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Metallocene catalysts have proven versatile for the synthesis of R
random ethylenel-olefin copolymers with homogeneous and (Gé CG%Q CS
statistical sequence distributioh&kecently, we and others have MesSi ZrCly MeySi  ZrCly MeoSi ZrCly MeC ZrCl

’

sought to exploit the two heterotopic coordination sitesCgf QQ
1 5

symmetric metallocenes for the copolymerization of ethylene and ReH

o-olefins to control the sequence distribution in ethylenelefin 2 R=Me 3 4

copolymers (Scheme %§ This strategy is based on the premise

that the process of migratory insertion results in the movement of of the cyclocopolymerization favors the formation toéns-1,3-

the polymer chain from one coordination site to the othiérthe cyclopentane rings for metallocengs3, and4 (74% trans, 81%
kinetic selectivities of the two insertion sites are sufficiently different trans, and 66% trans respectively).

to discriminate the two comonomers, then alternating copolymers  For metallocene4 and4, the E/H and E/HD copolymerization
can be formed (Scheme 1). yielded copolymers with similar comonomer compositions and

sequence distributioffsover a range of feed ratios (Table 1, entries
Scheme 1. Proposed Alternating-Site Mechanism

o—Olefin- Ethylene- o—Olefin- Ethyllenef . . )
soloctive site sdedtive dite sdloctive site seloctive site Iasblfl e1);adci:eon[:eoalymerlzatlon of Ethylene with 1-Hexene and
©) R E) athylene ©) : (B) ’
P ér\ y insertion /'Z,\/\P run  metallocene olefin [olefin] (M) [Zr] (uM)  yield(g)  %EP
7 a-defn \1 5 1 1 1-H 0.38 75 067 72
AN ins ertion e 2 1 1H 0.75 9.4 090 63
R R R R 3 1 1-H 1.21 9.4 0.55 57
4 3 1-H 0.38 9.4 0.52 69
5 3 1-H 0.75 9.4 0.50 62
6 3 1-H 1.21 9.4 1.83 56
. . . . . 7 3 1-H 1.89 4.7 1.09 53
This _dual-sne hypqthe_’sls was recently |nv0_ked t_o explain the 8 2 1-H 0.38 94 0.61 70
alternating copolymerization of ethylene amablefins with theC;- 9 4 1-H 0.75 9.4 1.06 59
symmetric metallocene® and 3.22 This mechanism provides an 10 4 1-H 1.21 9.4 111 57
appealing and potentially general strategy for the synthesis of 11 1 1,5-HD 0.38 7.5 0.22 75
copolymers of defined sequence distribution; nevertheless, recent 12 i }’g::B (1);:? g'j 8§§ gg
reports that metallocendsandS (possessing homo- or enantiotopic 14 3 15-HD 0.38 75 078 57
sites) can also produce alternating copolymers indicate that a dual- 15 3 1,5-HD 0.75 9.4 0.56 47
site mechanism is not necessary to generate alternating copoly- 16 3 1,5-HD 121 9.4 0.31 38
merslb.2b.5 17 3 1,5-HD 1.89 7.5 1.44 21
N . . 18 4 1,5-HD 0.38 9.4 0.10 70
Tp evaluate the V|ab|.I|ty of the two-site mephamsm, we sought 4 15-HD 0.75 71 0.10 61
an independent experimental test for the involvement of both og 4 1,5-HD 1.21 71 0.17 55
heterotopic sites in the alternating copolymerization of ethylene
ando-olefins from metallocen8. To this end, we have investigated @ Polymerization conditionsT = 20 °C, Volume = 53 mL, MAO =
the copolymerization of ethylene with 1,5-hexadiéraa a-olefin éi%g%ﬁg4 atm ethylene, polymerization tirel0 min.° Determined

which, when it cyclopolymerizes, requires two insertion events to
be incorporated into the chain (Scheme2).

The copolymerization of ethylene (E) with 1-hexene (H) or 1,5-
hexadiene (HD) was carried out at 0.54 atm of ethylene &0
in toluene solution at a variety of-olefin concentrations3C NMR
analysis of the copolymer composition reveals that 1,5-hexadiene
and 1-hexene are readily copolymerized with ethylene in the
presence of metallocen&s3, and4. Under these conditions ([HD]
< 2.0 M), 1,5-hexadiene cyclopolymerizes almost exclusively to

1-3vs 1113 and 8-10 vs 18-20). This result suggests that for
catalysts derived froml and4, the copolymerization behavior of
1,5-hexadiene is similar to that of 1-hexene, even though the nature
of the propagating polymer chain end after the insertion of the
a-olefin is slightly different (i.e. a butyl branch vs a 1,3-
cyclopentane unit). In contrast, the E/H and E/HD copolymers
derived from metallocen& show very different compositions and
) e ; sequence distributions over the range of feed ratios investigated.
give methylene-1,3-cyclopentane units in the copolymers, with only comparable feed ratios, the E/HD copolymers obtained were
traces of uncyclized 1,2-inserted hexadiene. The diastereoselectivityenriched in the hexadiene comonomer and deficient in ethylene
*To whom correspondence should be addressed. E-mail: waymouth@ Whe_n compared to the corresponding E/H copolymers (Table 1,
stanford.edu. entries 4-7 vs 14-17).
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Scheme 2. Proposed Dual-Site Alternating Mechanism in the Copolymerization of Ethylene with 1-Hexene or 1,5-Hexadiene

Table 2. Sequence Distribution (Dyads) and Breakdown of
Ethylene Sequences for Selected Representative Copolymers

ethylene sequences

run dyads (%) H(E)oH/Ho(E)aHo (%)

EH HH HE EE n=1 n=2 n=3
1 2 50 47 39 19 42
3 9 67 24 61 22 17
4 2 58 41 54 8 38
7 4 85 11 86 4 10
8 1 58 41 43 20 37

10 3 80 17 71 19 10

E/Hp HpHp HoE EE n=1 n= n=3

11 1 46 53 31 23 45

13 4 68 29 57 21 22

14 23 40 37 8 59 33

17 65 24 11 18 72 9

18 0 58 42 43 24 33

20 2 81 17 72 19 10

The E/H copolymers from metalloceBeexhibit highly alternat-

ing sequence distributions as previously observed for the copo-

lymerization of ethylene with propylerf8,while the analysis of
the13C NMR spectra of the E/HD copolymers reveals a significant
fraction of HD—HD homosequences (Table 2§ Analysis of the
sequence distribution of the copolymers obtained fraveals a

) ! A o-Olefin sel. site Ethylene ' -
[ i I~y selective site g
' P H (0) : () p 1
z P
>< EM o E/HD
B . Hp Ho E E Hp B
L \/Z:r\/\P -— P’\/Z;r\/ N W - P/\/Z:'\/

that an occasional ethylene insertion atdtelefin site is followed
by a subsequent ethylene insertion at the ethylene site (Scheme 2).

The low percentage of even-numbered ethylene sequences in E/H
copolymers derived fron3 (entries 4, 7 vs 8, 10) also implies a
dual-site mechanism for hexene. For these copolymers, a dual-site
mechanism would predict that an insertion of ethylene at the
ethylene site followed by an occasional insertion of ethylene at the
olefin site would be followed by another ethylene insertion, hence
leading to a low probability of forming even-numbered ethylene
sequences.

In summary, the cyclocopolymerization of 1,5-hexadiene and
ethylene has provided an experimental test for a dual-site copo-
lymerization mechanism as well as a new architecture for ethylene/
1,5-hexadiene copolymers.
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