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The organometallic Lewis acid B(C6F5)3 adds to the terminal dCH2 group of the (butadiene)-
metallocene complexes 5a and 5b to give the ansa-metallocene betaine systems [Me2Si-
(C5H4)2]Zr[C4H6-B(C6F5)3] (6a) and [Me2Si(3-MeC5H3)2]Zr[C4H6-B(C6F5)3] (6b), respectively,
in high yield. Both complexes were characterized by X-ray diffraction. They both contain
a substituted η3-allyl ligand F of E configuration, and they show a characteristic (ortho aryl)-
C-F‚‚‚Zr interaction that stabilizes the electron-deficient metal center inside the dipolar
structure. B(C6F5)3 also adds to one butadiene terminus of (s-cis-η4-C4H6)[Me2C(C5H4)-
(indenyl)]Zr to give a high yield of a single isomer of the respective ansa-metallocene [C4H6-
B(C6F5)3] betaine complex 9. The X-ray crystal structure analysis of 9 has revealed that in
this case a (Z)-η3-allyl-CH2B(C6F5)3 ligand is formed. This precluded the (aryl)C-F‚‚‚Zr
coordination. Instead, the zirconium center in 9 forms a stabilizing internal ion pair
interaction between the negatively polarized [B]-C(4)H2 methylene group and the positive
zirconium center. The analogously structured ansa-metallocene [(Z)-C4H6-B(C6F5)3] betaine
complex 12 is obtained in high yield from B(C6F5)3 addition to (s-cis-η4-butadiene)[Me2C-
(C5H4)(fluorenyl)]Zr. In solution the complexes 6, 9, and 12 exhibit structures that are
analogous to those found in the solid state. However, treatment of (butadiene)[Me2Si(C5H4)2]-
Zr (5a) with B(C6F5)3 under kinetic control (233 K in toluene-d8) quantitatively yields the
[Me2Si(C5H4)2]Zr[(Z)-C4H6-B(C6F5)3] betaine isomer 13, which contains the stabilizing
[B]-C(4)H2‚‚‚Zr internal ion pair interaction. Subsequent thermally induced rearrangement
of the kinetic product 13 (∆Gq

rearr(298 K) ) 21.5 ( 0.5 kcal mol-1) then results in the formation
of the eventually observed thermodynamic ansa-metallocene betaine product 6a, that
contains the (E)-C4H6-B(C6F5)3 ligand and exhibits internal (aryl)C-F‚‚‚Zr coordination. A
similar reaction sequence was observed during the addition of B(C6F5)3 to the parent
(butadiene)zirconocene system 1: at 213 K the kinetic Cp2Zr[(Z)-(1-3η),κC4-C4H6-B(C6F5)3]
betaine product 14 is formed, which rapidly rearranges at temperatures above 253 K to
yield the previously observed stable Cp2Zr[(E)-C4H6-B(C6F5)3] betaine system 2, which is
characterized by an internal C-F‚‚‚Zr bond. The ansa-metallocene betaines 6, 9, and 12
are all active homogeneous single-component Ziegler catalysts for ethene and propene
polymerization. They are similarly effective as the usually employed ansa-metallocene
dichloride/methylalumoxane catalyst systems.

Introduction

Butadiene zirconocene (1; Scheme 1)1 adds the strong
organometallic Lewis acid B(C6F5)3

2 selectively at car-
bon atom C4 of the conjugated diene ligand. The
resulting betaine system 2 was isolated at ambient
temperature and characterized by spectroscopy and by
X-ray diffraction.3 Other butadiene group 4 metal-
locenes, such as rac-[(dimethylsilylene)bis(indenyl)]-
zirconium, form similar RCp2M-[C4H6-B(C6F5)3] be-

taines.4 These complexes represent an interesting type
of homogeneous single-component Ziegler catalyst sys-
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tems for the polymerization of R-olefins. For several of
these systems it was possible to experimentally follow
the first alkene insertion step of the initiation sequence
of the active polymerization process5 and determine its
kinetic6 and stereochemical characteristics.4a In this
primary reaction step a new C6-bridged unsaturated
betaine intermediate (3) is formed and experimentally
observed, which is characterized by the presence of a
weak metallocene-olefin π-complexation7 and an inter-
nal ion pair interaction8 between the metallocene and
the C6H2-B(C6F5)3 carbon end of the chain.

The starting material, the betaine 2, is characterized
by a different interaction between the positively polar-
ized metallocene and the negative -C4H2-B(C6F5)3
chain end:9 here a weak stabilizing Zr‚‚‚F-C interac-
tion10 with an o-F-C(Ar) bond of one of the -C6F5
groups at boron was monitored by 19F NMR spectros-

copy and confirmed by X-ray crystal structure analyses
in several cases.3,4b We have now found a different type
of Zr/-C4H2-B(C6F5)3 interaction in a number of cases
of zirconocene-[C4H6-B(C6F5)3] betaines, characterized
by an intramolecular Zr‚‚‚C4H2-[B] ion pair formation,11

and even cases of interconversion of both types of
internally stabilized betaines. The spectroscopic and
structural characterization of representative examples
of such metallocene-butadiene-B(C6F5)3 betaines is
described in this article, and the consequences of the
mode of internal stabilization on the catalytic function
of such single-component Ziegler catalyst systems was
investigated.

Results and Discussion

ansa-Metallocene-[C4H6-B(C6F5)3] Betaine
Structures. For this study we have employed four
ansa-zirconocene frameworks, namely [dimethylsil-
ylenebis(cyclopentadienyl)]zirconium, its chiral ana-
logue rac-[dimethylsilylenebis(3-methylcyclopentadienyl)]-
zirconium, and the carbon-bridged systems [isoprop-
ylidene-Cp(indenyl)]Zr and [isopropylidene-Cp(fluo-
renyl)]Zr. In each case the corresponding ansa-metal-
locene dichloride12 was converted to the corresponding
butadiene complexes by treatment with the oligomeric
butadiene dianion reagent “butadiene magnesium” (em-

(3) Temme, B.; Erker, G.; Karl, J.; Luftmann, H.; Fröhlich, R.; Kotila,
S. Angew. Chem. 1995, 107, 1867-1869; Angew. Chem., Int. Ed. Engl.
1995, 34, 1755-1757.

(4) (a) Dahlmann, M.; Erker, G.; Nissinen, M.; Fröhlich, R. J. Am.
Chem. Soc. 1999, 121, 2820-2828. (b) Karl, J.; Erker, G.; Fröhlich, R.
J. Am. Chem. Soc. 1997, 119, 11165-11173.
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Karl, J.; Erker, G. Chem. Ber./Recl. 1997, 130, 1261-1267. Karl, J.;
Erker, G. J. Mol. Catal. 1998, 128, 85-102.
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Soc. 1998, 120, 5643-5652.

(7) Brookhart, M.; Volpe, A. F.; Lincoln, D. M.; Horváth, I. T.; Millar,
J. M. J. Am. Chem. Soc. 1990, 112, 5634-5636. Casey, C. P.;
Hallenbeck, S. L.; Pollock, D. W.; Landis, C. R. J. Am. Chem. Soc. 1995,
117, 9770-9771. Wu, Z.; Jordan, R. F. J. Am. Chem. Soc. 1995, 117,
5867-5868. Galakhov, M. V.; Heinz, G.; Royo, P. J. Chem. Soc., Chem.
Commun. 1998, 17-18. Casey, C. P.; Carpenetti, D. W., II; Sakurai,
H. J. Am. Chem. Soc. 1999, 121, 9483-9484.

(8) Yang, X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1994, 116,
10015-10031. Schottek, J.; Erker, G.; Fröhlich, R. Angew. Chem. 1997,
109, 2585-2587, Angew. Chem., Int. Ed. Engl. 1997, 36, 2475-2477.
See also: Kehr, G.; Fröhlich, R.; Erker, G. Chem. Eur. J. 2000, 6, 258-
266.

(9) For related metallocene-betaine systems, see e.g.: (a) Pindado,
G. J.; Thornton-Pett, M.; Bochmann, M. Chem. Commun. 1997, 609-
610; J. Chem. Soc., Dalton Trans. 1997, 3115-3127. Pindado, G. J.;
Thornton-Pett, M.; Bouwkamp, M.; Meetsma, A.; Hessen, B.; Boch-
mann, M. Angew. Chem. 1997, 109, 2457-2460; Angew. Chem., Int.
Ed. Engl. 1997, 36, 2358-2361. Pindado, G. J.; Lancaster, S. J.;
Thornton-Pett, M.; Bochmann, M. J. Am. Chem. Soc. 1998, 120, 6816-
6817. Sun, Y.; Piers, W. E.; Rettig, S. J. Chem. Commun. 1998, 127-
128. Cowley, A. H.; Hair, G. S.; McBurnett, B. G.; Jones, R. A. Chem.
Commun. 1999, 437-438. (b) Sun, Y.; Piers, W. E.; Yap, G. P. A.
Organometallics 1997, 16, 2509-2513. Song, X.; Bochmann, M. J.
Organomet. Chem. 1997, 545-546, 597-600. Van der Heijden, H.;
Hessen, B.; Orpen, A. G. J. Am. Chem. Soc. 1998, 120, 1112-1113. (c)
Reviews: Piers, W. E.; Chivers, T. Chem. Soc. Rev. 1997, 345-354.
Piers, W. E. Chem. Eur. J. 1998, 13-18.

(10) Reviews: Kulawiec, R. J.; Crabtree, R. H. Coord. Chem. Rev.
1990, 99, 89-115. Strauss, S. H. Chem. Rev. 1993, 93, 927-942.
Kiplinger, J. L.; Richmond, T. G.; Osterberg, C. E. Chem. Rev. 1994,
94, 373-431. Plenio, H. Chem. Rev. 1997, 97, 3363-3384.

(11) For topologically related examples see: Karl, J.; Erker, G.;
Fröhlich, R.; Zippel, F.; Bickelhaupt, F.; Schreuder Goedheijt, M.;
Akkerman, O. S.; Binger, P.; Stannek, J. Angew. Chem. 1997, 109,
2914-2917; Angew. Chem., Int. Ed. Engl. 1997, 36, 2771-2774. See
also the systems cited in ref 9a.

(12) (a) Bajgur, C. S.; Tikkanen, W. R.; Petersen, J. L. Inorg. Chem.
1985, 24, 2539-2546. (b) Mise, T.; Miya, S.; Yamazaki, H. Chem. Lett.
1989, 1853-1856. (c) Gauthier, W. J.; Corrigan, J. F.; Taylor, N. J.;
Collins, S. Macromolecules 1995, 28, 3771-3778. (d) Ewen, J. A.; Jones,
R. L.; Razavi, A.; Ferrara, J. D. J. Am. Chem. Soc. 1988, 110, 6255-
6256.

Scheme 1 Scheme 2

Single-Component Ziegler Catalyst Systems Organometallics, Vol. 19, No. 16, 2000 2957

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 C

O
N

SO
R

T
IU

M
 o

n 
Ju

ne
 2

9,
 2

00
9

Pu
bl

is
he

d 
on

 J
un

e 
30

, 2
00

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

03
74

1



ployed as a THF adduct).13 The [dimethylsilylenebis-
(cyclopentadienyl)]zirconium butadiene system 5a
(Scheme 2) had previously been prepared by a different
route,14 via the bis(vinyl)zirconocene complex.15 The
butadiene-Mg route resulted in the formation of the
same 1:1 mixture of the (s-cis-η4-butadiene)- and (s-
trans-η4-butadiene)Zr[Me2Si(C5H4)2] complexes s-cis-5a
and s-trans-5a.

