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The reaction of rac-(ebthi)Zr(»?-Me3SiC,SiMes) (1) [ebthi = 1,2-ethylene-1,1'-bis(#®-
tetrahydroindenyl)] with an excess of ethylene at room temperature leads to the correspond-
ing zirconacyclopentane 3, which was isolated as stable yellow crystals and characterized
by an X-ray crystal structure analysis. At 203 K complex 1 reacts with only 1 equiv of
ethylene to form the zirconacyclopentene 2, possibly an intermediate in the reaction from 1
to 3. Upon activation with tris(pentafluorophenyl)borane under an ethylene atmosphere,
complex 3 was shown to be an effective catalyst for ethylene polymerization. The reaction
of 2 equiv of styrene with the alkyne complex 1 leads to the unsymmetrically substituted

zirconacyclopentane 6.

Introduction

Although five-membered zirconacycles often are proved
to be intermediates in coupling reactions of unsaturated
hydrocarbons with a zirconocene complex fragment,1a-¢
only a few of these metallacycles have been isolated and
structurally characterized.?2=¢ In general, the stability
decreases from zirconacyclopentadienes to zirconacylo-
pentenes to zirconacyclopentanes. Especially, the zir-
conacyclopentane system Zr(C4Hsg) was used in metal-
assisted coupling reactions® and has been investigated
spectroscopically.3* Recently a zirconacyclopentane,
stabilized by large substituents in the zircona-ring
system, was isolated and structurally characterized.®
Very recently, Takahashi and co-workers reported the
isolation and structural characterization of the stable
zirconacyclopentane (t-Bu,CsHs),Zr(C4Hg),?® and the
structure of the complex Ind>Zr(C4Hsg)% also was briefly
mentioned. We report here the preparation and struc-
tural characterization of the stable rac-[1,2-ethylene-
1,1'-bis(y5-tetrahydroindenyl)]zirconacyclopentane 3,
starting from the alkyne complex, rac-(ebthi)Zr(»?-Mes-
SiC,SiMes) (1), and the application of complex 3 as an
active catalyst for ethylene polymerization upon activa-
tion with B(CsFs)3. The unusual reaction path from 1
to 3 was investigated by NMR spectroscopy.

+ Abteilung “Asymmetrische Katalyse”, Institut fir organische
Katalyseforschung an der Universitéat Rostock e.V., Buchbinderstrasse
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Results

The green solution of rac-(ebthi)Zr(2-Me3SiC,SiMes)
(1) reacts with an excess of ethylene in toluene at room
temperature and changed immediately to yellow, giving
after workup under argon yellow crystals of rac-(ebthi)-
Zr(C4Hs) (3) in 85% yield (Scheme 1).

The crystal structure of 3 is shown in Figure 1. The
bond length of C(2)—C(3) [1.451(7) A] is slightly shorter
than that of C(1)—C(2) [1.529(6) A] and C(3)—C(4)
[1.551(7) A] and coincides with the structures of other
unsubstituted zirconacyclopentanes.2>¢ A conforma-
tional disorder which cannot be resolved suggests the
shorter Cs—Cg bond length.

The stepwise formation of 3 was proven by NMR spec-
troscopy. Special equipment’ allows NMR spectra to
be taken while the gaseous reactant is bubbling into the
solution. The progress of the reaction can be monitored
by the proton spectra of the cyclopentadienyl ligands,
the complexes 1 and 3 showing, due to the C, symmetry,
two doublets each, whereas the intermediate 2 exhibits
four. At room temperature in toluene-dg solution, at
first only the starting complex 1 is detectable by signals
at 7.43 and 4.60 ppm.® Upon addition of ethylene, new
signals at 6.32 and 4.92 ppm (3) appeared, and free bis-
(trimethylsilyl)acetylene was detected besides several
unidentified byproducts. No intermediates could be
detected. When we conducted the same experiment at
203 K, complex 1 reacted only with 1 equiv of ethylene
to form the zirconacyclopentene 2, even in the presence
of an excess of the olefin. Only the four doublets at 6.66,
6.41, 5.09, and 4.65 ppm, belonging to 2, were detected.
This conversion was quantitative.

