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ABSTRACT: Recently, we showed that titanocene silyls are much more stable with Ti in the oxidation state +3. The current
study demonstrates that analogous Zr and Hf compounds can also be obtained by reaction of a suitable metalate precursor with
an oligosilanyl dianion. As the obtained complexes formally possess a d' electron configuration, they were investigated using EPR
spectroscopy. The corresponding spectra indicate that the compounds can be considered to also exhibit some cyclosilanyl radical
anion character. In order to understand the strong preference of disilylated titan(IV)ocenes for reductive elimination, a
theoretical study of the thermodynamics of these reactions was conducted, revealing that this behavior is essentially caused by the

weak Si—Ti(IV) bond.

B INTRODUCTION

Over the last few decades alkyl-substituted group 4 metal-
locenes have become a very well established class of
compounds, for which numerous applications have been
found." Analogous compounds with higher group 14
substituents have received much less attention. However,
silylated metallocenes are another interesting class of
compounds which can serve as catalysts or catalyst precursors
for a number of important chemical transformations.
Prominent among these reactions is the dehydrogenative
coupling polymerization of hydrosilanes,> > an important
synthetic alternative to the Wurtz type coupling of
chlorosilanes, which still is the most widely used method for
the formation of Si—Si bonds in general and the synthesis of
polysilanes® in particular. The reaction was discovered by
Harrod and co-workers as a process where PhSiH; reacts to
give polyphenylsilane, H(PhSiH),H, in the presence of
Cp,TiMe,.” Harrod’s initial mechanistic explanation involved
the formation of the dinuclear Ti(III) complex [Cp,TiSiH,Ph],
as a source of the silylene PhSiH, which upon release could
oligomerize to longer chains.*” Subsequently, Tilley and co-
workers showed that the polymerization of phenylsilanes can
also be catalyzed by zirconocenes and hafnocenes of the type
CpCpM(X)H (Cp = CH,, Cp’ = C;H,, CsMeg; M = Zr, Hf; X
= Cl, Me) starting with catalyst precursors such as CpCp'M-
(X)Si(SiMe;);. For these systems, featuring the metal in the
oxidation state +4, it was conclusively demonstrated that the
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catalytic cycle consists of two o-bond metathesis steps.”'’
While Harrod later expressed his belief that also in the
titanium-catalyzed reaction “the key catalyst species is Cp,Ti-
(H)SiH,R”,'" it is interesting to note that still no examples of
stoichiometric o-bond metathesis reactions between silicon
hydrides and bis(silyl)titanocenes or silylhydridotitanocenes are
known. Even the syntheses of the disilylated titanocenes or
CpCp'Ti(Cl)Si(SiMe;); have never been reported.

A survey of known silylated titanocenes reveals that while
there are a fair number of Ti(Ill) complexes®'>™'¢ and even
some Ti'—SiH o-complexes,'”” ' less than a handful of
examples of silylated titanocenes with Ti(IV) have been
reported. Among these compounds Cp,Ti(Cl)SiMe; (I),*°
prepared by Rosch et al. utilizing the reaction of Cp,TiCl, with
Al(SiMe, ),-Et,0, is well characterized with 'H and 3C NMR
and IR spectra and a low-quality crystal structure (R = 16%).
The titanacyclosilanes Cp,Ti(SiPh,), (n = 4 (1), 5 (II1))*'~*
were reported as products of the reaction of Cp,TiCl, with
Li(Ph,Si),Li. While for Cp,Ti(SiPh,),*"** 'H and *C NMR
spectra in acetone were reported, the formation of Cp,Ti-
(SiPh,)s**** was substantiated by multinuclear (including **Si)
NMR™ and a crystal structure analysis.”> The reported
synthesis of the silylene-bridged complex [Cp,Ti(SiH,)],
obtained by Weiss from the reaction of Cp,TiCl, with
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H,SiK*® was later questioned by Harrod and co-workers, who
repeated the published procedure and obtained only [Cp,Ti-
(SiH;)],.*° One further example of a well-characterized
disilylated titanocene was reported by our group. The reaction
of Cp,TiCl, with (Me;Si),KSiSiK(SiMe;), was found to give a
titanacyclotrisilane (IV).”” This compound, however, can be
interpreted either as containing Ti(IV) with silyl groups or as
Ti(I) with a disilene ligand.

Ph,
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CpyTi szTi\ Cp,Ti SiPhy
SiPh
L 2
Si i i
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For analogous germylated titanocenes with Ti(IV) the
situation is quite similar. Cp,Ti(Cl)GeMe; (V) was prepared
by Rosch in a manner analogous to that described for
Cp,Ti(Cl)SiMe; utilizing Al(GeMe,);Et,0.*° The triphenyl-
germylated compound Cp,Ti(Me)GePh, (VI)*® was obtained
by Harrod and co-workers from the reaction of Cp,TiMe, with
Ph;GeH. Related studies from Razuvaev’s group showed that
Cp,Ti(GePh,), (VIL) and Cp,Ti(Cl)GePh, are relatively stable
at room temperature, while Cp,Ti(GeEt;), decomposes rapidly
at room temperature to Et;Ge,””*® They also reported
reactions of digermylcadmium or digermylmercury with
Cp,TiCl, and Cp,TiCl to give small amounts of germylated
titanocenes.

Our own attempts to react Cp,TiCl, with (Me;Si);SiM (M =
K, Li, MgBr, MgSi(SiMe;);) met with no success until

recently.’> While observation of the reaction of Cp,TiCl,
with (Me;Si);SiK-(18-crown-6) by means of NMR spectros-
copy did not indicate formation of any type of metalated
tris(trimethylsilyl)silyl compound, it was possible to isolate
another product: Cp,TiCl,-K(18-crown-6). The presence of
this paramagnetic compound indicated the formation of
paramagnetic, NMR-silent Ti(Ill) species in the reaction.*
Continued attempts finally allowed the isolation of Cp,Ti(Cl)-
Si(SiMe;),-K(18-crown-6), which was formed in a reaction that
was not very clean. Changing from (Me;Si);SiK to the
dimetalated compound K(Me,Si),Si(Me,Si),Si(SiMe;),K
(1)** led to a much cleaner course of reaction (Scheme 1).
It was found that half of 1 was converted cleanly to 1,2-
bis(trimethylsilyl )tetramethylcyclotetrasilane, which was pre-
sumably formed by reductive elimination of an initially formed
titanacyclosilane. The concurrently formed titanocene “Cp,Ti”
likely underwent a comproportionation with Cp,TiCl, to
Cp,TiCl, which in the presence of KCl-(18-crown-6) reacted
further to Cp, TiCl,-K(18-crown-6) (3).>* The latter could then
react with the remaining 1 to give the final product, a
titanacyclosilane (2) with titanium in the oxidation state +3.>>

The current study deals with further investigations
concerning this reaction and, in particular, with the question
whether this chemistry is also possible for the heavier metals of

group 4.

