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Alkylation of [Zr(CpSi2Cp)Cl2] (CpSi2Cp ) (η5-C5H3)2[Si(CH3)2]2 with 1 equiv of RMgCl in
THF at 10 °C gave the monoalkylated complexes [Zr(CpSi2Cp)ClR] (R ) Et, n-Pr, i-Pr) in
80% yield, the isopropyl complex isomerizing to the n-propyl derivative above 10 °C. Addition
of a second equivalent or an excess amount of the akylating agent resulted in the formation
of the dialkyl compounds [Zr(CpSi2Cp)R2] (R ) Et, n-Pr). Hydrolysis of [Zr(CpSi2Cp)ClR]
led to the µ-oxo dinuclear complex [{Zr(CpSi2Cp)Cl}2(µ-O)]. Thermal decomposition of THF
solutions of [Zr(CpSi2Cp)ClR] takes place with the evolution of an equimolar amount of alkane
and alkene and the formation of [Zr(CpSi2Cp)Cl2] and an unidentified residue. Formation
of [Zr(CpSi2Cp)Et2] is always accompanied by decomposition with the evolution of ethane to
give [{Zr(CpSi2Cp)Et}2(µ-CH2dCH2)] in 70% yield. A similar behavior was observed for
[Zr(CpSi2Cp)(n-Pr)2]. All of the compounds were characterized by elemental analysis and
NMR spectroscopy, and the molecular structures of [Zr(CpSi2Cp)ClEt] and [{Zr(CpSi2Cp)-
Et}2(µ-CH2dCH2)] were studied by X-ray diffraction methods. Density functional calculations
on the model compound [{ZrCp2Me}2(µ-CH2dCH2)] satisfactorily reproduce dC-C ) 1.482,
d1Zr-C ) 2.327 Å, and d2Zr-C ) 2.506 Å, the geometry found experimentally.

Introduction

Numerous chemical and spectroscopic studies support
the previously postulated metallocene cationic species1
as the active intermediate for the chain-propagation
step of metallocene-based catalysts for polymerization
of R-olefins. Here, the coordination of the olefin at the
vacant position is followed by insertion, with migration
of the alkyl chain, leaving an alternating vacant site.
Chain termination takes place by a dominant â-H
elimination process,2 which liberates the polymer with
a terminal vinyl group. This results in a very reactive
metal hydride intermediate that regenerates the start-
ing active metallocene alkyl cation. Many efforts3 have

been made to discover the nature, structure, and
reactivity of these intermediate metal-alkyl and metal-
olefin species, but rather few alkyl compounds have
been reported with â-H-containing functionalities.
Several examples of olefin-coordinated group 4 low-

valent metal complexes of the type [MCp2(olefin)L] have
been reported.4 These compounds usually contain ad-
ditional phosphine ligands and form reasonably stable
18-electron compounds. To date, [TiCp*2(CH2dCH2)] is
the unique ligand-free complex known of this type.5
Even less is known about olefin-bridged dinuclear metal
complexes,6 and only [(ZrCp2Me)2(µ-CH2dCH2)] has
been structurally characterized by X-ray diffraction
methods.7
Group 4 transition-metal-ethyl complexes have been

isolated8 by reaction of the olefin compounds [MCp2-
(olefin)L] with protonating electrophiles HX (X ) halide,
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alkoxide). The â-H containing substituents in these
chloro alkyl compounds are easily isomerized9 through
the activation of one of the â C-H bonds to give highly
unstable and reactive hydride species, which in turn are
immediately transformed into the new isomerized alkyl
ligand.
Previously, we reported10,11 some group 4 ansa-

metallocene complexes with the di-ansa-bis(dimethyl-
silandiyl)dicyclopentadienyl dianion, [(η5-C5H3)2-
(Me2Si)2]2-. This ligand increases the stereorigidity of
the complex and usually leads to rather close bending
angles, θ, between the cyclopentadienyl rings when
compared with typical values of 123-134°.12 In the
present paper, we report the isolation of â-H containing
zirconocene alkyls and their thermal behavior leading
to the first dinuclear ethyl µ-ethene zirconium complex,
[{Zr(CpSi2Cp)Et}2(µ-CH2dCH2)]. The X-ray molecular
structure shows unusual features, which can be related
to the extremely narrow bending angle of the zir-
conocene fragments. We also discuss the preparative,
structural, and spectroscopic aspects of these com-
pounds. Finally, we present calculations on the model
compound [{ZrCp2Et}2(µ-CH2dCH2)] in order to analyze
the bonding of the µ-ethene moiety in [{Zr(CpSi2Cp)-
Et}2(µ-CH2dCH2)]. These calculations are based on
approximate density functional theory (DFT), which is
now well-established as a valuable tool in studying the
structures and energetics of transition metal com-
pounds.13

Experimental Section

All operations were performed under an inert atmosphere
of argon using Schlenk and vacuum-line techniques or a VAC
glovebox, Model HE-63-P. The following solvents were dried
and purified by distillation under argon before use by employ-
ing the appropriate drying/deoxygenating agents: tetrahydro-
furan (THF, sodium/benzophenone), toluene (sodium), and
hexane (sodium/potassium alloy). [ZrCl2{(η5-C5H3)2[Si(CH3)2]2}]
(1) was prepared according to literature procedures.10 EtMgCl
(Aldrich), (n-Pr)MgCl (Aldrich), (i-Pr)MgCl (Aldrich), and PMe3
(Aldrich) were purchased from commercial sources and used
without further purification. 1H, 13C, and 13C{1H} NMR
spectra were recorded on Varian 300 Unity and Varian 500
Unity Plus instruments. 1H and 13C chemical shifts are
reported in parts per million (ppm, δ, units positive chemical
shifts to a higher frequency) relative to TMS. Mass spectra
were recorded on a Hewlett Packard 5890 spectrometer.
Elemental C and H analyses were performed with a Perkin-
Elmer 240B microanalyzer.
Synthesis of [ZrCl(CH2-CH3){(η5-C5H3)2[Si(CH3)2]2}], 2.

1.23 mL of a 2M THF solution of EtMgCl were added to a THF
solution (25 mL) of [ZrCl2{(η5-C5H3)2[Si(CH3)2]2}] 1 (1 g, 2.47
mmol) at -78 °C. The mixture was warmed at 10 °C and
stirred for 12 h to give a red solution which after evaporation
of the solvent and extraction with toluene rendered complex
2, which was recrystallized from hexane as yellow crystals
(0.79 g, 80%). Anal. Calcd for C16H23Si2ClZr: C, 48.26; H,
5.82. Found: C, 48.04; H, 5.87. CIMS: [M+ - (CH2-CH3)]
m/e ) 367 (100); [M+] was not observed. 1H NMR (300 MHz,