Treatment of the s-cis-/s-trans-5a mixture with an
equimolar amount of B(C6F5)3 at ambient temperature
resulted in the clean formation of the metallocene
[C4H6-B(C6F5)3] betaine 6a, which was isolated in ca.
80% yield from the reaction mixture. Recrystallization
from toluene at ambient temperature gave single crys-
tals of complex 6a that were suitable for an X-ray crystal
structure analysis of the obtained product.

In the crystal state, complex 6a (Figure 1) shows the
typical structural features of such a single-component
metallocene Ziegler system. It features a syn-substituted
(i.e., of 2,3-E-configuration) distorted π-allyl ligand at
zirconium16 (Zr-C1 ) 2.361(6) Å, Zr-C2 ) 2.496(6) Å,
Zr-C3 ) 2.788(6) Å). The newly formed C4-B bond
(1.665(9) Å) covalently connects the four former buta-
diene carbon atoms with the added B(C6F5)3 moiety. One
of the ortho fluorine substituents (C22-F22 ) 1.388(7)
Å) of the latter coordinates to the electrophilic zirconium
center10,17 in this dipolar arrangement to form a met-
allacycle (F22-Zr ) 2.385(3) Å, C22-F22-Zr )
142.0(3)°).

Treatment of the chiral ansa-metallocene dichloride
rac-[Me2Si(3-MeC5H3)2]ZrCl2 (rac-4b) with butadiene
magnesium yields a mixture of the three (η4-butadiene)-
[Me2Si(3-MeC5H3)2Zr]isomers s-trans-5b, s-trans′-5b

and s-cis-5b (see Scheme 2) in a 82:8:10 ratio, as we
had previously described.18 The addition of tris-
(pentafluorophenyl)borane, proceeding analogously as
described above for the s-cis-5a/s-trans-5a plus B(C6F5)3
reaction, could here give rise to the formation of two
diastereomeric metallocene [C4H6-B(C6F5)3] betaine
complexes (with relative configurations [aR(metal-
locene), pR(allyl)]* and [aR(metallocene), pS(allyl)]*).19

The reaction between the 5b mixture and B(C6F5)3
proceeds rapidly. At room temperature it takes less than
10 min to go to completion. Crystallization at -40 °C
furnished a single isomer of the adduct (86% isolated).
Single crystals of the product 6b were obtained from
benzene at ambient temperature. The X-ray crystal
structure analysis revealed the formation of the dia-
stereomer 6b, whose stereochemistry is described by the
relative configurations (aR, pS)* (see Figure 2 and
Scheme 2).

The molecular structure of 6b is quite analogous to
that of 6a and that of the parent compound 2. The
C4H6-B(C6F5)3 ligand is 1-3-η3-coordinated to zirco-
nium and exhibits an E-configuration of the distorted
π-allyl moiety. Characteristically, one of the ortho
fluorine substituents of a C6F5 group at boron is again
coordinated to the zirconium center. A comparison of
typical structural data of representative examples of
this structural type of metallocene [C4H6-B(C6F5)3]
betaines is provided in Table 1.

Treatment of the ansa-metallocene dichloride [iso-
propylidene-Cp(1-indenyl)]ZrCl2 (7) with butadiene

(13) (a) Ramsden, H. E. U.S. Patent 3,388,179, 1968. Nakano, Y.;
Natsukawa, K.; Yasuda, H.; Tani, H. Tetrahedron Lett. 1972, 2833-
2836. Fujita, K.; Ohnuma, Y.; Yasuda, H.; Tani, H. J. Organomet.
Chem. 1976, 113, 201-213. Yasuda, H.; Nakano, Y.; Natsukawa, K.;
Tani, H. Macromolecules 1978, 11, 586. Kai, Y.; Kanehisa, N.; Miki,
K.; Kasai, N.; Mashima, K.; Yasuda, H.; Nakamura, A. Chem. Lett.
1982, 1277-1280. (b) Datta, S.; Wreford, S. S.; Beatty, R. P.; McNeese,
T. J. J. Am. Chem. Soc. 1979, 101, 1053-1054. Wreford, S. S.; Whitney,
J. F. Inorg. Chem. 1981, 20, 3918-3924.

(14) Böhme, U.; Thiele, K.-H.; Rufinska, A. Z. Anorg. Allg. Chem.
1994, 620, 1455-1462.

(15) Czisch, P.; Erker, G.; Korth, H.-G.; Sustmann, R. Organome-
tallics 1984, 3, 945-947. Beckhaus, R.; Thiele, K.-H. J. Organomet.
Chem. 1984, 268, C7-C8.

(16) Such π-allyl ligand distortion is often observed at group 4 metal
centers: Brauer, D. J.; Krüger, C. Organometallics 1982, 1, 207-210.
Erker, G.; Engel, K.; Dorf, U.; Atwood, J. L.; Hunter, W. E. Angew.
Chem. 1982, 94, 915-916; Angew. Chem., Int. Ed. Engl. 1982, 21, 914-
915. Erker, G.; Berg, K.; Krüger, C.; Müller, G.; Angermund, K.; Benn,
R.; Schroth, G. Angew. Chem. 1984, 96, 445-446; Angew. Chem., Int.
Ed. Engl. 1984, 23, 455-456. Larson, E. J.; Van Dort, P. C.; Dailey, J.
S.; Lakanen, J. R.; Pederson, L. M.; Silver, M. E.; Huffman, J. C.;
Russo, S. O. Organometallics 1987, 6, 2141-2146. Erker, G.; Berg,
K.; Angermund, K.; Krüger, C. Organometallics 1987, 6, 2620-2621.
Larson, E. J.; Van Dort, P. C.; Lakanen, J. R.; O’Neill, D. W.; Pederson,
L. M.; McCandless, J. J.; Silver, M. E.; Russo, S. O.; Huffman, J. C.
Organometallics 1988, 7, 1183-1187. Erker, G. Angew. Chem. 1989,
101, 411-426; Angew. Chem., Int. Ed. Engl. 1989, 28, 397-412.

(17) Kulawiec, R. J.; Holt, E. M.; Lavin, M.; Crabtree, R. H. Inorg.
Chem. 1987, 26, 2559-2561. Horton, A. D.; Orpen, A. G. Organome-
tallics 1991, 10, 3910-3918. Yang, X.; Stern, C. L.; Marks, T. J.
Organometallics 1991, 10, 840-842. Yang, X.; Stern, C. L.; Marks, T.
J. Angew. Chem. 1992, 104, 1406-1408; Angew. Chem., Int. Ed. Engl.
1992, 31, 1375-1377. Siedle, A. R.; Newmark, R. A.; Lamanna, W.
M.; Huffman, J. C. Organometallics 1993, 12, 1491-1492. Jia, L.; Yang,
X.; Ishihara, A.; Marks, T. J. Organometallics 1995, 14, 3135-3137.
Jia, L.; Yang, X.; Stern, C. L.; Marks, T. J. Organometallics 1997, 16,
842-857. Song, X.; Thornton-Pett, M.; Bochmann, M. Organometallics
1998, 17, 1004-1006. Reviews: Bochmann, M. Angew. Chem. 1992,
104, 1206-1207; Angew. Chem., Int. Ed. Engl. 1992, 31, 1181-1182.
Kiplinger, J. L.; Richmond, T. G.; Osterberg, C. E. Chem. Rev. 1994,
94, 373-431.

(18) Dahlmann, M.; Erker, G.; Fröhlich, R.; Meyer, O. Organome-
tallics 1999, 18, 4459-4461.

(19) Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds;
Wiley: New York, 1994; pp 1119-1190.

Figure 1. Molecular structure of the metallocene [C4H6-
B(C6F5)3] betaine 6a. Selected bond lengths (Å) and angles
(deg): Zr-C1 ) 2.361(6), Zr-C2 ) 2.496(6), Zr-C3 )
2.788(6), Zr-F22 ) 2.385(3), C1-C2 ) 1.433(9), C2-C3 )
1.359(8), C3-C4 ) 1.511(8), C4-B ) 1.665(9), B-C21 )
1.657(9), B-C31 ) 1.668(9), B-C41 ) 1.662(9), C22-F22
) 1.388(7), Si-C5 ) 1.827(14), Si-C6 ) 1.852(13), Si-C14
) 1.864(8), Si-C15 ) 1.871(8); C1-C2-C3 ) 126.0(6), C2-
C3-C4 ) 124.9(6), C3-C4-B ) 119.9(5), C4-B-C21 )
115.0(5), C4-B-C31 ) 107.5(5), C4-B-C41 ) 105.3(5),
C21-B-C31 ) 104.9(5), C21-B-C41 )112.0(5), C31-B-
C41 ) 112.4(5), C22-F22-Zr )142.0(3), C14-Si-C5 )
112.8(5), C14-Si-C6 ) 110.2(6), C14-Si-C15 ) 94.0(3),
C5-Si-C6 ) 114.2(9), C5-Si-C15 ) 111.9(6), C6-Si-C15
) 112.2(6).

2958 Organometallics, Vol. 19, No. 16, 2000 Dahlmann et al.
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magnesium results in the formation of a single s-cis-
η4-butadiene ansa-metallocene diastereoisomer (8).20

From the NMR data (see Table 2) and the results of an
X-ray crystal structure analysis (the data of which will
not be discussed in detail due to its rather poor quality;
see the Supporting Information), the isomer has likely
been formed in which the conjugated diene ligand has

its open side oriented toward the Cp ring of the ansa
backbone (see Scheme 3).21

Addition of B(C6F5)3 has resulted in clean carbon-
boron coupling with formation of an ansa-metallocene
[C4H6-B(C6F5)3] betaine (9; Figure 3), which was iso-
lated in >80% yield. Single crystals of 9 were obtained
from benzene at room temperature. Analysis revealed
that in this case a structurally different betaine system
was obtained. In complex 9 the resulting substituted
η3-allyl moiety exhibits a Z configuration. It shows
rather different bonding parameters than the (E)-allyl
unit in, for example, the complexes 6. In 9 the three
carbon atoms of the (allyl)zirconocene unit are much
more evenly linked with the central metal atom22 (for
details see Table 3). The Z configuration of the C4H6-
[B] moiety brings carbon atom C4 rather close to
zirconium. The resulting C4-Zr distance (2.498(2) Å)(20) Erker, G.; Wicher, J.; Engel, K.; Krüger, C. Chem. Ber. 1982,

115, 3300-3309. Erker, G.; Engel, K.; Krüger, C.; Müller, G. Organo-
metallics 1984, 3, 128-133. Krüger, C.; Müller, G.; Erker, G.; Dorf,
U.; Engel, K. Organometallics 1985, 4, 215-223. Erker, G.; Mühlen-
bernd, T.; Benn, R.; Rufinska, A.; Tsay, Y.-H.; Krüger, C. Angew. Chem.
1985, 97, 336-337; Angew. Chem., Int. Ed. Engl. 1985, 24, 321-323.
Bürgi, T.; Berke, H.; Wingbermühle, D.; Psiorz, C.; Noe, R.; Fox, T.;
Knickmeier, M.; Berlekamp, M.; Fröhlich, R.; Erker, G. J. Organomet.
Chem. 1995, 497, 149-159.

(21) Yasuda, H.; Tatsumi, K.; Okamoto, T.; Mashima, K.; Lee, K.;
Nakamura, A.; Kai, Y.; Kanehisa, N.; Kasai, N. J. Am. Chem. Soc.
1985, 107, 2410-2422.

(22) Brauer, D. J.; Krüger, C. Organometallics 1982, 1, 204-206.
Highcock, W. J.; Mills, R. M.; Spencer, J. L.; Woodward, P. J. Chem.
Soc., Chem. Commun. 1987, 128-129.