B RESULTS AND DISCUSSION

Synthesis. Dichlorinated Metalates. Knowing that Ti(III)
was involved in the reaction of Cp,TiCl, with silyl anions, we
set out to use another titanocene precursor to avoid wasting the
metalated oligosilanes as reducing agents. While several
methods for the synthesis of Cp,TiCl and related complexes
with reducing metals (such as Zn, Al, and Mn) are known,*>%¢
we thought to use comproportionation chemistry to obtain the
Cp,Ti™ species in a way similar to that outlined above. Thus,
the well-known “Cp,Ti”*’ source Cp,Ti(btmsa)*® was reacted
with Cp,TiCl, (Scheme 2). This reaction turned out to be a
valuable source of “salt free” (Cp,TiCl),. The dinuclear
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(Cp,TiCl), can further be converted to a mononuclear
compound by reaction either with KCI-(18-crown-6) or with
LiCl in the presence of tmeda to obtain the respective base
adducts of Cp,TiCl with KCl (3) or LiCl (3a) (Scheme 2).
This way the required precursors could be obtained without
wasting oligosilane precursors, in a satisfying quantitative yield
over two steps.

Reaction of 1 with Cp,ZrCl, and Cp,HfCl, was reported to
lead to the formation of the respective metallacyclosilanes with
the metals in the oxidation state +4, without any sign of
reductive elimination.***® Therefore, attempts directed to the
preparation of zirconium and hafnium analogues of 2 required
metal salts of zirconocene and hafnocene in the oxidation state
+3. The synthesis of the respective K[Cp,ZrCl,]-(18-crown-6)
(4) and K[Cp,HfCl,]-(18-crown-6) (5) was thus accomplished
in an even more straightforward fashion by reduction of the
respective metallocene dichlorides with potassium in the
presence of 18-crown-6 (eq 1).

Cp
N\ _cl_
/M ~c— K-18-crown-6

Cp

Cp,MCl, + K + 18-crown-6 —————» M
M = Zr, Hf

M = Zr (4)
Hf (5)

Disilylated Metalates. As anticipated, reactions of titanates 3
and 3a with the dianion 1 led to the formation of the
titanacyclopentasilane 2 in a cleaner way. Using 3a, reactions
with the respective 1,5-dipotassiopentasilane 6 and 1,3-
dipotassiotrisilane 8 were also carried out. From the reaction
of 3a with 6 the expected anionic titanacyclohexasilane 7 could
be obtained. The same anion could already be isolated from the
reaction of 6 with Cp,TiCl,.*> However, reaction of 6 with

Cp,TiCl, gave the anionic part of 7 along with the complex
counterion [(K-(18-crown-6)),Cp]*, indicating a reaction
course more complex than was anticipated, involving
abstraction of a cyclopentadienide. The use of 3a instead of
Cp,TiCl, provides a way to 7 with the simpler counterion
[(K-(18-crown-6))-2THF]* (Figure S1, Supporting Informa-
tion).

Disilanide 6 can be regarded as an elongated version of 1,
and in the same way 8 might be seen as the analogously
shortened congener of 1. As expected, the reaction of 8 with 3a
gave a complex anion comprised of a titanacyclotetrasilane ring
(9) (Scheme 3). In this case, however, single-crystal structure
analysis showed that the counterion consists again of the
complex [(K-(18-crown-6)),Cp].*

While the formation of 2, 9, and 7 utilizing 3a proceeded in
an expected way,> it was also interesting to test whether the
same reaction could also be accomplished for the analogous
zirconium and hafnium cases. Therefore, the reactions of 1 with
4 and S, respectively, were carried out and found to proceed
much in the same way as was observed for the titanium case
(Scheme 4). This was striking, as the obtained products 10 and
11 contained the same metallacyclopentasilane units with a d'
electron configuration that were previously obtained as d°
fragments.*** As it was possible to analyze the solid-state
structures of all four compounds, a structural comparison
allows some interesting conclusions about the relationship
between geometry and electronic state (vide infra).

The subsequently arising question of whether the d' complex
could be obtained also by direct reduction of the neutral
metallacyclosilane was addressed by the reaction of the
respective zirconacyclopentasilane 12 with 1 equiv of potassium
in the presence of crown ether. It was found that this reaction
yielded the d' complex directly (Scheme 4). However, while

Scheme 3. Formation of 2, 7, and 9
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crystal structure analysis of the resulting compound (10a)
confirmed the identity of the expected d' zirconacyclopenta-
silane, it also featured the complex counterion [(K:(18-crown-
6)),Cp]*, which clearly indicates additional chemistry with
cyclopentadienide acting as a leaving group, thus providing the
possibility for the formation of [(K:(18-crown-6)),Cp]*.

The successful preparation of the d' complexes of zircona-
and hafnacyclopentasilanes 10 and 11 and the strange behavior
of the titanocenes forced us to revisit some chemistry that we
found rather puzzling some years ago. While we found clean
conversion of 1,4-dipotassiotetrasilane 1 with Cp,ZrCl, and
Cp,HfCl,,**** attempts to achieve the same conversion with
the respective 1,4-dipotassiocyclohexasilane 13*° with Cp,ZrCl,
and Cp,HIfCl, did not give any indication of the formation of
the expected bicyclic metal-bridged compounds. Considering
the course of the reaction of 1 with Cp,TiCl,** and the fact that
our judgment of the reactions was based primarily on NMR
spectroscopic analysis, it seemed reasonable to reinvestigate the
reaction of 13 with Cp,HfCl,. Again, NMR spectroscopic
observation gave no indication for the formation of the
respective disilylated metallocene but provided evidence for the
decomposition of this compound by reductive elimination,
which gives the respective coupled cyclosilane that is already
known.** However, crystallographic analysis revealed that the
disilylated metallocene 14 was formed with the metal being in
the oxidation state +3 (Scheme S). A similar course of reaction
had already been found for the titanocene case.*”

A simple explanation as to why it is possible to prepare some
disilylated zirconocenes and hafnocenes with the metal in the
oxidation state +4, while others that are seemingly very similar
cannot be formed, is difficult to give. The question certainly
seems to be related to the equally puzzling behavior of silylated
titanocenes. It seems reasonable to assume that in the reaction
of two silyl anions with Cp,MCIl, the expected disilylated
metallocenes form initially but then undergo reductive
elimination as the first step of the sequence, concluding with
the formation of disilylated metallocenes in the oxidation state

+3. This leads directly to the question of why certain reductive
elimination processes are more facile than others.

