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• SOME NOVEL ORGANOSILANE REACTIONS

CATALYZED DY TITANOCENES

Ph.D. Ronghua Shu

Abstract

Chemistry

•

•

This thesis presents sorne novel organosilane reactions catalyzed by titanocenes.

Heterodehydrocoupling between silanes and phosphines has been accomplished

with tiranocenes as catalysts. The reaction bas the characteristics of high yield and high

selecti\"ity and can be carried out under mild conditions. Monophosphinosilanes and

cliphosphinosilanes can be selectively obtained from the reactions of secondary phosphines

and silanes. Primary phosphines react with primary silanes to produce 1,3,5-triphospha­

2,4,6-trisilacyclohexanes. A two-catalytic-eycled mechanism is proposed with titanocene

hydride as the keyeatalytic species.

Hydrosilation/hydrogenation of sorne arornatic N-heterOCYcles (namely pyridine, 3­

picoline, 4-pieoline, 3.5-lutidine, and quinoline) has been achieved with titanocene

derivatives as catalysts. A variety of hydrosilatedlhydrogenated produets, either fully or

partially saturated, may be produeed depending on conditions. A reaction mechanism is

proposed based on isolated and StlUcrurally eharacterized pyridine titanocene complexes. on

the effects of substituent on the rares, and on HID exehange studies. It is suggested that a

key step in the hydrogenation/hydrosilation reaction is the formation of a mono-n 1(N)

eomplex between the pyridine ring and the titanocene silyI complex. It is proposed that the

rate detemùning step is an intrarnolecular insertion of -N=C- into the Ti-Si bond. If the

strong coordination or the intramolecular insertion is prohibited by either sterie effeets or

electronic effects, or if the cornplex is of too high stability, no hydrogenationlhydrosilation
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product is obtained. Extensive HID exchange al the 2- and 6- positions of the pyridine is

attributed to a reversible ortho-metallation of pyridine in a Ti-H complex.

CP2Ti.~tn catalyzed hydrosilationlhydrogenation reactions of nicotinates, ethyl

benzoate, and lactones have been studied. With ethyl nicotinate as the substrate, the

hydrosilation occurs on the ring to give ethyl N-(methylphenylsilyl)-I,6-dihydronicotinate

as the only product. No reaction at the ester group is observed. However, when the

substrate is ethyl isonicotinate, ethyl 2-methylnicotinate or ethyl 6-methylnicotinate, the

hydrosilationlhydrogenation only occurs at the ester groups and the carboalkoxy group is

tranformed into either a silyI ether group or an alkyl group-

Copolymers cao he produced from the titanocene catalyzed ring opening

hydrosilationlhydrogenation reactions of lactones and Plù\1eSiH2. A key intennediate in

these reactions, Cp[Jl-Cll 1:Tl5_Cs!4)](THF)Ti(J.l.-H)TiCp2. is isolated and \Vell

characterized by x-ray crystallography. The successful isolation and characterization of this

product provides the frrst direct evidence to support the involvement of CP2Ti in numerous

CP2TL\1e2 catalyzed reactions in addition ta correcting an earlier incorrect assignment of the

5tructure of this frequently cited compound.
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• DE NOUVELLES RÉACTIONS D'ORGANOSILANES
CATALYSÉES PAR LE TITANOCÈNE.

Doctorat Ronghua 5hu

Résumé

Chimie

•

•

Dans cette thèse, nous présentons de nouvelles voies de synthèses d'organosilanes

catalysés par des titanocènes.

L'hétérocouplage entre silanes et phosphines ayant été effectué avec des titafiocènes

utilisés comme catalyseurs. La réaction est caractérisée par un rendement élevé, une haute

sélectivité et peut être réalisée dans des conditions douces. Les monophosphinosilanes et

les diphosphinosilanes peuvent être obtenus sélectivement à partir de réactions secondaires

avec les silanes. Les phosphines primaires réagissent avec les silanes primaires pour

donner les 1,3,5-triphospha-2,4,6-trisilacyclohexanes. Deux mécanismes catalytiques

cycliques sont proposés avec l'hydrure de silane comme l'éspece catalytique clée.

L'hydrosilation/hydrogénation de certains N-hétérocyciiques aromatiques

(pyridine, 3-picoline. 4-picoline. 3,5-lutidine et quinotine) a été obtenu avec des dérivés de

titanocène comme catalyseurs. Une varieté de produits hydrosililés/hydrogénés aussi bien

totalement que partiellement saturés peuvent être obtenus dépendernent des conditions. Un

mécanisme réactionnel est proposé, basé sur des complexes pyridine de titanocène qui ont

été isolés et dont la structure a été déterminée, sur les effets des substituants, les vitesses de

réactions ainsi que les études d'échange H/D. il est suggéré que l'étape c1ée de la réaction

d'hydrosilation/hydrogénation est la fonnation d'un complex mono-h L(N) entre le cycle de

la pyridine et le complex du titanocène sililé. Il est proposé que l'étape détenninante de la

vitesse est une insertion intramoléculaire de
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-N=C- dans la laison Ti-Si-Si. Si la coordination est solide ou l'insertion intramoléculaire

est bloquée, soit par l'effet stérique ou par l'effet éléctronique ou encore si le complexe est

de haute stabilité, aucun produit d'hydrogénation ou d'hydrosililation n'est obtenu. Un

échange excessif HID aux positions 2- et 6- de la pyridine est attribué à l'orthométallation

reversible de la pyridine dans le complex Ti-H.

CP2TiMe2 catalyse les réactions d'hydrosilation/hydrogénation des nicotinates, les

benzoates d'ethyl, et les lactones ont été étudiés. Avec le nicotinate d'ethyle comme

substrat, l'hydrosilation a lieu sur le cycle pour donner l'ethyl N-(methylphenylsilil)-1.6­

dihydronicotinate comme unique produit. Aucune réaction au niveau du groupe ester n'est

observée. Cependant quand le substrat est l'isonicotinate d'ethyle, 2-methylnicotinate

d'ethyle ou 6-methylnicotinate d'ethyle, l'hydrosilationl hydrogénation a lieu au niveau des

groupes esters et le groupement carboalkoxy est transformé soit en ether de silyle soit en

groupement alk.~yle.

Les copolymers peuvent être produit à partir du titanocène catalysant les réactions

d'hydrosilationJhydrogénation par ouverture de cycle des lactones et Plc\1eSiH2.

L'intermédiaire clée pour ces réactions, Cp[J.L-(Tl 1:115-CsIi4)](THF)Ti(J.L-H)TiCp2, est isolé

et bien caractérisé par diffraction aux rayons X. Le succès dans l'isolation et la

caractérisation de ce produit fournit la première évidence directe qui soutient l'implication

de CP2Ti dans d'innombrables réactions catalytiques par CP2TL\1e2 en plus de corriger de

précédentes attributions de structure de ce composé fréquement cité.
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CHAPTERI

A BRIEF REVIEW OF TITANOCENE CIIEMISTRY

1.1 General introduction

Organotitanium compounds have attracted considerable and growing interest in

severa! areas of chemistry since their fmt introduction in the early 1950's. The ability of

titanium to forro 0'- or 1t- bonds with a large variety of ligands has Jed to the synthesis and

characterization of numerous organotitanium derivatives. Sorne of the earliest examples

attracted anention for their application in Ziegler-Nana polYmerization of olefins. Unlike

many other transition metals, the use of tiranium is not limited to catalytic systems, but it is

often used in stoichiometric quantities, due to the high abundance, Iow cast and Iow

intrinsic toxicity of this element. In recent years organotitaniurn compounds with one or

two cyclopentadienyl substituents have found increasing use for a variety of reactions. 1 In

the chemical reactions with silanes, phosphines, oletins, hydrogen, carbon monoxide, and

dinitrogen. etc., titanocene or bis(T\5-cyclopentadienyl)titanium ( Tl5-cyclopentadienyl will

be abbreviated throughout this thesis as Cp), CP2Ti, has often been implicated as a highly

reactive interrnediate, though it has never actually been isolated as a discrete chemicaJ

compound.

The remarkable reactivity of titaDocene has received tremendous attention of both

inorganic and organic chellÙsts. An important aspect of titanocene chemistry, has been the

isolation and characterization of titanocene derivatives. While titanocene itself remains

elusive, many derivatives of titanocene have been successfully isolated and well­

characterized. They are nonnally either trapped from reactions in which titanocene is

believed ta be involved or synthesized through conventional synthetic methods. These

derivatives are helpful for understanding reaction mechanisms. but do not generally provide
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prima facie evidence that titanocene is present. The search for titanocene continues to Conn

an important part of this research area.

Another indispensable part of titanocene chemistty is the discovery and exploration

of novel reactions. The rich chemistry of titanocene is evident from the large number of

well-known catalytic and stochiometric reactions, including reduction and oxidation of

unsaturated organic compounds, formation of C-C and C=C bonds,2-4 ring formation

reactions,5 and polymerization reactions,6-9 etc.. The remarkable versatility of titanocene is

also rnanifested by the frequent appearance of reports about novel reactions with titanocene

either as a cataIyst or a reagent. More than 300 papers have been published on titanocene

within the last three years. The pursuit of unprecedented reactions with titanocene has been

for decades, and will remain, one of the challenges of great interest to both inorganic and

organic chemists.

Metallocenes of Group 4 present a lot of similarities in one way or another. This

review only covers pans of titanocene chemistry of relevence to the thesis.

1.2 Background of titanocene

1.2.1 History of titanocene

Organometallic compounds of the group 4 metals could not be i50lated until good

inert atrnosphere techniques were developed in the early 1950'5, due to their high

sensitivity to air, moisture and other hydroxylic species. The frrst organotitanium

compound, TiPh(O-i-Pr)J, was isolated in 1952.10 Sïnce then the organametallic chemistry

of Group 4 metals has developed rapidly, due in large part ta the discovery of the catalytic

role played by titanium halides with aIuminum alkyls in the polymerization of ethene. 11

The discovery of ferrocene 12,13 and its sandwich stnlcture14,lS stimulated research interest

inta this kind of sandwich transition metal compound. As a result many

2
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bis(cyclopentadienyl) complexes of the fmt row transition metals have been prepared. The

flrst bis(cyclopentadienyl) compound of titanium, Cp2TiBr2y was reported in 1953 by

Wilkinson et al. 16 By far the majority of the organometallic compounds of titanium contain

the cyclopentadienyl ligand bonded in the pentahapto fashion (T\S-CsHs). The unique

stabilizing influence of this ligand allows the isolation of many organometallic compounds.

However, the ferrocene analog, titanocene has never been obtained. Though many groups

claimed the success preparing titanocene, none bas survived doser scrutiny.

\Vl1ile Iltiranocene Il seemed to he easy to synthesize, full characterization could

never be achieved. The difficult joumey of searching for titaDocene has been extensively

reviewed by Pez and Armor17 from its start in the early 1950's till the beginning of 1980's.

Severa! routes have been explored. 18-20 The major reaction employed for synthesis of

titanocene was through reduction of titanocene halides or all)'Is.21-23 Although various

"titanocene" materials have been reported by different groups, most likely the major

components of these "titanocenes" are lJ._("S:,,5_ClOHS)-Jl(H)Z-(115_CsHshTi2 (1), J.l­

(11 1:lls-CsH4)(T}S-CsHs)3Tiz (2), and ~(Hh-(llS-CsHS}4Tiz (3).

Figure. 1.1 Postulated rearrangernent of C..,S-Cp)2Ti to ("s·Cp)(l1 LCp)Ti hydride24a•

1 2

~
Ti

%
•

4

3

3
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Compound 1 was found by Brintzinger and Bercaw24 as the main product in the

varÏous reactions of CllS·CsHshTiC12 with N~ NalHg. and sodium naphthalene. The

formation of 1 was explained by the highly coordinatively unsaturated titanium(TI) center in

the bent (llS-CsHshTi intennediate abstracting hydrogen from the CsHs ligand to yield a

titanafulvene-hydride structure (Fig. 1.1). Further dimerization yields 1. Brintzinger and

co-workers aIso found tbat while hydrogenolysis of (l1S-CsHs)2TiMe2 solution at room

temperature yÏelds mainly 1, reaction of solid (llS-CsHs)2TiMe2 with hydrogen produces

3, and treatment of a saturated hexane solution of C"S-CSHS)2Th\1e2 with H2 at 0 "c gave a

gray-green, presumably polymerie hydride.2S It seelns that when extemal H is accessible

the titanocene (CP2Ti) produced in the synthetic reactions tends to gain H from the extemal

H source under suitable conditions and 3 is formed, however when no extemal H is

available, CP2Ti tends to abstract internal H (H on CsHs ligand) and 1 is formed. In both

cases, it is certain that CP2Ti is produced. However, its high reactiviry precludes its

isolation as a discrete compound.