Figure 2. Molecular structure of 6b. Selected bond lengths
(Å) and angles (deg): Zr-C1 ) 2.364(2), Zr-C2 )
2.501(2), Zr-C3 ) 2.639(2), Zr-F52 ) 2.403(1), C1-C2 )
1.424(3), C2-C3 ) 1.361(3), C3-C4 ) 1.507(3), C4-B )
1.649(3), B-C31 ) 1.661(3), B-C41 ) 1.656(3), B-C51 )
1.652(3), C52-F52 ) 1.397(2), Si-C5 ) 1.844(3), Si-C6
) 1.851(3), Si-C11 ) 1.869(2), Si-C21 ) 1.870(2); C1-
C2-C3 ) 123.8(2), C2-C3-C4 ) 125.0(2), C3-C4-B )
116.9(2), C4-B-C31 ) 108.5(2), C4-B-C41 ) 104.6(2),
C4-B-C51 ) 114.6(2), C31-B-C41 ) 113.2(2), C31-B-
C51 ) 103.3(2), C41-B-C51 ) 112.8(2), C52-F52-Zr )
138.5(1), C11-Si-C5 ) 111.3(1), C11-Si-C6 ) 111.4(1),
C11-Si-C21 ) 94.2(1), C5-Si-C6 ) 114.3(2), C5-Si-C21
) 112.1(1), C6-Si-C21 ) 111.9(1).

Table 1. Comparison of Selected Structural Data
of the Metallocene [C4H6-B(C6F5)3] Betaine

Complexes 6a,b and 2a

metallocene

[Me2Si(C5H4)2]Zr
(6a)

[Me2Si(3-MeC5H3)2]Zr
(6b)

Cp2Zr
(2)

C1-C2 1.433(9) 1.424(3) 1.414(9)
C2-C3 1.359(8) 1.361(3) 1.342(8)
C3-C4 1.511(8) 1.507(3) 1.521(8)
C4-B 1.665(9) 1.649(3) 1.633(9)

C1-C2-C3 126.0(6) 123.8(2) 123.5(6)
C2-C3-C4 124.9(6) 125.0(2) 126.9(6)
C3-C4-B 119.9(5) 116.9(2) 119.0(5)

Zr-C1 2.361(6) 2.364(2) 2.339(5)
Zr-C2 2.496(6) 2.501(2) 2.494(6)
Zr-C3 2.788(6) 2.639(2) 2.710(5)
Zr-F 2.385(3) 2.403(1) 2.423(3)
C(Ar)-F-Zr 142.0(3) 138.5(1) 140.0(3)
C(Ar)-F 1.388(7) 1.397(2) 1.402(6)

a Bond lengths in Å and angles in deg. For 6a,b, data are from
this work; for 2, data are from ref 3.

Table 2. Comparison of Selected 1H and 13C NMR
Data of the η4-Butadiene Zirconocenes 5, 8, and 11
compd conditions isomer Hmeso Hsyn Hanti dCH- dCH2

5a a s-trans 2.92 3.12 1.34 95.8 59.5
s-cis 4.79 3.44 -0.83 111.6 50.5

5bd b s-trans 2.29 2.97 1.33 99.0 59.6
s-trans′ 2.55 3.21 1.05 97.4 62.8
s-cis 4.81 3.35 -0.55 112.2 51.4

4.68 3.30 -1.11 112.1 50.6

8 c (s-cis) 5.20 3.14 -0.82 117.7 56.7
4.10 2.03 -1.31 112.6 49.6

11 e (s-cis) 3.90 1.67 -0.97 122.5 52.7
a Conditions: benzene-d6, 298 K. b Conditions: toluene-d8, 253

K. c Conditions: toluene-d8, 298 K. d 5b values from ref 18.
e Conditions: toluene-d8, 288 K.

Scheme 3
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is in the typical range of an internal [B]-CH2‚‚‚[Zr] ion
pair interaction.8,11 Consequently, the bulky B(C6F5)3
unit is oriented away from the metal center (dihedral
angle C2-C3-C4-B ) -133.5(2)°), so that a direct
-C6F5‚‚‚Zr interaction, as was typically found in 2 and
6, is no longer observed in 9. In the specific case of the
[Me2C(Cp)(indenyl)]Zr framework of 9, in principle four
different C1-symmetric metallocene [(Z)-(1-3-η3)-C4H6-
B(C6F5)3] betaines could have been formed. In the
crystal we have only observed a single diastereomer,
which has the (Z)-C4H6- subunit oriented analogously
as in its immediate precursor, the (s-cis-butadiene)-
[Me2C(Cp)(indenyl)]Zr complex 8.

The reaction of [Me2C(Cp)(fluorenyl)]ZrCl2 (10) with
butadiene magnesium yields the s-cis-η4-butadiene ansa-
metallocene complex 11. A single isomer is obtained in

which the butadiene ligand is also probably oriented
with its open side toward the small Cp ring (see Table
2). Subsequent treatment of 11 with B(C6F5)3 gave the
ansa-metallocene [C4H6-B(C6F5)3] betaine 12, which
was isolated in >70% yield. A single isomer was
obtained. Diffusion of pentane vapor into a toluene
solution of 12 gave single crystals. The X-ray crystal
structure analysis showed the presence of a Z (i.e.,
cisoid) (1-3-η3)-C4H6-B(C6F5)3 ligand bonded to the
zirconium atom, which also contained a short Zr-C4
contact (2.542(3) Å) indicating an internal ion pair
interaction inside the dipolar structure. The C4-B
vector in complex 12 is oriented away from zirconium
(θ ) C2-C3-C4-B ) -121.6(3)°) and the U-shaped
C1-C4 framework has its open side oriented toward the
Cp sector of the Me2C(Cp)(fluorenyl) ansa-metallocene
framework (for structural details see Table 3 and Figure
4).

The X-ray crystal structure analyses of the examples
presented above have revealed that two different struc-
tural types of the group 4 metallocene [C4H6-B(C6F5)3]
betaines can be formed that are distinguished by
exhibiting either an E or Z configuration of the substi-
tuted π-allyl moiety inside the connecting C4 chain. Both
situations result in fundamentally different modes of a
supporting stabilization of the positively polarized reac-
tive zirconium center: in the E isomers it is geo-
metrically feasible for an (ortho aryl)C-F moiety to
reach over to zirconium and form a C-F‚‚‚Zr bond,
whereas such an interaction is spatially precluded in
the examples exhibiting (Z)-allyl configuration. In these
cases an internal Zr-C4H2-[B] ion pair interaction
seems to represent the prevailing mode of coordinative

Figure 3. Molecular structure of the betaine complex 9.
Selected bond lengths (Å) and angles (deg): Zr-C1 )
2.333(3), Zr-C2 ) 2.521(2), Zr-C3 ) 2.508(2), Zr-C4 )
2.498(2), C1-C2 ) 1.406(4), C2-C3 ) 1.370(3), C3-C4
)1.489(3), C4-B ) 1.670(3), B-C31 ) 1.657(3), B-C41 )
1.643(3), B-C51 ) 1.644(3), C5-C6 ) 1.524(3), C5-C7 )
1.528(3), C5-C11 ) 1.523(3), C5-C21 ) 1.529(3); C1-C2-
C3 ) 127.1(3), C2-C3-C4 ) 126.9(2), C3-C4-B ) 115.5-
(2), C4-B-C31 ) 110.7(2), C4-B-C41 ) 100.5(2), C4-
B-C51 ) 115.4(2), C31-B-C41 ) 114.9(2), C31-B-C51
) 102.8(2), C41-B-C51 ) 113.1(2), C11-C5-C6 ) 112.2-
(2), C11-C5-C7 ) 112.2(2), C11-C5-C21 ) 99.3(2), C6-
C5-C7 ) 107.9(2), C6-C5-C21 ) 111.2(2), C7-C5-C21
) 114.0(2).

Table 3. Selected Structural Data of the
ansa-Metallocene [(Z)-(1-3-η3),KC4-C4H6-B(C6F5)3]

Betaines 9 and 12a

metallocene

[Me2C(Cp)(indenyl)]Zr
(9)

[Me2C(Cp)(fluorenyl)]Zr
(12)

C1-C2 1.406(4) 1.431(4)
C2-C3 1.370(3) 1.355(4)
C3-C4 1.489(3) 1.491(4)
C4-B 1.670(3) 1.691(4)

C1-C2-C3 127.1(3) 126.9(3)
C2-C3-C4 126.9(2) 125.7(3)
C3-C4-B 115.5(2) 118.6(2)

Zr-C1 2.333(3) 2.322(3)
Zr-C2 2.521(2) 2.506(3)
Zr-C3 2.508(2) 2.545(3)
Zr-C4 2.498(2) 2.542(3)

a Bond lengths in Å and angles in deg.

Figure 4. Molecular structure of 12. Selected bond lengths
(Å) and angles (deg) (for additional data see Table 3): Zr-
C1 ) 2.322(3), Zr-C2 ) 2.506(3), Zr-C3 ) 2.545(3), Zr-
C4 ) 2.542(3), C1-C2 ) 1.431(4), C2-C3 ) 1.355(4), C3-
C4 ) 1.491(4), C4-B ) 1.691(4), B-C31 ) 1.668(4), B-C41
) 1.644(4), B-C51 ) 1.638(4), C18-C19 ) 1.537(5), C18-
C20 ) 1.531(5), C18-C17 ) 1.547(4), C18-C21 )
1.530(4); C1-C2-C3 ) 126.9(3), C2-C3-C4 ) 125.7(3),
C3-C4-B ) 118.6(2), C4-B-C31 ) 107.6(2), C4-B-C41
) 101.7(2), C4-B-C51 ) 115.6(2), C31-B-C41 )
112.8(2), C31-B-C51 ) 104.1(2), C41-B-C51 )
115.0(2), C17-C18-C19 ) 114.0(3), C17-C18-C20 )
113.7(3), C17-C18-C21 ) 98.6(2), C19-C18-C20 )
107.1(3), C19-C18-C21 ) 111.4(3), C20-C18-C21 )
111.9(3).
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saturation of the reactive zirconium center. There is
evidence that this structural dichotomy is also found
in solution. For some examples of such single-component
metallocene betaine Ziegler catalyst systems both types
of structural isomers were even observed in solution
under specific conditions.

Behavior of the Metallocene Betaines in Solu-
tion. In solution we have also found only a single isomer
of the Me2C-bridged ansa-metallocene [C4H6-B(C6F5)3]
betaine systems 9 and 12, respectively. The NMR (1H,
13C, 19F) spectroscopic characterization provided cumu-
lative evidence that both complexes exhibit structures
in solution that are analogous to those found for these
complexes in the crystal state (see above). This is
evident from a comparison of typical chemical shift data
of the C4H6-B(C6F5)3 ligand (for details see Tables 4
and 5 and the Experimental Section) and the result of
a series of NOE NMR experiments on both 9 and 12
(and 6b for a comparison, details are provided with the
Supporting Information).

