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Abstract

We wanted to investigate an unexpected reaction between the adamantane
CpxpmTi(µ-O)3[tBuSi-CH2]3 (Cpxpm = C5H4(p-C6H4Me)) and methanol in CDCl3, where
a dimer had formed. Cpxpm– bond cleavage had occurred and the titanium centers
were instead connected to one alcohol group and two bridging methoxy groups each,
scheme 1.

Scheme 1

According to first results it does not matter whether Ti is bonded to Cpxpm or Cp*
(Cp* = C5Me5) for the reaction to proceed. Five samples were prepared, each con-
taining Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) and one of the alcohols MeOH, EtOH, iPrOH,
tBuOH or PhOH dissolved in CDCl3, and their 1H-NMR spectra recorded on regular
basis. It is a simple way to monitor the reaction rates and if any stable intermediates are
formed during the reaction they should be detectable in the spectra. X-ray structural
determination confirmed that a dimer analogous to the one shown in scheme 1 formed
in a reaction between 1 and EtOH. Since the spectra of the reaction between 1 and
MeOH are analogous to the spectra obtained of the EtOH sample it can be assumed
that that reaction resulted in dimerization as well. No intermediates were observed
in these spectra which indicates a rate determining first step. The reactions between
1 and iPrOH, tBuOH and PhOH are still ongoing. When this text was written it was
believed that a dimer was being formed in the PhOH sample, along with a side prod-
uct which gives rise to other peaks. Similar peaks were also observed in the spectra
of the reaction between 1 and iPrOH, except no dimer formed. tBuOH does not react
with 1. These observations were used to propose a mechanism for the reaction of 1
with small alcohols. It has also been confirmed by X-ray structural determination that
dimerization of 1 occurred in the presence of MeOH when CD2Cl2 was used as sol-
vent. Attempts to accelerate the reaction of 1 with MeOH by adding catalytic amounts
of NaOH or MeONa were unsuccessful, and so was an experiment where MeOH-d4

was used as both solvent and reactant. A side reaction seems to take place in a sample
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of 1 and MeOH in CDCl3, which was prepared approximately two months ago.

We planned to synthesize the adamantane complex Cp*Ti(µ-O)3[DisSi-O]3

(Dis = –HC(SiMe3)2) by reacting Cp*TiCl3 with [DisSi(OH)-O]3 (3), and to carry
out alcoholysis experiments on that complex.The reaction did not yield the adaman-
tane complex, but X-ray structural determination confirmed that an eight-membered
Ti2Si2O4 ring had formed instead , scheme 2, along with several side products.

Scheme 2

One of these side products, compund 6, also formed via rearrangement of a unknown
product 5 from a reaction between 4 and MeLi, scheme 3, and its structure was con-
firmed by X-ray, NMR and HRMS analysis.

Scheme 3

The synthesis of other adamantane derivatives of 3 were unsuccessfully attempted, by
reacting 3 with Cp*MCl3 (M = Zr, Hf) and MeSiCl3. The synthesis of methyl- and
methoxy derivatives of 4 were also unsuccessful.

The monosilacyclohexane derivative C5H10Si(OH)Me was synthesized but it dimer-
ized before it could be reacted with Cp*TiCl3 and Cp*TiMe2Cl like planned. Modifi-
cation of Cp*TiCl3 to form Cp*Ti(N(SiMe3)2)3 was attempted, but it is believed that
Cp*Ti(N(SiMe3)2)Cl2 is formed instead.
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Ágrip

Upphaf þessa verkefnis má rekja til óvænts hvarfs milli adamantanlaga komplexins
CpxpmTi(µ-O)3[tBuSi-CH2]3 (Cpxpm = C5H4(p-C6H4Me)) og metanóls í CDCl3, þar
sem tvíliða hafði myndast. Það vakti athygli að Cpxpm–Ti tengið, sem ætti að vera
stöðugt við mildar aðstæður sem þessar, hafði rofnað og í staðinn var sitt hvort tí-
tanatóm tengt einum metanólhópi og tveimur brúandi metoxyhópum, skema 1.

Skema 1

Fyrstu athuganir leiddu í ljós að ekki skiptir máli hvort Cpxpm eða Cp* (Cp* = C5Me5)
er tengt Ti. Fimm sýni, sem innihéldu hvert um sig Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) og
eitt af alkóhólunum MeOH, EtOH, iPrOH, tBuOH eða PhOH í CDCl3, voru útbúin og
1H-NMR róf þeirra mæld með reglulegu millibili. Ef einhver stöðug milliefni myn-
dast við hvarfið ættu þau að sjást á NMR rófunum, auk þess sem hægt er að fylgjast
með hraða hvarfsins. Staðfest hefur verið með kristalgreiningu að 1 myndaði tvíliðu
sambærilega þeirri sem sýnd er á skema 1 í hvarfi við EtOH. Þar sem róf af hvarfi 1
við MeOH eru sambærileg má gera ráð fyrir að tvíliða hafi einnig myndast þar. Engin
milliefni sáust á rófunum, sem bendir til hraðatakmarkandi fyrsta skrefs. Mælingar á
hvörfum 1 við iPrOH, tBuOH og PhOH standa enn yfir. Eins og staðan er þegar þetta
er ritað er talið að tvíliða sé að myndast í PhOH sýninu, en einnig sjást aðrir toppar
á rófinu sem talið er að séu tilkomnir vegna hliðarmyndefnis. Svipaðir toppar sjást í
hvarfi 1 við iPrOH, en þar sjást hins vegar engin merki þess að tvíliða sé að myndast.
tBuOH hvarfast ekki við 1 við þessar aðstæður. Þessar niðurstöður voru notaðar til að
setja saman tillögu að hvarfgangi. Einnig hefur verið staðfest með kristalgreiningu að
tvíliðun 1 á sér stað í návist MeOH í CD2Cl2. Tilraunir til að hraða hvarfi 1 við MeOH
með hvatamagni af NaOH annars vegar og MeONa hins vegar báru ekki árangur, og
tilraun til að nota MeOH-d4 sem leysi og hvarfefni gekk ekki sem skildi. Hliðarhvarf
virðist vera að eiga sér stað í hvarfi 1 við MeOH í CDCl3 sem sett hvar upp fyrir um
tveimur mánuðum og er enn í mælingu.
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Vonir stóðu til að hægt væri að smíða adamantanlaga komplexinn Cp*Ti(µ-O)3[DisSi-O]3

(Dis = –HC(SiMe3)2) með hvarfi Cp*TiCl3 við [DisSi(OH)-O]3 (3) og kanna svo hvörf
hans við alkóhól á sambærilegan hátt og fyrir 1. Þetta gekk ekki eftir og staðfest var
með kristalgreiningu að við hvarfið myndaðist Ti2Si2O4 átthringur (4), skema 2, auk
fjölda af hliðarmyndefnum.

Skema 2

Eitt þessara hliðarmyndefna, efni 6, myndaðist einnig við umröðun myndefnis 5 úr
hvarfi 4 við MeLi, skema 3, og var bygging þess staðfest með kristalgreiningu, NMR
og HRMS massamælingum.

Skema 3

Reynt var að smíða aðrar adamantanlaga afleiður af 3 með hvörfum við Cp*MCl3

(M = Zr eða Hf) og MeSiCl3 en ekkert þeirra leiddi til ákveðins myndefnis sem hægt
var að greina. Smíðar metyl- og metoxy afleiða af 4 mistókust einnig.

Monosilacyclohexan afleiðan C5H10Si(OH)Me var smíðuð og ætlað var að hvarfa hana
bæði við Cp*TiCl3 og Cp*TiMe2Cl, en hún tvíliðaðist áður en það tókst. Einnig voru
gerðar tilraunir til að smíða Cp*Ti(N(SiMe3)2)3 en það misheppnaðist. Þó er talið að
Cp*Ti(N(SiMe3)2)Cl2 hafi myndast.
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Chapter 1

Introduction

There has been growing interest in compounds of group IV metals (Ti, Zr, Hf) for vari-
ous applications in the past few decades. These compounds have been used extensively
as catalysts for organic synthesis [1, 2, 3, 4] and for production of polyolefins [5, 6, 7].
The most famous example is without a doubt the Ziegler-Natta catalyst [8, 9, 10].
The catalytic properties of titanasilicates and titanium complexes anchored on silica
surfaces are well known [11, 12, 13]. These catalysts are important for various pro-
cesses, for example the conversion of propylene to propylene oxide over Ti/SiO2 in
the presence of alkyl hydroperoxides accounts for over one million tons of propylene
oxide anually [12]. A major disadvantage of these systems is that they are usually
heterogeneous, which creates problems when it comes to determining the catalytically
active center and the mechanism, thus making it difficult to improve the properties of
the catalyst in a targeted manner. To gain insight into the catalytic processes, there has
been an upsurge in the synthesis of molecular and organic-soluble titanasiloxanes to
serve as model compounds for these reactions [14, 15, 16], few examples of various
ring and cage-like titanasiloxanes with different Si : Ti ratio are given in figure 1.1
[17, 18, 19, 20].
Titanasiloxanes also serve as precursors for silicon polymers with metal centers in the
polymer backbone, and polyhedral siloxanes are model systems for Ti doped zeolites
[21].
The most common way to synthesize a metallasiloxane is to react the respective silanol
with a metal precursor. A review on the topic was published by Roesky et al. in 1996
[20].

The Cp’ ligand (Cp’ = any cyclopentadienyl system) is very common in Ti(IV) chem-
istry where it is usually bonded to the metal in a η5 fashion, acting as a six-electron
donor. It is generally regarded as substitutionally inert. Cp’ ligands are also known to
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Figure 1.1 Examples of titanasiloxanes with various Si : Ti ratios.

increase the stability of metal centers in both high and low oxidation states, and stabi-
lize reactive metal centers kinetically [22]. In addition, the properties of a compound
can be optimized by varying the substituents on the Cp system [23]. For example is
the C5Me5 (Cp*) ligand more electron donating and more sterically demanding than
C5H5. It also enhances crystallizability and solubility of the metal complexes it forms,
and has been known to increase the thermal stability of sigma bonded carbon-to-metal
derivatives in some cases [24]. Because of its bulkyness, it decreases the tendency of
organometallic compounds to form polymeric structures.

At the University of Iceland the chemistry of titanium cyclopentadienyl complexes
has been investigated to some degree. The hydrolysis of (C5Me4Ph)TiCl3 has been
described and a number of intermediates characterized [25]. The reaction of silanol
HC(Me2SiOH)3 and its tetramethyl antimony derivative with Cp*TiCl3 was carried
out, although unsuccessfully [26].
A series of adamantane shaped complexes with a (tBuSi-CH2)3 unit connected to Cp’Ti
via three oxygen atoms have been synthesized from the respective silanol and charac-
terized [27, 28].

In this M.Sc. project we wanted to monitor the alcoholysis of one of these compounds,
Cp*Ti(µ-O)3[tBuSi-CH2]3, but dimerization of the (C5Me4(p-C6H4Me) derivative was
observed in a mixture of CDCl3 and methanol [27]. To extend the variety of these
adamantane shaped compounds with Si : Ti ratio 3 to 1 a siloxane ring,
((Me3Si)2CH)Si(OH)-O)3, was synthesized and reacted with Cp*TiCl3 in order to get
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an adamantane cage with ((Me3Si)2CH)Si-O)3 as a base connected to a Cp*Ti unit
via three oxygen atoms. The reaction did not yield the adamantane shaped compound
but instead an eight membered ring with a Si : Ti ratio 1 to 1 was formed. In this
thesis the structure and mechanism of formation of this new ring and its derivative will
be discussed. We also attempted to react the siloxane ring with ligands that did not
react with (tBuSi(OH)-CH2)3, such as Cp*MCl3 (M = Zr, Hf) and MeSiCl3, but these
reactions were unsuccessful. The synthesis of 1-methyl-1-hydroxo-silacyclohexane
and its reactions will also be discussed among attempts to modify Cp*TiCl3.
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Chapter 2

Alcoholysis of
Cp*Ti(µ-O)3[tBuSi-CH2]3

2.1 Introduction

In 2002 a series of adamantane shaped compounds were synthesized by reacting
[tBuSi(OH)-CH2]3 with Cp’TiCl3, scheme 2.1 [27].

Scheme 2.1

An unexpected reaction between methanol and the C5Me4(p-C6H4Me) derivative was
discovered when single crystals, grown from a solution of methanol and chloroform,
were analyzed by X-ray diffraction. The compound had dimerized, and the titanium
centers were connected to one methanol and two bridging methoxy groups each, in-
stead of the cyclopentadienyl system, scheme 2.2 [27].
The formation of this dimer was quite surprising since Ti–Cp’ bonds are considered
to be stable under mild conditions, and alkoxy groups are known leaving groups in
Ti(IV) chemistry [29]. Similar dimer, where methoxy ligands bridge between two tita-
nium centers connected to silsesquioxane cages and methanol, has been realized. This
dimer shows catalytic activity in the epoxidation of cyclohexene [30].
We wanted to investigate this type of reactions by monitoring them using NMR spec-
troscopy. We were hoping to be able to propose a mechanism for the reaction and if any
stable intermediates form, they might be detectable in NMR spectra. In this chapter
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Scheme 2.2

the reaction of Cp*Ti(µ-O)3[tBuSi-CH2]3, 1, (Cp* = η5-C5Me5), with MeOH, EtOH,
iPrOH, tBuOH and PhOH in CDCl3 will be discussed, and the crystal structure of the
MeOH and EtOH derivatives described. Experiments were carried out in attempt to
accelerate the reaction using MeONa or NaOH as catalysts, and other solvents were
also employed. A mechanism based on the observations made is proposed.

2.2 General information

Each sample was prepared by dissolving 1 in a sealable NMR tube and mixing in the
reactant. The samples were monitored by recording their 1H-NMR spectra on a reg-
ular basis, or approximately once a month. 1 was synthesized according to literature
procedures [27, 31].

Detailed information about all samples can be found in table 2.1. Each sample is
labelled with the expected product, if the reaction proceeds like the one described in
the introduction, and a subscript if more than one sample can yield the same product.
A common denominator used when referring to all expected products at the same time
is 2. The reaction time in table 2.1 is the time between the first measurement and the
last one before this text was written, as some of the experiments are still ongoing.
A balanced equation for the reaction can be seen in scheme 2.3.

Scheme 2.3

6



Table 2.1 The alcoholysis study of 1, sample information.

Sample Amount of 1 Solvent Reactant ROH : 1 Rxn time Exp. product
2a1 18.1a [mg] CD2Cl2 MeOH 80 378 [days] 2a
2a2 16.0a CDCl3 MeOH (not dry) 35 395 2a
2b 17.5a CDCl3 EtOH 70 384 2b
2c 31.7 CDCl3 iPrOH 40b 113 2c
2d 20.4 CDCl3 tBuOH 20 56 2d
2e 20.7 CDCl3 PhOH 20c 113 2e
2a3

ad CDCl3 MeOH/MeONa 130 21 2a
2a4 21.6 CDCl3 MeOH /NaOH 9 113 2a
2a5

d C6D6 MeOH-d4 80% 55 2a
2a6

d CDCl3 MeOH 80 56 2a

aSynthesized by Pálmar I. Guðnason
bInitial ratio = 2
cInitial ratio = 5
dExact amount unknown

In scheme 2.4 the conditions of all reactions that can yield 2a are summarized, and in
figure 2.1 the expected products from the reaction of 1 with other alcohols are shown.

Scheme 2.4

The NMR spectra were recorded on a 400 MHz instrument, at 298 K (25◦C). The ratio
of the forming product to 1 at each time was measured by integrating the peaks as-
signed to Hax (scheme 2.4) in the respective spectrum. The peak area for 1 was set to
1. The ratio can also be found by integrating the peaks for Heq or the tBu-groups.
List of ratios for each sample can be found in appendix A.
When interpreting this data one must keep in mind that one molecule of 2 is formed
from two molecules of 1. The ratio of 2 to 1 deduced from the integration is therefore
twice the molar ratio of the compounds. When concentrations of either 1 or 2 are men-
tioned the values will be in percentages, where the sum of the percent concentrations of

7



Figure 2.1 Expected products from the reaction of 1 with alcohols other than MeOH; EtOH
(2b), iPrOH (2c), tBuOH (2b) and PhOH (2e).

both compounds is 100%. 13C-NMR spectra were recorded of samples 2a1, 2a2 and 2b.
The chemical shifts can be found in appendix A, and an example spectrum in appendix
B.

Notes on the NMR spectra

The chemical shifts of the Hax, Heq and tBu protons in 2 are downfield relative to the
chemical shifts of the respective protons in 1, as can be seen in figure 2.2. The exact
shifts depend on the solvent / reactant system.
It has been shown that a rapid exchange between free and bonded alcohol and alcoxy
ligands in titanium-tartrate complexes prevails in solution [32]. Separate peaks for
bonded and free alcohol are not observed in our 1H-NMR spectra, but a peak at ap-
proximately 30 ppm in the 13C-NMR spectra might be due to bonded alcohol. The
peak assigned to the methyl protons in the Cp* system does not shift towards higher
or lower ppm values as the reactions proceed, and its ratio to other peaks of 1 stays
constant. The NMR spectra do not present any evidence about the Cp* system after it
dissociates from the titanium center. The reactions were carried out in a closed system
and therefore diffusion out of the NMR tube is impossible. Production of 2a or 2b on
a larger scale might be useful to obtaion better NMR data for a pure dimer and more
information about the fate of the Cp* group.
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Figure 2.2 1H-NMR spectra, sample 2a2 after 81 days of reaction. Ratio 0.46 (19% 2a).

2.3 Results

The alcohols MeOH, EtOH, iPrOH and tBuOH were selected as reactants in order to
observe the effect of steric hindrance in the alcohols on the reaction. In addition, PhOH
was employed because of its electronic properties and the fact that it would not give
rise to peaks with chemical shifts in the area of interest in the NMR spectra.
In this section each experiment that was carried out will be discussed, and at the end
of the section the results and kinetic observations will be summarized. The 1H-NMR
spectra shown are the last ones recorded, unless otherwise noted. The chemical shifts
for 1 and the product of the reaction, if any, are listed in a table in each spectra.
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Sample 2a1

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + MeOH. Solvent: CD2Cl2.

This sample was monitored for 378 days, in which time the concentration of 2a reached
56%. X-ray structural determination confirmed that the reaction yielded 2a. 1H-NMR
spectrum of the sample recorded after 278 days can be seen in figure 2.3.

Figure 2.3 Sample 2a1: 1 + MeOH in CD2Cl2. Reaction time 378 days, ratio 2.59 (56% 2a).
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Sample 2a2

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + MeOH. Solvent: CDCl3.

This sample was monitored for 395 days. Since its NMR spectra are analogous to
the spectra of sample 2a1 it is assumed that 2a formed. Its concentration was 50% in
the final measurement, which is less than the concentration 2a reached in sample 2a1

in less time. It cannot be stated whether this is due to solvent effects or the fact that the
concentration of methanol relative to 1 was less in sample 2a2 than it was in sample
2a1. The last spectrum recorded of the sample can be seen in figure 2.4.

Figure 2.4 Sample 2a2: 1 + MeOH in CDCl3. Reaction time 395 days, ratio 2.02 (50% 2a).
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Sample 2b

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + EtOH. Solvent: CDCl3.

This sample was monitored for 384 days. During that time single crystals, which
were analysed by X-ray structural determination, formed in the solution. The analysis
confirmed that the ethanol derivative 2b formed.
When the concentration of 2b in the sample had reached approximately 30% it started
to decrease, and went down to 10% before it started to increase again, figure 2.5.

Figure 2.5 The relative concentration of 2b vs. number of days in sample 2b.

It cannot be stated whether the reaction is oscillating because single crystals had formed
when the concentration was about to reach 30% again, and the experiment was termi-
nated. It has been speculated that the concentration drop might have been caused by
crystal formation. 1H-NMR spectrum of the sample recorded after 384 days can be
seen in figure 2.6.
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Figure 2.6 Sample 2b: 1 + EtOH in CDCl3. Reaction time 384 days, ratio 0.74 (27% 2b).

Sample 2c

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + iPrOH. Solvent: CDCl3.

This reaction has been monitored for 113 days and is still ongoing. Initially the con-
centration of iPrOH relative to 1 was very low, compared to the concentration of the
alcohols in samples 2a1, 2a2 and 2b, and no reaction was observed. After 81 days
more alcohol was added and since then poorly defined peaks have been growing in the
Hax,eq area, figure 2.8. These peaks clearly indicate that a dimer analogous to 2a and
2b is not forming, but another type of alcohol adduct might be. A dimeric structure,
where the titanium atoms are trigonal-bipyramidally coordinated and bridged by two
isopropoxy groups, figure 2.7 a), has been speculated. This structure is known to occur
in isopropoxy-titanasilsesquioxanes [30]. Other structures, where Ti is connected to
either one or two iPrO(H) are possible as well, figure 2.7 b) and c).
The spectra are out of phase and therefore the peaks cannot be integrated. A small peak
in the Cp* area is visible at 2.09 ppm with a ratio of 0.4 to 15 to the Cp* peak in 1.
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Figure 2.7 Possible structures of a product from reaction 2c.

Figure 2.8 Sample 2c: 1 + iPrOH in CDCl3. Reaction time 113 days.

Sample 2d

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + tBuOH. Solvent: CDCl3.

No reaction was observed after 56 days.

Sample 2e

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + PhOH. Solvent: CDCl3.

This reaction has been monitored for 113 days, and is still ongoing. As was the case
in sample 2c, the concentration of the alcohol relative to 1 was too low initially. Peaks
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that can be assigned to the dimer 2e were visible in the first six spectra but their intensi-
ties relative to 1 were low and hardly changed between measurements. Poorly defined
peaks similar to the ones previously described for sample 2c were also observed and
so was a large, broad peak at 0.45 ppm. After 81 days more PhOH was added to the
sample and since then the concentration of what is expected to be 2e has reached 7%.
Two peaks, in addition to the one assigned to 1, are observed in the Cp* area, one at
2.13 ppm and another at 2.17 ppm, figure 2.9. The one at 2.13 ppm increases propor-
tionally to the Heq-peaks assigned to 2e, with the ratio 15 to 3, and might therefore be
due to dissociated HCp* groups. The peak at 2.17 ppm integrates with the ratio 15 to
3 to the peaks in the area of -0.05 – 0.05 ppm, which supports the suggestion that a
trigonal bipyramidal complex similar to the one shown in figure 2.7 b) formes, where
Ti is bonded to Cp* in a η1 fashion.
Another interesting aspect of these spectra is the difference in chemical shifts for Hax,eq

between 1 and 2e. The peaks for Hax in 2e are shifted downfield by 0.17 ppm, compared
to a shift of 0.08 – 0.11 ppm in 2a and 2b. The peaks for Heq are even more shifted,
or by 0.48 ppm versus 0.21– 0.22 ppm in 2a and 2b. This is believed to be caused by
anisotropic effects from a bonded phenol group. The peak for the tBu-protons is also
shifted downfield relative to 2a and 2b.

Figure 2.9 Sample 2e: 1 + PhOH in CDCl3. Reaction time 113 days, ratio 0.14 (7% 2e).
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Sample 2a3

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + MeOH / MeONa. Solvent: CDCl3.

This reaction was set up as an experiment to accelerate the otherwise extremely slow
reaction between 1 and methanol. A solution of MeOH / MeONa (8:1) was prepared
and added to a sample of 1 in CDCl3. The next day the solution had lost most of its yel-
low color and a white precipitate had formed. The sample was monitored for 21 days,
and the last spectum that was recorded can be seen in figure 2.10. At first peaks that
could possibly be assigned to a dimer appeared, but later decomposition was observed,
figure 2.11.

Figure 2.10 Sample 2a3: 1 + MeOH / NaOMe in CDCl3. Reaction time 21 days.
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Figure 2.11 Stacked spectra of sample 2a3, area -0.7 – 0.4 ppm. Inside the red box the growth
and decay of peaks that could possibly be assigned to 2a can be observed.
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Sample 2a4

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + MeOH / NaOH. Solvent: CDCl3.

Approximately one equivalent of NaOH (to MeOH) was added to a sample of 1 and
MeOH in CDCl3 in order to accelerate the reaction. It has been monitored for 113
days and is still ongoing. Very soon it became clear that the methoxy dimer 2a was
not forming. Instead of one signal for Heq two are appearing, with the ratio 2 to 1, fig-
ure 2.12. The same pattern is observed for Ht Bu. Therefore a compound, which renders
one CH2 group and one tBu group in the trisilacyclohexane part of the adamantane cage
nonequivalent to the others, must be forming. When NaOH reacts with MeOH water
and NaOMe form. It is believed that two OMe groups might have bonded to titanium
and HCp* dissociated. The bond length between Ti and a metoxy group is considerably
shorter than the bond length between Ti and a methanol group, hence steric crowding
around Ti might prevent dimerization, resulting in a trigonal-bipyramidal complex.

Figure 2.12 Sample 2a4: 1 + MeOH / NaOH in CDCl3. Reaction time 113 days.
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Sample 2a5

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1). Solvent: 80% MeOH-d4, 20% C6D6.

This reaction was set up to confirm or disprove the necessity of chlorinated solvents
for dimerization of 1 to occur. We also hoped that, if a reaction were to take place,
that it would be somewhat faster than reactions 2a1 and 2a2. It turned out that 1 is
not soluble in MeOH, so benzene-d6 was added to the sample on order to dissolve it.
Unfortunately only a very small amount dissolved. According to the NMR spectra the
concentration of what is believed to be 2a reached about 5% in four weeks, but after
that no increase could be detected. After 62 days the sample was opened and NMR
spectrum of the precipitate recorded in CDCl3, and it turned out to be mostly 1.

Figure 2.13 Sample 2a5; 1 in 80% MeOH-d4 / 20% C6D6. Reaction time 55 days.
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Sample 2a6

Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) + MeOH. Solvent: CDCl3.