Compound 2 was synthesized by Pez26 by the reduction of Clls-CsHshTiC12 with

Î equivalents of potassium naphthalene. The structure \vas deduced from the x-ray

structure of a crystalline derivative, obtained by slow diffusion of isopentane into solutions

of 2 in tetrahydrofuran. However. the proposed structure is enigmaùc in that it contains

one hydrogen less than is expected for a dimer of titanocene and it is hard to account for the

formation of 2 in relation to 1 or 3. Given the similarity of the reagents used ta make 1 and

2, it might he expected that 2 is a precursor to 1. A plausible interpretation would he that 2

results from dimerization of 4 with a molecule of titanocene, while 1 resuIts from

dimerization of two molecules of 4. The resolution of this enigma is the subject of

Chapter 5 of the present thesis.

The unsuccessful attempts to obtain CP2Ti in discrete forro is in sharp contrast ta

the related case of Cp*2Ti (Cp* =115-pentamethylpentadienyl). Unlike Cp2Ti, CP*2Ti has

4
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no a-hydrogen available to shift, while at the same time it has a has higher electran density

on the Ti center. On the ather hand. the bulkier Cp* group makes the dimerizatian af Cp*Ti

species less passible than in the case of CP2Ti. Thus Cp*2Ti was predicted ta be more

stable than CP2Ti. Bercaw and Brintzinger27 successfully prepared Cp*2Ti by the

follawing reaction sequence (Eq. 1.1-1.3).

Eq.l.l

Eq.l.2

Hexane • Eq.l.3

Cp*2TiH was also easily made according ta Eq.l.4 by Teuben and ca-warkers.28

•
* 25° Co 1 atm C· T'H RHCp 2TiR + H2 • P 2 1 + Eq.1.4

•

The easier access ta Cp*2Ti and CP*lTiH strongly implies that the eIusiveness of

the CP2Ti counterparts is due their high activity towards hydrogen abstractian and high

tendency ta dimerize.

Il can be concluded that titanocene was produced in the various reactions designed

for its synrhesis by reduction of titanocene halides or alkyl titanocenes by chemical ar

photochemicaJ methods. The main product in thase synthetic reactions is 1 or 3 depending

on the rcaction conditions. By introducing PMe3 or CO into these synthetic reduction

reactions, CP2Ti( PMe3 h] 29 and [Cp::!Ti(CO)2J 18b.30.3 1 have been obtained. Both

rCp2Ti(PMe:ü:!J and [Cp2Ti(COhl can be considered as titanocene stabilized by PMe3 and

CO respectively.

Ti tanocene catalyzed reactions have been extensively studied and have faund wide

applications}2-35 However, the mechanisms involved are not yet well-understaod. Part of

5
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the difficulty may due to the lack of a direct method for deteetian and to the high reactivity

of titanocene. Nevertheless, titanocene has been proposed as a key intermediate in

numeraus reactions catalyzed by titanocene derivatives. Efforts ta fmd evidence to support

the essential raIe of titanocene in these reactions have led ta the isolation and

characterization of severa! titanocene derivatives. Among these derivatives are 5_10.36-40

The formation of ail these compounds has been explained by reactions involving titanocene

as a precursar. However, they can only be regarded as indirect evidence for the

involvement of titanocene in the corresponding reactions.

cff( SiHPh, ctf( SiH,Ph
/ - T'/ -Tl

5 6

~'O ~ '
PMe

3

• .t Ph

~,.H~r~~~SJç~i~ 7 8

~~-S(~ ~ "-1~'~
Ph Ph

~
tif( H" ~ ctf( /"" P, ~

~Ti"""""""p/Ti~ 10
Ti-H--Ti 9

~ "H ~ cd

•
ln summary, from the earliest studies to the present time, the pursuit of titanocene

has produced many interesting and useful results, yet the identity of titanocene remains

elusive. The structural characterization of titanocene remains an important goal since the
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theoretical predictions of its electronic and molecular structures still require experimental

conflffi1ation.

1.2.2 Theoretical background

Although there are many similarities between the chemisnies of the group 4

metallocenes, titanocene derivatives exhibit a particularly distinctive and rich chemistry

involving all of the common oxidation states eTI, ID, and IV)..Ali of the oxidation states are

represented by an important number of isolated and well-characterized compounds. The

most common oxidation state for group 4 metallocene derivatives is +4. This is the

maximum valence state that can be observed for the group, giving a dO configuration. A

major difference between the first member Ti and the subsequent members Zr and Hf of

this group is the relative accessibility of lower oxidation states, the Ti(IV)ffi(IIl) reduction

potential being relatively low.41

Despite the easy access to the low oxidation states, bisCllS-

cyclopentadienyl)titaniu~ CP2Ti, has never been abtained as a discrete compound while

the other elements of the fust transition series from vanadium ta nickel fonn stable bisCllS­

cyclapentadienyl) complexes which are easily prepared using standard methods of

organometallic synthesis. Bath experimental and theoreticai research has led ta the

conclusion that these metallocenes have the normal 7t-sandwich structure typical of

ferrocene. The elusiveness of titanocene is believed to be due to its unique electronic

structure.

A theoretical description of flfSt raw metallocenes was flIst presented by Lauber

and Haffmann.42 Their general conclusions have since been confmned by more rigorous

theoretical methads.43.44 Nanna! bis(cyclapentadienyl) transition metal complexes. CP2M,

such as ferrocene are highly symmetric molecules with paralleI cyclopentadiene rings (11) .

Their symmetry is DSh if the two rings are eclipsed, or DSd if the rings are staggered. A

7
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bent CP2M fragment with tilted Cp rings (12) has C2v symmetry if the Cp ligands have an

eclipsed geometry, and only Cs symmetry if the rings are staggered.

~
1
M

6
Il

Cf<
M

Ç/>
12

•

In DSd geometIy the 7t orbitals of the CsHs- ligands yield three sets of

approximately degenerate orbitais: a Iow-Iying filled pair of al g and a2u symmetry. a set of

filled orbitaIs, elg and elu. and a high-Iying empty set of antibonding orbitals of symmetry

e::'g and e::.u• These Înteract with the orbitals of the meraI as shawn in the correlated diagram

in Figure 1.2. This ordering of energy levels is characteristic of a normal CP2M complex.

There is a strong interaction with the metal s and p orbitais and aIso a strong bonding

interaction with the elg(dxz• dyz) set. The remaining three d orbitals of the metaI. alg(dz2)

and the e::'g(d)(2_i, dxy) set, remain essentially nonbonding. Thus the d-Ievel splitting is e2g

$ al g <el g* or (dx2_y 2) S; (dz2) < (dxz, dyz).

p

s

d

M

•
~

M
~ <±;,

Figure 1.2 Interaction diagram for a DSd metallocene. The frontier orbitaIs are in the box.42
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Ferrocene has an ideal 18-electron configuration making it the most stable of the

metallocenes. Cobaltocene Ca d7-19 electron complex) and nickelocene (dS-20 electton

complex) both have excess electrons which occupy the higher lying elg*(dxz, dyz} orbitals.

This explains their easy oxidization.45 Vanadocene is a d3-15 electron complex and

chromocene is a d4-16 electron complexe Bath are electron deficient, having fewer than 6

d electrons, and the three nonbonding orbitals are ooly panially filled. However, none of

the three orbitaIs is empty. On the other hand titanocene is a d2-14 electron complexe With

only (Wo available electrons, one of the nonbonding orbitais must be ernpty and sorne sort

of distortion is probable.

Titanocene is dramatically different from the other metallocenes.1,46-48 Extended

Hückel calculations42.49 of the variation in the total energy of CP2Ti with respect to Cû, the

angle between the planes of the CsHs rings, indicate that titanocene is most stable in the

bent configuration with CO = 30-40", while vanadocene, CP2V, on the other hand is most

stable with (() =0", i.e. in the normal7t-sandwich configuration with cyclopentadienyI rings

parallél (Fig.1.3).49

o 20 40 60' 7

Figure 1.3 Total energy as a function of angle 00 between the planes of the two aromatic ring

ligands for CP2V and CP2Ti49

9
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However. Harrod et al.43 found that the optimized structure of both the ground

state and the first excited state of CP2Ti have the CI) value of 0°. This theoretical discrepancy

may only he resolved by concrete experimental evidence.

It has been proposedSO that a transition metaI complex having at Ieast one available

electron pair and one unfilled orbital in the valence shell shouId possess chemicai

characteristics akin to those of carbenes. By the above criteria. Cp2Ti can be considered to

be such a "carbenoid." and it was expected that it should undergo facile bond addition and

bond insenion reactions. by analogy with the chemisuy of carbenes. From a molecular

orbital point of view, the analogy between Cp2Ti and a carbene has been illustrated in Fig.

1.4. 49

•
33Co..-8.gev)

•

Figure 1.4 Schematic representation of the essentially nonbonding moIecuIar orbitaIs in a

bent (7t-C 5 H 5h Ti molecule ( w == 30° ). For comparison. the corresponding

orbitaIs of a carbene and their interactions with bonding and antibonding orbitaIs

of a substrate are traced at the right (hatched orbitaIs are doubly occupied).49

The most striking modes of reaction of a carbcne are its facile insertion into cr

bonds. addition (0 1t bonds,51 and its formation of complexes with 1t acceptors like CO or

10
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N2.52.53 The siffiultaneous (j interaction (its empty p orbital with a bonding orbital of the

substrate) and 1t interaction (ils filled (j orbital overlaps with the corresponding antibonding

orbitaI of the substrate) result in the smoothness of these reactions. As shown in Fig.l.4.

with orbitals 33 (aI) and 32 (b2) assuming the raies of the cr and p orbitaIs of carbene R2C

respectively. it is obvious that similar interactions can be picrured for the species of CP2Ti

in its bent conformation. An important feature is that the two orbitais not only have an

appropriate symmetry. but also a spatial extension favorable for extensive (j and Tt overlap.

The presence of a third low-Iying orbital (31 (a r») in the bent CP2Ti offers it the option of

binding two ligands as in Cp2Ti(CO)z and Cp2Ti(PMe3h, an option not available to

carbenes.

The carbene-type structure of titanocene provides the basic reason for its elusive

character and for having such a rich chemistry. The anticipated high reactivity of titanocene

supports the expectation that its isolation and characterization will remain a considerable

challenge. It is aiso not surprising that titanocene and its derivatives often present

unpredictable reactivities and provide a wide variety of novel compounds for the study of

electronic and magnetic properties.54

1.3 Titanocene chemistr)'

Titanocene chernisuy has enjoyed a colorful history. from an early interest in N2

fixation and olefin polymerization to the present broad activity in organic and inorganic

syntheses. The extensive studies on titanocene chernistry have been reviewed by several

authors. 1732.44 In this introduction only chemistry appropriate to the main stream of the

present lhesis, namely hydrosilation. hydrogenation, and dehydrocoupling reaclions, will

Il
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be reviewed in detail. Other reactions, such as redistribution reactions, will he briefly

discussed as relevant to the chemistry of the thesis.

1.3.1 Hydrosilation reactioDS

Hydrosilation is a reaction in which a silicon hydride bond adds across a multiple

bond of an unsaturated molecule (Eq.l.5). Catalytic hydrosilation is one of the

Si-H + U
Catalyst--_......._-...~ Si-U-H Eq.l.5

•

•

U = unsaturated molecule, such as
ketones, esters, imines, olefms

fundamental methods for the synthesis of organosilicon compounds and organosilyl

derivatives, and is now of considerable industrial significance.55•56

Three classes of catalytic hydrosilation reactions have been documented in the

literature: (1) Free-radical chain bydrosilation in whicb the Si-H bond is homolytically

cleaved into radicals in the presence of an initialor, or under irradiation conditions, (2)

Nucleophilic-electrophilic catalytic hydrosilation in which the Si-H bond is activated by an

organic base Ce.g. amines, phosphines, etc.), or metal salts, (3) Transition metal and

organometallic compound catalyzed hydrosilation. The last class is of scientific and

commercial importance, and reactions catalyzed by lacer transition metals \vere extensively

re\"iewed by Ojima55 in 1989. A recent review bas been published covering the

applications of cyclopentadienyl titanium derivatives in organic synthesis.32 Due to its

relevance to this thesis, this section will mainly focus on titanocene catalyzed

hydrosilations.

