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Abstract: This contribution describes coordinative/insertive stereoregular homopolymerizations and
copolymerizations of styrene and methyl methacrylate (MMA) mediated by a highly active single-site
organotitanium catalyst. The catalyst system used to effect these polymerizations of nonpolar and polar
olefinic monomers is prepared by in situ Zn reduction of the precursor derived from the reaction (MesCp)-
TiMes + PhsC*B(CsFs)4~. The resulting catalyst produces polystyrene (>95% syndiotactic, 170 000 g/mol
molecular weight; s-PS) by the established coordinative/insertive pathway. The same catalyst mediates
polymerization of MMA to poly(methyl methacrylate) (>65% syndiotactic, >70 000 g/mol molecular weight;
s-PMMA) by a group transfer protocol-like (GTP-like) pathway (1,4 insertion mechanism). Under optimal
conditions, this catalyst also mediates the copolymerization of MMA + styrene (1:19 ratio) at 50 °C to yield
random ~80% coisotactic poly[styrene-co-(methyl methacrylate)] (coiso-PSMMA) which contains ~4% MMA.
Control experiments argue that a single-site Ti catalyst is the active species for the copolymerization. The
catalyst formation process is quite general, and a variety of reducing agents can be substituted for Zn and
still effect copolymerization. Control experiments also indicate that known noncoordination copolymerization
mechanisms (i.e., ionic or radical) cannot explain this copolymerization. We suggest a new mechanism
involving sequential conjugate addition steps to explain these copolymerization results.

Introduction extreme oxophilic/halophilic/Lewis acidic nature, such catalysts
have generally proven incompatible with functionalized vinyl
monomers in achieving single-site controlled insertive polym-
erization of olefins bearing polar functional groups (“polar
olefins”) or copolymerization of polar and nonpolar oleffns.
The ability to enchain polar olefins is expected to enhance
d polyolefin properties such as adhesion, barrier properties,
" biocompatibility, miscibility with other polymers, toughness,
solvent resistance, surface properties (paintability, printability,

Single-site early-transition metal metallocenium and related
single-site catalysts have been extensively investigated for the
coordinative/insertive polymerization of nonpolar olefir8uch
catalysts are of great fundamental scientific and technological
importance, and a broad understanding of catalgetatalyst
structure-activity—selectivity relationships has recently emerge
A major question currently concerns the scope of such polym-

erization processes and, in particular, the scope of olefinic etc.), and rheological propertiéslthough late-transition metal

monomers that are amenable to polymerization by these ; . g
. o .catalysts, especially palladium and nickel, have demonstrated
catalysts. The picture emerging is that, as a consequence of their o .
greater versatility in this regard, high levels of polar comonomer

(1) For recent reviews of single-site? gholymerization catalysis, see the Incorporation are genera”y not pOSSIble, and polymerlzatlon

following and references therein: (a) Gibson, V. C.; Spitzmesser, S. K. activity drops substantially at higher concentrations of polar

g?:r;naiir?%_Z-OggﬁligfngAﬁniﬁbﬁ?gl?%i%?éoarm\téﬂ%%(ihglzmigggf' K3 comonomet244 There have also been limited disclosures of

1':123. (©) G%dyslz,CJ. /?., Edcflljhtlam. Re. 200()1 (1do)o N(Ispkecia}l iJssuSe on early-transition metal-mediated polymerizations with “masked”
“Frontiers in Metal-Catalyzed Polymerization”). arks, T. J., Stevens, . . .

J. C., Eds.Top. Catal. 1999 7 (special volume on “Advances in ~ PoOlar monomers in Whlgh polar groups are suitably protected
Polymerization Catalysis. Catalysts and_ Processes").‘ (e) Scheirs, J.; or remote from the olefinic functlonall®_

Kaminsky, W.Metallocene-Based Polyolefins: Preparation, Properties,

and TechnologyJohn Wiley & Sons: New York, 1999; Vols. 1 and 2. (f) The reports of methyl methacrylate (MMA) homopolymer-
Kaminsky, W.Metalorganic Catalysts for Synthesis and Polymerization  jzation using early-transition metal single-site catalysts represent
Recent Results by Ziegidlatta and Metallocene krestigations Springer- 9 y 9 y P
Verlag: Berlin, 1999. (g) Britovsek, G. J. P.; Gibson, V. C.; Wass, D. F.

Angew Chem, Int. Ed. 1999 38, 428-447. (h) McKnight, A. L.; (2) (a) Foley, S. R.; Stockland, R. A., Jr.; Shen, H.; Jordan, R. Rm. Chem.
Waymouth, R. MChem. Re. 1998 98, 25872598 (constrained geometry Soc. 2003 125 4350-4361 and references therein. (b) Foley, S. R;;
polymerization catalysts). (i) Jordan, R.FMol. Catal.1998 128 (special Stockland, R. A., Jr.; Jordan, R. B. Am. Chem. So@003 125 796—
issue on “Metallocene and Single Site Olefin Catalysis”). (j) Kaminsky, 809 and references therein. (c) Stockland, R. A., Jr.; Jordan, R.Am.
W.; Arndt, M. Adv. Polym. Sci1997 127, 144-187. (k) Bochmann, M. Chem. Soc200Q 122, 6315-6316. (d) Boffa, L. S.; Novak, B. MChem.

J. Chem. Soc., Dalton Trank996 255-270. (1) Brintzinger, H. H.; Fischer, Rev. 200Q 100, 1479-1493. (e) Chung, T. C.; Rhubright, Macromol-
D.; Mulhaupt, R.; Rieger, B.; Waymouth, R..Mngew. Chem., Int. Ed. ecules1993 26, 3019-3025. (f) Chung, T. CMacromoleculed988 21,
Engl. 1995 34, 1143-1170. (m) Soga, K., Terano, M., Edsatalyst Design 865—869.

for Tailor-Made PolyolefinsElsevier: Tokyo, 1994. (3) Padwa, A. RProg. Polym. Sci1989 14, 811-833.
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one of the major advances in polar monomer polymerization polydispersity via a monometallic GTP-like insertion sequence
by early-transition metal single-site catalysts. Poly(methyl (Figure 1)!% Marks and co-workers then usedCasymmetric
methacrylate) (PMMA) has been known and produced in large- lanthanocene catalyst to produce isotactic PMMmvhile Soga
scale commercial quantities for almost half a cenfubkyMA and co-workers developed a system for producing PMMA by
can be polymerized via radicalanionic® or group transfer prereacting MMA with EfZn and then introducing a zircono-
protocol (GTPJ type pathways. A great deal has been reported cenium ion paii’ Novak and co-workers produced PMMA
on the synthesis, characterization, and stereoregularity-dependeniising bimetallic initiators, formed either in situ from oxidation
properties of PMMA. High tacticity can often be achieved at of a Sn¥" precursor or via direct synthesis of the bimetallic
low temperatures via radical and ionic techniques as demon-initiator, in the latter case to form a “link functionalized” PMMA
strated by Hatada in the synthesis of isotattisyndiotactict! with a 1,3-butadiene group incorporated at the chain céfter.
and heterotacti® PMMA. Because the highly active single- Recently, Gibson, et al. and idker, et al. showed that cationic
site homogeneous polymerization catalysts mentioned above cargroup 4 metallocenes are capable of producing high molecular
effect impressive control over product polymer microstructure, weight syndiotactic PMMA via a mononuclear pathway without
comonomer incorporation, stereoregularity, and molecular weight an exogenous Lewis acid (similar to the lanthanocene-catalyzed
characteristics, there was great interest when almost simulta-process}®2°Thus, to date, it has been demonstrated that cationic
neously Farnham, et d@,Collins, et al.l* and Yasuda, et &P group 4 metallocene and related catalysts can mediate MMA
reported that single-site?" catalysts can be applied to the polymerization to syndio- or isotactic high molecular weight
homogeneous polymerization of MMA. PMMA with narrow polydispersity via both mono- and bimetal-
Collins and co-workers showed that a two-component cata- lic pathways (Figure 1). The fundamental factors that determine
lytic system comprising a cationic zirconocene and a neutral whether a catalyst will traverse the mono- or bimetallic pathway
zirconocene which act in concert can mediate MMA homopo- are not well understood.
lymerization to high molecular weight PMMA with a syndio- Homogeneous single-site early-transition metal polymeriza-
tactic microstructure via a bimetallic GTP-like insertion mech- tion catalysts are not limited in scope toolefins or MMA
anism (Figure 1}* Yasuda and co-workers showed that polymerizations. They also exhibit activity for the polymeriza-
organolanthanocenes GfhR (R = hydride or alkyl group)  tion of conjugated olefins, with an important and excellent
are competent to produce syndiotactic PMMA with narrow example being the syndiospecific polymerization of styrene first
reported by Ishihara and co-workétsSince the initial report!
syndiotactic polystyrenes{PS) has been the subject of intense
investigation because of useful properties that include a high
McLain, S.; Radzewich, C.; Yin, Z.; Wang, L.; Wang, Y.; Brookhart, M. melting point (270°C) and a low specific gravity, in addition
éﬁ’ig{;‘%ﬁ; fc"’,‘pfgiﬁﬁ?,{f’#ﬁf C“ﬁ;‘ﬁg‘;’f"E“_”E_";t;_’.‘g,;dg,ii‘,’;f"j'_ f}ﬁr?g’g’r%h, to general resistance to water and organic solvents at ambient
S. K.; Grubbs, R. H.; Bansleben, D. Science200Q 287, 460-462. (d) temperaturé? Of the complexes identified as effective catalyst

(4) (a) Johnson, L.; Bennett, A.; Dobbs, K.; Hauptman, E.; lonkin, E.; Ittel,
S.; McCord, E.; McLain, S.; Radzewich, C.; Yin, Z.; Wang, L.; Wang, Y.;
Brookhart, M. Polym. Mater. Sci. Eng2002 86, 319. (b) Johnson, L.;
Bennett, A.; Dobbs, K.; Hauptman, E.; lonkin, A,; Ittel, S.; McCord, E.;

Mecking, S.; Johnson, L. K.; Wang, L.; Brookhart, M.Am. Chem. Soc.
1998 120, 888-899. (e) Johnson, L. K.; Mecking, S.; Brookhart, W.
Am. Chem. Socl996 118 267—-268.