A reaction between 1 and MeOH was set up as a reference to sample 2a5. It has been
monitored for 56 days and is still ongoing. As can be seen in figure 2.14 the peaks
at -0.52 and -0.14 ppm start to grow immediately. Judging from the chemical shifts
these peaks can be assigned to 2a. From spectra 3) and 4) in figure 2.14 it is clear that
another set of peaks is forming at -0.44 and -0.08 ppm, and these peaks are increasing
faster than the other ones. The same pattern is observed for the tBu protons. It is not
known what compound could be giving rise to these peaks.

Figure 2.14 Sample 2a6: 1 + MeOH in CDCl3. Reaction time 56 days. The stacked spectra
is of the area between -0.75 – 0.05 ppm.
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2.3.1 Summary

According to the observations made in this chapter, steric bulk of the alcohol is a ma-
jor factor in whether a dimerization of 1 takes place in CDCl3 or not. Methanol and
ethanol reacted with 1 to form the respective dimers 2a and 2b, but no reaction was
observed in the case of tbutanol. Dimerization occurred in the reaction between 1 and
phenol, but a side product or an intermediate was also observed. A compound giv-
ing rise to similar peaks is the only compound formed during the reaction of 1 with
ipropanol. It is suspected that the alcohol adds to the titanium center, but due to steric
hindrance the compound cannot dimerize in the same manner as observed in 2a and
2b. Both reactions, 1 with PhOH and 1 with iPrOH, are still ongoing.
Methanol also reacts with 1 to form 2a in CD2Cl2, but an experiment carried out in
order to confirm or disprove the role of chlorinated solvents in the reaction, where 1
was immersed in a solution of MeOH-d4 and C6D6, failed.
Attempts to accelerate the otherwise very slow reaction between 1 and methanol were
unsuccessful. Addition of a mixture of MeOH and NaOMe resulted in decomposi-
tion. A sample of 1 and MeOH in CDCl3, where NaOH was added in stoichiometric
amounts (relative to MeOH), does not yield 2a. Instead another compound is formed,
where one CH2 group and one tBu group on the trisilacyclohexane base in the adaman-
tane structure are not chemically equivalent to the other two. This reaction is still
ongoing and hopefully single crystals of the product can be grown in order to deter-
mine its structure.
Unexpected side reaction is observed in a sample of 1 and MeOH in CDCl3 that is still
being monitored.

2.3.2 Kinetics

Reaction kinetics can be studied by monitoring a reaction with NMR spectroscopy.
The relative peak ratio between reactants and products can be plotted as a function of
time, to obtain the reaction order with respect to a reactant.

v = k[A]α[B]β

k is the rate constant and α is the order of the reaction with respect to reactant A. v is
the reaction rate. In order to find whether a reaction is zero order, first order or second
order with respect to a specific reactant one can plot the concentration of that reactant
as a function of time. For a zero order reaction the rate equation takes the form:

−d[A]/dt = k
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Therefore, if a reaction is zero order the plot of [A] as a function of time should be
linear, and the rate constant equal to the negative slope. Zero order reactions usually
depend on a concentration of a catalyst, which is saturated by the reactands. For a first
order reaction the rate law takes the form:

−d[A]/dt = k[A]

The integrated rate law implies that the plot of ln[A] vs. time is linear and the slope
is equal to −k. First order reactions depend on the concentration of only one reactant,
and are therefore defined as unimolecular reactions. For a second order reaction the
plot of 1/[A] vs. time is linear and the slope equal to k:

−d[A]/dt = k[A]2

Second order reactions are bimolecular.
These equations only apply for reactions that go to completion at constant temperature
and volume.

If the peak ratios obtained from the NMR spectra of reactions 2a1 and 2a2 are changed
into relative concentrations we should be able to apply the rate law equations discussed
above to figure out the order of the reactions with respect to 1. In figures 2.15 - 2.17
these plots can be seen for sample 2a2. [A] represents the concentration of 1. As the
R2 values indicate the data sets are all linear, so this method cannot be used to deduce
the order of the reaction between 1 and MeOH in CDCl3. Same trend is observed for
sample 2a1. If the reaction would have been allowed to reach completion, better results
might have been obtained, but as was mentioned before these equations only apply for
reactions that go to completion. A zero order reaction can most likely be excluded
since there is no reactant in catalytic amounts present in the sample. Dimerizations are
usually second order.
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Figure 2.15 Plot of [1] vs. time - zero order reaction

Figure 2.16 Plot of ln[1] vs. time - first order reaction

Figure 2.17 Plot of 1/[1] vs. time - second order reaction
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2.4 X-ray analysis of 2a and 2b

After approximately one year single crystals had formed in samples 2a1 and 2b.
In both cases X-ray analysis confirmed that the same reaction as described in the in-
troduction had taken place. The Cp* system was gone and instead the titanium centers
were connected to one alcohol group and two bridging alcoxy ligands to achieve a
distorted octahedral geometry, figure 2.18.

(a) (b)

Figure 2.18 a) The crystal structure of 2a. b) The crystal structure of 2b. Hydrogen atoms
are omitted for clarity.

Both 2a and 2b crystallize in a monoclinic crystal system, 2a in the P2(1)/c space
group and 2b in the P2(1)/n space group, figures 2.19 and 2.20. Both unit cells contain
two molecules in a geometry that repeats itself.

Figure 2.19 The monoclinic unit cell of 2a.
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Figure 2.20 The monoclinic unit cell of 2b.

The numering of oxygen atoms is given in scheme 2.5. The angles around Ti indicate
a distorted octahedral geometry, ranging from 74.5 - 96.9◦, where the O4–Ti–O4 and
O4–Ti–O5 angles are smaller then 90◦ and the OS i–Ti–OS i angles are larger. The angles
around oxygen are in the range of 124.0 - 128.6◦, except for the Ti–O–Ti angle which
is only 105◦. All other angles are in the tetrahedral range of 106.6 - 114.5◦.
The Ti–O bond lengths are different depending on the type of oxygen the titanium
atoms are bonding to. In 2a the Ti–OS i bonds are in the range of 1.83 - 1.87 Å, the Ti–
O4 bonds are longer, in the range of 2.01 - 2.03 Å and the Ti–O5 bond is the longest,
at 2.11 Å. Generally the bond lengths around Ti in 2b are longer than in 2a, especially
to O5 where the difference is more than 0.1 Å. The bond lengths in the adamantan cage
are as expected from comparison with 1 [28], Si–O in the range of 1.64 - 1.66 Å and
Si–Ccyclic in the range of 1.87 - 1.89 Å.
Selected bond lengths and angles are listed in table 2.2.

Crystal and data collection parameters, along with detailed tables on bond lengths and
angles can be found in appendices P and Q.

Mass spectra of 2a and 2b were recorded (EI, 70 eV), but in both cases the molec-
ular ion peak could not be detected. The peaks observed could not be assigned.
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Scheme 2.5

Table 2.2 Selected bond lengths [Å], angles and torsion angles [◦] of 2a and 2b.

2b 2a (Sample 2a1)
d(Ti–O2/3) 1.8398(13) - 1.8469(13) 1.8327(18) - 1.8381(19)
d(Ti–O1) 1.8678(12) 1.8684(17)
d(Ti–O5 ) 2.2197(13) 2.1080(19)
d(Ti–O4) 2.0528(12) 2.0115(19) - 2.0277(18)
d(Si–O) 1.6445(13) - 1.6531(12) 1.6469(19) - 1.6567(18)
d(Si–Ccyclic) 1.8688(19) - 1.885(2) 1.869(3) - 1.876(3)
d(Si–Ctbuthyl) 1.8843(18) - 1.893(2) 1.882(3) - 1.889(3)
d(C–Hax/eq) 0.9800 0.9800
d(Ti. . . Ti) 3.2179(6) 3.2073(10)
d(O5–C) 1.441(3) 1.368(4)
d(O4–C) 1.425(2) 1.417(3)

∠(OS i–Ti–OS i) 95.56(5) - 96.89(5) 96.18(8) - 96.48(8)
∠(O2/3,cis–Ti-O4) 89.74(5) - 95.47(5) 90.97(7) - 94.46(8)
∠(O2/3,trans–Ti–O4) 162.91(6) - 169.06(5) 163.91(8) - 167.28(8)
∠(O2/3–Ti–O5) 88.92(5) - 91.83(5) 89.48(8) - 90.57(8)
∠(O1–Ti–O5) 170.04(5) 170.41(8)
∠(O4–Ti–O5) 78.32(5) - 81.89(5) 78.24(8)
∠(O4–Ti–O4) 74.55(5) 74.87(7)
∠(Ti–O4–Ti) 105.45(5) 105.13(7)
∠(Ti–O–Si) 125.45(7) - 128.35(7) 125.39(10) - 127.45(11)
∠(Ti–O4–C) 125.12(11) - 126.72(11) 124.03(17) - 127.26(17)
∠(Ti–O5–C) 127.08(13) 128.6(2)
∠(C–Si–C)cyclic 106.63(9) - 107.91(9) 107.27(13) - 107.54(13)
∠(Ccyclic–Si–Ctbuthyl) 112.75(9) - 114.52(9) 113.09(12) - 113.94(12)
∠(Si–C–Si) 109.04(9) - 110.08(9) 109.42(13) - 109.64(14)
∠(Si–C–H)cyclic 109.6 - 109.9 109.7-109.8
∠(H–C–H)cyclic 108.2 - 108.3 108.2

φ(Si–C–Si–C)cyclic 61.91(11) - 63.35(11) 62.15(17) - 62.77(17)
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2.5 Mechanistic proposal

The proposed mechanism must be supported by the observations made from the anal-
ysis of the NMR spectra. The fact that bulky tBuOH does not react with 1 supports
the theory that the alcohol will undergo addition to the titanium center before the Cp*
system dissociates from it. This must be the first and rate determining step, since no
intermediates are observed in the NMR spectra of the samples where dimerization has
been confirmed.
As was mentioned in the section "notes on the NMR spectra" it can not be derived
from the spectra what happens to the Cp* system after it dissociates from the titanium
atom. According to the balanced chemical equation displayed in scheme 2.3, hydrogen
exchange between the Cp* system and an incoming alcohol ligand and then elimina-
tion of HCp* is likely. In order for a second alcohol molecule to come in and bond
to titanium, the Cp* group must either dissociate completely or become η1 bonded,
otherwise the titanium center would be too sterically hindered. If this is not the case,
an intermediate where Ti is bonded to the adamatane cage, an alcohol group and η5-
Cp*, should be visible in the NMR spectra. If electronic factors are considered, it is
highly unlikely that the Cp* group dissociates completely, since that would leave an
eight electron coordinately unsaturated complex. However, because the reactions are
extremely slow, the concentration of an intermediate may be very low and that may
prevent its detection by NMR. Therefore, a not observed intermediate does not dis-
prove its existence and role in the proposed mechanism.
Based on this one can now assume that at some point in the reaction a trigonal bipyra-
midal complex, where Ti is connected to the adamantane cage, alcohol group and a η1-
Cp* moiety, is formed. This complex would then react with another alcohol molecule
and eliminate HCp* before dimerization occurs. The observation of peaks caused by
nonequivalent CH2 and tBu groups in the spectra of sample 2c supports this assump-
tion. It is not known whether the compound in spectra 2c is a trigonal bipyramidal
complex where Ti is bonded, in addition to the adamantane cage, to two alcohol/alcoxy
groups or one alcohol and an η1-Cp* system, or whether it is an octahedral complex
with two alcohol groups, the adamantane cage and the η1-Cp* system. Similar peaks
observed in sample 2e that integrate with the ratio 3 to 15 to a peak in the Cp* area
might indicate that the titanium is still bonded to the cyclopentadienyl moiety, since
another peak observed in that spectra is suspected to be due to nonbonded HCp*. To
confirm this the 2c reaction must be allowed to run until sufficient amount of the un-
known compound has formed to be analysed by X-ray structural determination.

Possible mechanism can be seen in figure 2.21
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Figure 2.21 Proposed mechanism of the reaction of 1 with unhindered alcohols.

Clearly, the products must be thermodynamically favored over the reactants and the
reaction rate indicates a high activation barrier. It has been speculated, since titanium
is oxyphilic and Ti–C σ-bonds are not strong [33], that when the reaction has been
initiated by addition of alcohol to the titanium center and the Cp* group changed from
being η5 to η1 bonded, 1 chooses to bond with oxygen rather than to Cp*. Bridging
alcoxides are a very common feature in Ti(IV) chemistry and allow for higher coordi-
nation numbers.
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Chapter 3

Synthesis and analysis of 4 and its
derivatives

3.1 Introduction

A known method to make Si–O–Ti bonds is to react R3TiX (X = halogen) with silanol
in the presence of a base, such as Et3N. This method has been used for the synthesis of
various cyclic, acyclic and cage-like compounds, including the adamantane complexes
as mentioned in section 2.1 [20, 27].
These adamantane-like structures are also known to occur in compounds of titanium
and oxygen. The complete hydrolysis of (C5Me4Ph)TiCl3 and Cp*TiCl3 yield the re-
spective adamantane clusters (Cp’Ti)4O6 [25, 34].
We wanted to prepare an adamantane cage with titanium and silicone in the bridgehead
positions, by reacting ((Me3Si)2CHSi(OH)-O)3, 3, with Cp*TiCl3. The product was
expected to consist of a (Si-O)3 base unit with a Cp*Ti moiety on top, connected to Si
via three bridging oxygens, scheme 3.1.

Scheme 3.1

As this was not the case, we will introduce the actual product in this chapter. It is
an eight membered Si2Ti2O4 ring, 4, and its synthesis, analysis and possible reaction
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mechanism will be discussed. A number of side products are formed during the syn-
thesis of 4. One of them also formed in a reaction between 4 and MeLi and rearranges
to form 6, which was characterized by X-ray structural determination.
Reactions of 3 with Cp*MCl3 (M = Zr, Hf) and MeSiCl3 will be discussed, as well as
the reactions of 4 with MeMgBr, Cp*TiCl3 and MeOH.

3.2 Synthesis and characterization of 4

3.2.1 Synthesis

The starting material (DisSi(OH)-O)3, 3, (Dis = –CH(SiMe3)2) was prepared according
to literature procedures, scheme 3.2 [35, 36, 37].

Scheme 3.2

((DisSi(OH))2O)(µ-O)2((Cp*TiCl)2O), 4, was prepared by reacting 3 with Cp*TiCl3 in
hexane at -84◦C, in the presence of Et3N, scheme 3.3.
It was evident from the 1H-NMR spectrum of the reaction product that the expected
adamantane compound had not formed. Originally we thought the product was the
compound shown in figure 3.1. It was not until the results from the X-ray analysis
arrived that the correct structure of 4 could be determined.
When the structure had been confirmed, 4 had to be synthesized again. Even though
the procedure is fairly simple, this turned out be be extremely difficult because the
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Scheme 3.3

Figure 3.1 Original idea of a product from the reaction between 3 and Cp*TiCl3.

molar ratio between the reactants was not accurately known and the reaction is very
sensitive to the reaction conditions. Experiments have shown that in order to get 4 as a
major product, the reaction must be carried out on approximately a 50 mg scale (of 3)
and the molar ratio between Cp*TiCl3 and 3 has to be between 1.84 and 1.94. Reac-
tions on a larger scale have only yielded traces of product. The exact amount of Et3N
does not seem to be a factor of relevance but it was always around four equivalents
with respect to 3 and added at -50◦C to -60◦C. Only one experiment worked outside
of these conditions, where the molar ratio was 2.29 and Et3N was added immediately.
Using completely pure 3 does also seems to give lower yield of 4. The warming up of
the cooling bath needs to be extremely slow, which makes it most convenient to use a
dewar vessel.
This sensitivity to reaction conditions has been observed in the synthesis of other ti-
tanasiloxanes, where different conditions yielded different structures [29, 38].

3.2.2 Analysis

Product 4 was characterized by 1H, 13C and 29Si-NMR spectroscopy, X-ray analysis
and mass spectrometry. The product is soluble in hexane, benzene, chloroform and
acetone.
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NMR spectrometry

Results from 1H, 13C and 29Si-NMR analysis of 3, 4 and Cp*TiCl3 are summarized in
table 3.1 along with coupling constants. The INEPT experiment was used to record the
29Si-NMR spectrum of 4.

Table 3.1 Chemical shifts [ppm] and coupling constants [Hz] for 3, 4 and Cp*TiCl3. All
spectra were recorded in CDCl3 at 298 K.

Group 4 3 Cp*TiCl3

1H-NMR

SiCH3 0.11 / 0.16 0.12
2J1H−29S i = 6.4 / 6.4 2J1H−29S i = 6.4

CH(SiMe3)2 –0.53 –0.51
2J1H−29S iMe3 = 9.9 2J1H−29S iMe3 = 9.5
2J1H−29S icyclic = 13.2 2J1H−29S icyclic = 13.0

OH 3.59 6.63
Cp–CH3 2.16 2.38

13C-NMR

SiCH3 2.4 / 2.7 2.6
CH(SiMe3)2 3.7 4.2
C5Me5 129.1 137.9
C5–(CH3)5 12.5 14.5

29Si-NMR
Sicyclic –51.9 –49.3
SiMe3 –0.7 / 0.6 –0.4

As expected, no significant change in chemical shifts or coupling constants is observed
between 3 and 4, except for the silanol hydrogen. It is interesting to observe how the
peak for the methyl protons splits up into two peaks in the spectra of 4, figure 3.3. This
phenomena is caused by the fact that the SiMe3 groups are never in the same chemical
environment, figure 3.2.

Figure 3.2 Newman projection of 4, view along the Sicycl.–CDis bond.

Several side products are formed in the reaction. One of them consists of, according
to integration, one Dis group at -0.66 and 0.12 ppm, and one Cp* group at 2.06 ppm.
This unidentified compound, together with another compound which consists of two
Dis groups giving rise to four peaks at 0.17, 0.18, 0.19 and 0.20 ppm and three peaks at
-0.68, -0.68 and -0.70 ppm, one Cp* group at 2.12 ppm and one OH group at 3.66, is a
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large fraction of the products formed when the ratio of 3 to Cp*TiCl3 is approximately
1:3, figure 3.4.
Both of these compound were observed in the reaction between 4 and MeLi, and the
latter one identified as the tricyclic compound 6. Its structure will be more thoroughly
discussed in section 3.3.

Figure 3.3 1H-NMR spectrum of 4.

Figure 3.4 1H-NMR spectrum of two side products from the reaction of 3 with Cp*TiCl3.
These products were also obtained in a reaction between 4 and MeLi.
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Two peaks at 2.19 and 2.18 ppm (Cp–CH3) are visible in almost all the NMR spec-
tra recorded of this reaction. They have been shown to correlate with peaks from Dis
groups at -0.49 and -0.51 ppm and two sets of two peaks at 0.12 – 0.13 ppm, respec-
tively. A peak at -0.64 ppm is also observed in these spectra and two peaks at 0.15
and 0.16 ppm. The three peaks for the CH proton in the Dis group usually integrate
with similar ratio with respect each other; 0.4 (-0.49) : 1 (-0.5) : 0.4 (-0.64). The -0.51
ppm peak, however, has been absent in a spectrum while the other two were visible,
indicating that at least two side products containing Dis groups give rise to these peaks.
A spectrum of these compounds can be seen in figure 3.5.

Figure 3.5 1H-NMR spectrum of side products produced in the reaction of 3 with Cp*TiCl3.

Other peaks were observed as well but they cannot be linked together. The products
from the hydrolysis of Cp*TiCl3 are well known [34] and some of the peaks in the
NMR spectra could possibly be assigned to them.

X-ray analysis

Single crystals of 4 for X-ray analysis were grown from a concentrated solution in
hexane. Suitable crystals can also be grown in benzene.
The compound crystallizes in the monoclinic space group P2(1)/n and each unit cell
contains four molecules of 4 and two hexane molecules, figure 3.6.
The molecule can be described as an eight membered Si2Ti2O4 ring where one Dis-
SiOH group of the six-membered siloxane ring 3 has been replaced by a (µ-O)(Cp*TiCl)2

unit, as can be seen in scheme 3.3 and figure 3.7. Each silicon atom in the ring is tetra-
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Figure 3.6 The unit cell of 4. Organic substituents on the ring are omitted for clarity.

Figure 3.7 The structure of 4. Hydrogen atoms on alkyl groups are omitted for clarity.

hedrally coordinated by one OH group, one Dis group and two µ2-oxygens belonging
to the ring, connecting to titanium and silicon. The two titanium atoms are in a dis-
torted tetrahedral geometry, each connected to two µ2-oxygen atoms, one chlorine atom
and to a Cp* system in a η5 fashion. The ring adapts a twisted form where two planes
defined by the Ti–O–Ti part and the Si–O–Si part are tilted by 46.4 - 46.6◦. Contrary
to the geometry of 3, where the OH groups assume the axial (cis-cis) position of the
ring and the Dis groups assume the equatorial position, these groups are now trans to
each other. The angles around the oxygen atoms in the ring are rather large, as could be
expected from comparison with other compounds consisting of eight membered titana
siloxane rings [29, 38, 39]. Bond lengths are also in the expected range compared to
these same compounds. As can be seen from figure 3.7 the silanol has its hydrogen
atoms pointed towards the Cl. This indicates weak bonding between the two, with a
bond length Cl. . . H of 2.5 - 2.7 Å.
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Selected bond lenghts and angles are listed in table 3.2.
Information about data collection and crystal parameters can be found in appendix R
along with detailed structural parameters.

The gas phase structure of 4 was calculated using the DFT method, B3LYP functional
and 3-21G basis. In general these calculations are in good coherence with the mea-
sured structure, but bond lengths and angles tend to be a little larger in the gas phase
structure, where no intermolecular forces and crystalpacking effects are assumed. The
ring also seems to be more flexible in the gas phase, which can be seen from different
torsion angles and smaller angles around Ti and Si. The tilt angle is 46.8◦. The distance
between Cl and OH is also considerably shorter.
It should be noted that the 3-21G basis is not completely satisfactory for these calcula-
tions, but the size of the molecule makes it very difficult to use a better basis.

Table 3.2 Selected bond lenghts [Å], angles and torsion angles [◦] for 4.

Experimental values B3LYP/3–21G
d(Ti–OTi) 1.8085(12) - 1.8234(12) 1.814
d(Ti–OS i) 1.8089(11) - 1.8178(12) 1.773 - 1.774
d(Ti–Cl) 2.2937(5) - 2.3012(5) 2.356
d(Ti–CCp) 2.324(14) - 2.395(17) 2.350 - 2.410
d(Si–OTi) 1.6369(11) - 1.6392(11) 1.706 - 1.707
d(Si–OS i) 1.6382(12) - 1.6386(11) 1.686 - 1.687
d(Si–Ohydroxy) 1.6280(12) - 1.6324(12) 1.682 - 1.683
d(Sicycl.–C) 1.8446(16) - 1.8485(16) 1.863
d(Cl. . . H) 2.52 - 2.59 2.365

∠(Ti–O–Ti) 141.71(6) 137.09
∠(O–Ti–O) 104.15(5) - 105.78(5) 103.87 - 103.89
∠(Ti–O–Si) 156.60(8) - 161.27(8) 168.59 - 168.65
∠(O–Si–O)cycl. 106.98(6) - 107.05(6) 103.92 - 103.94
∠(Si–O–Si) 131.52(7) 135.07
∠(O–Ti–Cl) 100.62(4) - 102.87(4) 101.43 - 101.50
∠(Ocycl.–Si–Ohydroxy) 108.91(6) - 110.11(6) 107.34 - 110.24
∠(Ocycl.–Si–C) 110.57(7) - 111.68(7) 112.13 - 113.15
∠(Si-O-H) 109.5

φ(Ti–O–Ti–O) 11.44(12) - 21.83(12) 19.10 - 19.11
φ(Si–O–Si–O) 33.66(11) - 36.79(11) 28.57 - 28.48
φ(Ti–O–Si–O) 81.4(2) - 86.62(19) 78.71 - 79.10
φ(Si–O–Ti–O) 18.4(2) - 19.0(2) 14.76 - 15.16
φ(Ti–Ti–Si–Si) 46.4 - 46.6 46.8
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3.3 Reaction of 4 with MeLi

3.3.1 Synthesis

Our first choice to synthesize derivatives of 4 was the methylation of the chlorine and
hydroxyl groups. Methyl lithium was used as the methylation agent and reacted with
4 in hexane at -84◦C. The reaction did not yield the expected product, instead com-
pound 5 was formed with the same ratio of Dis to Cp* as 4 but no methyl groups
attached. Upon recrystallization in hexane this compound rearranged to form 6, a tri-
cyclic compound where two six membered TiSi2O3 rings are bridged by two oxygen
atoms, scheme 3.4.

Scheme 3.4

The compounds 5 and 6 are also known to be side products in the synthesis of 4 as
described in section 3.2.2.
The estimated amount of MeLi is around 2 - 4 equivalents. The reaction was carried
out twice, and both times the same unknown compound was formed initially, indicating
that the exact amount of MeLi might not be a critical factor. In the second reaction the
product decomposed in chloroform and series of peaks in the aromatic section of the
spectrum were observed.

3.3.2 Analysis

Product 6 was characterized by 1H-NMR spectroscopy, X-ray analysis and mass spec-
trometry.

NMR-spectrometry

1H-NMR spectrum of the initially formed product 5 was recorded in CDCl3, revealing
a simple spectrum consisting of peaks that are shifted upfield compared to correspond-
ing peaks in 4, appendix H. The SiMe3 moieties within the Dis groups are equivalent.
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The coupling pattern is identical and the coupling constants similar, see table 3.3.
Single crystals were grown from a solution of 5 in hexane and analyzed. However,
since the ratio between Dis and Cp* in the NMR spectrum of 5 did not match the ob-
served ratio in the crystal structure we thought that two products giving rise to peaks
with the same chemical shifts might have been present in the solution. We therefore
wanted to separate the analyzed product from the side product. The product 5 was dis-
solved in hexane and the solvent then removed stepwise to obtain four fractions which
were analyzed by NMR.
It was clear that a significant rearrangement of 5 had occurred. Instead of only one
peak in the SiMe3 area five peaks were now observed, four that can be assigned to 6
and one that can be assigned to 5. A NMR spectrum of a mixture of 5 and 6 can be
seen in figure 3.4.