The origin of transition metaI complex catalyzed hydrosilation reactions cao be

u-aced to 1957.57 In the following few decades the area was well-explored58.59 with the

development of Chalk-Harrod mechanism (Fig. 1.5)60 and its variants.61-63 However,

12
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this period was dominated by lare transition metal catalysts due to their exceptionally high

catalytic activity.55 During the past decade t early transition metal complexes have been

found ta be active for the hydrosilation of a variety of substrates and an increasing amount

of attention has been diverted to them.

M

R"/

•

•

R"M-{

Figure 1.5 Tolman catalytic cycle for the Chalk-Harrod mechanism of

alkene bydrosilation

1.3.1.1 H}'drosilation of olefins

Hydrosilation of olefins, catalyzed by a group 4 metallocene was [rrst reported by

Harrod and Yun in 1987.64 In the dehydrocoupling polyrnerization of phenylsilane and co­

hydrogenation of olefm catalyzed by CP2TiMe2, it was found that sorne olefins underwent

hydrogenation, double bond isomerization, and hydrosilation reactions. In one particular

case hydrosilation products dominated at Low catalyst concentration. Deuterium labeling

studies confrrrned that the co-hydrogenation of norbomene gave exclusively the cis -exo

product. Presumably the hydrosilation reaction also proceeded by cis addition. Ail

observations in this experiment are reminiscent of those for late transition metal catalyzed

13
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hydrosiIation. Following Harrod and Yun's report. several groups showed that group 4

metaIIocenes are active catalysts for the hydrosilation of olefinic substrates.

Takahashi and co-workers reported the hydrosilation of l-olefins by the use of

diethylzirconocene (DEZ),65 generated in situ by mixing OfCP2ZrCI2 and EtMgBr. as the

catalyst precursor. Moderate to good yields and >99% regioselectivity for the l-silyl

praduct were obtained. In comparison, the Ti(IV) and Nb(IV) analo~es gave low yields of

praduct (less than 10%).

Corey and Zhu66 extended Harrod and Yun's experiment ta Cp2MCI2/n-BuLi CM =

Ti. Zr. Hf) cataIyzed reactions of phenylmethylsiIane in the presence of olefins. A range of

reaetions \Vere demonstrated. including hydrosilation of the olefins,

isomerization/hydrosiIation of internaI olefins, dehydroeoupling of the silane to silicon

oligomers. and dehydrocaupling of the silanes with the oIefins ta form vinylsilanes

(Scheme 1.1). A mechanism. involving the insertion of an olefin into the M-Si bond

foiIowed by cr-bond metathesis with free silane. was proposed to expIain the observed

products.

Scheme 1.1
____S_i_H~/_HC__~~-----~ RCH=c(siPhMeH}R
Dehydrocoupling

Hydrosilylation
R - R' - a y

•

\Vaymouth and Kesti67 reported that a Cp2MCI2/n-BuLi (~1=Ti. Zr, Hf) system

eatalyzes the hydrosilation of olefins with diphenyIsilane. Il is not surprising that this

work. which closely paralleis that of Corey's. provided almost identicaI resuIts except that

diphenylsilane gave a Iower reaction rate due ta the bulky substituents on silicon.
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Generally. higher temperature favers beth the debydrogenative oligomerization of silane

and the dehydrosilation of olefin reactioDS.

Lee and Han68 recently reported that activated titanocene (CP2Ti) prepared by the

reduction of titanocene dichloride with excess lithium in dimethoxymethane effectively

catalyses the hydrosilation of alkenes by alkyl- or phenylsilanes (Eq. 1.6).

[Activated CP2Ti]. R...... ~ Sl.H
2
R'

R'-SiR3 + R~ "-/

1.3.1.2 Hydrosilation of carbonyl compounds

Eq.l.6

•
\Vhile the titanocene catalyzed hydrogenation of carbonyl compounds was reported

more than a decade age,69 the use of titanocene catalysts for hydrosilation of carbonyl

compounds is relatively new, though the reaction takes place readily with various catalytic

systems. An early example involved the use of diphenyl titaIlocene as a catalyst for the

hydrosilation of ketones at elevated temperature (Eq. 1.7).70 A titanocene hydride was

praposed as an important intermediate. The product was obtained in good to quantitative

conversion with bath primary and secendaI)' silanes.

cal. CP2TiPh2

120 oC. llh

..
Eq.1.7

•

The catalytic, asymmetric hydrosilation of ketones using chiral tiranocene

compounds ta give optically active alcohals has been the subject of severa! recent reports.

HaIterrnan et al.71 studied the hydrosilation of prochiral aromaùc ketones with severa!

titanium complexes, but only low to moderate enantioselectivities were observed.
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Buchwald et al.72 reported the application of a system to the hydrosilation of

aromatic ketones using poly(methylhydrosiloxane) (PMHS) as the source of Si-H and 14

activated with butyllithium as the catalyst. Work-up of he reaction affords alcohols with

excellent enantioselectivity and is generaJ for aromatic ketones with a moderate degree of

functional group compatibility. The active species was also proposed to be a titanium

hydride.

with enantioselectivities of up to 70/k using PhMeSiH2 or Ph2SiH2 as the hydrosilating

Xin and Harrod73 reported the hydrosilation of a \vide variety of dialkyl ketones•

~
x.....~_x
~(.....)

X.X =1,1'-binaph1h-
(S,S,S) ·2,2'~lOIate

13
(R,R,R)

14

•

agent and 13, activated with methyllithium. as the catalyst. The selectivity was found to be

very sensitive to the steric qualities of the alkyl groups. Further study74 revealed that with

(EtO)3SiH. .\-1c(EtOhSiH. [~[eSi(H)O]4. Me3SiO[MeSi(H)O]nSil\1c3 or MeSiH3 as the

hydrosilating agent. the reaetion rates are one to two orders of magnirude faster than with

undergo rapid redistribution in the presence of the catalyst yielding MeSiH3 which is

believed to be the actual hydrosilating agent. The ee's for the hydrosilation product of

acetophenone are consistently much higher (ca. 99%) for the n-BuLi based eatalyst than for

the MeLi based catalyst (ca. 40-S0Ck). Titanium hydrides are proposed as the key

intcrmediare in these cataJytic hydrosiJation reaetions.

Titanocene catalyzed hydrosilation of esters was achieved a decade later than the

tïrst report of their titanocene-catalyzed hydrogenation.75•76 Buchwald and co-workers77-
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80 developed severa! procedures for the overall reduction of esters to primary alcohols via

titanocene c~talyzed hydrosilation. The air stable system of the combination of Ti(Q-i-Pr)4

with (EtOhSiH converts esters to alcohols in excellent yield and with a high level of

functional group campatibility.78,80 Another system far the conversion of esters te primary

alcohols was also developed with a titanocene-based catalytic system employing (EtOhSiH

as the stoichiometric reductant.77,79 Catalyst generatian was effected by the addition of n­

BuLi to CP'2TiCh (Eq. 1.8). The system was found to be relatively insensitive to the

presence of adventitious moisture or small amounts of oxygen, and was effective for the

reduction of a great variety of ester substrates. A high degree of selectivity was reported.

For example, ethyl 6-bromohexanoate is cleanly converted to 6-bromo-l-hexanol.

Likewise, a,~-unsaturated esters and esters containing phenolic. amino, or cyclopropyl

groups, as well as di- and trisubstituted olefins, are efficiently transfonned into the

corresponding primary alcohols. A methyl ester can even be selectively reduced in the

presence of a ten-butyl ester. However, a more hindered tiranocene dichloride species,

ethylene-l ,2-bis(1l3-4,5,6,7-tetrahydro-l-indenyl)titanium dichloride (14) (X=Cl), is

required for the selective hydrosilation of an ester in the presence of a ketone, or a tenninal

olefin, or an epoxide.

o
U ~OSi(OEth

IO%n-BuLi ~OR'
5% CP2TiC12 ----....~----_...~ +

THF, -78 Oc 2 HSi(OEt}J R'OSi(OEth

1 N NaOH (aq)
or ~OH

1 N Hel (aq)
------....~ +

THF
R'OH

Eq.1.8

•
It is known that (EtOhSiH undergoes rapid redistribution to yield SiH4 in the

presence of titanocene catalysts.73 To avoid the danger of SïH4 and reduce the cost, two

modifications have been introduced to the Cp2TiCh/n-BuLiJ(EtO))SiH system:79 (a) the
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use of PMHS instead of (EtOhSiH to eliminate the generation of SiH4; Ch) the use of

Eù\1gBr instead of n-BuLi to generate an active catalyst system. The conversion of esters ta

the corresponding alcahols was accomplished in good ta excellent yield using this system.

The catalytic reductian of five- and six-membered ring Iactanes ta the

corresponding lactois cao alsa he accamplished using titanocene-based catalytic systems.

Buchwald et al.8 1,82 reported a convenient methad for the conversion of lactones ta lactois

via hydrosilation (Eq. 1.9). The hydrosilation ta lactals was carried out via air-stable

tiranocene di.f1uoride or a titanocene diphenoxide precatalyst using PMHS as the

stoichiometric reductant. The activation of the catalyst can be achieved by reacting with

phenylsilane or using tetrabutylammanium fluoride (TBAF). The amount of titanocene

catalyst cao be as low as 0.5% relative to Iactane substrate withaut any decrease in yield.

Aromatic halides and Ct-substituted lactones can also be reduced to the corresponding

•
Jactois without any epimerization.

2% Cn-.TiX,
l"'~ _.

1 mol% TBAF/Alumina
5 eq. PMHSIPhMe
then aq. NaOH

( X= -OOCI)

1.3.1.3 Hydrosilation of imines

Eq.l.9

•

Hydrosilation of imines has alsa been achieved with a titanocene-based catalyst.83

Treatrnent of (S,S)-ethylenebisCn5-tetrahydroindenyl)titanium difluoride (15) with

phenylsilane generates a catalytically active titanocene hydride species. The fonnation of a

stfong Si-F bond may provide the driving force for the formation of the Ti-H bond. The

system was faund ta be very effective for conversion of imines to amines in very high yield

and high enantioselectivity under roild conditions (Eq. 1.10).
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15

/Me

~
Ph Me

0.02% 15

PhSiH3, THF,
MeOH then NaOH

/Me
HN

. ~
Ph Me

Eq.1.10

•

•

As has been demonstrated by numerous reports, there is a variety of titanocene­

based catalysts which are effective for the hydrosilation of unsaturated arganic campounds.

The key intermediates in these different systems are proposed ta be the carresponding

Ti(Ill) bydrides.64-83 The synthesis, isolation and characterization of 7, 8, 9 and rac­

[(BTHIE)TiHh (16) [BTHIE = bis-Cl ,2-tetrahydroindenyl)ethaneJ 101 are cammonIy

regarded as the evidence far the essential raie Ti(llI) hydride in tiranocene catalyzed silane

reactions.

16
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1.3.2 Hydrogenation reactions

Hydrogenation of unsaturated organic compounds is of great importance in organic

synthesis. Many metals and metal complexes have been found to catalyze such

hydrogenation reactions. The use of titanium compounds as homogeneous catalysts for

alkene and a.lk.)'Ile reduction was frrst reported by Breslow et al.84 They showed tbat

ZieglerlNatta catalysts had high activity in such reactions. Sorne titanocene derivatives have

since been used as weil.

Compound 2 was found by Pez26 to he a very effective catalyst for hydrogenation

of C2fl4 and cyclohexene. More active catalysts can aIse he prepared by reaction of 1­

rnethyl-ll-allylbiscyclopentadienyltitanium with H2.85 The dicarbonyl camplex,

Cp2Ti(COh has been shown to be a catalyst far the hydrogenation of acetylene at 50 atm of

H2.86 (Ph2C2)(CO)TiCp2. obtained from the treatment of Cp2Ti(COh with

diphenylacetylene, is also a very effective hydrogenation catalyst for acetylene as weil as

for olefins.87 Brubacker and co-workers88 have prepared polymer-anached CP2TiCl2

\\ben activated \Vith buryllithium in hexane, the supported titanium complex was much

more reactive with respect to the catalytic hydrogenation of cyclohexene as compared with

the reduced, nonattached titanocene clichloride.

