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Abstract

The reaction of a bowl-type silanol with tetrabenzylzirconium yielded a dibenzylbis(silanolato)zirconium complex selectively, which is
an intriguing species in connection to the chemistry of silica-supported ZrR4 olefin polymerization catalysts. Treatment of this neutral
complex with B(C6F5)3 afforded the corresponding cationic monobenzyl complex, presenting the first example of a cationic zirconium
complex containing a silanolato ligand. The structures of both complexes have been characterized by X-ray crystallography.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, the use of non-cyclopentadienyl (non-Cp) liga-
tion has been attracting increasing attention in organome-
tallic chemistry [1,2]. In the field of Ziegler–Natta olefin
polymerization catalysis, a wide range of non-Cp Group
4 metal complexes of L2MR2 type (L = non-Cp ligand,
M = Group 4 metal, R = alkyl group) have been devel-
oped so far, which contain various ancillary ligands such
as phosphinimide [3], diamido [4,5], b-diketimide [6], alk-
oxide [7], aryloxide [8,9], and imide-aryloxide [10] groups.
When activated with Lewis acid cocatalysts such as meth-
ylaluminoxane (MAO), boranes, and trityl cation, the
resulting complexes can act as olefin polymerization cata-
lysts. Several kinds of cationic monoalkyl complexes,
L2MR+, generated in such activation processes have also
been synthesized [5,6,9]. Among non-Cp ancillary ligands,
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silanolato ligands, R3SiO–, constitute a major class of elec-
tron-donating oxy ligands [11]. They are also intriguing in
connection with the chemistry of silica-supported Group 4
metal complexes, which have been utilized as useful heter-
ogeneous catalysts for olefin polymerization [12]. Zirco-
nium complexes bearing two alkyl groups supported on
silica surface, („SiO)2ZrR2, have been known as olefin
polymerization catalysts [13], and the corresponding mono-
alkyl cations, [(„SiO)2ZrR]+, are potential candidates for
active species. However, there have been only a few exam-
ples of homogeneous dialkylbis(silanolato)zirconium com-
plexes, ðR03SiOÞ2ZrR2 [14], and no example of the
corresponding cationic complex, ½ðR03SiOÞ2ZrR�þ. Ducha-
teau et al. reported the synthesis of alkyl(silanolato)zirco-
nium complexes by utilizing various bulky silanols
bearing silsesquioxane frameworks, but the synthesis of a
dialkylbis(silanolato)zirconium complex was not successful
[15]. Alkylzirconium complexes are readily subject to
multi-substitution of alkyl groups by silanolato ligands,
and it is difficult to control the number of the silanolato
ligands with the hitherto known organosilanols. In the
course of our study on bowl-type molecules [16–18], we
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Fig. 1. Bowl-shaped silanol, TRMS-OH (1), and the space filling model of
the crystal structure of 1.

Fig. 2. (a) Crystal structure of 2 Æ L. (b) ORTEP drawing of the central
part of 2 Æ L (50% probability). Hydrogen atoms are omitted for clarify.
Selected bond lengths (Å) and angles (�): Zr(1)–O(1), 1.972(2); Zr(1)–O(2),
1.977(2); Zr(1)–C(1), 2.306(4); Zr(1)–C(2), 2.283(4); Zr(1)–O(1)–Si(1),
169.73(15); Zr(1)–O(2)–Si(2), 168.75(15).
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have previously developed a novel bowl-type silanol 1

(denoted as TRMS-OH) [17]. This silanol has a shallow
bowl-shaped cavity of about 15 Å diameters, and the SiOH
group is embedded in its bottom (Fig. 1). When silanol 1 is
utilized for the synthesis of alkyl(silanolato)zirconium
complex, the number of the ligands introduced to the metal
center is expected to be controlled effectively by the steric
repulsion between the peripheral moieties of the ligands.
In this communication, we describe the selective synthesis
of a dialkylbis(silanolato)zirconium complex by utilizing
a novel bowl-shaped silanolato ligand and its derivation
to a cationic alkylbis(silanolato)zirconium complex. Their
crystal structures are also delineated.

