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The chemistry of the metallocene bis(trimethylsilyl)acetylene
complexes [Cp2M(L)(η2-Me3SiC2SiMe3)] [M = Ti, without L
(1); M = Zr, L = THF (2a); M = Zr, L = pyridine (2b)], the
pentamethylcyclopentadienyl complexes [Cp*2M(η2-Me3Si-
C2SiMe3)] [M = Ti (3), Zr (4)], and the ethylenebis(tetrahy-
droindenyl) (ebthi) complexes rac-[(ebthi)M(η2-Me3SiC2-
SiMe3)] [M = Ti (5), Zr (6)] has been described in several
reviews. A fine-tuning of the reactions is possible by varying
the Cp ligands (Cp, Cp*, ebthi), additional the co-ligands
(THF, pyridine), and/or metals (Ti, Zr), and it has been
pointed out that these complexes offer a number of compel-
ling advantages over other, similar, widely used metallocene
reagents. In this microreview recent (2000−2004) examples
of the chemistry of complexes 1−6 are summarized, and some
special interactions with Lewis acids are described. In these
reactions the metallocene cores ‘‘Cp�2Ti’’ and ‘‘Cp�2Zr’’ (Cp� =
substituted Cp ligands) are mostly formed after dissociation
of the alkyne. As examples of this, a new selective zircono-
cene coupling route to large, functionalized macrocycles has
been established from 2b and polyynes, complex 1 catalyses
the first anti-Markovnikov hydroamination of terminal
alkynes, complexes 1 and 3 selectively form polynuclear tita-
nium complexes by C−C coupling of N-containing heterocy-
cles, and complexes 1, 2b, 3, and 6 promote selective C−H and
C−F bond-cleavage reactions of fluorinated N-containing he-

Introduction

Coordinatively and electronically unsaturated complex
fragments are often required to realize stoichiometric and
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terocycles. Beside this recent chemistry, this microreview also
focuses on the reactions of the above-mentioned complexes
with the Lewis acids diisobutylaluminum hydride and tris-
(pentafluorophenyl)borane. For example, complexes 1, 2b,
and 6 react with iBu2AlH to give heterodimetallic complexes
containing tetracoordinate planar carbon atoms. The tita-
nium complex 1 reacts with B(C6F5)3 with elimination of the
alkyne and gaseous hydrogen to give an electrophilic substi-
tution of the Cp or Cp* ligand in which zwitterionic TiIII com-
plexes are formed. The zirconium complexes 4 and 6 do not
liberate hydrogen in the reaction with B(C6F5)3, although, af-
ter C−H activation of one methyl group of the Cp* or Cp part
of the ebthi ligand and a B−C bond formation, zwitterionic
complexes containing alkylidene groups with agostic inter-
actions with the metal center are obtained. Complex 5 reacts
with B(C6F5)3 with Si−C bond cleavage of the alkyne and
formation of an alkynylboranate [Me3SiC�CB(C6F5)3]−,
which is complexed by the ‘‘rac-(ebthi)Ti’’ fragment to give
a zwitterionic complex. Some of the formed heterodinuclear
complexes and the zwitterionic complexes are active cata-
lysts in the ring-opening polymerization of lactones, cyclic
carbonates, and epoxides, as well as the polymerization of
ethylene.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

catalytic reactions of organometallic compounds. These
core complexes coordinate to the substrates, activate them,
and push them in the direction of the desired products. This
is nicely illustrated in manifold reactions of the complex
fragments titanocene ‘‘Cp2Ti’’ and zirconocene ‘‘Cp2Zr’’ as
unstable 14-electron compounds with a d2 configuration
(MII). The possible interactions between occupied and un-
occupied orbitals explain why these ‘‘Cp2M’’ metallocenes
react with a variety of unsaturated compounds to form
metallacycles, having with a high potential to undergo di-
verse conversions with further substrates. An important
question in this context is what ligand can be used that
sufficiently stabilizes the metallocene fragment but is re-
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leased under mild conditions to generate the unstable and
very reactive metallocene core.