Samuel89 reported that dialk.J'ltitanocene compounds, CP2TiR2 (R = CH3;

CH2C6H6; C6HS), when photolyzed under hydrogen are efficient catalyst precursars for

the hydrogenation of linear and cyclic olefins under rnild conditions.

The active catalytic species for these hydrogenatian reactions is believed ta be a

CP2TiCIID hydride compound which cao be praduced by reduction of the corresponding

dichlorides90 or diallqrl campounds.25c,64a,91. The hydride species adds readily to alkenes

to form titanocene alk.ides which can undergo hydrogenolysis to yield the alkanes and

regenerate the catalyst (Fig. 1.6). The hydrogenation of alkynes proceeds similarly.
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Cp,
Ti-H

Cp/

h~ ;->=<
... Cp

/CP-THH
Figure 1.6 A possible mechanism for the hydrogenation of alkenes

with CP2Ti(lII) hydride

The titanacyclopropene 17 was reported as an effective hornogeneous

hydrogenation caralyst for a variety of olefms and alk.-ynes.92 Harrod and Yun64a found that

dimethyl titanocene activated by a silane is effective for the hydrogenation as weIl as for the

isomerization and hydrosilation of olefms. Sorne substituted tiranocene derivatives have

also been activared and used for rhe hydrogenation of olefins.93•94

17

Catalytic enantioselective hydrogenation of prachiral alkenes can be achieved with

chiral titanocene catalysts.95 Kagan96 reported low %ee's with complexes such as 18. The

use of other more symmetrical titanocenes such as 1997•98 and 2099 bearing novel

annulated Cp ligands led ta improved enatioselectivities only in certain cases.
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•
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Buchwald et al. 100 developed a very effective chiral titanocene catalyst by activating

13 and 14 with butyllithium. They obtained the corresponding Ti(Ill) hydride species lOl

which proved to be a highly enantioselective hydrogenation catalyst for unfunctionalized

trisubstituted olefins, including acyclic and cyclic derivatives. With the same catalyst, high

enantioselectivities \Vere aIso obtained in the asymmetric hydrogenation of 1, I-disubstituted

enamines to give the corresponding teniary amines (Eq. 1.11). This reaction proceeded

under milder condition than were necessary for trisubstituted olefms. 102

• caL! H2

15 psi

25°C.24h Ph
9C%(94Gt. ee )

Eq.1.11

1.3.3 Homodehydrocoupling polymerizations

Homodehydrocoupling provides a versatile and clean route ta the synthesis of

homopolymers and oligomers via the formation of E-E (element - element) bonds. The

generalized homodehydrocoupling reaction is shown in Eq. 1.12. This reaction has been

used for the formation of a number of different element-element bonds.33.103.104

( R = organyI or H )•
Eq.l.12
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1.3.3.1 Dehydropolymerizations of silanes

Polysilanes have received particular attention as SiC ceramic precursors,lOS

luminescent materials,l06 deep-UV photoresislors,107 eietroconductor108 and

photoinitiators.!09,IlO There are severa! excellent reviews on the preparation, structure,

properties, photochemistry, and redistribution of polysilanes.l03.1l1a.1l2-117 The most

common methods for the preparation of polysilanes are Wurtz-type coupling of halosilanes

using alkali metals. and coupling of halosilanes with organoalkali metals or Grignard

reagems, as shawn in Eq. 1.13. These conventional methods have sorne drawbacks III in

the control of the polymer structures and molecular-weight distributions, the introduction of

functional groups, and/or the creation of new polymer frameworks. Sorne other syntbetic

methods have also been developed. sucb as anionie polymerization of masked disilenes,118

ring-opening polymerization of eyclic oligosilanes,119 electroreductive polymerization of

organodicWorosilanes,120 sonochemical polymerization of organodichlorosilanes,121

electroehemical polymerization of hydrosilanes.122 catalytic dehydropolymerization of

hydrosilanes by activated transition metals,i23 and redistributive polyrnerization of

hydrodisilanes catalyzed by potassium hydride.l 24

Na, -NaCl
/--.-;.-------I~~(SiR2Jn

R~SiCI,
- - " Li-A-Li. -Liel~;;;;..;;...;;;"",;;"",;;;;;.;;,o,,-==-4.~(SiRrA-)n

Eq.1.13

•

Dehydropolymerization is among the attractive methods for synthesis of

polysilanes. It only involves the elimination of H2 and fonnation of Si-Si bonds and no

other objectionable side product is produced (Eq. 1.14). Titanocene was among the frrst

transition metal compounds identified as catalysts for silane dehydropolymerization.l03

Harrod and co-workers12S-127 pioneered this chemistry using dimethyl titanocene. Nakano
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and eo-workers128 used dipbenyltitanocene in the same manner. The eombination of

titanocene diclùoride and butylithium was studied extensively by Corey.I 29 This group aIso

explored the use ofbimetaIlic titanium and zirconium complexes as catalysts in the presence

of buryllithiurn for the debydrocoupling of PhSiH3 to polysilane. 130 Dioumaev and

Harrod 131 recently reported that cation-like catalysts give polymers with higher molecular

weights. The reactivity of hydrosilanes towards dehydroeoupling follews the order:

primary > secondary > tertiary,129a which mest probably reflects steric eonstrains in the

condensation reaction. Corriu and coworkers 132 developed a system using

diphenoxytitanocene for silane polymerization.

Sorne cyelic pentamers and hexamers are found as minor products in the silane

polymerization eatalyzed by titanoeene.l 33 These cyelie produets may be produeed either•

RI
1

H-Si-H,.,
R-

Eq.l.14

•

via direct cyclization of the corresponding !inear oligomers or via redistribution of longer

Iinear polymers. The formation of cyclic oligomers is irreversible and competes with the

fonnation of longer polymers. However, it provides a route ta sorne interesting cyelie

silane oligomers. Ali-trans hexabenzylcyclohexasilane was obtained in a good yield with

CP2Til\.1e2 as catalyst134 and sorne of its spectroscopie properties have been

studied. 134a,135

The titanocene catalyzed dehydrocoupling provides a new approach to silane

polymers. However, as with the other methods, there are still serious problems to

o\'ercorne. The major drawback of this rnethod 50 far is the reJatively low moleeular

weights of the polysilane produced and its limited applicability to secondary silanes.l36- l38
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The optimal mechanical and optical propenies would he hard to achieve without a

methodology to synthesize polysilanes of higher molecular weight.

Considerable effort has been dedicated to elucidating the dehydroPQlymerization

mechanisms. to finding the most efficient cataJysts. to increasing the polymer molecular

weights. to preparing polysilanes stereoselectively, and to dehydropolymerizing various

types of hydrosilanes to functional polysilanes. Four mechanistic schemes have been

proposed to rationalize silane polymerization catalyzed by group 4 metallocenes. Among

them the Tilley cr-bond metathesis mechanism I 15.IJ6.U6.137.139.I40 has proven to have the

widest applicabili ty 14I-143 although it was developed mainly from the study of zirconocene

and hafnocene catalysts. The mechanism involves a sequence of (j-bond metatheses among

Si-Ho M-H. and M-Si bonds (Fig.1.7).

•
~l ---- Si(SiHR)n_IH

/"
H R

M-H

H R
,,/

H(SiHR)n_l Si ---- I;I
, 1

• 1
• 1· .· .
M---- H

•
Figure 1.7 The Tilley s-bond metathcsis mechanism
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1.3.3.2 Dehydropolymerizations of germanes

Polyorganogermanes and polystannanes have aIse attracted considerable attention in

recent years due to their electronic conductivity. photoconductivity. and thermochromic

properties. l44 Generally. polygermanes are prepared by the Wurtz-type coupling of

halogermanes.I45-147 More reeently polygennanes have been made by dehydrocoupling of

organogermanes. Sorne late transition metal-based complexes are effective catalysts for the

coupling of germanes. 148 The application of titanocene for catalyzing germane

dehydropolymerization was first reported in 1988. 149 Both PhGeH3 and Ph2GeH2 were found

to undergo dehydrocoupling reactions in the presence of CP2TiMe2. In contrast to the case of

PhSiH3 \vhere linear polymers and oligomers are the major products. PhGeH) is readily

con\"erted to insoluble gel presumably due to cross-linking. 149 However, the catalyst chemistry

is the same for Ge and Si. as aIl of the observable Ti species in the functioning systems are in

[he form of Ti(III). [n the case of Ph2GeH2. (wO parallel reactions are abserved. One, which

involves Ti(IV). selectively yields tetraphenyldigermane. The other. which oceurs as the Ti

spontaneously reduces to Ti(III). rapidIy produces a mixture of oligomers. 149

The mechanism for germane dehydrapolymerization catalyzed by titanocenes is expected

[0 be similar ta that for the organosiIane polyrnerization. The resuIts \Vith Ph2GeH2 and

CP:2 Ti Me 2 imply that ather rnechanisms may also be applicable to germane

dehydropolymerizatians. \Vhen Ti remains in oxidatian state IV. the results point ta a slow 0-

bond metathesis mechanism (Fig. 1.7). The much faster dehydrocoupling reaction aCter the

reducrion of Ti(IV) ta Ti(III) can be rationaIized either by (j'-bond mctathesis at Ti(III). or by a

one-electron redox rnechanism proposed by Dioumaev and Harrod. 13 1d

1.3.3.3 Dehydropolymerizations of phosphines

Il is reasonable to expect thar phosphines would undergo dehydrocoupling reactions

similar to those af silanes since they are isoelectronic. Sorne dehydrooligomerization
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reactions leading to phosphine oligomers have been reponed by Stephan using zirconocene

derivatives.l50-153 However, attempts to polymerize primary or secondary phosphines

with CP2TiM~ were unsuccessful The negative results were explained in terms of the

particular properties of phosphines.lS4 Subsequently, 16 was found to he an effective

catalyst at room temperature for the oligomerization of PhPH2 affording a mixture of cyclic

and linear oligophosphines with (PhP)6 the most abundant of the rings.40.155 The

mecha.rlisms of these reactions were interpreted in tenns of the oxidative addition of

phosphines ta CP2Ticm, conproportionation of CP2Ti(ll) and CP2Ti(IV) ta CP2Ti(lll), and

cr-bond metathesis reactions of P-H, Ti-H, and Ti-P compounds.40

1.3.4 Heterodehydrocoupling reactioDs

Heterodehydrocoupling reactions, in which E-E' bonds are formed, are less well

developed. However, They have been used for the syntheses of sorne main group

compounds.l56 The heterodehydrocouplings of Si-H/H-O, Si-H/H-N, Si-H/H-C and sorne

heavier eIements have been achieved with titanocene as the catalyst.35,103

1.3.4.1 Si-WH-Q dehydrocoupling

Si-H/H-O dehydrocoupling cao be an effective alternative approach for the

fOffilation of silyl ethers. Silyl ethers have been empIoyed by both organic and inorganic

chemists in a variety of applications, from protecting groups in organic synthesis to sol-gel

preparations. The most common methods for formation of silyI ethers are the reactions of

chlorosilanes either with an aIcohol in the presence of an HCI acceptor or with an

alkoxide. 157 The conversion of a hydrosilane ta a silyI ether in the presence of an alcohol

can aIso be accomplished under the catalytic influence of sorne metal

compounds. 103,157.158
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The first example using titanocene for the formation of silyl ethers was reported by

Nakano and Nagai. 159 They reported using CP2TiPh2 to promote the alcoholysis of

monosilanes. A detailed survey of the dehydrocoupling of a range of organosiJanes and

alcohols was carried out by Corey and Bedard l60 using CP2TiCI2/nBuLi as the catalytic

system. The results showed that the catalyst is effective llnder mild conditions. With

primary alcohols. the corresponding alkoxysilanes can be obtained in near quantitative

yields. while with secondary and tertiary alcohols. more forcing conditions are required.

Increasing the sterie bulk of the sllbstituents on the silane also leads to longer reaction

periods and/or a need for higher temperature. Pania! substitution is not achievable with the

less hindered silanes. even using a substoichiometric amount of the alcohol and low

temperature. This behavior was explained by the rapid redistribution of the

hydroalkoxysilane intermediates. This suggestion is in conformity with the observation that

stenc encumbrance on the silicon has a significant effect on the rates of dimethyltitanocene­

catalyzed silane redistribution reactions. 161

As intramolecular hydrosilation has extensive applications in controlling regio- and
1

enantioselectivity.162 Xin and Harrod l63 carried out dehydrocoupling reactions of

diorganosilanes and unsaturated alcohols using titanocene based catalyst. However. the

titanocene-based catalysts are not promising in syntheric applications due to severa! other

side reactions such as hydrogenation and redistribution reactions.

