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SUMMARY

Sequential NMR-scale reactions have been carried out in order to generate cationic
methylzirconium complexes by the reaction of rac-(SB)Zr(NMe,), (1, SBI =
Me,Si(indenyl),) with methylaluminoxane (MAQ) or various noncoordinating anions such as
[HNMePh,] [B(C(Fs),], [HNEt,Ph][B(CF;),], and [Ph,C][B(CF;),]- Reaction of 40 equiv.
of MAO with 1 at room temperature was leaded to the formation of stable cationic
methylzirconium complexes which polymerize propylene to isotactic polypropylene (iPP).
For the activation of 1 with noncoordinating anions 1 was firstly methylated with 4 equiv. of
AlMe, to give rac-(SBI)ZrMe, (2), and then 1 equiv. of noncoordinating anions was added to
the resulting solution mixture containing 2 and various aluminum complexes dissolved in
CD,Cl, solvent. Complex 2 was immediately converted to cationic methylzirconium
complex [rac-(SBI)Zr(u-Me),AlMe,]" (3), the adduct of the base-free rac-[(SBI)ZrMe]" cation
and AlMe,. Addition of small amount of liquid propylene to the NMR tube containing 3 and
other byproducts was leaded to the formation of iPP showing meso pentad value of over 85 %.

INTRODUCTION

-It is well established that cationic group 4 metal alkyl complexes of the type [Cp,MR]"
(M = Ti, Zr, Hf) are the active species in homogeneously catalyzed olefin polymerizations."”
In conventional catalytic systems they are usually generated by the reaction of metallocene
halides with an excess amount of MAO as activator. Alternatively, the reaction of
dialkylmetallocenes with triphenylcarbenium or ammonium salts of weakly coordinating
anions in nonbasic solvents leads quantitatively to cationic complexes, [Cp,M-R]'[B{C.Fs),J
Coordinatively unsaturated cationic species [Cp,M-R]" are potent electrophiles and may be
expected to establish a series of solution equilibria by interaction with any neucleophile, such
as the solvent, the anion, neutral metal alkyls, or the olefin substrate, prior to polymerization.
During polymerization the neucleophile is removed to form base-free [Cp,M-R]" or
[Cp,M(R)(olefin)]* species.”™ To synthesize the cationic species from Cp,MX, excess
amount of MAO is needed, so that it is difficult to study the procedure of formation of the
active species. Alternatively alkylated metaltocene complexes Cp,MR, are needed to use
noncoordinating anions as an activator.

Generally the yield to get Group 4 ansa-metallocene complexes which are highly
effective for the stereospecific polymerization of o-olefin is low, and tedious isomer
separation and purification steps are accompanied. Recently Jordan et al.” introduced new
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method to prepare racemic ansa-metallocene amide complexes selectively with a very high
yield via an amine elimination route. In a previous study®” we have confirmed that the ansa-
metallocene amide compiexes could be directly activated for the polymerization of propylene
by adopting various cocatalyst formulations. In this study we investigated the detailed
activation procedures of rac-(SBI)Zr(NMe,), (1) based on NMR scale reactions with various
cocatalysts such as MAO, [HNMePh,][B(C.F;),] (5), [HNE,Ph][B(C/F:),] (6), and
[Ph,CI[B(C(Fs),] (7). The activation procedures of conventional halide complex rac-
(SBI)ZrCl, (4) were also investigated for the comparison.