Many systems are known to generate titanocene ‘‘Cp2Ti’’
or zirconocene ‘‘Cp2Zr’’ very well. Selected examples are
mixtures of [Cp2ZrCl2] with nBuLi, which form [Cp2Zr(π-
n-butene)] via [Cp2Zr(σ-nBu)2], and the reaction of
[Cp2ZrCl2] with EtMgCl, which forms [Cp2Zr(π-ethylene)]
via [Cp2Zr(σ-Et)2]. In some cases these complexes are stabi-
lized by additional ligands, such as those found in the com-
plexes [Cp2Zr(PR3)(π-n-butene)] or [Cp2Ti(PMe3)(π-ethyl-
ene)]. Other complexes like [Cp2Ti(PMe3)2] and [Cp2Zr(π-
1,3-butadiene)] can also be used. This chemistry has been
summarized in a number of excellent reviews and various
informative contributions in textbooks.[1�15]

The applicability and the success of these systems often
depends on their preparative accessibility, on the selectivity
of the conversions, and on the inertness of the stabilizing
ligands. From this point of view, all of the above -men-
tioned systems have certain disadvantages. Nevertheless,
they have been frequently and successfully used for organic
synthesis over the few last years.
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We have described the stable and well-defined metallo-
cene bis(trimethylsilyl)acetylene complexes [Cp2M(L)(η2-
Me3SiC2SiMe3)] [M � Ti, without L (1); M � Zr, L �
THF (2a); M � Zr, L � pyridine (2b)], the pentamethyl-
cyclopentadienyl complexes [Cp*2M(η2-Me3SiC2SiMe3)]
[M � Ti (3), Zr (4)], and the ethylenebis(tetrahydroindenyl)
complexes rac-[(ebthi)M(η2-Me3SiC2SiMe3)] [M � Ti (5),
Zr (6)] as novel reagents for this type of chemistry
(Scheme 1). All these complexes are synthesized under an-
aerobic conditions by the reaction of the corresponding di-
chlorides [Cp�2MCl2] (Cp� � substituted Cp; M � Ti, Zr)
with magnesium in THF at room temperature in the pres-
ence of bis(trimethylsilyl)acetylene.[16�25]

The chemistry of these complexes, and particularly their
bonding situation, their spectroscopic properties, their reac-
tivity and mechanistic behavior etc., has been described in
several reviews.[16�25] Variation of the Cp ligands (Cp,
Cp*, ebthi), additional the co-ligands (THF, pyridine) and/
or the metals (Ti, Zr) enables a fine-tuning of their reactiv-
ity. It has been pointed out that these complexes offer a
number of compelling advantages over other widely used
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Scheme 1

systems that significantly expand the scope of metallocene-
based coupling reactions.[18]

In this microreview recent (2000�2004) examples of the
chemistry of complexes 1�6 are summarized, and some
special interactions with Lewis acids are described.

New Reactions

Two different reaction pathways for complexes 1�6 —
coupling and elimination of the bis(trimethylsilyl)ace-
tylene — represent the two most commonly found types of
reactions of these complexes, with the latter one being the
most attractive because of the generation of metalloc-
enes.[18] The formation of stable substituted titanocenes by
elimination of bis(trimethylsilyl)acetylene from the corre-
sponding alkyne complexes has been documented in some
excellent papers by Mach and coworkers.[26,27]

The reaction of 2a, 2b, or 6 with norbornadiene or
benzonorbornadiene proceeds with elimination of the al-
kyne (and THF or pyridine) to give zirconacyclopentanes
bearing additional functional groups (Scheme 2).[28] Note
that in almost all reaction schemes the elimination of co-
ligands and/or bis(trimethylsilyl)acetylene is omitted for
simplicity.

Scheme 2
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Another substituted zirconacyclopentane has been iso-
lated from the reaction of 6 with 2-vinylpyridine and nor-
bornadiene. This complex is formed, via a 2-vinylpyridine
complex intermediate,[29] by elimination of the bis(trime-
thylsilyl)acetylene and coupling of the coordinated pyridine
and norbornadiene fragments (Scheme 3).[28]

Scheme 3

Polar functionalized olefins also react with complexes 2b
and 6, although in a different manner, to give either coup-
ling products with the alkyne or substitution of the al-
kyne.[30] Complex 6 forms a novel 1,4-conjugated insertion
product with methyl vinyl ketone, whereas mesityl oxide
forms a zirconadihydrofuran by insertion of the carbonyl
group (Scheme 4).