Computational Study. To understand the outlined
unexpected reductive elimination behavior of disilylated
titanocenes, we set out to conduct a computational study of
these compounds and their zirconocene and hafnocene
counterparts at the density functional MPW1PW91/SDD (Tij,
Zr, Hf) and 6-311G(d,p) (H, C, Si) level of theory.*"**

In order to obtain some initial insights, the thermodynamics
involved in the reaction depicted in eq 2 were studied. In this

Messi\ /SiMe; 'V'esSi‘
Si Me;Si—Si
/ 3 .

CoML (SiMez), —————— = CpaM + Sli><s|Mez)n @
S0 Me;Si—]

Me;Si SiMey Me3Si

reaction the facility of reductive cyclosilane elimination from
cyclic disilylated metallocene(IV) compounds is investigated as
a function of metal and different ring size. The results of the
calculations given in Table 1 correlate qualitatively with the
observed experimental situation. While the reductive elimi-
nation of a disilene from the formal metallacyclotrisilane is
endothermic (only slightly though for the Ti case) for all three

Table 1. Calculated Free Enthalpy Differences at 298.15 K,
AG*® (kJ mol™), for the Reductive Elimination Reactions
of Metallasilacycles with Concurrent Formation of
Cyclosilanes According to Eq 2

elimination n=0 n=1 n=2 n=3
product disilene  cyclotrisilane  cyclotetrasilane cyclopentasilane

three- four-
metallacycle membered membered five-membered  six-membered
Ti 3 —42 —-121 -176
Zr 154 135 S0 8
Hf 172 160 78 37
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metals, the elimination is strongly favored for all other ring sizes
of titanacyclosilanes and it is more favorable for large ring sizes.
This calculated trend for the ease of the reductive elimination
process from titanacyclosilanes follows the experimental
observation. That is, we were able to synthesize and isolate a
titanacyclotrisilane®” but no larger titanacycles. For the zircona-
and hafnacyclosilanes the same trend is found: the thermody-
namic stability decreases with increasing ring size of the
metallasilacycles. However, the situation is more delicate, as in
all investigated cases the reductive elimination is predicted to
be endothermic. In the experiment, however, reductive
elimination is not an isolated process but is followed by
subsequent reactions; therefore, the trend visible through the
data summarized in Table 1 provides a rationalization for the
experimental facts that the respective metallacyclotetrasilanes
and -pentasilanes are stable while the metallocyclohexasilanes
undergo reductive elimination.

While the study of the reaction of eq 2 reflects the real
systems qualitatively well, it does not provide an intuitive
explanation. For this reason it was decided to vary the
parameters of the system in order to obtain further insight.

The first variation applied was the replacement of the
trimethylsilyl groups at the positions 3 to the metals by methyl
groups (eq 3). The calculated free enthalpies AG**® according

Me\ /Me Me
Si Me—Si
/ Na
CpoM \(SiMez)n —» CpM + | >(siMe,), (3)
\_ 7 _-Si
/SI\ Me ]
Me’ Me Me

to these reactions are given in Table 2. In principle the picture
is the same as was found for eq 2, but all results are shifted to
more endothermic values. For this system also the three- and
four-membered titanacyclosilanes are predicted to be stable and
reductive elimination becomes only a feasible process for five-
membered and larger rings. For the heavier metals zirconium
and hafnium six-membered rings should be stable. Although no
calculations were carried out for phenyl substituents at the
silicon atoms in a positions, the stability of this substitution
pattern might be even higher, given the fact that a
titanaoctaphenylcyclopentasilane®** and even a titanadecaphe-
nylcyclohexasilane are known.”*** The trend outlined here also
provides an explanation for the fact that Cp,Ti(Cl)SiMe; was
found to be a stable compound while the synthesis of the
analogous tris(trimethylsilyl)silyltitanocene chloride failed.**
In order to eliminate the potential influence of ring strain of
the formed cyclosilane the reductive elimination of two silyl
substituents to give a disilane was studied computationally for
comparison (eq 4). The steric requirements and the silylation
degree of the silyl substituents were varied from trimethylsilyl
to tris(trimethylsilyl)silyl, and the results of the calculations are

SiRy :|5iR3
CpzM —» CpM+ | @
NsiR, SiR,

shown in Table 3. All disilylated titanocenes(IV) were found to
be prone to facile reductive elimination. For zirconium and

Table 3. Calculated Free Enthalpy Differences at 298.15 K,
AG*® (kJ mol™"), for the Reductive Elimination Reactions
of Disilylated Group 4 Metallocenes with Concurrent
Formation of Disilanes According to Eq 4

Ry
M Me, (SiMe;),H (SiMe,),SiMe,H (SiMe;)4
Ti —-118 —130 —150 —155
Zr +33 +46 +40 +26
Hf +62 +73 +66 +53

even more for hafnium no energetically favorable eliminations
were detected. This result clearly identifies the inherent
weakness of the Ti(IV)—Si linkage as one of the major factors
that determines the instability of silyltitanocenes(IV) and is
further supported by the calculated mean bond dissociation
energy, D,, of the metal—silicon bond in Cp,M"(SiMe,),,
which increases significantly with increasing atomic number of
the metal (M = Ti, D, = 136 k] mol™; M = Zr, D, = 206 kJ
mol™}; M = Hf, D, = 223 k] mol™!).** Less clear is the trend
revealed by the calculation upon a-silylation. For titanium a
higher silylation degree was found again to correspond with a
more favored elimination. For zirconium and hafnium,
however, the stability of the metal—silicon bond does not
decrease monotonically with increasing silylation degree, which
seems to suggest that a higher silylation degree stabilizes the
bond but becomes detrimental once steric interactions between
the silyl groups or between the silyl and Cp ligands arise. For
the disilylated metallocenes (M = Zr, Hf) this situation occurs
for (trisilyl)silyl substituents.