EXPERIMENTAL

Materials  Polymerization grade of propylene (Matheson Co.) was purified by passing
it through columns of Fisher RIDOX catalyst and molecular sieve SA/13X. AlMe, was
obtained from Aldrich and used without purification. MAO was donated by Albemarle as a
10 % solution in toluene, which contained 1.85 wt % AlMe, and 8.15 wt % MAO (4.49 wt %
total Al). Ansa-zirconocene complexes 1 and 4 were synthesized according to previous
procedures.” Various anionic complexes, 5, 6, and 7 were also prepared by literature
procedures.>*®

Sequential NMR-scale reaction and polymerization The procedure of in situ
generating zirconium cationic species by the sequential reaction of 1, AlMe;, and 5 is
exemplified below. 1 (20 mg, 42.9 umol) was dissolved in CD,Cl, (0.5 mL) at room
temperature to give a red solution. In a dry box prescribed amount of AlMe, was
sequentially added to the solution mixture for the methylation of 1. Addition of 4 equiv. of
AlMe; was resulted in an orange solution representing complete methylation. After
analyzing the solution mixture, 5 (37.0 mg, 42.9 pmol) was introduced into the NMR tube at
room temperature to generate cationic zirconium complex. The color of solution mixture
was immediately changed from orange to light yellow. After NMR analysis, about 0.1 - 0.5
mL of liquid propylene was added to the mixture at -78 °C, followed by slowly increased the
temperature to room temperature. Solid iPP formed from the solution mixture was isolated
and dried for the analysis.

NMR spectra were obtained with a Bruker AMX-360 and WM-300 spectrometer.
Samples for *C NMR spectra were prepared by dissolving 50 mg of polymer in 0.5 mL of
C¢D¢/1,2,4-trichlorobenzene (1/5) and were measured at 120 °C.

RESULTS AND DISCUSSION

To identify if ansa-metallocene diamide compounds could be activated by conventional
procedures, we reacted 1 with MAO at room temperature by sequentially increasing the
amount of MAO ([Al}/[1] = 10 to 40) in NMR-tube. Each solution mixture dissolved in
CD,Cl, was analyzed by 'H NMR. Table 1 summarizes the chemical shifts of starting
compounds and mixtures obtained by the reaction of 1 with MAO in different ratios ([Al]/[1]
= 10, 20, and 40). The relative compositions obtained from the integration of each mixture are
also indicated in Tabie 1. By sequentially increasing the amount of MAO from 10 to 40
equiv. after dissolving 20 mg (42.9 umol) of 1 in 0,5 mL of CD,Cl,, NMe, ligands in 1 are
firstly methylated by MAO and/or free AlMe, contained in MAO, followed by activated to
give cationic active species. As shown in Table 1, 1/10MAO mixture contains unreacted 1,
partially methylated compound (SBI)Zr(NMe,)(Me) (8), completely methylated 2 and
[(SB)ZrMe] [MAOT (9). The ratio of 1/8/2/9 is 1/2/1/1. Aluminum complex containing
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The Chemical Shifts of Various Compounds and Reaction Mixtures

Compounds Identifi-
or reaction ed com-
mixtures pound

Relative
compos-
ition

Chemical shifts (8), identified
(ppm)

5

8.8 (s, 1H), 7.64 (m, 6H), 7.41 (m, 4H), 3.83 (s, 3H)

7

8.27 (t, 3H), 7.87 (t, 6H), 7.66 (d, 6H)

MAO

Peaks were appeared at 3 characteristic regions as a broad
multiplet: 4.0-3.4 (region 1), 1.4-1.7 (region 2), 1.2-0.6
(region 3). The integration ratio of region 1/region 2/region
3 was 2/3/20. Free Al,Me, was appeared at -0.29 ppm as
sharp singlet. Detailed interpretations of MAO were
impossible.

7.68, 7.60 (d, 2H, indenyl), 7.05 (pseudo t, 2H, indenyl),
6.91 (d, 2H, C, indenyl), 6.79 (pseudo t, 2H, indenyl), 6.34
(d, 2H, C; indenyl), 2.37 (s, 12H, NMe,), 1.05 (s, 6H, Si-
Me)

AlLMe,

2029 (s)

1/AIMe, 1

8"

10
15

Chemical shifts are the same as above.