In the reaction of silanol 1 with a half equimolar amount
of tetrabenzylzirconium in benzene, the selective and quan-
titative formation of dibenzylbis(silanolato)zirconium
complex 2 was revealed by 1H, 13C, and 29Si NMR spec-
troscopy, and the complex was isolated as brownish pale
yellow solids (Scheme 1) [19]. Reflecting the steric bulkiness
of the bowl-shaped ligand, bis(silanolato) complex 2 was
selectively obtained even when an excess of 1 was used; nei-
ther the tris- nor tetrakis(silanolato) complex was formed.
Treatment of 2 with another equimolar amount of tetra-
benzylzirconium resulted in no change; the redistribution
reaction to give other silanolato complexes was not
observed. Although single crystals of 2 suitable for X-ray
crystallography were not obtained, recrystallization from
benzene/hexane in the presence of an equimolar amount
of (2-methoxyethoxy)ethene (L) yielded pale yellow crys-
tals of the corresponding adduct 2 Æ L (Scheme 1) [20].
The structure of 2 Æ L was determined by X-ray crystallo-
Scheme 1. Synthesis of (silanolato)zirconium complexes by using the
bowl-shaped silanol 1.
graphic analysis as shown in Fig. 2 [21]. The zirconium
atom is surrounded by six ligands (two silanolato ligands,
two benzyl groups, and extra bidentate ether L) and adopts
octahedral geometry. This extra coordination of L to the
zirconium is suggestive that the vicinity of the zirconium
center of 2 is not so congested. The Zr–O–Si bond angles
of 2 Æ L (168.75(15) and 169.73(15)�) are fairly large, which
indicates strong oxygen pp–dp donation of the silanolato
ligands to the zirconium atom [11]. Triphenylsilanol (3) is
one of the typical bulky silanols utilized for the preparation
of various silanolato complexes. In contrast with the reac-
tion of 1, however, only tetrakis(triphenylsilanolato) com-
plex 4 was obtained when 3 was used as the starting
material (Scheme 2). In silanol 1, six 2,6-dimethylphenyl
groups are attached to the 3,5-positions of the phenyl
groups of 3 to increase the steric demand in the peripheral
moieties whereas the congestion in the close vicinity of the
SiOH group remains almost unchanged. The present
results indicate that the peripheral steric protection by
the bowl-shaped ligand is very effective for control of the
ligand number.
Scheme 2. Synthesis of (silanolato)zirconium complexes by using triphen-
ylsilanol (3).



Scheme 3. Synthesis of a cationic bis(silanolato)zirconium complex.

Fig. 3. (a) Crystal structure of 5. (b) ORTEP drawing of the central part
of 5 (50% probability). Hydrogen atoms are omitted for clarify. Selected
bond lengths (Å) and angles (�): Zr(1)–O(1), 1.907(4); Zr(1)–O(2),
1.907(4); Zr(1)–C(1), 2.213(6); Zr(1)–O(1)–Si(1), 158.0(2); Zr(1)–O(2)–
Si(2), 160.4(2).
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The reaction of 2 with an equimolar amount of the neu-
tral borane, B(C6F5)3, resulted in the immediate abstrac-
tion of one benzyl group from 2 and quantitative
formation of the cationic complex 5, which was isolated
in 60% yield by recrystallization from benzene/hexane as
orange–red crystals (Scheme 3) [23]. In the 1H NMR spec-
trum of 5, two kinds of benzyl methylene protons showed
the signals at d 2.63 (s, ZrCH2Ph) and 3.45 (brs, BCH2Ph).
Compared with parent complex 2, the signal of ZrCH2Ph
protons shifted downfield by 0.83 ppm because of the
increase of the cationic character of the zirconium center.
The resonance of the peripheral methyl groups of the
TRMS substituents of 5 was observed non-equivalently
as two singlets, while only one signal was observed for
the corresponding methyl groups of 2. The 13C NMR spec-
tra are also consistent with these results observed in the 1H
NMR spectra. The change of the pattern of the methyl sig-
nals indicates that there is a strong interaction between cat-
ion and anion in 5. It is probable that 5 exists as a contact
ion-pair, where the steric hindrance among the bulky bowl-
shaped ligands and the counter anion prevents the free
rotation of the Si–C bond of the TRMS substituents. The
19F NMR spectrum of 5 showed the signals at d �163.96
(m-F), �159.79 (p-F), and �130.59 (o-F) with Dd(m,p-F)
4.17 ppm, which are typical values for a [BnB(C6F5)3]�

anion coordinated to a cation [24]. X-ray crystallographic
analysis established the structure of 5 (Fig. 3) [25]. As usu-
ally found in such cationic complexes [5,9,26], and as
deduced from the spectral features in solution, this complex
was found to exist as a contact ion pair involving p-coordi-
nation of the aromatic ring of the counter anion to the zir-
conium center. The zirconium atom is surrounded by four
ligands and adopts tetrahedral geometry. The relatively
large Zr–O–Si bond angles of 5 (158.0(2) and 160.4(2)�)
are also indicative of oxygen–zirconium pp–dp donation
[11]. While cationic zirconium complexes containing vari-
ous kind of ligands have been reported so far [5,9,26,27],
this is the first isolation of one containing a silanolato
ligand.

In summary, we have reported the synthesis of the first
cationic zirconium complex containing silanolato ligands
by the reaction of the neutral dialkylbis(silanolato) com-
plex with B(C6F5)3. Their structures were established by
NMR spectroscopy and X-ray crystallography. The pres-
ent results suggest that the bowl-shaped silanolato ligand
would be useful for preparation of homogeneous model
complexes of various silica-supported heterogeneous cata-
lysts because it can efficiently control the ligand number
by its peripheral steric bulkiness. Elucidation of the cata-
lytic activities of the complexes obtained here for olefin
polymerization is currently in progress.

2. Supplementary data

CCDC 629620 and 624112 contain the supplementary
crystallographic data for 2 Æ L and 5. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk.
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