(5) (a) Imuta, J.; Kashiwa, N.; Toda, ¥. Am. Chem. So@002 124, 1176~
1177. (b) Hakala, K.; Helaja, T.; lfgren, B.J. Polym. Sci., Part A: Polym.
Chem.200Q 38, 1966-1971. (c) Xu, G.; Chung, T. GVlacromolecules

200Q 33, 5803-58009. (d) Marques, M. M.; Correia, S. G.; Ascenso, J. R.;
Ribeiro, A. F. G.; Gomes, P. T.; Dias, A. R.; Foster, P.; Rausch, M. D.;

Chien, J. C. WJ. Polym. Sci., Part A: Polym. Cherh999 37, 2457—
2469. (e) Aaltonen, P.; Fink, G.;"ligren, B.; Seppld, J. Macromolecules
1996 29, 5255-5260. (f) Wilen, A.-E.; Luttikhedde, H.; Hjertberg, T.;
Nasman, J. HMacromoleculesl996 29, 8569-8575. (g) Kesti, M. R,;
Coates, G. W.; Waymouth, R. M. Am. Chem. Sod 992 114, 9679~
9680.

(6) (a) Aida, T.Prog. Polym. Scil994 19, 469-528. (b) Hatada, K.; Kitayama,
K.; Ute, K. Prog. Polym. Sci1988 13, 189-276. (c) Szwarc, MAdv.
Polym. Sci1983 49, 1-177. (d) Pino, P.; Suter, U. WPolymer1976 17,
977-995. (e) Bywater, SAdv. Polym. Scil1965 4, 66—110.

(7) (a) Matyaszewski, KMacromol. Symp1998 134, 105-118. (b) Mat-
yaszewski, K.Macromol. Symp1998 132 85-101. (c) Sawamoto, M.;
Kamigaito, M. J. Macromol. Sci., Pure Appl. Cheri997, A34, 1803—
1814.

(8) Hatada, K.; Kitama, T.; Ute, KProg. Polym. Sci1988 13, 189-276.

(9) (@) Sogah, D. Y.; Hertler, W. R.; Webster, O. W.; Cohen, G. M.
Macromoleculesl 987 20, 1473-1488. (b) Webster, O. W.; Hertler, W.

R.; Sogah, D. Y.; Farnham, W. B.; Rajan Babu, T.VAm. Chem. Soc.
1983 105 5706-5708.

(10) Hatada, K.; Ute, K.; Tanaka, K.; Kitayama, T.; Okamoto,Palym. J.
1985 17, 977-980.

(11) (a) Hatada, K.; Kitayama, T.; Fujimoto, N.; Nishiura,JTMacromol. Sci.,
Pure Appl. Chem1993 A30, 645-667. (b) Kitayama, T.; Shinozaki, T.;
Sakamoto, T.; Yamamoto, M.; Hatada, Makromol. Chem. Suppl989
15, 167-185.

(12) (a) Hatada, K.; Kitayama, Polym. Int.200Q 49, 11-47. (b) Kitayama,
T.; Hirano, T.; Hatada, KTetrahedron1997, 53, 15263-15279.

(13) Farnham, W. B.; Hertler, W. R. U.S. Patent 1986-901769 19860829 (du

Pont de Nemours, E. I, and Co., USA).

(14) (a) Li, Y.; Ward, D. G.; Reddy, S. S.; Collins, Blacromoleculesl997,
30, 1875-1883. (b) Coallins, S.; Ward, D. G.; Suddaby, K. Macromol-
ecules1994 27, 7222-7224. (c) Collins, S.; Ward, S. G. Am. Chem.
So0c.1992 114, 5460-5462.

(15) (a) Yasuda, H.; Tamai, HProg. Polym. Sci1993 18, 1097-1139. (b)
Yasuda, H.; Yamamoto, H.; Yokota, K.; Miyake, S.; NakamuraJ AAm.
Chem. Soc1992 114, 4908-4910.

precursors fos-PS synthesis, the most effective are based upon
monocyclopentadienyl Ti complexes such asTiRs (R =
halide, Me, CHPh, etc.) activated with methylaluminoxane
(MAO), B(CGF5)3, C5H5NH(CH3)2+B(C5F5)4_, or Ph;C*B-
(CeFs)4~.22 While relatively few complexes of transition metals
other than Ti have been found to initiate styrene polymerization

to s-PS23 efforts to assign the Ti oxidation state through EPR

and NMR studies have variously implicated Ti@24Ti(lll), 25
and Ti(IV)?*¢ as possible active species for styrene polymeri-

(16) Giardello, M. A.; Yamamoto, Y.; Brard, L.; Marks, T. J. Am. Chem.
Soc.1995 117, 3276-3277.

(17) (a) Shiono, T.; Saito, T.; Saegusa, N.; Hagihara, H.; Ikeda, T.; Deng, H.;
Soga, K.Macromol. Chem. Phys998 199 1573-1579. (b) Soga, K.;
Deng, H.; Yano, T.; Shiono, TMacromoleculesl994 27, 7938-7940.

(18) Novak, B. M.; Boffa, L. SMacromoleculesl994 27, 6993-6995.

(19) Cameron, P. A.; Gibson, V.; Graham, A.Macromolecules200Q 33,
4329-4335.

(20) (a) Stuhldreier, T.; Keul, H. I.; Hiker, H. Macromol. Rapid Commun.
200Q 21, 1093-1098. (b) Frauenrath, H.; Keul, H.; tdker, H. Macro-
molecules2001, 34, 14—19.

(21) Ishihara, N.; Kuramoto, M.; Seimiya, T.; Uoi, Mlacromolecules986
19, 2464-2465.

(22) For reviews, see: (a) Ewart, S. W.; Baird, M. C.Ntetallocene Based
Polyolefins, Preparation, Properties and Technola8gheirs, J., Kaminsky,
W., Ed.; John Wiley & Sons: New York, 2000; Vol. 1, p 119. (b) Chum,
P. S.; Kruper, W. J.; Guest, M. Adv. Mater.200Q 12, 1759-1767. (c)
Pellecchia, C.; Grassi, A. Iiiopics in CatalysisMarks, T. J., Stevens, J.
C., Eds.; Baltzer Science Publishers: Delft, The Netherlands, 1999; Vol.
7, pp 125-132. (d) Ewart, S. W.; Baird, M. C. ITopics in Catalysis
Marks, T. J., Stevens, J. C., Eds.; Baltzer Science Publishers: Delft, The
Netherlands, 1999; Vol. 7, p 1. (e) Tomotsu, N.; Ishihara, N.; Newman, T.
H.; Malanga, M. T.J. Mol. Catal. A1998 128 167—190. (f) Vittoria, V.

In Handbook of Thermoplastic®©labisi, O., Ed.; Marcel Dekker: New
York, 1997; p 81. (g) Po, R.; Cardi, NProg. Polym. Scil1996 21, 47—
88

(23) Ze{mbelli, A.; Pellecchia, C.; Oliva, IMacromoleculed989 22, 2129~
2130.

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14483



ARTICLES Jensen et al.

Cp*sSm—-H

Cp*SmA X\
o) (
\o'k%
o}
* \
o
Cp*QSgn 0 (
o
0
A o

00—

Figure 1. The monometallic (left) and bimetallic (right) GTP-like methyl methacrylate polymerization pathways traversed by single-site early-transition
metal catalysts.

zation??2 Although there is still debate concerning the exact
nature of the species active 8PS polymerizatiord;c.25a.0.26
many characteristics of the polymerization mechanism are Z 0\
understood. NMR experiments clearly indicate that polymeri- .