1.3.4.2 Si-H/H-N dehydrocoupling

Dchydrocoupling makes hydrosilazanes accessible with relative ease. The

hcterogeneous catalyzed coupling of hydrosilanes and amines has long been recognized as

a useful route ta silazanes. 164 Several transition-metal-based homogeneous catalysts have

also been explored. 165 However. CP2TiMe2 is the only homogeneous catalyst which has

been systematical1y studied for the reaction of silanes and ammonia. 166 Il was found that
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this catalyst is effective for primary. secondary. and teniary organosilanes, but the products

from primary and secondary organosilanes are quite complicated and vary with reaction

conditions. [n the cases of PhMe2SiH and PhMeSiH2, the initial products observed are

disilazanes (Eq. 1.15) but not rnonosilazanes under aIl the conditions explored. The

second Si-H bond of PhMeSiH2 undergoes further reaction affording products of greater

complexity than the disilazane. Interestingly the third N-H bond is inert towards further

reaction under the conditions used. 167

--........ (PhMeSiHhNH Eq. 1.15

•

•

The reactions of phenylsilane with substituted hydrazines are aise effectively

catalyzed to give polymers.166-168 Compared with NH3 and amines. N2f4 and substituted

hydrazines have higher reactivity with silanes. N2H4 can spontaneously react with PhSiH3

to give soluble polymers in which most of the Si-H have reacted. In the presence of

Cp2TiMe2 the reaction is violent and the product is insoluble due to high cross-linking.l 67

However. the reactions between rnethyl substituted hydrazines and silanes are much

slo\vcr. \Vith CP2TiMe2 as the catalyst. the dehydrocoupling reactions proceed more

sIov,;ly as the degree of rnethyl substitution increases.

1.3.4.3 Dehydrocoupling of tributylstannane and tellurium

Fisher and Piers 156 succeeded in synthesizing [8 u} S nL! (f.t -Te) through

dehydrogenative cross coupling using titanocene based catalyst (Eq. 1.16). This kind of

compound can be used as MOCVD (metallorganic chemical vapor deposition) precursors

for main group metal teIIurides. 156
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• 2 BU3SnH

+
Te=PBu3

Cp·2TiH
2-10 mol %

•
/Te~

BU3Sn + SnBu3

H 2

Eq.l.16

•

•

The overall reaction of Eq. 1.16 is not strictly speaking a dehydrocoupling since it

does not involve a Te-H bond. A complex catalytic cycle was proposed (Fig. 1.8).

1042 HSneU3

Cp·2Ti- 5nBu3..J..L Cp·2Ti-toi Cp· • CsMes

T••PBu3!
[8u3Snb(~"TeJ

r (CP·2~(~·T.) ~••PBU3

~HsnBU3 \

-1 CP·.n-ToSnBu.! f'cp.•Ti C~2Ti,T~o

~ ,ToSnBu. - LHSnBu.
Ha Cp·zTi::-"

H
~

3 (8u~Sn)ij.l·T.)+ '"'2
Figure. 1.8 Proposed mechanism for CP*2TiH catalyzed coupling of BU3SnH and

Ph3P=Te

(In the scheme Ti = CP*2Ti)

1.4 Scope of this thesis

This thesis presents severa! novel reacùons catalyzed by ùtanocenes. The

heterodehydrocoupling reactions of silanes (primary and secondary) and phosphines

(primary and secondary) with CP2TiMe2 and CpCp*TiM:e2 as the catalysts are presented in

Chapter 2. In Chapter 3, the results of hydrosilaùon/hydrogenaùon reactions of pyridine

and its derivatives, including pyridine, 3-picoline, 4-picoline, 3,5-Iutidine and quinoline are

described. Hydrosilation/hydrogenation of nicotinates and esters is the subject of Chapter

4. Chapter 5 presents the crystal structure of a titanocene intermediate in these reactions and

discusses its essential role in the titanocene catalytic cycle.
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CHAPTER 2 HETERODEHYDROCOUPUNG OF PHOSPHINES AND SILANES

CHAPTER2

HETERODEHYDROCOUPLING OF PHOSPIllNES AND
SILANES CATALYZED BY TITANOCENE: A NOVEL

ROUTE TO THE FORMATION OF Si-P BONDS

2.1 Introduction

Titanocene has attracted the attention of organic and morgaillc chemists for decades

panicularly in relation [0 ZieglerlNatta catalysis.1.2 Since Harrod et aI.'s [mt report of the

dehydrocaupling of silanes catalyzed by group 4 metallocenes3, a new chapter in the stary

of titanocene chemistry has been reveaIed based on its ability to activate Si-H bonds.

Polymerization of primary silanes, hydrogenation and hydrosilation of unsaturated organic

compounds,4 and catalytic redistribution reactions of hydrosilanes,5 have been reponed.

\Vhile a great effort has been devoted to developing systems of synthetic interest,

understanding the catalytic properties of titanocenes has aIso been an interesùng challenge.

Ir is commonly proposed that Ti(III) and TiCm species are active intermediates in

the yarious catalytic reactions. Because of their high reactivÎry. instability and sensitivity to

oxygen, these species are difficult ta isolate and characterize. In certain cases they may he

trapped and identified by reaction \-vith ligands such as phosphines and pyridines,6-9 e.g.

Cp2Ti(SiHRR')P~1e3(R, R':H, Me, Ph),6.7 and CP2Ti(SiHPh2)CPy).8

Attempts ta synthesize novel phosphido complexes from phosphines showed that

P-P bonds can result from activation by the metallocenes of group 4- elements. IG Harrod

and coworkers found the reaction of CP2TL\-fe2 wiLlJ PhSiH3 in the presence of CY2PH (Cy

= cyclohexyl) is photoinitiated ta give paramagnetic solutions of CP2Ti(SiH2Ph)(PHCY2).6

Under ilie same conditions, a reaction with Ph2SiH2 gave crystaIline (Cp2Ti)2(f..l-H)(J..L­

PCY2). Under continuous photolysis CP2TiMe2 reacts with CyPH2, in the presence of

either PhSiH3 or Ph2SiH2, to give (Cp2Ti(J.!-PHCY)h. Rac-[(EBTHI)Ti(f..l-H)J2 (EBTHI =

42



•

•

•

CHAPTER 2 HErERODEHYDROCOUPUNG OF PHOSPHINES AND SIUNES

etbylene-l ,2-bisC115-4,5,6,7-tetrahydro-I-indenyl)) reacts with PhPH2 to give the complex

(EBTHnTi(P2Ph2), 21.

21

~10re interestingly, in this reaction, excess PhPHz is polymerized by

dehydrocoupling to give a mixture of linear and cyclic oligophosphanes. Tbese results

showed that the reactions of titanocene with secondary and prirnary phosphines resemble in

many aspects those of the isoelectronic silanes.

~'hile the metallocene caralyzed dehydrocoupling of silanes remains the mest active

area, 11 dehydrocoupling polymerization of germanes 12 and stannanes 13 is also attracting

attention. Group 4 metallecenes have also been successfully applied to other

lzeterodehydrocoupling reactions, including the formation of Sn-Te,14 Si-N,lS.16 Si-C,17

Si-O,I8 and B-NI9 bonds. However. a survey of the literature revealed no report of Si-P

bond formation by dehydrocoupling.

Compounds containing Si-P bonds are well known. The flISt such compounds

were hydrides prepared in 1953 by [Wo groups.20 While Aylett, Emeleus, and Maddock

prepared the compounds SiH3PIz, (SiH3hPI, and CSiH3hP by the reaction of SiH31 \Vith

white phospherus,ZOa Friz obtained SiH3PH2 by the pyrochemical reaction of SiI4 and

PH3 at 450 cC.20b Four years later, Kuchen and Buchwald obtained Me3SiPPh2 by

reaction of trimethy1chlorosilane with the sodium cleavage product of
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tetraphenyldiphosphine.21 Subsequently, Parshall and Lindsey22 developed a general

synthesis of alkylsilylphosphines using the metathesis of alkylchlorosilanes with

a.Jl.)'llithium compounds and phosphines. More recently, many Si-P containing compounds

have been prepared. Sorne examples of the more commonIy used methods are the

following (Eq. 2.1 • 2.4):23

(1) Reaction of a chlorosilane with an a1kali metal phosphide. e.g.

Eq.2.1

•

(2) Wurtz/Grignard type reactions of alkylphosphorus chloride, or arylphosphorus

chloride, with chlorosilane in the presence of sodium or magnesium, e.g.

Eq.2.2

(3) Reaction of a silyltritlate \vith an organic phosphine. e.g.

(4) Reaction of a disilene with white phosphorus, e.g.,24

Eq.2.3

p

i!~
p p

2 ~fes.Si - SiMes..- -. Eq.2.4

•
Compounds containing Si-P bonds are of interest both because of the reactivity of

the Si-P bond and the donor properties of the Ione pair on the phosphorus.25 Due to the
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highly reactive Si-P bond~ organosilylphosphines offer considerable potential for

synthesis. Sorne novel organophosphorous and organophophorus-metal cornpounds have

been prepared using organosilylphosphines as synthons e.g. [C04(JJ.3_PPh3)4](PPh3)4]

was prepared from the reaction of COCI2·2PPh3 with (Me3SihPPh.26 On the other hand,

phosphorus-containing cornpounds play an important raIe as ligands. Cyclic multidentate

ligands are especially interesting for the synthesis of complexes wilh a rigid

stereochemistry and with defined redox and magnetic properties, as shown by numerous

investigations of macrocyc1es with nitrogen and sulfur atoms as hard and soft donor

ceoters, respectively.27 Although they are considered stereachemically superior ta

analogous acyclic phosphane ligands and the need for such ligands is greal,28 only a fcw

cyclic phosphorus ligands. such as phospha crown ethers, have been reported due to the

difficulties in preparation. Among such cyclic compounds, six-menlbered silicon-

phosphorus heterocycIes have been proposed as calalyst ligands owing lo the steric

acccssibility of the transition merai. Schumann and Benda prepared and studied

nonaphenyIcycIotrisilatriphosphane.29 Driess and co-workers have reported severa! studies

of phospha crown ethers, and other compouds conraining Si-P bonds by the reaction of

chlorosilanes and lithium phosphides.30 1.3.5-triphospha-2,4.6-trisilacyclahexanes were

successfully prepared by this group using chlorosilanes and lithium phosphides as the

starting materials. For example, 1,3.5-Tricyclohexyl-2.4,6-tris(o-rncthylphenyl)-1.3.5­

triphospha-2A.6-trisilacyclohexane was obtained from the reaction shown in Eq. 2.S.

Recently. lemplate syntheses of such compounds have aiso been reponed.3'

•

R /Cl /Li
- Si + 3 Cv- P

3 H-- 'Cl . 'H

( R= -b )

3 BuLi ..
- 6 LiCl
- 3 H-Bu

Eq.2.5
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The near absence of transition metal complex catalyzed reactions of P-H

compounds is in striking contrast to the catalytic chemistIy of Si-Ho An early study of

reactions of phenyIsilane and CpCp*TiMe2. or CP2TiMe2, in the presence of phosphines

afforded needle-shaped crystalline products which were initially thought to be all-trans

hexaphenylcyclohexasilane.32 In the present work attempts were made ta use this method

to synthesize the all-trans cyclohexamers of other primary arylsilanes. Severa! 4­

alkoxyphenylsilanes were tried with CpCp*T~1e2 and CP2TiM~ along with phenyI· and

cyc1ohexylphosphines. In none of these reactions were cyclohexasilanes produced.

However, isolation of di(4-alkoxyphenyl)silanes in 35% yield showed that silane

redistribution is a major competitive reaction along with polymerization of these p­

alkoxyphenyIsilanes. Wheo 4-tolylsilane was used, a white crystalline product was

obtained. Contrary to expectation, it was found that this product was not a cyclohexasilane,

but a 1,3,5-triphospha-2,4.6-trisila-cycIohexane. Further study revealed that titanocene

catalysed cross-eoupling reactions between silanes and phosphines is facile especially with

secondary phosphines. This provides a conveIÙent access to a class of silylphosplùne

cornpounds which are moisrure and oxygen sensitive. This chapter presents the results of a

more detailed examination of this chemistry.