7.76, 7.68%, 7.57 (d, 1H, indenyl), 7.19, 6.98, 6.86 (pseudo
t, 1H, indenyl), 6.55, 6.46, 6.34”, 5.89 (d, 1H, C, indenyl),
2.28 (s, 6H, NMe,), 1.06, 0.89 (s, 3H, Si-Me), -1.27 (s, 3H,
Zr-Me)

7.63%, 7.38 (d, 2H, indenyl), 7.26, 6.99” (pseudo t, 2H,
indenyl), 6.84%, 5.92 (d, 2H, C, indenyl), 0.91 (s, 6H, Si-
Me), -1.43 (s, 6H, Zr-Me)

2.42 (s, 6H, NMe,), -0.54 (s, 15H, Al-Me)

2.39 (s, 12H, NMe,), -0.79 (s, 12H, Al-Me); The [10]/[11]
ratio is 12/1.

1/2AIMe, 8

7.76, 7.68 7.57% (d, 1H, indenyl), 7.19, 6.98, 6.867 (pseudo
t, 1H, indenyl), 6.55, 6.46, 6.34, 5.89 (d, 1H, C, indenyl),
2.28, (s, 6H, NMe,), 1.06, 0.89 (s, 3H, Si-Me), -1.27 (s, 3H,
Zr-Me)

7.63, 7.38% (d, 2H, indenyl), 7.26, 6.99 (pseudo t, 2H,
indenyl), 6.84, 5.92 (d, 2H, C, indenyl), 0.91 (s, 6H, Si-
Me), -1.43 (s, 6H, Zr-Me)

The [10]/[11] ratio was measured to 7/1.

1/4 AlMe, 2

7.63, 7.38 (d, 2H, indenyl), 7.26, 6.99 (pseudo t, 2H,
indenyl), 6.84, 5.92 (d, 2H, C; indenyl), 0.91 (s, 6H, Si-
Me), -1.43 (s, 6H, Zr-Me)

The [10}/[11] ratio was measured to 20/1.

1/4AMe)7 3

7.77, 7.58 (d, 2H, indenyl), 7.08 - 7.34 (m, 4H, partially
obscured by Ph,CMe), 6.92, 593 (d, C; indenyl), 1.30 (s,
6H, Si-Me), - 0.78 (s, 6H, u-CH,), - 0.59 (s, 6H, Al-Me)

1/4AIMe/5 3

7.77, 7.58 (br d, 2H, indenyl), 7.00 - 7.38 (br m, 4H,
partially obscured by NMe,Ph), 6.92, 593 (br, 2H, C,
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indenyl), 1.30 (s, 6H, Si-Me), - 0.79 (s, 6H, p-CH,), - 0.60
(s, 6H, Al-Me)

1/4AMe/6 3

7.77, 7.58 (d, 2H, indenyl), 7.10 - 7.70 (br m, 6H, partially
obscured by NEt,Ph), 6.92, 5.93 (br d, 2H, C; indenyl),
1.30 (s, 6H, Si-Me), - 0.79 (s, 6H, p-CH,), - 0.60 (s, 6H,
Al-Me)

17/10MAO] 1

1
MAO

7.682, 7.60 (d, 2H, indenyl), 7.05 (pseudo t, 2H, indenyl),
6.91 (d, 2H, C, indenyl), 6.79? (pseudo t, 2H, indenyl),
6.34 (d, 2H, C; indenyl), 2.37 (s, 12H, NMe,), 1.05 (s,
6H, Si-Me)

7.76, 7.68”, 7.57° (d, 1H, indenyl), 7.19%, 6.982, 6.86”
(pseudo t, 1H, indenyl), 6.55, 6.46, 6.34, 5.89 (4, 1H, C,
indenyl), 2.28 (s, 6H, NMe,), 1.06, 0.89 (s, 3H, Si-Me), -
1.27 (s, 3H, Zr-Me)

7.63%, 7.38% (d, 2H, indenyl), 7.26?, 6.99? (pseudo t, 2H,
indenyl), 6.84, 5.92 (d, 2H, C, indenyl), 0.91 (s, 6H, Si-
Me), -1.43 (s, 6H, Zr-Me)

7.85, 7.75 (d, 2H, indenyl), 7.50, 7.42% (pseudo t, 2H,
indenyl), 7.01%, 6.33 (d, 2H, C, indenyl), 1.20 (s, 6H, Si-
Me), -0.63 (s, 3H, Zr-Me)

2.38 (s, 12H, NMe,), -0.79 (s, 12H, Al-CH,)

MAO could not be interpreted. Free AlMe, in MAO (-
0.29 ppm) was transformed into 11.