C6D6): δ 6.71 (2H, m, C5H3), 6.55 (2H, m, C5H3), 6.28 (2H, m,
C5H3), 1.53 (3H, t, J ) 7.7 Hz, -CH2-CH3), 1.04 (2H, q, J )
7.7 Hz, -CH2-CH3), 0.50 (3H, s, Si(CH3)2), 0.43 (3H, s,
Si(CH3)2), 0.31 (3H, s, Si(CH3)2), 0.01 (3H, s, Si(CH3)2). 1H-
NMR (500 MHz, THF-d8): δ 6.81 (2H, m, C5H3), 6.70 (2H, m,
C5H3), 6.41 (2H, m, C5H3), 1.26 (3H, t, J ) 8.0 Hz, -CH2-
CH3), 0.90 (2H, q, J ) 8.0 Hz, -CH2-CH3), 0.80 (3H, s, Si-
(CH3)2), 0.74 (3H, s, Si(CH3)2), 0.50 (3H, s, Si(CH3)2), 0.37 (3H,
s, Si(CH3)2). 13C-NMR (75 MHz, C6D6): δ 134.0 (C5H3), 132.0
(C5H3), 116.4 (C5H3, ipso), 113.7 (C5H3), 110.1 (C5H3, ipso), 44.8
(t, JCH ) 116.3 Hz, -CH2-CH3), 18.0 (q, JCH ) 124.5 Hz,
-CH2-CH3), 2.2 (Si(CH3)2), 2.1 (Si(CH3)2), -3.6 (Si(CH3)2),
-5.2 (Si(CH3)2).
Synthesis of [ZrCl(CH2-CH2-CH3){(η5-C5H3)2[Si-

(CH3)2]2}], 3. A 2M diethyl ether solution of (n-Pr)MgCl (1.23
mL) was added to a THF solution (25 mL) of [ZrCl2{(η5-C5H3)2-
[Si(CH3)2]2}], 1 (1 g, 2.47 mmol), at -78 °C. The mixture was
warmed at 10 °C and stirred for 12 h to give a brown solution.
The solvent was completely removed in vacuo, and the residue
was extracted with toluene to render complex 3, which was
recrystallized from diethyl ether as yellow-brown crystals
(0.712 g, 70% yield). Anal. Calcd for C17H25Si2ClZr: C, 49.53;
H, 6.11. Found: C, 49.79; H, 6.50. CIMS: [M+ - (CH2-CH2-
CH3)] m/e ) 367 (100); [M+] was not observed. 1H-NMR (300
MHz, C6D6): δ 6.70 (2H, m, C5H3), 6.58 (2H, m, C5H3), 6.27
(2H, m, C5H3), 1.75 (2H, m, -CH2-CH2-CH3), 1.08 (3H, m,
-CH2-CH2-CH3), 1.04 (2H, m, -CH2-CH2-CH3), 0.50 (3H,
s, Si(CH3)2), 0.44 (3H, s, Si(CH3)2), 0.32 (3H, s, Si(CH3)2), 0.02
(3H, s, Si(CH3)2). 1H-NMR (500 MHz, THF-d8): δ 6.81 (2H,
m, C5H3), 6.65 (2H, m, C5H3), 6.38 (2H, m, C5H3), 1.52 (2H, m,
-CH2-CH2-CH3), 0.88 (2H, m, CH2-CH2-CH3), 0.77 (3H, s,
Si(CH3)2), 0.70 (3H, s, Si(CH3)2), 0.47 (3H, s, Si(CH3)2), 0.34
(3H, s, Si(CH3)2). 13C-NMR (75 MHz, C6D6): 134.4 (C5H3),
131.9 (C5H3), 116.2 (C5H3 ipso), 113.7 (C5H3), 110.0 (C5H3, ipso),
56.2 (t, CH2-CH2-CH3 t, JCH (125 MHz, THF-d8 ) ) 116.7 Hz),
27.5 (t, -CH2-CH2-CH3, JCH (125 MHz, THF-d8) ) 119.3 Hz),
20.8 (q, -CH2-CH2-CH3, JCH (125 MHz, THF-d8 ) ) 124.8
Hz), 2.25 (Si(CH3)2), 2.20 (Si(CH3)2), -3.6 (Si(CH3)2), -5.14
(Si(CH3)2).
Reaction of [ZrCl2{(η5-C5H3)2[Si(CH3)2]2}], 1, with (i-

Pr)MgCl. A 2 M diethyl ether solution of (i-Pr)MgCl (1.23
mL) was added to a THF solution (25 mL) of [ZrCl2{(η5-C5H3)2-
[Si(CH3)2]2}], 1 (1 g, 2.47 mmol), at -78 °C. The mixture was
warmed to 10 °C and stirred for 12 h to give a brown solution.
The solvent was removed in vacuo to give a yellow-brown solid,
which was extracted with toluene. Recrystallization from
diethyl ether gave a mixture of [ZrCl(CH(CH3)2){(η5-C5H3)2-
[Si(CH3)2]2}], 4, and complex 3, which was characterized by
1H NMR spectroscopy. When the reaction was monitored by
NMR spectroscopy in a sealed NMR tube using a mixture of
compound 1 (0.04 g, 0.1 mmol) and a 2 M diethyl ether solution
of (i-Pr)MgCl (0.05 mL, 0.1 mmol) in THF-d8 (0.75 mL), pure
isopropyl complex 4 was characterized by NMR spectroscopy
as the unique organometallic compound in the solution after
1 h at 10 °C, although it was not isolated as a solid. 1H-NMR
(300 MHz, C6D6): δ 6.75 (2H, m, C5H3), 6.52 (2H, m, C5H3),
6.28 (2H, m, C5H3), 1.54 (6H, d, J ) 7.3 Hz, -CH-(CH3)2),
0.50 (3H, s, Si(CH3)2), 0.45 (3H, s, Si(CH3)2), 0.34 (3H, s, Si-
(CH3)2), 0.04 (3H, s, Si(CH3)2). 1H-NMR (500 MHz, THF-d8):
δ 6.76 (2H, m, C5H3), 6.69 (2H, m, C5H3), 6.40 (2H, m, C5H3),
1.33 (6H, d, J ) 8.0 Hz, -CH-(CH3)2), 0.77 (3H, s, Si(CH3)2),
0.72 (3H, s, Si(CH3)2), 0.71 (1H, spt, J ) 8 Hz, -CH-(CH3)2),
0.46 (3H, s, Si(CH3)2), 0.36 (3H, s, Si(CH3)2). 13C-NMR (125
MHz, THF-d8): δ 136.3 (C5H3), 131.8 (C5H3), 118.2 (C5H3 ipso),
116.1 (C5H3), 112.7 (C5H3, ipso), 57.9 (-CH-(CH3)2), 29.9
(-CH-(CH3)2), 3.7 (Si(CH3)2), 3.6 (Si(CH3)2), -2.4 (Si(CH3)2),
-3.7 (Si(CH3)2).
Synthesis of [{ZrCl[(η5-C5H3)2[Si(CH3)2]2]}2(µ-O)], 5. A