As the results of this reaction (eq 4, Table 3) are clearly
different from those of the metallacycle reductive eliminations
(eqs 2 and 3, Tables 1 and 2), a profound influence of ring
strain can be assumed. However, as in the actual reaction both
the starting material and the product are cyclic in nature, the
thermodynamics of the isodesmic reaction® depicted in eq 5

Me\ /Me Me, )
Si Si SiMe,
AN SiMe, AN
CpoM (SiMe)n + | — szM\ (SiMe2)n+1 ()
Si SiMe; 'SiMe.
7N 3
Me’ Me

were studied in order to assess the influence of ring strain of the
metallacycle (Table 4). The results indicate that only the three-
membered zircona- and hafnacycles are somewhat strained and,

Table 2. Calculated Free Enthalpy Differences at 298.15 K, AG*® (kJ mol ™), for the Reductive Elimination Reactions of
Metallasilacycles with Methyl Substituents at the @-Silicon Atoms and with Concurrent Formation of Cyclosilanes According to

Eq3
n=0 n=1 n=2 n=3 n=4
elimination product disilene cyclotrisilane cyclotetrasilane cyclopentasilane cyclohexasilane
metallacycle three-membered four-membered five-membered six-membered seven-membered
Ti 82 15 —62 —-108 —-151
Zr 218 170 75 30 0
Hf 237 194 106 61 31
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Table 4. Calculated Energies, AE (k] mol™'), for the
Isodesmic Reactions (Eq 5) Which Determine the Ring
Strain of the Metallacycles

n=20 n=1 n=2 n=3
three- four- five- Six-
metallacycle membered membered membered membered
Ti 7 24 30 23
Zr -14 22 14 15
Hf =21 16 15 17

even more important, that there is no evident correlation
among ring strain, metal, and ring size for cycles with more
than three constituent atoms.

The fact that the results given in Table 3 substantially differ
from those in Table 1 indicates that ring strain is effectively
involved as a factor for the reductive elimination of metal-
lacyclosilanes. However, when it is not the strain that is
effective in the metallacycles (as can be concluded from the
results given in Table 4), the strain of the cyclosilane products
needs to be taken into consideration. This was attempted by
studying the isodesmic reaction® outlined in eq 6, and the

results are given in Table 5
ez%
Me3$| 42 SlMea

Me,Si
| PsiMe: |+ mesSi—siMes
Me,Si n
n=0-4
Table 5. Calculated Energies, AE (kJ mol ™), for the
Isodesmic Reactions (Eq 5) Which Determine the Ring
Strain of the Polysilacycles (Me,Si), (n = 1—4)

starting material n AE
tetramethyldisilene 0 —207
hexamethylcyclotrisilane 1 —134
octamethylcyclotetrasilane 2 —47
decamethylcyclopentasilane 3 -8
dodecamethylcyclohexasilane 4 3

While the calculations might not reproduce the actual system
accurately because the additional steric interaction involved in
the formation of the 1,1,2,2-tetrakis(trimethyl)disilanylene unit
is not accounted for, it gives a good idea that five- and six-
membered rings essentially experience no or only little ring
strain.** This tells us that for the cases of the three-, four-, and
five-membered metallacycles a ring strain component works
against a facile reductive elimination to give cyclic products.
The behavior of the respective zirconium and hafnium
compounds is consistent with this.

EPR Spectroscopy. While the d' configuration of the
studied complexes does not permit NMR spectroscopic
investigations, it allows the use of EPR spectroscopy. Especially
for the study of titanocene and to some extent zirconocene d'
complexes this is a very established technique. In fact, there
exists even a prior EPR study of radical anions of group 4
metallacyclhexasilanes, namely titana- and zirconadecaphenyl-
cyclohexasilane,”* which addressed the question of electron
delocalization within the cyclosilane framework.

In the course of this study we investigated compounds 2, 4,
10, and 11. The dichlorinated metalate 4 exhibited a signal at g
= 1.970 with the expected hyperfine coupling to *'Zr (a(I =

4314

%/,) & 27 G), which is in excellent agreement with the values
reported by Samuel et al. for [Cp,ZrCL]™ (g = 1.970, a(I =
5/,) & 29.7 G).* In contrast to this, the EPR spectrum of 10
shows a slightly more complex signal with coupling also to the
a-silicon atoms (Figure 1). The smaller value of the hyperfine

a(®'7r)=19.4G

8.000 - g=1.993
3
©
2
z )
é v
o
(%]
w

50007 a(®®si)=102G

3.360 3.440

magnetic field / G

Figure 1. EPR spectrum of 10 at rt in C4H.

splitting (hfs) constant to *'Zr, a(I = */,) = 19.4 G, indicates a
delocalization of the electron between the metal and the
attached silicon atoms. A hfs of 10.2 G to *Si can be compared
to the value of 7.1 G measured for the coupling to trimethylsilyl
groups in (Me;Si);Si*.*® Due to the presence of “’Ti (I = 5/,)
and *Ti (I = 7/,), which both display a hfs of 8.8 G, the
spectrum of 2 (Figure 2) is more complicated; still, the hfs to

8,000 a(*'Ti*oTi)=8.8 G g=1.991
< /\ U
-g o A /l\\ /’\ j | H f] A A\
g Tl W )\ }/ Vel
i
(Si)=126G,48G | |
/
-8.000 u
3.360 3.400

magnetic field / G

Figure 2. EPR spectrum of 2 at rt in C4H.

