of the methylene d or the
m-phenyl protons h to the methyl ester protons c of the
main chain (2c/3d or 2c¢/3h, respectively). As shown in

Table 1, DP,’s are in excellent agreement with the
values from size exclusion chromatography calibrated
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Table 1. DP, and F, of Poly(MMA) Obtained with
1/RUCI(PPh3)s/AI(OiPr)s2

DP,
initiator (1) SECb NMRe Fnd
(CHg)chrC02C2H5 48.9 46.1 1.06
CHCI,COCgHs 58.4 58.0 1.01

a [M]o/[1]o/[RuCl2(PPh3)3z]o/[AI(OiPr)s]o = 2000/20/10/40 mM; in
toluene, at 80 °C. ® [My(SEC) — MW(initiator moiety)[/MW(MMA).
¢ From 'H NMR peak intensity ratio; 2¢/3d [(CH3)2CBrCc0O2C,Hs],

2¢/3h [CHCI,COCgHs]. See Figure 4. @ DP(SEC)/DPn(NMR).

against standard poly(MMA) samples.?® The number-
average end functionality (Fn) of the initiator moiety was

determined from DP,(SEC)/DP,(NMR). The values
are very close to unity, indicating that these o-halocar-
bonyl compounds in fact serve as the initiator that forms
one living poly(MMA) chain per molecule.

Possibly, CHCI,COCgHs acts as a bifunctional initia-
tor, because this compound has two chlorine atoms at
the o-carbon adjacent to the carbonyl group. In fact, a
methine group [CsHsC(O)CHCI—CHj5], which would be
generated if it acts as a monofunctional initiator, cannot
be seen in 5.2 ppm, but a methine group f [CH,—(CeHsC-
(0))CH—CHj5] was observed at 3.2 ppm which would be
generated if it acts as a bifunctional initiator. This point
is now under investigation. At any rate, the a-halocar-
bonyl compounds are efficient initiators which quanti-
tatively generate living poly(MMA) chains.

These results indicate that the living polymerization
proceeds via the activation of carbon—halogen bonds
derived from the a-halocarbonyl compounds by the Ru-
(11) complex in the presence of the aluminum compound
(eq 3). These systems have thus generalized our notion
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that the living radical polymerizations proceed via the
reversible and homolytic cleavage of carbon—halogen
bonds by transition metal complexes. In conclusion, the
a-halocarbonyl compounds/RuCl,(PPh3)s/Al(OiPr); sys-
tem induced living polymerization of MMA in toluene
even at 80 °C to give well-controlled polymers with very
narrow MWDs. Extensive studies are now underway
in our laboratories to determine the scope and mecha-
nism of the ruthenium-based living radical polymeri-
zation.

References and Notes

(1) This work was presented in part at the following meetings.
(a) The 209th National Meeting on the American Chemical
Society, Anaheim, CA, April 1995; POLY-180. Sawamoto,
M.; Kato, M.; Kamigaito, M.; Higashimura, T. Polym. Prepr.
(Am. Chem. Soc., Div. Polym. Chem.) 1995, 36 (1), 539. (b)
The 44th Annual Meeting of the Society of Polymer Science,
Yokohama, Japan, May 1995; paper 1Pd024: Ando, T.; Kato,
M.; Kamigaito, M. Sawamoto, M. Polym. Prepr. Jpn. 1995,
44 (2), 110.

(2) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T.
Macromolecules 1995, 28, 1721.

(3) Matsumoto, H.; Nakano, T.; Nagai, Y. Tetrahedron Lett.
1973, 51, 5147.

Macromolecules, Vol. 29, No. 3, 1996

(4) Wang, J.-S.; Matyjaszewski, K. 3. Am. Chem. Soc. 1995, 117,
5614.

(5) (a) Otsu, T.; Yoshida, M. Makromol. Chem., Rapid Commun.
1982, 3, 127. (b) Otsu, T.; Yoshida, M.; Tazaki, T. Makromol.
Chem., Rapid Commun. 1982, 3, 133. (c) Endo, K.; Murata,
K.; Otsu, T. Macromolecules 1992, 25, 5554. (d) Doi, T.;
Matsumoto, A.; Otsu, T. J. Polym. Sci.: Part A: Polym.
Chem. 1994, 32, 2911.

(6) Oka, M.; Tatemoto, M. Contemporary Topics in Polymer
Science; Plenum: New York, 1984; Vol. 4, p 763.

(7) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T.
Polym. Prepr. Jpn. 1994, 43 (2), 255.

(8) Matyjaszewski, K.; Gaynor, S.; Wang, J.-S. Macromolecules
1995, 28, 2093.

