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In the reaction of the decamethylzirconocetmis(trimethylsilyl)acetylene complex CgZr(n*-Mes-
SiCGSiMe;) (1) with i-Bu,AlH, CH bond activation, an electrophilic substitution, and alumination of the
pentamethylcyclopentadienyl ligand resulted in formation ofith€sMe,CH,—Al(i-Bu),H ligand. The
final product contains an alkenyl complex that shows an agostid< Zr interaction, Cp*Zrf-C(SiMes)=
CH(SiMey)](u-H)[7>-CsMe,CH,—Al(i-Bu),] (2). Heating complex gives the heterobimetallic complex
Cp*Zr[—C(SiMey)=C(SiMe;)Al(i-Bu)(u-H)(CH,—n°-CsMey)] (3), which is formed by an intramolecular
reaction, analogous to intermolecular reactions of titanocene- and zirconocene-alkyne complexes with
i-BuAlH, which yield the well-known heterobimetallic complexes with tetracoordinated planar carbon
atoms. Both complexes were characterized by NMR spectroscopy and X-ray crystal structure analysis.
Complex2 catalyzes the ethene polymerization and the ring-opening polymerizatieeagrolactone.

Introduction
The ability of the Lewis acids to abstract alkyl groups from $iMes sm
metallocene alkyl compounds GRR; and to form coordina- VA e
tively unsaturated alkyl metal cationic complexes [R]" Crz M= Al
(Cp = substituteds5-cyclopentadienyl) is well-documented H/i_éu i-Bu

from numerous investigations relating to Ziegler/Natta catalysts
for olefin polymerizatior. Mostly metallocenes of type Gp
MRz were investigated. These were formed by alkylation of A
metallocene dihalides by organoaluminum compounds, which ) ) ) ) )
were used as activatotRecently we investigated reactions of ~1,1-bis@7>tetrahydroindenyl), readily react witrBusAl to give
i-BUAIH with different metallacycles such as metallacyclo- iSobutene and the heterobimetallic complexe¢Scheme 1,
propene CpoM(7-RCGR)2 and the unusual five-memberd —drawings as by Erk&).32 A better route to these complexes is
metallacyclocumulenesCp*;M(»*-RC4R)# all of which have the direct reaction of the alkyne complexes witBu,AlH.
two metal-carbono-bonds. Similar reactions of metallocene alkyne complexes with orga-

In detail we reported that titana- and zirconacyclopropenes Noaluminum compounds were investigated earlier by Erker and
of type CpoM(52-MesSiC,SiMes), with M = Ti and Zr and Binger> Novel bimetallic systems of the type [@Y](u-
Cp2 = Cp (bis#°-cyclopentadienyl) and ebthi (1,2-ethylene- Wl:WZ'RCCR)(“X)[M ZRZZ] (Mt = Zr, Hf, X = Cl, H, M? =

Al; M1 =Ti, X = H) with planar tetracoordinate carbon atoms
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i-BuoAl substituents in the 3-position as intermediat&Ehese
subsequently reacted further in different ways, depending on
the substituents R; for example, with R Me3Si a “hydro-
aluminolysis” of the central double bond of the zirconacyclo-
cumulene ta-Bu,AIC=CSiMe; and a bimetallic complex of
typeA was observed. With R Ph the heterobimetallic complex

B and the trinuclear bimetallic compleX were the products.

All had planar tetracoordinated carbon atoms bridging between
the group 4 transition metal and the aluminum atom (Scheme
1, analogous to that by Erk&3-° In no case was a CH bond
activation observed. We report here the facile alumination of

the pentamethylcyclopentadienyl ligands in the decamethyl- fied

zirconocene-bis(trimethylsilyl)acetylene complex.

Results and Discussion

In the reaction of the decamethylzirconocetés(trimeth-
ylsilyl)acetylene complex CpZr(y?-MesSiC,SiMes)*d with
i-Bu2AlH, with CH bond activation and alumination of the
pentamethylcyclopentadienyl ligand, the alkenyl complex
Cp*Zr[—C(SiMes)=CH(SiMes)](u-H)[#5-CsMesCH,o—Al-
i-Buy] (2) was formed (Scheme 2). This product as shown
contains a GH---Zr agostic interaction.