2.2 Results and Discussion

2.2.1 Reactions of silanes and secondary phosphines catal)"zed by

Cp2TE\tle2

The reactions between primary or secondary silanes and CP2T~1e2 are very facile.

\Vithout the presence of phosphines, silane oligomers and polymers are the expected

products from a reaction of silane and Cp2TiMe2. However. the reaction course is totally

altered by the addition of phosphines. In a typical reaction of a silane with Cp2TiMe2, after

an induction period ranging from a few seconds to dozens of minutes, the solution turns to
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dark bIue accompanied by gas (H2 and C14) evolution. 00 addition of a primary or

secondary phesphine, the solution turns dark purple, the characteristic calor of a titanocene

phosphine/phosphido complexe If the phosphine is added before the silane, or tegether

with the silane, the celer changes from orange to clark purple progressively in a much

longer period with slow gas evolutioD. Light and heat can speed up the initiation reaction.

Although titanocenes, as weil as zirceoocenes,1O have beeo shawn ta oligomerize and

polymerize organosilanes and organophosphines, the reactions of RnSil4-n (n =1 or 2)

Table 2.1 Heterodehydrocoupling oC secondary phosphines and silanes with
CP2TiMe2 as the catalysta

Phosphine Silane Reaction Product Yield (%)b

rime [hl

Ph2PH p-To1SiH3 2 p-TolH2SiPPh2 84

p-TolHSi(PPh2h 16

9 p-ToIHSi(PPh2h 1()()d
., PhSiH3 2 PhH2SiPPh2 81

PhHSi(PPh2h 19

" CySiH3 2 CyH2SiPPh2 100

" Ph2SiH2 2 Ph2HSiPPh2 100

" Plù\1eSiH2 2 PlèVieHSiPPh2 100

CY2PH p-To1SiH3 14 p-TolH2SiPCY2 24

" PhSiH3 24 PhH2SiPCY2 21

" CySiH3 24 CyH2SiPCY2 100
Il Ph2SiH2 24 Ph2HSiPCY2 43
Il

24 Ph2HSiPCY2 88c
., Ph...TvfeSiH2 24 Plll\1eHSiPCY2 100

a. all the reactions were ron at room temperature with ratios of silane to phosphine between

1.1 : l ta 1.3 : 1. no solvent was used unless otherv/ise noted, . b. based on integration of

3 l P l\MR. c. reaction was ron at 55 oC. d. ratio of phasphine to silane \vas 2 : 1.

and phosphines RmPH3-m Cm = 1 or 2) in the presence of CP2TL.\1e2. silylphosphines are

the major products instead of silane oligomers/polymers and/or phosphine oligomers. In
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other words, heterodehydrocoupling of phosphines and silanes takes place preferentially

over homodehydrocoupling of silanes and phosphines respectively. The products from the

reactions between sorne secondary phosphines and primary or secondary silanes catalyzed

by CP2Ti..M:e2 are listed in Table 2.1. It is evident that the heterodehydrocoupling of

secondary phosphines and silanes is very facile in certain cases. The yields are excellent

and the selectivity for the formation of monophosphinosilanes is very high. In the cases of

p-TolSiH3 and PhSiH3, diphosphinosilanes can be selectively obtained by increasing the

ratios of phosphine to silane.

2.2.1.1 Reactions of primary silanes and Ph2P H

There are [Wo kinds of major products obtained from the CP2Ti..Me2 catalyzed

reactions between primaI)' silanes and Ph2PH, namely RH2SiPPh2 and RHSi(PPh2)z.

.AJthough there are three H's available on Si, only two of them are active for

heterodehydrocoupling under the reaction conditions used.

p-To1SiH3 (p-Toi = P-CH3C6f4) reacted with Ph2PH in the presence of

CP2TL.v!e1 producing [Wo major products, p-ToIH2SiPPh2 and p-TolHSi(PPh2)2. p­

TolHSi(PPh2h was produced from the further reaction bet\veen p-ToIH2SiPPh2 and

Ph2PH. The ratio between me [Wo products depends on me ratio of the silane to the

phosphine. If the ratio is higher than 1: l in favor of silane, p-ToIH2SiPPh2 is the major

product along with a minor amount of p-To1HSi(PPh2h as shown in Table 2.1.

However, when more Ph2PH is present than silane, p-To1H2SiPPh2 is readily converted

to p-ToIHSi(PPh2h. A reaction with a ratio of 2:1 (PhlPH : p-TolSiH3) showed that all

p-ToIH2SiPPh2 was converted to p-ToIHSi(PPh2)z. In the final reaction mixture, p­

TolHSi(PPh2h was found as the only heterodehydrocoupling product and no p­

ToIH2SiPPh2 was detected. p-ToLHSi(PPh2)2 was separated from the reaction mixture as

a white solid in 75% isolated yield. 1H NMR, 29Si~?vtR and 31 P !\~1R spectra and ~IS
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confmned the assignment for this compound (Fig. 2.1). As can he seen, the triplet

resonance at 5.54 ppm in Fig. 2.te. which is assignable to Si-H, collapsed into a

singlet \Vith 3Ip decoupled (Fig. 2.1D). The 29Si spectrum showed a triplet at -11.6

ppm with IH decoupled (Fig. 2.IA) while with IH coupled a doublet of triplets is

observed (Fig. 2.IB). AIl these results support a structure in which two phosphorus

atoms are present and one H is attached to the Si.

The stepwise conversion from silane to monophosphinosilane then ta

diphosphinosilane was explicitly shown by an NMR experiment. Fig. 2.2 shows an

arrayed 3Ip N1vIR experirnent. The reaction was ron with a ratio (Ph2PH to p-TolSiH3) of

2 : 1 and 3% CP2Tu\1e2 per silane, and C6D6 was employed as solvent. The slower

reaction rate carnpared with the ones listed in Table 2.1 is due to the lower concentration

with the use of C6D6. As can be seen from Fig. 2.2, p-ToIH2SiPPh2 was produced

fust (inclicated by the resonance at -72 ppm), then p-TolHSi(PPh2)2 (resonance at -64

ppm) appeared as the result of further dehydrocoupling bet\veen p-TolH2SiPPh2 and

Ph1PH (Eq. 2.6). The conversion from p-TolSiH3 to p-To1H2SiPPh2 was complete in

about 2 hours. However, the conversion from p-TolH2SiPPh2 to p-ToIHSi(PPh2)2 was

not complete even after the 10.5 hours. This obseryation indicates that p-To1SiH3 bas

higher activity toward heterocoupling than p-ToIH2SiPPh2. due either ta higher steric

encumbrance or lower cornplexing ability of the latter and also suggests the reactivity of

Si-H follows the arder:

RH2Si-H > P-RH5i-H > P2RSi-H

•

H . V . fPh2
T Cp..,T1Me.,. PPh ~Ph2PH S· PPh

R-Si-H + H-PPh., • ~ R-Sl- ., H" R- 1- ..,
1 - -H., 1 - - 2 1 -
H - H H

(R =p-Tol, Pb, Cy )

Eq.2.6
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It is interesting that the signais carresponding to Ph2PH (-40 ppm) and p­

ToIH2SiPPh2 (-72 ppm) are broad while the one from p-ToIHSi(PPh2)2 (-64 ppm) is

sharp. Evidently, the broadening is not simply due to a large scale paramagnetic

relaxation, since all peaks are nat equally broadened. It is most likely due to a rapid on

and off complexing between Ph2PH or p-ToIH2SiPPh2 and the small amount of

paramagnetic catalytic titanocene species. The sharp resonance of p-ToIHSi(PPh2h

shows its complexing/decomplexing rate is slower than those of Ph2PH and p­

ToIH2SiPPh2·

Similarly, PhSiH3 reacted with PhzPH under the catalytic influence of Cp2TiMe2

to yield PhzPSiH2Ph and PhHSi(PPhzh. At rQom temperature, a hundred percent

conversion \Vas obtained within t\Vo hours ( based on phosphine) when excess silane was

used. As in the case of p-tolylsilane, PhHSi(PPh2)z was produced via the funher

coupling reaction between Ph2PSiH2Ph and Ph2PH. Thus, PhHSi(PPh2)2 is favored by

excess phosphine while PhzPSiHzPh is favored by excess silane.

CySiH3 reacted quantitatively with PhzPH in the presence of CP2TiMe2 to give

CyH2SiPPhz in 100% yield in 2 hours at room temperature when the silane was in

excess. In contrast ta p-ToISiH3 and PhSiH3, only a small amount of CyHSi(PPh2h

was dctected when phosphine was in excess. The higher selectivity for the fonnation of

monophosphinosilane. compared to p-TolSiH3 and PhSiH3. is attributable to the larger

steric effect of Cy relative to Ph and p-ToI. Under the same conditions, the induction

period for the reaction ofCySiH3 with Cp2TiMe2 is also longer than that for PhSiH3 and

p-TolSiH3·

It is weIl known that, under the catalytic effect of CP2TiMe2. primary silanes are

apt to undergo dehydrocoupling ta afford silane oligomers and polymers. However, in

the above reactions. no such products were detectable upon the completion of the

heterodehydrocoupling.
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2.2.1.2 Reactions of secondary silanes with Ph2P H

Ph2SiH2 was reacted with diphenylphosphine in the presence of CP2TiMe2 (Eq.

2.7). The reaetion went to completion within 2 hours at room temperature and the

hcterocoupling produet, Ph2HS iPPh2, was obtained as the only product in 100% yield

(NMR). No further coupling between Ph2HSiPPh2 and Ph2PH was observed. This

obsen'ation is in eonfarmity with results from primary silanes that the last Si-H bond is

inen toward funher eoupling reaction.

Essentially the same result was obtained with PhMeSiH2.

•

\1 Cp.,TiMe., fi
Ph -Si- H + H-PPh., - .. Ph-Si - PPh.,

1 - -H:! 1 -
Ph Ph

( 1009é. NMR yield )

2.2.1.3 Reactions of primar)' silanes and CY2P H

Eq.2.7

•

In contrast to the reactions with Ph2PH. only one major produet. RH2SiPCY2.

was obtained from the Cp2TiMe2 ealalyzed reaction between primary silanes and CY2PH

(Table 2.1). The reaetions were repeated \Vith various ratios of silane to phosphine with

no change in the outeome.

The rcaetion of p-tolyIsilane and CY2PH catalyzed by CP2TiMe2 was mueh slower

than the reaetion with Ph2PH. Only 24 % of CY2PH was eonverted ta p-ToIH2SiPCY2

after 24 hours. No p-TolHSi(PCY2h was found even with exeess CY2PH. This

difference is undoubtedly due ta the stene hindranee of the bulkier Cy group which makes

the further activation of the second Si-H tao difficult lO undergo any further cross-

coupling. At higher temperature. the reaction is faster. but homocaupling of p-ToISiH3

competes with the heterodehydrocoupling reaclion. When the reaction was run at 55 cC•

after 14 hours. the yield of p-ToIH2SiPCY2 was 27% (based on 31 P NMR integration)
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while the p-ToISïH3 was totally consumed. The observed broad 1H NMR peaks cao he

assigned to Si-H and Ar-H suggesting that silane polymers and oligomers were formed.

Severa! singlet 31 P resonances were found between -60 and -46 ppm, which were

tentatively assigned to the heterodehydrocoupling products of CY2PH and the silane

oligomers and polymers.

Simîlarly, the reaction of PhSiH3 and CY2PH catalyzed by CP2TiM~ was much

slower than the reaction with Ph2PH. After 24 hours, only 21 % CY2PH was converted

to PhH2SiPCY2, and no PhHSi(PCY2)z \Vas found even with excess phosphine.

As in the cases of phenylsilane and p-tolylsilane, no CyHSi(PCY2)2 was found

from the reaction of CySïH3 and Cy:zPH. However the reaction rate for the formation of

CyH:zSiPCY2 is much faster than in the cases of PhSiH3 and p-ToISiH3. CyH:zSiPCY2

was obtained from the reaction in 100% yield within 24 hours at room temperature when

silane was in excess. This reaction rate difference may result from the difference of

electronic effect between Cy group and Ph or p-Toi group. Further work \Vith acyclic n­

alkyl silanes should be helpful ta elucidate the reaction in more detail.