Scheme 4

In contrast, 2b and methyl vinyl ketone, or 6 and tert-
butyl acrylate, eliminate the alkyne to yield a different zir-
conadihydrofuran (Scheme 5).

Scheme 5

It is well known that the five-membered titanacyclocu-
mulenes (1-titanacyclopenta-2,3,4-trienes), which can be
considered formally as mononuclear ‘‘cis-diyne’’ complexes,
are formed in the reactions of 1 with 1,3-butadiynes.[17]

These compounds react, in the case of titanium, with
further complex 1 to yield the dinuclear ‘‘trans-diyne’’ com-
plexes with ‘‘zigzag butadiyne ligands’’ — µ-η(1,3),η(2,4)-
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trans,trans-tetradehydrobutadiene moieties — between the
two titanocene cores (Scheme 6).

Scheme 6

The novel reaction of 2 equiv. of 1 with 1,4-dichloro-2-
butyne gives, probably by the formation of 1,2,3-butatriene,
[Cp2TiCl2], and Me3SiC2SiMe3, 1-titanacyclopent-3-yne,
formally a ‘‘cis-triene’’ complex, which reacts with ad-
ditional 1 to give a ‘‘trans-triene’’ complex with bridging
‘‘zigzag butatriene ligands’’ between the two titanium cen-
ters (Scheme 7).[23,31] Its structure is best described as a 2,5-
dititanabicyclo[2.2.0]hex-1(4)-ene (A) rather than the reson-
ance structures B — a µ-trans-butatriene-bridged π-com-
plex — or C — a butynediyl-bridged σ-propargylic com-
plex (Scheme 7).

Scheme 7

Suzuki and coworkers have reported the complexation of
1,2,3-butatrienes with zirconocene with formation of the
corresponding 1-zirconacyclopent-3-ynes.[32,33] Jemmis,[34]

Lin,[35] and Jiao,[36] and their coworkers, have compared
these rather exotic compounds by detailed calculations.

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 4739�47494742

The zirconocene monofluoride rac-[(ebthi)Zr(F)-
(CH2CH2-2-py)] and difluoride rac-[(ebthi)ZrF2] have been
obtained, via the 2-vinylpyridine complex rac-[(ebthi)Zr(2-
vipy)], by reaction with triethylamine tris(hydrofluoride)
(Scheme 8).[37]

Scheme 8

This novel method for the synthesis of zirconocene diflu-
orides and alkyl monofluorides via the 2-vinylpyridine com-
plexes [Cp�2Zr(L)(2-vipy)] has also been reported for other
compounds of the type [Cp�2Zr(L)(η2-Me3SiC2SiMe3)] with
different ligand Cp�2 systems, such as (thi)2 [bis(η5-tetra-
hydroindenyl)], Me2Si(η5-C5H4)2 [dimethylsilylbis(η5-cyclo-
pentadienyl)], and ebthi.

In the last few years several research groups have taken
advantage of the above-mentioned complexes for stoichio-
metric and catalytic reactions. Tilley and coworkers have
reported that the complex [Cp2Zr(pyridine)(η2-Me3SiC2-
SiMe3)] (2b) is best suited for a new selective zirconocene-
coupling reaction of polyynes to give large, functionalized
macrocycles in which zirconacyclopentadienes are bridged
by different groups.[38�40] Protolysis of these products gives
the corresponding substituted butadienes. A large number
of dimeric and trimeric bridged metallacycles have been
synthesized by this method (Scheme 9) including, most re-
cently, several substrates with fluoro substituents.[41]

Beller et al. have described the first anti-Markovnikov
hydroamination of terminal alkynes with the com-
plex [Cp2Ti(η2-Me3SiC2SiMe3)] (1) as a precatalyst
(Scheme 10).[42]

This complex was subsequently compared to the corre-
sponding substituted complexes [Cp�2Ti(η2-Me3SiC2-

SiMe3)] [Cp� � Cp* (3) and C5H4Et], which need a higher
reaction temperature.[43] Detailed theoretical calculations
by Jiao have revealed that the experimentally observed
regioselectivity is determined by the relative stability of
the postulated intermediate π-complexes ‘‘[CpTi(NH2)-
(�NH)(η2-HC�CH)]’’, in which the electrostatic substitution
favors the Markovnikov product for aniline and the steri-
cally repulsive destabilization disfavors the Markovnikov
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Scheme 9