1 M toluene solution of PMe3 (2 mL, 2 mmol) and water (0.018
mL, 1 mmol) were added to a toluene solution (50 mL) of
complex 3 (0.8 g, 1.9 mmol). The mixture was refluxed and
stirred for 24 h to give a yellow solution, which was filtered,
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concentrated to 5 mL, and cooled to -20 °C to provide white
crystals of compound 5 (0.537 g, 75%). Anal. Calcd for
C28H36Si4Cl2Zr2O: C, 44.58; H, 4.81. Found: C, 44.59; H, 4.77.
CIMS: [M+]m/e ) 754 (1); [M+ - (CH3)]m/e ) 739 (21); [ZrCl-
{(η5-C5H3)2[Si(CH3)2]2}]+ m/e ) 367 (10); [ZrO{(η5-C5H3)2[Si-
(CH3)2]2}]+ m/e ) 351 (10). 1H-NMR (300 MHz, C6D6): 6.97
(4H, m, C5H3), 6.96 (4H, m, C5H3), 6.26 (4H, m, C5H3), 0.71
(6H, s, Si(CH3)2), 0.61 (6H, s, Si(CH3)2), 0.56 (6H, s, Si(CH3)2),
0.39 (6H, s, Si(CH3)2). 13C-NMR (75 MHz, C6D6): 138.3 (C5H3),
136.1 (C5H3), 120.4 (C5H3, ipso), 115.2 (C5H3, ipso), 112 (C5H3),
2.4 (Si(CH3)2), 1.8 (Si(CH3)2), -3.8 (Si(CH3)2), -4.5 (Si(CH3)2).
Reaction of [ZrCl2{(η5-C5H3)2[Si(CH3)2]2}], 1, with an

Excess Amount of EtMgCl. A mixture of 1 (0.5 g, 0.12
mmol) and a 2 M THF solution of EtMgCl (0.125 mL, 0.25
mmol) in THF-d8 (0.75 mL) was sealed under vacuum in a
NMR tube at -78 °C, and the reaction was monitored by 1H
and 13C NMR spectroscopies. After 1 h at -10 °C, 1 had been
totally transformed into complex 2, and then resonances due
to [Zr(CH2-CH3)2 {(η5-C5H3)2[Si(CH3)2]2}], 6, appeared. After
1.5 h, this was the only organometallic complex present in the
solution, together with the excess EtMgCl. When the tem-
perature was raised to 20 °C, the resonances due to complex
6 disappeared, and new resonances due to its decomposition
products were observed. Data for complex 6: 1H-NMR (500
MHz, THF-d8, -10 °C) 6.51 (4H, d, C5H3), 6.38 (2H, t, C5H3),
1.07 (6H, t, J ) 8.0 Hz, -CH2-CH3), 0.59 (6H, s, Si(CH3)2),
0.27 (6H, s, Si(CH3)2), 0.15 (4H, q, J ) 8.0 Hz, -CH2-CH3).
13C-NMR (125 MHz, THF-d8, -30 °C): δ 129.4 (C5H3), 113.1
(C5H3), 111.2 (C5H3, ipso), 42.7 (-CH2-CH3), 16.6 (-CH2-
CH3), 2.6 (Si(CH3)2), -4.2 (Si(CH3)2).
Reaction of [ZrCl2{(η5-C5H3)2[Si(CH3)2]2}], 1, with an

Excess Amount of (n-Pr)MgCl. A mixture of 1 (0.5 g, 0.12
mmol) and a 2 M diethyl ether solution of (n-Pr)MgCl (0.125
mL, 0.25 mmol) in 0.75 mL of THF-d8 was sealed under
vacuum in a NMR tube at -78 °C. The reaction was
monitored by 1H and 13C NMR spectroscopies. After 1 h at
-10 °C, all of 1 had been transformed into complex 3, when
resonances due to [Zr(CH2-CH2-CH3)2 {(η5-C5H3)2[Si(CH3)2]2}]
started to appear. After 1.5 h at -5 °C, 7 was the only
organometallic complex present in the solution together with
the excess (n-Pr)MgCl. When the temperature was raised to
20 °C, the resonances due to complex 7 disappeared and new

resonances due to unidentified decomposition products were
observed. 1H-NMR (500 MHz, THF-d8, -5 °C): δ 6.54 (4H, d,
C5H3), 6.36 (2H, t, C5H3), 1.34 (4H, m, -CH2-CH2-CH3), 0.7
(6H, m, -CH2-CH2-CH3), 0.60 (6H, s, Si(CH3)2), 0.28 (6H, s,
Si(CH3)2), 0.18 (4H, m, -CH2-CH2-CH3). 13C-NMR (125
MHz, THF-d8, -5 °C): δ 130.6 (C5H3), 114.4 (C5H3), 112.4
(C5H3, ipso), 56.4 (-CH2-CH2-CH3), 28.2 (-CH2-CH2-CH3),
23.2 (-CH2-CH2-CH3), 3.8 (Si(CH3)2), -2.9 (Si(CH3)2).
Synthesis of [{Zr(CH2-CH3)[(η5-C5H3)2[Si(CH3)2]2]}2{µ-

[η2-(CH2-CH2)}], 8. A 2M THF solution of EtMgCl (2.46 mL)
was added to a THF solution of 1 (1 g, 2.47 mmol) at -78 °C.
The mixture was warmed to 0 °C and stirred for 3 h to give a
red solution, which after evaporation of the solvent and
recrystallization from a mixture of diethyl ether-hexane (10/
5) rendered orange crystals of complex 8 (0.651 g, 70%).
CIMS: [M+ - (CH2-CH3)] m/e ) 723 (3.8), [M+ - (CH2CH3)
- (SiMe2)] m/e ) 665 (8.5), [Zr(CH2-CH3)[(η5-C5H3)2[Si-
(CH3)2]2]+ m/e ) 360 (4.9), [Zr[(η5-C5H3)2[Si(CH3)2]2]+ m/e )
331(100). 1H-NMR (300 MHz, C6D6): 6.44 (4H, m, C5H3), 6.36
(4H, m, C5H3), 5.41 (4H, m, C5H3), 1.60 (6H, t, J ) 7.7 Hz,
-CH2-CH3), 0.82 (4H, q, J ) 7.7 Hz, -CH2-CH3), 0.65 (6H,
s, Si(CH3)2), 0.64 (6H, s, Si(CH3)2), 0.53 (6H, s, Si(CH3)2), 0.43
(6H, s, Si(CH3)2), -0.10 (4H, s, [η2(-CH2-CH2-)]. 13C-NMR
(75 MHz, C6D6): δ 131.0 (C5H3), 127.3 (C5H3), 108.1 (C5H3,
ipso), 105 (C5H3), 104.7 (C5H3, ipso), 22.7 (-CH2-CH3), 20.7
(q, JCH ) 122.2 Hz, -CH2-CH3), δ 9.0 (t, JCH ) 141 Hz, [η2-
(-CH2-CH2-)], 3.7 (Si(CH3)2), 3.4 (Si(CH3)2), -3.4 (Si(CH3)2),
-3.9 (Si(CH3)2).
Crystal Structure Determination of Compounds 2 and

8. Crystallographic and experimental details of the crystal
structure determinations are given in Table 1. Suitable
crystals of complexes 2 and 8 were mounted on an Enraf-
Nonius CAD 4 automatic four-circle diffractometer with bisect-
ing geometry, equipped with a graphite-oriented monochro-
mator and Mo KR radiation (λ ) 0.710 69 Å). Data were
collected at room temperature. Intensities were corrected for
Lorentz and polarization effects in the usual manner. No
absorption or extinction corrections were made.
The structure of 2 was solved by a combination of direct

methods and Fourier synthesis and refined (on F) by full-
matrix least-squares calculations using the SDP14 package. All
of the non-hydrogen atoms were refined anisotropically. In