A strong indication of the presence of a (Z)-C4H6-[B]
moiety in 9 is the magnitude of the vicinal coupling
constant, 3J(2-H,3-H) ) 11.5 Hz. For the structurally
closely related [Me2C(Cp)(fluorenyl)][C4H6-B(C6F5)3]Zr
complex 12 a coupling constant of 3J(2-H,3-H) ) 10.0
Hz was found. This is in contrast to the parent metal-
locene [C4H6-B(C6F5)3] betaine complex 2, for which a
vicinal coupling constant of 3J(2-H,3-H) ) 15.8 Hz was
found.23

From the 1H and 13C NMR data (see Tables 4 and 5)
we deduce that the structure of the ansa-metallocene
[C4H6-B(C6F5)3] betaine complexes 6a and 6b in solu-
tion is characteristically different from those of 9 and
12. It is likely that 6a and 6b exhibit (E)-η3-allyl
configurations inside their C4H6-B(C6F5)3 moieties, just
as was observed for these complexes in the solid state.
The analogy between the structures in solution and in
the crystal state was demonstrated for these complexes
by their dynamic 19F NMR spectra. At 298 K complex
6b (see Figure 5) exhibits a set of three 19F NMR

resonances in toluene-d8 solution at 564 MHz corre-
sponding to rapidly equilibrating ortho, para, and meta
C6F5 fluorine substituents at δ -132.8, -161.1, and
-165.2, respectively. Lowering the temperature gradu-
ally to 228 K results in broadening and decoalescence
to eventually give rise to a set of 14 separated signals
for the 15 fluorine substituents in this complex, corre-
sponding to five o-C-F (δ -126.1, -130.5, -131.9,
-134.1, -136.0), three p-C-F and six m-C-F reso-
nances (δ -158.1, -159.7, -161.2, -161.5, -164.5,
-164.8, -165.1, -166.3 (double intensity)). At 228 K
the remaining (ortho aryl)C-F resonance appears at an
extremely negative value of δ -208.8, which indicates
the presence of a bridging divalent fluorine atom in
complex 6b in solution.24 From the o-C-F signal ex-
change in the dynamic 19F NMR spectra a Gibbs
activation energy of ∆Gq

CF(275 K) ) 9.7 ( 0.5 kcal mol-1

was determined25 for the thermally induced automer-
ization process of 6b, which probably involves (aryl)C-
F‚‚‚Zr bond breaking in the rate-determining step.4b

Complex 6a shows an analogous behavior (∆Gq
CF(250

K) ) 8.7 ( 0.5 kcal mol-1; for details see the Experi-
mental Section).

A low-temperature NMR study has revealed that a
structurally different isomeric metallocene [(Z)-C4H6-
B(C6F5)3] betaine is involved in the [Me2Si(C5H4)2]-
(butadiene)Zr/B(C6F5)3 chemistry as a primary product
formed under kinetic control. The reaction of the buta-
diene ansa-metallocene complex 5a with tris(pentafluo-
rophenyl)borane in toluene-d8 at 233 K selectively yields
a single addition product (13) that is markedly different
from the previously isolated metallocene [(E)-C4H6-
B(C6F5)3] betaine 6a (see Figure 6). The spectroscopic
analysis revealed the typical features of the presence
of a (1-3-η3)-(Z)-C4H6-B(C6F5)3 moiety at the ansa-
metallocene, similar to that observed for the topologi-
cally related complexes 9 and 12 (see Tables 4 and 5
for a comparison of data). Typically, the kinetic product
13 shows the 4-H/4-H′ resonances at negative δ values
(-0.39, -1.90) shifted by ∆δ -3.02 and -4.21 ppm
relative to the corresponding resonances of 6a. This
typically indicates a close interaction of the H2C(4)
methylene group with the zirconium metal center.26

(23) Dahlmann, M. Doctoral dissertation, Universität Münster,
1999.

(24) (a) Berger, S.; Braun, S.; Kalinowski, H.-O. NMR Spectroscopy
of Nonmetals; Georg Thieme: Stuttgart, Germany, 1994; Vol. 4 (19F
NMR Spectroscopy). (b) Gowik, P.; Klapötke, T. J. Organomet. Chem.
1990, 398, 1-52. Murphy, E. F.; Yu, P.; Dietrich, S.; Roesky, H. W.;
Parisini, E.; Noltemeyer, M. J. Chem. Soc., Dalton Trans. 1996, 1983-
1987. Chen, Y.-X.; Stern, C. L.; Marks, T. J. J. Am. Chem. Soc. 1997,
119, 2582-2583. Chen, Y.-X.; Metz, M. V.; Li, L.; Stern, C. L.; Marks,
T. J. J. Am. Chem. Soc. 1998, 120, 6287-6305.

(25) Green, M. L. H.; Wong, L.-L.; Seela, A. Organometallics 1992,
11, 1, 2660-2668 and references therein.

(26) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983, 250,
395-408. Brookhart, M.; Green, M. L. H.; Wong, L.-L. Prog. Inorg.
Chem. 1988, 36, 1-124. See also: Schottek, J.; Röttger, D.; Erker, G.;
Fröhlich, R. J. Am. Chem. Soc. 1998, 120, 5264-5273.

Table 4. 1H NMR Data of the Metallocene [C4H6-B(C6F5)3] Betainesa

compd metallocene C2, C3 confign 1-H 1-H′ 2-H 3-H 4-H 4-H′

2b Cp2Zr E 1.85 1.47 5.88 5.23 2.56 2.25
14c Cp2Zr Z 2.63 0.76 5.05 4.20 -0.28 -2.37
6ad [Me2Si(C5H4)2]Zr E 1.86 1.53 5.92 5.43 2.63 2.31

13e [Me2Si(C5H4)2]Zr Z 2.58 0.86 5.12 4.38 -0.39 -1.90
6b [Me2Si(3-MeC5H3)2]Zr E 1.67 1.34 5.90 4.73 2.42 2.15
9 [Me2C(Cp)(ind.)]Zr Z 0.94 0.94 4.52 4.86 -0.57 -0.74

12 [Me2C(Cp)(flu.)]Zr Z 0.96 0.26 4.53 3.93 -0.53 -0.53
a In toluene-d8 at 298 K, if not noted otherwise. b At 303 K. c At 253 K. d In benzene-d6 at 298 K. e 233 K.

Table 5. 13C NMR Data of the Metallocene
[C4H6-B(C6F5)3] Betainesa

compd confign C1 C2 C3 C4

2b E 52.7 131.8 123.8 28.5
14c Z 57.5 133.5 109.7 ∼23
6ad E 52.0 130.4 123.1 28.3

13e Z 55.9 132.9 111.0 24.4
6b E 53.0 131.3 123.2 26.7
9 Z 62.8 135.2 109.9 ∼22

12 Z 58.3 136.3 121.4 ∼20
a In toluene-d8 at 298 K if not noted otherwise. b 303 K. c 213

K. d In benzene-d6 at 298 K. e 233 K.
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Consequently, the C4 13C NMR resonance in 13 is also
shifted to a smaller δ value (24.4) relative to 6a (28.3),
although here this effect is not so pronounced.4a Warm-
ing a solution of 13 in toluene-d8 to 298 K results in a
clean conversion to the thermodynamic product 6a
(Scheme 4). The activation barrier of the thermally
induced 13 f 6a isomerization was determined as
∆Gq

isom(298 K) ) 21.5 ( 0.5 kcal mol-1.
The reaction of butadiene zirconocene (1) with B(C6F5)3

was also investigated under conditions of kinetic control.
At -60 °C the clean formation of the Cp2Zr[(Z)-C4H6-
B(C6F5)3] betaine 14 was observed, which was quanti-
tatively rearranged to the thermodynamically favored
(E)-betaine isomer 2 at -20 °C. The (Z)-betaine complex

is again characterized by a drastic shift of the 1H NMR
4-H/4-H′ resonances to smaller δ values (∆δ -2.84 and
-4.62 ppm). In the cases of 14 and 2 the structure-
sensitive vicinal coupling constant of the 2-H and 3-H
protons at the substituted η3-allyl units could be deter-
mined. The (Z)-η3-allyl complex 14 shows 3J(2-H,3-H)
) 10.6 Hz, whereas 3J(2-H,3-H) ) 15.8 Hz was found
for the E isomer 2.27 We assume that the Z/E isomer-
ization in these cases proceeds via a (σ-allyl)metallocene
betaine intermediate (e.g., 15) that is reversibly formed
from the respective, more stable (π-allyl)metallocene
betaine systems (see Scheme 5).28 It must be noted that
the Cp2Zr[(Z)-C4H6-B(C6F5)3]betaine isomer 14 is gen-
erated almost quantitatively from the 1:1 mixture of the
s-trans-/s-cis-η4-butadiene zirconocene isomers at -60

(27) The 1JCH (H2C4-) coupling constants are quite different for 2
(122, 115 Hz) and 14 (141, 89 Hz); the latter situation indicates a single
agostic Zr‚‚‚H-CH interaction.26

(28) Hoffmann, E. G.; Kallweit, R.; Schroth, G.; Seevogel, K.;
Stempfle, W.; Wilke, G. J. Organomet. Chem. 1975, 97, 183-202.

(29) Schottek, J.; Erker, G. J. Organomet. Chem. 1998, 569, 217-
223.

(30) Brintzinger, H. H.; Fischer, D.; Mülhaupt, R.; Rieger, B.;
Waymouth, R. M. Angew. Chem. 1995, 107, 1255-1283; Angew. Chem.,
Int. Ed. Engl. 1995, 34, 1143-1170.

Figure 5. 19F NMR spectrum of 6b at 228 K, obtained from an in situ generated sample in toluene-d8. The asterisks
mark excess B(C6F5)3 present in the solution.

Figure 6. 1H NMR spectra of the [Me2Si(C5H4)2]Zr[C4H6-
B(C6F5)3] betaine isomers 6a (E isomer, 233 K, top) and
13 (Z isomer, 198 K, bottom) in toluene-d8.

Scheme 4

Scheme 5
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°C. This implies that the s-trans-1 H s-cis-1 isomeriza-
tion is effectively catalyzed under the actually applied
reaction conditions. The mechanism of this interesting
organometallic catalytic process is not known at present;
a bimetallic pathway seems likely.29

r-Olefin Polymerization Reactions. We have used
the ansa-metallocene [C4H6-B(C6F5)3] betaine com-
plexes 6a,b, 9, and 12 as single-component Ziegler
catalysts in ethene and propene polymerization reac-
tions. In two cases a comparison was made with the
respective conventional homogeneous metallocene Zie-
gler catalysts that were generated by treatment of the
corresponding ansa-metallocene dichlorides (4a,b, 7, or
10) with a ca. 1000-fold molar excess of methylalumox-
ane in toluene solution.30 The metallocene betaine
catalysts were also generated in situ in these experi-
ments by treatment of the respective butadiene ansa-
metallocene precursors with ca. 1.2 molar equiv of
B(C6F5)3 (for details see Tables 6 and 7). Both the ethene
and the propene polymerization reactions were carried
out in toluene solution at 40 °C under a 2 bar pressure
of the monomer. It can be seen from the results listed
in Table 6 that the ansa-metallocene [C4H6-B(C6F5)3]
betaine complexes prepared and described in this study
represent active homogeneous single-component Ziegler
catalysts for polyethylene formation. The systems seem

to be as active in ethene polymerization as the usually
employed metallocene dichloride/MAO catalyst sys-
tems.30,31 The same ansa-metallocene-derived betaines
are also active propene polymerization catalysts (see
Table 7), again as suited for the rapid and active
production of the respective polypropylene variant as
their related methylalumoxane activated ansa-metal-
locene catalyst systems.12

We must note that excellent catalyst activities are
obtained from both structural betaine types found in
this study, the C-F- and the [B]-CH2-protected met-
allocene [C4H6-B(C6F5)3] betaines. The (aryl)-
C-F‚‚‚Zr interaction is energetically located in a bond
dissociation energy range of 8-10 kcal mol-1,4b which
must be regarded as ideal for the purpose of protecting
the electron-deficient positively polarized zirconium
center but also weak enough to be rapidly cleaved by
an added 1-alkene to initiate the reaction sequence
leading to the catalytic polymerization cycle. Zir-
conocene cation/alkyl-B(C6F5)3

- anion ion pair dissocia-
tion energies in simple acyclic systems are markedly
above these values at ca. 15-19 kcal mol-1,8 but
incorporation of the related intramolecular ion pair
interaction in a metallacyclic metallocene betaine sys-
tem, such as that represented by the examples discussed
in this study, seems to result in an overall favorable
situation, probably due to energetic compensation ef-
fects. These make the C-F‚‚‚Zr (6a,b) and the [B]-
CH2‚‚‚Zr (9, 12) bridged metallocene [C4H6-B(C6F5)3]
betaine systems equally well suited as readily available,
very active, homogeneous single-component Ziegler
catalyst systems for R-olefin polymerization processes.