At higher temperatures, the zirconacyclopentene 2 is
unstable. At about 240 K, its resonances disappeared,
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Figure 1. Molecular structure of complex 3, shown by an
ORTEP plot (30% probability). Selected bond distances (A)
and angles (deg): C(1)—Zr, 2.289(4); C(4)—Z2r, 2.307(4);
C(1)—C(2), 1.529(6); C(2)—C(3), 1.451(7); C(3)—C(4), 1.551-
(7); C(2)—C(1)—Zr, 101.8(3); C(3)—C(2)—C(1), 113.7(5);
C(2)—C(3)—C(4), 116.2(5); C(3)—C(4)—Zr, 100.9(3); C(1)—
Zr—C(4), 84.0(2).

several new, unassigned signals grew in, and the signals
of the alkyne complex 1 became detectable again, al-
though severely broadened. At the same time, the first
traces of the zirconancyclopentane 3 showed up in the
spectrum. While the excess of ethylene was removed
during the warmup (by bubbling argon into the solu-
tion), equal amounts of 1 and 3 were being formed.
Formally, a dismutation reaction of the zirconacyclo-
pentene had occurred (Scheme 2).

When ethylene was added again at ambient temper-
ature, the residual alkyne complex 1 was converted into
the zirconacyclopentane 3, whereas all unidentified
byproducts remained unchanged.

A very clean reaction was observed in THF-dg solu-
tion. At 194 K, compound 1 was coordinated by a sol-
vent molecule to give the complex rac-(ebthi)Zr(thf)(;2-
Me3SiC,SiMes).8 Nevertheless, it formed also the zir-
conacyclopentene 2 in quantitative yield upon exposure
to ethylene. At 238 K, the signals of 2 became very
broad and a Cj;-symmetric, unidentified intermediate
was detectible, and at 290 K, conversion to the zircona-
cyclopentane 3 was complete. No other signals due to
ebthi complexes were found in the *H NMR spectrum.

Another zirconocene—alkyne complex, Cp,Zr(thf)(5?-
MesSiC,SiMes) (4),° also reacted with ethylene at room
temperature to give the corresponding zirconacyclo-
pentane Cp,Zr(CsHs) (5)2234 (80% yield, by NMR)
(Scheme 3).

The reaction of rac-(ebthi)Zr(2-MesSiC,SiMez) (1)
with substituted ethylenes also was tested. With di-
substituted olefins such as 1,1-diphenylethylene and

(8) The 13C-NMR signal for the alkyne carbon atoms of complex 1
at 210 K is shifted from 260 ppm in toluene-dg to 223 ppm in THF-ds.

(9) Rosenthal, U.; Ohff, A.; Michalik, M.; Gérls, H.; Burlakov, V.
V.; Shur; B. B. Angew. Chem. 1993, 105, 1228.

trans-stilbene no reaction took place, but with cis-
stilbene we observed isomerization to trans-stilbene as
previously described.’® While the reaction of propene
with 1 showed no uniform reaction product, we obtained
red crystals of the unsymmetrical substituted zircona-

cyclopentane rac-(ebthi)le-CHPhCHZCHPhCII—b 6 from
the reaction of 1 with two equivalents of styrene in
hexane at room temperature (72% yield) according to
Scheme 4.