(9) Solomon, D. H.; Rizzardo, E.; Cacioli, P. U.S. Patent
4581429, 1986.

(10) (a) Druliner, J. D. Macromolecules 1991, 24, 6079. (b)
Druliner, J. D. J. Phys. Org. Chem. 1995, 8, 316.

(11) (a) Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.;
Hamer, G. K. Macromolecules 1993, 26, 2987, 5316. (b)
Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer,
G. K.; Saban, M. Macromolecules 1994, 27, 7228. (c) Ka-
zmaier, P. M.; Moffat, K. A.; Georges, M. K.; Veregin, R. P.
N.; Hamer, G. K. Macromolecules 1995, 28, 1841. (d)
Veregin, R. P. N.; Georges, M. K.; Hamer, G. K.; Kazmaier,
P. M. Macromolecules 1995, 28, 4391. (e) Georges, M. K.;
Kee, R. A.; Veregin, R. P. N.; Hamer, G. K.; Kazmaier, P.
M. J. Phys. Org. Chem. 1995, 8, 301.

(12) (a) Hawker, C. J. 3. Am. Chem. Soc. 1994, 116, 11185. (b)
Hawker, C. J. Macromolecules 1995, 28, 2993. (c) Hawker,
C. J. Angew. Chem. 1995, 107, 1623.

(13) (a) Mardare, D.; Matyjaszewski, K. Macromol. Rapid Com-
mun. 1994, 15, 37. (b) Mardare, D.; Matyjaszewski, K.
Macromolecules 1994, 27, 645.

(14) Lee, M.; Utsumi, K.; Minoura, Y. J. Chem. Soc., Faraday
Trans. 1 1979, 75, 1821.

(15) Matyjaszewski, K.; Gaynor, S.; Greszta, D.; Mardare, D.;
Shigemoto, T. J. Phys. Org. Chem. 1995, 8, 306.

(16) Wayland, B. B.; Poszmik, G.; Mukerjee, S. L.; Fryd, M. J.
Am. Chem. Soc. 1994, 116, 7943.

(17) (a) Kamigaito, M.; Sawamoto, M.; Higashimura, T. Macro-
molecules 1992, 25, 2587. (b) Kamigaito, M.; Maeda, Y.;
Sawamoto, M.; Higashimura, T. Macromolecules 1993, 26,
2670. (c) Katayama, H.; Kamigaito, M.; Sawamoto, M.;
Higashimura, T. Macromolecules 1995, 28, 3747.

(18) Ando, T.; Kato, M.; Kamigaito, M. Sawamoto, M. Polym.
Prepr. Jpn. 1995, 44 (2), 111. The role of the added
aluminum alkoxide has not been clarified yet and is now
under investigation. It may interact with the carbonyl group
at the polymer terminal or of the monomer to facilitate the
polymerization or induce ligand exchange with the ruthe-
nium complex to produce more active complex.

(19) The polymerization was carried out under dry nitrogen in
baked glass tubes equipped with a three-way stopcock. All
reagents were used after ordinary purifications, and the
toluene solvent was bubbled with dry nitrogen for more than
15 min immediately before use. A typical example with
CHCI,COCg¢Hs is given below. The polymerization was
initiated by adding, via dry syringes, solutions of Al(OiPr)s;
(0.80 mL) and RuClz(PPh3); (1.0 mL) in toluene sequentially,
in this order, into a mixture (0.70 mL) of MMA (0.54 mL),
n-octane (0.16 mL), and CHCI,COC¢Hs (0.0071 mL) in
toluene at 25 °C. The total volume of the reaction mixture
was 2.5 mL. Immediately after mixing, the solution was
placed in a water bath kept at 80 °C. In predetermined
intervals, the polymerization was terminated by cooling the
reaction mixtures to —78 °C and adding methanol (~1.0
mL). Monomer conversion was determined from the con-
centration of residual monomer measured by gas chroma-
tography with n-octane as an internal standard. The
guenched reaction solutions were diluted with toluene (~20
mL) and rigorously shaken with an absorbent [Kyowaad-
2000G-7 (Mgo.7Alp.301.15); Kyowa Chemical Industry Co.,
Ltd.] (~5 g) to remove the metal-containing residues. After
the absorbent was separated by filtration (Whatman 113V),
the filtrate was washed with water and evaporated to
dryness to give the products, which were subsequently
vacuum dried overnight.

(20) The M, Mw/M,, and MWD of the polymers were determined
by size exclusion chromatography in chloroform with a
calibration based on 11 poly(MMA) standard_samples
(Polymer Laboratories; M, = 630—220 000; Mu/M, =
1.06—-1.22).

MA951175+