R . . o . Ti—R +
zation occurs through a ZiegteNatta type single-site insertion " <S
mechanism. The regiochemistry of styrene insertion is secondary ’
(2,1-insertion, eq 1) as established by polymer end-group
analysis?” That tacticity is chain-end controlled and not enan-
tiomorphic site-controlled is argued byrd] mni/[mr]2 ~ 1.23.28

Thus, although extensive research has been conducted both o . .
on single-site homogeneous MMA polymerization (by a GTP- thereof?® Studies of MMA+ styrene copolymers benefit greatly

like mechanism) and on styrene polymerization (2,1-insertion from the extensive high-resolution NMR studies that have been

into the M—R bond), to our knowledge, the copolymerization performed on this systef:*°

of MMA and styrene by a single-site homogeneous catalyst has The goal of the present study was to investigate a means of
not been achieved. In contrast, MMA styrene copolymeriza-  €ffecting the single-site copolymerization of MMA and styrene.
tions (including alternating, block, and random copolymers) have Bonding energetic considerations argue that the pronounced
been achieved by ionic and radical processes or combinationsendothermicity (and likely endoergicity) of olefin insertion into
group 4 d M—OR bonds, likely strengthened by ligand-to-metal

(24) (a) Williams, E. F.; Murray, M. C.; Baird, M. QVlacromolecule200Q 7 donatioi! (e.g., eq 2)}>32and olefin enchainment-impeding
33, 261-268. (b) Kaminsky, W.; Park, Y. WMacromol. Rapid Commun.
1995 16, 343-346. (c) Chien, J. C. W.; Salajka, Z.; Dong,acromol-

(6]

ecules1992 25, 3199-3202. (29) (a) Gridnev, A. A,; Ittel, S. DChem. Re. 2001, 101, 3611-3660. (b)
(25) (a) Ready, T. E.; Gurge, R.; Chien, J. C. W.; Rausch, MDiganometallics Hawker, C. J.; Bosman, A. W.; Harth, Ehem. Re. 2001, 101, 3661—
1998 17, 5236-5239. (b) Grassi, A.; Saccheo, S.; Zambelli, A.; Laschi, 3688. (c) Kamigaito, M.; Ando, T.; Sawamoto, I@hem. Re. 2001, 101,
F. Macromoleculesl998 31, 5588-5591. (c) Chien, J. C. W.; Salajka, 3689-3746. (d) Suddaby, K. G.; Haddleton, D. M.; Hastings, J. J.; Richards,
Z.; Dong, SMacromolecule4992 25, 3199-3203. (d) Zambelli, A.; Oliva, S. N.; O’donnell, J. PMacromoleculed4996 29, 8083-8091. (e) Gaylord,
L.; Pellecchia, CMacromolecules1989 22, 2129-2130. N. G.; Deshpande, A. B.; Dixit, S. S.; Maiti, S.; Patnaik, B. X.Polym.
(26) Minieri, G.; Corradini, P.; Zambelli, A.; Guerra, G.; Cavallo, Macro- Sci.1975 13, 467—-482. (f) Hirai, H.; Komiyama, MJ. Polym. Scil975
molecules2001, 34, 2459-2468. 13, 2419-2435. (g) Bovey, F. AJ. Polym. Scil962 62, 197—209.
(27) Zambelli, A.; Longo, P.; Pellecchia, C.; Grassi,Macromoleculed987, (30) (a) Aerdts, A. M.; de Haan, J. W.; German, A.Macromolecules993
20, 2035-2037. 26, 1965-1971 and references therein. (b) Aerdts, A. M.; de Haan, J. W.;
(28) Longo, P.; Proto, A.; Zambelli, AMacromol. Chem. Physl995 196, German, A. L.; van der Velden, G. P. Mlacromolecule4991, 24, 1473~
3015-3029. 1479 and references therein.
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Lewis acid-base interactions (e.gB) would likely present
thermodynamic impediments and kinetic barriers, respectively.

e
i

R 7 Nor'

These considerations raise the intriguing question of whether it
might be possible to produce a group 4 system more competen
for polar comonomer polymerization via (1) decreasing Mk
O)-D(LnM—C) and catalyst Lewis acidity by lowering the
metal oxidation state (e.g., this quantity decreases by kcal/

mol for ®® — d? metallocenesy?-34and (2) assisting competing

(MesCs)TiMe; + PhsC'B(C4Fs)s + Zn

toluene

%

Experimental Section

General Procedures (See Supporting Information for Full
Details). All manipulations of air-sensitive materials were carried out
with rigorous exclusion of oxygen and moisture in flame- or oven-
dried glassware on a high vacuum-line (0rorr), or in either a
nitrogen-filled Vacuum Atmospheres or a Mbraun glovebox with a high

t4sapacity recirculator €1 ppm of Q). Argon (Matheson, PP) was

purified by passage through a MnO oxygen-removal column and a
Davison 4A molecular sieve column. All hydrocarbon solvents were
predried and distilled under dry nitrogen from appropriate drying agents
(sodium benzophenone ketyl, metal hydrides, Na/K alloy) and were

nonpolar monomer activation/enchainment via multihapto sub- subsequently stored over Na/K alloy. The reagentss@y¢TiMe; %’
strate coordination (e.gA in eq 1). We report here one embodi- and metallic Zn powdéf were synthesized/activated according to
ment of this strategy in the polymerizations of styrene and MMA literature procedures. The reducing agents, Mn, Mg, Sm, and Sn
to produce stereoregular, high molecular weight homopolymers powders, were purchased from Aldrich and were transferred to a storage

and, most interestingly, random styrerddMA copolymers3®

To achieve these ends, we sought to modify the properties
of the established (ME€p)TiMes/PhsCTB(CsFs)4~ (1) catalyst,
which, as noted above, is a highly effective catalyst for
syndiospecific styrene polymerizatiét:°38n the present study,
a lower-valent Ti catalyst is generated in situ fr@mia reaction
of (MesCp)TiMes with PhsC*B(CgFs),~ and a stoichiometric
excess of Zn powder (eq 3), (M@p)TiMes/PheC+B(CgFs)4/
Zn (2). We report here that the new catalyst syst@ms more
efficient thanl for the homopolymerizations of styrene and
MMA. Most interesting, however, is tha&® is competent to
mediate the random copolymeriztion of styrene and MMA to
produce a coisospecific copolymer. A variety of control experi-
ments eliminate the possibility that this copolymerization is
either ionic or radical in character. Rather, a new single-site
polymerization pathway is proposed to explain this copolym-
erization process.

(31) (a) Hong, Y.; Kuntz, B. A.; Collins, SOrganometallics1993 12, 964—
969. (b) Hortmann, K.; Diebold, J.; Brintzinger, H.-B.Organomet. Chem.
1993 445 107-109. (c) Collins, S.; Koene, B. E.; Ramachandran, R.;
Taylor, N. J.Organometallics1991, 10, 2092-2094. (d) Ziegler, T.;
Tschinke, VACS Symp. Set99Q 428 279-292. (e) Jordan, R. F.; Dasher,
W. E.; Echols, S. FJ. Am. Chem. S0d.986 108 1718-1719. (f) Curtis,

M. D.; Thandar, S.; Butler, W. MOrganometallics1984 3, 1855-1859.
(g9) Gell, K. I.; Rosin, B.; Schwartz, J.; Williams, G. M. Am. Chem. Soc.
1982 104, 1846-1855. (h) Huffman, J. C.; Moloy, K. G.; Marsella, J. A;
Caulton, K. G.J. Am. Chem. S0d 98Q 102 3009-3014.

(32) (a) Carpentier, J.-F.; Wu, Z.; Lee, C. W.; Stioerg, S.; Christopher, J.
N.; Jordan, R. FJ. Am. Chem. So@00Q 122, 7750-7767. (b) Wu, Z.;
Jordan, R. FJ. Am. Chem. S0d 995 117, 5867-5868. (c) Yasuda, H.;
Yamamota, H.; Yamashita, M.; Yokota, K.; Nakamura, A.; Miyaki, S.;
Kai, Y.; Kanehisa, NMacromolecules993 26, 7134-7143.

(33) Bond enthalpy data from: (a) King, W. A.; Di Bella, S.; Gulino, A.; Lanza,
G.; Fragalal. L.; Stern, C. L.; Marks, T. JJ. Am. Chem. S0d.999 121,
355-366. (b) Simoes, J. A. M.; Beauchamp, J.@hem. Re. 199Q 90,
629-688. (c) Schock, L. E.; Marks, T. J. Am. Chem. S0d.988 110,
7701-7715. For D(Ti-C) in (MesCs),TiMe, and (MeCs).TiMe, see: (d)
Dias, A. R.; Salema, M. S.; Simoes, J. A. M.; Pattiasina, J. W.; Teuben, J.
H. J. Organomet. Cheni988 346 C4—C6.

(34) Luo, L.; Lanza, G.; Fragala L.; Stern, C. L.; Marks, T. JJ. Am. Chem.
Soc 1998 120, 3111-3122.

(35) For a preliminary report on parts of this subject, see: Yoon, S.-C.; Marks,
T. J.; Luo, L.Abstract of Papers221st ACS National Meeting: San Diego,
CA, 2001; INOR-066.