Scheme 10

Scheme 11

Scheme 12
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product for tert-butylamine. The one-pot synthesis of sev-
eral branched secondary aliphatic amines by the hydro-
amination of terminal alkynes with aliphatic primary amines
in the presence of 3 gave the aldimines, in situ, which react
with organolithium compounds to give the α-branched am-
ines in high yields (Scheme 11).[44]

Odom and coworkers have compared the activity of com-
plex 1 with a series of other titanium complexes as precata-
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lysts for intermolecular alkyne hydroamination; they found
that it has a lower activity than the commercially available
Ti(NMe2)4.[45]

Beckhaus and coworkers have published very recently a
series of excellent examples of molecular self-organization.
The selective formation of polynuclear titanium complexes
was realized in the reactions of 1 and 3 with different N-
heterocyclic compounds[46,47] by directed reduction of six-
membered nitrogen heterocycles and molecular self-organi-
zation (Scheme 12).

In these reactions, after dissociation of the bis(trimethyl-
silyl)acetylene from complexes 1 and 3, the formed titano-
cene ‘‘Cp2Ti’’ and permethyltitanocene ‘‘Cp*2Ti’’ moieties
react in the same manner with triazine — by C�C bond
coupling — to give dinuclear chelate complexes. However,
different products were formed with pyrazine: a tetranu-
clear, pyrazine-bridged complex from 1, and a trinuclear
chelate complex, in a spontaneous threefold C�C coupling
reaction, from 3. Complex 1 gives an octanuclear complex
with pyrimidine, whereas the reaction of 1 with triazine
leads, by C�C coupling, to a dimeric chelate ligand.[46]

As discussed before for Tilley’s reaction with [Cp2Zr(pyr-
idine)(η2-Me3SiC2SiMe3)] (2b),[38�41] the good solubility of
the starting materials 1 and 3 allows a smooth separation
of the in-most-cases sparingly soluble products. The bis(tri-
methylsilyl)acetylene formed from these reactions is soluble
and volatile, and is thus easy to remove.

The crucial step of C�H activation has also been de-
scribed by Beckhaus and coworkers for some reactions of
complexes 1 and 3 with pyridine, fluorinated pyridines,
and other N-containing heterocyclic compounds
(Scheme 13).[47] Complex 1 and pyridine, for example, give
a hydride-bridged dinuclear titanium fulvalene derivative

Scheme 13

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 4739�47494744

after C�H activation, whereas monofluoropyridine reacts
with 1, by C�F activation, to give a fluoride-bridged di-
nuclear titanium complex. It is remarkable that no product
resulting from a C�H activation was found in this case.
Pentafluoropyridine reacts with 1 to give a similar perflu-
orinated product.

A fluoride-bridged dinuclear titanium complex is formed
in the reaction with 2,4,6-trifluoro-1,3,5-triazine by C�F
activation (Scheme 14).

Scheme 14

The reaction of complex 3 with pentafluoropyridine or
cyanuric fluoride forms, after C�F activation, mononuclear
fluorotitanium() complexes as intermediates, as proved by
1H and 19F NMR measurements, which go on to react
with an excess of the substrates to give the difluoride
[Cp*2TiF2] (Scheme 15).

Scheme 15

The corresponding zirconocene complexes 2b and 6 be-
have completely differently in such reactions.[48] Tetra-
fluoropyridine reacts with 2b or 6 by C�H activation to
give 4-substituted pyridyl complexes that contain alkylidene
groups with agostic interactions to the metal center
(Scheme 16).

Scheme 16
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This result is opposite to the above-mentioned titanium

case in which C�F activation was preferred over C�H acti-
vation and the 2-position reacted. The reason for this could
be a bimolecular reaction with precoordination of the N-
atom of the pyridine and an attack of a second zirconocene
in the 4-position. Such a coordination of the pyridine is
impossible for complex 1.