the a-*°Si atoms is 12.6 G, of the same magnitude as observed
for 10. In addition, the simulation of the spectrum provides a
hfs owing to another spin '/, nucleus with the double natural
abundance of silicon with a magnitude of 4.8 G. For reasons of
symmetry as well of geometry, we assign this coupling to the
SiMe, groups in f positions, which lie in the plane of the five-
membered ring. In contrast to the well-resolved spectra of 2
and 10, the spectrum of 11 displayed an ESR signal at a g value
of 1.986 with very broad lines, likely indicating unresolved
hyperfine coupling to '’Hf and "’Hf as well as to *Si.
Structural Analysis. Compounds 3a, 4, 7, 9, 10, 11, 11a,
and 14 were subjected to single-crystal structure analysis (Table
6). The quality of the structures of compounds 7, 9, and 11a
was not sufficient to allow a detailed structural discussion but
nevertheless unambiguously proved the bond connectivity of

dx.doi.org/10.1021/0om3001873 | Organometallics 2012, 31, 4309—4319
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Table 6. Crystallographic Data for Compounds 3a, 4, 10, 11, and 14

3a 4
empirical formula C6HyCLLIN, Ti Cy,H;,CLKOZr
M, 372.13 595.71
temp (K) 100(2) 100(2)
size (mm) 0.44 X 0.32 X 0.24 0.30 X 0.26 X 0.12
cryst syst tetragonal monoclinic
space group P4;2)2 P2,/c
a (A) 82533(2) 11.539(2)

b (A) 8.2533(2) 11.888(2)

¢ (A) 27.378(6) 19.059(4)

a (deg) 90 90

P (deg) 90 95.56(3)

7 (deg) 90 90

vV (A3) 1865(3) 2602(2)

V4 4 4

Peatea (g em™) 1.325 1.521

abs coeff (mm™) 0.742 0.822

F(000) 780 1228

0 range (deg) 2.58 < 0 <2515 1.77 < 0 < 26.37

no. of collected/unique 13218/1668 13 467/5257
rflns

completeness to 6 (%) 99.9 99.0

no. of data/restraints/ 1668/0/104 5257/0/308
params

goodness of fit on F* 1.2§ 1.07

final R indices (I > 26(I))

R indices (all data)

largest diff peak/hole (e/
AY)

R1 = 0.057, wR2 =
0.116

RI = 0.060, wR2 =
0.117

0.48/-0.32

R1 = 0.051, wR2 =
0.103

RI = 0071, wR2 =
0.111

0.74/-0.38

10 11 14
CyyHyKO, SigZr CsHg, HAKO,Sig C45Hg HKO,Sig
1141.30 1077.35 1139.41
100(2) 100(2) 200(2)

0.38 X 0.29 X 0.19 0.38 X 0.24 X 0.24 0.32 X 0.30 X 0.20

monoclinic triclinic monoclinic

P2,/c PI P2,/c

22.150(4) 11.0602(2) 13.884(3)

15.819(3) 13.291(3) 15.265(3)

18.277(4) 21.226(4) 27.786(6)

90 77.47(3) 90

96.07(3) 81.03(3) 99.18(3)

90 70.17(3) 90

6368(2) 2854(2) 5813(2)

4 2 4

1.190 1.254 1.298

0.430 2.103 2.069

2450 1122 2372

1.58 < 0 < 26.35 1.97 < 6 < 26.33 1.48 < 0 < 26.37

50196/12942 22736/11 430 45501/11 867

99.6 98.4 99.8

12 942/0/649 11430/0/503 11 867/0/547

1.03 1.03 1.11

R1 = 0.049, wR2 = 0.107 R1 = 0.065, wR2 = RI1 = 0.066, wR2 =

0.121 0.124

RI = 0.068, wR2 = RI = 0.088, wR2 = Rl = 0.090, wR2 =
0.1151 0.129 0.135

0.75/-0.57 2.37/-1.89 1.44/-1.48

the respective complexes. Molecular structures and crystallo-
graphic details of 7, 9, and 11a are provided in the Supporting
Information.

Dichlorotitanate 3a crystallizes in the tetragonal space group
P4;2.2. Tts structure (Figure 3) is similar to that already
reported for 3.>* The titanium, chlorine, and lithium atoms

=\
C5A) |

C3A CIfA)

C3)

Cl4)

Figure 3. Crystal structure of 3a. Thermal ellipsoids are represented at
the 30% probability level, and hydrogen atoms have been omitted for
clarity. Selected bond distances (A) and angles (deg): Ti(1)—C(2) =
2.355(4), Ti(1)—CI(1) = 2.5451(13), Li(1)—N(1) = 2.057(9), Li(1)—
CI(1) = 2.294(8); CI(1A)-Ti(1)—Cl(1) = 86.02(6), N(1)—Li(1)—
N(1A) = 89.5(5), N(1)-Li(1)—CI(1) = 115.98(11), N(1A)—Li(1)—
CI(1) = 119.34(11).
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form a planar four-membered ring with a tmeda molecule
coordinating to lithium, thus extending its coordination number
to 4. The length of the two equivalent Ti—Cl bonds is, at 2.54
A, even slightly longer than that for 3** but comparable to that
for [Cp,TiCl], (2.54—2.56 A).*’ This is, however, considerably
longer than what was found for Cp,TiCl, (2.36 A).*® Also the
decrease in bond angle from 94° for Cp,TiCL* to 80° for
[Cp,TiCl]," is reflected in 3a (86°).

The situation for compound 4, which crystallizes in the
monoclinic space group P2,/c with some disorder in the crown
ether affecting atoms O1 and C11 (Figure 4), is similar to that
for 3.>> In contrast to the lithium titanate 3a, the potassium
metalates 3 and 4 do not feature a planar arrangement of the
four-membered ring K—CI-M—CI but show puckerings of 37
and 39°, respectively. Crystal structures of binuclear Cp,Zr"'Cl
species are quite rare.**”>* All known compounds of the type
display Zr—ClI distances of 2.55—2.60 A, which is consistent
with the 2.58 A found for 4. This is again substantially longer
than the Zr—Cl distance of 2.44 A found for Cp,ZrCl,.>

The structure analysis of compounds 10 and 11 is
interesting, as in these cases a comparison of the same
structural units with the metal in the oxidation state +4 is
possible. Structural differences reflect therefore most likely the
different oxidation states.