One can consider the AtH---Zr hydrogen-bridged complex
2 either as a Zr(IV) alkenyl hydride, Cp*Zr(FH{C(SiMe;)=
CH(SiMes)][17°-CsMe4sCH,—AI(i-Bu),], or as a zwitterionic
complex, Cp*Zr[—C(SiMe&)=CH(SiMe)][#°-CsMesCH,—
Al~(H)(i-Bu),].

Heating complexX2 gave the complexd together with the
alkyne complext in 3 to 1 ratio (Scheme 3).

Complex3 is an analogue of the above-mentioned hetero-
bimetallic complexe®A (Scheme 1), which were obtained in
the intermolecular reaction of titanocene- and zirconocene-
alkyne complexes with-Bu,AlH. In the case of comple8 the
(i-Bu)Al(H)(CH,—15-CsMey) ligand has reactethtramolecu-
larly with the metallacyclopropene unit, forming a compound
with the typical tetracoordinated planar carbon afofCom-
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Table 1. Crystallographic Data

2 3
cryst syst monoclinic triclinic
space group P2i/n P1
a[A] 15.302(3) 10.036(2)
b[A] 15.983(3) 11.342(2)
c[A] 17.352(3) 16.376(3)
o [deg] 88.48(3)
S [deg] 112.55(3) 73.14(3)
y [deg] 74.79(3)
VIA3 3919.3(13) 1719.0(6)
z 4 2
density [gecm=3] 1.143 1.190
u(Mo Ka) [mm™] 0.385 0.433
TIK] 200 293
no. of rfins (measd) 11 437 5126
no. of rflns (indep) 6211 5126
no. of rflns (obsd) 4355 2754
no. of params 366 301
R1 (1 > 20(1)) 0.039 0.061
wR2 (all data) 0.093 0.148

plex1 was a byproduct of this reaction, but the other byproducts,
hydrocarbons and organoaluminum compounds, were not identi-

Structural Investigations. The most characteristic NMR
spectroscopic and molecular structural feature of compliex
the agostic interaction of the alkenyl group-zZ2a=CfH. H
NMR signals were observed at rather low field (68704 ppm)
and 13C NMR signals due to & at low field (218.8-236.4
ppm), whereas the signal is found upfield (101:2149.1
ppm) compared to the normal olefinic range. Typical for the
additional agostic interaction is the very small coupling constant
1J(CB—H) (96—125 Hz). All these features, which are typical
for Zr o-alkenyl complexes with agosticdeH:--Zr interactions,
were found earlier in complexes containing the same motif
(Scheme 4%.The corresponding data for complé@xare 5.03,
221.1, and 105.9 ppm with a coupling const&ai{tC—H) of
92 Hz.

Complexes2 and 3 were investigated by X-ray crystal-
lography. The crystallographic data are presented in Table 1,
and the molecular structures are shown in Figures 1 and 2.

The X-ray crystal structure analysis of comp@sghows the
structural element of an agostic alkenyl group-Da=CgH
(Figure 1). Typical data for these complexes are acuteyfC
angles (85.287.3) and relatively short ZrCp bond distances
(2.530-2.556 A). For complex a small Z—C1—C2 angle
(85.2(2¥) and bond distances ZC1 (2.273(3) A), C+C2 (1.
324(4) A), and Z+C2 (2.533(3) A) were found, similar to

Scheme 3
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Figure 1. Crystal structure of compleX Hydrogen atoms except
H1 and H2 are omitted for clarity. The thermal ellipsoids correspond
to 30% probability. Selected bond lengths [A] and angles [deg]:
C1-C2 1.324(4), C%Si2 1.883(3), C+Zrl 2.273(3), C2Sil
1.887(3), C2-Zr1 2.533(3); C2-C1-Si2 125.5(3), C2C1-7Zrl
85.2(2), C+C2-Si1 140.1(3), C+C2-Zrl1 63.4(2), Sit-C2—

Zrl 156.2(2).

Figure 2. Crystal structure of compleX Hydrogen atoms except
H1 are omitted for clarity. The thermal ellipsoids correspond to
30% probability. Selected bond lengths [A] and angles [deg]:-C1
C2 1.348(9), C%Si2 1.884(7), C*Zrl 2.246(7), C2Sil
1.901(8), C2-All 2.154(7), C2-Zrl 2.446(7); C2-C1-Si2
136.1(6), C2-C1—Zrl 81.7(4), C+C2-Si1 125.7(5), C+C2—

Zrl 65.3(4), C+C2—Al1 136.2(5), Sit-C2—Al1 96.9(3), All—
C2-2Zr1 75.4(2).

distances and angles found in the above-mentioned complexe

of the same type (Scheme &).