Mach and coworkers have recently described some reac-
tions of substituted zirconocene complexes of bis(trimethyl-
silyl)acetylene with terminal acetylenes and lithium acetyl-
ides.[49] For example, complex 4 reacts with HC�CSiMe3

to give the agostic alkenyl-alkynyl complex [Cp*2Zr{η3-
[C(SiMe3)�CHSiMe3]}(η1-C�CSiMe3)], as described be-
fore for the permethyltitanocene complex 3. The corre-
sponding complex [(η5-C5HMe4)2Zr(η2-Me3SiC2SiMe3)]
yielded the diamagnetic zirconate complex Li[{(η5-
C5HMe4)2Zr}{η1-(C�CSiMe3)}{η2-(Me3SiC�CSiMe3)}]
with LiC�CSiMe3 (Scheme 17).

Scheme 17

New Reactions with Lewis Acids

One of the most remarkable discoveries during the past
few decades was that the activity of metallocene-based
Ziegler�Natta polymerization catalysts is based on cationic
[Cp�2MR]� complexes containing a metal atom in the �4
oxidation state. Such cationic moieties can easily be pre-
pared by interaction of metallocene complexes [Cp�2MX2]
(Cp� � substituted or unsubstituted η5-cyclopentadienyl,
X � Me, CH2Ph, H etc.) with strong Lewis acids (LA) such
as B(C6F5)3, Ph3C� etc. After abstraction of X, the metallo-
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cenium ion-pair complexes with noncoordinating anions to
give [Cp�2MX]�[(µ-X)-LA]� complexes.

As well as the above-mentioned [Cp�2MX2] complexes,
the titana- and zirconacyclopropenes 1�6 also possess two
M�C σ-bonds and their reactions with Lewis acids such as
B(C6F5)3, AliBu3, and HAliBu2 have been investigated in
detail. The reaction of alkynyl- and alkenylmetallocene
complexes with organoaluminum or -boron compounds has
been intensively investigated by Erker[50] and Binger;[51] it
leads to dimetallic systems of the type [Cp2M1](µ-η1:η2-
RCCR)(µ-X)[M2R2

2] (M1 � Zr, Hf, X � Cl, H, M2 � Al,
Ga; M1 � Ti, X � H, M2 � B) containing a planar-tetraco-
ordinate carbon atom bridging between a group-4 tran-
sition metal and a main group element.

The reactions of the alkynyltitanocene and -zirconocene
complexes 1, 2b, and 6 with AliBu3 lead to similar heterodi-
metallic complexes, along with formation of isobutene and
HAliBu2.[52] These complexes are better prepared, however,
by the direct reaction of the alkyne complexes with HAl-
iBu2 (Scheme 18).

Scheme 18

The X-ray crystal structure analyses of the complexes
show planar, bicyclic, five-membered-ring systems contain-
ing the metal atom, the hydridic hydrogen, Al, Cβ, and Cα.
Some of these complexes are very active catalysts for the
ring-opening polymerization of ε-caprolactone.[52]

Interestingly, the reaction of 4 with HAliBu2 gave no
such complexes. Instead, an electrophilic substitution of a
hydrogen atom from one of the methyl groups of the Cp*
ring by the HAliBu2 moiety occurred.[53] No hydrogen or
alkyne were liberated, and a product with an agostic σ-alk-
enyl group at the zirconium center and a µ-H atom between
Al and Zr was isolated (Scheme 19).

Scheme 19

In the reaction of 1 with B(C6F5)3 in toluene at room
temperature the titanium() complex of [TiCp{η5-
C5H4B(C6F5)3}], a novel type of zwitterionic complex con-
taining the B(C6F5)3 group in the Cp ligand and no σ-
bonded organic substituents at the titanium atom, was
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formed. Hydrogen, alkyne, and 1,2-bis(trimethylsilyl)ethane
are liberated by the electrophilic substitution of a hydrogen
atom of one of the η5-C5H5 rings by a B(C6F5)3 group
(Scheme 20).[54,55]

Scheme 20

The reaction of [Cp2Ti(PhC2SiMe3)] with B(C6F5)3 under
the same conditions gives an identical product, but with a
strongly diminished rate of reaction. The complex
[Cp2Ti(PhC2Ph)] does not react with B(C6F5)3 at all under
the same conditions, not even after one month. Thus, the
replacement of the Me3Si groups of the acetylene ligand
by Ph substituents sharply decreases the reactivity of the
corresponding acetylene complexes [Cp2Ti(R1C2R2)] to-
ward B(C6F5)3.[56]