Table 1. Crystal Data and Structure Refinement for Compounds 2 and 8
compound 2 compound 8

cryst size 0.2 × 0.3 × 0.3 0.2 × 0.2 × 0.3
color yellow-pale yellow-pale
cryst habit prismatic prismatic
empirical formula ZrSi2ClC16H23 Zr2Si4C34H50
fw 398.21 753.54
temp 293(2) K 293(2) K
wavelength 0.710 69 Å 0.710 69 Å
cryst syst monoclinic monoclinic
space group P21 P21/n
unit cell dimens a ) 9.204(3) Å a ) 8.715(3) Å

b ) 13.574(2) Å b ) 8.066(2) Å
c ) 14.758(6) Å c ) 25.125(5) Å
â ) 104.91(2)° â ) 91.38(2)°

volume 1781(1) Å3 1765.7(8) Å3

Z 4 2
density(calcd) 1.485 g/cm3 1.417 g/cm3

abs coeff 8.80 cm-1 7.48 cm-1

F(000) 816 780
scan mode ω/2θ scans ω/2θ scans
θ range for data collection 2.00-30.00 2.00-27.00
index ranges 0 < h < 12, 0 < k < 19, -20 < l < 20 -11 < h < 11, 0 < k < 10, 0 < l < 32
no. reflns collected 5572 4005
no. reflns obs with I > 2σ(I) 3353 2930
abs correction N/A N/A
refinement method full-matrix least-squares on F full-matrix least-squares on F2

goodness-of-fit on F2 1.164 0.994
final R indices [I > 2σ(I)] R1 ) 0.0330, wR2 ) 0.0381 R1 ) 0.0461, wR2 ) 0.1280
weighting scheme w ) 4Fo2/[σ(Fo)2]2 w ) 1/[σ2(Fo2) + (0.0870P)2 + 4.5349P]

where P ) (Fo2 + 2Fc2)/3
largest diff peak and hole 0.425 and -0.524 e Å-3 1.363 and -0.957 e Å-3
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the last cycle of the refinement, the hydrogen atoms were
introduced from geometric calculations, refined one cycle
isotropically, and then fixed, except for the hydrogen atoms
bonded to C(1) and C(2), which were found in the difference
Fourier map and then fixed in their positions. Final values
of R ) 0.0330 and Rw ) 0.0381 were obtained for 2.
The structure of 8 was solved by direct methods (SHELXS

90)15 and refined by full-matrix least-squares against F2

(SHELXL 93).16 All of the non-hydrogen atoms were refined
anisotropically. In the last cycle of refinement, the hydrogen
atoms were positioned geometrically and refined using a riding
model with fixed thermal parameters, except for the hydrogen
atoms bonded to C(31) and C(41), which were located in the
difference Fourier map and then refined.
Calculations were carried out on an ALPHA AXP (Digital)

workstation.
Computational Details. All calculations are based on the

local density approximation (LDA) in the parametrization of
Vosko, Wilk, and Nussair.17 Nonlocal gradient corrections due
to exchange18 and correlation19 were included self-consistently
(NL-SCF). The calculations utilized the Amsterdam Density
Functional (ADF) package,20 release 2.0.1. Use was made of
the frozen core approximation. For C, the valence shells were
described using a double ú-STO (Slater-type orbital) basis,
augmented by one d-STO polarization function (ADF database
III). For the ns, np, nd, (n + 1)s, and (n + 1)p shells on Zr, a
triple ú-STO basis was employed (ADF database IV, aug-
mented by R5p ) 0.85, 1.30, and 2.05). H was treated with a
double ú-STO basis and one additional p-STO polarization
function (ADF database III). The numerical integration grid
was chosen so that significant test integrals were evaluated
with an accuracy of at least four significant digits. In geometry
optimizations, the arrangements of the cyclopentadienyl and
methyl ligands were fixed, based on the geometry of [{Zr(CpSi2-
Cp)Et}2(µ-CH2dCH2)] in the solid state.

Results and Discussion

Chloro Alkyl Complexes. Previously, we reported10a
the isolation of the di-ansa-zirconocene dichloride
[Zr(CpSi2Cp)Cl2] (1, CpSi2Cp ) 1,1′,2,2′-(SiMe2)2(η5-
C5H3)2) from ZrCl4 and the dilithium salt of the ligand.
Complex 1 reacts with a THF solution of 1 equiv of

RMgCl (R ) Et, n-Pr) providing the chloro alkyl
complexes [Zr(CpSi2Cp)ClR] (R ) Et (2), n-Pr (3)), which
were isolated as yellow (2) or yellow-brown (3) crystals
in 80% (from hexane) and 70% (from diethyl ether) yield,
respectively (Scheme 1). The reaction is complete after
stirring for 12 h at 10 °C. An excess amount of the
alkylating agent must be avoided to prevent the forma-
tion of the dialkyl compound, and the temperature must
not exceed 15 °C to prevent decomposition. 1H and 13C
NMR data (see Experimental Section) as well as the
elemental analysis for compounds 2 and 3 were consis-
tent with their proposed structures; the molecular
structure of 2 was subsequently confirmed by X-ray
diffraction and is shown in Figure 1, with the atomic
labeling scheme. Selected bond distances and angles
are given in Table 2.

In the asymmetric unit of the unit cell, two different
conformations of compound 2 exist, which only differ
in the orientation of the ethyl system. The data
belonging to the second molecule are included in brack-
ets. The molecule can be described as a pseudo-
tetrahedral zirconium complex, if both cyclopentadienyl
ring centroids are considered as single coordination
sites. The chlorine and the ethyl CR atoms together with
the Zr atom define the equatorial plane. The bond
distances to the metal center (dZr-Cl ) 2.436(2) [2.440-
(2)] Å and dZr-CR ) 2.249(7) [2.277(6)] Å) correspond to
single bonds. Both cyclopentadienyl rings are eclipsed,
and the centroid to Zr distances range from 2.209 to
2.218 Å. The zirconium atom penetrates the metal-
locene wedge, which may result from polarization of the
Cp ligands due to the presence of the two electron
withdrawing silyl groups. The metal center is located
at distances from the internal bridgehead carbon atoms
about 0.1 Å shorter than those from the external ones,
which leads to significant differences in the electronic
properties of the ring carbon atoms. The bending angle
θ between the two cyclopentadienyl rings is 120.6°
[120.2°], which is comparable to that found for [Zr(CpSi2-

(14) B. A. Frenz, and Associates, Inc. SDP; Texas A &M and Enraf-
Nonius, College Station, TX 77840, Delft, Holland, 1985.

(15) Sheldrick, G. M. Acta Crystallogr., Sect. A 1190, 46, 467.
(16) Sheldrick, G. M. SHELXL93; University of Göttingen: Göttin-

gen, Germany, 1993.
(17) Vosko, S. J.; Wilk, M.; Nussair, M. Can. J. Phys. 1980, 58, 1200.
(18) (a) Becke, A. J. Chem. Phys. 1988, 88, 1053. (b) Becke, A. Phys.

Rev. 1988, A38, 3098.
(19) (a) Perdew, J. P. Phys. Rev. 1986, B33, 8822. (b) Perdew, J. P.