The crystal structure of 6 is shown in Figure 2. The
bond length C(2)—C(30) [1.331(6) A] is significantly
shorter than that of C(1)-C(2) [1.481(6) A] and C(9)—
C(30) [1.551(7) A]. We do not have an explanation for
the shorter Cs—Cpg bond length. Only one of the Cg
atoms shows significantly larger displacement factors
and thus, conformational disorder as the main reason
for significantly shorter Cs—Cy distances in compari-
son to the C,—Cy distances can be excluded. Hence
shorter Cs—Cy distances seem to be a structural feature
of many metallacyclopentanes? including zirconacyclo-
pentanes.2b:

The regioselectivity of the olefin-olefin coupling reac-
tions was found to depend on steric and electronic
interactions. Electronically, the a-position is favored,!!
while the repulsion between the tetrahydroindenyl
ligand and the phenyl residue should lead to a preferred
occupation of the -position as found in similar Cp*Zr1?
complexes.

Monitoring of the reaction of Scheme 4 by 'H-NMR
revealed that a multitude of complexes is formed upon
treating the alkyne complex 1 with styrene, probably a
mixture of the various possible regio- and sterecisomeric
zirconacyclopentanes. Their formation seems to be
reversible, and there is strong evidence for an intercon-
version of the different forms. From this mixture the
isomer 6 crystallizes preferentially; presumably it is the
least soluble one. If one of the isolated red crystals is
dissolved again, several compounds are detectable in the
NMR spectrum. This is another indication for the
interconversion of the isomers by cycloreversion (cf.
Scheme 5).

The low selectivity of rac-(ebthi)Zr(72-Me3SiC,SiMes)
(1) in coupling reactions with substituted olefins is
unexpected because, for example, the heteroolefinic
imine PhHC=NPh was coupled very selectively by the
(ebthi)Zr unit.®

NMR Characterization of the Zirconacyclopen-
tene 2. Since 2 is stable under ethylene at low temp-
erature, it was investigated in detail by NMR methods.
At 203 K, the resonances of most aliphatic protons are

(10) Negishi, E.; Choueiry, D.; Nguyen, T.; Swanson, D. J. Am.
Chem. Soc. 1994, 116, 9751.

(11) Swanson, D.; Rousset, C.; Negishi, E. J. Org. Chem. 1989, 54,
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(12) Takahashi, T.; Suzuki, N.; Hasegawa, M.; Nitto, Y.; Aoyagi, K.;
Saburi, M. Chemistry Lett. 1992, 331.
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Scheme 3 alkyne complex. This unusual reaction pathway is due
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broadened, which might be due to some dynamic pro-
cesses. A spin saturation transfer experiment with irra-
diation at the frequency of free ethylene revealed an
exchange with four proton sites at the complex (Figure
3), representing the ethylene fragment incorporated in
the zirconacycle. The chemical shifts and coupling con-
stants of this system (Figure 3) are typical for saturated
hydrocarbons and prove 2 to be a genuine zirconacy-
clopentene, not a zirconium—alkyne—alkene complex.
The existence of a covalent bond between C(2) and C(3)
was also deduced from a cross peak in the 13C,H long-
range shift correlation spectrum (COLOC) between the
signals of C(1) and the proton site d. The 13C NMR
spectrum itself is compatible with the zirconacyclopen-
tene structure. The resonances of the metallacycle were
assigned according to known zirconacyclopentenes,!?
although the resonances of 2 are considerably shifted
to low field due to the presence of the silyl groups.

As outlined above, the system zirconacyclopentene
2/ethylene is a dynamic one; there is a rapid exchange
between the free ethylene and the ethylene incorporated
in the ring. Formally, the C(2)—C(3) bond is broken (a
bis-ligand complex is formed (cf. Scheme 5)), and the
olefin or the alkyne may be easily substituted. This is
not unexpected behavior, and it has been observed,
particularly for group 4 metallacarbocycles, for some
years!415 and even was found for a more stable oxazir-
conacyclopentene.1® It easily explains not only the
dynamic equilibrium between “free” and “complexed”
ethylene in 2, but also the formation of the zirconacy-
clopentane 3 from the zirconacyclopentene 2 as shown
in Schemes 1 and 2.