An attempt to electrophilically mercuriate the Cp rings
in 1 by reaction with Hg(OCOCF3)2 was undertaken
to obtain the complex [TiCp(OCOCF3){η5-
C5H4Hg(OCOCF3)}]. It appeared, however, that the pro-
cess proceeds in another way, and [Cp2Ti(OCOCF3)2] was
isolated after the liberation of metallic mercury and al-
kyne (Scheme 21).[57]

Scheme 21

The reaction of [(η5-iPrC5H4)2Ti(η2-Me3SiC2SiMe3)]
with B(C6F5)3 in toluene at room temperature also pro-
duces the zwitterionic titanium() complex [Ti(η5-
iPrC5H4){η5-1,3-iPrC5H3B(C6F5)3}] in which the 3-H atom
of one of the C5 rings has been substituted by a B(C6F5)3

group (Scheme 22).[56] This complex is analogous in its
structure to the titanium() zwitterion [TiCp{η5-
C5H4B(C6F5)3}] formed from the reaction of B(C6F5)3 with
1 (Scheme 20). In this reaction, 1,2-bis(trimethylsilyl)ethene
was also detected in addition to the silylated alkyne and
1,2-bis(trimethylsilyl)ethane. A characteristic feature of
both zwitterionic complexes is the presence of coordinative
bonds between the ortho-fluorine atoms of two C6F5 sub-
stituents and the positively charged titanium center.
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Scheme 22

An electrophilic substitution of a hydrogen atom of one
of the methyl groups of the Cp* ring by a B(C6F5)3 moiety
was also found in the reaction of B(C6F5)3 with [Cp*2Ti(η2-
PhC2SiMe3)] — the zwitterionic TiIII complex [TiCp*{η5-
C5Me4CH2B(C6F5)3}] was isolated (Scheme 23).[58]

Scheme 23

The oxidation of [TiCp{η5-C5H4B(C6F5)3}] and [Ti(η5-
iPrC5H4){η5-1,3-iPrC5H3B(C6F5)3}] by atmospheric oxygen
affords the isostructural zwitterionic titanoxanes [Cp{η5-
C5H4B(C6F5)3}Ti]2(µ-O) and [(η5-iPrC5H4){η5-1,3-
iPrC5H3B(C6F5)3}Ti]2(µ-O), respectively, which contain
two zwitterionic units in the molecule (Scheme 24).[56] In
each of these units only one ortho-fluorine atom of a
B(C6F5)3 group is involved in coordination to the titanium
atom.

Scheme 24
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These complexes are active catalysts for the cationic ring-

opening polymerization of ε-caprolactone, THF, and pro-
pylene oxide, whereas γ-butyrolactone and 1-methyl-2-pyr-
rolidone are not polymerized under the same conditions.[59]

[TiCp{η5-C5H4B(C6F5)3}] also reacts readily with ace-
tone to give the zwitterionic adduct [(Me2CO)TiCp{η5-
C5H4B(C6F5)3}], where the acetone is bonded to the TiIII

center through the oxygen atom and only one ortho-fluorine
atom of the B(C6F5)3 group is coordinated to the metal
(Scheme 24).[56]

The monohalide complexes [TiXCp{η5-C5H4B(C6F5)3}]
(X � Cl, Br) are produced by the reaction of [TiCp{η5-
C5H4B(C6F5)3}] with alkyl halides (Scheme 25). A charac-
teristic feature of the resulting complex is the coordination
between one ortho-fluorine atom of one C6F5 group and
the titanium center. As found for the zwitterionic titanox-
anes, the chloride complex catalyses the cationic ring-open-
ing polymerization of THF.[60,61]

Scheme 25

The reactions of the corresponding zirconium complexes
with B(C6F5)3 differ from the reaction mode presented
above. No hydrogen or alkyne are liberated in the reaction
of [Cp*2Zr(η2-RC2SiMe3)] (R � Ph, Me3Si) with B(C6F5)3

and the zwitterionic ZrIV derivative [ZrCp*{η5-
C5Me4CH2B(C6F5)3}{C(R)�CH(SiMe3)}], which contains
a σ-alkenyl group at the zirconium center, is produced
(Scheme 26).[58]