Experimental Section

General Remarks. All manipulations involving air-sensi-
tive compounds were carried out under argon in a glovebox or
using Schlenk type glassware. Solvents (including deuterated
solvents) were dried and distilled under argon prior to use.
Tris(pentafluorophenyl)borane2 (caution is advised in the
preparation of B(C6F5)3, since the LiC6F5 intermediate is
potentially explosive if brought to too high temperatures),
[dimethylsilylenebis(cyclopentadienyl)]dichlorozirconium (4a),
[isopropylidene(cyclopentadienyl)(1-indenyl)]dichlorozirconi-
um (7), and [isopropylidene(cyclopentadienyl)(9-fluorenyl)]-
dichlorozirconium (10) were prepared according to literature
procedures.12 The synthesis of rac-[dimethylsilylenebis(3-me-
thylcyclopentadienyl)](butadiene)zirconium (5b) was described
previously by us.18 NMR experiments were performed on a
Varian Unity Plus 600 NMR spectrometer (1H, 600 MHz; 13C,
150 MHz; 19F, 564 MHz). Assignments in 1H and 13C NMR
spectra were confirmed through GCOSY (gradient 1H-1H
COSY), 1D-TOCSY (1H total correlation spectroscopy), GHSQC
(1H-13C gradient heteronuclear single bond quantum coher-
ence), and GHMBC (1H-13C gradient heteronuclear multiple
bond correlation) spectra; in some cases further information

(31) Sinn, H.; Kaminsky, W. Adv. Organomet. Chem. 1980, 18, 99-
149. Jordan, R. F. Adv. Organomet. Chem. 1991, 32, 325-387. Marks,
T. J. Acc. Chem. Res. 1992, 25, 57-65. Aulbach, M.; Küber, F. Chem.
Unserer Zeit 1994, 28, 197-208. Bochmann, M. J. Chem. Soc., Dalton
Trans. 1996, 255-270. Kaminsky, W. J. Chem. Soc., Dalton Trans.
1998, 1413-1418. McKnight, A. L.; Waymouth, R. M. Chem. Rev. 1998,
98, 2587-2598.

(32) 13C NMR methyl pentad analysis: Bovey, F. A.; Tiers, G. V. D.
J. Polym. Sci. 1960, 44, 173-182. Sheldon, R. A.; Fueno, T.; Tsuntsuga,
R.; Kurukawa, J. J. Polym. Sci., Part B 1965, 3, 23-26. Zambelli, A.;
Locatelli, P.; Bajo, G.; Bovey, F. A. Macromolecules 1975, 8, 687-689.
Farina, M. Top. Stereochem. 1987, 17, 1-111. For the statistical
treatment see: Inoue, J.; Itabashi, Y.; Chujo, R.; Doi, Y. Polymer 1984,
25, 1640-1644. Erker, G.; Nolte, R.; Tsay, Y.-H.; Krüger, C. Angew.
Chem. 1989, 101, 642-644; Angew. Chem., Int. Ed. Engl. 1989, 28,
628-629.

Table 6. Ethene Polymerization with the ansa-Metallocene [C4H6-B(C6F5)3] Betaines and Related
ansa-Metallocene Dichloride/MAO Catalyst Systemsa

precursor metallocene activator betaine B/Zr (Al/Zr) cat. activityb

5a [Me2Si(C5H4)2]Zr(C4H6) B(C6F5)3 6a 1.05 1550
5b [Me2Si(3-Me-C5H4)2]Zr(C4H6) B(C6F5)3 6b 1.03 3360
8 [Me2C(C5H4)(ind.)]Zr(C4H6) B(C6F5)3 9 1.21 340
7 [Me2C(C5H4)(ind.)]ZrCl2 MAO (1065) 410

11 [Me2C(C5H4)(flu.)]Zr(C4H6) B(C6F5)3 12 1.10 114
10 [Me2C(C5H4)(flu.)]ZrCl2 MAO (1117) 147

a Polymerization reactions in toluene at 40 °C, 2 bar ethene. b In units of (g of polymer)/((mmol of Zr) h bar).

Table 7. Propene Polymerization Reaction,
Employing the ansa-Metallocene [C4H6-B(C6F5)3]

Betaines and Related ansa-Metallocene
Dichloride/MAO Catalystsa

precursor activator betaine B/Zr (Al/Zr)
cat.

activityb % mmmm

5a B(C6F5)3 6a 1.05 38 2.5
5b B(C6F5)3 6b 1.03 238 85
8 B(C6F5)3 9 1.21 446 10
7 MAO (1065) 222 10

11 B(C6F5)3 12 1.10 298 73c

10 MAO (1117) 420 82c

a Polymerization reactions in toluene at 40 °C and 2 bar of
propene. b Catalyst activities in units of (g of polymer)/((mmol of
Zr) h bar). c Percentage of rrrr pentad (values from 13C NMR
methyl pentad analysis).32
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was obtained from NOE difference and 1D-ROESY (rotating
frame Overhauser enhancement spectroscopy) spectra.33 IR
spectra were recorded on a Nicolet 5 DXC Fourier transform
IR spectrometer. Melting points were obtained by differential
scanning calorimetry (DuPont 910); elemental analyses were
determined on a Foss-Heraeus CHN-Rapid elemental analyzer.

Preparation of Butadiene Zirconocene Complexes.
General Procedure. Toluene (100 mL) was slowly added at
-78 °C to a solid mixture of ca. 10 mmol of the respective
dichlorometallocene and 1.1 molar equiv of “butadiene mag-
nesium”. The mixture was warmed to room temperature with
stirring over 6 h and was then stirred for an additional 6 h at
ambient temperature. The precipitate of magnesium chloride
was removed by filtration and washed with toluene (2 × 20
mL). The combined organic solutions were concentrated under
reduced pressure until precipitation of the butadiene zirconium
product set in. The solid was redissolved by warming the
mixture to 45 °C for ca. 30 min. The product was then
precipitated at -20 °C. It was collected by filtration, washed
with pentane (10 mL), and dried in vacuo. Concentration of
the mother liquor under reduced pressure and repetition of
the crystallization process furnished additional clean product
fractions.

[Dimethylsilylenebis(cyclopentadienyl)](butadiene)-
zirconium (5a). Reaction of [dimethylsilylenebis(cyclopen-
tadienyl)]dichlorozirconium (4a; 5.00 g, 14.3 mmol) with
“butadiene magnesium” (3.52 g, 15.8 mmol) gave the orange
butadiene complex 5a in three product fractions (total yield
3.40 g, 72%; mp 159 °C). In C6D6 solution an equilibrium
mixture of s-trans-5a and s-cis-5a in a 1:1 ratio was observed
by 1H NMR spectroscopy at 298 K. s-trans-5a: 1H NMR (599.9
MHz, C6D6, 298 K) δ 5.51, 5.48, 4.52, 4.38 (each m, each 2H,
C5H4), 3.12 (m, 2H, Hsyn), 2.92 (m, 2H, Hmeso), 1.34 (m, 2H,
Hanti), 0.35 (s, 6H, Si(CH3)2); 13C NMR (150.8 MHz, C6D6, 298
K) δ 113.0, 109.3, 96.8, 96.6 (each CH, R- and â-C5H4), 95.8
(CH, butadiene CH), 90.4 (C, ipso-C5H4), 59.5 (CH2, butadiene
CH2), -5.2 (CH3, Si(CH3)2). s-cis-5a: 1H NMR (599.9 MHz,
C6D6, 298 K) δ 5.89, 5.21, 5.19, 5.00 (each m, each 2H, C5H4),
4.79 (m, 2H, Hmeso), 3.44 (m, 2H, Hsyn), 0.39 (s, 6H, Si(CH3)2),
-0.83 (m, 2H, Hanti); 13C NMR (150.8 MHz, C6D6, 298 K) δ
112.7 (CH, R- or â-C5H4), 111.6 (CH, butadiene CH), 106.8,
105.5, 100.0 (each CH, R- and â-C5H4), 94.1 (C, 2 × ipso-C5H4),
50.5 (CH2, butadiene CH2), -4.9 (CH3, Si(CH3)2). IR (KBr): ν̃
3102 (w), 3064 (w), 2954 (m), 1501 (m), 1440 (w), 1416 (m),
1398 (m), 1370 (m), 1359 (m), 1317 (m), 1253 (s), 1175 (s), 1166
(s), 1049 (s), 1040 (s), 901 (m), 808 (vs), 677 (s), 635 (m) cm-1.
Anal. Calcd for C16H20SiZr (331.6): C, 57.95; H, 6.08. Found:
C, 57.39; H, 5.90.

[Isopropylidene(cyclopentadienyl)(1-indenyl)](buta-
diene)zirconium (8). Reaction of [isopropylidene(cyclopen-
tadienyl)(1-indenyl)]dichlorozirconium (7; 3.00 g, 7.84 mmol)
with “butadiene magnesium” (1.92 g, 8.63 mmol) yielded the
red butadiene complex 8 (1.29 g, 45%; mp 150.8 °C). 1H NMR
(599.9 MHz, toluene-d8, 298 K): δ 7.46 (dddd, 3J ) 8.7 Hz, 4J
) 1.0 Hz, 2 × 5J ) 1.0 Hz, 1H, indenyl 7-H), 6.67 (ddd, 3J )
8.3 Hz, 4J ) 1.0 Hz, 5J ) 1.0 Hz, 1H, indenyl 4-H), 6.63 (ddd,
3J ) 8.7 Hz, 3J ) 6.6 Hz, 4J ) 1.0 Hz, 1H, indenyl 6-H), 6.56
(ddd, 3J ) 8.3 Hz, 3J ) 6.6 Hz, 4J ) 1.0 Hz, 1H, indenyl 5-H),
5.82, 5.60 (each ddd, 2 × 3J ) 2.3 Hz, 4J ) 0.9 Hz, each 1H,
C5H4), 5.38 (d, 3J ) 3.6 Hz, 1H, indenyl 2-H), 5.20 (m, 1H,
internal butadiene H), 5.18 (dd, 3J ) 3.6 Hz, 5J ) 1.0 Hz, 1H,
indenyl 3-H), 4.66 (m, 2H, C5H4), 4.10 (m, 1H, internal
butadiene H), 3.14 (dd, 2J ) 8.7 Hz, 3J ) 9.6 Hz, 1H, terminal
butadiene H), 2.03 (m, 1H, terminal butadiene H), 1.75, 1.52
(each s, each 3H, C(CH3)2), -0.82 (ddd, 2J ) 12.2 Hz, 3J ) 8.4
Hz, 4J ) 1.7 Hz, 1H, terminal butadiene H), -1.31 (ddd, 2J )
8.7 Hz, 3J ) 12.2 Hz, 4J ) 1.7 Hz, 1H, terminal butadiene H).
13C NMR (150.8 MHz, toluene-d8, 298 K): δ 125.1 (CH, indenyl

C-7), 123.9 (CH, indenyl C-4), 122.6 (CH, indenyl C-6), 121.3
(CH, indenyl C-5), 119.2 (C, indenyl C-8 or indenyl C-9), 117.7
(CH, butadiene CH), 117.1 (C, indenyl C-8 or indenyl C-9),
112.6 (CH, butadiene CH), 108.7, 108.4 (each CH, R- or
â-C5H4), 107.2 (CH, indenyl C-2), 99.2, 95.2 (each C, indenyl
C-1 and ipso-C5H4), 94.7 (CH, indenyl C-3), 89.6, 88.8 (each
CH, R- or â-C5H4), 56.7, 49.6 (each CH2, butadiene CH2), 37.5
(C, C(CH3)2), 26.6, 25.8 (each CH3, C(CH3)2). IR (KBr): ν̃ 3085
(w), 3028 (w), 2977 (m), 1497 (m), 1475 (m), 1454 (m), 1445
(m), 1412 (m), 1385 (m), 1367 (m), 1340 (m), 1320 (m), 1249
(m), 1213 (m), 1160 (m), 1055 (m), 1041 (m), 853 (m), 793 (vs),
779 (s), 747 (vs), 732 (s), 726 (s), 701 (m) cm-1. Anal. Calcd for
C21H22Zr (365.6): C, 68.99; H, 6.07. Found: C, 68.49; H, 6.31.