The chemical shifts for 5 and 6 can be seen in table 3.3, along with the coupling
constants for 5. The coupling constants in 6 could not be measured.

Table 3.3 Chemical shifts [ppm] and coupling constants [Hz] for 5 and 6. All spectra were
recorded in CDCl3 at 298 K.

Group 5 6

1H-NMR

SiCH3 0.12 0.17/0.18/0.19/0.20
2J1H−29S iMe = 6.6

CH –0.66 –0.68/–0.68/–0.70
2J1H−29S i = 9.4
2J1H−29S icyclic = 13

OH 3.39 3.66
Cp–CH3 2.06 2.12
Ratio of Dis : Cp* : OH 1 : 1 : 1 2 : 1 : 1

In 6 four Dis groups in two different chemical environments give rise to four peaks,
since it can be assumed that the two SiMe3 groups on each Dis group give rise to two
resonances. Likewise, two peaks are observed for the CH proton, and one of them is
split again into two peaks. The alcohol resonance is shifted downfield compared to 4,
which is consistent with stronger hydrogen bonding in 6. When the NMR spectra of
the recrystallization fractions are compared, the peak for the hydroxyl group is almost
absent in the last two fractions, which were believed to consist only of 5. This raises
questions about whether the compound in these last fractions was indeed 5, or another
one with the same chemical shifts, possibly a polymer of some sort. Although it should
be noted that a high resolution mass spectra was recorded of the combined fractions, it
showed only 6, which again indicates that if 5 was present it had rearranged into 6.
In the first fraction a peak at 2.17 ppm is observed, which integrates with the ratio 0.08

38



to the respective peak in 6. It is assumed that this is due to some side product in the
rearrangement of 5 to 6. A broad peak at 1.54 ppm is also observed.

X-ray analysis

Single crystals of 6 were grown from a concentrated solution in hexane.
The compound crystallizes in the triclinic space group P1̄. Each unit cell contains one
molecule of 6 and one molecule of hexane, figure 3.8.

Figure 3.8 The extended unit cell of 6. Hydrogen atoms on alkyl groups are omitted for
clarity.

The molecular structure of 6 consists of two six membered rings connected through
two Ti–O–Si bridges, figure 3.9. Each ring includes a Cp*Ti group, a (Me3Si)2CHSi
group and a (Me3Si)2CHSi(OH) group all connected through oxygens. The Ti–O–Si
bridges form a part of an eight-membered ring system, making the core of 6 tricyclic.
The point group is Ci.
The bond lengths within the ring system in 6 are generally longer than in 4. The
distance to the hydroxyl- and the Dis groups from Sicyclic is also longer, but in general
the bond lenghts within the substituents are similar between 4 and 6.
If the six membered rings are looked at individually one can see that all the organic
substituents assume the equatorial position. Since they are all very bulky, the molecule
is forced to adjust its bond lengths and angles to minimize steric interaction between
the groups. See scheme 3.5 for atom numbering. The bond from Ti to O1 (1.869 Å) is
significantly longer then the bonds to O2 and O5 (1.830 Å and 1.840 Å, respectively).
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(a) (b)

Figure 3.9 a) The crystal structure of 6. Hydrogen atoms on alkyl groups are omitted for
clarity. b) The tricyclic core of 6.

The bond lenghts Si–O are all in the range of 1.631 – 1.648 Å. The Dis group positioned
on Si4 is directed away from the other substituents on the same six-membered ring so
it has less steric effect.
All angles are in the tetrahedral range. It is interesting to see the effect of going from
an eight membered ring to a six membered ring on the angles around oxygen. They
are in the range of 126◦ – 135◦ which means that the Ti–O–Si angle has been reduced
by approximately 30◦. To achieve balance the angles around Si and especially Ti are
smaller than 109.5◦. The angle over the bridging oxygen O2, which is a part of the
eight-membered ring system, is 154.4◦.
Selected bond lenghts and angles are listed in table 3.4, and information on crystal
and data collection parameters can be found in appendix S, along with more detailed
structural parameters.

Scheme 3.5
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Table 3.4 Selected bond lengths [Å] and angles [◦] of 6.

d(Ti–O2) 1.8298(13) d(Si1–O1) 1.6481(14)
d(Ti–O5) 1.8399(13) d(Si4–O4) 1.6353(14)
d(Ti–O1) 1.8689(14) d(Si4–O3) 1.6425(15)
dTi–Ccp) 2.3627(18) - 2.408(2) d(Si4–O5) 1.6437(14)
d(Ti–Si4) 3.1112(6) d(Si1/4–CH) 1.8500(19) - 1.8507(19)
d(Si1–O2) 1.6312(13) d(O4–H) 0.84
d(Si1–O3) 1.6386(13) d(O(H. . . O) 3.2368(19)

∠(O2–Ti–O5) 103.41(6) ∠(O2–Si1–C11) 110.33(8)
∠(O2–Ti–O1) 101.69(6) ∠(O3–Si1–C11) 110.10(8)
∠(O5–Ti–O1) 99.23(6) ∠(O1–Si1–C11) 112.72(7)
∠(O2–Ti–Si4) 89.97(4) ∠(O3–Si4–O5) 104.89(7)
∠(Si1–O1–Ti) 127.73(7) ∠(O3–Si4–C18) 111.07(8)
∠(Si1–O2–Ti) 154.36(9) ∠(O5–Si4–C18) 113.96(8)
∠(Si1–O3–Si4) 134.56(9) ∠(O4–Si4–C18) 107.38(8)
∠(Si4–O5–Ti) 126.44(8) ∠(O4–Si4–O5) 109.90(7)
∠(O2–Si1–O1) 108.38(7) ∠(O4–Si4–O3) 109.63(8)
∠(O3–Si1–O1) 108.74(7) ∠(Si4–O4–H4) 109.5
∠(O2–Si1–O3) 106.34(7)

3.4 Mechanistic proposals for 4 and 6

When the number of atoms in the starting materials 3 and Cp*TiCl3 is compared to the
number of atoms in 4 it is clear that a Dis group, one Si, one H and four Cl atoms are
missing. Formation of DisSiCl3 as a side product along with HCl immediately comes
to mind. DisSiCl3 is a colourless liquid that would give rise to a peak at 0.15 ppm
(C6D6) on 1H-NMR spectra [40].
Chain expansion is well known in cyclic titanasiloxanes, and is caused by steric strains
in small systems [18, 39]. With that in mind it is not surprising that an adamantane
cage, which consists of four fused six membered rings, does not form.
At this point it is appropriate to consider few aspects in the formation of 4. First of
all, in order for the Dis- and OH groups on Si to be trans to each other, ring opening
of 3 must take place before the eight membered ring forms, which rules out mecha-
nisms involving cyclic intermediates. Second, the fact that a chlorine atom remains
on titanium rules out intermediates where titanium is bonded to three oxygens. Third,
the oxygen which bridges the titanium atoms must come from 3, since 3 does not
condense to form water itself, and other oxygen donors should not be available since
the solvents are dried prior to use and the NMR spectrum of Et3N shows no water peak.

In figure 3.10 a mechanism is proposed, based on the observations made.
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Figure 3.10 Proposed mechanism for the formation of 4 from 3 and Cp*TiCl3.

This mechanism relies on the assumptions that it is more favorable to form a ring rather
than a chain, and that it’s energetically convenient to form Ti–O and Si–Cl bonds in-
stead of Ti–Cl and Si–O bonds. Due to the lack of comparative data the bond disso-
ciation energies cannot be compared directly. Achieving symmetry might also play
important role.
If the reaction proceeds through a mechanism such as the one in figure 3.10 it is clear
that many side products can be formed, where different types of cyclizations occur
or where the second Cp*TiCl3 molecule reacts with the "wrong" silanol group, figure
3.11.

Figure 3.11 Possible side products in the reaction between 4 and Cp*TiCl3.

Products from intermolecular reactions, polymers and reactions of Cp*TiCl3 with OH
groups cannot be ruled out, and neither can the formation of six membered rings be
excluded. Hence, it is clear that a wide range of products can be expected, and some
of them are formed according to the NMR spectra discussed in section 3.2.2.

The tricyclic complex 6 is one of these side products, along with the unknown 5, and
it is also formed in a reaction between 4 and MeLi and possibly MeOH, scheme 3.6.
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Scheme 3.6

A mechanism that rationalizes all these ways of formation of 6 and fits with the NMR
spectra can not be proposed. A formation of a six-membered TiSi2O3 ring that dimer-
izes was speculated, but does not fit with the observed ratios between Dis and Cp*
in 5 in the NMR spectrum. Still few aspects regarding the structure of 6 which are
important when a possible mechanism is considered should be noted. Judging from
the NMR spectra 5 is symmetric, and the SiMe3 moieties on the Dis groups are in the
same chemical environment. It can possibly polymerize, which would explain why the
silanol groups are absent in the spectra of later fractions, but this polymer must also
be able to rearrange to form 6. Also, and perhaps most importantly, the Dis groups
(and Cp*) on each six-membered ring in 6 are cis, so ring opening of 4 and a rotation
around a bond is essential.

3.5 Attempted synthesis of other derivatives of 3

Attempts have been made to react (tBuSi(OH)-CH2)3 with tBuSiCl3 in order to get
an adamantane cage with a trisilacyclohexane base and a tBuSi unit on top connected
via three oxygen atoms [27]. This reaction was unsuccessful even though it had been
previously established that (tBuSi(OH)-CH2)3 reacts with SiCl4 to yield a cage with
Si-OH unit on top after work-up with acid [41].
We decided to react 3 with MeSiCl3 and see if that would result in an admantane cage.
Two reactions were carried out, one in Et2O at -78◦C with Et3N acting as a base, and
one in hexane where N2 was bubbled through the solution to remove HCl. No conden-
sation product was observed in either of these reactions.

We also wanted to experiment with the atom size of the metal in a reaction with 3.
It was reacted with Cp*MCl3 (M = Zr, Hf) under the same reaction conditions as
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Cp*TiCl3 but according to NMR no reaction took place. It is suspected that the qual-
ity of both Cp*ZrCl3 and Cp*HfCl3 was not optimal and that might have caused the
reaction to fail.

3.6 Attempted synthesis of other derivatives of 4

It is clear that MeLi is a too powerful reactant for the methylation of 4, so we decided
to react it with MeMgBr under the same reaction conditions. After work-up only un-
reacted 4 remained.

We also wanted to react 4 with MeOH to exchange the chlorine atoms on Ti for OMe
groups. Actually, these reactions were performed while 4 was believed to be the com-
pound shown in figure 3.1, where a Cp*TiCl2 group was supposed to be positioned
on each oxygen atom. Two reactions were carried out, one by adding methanol to a
solution of 4 in hexane at -96◦C and the other one by reacting 3 and Cp*TiCl3 together
and adding MeOH afterwards without any work up in between. Neither of these re-
actions yielded the methoxylated product but the latter one is thought to have yielded 5.

In hopes of being able to isolate a product that might potentially help to identify
some of the side products in the reaction of 3 with Cp*TiCl3, 4 was also reacted with
Cp*TiCl3. Unfortunately, the NMR spectra revealed only unreacted ring and decom-
position products for Cp*TiCl3.
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Chapter 4

Other reactions

4.1 Introduction

In the Arnason group conformational behaviour of various derivatives of monosilacy-
clohexane has been investigated both experimentally and by theoretical calculations
[42, 43, 44, 45, 46]. We were interested in synthesizing a titanium complex which con-
sisted of a monosilacyclohexane ring connected to a titanium center via oxygen and
investigate the conformational behaviour of the ring in such a system.
1-Methyl-1-hydroxo-silacyclohexane, 7, was chosen as a convenient reactant and it
could be synthesized easily from available compounds. We wanted to react it with
Cp*TiCl3 and the dimethyl derivative of Cp*TiCl3, Cp*TiMe2Cl, according to scheme
4.1.

Scheme 4.1
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In this chapter the synthesis of 1-methyl-1-hydroxo-silacyclohexane and attempted re-
actions with Cp*TiCl3 will be discussed. The synthesis of Cp*TiMe2Cl was unsuc-
cessful.

We also wanted to modify Cp*TiCl3 in such a way, that HCl would not be emitted
in reactions with silanols. HN(SiMe3)2 is an inert leaving group and the attempted
synthesis of Cp*Ti(N(SiMe3)2)3 is also discussed in this chapter.

4.2 1-Methyl-1-hydroxo-silacyclohexane

1-Methyl-1-hydroxo-silacyclohexane was synthesized from a 5:1 mixture of 1-methyl-
1-chloro-silacyclohexane and 1-methyl-1-bromo-silacyclohexane by hydrolysis in acidic
ice slurry, scheme 4.2. The synthesis of cis-cis-1,3,5-tritertbuthyl-trihydroxy-trisilacyclo-
hexane was used as a guideline [27].

Scheme 4.2

In the 1H-NMR spectrum a broad peak for the hydroxyl group at 3.12 ppm indicated
without a doubt that 1-methyl-1-hydroxy-silacyclohexane formed. A peak for the
methyl group was at 0.12 ppm and a smaller one at 0.06 ppm, which is believed to
be caused by the methyl group in the dimer, bis-1-methyl-silacyclohexoxane. 8. The
ratio of 8 to 7 was approximately 0.06. In the 13C-NMR spectrum small peaks assigned
to the dimer were observed downfield from each major peak.
Three months later another 1H-NMR spectrum and a 29Si-NMR spectrum were recorded.
In the 1H-NMR spectrum it was noted that the peak for the hydroxyl proton was no
longer visible. Detailed analysis revealed that the intensities of the methyl peaks for 7
and 8 had changed dramatically, now the ratio of 8 to 7 was 7.2 instead of 0.06 before.
Two peaks were visible on the 29Si-NMR spectrum; a major one at 2.8 ppm and a mi-
nor one at 12.9 ppm. Comparison with known values for various trialkylsilanols and
their respective siloxane dimers show that the 29Si-NMR chemical shift for the dimer
is generally at higher field [47]. For example the chemical shift for Et3SiOH is 19.13
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ppm but the shift for the dimer Et3Si-O-SiEt3 is 9.11 ppm.
These observations clearly show that 7 had dimerized. The reason for this is probably
little steric hindrance accompanied by the possible presence of water from the work up
that could facilitate dimerization.

NMR spectra of the monomer and the dimer can be found in appendices K - N.

Three attempts were made to react what was believed to be 7 to Cp*TiCl3, but they
all turned out to be unsuccessful. These reactions were carried out two months after 7
was synthesized so 8 must have been a major component of the mixture, which explains
why the expected product did not form. For future work it is therefore of importance
to use only freshly prepared 7 for further reactions.

4.3 Cp*Ti(N(SiMe3)2)3

In order to synthesize the ligand HN(SiMe3)2, gaseous NH3 was bubbled through a
solution of Me3SiCl in hexane for one hour [48]. Then HN(SiMe3)2 was lithiated and
reacted with Cp*TiCl3 in hexane under reflux for two days. No signs of the desired
product were found using NMR analysis, but instead the lithium compound seemed to
have attacked the Cp*–Ti bond. Therefore, we tried to react HN(SiMe3)2 directly with
Cp*TiCl3 in diethyl ether or hexane in the presence of Et3N, but a reaction did not take
place.

When HN(SiMe3)2 and Cp*TiCl3 were reacted in diethyl ether, while bubbling gaseous
N2 through the solution, the integrals on NMR indicate that Cp*TiCl2(N(SiMe3) formed.

The 1H-NMR spectrum of Cp*TiCl2(N(SiMe3) can be found in appendix O.
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Chapter 5

Summary

Cp*Ti(µ-O)3[tBuSi-CH2]3, 1, (Cp* = C5Me5) was reacted with MeOH, EtOH, iPrOH,
tBuOH and PhOH in CDCl3, in order to probe the scope of a surprising reaction be-
tween the Cpxpm (Cpxpm = C5Me4(p-C6H4Me) derivative of 1 and MeOH, where a
dimer was formed. This dimer, 2a, consisted of two octahedrally coordinated tita-
nium centers bridged by two alcoxy groups. Other positions were occupied by the
[tBuSi(O)-CH2]3 moiety and an alcohol ligand. Bond cleavage had occurred between
Ti and Cpxpm, which was surprising since Ti–Cp’ bonds are considered stable under
such mild conditions. The reactions were monitored by NMR spectroscopy.
It was confirmed by X-ray structural determination that 1 reacts with EtOH to form a
dimer, 2b, that is analogous to the one described above. X-ray analysis also confirmed
that 2a forms in a reaction between 1 in CD2Cl2 and it can be assumed, judging from
the NMR spectra, that 2a also forms when CDCl3 is used as a solvent. These three re-
actions were monitored for approximately one year, or until single crystals had formed
in the NMR tubes. Analysis of the concentration of 2b as a function of time reveals
a drop in concentration when the composition of the solution was about to reach 30%
in 2b. It decreased to about 10% before it started to increase again. The experiment
was stopped when the concentration was about to reach 30% again, so it cannot be
stated whether the reaction is oscillating or not. Analysis of the concentration of 1
as a function of time in the MeOH reactions shows a linear relationship between the
relative concentration of 1 and the number of days the samples were monitored. This
would indicate a zero order reaction, but since zero order reactions usually depend on
a catalyst, this was considered unlikely. Further inspection reveals that the data also
meets the criteria for first order and second order reactions, so it is clear that in order
to do a reliable kinetic study the reaction must be allowed to reach completion.
The reactions of 1 with iPrOH and PhOH are still ongoing. The phenoxy derivative
of 2a, 2e, is believed to be forming in the respective reaction, but other peaks can also
be observed. Similar peaks are the only peaks emerging in the spectra of the reaction
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between 1 and iPrOH. They are believed to be due to an alcohol adduct of 1, which
cannot dimerize because of the bulkiness of the isopropyl groups. Hopefully single
crystals for X-ray analysis can be grown of the compound, which could give informa-
tion about the mechanism.
No reaction was observed when 1 was reacted with tBuOH in CDCl3.
A mechanism based on these observations can be proposed. The first and rate deter-
mining step must be an attack of an alcohol molecule on the titanium center, followed
by conversion of the bonding system between Ti and Cp* from η5 to η1. The titanium
center is now coordinatively and electronically unsaturated, which facilitates attack of
another alcohol molecule and dimerization.
Attempts to accelerate the reaction between 1 and MeOH in CDCl3 were unsuccess-
ful. When a mixture of MeOH and NaOMe was employed as a reactant decomposition
was observed. Stoichiometric amounts of NaOH were added to another sample, and
according to the NMR spectra 2a does not form. Instead two sets of signals are ap-
pearing in the Heq and Ht Bu areas, with the ratio 1 : 2, which indicates formation of
a compound where all the aforementioned groups are not chemically equivalent. This
reaction is also ongoing and hopefully the product can be analyzed by crystallographic
methods. A sample was prepared where MeOH-d4 was supposed to act as a solvent
and reactant in order to investigate the role of chlorinated solvents in the reaction. It
turned out that 1 does not dissolve in MeOH, and addition of about 20% C6D6 did not
suffice to dissolve it. Very small peaks, that can possibly be assigned to 2a were ob-
served, but their intensities stayed constant throughout the reaction time, which was 56
days. NMR spectrum of the precipitate was recorded in CDCl3 and it showed mostly
reactants. A sample including 1 and MeOH in CDCl3 was set up as a reference to
the sample where MeOH-d4 was used as a solvent. Surprisingly, the reaction does not
proceed like the previously studied reaction between 1 and MeOH in CDCl3. Instead
two signals for each proton are increasing with different rates. As this reaction is also
still ongoing it will be exciting to observe its behavior in the future.

To extend the variety of these adamantane compounds we wanted to synthesize a cage
with a (Si-O)3 base and a Cp*Ti moiety on top, connected to Si via three oxygen atoms.
Siloxane ring (DisSi(OH)-O)3, 3, was synthesized and reacted with Cp*TiCl3. The re-
action did not yield the desired product. Instead an eight membered ring, 4, where a
(Cp*TiCl)2O moiety is connected to a (DisSi(OH))2O moiety via two bridging oxygen
atoms, formed. Repeating the synthesis turned out to be extremely difficult, since the
reaction is very sensitive to reaction conditions. Therefore many side products were
observed. Even though most of them could not be characterized the NMR chemical
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shifts of some are known. One of these side products, 5, was also formed in a reac-
tion between 4 and MeLi where it rearranged to form the tricyclic compound 6, which,
according to X-ray analysis, consist of two six-membered TiSi2O3 rings bridged by
two oxygen atoms. Comparison of the bond lengths and angles between 4 and 6 is
interesting. Steric repulsions between the substituents in 6, which all assume equato-
rial position, causes elongation of bonds compared to the respective bonds in 4. The
eight-membered ring system has more flexibility to adapt its bond angles to the steric
requirements of the substituents, which results in approximately 30◦ difference in the
Si–O–Ti angle.
A mechanism for the formation of 4 could be deduced, based on the structural differ-
ences between 4 and the starting material 3. It is clear that ring opening and a rotation
around a Si–O bond must take place in order for the Dis groups to become trans. A
mechanism that can rationalize the formation of 6 from a reaction of 4 with MeLi and
as a side product in the reaction of 3 with Cp*TiCl3 could not be proposed. Compari-
son of the structures of 4 and 6 indicates ring opening.
Siloxane ring 3 was unsuccessfully reacted with Cp*ZrCl3, Cp*HfCl3 and MeSiCl3,
and 4 was reacted with MeOH, Cp*TiCl3 and MeMgBr. These reactions did not yield
the expected products, in fact only unreacted starting material remained after work up
in the latter two. Reaction with methanol however yielded a compound which gave
rise to peaks with the same chemical shifts as 5.

The plan was to react 1-methyl-1-hydroxo-silacyclohexane with Cp*TiCl3 and Cp*TiMe2Cl,
and investigate the conformational behavior of the silacyclohexane ring in such a
system. The silacyclohexane starting material was synthesized, and NMR analysis
confirmed its formation. NMR spectra recorded three months later revealed that the
compound had dimerized to form bis-1-methyl-1-silacyclohexoxane. Needless to say,
the reactions between the dimer and Cp*TiCl3 were unsuccessful. The synthesis of
Cp*TiMe2Cl failed.
The synthesis of Cp*Ti(N(SiMe3)2)3 from Cp*TiCl3 yielded Cp*Ti(N(SiMe3)Cl2.
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Experimental section

General comments

All manipulations were carried out under inert atmosphere (dry N2) using standard
Schlenk technique. Cp*ZrCl3 and Cp*HfCl3 were handled in a glove box under Ar-
gon. Hexane, pentane, diethyl ether, THF and toluene were dried prior to use over
sodium metal wire and benzophenone. Triglyme was added additionally to hexane
and pentane. Et3N was dried over CaH2, distilled and kept over molecular sieves. All
solvents were used freshly distilled, but Et3N was used straight from the bottle unless
otherwise noted. NMR solvents were kept over molecular sieves.
CHBr3, Si2Cl6 (96%), MeMgBr and MeOH-d4 were purchased from Aldrich. Et3N,
Me3SiCl and CD2Cl2 were purchased from Merck. Cp*ZrCl3 and tBuLi were obtained
from ABCR, and Cp*HfCl3 from Stem Chemicals. MeSiCl3, tBuOH and CDCl3 were
purchased from Acros. nBuLi was from ABCR, Acros, Aldrich or Fluka, depend-
ing on the reaction and MeLi was from either Aldrich or Jansen Chimica. Cp*TiCl3

was obtained from Dr. Már Björgvinsson, 1-methyl-1-chloro-silacyclohexane was syn-
thesized by Sunna Ó. Wallevik, 1,3,5-trisilacyclohexane was synthesized by Ragnar
Björnsson and Cp*Ti(µ-O)3[tBuSi-CH2]3 used in some of the alcoholysis experiments
was synthesized by Pálmar I. Guðnason. All these chemicals were used without any
further purification. For the alcoholysis experiments EtOH, tBuOH and PhOH were
used as purchased, iPrOH was dried over CaH2 and MeOH over molecular sieves.
All NMR spectra were recorded on Bruker AVANCE 400 MHz spectrometer and
chemical shifts (δ) are reported in ppm relative to external SiMe4, and are referred
to solvent residual signals. The 29Si-NMR spectra and all spectra for the alcoholysis
experiments were recorded by Dr. Sigríður Jónsdóttir.
X-ray analysis were carried out by Dr. Alexander Rotherberger at the University of
Karlsruhe, Germany, and the mass specra of 2a, 2b and 4 were recorded at the same
university by Dieter Müller, on a Finnegan MAT 8200 spectrometer. The mass spec-
trum of 4 was also recorded by Dr. Sigurður Smárason and the mass spectrum of 6 was
recorded by Aðalheiður D. Albertsdóttir, at the University of Iceland on a micrOTOF-Q
spectrometer.
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Experimental

Alcoholysis of Cp*Ti(µ-O)3[tBuSi-CH2]3 (2a)
Cp*Ti(µ-O)3[tBuSi-CH2]3, 1, (16.0 mg, 0.03 mmol) was dissolved in CDCl3 (appr. 1
mL) in a sealable NMR tube. Few drops of MeOH were added and mixed thoroughly.
The ratio of alcohol to 1 was calculated from the 1H-NMR spectra. The samples 1H-
NMR spectra were measured approximately once a month for 395 consecutive days.
1H-NMR (400 MHz, CDCl3): δ = -0.49 (d, 2J1Hax−1Heq

= 13.0 Hz, 6H, Hax); -0.10 (d, 6H, Heq);

0.87 (s, 3J1H−29S i = 3.0 Hz, 54H, CH3).
13C-NMR (101 MHz, CDCl3): δ = -6.2 (CHax,eq); 18.8 (CMe3); 25.8 (C(CH3).

