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Ziegler-Natta catalysts are remarkable in their ability to po-
lymerize a-olefins to high molecular weight, stereoregular poly-
olefins.!™ One of the major limitations of conventional Zie-
gler—Natta catalysts is their intolerance to Lewis bases; catalysts
based on titanium halides and alkylaluminum cocatalysts are
poisoned by most types of monomers containing ethers, esters,
amines, and carboxylic acids.!”* The absence of functionality in
hydrocarbon polymers seriously affects their adhesive properties,
affinity for dyes, permeability, and compatibility with more polar
polymers. Previous attemptsS to polymerize sterically hindered
amines,’® esters and amides,> ! alkyl halides,'? and carboxylic
acids'? using catalysts derived from TiCl; and AIR;_,Cl, have
achieved limited success due to the severe loss of catalytic activity
in the presence of these monomers.'4

The recent development'*2° of cationic, group 4 metallocene
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catalysts provides one solution to this long-standing problem.?!
These catalysts have been shown to polymerize olefins in the
absence of alkylaluminum cocatalysts in solvents such as anisole,
N,N-dimethylaniline, and chlorobenzene.'®¢f Herein, we report
that cationic, group 4 metallocenes are active catalysts for the
homopolymerization of a-olefins containing silyl-protected alcohols
and tertiary amines.

Catalysts derived from the reaction of Cp*,ZrMe, with B-
(CsFs); or [N,N-dimethylanilinium][B(C4Fs),] (denoted as
[Cp*,ZrMe]*X", Cp* = pentamethylcyclopentadienyl, X = B-
(CgFs)4 or CH;B(CFs)3) 6171 are active for the polymerization
of the functionalized diene and a-olefins 4-TMSO-1,6-heptadiene
(TMSO = trimethylsiloxy), 5S-TBDMSO-1-pentene (TBDMSO
= tert-butyldimethylsiloxy), and 5-(V,N-diisopropylamino)-1-
pentene (eqs 1 and 2, Table I).22 Cyclopolymerization?® of
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4-TMSO-1,6-heptadiene occurs rapidly at room temperature in
the presence of [Cp*,ZrMe]*X" (eq 2, average activity® at 37%
conversion = 720 turnovers/h, >250 turnovers, Table I, entry 1)
to yield poly(methylene-3,5-(1-TMSO)cyclohexanediyl), End-
group analysis of the polymer by 'H and '3C NMR reveals me-
thylenecyclohexane and cyclohexane end groups, indicative of
chain transfer via 8-H elimination. As for 1-hexene, low molecular
weight oligomers are obtained at room temperature;*® higher
molecular weights are observed at lower reaction temperatures.
Higher molecular weight poly(methylene-3,5-(1-TMSO)cyclo-
hexanediyl) (M, = 46000, M, /M, = 3.1, 38% yield?) is obtained
from the reaction of [Cp*,HfMe]*X" in neat monomer at —25
°C. Complete cyclization was observed as no unsaturation was
detected by 'H NMR.

The chiral [(EBTHI)ZrMe]*X" catalysts (EBTHI = ethyl-
ene-1,2-bis(n*-4,5,6,7-tetrahydro-1-indenyl)) are more easily
poisoned by silyl ethers as compared to the [Cp*,ZrMe]*X"™

(16) (a) Turner, H. W,; Hlatky, G. G. Eur. Pat. Appl. 0277003, 1988.
(b) Turner, H. W. Eur. Pat. Appl. 0277044, 1988. (c) Hlatky, G. G.; Turner,
H. W.; Eckman, R. R. J. Am. Chem. Soc. 1989, 111, 2728.

(17) (a) Ewen, J. A. Eur. Pat. Appl. 0427697, 1991. (b) Ewen, J. A,;
Elder, M. J.; Jones, R. L.; Haspeslagh, L.; Atwood, J. L.; Bott, S. G.; Rob-
inson, K. Makromol. Chem., Macromol. Symp. 1991, 48/49, 253-295.