1/20[MAO] 2

10,11

7.63, 7.38 (d, 2H, indenyl), 7.26, 6.99” (pseudo t, 2H,
indenyl), 6.84, 5.93 (d, 2H, C, indenyl), 0.91 (s, 6H, Si-
Me), -1.43 (s, 6H, Zr-Me)

7.85, 7.75 (d, 2H, indenyl), 7.50, 7.42% (pseudo t, 2H,
indenyl), 7.01, 6.33 (d, 2H, C, indenyl), 1.20 (s, 6H, Si-
Me), -0.63 (s, 3H, Zr-Me)

The [10}/[11] ratio is measured to 3/1.

MAO could not be interpreted. Free AlMe,; in MAO was
transformed into 10 and 11.

1/40[MAO] 9

MAO

7.85, 7.75 (d, 2H, indenyl), 7.50, 7.42 (pseudo t, 2H,
indenyl), 7.01, 6.33 (d, 2H, C, indenyl), 1.20 (s, 6H, Si-
Me), -0.63 (s, 3H, Zr-Me)

The [10}/[11] ratio is measured to 2/1 and negligible
amount of free AlMe; is observed.

MAO could not be interpreted. Most of free AlMe, in
MAO was transformed into 10 and 11.

! Some chemical shifts could not be identified.
? Partially obscured by the interference of other compounds in the solution mixture.

amine as a ligand, Al,Me,(NMe,), (11), is also observed. By sequentially adding 10 more
equiv. of MAO ([Al}/[1] = 20) to the resulting mixture unreacted 1 and mixed alkyl
compound 8 are completely disappeared to form 2 or 9. The ratio of 2/9 is 1/1.  Two kinds
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of aluminum complexes, AL, Me(NMe,) (10) and 11, are also observed. The ratio of 10/11 is
3/1. By further increasing the amount of MAO to [Al)/[1] = 40, 2 is completely activated to
give cationic zirconium species 9. The 10/11 ratio is changed to 2/1 in this mixture and only
negligible amount of free Al,Me, is observed. Since the 40 equiv. of Al is composed of 3.7
equiv. of Al originated from free Al,Me, and 32.6 equiv. of Al from MAO, it is expected that
most of free Al,Me, contained in MAO is used for the methylation of 1. Thus the
methylation of 1 is seemed to be accomplished mainly by free AlMe,. The methylation of 1
by AlMe, will be investigated later. The procedure for the formation of cationic zirconium
species from the reaction of 1 with an excess amount of MAO can be summarized as shown in
Scheme 1.

The methyl hydrogen peak representing 9 is recorded at -0.63 ppm in all mixtures of 1
and MAQ. The structure of the cationic species and the nature of the interaction between
MAO and zirconium cations under catalytic conditions employed here, in other words in
CD,Cl, solution, remain uncertain. However, the cationic species are very stable for a long
time, i.e. the NMR signals of the solution mixture containing cationic species 9 was not
changed for about a month at room temperature. In order to confirm the formation of active

Scheme 1
1 2
+ +
NM
rac-(SBhzr< 2 2
Me +
8
NM * "
e
rac-SByzrL, . . > rac-(SB)ZMe, *
1 2 10 Al >NC
N CD,Cl . A MezAI\/Me>AIMe2
10A [rac-(sBizrie] * [MAO]” 10
(Al is composed of 9 -
81.5 wt% of MAO - *
and 18.5 wt% AlMe;) + MAO
Me. /Me
AN
Me, Al _AlMe, 20 Al
NS
Me Me
1
+
MAO

§+|S+l:+|@
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complex 9, small amount of liquid propylene was introduced into the NMR tube containing
the reaction mixture ([Al]/[1] = 40) at -78 °C. White iPP was precipitated from the solution
mixture by slowly increasing the temperature of reaction mixture to room temperature. The
meso pentad value (measured by *C NMR) of iPP isolated from the NMR tube was 85.2 %.