Other alcoholysis samples were prepared in a similar manner. Detailed information
can be found in the respective chapter.
MS, 2a (EI, 70eV): m/z = 912.3 (M+, 0%); 791.2 (37%); 711.1 (68%); 556.6 (28%); 424

(97%); 368.9 (100%); 310.9 (82%); 254 (62%). m/z calcd for Ti2(48)Si6O10C34H80: 912.3326.

MS, 2b (EI, 70eV): m/z = 969.4 (M+, 0%); 819.3 (%); 438.3 (%); 381.1 (100%); 325 (%); 255

(%) 57.1(%). m/z calcd for Ti2(48)Si6O10C38H88: 969.3952.

((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (4)
([(Me3Si)2CH]Si(OH)-O)3, 3, (45.2 mg, 0.068 mmol) was dissolved in hexane (40 mL)
and cooled down to -84◦C in a dewar vessel. Cp*TiCl3 (38.0 mg, 0.131 mmol) was
added to the solution in one portion and allowed to warm up very slowly to RT over
night, without stirring. Et3N (40 µL) was added at -55◦C. The solution was filtered
and the amount of solvent reduced. Fractional crystallization yielded 4. Suitable crys-
tals for X-ray structural determination could be grown from a concentrated solution of
hexane or benzene.
1H-NMR (400 MHz, CDCl3): δ = -0.53 (s, 2J1H−29S icyclic

= 13.2 Hz, 2J1H−29S idis
= 9.9 Hz,

2H, CH); 0.12; 0.16 (s, 2J1H−29S i = 6.4; 6.4 Hz, 36H, Si(CH3)); 3.59 (br, 2H, OH); 2.16 (s,

30H, Cp-CH3). 13C-NMR (101 MHz, CDCl3): δ = 3.8 (CH); 2.4; 2.7 (s, Si(CH3)); 12.5

(Cp-CH3); 129.1 (C5Me5). 29Si-NMR (79 MHz, CDCl3): -51.9 (Sicyclic); -0.7; 0.6 (Sidis).

MS (EI, 70eV): m/z = 908.2 (M+, 0%); 874.8 (M+ –CH3 –H2O, 12%); 835.8 (M+ –2HCl,

100%); 820.9 (M+ –2HCl –CH3, 52%); 756.7 (M+ –C5Me5 –H2O, 35%). m/z calcd for

Ti2(48)Si6O6Cl2(35)C34H70: 908.2128.
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[(C5Me5)Ti-O-Si((Me3Si)2CH)-O]2[(µ-O2)[Si((Me3Si)2CH)(OH)]]2 (6)
((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O), 4, (91.7 mg, 0.071 mmol) was dissolved in
hexane (150 mL) and cooled down to -80◦C. MeLi (1.6 M in Et2O, max 0.40 mL) was
added to the yellow solution via a syringe and stirred over night. The solution was then
filtered and the solvent removed, leaving 90 mg of an unidentified yellow compound
(5), which rearranged in concentrated solution of hexane to form 6.
1H-NMR (400 MHz, CDCl3): δ = -0.70/-0.68/-0.68 (s, 4H, CH); 0.17/0.18/0.19/0.20 (s, 72H,

Si(CH3)); 2.12 (s, 30H, Cp-CH3); 3.66 (s, 2H, OH). HRMS (APCI, 50/50 MeCN/H2O): m/z

= 1278.4232 (MH+); 1062.3566 (M+ – Cp*TiO2); 837.2895 (M+ – (dis)(O)Si-O-Si(dis)O2,

100%). m/z calcd for Ti2(48)Si12O10C48H109: 1278.4227.

1-Methyl-1-hydroxosilacyclohexane (7)
A 5:1 mixture of 1-methyl-1-chlorosilacyclohexane and 1-methyl-1-bromosilacyclo-
hexane (6.25 g, 42 mmol) in diethyl ether (70 mL) was poured slowly into acidic
(H2SO4) ice slurry under vigorous stirring. Diethyl ether (50 mL) was added to the
reaction mixture, the phases separated, the etherphase washed with H2O (50 mL) and
the waterphase with diethyl ether (2 x 50 mL). The organic phases were combined
and dried over MgSO4. The solvent was removed, giving a clear oil. Yield 2.78
g (50.8%). 1-Methyl-1-hydroxosilacyclohexane dimerizes over time to form bis-1-
methyl-silacyclohexoxane.
1H-NMR (400 MHz, CDCl3): δ = 0.12 (s, 2J1H−29S i = 6.7 Hz, 3H, CH3); 0.54 - 0.70 (m, 4H,

Si-CH2); 1.35 - 1.45 (m, 2H, Si-CH2-CH2-CH2); 1.50 - 1.80 (m, 4H, Si-CH2-CH2); 3.12 (br,

1H, OH). 13C-NMR (101 MHz, CDCl3): δ = -1.6 (CH3); 16.0 (Si-C); 24.6 (Si-C-C-C); 30.0

(Si-C-C). 29Si-NMR (79 MHz, CDCl3): δ = 12.9.

([(Me3Si)2CH]Si(OH)-O)3 (3) [35, 36, 37]:

(Me3Si)2CHBr: This reaction was carried in two equal parts, for better control and
more facile work up.
a) n-BuLi (2.5 M in hexane, 190 mL, 500 mmol) was added dropwise over a period
of 4 h to a solution of CHBr3 (63.2 g, 250 mmol) and Me3SiCl (65.2 g, 600 mmol) in
THF (250 mL) at -78◦C. The solution was allowed to warm up to RT and the solvents
distilled off. The product was removed from the salts in vacuo.
b) n-BuLi (1.6 M in hexane, 313 mL, 500 mmol) was added dropwise over a period of
4.5 h to a solution of CHBr3 (63.2 g, 250 mmol) and Me3SiCl (65.2 g, 600 mmol) in
THF (250 mL) at -78◦C. The solvents were distilled off and the residue removed from
the salts in vacuo. The products from both a) and b) were purified by distillation via 10
cm fractional distillation column, collecting at 10 torr, 75 - 83◦C. Yield: 75 g (62.5%).
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1H-NMR (400 MHz, CDCl3): δ = 0.16 (s, 2J1H−29S i = 6.6 Hz, 18H, Si(CH3)); 2.22 (s, 2J1H−29S i

= 6.7 Hz, 1H, CH).

Peaks at 0.10 ppm and 0.25 ppm are due to (Me3Si)3CH and (Me3Si)CHBr2 impu-
rities, respectively. It is possible to react fractions which contain large amounts of
(Me3Si)CHBr2 to 1 eq. of BuLi and Me3SiCl at -96◦C. The reaction will yield almost
exclusively (Me3Si)2CHBr.

(Me3Si)2CHLi and [(Me3Si)2CH]2Si2Cl4: n-BuLi (2.5 M in hexane, 70 mL, 158
mmol) was added dropwise to a solution of (Me3Si)2CHBr ( 37.7 g, 158 mmol) in
diethylether (150 mL) at -78◦C over a period of 1.5 h. The mixture was allowed to
warm up to RT and the ether removed in vacuo, leaving the product as a white salt.
The salt was immediately dissolved in toluene (280 mL) and Si2Cl6 (23.0 g, 79 mmol)
in toluene (150 mL) added dropwise to the solution at RT over a period of 3 h. Then
the mixture was heated at reflux for 13 h. After filtration through celite the product-
solvent mixture was obtained as a clear yellow oil. Toluene was removed on under
reduced pressure. The product crystallized and the crystals were used directly in the
subsequent reaction. Yield: 28.75 g (35.3 %)
1H-NMR (400 MHz, CDCl3): δ = 0.28 (s, 2J1H−29S i = 6.6 Hz, 36H, Si(CH3)); 0.52 (s, 2J1H−29S i

= 8.9 Hz, 2H, CH).

[(Me3Si)2CH]2Si2(NH2)4: [(Me3Si)2CH]2Si2Cl4 (28.75 g, 55.6 mmol) was dissolved
in toluene (500 mL) and added dropwise to a solution of dry NH3 (120 mL) and Na
(5.6 g, 222 mmol) at -78◦C over a period of 3 h. The mixture was allowed to warm up
slowly to RT overnight. Excess ammonia was removed by reducing the pressure in the
system repeatedly and the mixture filtered to obtain a clear colorless liquid. Volatile
materials were removed in vacuo and the product crystallized and recrystallized from
n-hexane at -96◦C, giving colorless crystals. Yield: 16.3 g (66.8 %)
1H-NMR (400 MHz, CDCl3): δ = -0.41 (s, 2J1H−29S i = 9.79 Hz, 2H, CH); 0.17 (s, 2J1H−29S i =

6.35 Hz, 36H, Si(CH3)); 0.77 (br, 8H, NH2).

([(Me3Si)2CH]Si(OH)-O)3 (3): ((Me3Si)2CH)2Si2(NH2)4 (16.3 g, 37.1 mmol) was
dissolved in toluene (800 mL) and H2O2 (170 mL, 30% in water) added to the so-
lution under vigorous stirring. The solution was stirred for 96 h. The phases were
separated and the water phase extracted twice with toluene (100 mL), and the organic
phase washed two times with water (200 mL). The organic phases were combined and
volatiles removed under reduced pressure. The remaining thick yellow oil was dis-
solved in benzene (250 mL), and upon crystallization at room temperature the product
was optained as colourless crystals. Yield: 8.627 g (52.8 %)
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1H-NMR (400 MHz, CDCl3): δ = -0.51 (s, 2J1H−29S icyclic
= 13.0 Hz, 2J1H−29S idis

= 9.5 Hz, 3H,

CH); 0.12 (s, 2J1H−29S i = 6.43 Hz, 54H, Si(CH3)); 6.63 (br, 3H, OH). 13C-NMR (101 MHz,

CDCl3): δ = 2.6 (SiCH3); 4.2 (CH). 29Si-NMR (79 MHz, CDCl3): δ = -49.3 (Sicycl); -0.4

(SiMe3).

Cp*Ti(N(SiMe3)2)3

HN(SiMe3)2 [48]: Gaseous NH3 was bubbled through a solution of Me3SiCl (6.6 g,
7.7 mL, 60.1 mmol) in hexane (100 mL) for an hour, the mixture was filtrated and the
hexane removed. The residue was distilled and the fractions boiling at 75 - 83◦/760
torr collected. The distillation turned out to be unnecessary, and the distilled fraction
combined with the residue gave 3.07 g (63%) of a clear oil.
1H-NMR (400 MHz, CDCl3): δ = 0.06 (s, 2J1H−29S i = 6.7 Hz, 18H, CH3). 13C-NMR (101

MHz, CDCl3): δ = 2.7 (CH3, ). 29Si-NMR (79 MHz, CDCl3): δ = 2.5.

LiN(SiMe3)2 [48]: HN(SiMe3)2 (1.030 g, 6.38 mmol) was dissolved in hexane (60
mL) at RT and n-BuLi (2.7 M in heptane, 2.4 mL, 6.5 mmol) added directly via a sy-
ringe. Heated at reflux for 1 hour and used directly.

Cp*Ti(N(SiMe3)2)3

Method a: Cp*TiCl3 (601 mg, 1.08 mmol) was added to a solution of LiN(SiMe3)2

(1.07 g, 6.38 mmol) in hexane (60 mL) and heated at reflux for 2 days. The black solu-
tion was filtered and all volatiles removed revealing a very thick brown oil. 1H-NMR
spectrum showed no signs of the desired product, but indicated that LiN(SiMe3)2 might
have attacked the Ti-Cp* bond.
Method b: HN(SiMe3)2 (222.4 mg, 1.38 mmol) and Et3N (200 µL, dry) were dissolved
in diethyl ether (50 mL) and Cp*TiCl3 (126.7 mg, 0.44 mmol) added in one portion.
The orange solution was stirred overnight at RT, filtered and the ether removed in
vacuo. 1H-NMR spectrum showed no peaks in the SiMe3 area which indicated that no
reaction had taken place. The colour is probably caused by ether molecules connecting
to the titanium center.
Method c: HN(SiMe3)2 (207.1 mg, 1.28 mmol) and Et3N (200 µL, dry) were dis-
solved in hexane (30 mL), Cp*TiCl3 (120.6 mg, 0.42 mmol) added in one portion and
the mixture stirred overnight. The next day it was filtered and the solvent removed in
vacuo. According to 1H-NMR spectra no reaction had taken place, the only peak on
the spectrum was assigned Cp*TiCl3.
Method d: HN(SiMe3)2 (109.0 mg, 0.68 mmol) was dissolved in diethyl ether (50
mL), Cp*TiCl3 (69.1 mg, 0.24 mmol) added in one portion and the mixture stirred
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for 1h. N2(g) was bubbled through the yellow solution the entire time to remove HCl,
and more ether was added when needed to keep the amount of solvent constant. The
mixture was then filtered and the solvent removed in vacuo. According to the integrals
in the 1H-NMR spectrum it is possible that one N(SiMe3)2 group has attached itself to
the titanium center.
1H-NMR (400 MHz, C6D6): δ = 0.24 (s, 18H, SiCH3); 1.96 (s, 15H, Cp*).

([(Me3Si)2CH]Si(OH)-O)3 (3) +MeSiCl3

Method a: ([(Me3Si)2CH]Si(OH)-O)3 (27.0 mg, 0.04 mmol) was dissolved in hexane
(35 mL) and cooled down to -78◦C. MeSiCl3 (20 µL, 0.17 mmol) was added in one
portion and the solution stirred for 23 hours. N2(g) was bubbled through it in order to
remove HCl. All solvent had evaporated when the reaction time was over. According
to 1H-NMR spectrum no reaction took place.
Method b: ([(Me3Si)2CH]Si(OH)-O)3 (21.5 mg, 0.03 mmol) and Et3N (14 µL, dry)
were dissolved in diethyl ether (50 mL) and cooled to 0◦C. MeSiCl3 (4.0 µL, 0.034
mmol) was added in one portion and the solution stirred overnight. A white precipitate
(Et3N-HCl) was filtered off the solution but the 1H-NMR spectrum showed no signs of
the desired condensation product.

([(Me3Si)2CH]Si(OH)-O)3 (3) + Cp*ZrCl3

([(Me3Si)2CH]Si(OH)-O)3 (117.8 mg, 0.178 mmol) was dissolved in hexane (40 mL)
and cooled to -84◦C in a dewar vessel, without stirring. Cp*ZrCl3 (56 mg, 0.168 mmol)
and Et3N (70 µL, dry) were added to the solution and allowed to warm up very slowly
to RT over night. In that time no changes were observed in the solution, so it was
heated up to 50 - 60◦C for an hour. The solution was filtered and the solvents removed.
1H-NMR spectrum of the filtrate and the precipitate showed only reactants. Cp*ZrCl3

had been kept for years in a glove box.

([(Me3Si)2CH]Si(OH)-O)3 (3) + Cp*HfCl3

([(Me3Si)2CH]Si(OH)-O)3 (57, 0.086 mmol) was dissolved in hexane (40 mL) and
cooled to -84◦C in a dewar vessel, without stirring. Cp*HfCl3 (37, 0.088 mmol) and
Et3N (38 µL, dry) were added to the solution and allowed to warm up very slowly to
RT over night. In that time no changes were observed in the solution, so it was heated
to 50 - 60◦C for an hour. The solution was filtered and the solvents removed. 1H-NMR
spectrum of the filtrate and the precipitate showed only reactants. Cp*HfCl3 had been
kept for years in a glove box.
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((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (4) + Cp*TiCl3

((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (8.6 mg, 0.001 mmol) was dissolved in hexane
(40 mL) and cooled to -84◦C in a dewar vessel. Unknown amount of Cp*TiCl3 and
Et3N (0.5µL) were added and reacted for 24 hours without stirring. The solution was
filtered and hexane removed in vacuo. 1H-NMR spectrum showed unreacted ring and
decomposition products for Cp*TiCl3.

((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (4) +MeOH
Method a: Small amount of ((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) and two drops of
MeOH were reacted together in hexane at -96◦C. The solution was stirred for three
hours and the solvent removed in vacuo. NMR showed no indication of formation of
Ti-OMe bonds, the methanol had probably attacked the (Me3Si)2CH moiety instead.
Method b: ([(Me3Si)2CH]Si(OH)-O)3, unknown amount, was dissolved in hexane (30
mL) and cooled down to -78◦C. Cp*TiCl3 (25 mg, 0.09 mmol) was added to the so-
lution and allowed to warm up a little before Et3N (3 drops) was added. The reaction
continued over night. It was cooled down to -78◦C again and 5 drops of MeOH added
and stirred for 5 h. The solution was filtered and all solvent removed in vacuo. 1H-
NMR spectrum did not show the methoxylated product but the peaks for Cp* and CH
were shifted significantly upfield.

((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (4) +MeMgBr
((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (59.9 mg, 0.066 mmol) was dissolved in hex-
ane (60 mL) and cooled down to -84◦C. Under vigorous stirring MeMgBr (3M in
diethyl ether, 0.15 mL, 0.45 mmol) was added via a syringe and the solution stirred for
19 h. Salts had clearly formed and were filtered off the yellow solution and the solvent
removed in vacuo. After recrystallization in hexane the 1H-NMR spectrum revealed
only unreacted starting material.

1-Methyl-1-hydroxosilacyclohexane (7) + Cp*TiCl3

Method a: 1-Methyl-1-hydroxosilacyclohexane (82.5 mg, 0.63 mmol) and Et3N (265
µL, dry) were dissolved in hexane (50 mL) and cooled down to -84◦C. Cp*TiCl3 (63.1
mg, 0.22 mmol) was added and the solution stirred overnight. Precipitation had oc-
curred which was filtered off the solution. The Pprecipitate kept forming, indicating
decomposition, so all the solvent was removed in vacuo and NMR spectrum recorded.
It showed mostly side products.
Method b: In this experiment precautions were made to shield the reaction and the
product from light and heat at all times – stored in a refrigerator. 1-Methyl-1-hydroxosila-
cyclohexane (160.4 mg, 1.23 mmol) and Et3N (175 µL, dry) were dissolved in hexane
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(45 mL) and cooled down to -84◦C. Cp*TiCl3 (116.8 mg, 0.40 mmol) was added and
the solution stirred overnight. The orange solution was filtered and all solvent removed
in vacuo, yielding a red precipitate. NMR data showed many different peaks in the Cp*
area. It was noted that the colour of the precipitate had changed to orange four days
later.
Method c: 1-Methyl-1-hydroxosilacyclohexane (79.9 mg, 0.61 mmol) and Et3N (63
µL, dry) were dissolved in hexane (40 mL) and cooled down to 0◦C. Cp*TiCl3 (54.7
mg, 0.19 mmol) was added and the solution stirred for 4.5 h. It was filtered and the
solvent removed. Many peaks in the Cp* region indicated that no specific product had
formed.

Cp*TiMe2Cl [49]
Cp*TiCl3 (1.449 g, 5.01 mmol) in diethyl ether (70 mL) was cooled to -96◦C and two
equivalents of MeMgBr (3 M in Et2O, 3.2 mL, 9.6mmol) added dropwise over a pe-
riod of 5 min under vigorous stirring. Stirring continued for 22 hours. The ether was
removed from the red solution and the remaining solid dissolved in pentane (2 x 70
mL) and hexane (4 x 70 mL) and then filtered. The solubility was poor, the filtrate was
orange. The solution was shielded from light and kept in the refrigerator as much as
possible. The solvent was removed stepwise and the orange precipitate collected. The
1H-NMR spectrum showed groups of many peaks, nothing that could be characterized.
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Appendix A

Reaction of Cp*Ti(µ-O)3[tBuSi-CH2]3 (1) with alcohols.

Sample 2a1: 1 + MeOH, CD2Cl2.
Sample 2a2: 1 + MeOH, CDCl3.
Sample 2a3: 1 + MeOH / MeONa, CDCl3.
Sample 2a4: 1 + MeOH / NaOH, CDCl3.
Sample 2a5: 1, 80% MeOH-d4 / 20% C6D6.
Sample 2a6: 1 + MeOH, CDCl3.
Sample 2b: 1 + EtOH, CDCl3.
Sample 2c: 1 + iPrOH, CDCl3.
Sample 2d: 1 + tBuOH, CDCl3.
Sample 2e: 1 + PhOH, CDCl3.

Ratios of Hax in the forming product to Hax in 1. The percentage in the parenthesis
is the amount of the respective dimer in the solution.

Table 5.1 Ratios, sample 2a1

Date Number of days Ratio Date Number of days Ratio
21.08.06 0 0 17.01.07 148 0.81
29.08.06 8 0.15 07.02.07 169 0.93
06.09.06 16 0.18 27.02.07 189 1.03 (34%)
13.09.06 23 – 26.03.07 216 1.14
20.09.06 30 0.25 (11%) 16.04.07 237 1.26
13.10.06 53 0.3 31.05.07 267 1.79
24.10.06 64 0.34 21.06.07 288 1.65
10.11.06 81 0.43 11.07.07 308 1.95 (49%)
24.11.06 95 0.61 06.08.07 334 1.93
09.12.06 110 0.69 (26%) 04.09.07 361 2.58
29.12.06 130 0.76 19.09.07 378 2.59 (56%)
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Table 5.2 Ratios, sample 2a2

Date Number of days 2a1 Date Number of days 2a1

04.08.06 0 0 29.12.06 147 0.66
08.08.06 4 – 17.01.07 165 0.75
15.08.06 11 0.13 07.02.07 186 0.82
21.08.06 17 0.20 27.02.07 206 0.90
29.08.06 25 0.24 (11%) 26.03.07 233 1.00 (33%)
06.09.06 33 0.27 16.04.07 254 1.08
13.09.06 40 0.33 31.05.07 284 1.33
20.09.06 47 0.34 21.06.07 305 1.48
13.10.06 70 0.44 11.07.07 325 1.64
24.10.06 81 0.46 06.08.07 351 1.70
10.11.06 98 0.53 04.09.07 380 1.96
24.11.06 112 0.58 19.09.07 395 2.02 (50%)
09.12.06 127 0.67 (25%)

Table 5.3 Ratios, sample 2b.

Date Number of days Ratio Date Number of days Ratio
15.08.06 0 0 17.01.07 154 0.76
21.08.06 6 0.06 07.02.07 175 0.33
29.08.06 14 0.18 27.02.07 195 0.34
06.09.06 22 0.24 (11%) 26.03.07 222 0.22
13.09.06 29 0.26 16.04.07 243 0.32
20.09.06 36 – 31.05.07 273 0.46
13.10.06 59 0.46 21.06.07 294 0.53
24.10.06 70 0.53 11.07.07 314 0.51
10.11.06 87 0.56 06.08.07 340 0.53
24.11.06 101 0.6 04.09.07 367 0.71
09.12.06 116 – 19.09.07 384 0.74 (27%)
29.12.06 136 0.67 (25%)
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Table 5.4 Ratios, samples 2a4, 2c, 2e, 2d, 2a5 and 2a6.

Date Number of days 2a4 2c 2e 2d 2a5 2a6

08.05.08 0 0 0 0
13.05.08 5 0 0 0
19.05.08 11 0.04 0 0
11.06.08 34 0.10 0 0
24.06.08 47 0.13 0 0 0 0 0
09.07.08 72 0.15 0 0 0 0.07 0 / 0.07
29.07.08 92 (11a) 0.17 0 0.13 0 0.1 0.01 / 0.06
19.08.08 113 (32) 0.20 0 0.14 (7%) 0 0.1 (5%) 0.13 / 0.12

aDays from addition of more iPrOH and PhOH to the respective samples.

Table 5.5 Ratios, sample 2a3.

Date Number of days Ratio
04.04.08 0 0.04
07.04.08 3 0.12
11.04.08 7 0.25
25.04.08 21 0

Table 5.6 13C-NMR data for samples 2a1, 2a2 and 2b.

Ccyclic CMe3 C(CH3)3 C5Me5 C5(CH3)5

1, δ = -5.3 18.5 25.7 11.1 123.7
2a1, δ = -5.7 19.2 26.1 11.4 124.3
2a2, δ = -6.2 18.8 25.8 11.1 123.8
2b, δ = -6.2 - 25.7 11.0 123.7
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Appendix B
13C-NMR spectrum of sample 2a2 after 395 days of reaction.
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Appendix C

MS (EI) spectrum of 2a.
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Appendix D

MS (EI) spectrum of 2b.
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Appendix E
13C-NMR spectrum of 4.
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Appendix F
29Si-NMR spectrum of 4.
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Appendix G

MS spectrum (EI) of 4.
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Appendix H

Above: 1H-NMR spectrum of 5. Below: 13C-NMR spectrum of 5.
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Appendix I

MS spectrum (APCI) of 6.
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Appendix J

MS spectrum of 6 – Above: MH peak. Below: Calculated MH peak.
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Appendix K
1H-NMR spectrum of 7.
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Appendix L
13C-NMR spectrum of 7.
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Appendix M
1H-NMR spectrum of 8.
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Appendix N
29Si-NMR spectrum of 8.
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Appendix O
1H-NMR spectrum of Cp*Ti(N(SiMe3)2)Cl2.
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Appendix P

Crystal data for 2a (2a1).

Atomic coordinates, equivalent isotropic displacement parameters and anisotropic dis-
placement parameters are given as supplementary material on CD.

Symmetry transformations used to generate equivalent atoms: -x+1, -y, -z.

Figure 5.1 The unit cell, (MeOH)Ti(µ-O)3[tBuSi-CH2]3}2(µ-OMe)2 (2a).

Figure 5.2 Atom labels, (MeOH)Ti(µ-O)3[tBuSi-CH2]3}2(µ-OMe)2 (2a).
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Table 5.7 Crystal data and structure refinement for 2a.