Scheme 26

The reactions of the rac-ebthi complexes 5 and 6 with
B(C6F5)3 also proceed totally differently for Ti and Zr.[62]

For 6 an electrophilic substitution of one H atom of the Cp
ring in the 3-position occurs to give a zwitterionic alkenyl
complex without liberation of hydrogen or alkyne
(Scheme 27).
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Scheme 27

When this complex is heated to 100 °C in solution the
alkyne is eliminated and one B�C bond is cleaved, with
a subsequent transfer of one C6F5 group from boron to
zirconium, to give a complex with one µ-H atom between
B and Zr (Scheme 27).

Both complexes are important for the understanding of
deactivation processes in the polymerization of olefins and
demonstrate the importance of the proper addition se-
quence when adding reagents in order to achieve catalytic
activity. If 6 is first treated with ethene, the zirconacyclo-
pentane formed is subsequently activated by B(C6F5)3 to
give a catalyst that is active for the polymerization of ethyl-
ene. However, if the borane is added to 6 first, neither the
obtained complex nor the thermolysis product (Scheme 27)
react with ethylene. Interestingly, the analogous complexes
[ZrCp*{η5-C5Me4CH2B(C6F5)3}{C(R)�CH(SiMe3)}]
(R � Ph, SiMe3; Scheme 26) are active in ethylene polymeri-
zation, presumably because they have no C�F interactions
due to steric reasons.

In the reaction of 5 with B(C6F5)3 neither an electrophilic
substitution of an H atom nor an elimination of the alkyne
was observed. Instead, after substitution of one of the
SiMe3 groups in the coordinated bis(trimethylsilyl)acetylene
by B(C6F5)3, the first zwitterionic titanium() η2-
(trimethylsilyl)alkynylboranate complex rac-[{(ebthi)Ti}�-
{[η2-Me3SiC2B(C6F5)3]}�] was obtained (Scheme 28).

Scheme 28
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In this complex the [Me3SiC2B(C6F5)3]� ligand is unsym-

metrically and weakly bonded to the Ti center by its C�C
bond as well as by one of the ortho-F atoms of the B(C6F5)3

group. Complexes of alkynylboranates have not been iso-
lated or characterized before, although they have frequently
been postulated as reactive intermediates, for example in
the B(C6F5)3-catalyzed C�C coupling of alkynyl groups by
bis(alkynyl)zirconocene() complexes[63] and in the reac-
tion of alkynylstannanes with boranes.[64]

Reaction of 5 with the Brönsted acid B(C6F5)3·H2O gives
a mixture of the blue complexes [rac-(ebthi)Ti]�-
[HOB(C6F5)3]� and [rac-(ebthi)Ti]�[HB(C6F5)3]�

(Scheme 29).[65]

Scheme 29

These complexes form a series of compounds of the type
[rac-(ebthi)Ti]�[XB(C6F5)3]� with X � Me3SiC�C, OH,
and H.

Conclusion

The reactions presented here show once again that the
metallocene bis(trimethylsilyl)acetylene complexes
[Cp2M(L)(η2-Me3SiC2SiMe3)] [M � Ti, without L (1); M �
Zr, L � THF (2a); M � Zr, L � pyridine (2b)], the penta-
methylcyclopentadienyl complexes [Cp*2M(η2-Me3SiC2-

SiMe3)] [M � Ti (3), Zr (4)], and the complexes rac-[(eb-
thi)M(η2-Me3SiC2SiMe3)] [ebthi � ethylenebis(tetrahydro-
indenyl); M � Ti (5), Zr (6)] offer a number of compelling
advantages over other, widely used metallocene reagents as
they are readily prepared directly from the dichlorides
[Cp�2MCl2], are stable at room temperature for a long time
under argon atmosphere, and allow a control over the stoi-
chiometry of reactions at elevated temperatures. The side-
products of the reactions — bis(trimethylsilyl)acetylene,
THF, and pyridine — are soluble and volatile and thus easy
to remove. These complexes allow reactions in a broad vari-
ety of solvents, in particular nonpolar solvents such as pen-
tane.
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