(36) Mahanthappa, M. K.; Waymouth, R. M. Am. Chem. So001, 123
12093-12094.

tube inside the glovebox, and they were dried under high-vacuum
overnight before use. B&"B(CsFs)s~ was either obtained from Asahi
Glass Co. or synthesized by literature procedfirand 2,2-azobi-
sisobutyronitrile (AIBN) was purchased from Aldrich and purified by
recrystallization from methanol. Styrene was freetteaw degassed
three times, dried over calcium hydride, and then stored over calcium
hydride in a—20 °C freezer. It was then freshly distilled just prior to
use. MMA was freezethaw degassed three times, dried over calcium
hydride, and then vacuum-transferred onto and stirred with ;AIEt
(Aldrich product) to remove protonic sourcdt was then vacuum-
transferred from AlEfand stored over calcium hydride in-820 °C
freezer. It was freshly distilled immediately prior to use.
Representative Copolymerization. Styrene with MMA Catalyzed
by (MesCp)TiMe 3s/PhsC*B(CeFs)s /Zn (Styrene:MMA = 19:1).In
the glovebox, styrene (19.0 g, 0.18 mol) and 50 mL of toluene were
transferred to a 250 mL reaction flask having two side outlets (one
fitted with a rubber septum and the other with an in situ thermocouple
probe) and equipped with a magnetic stirring bar. The flask was attached
to the high-vacuum line, and MMA (1 mL, 0.0093 mol) was added by
syringe. The flask was then placed in aZDwater bath. Next, a 100
mL two-neck flask was charged with (M@p)TiMes (7.0 mg, 31umol),
PhC*B(CsFs)a~ (26.0 mg, 29umol), and Zn (15 mg, 22&xmol) in
the glovebox. On the vacuum line, toluene (1.0 mL) was vacuum-
transferred into mixture, followed by stirring for 1.5 h to allow the
reagents to undergo reaction. Over this time period, the solution changed
from an orange color to dark brownish-green. The supernatant was then
injected into the rapidly stirring solution of styrene and MMA via
cannula. After being vigorously stirred at 20 for 240 min, the reaction
was quenched by addition of MeOH (20 mL) to precipitate the
polymeric product. The white polymeric material was triturated with
MeOH (100 mL) by vigorously stirring for 12 h. The resulting solid
was collected by filtration, washed with MeOH 310 mL), and dried
under vacuum at 80C for 12 h to give a white polymeric solid (12.1

9)-

(37) Mena, M.; Royo, P.; Serrano, R.; Pellinghelli, M. A.; Tripicchico, A.

Organometallics1989 8, 476-482.

(38) Knochel, P., Jones, P., EdBrganozinc Reagents. A Practical Approach
Oxford University Press: New York, 1999.

(39) Chien, J. C. W.; Tsai, W.-M.; Rausch, M. D. Am. Chem. Sod 991,

113 8570-8571.

(40) Allen, R. D.; Long, T. E.; McGrath, J. BRolym. Bull.1986 15, 127—
134.
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Table 1. Styrene and MMA Homopolymerization Data?

MMA styrene toluene polym. polymer My tacticity?

entry (mL) (9) (mL) time (min) yield (g) activity® (My/M,) (rr %)
1 2 0 0 5 0.06 23 27 (1.8) 66
2 2 0 0 10 0.12 23 35(2.2) 69
3 2 0 0 20 0.23 22 54 (2.4) 67
4 2 0 0 30 0.36 23 79 (2.0) 66
5 2 0 0 40 0.40 19 76 (1.9) 72
6 2 0 0 50 0.36 14 76 (1.8) 72
7 0 2 50 5 1.40 542 170 (2.1) 95

a Polymerizations were carried out with Cp*TiMé7 mg, 31umol), PRC™B(CsFs)s~ (26 mg, 29umol), and Zn (15 mg, 22amol) as the catalyst at 20
°C (temperature monitored by in situ thermocouple probe; temperatures were constant except entry 7 in which the temperature change Wae® g
of polymer/(mol of catalyst< h). ¢ 10° g/mol. 9By 'H NMR.

Results the polymerization mechanism, a time-dependent study of the
. . ) . ... polymerization was conducted (results are plotted in Figure 3).
The g_oal of th.'s rese_arch was to investigate the possibility Figure 3 shows that polymer yield increases linearly for the
of creatllng_a single-site homogeneou; catalyst capablg Offirs'[ 30 min of the polymerization and then activity declines.
polymerizating polar and nonpolar olefins. After some brief Presumably, the catalyst undergoes deactivatiord@ min.

comments on the nature of the catalyst, in the first section we ) ) .
discuss the homopolvmerization of MMA mediated by catalvst In parallel, the polymer molecular weight increases linearly over
poly y Y3t the first 30 min before leveling off (as catalytic activity declines).

X L _ X
@ilgl\g?;cc::ups?;—lmgs r—]; rzt)bci)lBrgwc;Grli:;?tio—r: gfn;stT queenzer)::esd?;geodn b This observation argues that the polymerization process is living
poly y Y over the first~30 min prior to catalyst deactivation. Admittedly,

catalys. This W'I.l be followed by.a p.resentatlon of results on the polydispersity of the polymer is somewhat large for a living
the catalys2-mediated copolymerization of MMA and styrene. .
. . . system M/M, > 1.5). However, the fact that the catalyst is
Next, results as a function of reducing agent are discussed. : o o .
. . ~~‘undergoing deactivation as the polymerization proceeds is
Finally, a number of control experiments are conducted to gain . . S
further insiaht into the conolvmerization pathway. The Discus- expected to broaden the polydispersity, and initiation is probably
sion sectio% will bring to petr):er a com IeF;e ictlj/r.e of this new slow relative to propagation (indicated by the fact that the
olvmerization s ste?n zgnd We bro oze a possible new meCh_polydispersity is high even at the initiation of polymerization),
POy Y ' prop P which should further increase the polydisperéft® Consistent

anism to explain the results. . L L
with a living polymerization model, the catalyst produces less
Although much research has been devoted to the characteryo4 1 o polymer chains per Ti (for Table 1, entry 4: yiblg/

izatioZrZI of monocyclopentadienyl titanium polymerization cata- — ( 3¢ g/79 000 g mot = 4.6 umol of polymer; 4.&mol of

lysts2? there exists considerable uncertainty concerning the : _ : : :

gxidation state(s) of the active Ti species iny the syndio?actic polymer/31mol of Cp*T|Me3_— -15% active Ti). Thus, in the
e . o~ present MMA homopolymerization process15% of the Ti

styrene polymerization syster#§:2.26]t is agreed that addition centers of catalys? are productive.

of cocatalyst to CiR3 complexes results in a complex mixture The mechanistic observables in tBemediated MMA po-

of species containing several titanium oxidation states (the exaCtIymerization are consistent with known GTP-like (1,4-insertion

pgrcentages (5)f26each species and their respective activities A'%r Michael addition) pathways which other metallocene catalysts
Sli'" _?_eba_:jedf. *The goal of the"preserllt stuhdy_ge;s t(()j_lower have been shown to traverse (Figure 1). To our knowledge, the
the Ti oxidation state to potentially weaken the- bonding 2-mediated process is the first example of MMA polymerization

and to reduce the Lewis acidity. To ac(.;omplish. this, a redUCi_ng via a GTP-like mechanism mediated by a monocyclopentadienyl
agent (Zn) was added to the known, highly active and selective Ti catalyst** The polymerization follows a chain-end control-
catalytic system, Cp*TiMg+ PhsC*B(CeFs)s~. The order of

addition of reagents to produce catalygstvas found to be (41) EPR spectroscopy has previously been used to detécsfdcies in the

inconsequential. Equivalent activity can be achieved by adding ~ reaction of Cp*TiMg + PhC'B(CeF)s, and signals assignable to'Ti
were observed in the present study. However, it is conceivable tHat Ti

toluene to Cp*TiMg + PhC*B(C¢Fs)4~ and then transferring would be silent in a tightly coupled dimer. This situation is somewhat more
h lution onto Zn powder an irrina for min. or complicated in the present system because the catalyst solubility in toluene
the .SO ution onto po der a .d st .g or 90 ! S .by is low (previous studies used GEl, or CsHsCl) and an oil/solid inevitably
adding toluene to the three admixed solid reagents, Cp*fiMe forms on the bottom of the tube. We nevertheless carried out EPR
-+ - irri i experiments on our Zn-reduced syst2ifin toluene at 25C) and observed
+ Pth B(C6F5)4 +Zn, atonce anq stirring fpr 9.0 min. .NOt.e signals assignable to Ti(a sharp singlet aj = 1.984 and a broad singlet
that it is generally accepted that a mixture of titanium oxidation atg = 1.960). However, spin-counting experiments with TEMPO as an
states results during the formation of Cata|§{SCp*TiM63 + external standard showedl% of the total Ti precursor is observed in the

. X EPR spectrum of cataly&
PhsCtB(CsFs)4;2>?6therefore, even without a reducing agent, (42) Slow initiation relative to propagation has been observed in these types of
- i i i systems before. See ref 12.
IOW, Yalent Ti species are present, and we f'”,d that some of the (43) That the line in Figure 3 does not strictly pass through the origin is likely
activity reported here can be observed even in the absence of a ~ due to slow initiation. Calibration of th¥l, data relative to polystyrene

; P ; standards may slightly overestimate the actual values.
reduc'”g a_gent' However, it will al_so be S?en that catatyst (44) It has been reported that ansatitanocene imido complex can initiate
well optimized for the transformations of interéét. thet(‘JII_TP-ZII(I;gZpﬂyT??rIig)tIOPhof MMAI @Jin, J,; ?twﬁnt, Eﬁc\lf.-frgam-
- . metallics , 13—-15). There is also a report tha 2 + excess
MMA Homopolymerizations Mediated by Catalyst 2. The AlEt; mediates MMA polymerization to low yield with high polydispersity;
; H i the polymerization mechanism is not clear (Benedek, I.; Simionescu, C.;
n?W CataIySt SySte@eﬁe,Ct,S the rap|d pOIym,enZ‘titlon of MMA Asandei, N.; Ungurenasu, Eur. Polym. J1969 5, 449-462). We were
with modest syndiotacticity. The polymerization results are also unsuccessful in implementing a bimetallic metallocene mechanism to
i 1 i ; mediate MMA polymerization with [(CGCTiMe{u-Me)]*MePBB™ (Chen,
shown in Table 1. A'H NMR spectrum of the syndiotactic Y. X.; Metz, M. V.: Li, L.; Stern, C. L.. Marks, T. JJ. Am. Chem. Soc.
PMMA product is shown in Figure 2A. To gain insight into 1998 120, 6287-6305).
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Figure 2. The 500 MHz'H NMR spectra of (A) syndiotactic-poly(methyl methacrylate) in CRE&I TMS at 25°C and (B) syndiotactic-polystyrene in
C,D,Cl4 at 125°C. Both polymerizations were mediated by @@g)TiMes/PhsCTB(CeFs)s/Zn (2).