Crystal data
Empirical formula Ti2Si6O10C34H78

MW 911.30
Crystal syst., space gr. Monoclinic, P2(1)/c
a [Å] 9.696(2)
b [Å] 18.780(4)
c [Å] 14.330(3)
α [◦] 90
β [◦] 96.64(2)
γ [◦] 90
Volume [Å3] 2592.0(9)
ρ [mg/m3] 1.168
Z 2
µ [mm−1] 0.490
F(000) 980
Crystal size [mm] 0.40 x 0.30 x 0.30
Data collection
Wavelength [Å] 0.71073
T [K] 203(2)
Limiting indices -11 < h < 11

-23 < k < 23
-16 < l < 16

Refl. coll. 17991
Unique refl. 4774 [Rint = 0.1510]
θ range [◦] 2.38 - 25.89
Refinement
Data / restr. / param. 4774 / 0 / 246
Final R indices [I > 2σ(I)] R1= 0.0550

wR2= 0.1470
R indices (all data) R1= 0.0632

wR2= 0.1568
ρ f in [e A−3] 0.538 and -0.416
GooF on F2 1.051
2Θmax [◦] 51.78
Compl.ness to θ = 25.00 95.1%
Absorption correction None
Refinement method Full-matrix least-sq. on F2
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Table 5.8 Bond lenghts [Å]. Omitted lengths are 0.97Å.

Ti(1)-O(2) 1.8327(18) Si(2)-C(1) 1.874(3) C(8)-C(11) 1.524(4)
Ti(1)-O(1) 1.8381(19) Si(2)-C(8) 1.882(3) C(8)-C(9) 1.527(5)
Ti(1)-O(3) 1.8684(17) Si(3)-O(3) 1.6567(18) C(8)-C(10) 1.529(5)
Ti(1)-O(4) 2.0115(19) Si(3)-C(3) 1.869(3) C(12)-C(14) 1.524(4)
Ti(1)-O(4)1 2.0277(18) Si(3)-C(2) 1.876(3) C(12)-C(15) 1.528(4)
Ti(1)-O(5) 2.2080(19) Si(3)-C(12) 1.886(3) C(12)-C(13) 1.530(4)
Ti(1)-Ti(1)1 3.2073(10) O(4)-C(16) 1.417(3) C(1)-H(1A) 0.98
Si(1)-O(1) 1.6503(19) O(4)-Ti(1)1 2.0278(18) C(1)-H(1B) 0.98
Si(1)-C(1) 1.869(3) O(5)-C(17) 1.368(4) C(2)-H(2A) 0.98
Si(1)-C(2) 1.874(3) C(4)-C(5) 1.523(6) C(2)-H(2B) 0.98
Si(1)-C(4) 1.889(3) C(4)-C(7) 1.531(5) C(3)-H(3A) 0.98
Si(2)-O(2) 1.6469(19) C(4)-C(6) 1.541(5) C(3)-H(3B) 0.98
Si(2)-C(3) 1.869(3)

Table 5.9 Angles [◦]. Omitted angles are 109.5◦.

O(2)-Ti(1)-O(1) 96.48(8) O(2)-Si(2)-C(1) 107.11(11) C(11)-C(8)-C(9) 109.4(3)
O(2)-Ti(1)-O(3) 96.18(8) C(3)-Si(2)-C(1) 107.31(13) C(11)-C(8)-C(10) 108.0(3)
O(1)-Ti(1)-O(3) 96.48(8) O(2)-Si(2)-C(8) 108.11(12) C(9)-C(8)-C(10) 110.7(3)
O(2)-Ti(1)-O(4) 94.04(8) C(3)-Si(2)-C(8) 113.21(13) C(11)-C(8)-Si(2) 109.3(2)
O(1)-Ti(1)-O(4) 163.91(8) C(1)-Si(2)-C(8) 113.62(14) C(9)-C(8)-Si(2) 109.7(2)
O(3)-Ti(1)-O(4) 94.46(8) O(3)-Si(3)-C(3) 107.60(11) C(10)-C(8)-Si(2) 109.8(2)
O(2)-Ti(1)-O(4)1 167.28(8) O(3)-Si(3)-C(2) 107.75(11) C(14)-C(12)-C(15) 110.1(3)
O(1)-Ti(1)-O(4)1 93.14(8) C(3)-Si(3)-C(2) 107.27(13) C(14)-C(12)-C(13) 109.4(3)
O(3)-Ti(1)-O(4)1 90.97(7) O(3)-Si(3)-C(12) 106.90(11) C(15)-C(12)-C(13) 108.8(3)
O(4)-Ti(1)-O(4)1 74.87(7) C(3)-Si(3)-C(12) 113.09(12) C(14)-C(12)-Si(3) 110.4(2)
O(2)-Ti(1)-O(5) 90.57(8) C(2)-Si(3)-C(12) 113.94(12) C(15)-C(12)-Si(3) 108.84(19)
O(1)-Ti(1)-O(5) 89.48(8) Si(1)-O(1)-Ti(1) 127.45(11) C(13)-C(12)-Si(3) 109.23(19)
O(3)-Ti(1)-O(5) 170.41(8) Si(2)-O(2)-Ti(1) 127.41(10) Si(1)-C(1)-H(1A) 109.7
O(4)-Ti(1)-O(5) 78.24(8) Si(3)-O(3)-Ti(1) 125.39(10) Si(2)-C(1)-H(1A) 109.7
O(4)1-Ti(1)-O(5) 81.18(8) C(16)-O(4)-Ti(1) 127.26(17) Si(1)-C(1)-H(1B) 109.7
O(2)-Ti(1)-Ti(1)1 131.37(6) C(16)-O(4)-Ti(1)1 124.03(17) Si(2)-C(1)-H(1B) 109.7
O(1)-Ti(1)-Ti(1)1 129.59(6) Ti(1)-O(4)-Ti(1)1 105.13(7) H(1A)-C(1)-H(1B) 108.2
O(3)-Ti(1)-Ti(1)1 93.41(6) C(17)-O(5)-Ti(1) 128.6(2) Si(1)-C(2)-H(2A) 109.8
O(4)-Ti(1)-Ti(1)1 37.61(5) Si(1)-C(1)-Si(2) 109.64(14) Si(3)-C(2)-H(2A) 109.8
O(4)1-Ti(1)-Ti(1)1 37.26(5) Si(1)-C(2)-Si(3) 109.42(13) Si(1)-C(2)-H(2B) 109.8
O(5)-Ti(1)-Ti(1)1 77.01(6) Si(2)-C(3)-Si(3) 109.60(13) Si(3)-C(2)-H(2B) 109.8
O(1)-Si(1)-C(1) 106.81(11) C(5)-C(4)-C(7) 109.5(3) H(2A)-C(2)-H(2B) 108.2
O(1)-Si(1)-C(2) 107.04(11) C(5)-C(4)-C(6) 109.5(4) Si(2)-C(3)-H(3A) 109.8
C(1)-Si(1)-C(2) 107.54(13) C(7)-C(4)-C(6) 109.6(3) Si(3)-C(3)-H(3A) 109.8
O(1)-Si(1)-C(4) 108.03(13) C(5)-C(4)-Si(1) 109.2(2) Si(2)-C(3)-H(3B) 109.8
C(1)-Si(1)-C(4) 113.27(15) C(7)-C(4)-Si(1) 108.7(2) Si(3)-C(3)-H(3B) 109.8
C(2)-Si(1)-C(4) 113.77(14) C(6)-C(4)-Si(1) 110.4(2) H(3A)-C(3)-H(3B) 108.2
O(2)-Si(2)-C(3) 107.13(11)
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Table 5.10 Tortion angles [◦].

C(1)-Si(1)-O(1)-Ti(1) -57.15(16) C(2)-Si(1)-C(1)-Si(2) -62.15(17)
C(2)-Si(1)-O(1)-Ti(1) 57.80(16) C(4)-Si(1)-C(1)-Si(2) 171.26(14)
C(4)-Si(1)-O(1)-Ti(1) -179.31(15) O(2)-Si(2)-C(1)-Si(1) -52.47(16)
O(2)-Ti(1)-O(1)-Si(1) 47.82(14) C(3)-Si(2)-C(1)-Si(1) 62.28(16)
O(3)-Ti(1)-O(1)-Si(1) -49.19(14) C(8)-Si(2)-C(1)-Si(1) -171.78(14)
O(4)-Ti(1)-O(1)-Si(1) 178.3(2) O(1)-Si(1)-C(2)-Si(3) -52.29(16)
O(4)1-Ti(1)-O(1)-Si(1) -140.53(13) C(1)-Si(1)-C(2)-Si(3) 62.17(17)
O(5)-Ti(1)-O(1)-Si(1) 138.34(13) C(4)-Si(1)-C(2)-Si(3) -171.54(15)
Ti(1)1-Ti(1)-O(1)-Si(1) -149.07(9) O(3)-Si(3)-C(2)-Si(1) 53.22(16)
C(3)-Si(2)-O(2)-Ti(1) -58.04(17) C(3)-Si(3)-C(2)-Si(1) -62.37(17)
C(1)-Si(2)-O(2)-Ti(1) 56.84(16) C(12)-Si(3)-C(2)-Si(1) 171.66(13)
C(8)-Si(2)-O(2)-Ti(1) 179.64(14) O(2)-Si(2)-C(3)-Si(3) 52.10(16)
O(1)-Ti(1)-O(2)-Si(2) -47.58(14) C(1)-Si(2)-C(3)-Si(3) -62.64(17)
O(3)-Ti(1)-O(2)-Si(2) 49.69(14) C(8)-Si(2)-C(3)-Si(3) 171.18(15)
O(4)-Ti(1)-O(2)-Si(2) 144.62(13) O(3)-Si(3)-C(3)-Si(2) -52.93(16)
O(4)1-Ti(1)-O(2)-Si(2) 173.6(3) C(2)-Si(3)-C(3)-Si(2) 62.77(17)
O(5)-Ti(1)-O(2)-Si(2) -137.12(14) C(12)-Si(3)-C(3)-Si(2) -170.76(13)
Ti(1)1-Ti(1)-O(2)-Si(2) 149.78(9) O(1)-Si(1)-C(4)-C(5) -66.0(3)
C(3)-Si(3)-O(3)-Ti(1) 57.78(15) C(1)-Si(1)-C(4)-C(5) 175.9(3)
C(2)-Si(3)-O(3)-Ti(1) -57.60(15) C(2)-Si(1)-C(4)-C(5) 52.7(3)
C(12)-Si(3)-O(3)-Ti(1) 179.54(12) O(1)-Si(1)-C(4)-C(7) 53.4(3)
O(2)-Ti(1)-O(3)-Si(3) -48.90(13) C(1)-Si(1)-C(4)-C(7) -64.7(3)
O(1)-Ti(1)-O(3)-Si(3) 48.36(13) C(2)-Si(1)-C(4)-C(7) 172.1(2)
O(4)-Ti(1)-O(3)-Si(3) -143.46(12) O(1)-Si(1)-C(4)-C(6) 173.6(3)
O(4)1-Ti(1)-O(3)-Si(3) 141.64(12) C(1)-Si(1)-C(4)-C(6) 55.5(3)
O(5)-Ti(1)-O(3)-Si(3) 176.5(4) C(2)-Si(1)-C(4)-C(6) -67.7(3)
Ti(1)1-Ti(1)-O(3)-Si(3) 178.85(11) O(2)-Si(2)-C(8)-C(11) -55.2(3)
O(2)-Ti(1)-O(4)-C(16) 14.6(2) C(3)-Si(2)-C(8)-C(11) -173.8(2)
O(1)-Ti(1)-O(4)-C(16) -116.1(3) C(1)-Si(2)-C(8)-C(11) 63.5(3)
O(3)-Ti(1)-O(4)-C(16) 111.1(2) O(2)-Si(2)-C(8)-C(9) -175.1(3)
O(4)1-Ti(1)-O(4)-C(16) -159.0(3) C(3)-Si(2)-C(8)-C(9) 66.4(3)
O(5)-Ti(1)-O(4)-C(16) -75.1(2) C(1)-Si(2)-C(8)-C(9) -56.4(3)
Ti(1)1-Ti(1)-O(4)-C(16) -159.0(3) O(2)-Si(2)-C(8)-C(10) 63.0(3)
O(2)-Ti(1)-O(4)-Ti(1)1 173.66(8) C(3)-Si(2)-C(8)-C(10) -55.5(3)
O(1)-Ti(1)-O(4)-Ti(1)1 42.9(3) C(1)-Si(2)-C(8)-C(10) -178.2(3)
O(3)-Ti(1)-O(4)-Ti(1)1 -89.81(8) O(3)-Si(3)-C(12)-C(14) -179.7(2)
O(4)1-Ti(1)-O(4)-Ti(1)1 0 C(3)-Si(3)-C(12)-C(14) -61.4(3)
O(5)-Ti(1)-O(4)-Ti(1)1 83.91(9) C(2)-Si(3)-C(12)-C(14) 61.4(3)
O(2)-Ti(1)-O(5)-C(17) 61.2(4) O(3)-Si(3)-C(12)-C(15) 59.4(2)
O(1)-Ti(1)-O(5)-C(17) -35.3(4) C(3)-Si(3)-C(12)-C(15) 177.7(2)
O(3)-Ti(1)-O(5)-C(17) -163.9(5) C(2)-Si(3)-C(12)-C(15) -59.5(3)
O(4)-Ti(1)-O(5)-C(17) 155.2(4) O(3)-Si(3)-C(12)-C(13) -59.3(2)
O(4)1-Ti(1)-O(5)-C(17) -128.5(4) C(3)-Si(3)-C(12)-C(13) 58.9(3)
Ti(1)1-Ti(1)-O(5)-C(17) -166.3(4) C(2)-Si(3)-C(12)-C(13) -178.2(2)
O(1)-Si(1)-C(1)-Si(2) 52.46(16)
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Appendix Q

Crystal data for 2b.

Atomic coordinates, equivalent isotropic displacement parameters and anisotropic dis-
placement parameters are given as supplementary material on CD.

Symmetry transformations used to generate equivalent atoms: -x+1, -y+1, -z.

Figure 5.3 The unit cell, (EtOH)Ti(µ-O)3[tBuSi-CH2]3}2(µ-OEt)2 (2b)

Figure 5.4 Atom labels, (EtOH)Ti(µ-O)3[tBuSi-CH2]3}2(µ-OEt)2 (2b)
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Table 5.11 Crystal data and structure refinement for 2b.

Crystal data
Empirical formula Ti2Si6O10C38H86

MW 967.41
Crystal system, space group Monoclinic, P2(1)/n
a [Å] 10.6528(11)
b [Å] 13.9126(16)
c [Å] 18.9384(18)
α [◦] 90
β [◦] 102.088(12)
γ [◦] 90
Volume [Å3] 2744.6(5)
ρ [mg/m3] 1.171
Z 2
µ [mm−1] 0.466
F(000) 1044
Crystal size [mm] 0.40 x 0.30 x 0.30

Data collection
Wavelength [Å] 0.71073
T [K] 203(2)
Limiting indices -9 < h < 13

-17 < k < 17
23 < l < 23

Refl. coll. 13336
Unique refl. 5202 [Rint = 0.0568]
θ range [◦] 2.84 - 25.94

Refinement
Data / restr. / param. 5202 / 0 / 264
Final R indices [I > 2σ(I)] R1= 0.0373

wR2= 0.1028
R indices (all data) R1= 0.0422

wR2= 0.1077
ρ f in [e.A−3] 0.543 and -0.469
GooF on F2 1.045
2Θmax [◦] 51.88
Compl.ness to θ = 25.00 97.9%
Absorption correction None
Refinement method Full-matrix least-sq. on F2
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Table 5.12 Bond lengths [Å]. Omitted lengths are 0.97 Å.

Ti(1)-O(3) 1.8398(13 O(4)-C(16) 1.425(2) C(4)-C(6) 1.533(3)
Ti(1)-O(2) 1.8469(13) O(4)-Ti(1)1 2.0528(12) C(4)-C(5) 1.536(3)
Ti(1)-O(1) 1.8678(12) O(5)-C(18) 1.441(3) C(4)-C(7) 1.537(3)
Ti(1)-O(4) 1.9908(12) C(1)-Si(2) 1.8688(19) C(8)-C(10) 1.520(3)
Ti(1)-O(4)1 2.0528(12) C(1)-H(1A) 0.98 C(8)-C(11) 1.528(3)
Ti(1)-O(5) 2.2197(13) C(1)-H(1B) 0.98 C(8)-C(9) 1.532(4)
Ti(1)-Ti(1)1 3.2179(6) C(2)-Si(3) 1.8692(18) C(8)-Si(2) 1.893(2)
Si(1)-O(1) 1.6531(12) C(2)-H(2A) 0.98 C(12)-C(13) 1.525(3)
Si(1)-C(1) 1.8761(19) C(2)-H(2B) 0.98 C(12)-C(15) 1.525(3)
Si(1)-C(2) 1.8766(19) C(3)-Si(3) 1.8815(19) C(12)-C(14) 1.538(3)
Si(1)-C(4) 1.8843(18) C(3)-Si(2) 1.885(2) C(12)-Si(3) 1.890(2)
O(2)-Si(2) 1.6445(13) C(3)-H(3A) 0.98 C(16)-C(17) 1.502(3)
O(3)-Si(3) 1.6505(13) C(3)-H(3B) 0.98 C(18)-C(19) 1.479(4)

Table 5.13 Angles [◦]. Omitted angles are 109.5◦.

O(3)-Ti(1)-O(2) 96.27(6) Si(3)-O(3)-Ti(1) 128.35(7) C(10)-C(8)-C(9) 108.5(2)
O(3)-Ti(1)-O(1) 95.56(5) C(16)-O(4)-Ti(1) 126.72(11) C(11)-C(8)-C(9) 109.6(2)
O(2)-Ti(1)-O(1) 96.89(5) C(16)-O(4)-Ti(1)1 125.12(11) C(10)-C(8)-Si(2) 109.88(15)
O(3)-Ti(1)-O(4) 95.47(5) Ti(1)-O(4)-Ti(1)1 105.45(5) C(11)-C(8)-Si(2) 110.48(16)
O(2)-Ti(1)-O(4) 162.91(6) C(18)-O(5)-Ti(1) 127.08(13) C(9)-C(8)-Si(2) 109.51(15)
O(1)-Ti(1)-O(4) 94.29(5) Si(2)-C(1)-Si(1) 110.08(9) C(13)-C(12)-C(15) 109.4(2)
O(3)-Ti(1)-O(4)1 169.06(5) Si(2)-C(1)-H(1A) 109.6 C(13)-C(12)-C(14) 109.5(2)
O(2)-Ti(1)-O(4)1 92.58(5) Si(1)-C(1)-H(1A) 109.6 C(15)-C(12)-C(14) 108.5(2)
O(1)-Ti(1)-O(4)1 89.74(5) Si(2)-C(1)-H(1B) 109.6 C(13)-C(12)-Si(3) 108.76(16)
O(4)-Ti(1)-O(4)1 74.55(5) Si(1)-C(1)-H(1B) 109.6 C(15)-C(12)-Si(3) 109.70(14)
O(3)-Ti(1)-O(5) 91.83(5) H(1A)-C(1)-H(1B) 108.2 C(14)-C(12)-Si(3) 110.90(15)
O(2)-Ti(1)-O(5) 88.92(5) Si(3)-C(2)-Si(1) 109.04(9) O(4)-C(16)-C(17) 111.07(18)
O(1)-Ti(1)-O(5) 170.04(5) Si(3)-C(2)-H(2A) 109.9 O(4)-C(16)-H(16A) 109.4
O(4)-Ti(1)-O(5) 78.32(5) Si(1)-C(2)-H(2A) 109.9 O(4)-C(16)-H(16B) 109.4
O(4)1-Ti(1)-O(5) 81.89(5) Si(3)-C(2)-H(2B) 109.9 O(5)-C(18)-C(19) 110.2(2)
O(3)-Ti(1)-Ti(1)1 133.26(4) Si(1)-C(2)-H(2B) 109.9 O(5)-C(18)-H(18A) 109.6
O(2)-Ti(1)-Ti(1)1 128.32(4) H(2A)-C(2)-H(2B) 108.3 O(5)-C(18)-H(18B) 109.6
O(1)-Ti(1)-Ti(1)1 92.49(4) Si(3)-C(3)-Si(2) 109.66(9) H(18A)-C(18)-H(18B) 108.1
O(4)-Ti(1)-Ti(1)1 37.94(4) Si(3)-C(3)-H(3A) 109.7 O(2)-Si(2)-C(1) 106.87(8)
O(4)1-Ti(1)-Ti(1) 36.61(3) Si(2)-C(3)-H(3A) 109.7 O(2)-Si(2)-C(3) 107.67(8)
O(5)-Ti(1)-Ti(1)1 77.58(4) Si(3)-C(3)-H(3B) 109.7 C(1)-Si(2)-C(3) 106.63(9)
O(1)-Si(1)-C(1) 107.03(8) Si(2)-C(3)-H(3B) 109.7 O(2)-Si(2)-C(8) 107.61(8)
O(1)-Si(1)-C(2) 108.06(7) H(3A)-C(3)-H(3B) 108.2 C(1)-Si(2)-C(8) 113.42(9)
C(1)-Si(1)-C(2) 107.91(9) C(6)-C(4)-C(5) 109.34(17) C(3)-Si(2)-C(8) 114.27(9)
O(1)-Si(1)-C(4) 107.87(7) C(6)-C(4)-C(7) 109.76(17) O(3)-Si(3)-C(2) 106.89(7)
C(1)-Si(1)-C(4) 113.34(8) C(5)-C(4)-C(7) 109.26(17) O(3)-Si(3)-C(3) 106.75(8)
C(2)-Si(1)-C(4) 112.37(8) C(6)-C(4)-Si(1) 109.32(13) C(2)-Si(3)-C(3) 107.34(8)
Si(1)-O(1)-Ti(1) 125.45(7) C(5)-C(4)-Si(1) 109.90(12) O(3)-Si(3)-C(12) 108.17(8)
Si(2)-O(2)-Ti(1) 126.99(8) C(7)-C(4)-Si(1) 109.25(13) C(2)-Si(3)-C(12) 112.75(9)

C(10)-C(8)-C(11) 108.8(2) C(3)-Si(3)-C(12) 114.52(9)
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Table 5.14 Tortion angles [◦].

C(1)-Si(1)-O(1)-Ti(1) 57.57(11) C(2)-Si(1)-C(4)-C(6) 64.91(17)
C(2)-Si(1)-O(1)-Ti(1) -58.43(11) O(1)-Si(1)-C(4)-C(5) 63.90(15)
C(4)-Si(1)-O(1)-Ti(1) 179.86(9) C(1)-Si(1)-C(4)-C(5) -177.78(14)
O(3)-Ti(1)-O(1)-Si(1) 48.62(9) C(2)-Si(1)-C(4)-C(5) -55.11(16)
O(2)-Ti(1)-O(1)-Si(1) -48.40(9) O(1)-Si(1)-C(4)-C(7) -55.96(15)
O(4)-Ti(1)-O(1)-Si(1) 144.55(9) C(1)-Si(1)-C(4)-C(7) 62.36(15)
O(4)1-Ti(1)-O(1)-Si(1) -140.96(9) C(2)-Si(1)-C(4)-C(7) -174.97(13)
O(5)-Ti(1)-O(1)-Si(1) -173.7(3) Ti(1)-O(4)-C(16)-C(17) 100.0(2)
Ti(1)1-Ti(1)-O(1)-Si(1 -177.48(8) Ti(1)1-O(4)-C(16)-C(17) -101.39(19)
O(3)-Ti(1)-O(2)-Si(2) -47.73(10) Ti(1)-O(5)-C(18)-C(19) 78.0(3)
O(1)-Ti(1)-O(2)-Si(2) 48.67(10) Ti(1)-O(2)-Si(2)-C(1) -57.32(11)
O(4)-Ti(1)-O(2)-Si(2) 179.17(13) Ti(1)-O(2)-Si(2)-C(3) 56.92(11)
O(4)1-Ti(1)-O(2)-Si(2) 138.72(9) Ti(1)-O(2)-Si(2)-C(8) -179.45(10)
O(5)-Ti(1)-O(2)-Si(2) -139.45(9) Si(1)-C(1)-Si(2)-O(2) 53.03(11)
Ti(1)1-Ti(1)-O(2)-Si(2 147.36(7) Si(1)-C(1)-Si(2)-C(3) -61.91(11)
O(2)-Ti(1)-O(3)-Si(3) 48.14(10) Si(1)-C(1)-Si(2)-C(8) 171.44(10)
O(1)-Ti(1)-O(3)-Si(3) -49.44(10) Si(3)-C(3)-Si(2)-O(2) -51.89(11)
O(4)-Ti(1)-O(3)-Si(3) -144.30(9) Si(3)-C(3)-Si(2)-C(1) 62.51(11)
O(4)1-Ti(1)-O(3)-Si(3) -168.1(2) Si(3)-C(3)-Si(2)-C(8) -171.36(9)
O(5)-Ti(1)-O(3)-Si(3) 137.25(9) C(10)-C(8)-Si(2)-O(2) -54.8(2)
Ti(1)1-Ti(1)-O(3)-Si(3 -148.14(6) C(11)-C(8)-Si(2)-O(2) -174.81(16)
O(3)-Ti(1)-O(4)-C(16) -13.49(15) C(9)-C(8)-Si(2)-O(2) 64.4(2)
O(2)-Ti(1)-O(4)-C(16) 119.7(2) C(10)-C(8)-Si(2)-C(1) -172.74(18)
O(1)-Ti(1)-O(4)-C(16) -109.50(14) C(11)-C(8)-Si(2)-C(1) 67.20(19)
O(4)1-Ti(1)-O(4)-C(16) 161.96(17) C(9)-C(8)-Si(2)-C(1) -53.6(2)
O(5)-Ti(1)-O(4)-C(16) 77.25(14) C(10)-C(8)-Si(2)-C(3) 64.7(2)
Ti(1)1-Ti(1)-O(4)-C(16 161.96(17) C(11)-C(8)-Si(2)-C(3) -55.31(19)
O(3)-Ti(1)-O(4)-Ti(1)1 -175.45(6) C(9)-C(8)-Si(2)-C(3) -176.13(18)
O(2)-Ti(1)-O(4)-Ti(1)1 -42.3(2) Ti(1)-O(3)-Si(3)-C(2) 57.97(11)
O(1)-Ti(1)-O(4)-Ti(1)1 88.54(6) Ti(1)-O(3)-Si(3)-C(3) -56.65(11)
O(4)1-Ti(1)-O(4)-Ti(1) 0 Ti(1)-O(3)-Si(3)-C(12) 179.65(10)
O(5)-Ti(1)-O(4)-Ti(1)1 -84.71(6) Si(1)-C(2)-Si(3)-O(3) -51.69(11)
O(3)-Ti(1)-O(5)-C(18) -86.60(18) Si(1)-C(2)-Si(3)-C(3) 62.53(11)
O(2)-Ti(1)-O(5)-C(18) 9.63(18) Si(1)-C(2)-Si(3)-C(12) -170.43(9)
O(1)-Ti(1)-O(5)-C(18) 135.5(3) Si(2)-C(3)-Si(3)-O(3) 50.97(11)
O(4)-Ti(1)-O(5)-C(18) 178.19(18) Si(2)-C(3)-Si(3)-C(2) -63.35(11)
O(4)1-Ti(1)-O(5)-C(18) 102.40(18) Si(2)-C(3)-Si(3)-C(12) 170.65(9)
Ti(1)1-Ti(1)-O(5)-C(18) 139.37(18) C(13)-C(12)-Si(3)-O(3) 67.26(18)
O(1)-Si(1)-C(1)-Si(2) -53.79(11) C(15)-C(12)-Si(3)-O(3) -52.37(18)
C(2)-Si(1)-C(1)-Si(2) 62.31(11) C(14)-C(12)-Si(3)-O(3) -172.26(17)
C(4)-Si(1)-C(1)-Si(2) -172.59(9) C(13)-C(12)-Si(3)-C(2) -174.75(17)
O(1)-Si(1)-C(2)-Si(3) 53.37(11) C(15)-C(12)-Si(3)-C(2) 65.62(18)
C(1)-Si(1)-C(2)-Si(3) -62.05(11) C(14)-C(12)-Si(3)-C(2) -54.3(2)
C(4)-Si(1)-C(2)-Si(3) 172.26(8) C(13)-C(12)-Si(3)-C(3) -51.6(2)
O(1)-Si(1)-C(4)-C(6) -176.08(14) C(15)-C(12)-Si(3)-C(3) -171.26(16)
C(1)-Si(1)-C(4)-C(6) -57.76(17) C(14)-C(12)-Si(3)-C(3) 68.9(2)
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Appendix R

Crystal data for 4.