If the spin saturation transfer experiment as de-
scribed above is conducted with a solution of the
zirconacyclopentane 3 at room temperature, no transfer
is observed. The exchange between the “free” and the
“complexed” ethylene is very slow, but it should occur,
anyway.14a15

Mechanistic Considerations

To our knowledge, this is the first example of the
formation of a zirconacyclopentane starting from an

(13) Béhme, U.; Thiele, K.-H.; Rufinska, A. Z. Anorg. Allg. Chem.
1994, 620, 1455.

(14) (a) Erker, G.; Dorf, U.; Rheingold, A. L. Organometallics 1988,
7,138. (b) Erker, G.; Zwettler, R. J. Organomet. Chem. 1991, 409, 179.
(c) Hara, R.; Xi, Z.; Kotora, M.; Xi, C.; Takahashi, T. Chem. Lett. 1996,
1003.

(15) Grubbs, R. H.; Miyashita, A. 3. Am. Chem. Soc. 1978, 100, 1300.

Takahashi and co-workers investigated in detail the
reaction of zirconacyclopentanes with alkynes and
observed the totally reverse reaction from zirconacyclo-
pentanes via zirconacyclopentenes to the zirconium
alkyne complexes.®

In the case of monosilylated alkynes, the low yield of
zirconacyclopentenes was explained by a path “where
a silylated alkyne kicks out the ethylene molecule of the
zirconocene—ethylene complex”. Under ethylene gas
they found that this path was completely suppressed
and high yields of zirconacyclopentenes were obtained.
The reverse reaction, from a zirconacyclopentene to a
zirconacyclopentane, never was observed.

Our results suggest that the reaction path and the
type of products strongly depend on the alkyne substit-
uents. The reversible formation of the zirconacyclopen-
tene 2 from the alkyne complex 1 and ethylene allows
some insight into the mechanism of reactions of bis-
(trimethylsilyl)acetylene—zirconocene complexes with
various substrates.’” Although we cannot prove that
the zirconacyclopentene 2 is the key intermediate in the
reaction sequence of Scheme 1, its observation makes
it most likely that such reactions proceed in an associa-
tive (found also in the displacement of other sw-com-
pounds!¢ ) rather than a dissociative manner. The al-
kyne complexes formally act as metallocene generators,
but there is little or no evidence for alkyne dissociation
(i) or substitution (ii) to give the metallocene or the
substrate complex (Scheme 6).

In contrast, an addition (coupling, insertion) (iii) of
the substrate followed by an elimination (iv) or substi-
tution (v) of the alkyne is evident (Scheme 7).

Catalytic Studies. A brief investigation of the
catalytic activity of complex 3 also was conducted.
Treatment of complex 3 with 1 equiv of tris(pentafluo-
rophenyl)borane under an ethylene atmosphere resulted
in the formation of an active ethylene polymerization
catalyst. The polymerization productivity was 125 kg
of PE per hour, mole zirconium, and bar. The obtained
polyethylene products are characterized by My, = 49 900
and My/M;,, = 3.44. Without an ethylene atmosphere,
no activity was achieved by borane activation. Also, a
mixture of 1 and tris(pentafluorophenyl)borane did not
polymerize ethylene. Interestingly, under analogous
conditions, the polymerization of propylene so far was

(16) Baumann, W.; Ohff, A.; Ebener, M. Helv. Chim. Acta 1996, 79,
454,

(17) Ohff, A.; Pulst, S.; Lefeber, C.; Peulecke, N.; Arndt, P.; Burlakov,
V. V.; Rosenthal, U. Synlett 1996, 111.
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Figure 2. Molecular structure of complex 6, shown by an
ORTEP plot (30% probability). Selected bond distances (A)
and angles (deg): C(1)—Zr, 2.304(4); C(9)—Zr, 2.347(4);
C(1)—C(2), 1.481(6); C(2)—C(30), 1.331(6); C(9)—C(30),
1.551(7); C(2)—C(1)—Zr, 102.9(3); C(30)—C(2)—C(1), 115.4-
(4); C(9)—C(30)—C(2), 124.1(5); C(30)—C(9)—Zr, 99.1(3);
C(1)—Zr—C(9), 83.4(2).
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not successful. That is in contrast to the well-known
activity of other (ebthi)ZrR,/B(CsFs)s systems.