(18) (a) Bochman, M.; Wilson, L. M. J. Chem. Soc., Chem. Commun.
1986, 1610. (b) Taube, R.; Krukowka, L. J. Organomet. Chem. 1988, 347,
C9. (c) Bochmann, M.; Jaggar, A. J; Nicholls, J. C. Angew. Chem., Int. Ed.
Engl. 1990, 7, 780. (d) Eshuis, J. W.; Tan, Y. Y.; Teuben, J. H. J. Mol.
Catal. 1990, 62, 277. (e) Amorose, D. M.; Lee, R. A.; Petersen, J. L. Or-
ganometallics 1991, 10, 2191. (f) Eshuis, J. W.; Tan, Y. Y.; Meetsma, A.;
Teuben, J. H.; Renkema, J.; Evens, G. G. Organometallics 1992, 11, 362-369.

(19) Yang, X,; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1991, 113,
3623.

(20) Chien, J. C. W,; Tsai, W. M.,; Rausch, M. D. J. Am. Chem. Soc.
1991, 113, 8570.

(21) Related systems will catalyze the polymerization of methacrylates.
(a) Zr: Collins, S.; Ward, D. G. J. Am. Chem. Soc. 1992, 114, 5460. (b)
Sm: Yasuda, H.; Yamamoto, H.; Yokota, K.; Miyake, S.; Nakamura, A. J.
Am. Chem. Soc. 1992, 114, 4908.

(22) Allyloxy-tert-butyldimethylsilane, (allyloxy)trimethylsilane, 5-
TMSO-1-pentene, diallyl ether, diallylphenylamine, and diallyl sulfide did not
polymerize under these conditions.

(23) (a) Butler, G. B. Acc. Chem. Res. 1982, 15, 370. (b) Resconi, L.;
Waymouth, R. M. J. Am. Chem. Soc. 1990, 112, 4953. (c) Coates, G. W.;
Waymouth, R. M. J. Am. Chem. Soc. 1991, 113, 6270. (d) Resconi, L.;
Coates, G. W.; Mogstad, A.; Waymouth, R. M. J. Macromol. Sci., Chem.
Ed. 1991, A28, 1225. (e) Kesti, M. R.; Waymouth, R. M. J. Am. Chem. Soc.
1992, 114, 3565.

(24) Average activities %50 turnovers/h; turnover = millimoles of mono-
mer consumed per millimole of Zr.

(25) End-group analysis of the low molecular weight polymers revealed the
presence of vinylidene end groups, consistent with 8-H elimination.

(26) M, estimated from 'H NMR end-group analysis. M, /M, determined
by GPC analysis. The reaction mixture became quite viscous under these
conditions (0.044 mmol of Cp*,HfMe,, 0.045 mmol of [N,N-dimethyl-
anilinium] [B(C¢Fs)4], 13.5 mmol of 4-(trimethylsiloxy)-1,6-heptadiene).

© 1992 American Chemical Society



9680 J. Am. Chem. Soc. 1992, 114, 9680-9682
Table I
metallocene B(C4Fs); temp time conversn
entry monomer (mmol) (mmol) oC? (min) (GO) turnovers® M, /M2 M
Cp‘zZl‘Mez
1 OTMS (0.010) (0.0050) 22 30 59 280 4.3 920
2~ A (0.020) (0.010) -25 120 98 249 2.7 8100
OTBOMS (EBTHI)ZrMe,
3 z xn (0.042) (0.021) 24 11 81 97 5.3 2900
Cp*,ZrMe,
4 NN (0.010) (0.0049) 22 10 63 324 33 670
5 (0.010) (0.0049) -25 120 45 209 2.1 11000
(EBTHI)ZrMe,
6 (0.010) (0.0049) 22 10 72 351 34 500
7 (0.010) (0.0049) -25 120 20 95 1.8 6300
~OTEOMS  Cp*ZiMe,
8 (0.020) (0.011) 22 30 40 97 2.7 1800
9 (0.020) (0.011) -25 120 77 187 2.9 10000
Cp*,ZrMe,
10 Y (0.041) (0.020) 22 60 75 91 2900
11 N (0.039) (0.023) -25 120 68 78 8800
YT (BBTHDZMe,
12 (0.057) (0.028) 22 60 72 62 5400