Atomic coordinates, equivalent isotropic displacement parameters and anisotropic dis-
placement parameters are given as supplementary material on CD.

Symmetry transformations used to generate equivalent atoms: -x, -y, -z+2.

Figure 5.5 The unit cell of ((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (4).

Figure 5.6 Atom labels, ((Dis-Si(OH))2O)(µ-O)2((Cp*TiCl)2O) (4).
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Table 5.15 Crystal data and structure refinement for 4

Crystal data
Empirical formula Ti2Si6O6C37H77

MW 953.23
Crystal system, space group Monoclinic, P2(1)/n
a [Å] 13.4703(7)
b [Å] 16.3073(5)
c [Å] 23.4693(11)
α [◦] 90
β [◦] 93.980(4)
γ [◦] 90
Volume [Å3] 5142.9(4)
ρ [mg/m3] 1.231
Z 4
µ [mm−1] 0.591
F(000) 2036
Crystal size [mm] 0.50 x 0.30 x 0.30
Data collection
Wavelength [Å] 0.71073
T [K] 150(2)
Limiting indices -17 < h < 17

-20 < k < 17
-30 < l < 30

Refl. coll. 36981
Unique refl. 11297 [Rint = 0.0517]
θ range [◦] 1.52 - 27.13
Refinement
Data / restr. / param. 11297 / 0 / 503
Final R indices [I > 2σ(I)] R1= 0.0306

wR2= 0.0798
R indices (all data) R1= 0.0407

wR2= 0.0835
ρ f in [e.A−3] 0.280 and -0.461
GooF on F2 1.033
2Θmax (◦) 54.26
Compl.ness to θ = 25.00 99.9%
Absorption correction None
Refinement method Full-matrix least-sq. on F2
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Table 5.16 Bond lengths [Å] C–H are omitted (0.98 - 1.00 Å).

Ti(1)-O(2) 1.8178(11) Si(2)-O(4) 1.6392(11) C(1)-C(6) 1.496(3)
Ti(1)-O(1) 1.8234(12) Si(2)-C(28) 1.8446(16) C(2)-C(3) 1.413(3)
Ti(1)-Cl(1) 2.2937(5) Si(3)-C(23) 1.871(2) C(2)-C(7) 1.502(3)
Ti(1)-C(1) 2.3235(17) Si(3)-C(22) 1.875(2) C(3)-C(4) 1.420(2)
Ti(1)-C(5) 2.3509(16) Si(3)-C(24) 1.876(2) C(3)-C(8) 1.502(3)
Ti(1)-C(2) 2.3695(17) Si(3)-C(21) 1.8896(17) C(4)-C(5) 1.406(2)
Ti(1)-C(4) 2.3768(15) Si(4)-C(26) 1.867(2) C(4)-C(9) 1.501(2)
Ti(1)-C(3) 2.3893(17) Si(4)-C(25) 1.874(2) C(5)-C(10) 1.505(3)
Ti(2)-O(1) 1.8085(12) Si(4)-C(27) 1.874(2) C(11)-C(12) 1.423(2)
Ti(2)-O(4) 1.8089(11) Si(4)-C(21) 1.8926(17) C(11)-C(15) 1.426(2)
Ti(2)-Cl(2) 2.3012(5) Si(5)-C(29) 1.8671(18) C(11)-C(16) 1.497(2)
Ti(2)-C(11) 2.3315(16) Si(5)-C(30) 1.8682(18) C(12)-C(13) 1.413(2)
Ti(2)-C(15) 2.3636(15) Si(5)-C(31) 1.8709(19) C(12)-C(17) 1.501(2)
Ti(2)-C(12) 2.3766(17) Si(5)-C(28) 1.8884(16) C(13)-C(14) 1.430(2)
Ti(2)-C(14) 2.3851(16) Si(6)-C(33) 1.860(2) C(13)-C(18) 1.498(2)
Ti(2)-C(13) 2.3932(16) Si(6)-C(34) 1.869(2) C(14)-C(15) 1.408(2)
Si(1)-O(5) 1.6324(12) Si(6)-C(32) 1.8721(18) C(14)-C(19) 1.501(2)
Si(1)-O(2) 1.6369(11) Si(6)-C(28) 1.8872(16) C(15)-C(20) 1.496(2)
Si(1)-O(3) 1.6382(12) O(5)-H(5A) 0.84 C(35)-C(36) 1.514(3)
Si(1)-C(21) 1.8485(16) O(6)-H(6A) 0.84 C(36)-C(37) 1.521(2)
Si(2)-O(6) 1.6280(12) C(1)-C(2) 1.414(3) C(37)-C(37)1 1.516(3)
Si(2)-O(3) 1.6386(11) C(1)-C(5) 1.433(3)

Table 5.17 Data for hydrogen bond

d(O-H) d(H...Cl) d(O...Cl) ∠(O–H–Cl)
O(5)-H(5A)...Cl(2) 0.84 2.52 3.3311(12) 161.8
O(6)-H(6A)...Cl(1) 0.84 2.59 3.3930(12) 161.1
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Table 5.18 Angles [◦]. Omitted angles are in the range of 103.5 - 109.5◦.

O(2)-Ti(1)-O(1) 104.78(5) C(11)-Ti(2)-C(15) 35.34(6) C(24)-Si(3)-C(21) 110.99(9)
O(2)-Ti(1)-Cl(1) 102.87(4) O(1)-Ti(2)-C(12) 138.56(6) C(26)-Si(4)-C(25) 109.44(10)
O(1)-Ti(1)-Cl(1) 100.62(4) O(4)-Ti(2)-C(12) 88.53(5) C(26)-Si(4)-C(27) 107.49(10)
O(2)-Ti(1)-C(1) 92.88(6) Cl(2)-Ti(2)-C(12) 114.32(5) C(25)-Si(4)-C(27) 106.71(10)
O(1)-Ti(1)-C(1) 106.55(7) C(11)-Ti(2)-C(12) 35.18(6) C(26)-Si(4)-C(21) 112.19(8)
Cl(1)-Ti(1)-C(1) 143.85(5) C(15)-Ti(2)-C(12) 58.05(6) C(25)-Si(4)-C(21) 109.50(8)
O(2)-Ti(1)-C(5) 125.82(6) O(1)-Ti(2)-C(14) 102.11(6) C(27)-Si(4)-C(21) 111.34(9)
O(1)-Ti(1)-C(5) 83.82(6) O(4)-Ti(2)-C(14) 146.28(6) C(29)-Si(5)-C(30) 111.42(9)
Cl(1)-Ti(1)-C(5) 128.47(5) Cl(2)-Ti(2)-C(14) 92.84(4) C(29)-Si(5)-C(31) 108.57(9)
C(1)-Ti(1)-C(5) 35.71(6) C(11)-Ti(2)-C(14) 58.25(6) C(30)-Si(5)-C(31) 106.13(9)
O(2)-Ti(1)-C(2) 89.93(6) C(15)-Ti(2)-C(14) 34.50(6) C(29)-Si(5)-C(28) 108.66(8)
O(1)-Ti(1)-C(2) 140.47(6) C(12)-Ti(2)-C(14) 57.75(6) C(30)-Si(5)-C(28) 109.98(8)
Cl(1)-Ti(1)-C(2) 111.72(5) O(1)-Ti(2)-C(13) 136.87(5) C(31)-Si(5)-C(28) 112.08(7)
C(1)-Ti(1)-C(2) 35.04(7) O(4)-Ti(2)-C(13) 115.41(6) C(33)-Si(6)-C(34) 108.89(11)
C(5)-Ti(1)-C(2) 58.51(6) Cl(2)-Ti(2)-C(13) 86.83(4) C(33)-Si(6)-C(32) 105.86(10)
O(2)-Ti(1)-C(4) 147.35(6) C(11)-Ti(2)-C(13) 58.12(6) C(34)-Si(6)-C(32) 107.78(9)
O(1)-Ti(1)-C(4) 98.47(6) C(15)-Ti(2)-C(13) 57.69(6) C(33)-Si(6)-C(28) 109.48(9)
Cl(1)-Ti(1)-C(4) 94.87(4) C(12)-Ti(2)-C(13) 34.45(6) C(34)-Si(6)-C(28) 111.70(8)
C(1)-Ti(1)-C(4) 58.24(6) C(14)-Ti(2)-C(13) 34.81(6) C(32)-Si(6)-C(28) 112.89(8)
C(5)-Ti(1)-C(4) 34.59(6) O(5)-Si(1)-O(2) 108.91(6) Ti(2)-O(1)-Ti(1) 141.71(6)
C(2)-Ti(1)-C(4) 57.86(6) O(5)-Si(1)-O(3) 109.74(6) Si(1)-O(2)-Ti(1) 156.60(8)
O(2)-Ti(1)-C(3) 118.95(6) O(2)-Si(1)-O(3) 106.98(6) Si(1)-O(3)-Si(2) 131.52(7)
O(1)-Ti(1)-C(3) 133.10(6) O(5)-Si(1)-C(21) 107.93(7) Si(2)-O(4)-Ti(2) 161.27(8)
Cl(1)-Ti(1)-C(3) 86.13(5) O(2)-Si(1)-C(21) 111.57(7) Si(1)-O(5)-H(5A) 109.5
C(1)-Ti(1)-C(3) 57.89(6) O(3)-Si(1)-C(21) 111.68(7) Si(2)-O(6)-H(6A) 109.5
C(5)-Ti(1)-C(3) 57.82(6) O(6)-Si(2)-O(3) 110.11(6) C(2)-C(1)-C(5) 108.26(16)
C(2)-Ti(1)-C(3) 34.54(6) O(6)-Si(2)-O(4) 109.02(6) C(2)-C(1)-C(6) 126.6(2)
C(4)-Ti(1)-C(3) 34.67(6) O(3)-Si(2)-O(4) 107.05(6) C(5)-C(1)-C(6) 125.1(2)
O(1)-Ti(2)-O(4) 104.15(5) O(6)-Si(2)-C(28) 108.52(7) C(2)-C(1)-Ti(1) 74.26(10)
O(1)-Ti(2)-Cl(2) 101.48(4) O(3)-Si(2)-C(28) 111.54(6) C(5)-C(1)-Ti(1) 73.18(10)
O(4)-Ti(2)-Cl(2) 102.20(4) O(4)-Si(2)-C(28) 110.57(7) C(6)-C(1)-Ti(1) 121.06(13)
O(1)-Ti(2)-C(11) 103.68(6) C(23)-Si(3)-C(22) 108.80(10) C(3)-C(2)-C(1) 107.68(16)
O(4)-Ti(2)-C(11) 94.92(6) C(23)-Si(3)-C(24) 106.15(10) C(3)-C(2)-C(7) 125.6(2)
Cl(2)-Ti(2)-C(11) 144.92(4) C(22)-Si(3)-C(24) 108.81(10) C(1)-C(2)-C(7) 126.7(2)
O(1)-Ti(2)-C(15) 84.62(6) C(23)-Si(3)-C(21) 110.57(8) C(3)-C(2)-Ti(1) 73.50(10)
O(4)-Ti(2)-C(15) 128.84(6) C(22)-Si(3)-C(21) 111.36(9) C(1)-C(2)-Ti(1) 70.70(10)
O(10)-Si(8)-O(12) 109.5(8) Si(2)-O(3)-Si(1) 132.8(8) C(4)-C(5)-C(10) 125(2)
O(9)-Si(8)-O(12) 110.4(5) Ti(2)-O(1)-Ti(1) 138.2(10) C(1)-C(5)-Ti(1) 74.5(9)
O(10)-Si(8)-C(62) 109.3(7) Si(1)-O(2)-Ti(1) 164.6(6) C(4)-C(5)-Ti(1) 72.5(8)
O(9)-Si(8)-C(62) 113.3(8) Si(8)-O(10)-Ti(4) 158.8(11) C(10)-C(5)-Ti(1) 119.7(10)
O(12)-Si(8)-C(62) 106.8(7) Ti(3)-O(7)-Ti(4) 139.9(8) C(4)-C(3)-C(2) 110.8(12)
O(3)-Si(2)-O(4) 106.5(6) Si(7)-O(9)-Si(8) 130.5(9) C(4)-C(3)-C(8) 127.0(16)
O(3)-Si(2)-O(6) 109.6(5) C(39)-C(38)-C(37) 108.9(13) C(2)-C(3)-C(8) 122.2(18)
O(4)-Si(2)-O(6) 108.8(7) C(39)-C(38)-C(43) 125.1(12) C(4)-C(3)-Ti(1) 73.3(8)
O(3)-Si(2)-C(28) 113.8(8) C(37)-C(38)-C(43) 125.8(15) C(2)-C(3)-Ti(1) 73.2(8)
O(4)-Si(2)-C(28) 109.0(6) C(39)-C(38)-Ti(3) 72.4(8) C(8)-C(3)-Ti(1) 121.4(9)
O(6)-Si(2)-C(28) 108.9(6) C(37)-C(38)-Ti(3) 70.0(8) Si(2)-C(28)-Si(5) 112.0(7)
C(68)-Si(12)-C(67) 109.4(8) C(43)-C(38)-Ti(3) 120.9(13) Si(2)-C(28)-Si(6) 113.4(6)
C(68)-Si(12)-C(66) 106.0(8) Si(2)-O(4)-Ti(2) 160.0(7) Si(5)-C(28)-Si(6) 116.7(10)
C(67)-Si(12)-C(66) 111.0(11) C(12)-C(13)-C(14) 108.0(12) Si(7)-C(55)-Si(10) 112.7(5)
C(68)-Si(12)-C(62) 108.0(10) C(12)-C(13)-C(18) 125.8(12) Si(7)-C(55)-Si(9) 113.0(6)
Cl(2)-Ti(2)-C(15) 125.70(5)
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C(67)-Si(12)-C(62) 111.8(7) C(14)-C(13)-C(18) 126.1(11) Si(10)-C(55)-Si(9) 118.0(8)
C(66)-Si(12)-C(62) 110.4(8) C(12)-C(13)-Ti(2) 70.5(7) C(46)-C(47)-C(48) 107.9(18)
C(56)-Si(9)-C(58) 108.1(12) C(14)-C(13)-Ti(2) 73.3(8) C(46)-C(47)-C(52) 129.1(14)
C(56)-Si(9)-C(57) 109.9(9) C(18)-C(13)-Ti(2) 119.6(13) C(48)-C(47)-C(52) 123(2)
C(58)-Si(9)-C(57) 105.3(8) C(3)-C(4)-C(5) 106.1(17) C(46)-C(47)-Ti(4) 71.3(11)
C(56)-Si(9)-C(55) 111.5(8) C(3)-C(4)-C(9) 126.2(14) C(48)-C(47)-Ti(4) 73.0(11)
C(58)-Si(9)-C(55) 112.1(7) C(5)-C(4)-C(9) 128(2) C(52)-C(47)-Ti(4) 122.3(11)
C(57)-Si(9)-C(55) 109.7(9) C(3)-C(4)-Ti(1) 73.1(8) C(36)-C(35)-C(39) 106.7(14)
C(21)-Si(3)-C(23) 107.6(11) C(5)-C(4)-Ti(1) 73.3(8) C(36)-C(35)-C(40) 128.6(13)
C(21)-Si(3)-C(22) 114.1(11) C(9)-C(4)-Ti(1) 121.8(11) C(39)-C(35)-C(40) 124.6(13)
C(23)-Si(3)-C(22) 109.4(8) Si(8)-C(62)-Si(11) 117.3(8) C(36)-C(35)-Ti(3) 71.6(12)
C(21)-Si(3)-C(24) 112.4(9) Si(8)-C(62)-Si(12) 115.0(7) C(39)-C(35)-Ti(3) 70.1(12)
C(23)-Si(3)-C(24) 107.0(11) Si(11)-C(62)-Si(12) 113.3(11) C(40)-C(35)-Ti(3) 122.2(12)
C(22)-Si(3)-C(24) 106.0(13) C(13)-C(14)-C(15) 107.6(10) C(5)-C(1)-C(2) 105.9(13)
C(64)-Si(11)-C(65) 109.5(12) C(13)-C(14)-C(19) 124.2(13) C(5)-C(1)-C(6) 132.9(17)
C(64)-Si(11)-C(62) 112.2(8) C(15)-C(14)-C(19) 128.0(13) C(2)-C(1)-C(6) 120.9(18)
C(65)-Si(11)-C(62) 112.0(8) C(13)-C(14)-Ti(2) 71.9(9) C(5)-C(1)-Ti(1) 71.8(8)
C(64)-Si(11)-C(63) 107.8(9) C(15)-C(14)-Ti(2) 72.2(9) C(2)-C(1)-Ti(1) 71.8(8)
C(65)-Si(11)-C(63) 109.8(10) C(19)-C(14)-Ti(2) 124.3(13) C(6)-C(1)-Ti(1) 125.2(9)
C(62)-Si(11)-C(63) 105.3(9) C(38)-C(39)-C(35) 108.8(11) C(50)-C(45)-C(49) 130(2)
Si(7)-O(8)-Ti(3) 158.9(6) C(38)-C(39)-C(44) 125.3(13) C(50)-C(45)-C(46) 125.5(18)
Si(1)-C(21)-Si(4) 109.5(8) C(35)-C(39)-C(44) 125.7(15) C(49)-C(45)-C(46) 104(2)
C(7)-C(2)-C(1) 129.3(16) C(38)-C(39)-Ti(3) 73.2(10) C(50)-C(45)-Ti(4) 126.0(19)
C(7)-C(2)-C(3) 126.9(15) C(35)-C(39)-Ti(3) 74.9(11) C(49)-C(45)-Ti(4) 73.6(10)
C(1)-C(2)-C(3) 103.8(17) C(44)-C(39)-Ti(3) 121.4(12) C(46)-C(45)-Ti(4) 70.8(10)
C(7)-C(2)-Ti(1) 122.3(12) C(1)-C(5)-C(4) 113.3(19) Si(3)-C(21)-Si(1) 115.0(7)
C(1)-C(2)-Ti(1) 72.5(9) C(1)-C(5)-C(10) 121.5(14) Si(3)-C(21)-Si(4) 117.7(10)
C(3)-C(2)-Ti(1) 70.5(9) C(53)-C(48)-Ti(4) 122.9(10) C(47)-C(46)-C(51) 122.1(19)
C(53)-C(48)-C(47) 133(2) C(47)-C(48)-Ti(4) 72.3(10) C(45)-C(46)-C(51) 127(2)
C(53)-C(48)-C(49) 120.0(15) C(49)-C(48)-Ti(4) 72.9(11) C(47)-C(46)-Ti(4) 74.0(8)
C(47)-C(48)-C(49) 106.8(17) C(11)-C(15)-C(14) 107.6(13) C(45)-C(46)-Ti(4) 73.1(9)
C(42)-C(37)-Ti(3) 124.0(15) C(11)-C(15)-C(20) 129.1(15) C(51)-C(46)-Ti(4) 119.6(10)
C(13)-C(12)-C(11) 106.5(11) C(14)-C(15)-C(20) 123.3(12) C(38)-C(37)-C(36) 105.5(14)
C(13)-C(12)-C(17) 126.3(12) C(11)-C(15)-Ti(2) 72.9(13) C(38)-C(37)-C(42) 128.7(15)
C(11)-C(12)-C(17) 126.2(13) C(14)-C(15)-Ti(2) 73.0(11) C(36)-C(37)-C(42) 125.0(13)
C(13)-C(12)-Ti(2) 74.7(8) C(20)-C(15)-Ti(2) 120.1(14) C(38)-C(37)-Ti(3) 74.3(8)
C(11)-C(12)-Ti(2) 74.3(9) C(47)-C(46)-C(45) 111.0(14) C(36)-C(37)-Ti(3) 74.8(8)
C(7)-C(2)-Ti(1) 122.10(13) C(10)-C(5)-Ti(1) 121.30(12) C(15)-C(14)-C(19) 126.76(16)
C(2)-C(3)-C(4) 108.30(16) C(12)-C(11)-C(15) 107.68(15) C(13)-C(14)-C(19) 125.27(16)
C(2)-C(3)-C(8) 126.70(18) C(12)-C(11)-C(16) 126.98(17) C(15)-C(14)-Ti(2) 71.91(9)
C(4)-C(3)-C(8) 124.86(17) C(15)-C(11)-C(16) 125.31(17) C(13)-C(14)-Ti(2) 72.90(9)
C(2)-C(3)-Ti(1) 71.96(10) C(12)-C(11)-Ti(2) 74.14(9) C(19)-C(14)-Ti(2) 122.30(12)
C(4)-C(3)-Ti(1) 72.18(9) C(15)-C(11)-Ti(2) 73.56(9) C(14)-C(15)-C(11) 108.25(15)
C(8)-C(3)-Ti(1) 125.07(13) C(16)-C(11)-Ti(2) 119.70(11) C(14)-C(15)-C(20) 126.84(17)
C(5)-C(4)-C(3) 108.38(15) C(13)-C(12)-C(11) 108.08(15) C(11)-C(15)-C(20) 124.88(17)
C(5)-C(4)-C(9) 127.24(17) C(13)-C(12)-C(17) 125.81(17) C(14)-C(15)-Ti(2) 73.59(9)
C(3)-C(4)-C(9) 124.36(16) C(11)-C(12)-C(17) 126.11(17) C(11)-C(15)-Ti(2) 71.10(9)
C(5)-C(4)-Ti(1) 71.69(9) C(13)-C(12)-Ti(2) 73.42(10) C(20)-C(15)-Ti(2) 122.56(12)
C(3)-C(4)-Ti(1) 73.15(9) C(11)-C(12)-Ti(2) 70.68(9) Si(1)-C(21)-Si(3) 114.47(8)
C(9)-C(4)-Ti(1) 122.06(12) C(17)-C(12)-Ti(2) 121.87(11) Si(1)-C(21)-Si(4) 113.64(9)
C(4)-C(5)-C(1) 107.37(16) C(12)-C(13)-C(14) 108.01(15) Si(3)-C(21)-Si(4) 116.93(8)
C(4)-C(5)-C(10) 126.72(17) C(12)-C(13)-C(18) 126.17(16) Si(2)-C(28)-Si(6) 114.64(8)
C(1)-C(5)-C(10) 125.90(17) C(14)-C(13)-C(18) 125.72(16) Si(2)-C(28)-Si(5) 112.59(8)
C(4)-C(5)-Ti(1) 73.72(9) C(12)-C(13)-Ti(2) 72.13(9) Si(6)-C(28)-Si(5) 116.84(8)
C(1)-C(5)-Ti(1) 71.11(9) C(14)-C(13)-Ti(2) 72.28(9) C(35)-C(36)-C(37) 113.00(16)
C(15)-C(14)-C(13) 107.94(15) C(18)-C(13)-Ti(2) 124.17(12) C(37)1-C(37)-C(36) 113.51(18)
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Table 5.19 Torsion angles [◦].