Phys. Rev. 1986, B34, 7406.
(20) (a) Baerends, E. J.; Ellis, D. E.; Ros, P. E. Chem. Phys. 1973,

2, 41. (b) teVelde, G.; Baerends, E. J. J. Comput. Phys. 1992, 99, 84.
(21) Jordan, R. F. J. Organomet. Chem. 1985, 294, 321.

Figure 1. ORTEP view of the molecular structure of [Zr-
(CpSi2Cp)ClEt] (2), with the atom numbering scheme.

Scheme 1
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Cp)Cl2]10 [120.6°] but narrower than the usual angle
range from 123° to 134°.12 The plane defined by the
CR, Câ, and Zr atoms is oriented toward one of the
cyclopentadienyl rings, forming a dihedral angle of
63.0(4)° [63.1(4)°] with the equatorial plane. The Câ
atom of the ethyl group is located 1.143(8) [1.187(7)] Å
out of the equatorial plane. Although this makes the
two cyclopentadienyl rings chemically inequivalent, this
cannot be detected in the solution NMR spectra at
temperatures down to -80 °C. The observed positions
of the two CR bonded methylene hydrogens reveal a
shorter distance to the metal (Zr‚‚‚H1

R ) 2.50 [2.54] Å)
and a closer CR-Zr-H1

R angle (94.4° [93.3°]) for one of
them, while the other H atom shows a longer distance
(Zr‚‚‚H2

R ) 2.90 [2.95] Å) and consequently also a more
open CR-Zr-H2

R angle (123.2(5)°). The relatively long
Zr‚‚‚H1

R distance and the observation that both hydro-
gen atoms are out of the equatorial plane, H1

R by
0.82(1) [0.87(1)] Å and H2

R by 0.29(1) [0.32(1)] Å, make
a conventional R agostic interaction quite implausible.

The comparable reaction with 1 equiv of (i-Pr)MgCl
led to a dark-brown solution, from which a mixture of
the new alkyl derivative [Zr(CpSi2Cp)Cl(i-Pr)], 4, and
the n-propyl complex 3 was obtained. When the reac-
tion was monitored by 1H and 13C NMR spectroscopies
in a sealed tube, complete transformation of the starting
compound 1 into the isopropyl complex 4 was observed.
However, at a later stage of the reaction, isomerization
takes place with migration of one â-hydrogen from Câ

to CR, presumably through â-hydrogen elimination and
reinsertion to give the n-propyl complex 3 (Scheme 2).
All of the chloro alkyl complexes were slowly hydro-

lyzed by the addition of stoichiometric amounts of water
in the presence of PMe3 to afford, in refluxing toluene,
the µ-oxo-bridged dimer [{Zr(CpSi2Cp)Cl}2(µ-O)], 5.
When the reactions of 2 and 3 were monitored in sealed
NMR tubes by 1H NMR spectroscopy using wet benzene-
d6 (0.014% H2O), the resulting formation of complex 5
was always accompanied by the dichloro complex 1. The
latter, however, appeared to be a product of the simul-
taneous thermal decomposition of the alkyl compounds.
For this reason, the hydrolysis was carried out in the
presence of PMe3, in order to suppress the decomposi-
tion process as discussed below. Complex 5was isolated
as a white solid after recrystallization from toluene and
characterized by elemental analysis and NMR spectros-
copy (see Experimental Section).
Thermal Decomposition of the Chloro Alkyl

Complexes. The decomposition of a THF-d8 solution
of the chloro ethyl complex 2 was studied in a sealed
tube by 1H NMR spectroscopy (Scheme 1). A slow
transformation was observed at room temperature,
which was complete after 1 day, to give the dichloro
compound 1, with evolution of ethane and ethene in a
1:1 molar ratio, leaving an unidentified insoluble resi-
due. This behavior may be explained as a result of the
intermediate formation of either the hydride species A
which then reacts with the chloro ethyl complex evolving
C2H4 and C2H6 or, more likely, the bridged dinuclear
species B leading to the dichloro and dialkyl complexes,
followed by the decomposition of the dialkyl complex by
intramolecular â-elimination of C2H6 and evolution of
C2H4. This type of redistribution reaction in polar
solvents is well-known for analogous zirconium com-
pounds.21 Formation of any of these intermediates,

Scheme 2

Table 2. Selected Bond Distances (Å) and Angles
(deg) for Compound 2a

Zr-Cl2 2.436(2) Zr2-C43 2.622(6) C11-C15 1.429(8)
Zr1-C1 2.249(7) Zr2-C44 2.535(5) C12-C13 1.333(9)
Zr1-C11 2.443(5) Zr2-C45 2.472(5) C13-C14 1.297(8)
Zr1-C12 2.566(5) Si1-C11 1.802(7) C14-C15 1.452(9)
Zr1-C13 2.605(5) Si1-C25 1.879(5) C21-C22 1.271(8)
Zr1-C14 2.546(5) Si1-C16 1.871(7) C21-C25 1.467(8)
Zr1-C15 2.445(6) Si1-C17 1.799(6) C22-C23 1.459(9)
Zr1-C21 2.394(6) Si2-C15 1.909(5) C23-C24 1.536(8)
Zr1-C22 2.486(5) Si2-C21 1.916(6) C24-C25 1.355(8)
Zr1-C23 2.643(6) Si2-C26 1.813(9) C2-C20 1.577(8)
Zr1-C24 2.600(6) Si2-C27 1.880(8) C31-C32 1.479(8)
Zr1-C25 2.463(6) Si3-C31 1.873(5) C31-C35 1.448(8)
Zr2-Cl2 2.440(2) Si3-C36 1.848(7) C32-C33 1.272(7)
Zr2-C2 2.277(6) Si3-C37 1.967(8) C33-C34 1.373(9)
Zr2-C31 2.420(6) Si3-C45 1.928(5) C34-C35 1.536(8)
Zr2-C32 2.498(5) Si4-C35 1.859(6) C41-C42 1.37(1)
Zr2-C33 2.576(6) Si4-C41 1.850(6) C41-C45 1.480(7)
Zr2-C34 2.623(6) Si4-C46 1.880(8) C42-C43 1.527(9)
Zr2-C35 2.488(6) Si4-C47 1.890(7) C43-C44 1.514(9)
Zr2-C41 2.446(6) C1-C10 1.48(1) C44-C45 1.288(8)
Zr2-C42 2.541(7) C11-C12 1.565(8)

Cl1-Zr1-C1 96.1(2) Cl2-Zr2-C2 99.9(2)
C10-C1-Zr1 114.6(5) C20-C2-Zr2 118.6(4)
C25-Si1-C11 92.9(2) C21-Si2-C15 92.0(3)
C31-Si3-C45 92.3(2) C35-Si4-C41 93.2(2)
a Numbers in parentheses are estimated standard deviations

in the least significant digits.
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which could not be detected by NMR spectroscopy,
should be hindered by the addition of ligands. When
the same process was studied in benzene-d6, formation
of the dichloro compound 1 was not observed until the
solution was heated to 80 °C. In the presence of PMe3,
the formation of 1 in THF-d8 was observed to be slower
and did not take place at all in benzene-d6 even after
heating for 12 h at 80 °C. A similar behavior was also
observed for the n-propyl complex.
Synthesis and Thermal Decomposition of the

