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complexes with sterically demanding cyclopentadienyl ligands
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The reaction of RuCls(solv.), with tert-butylacetylene in
methanol or ethanol leads to the formation of chloro-bridged
half-sandwich complexes with sterically demanding cyclopen-
tadienyl ligands, which are of high interest as starting materials
for the synthesis of novel Ru catalysts.

Ruthenium half-sandwich complexes with cyclopentadienyl
ligands constitute a very important class of catalysts.! The
transformations catalyzed by these complexes include allylic? and
propargylic® substitutions, cycloadditions,* isomerizations,” alkane
borylations,® and atom transfer radical addition” and polymeriza-
tion® reactions, among many others." In order to optimize the
catalytic performance for a given reaction, a plethora of co-ligands
have been employed, such as phosphines, olefins, halides, nitriles
and thiolates. Structural modifications of the cyclopentadienyl
ligand, on the other hand, are not very common, and most
investigations have focused on Cp and Cp* complexes.} The likely
explanation for the dominance of Cp and Cp* ligands is the
fact that versatile and easily accessible starting materials are
available for these complexes. The cationic acetonitrile
complex [{CpRu(CH;CN);}(PFg)] (1) and chloro-bridged dimer
[Cp*RuCly], (2) have turned out to be particularly useful. The
latter can be obtained in a one-step procedure from
[RuCly(H,0),],” and convenient syntheses have been developed
for the former.!® Meanwhile, both complexes are also commer-
cially available.

In the following communication, we describe a simple procedure
for the synthesis of two dimeric Ru"™ complexes, 3 and 4, which
show overall structures analogous to 2, but have very distinctive
cyclopentadienyl ligands. These complexes are obtained from
[RuCls(solv.),] in an unprecedented Ru-mediated coupling reac-
tion of three alkynes and an alcohol. They are expected to become
useful starting materials for the synthesis of novel Ru catalysts, as
evidenced by a first application in a racemization reaction.

When a solution of [RuCls(solv.),J§ and 4.2 equivalents of zerz-
butylacetylene in methanol were heated to 55 °C, a brown powder
began to precipitate after 2 h (Scheme 1). After 24 h, the mixture
was cooled to —20 °C and complex 3 was isolated in 51% yield
(see ESIY).

Elemental analysis of complex 3 showed that a carbon-rich
compound had formed (C = 50.47%). Attempts to obtain further
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Scheme 1  Synthesis of the complexes 3 and 4.

structural information by NMR spectroscopy were not successful,
indicating the presence of paramagnetic Ru™. This was confirmed
by a single crystal X-ray analysis.9 The overall structure of
complex 3 is similar to that of 2: two (n’-cyclopentadienyl)RuCl,
fragments are connected by two chloro bridges to form a
centrosymmetric dimer (Fig. 1). However, the cyclopentadienyl
ligands show a unique substitution pattern, with two ferz-butyl,
one neopentyl and one methoxy group attached to the aromatic
ring. Due to the presence of different side chains, the (n-ligand)Ru
fragment displays planar chirality. There are two independent
(m-ligand)RuCl, complexes in the asymmetric unit; the dimers are
obtained by the symmetry operation —x, 1 — y,zand 1 —x, 1 —y,
1 — z, respectively. The Ru atoms in these dimers are 3.684(1) and
3.743(1) A apart from each other, and therefore not bonded to
each other.!!

When [RuCls(solv.),] was reacted with tert-butylacetylene in
ethanol instead of methanol, the ethoxy complex 4 was obtained in
40% yield (see ESIT). The structure of 4 is analogous to that of

Fig. 1 Graphical representation of the molecular structure of complex 3
in the crystal. Selected bond lengths [A] and angles [: RulA-CI1A
2.437(3), RulA-CIIC 2.443(2), RulA-CI2A 2.358(3), RulA---RulC
3.684(1); ClIA-RulA-CI2A 88.89(10), ClIA-RulA-CI1C 99.0(3). Only
one of the two independent dimers is shown. The letter C stands for the
symmetry operation: —x, 1 — y, —z.
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complex 3, as evidenced by elemental analysis and by subsequent
reduction to diamagnetic complexes, which can be analyzed by
NMR spectroscopy (see below).

The formation of complexes 3 and 4 can be explained by a Ru-
mediated coupling reaction of three ferz-butylacetylenes with
methanol or ethanol and with the elimination of HCI. Transition
metal-mediated [2 + 2 + 1] cyclotrimerizations of alkynes have
been observed in some cases,'>'® but they are very rare compared
to the more common [2 + 2 + 2] cyclotrimerizations."* A coupling
reaction of three alkynes and an alcohol, giving a cyclopentadienyl
ligand with an alkoxy-substituent directly attached to the ring, is,
to best of our knowledge, unprecedented. The five-membered ring
might be formed by an intramolecular reaction of a metallacyclo-
pentadiene with a vinylidene ligand, as described for other
systems.'? Fulvene m-complexes have been suggested as inter-
mediates in the [2 + 2 + 1] cyclotrimerization of alkynes. In our
case, such an intermediate seems unlikely because the nucleophilic
attack of an alcohol would be expected to occur at the exocyclic
carbon atom."