O(4)-Ti(2)-O(1)-Ti(1) -11.44(12) C(2)-C(3)-C(4)-C(9) 178.97(15) C(11)-Ti(2)-C(13)-C(12) 37.36(10)
Cl(2)-Ti(2)-O(1)-Ti(1) 94.44(11) C(8)-C(3)-C(4)-C(9) 3.1(3) C(15)-Ti(2)-C(13)-C(12) 79.35(11)
C(11)-Ti(2)-O(1)-Ti(1) -110.20(11) Ti(1)-C(3)-C(4)-C(9) -117.70(16) C(14)-Ti(2)-C(13)-C(12) 116.36(14)
C(15)-Ti(2)-O(1)-Ti(1) -140.18(12) C(2)-C(3)-C(4)-Ti(1) -63.33(11) O(1)-Ti(2)-C(13)-C(14) -3.88(14)
C(12)-Ti(2)-O(1)-Ti(1) -115.66(11) C(8)-C(3)-C(4)-Ti(1) 120.77(18) O(4)-Ti(2)-C(13)-C(14) -158.41(9)
C(14)-Ti(2)-O(1)-Ti(1) -170.09(11) O(2)-Ti(1)-C(4)-C(5) -69.35(15) Cl(2)-Ti(2)-C(13)-C(14) 99.58(9)
C(13)-Ti(2)-O(1)-Ti(1) -167.83(9) O(1)-Ti(1)-C(4)-C(5) 65.94(11) C(11)-Ti(2)-C(13)-C(14) -79.00(11)
O(2)-Ti(1)-O(1)-Ti(2) -21.83(12) Cl(1)-Ti(1)-C(4)-C(5) 167.46(10) C(15)-Ti(2)-C(13)-C(14) -37.01(10)
Cl(1)-Ti(1)-O(1)-Ti(2) 84.66(11) C(1)-Ti(1)-C(4)-C(5) -38.33(11) C(12)-Ti(2)-C(13)-C(14) -116.36(14)
C(1)-Ti(1)-O(1)-Ti(2) -119.45(11) C(2)-Ti(1)-C(4)-C(5) -79.89(12) O(1)-Ti(2)-C(13)-C(18) -125.47(15)
C(5)-Ti(1)-O(1)-Ti(2) -147.30(12) C(3)-Ti(1)-C(4)-C(5) -116.57(15) O(4)-Ti(2)-C(13)-C(18) 79.99(16)
C(2)-Ti(1)-O(1)-Ti(2) -130.37(11) O(2)-Ti(1)-C(4)-C(3) 47.22(16) Cl(2)-Ti(2)-C(13)-C(18) -22.02(15)
C(4)-Ti(1)-O(1)-Ti(2) -178.73(11) O(1)-Ti(1)-C(4)-C(3) -177.49(10) C(11)-Ti(2)-C(13)-C(18) 159.40(17)
C(3)-Ti(1)-O(1)-Ti(2) 179.31(9) Cl(1)-Ti(1)-C(4)-C(3) -75.97(10) C(15)-Ti(2)-C(13)-C(18) -158.60(17)
O(5)-Si(1)-O(2)-Ti(1) -31.9(2) C(1)-Ti(1)-C(4)-C(3) 78.24(12) C(12)-Ti(2)-C(13)-C(18) 122.05(19)
O(3)-Si(1)-O(2)-Ti(1) 86.62(19) C(5)-Ti(1)-C(4)-C(3) 116.57(15) C(14)-Ti(2)-C(13)-C(18) -121.59(19)
C(21)-Si(1)-O(2)-Ti(1) -150.96(18) C(2)-Ti(1)-C(4)-C(3) 36.68(11) C(12)-C(13)-C(14)-C(15) 0.10(18)
O(1)-Ti(1)-O(2)-Si(1) -19.0(2) O(2)-Ti(1)-C(4)-C(9) 167.63(13) C(18)-C(13)-C(14)-C(15) -176.40(16)
Cl(1)-Ti(1)-O(2)-Si(1) -123.82(18) O(1)-Ti(1)-C(4)-C(9) -57.08(15) Ti(2)-C(13)-C(14)-C(15) 63.83(11)
C(1)-Ti(1)-O(2)-Si(1) 88.9(2) Cl(1)-Ti(1)-C(4)-C(9) 44.44(15) C(12)-C(13)-C(14)-C(19) 178.42(16)
C(5)-Ti(1)-O(2)-Si(1) 74.0(2) C(1)-Ti(1)-C(4)-C(9) -161.35(18) C(18)-C(13)-C(14)-C(19) 1.9(3)
C(2)-Ti(1)-O(2)-Si(1) 123.88(19) C(5)-Ti(1)-C(4)-C(9) -123.0(2) Ti(2)-C(13)-C(14)-C(19) -117.85(17)
C(4)-Ti(1)-O(2)-Si(1) 114.97(19) C(2)-Ti(1)-C(4)-C(9) 157.09(18) C(12)-C(13)-C(14)-Ti(2) -63.73(11)
C(3)-Ti(1)-O(2)-Si(1) 143.47(18) C(3)-Ti(1)-C(4)-C(9) 120.41(19) C(18)-C(13)-C(14)-Ti(2) 119.77(17)
O(5)-Si(1)-O(3)-Si(2) 81.22(11) C(3)-C(4)-C(5)-C(1) -0.83(19) O(1)-Ti(2)-C(14)-C(15) 61.22(11)
O(2)-Si(1)-O(3)-Si(2) -36.79(11) C(9)-C(4)-C(5)-C(1) -179.61(16) O(4)-Ti(2)-C(14)-C(15) -79.30(14)
C(21)-Si(1)-O(3)-Si(2) -159.14(9) Ti(1)-C(4)-C(5)-C(1) 63.59(11) Cl(2)-Ti(2)-C(14)-C(15) 163.60(10)
O(6)-Si(2)-O(3)-Si(1) 84.72(11) C(3)-C(4)-C(5)-C(10) 178.36(16) C(11)-Ti(2)-C(14)-C(15) -37.51(10)
O(4)-Si(2)-O(3)-Si(1) -33.66(11) C(9)-C(4)-C(5)-C(10) -0.4(3) C(12)-Ti(2)-C(14)-C(15) -79.25(11)
C(28)-Si(2)-O(3)-Si(1) -154.73(9) Ti(1)-C(4)-C(5)-C(10) -117.22(18) C(13)-Ti(2)-C(14)-C(15) -116.07(14)
O(6)-Si(2)-O(4)-Ti(2) -37.7(2) C(3)-C(4)-C(5)-Ti(1) -64.42(12) O(1)-Ti(2)-C(14)-C(13) 177.29(10)
O(3)-Si(2)-O(4)-Ti(2) 81.4(2) C(9)-C(4)-C(5)-Ti(1) 116.80(17) O(4)-Ti(2)-C(14)-C(13) 36.78(15)
C(28)-Si(2)-O(4)-Ti(2) -156.9(2) C(2)-C(1)-C(5)-C(4) 1.22(19) Cl(2)-Ti(2)-C(14)-C(13) -80.32(9)
O(1)-Ti(2)-O(4)-Si(2) -18.4(2) C(6)-C(1)-C(5)-C(4) 178.17(17) C(11)-Ti(2)-C(14)-C(13) 78.57(11)
Cl(2)-Ti(2)-O(4)-Si(2) -123.7(2) Ti(1)-C(1)-C(5)-C(4) -65.32(12) C(15)-Ti(2)-C(14)-C(13) 116.07(14)
C(11)-Ti(2)-O(4)-Si(2) 87.1(2) C(2)-C(1)-C(5)-C(10) -177.99(17) C(12)-Ti(2)-C(14)-C(13) 36.82(10)
C(15)-Ti(2)-O(4)-Si(2) 76.1(2) C(6)-C(1)-C(5)-C(10) -1.0(3) O(1)-Ti(2)-C(14)-C(19) -61.35(15)
C(12)-Ti(2)-O(4)-Si(2) 121.7(2) Ti(1)-C(1)-C(5)-C(10) 115.48(17) O(4)-Ti(2)-C(14)-C(19) 158.13(13)
C(14)-Ti(2)-O(4)-Si(2) 121.7(2) C(2)-C(1)-C(5)-Ti(1) 66.53(12) Cl(2)-Ti(2)-C(14)-C(19) 41.03(15)
C(13)-Ti(2)-O(4)-Si(2) 144.0(2) C(6)-C(1)-C(5)-Ti(1) -116.51(18) C(11)-Ti(2)-C(14)-C(19) -160.08(17)
O(2)-Ti(1)-C(1)-C(2) 85.77(10) O(2)-Ti(1)-C(5)-C(4) 141.50(10) C(15)-Ti(2)-C(14)-C(19) -122.57(19)
O(1)-Ti(1)-C(1)-C(2) -167.88(10) O(1)-Ti(1)-C(5)-C(4) -114.71(11) C(12)-Ti(2)-C(14)-C(19) 158.18(17)
Cl(1)-Ti(1)-C(1)-C(2) -30.77(15) Cl(1)-Ti(1)-C(5)-C(4) -16.04(13) C(13)-Ti(2)-C(14)-C(19) 121.36(19)
C(5)-Ti(1)-C(1)-C(2) -115.17(15) C(1)-Ti(1)-C(5)-C(4) 115.39(16) C(13)-C(14)-C(15)-C(11) -1.39(18)
C(4)-Ti(1)-C(1)-C(2) -78.07(11) C(2)-Ti(1)-C(5)-C(4) 77.84(11) C(19)-C(14)-C(15)-C(11) -179.68(16)
C(3)-Ti(1)-C(1)-C(2) -36.96(10) C(3)-Ti(1)-C(5)-C(4) 36.95(10) Ti(2)-C(14)-C(15)-C(11) 63.09(11)
O(2)-Ti(1)-C(1)-C(5) -159.06(11) O(2)-Ti(1)-C(5)-C(1) 26.11(13) C(13)-C(14)-C(15)-C(20) 176.81(16)
O(1)-Ti(1)-C(1)-C(5) -52.71(11) O(1)-Ti(1)-C(5)-C(1) 129.91(11) C(19)-C(14)-C(15)-C(20) -1.5(3)
Cl(1)-Ti(1)-C(1)-C(5) 84.40(14) Cl(1)-Ti(1)-C(5)-C(1) -131.43(10) Ti(2)-C(14)-C(15)-C(20) -118.71(17)
C(2)-Ti(1)-C(1)-C(5) 115.17(15) C(2)-Ti(1)-C(5)-C(1) -37.54(11) C(13)-C(14)-C(15)-Ti(2) -64.48(11)
C(4)-Ti(1)-C(1)-C(5) 37.10(10) C(4)-Ti(1)-C(5)-C(1) -115.39(16) C(19)-C(14)-C(15)-Ti(2) 117.23(17)
C(3)-Ti(1)-C(1)-C(5) 78.21(11) C(3)-Ti(1)-C(5)-C(1) -78.44(12) C(12)-C(11)-C(15)-C(14) 2.15(18)
O(2)-Ti(1)-C(1)-C(6) -37.8(2) O(2)-Ti(1)-C(5)-C(10) -95.04(16) C(16)-C(11)-C(15)-C(14) -179.79(16)
O(1)-Ti(1)-C(1)-C(6) 68.5(2) O(1)-Ti(1)-C(5)-C(10) 8.75(16) Ti(2)-C(11)-C(15)-C(14) -64.70(11)
Cl(1)-Ti(1)-C(1)-C(6) -154.36(17) Cl(1)-Ti(1)-C(5)-C(10) 107.42(15) C(12)-C(11)-C(15)-C(20) -176.09(16)
C(5)-Ti(1)-C(1)-C(6) 121.2(2) C(1)-Ti(1)-C(5)-C(10) -121.2(2) C(16)-C(11)-C(15)-C(20) 2.0(3)
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C(2)-Ti(1)-C(1)-C(6) -123.6(2) C(2)-Ti(1)-C(5)-C(10) -158.70(18) Ti(2)-C(11)-C(15)-C(20) 117.06(16)
C(4)-Ti(1)-C(1)-C(6) 158.3(2) C(4)-Ti(1)-C(5)-C(10) 123.5(2) C(12)-C(11)-C(15)-Ti(2) 66.85(11)
C(3)-Ti(1)-C(1)-C(6) -160.5(2) C(3)-Ti(1)-C(5)-C(10) 160.41(18) C(16)-C(11)-C(15)-Ti(2) -115.09(16)
C(5)-C(1)-C(2)-C(3) -1.13(19) O(1)-Ti(2)-C(11)-C(12) -173.72(9) O(1)-Ti(2)-C(15)-C(14) -120.60(10)
C(6)-C(1)-C(2)-C(3) -178.03(18) O(4)-Ti(2)-C(11)-C(12) 80.41(10) O(4)-Ti(2)-C(15)-C(14) 135.55(10)
Ti(1)-C(1)-C(2)-C(3) 64.70(12) Cl(2)-Ti(2)-C(11)-C(12) -39.04(14) Cl(2)-Ti(2)-C(15)-C(14) -20.31(12)
C(5)-C(1)-C(2)-C(7) 177.99(17) C(15)-Ti(2)-C(11)-C(12) -114.39(14) C(11)-Ti(2)-C(15)-C(14) 116.48(15)
C(6)-C(1)-C(2)-C(7) 1.1(3) C(14)-Ti(2)-C(11)-C(12) -77.80(10) C(12)-Ti(2)-C(15)-C(14) 78.29(11)
Ti(1)-C(1)-C(2)-C(7) -116.19(18) C(13)-Ti(2)-C(11)-C(12) -36.57(9) C(13)-Ti(2)-C(15)-C(14) 37.36(10)
C(5)-C(1)-C(2)-Ti(1) -65.83(12) O(1)-Ti(2)-C(11)-C(15) -59.33(10) O(1)-Ti(2)-C(15)-C(11) 122.92(10)
C(6)-C(1)-C(2)-Ti(1) 117.28(19) O(4)-Ti(2)-C(11)-C(15) -165.20(10) O(4)-Ti(2)-C(15)-C(11) 19.07(13)
O(2)-Ti(1)-C(2)-C(3) 148.83(11) Cl(2)-Ti(2)-C(11)-C(15) 75.35(13) Cl(2)-Ti(2)-C(15)-C(11) -136.80(9)
O(1)-Ti(1)-C(2)-C(3) -97.62(13) C(12)-Ti(2)-C(11)-C(15) 114.39(14) C(12)-Ti(2)-C(15)-C(11) -38.19(10)
Cl(1)-Ti(1)-C(2)-C(3) 44.99(11) C(14)-Ti(2)-C(11)-C(15) 36.60(10) C(14)-Ti(2)-C(15)-C(11) -116.48(15)
C(1)-Ti(1)-C(2)-C(3) -116.06(15) C(13)-Ti(2)-C(11)-C(15) 77.82(10) C(13)-Ti(2)-C(15)-C(11) -79.13(11)
C(5)-Ti(1)-C(2)-C(3) -77.78(11) O(1)-Ti(2)-C(11)-C(16) 62.37(15) O(1)-Ti(2)-C(15)-C(20) 3.01(15)
C(4)-Ti(1)-C(2)-C(3) -36.83(10) O(4)-Ti(2)-C(11)-C(16) -43.50(15) O(4)-Ti(2)-C(15)-C(20) -100.84(16)
O(2)-Ti(1)-C(2)-C(1) -95.11(11) Cl(2)-Ti(2)-C(11)-C(16) -162.95(11) Cl(2)-Ti(2)-C(15)-C(20) 103.29(15)
O(1)-Ti(1)-C(2)-C(1) 18.44(15) C(15)-Ti(2)-C(11)-C(16) 121.70(19) C(11)-Ti(2)-C(15)-C(20) -119.91(19)
Cl(1)-Ti(1)-C(2)-C(1) 161.04(9) C(12)-Ti(2)-C(11)-C(16) -123.91(19) C(12)-Ti(2)-C(15)-C(20) -158.11(18)
C(5)-Ti(1)-C(2)-C(1) 38.28(10) C(14)-Ti(2)-C(11)-C(16) 158.30(17) C(14)-Ti(2)-C(15)-C(20) 123.6(2)
C(4)-Ti(1)-C(2)-C(1) 79.23(11) C(13)-Ti(2)-C(11)-C(16) -160.48(17) C(13)-Ti(2)-C(15)-C(20) 160.96(18)
C(3)-Ti(1)-C(2)-C(1) 116.06(15) C(15)-C(11)-C(12)-C(13) -2.09(18) O(5)-Si(1)-C(21)-Si(3) 160.96(8)
O(2)-Ti(1)-C(2)-C(7) 26.8(2) C(16)-C(11)-C(12)-C(13) 179.90(16) O(2)-Si(1)-C(21)-Si(3) -79.42(10)
O(1)-Ti(1)-C(2)-C(7) 140.31(18) Ti(2)-C(11)-C(12)-C(13) 64.37(11) O(3)-Si(1)-C(21)-Si(3) 40.26(10)
Cl(1)-Ti(1)-C(2)-C(7) -77.1(2) C(15)-C(11)-C(12)-C(17) 177.63(16) O(5)-Si(1)-C(21)-Si(4) 23.04(10)
C(1)-Ti(1)-C(2)-C(7) 121.9(2) C(16)-C(11)-C(12)-C(17) -0.4(3) O(2)-Si(1)-C(21)-Si(4) 142.66(8)
C(5)-Ti(1)-C(2)-C(7) 160.2(2) Ti(2)-C(11)-C(12)-C(17) -115.91(16) O(3)-Si(1)-C(21)-Si(4) -97.67(9)
C(4)-Ti(1)-C(2)-C(7) -158.9(2) C(15)-C(11)-C(12)-Ti(2) -66.46(11) C(23)-Si(3)-C(21)-Si(1) 33.01(12)
C(3)-Ti(1)-C(2)-C(7) -122.1(2) C(16)-C(11)-C(12)-Ti(2) 115.53(17) C(22)-Si(3)-C(21)-Si(1) -88.07(11)
C(1)-C(2)-C(3)-C(4) 0.62(19) O(1)-Ti(2)-C(12)-C(13) -107.34(11) C(24)-Si(3)-C(21)-Si(1) 150.54(11)
C(7)-C(2)-C(3)-C(4) -178.52(17) O(4)-Ti(2)-C(12)-C(13) 142.75(10) C(23)-Si(3)-C(21)-Si(4) 169.49(10)
Ti(1)-C(2)-C(3)-C(4) 63.48(12) Cl(2)-Ti(2)-C(12)-C(13) 40.01(10) C(22)-Si(3)-C(21)-Si(4) 48.41(12)
C(1)-C(2)-C(3)-C(8) 176.41(17) C(11)-Ti(2)-C(12)-C(13) -116.58(14) C(24)-Si(3)-C(21)-Si(4) -72.97(12)
C(7)-C(2)-C(3)-C(8) -2.7(3) C(15)-Ti(2)-C(12)-C(13) -78.20(10) C(26)-Si(4)-C(21)-Si(1) 50.96(12)
Ti(1)-C(2)-C(3)-C(8) -120.73(18) C(14)-Ti(2)-C(12)-C(13) -37.22(9) C(25)-Si(4)-C(21)-Si(1) -70.75(11)
C(1)-C(2)-C(3)-Ti(1) -62.86(12) O(1)-Ti(2)-C(12)-C(11) 9.24(14) C(27)-Si(4)-C(21)-Si(1) 171.49(10)
C(7)-C(2)-C(3)-Ti(1) 118.01(18) O(4)-Ti(2)-C(12)-C(11) -100.67(10) C(26)-Si(4)-C(21)-Si(3) -85.87(12)
O(2)-Ti(1)-C(3)-C(2) -36.26(12) Cl(2)-Ti(2)-C(12)-C(11) 156.59(8) C(25)-Si(4)-C(21)-Si(3) 152.41(10)
O(1)-Ti(1)-C(3)-C(2) 120.24(12) C(15)-Ti(2)-C(12)-C(11) 38.38(9) C(27)-Si(4)-C(21)-Si(3) 34.65(13)
Cl(1)-Ti(1)-C(3)-C(2) -138.84(11) C(14)-Ti(2)-C(12)-C(11) 79.36(10) O(6)-Si(2)-C(28)-Si(6) 27.62(10)
C(1)-Ti(1)-C(3)-C(2) 37.51(11) C(13)-Ti(2)-C(12)-C(11) 116.58(14) O(3)-Si(2)-C(28)-Si(6) -93.85(9)
C(5)-Ti(1)-C(3)-C(2) 79.97(12) O(1)-Ti(2)-C(12)-C(17) 130.39(14) O(4)-Si(2)-C(28)-Si(6) 147.16(7)
C(4)-Ti(1)-C(3)-C(2) 116.83(15) O(4)-Ti(2)-C(12)-C(17) 20.49(15) O(6)-Si(2)-C(28)-Si(5) 164.42(7)
O(2)-Ti(1)-C(3)-C(4) -153.10(10) Cl(2)-Ti(2)-C(12)-C(17) -82.25(15) O(3)-Si(2)-C(28)-Si(5) 42.95(10)
O(1)-Ti(1)-C(3)-C(4) 3.41(14) C(11)-Ti(2)-C(12)-C(17) 121.16(19) O(4)-Si(2)-C(28)-Si(5) -76.05(9)
Cl(1)-Ti(1)-C(3)-C(4) 104.33(10) C(15)-Ti(2)-C(12)-C(17) 159.53(17) C(33)-Si(6)-C(28)-Si(2) -71.61(12)
C(1)-Ti(1)-C(3)-C(4) -79.32(11) C(14)-Ti(2)-C(12)-C(17) -159.49(17) C(34)-Si(6)-C(28)-Si(2) 49.09(12)
C(5)-Ti(1)-C(3)-C(4) -36.86(10) C(13)-Ti(2)-C(12)-C(17) -122.26(19) C(32)-Si(6)-C(28)-Si(2) 170.74(9)
C(2)-Ti(1)-C(3)-C(4) -116.83(15) C(11)-C(12)-C(13)-C(14) 1.24(18) C(33)-Si(6)-C(28)-Si(5) 153.49(11)
O(2)-Ti(1)-C(3)-C(8) 86.37(18) C(17)-C(12)-C(13)-C(14) -178.49(16) C(34)-Si(6)-C(28)-Si(5) -85.81(11)
O(1)-Ti(1)-C(3)-C(8) -117.12(17) Ti(2)-C(12)-C(13)-C(14) 63.83(11) C(32)-Si(6)-C(28)-Si(5) 35.84(12)
Cl(1)-Ti(1)-C(3)-C(8) -16.20(17) C(11)-C(12)-C(13)-C(18) 177.72(16) C(29)-Si(5)-C(28)-Si(2) -84.43(10)
C(1)-Ti(1)-C(3)-C(8) 160.15(19) C(17)-C(12)-C(13)-C(18) -2.0(3) C(30)-Si(5)-C(28)-Si(2) 153.36(9)
C(5)-Ti(1)-C(3)-C(8) -157.39(19) Ti(2)-C(12)-C(13)-C(18) -119.69(17) C(31)-Si(5)-C(28)-Si(2) 35.56(11)
C(2)-Ti(1)-C(3)-C(8) 122.6(2) C(11)-C(12)-C(13)-Ti(2) -62.60(11) C(29)-Si(5)-C(28)-Si(6) 51.36(11)
C(4)-Ti(1)-C(3)-C(8) -120.5(2) C(17)-C(12)-C(13)-Ti(2) 117.68(17) C(30)-Si(5)-C(28)-Si(6) -70.85(11)
C(2)-C(3)-C(4)-C(5) 0.14(19) O(1)-Ti(2)-C(13)-C(12) 112.48(11) C(31)-Si(5)-C(28)-Si(6) 171.34(9)
C(8)-C(3)-C(4)-C(5) -175.75(17) O(4)-Ti(2)-C(13)-C(12) -42.06(11) C(35)-C(36)-C(37)-C(37)1 -178.1(2)
Ti(1)-C(3)-C(4)-C(5) 63.48(12) Cl(2)-Ti(2)-C(13)-C(12) -144.07(9)
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Appendix S

Crystal data for 6.

Atomic coordinates, equivalent isotropic displacement parameters and anisotropic dis-
placement parameters are given as supplementary material on CD.

Symmetry transformations used to generate equivalent atoms: No. 1: -x+1, -y+1, -
z+1. No. 2: -x, -y+1, -z.

Figure 5.7 The unit cell of 6.
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Table 5.20 Crystal data and structure refinement for 6.

Crystal data
Empirical formula Ti2Si12O10C54H122

MW 1364.40
Crystal system, space group Triclinic, P1̄
a [Å] 12.9048(10)
b [Å] 13.0299(9)
c [Å] 13.2789(9)
α [◦] 115.454(5)
β [◦] 91.507(6)
γ [◦] 109.474(6)
Volume [Å3] 1862.7(2)
ρ [mg/m3] 1.216
Z 1
µ [mm−1] 0.454
F(000) 738
Crystal size [mm] 0.40 x 0.40 x 0.30

Data collection
Wavelength [Å] 0.71073
T [K] 100(2)
Limiting indices -17 < h < 17

-17 < k < 16
-17 < l < 17

Refl. coll. 16605
Unique refl. 8481 [Rint = 0.0726]
θ range [ ◦] 1.71 - 28.30

Refinement
Data / restr. / param. 8481 / 0 / 371
Final R indices [I > 2σ(I)] R1= 0.0422

wR2= 0.1163
R indices (all data) R1= 0.0507

wR2= 0.1216
ρ f in [e.A−3] 0.559 and -0.799
GooF on F2 1.052
2Θmax [◦] 54.20
Compl.ness to θ = 25.00 93.8%
Absorption correction None
Refinement method Full-matrix least-sq. on F2
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Figure 5.8 Atom labels, 6.

Table 5.21 Bond lenghts [Å]. Omitted lengths are in the range of 0.98 - 1.00 Å.