The zircona(III)cyclopentasilane 10 (Figure S) crystallizes in
the monoclinic space group P2,/c, whereas the related
hafna(Ill)cyclopentasilanes 11 and 1la crystallize in the
triclinic space group PI. The asymmetric unit of 10 contains
the halves of a potassium crown ether unit coordinated by two
THEF molecules.
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Figure 4. Crystal structure of 4. Thermal ellipsoids are represented at
the 30% probability level, and hydrogen atoms have been omitted for
clarity. Selected bond distances (A) and angles (deg): Zr(1)—CI(1) =
2.5841(11), Zr(1)—Cl(2) = 2.5883(11), CI(1)—K(2) = 3.1196(13),
CI(2)—K(2) = 3.2204(15); CI(1)—Zr(1)—CI(2) = 82.31(3), Zr(1)—

CI(1)-K(2) = 99.17(4), Zr(1)-Cl(2)-K(2) = 96.57(3), CI(1)—
K(2)-CI(2) = 64.92(3), CI(1)-K(2)-Zr(1) = 35.84(2), CI(2)-
K(2)-7r(1) = 36.17(2).

Figure 5. Crystal structure of 10 (the cationic part is omitted for
reasons of clarity). Thermal ellipsoids are represented at the 30%
probability level, and hydrogen atoms have been omitted for clarity.
Selected bond distances (A) and angles (deg): Zr(1)-C(1) =

2.487(3), Zr(1)-Si(4) = 2.8503(11), Zr(1)-Si(1) = 2.8950(10),
Si(1)=Si(6) = 2.3626(11), Si(1)—Si(2) = 2.3674(13), Si(1)-Si(5) =
2.3705(11), Si(2)—Si(3) = 2.3329(12), Si(3)—Si(4) = 2.3642(11),
Si(4)-Si(7) = 2.3627(12), Si(4)—Si(8) = 2.3825(11); Si(4)—Zr(1)—
Si(1) = 85.65(3), Si(6)—Si(1)—Si(2) = 99.84(4), Si(6)—Si(1)-Si(5)
= 98.07(4), Si(2)—Si(1)-Si(5) = 102.82(4), Si(3)—Si(2)-Si(1) =
104.05(4), Si(2)—Si(3)—Si(4) = 103.45(4), Si(7)-Si(4)-Si(3) =
103.32(4), Si(7)—Si(4)-Si(8) = 98.17(4), Si(3)-Si(4)—Si(8) =
105.80(4).

Similar to the discussed relationship between Cp,TiCl, and
3, the Si—Zr—Si bond angle of 10 of 85.7° is diminished by
some 12° in comparison to the structure with Zr (IV). Also the
Zr—Si bond lengths within the zirconacyclopentasilane ring are
somewhat elongated (2.85/2.90 A) in relation to the Zr(IV)
compound (2.86/2.85 A), but not to the same extent as
observed for the Cp,MCI cases. The zirconacyclopentasilane
ring of 10 adopts a perfect envelope conformation with one of
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the SiMe, units on the flap, whereas the Zr(IV) ring®” shows a
half-twisted conformation.

The crystals for the structures of 11 (Figure 6) and 1la
(Figure S3, Supporting Information) were grown in the same

cn4)

T Ci24) cu3

C23)

ci9)

Ci5)

Figure 6. Crystal structure of 11. Thermal ellipsoids are represented at
the 30% probability level, and hydrogen atoms have been omitted for
clarity. Selected bond distances (A) and angles (deg): Hf(1)—Si(4) =
2.849(2), Hf(1)-Si(1) = 2.863(2), K(1)—C(23A) = 3.207(8), Si(1)—
Si(2) = 2.366(3), Si(1)=Si(6) = 2.371(3), Si(1)—Si(5) = 2.380(3),
Si(2)-Si(3) = 2.347(3), Si(3)-Si(4) = 2.372(3), Si(4)-Si(8) =
2.365(3), Si(4)-Si(7) = 2.378(3); Si(4)—Hf(1)-Si(1) = 89.10(6),
Si(2)—Si(1)-Si(6) = 100.39(10), Si(2)—Si(1)-Si(S5) = 103.30(10),
Si(6)—-Si(1)—Si(s) = 97.41(11), Si(3)—Si(2)-Si(1) = 108.10(11),
Si(2)—Si(3)—Si(4) = 106.70(11), Si(8)—Si(4)—Si(3) = 102.95(10),
Si(8)—Si(4)—Si(7) = 97.33(10), Si(3)—Si(4)—Si(7) = 101.31(10).

1l

solution and were separated under the microscope. For 11 the
potassium crown ether unit is coordinating to a SiMe; group,
whereas in 1la two potassium crown ether units are
coordinating to a cyclopentadienide, thus forming the complex
cation we found also frequently in oligosilylated titanocenes in
the oxidation state +3.>* For 1la there are two additional
toluene molecules in the asymmetric unit. The comparably
small Si—Hf-Si bond angle of 89° for 11 is again diminished
compared to a value of 96.4° for the compound with Hf(IV).*
The hafnate 11 features Hf—Si bond distances of 2.85/2.86 A,
which are again elon%ated in comparison to the neutral Hf(IV)
case (2.79/2.83 A).* For 11 and 11a relatively high residual
electron density was located close to the Hf atoms.

Compound 14 (Figure 7) crystallizes in the monoclinic space
group P2,/c with one toluene in the asymmetric unit. The
structure of the anionic 7-metalla[2.2.1]bicycloheptasilane was
already found for the analogous titanocene. > However, while
the titanocene featured the complex cation [(K-(18-crown-
6)),Cp]*, we found for 14 a plain K-(18-crown-6) moiety
which coordinates to a Cp of the metallocene. In comparison to
11 the Hf-Si bonds of 14 are much shorter (2.785/2.790 A),
even shorter than those found for the neutral hafnacyclopenta-
silane.*® As a consequence of the bicyclic nature of 14 the Si—
Hf—Si angle is only 76°.

For compound 14 parts of the geometries of the anionic
moieties and some solvent molecules are strongly disordered.
Attempts to treat these disorders did not result in diminished
residual electron density. As the concerned parts of the
structures are not involved in the discussion of structural
parameters, it was decided to refrain from the introduction of
restraints which would only result in brightened pictures
without real improvement of the model.
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Figure 7. Crystal structure of 14. Thermal ellipsoids are represented at
the probability 30% level, and hydrogen atoms have been omitted for
clarity. Selected bond distances (A) and angles (deg): Hf(1)—Si(1) =
2.785(2), Hf(1)—Si(4) = 2.7900(19), Si(4)—Si(8) = 2.342(3), Si(4)—
Si(3) = 2.356(3), Si(4)—Si(5) = 2.357(3), Si(1)—Si(7) = 2.345(3),
Si(1)-Si(6) = 2.356(3), Si(1)-=Si(2) = 2.363(3), Si(2)-Si(3) =
2.366(3); Si(1)—Hf(1)-Si(4) = 75.98(5), Si(3)—Si(4)-Si(5) =
100.49(11), Si(6)—Si(1)—Si(2) = 100.37(11), Si(1)-Si(2)-Si(3) =
102.19(10), Si(4)—Si(3)—Si(2) = 103.89(10), Si(6)—Si(5)—Si(4) =
102.49(10), Si(5)—Si(6)—Si(1) = 104.06(11).