The molecular structure of the zirconocene com@skows
the structural element of a bicyclic five-membered ring system
consisting of Zr, hydridic hydrogen H, Al, Cand G, (Figure

2). The most remarkable feature of these complexes is the

coordination geometry of the carbon atom @hich is bonded

(6) (@) Jaer-Fiedler, U.; Arndt, P.; Baumann, W.; Spannenberg, A.;
Burlakov, V. V.; Rosenthal, UEur. J. Inorg. Chem2005 2842. (b)
Thomas, D.; Peulecke, N.; Burlakov, V. V.; Heller, B.; Baumann, W.;
Spannenberg, A.; Kempe, R.; Rosenthal, U.; BeckhauZ, Rnorg. Allg.
Chem 1998 624, 919. (c) Arndt, P.; Lefeber, C.; Tillack, A.; Rosenthal,
U. Chem Ber1996 129 1281.
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Table 2. Comparison of Structural Data of 3 with Complex
A (Scheme 1, M= Zr, Cp', = rac-ebthi)

3 A
Bond Distances [A]
Zr—Cq 2.246(7) 2.221(13)
Zr—Cy 2.446(7) 2.384(15)
Ca-Cp 1.348(9) 1.33(2)
Al—Cy 2.154(7) 2.15(2)
Angles [deg]
Al—Cy—2Zr 75.4(2) 78.3(5)
Cy—Ca—2r 81.7(4) 80.1(9)

to Gy, Zr, Al, and Si, with all four bonds lying more or less in
one plane. This structural motif of planar tetracoordinated carbon
atoms was often found and discussed in detail for many
examples by Erket.It was described as a three-center, two-
electron bonding system in the-plane, stabilized by a
perpendicularm-system. The data of comple3 (Table 2)
correspond very closely to one of these examplesy., the
complex of typeA (Scheme 1, M= Zr, Cp, = rac-ebthi). A
comparison of selected structural data is presented in Table 2.

For complex3 the long Al1—C2 (2.154(7) A) and Zr+C2
(2.446(7) A) bond distances support the description by a three-
center A-C—Zr bond. The C+Si2 distance (1.884(7) A) is
compareable to that of the €5Bi1 (1.901(8) A) bond. It was
pointed out that the planarity of the five-membered ring was
distorted, e.g., for compleX due to the steric hindrance of the
ebthi ligand (mean deviation of the best plane through Zr, Al,
Si, Gy, and G is 0.114 A forA).32 For complex3 the planarity
is distorted, too (mean deviation of the best plane through Zr,
Al, Si, Cy, and G is 0.177 A for3; probably resulting from the
special substitution of the Cp* and the resulting ring strain).

Preliminary Catalytic Polymerization Studies. In metal-
locene-catalyzed polymerization of olefins there is a vital interest
in replacement of expensive activators such as MAO or
perfluoroarylboron compounds by low-cost activators. For the
zirconacyclopropene compleac-(ebthi)Zr{2-MesSiC,SiMes)
activation byi-BuzAl resulted in only a very low activity. As
mentioned above, this complex reacts very readily vvius-

Al with formation of isobutene andBu,AlH, which forms the
heterobimetallic comple®d (Scheme 1, M= Zr, Cp, = rac-
ebthi)32 This complex, however, was not active. In the present
study, in first experiments it was found that in contrast complex
2 is active in the polymerization of ethylene (1.1 bar) without
the need for any additional activator (55 kg polymer/thpl A
greater activity was found for compléx (Scheme 1) (100 kg
polymer/moth).#2 No experiments were carried out in the
presence of additional aluminum reagent or activators. Further
investigations are in progress.

The titana- and zirconacyclopropenes’ Ti{1>-MesSiCy-

%iMeg) are active catalysts for the catalytic ring-opening

polymerization ok-caprolactoné® Addition of i-BusAl or i-Buy-

AlH, in which complexes of typ@& (Scheme 1, M= Ti) were
formed, provides additional activation, showing an increase in
the polymer molecular weight and in the activity, compared to
the starting complexe®.In preliminary experiments, complex

2 was tested as a catalyst in the ring-opening polymerization
of e-caprolactone at 68C. The yield of polymer was 22%/,,

= 75000. The yields are lower and the observed molecular
weight is comparable to those obtained at & with the
zirconocene complexes &4r(Py)(#7>-MesSiC,SiMes) (80%, My