Polymer Yield straightforwardly determined by changing the catalyst:cocatalyst
05 ratio. This is only possible because one-electron zirconocene
5 04 . ¢ . reduction has little precedefftin the present case, addition of
% 8'2 . 1.0 equiv of cocatalyst to 1.0 equiv of Cp*TiMeesults in
i 0:1 . products with a mixture of Ti oxidation stat&$;2® one can
0.0 ¢ , , reasonably assume that manipulation of the catalyst:cocatalyst
0 10 20 30 40 50 60 ratio will alter the distribution of Ti oxidation states and it will
Time (min) likely not be in a straightforward fashidn:8
Although the preparation of cataly&uses Zn metal, this
. MMA polymerization system is almost certainly not the same
Polymer Molecular Weight (M.) as the system used by Soga and co-worket$First, in that
100000 system, very large excesses ot are employed (0.25 equiv
Zgggg ¢ ¢ ¢ relative to MMA; >500 equiv relative to Ti). In the present
s 40000 . ¢ system, Zn(0) is used so at most 1.5 equiv obEterelative to
20000 . Ti could be formed in the reduction of Cp*TiMeSecond, the
0 . . , order of EbZn addition is very important in the Soga system,
0 10 20 30 40 50 60 with no activity observed if MMA is not prereacted with,Zh

prior to catalyst injection. Obviously, in the present system, any

Figure 3. Homopolymerizations of MMA mediated by (M@s)TiMey MeyZn formed would be injected simultaneously with the

PhC'B(CeFs)s /Zn (2) as a function of polymerization time. See Experi- catalys_t._ Third, the E_Zn syst_em is reported to exhibit essentially
mental Section and text for details. no activity if MexZn is substituted for BZn.1”2And last, under

approximately the same reaction conditions, th& Etsystem

like pathway with 4frj[mni/[mr2 ~ 145 The observed mo- ~ €XNibits~2% of the activity as catalyst -

lecular weights 1, > 75 000) are also consistent with previous ~_ Efforts to effect MMA polymerization using Cp*TiMge+
reports of metallocene-mediated MMA polymerization through B(CeFs)s under conditions similar to those employed for catalyst
a GTP-like mechanism, while the molecular weights are high 2 Were similarly successful (see Experimental Section for
for known ionic or radical process&sWith the data at hand, details). Note.that for .hlghest activity, these polymerlzatlons
the actual active metal oxidation state and catalytic nuclearity MUSt be carried out in neat monomer. Both Cp*TiVie
cannot be unambiguously defined. Certainly this system is no B(CeFs)s and2 yield nos-PMMA under more dilute conditions
less complex than the case of syndiotactic styrene polymeriza-(1:5 ratio of MMA:toluene). Interestingly, the known metal-
tion catalysts, for which the Ti oxidation state has not been - - -

lusivel lvedsab.26| th t t (46) Ryan, E. J. IComprehensie Organometallic Chemistry;lAbel, E. W.,

conclusively resolvee: n many ways, ine present system, Stone, F. G. A., Wilkinson, G., Eds.; Lappert, M. F., Volume Ed.;
potentially, is significantly more complex than the styrene Pergamon: Oxford, New York, 1995; Vol. 4, Chapter 8.
svst b h . lvst idati tat d th (47) One pathway for Ti _redu.ctlon has been shown to proceed through a

ystem because the active catalyst oxidation state an € pimetallic mechanism: Chien, J. C. \&. Am. Chem. Sod.959 81, 86—
nuclearity of the mechanism (mono- or bimetallic) are intimately 92.

. . . .. (48) We cannot conclusively rule out the possibility that there are multiple active
intertwined (e.g., the zirconocene-catalyzed polymerization of Ti species present. The high polydispersity indices @.51,/M, < 2.5)

Time (min)

MMA is known to proceed via both mono- and bimetallic observed could conceivably be the result of multiple active species.
14.19.20 [ . . However, the linear increase in polymér, with time and the monomodal
pathways#19:20 Figure 1). With the zirconocene systems, GPC traces NI/M, is large for a living system; however, the peak is
distinguishing between the mono- and bimetallic pathways is monomodal) are strong evidence for the predominance of a single active
species.
(49) Deng, H.; Shiono, T.; Soga, Klacromol. Chem. Phy4.995 196, 1971~
(45) Bovey, F. A.; Tiers, G. V. DJ. Polym. Sci196Q 44, 173-182. 1980.
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Table 2. Styrene + MMA Copolymerization Data?

styrene MMA polym. toluene polym. polymer M, MMA

entry (9) (mL) temp (°C)° (mL) time (min) yield (g) activity® (My/M,) incorp. (%)°

1 10 10.2 20 1 30 0.02 0.1 3.7(1.6) f

2 10 10.2 20 50 30 0.76 4.9 3.5(2.0) f

3 10 10.2 50 1 15 0.11 1.4 14.7 (1.8) f

4 9 1 20 50 10 2.5 48.4 9.8(3.2) 2.5

5 19 1 20 1 30 5.1 329 16.3 (2.6) 1

6 19 1 20 50 240 12.1 9.8 5.5(2.04) 1

7 19 1 50 1 3 17.1 1103.2 3.4 (3.1) 4

apolymerization was carried out with Cp*TiMé7.0 mg, 31umol), PRC*B(CsFs)s~ (26 mg, 29umol), and Zn (15 mg, 22xmol) as the catalyst.
b Temperature was monitored by in situ thermocouple probe; temperature changes throughout polymerization<cha@gextept in entry 7 which had
a large initial exotherm 0£30 °C. ¢ The activity units: 16g molt h=1 ¢ M,, x 10%. € MMA monomer content (mol %) based on NMR integratib@nly
atactic PS homopolymers are observed.

locene catalyst systems for GTP-like polymerization of MMA  whereAgnenyiis the area of the styrene phenyl proton resonances
(e.g., zirconocene) are generally quite stable under typical (6 7.5-6.2 ppm) anth,—metnyliS the area of the MMAx-methyl
polymerization conditions. It is not yet obvious why catalgst  proton resonances 0.9—0.2 ppm) in the'H NMR spectrunt?

is unstable (with activity ceasing after30 min) or what the Copolymerization reactions mediated Byvere carried out
pathway of deactivation is. with varying MMA:styrene feed ratios (Table 2). Generally,
Homopolymerization of Styrene Mediated by Catalyst 2. copolymerization activities and molecular weights are lower than
Catalyst2 is competent to efficiently polymerize styrene in a those from the analogous homopolymerizations. Polymer yields
syndiospecific manner (Table 1, entry 8). TheNMR spectrum increase with decreasing MMA:styrene monomer ratios. The

of the product is shown in Figure 2B. Metallic Zn appears to polymeric products generally exhibi,/M, ~ 2, suggesting a
accelerate TY reduction, and the resulting catalyst is found to  single-site process. As expecfealtivity increases and polymer
be more active in the stereoregular styrene homopolymerizationsmolecular weights decrease with increasing temperature. Activ-
than is catalyst,> without Zn activation. Styrene polymeriza- ity also increases in neat monomer solutions (higher concentra-
tions mediated by2 exhibit high activities, and the resulting tions), consistent with the rate law being first-order in monoter.
polymers have substantial molecular weight<170 x 10° g For 1:1 MMA:styrene feed ratidd,theatacticPS homopolymer

mol~1) with relatively narrow monomodal polydispersitidd.{/ is obtained in low yield (Table 2, entries—B), while a 9:1
M, = 2.1-2.2), suggesting a single-site catalyst. As noted above, styrene:MMA ratio produces the copolymer. Lowering the
the exact nature of the active species in typical Tops- qguantity of MMA relative to styrene while increasing the

mediated styrene polymerizations is still unclear. The polysty- temperature results in greater incorporation of MMA into the
rene produced by cataly&texhibits molecular weight charac- copolymer.

teristics and syndiotacticity similar to those of previous systms.  Relative to the corresponding homopolymerizations, activities
Therefore, it seems likely that the active species in these two in the copolymerization process are depressed, as are the product
systems is the same or very similar. The enhanced activity polymer molecular weights. The tacticity is modified as well.
observed with catalys2 is likely the result of more efficient  Wwhile the homopolymers are highly syndiotactic, the copolymer
formation of the active species and not the generation of a new contains atactic polystyrene with coisospecifically enchained
active species in these polymerizations. Thus, our results MMA units and thus is distinctly different from typical radi€al
implicate a low-valent Ti complex as the active species becauseand anionié3 styrene+ MMA copolymerizations that usually
addition of a reducing agent increases activity. Presumably, afford nonstereoregular random copolym®hus, the 500
mechanistic knowledge pertaining to catalyss applicable to MHz *H NMR spectrum of the present styrerllMA copoly-
catalyst2 as well (polymerization via a ZiegleiNatta insertion  mers (Figure 4) reveals the enchained MMA methoxy units in

pathway with primarily 2,1 regiochemistry). the regiond 3.6—2.2 ppm, with the most intense peak observed
Copolymerization of Styrene and MMA. The most interest-  at 6 2.3 ppm (integrating as-80% of thed 2.5-2.2 ppm
ing observation in the present study is that catalgsis region), indicating that this copolymer is enricheeB0%

competent to copolymerize MMA and styrene to poly(stryene- coisotactic®® A HETCOR NMR spectrutf confirms that these
co-MMA). The polymerization process functions at a variety methoxy units have the appropriate cross-peak with resonances
of temperatures. Optimal conditions are at BD, with neat 0 ~50 ppm in the'*C NMR spectrum. Thex-methyl group of
monomers in a 1:19 stoichiometric ratio (MMA:styrene) to MMA appears in the'H NMR in the 6 0.9-0.2 ppm region.
produce, with high activity $10° g of polym/(mol of catx
h)), random~80% coisotactic poly(MMAeo-styrene) which (51) At a MMA:styrene ratio of 95:5, only PMMA homopolymer is formed