X-ray Crystal Structure Analysis of 8. Crystals suitable
for an X-ray structural analysis were obtained from a concen-
trated solution of 8 in toluene at room temperature. Crystal
data: formula C21H22Zr, Mr ) 365.61, red crystal, 0.60 × 0.45
× 0.30 mm, a ) 14.864(1) Å, b ) 12.287(1) Å, c ) 18.123(1) Å,
â ) 102.84(1)°, V ) 3227.1(4)°, Fcalcd ) 1.505 g cm-3, µ ) 6.76
cm-1, no absorption correction (0.687 e T e 0.823), Z ) 8,
monoclinic, space group P21/n (No. 14), λ ) 0.710 73 Å, T )
198 K, ω and æ scans, 21 117 reflections collected ((h, (k,
(l), (sin θ)/λ ) 0.59 Å-1, 5513 independent (Rint ) 0.156) and
3035 observed reflections (I g 2σ(I)), 401 refined parameters,
R1 ) 0.098, wR2 ) 0.216, maximum (minimum) residual
electron density 1.91 (-1.09) e Å-3, crystals are always twinned
(double peaks in the ω scans on the diffractometer), contains
two almost identical molecules in the asymmetric unit, hy-
drogens calculated and refined as riding atoms.

[Isopropylidene(cyclopentadienyl)(9-fluorenyl)](buta-
diene)zirconium (11). Treatment of [isopropylidene(cyclo-
pentadienyl)(9-fluorenyl)]dichlorozirconium (10; 5.27 g, 12.19
mmol) with “butadiene magnesium” (2.98 g, 13.40 mmol)
yielded the brownish red butadiene complex 11 in three
product fractions (total yield 2.59 g, 51%; mp 162.3 °C). 1H
NMR (599.9 MHz, toluene-d8, 288 K): δ 7.59 (ddd, 3J ) 8.6
Hz, 4J ) 1.0 Hz, 5J ) 1.0 Hz, 2H, C13H8), 7.33 (ddd, 3J ) 8.1
Hz, 4J ) 1.0 Hz, 5J ) 1.0 Hz, 2H, C13H8), 6.92 (ddd, 3J ) 8.6
Hz, 3J ) 6.7 Hz, 4J ) 1.0 Hz, 2H, C13H8), 6.85 (ddd, 3J ) 8.1
Hz, 3J ) 6.7 Hz, 4J ) 1.0 Hz, 2H, C13H8), 5.96, 4.55 (each m,
each 2H, C5H4), 3.90 (m, 2H, internal butadiene H), 1.88 (s,
6H, C(CH3)2), 1.67, -0.97 (each m, each 2H, terminal butadi-
ene H). 13C NMR (150.8 MHz, toluene-d8, 288 K): δ 125.0,
123.7 (each CH, C13H8), 122.5 (CH, butadiene CH), 121.4, 120.3
(each CH, C13H8), 119.7, 119.6 (each C, C13H8), 114.7 (C, ipso-
C5H4), 108.3, 89.9 (each CH, R- and â-C5H4), 80.9 (C, ipso-
C13H8), 52.7 (CH2, butadiene CH2), 39.0 (C, C(CH3)2), 28.6 (CH3,
C(CH3)2). IR (KBr): ν̃ 3020 (w), 2967 (w), 2930 (w), 1589 (w),
1496 (m), 1473 (m), 1465 (m), 1442 (m), 1434 (m), 1409 (m),
1212 (m), 1045 (m), 811 (m), 783 (s), 754 (s), 744 (vs), 723 (s),
712 (s) cm-1. Anal. Calcd for C25H24Zr (415.7): C, 72.24; H,
5.82. Found: C, 71.70; H, 5.88.

Reaction of Butadiene Zirconocenes with B(C6F5)3 at
Room Temperature. General Procedure. For their NMR
spectroscopic characterization the zirconocene [C4H6-B(C6F5)3]
betaines were prepared in situ by the addition of a solution of
B(C6F5)3 (ca. 60 µmol) in C6D6 or toluene-d8 (0.4 mL) to a
solution of the respective butadiene complex (ca. 0.98 molar
equiv) in C6D6 or toluene-d8 (0.8 mL) at room temperature.
After mixing, the resulting solution of the betaine complex was
allowed to stand at ambient temperature for ca. 30 min prior
to its spectroscopic characterization.

The synthesis of the butadiene zirconocene/B(C6F5)3 adducts
on a preparative scale was performed by the slow addition of
a solution of B(C6F5)3 (ca. 100-200 µmol) in toluene (1-3 mL)
to a solution of the respective butadiene complex (ca. 0.95
molar equiv) in toluene (3-6 mL) at room temperature. The
reaction mixture was stirred for 30 min and then kept at -40
°C for 1-3 days. During this time the product precipitated and
was collected by filtration, washed with toluene (2 × 2 mL),
and dried in vacuo.

(33) Braun, S.; Kalinowski, H.; Berger, S. 150 and More Basic NMR
Experiments; Wiley-VCH: Weinheim, Germany, 1998.

2964 Organometallics, Vol. 19, No. 16, 2000 Dahlmann et al.

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 C

O
N

SO
R

T
IU

M
 o

n 
Ju

ne
 2

9,
 2

00
9

Pu
bl

is
he

d 
on

 J
un

e 
30

, 2
00

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

03
74

1



Reaction of [Me2Si(C5H4)2]Zr(butadiene) (5a) with
B(C6F5)3: Formation of 6a. According to the general proce-
dure, betaine complex 6a was generated in situ from 31 mg
(60.5 µmol) of B(C6F5)3 and 20 mg (60.3 µmol) of butadiene
complex 5a. Complex 6a was obtained in a preparative
synthesis from 117 mg (229 µmol) of B(C6F5)3 and 69 mg (208
µmol) of 5a as a yellow crystalline solid (146 mg, 82%; mp 119
°C dec). 1H NMR (599.9 MHz, C6D6, 298 K): δ 6.11, 6.00 (each
m, each 1H, C5H4), 5.92 (m, 2H, C5H4 and 2-H), 5.78 (1H), 5.55
(2H) (each m, C5H4), 5.43 (m, 1H, 3-H), 4.40 (m, 2H, C5H4),
2.63 (broad d, 2J ) 18.2 Hz, 1H, 4-H), 2.31 (broad dd, 2J )
18.2 Hz, 3J ) 6.0 Hz, 1H, 4-H′), 1.86 (dd, 2J ) 5.0 Hz, 3J )
17.9 Hz, 1H, 1-H), 1.53 (dd, 2J ) 5.0 Hz, 3J ) 8.3 Hz, 1H, 1-H′),
0.24, -0.17 (each s, each 3H, Si(CH3)2). 13C NMR (150.8 MHz,
C6D6, 298 K): δ 149.5 (d, 1JCF ) 240 Hz, o-B(C6F5)3), 138.9 (d,
1JCF ) 250 Hz, p-B(C6F5)3), 137.3 (d, 1JCF ) 250 Hz, m-B(C6F5)3),
130.4 (CH2, broad, C-2), 125.8 (C, broad, ipso-B(C6F5)3), 125.1,
123.7 (each CH, R- or â-C5H4), 123.1 (CH, broad, C-3), 121.9,
121.2, 109.9, 107.2 (double intensity), 106.6 (each CH, R- or
â-C5H4), 106.1, 102.7 (each C, ipso-C5H4), 52.0 (CH2, C-1), 28.3
(CH2, broad, C-4), -5.7, -7.1 (each CH3, Si(CH3)2). 19F NMR
(564.3 MHz, toluene-d8, 298 K): δ -165.0 (broad, 6F, m-F),
-161.1 (broad t, 3JFF ) 21 Hz, 3F, p-F) ppm, signals of the
o-F not detected at 298 K. 19F NMR (564.3 MHz, toluene-d8,
238 K): δ -211.6 (broad, 1F, o-F (coordinated)), -165.4, -163
to -157 (each broad m, 9F, m-F and p-F), -125.8 (1F), -132.7
(4F) (each broad, o-F). Coalescence of the o-F is reached at ca.
250 K, ∆ν(238 K) ≈ 45 500 Hz, ∆Gq(250 K) ) 8.7 ( 0.8 kcal/
mol. IR (KBr): ν̃ 2966 (w), 1645 (s), 1518 (s), 1466 (vs), 1402
(m), 1375 (m), 1261 (s), 1172 (m), 1091 (s), 919 (s), 828 (m),
812 (m), 800 (m), 680 (m) cm-1. Anal. Calcd for C34H20BF15-
SiZr (843.6): C, 48.41; H, 2.39. Found: C, 47.41; H, 2.44.

X-ray Crystal Structure Analysis of 6a. Crystals suitable
for an X-ray structural analysis were obtained within 4 days
from a solution of the in situ generated betaine complex in
toluene-d8 at room temperature. Crystal data: formula C34H20-
BF15SiZr‚1.5C7H8, Mr ) 981.82, colorless crystal, 0.25 × 0.15
× 0.10 mm, a ) 16.446(1) Å, b ) 12.088(1) Å, c ) 22.062(1) Å,
â ) 99.54(1)°, V ) 4325.3(5) Å3, Fcalcd ) 1.508 g cm-3, µ ) 3.78
cm-1, empirical absorption correction via SORTAV (0.911 e
T e 0.963), Z ) 4, monoclinic, space group P21/c (No. 14), λ )
0.710 73 Å, T ) 198 K, ω and æ scans, 17 835 reflections
collected ((h, (k, (l), (sin θ)/λ ) 0.59 Å-1, 7294 independent
(Rint ) 0.063) and 4835 observed reflections (I g 2σ(I)), 532
refined parameters, R1 ) 0.070, wR2 ) 0.172, maximum
(minimum) residual electron density 1.13 (-0.75) e Å-3,
positional, unrefined disorder in the methyl groups at Si,
disordered solvent molecules refined as rigid rings, the half-
molecule also with one common isotropic thermal displacement
parameter, hydrogens calculated and refined as riding atoms.