2.2.1.4 Reactions of secondary silanes with CY2P H

From the reaction of Ph2SiH2 and CY2PH catalyzed by Cp2Til\1e2 at room

temperarure, Ph2HSiPCY2 was obtained as the only product in 43% yield (by NMR)

within 24 hours. ~0 further coupling between Ph2HS iPCY2 and CY2PH was observed.

This observation is in conformity with previous results that the last Si-H bond is inen

toward further coupling reaction. At higher temperature(55 CC), the reaction goes faster,

and 88% conversion of CY2PH to Ph2HSiPCyZ was obtained in 24 hours.

Ph..\tIeSiHz reacted with CY2PH in the presence of CP2TiMez affording

Plli\1eHSiPCY2 in 100% yield (by NMR) within 24 hours at room temperature. As in the

case of Ph2SiH2, no further heterocoupling reaction leading to PtL\.1eSi(PCY2h was
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observe~ implying that the Si-H in PhMeHSiPCY2 is aIso inactive for heterocoupling

reactions.

The difference in the results between Ph2SiH2 and P~1eSiH2 is probably due to

different electronic and steric effects of Ph and Me groups, but to distinguish between the

contribuùons of electronic and stenc effects would require much more detailed

experiments.

2.2.2 Reactions of silanes and secondary phosphines catalyzed by

CpCp*T~le2

It is weIl known that CpCp*Th\1e2 is aIso an active precatalyst for the

polymerizaùon of silanes but the reaction is much slower than with CP2TiMe2.32d The

present study showed that CpCr*Ti.\1e2 is aIso active for sorne silane-phosphine

heterodehydrocoupling reactions (Table 2.2). However, sorne differences have been

observed compared with the cases of CP2TiMe2. With CpCp*Tu\1e2 as the precatalyst, the

heterocoupling reactions between p-TolSïH3 or PhSiH3 and Ph2PH were faster than with

Cp::!Tilvfe2 under the same conditions. On the other hand the heterodehydrocoupling

reaction of Ph2PH and CySiH3 \Vas much slower than with CP2Ti~1e2. In the cases of

Ph2SiH2, and Phl\1eSiH2, no cross-coupling was observed with a CpCp*Ti.\1e2 catalyst

after severa! days at roorn temperature. Ho\',,'ever, when the reactions were nln al 55 Q C,

Ph2HSiPPh2 or PhMeHSiPPh2 was obtained in 100% yield \vithin 12 hours. These

patterns again reflect the delicate balance of stene effects influencing the rates of

metallocene cataIyzed dehydrocoupling reactions.

With CY2PH, slow reactions were observed with primary silanes. In the cases of

p-ToISiH3 and CySiH3, the yields for corresponding products, p-TolH2SiPCY2 and

CyH2SiPCY2, were only 20% and 1.3% respectively after 4 days. Bath are slower than

\vith Cp2Th\.1e2 as the catalyst. At 55 "C, p-TolSiH3 homocoupling became a competitive
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reaction, while in the case of the CySiH3 heterocoupling was stiU the dominant reaction and

CyH2SiPCY2 was obtained in a 76% yield after 24 hours.

With CpCp*TiMe2 as catalyst. no cross-coupling reactions were observed between

Ph2SiH2, or Ptu\1eSiH2 and Ph2PH when the reactions were run at room temperature. At

55 cC, Ph2HSiPCY2 and PhMeHSiPCY2 were obtained in a yield of 75% and 72%

respectively after 24 hours.

Table 2.2 Heterodehydrocoupling of secondary phosphines and silanes with
CpCp*Tll\1e2 as the catalvst a

~

Phosphine Silane
Reaction

Product Yield (%)b
time [hl

Ph2PH p-To1SiH3 2 p-ToIH.,SiPPh., 100- -
PhSiH3 2 PhH2SiPPh2 100

CvSiH~ 4 davs CvH2SiPPh2 68

Ph2SiH2 3 davs No coupling observed

12 Ph2HSiPPh2 1()()C

PhMeSiH2 3 davs No couplin!! observed

12 PhMeHSiPPh2 l(X)c

CY2PH p-ToISiH~ 4 davs p-ToIH2SiPCV2 20

CySiH3 24 CVH2SiPCV2 1.3

24. CVH2SiPCV2 76C

Ph2SiH2 24 No couplin!! observed

24- Ph2HSiPCV2 75C

Pru'1eSiH2 24 1'0 coupling observed

24 PhMeHSiPCv2 Tlc

•

a. all reactions were run at room temperature using 3-5 mol% CpCp*Ti1\1e2(based

on silane); the ratios of silane ta phosphine were between 1.1 : 1 to 1.3 : 1. b. based on

integration of 31 P NMR. c. reactions were run at 55 ~C.

•
With CpCp*TiMe2 as the precatalyst, the initiation lime is longer than \Vith

CP2TiMe2. In sorne cases. illumination with a 100 W tungsten Iamp \Vas used ta accelerate
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the initiation of the reaction. The solution turned from orange to purple instead of dark blue

as in the cases where CP2TiMe2 was used. Mild gas evolution was observed

accompanying the color change.

Unlike the case OfCP2TiMe2 as the catalyst, CpCp*Th\1e2 catalyzed the reaction of

equimolar p-TolSîH3 and Ph2PH ta yield p-TolH2SiPPh2 as the only product (Eq. 2.8).

\Vhen the ratio of Ph2PH to silane was 2:1, p-TolH2Si(PPh2)2 was found ooly in 5%

yield. This is in contrast to the reaction with CP2TiMe2 where p-TolHSi(PPh2)2 can he

obtained as the only product through further heterodehydrocoupling of p-To1H2SiPPh2 and

Ph2PH by employing more Ph2PH. Thus with CpCp*Ti...\1e2 as the catalyst

monophosphinosilanes can he selectively obtained as the only product from the cross­

coupling reactions of secondary phosphines and silanes.

•
CpCp*TiM:e.,

RSiH3+ Ph2PH -H2 - • RHzSiPPh2

( R = Ph or p-ToI)

Eq.2.8

•

2.2.3 Reactions of silanes and primary phosphines catalyzed by CP2TiMe2

A notable fearure of the above silane-phosphine heterodehydrocoupling reactions is

thm ail me products obtained bave a Si-H moiety. Therefore. only two kinds of possible

product can be obtained from the reactions of primary silanes and secondary phosphines.

The reactions of primary phosphines and silanes gave sorne unexpeeted results.

Although it was expected that the lower sterie hindrance of the primary phosphines

would make the heterodehydrocoupling easier, the results (Table 2.3) sbowed that. with

Cp2Ti..\1e2 as the catalys~ no heterodehydrocoupling reactions of phenylphosphine

(PhPH2) and silanes couId be detected, while sorne slow but interesting
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heterodehydrocoupling reactions were noticed with the bulkier cyc1ohexylphosphine

(CyPH2)·

The heterocoupling reactions of CyPH2 and CySiH3, Ph2SiH2 or Ph..~eSiH2 lead

only to monophosphinosilanes over a period of days. The reaction rates are too slow to be

of any practical interest. However, with p-To1SiH3 and PhSiH3, the reactions are faster.

Unlike the silanes, the two P-H bonds of CyPH2 are both active, and this provides a route

to longer chains with altemating Si and P. In the reaction of CyPH2 and p-tolylsilane in the

presence of CP2TiMe2, p-TolH2SiPHCy was observed flISt, then (p-TolH2SihPCy

appeared. This stepwise chain-growth was explicitly observed by ~"MR. The 3 l P NMR of

the reaction mixture shows a resonance at -143 ppm. With 1H coupling the resonance is a

doublet, which suggests one H is attached to the P. The resonance of the corresponding H

was found at 4.8 ppm. This species can be assigned as p-ToIH2SiPHCy. The next species

to appear is (p-TolH2SihPCy. Its 3Ip resonance was found as a singlet at -182 ppm and

showed no P-H coupling. The Si-H was found as a doublet at 4.9 ppm in the IH spectrum.

Decoupling the 3Ip resonance at -182 ppm collapsed the IH doublet at 4.9 ppm to a singlet.

The cross-coupling reaction continued to fonn p-ToIHSi(PHCYh and sorne other

longer chains with altemating Si and P. The resonances found at -168 to -170 ppm can be

assigned to the P'S in the middIe of the chains while the resonances at -130 to -135 ppm are

assignable to the p's at the ends. Two days Iater, 1,3,5-tri(cyclohexylphospha)-2,4,6-tri(p­

tolylsila)cyclohexane appeared as a white crystalline precipitate. The isolated yield reached

30% after four weeks. Eventually, aIl the other 31p NJ\JfR resonances assignable to CyPH2

and acyclic chain species were no longer detectable.

1,3,5-tri(cyclohexylphospha)-2,4,6-tri(p-tolylsila)cycIohexane was characterized

by NMR, IR, mass spectrum and elemental analysis. Its 1H i\TMR spectrum (Fig. 2.3A)

shows a multiplet at 5.94 ppm which can be assigned to the H on Si. Compared with the

chemical shifts of primary silane oligomers and polymers,33 this chemical shift is at a lower
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field suggesting that the Si might he attached ta P. The 29Si resanance was found at -15

ppm which is also at an unusually Iow field for silane oligomers and polymers. Once again,

an attachment of P can be the explanation for the low field chemical shift. The presence of

the phosphine segment in the compound is confinned by the multiplet resonances at 0.7­

2.3 ppm in the 1H NMR spectrum, assignable to Cy from the phosphine. The 31 P

resonance was found at -162 ppm which is also hard to assign ta phosphine oligomers and

polyrners.6 \\Then the 31P resonance at -162 ppm was decoupled, the multiplet 1H

resonance at 5.95 ppm collapsed into a singlet (Fig. 2.38) implying the multiplet is due

to the P coupling. However, the absence of an H on P suggests that there is no P-H residue

in this compound, otherwise it should he easily recognized by the large P-H coupling.

-+---...~'~--I,,"--- ~ --_.. • •

2400 2000 1600 •
1200

1

800
.--1
cm- 1

•

Figure 2.4 IR spectruID of 1,3,5-tri(cyclohexylphospha)-2,4.6-tri(p­

tolylsila)cyclohexane (KEr)

The IR spectrum (Fig. 2.4) show~ only one sharp peak at 2104 cm- 1 confirming

the existence of only Si-H or P-H in this compound. Mass analysis showed a molecular

weight of 702 which matches the formula of (C13H19SiP)]. Elemental analysis is aIso in

conformity with the assignment. Based on these results, this compound is assigned as
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1,3,5-tri(cyclohexylphospha)-2,4,6-tri(p-tolyIsila)cyclohexane. It is believed that this

compound has an alI-trans structure with all the p-Toi and Cy groups at the equatorial

positions by comparing with the compounds reported by Driess.30

The same sequence of reactions was observed with p-propyIphenylsilane and

phenylsilane. Similar 1.3,5-triphospha-2,4,6-trisila cyclic hexamers were observed. In the

case of phenylsilane, 1,3,5-tri(cyclohexylphospha)-2,4.6-ttÏ(phenylsila)cycIohexane30 was

obtained as nice crystals in 53% isolated yield within two weeks. Its solubiliry is Iower

than 1.3.5-tri(cyclohexylphospha)-2A.6-tri(p-tolyIsila)cycIohexane.

Table 2.3 Dehydrogenative cross-coupling between primary

phosphines and silanes in the presence of CP2TL1\le2*

Phosphine Silane
Reaction

Product Yield(%)(NMR.
time [hl based on

phosphine)

p-TolSiH3 24 No coupling observed

PhSiH3 24 No couplin2" observed

PhPH2 CySiH3 24 No coupling observed

Ph2SiH2 24 No couplin!! observed

Pru\1eSiH2 24 No coupling observed

p-To1SiH3 3 p-TolH2SiPHCy 3.3

p-ToIH5i(PHCYh 0.3

4 weeks c-[p-ToIHSiPCY13 (30)#

PhSiH3 3 PhH2SiPHCy 8.5
PhHSi(PHCyh 1.2

CyPH2 4 weeks c-(CyPSiHPhh (53)#

CvSiH... 3 No couplinsr observed,; .J

24 CyH2SiPHCy 3

Ph2SiH2 24 Ph2HSiPHCy 2
Ph.\tleSiHz 3 !'o coupling observed

24 PhMeHSiPHCv <1

*Reactions were run at room temperature using 3-5 mol% Cp2Ti..\1eZ as of silane. The ratio

of silane to phosphine was berween 1.1 to 1.3. # isolated yield.
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2.2.4 Reactions of sllanes and primary phosphines catalyzed by CpCp*TiMe2

2.2.4.1 Reactions of secondary silanes and primary phosphines catalyzed

by CpCp*TiMe2

CpCp*TiMe2 is less active than CP2TiMe2 in catalyzing the cross-coupling between

secondary phosphines and secondary silanes. However, it catalyzes the

heterodehydrocoupling reactions ofboth PhPH2 and CyPH2 wiili silanes while CP2Ti..\1e2

catalyzes only CyPH2 cross-coupling. The CpCp*TiMe2 catalyzed reactions and products

with secondary silanes and primary phosphines are listed in Table 2.4.