Dialkyl Complexes. The dialkyl complexes [Zr(CpSi2-
Cp)R2] (R ) Et (6), n-Pr (7)) were obtained either by
reaction of the chloro alkyl derivatives 2 and 3 with 1
equiv of the alkylating agent RMgCl (R ) Et, n-Pr) or
by the alkylation of complex 1 in THF using an excess
amount of RMgCl. When reactions of 1 with excess
RMgCl were monitored from -78 to 5 °C by 1H NMR in
sealed tubes, a selective total conversion to the chloro
alkyl compounds 2 and 3 was observed, which was then
followed by further alkylation to give the dialkyl com-
plexes 6 and 7. After the solution was warmed to -10
(6) or -5 °C (7), 6 and 7 were identified by 1H and 13C
NMR spectroscopies as the only Zr containing compo-
nents, together with the excess RMgCl (see Experimen-
tal Section). Decomposition was observed when the
THF-d8 solution of 6 was warmed to room temperature
to give a mixture of the µ-ethene complex [{Zr(CpSi2-
Cp)Et}2(µ-CH2dCH2)], 8, as the major component and
minor amounts of unidentified components. A similar
behavior was observed for 7, which also decomposed at
room temperature to yield a mixture of unidentified
products. Alkylation of the dichloro complex 1 and the
chloro alkyl complexes 2 and 3 was carried out on a
preparative scale in THF using stoichiometric amounts
of RMgCl (R ) Et, n-Pr), which afforded solutions
containing the dialkyl compounds 6 and 7. However,
at temperatures higher than 0 °C, the formation of
decomposition products could not be avoided so that
complexes 6 and 7 could not be isolated in pure form.
A more satisfactory preparation for complex 8 was

found to be the reaction of the dichloro complex 1 or
the chloro ethyl complex 2 with 2 or 1 equiv of EtMgCl
in THF, respectively. Under these conditions, the
thermal decomposition of the intermediate diethyl
complex 6 was achieved by stirring its THF solution at
0 °C for 3 h. One equivalent of ethane was evolved, and
the olefin-bridged dinuclear zirconium complex 8 was
formed, which was isolated as orange crystals in 70%
yield after recrystallization from diethyl ether. As
shown in Scheme 3, either an intra- or intermolecular
â-H elimination may be proposed to explain the forma-
tion of 8. Complex 8 is an extremely air sensitive
compound for which acceptable analytical values could
not be obtained. Examination of its 1H and 13C NMR
data shows that all of the ethyl, dimethylsilyl, and
cyclopentadienyl ring proton resonances are displaced
to higher fields, compared with the corresponding
zirconium(IV) alkyl compounds (see Experimental Sec-
tion). The same behavior was reported7 for a related
methylbis(cyclopentadienyl)zirconium derivative, the
only similar compound, whose molecular structure was
studied by X-ray diffraction. This might suggest that
8 has to be classified as a zirconium(III) compound. We
will return to the problem of the oxidation number of
Zr in 8 at a later point in our discussion.

The spectroscopically derived structure of 8 as an
olefin-bridged dinuclear species was confirmed by the
molecular structure obtained by X-ray crystallography,
which is shown in Figure 2. Selected bond angles and
distances are given in Table 3. This is the first crystal
structure reported for an ethyl ethene zirconium com-
plex.
The molecule can be described as consisting of two

di-ansa- bis(dimethylsilandiyl)di-η5-cyclopentadienyl eth-
yl zirconium fragments bridged by one molecule of
ethene. Both zirconium atoms exhibit a pseudotetra-
hedral coordination if the centroids of the cyclopenta-
dienyl rings, the ethyl R-carbon, and the midpoint of
the ethene C-C distance are considered as coordination
sites. There are two Cp rings which have the same
Zr-C separation (centroid-Zr distances 2.225 and 2.218
Å). From a crystallographic point of view, the molecule
is assembled from two moieties related by a center of
symmetry located in the middle of the ethene molecule.
The methylene carbons of the ethyl group are located
practically (0.02 Å) in the equatorial plane. The Zr-

Figure 2. PLUTO view of the molecular structure of [{Zr-
(CpSi2Cp)Et}2(µ-CH2dCH2)] (8), with the atom numbering
scheme.

Scheme 3
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ethyl bond distance of 2.357(6) Å corresponds to a single
bond. The Me-C2H5 group points toward one of the
cyclopentadienyl rings. Thus, the Zr-CR-Câ plane
forms a dihedral angle of 59.8(4)° with the equatorial
plane. The Câ atom is displaced 1.083(8) Å from the
equatorial plane. The ethene carbon atoms are located
almost in the equatorial plane (defined by the Si and
Zr atoms) and are bonded to the Zr atoms in an
asymmetric fashion, with Zr-C(41) and Zr-C(41A)
bond distances of 2.304(5) and 2.531(6) Å, respectively.
The olefinic C-C bond length is elongated to 1.48(1) Å.
A single-bond distance (1.518(9) Å) is observed for the
C-C bond of the ethyl group. The four hydrogens of
the ethene molecule are alternately displaced from the
molecular plane of the free olefin, away from the less
distant zirconium center.
Extending the comparison of 8 with 2, further simi-

larities are observed in the zirconium-carbon ring
distortions. The internal bridgehead carbon atoms are
located at distances ca. 0.1 Å shorter than the external
ones, and again, the bending angle θ between the two
cyclopentadienyl rings of 119.4° is very narrow.
Theoretical Studies. We performed DFT calcula-

tions on the molecule [{ZrCp2Me}2(µ-CH2dCH2)], 8a,
which serves as a model complex for compound 8. The
geometry of the methyl and cyclopentadienyl ligands
was fixed (see Computational Details), and Ci symmetry
was employed, according to the symmetry of 8 in the

crystal. The starting point of our optimization was a
structure with a symmetrically bonded µ-C2H4 ligand.
This arrangement converged into an asymmetric coor-
dination geometry of the bridging ethene. Its structure
is shown in Chart 1, together with selected experimental
and calculated bond distances.
The calculated geometry matches the X-ray structure

with satisfactory agreement. The elongated C-C bond
is represented exactly within the experimental error,
and the calculated Zr-C distances deviate by 0.02-0.03
Å. Furthermore, the C2H4 moiety adopts the trans bent
distorted coordination geometry, as found in the crystal
structure. The fold angle of the CH2 unit amounts to
42°, some 6° smaller than the experimental value.
Takahashi and co-workers7 report for [{ZrCp2Me}2(µ-
CH2dCH2)] the following geometry of the C2H4 ligand:
two distinctly different Zr-C distances of 2.327(6) and
2.528(4) Å and a C-C separation of 1.473(7) Å. They
also found the ethylene unit to posses a trans bent
distorted geometry. The coordination mode of C2H4 in
Takahashi’s molecule is identical to that observed for
compound 8, and the geometric parameters are very
similar to those found for 8, as well as those calculated
for 8a (compare to Chart 1).
Enforcing a planar geometry of the coordinated C2H4

ligand resulted in [{ZrCp2Me}2(µ-CH2dCH2)planar], 8b,
whose structure is shown in Chart 2. Here, we find the
ethene coordinating to the two zirconium centers in a
symmetrical fashion with two equal Zr-C distances.
The Zr-C separation amounts to 2.412 Å, which is
roughly the mean value of the two Zr-C distances as
found in 8 or 8a. The C-C distance in 8b is about 0.002
Å shorter than the one in 8a. However, the structure
with ethene coordinated in a planar fashion is 19 kJ/
mol higher in energy than the trans bent distorted
geometry.
We now want to analyze how the trans bent distortion

might stabilize the coordination of C2H4, sandwiched
between two ZrRCp2 fragments. We begin with a brief