Ti(1)-O(2)1 1.8298(13) Si(2)-C(11) 1.8918(19) Si(6)-C(18) 1.892(2)
Ti(1)-O(5) 1.8399(13) Si(3)-C(17) 1.864(2) O(2)-Ti(1)1 1.8298(12)
Ti(1)-O(1) 1.8689(14) Si(3)-C(15) 1.871(2) O(4)-H(4A) 0.84
Ti(1)-C(1) 2.3627(18) Si(3)-C(16) 1.880(2) C(1)-C(2) 1.420(3)
Ti(1)-C(5) 2.3714(17) Si(3)-C(11) 1.9012(19) C(1)-C(5) 1.425(3)
Ti(1)-C(2) 2.3841(19) Si(4)-O(4) 1.6353(14) C(1)-C(6) 1.499(3)
Ti(1)-C(4) 2.3970(18) Si(4)-O(3) 1.6425(15) C(2)-C(3) 1.424(3)
Ti(1)-C(3) 2.408(2) Si(4)-O(5) 1.6437(14) C(2)-C(7) 1.505(3)
Ti(1)-Si(4) 3.1112(6) Si(4)-C(18) 1.8500(19) C(3)-C(4) 1.425(3)
Si(1)-O(2) 1.6312(13) Si(5)-C(21) 1.865(3) C(3)-C(8) 1.499(3)
Si(1)-O(3) 1.6386(13) Si(5)-C(19) 1.876(2) C(4)-C(5) 1.417(3)
Si(1)-O(1) 1.6481(14) Si(5)-C(20) 1.881(2) C(4)-C(9) 1.499(3)
Si(1)-C(11) 1.8507(19) Si(5)-C(18) 1.897(2) C(5)-C(10) 1.499(3)
Si(2)-C(14) 1.871(2) Si(6)-C(23) 1.859(3) C(26)-C(27) 1.506(4)
Si(2)-C(13) 1.880(2) Si(6)-C(24) 1.865(2) C(26)-C(25) 1.527(4)
Si(2)-C(12) 1.882(2) Si(6)-C(22) 1.886(3) C(27)-C(27)2 1.515(5)

Table 5.22 Bond lengths [Å] and angles [◦] for hydrogen bond.

O–H...O d(O–H) d(H...O) d(O...O) ∠(OHO)
O(4)-H(4A)...O(1)1 0.84 2.40 3.2368(19) 173.2
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Table 5.23 Angles [◦]. Omitted angles are in the range of 102.7 - 109.5◦.

O(2)1-Ti(1)-O(5) 103.41(6) O(2)-Si(1)-C(11) 110.33(8) Si(4)-O(4)-H(4A) 109.5
O(2)1-Ti(1)-O(1) 101.69(6) O(3)-Si(1)-C(11) 110.10(8) Si(4)-O(5)-Ti(1) 126.44(8)
O(5)-Ti(1)-O(1) 99.23(6) O(1)-Si(1)-C(11) 112.72(7) C(2)-C(1)-C(5) 107.73(17)
O(2)1-Ti(1)-C(1) 104.20(6) C(14)-Si(2)-C(13) 106.59(10) C(2)-C(1)-C(6) 126.14(17)
O(5)-Ti(1)-C(1) 145.09(6) C(14)-Si(2)-C(12) 106.04(10) C(5)-C(1)-C(6) 126.11(19)
O(1)-Ti(1)-C(1) 95.68(6) C(13)-Si(2)-C(12) 111.29(9) C(2)-C(1)-Ti(1) 73.42(10)
O(2)1-Ti(1)-C(5) 139.20(6) C(14)-Si(2)-C(11) 112.45(8) C(5)-C(1)-Ti(1) 72.82(10)
O(5)-Ti(1)-C(5) 114.13(6) C(13)-Si(2)-C(11) 111.82(9) C(6)-C(1)-Ti(1) 120.85(13)
O(1)-Ti(1)-C(5) 87.95(6) C(12)-Si(2)-C(11) 108.53(9) C(1)-C(2)-C(3) 108.21(16)
C(1)-Ti(1)-C(5) 35.02(6) C(17)-Si(3)-C(15) 107.36(10) C(1)-C(2)-C(7) 125.57(18)
O(2)1-Ti(1)-C(2) 87.18(6) C(17)-Si(3)-C(16) 106.50(10) C(3)-C(2)-C(7) 126.21(18)
O(5)-Ti(1)-C(2) 127.35(7) C(15)-Si(3)-C(16) 106.96(10) C(1)-C(2)-Ti(1) 71.77(11)
O(1)-Ti(1)-C(2) 129.34(6) C(17)-Si(3)-C(11) 113.25(9) C(3)-C(2)-Ti(1) 73.65(11)
C(1)-Ti(1)-C(2) 34.81(6) C(15)-Si(3)-C(11) 108.44(10) C(7)-C(2)-Ti(1) 121.27(13)
C(5)-Ti(1)-C(2) 57.77(6) C(16)-Si(3)-C(11) 113.96(9) C(2)-C(3)-C(4) 107.79(17)
O(2)1-Ti(1)-C(4) 140.33(7) O(4)-Si(4)-O(3) 109.63(8) C(2)-C(3)-C(8) 127.08(17)
O(5)-Ti(1)-C(4) 87.23(6) O(4)-Si(4)-O(5) 109.90(7) C(4)-C(3)-C(8) 125.01(17)
O(1)-Ti(1)-C(4) 114.33(6) O(3)-Si(4)-O(5) 104.89(7) C(2)-C(3)-Ti(1) 71.79(11)
C(1)-Ti(1)-C(4) 57.86(6) O(4)-Si(4)-C(18) 107.38(8) C(4)-C(3)-Ti(1) 72.33(11)
C(5)-Ti(1)-C(4) 34.56(7) O(3)-Si(4)-C(18) 111.07(8) C(8)-C(3)-Ti(1) 124.66(12)
C(2)-Ti(1)-C(4) 57.54(6) O(5)-Si(4)-C(18) 113.96(8) C(5)-C(4)-C(3) 107.99(16)
O(2)1-Ti(1)-C(3) 105.96(7) O(4)-Si(4)-Ti(1) 99.76(5) C(5)-C(4)-C(9) 126.56(17)
O(5)-Ti(1)-C(3) 94.21(6) O(3)-Si(4)-Ti(1) 84.19(5) C(3)-C(4)-C(9) 125.42(18)
O(1)-Ti(1)-C(3) 145.40(6) O(5)-Si(4)-Ti(1) 28.41(5) C(5)-C(4)-Ti(1) 71.73(10)
C(1)-Ti(1)-C(3) 57.73(7) C(18)-Si(4)-Ti(1) 141.22(7) C(3)-C(4)-Ti(1) 73.18(11)
C(5)-Ti(1)-C(3) 57.49(7) C(21)-Si(5)-C(19) 109.24(12) C(9)-C(4)-Ti(1) 122.41(13)
C(2)-Ti(1)-C(3) 34.56(6) C(21)-Si(5)-C(20) 105.93(12) C(4)-C(5)-C(1) 108.28(17)
C(4)-Ti(1)-C(3) 34.49(6) C(19)-Si(5)-C(20) 107.36(11) C(4)-C(5)-C(10) 126.12(17)
O(2)1-Ti(1)-Si(4) 89.97(4) C(21)-Si(5)-C(18) 110.76(10) C(1)-C(5)-C(10) 125.55(18)
O(5)-Ti(1)-Si(4) 25.15(4) C(19)-Si(5)-C(18) 112.18(10) C(4)-C(5)-Ti(1) 73.71(10)
O(1)-Ti(1)-Si(4) 81.31(4) C(20)-Si(5)-C(18) 111.12(10) C(1)-C(5)-Ti(1) 72.15(10)
C(1)-Ti(1)-Si(4) 165.83(5) C(23)-Si(6)-C(24) 107.58(12) C(10)-C(5)-Ti(1) 122.21(13)
C(5)-Ti(1)-Si(4) 130.80(5) C(23)-Si(6)-C(22) 109.37(14) Si(1)-C(11)-Si(2) 116.07(9)
C(2)-Ti(1)-Si(4) 149.12(5) C(24)-Si(6)-C(22) 105.50(13) Si(1)-C(11)-Si(3) 116.47(10)
C(4)-Ti(1)-Si(4) 110.68(5) C(23)-Si(6)-C(18) 113.06(12) Si(2)-C(11)-Si(3) 113.42(9)
C(3)-Ti(1)-Si(4) 118.65(5) C(24)-Si(6)-C(18) 112.52(10) Si(4)-C(18)-Si(6) 115.80(11)
O(2)-Si(1)-O(3) 106.34(7) C(22)-Si(6)-C(18) 108.51(11) Si(4)-C(18)-Si(5) 114.09(11)
O(2)-Si(1)-O(1) 108.38(7) Si(1)-O(1)-Ti(1) 127.73(7) Si(6)-C(18)-Si(5) 114.32(9)
O(3)-Si(1)-O(1) 108.74(7) Si(1)-O(2)-Ti(1)1 154.36(9) C(27)-C(26)-C(25) 113.5(2)

Si(1)-O(3)-Si(4) 134.56(9) C(26)-C(27)-C(27)2 114.8(3)
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Table 5.24 Tortion angles [◦].

O(2)1-Ti(1)-Si(4)-O(4) 9.07(7) Ti(1)-C(4)-C(5)-C(1) -64.36(12) C(8)-C(3)-C(4)-Ti(1) -120.37(18)
O(5)-Ti(1)-Si(4)-O(4) -114.06(12) C(3)-C(4)-C(5)-C(10) -177.01(18) O(2)1-Ti(1)-C(4)-C(5) 109.87(13)
O(1)-Ti(1)-Si(4)-O(4) 110.91(7) C(9)-C(4)-C(5)-C(10) 1.1(3) O(5)-Ti(1)-C(4)-C(5) -142.36(12)
C(1)-Ti(1)-Si(4)-O(4) -170.4(2) Ti(1)-C(4)-C(5)-C(10) 118.31(19) O(1)-Ti(1)-C(4)-C(5) -43.48(12)
C(5)-Ti(1)-Si(4)-O(4) -169.45(9) O(1)-Ti(1)-C(1)-C(5) 78.20(12) C(1)-Ti(1)-C(4)-C(5) 37.56(11)
C(2)-Ti(1)-Si(4)-O(4) -75.38(11) C(2)-Ti(1)-C(1)-C(5) -115.13(17) C(2)-Ti(1)-C(4)-C(5) 79.00(12)
C(4)-Ti(1)-Si(4)-O(4) -136.27(8) C(4)-Ti(1)-C(1)-C(5) -37.05(12) C(3)-Ti(1)-C(4)-C(5) 116.08(16)
C(3)-Ti(1)-Si(4)-O(4) -99.17(8) C(3)-Ti(1)-C(1)-C(5) -78.07(13) Si(4)-Ti(1)-C(4)-C(5) -133.10(10)
O(2)1-Ti(1)-Si(4)-O(3) -99.89(7) Si(4)-Ti(1)-C(1)-C(5) 1.3(3) O(2)1-Ti(1)-C(4)-C(3) -6.21(15)
O(5)-Ti(1)-Si(4)-O(3) 136.97(11) O(2)1-Ti(1)-C(1)-C(6) 59.54(16) O(5)-Ti(1)-C(4)-C(3) 101.56(11)
O(1)-Ti(1)-Si(4)-O(3) 1.94(6) O(5)-Ti(1)-C(1)-C(6) -159.16(14) O(1)-Ti(1)-C(4)-C(3) -159.56(10)
C(1)-Ti(1)-Si(4)-O(3) 80.6(2) O(1)-Ti(1)-C(1)-C(6) -44.07(16) C(1)-Ti(1)-C(4)-C(3) -78.52(12)
C(5)-Ti(1)-Si(4)-O(3) 81.58(8) C(5)-Ti(1)-C(1)-C(6) -122.3(2) C(5)-Ti(1)-C(4)-C(3) -116.08(16)
C(2)-Ti(1)-Si(4)-O(3) 175.66(10) C(2)-Ti(1)-C(1)-C(6) 122.6(2) C(3)-C(4)-C(5)-Ti(1) 64.68(13)
C(4)-Ti(1)-Si(4)-O(3) 114.76(7) C(4)-Ti(1)-C(1)-C(6) -159.32(18) C(9)-C(4)-C(5)-Ti(1) -117.24(19)
C(3)-Ti(1)-Si(4)-O(3) 151.86(7) C(3)-Ti(1)-C(1)-C(6) 159.66(18) C(2)-C(1)-C(5)-C(4) -0.3(2)
O(2)1-Ti(1)-Si(4)-O(5) 123.13(11) Si(4)-Ti(1)-C(1)-C(6) -121.0(2) C(6)-C(1)-C(5)-C(4) -178.59(18)
O(1)-Ti(1)-Si(4)-O(5) -135.03(11) C(5)-C(1)-C(2)-C(3) 0.1(2) Ti(1)-C(1)-C(5)-C(4) 65.37(13)
C(1)-Ti(1)-Si(4)-O(5) -56.4(2) C(6)-C(1)-C(2)-C(3) 178.43(17) C(2)-C(1)-C(5)-C(10) 177.08(17)
C(5)-Ti(1)-Si(4)-O(5) -55.39(12) Ti(1)-C(1)-C(2)-C(3) -65.14(12) C(6)-C(1)-C(5)-C(10) -1.2(3)
C(2)-Ti(1)-Si(4)-O(5) 38.68(13) C(5)-C(1)-C(2)-C(7) -178.88(17) Ti(1)-C(1)-C(5)-C(10) -117.27(18)
C(4)-Ti(1)-Si(4)-O(5) -22.21(11) C(6)-C(1)-C(2)-C(7) -0.6(3) C(2)-C(1)-C(5)-Ti(1) -65.64(12)
C(3)-Ti(1)-Si(4)-O(5) 14.88(11) Ti(1)-C(1)-C(2)-C(7) 115.87(18) C(6)-C(1)-C(5)-Ti(1) 116.03(19)
O(2)1-Ti(1)-Si(4)-C(18) 143.34(11) C(5)-C(1)-C(2)-Ti(1) 65.25(12) O(2)1-Ti(1)-C(5)-C(4) -113.25(13)
O(5)-Ti(1)-Si(4)-C(18) 20.21(14) C(6)-C(1)-C(2)-Ti(1) -116.43(18) O(5)-Ti(1)-C(5)-C(4) 41.95(13)
O(1)-Ti(1)-Si(4)-C(18) -114.82(11) O(2)1-Ti(1)-C(2)-C(1) 120.08(11) O(1)-Ti(1)-C(5)-C(4) 141.15(12)
C(1)-Ti(1)-Si(4)-C(18) -36.2(2) O(5)-Ti(1)-C(2)-C(1) -135.18(11) C(1)-Ti(1)-C(5)-C(4) -115.93(17)
C(5)-Ti(1)-Si(4)-C(18) -35.18(13) O(1)-Ti(1)-C(2)-C(1) 17.25(14) C(2)-Ti(1)-C(5)-C(4) -78.28(12)
C(2)-Ti(1)-Si(4)-C(18) 58.89(14) C(5)-Ti(1)-C(2)-C(1) -37.90(11) C(3)-Ti(1)-C(5)-C(4) -37.10(11)
C(4)-Ti(1)-Si(4)-C(18) -2.00(12) C(4)-Ti(1)-C(2)-C(1) -79.07(11) Si(4)-Ti(1)-C(5)-C(4) 64.49(13)
C(3)-Ti(1)-Si(4)-C(18) 35.09(12) C(3)-Ti(1)-C(2)-C(1) -116.07(15) O(2)1-Ti(1)-C(5)-C(1) 2.68(17)
O(2)-Si(1)-O(1)-Ti(1) -93.49(10) Si(4)-Ti(1)-C(2)-C(1) -154.70(9) O(5)-Ti(1)-C(5)-C(1) 157.88(12)
O(3)-Si(1)-O(1)-Ti(1) 21.71(11) O(2)1-Ti(1)-C(2)-C(3) -123.85(11) O(1)-Ti(1)-C(5)-C(1) -102.92(12)
C(11)-Si(1)-O(1)-Ti(1) 144.10(9) O(5)-Ti(1)-C(2)-C(3) -19.11(13) C(2)-Ti(1)-C(5)-C(1) 37.66(12)
O(2)1-Ti(1)-O(1)-Si(1) 74.53(10) O(1)-Ti(1)-C(2)-C(3) 133.33(10) C(4)-Ti(1)-C(5)-C(1) 115.93(17)
O(5)-Ti(1)-O(1)-Si(1) -31.35(10) C(1)-Ti(1)-C(2)-C(3) 116.07(15) C(3)-Ti(1)-C(5)-C(1) 78.84(13)
C(1)-Ti(1)-O(1)-Si(1) -179.67(9) C(5)-Ti(1)-C(2)-C(3) 78.18(11) Si(4)-Ti(1)-C(5)-C(1) -179.58(10)
C(5)-Ti(1)-O(1)-Si(1) -145.47(10) C(4)-Ti(1)-C(2)-C(3) 37.01(10) O(2)1-Ti(1)-C(5)-C(10) 123.95(15)
C(2)-Ti(1)-O(1)-Si(1) 170.53(8) Si(4)-Ti(1)-C(2)-C(3) -38.63(15) O(5)-Ti(1)-C(5)-C(10) -80.85(16)
C(4)-Ti(1)-O(1)-Si(1) -122.47(9) O(2)1-Ti(1)-C(2)-C(7) -1.02(16) O(1)-Ti(1)-C(5)-C(10) 18.35(15)
C(3)-Ti(1)-O(1)-Si(1) -142.86(10) O(5)-Ti(1)-C(2)-C(7) 103.71(16) C(1)-Ti(1)-C(5)-C(10) 121.3(2)
Si(4)-Ti(1)-O(1)-Si(1) -13.63(8) O(1)-Ti(1)-C(2)-C(7) -103.85(16) C(2)-Ti(1)-C(5)-C(10) 158.92(18)
O(3)-Si(1)-O(2)-Ti(1)1 -56.2(2) C(1)-Ti(1)-C(2)-C(7) -121.1(2) C(4)-Ti(1)-C(5)-C(10) -122.8(2)
O(1)-Si(1)-O(2)-Ti(1)1 60.6(2) C(5)-Ti(1)-C(2)-C(7) -159.00(19) C(3)-Ti(1)-C(5)-C(10) -159.90(18)
C(11)-Si(1)-O(2)-Ti(1)1 -175.55(18) C(4)-Ti(1)-C(2)-C(7) 159.83(19) Si(4)-Ti(1)-C(5)-C(10) -58.31(17)
O(2)-Si(1)-O(3)-Si(4) 95.88(12) C(3)-Ti(1)-C(2)-C(7) 122.8(2) O(2)-Si(1)-C(11)-Si(2) -50.26(12)
O(1)-Si(1)-O(3)-Si(4) -20.64(13) Si(4)-Ti(1)-C(2)-C(7) 84.19(18) O(3)-Si(1)-C(11)-Si(2) -167.33(9)
C(11)-Si(1)-O(3)-Si(4) -144.59(11) C(1)-C(2)-C(3)-C(4) 0.1(2) O(1)-Si(1)-C(11)-Si(2) 71.05(12)
O(4)-Si(4)-O(3)-Si(1) -87.60(12) C(7)-C(2)-C(3)-C(4) 179.08(18) O(2)-Si(1)-C(11)-Si(3) 172.17(8)
O(5)-Si(4)-O(3)-Si(1) 30.35(13) Ti(1)-C(2)-C(3)-C(4) -63.82(13) O(3)-Si(1)-C(11)-Si(3) 55.10(12)
C(18)-Si(4)-O(3)-Si(1) 153.90(11) C(1)-C(2)-C(3)-C(8) -175.96(18) O(1)-Si(1)-C(11)-Si(3) -66.51(12)
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Ti(1)-Si(4)-O(3)-Si(1) 10.72(11) C(7)-C(2)-C(3)-C(8) 3.0(3) C(14)-Si(2)-C(11)-Si(1) 50.58(14)
O(4)-Si(4)-O(5)-Ti(1) 73.14(11) Ti(1)-C(2)-C(3)-C(8) 120.13(18) C(13)-Si(2)-C(11)-Si(1) -69.30(12)
O(3)-Si(4)-O(5)-Ti(1) -44.62(11) C(1)-C(2)-C(3)-Ti(1) 63.92(13) C(12)-Si(2)-C(11)-Si(1) 167.57(10)
C(18)-Si(4)-O(5)-Ti(1) -166.30(9) C(7)-C(2)-C(3)-Ti(1) -117.10(18) C(14)-Si(2)-C(11)-Si(3) -170.58(10)
O(2)1-Ti(1)-O(5)-Si(4) -59.42(11) O(2)1-Ti(1)-C(3)-C(2) 59.63(11) C(13)-Si(2)-C(11)-Si(3) 69.54(12)
O(1)-Ti(1)-O(5)-Si(4) 45.05(10) O(5)-Ti(1)-C(3)-C(2) 164.87(10) C(12)-Si(2)-C(11)-Si(3) -53.59(13)
C(1)-Ti(1)-O(5)-Si(4) 159.13(10) O(1)-Ti(1)-C(3)-C(2) -82.17(14) C(17)-Si(3)-C(11)-Si(1) -12.10(14)
C(5)-Ti(1)-O(5)-Si(4) 136.95(9) C(1)-Ti(1)-C(3)-C(2) -37.33(10) C(15)-Si(3)-C(11)-Si(1) -131.15(11)
C(2)-Ti(1)-O(5)-Si(4) -156.21(8) C(5)-Ti(1)-C(3)-C(2) -79.08(11) C(16)-Si(3)-C(11)-Si(1) 109.86(12)
C(4)-Ti(1)-O(5)-Si(4) 159.26(10) C(4)-Ti(1)-C(3)-C(2) -116.25(15) C(17)-Si(3)-C(11)-Si(2) -150.76(10)
C(3)-Ti(1)-O(5)-Si(4) -166.94(10) Si(4)-Ti(1)-C(3)-C(2) 158.59(9) C(15)-Si(3)-C(11)-Si(2) 90.19(12)
O(2)1-Ti(1)-C(1)-C(2) -63.07(12) O(2)1-Ti(1)-C(3)-C(4) 175.88(10) C(16)-Si(3)-C(11)-Si(2) -28.80(14)
O(5)-Ti(1)-C(1)-C(2) 78.23(15) O(5)-Ti(1)-C(3)-C(4) -78.88(11) O(4)-Si(4)-C(18)-Si(6) 69.27(12)
O(1)-Ti(1)-C(1)-C(2) -166.67(11) O(1)-Ti(1)-C(3)-C(4) 34.08(16) O(3)-Si(4)-C(18)-Si(6) -170.88(9)
C(5)-Ti(1)-C(1)-C(2) 115.13(17) C(1)-Ti(1)-C(3)-C(4) 78.92(11) O(5)-Si(4)-C(18)-Si(6) -52.68(12)
C(4)-Ti(1)-C(1)-C(2) 78.08(12) C(5)-Ti(1)-C(3)-C(4) 37.17(10) Ti(1)-Si(4)-C(18)-Si(6) -63.04(14)
C(3)-Ti(1)-C(1)-C(2) 37.06(10) C(2)-Ti(1)-C(3)-C(4) 116.25(15) O(4)-Si(4)-C(18)-Si(5) -66.56(12)
Si(4)-Ti(1)-C(1)-C(2) 116.4(2) Si(4)-Ti(1)-C(3)-C(4) -85.16(10) O(3)-Si(4)-C(18)-Si(5) 53.29(12)
O(2)1-Ti(1)-C(1)-C(5) -178.19(12) O(2)1-Ti(1)-C(3)-C(8) -63.34(17) O(5)-Si(4)-C(18)-Si(5) 171.49(8)
O(5)-Ti(1)-C(1)-C(5) -36.90(18) O(5)-Ti(1)-C(3)-C(8) 41.90(16) Ti(1)-Si(4)-C(18)-Si(5) 161.12(5)
C(2)-Ti(1)-C(4)-C(3) -37.08(10) O(1)-Ti(1)-C(3)-C(8) 154.86(14) C(23)-Si(6)-C(18)-Si(4) -94.58(14)
Si(4)-Ti(1)-C(4)-C(3) 110.82(10) C(1)-Ti(1)-C(3)-C(8) -160.30(18) C(24)-Si(6)-C(18)-Si(4) 27.56(14)
O(2)1-Ti(1)-C(4)-C(9) -127.89(15) C(5)-Ti(1)-C(3)-C(8) 157.95(19) C(22)-Si(6)-C(18)-Si(4) 143.91(13)
O(5)-Ti(1)-C(4)-C(9) -20.12(16) C(2)-Ti(1)-C(3)-C(8) -123.0(2) C(23)-Si(6)-C(18)-Si(5) 41.15(15)
O(1)-Ti(1)-C(4)-C(9) 78.76(16) C(4)-Ti(1)-C(3)-C(8) 120.8(2) C(24)-Si(6)-C(18)-Si(5) 163.29(10)
C(1)-Ti(1)-C(4)-C(9) 159.79(18) Si(4)-Ti(1)-C(3)-C(8) 35.62(17) C(22)-Si(6)-C(18)-Si(5) -80.36(14)
C(5)-Ti(1)-C(4)-C(9) 122.2(2) C(2)-C(3)-C(4)-C(5) -0.3(2) C(21)-Si(5)-C(18)-Si(4) -55.98(14)
C(2)-Ti(1)-C(4)-C(9) -158.76(18) C(8)-C(3)-C(4)-C(5) 175.89(17) C(19)-Si(5)-C(18)-Si(4) 66.37(13)
C(3)-Ti(1)-C(4)-C(9) -121.7(2) Ti(1)-C(3)-C(4)-C(5) -63.73(13) C(20)-Si(5)-C(18)-Si(4) -173.44(11)
Si(4)-Ti(1)-C(4)-C(9) -10.86(17) C(2)-C(3)-C(4)-C(9) -178.36(17) C(21)-Si(5)-C(18)-Si(6) 167.52(11)
C(3)-C(4)-C(5)-C(1) 0.3(2) C(8)-C(3)-C(4)-C(9) -2.2(3) C(19)-Si(5)-C(18)-Si(6) -70.13(13)
C(9)-C(4)-C(5)-C(1) 178.40(18) Ti(1)-C(3)-C(4)-C(9) 118.17(18) C(20)-Si(5)-C(18)-Si(6) 50.06(14)

C(2)-C(3)-C(4)-Ti(1) 63.47(12) C(25)-C(26)-C(27)-C(27)2 -179.9(3)
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