= 80 000) andA (Scheme 1, Cp= Cp) (82%,M,, = 67 570)32
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Conclusion was identified by NMR spectroscopy and X-ray analysis. Mp:
. 5 . . o 190-192 °C (dec) under Ar. Anal. Calcd for gHs-AISiZr: C,
In the reaction of Cp3Zr(17°-MesSiC,SiMes) (1) with i-Bus- 62.38; H, 9.32. Found: C, 62.53; H, 9.06. An NMR spectroscopic

AlH the Cp* ligand is not inert, giving an electrophilic  jnvestigation of the crude thermolysis product shdwes to 1ratio
substitution and the formation of thg-CsMe,CH,—Al(i-Bu), of complexes3 and1. 'H NMR (CeDg, 297 K): 6 —1.43 (br, 1H,
ligand in complex2. In a subsequent reaction this ligand forms  4-H); 0.52 (s, 9HS-SiMes); 0.58 (s, 9H a-SiMes); 0.94 (dd, 1H,
the 5-CsMesCH,—Al(i-Bu)H ligand, reactingntramolecularly Cp-CH,); 1.29 (s, 3H, Cp-Ch); 1.48 (d, 1H, Cp-CH); 1.72 (s,
with the metallacyclopropene unit to the heterodinuclear 15H, Cp*); 1.81 (s, 3H, C-ChJ; 1.85 (s, 3H; Cp-Ch); 2.33 (s,
complex 3 with tetracoordinated planar carbon atoms. The 3H, Cp-CH). 33C{*H} NMR (CsDg, 297 K): 0 6.2 (3-SiMe3); 7.2
formation of2, described as a zwitterionic complex, Cp*Zr (a-SiMes); 10.3 (br, Cp-CH); 11.3; 11.8; 13.7; 14.6 (4 Cp-GH
[—C(SiMey)=CH(SiMe&y)][17>-CsMesCH,—Al ~(H)(i-Bu)], is very 12.1 (GMes); 114.6 CsMes); 142.3 (AICSiMey); 246.0 (Zr-

similar to the reaction of with the other Lewis acid B(§s)s, CSiMe). 2°Si NMR (CeDs, 297 K): 6 —2.9 (8-Si); —14,9 (@-Si).

in which an electrophilic substitution gives the complex MS (70 eV,mz): 444 [rM — MesSiC,SiMe;] ¥, 360 [CpZr]*, 155

Cp*Zrt[—C(SiMes)=CH(SiMe3)][#5-CsMesCH,—B - [MesSiCSiMe; — Me]”.

(CeFs)al.” Polymerization of Ethylene. Complex2 (0.027 g, 0.04 mmol)

was dissolved in 20 mL of toluene under Ar. Argon was carefully
removed in a vacuum, and the flask with solution was filled with
ethylene. The solution was stirred in the closed flagi3t at 90

General ProceduresAll operations were carried out under argon  “C- Following cooling to room temperature, the polymerization
with standard Schlenk techniques. Prior to use nonhalogenatedstarted and ethylene was supplied as consumed (1.1 bar). The
solvents were freshly distilled from sodium tetraethylaluminate and Solution was stirred for 15 min, and then the ethylene was removed
stored under argon. Deuterated solven¢Di was treated with in a vacuum. The polymer was filtered, washed with toluene, and
sodium tetraethylaluminate, distilled, and stored under argon. The dried in vacuo. Yield of polyethylene: 0.550 g, identified by
following spectrometers were used: mass spectra, AMD 402; NMR infrared spectra.
spectra, Bruker ARX 400. Chemical shiftdH( 13C) are given Polymerlza_tlon of s-QaproIactone.ComplexZ (0.027 g, 0.04
relative to SiMe and are referenced to signals of the used solvent MMol) was dissolved in 10 mL of toluene under argénl mL
(benzeneds, o = 7.16,0c = 128.0); the spectra were assigned Portion of this solution (0.004 mmol) was a_dded to a solution of
with the help of DEPT, NOE, and shift correlation experiments. €-caprolactone (2.12 mL, 2.290 g, 20 mmol) in 0.88 mL of toluene.
This section gives only the key resonances; full details can be found The mixture was stirred and warmed to 80. After 1 h to the
in the Supporting Information. Melting points: sealed capillaries, "€action mixture was added an excess of methanol. The ¢aoly-
Biichi 535 apparatus. Elemental analyses: Leco CHNS-932 el- caprolactone was separated and dried in vacuo until the weight
emental analyzer. remained constant. Yield: 0.506 g (22%), identified by infrared

Preparation of Complex 2.i-BuAlH (1.0 mmol, 1 mL of a spectra in comparison to earlier obtained samples.