Table 3. Selected Bond Distances (Å) and Angles
(deg) for Compound 8a

Zr(1)-C(41) 2.306(6) Zr(1)-C(31) 2.360(6)
Zr(1)-C(22) 2.459(5) Zr(1)-C(12) 2.464(5)
Zr(1)-C(21) 2.463(5) Zr(1)-C(11) 2.465(5)
Zr(1)-C(41a) 2.530(5) Zr(1)-C(25) 2.536(5)
Zr(1)-C(15) 2.549(6) Zr(1)-C(23) 2.552(5)
Zr(1)-C(13) 2.559(5) Zr(1)-C(24) 2.599(5)
Si(1)-C(16) 1.858(7) Si(1)-C(17) 1.865(6)
Si(1)-C(11) 1.875(6) Si(1)-C(21) 1.882(6)
Si(2)-C(26) 1.865(6) Si(2)-C(27) 1.869(7)
Si(2)-C(12) 1.874(6) Si(2)-C(22) 1.877(5)
C(11)-C(15) 1.415(8) C(11)-C(12) 1.452(8)
C(12)-C(13) 1.415(8) C(13)-C(14) 1.413(9)
C(14)-C(15) 1.396(8) C(22)-C(23) 1.410(8)
C(22)-C(21) 1.444(8) C(24)-C(25) 1.393(8)
C(24)-C(23) 1.410(8) C(21)-C(25) 1.411(7)
C(31)-C(32) 1.519(9) C(41)-C(41a) 1.479(12)
Zr(1)-Cp1 2.223 Zr(1)-Cp2 2.217

C(41)-Zr(1)-C(31) 115.6(2) C(41)-Zr(1)-C(41a) 35.2(3)
C(31)-Zr(1)-C(41a) 80.4(2) C(16)-Si(1)-C(17) 108.1(3)
C(16)-Si(1)-C(11) 112.2(3) C(17)-Si(1)-C(11) 116.8(3)
C(16)-Si(1)-C(21) 112.5(3) C(17)-Si(1)-C(21) 114.3(3)
C(11)-Si(1)-C(21) 92.4(2) C(26)-Si(2)-C(27) 108.2(3)
C(26)-Si(2)-C(12) 116.1(3) C(27)-Si(2)-C(12) 112.0(3)
C(26)-Si(2)-C(22) 116.5(3) C(27)-Si(2)-C(22) 110.6(3)
C(12)-Si(2)-C(22) 92.9(2) C(15)-C(11)-C(12) 106.9(5)
C(15)-C(11)-Si(1) 125.4(4) C(12)-C(11)-Si(1) 122.8(4)
Si(1)-C(11)-Zr(1) 96.3(2) C(13)-C(12)-C(11) 106.7(5)
C(13)-C(12)-Si(2) 126.2(4) C(11)-C(12)-Si(2) 121.9(4)
C(14)-C(13)-C(12) 109.1(5) C(15)-C(14)-C(13) 107.9(5)
C(14)-C(15)-C(11) 109.4(5) C(23)-C(22)-C(21) 106.6(5)
C(23)-C(22)-Si(2) 124.6(4) C(21)-C(22)-Si(2) 123.7(4)
C(25)-C(24)-C(23) 107.2(5) C(25)-C(21)-C(22) 106.8(5)
C(25)-C(21)-Si(1) 126.9(4) C(22)-C(21)-Si(1) 121.1(4)
C(24)-C(25)-C(21) 109.9(5) C(22)-C(23)-C(24) 109.5(5)
C(41a)-C(41)-Zr(1) 80.7(4) C(41a)-C(41)-Zr(1a) 64.1(4)
Zr(1)-C(41)-Zr(1a) 144.8(3) Cp1-Zr(1)-C(41) 107.7
Cp1-Zr(1)-C(41a) 120.3 Cp1-Zr(1)-C(31) 105.3
Cp2-Zr(1)-C(41) 105.4 Cp2-Zr(1)-C(41a) 116.1
Cp2-Zr(1)-C(31) 104.0 Cp1-Zr(1)-Cp2 119.4

a Cp1 is the centroid of C(11), C(12), C(13), C(14), and C(15);
Cp2 is the centroid of C(21), C(22), C(23), C(24), and C(25).

Chart 1

Chart 2
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look at the ZrCp2 fragment as the basic element. The
classic work by Lauher and Hoffmann22 and Brintz-
inger23 and co-workers provides the essential orbital
analysis for MCp2 fragments, from which a great deal
of the chemistry of transition metal biscyclopentadienyl
complexes can be understood on qualitative grounds.
Lauher and Hoffmann identify three orbitals as being
crucial in determining the structure of MCp2 complexes.
They are termedsaccording to C2v symmetry and in
order of increasing energys1a1, 1b2, and 2a1. Theses
orbitals are all located in the equatorial plane, which
is the plane containing the metal center and perpen-
dicular to that defined by the metal center and the
centroids of the two Cp rings. It is important to note
that these three orbitals drop in energy when the
bending angle of the MCp2 moiety is increased. Re-
cently, Bürgi et al. analyzed the influence of the bent
angle on the reactivity and coordination chemistry of
ZrCp2 complexes.24
We proceed with a fragment analysis of the interac-

tion of C2H4 with the bimetallic fragment, to give
compound 8 (eq 1). The orbital interaction diagram for

this process is shown in Figure 3. On the left hand side
of Figure 3, we find the HOMO, ag(d), and LUMO, au(d),
of the {ZrCp2Me}2 fragment. The prominent contribu-
tions to these orbitals are antisymmetric combinations
of the 1b2 and the 2a1 orbitals of the two ZrCp2 moieties,
respectively. On the right hand side, we see the
corresponding ethene orbitals, namely au(π) and ag(π*).
The two sets of fragment orbitals combine with the
molecular orbitals ag, representing donation from the
π orbital of ligand to the metal centers, and au, the
HOMO of 8a characterizing the back-donation into the
π* orbital of the ligand.
The trans bent distortion of C2H4 significantly desta-

bilizes the C-C double bond, and as a consequence, the
au(π) orbital rises in energy by 0.191 eV, whereas ag-