; ; . - (with no styrene incorporation).
contains 4% MMA (-96% atactic-PS; Table 2). The fraction  (s5) (a) Bataille, P.; Grossetete, @hem. Eng. Commun987, 51, 167-178.

of styrene in the copolymeifsy, was determined using the (b) Hirai, H.; Tanabe, T.; Koinuma, H. Polym. Sci1979 17, 843-857.
. (53) Furukawa, J.; Tsuruta, T.; Inoue, S.; Kawasaki, A.; Kawabatd, Rolym.
equation: Sci. 1959 128 268-271.

(54) (a) Bovey, F. A. IlComprehensie Polymer Scien¢dllen, G., Bevington,
, Eds.; Pergamon Press: Oxford, 1989; Vol. 1, p339 (b) Heffner, S.

3Aphenyl A Bovey F. A.; Verge, L. A;; Mirau, P. A; ToneIh A. BEMacromolecules
Fay=3 15 4) 1986 19, 1628-1634. (c) Katritzky, A. R.; Weiss, D. El. Chem. Soc.,
Aphenyl Aufmethyl Perkin Trans. 111974 1547-1554.

(55) For determination of coisotacticity, see: Yokota, K.; HirabayashiJ.T.
Polym. Sci.1976 14, 57—71.

(50) Grassi, A.; Lambertti, C.; Zambelli, A.; Mingozzi,Macromolecule4997, (56) Lambert, J. B.; Shurvell, H. F.; Lightner, D. A.; Cooks, R. @Grganic
30, 1884-1889. Structural Spectroscopyrentice Hall: Upper Saddle River, 1998; p 132.
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Figure 4. (A) H (500 MHz) and (B)13C NMR (125 MHz) spectra of an MMAH styrene copolymer (Table 2, entry 7) produced by {G4TiMes/
PhC™B(CsFs)4~/Zn (2) (spectrum taken in CDglat 25°C).

Polymer Yield

-

non-stereoregular coisotactic

IR spectroscopy is a standard technique used to identify styrene
and MMA homo- and copolymef.Unfortunately, the FTIR
spectrum of polystyrene has small absorptions at the charac-
teristic carbonyl stretching region of PMMA (1730 ch),
rendering FTIR data of limited value for quantifying MMA

Polymer Yield (g)
OCaANWANON®OO

oo
=
o

6

incorporation systems such as the present®ne. 0 2 4
A time-dependent copolymerization study was conducted Polymerization Time (h)
under conditions similar to Table 2, entry 6, and the results are
shown in Figure 5. The polymer yield increases over time, but 14000 Molecular weight (M, )
the polymer molecular weight, MMA incorporation level, and 12000
PDI remain approximately constant. These data are consistent 10000
with a standard single-site insertive polymerization pathivay. - oo
The PDI~ 2 over the course of the polymerization suggests a = 6000 MR
single species as the active catalyst. Further evidence that this g ¢ . TR
polymerization is not living can be obtained from a calculation 2000
showing that the polymerization generateg0 polymer chains 0 ‘ . ‘ ‘
per Ti (Table 2, entry 6: 12.1 g of polym/5500 g mbk= 2.2 0 2 4 6 8 10
mmol/31umol of Ti = 71), assuming 100% of the Ti sites are Polymerization Time (r)

active. Final monomer consumption (by styrene) is greater than _. ) L
80%. Moreover, all evidence argues that the copolymer is not Figure 5. Time-dependent copolymerization data for MMA styrene
/0. OVer, g poly mediated by (MeCs) TiMey/PhC*B(CeFs)s~/Zn.
a simple mixture of homopolymers. Thus, th&é NMR spectra
indicate that this copolymer does not contain homo-PMMA (regardless of tacticity, the methoxy protons of homo-PMMA
appear as a sharp singleteaB.6 ppm). Note in Figure 4 that

(57) Kuptsov, A. H.; Zhizhin, G. NHandbopk_of Fourier Transform Raman the & 3.65-3.58 ppm region is featureless. This result is
and Infrared Spectra of PolymerElsevier: New York, 1998. . N . K
(58) An increase in the absorption at 1730¢rin the copolymer is observed. consistent with the aforementioned observation that the homo-

However, this assay is not as convincing as the NMR data because there i ati i iy ; it
would be nonnegligible absorption at 1730 ¢nin the absence of MMA poly_mgrlzatl_on of MMA is negligible under dilute Condltl_ons'
incorporation. A priori, the isolated polymer could be inferred to be a mixture
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Table 3. Control Experiments for Copolymerization of MMA + Styrene

amount temp time yield
entry catalyst (umol) monomer (°C) (h) (9)
1 PhC* B(CgFs)a™ 41 MMA (0.4 mL) 21 72 no rxn
+Zn 122
2 MexZn 200 S (19 mL}+ 21 12 0.4 a-PS
MMA (1 mL)
3 PhC* B(CsFs)a™ 28 S (19 mL)+ 21 12 1.1 ~2.5% MMA
+ MexZn 200 MMA (1 mL) incorporation
4 PhC* B(CgFs)a™ 28 MMA (2 mL) 21 12 no rxn
+ MexZn 200

Table 4. Examination of Various Reducing Agents for the Copolymerization of Styrene and MMA?

reducing
reducing agent styrene MMA toluene polymerization polymer
entry agent mg (umol) (9) (mL) (mL) time (min) yield (g) activity®
1 Mn 12.6 (230) 9.3 0.5 25 720 8.0 2.15
2 Zn 15 (230) 9.3 0.5 25 720 8.6 2.31
3 Mg 5.6 (230) 9.3 0.5 25 720 8.3 2.23
4 Sn 27.3 (230) 9.3 0.5 25 720 8.5 2.28
5 Sm 34.5 (230) 9.3 0.5 25 720 8.2 2.20

a All polymerizations were carried out with Cp*TiM&7 mg, 31umol) and PRC*B(CsFs)4~ (26 mg, 29umol) and the reducing agent indicated at 20
°C (temperature monitored by in situ thermocouple probe; temperature change2W&y. ® 10* g of polymer/(mol of catalysk h).

of atactic PS homopolymer and poly(styrec@MMA) having There is one report of a catalyst system that effects MiMA
a higher MMA content than that reported in Table 2. Admittedly, styrene copolymerization with a zinc-based catalyst, the syn-
in some examples this must be true. For example, in entry 6, thesis of which vaguely is reminiscent of the present sy$fem.
Table 2, the copolymer had,, = 5500, which corresponds to A calcium—zinc tetraethyl comple is formed via reaction of
a number average degree of polymerization-&b, while the Et,Zn and calcium powder in benzene at I’ID(to produce a
copolymer contains only 1% MMA. As such, there is insufficient  thick brownish-black suspensioff)However, this system is very
MMA to place one MMA unit in each polymer chain, and this different from catalysg in many respects. First, it is orders of
polymer must necessarily be a mixture of homopolystyrene and magnitude less active than catalyat and, probably more
copolymer. However, it still seems unlikely that the polymer is importantly, the reported reactivity ratios are consistent with
a mixture of substantially higher MMA content copolymer and an anionic polymerization (with styrene as monomer;l=
homopolystyrene because by GPC the polymer samples are0.31 and, = 17.1)% These ratios require a copolymer produced
generally monodisperse (PD¥ 2, Table 2). An alternative  from a 9:1 styrene:MMA feed ratio to contain only12%
explanation of polymer microstructure based on the observedstyrene, clearly very different from cataly&{Table 2, entry 4,
low MMA incorporation levels is that the MMA is simply  a 9:1 styrene:MMA ratio yields a polymer containing 97.5%
capping the atactic polystyrene chain. We do not believe this styrene).
to be the case and will expound on this issue more fully at the  To further eliminate any possibility that a Zn compound alone
end of the Discussion section. serves as the catalyst and to broaden the flexibility of catalyst
Mechanistic Control Experiments. Random styrene and  synthesis, a series of experiments were carried out using four
MMA copolymerizations have been known for well over 50 non-Zn reducing agents (Mn, Mg, Sn, and Sm). Results are
years2% with a variety of mechanisms demonstrated to be summarized in Table 4. Clearly, catalysts prepared using all
operative, including ionic and free radic4IA series of control  five reducing agents (including Zn) have the same functional
experiments were carried out in the present study to probe if characteristics within experimental error. Therefore, Zn is not
any of these previously reported mechanisms were operative.an essential catalyst componen®dbr activity and selectivity,
First, a series of control experiments designed to identify and other reducing agents yield similar results.
possible non-Ti catalytic species were performed with various  As shown above, reactivity ratios for the present system are
combinations of metallic Zn, ZnMe and PRC™B(CsFs)4™, inconsistent with an anionic polymerization mechanfdriihe
which might conceivably initiate radical, anionic, or cationic inability to effect the present copolymerization process over a
pathways. Attempted styrerie MMA copolymerizations with wide range of monomer ratios (MMA:styrene must b&) is
these reagents revealed very little or no catalytic activity as