1.0 M solution in toluene) was added to a solution of comiftéx The molecular masses of podyeaprolactones were measured
(0.461 g, 0.87 mmol) in 1015 mL of n-hexane The blue-green Py GPC [Hewlett-Packard liquid chromatograph 1090 HP (SDV
solution was filtered and allowed to stand in an argon atmosphere Column 16 A + 10° A + 100 A (Polymer Standard Service), eluent
at 20°C. After 24 h the greenish solution was evaporated in a THF] and were corrected by the universal calibration relative to
vacuum to drynessrHexane (3 mL) was added to the oily residue, Polystyrene standards.

and the resulting mixture was cooledt@8 °C. After 2 days light X-ray Crystallographic Study of Complexes 2 and 3.Data
green crystals had formed, which were separated from the motherere collected with a STOE-IPDS diffractometer using graphite-
liquor by decantation, washed with catehexane, and dried in a monochromated Mo K radiation. The structures were solved by
vacuum to give 0.374 g (64%) & mp 153-155 °C under Ar. direct methods (SHELXS-SB)and refined by full-matrix least-
Anal. Calcd for GeHs/AISIZr: C, 64.12; H, 10.02. Found: C, ~Squares techniques agairfst (SHELXL-93, SHELXL-97)% XP

Experimental Section

64.30; H 9.47H NMR (C¢Dg, 297 K): 6 —0.64 (br, 1H,u-H); (Bruker-AXS) was used for structure representations.

0.38 (s, 9H,3-SiMej3); 0.44 (s, 9H,a-SiMes); 1.38 (s, 3H, Cp-

CHs); 1.56 (s, 3H, Cp-Ch); 1.60 (dd, 1H, Cp-Ch); 1.70 (s, 15H, Acknowledgment. We are grateful to the Deutsche Fors-
CsMes); 1.76 (s, 3H, Cp-Ch); 1.80 (d, 1H, Cp-Ch); 2.06 (s, 3H, chungsgemeinschaft (Research Training Group 1213 and the
Cp-CH); 5.03 (d, 1H,=CH, 2y = 4.1 Hz).13C NMR (C¢Ds, SPP 1118, Project-Nr RO 1269/6) and the Russian Foundation

297 K): 0 2.1 (8-SiMey); 5.8 (@-SiMey); 8.1 (br, Cp-CH); 10.6; for Basic Research (Project Code 05-03-32515) for support of
11.7;11.9; 13.7 (4 Cp-Cit 12.5 (GMes); 105.9 CHSiIMe; e this work. We thank our technical staff, in particular Petra

= 02.2 Hz); 116.9 CsMes); 221.1 CSiMes). 29Si NMR (CgDe, Bartels and Regina Jesse, for skilled assistance.
297 K): 6 —3.4 (3-Si); —9.2 (-Si, 3Jsiy = 20.2 Hz). MS (70 eV,
m/z): 360 [CpZr]™. Supporting Information Available: Tables of crystallographic

Preparation of Complex 3. Complex2 (1.24 g, 1.84 mmol) data in cif format, including bond lengths and angles of compounds
was heated at 160C for 10 min. The solid melted with gas 2 and3. Detailed NMR spectroscopic data with full assignments
evolution. The residue was cooled to rt, and the light green tar- for compounds2 and 3. This material is available free of charge
like material was dissolved in-hexane (45 mL) under Ar. The via the Internet at http://pubs.acs.org.
green solution was filtered, concentrated temL, and cooled OMO50821l
to —78 °C. After 2 days green crystals had formed, which were
isolated by filtration to give 0.23 g (20%) of compl&x which (8) Sheldrick, G. M.Acta Crystallogr 1990 A 46, 467.

(9) Sheldrick, G. M.SHELXL-93 University of Gdtingen: Gitingen,

(7) Burlakov, V. V.; Pellny, P.-M.; Arndt, P.; Baumann, W.; Spannen- Germany, 1993. Sheldrick, G. MSHELXL-97 University of Gadtingen:

berg, A.; Shur, V. B.; Rosenthal, .Chem. Commur200Q 241. Gattingen, Germany, 1997.