Experimental Section

All operations were carried out under an inert atmosphere
(argon) with standard Schlenk techniques. Prior to use,
solvents were freshly distilled from sodium tetraethyl alumi-
nate under argon. Deuterated solvents were treated with
sodium or sodium tetraethyl aluminate, distilled, and stored
under argon. NMR: Bruker ARX 400 at 9.4 T (chemical shifts
given in ppm relative to TMS). Melting points were measured
in sealed capillaries on a Buchi 535 apparatus. Elemental
analyses: Leco CHNS-932 elemental analyzer.

X-ray Crystallographic Study of Complexes 3 and 6.
Diffraction data were collected on a STOE-IPDS diffractometer
using graphite-monochromated Mo Ko radiation. The struc-
tures were solved by direct methods (SHELXS-86'%) and
refined by full matrix least squares techniques against F?
(SHELXL-93%). The hydrogen atoms were included at calcu-

(18) SHELXS-86, Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467.
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Figure 3. 'H-NMR spectra of the zirconacyclopentene 2
formed under an ethylene atmosphere at 203 K in toluene-
ds. Top trace, standard spectrum; bottom trace, saturation
transfer experiment with irradiation at 5.24 ppm (free
ethylene), presented as difference spectrum. Coupling
constants of the “complexed ethylene” fragment given in
hertz.

lated positions. All other nonhydrogen atoms were refined
anisotropically. Cell constants and other pertinent data were
collected and recorded in Table 1. XP (SIEMENS Analytical
X-ray Instruments, Inc.) was used for structure representa-
tions. The larger anisotropic displacement factors of the 5-C
atoms of the zirconacyclopentanes indicate conformational
flexibility. Resolution of the different positions was not
possible. Further details of the crystal structure investigations
are available upon request from the Director of the Cambridge
Crystallographic Data Centre, 12 Union Road, GB-Cambridge
CB21EZ, (U.K.), on quoting the full journal citation.

Observation of rac-(ebthi)ZrC(SiMe;)=C(SiMes)CH,CH,
(2) by NMR Spectroscopy at Low Temperature. Ethylene
gas was bubbled slowly into a cooled (200 K) solution of rac-
(ebthi)Zr(72-Me;3SiC,SiMej3), 1, in toluene-ds. The color im-
mediately changed from green to yellow, and complex 2 was
formed in quantitative yield, as was checked by NMR at 203
K (see Figure 3). 'H: 6 0.29, 0.30 (9H each, SiMej3), 0.82 (H,),
1.13(Hy), 2.50 (H), 3.36 (Hq), 1.28, 1.47, 1.56, 1.65, 1.83, 2.03,
2.21, 2.34, 2.60, 2.83 (CH; ebthi), 4.65, 6.41 (CH ebthi, 334
= 3.1 Hz), 5.09, 6.66 (CH ebthi, 3Jyn = 2.8 Hz). 3C: 6 2.2,
4.9 (SiMes), 222.8 (C1), 174.3 (C2), 47.7 (C3, ey = 124 Hz),
31.8 (C4, YJcn = 123 Hz), 225, 22.7, 22.8, 22.8, 23.1, 23.7,
24.3, 245, 25.8, 25.9 (CH; ebthi), 104.5, 105.2, 107.9, 116.1
(CH ebthi), 122.0, 122.3, 122.4, 122.6, 125.4, 126.4 (C ebthi).