Reaction of rac-[Me2Si(3-Me-C5H3)2]Zr(butadiene) (5b)
with B(C6F5)3: Formation of 6b. Betaine 6b was generated
in situ by the reaction of 22 mg (41.9 µmol) of B(C6F5)3 and 15
mg (41.7 µmol) of butadiene complex 5b. Reaction of 97 mg
(189 µmol) of B(C6F5)3 and 65 mg (181 µmol) of 5b on a
preparative scale yielded betaine 6b as a yellow solid (150 mg,
86%; mp 174 °C). 1H NMR (599.9 MHz, toluene-d8, 298 K): δ
5.90 (m, 1H, 2-H), 5.78, 5.70, 5.53, 5.25 (each m, each 1H,
C5H3), 4.73 (dd, 3J ) 16.3 Hz, 3J ) 6.0 Hz, 1H, 3-H), 4.40,
4.12 (each m, each 1H, C5H3), 2.42 (broad d, 2J ) 18.6 Hz, 1H,
4-H), 2.15 (dd, 2J ) 18.6 Hz, 3J ) 6.0 Hz, 1H, 4-H′), 1.76 (s,
3H, C5H3-CH3), 1.67 (dd, 2J ) 5.3 Hz, 3J ) 8.5 Hz, 1H, 1-H),
1.59 (s, 3H, C5H3-CH3), 1.34 (ddd, 2J ) 5.3 Hz, 3J ) 12.5 Hz,
3J ) 1.3 Hz, 1H, 1-H′), 0.25, -0.19 (each s, each 3H, Si(CH3)2).
13C NMR (150.8 MHz, toluene-d8, 298 K): δ 149.4 (d, 1JCF )
240 Hz, o-B(C6F5)3), 138.9 (d, 1JCF ) 250 Hz, p-B(C6F5)3), 137.3
(d, 1JCF ) 250 Hz, m-B(C6F5)3), 136.0, 135.4 (each C, cyclo-
pentadienyl C-CH3), 131.3 (CH, C-2), 123.2 (CH, C-3), 122.1,
121.6, 110.1, 107.7, 106.4, 106.2 (each CH, cyclopentadienyl
CH), 103.9, 101.3 (each C, cyclopentadienyl C-Si), 53.0 (CH2,
C-1), 26.7 (CH2, broad, C-4), 14.6, 13.6 (each CH3, C5H3-CH3),

-5.4, -7.2 (each CH3, Si(CH3)2), resonance of the ipso-C of
B(C6F5)3 not detected. 19F NMR (564.3 MHz, toluene-d8, 298
K): δ -165.2 (broad, 6F, m-F), -161.1 (broad, 3F, p-F), -132.8
(broad, 6F, o-F). 19F NMR (564.3 MHz, toluene-d8, 218 K): δ
-208.8 (d, 3JFF ≈ 30 Hz, 1H, o-F (coordinated)), -166.3 (2F),
-165.1, -164.8, -164.5, -161.5, -161.2, -159.7, -158.1 (each
1F) (each broad m, m-F and p-F), -136.0, -134.1, -131.9,
-130.5, -126.1 (each broad m, each 1F, o-F). IR (KBr): ν̃ 2999
(w), 2964 (w), 2945 (m), 2900 (w), 1645 (s), 1513 (s), 1467 (s),
1458 (s), 1350 (m), 1274 (s), 1261 (s), 1258 (s), 983 (s), 970 (s),
930 (s), 850 (s), 816 (s), 808 (s), 761 (s), 679 (s), 546 (m) cm-1.
Anal. Calcd for C36H24BF15SiZr‚C6D6 (949.793): C, 53.11; H,
3.18. Found: C, 52.92; H, 3.04.

X-ray Crystal Structure Analysis of 6b. Crystals suitable
for an X-ray structural analysis were obtained within 4 days
from a solution of the in situ generated betaine complex in
C6D6 at room temperature. Crystal data: formula C36H24BF15-
SiZr‚2C6H6, Mr ) 1027.89, yellow crystal, 0.25 × 0.20 × 0.20
mm, a ) 15.307(1) Å, b ) 13.304(1) Å, c ) 21.597(1) Å, â )
93.95(1)°, V ) 4387.7(5) Å3, Fcalcd ) 1.556 g cm-3, µ ) 3.77 cm-1,
empirical absorption correction via SORTAV (0.912 e T e
0.928), Z ) 4, monoclinic, space group P21/c (No. 14), λ )
0.710 73 Å, T ) 198 K, ω and æ scans, 43 066 reflections
collected ((h, (k, (l), (sin θ)/λ ) 0.65 Å-1, 10 066 independent
(Rint ) 0.049) and 7919 observed reflections (I g 2σ(I)), 599
refined parameters, R1 ) 0.036, wR2 ) 0.084, maximum
(minimum) residual electron density 0.46 (-0.59) e Å-3,
hydrogens calculated and refined as riding atoms.

Reaction of [Me2C(C5H4)(1-indenyl)]Zr(butadiene) (8)
with B(C6F5)3: Formation of 9. Betaine complex 9 was
generated in situ from 29 mg (56.6 µmol) of B(C6F5)3 and 20
mg (54.7 µmol) of butadiene complex 8. On a preparative scale
9 was obtained from 123 mg (240 µmol) of B(C6F5)3 and 80 mg
(219 µmol) of butadiene complex 8 as a red crystalline solid
(172 mg, 81%; mp 127 °C). 1H NMR (599.9 MHz, toluene-d8,
298 K): δ 6.67 (dddd, 3J ) 8.8 Hz, 4J ) 1.0 Hz, 2 × 5J ) 1.0
Hz, 1H, indenyl 7-H), 6.40 (ddd, 3J ) 8.4 Hz, 3J ) 6.8 Hz, 4J
) 1.0 Hz, 1H, indenyl 5-H), 6.32 (ddd, 3J ) 8.8 Hz, 3J ) 6.8
Hz, 4J ) 1.0 Hz, 1H, indenyl 6-H), 6.28 (ddd, 3J ) 8.4 Hz, 4J
) 1.0 Hz, 5J ) 1.0 Hz, 1H, indenyl 4-H), 5.77 (d, 3J ) 3.7 Hz,
1H, indenyl 2-H or indenyl 3-H), 5.54 (m, 1H, C5H4), 5.49 (d,
3J ) 3.7 Hz, 1H, indenyl 2-H or indenyl 3-H), 5.09 (m, 1H,
C5H4), 4.93 (ddd, 3 × J ) 2.4 Hz, 1H, C5H4), 4.86 (dd, 2 × 3J
) 11.5 Hz, 1H, 3-H), 4.78 (m, 1H, C5H4), 4.52 (ddd, 3 × 3J )
10.6 Hz, 1H, 2-H), 1.32, 1.17 (each s, each 3H, C(CH3)2), 0.94
(broad d, 3J ) 10.6 Hz, 2H, 1-H and 1-H′), -0.57, -0.74 (each
broad, 1H, 4-H and 4-H′). 13C NMR (150.8 MHz, toluene-d8,
298 K): δ 148.6 (d, 1JCF ) 240 Hz, o-B(C6F5)3), 139.4 (d, 1JCF

) 250 Hz, p-B(C6F5)3), 137.5 (d, 1JCF ) 250 Hz, m-B(C6F5)3),
135.2 (CH, C-2), 125.9 (CH, indenyl C-7), 125.7 (CH, indenyl
C-4), 125.2 (CH, indenyl C-6), 124.3 (CH, indenyl C-5), 116.1,
110.8 (each CH, C5H4), 109.9 (CH, C-3), 109.8, 100.4 (each CH,
indenyl C-2 and indenyl C-3), 95.2, 93.7 (each CH, C5H4), 62.8
(CH2, C-1), 25.5, 24.5 (each CH3, C(CH3)2), ∼22 (CH2, C-4),
resonances of the ipso-C of B(C6F5)3 and of the quaternary
carbon atoms of the isopropylidene(cyclopentadienyl)(1-inde-
nyl) ligand not detected, signal of C-4 only detected in the
GHSQC NMR spectrum. IR (KBr): ν̃ 2986 (w), 2974 (w), 2965
(w), 1644 (m), 1515 (s), 1463 (vs), 1381 (m), 1370 (m), 1276
(m), 1090 (s), 976 (s), 962 (m), 820 (m), 814 (m), 804 (m), 754
(m), 736 (m), 684 (m) cm-1. Anal. Calcd for C39H22BF15Zr‚C7H8

(969.8): C, 56.97; H, 3.12. Found: C, 57.22; H, 3.01.
X-ray Crystal Structure Analysis of 9. Crystals suitable

for an X-ray structural analysis were obtained within 6 days
from a solution of the in situ generated betaine complex in
C6D6 at room temperature. Crystal data: formula C39H22BF15-
Zr‚C6H6, Mr ) 955.70, yellow-orange crystal, 0.50 × 0.35 ×
0.20 mm, a ) 10.641(1) Å, b ) 12.944(1) Å, c ) 14.650(1) Å, R
) 92.99(1)°, â ) 104.91(1)°, γ ) 95.32(1)°, V ) 1935.4(3) Å3,
Fcalcd ) 1.640 g cm-3, µ ) 3.91 cm-1, empirical absorption
correction via ψ scan data (0.829 e T e 0.926), Z ) 2, triclinic,
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space group P1h (No. 2), λ ) 0.710 73 Å, T ) 223 K, ω/2θ scans,
8179 reflections collected ((h, (k, -l), (sin θ)/λ ) 0.62 Å-1, 7858
independent (Rint ) 0.032) and 6345 observed reflections (I g
2σ(I)), 561 refined parameters, R1 ) 0.032, wR2 ) 0.084,
maximum (minimum) residual electron density 0.43 (-0.69)
e Å-3, hydrogens calculated and refined as riding atoms.

Reaction of [Me2C(C5H4)(9-fluorenyl)]Zr(butadiene)
(11) with B(C6F5)3: Formation of 12. Betaine complex 12
was generated by the reaction of 13 mg (25.4 µmol) of B(C6F5)3

and 10 mg (24.6 µmol) of butadiene complex 11. On a
preparative scale betaine 12 was obtained from 31 mg (60.9
µmol) of B(C6F5)3 and 23 mg (55.3 µmol) of butadiene complex
11 as a red solid (36 mg, 71%; mp 121 °C dec). 1H NMR (599.9
MHz, toluene-d8, 298 K): δ 7.16 (m, 2H, C13H8), 7.08 (d, 3J )
8.3 Hz, 1H, C13H8), 7.03, 6.94 (each m, each 1H, C13H8), 6.79
(d, 3J ) 8.7 Hz, 1H, C13H8), 6.73 (m, 1H, C13H8), 6.59 (ddd, 3J
) 8.7 Hz, 3J ) 6.9 Hz, 4J ) 1.0 Hz, 1H, C13H8), 5.70, 5.23,
4.97, 4.85 (each ddd, 3 × J ) 3.0 Hz, each 1H, C5H4), 4.53
(ddd, 3 × 3J ) 10.0 Hz, 1H, 2-H), 3.93 (dd, 3J ) 15.3 Hz, 3J )
10.0 Hz, 1H, 3-H), 1.55, 1.44 (each s, each 3H, C(CH3)2), 0.96
(dd, 2J ) 10.0 Hz, 3J ) 10.0 Hz, 1H, 1-H), 0.26 (dd, 2J ) 10.0
Hz, 3J ) 10.0 Hz, 1H, 1-H′), -0.53 (broad, 2H, 4-H and 4-H′).
13C NMR (150.8 MHz, toluene-d8, 298 K): δ 148.5 (d, 1JCF )
240 Hz, o-B(C6F5)3), 137.3 (d, 1JCF ) 250 Hz, p-B(C6F5)3), 139.4
(d, 1JCF ) 250 Hz, m-B(C6F5)3), 136.3 (CH, C-2), 129.8, 126.8,
126.4, 124.6, 124.2, 123.7 (each CH, C13H8), 122.6, 122.0 (each
C, C13H8), 121.8, 121.7 (each CH, C13H8), 121.5 (C, C13H8), 121.4
(CH, C-3), 119.7, 118.4 (each C, C13H8 and ipso-C5H4), 115.0,
111.9, 95.9, 92.9 (each CH, C5H4), 96.0 (C, ipso-C13H8), 58.3
(CH2, C-1), 38.7 (C, C(CH3)2), 27.5 (double intensity, 2 × CH3,
C(CH3)2), ∼20 (CH2, C-4), resonance of the ipso-C of B(C6F5)3

not detected, signal of C-4 only detected in the GHSQC NMR
spectrum. 19F NMR (599.9 MHz, toluene-d8, 298 K): δ -165.8
(dd, 2 × 3JFF ) 21 Hz, 6F, m-F), -161.0 (t, 3JFF ) 21 Hz, 3F,
p-F), -132.9 (d, 3JFF ) 21 Hz, 6F, o-F). IR (KBr): ν̃ 2967 (w),
2927 (w), 1645 (m), 1517 (s), 1385 (m), 1370 (m), 1092 (s), 975
(s), 808 (m), 757 (s), 745 (s), 685 (m) cm-1. Anal. Calcd for
C43H24BF15Zr (927.7): C, 55.67; H, 2.61. Found: C, 54.82; H,
2.78.