B CONCLUSION

The current study attempts to generalize the chemistry
silylated titanocenes. It was shown that chloride adducts
Cp,TiCl can simply be obtained by comproportionation of
Rosenthal’s Cp,Ti(btmsa) with Cp,TiCl, in the presence of
either LiCl or KCl and an additional coordinating base (tmeda
or 18-crown-6). The lithium or potassium salts of [Cp,TiCl,]~
thus obtained were used for further reactions with oligosilanyl
dianions. Analogous dichlorinated metalates of zirconium and
hafnium could be prepared by reduction of the respective
metallocene dichloride with potassium in the presence of 18-
crown-6. Also, these metalates could be reacted with
oligosilanyl dianions to give metallacyclosilanes with Zr and
Hf in a d' electron configuration.

In order to gain some insight into the question as to why
cyclic dioligosilylated titanocenes seem to be highly unstable
and why analogous zircono- and hafnocenocenes are stable only
with certain ring sizes, a theoretical study was conducted. The
results show that the strong preference for the reductive
elimination of disilylated titanocenes is mainly caused by the
rather weak Si—Ti bond. The thermodynamic driving force of
the reductive elimination of the titanacyclopentasilane in
comparison to the analogous Zr and Hf compounds is
substantial (171 kJ mol™ (vs Zr) and 199 k] mol™" (vs Hf)).
The reductive elimination to form cyclosilanes is also feasible
for zircona- and hafnacyclosilanes. However, for these cases the
energetic situation is more delicate, as the ring strain in the
formed cyclosilanes constitutes a decisive contribution as to
whether the reaction is thermodynamically favorable or not.

EPR spectroscopy of a set of d' metallacyclopentasilanes was
particularly interesting, because these compounds can be
regarded either as group 4 d' metal complexes or alternatively
also as cyclosilanyl radical anions. While for the d' metal the
unpaired electron would be considered to be largely localized at
the metal, such electrons are considered to be delocalized along
the ring atoms in cyclosilanyl radical anions. A comparison of

of
of
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the EPR spectra of the Zr(III) compounds 4 and 10 shows that,
while no hfs to the attached chlorine atoms in 4 was observed,
coupling to the attached silicon atoms indicates delocalization.

B EXPERIMENTAL SECTION

General Remarks. All reactions involving air-sensitive compounds
were carried out under an atmosphere of dry nitrogen using either
Schlenk techniques or a glovebox. All solvents were dried using a
column solvent purification system.** Chemicals from different
suppliers were used as received without further purification.
Elementary analyses were carried out using a Heraeus VARIO
ELEMENTAR instrument. EPR spectra were recorded on a Bruker
ELEXSYS spectrometer at X-band. Simulation of EPR spectra was
done with WinSim2002.%°

X-ray Structure Determination. For X-ray structure analyses the
crystals were mounted onto the tip of glass fibers, and data collection
was performed with a Bruker AXS SMART APEX CCD diffractometer
using graphite-monochromated Mo Ka radiation (0.71073 A). The
data were reduced to F,* and corrected for absorption effects with
SAINT®® and SADABS,””*® respectively. The structures were solved
by direct methods and refined by full-matrix least-squares methods
(SHELXL97).% If not noted otherwise, all non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen atoms
were located at calculated positions to correspond to standard bond
lengths and angles. All diagrams were drawn with 30% probability
thermal ellipsoids, and all hydrogen atoms were omitted for clarity.
Crystallographic data (excluding structure factors) for the structures of
compounds 3a, 4, 7, 9, 10, 11, 11a, and 14 reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publications CCDC 825205 (3a), 767184 (4), 854110
(7), 825206 (9), 767185 (10), 767187 (11), 767189 (1la), and
705715 (14). Copies of the data can be obtained free of charge at
http://www.ccdc.cam.ac.uk/products/csd/request/.

Titanocenebis(trimethylsilyl Jacetylene,?® 1,1-bis(cyclopentadienyl)-
2,2,4,4-tetrakis(trimethylsilyl)tetramethylzirconacyclopentasilane
(12),* 1,3-dipotassio-1,1,3,3-tetrakis(trimethylsilyl ) dimethyltrisilane
(8),%* 1,4-dipotassio-1,1,4,4-tetrakis(trimethylsilyl)-
tetramethyltetrasilane (1), 1,5-dipotassio-1,1,5,5-tetrakis-
(trimethylsilyl)hexamethylpentasilane (6),>* and 1,4-dipotassio-1,4-
bis(trimethylsilyl)octamethylcyclohexasilane (13)* were prepared by
following published procedures.

General Procedure for the Comproportionation of Cp,Ti-
(btmsa) with Cp,TiCl,. To a mixture of Cp,TiCl, (249 mg, 1.0
mmol) and Cp,Ti(btmsa) (349 mg, 1.0 mmol) was added THF (5
mL). Immediately a green solution developed, which was stirred for an
additional 30 min. All volatiles were removed in vacuo, and the green
residue was washed with pentane (2 mL) to yield 426 mg (100%) of
[Cp,TiCl], as a green powder.

The respective alkali-metal chloride adducts could be obtained by
adding equimolar amounts of LiCl/tmeda or KCl/18-crown-6 directly
to the THF solutions of [Cp,TiCl], and then following the same
workup procedure. Single crystals of blue Cp,TiCl-LiCl(tmeda) (3a)
were obtained by slow diffusion of pentane into a saturated THF
solution. The corresponding Cp,TiCl-KCI(18-crown-6) was crystal-
lized as green crystals from toluene. Anal. Caled for C,¢H,sCLLiN,Ti
(372.101): C, 51.64; H, 7.04; N, 7.53. Found: C, 51.45; H, 6.92; N,
7.23.