compared to the above Ti catalyat(Table 3). This suggests  (60) gu.fulgas"éaég-;zzféu_fgt?ai T.; Inoue, S.; Kawasaki, A.; Kawabata, Rolym.
L . ) . o ci. Y .
that an organotitanium species is the active polymerization (s1) Formed according to the method of: Gilman, H.: Meals, R. N.; O'Donnell,

catalyst, although this does not rigorously rule out formation G.; Woods, L. A.J. Am. Chem. S0d943 65, 268-270.
. . . . . (62) True-anionically derived random copolymers of MMA and styrene are not
and activity of a cluster or bimetallic species (as proposed in possible because the methyl methacrylate anion does not efficiently attack
i7ati i i styrene (see: Graham, R. K.; Dunkelberger, D. L.; Goode, W.. Am.
the GTP pplymerlzatlon of MMA with some zirconocene Chem. Socl96Q 82, 400-403); however, copolymers produced by anionic
catalysts, Figure 1). initiation have been reported (see: Landled.IPolym. Scil952 8, 63—

72 and O'Driscoll, K. F.; Tobolsky, A. VJ. Polym. Sci1959 37, 363~

368). For a more complete discussion of this topic, see: Mortodribnic

(59) Matyjaszewski, K.; Pugh, Qvlakromol. Chem., Macromol. Symp993 Polymerization: Principles and PracticeAcademic Press: New York,
67, 67—82. 1983; pp 146-142.
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Figure 6. Comparison of the 500 MHZH NMR spectra of styreng- MMA copolymers produced by AIBN initiation (top) and by Cp*Ti@hC'B-
(CsFs)a/Zn (bottom).

not characteristic of typical reactivity ratios for radical or ionic recently been reported.55 For optimal performance, the po-
systems. That said, known reactivity ratio patterns can be appliedlymerization must be carried out with GBI, as the solvent
to the present feed ratios to determine if the results are (toluene affords very low conversions) and with low concentra-
mechanistically consistent with a particular copolymerization tions of MAO. If the vinyl chloride polymerization is carried
pathway. To conclusively eliminate the possibility that this out with Cp*TiMe; + MAO (high Al/Ti ratio) in benzene at
polymerization proceeds via a cationic polymerization mecha- 80 °C, the only product observed is the coordinative/insertive
nism, polymerizations with cataly® were carried out in the  (coupled withj-chloride elimination) product, atactic oligio-
presence of classic substrates known to be extremely active forpropylene, and negligible poly(vinyl chloride) is detected.
cationic polymerization& Two examples are shown below. Therefore, even though radical polymerizations have been
initiated by catalyst systems similar in some respects to catalyst
A 2, the present copolymerization conditions (in toluene at 25
N0 SN 50 °C) do not, according to the previous repctt8,yield
| significant radical-initiated product.
The foregoing control experiments strongly argue that known
The present Ti catalyst system exhibits negligible polymer- styrene and MMA_ pplymerization pathways are npt consistent
ization activity with respect to these substrates that are typically With the characteristics of tibased copolymerization system.
very reactive in cationic polymerizatiofi%.This inability to Thus, anionic polymerization has reactivity ratios that are
effect the polymerization of known cationic monomers argues !nco_r1§|stent with those of the present .polymerlzanon. The
that no significant quantities of a cationic active center are |na.b|I|t.y of catglyst 2 to effect. polymerlzfamon 9f known
generated which can initiate cationic MMA styrene copo- cationically active monomers is compelling eV|d§nce that
lymerization. catalyst_z does r_10t _operate, L_mdt_ar the present_condmons,_ln a
Copolymerization of MMA and styrene via radical initiation ~ conventional cationic polymerization mode. Radical polymeriza-
produces a copolymer, the structure of which is inconsistent 10NS display reactivity ratios that are close to, but not

=

with the copolymer produced by catalyat Thus, an AIBN- guantitatively consistent with, those observed here. However,
initiated 19:1 styrene:MMA copolymerization in toluene yields the strfongesot afg‘ﬂme”t figamlSt a radical pathway |shthe observa-
a product of greatly different comonomer content,1% MMA tlon_ 0 _N_8_0/° 00|sotact_|c po y(MMAgostyrene), whereas a
incorporation (consistent with reported reactivity ratisand radical-initiated polymerization under identical conditions yields

macromolecule microstructure. The copolymer produced by ~38% coisotactic poly(MMAeo-styrene). As a final argument,
AIBN initiation is ~38% coisotactic (Figure 6). Comparison &Il Of the known mechanisms function properly in polymeriza-
of the H NMR (Figure 6) andC NMR data (Figure 7) for tions of MMA and styrene in g 1:1 ratio; however, thg present
the AIBN- and 2-derived copolymers makes this abundantly sys_te_m is only_ marginally active under_these conditions (low
clear. Note in Figure 6 that the methoxy amdnethyl regions  activity, exclusive homopolymer formation).
(the expanded regions in Figure 6) are substantially different. Discussion

Radical-initiated polymerization of vinyl chloride by Cp*TiX

) The goal of this project was to discover and understand single-
+ MAO (X = Cl or OCH;; MAO = methylaluminoxane) has

site homogeneous catalysts capable of copolymerizing polar and

(63) Sawamoto, MProg. Polym. Sci1991, 16, 111-172. (65) (a) Endo, K.; Saitoh, MPolym. J.200Q 32, 300-302. (b) Endo, K.;
(64) Allcock, H. R., Lampe, F. W., Ed€ontemporary Polymer Chemisfry Kaneda, N.; Waku, H.; Saitoh, M.; Emori, M. Vinyl Addit. Techno001,
Prentice Hall: New York, 1981; pp 48, 271. 7, 177-183.
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Figure 7. The 13C NMR spectra (CDGlat 25 °C) of the styrenet MMA copolymers produced by AIBN initiation (top) and by Cp*Ti@hC*B-
(CsFs)a/Zn (bottom).

nonpolar olefins. In this section, we first discuss known produces a polymer with greater than 5% MMA in the product,
polymerization pathways for the homo- and copolymerization while catalys®, in contrast, produces a copolymer with a lower
of MMA and styrene and evaluate their applicability to catalyst MMA ratio than in the feed. Radical polymerizations typically
2 phenomenology. Finally, we speculate on possible reaction function across all concentration ratios of MMA and styréhe.
mechanisms to explain the present findings. Proposed Mechanism.The control experiments discussed
Known Copolymerization Mechanisms of MMA and above argue strongly that the presmhediated polymerization
Styrene. The MMA and styrene copolymerization results with  pathway is not classical. Known mechanisms are not consistent
catalyst2 are inconsistent with known copolymerization mech- with the results; however, the observed homopolymerizations
anisms for these monomers. Anionic copolymerizations of of styrene and MMA are readily understood in terms of well-
MMA and styrene have been thoroughly documerit&dand documented pathways (a single-site 2,1-insertion pathway for
it is well established that in anionic systems, relative MMA: styrene, and a GTP-like pathway for MMA). Thus, it is attractive
styrene reactivities are far greater than that exhibited by catalystto rationalize the copolymerization process discussed here by
2. Cationic polymerizations have also been extensively stfdied, combining the above homopolymerization mechanisms to yield
and the complete inability of cataly&tto effect the polymer- what is essentially a new pathway. The mechanism of styrene
ization of representative, highly reactive cationic monomers is incorporation in the copolymer is not that difficult to rationalize
inconsistent with classic cationic reactivity patterns. Radical and likely proceeds similarly to the known single-site homo-
copolymerization of MMA+ styrene is also well documented, polymerization process (a 2,1-insertion mechanism). The loss
and considerable research has been reported on theétdjpiere of syndiospecific stereocontrol is likely due to the presence of
are two principal reasons why a radical mechanism is incompat- polar coordinating species. In systems such as this, stereocontrol
ible with the present copolymerization phenomenology. First, is thought to occur via a chain end control mechanism in which
the difference in product coisotacticity is pronounced, and, a “multihapto” interactionA, eq 1) is involved with the phenyl
equally important, the inability of catalys? to function 7z system of the last inserted monomer. If the presence of a
efficiently at high MMA concentrations relative to styrene is polar monomer disrupts this “multihapto” interaction, stereo-
strikingly at variance with typical radical processes. While the control is likely to be compromised. To test this hypothesis, a
MMA incorporation percentages of the radical versus catalyst styrene homopolymerization with catalyatvas carried out in
2 polymerization in a 1:19 MMA:styrene polymerization (11% the presence of a 20-fold stoichiometric excess of THF (relative
vs 4% respectively) are reasonably similar, it is important to to Ti). In this case, polystyrene is formed with depressed activity
note that the two pathways display opposite monomer prefer- and complete loss of stereocontrol; atactic polystyrene is now
ences. When the monomer feed is 5% MMA, the radical process produced.
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Scheme 1. (i) The 1,4-Insertion Mechanism of MMA into a Ti—R
Bond,'* and (ii) the Proposed Insertion Mechanism of Styrene into
the Ti—MMA Bond To Form Coisotactic Poly(styrene-co-MMA)

. JPh
Ll K:Poly

Py
X i N
- Meo %@i Ph

v

kcal/mol33° As discussed earlier, one expe¢B(Ti*t—0)—
D(Ti**—C)} > {D(Ti=4*—0O)—D(Ti=**—C)}. Therefore, as an
upper limit for step D (Figure 8)AH < —6.2 kcal/mol.
Moreover, this step is not without precedent. The formation of
p-lactams from reaction of Ti enolates with arylimines represents
a close analogy (Scheme ®)interestingly, it should be noted
that the aforementioned reaction proceeds with a high degree
of diastereofacial selectivity. This not only provides precedent
for step D in Figure 8 but also serves to suggest how
coisotacticity is imparted in the copolymerization of MMA and
styrene (Scheme 1, step ii).