?Conditions: A toluene solution of B(C¢F;); was added to a toluene solution of metallocene and 5.0 mmol of monomer; total solution volume =
5 mL. Reactions were monitored by GC. ®Temperature = 3 °C. ‘Turnovers = millimoles of monomer consumed per millimole of metallocene.
4Determined by GPC analysis. GPC analyses of the polyamines were irreproducible. ¢Estimated from 'H NMR end-group analysis. Cp* =
pentamethylcyclopentadienyl, EBTHI = ethylene-1,2-bis(5°-4,5,6,7-tetrahydro-1-indenyl), TMS = trimethylsilyl, TBDMS = terf-butyldimethylsilyl.

derivatives. [(EBTHI)ZrMe]*X" catalysts are inactive for the
polymerization of 4-TMSO-1,6-heptadiene but readily polymerize
the more sterically hindered TBDMS-protected monomer (average
activity at 81% conversion = 530 turnovers/h, 88% cyclized by
'H NMR),

Activities for the polymerization of S-TBDMSO-1-pentene and
5-(N,N-diisopropylamino)-1-pentene in the presence of
[Cp*,ZrMe]* X" are lower than that for 1-hexene. Average ac-
tivities range from 2700 turnovers/h for 1-hexene (44% conversion)
to 190 turnovers/h for S-TBDMSO-1-pentene (40% conversion)
to 130 turnovers/h for 5-(V,N-diisopropylamino)-1-pentene (55%
conversion). At least 100 turnovers can be achieved for both
functionalized monomers.??®¢ Chiral rac-[(EBTHI)ZrMe]*X"
catalysts are active for the homopolymerization of 1-hexene and
5-(N,N-diisopropylamino)-1-pentene but not for S-TBDMSO-1-
pentene. Preliminary }*C NMR analyses of polymers obtained
in the presence of [(EBTHI) ZrMe]*X" are consistent with highly
isotactic microstructures.?

Treatment of poly(methylene-3,5-(1-TMSO)cyclohexanediyl)
with aqueous HCI in hexanes affords the corresponding poly-
alcohol as a white powder (eq 1, 98% yield) which was soluble
in DMF, DMSO, and pyridine.>® Thermogravimetric analysis
of this material shows <5% decomposition below 330 °C.!
Treatment of poly(5-(V,N-diisopropylamino)-1-pentene) with HCl
yields the corresponding poly(ammonium chloride) which is water
soluble (eq 2).3?

A major advantage of these metallocene-based catalysts is that
the ligand system can be systematically modified to provide the
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(30) Characterized by IR, 'H and *C NMR (DMSO-d), and elemental
analysis.

(31) In contrast, poly(vinyl alcohol) decomposes below 250 °C (see ref 5).

(32) Polymeric Amines and Ammonium Salts; Goethals, E. J., Ed.; Per-
gamon Press; New York, 1980. Characterized by IR, 'H and !*C NMR
(CDCl,), and elemental analysis.

0002-7863/92/1514-9680$03.00/0

optimal combination of catalytic activity, stereospecificity, and
tolerance to functionality. Further studies are underway to extend
these results to the synthesis of optically active, functionalized
polyolefins via enantioselective cyclopolymerization.23¢
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Major histocompatibility complex (MHC) class II hetero-
dimeric (af) proteins are present as complexes with peptides on
the outer plasma membranes of antigen presenting cells.! A single
MHC class II molecule can bind many different peptides. A
significant aspect of the reactions between peptides and solubilized
MHC class I molecules is that complexes dissociate slowly (¢,,
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