Preparation of rac-(ebthi)ZrCH,CH,CH,CH, (3). A
solution of 40 mg (76 umol) of rac-(ebthi)Zr(»?-Me;SiC,SiMej3),
1, in 8 mL of toluene was exposed to an ethylene atmosphere.
While the solution was vigorously stirred at room temperature,
the color changed from green to yellow within a few minutes.
After half of the solvent was removed in vacuo and cooled to
—40 °C, 26 mg (85%) of bright yellow crystals was obtained,
mp 133-136 °C. Anal. Calcd for C4H3Zr (411.74): C, 70.01;
H, 7.83. Found: C, 70.02; H, 7.75. *H-NMR (toluene-dg): &
0.39 and 1.34 (1-H, 4-H), 1.83 and 1.95 (2-H, 3-H), 1.68, 2.18,

(19) Sheldrick, G. M. SHELXL-93, University of Gottingen, Gottin-
gen, Germany, 1993.
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Table 1. Crystallographic Data of 3 and 6

3-H), 6.28 (Cp). 3C-NMR: 6 40.4 (C1, C4), 29.7 (C2, C3), 111.9
(Cp).

3 6

formula CoaHaoZr CagHaoZr Preparation of rac-(ebthi)erCHPhCHZCHPhCII—b (6).
mol mass 411.72 563.90 To a solution of 81 mg (154 umol) of rac-(ebthi)Zr(»?-Me3SiC,-
cryst color, habit yellow, prismatic red, prismatic SiMes), 1, in 10 mL of hexane was added 35.2 uL (308 umol)
cryst system monoclinic monoclinic of styrene. The reaction mixture was warmed to 50 °C for 10
space group P2y/n P2i/n min and the color changed from green to red. After the
Iatgliz)constants 9.941(2) 11.000(2) mixture was left to stand at room temperature, 62 mg (72%)

b (A) 1'1.702(3) 11:607(2) of red crystals was obtained, mp 185—-187 °C. Anal. Calcd

c (A) 16.571(3) 21.789(2) for 036H4oZr (563.93): C, 76.67; H, 7.15. Found: C, 76.61; H,

B (deg) 94.930(10) 94.780(15) 7.20.
z 4 4 Polymerization of Ethylene. Polymerization was con-
temp (K) 200(2) 293(2) ducted in a 50 mL Schlenk tube, using a solution of 5 mg (12
#(Mo Ka) (cm™) 5.7 4.2 umol) of complex 3 and 6 mg (12 umol) of tris(pentafluoro-
¢ range (deg) 2.13-24.24 1.88—24.35 phenyl)borane in 2 mL of toluene at room temperature under
28' g; :;:22 Emzz‘::)j) ggg? iggg a constant ethylene pressure of 2 bar. The mixture was stirred
no. of rflns (obsd) 2084 2779 vigorously, and after a reaction time of 10 min, the reaction
no. of parameters 226 334 mixture was drained from the Schlenk tube into a mixture of
RI (1 > 20(1)) 0.040 0.044 40 mL of ethanol and 1 mL of concentrated aqueous HCI. The
wR2 (all data) 0.094 0.108 polymer thus precipitated was collected by filtration and dried

2.72, 3.04 (o-H six-membered rings), 1.34, 1.51, 1.56 (5-H six-
membered rings), 2.31 (c, AA'BB' pattern, ethylene bridge
ebthi), 4.92, 6.32 (CH ebthi, 3Jy 4 = 3 Hz). 3C-NMR (toluene-
dg): 0 45.4 (C1, C4), 28.1 (C2, C3), 23.3, 23.4, 24.0, 24.8, 28.1
(CH; ebthi), 108.1, 112.4 (CH ebthi), 123.5, 124.9, 125.7 (C
ebthi).

1

Preparation of Cp,ZrCH,CH,CH,CH: (5). A solution of
25 mg (52 umol) of Cp.Zr(thf)(y>-Me3SiC,SiMes), 4, in 0.4 mL
of THF-ds was exposed to an ethylene atmosphere. After 1
min the color of the solution changed from red to yellow and
the product was detected by NMR. 5 is stable at room
temperature in THF. *H-NMR: 6 0.91 (1-H, 4-H), 1.70 (2-H,

at room temperature to constant weight (0.5 g yield).
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