When phenylacetylene, cyclohexylacetylene or trimethylsilylace-
tylene were used instead of tert-butylacetylene, a mixture of
unidentified products was obtained. The difficulty in obtaining
coupling products analogous to 3 and 4 with other alkynes was not
unexpected. A complicated multi-component reaction of this kind
is likely to depend strongly on the size and reactivity of the alkyne.
Furthermore, it is known that (cyclopentadienyl)Ru half-sandwich
complexes (including dimer 2)' can react further with alkynes to
give cycloaddition products or polymers."* The importance of
such consecutive reactions will again depend on the nature of the
alkyne. Nevertheless, it is conceivable that complexes of type 3 and
4 can be obtained for other alkyne/alcohol combinations if a
careful optimization of the reaction conditions is carried out.

First investigations showed that complexes 3 and 4 could be
easily transformed into diamagnetic Ru™ complexes with various
co-ligands (see ESIf). The reaction of 3 with norbornadiene
(NBD) in EtOH at 55 °C gave complex 5 in 60% yield (Scheme 2).
The accessibility of 5 is of interest in view of the fact that
the analogous Cp* complexes [Cp*RuCI(NBD)] and
[Cp*RuCl(COD)] have been used extensively as catalysts for
various organic transformations.'

When 3 was reacted with PCy; or PPhs in THF in the presence
of Zn, deep purple solutions were obtained, from which the 16e™
complexes 6 and 7 were isolated. Apart from NMR spectroscopy
and elemental analysis (see ESIT), complex 7 was characterized by
single-crystal X-ray analysis (Fig. 2).9 It is interesting to note that
structurally related Cp*Ru' complexes have been isolated with
sterically demanding phosphine ligands such as PCy; and PiPrs,
but not with PPhy.!® On the contrary, attempts to make
mononuclear [Cp*RuCl(PPh;)] failed and gave instead an
insoluble material, which was suggested to have a polymeric
structure.'® This demonstrates that the sterically very demanding
2.4-bis-tert-butyl-1-methoxy-3-neopentylcyclopentadienyl ligand is
able to stabilize complexes that are not accessible with the standard
Cp* ligand.

The synthesis of the Ru-carbonyl complexes 8 and 9 was
accomplished by the carbonylation (1 bar, RT) of cationic
tris(acetonitrile) complexes, which were prepared in situ by
reduction of 3 or 4 with Zn (Scheme 2).!” The air stable CO
complexes 8 and 9 were obtained in good yield after purification
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Scheme 2 Dimers 3 and 4 are versatile starting materials for the
synthesis of diamagnetic Ru'' complexes with sterically demanding
cyclopentadienyl ligands. For each product, only one of the two
enantiomers is shown.

by flash chromatography (see ESIt). Compounds of this kind are
of interest because (cyclopentadienyl)Ru(CO),X complexes are
frequently used as robust catalysts for the racemization of
secondary alcohols.'® It had been reported that the substituents
on the cyclopentadienyl ligand are of importance for the
racemization reaction.'®!® This finding was the motivation to test
the catalytic activity of our new complexes 8 and 9.

The racemization of (S)-1-phenylethanol was examined using
0.25 mol% of complex 8 and 9, respectively. The reactions were
performed without a protective inert atmosphere, and K;PO, was
used as a basic additive. Both complexes turned out to be highly
active catalysts, with the methoxy complex 8 (complete racemiza-
tion after 1 h) being slightly more active than the ethoxy complex 9
(complete racemization after 1.5 h). Other secondary alcohols such
as (S)-4-phenyl-2-butanol, (S)-1-(2-naphthyl)ethanol and (S)-1-
indanol were also racemized within 1.0-1.5 h using 0.5 mol% of

Fig. 2 Graphic representation of the molecular structure of complex 7 in
the crystal. Selected bond lengths [A] and angles [°]: Rul-Cl1 2.3705(8),
Rul-P1 2.3786(9); Cl1-Rul-P1 92.93(3).
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complex 8 (see ESIT). These values are comparable to those
reported for the most active Ru-catalysts described so far.!s!

In summary, we have described the syntheses and structures of
chloro-bridged half-sandwich complexes 3 and 4. They were
obtained in a single step by a new type of coupling reaction using
[RuCls(solv.),], tert-butylacetylene and methanol or ethanol. The
complexes are expected to find high interest as starting materials
for the synthesis of novel Ru catalysts. The basic structure of 3 and
4 are similar to that of complex 2, which represents one of the key
entry points for the synthesis of (cyclopentadienyl)Ru catalysts.
The m-ligands of 3 and 4, on the other hand, are quite different
from Cp* because of the sterically demanding fert-butyl and
neopentyl groups, and the alkoxy substituent. This is evidenced by
the synthesis of 7, a 16e” complex which is not accessible with the
standard Cp* ligand. The facile transformation into mononuclear
Ru™ complexes and the application of 8 and 9 as highly efficient
racemization catalysts under mild conditions represents further
evidence for the utility of 3 and 4.
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