Analogous dichloride metallocene rac-(SBI)ZrCl, (4) could not be activated at the same
reaction conditions. By reacting 4 with 40 equiv. of MAO in CD,Cl, solution, methyl
zirconocene compound 2 and cationic complex 9 were not observed at all. Small amount of
mixed alkyl complex, rac-(SBI)Zr(Cl)(Me) was only recorded from the NMR signals. The
methylation, followed by the activation was not accomplished even after increasing the
reaction temperature to 70 °C for 12 hr. These results demonstrate that 4 is not easily
methylated by the low concentration of MAO and/or free AlMe,, thus difficult to give cationic
complex 9.

The methylation capability of metallocene diamide complex 1 was proved by the
stoichiometrical reaction with AlMe;, at room temperature. Table 1 summarizes the chemical
shifts of solution mixtures obtained by the reaction of 1 with various amounts of AlMe, and
their relative compositions. As the amount of AlMe, increases from [AlMe;)/[1] = 1 to 4,
dimethylzirconocene compound 2 was formed through intermediate compound 8. The
methylation of 1 is completely accomphshed with 4 equiv. of AlMe;, i.e.,

rac-(SBI)Zr(NMeZ)2 1) + Al,Me;, — rac-(SBI)Zr(NMe,)(Me) (8) + Al,Me,(NMe,) (1)
8 + ALMe;, + ALMe(NMe,) — rac-(SBDZrMe, (2) + 2 AlLMe,(NMe,) (2)
Part of Al,Me(NMe,) is transformed into Al,Me,(NMe,),,
2 Al,Me,(NMe,) — ALMe, + AlLMe,NMe,), 3)
In the mixture of 1 with 4 equiv. of AlMe, three kinds of methylaluminum compounds,
A12Me5(NMe2)/Alee6/Alee4(NMe2)2, were observed with the ratio of 20/1/1.

Since 1 is stoichiometrically methylated by AlMe,, methylzirconium cations may be in
situ generated by adding non-coordinating anions such as 5, 6, and 7 to AlMe,/1 (4/1) mixture.
As shown in Table 1, addition of 1 equiv. of [HNMePh,][B(CF;),] (5), [HNEL,Ph][B(C/Fs),]
(6), or [PhyC][B(C4F5),] (7) to the solution mixture of AlMe,/1 (4/1) resulted in immediate
conversion to [rac-(SBI)Zr(p-Me),AlMe,]" (3), the adduct of the base-free rac-[(SBI)ZrMe]"
cation and AlMe, which was previously identified by Bochmann'® as the principal component
in mixtures of these species. Bochmann has synthesized the cationic compound 3 by
reacting rac-(SBI)ZrMe, with 7 at low temperature (- 40 °C). In our study the same cationic
species 3 have been generated regardless of the type of anions. However, in the case of §
and 6, the resonance of 3 and the Al amide species are broadened. Complex 3 presumably
undergoes loss or dlsplacement of AlMe; during polymerization, ultimately leadmg to rac-
[(SBI)ZrMe]" or rac-[(SBI)Zr(Me)(propene)]’ species. To confirm this fact liquid propylene
was added to the mixture, 1/AIMe,/non-coordinating anion (1/4/1), at - 78 °C, and then slowly
increased the temperature to room temperature. White iPP was precipitated in this process.
The meso pentad value of iPP precipitated by adding liquid propylene to the mixture of
1/4AlMey/S, 1/4AlMe,/6, and 1/4AlMe,/ 7 was 88.7 %, 86.4 %, and 87.7 %, respectively.
The formation of base-free methyl-zirconium cations by non-coordinating anions can be
summarized as follows,
rac-(SBD)Zr(NMe,), + 2Al,Me, — rac~(SBI)ZrMe, (2) + methylaluminum amides (MAA) (4)