We suggest that steps B and D (Figure 8) are the most likely
propagation steps for this new copolymerization process. They
are reasonable as compared to steps A and C (Figure 8) and,

importantly, explain the observed coisotacticity and why the
i ” copolymerization rate slows at increasing MMA concentrations.
At low MMA concentrations, styrene likely competes favorably
for Ti coordination/activation, which is then followed by step
D (Figure 8). At higher MMA concentrations, the Ti center is
likely mostly bound by MMA. While not all mechanistic aspects
have been defined, MMA homopolymerization is unstable, with
catalyst deactivation within-30 min. Note that MMA homo-
polymerization is also negligible under dilute conditions. These
two factors suggest that once a critical point is reached, and
the Ti center is heavily coordinated by MMA, it can no longer

The insertion of MMA into a T+R bond has ample literature
precedent (Scheme 1, stefti}°and probably occurs via a 1,4-
insertion conjugate addition mechanism (GTP-like, Figure 1);
however, this process could, in principle, occur via a 2,1 olefinic
insertion. These two possibilities are shown in Figure 8, steps
A and B. After MMA insertion into the Tstyrene bond, enel
keto equilibration can interconvert the products of the two
aforementioned insertion processes. As stated earlier, catalyst''~ ! ) et
2 can mediate MMA homopolymerization via a GTP-like €fficiently enchain styrene, yet MMA polymerization under
pathway. We suggest that any adjacent MMA units in the thgse relat_lvely dllutg_condltlons is also slu_ggl_sh, res_ultl_ng
copolymer backbone are incorporated this way. The fact that ultlmat_ely in Iow_ activity and catalyst deactlvatlon._Th|s is
the polymer is~80% coisotactic means that at least 80% of all €ssentially what is observed at 1:1 MMA:styrene ratios.

MMA insertion events are followed immediately by styrene L€t us return to the discussion of whether the MMA
insertion. This is the next step depicted in Figure 8, steps C incorporated into the copolymer may be simply capped at the
and D. Styrene 2,1-insertion into the TMMA bond (keto form; ponmgr terminus® Any process envisioned for this must be
Figure 8, step C) would result in the observed polymer catalytic ¢-70 polymer chains are produced per Ti). One
microstructure. We also show the two 2,1-insertions (Figure 8, '€asonable way to achieve this would be to propose that after
steps A and C) because they are in principle possible. However,MMA |n.sert!on, no further styrgne insertion can occur (§teps C
they are unlikely because step A has little precedent. To our @1d D in Figure 8 are prohibited), and eventugihydride
knowledge, 1,2-insertion of an,a-disubstituted olefin at a eI|m|nat|on_ from the keto form (Figure 8) occurs. The_re are
mononuclear single-site center (eq 5) is r&ralthough there th_re(_a pqs&ble structures that could result from fhisydride

is considerable precedent for the microscopic rever&mi- elimination C, D, andE). Small molecule analogues 6fand
larly, step C (Figure 8) appears to be unprecedented. We areP are known’!

aware of no reports ofi-olefin insertion (either 1,2- or 2,1-) o
Ph
/ONPOIym /O\”)\l /prolym
o)

into a metat-tertiary carbon bond.
R oPh Pol ©
R ©) c p o £

In the 'H NMR spectrum, the olefinic proton o should
occur atd ~5.95 ppm (the olefinic proton dd at 6.88 ppm
would be obscured by the polystyrene phenyl resonance) and
is clearly not visible in the copolymer spectrum (Figure 4). More
that 1,2-insertion of MMA is microstructurally inconsistent with ImPortantly, the methoxy resonances of b@fand D appear
the copolymer observe. at 6 3.60 ppm, and such featqres are not .p-resent in the

The unusual pathway suggested by the present work is shownSPOlymer *H NMR spectrum (Figure 4). Additionally, the
in step D (Figure 8). First, this process should be exothermic
with AH estimated to be- —43 kcal/mol+ { D(Ti—O)—D(Ti—

C)} .23 The value of D(Ti—0O)—D(Ti—C)} for Ti*t is ~ +36.8

Therefore, we strongly favor step B (Figure 8) as the likely
insertion pathway for MMA in the copolymerization process.
Step B (Figure 8) is similar to the initiation of all metallocene-
catalyzed GTP-like polymerizations of MMA2° Note also

' (68) If 1,2-insertion of MMA occurred, it would place the MMA tertiary carbon
adjacent to the phenyl-bearing carbon derived from styrene. This would
shift the a-methyl resonance of MMA downfield t6 ~1.5 ppm (for a
model complex of this structure afld NMR data, see: Dyllick-Brenzinger,
R. A.; Patel, V.; Rampersad, M. B.; Stothers, J. B.; Thomas, €da. J.
Chem.199Q 68, 1106-1115). Because the integrals of the methoxy and
o-methyl regions of MMA are similar, this means tha®5% of MMA
insertion cannot be 1,2-insertion.

(66) (a) Li, H.; Li, L.; Marks, T. J.; Liable-Sands, L.; Rheingold, A. L.Am.
Chem. Soc2003 125 10788-10789. (b) Shaffer, T. D.; Canich, J. A.
M.; Squire, K. R.Macromolecules 998 31, 5145-5147.

(67) (a) Beswick, C. L.; Marks, T. J. Am. Chem. So200Q 122, 10358
10370. (b) Horton, A. DOrganometallics1996 15, 2675-2677.

(69) Fujisawa, T.; Ukaji, Y.; Noro, T.; Date, K.; Shimizu, Metrahedron Lett.
1991, 32, 7563-7566.
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Scheme 2. Proposed Pathway for f-Lactam Formation from the Reaction of a Titanium Enolate and an Aryl Imine®®
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a-methyl resonances @& andD are both downfield o) 1.2 documented stereospecific 2,1-insertion pathway for styrene.

ppm. While thetH NMR spectrum of a small molecule analogue  Control experiments argue that known copolymerization mech-
of E has not been reported, it seems reasonable to assume thaanisms of MMA and styrene cannot explain the copolymeri-
the methoxy peak will be at ~3.60 ppm, similar taC andD, zation results. Rather, a new polymerization mechanism is
and theo-methylene signal will be downfield af 1.0 ppm. In proposed to explain the characteristics of the copolymer
sum, thelH NMR spectrum of the copolymer appears quite formation. This new mechanism involving sequential conjugate
inconsistent with an MMA-capped polystyrene chain, whereas addition steps explains the stereospecificity of the catalyst
it is in good agreement with the published spectra of random system as well as the general reactivity patterns. Further
MMA and styrene copolymer®9-30Therefore, the MMA unit extending the scope of such potarnonpolar olefin copolym-
is primarily located in the interior of the copolymer chain and erization processes depends on two elements: (1) a nonpolar
not at the terminus. monomer that competes relatively well with the polar monomer
in the activation/enchainment process, and (2) {xt,M—
O)-D(LiM—C)} be sufficiently small to allow nonpolar

A new single-site organotitanium catalyst has been developedmonomer insertion. Note that for #r, step D of Figure 8 is
which efficiently mediates the polymerization of styrene and approximately thermoneutral. Following these guidelines may
MMA to the corresponding high molecular weight syndiotactic lead to new and interesting catalytic systems as well as
homopolymers as well as the copolymerization of styrene and completely new macromolecules.
MMA toacoigospecific random sequence macromo.lecule. The Acknowledgment. We thank DOE(86ER13511) and BP
homopolymgnzgﬂons are consistent with the egtabllshed G-I—F)'Chemicals for support of this research. We thank Drs. A. E.
like polymerization pathway for MMA and with the well- Ernst, N. Kaminskaya, L. R. Satek, and L. S. Tee of BP

(70) The vinyl end grougs of polystyrené 6.4 ppm) are obscured by the Chemicals for helpful discussions.
phenyl region in théH NMR. The peaks ad ~4.1 and~4.35 ppm are . . . . .
unrelated to MMA; they are also observed in homo styrene polymerizations. Supporting |nf0rmat'9n Ava'lf"_-ble_- Complete experimental _
The 6 ~4.1 ppm resonance was shown to arise from a contaminant, 1,1- procedures (PDF). This material is available free of charge via
diphenylethane. For the above assignments, see: Charleux, B.; Rives, A,; .
Vairon, J.; Matyjaszewski, KMacromolecules996 29, 5777-5783. the Internet at http://pubs.acs.org.

(71) Etemad-Moghadam, G.; Seyden-Pennd,elrahedron1984 40, 5153—
5166. JA0363664

Summary
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