General Procedure for the Reduction of Group 4 Metal-
locene Dichlorides with Potassium/18-crown-6. To a mixture of
the respective metallocene dichloride (0.49 mmol), 18-crown-6 (130
mg, 1 equiv), and potassium (19 mg, 1 equiv) was added toluene (5
mL). After 1 h the color started to change and after stirring for 24 h a
deeply colored solution was obtained. The reaction mixture was
treated with pentane (10 mL), whereupon the product was isolated by
filtration.

(18-crown-6)-K[Cp,ZrCl,] (4) was obtained as an orange
crystalline product (286 mg, 98%, mp 117—118 °C). Anal. Calcd for
C,H;3,CLKOGZr (595.73): C, 44.35; H, 5.75. Found: C, 44.61; H,
5.59. (18-crown-6)-K[Cp,HfCL,] (5) was obtained as a violet powder
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(349 mg, 100%, mp 124—125 °C). Anal. Calcd for C,,H,,CL,HfKO
(683.00): C, 38.69; H, 5.02. Found: C, 38.47; H, 5.15.

Reactions of Dipotassiooligosilanes 1, 6, and 8 with
Titanate 3a. A solution of 1,4-dipotassio-1,1,4,4-tetrakis-
(trimethylsilyl)tetramethyltetrasilane-(18-crown-6), (1; 0.82 mmol)
in THF (3 mL) was added to a solution of [Cp,TiCL][Li(tmeda)]
(3a; 305 mg, 0.82 mmol) in THF (S mL) at room temperature.
Stirring for 3 h was followed by removal of solvent under vacuum. The
residue was treated with toluene (S mL), and the salts were removed
by centrifugation. A layer of pentane (8 mL) was placed on the
solution, and after 12 h orange-red crystals of 2 (457 mg, 86%) were
isolated by decantation.

A solution of 1,5-dipotassio-1,1,5,5-tetrakis(trimethylsilyl)-
hexamethylpentasilane-(18-crown-6), (6; 0.27 mmol) in THF (4
mL) was added to a solution of [Cp,TiCl,][Li(tmeda)] (3a; 100 mg,
0.27 mmol) in THF (ca. 2 mL) at room temperature. Stirring for 3 h
was followed by addition of pentane (6 mL) to the red solution. After
removal of salts and solvent by centrifugation and vacuum the residue
was dissolved in toluene (S mL). A layer of pentane (8 mL) was placed
on the solution, and after 16 h red needles of 7 (218 mg) were isolated
by decantation.

To a solution of 1,3-dipotassio-1,1,3,3-tetrakis(trimethylsilyl)-
dimethyltrisilane- (18-crown-6), (8; 0.55 mmol) in toluene (5 mL)
was added a solution of [Cp,TiCL][Li(tmeda)] (3a; 213 mg, 0.5S
mmol) in THF (ca. S mL) at —60 °C. Warming to room temperature
and stirring for 15 h was followed by addition of pentane (S mL) to
the red solution. After removal of salts by centrifugation crystallization
was achieved by cooling to —60 °C for 72 h. Deep red needles of 9
(354 mg, 0.26 mmol, 48%; mp 130—132 °C dec) were obtained.

The identities of 2, 7, and 9 were unambiguously established by
single-crystal X-ray diffraction analysis.

Reactions of 1,4-Dipotassio-1,1,4,4-tetrakis(trimethylsilyl)-
2,2,3,3-tetramethyltetrasilane (1) with 4 and 5. To a stirred
solution of 1,4-dipotassio-1,1,4,4-tetrakis(trimethylsilyl)-
tetramethyltetrasilane (1) in toluene was added dropwise a solution
of (18-crown-6)-K[Cp,MCL] (M = Zr (4), Hf (5)) in toluene (5
mL). Stirring was continued for 3 h, and then half of the solvent was
removed under vacuum. The resulting suspension was treated with
pentane (0.5 mL), and the obtained precipitate was removed by
centrifugation. The deeply colored solution was again treated with
pentane (10 mL), and after 24 h crystals of the respective metalate
were obtained.

Reaction of 1 (0.43 mmol) with 4 (0.43 mmol) provided orange
crystals of 10 (397 mg, mp 127—128 °C). Reaction of 1 (0.51 mmol)
with § (0.51 mmol) provided a yellow crystalline solid 466 mg)
composed of compounds 11 and 11a (mp of the mixture 164—170
°C). The identities of 10, 11, and 11a were unambiguously established
by single-crystal X-ray diffraction analysis.

Reduction of Zirconacyclopentasilane 12 with Potassium in
the Presence of 18-crown-6. A mixture of potassium (12 mg, 0.30
mmol), 18-crown-6 (79 mg, 0.30 mmol), and 12 (200 mg, 0.30 mmol)
was suspended in toluene (6 mL) and stirred at room temperature for
16 h. The initially red suspension turned into an orange-red solution
during this period. The reaction mixture was centrifuged and layered
with pentane (ca. 8 mL) to give orange plates after 24 h. The crystals
were isolated by decantation and dried under vacuum. Yield: 159 mg
(0.12 mmol, 39%). The unambiguous identity of 10 was established by
single-crystal X-ray diffraction analysis to be 10a with the complex
cation [Cp(K-18-crown-6),]".

Reaction of 1,4-Dipotassio-1,4-bis(trimethylsilyl)-
octamethylcyclohexasilane (13) with Cp,HfCl,. To a solution
of 1,4-dipotassio-1,4-bis(trimethylsilyl)octamethylcyclohexasilane (13;
prepared from 1,1,4,4-tetrakis(trimethylsilyl)-
octamethylcyclohexasilane (0.150 mg, 0.258 mmol), 18-crown-6
(140 mg, 2.05 equiv), and KO'Bu (59 mg, 2.05 equiv)) in toluene
(5 mL) was added Cp,HfCl, (98 mg, 0.258 mmol) in toluene (3 mL).
After 2 h of reaction the formation of 1,4-bis(trimethylsilyl)-
dodecamethylbicyclo[2.2.0]octasilane was detected by *Si NMR
spectroscopy.*® The formed precipitate was removed by centrifuga-
tion, and the solvent was removed under vacuum. The residue was
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treated with pentane, and red crystals of 14 were obtained from the
solution. The unambiguous identity of 14 was established by single-
crystal X-ray diffraction analysis.
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