2 + [HNMePh[B(CF)](5) + MAA —
[rac-(SBD)Zr(pn-Me),AlMe,]" [B(C(F,),] (3) + CH, + NMePh, + MAA  (5)
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2 + [HNEL,Ph)[B(CF)),] (6) + MAA— 3 + CH, + NEtPh + MAA (6)

2 + [PhCIB(CFHI(T + MAA - 3 + Ph,CMe + MAA )
3 + CH;, - rac-[(SBD)ZrMe] (or rac-{(SBDZr(Me)(C;Hy1")
—  rac-[(SBI)Zr(polymer)]” 8)

The solution mixture containing cationic complex 3 is stable, so that the mixture is not
decomposed after storing for about a month at room temperature and even after heating to 70
°C for 12 hours.  On cooling to - 20 °C 3 precipitates as an oil which could not be crystallized.
The structure of 3 in solution is assumed to be different from that of cationic species 9
generated using MAO as an anion. As shown in Table 1, the chemical shift of Zr-Me in 3
which has 6 hydrogens is - 0.78 ppm, on the other hand that of 9 which has 3 hydrogens is -
0.63 ppm.

As a conclusion ansa-metallocene amide derivative 1, which is efficiently prepared via
an amine elimination route, can be used directly in catalyst formulation for the olefin
polymerization. In addition the simplicity of the alkylation reaction of 1 proves
advantageous in studies of the solution structure and reactivity of MAO. More thorough
studies of the influence of the nature and concentration of the AIR, reagent and the
polymerization conditions on the catalyst performance and polymer properties are in progress.

ACKNOWLEDGEMENT
This work has been carried out by a support of Korea Research Foundation (NON
DIRECTED FUND, 1996).

REFERENCES

1. a) Jordan RF (1991) Adv Organomet Chem 32: 325; b) Marks TJ (1992) Acc Chem Res 25:

57; ¢) Eisch JJ, Piotrowski AM, Brownstein SK, Gabe EJ, Lee FL (1987) ] Am Chem Soc

107: 7219; d) Hlatky GG, Turner HW, Eckman RR (1989) J Am Chem Soc 111: 2728; ¢)

Horton AD, Orpen AG (1991) Organometallics 10: 3910; f) Bochmann M, Lancaster SJ

(1993) Organometallics 12: 663; g) ibid (1993) Angew Chem Int Ed Engl 33: 1637.

. Ewen JA, Elder MJ (1990) EPA 0426637 to (Fina Technology Inc.).

. Chien JCW, Tsai WM, Rausch MD (1991) J Am Chem Soc 113: 8570.

. Bochmann M, Lancaster SJ (1991) J Organomet Chem C1: 443.

. a) Ewen JA, Elder MJ (1993) Macromol Chem Macromol Symp 66: 179; b) Chien JCW,
Tsai WM (1993) ibid. 66: 141; ¢) Chien JCW, Xu B (1993) Macromol Rapid Commun 14:
109.

6. a) Jordan RF, Diamond GM (1995) WO 9532979; b) Diamond GM, Rodewald S, Jordan
RF (1995) Organometallics 14: 5; ¢) Kim I, Jordan RF (1996), Macromolecules 29: 491; d)
Diamond GM, Jordan RF, and Petersen JL (1996) Organometallics 15: 4030 and 4045; ¢)
Christopher JN, Diamond GM, Jordan RF, and Petersen JL. Organometallics 15: 4038; f)
Diamond GM, Jordan RF, Petersen JL (1996) J Am Chem Soc 118: 8024.

o WN