(π*) significantly drops in energy by 0.650 eV (Figure
3). In this way, both ligand orbitals come closer in
energy to their metal-based counterparts. Thus, the
trans bent distortion leads to a better energetic match
of the interacting orbitals, which in turn enhances the
bond strength between the two combining fragments.
Having understood the effect of the trans bent distor-

tion of C2H4, we now want to analyze the role of the
narrow bending angle of the zirconocene fragments. To
this end, we performed calculations on a hypothetical
molecule with a rather open bending angle of 140°,
[{ZrCp2Me}2(µ-CH2dCH2)θ)140°], 8c. The geometry of
the coordinated CH2dCH2 varies only slightly compared
to that of 8a (dC-C ) 1.479, d1Zr-C ) 2.332 Å, d2Zr-C )
2.500 Å). The way the frontier orbitals of the {ZrCp2-
Me}2 fragment change under this distortion is however
of interest. As mentioned before, the 1b2 and the 2a1
orbitals of the ZrCp2 fragment drop in energy when the
bent angle is increased. Since the frontier orbitals ag-
(d) and au(d) are dominated by contributions from 1b2
and 2a1, we can expect the same trend here. This is
indeed the case; opening the bent angle by 20° stabilizes
ag(d) and au(d) by 0.044 and 0.014 eV, respectively
(Figure 4). According to Figure 3, this change would
enhance the π donation from, but also diminish the π*
back-donation to, the C2H4 ligand. We further note that
these shifts in energy are rather subtle compared to
those occurring under trans bent distortion. It is no
longer obvious what the net result of the change in the
bent angle would be on the bond strength of the ethene
ligand.
To get a better understanding of this problem, we

performed a detailed bonding anlysis25 of the interaction
between {ZrCp2Me}2 and CH2dCH2. The change in
energy associated with the reaction as formulated in eq
1, the so-called bond snapping energy BEsnap, can be
written as with ∆E0 as the steric repulsion term and

∆Eint(ag) and ∆Eint(au) as the orbital interaction terms.
∆E0 is dominated by Pauli repulsion and is usually and
in all of our cases, repulsive. The terms ∆Eint(ag) and
∆Eint(au) introduce an attractive bonding interaction and
describe π* back-donation and π donation, respectively.
Finally, we obtain the bonding energy BE by taking into
account the preparation energy ∆Eprep (eq 3). ∆Eprep is

the energy that is required to make the fragments ready
for a bonding interaction. In our case, it essentially
describes the deformation energy of the ethene ligand

(22) Lauher, J. W.; Hoffmann R. J. Am. Chem. Soc. 1976, 98, 1729.
(23) (a) Brintzinger, H. H. Bartell, L. S. J. Am. Chem. Soc. 1970,

92, 1105. (b) Brintzinger, H. H.; Lohr, L. L., Jr.; Wong, K. L. T. J. Am.
Chem. Soc. 1975, 97, 5146.

(24) Bürgi, T.; Berke, H.; Wingbermühle, D.; Psiorz, C; Noe, R.; Fox,
T.; Knickmeier, M.; Berlekamp, M.; Fröhlich, R.; Erker, G. J. Orga-
nomet. Chem. 1995, 497, 149.

(25) (a) Baerends, E. J.; Rozendaal, N. NATO ASI Ser. 1986, C176,
159. (b) Ziegler, T. NATO ASI Ser. 1991, C378, 367.

Figure 3. Orbital interaction diagram for the formation
of [ZrCp2Me]2(µ-CH2dCH2) (8a) from the fragments {ZrCp2-
Me}2 and CH2dCH2.

{ZrCp2Me}2 + CH2dCH2 f

{ZrCp2Me}2(µ-CH2dCH2) (1)

Figure 4. The frontier orbitals of the [ZrCp2Me]2 fragment
drop in energy when the bite angle θ increases.

BEsnap ) -[∆E0 + ∆Eint(ag) + ∆Eint(au)] (2)

BE ) BEsnap - ∆Eprep (3)

1560 Organometallics, Vol. 16, No. 8, 1997 Fernandez et al.

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 A

pr
il 

15
, 1

99
7 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

96
10

50
9



from its equilibrium geometry to the final framework
of the molecule.
The results of these analyses for the molecules 8a-c

are collected in Table 4. We begin with a short look at
8a, our model system for the “real life” complex 8. When
the two contributions to the orbital interaction are
compared, it is evident that ∆Eint(ag) is about six times
higher than ∆Eint(au). Thus, the bonding in 8 is mainly
determined by π* back-donation to the ethene ligand,
and the contribution due to π donation only plays a
minor role. When going from 8a to 8b, the complex with
a planar coordinated ethene, we observe a drop in both
of the contributions to the orbital interaction energy.
This is in accord with the trend, as predicted above. We
also observe an increase in the repulsive steric interac-
tion energy. The C2H4 coordination mode in 8b is less
favorable to that in 8a with respect to both electronic
as well as steric effects. However, 8b requires only half
the amount of preparation energy compared to 8a, and
both structures differ in energy by only 19 kJ/mol.
Opening the bent angle, 8c, indeed leads to an increase
in π donation, as well as to a decrease in π* back-
donation. Yet in terms of the overall orbital interaction,
8c is favored over 8a by 14 kJ/mol. It is the large
increase in steric repulsion which makes 8a the ener-
getically preferred structure. The role of the narrow
bent angle in the zirconocene fragments is not that of
enhancing orbital interaction, but rather that of reduc-
ing steric repulsion.
Lastly, we return to the problem of the oxidation

number of Zr in complex 8. The key point in this
question is whether the C2H4 bridging unit has to be
regarded as H2CdCH2 or [H2C-CH2]2-. Mulliken
atomic charges might help to solve the problem. For
the free ligand, we calculated the gross atomic charge
at carbon, ACC, to amount to -0.045 au. This value
increases up to -0.715 au when the C2H4 ligand is
brought into the coordination sphere of complex 8a. In

comparison, for the system Cp2Zr(H2CdCH2), we find
an ACC of only -0.221 au. The large charge flow to the
ethene carbons is consistent with the fact that back-
donation into the π* orbital of ethene contributes the
major bonding interaction. The strong population of
this antibonding orbital formally reduces the C-C bond
order from two to one, a fact which manifests itself also
in the very long C-C bond. This all suggests that the
bridging unit in 8 should be described as [H2C-CH2]2-

and that the metal centers in 8 should be regarded as
Zr(IV).

Conclusions

The first â hydrogen containing alkyls, the ethyl and
n-propyl derivatives of the di-ansa-bis(dimethylsilanedi-
yl)dicyclopentadienyl zirconium dichloride [Zr(CpSi2Cp)-
Cl2], have been isolated and structurally characterized.
The monoalkylated compounds are thermally stable up
to 10 °C but decompose at higher temperatures through
an intermolecular reaction to give [Zr(CpSi2Cp)Cl2] and
an equimolar mixture of alkane and alkene. This
decomposition is favored in polar solvents and prevented
by addition of PMe3. However, the dialkylated com-
pounds could not be isolated as solids as they decompose
with evolution of alkane. From this decomposition, a
new µ-ethene dinuclear zirconium ethyl complex was
isolated in 70% yield and was studied by X-ray diffrac-
tion. The molecular structures of the chloro ethyl and
the µ-ethene zirconium ethyl complexes show very close
bending angles of 120.6° and 119.8°, respectively.
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Table 4. Energy Decompositiona for the Reaction
{ZrCp2Me}2 + CH2dCH2 f {ZrCp2Me}2(µ-CH2dCH2)

for the Complexes 8a-c
8a (C2H4)

bent θ ) 120°
8b (C2H4)

planar θ ) 120°
8c (C2H4)

bent θ ) 140°

∆E0 720 741 817
∆Eint(ag) -917 -872 -906
∆Eint(au) -155 -151 -180
BEsnap 352 282 269
∆Eprep 89 38 89
BE 263 244 180
a In kJ/mol.
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