X-ray Crystal Structure Analysis of 12. Crystals suitable
for an X-ray structural analysis were obtained by the slow
diffusion of pentane via the gas phase into a solution of the in
situ generated betaine complex in toluene at 5 °C. Crystal
data: formula C43H24BF15Zr‚0.5C7H8, Mr ) 973.72, yellow
crystal, 0.20 × 0.20 × 0.05 mm, a ) 13.731(1) Å, b ) 16.727-
(1) Å, c ) 17.779(1) Å, â ) 109.15(1)°, V ) 3857.5(4) Å3, Fcalcd

) 1.677 g cm-3, µ ) 3.94 cm-1, no absorption correction (0.925
e T e 0.981), Z ) 4, monoclinic, space group P21/c (No. 14), λ
) 0.710 73 Å, T ) 198 K, ω and æ scans, 21 315 reflections
collected ((h, (k, (l), (sin θ)/λ ) 0.62 Å-1, 7820 independent
(Rint ) 0.054) and 5313 observed reflections (I g 2σ(I)), 580
refined parameters, R1 ) 0.043, wR2 ) 0.102, maximum
(minimum) residual electron density 0.47 (-0.51) e Å-3,
asymmetric unit contains a disordered half-molecule of solvent,
hydrogens calculated and refined as riding atoms.

Data sets were collected with Nonius MACH3 and Kap-
paCCD diffractometers, equipped with a rotating anode gen-
erator (Nonius FR591). Programs used: data collection EX-
PRESS (Nonius BV, 1994) and COLLECT (Nonius BV, 1998),
data reduction MolEN (K. Fair, Enraf-Nonius BV, 1990) and
Denzo-SMN,34 absorption correction for CCD data SORTAV,35

structure solution SHELXS-97,36 structure refinement SHELXL-
97 (G. M. Sheldrick, Universität Göttingen, 1997), graphics
DIAMOND (K. Brandenburg, Universität Bonn, 1997) and
SCHAKAL (E. Keller, Universität Freiburg, 1997).

Reaction of [Me2Si(C5H4)2]Zr(butadiene) (5a) with

B(C6F5)3 at 233 K: Formation of 13. A solution of butadiene
complex 5a (15 mg, 45.2 µmol) in toluene-d8 (0.4 mL) was
placed in an NMR tube which was sealed with a septum and
cooled to -60 °C. A solution of B(C6F5)3 (24 mg, 46.9 µmol) in
toluene-d8 (0.2 mL) was slowly injected by syringe. The tube
was shaken vigorously to ensure homogeneity of the reaction
mixture. The NMR spectra were recorded instantaneously at
-40 °C. The formation of betaine 13, along with small amounts
of 6a, could be observed. At temperatures above 10 °C the
rearrangement of 13 to 6a sets in. 13: 1H NMR (599.9 MHz,
toluene-d8, 233 K) δ 5.67, 5.36, 5.26, 5.22 (each m, each 1H,
C5H4), 5.12 (m, 3J ) 11.8 Hz, 3J ) 10.3 Hz, 3J ) 9.0 Hz, 1H,
2-H), 5.09, 4.90, 4.88 (each m, each 1H, C5H4), 4.38 (m, 2 × 3J
) 10.3 Hz, 1H, 3-H), 4.08 (m, 1H, C5H4), 2.58 (dd, 2J ) 9.0
Hz, 3J ) 9.0 Hz, 1H, 1-H), 0.86 (dd, 2J ) 9.0 Hz, 3J ) 11.8 Hz,
1H, 1-H′), 0.08, -0.10 (each s, each 3H, Si(CH3)2), -0.39 (broad
d, 3J ) 10.3 Hz, 1H, 4-H), -1.90 (broad s, 1H, 4-H′); 13C NMR
(GATED, 150.8 MHz, toluene-d8, 233 K) δ 148.4 (d, 1JCF ) 240
Hz, o-B(C6F5)3), 139.3 (d, 1JCF ) 250 Hz, p-B(C6F5)3), 137.3 (d,
1JCF ) 250 Hz, m-B(C6F5)3), 132.9 (d, 1JCH ) 154 Hz, CH, C-2),
122.3 (broad, C, ipso-B(C6F5)3), 118.8, 116.6, 115.6, 112.6 (each
d, 1JCH ) 175 Hz, CH, R- or â-C5H4), 111.0 (d, 1JCH ) 135 Hz,
CH, C-3), 110.8, 109.7, 105.8, 105.0 (each d, 1JCH ) 175 Hz,
CH, R- or â-C5H4), 100.9 (s, C, 2 × ipso-C5H4), 55.9 (dd, 1JCH )
164 Hz, 1JCH ) 139 Hz, CH2, C-1), 24.4 (broad, CH2, C-4), -6.2
(d, 1JCH ) 123 Hz, CH3, Si(CH3)2), -6.6 (d, 1JCH ) 120 Hz,
CH3, Si(CH3)2); 19F NMR (564.3 MHz, toluene-d8, 253 K) δ
-163.4 (broad, 6F, m-F), -158.1 (broad t, 3JFF ) 21 Hz, 3F,
p-F), -132.1 (broad, 6F, o-F); 19F NMR (564.3 MHz, toluene-
d8, 203 K) δ -165 to -162 (5F), -160.9 (1F) (each broad, m-F),
-157.9 (1F), -157.2 (2F) (each broad, p-F), -133.7, -131.2,
-129.2 (each broad, each 2F, o-F).

Quantitative Monitoring of the Rearrangement Reac-
tion of 13 to 6a. A solution of 13 was prepared in toluene-d8

at -60 °C as described above. The reaction mixture was
brought to 25 °C inside the probe of an NMR spectrometer.
The decay in the concentration of 13 was followed by recording
one scan (1H) per minute and integration of the Si(CH3)2

signals of 13 (δ 0.16 and -0.01 ppm at 298 K). Exponential
regression yielded the first-order rate constant k ) 1.145 ×
10-3 s-1; ∆Gq(298 K) ) (21.5 ( 0.5) kcal/mol.

Reaction of Cp2Zr(butadiene) (1) with B(C6F5)3 at 213
K: Formation of 14. A solution of butadiene complex 1 (8
mg, 29.0 µmol) in toluene-d8 (0.4 mL) was placed in an NMR
tube which was sealed with a septum and cooled to -60 °C. A
solution of B(C6F5)3 (15 mg, 29.3 µmol) in toluene-d8 (0.2 mL)
was slowly injected by syringe. The tube was shaken vigorously
to ensure homogeneity of the reaction mixture. The NMR
spectra were recorded instantaneously at -60 °C. The forma-
tion of betaine 14, along with small amounts of 2, could be
observed. At temperatures above -20 °C the rearrangement
of 14 to 2 sets in. 14: 1H NMR (599.9 MHz, toluene-d8, 213
K) δ 5.17 (s, 5H, C5H5), 5.05 (ddd, 3J ) 11.9 Hz, 2 × 3J ) 10.6
Hz, 1H, 2-H), 4.60 (s, 5H, C5H5), 4.20 (dd, 2 × 3J ) 10.6 Hz,
1H, 3-H), 2.63 (m, 1H, 1-H), 0.76 (m, 1H, 1-H′), -0.28, -2.37
(each broad s, each 1H, 4-H, 4-H′); 1H NMR (599.9 MHz,
toluene-d8, 213 K) δ 5.12 (s, 5H, C5H5), 5.05 (m, 1H, 2-H), 4.51
(s, 5H, C5H5), 4.14 (m, 1H, 3-H), 2.63, 0.73 (each m, each 1H,
1-H, 1-H′), -0.27, -2.48 (each broad s, each 1H, 4-H, 4-H′);
13C NMR (GATED, 150.8 MHz, toluene-d8, 213 K) δ 148.3 (d,
1JCF ) 240 Hz, o-B(C6F5)3), 139.1 (d, 1JCF ) 250 Hz, p-B(C6F5)3),
137.2 (d, 1JCF ) 250 Hz, m-B(C6F5)3), 133.5 (d, 1JCH ) 157 Hz,
CH, C-2), 109.7 (d, 1JCH ) 160 Hz, CH, C-3), 108.9, 105.9 (each
d, 1JCH ) 178 Hz, CH, C5H5), 57.5 (t, 1JCH ) 145 Hz, CH2, C-1),
∼23 (CH2, C-4), resonance of the ipso-C of B(C6F5)3 not
detected, signal of C-4 only observed in the GHSQC NMR
spectrum. GHSQC (no proton decoupling, 599.9 MHz, toluene-
d8, 213 K): δ -0.27/∼23 (d, 1JCH ) 141 Hz, 4-H/C-4), -2.48/
∼23 (d, 1JCH ) 89 Hz, 4-H′/C-4).

Polymerization Reactions. A 1 L glass autoclave was
charged with toluene (300 mL) and triisobutylaluminum (0.5

(34) Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276, 307-
326.

(35) Blessing, R. H. Acta Crystallogr. 1995, A51, 33-37; J. Appl.
Crystallogr. 1997, 30, 421-425.

(36) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467-473.
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mL). The mixture was stirred (800 rpm), thermostated at 40
°C, and saturated with the gaseous monomer. The polymeri-
zation reaction was started by the injection of a toluene
solution of the respective betaine complex (ca. 35 µmol),
generated in situ as described above. After a given time the
reaction was stopped by the addition of methanol (15 mL) and
the mixture acidified with HCl (aqueous, 2 N, 15 mL).
Polyethylene and stereoregular polypropylene was precipitated
by further addition of aqueous HCl (6 N, 100 mL), collected
by filtration, washed with 6 N HCl (50 mL), water (200 mL),
and acetone (30 mL), and dried in vacuo to constant weight.
For the isolation of atactic polypropylene the phases were
separated and the aqueous layer was extracted with toluene
(50 mL). The combined organic layers were washed with 2 N
HCl (2 × 50 mL) and water (2 × 100 mL), dried over MgSO4,
and evaporated to dryness in vacuo. Melting points were
determined by differential scanning calorimetry using a heat-
ing rate of 10 °C/min. The results of the second scan after
complete melting and cooling of the samples are reported. 13C

NMR spectra of the polypropylene samples were recorded on
a Bruker AC 200 P spectrometer (13C, 50.3 MHz) with proton
decoupling at 350 K in a solvent mixture of 1,2,4-trichloroben-
zene and C6D6 (5:1).
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