Table 2.4 Dehydrogenative cross-coupling between primary
phosphines and secondary silanes in the presence of CpCp*TiMe2

Phosphine Silane Reaction Product Yield (%) (NMR,
tirne [hl based on

phosphine)

PhPH2 Ph2SiH2 12 Ph2HSiPHPh 50

Ph..1\.1eSiH2 6 P~leHSiPHPh 100

CyPH2 Ph2SiH2 24 Ph2HSiPHCy 100

PhMeSiH2 2 Ph.MeHSiPHCy 100

The CpCp*TL.\1e2 catalyzed reaction of Ph2SiH2 and CyPH2 went to completion

within 24 hours at room temperature to give Ph2HSiPCyH as the only product in 100%

yield (by ~~1R). No funher coupling between Ph2HSiPCyH and CyPH2 or Ph2SiH2

was observed, suggesting that the Si-H and P-H bonds are inen for furilier

heterocoupling under these conditions.

PhMeSiH2 reacted with CyPH2 in the presence of CpCp*Tli\1e2 affording CyHP-

SiHPh..1\,1e in 100% yield (by i\NlR) within 2 hours at room temperature. As in the case of

Ph2SiH2, no further heterocoupling reaction leading ta PlLTvleSi(PHCy)z or
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CyP(SiHPlliVleh was observed~ implying that the Si-H and P-H in CyHP-SiHPhMe are

also inactive for further heterocoupling reactions with CpCp*TiMe2 as the precatalyst.

The low activity of Si-H in CyHPSiHPhMe and Ph2HSiPCyH is expected

compared with cases using CP2TiMe2 as catalyst. The unexpeeted ]ow activity of P-H in

the products may due ta the larger stenc hindranee.

The difference in the results between Ph2SiH2 and Plli\1eSiH2 is probably due to

different electronic and sterie effects of Ph and Me groups

2.2.4.2 Reactions of primary silanes and primary phosphines catalyzed

by CpCp*TiMe2

CpCp*TiMe2 behaves similarly to CP2TL.\1e2 for coupling CyPH2 \Vith p­

tolylsilane. An 1\N1R experiment showed a reaction sequence similar to that of Cp2TL\1e2.

p-ToIH2SiPHCy was the initial product followed by CyP[SiH(P-Tol))2. Then,

uncharacterized longer chains appeared. The cyclic 1~3,5-triphospha-2,4~6-trisila hexamer

was the final product. However, its formation was s]ower compared to the reaction with

CP2Tu\1e2 as the catalyst. This may be attributable to the bulkier Cp* group hindering the

cyclization of Si-P chain.

\Vhite needle-shaped crystals of the cyclic product were obtained from the reaction

of PhSiH3 and PhPH2 catalyzed by CpCp*TiMe2. This compound is sparingly soluble in

benzene and toluene. I15 IH NMR spectrum showed multiplet resonances at 6.18 ppm (Si­

H), 6.7-7.0 and 7.5-7.8 ppm (Ph-H). Its IR (KBr) spectrurn showed a band at 2106 cm- 1

for USi-H. A broad resonance was found at -162 ppm in its 31p ~1v1R spectrurn. Based on

these resuIts, which are comparable to those of 1,3,5-tri(cyclohexylphospha)-2,4,6-tri(p­

tolylsila)cyclohexane~this compound was assigned as a 1,3,5-tri(phenylphospha)-2,4,6­

tri(phenylsïla)cyclohexane «PhP-SiHPhb).30
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1,3,5-tri(phenylphospha)-2,4,6-tri(p-Toisila)cyclohexane was obtained when p­

talylsilane was used instead of phenylsilane. The IH NMR spectrum of this campound

showed multiplet resonances at 6.18 (Si-H), 6.6-6.9, 7.4-7.8 ppm (Ph-H and p-Tal-H)

and a singlet at 1.80 ppm (CH3). The 31p !'.~ spectrum showed a braad resonance at­

162 ppm. The uSi.H was found at 2104 cm- 1 (IR).

2.2.5 Discussion oC Mechanism

2.2.5.1 l\'lechanism with CP2TiMe2 and CpCp*TiMe2 as the catalysts.

In me course of anempts ta elucidate the involvement of titanocene in catal)'tÎc

reactions, great effort has been made to capture me possible intermediates. Both CP2Ti(II)

and CP2Ti(1II) have been proposed as the intennediates. While the existence of CP2Ti(Ill)

species in titanocene catalyzed reactions has been unambiguously proven by the isolation of

severa! Cp:!Ti(III) imermediates,3 no Cp2TiCm species has been obtained as a discrete

compound.

Based on the ayailable information and our present results, a mechanism is

proposed (Scheme 2.1) ta rationalize the heteradehydrocoupling of silanes and

phosphines.

The initiation reactions between Cp2TL\1e2 and silane could be as follows (Eq.

2.9):

Eq.2.9

•
Reductive elimination from either Cp2TiH(Me) (Eq. 2.10) or Cp2Ti(Si)(Me) (Eq.

2.11), or bath yields Cp2Ti(II):
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---l''~ CP2Ti + Si-Me
• /Me

CP2Ti'H --....~ CP2Ti +CH4

/Si
CP2T1....

Me

Scheme 2.1

Si-H + CP2TL,\1e2

H2 Si-H 1
CP2Ti-Si~ CP2Ti-H

~
P-H P-Si P-Si

Eq.2.10

Eq.2.11

• With the isolation of severa! CP2Ti(III) species from the CP2Ti-\1e2 catalyzed

reactions. it is believed that CP2Ti(III) plays a more important raIe in the catalytic cycle.3·34

The probable route for the fonnation of CP2Ti(Ill) is through the conproponionation of

Cp2Ti(II) and Cp2Ti(lV) (Eq. 2.12).

CP2Ti-NIe can funher react with Si-H as shown in Eq. 2.13

Si-Me + CP2Ti-H~ CP2Ti-Me + Si-H---.. CP2Ti-Si + CH4

Eq.2.12

Eq.2.13

•
Si-Me is always detected in silanelCp2TiMe2 reactions and the existence of Cp2Ti­

Si is supported by the isolation and the characterization of its dimer by X-ray

crystallography and NMR.3c
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Cp2Ti-Me ean also reaet with P-H in a similar way as shown in Eq. 2.14•

Hawever. the strong complexing ability of phosphines makes it predictabJe that the reaction

towards the right should dominate. The low tendeney of the reaction moving leftwards

explains the absence of P-Me from the reaction mixture.

Cp:!Ti-H + P-Me~ CP:!Ti-Me + P-H~ CP2Ti-P + CH4 Eq.2.14

CP2Ti-H ean either reaet with P-H or Si-H through cr-bond metathesis ta fonn

CP2Ti-P and CP2Ti-Si respectively (Eq. 2.15, Eq. 2.16).

CP2Ti-H + P-H • CP2Ti-P + H2

CP2Ti-H + Si-H ----1.... Cp:!Ti-Si + H2

Eq.2.15

Eq.2.16

•

•

In prineiple, hamoeoupling and heterocoupling are both possible, i.e. CP2Ti-P

reaets with P-H for P-P coupling or reaets \Vith Si-H far Si-P coupling, and Cp2Ti-Si

reacts \vith Si-H for Si-Si eaupling. or reacts with P-H far Si-P coupling. The preference

far heterocoupling over homaeoupling may be attributable to the difference of

electronegativities ( P - 2.2. Si - 1.9 ) which may favor hetero- over homocoupling..

The gas evolution observed upon the addition of phosphines was mueh faster than

that from the initiation reaction of Cp2TiMe2 and silanes. This suggests that the reactions

shawn in Eq. 2.14 and Eq. 2.15 are [aster than the ones in Eq. 2.13 and Eq. 2.16.

A remarkable featllre of these reactions is the much lower reactivity of the Jess sterically

encumbered phasphines. The reactions with primary phosphines were much slower (han

\Vith secondary phosphines when CP2TiMe2 was used. No appreciable rcaetion was

observed with PhPH2 while slow reaetion was the case with CyPH2. Sueh behavior is

counter ta that expeeted for cr-bond metathesis chemistry where the Iarger groups should
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hinder the fonnation of the transition state.3S The observed different reaction rates for

primary pbosphines and secondary phosphines could be due to the effect of CP2Ti-P

stabiliry on the reaction rates via formation of a phosphorus-eontaining titanocene eomplex

that is too stable to sustain the catalytic cycle of the cross-coupling, or homocoupling

reactions.

On the other hand, Cp2Ti-P can forro dimers (Eq. 2.17). Compound 10 has been

isolated and eharacterized by X-ray crystallography (Fig. 2.5).6

2 CP2Ti-P :::;c;:::::==b~

/p,
2 Cp.,Ti TiCp.,
-,~ - Eq.2.17

•

•

Figure 2.5 Structure of [Cp2Ti(~-PHCy)h(10)

The dirnerization of CpzTi-P surely does not favor the heterodehydrocoupling,

especially since sorne dimers, such as [Cp2Ti(Jl.-PHCy)]2, are only sparingly soluble in

hydrocarbon solvents. The bulkier phosphines, such as secondary phosphines favar the

left side of the equilibrium (Eq. 2.17) while the primary phosphines favar the right side.

This also is in canformity with the observation mat the reactian rates with primary

phosphines are much slower than with the secondary phosphines.

\\'hile the sterie effects of the organophasphines are evident in comparing the

praducts obtained with Ph2PH and CY2PH, the stene effects of the eatalysts are aIso
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evident. The bulkier CpCp*TiM~ (Cp* = l1S-pentamethylcyclopentadienyl) eatalyzes the

cross-eoupling of phenylphosphine or eyclohexyIpbosphine and silanes, whereas

CP2Ti..\1e2 shows little activity in doing so. The explanation for tbis may lie in an unusually

stable phosphide-, or hydride-bridged dîmer when CP2TiMe2 is the catalyst.6 With

CpCp*TiMe2, the dimerization is Iess favourable due ta the greater bulle of the Cp* ligand.

This makes the catalytieally active monomer more available to the substrates. The Cp*

ligand is known ta reduce the tendency of CpCp'MX complexes to dimerize. Reactions of

primary silanes with diphenylphasphine produeed monophosphinosilane and

diphasphinosilane when the catalyst was CP2TiMe2, but only monophosphinosilane couId

be obtained with CpCP*TiMe2. In this case the bullier Cp* group hinders the approach of

the manaphasphinosilane ta the eatalyst center to undergo further reaction. Apparently,

with secondary phosphines, the stability of the Cp2Ti-P dîmer is not higb enough to

prevem catalysis.

The intermediate raIes of CP2Ti-Si and Cp2Ti-P were both tested using [Cp2Ti(Jl­

HSi(p-Tol)H)h and [Cp2Ti(Il-PHCy)h and the eorresponding phosphine or silane as the

starting materials. Essentially the same heterodehydroeoupling produets were obtained as

using Cp2Ti..\.1e2 as a precatalyst. With [Cp2Ti(!J,-HSi(P-Tol)H)h as the catalyst, the

reaction oceured without an induction period, while with [Cp2Ti(J.!.-PHCy)h as catalyst a

long induction period was observed. This observation is in confonnity with the slow

reactions with CyPH2.

2.2.5.2 ~1echanism study with CP2Ti(PMe3h as the precatalyst.

Keeping in mind the faet that low valent titanocene species play important roles in

the catalytic reactions, and based on the observation that the same results were obtained

with Cp2Ti(PMe3h instead OfCP2TL\1e2 as the preeatalyst for the reaetion of p-tolyIsilane

and CyPH2. a parallel study was earried out by Dr. L. Hao in tbis laboratory to investigate
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the heterodehydrocoupling reactions of silanes and phosphines using CP2Ti(PMe3h as the

precatalyst.36 The resuIts and conclusions of that study are summarized below.

Both catalytic and stoichiometric reactions of CP2Ti(pMe3h (22) with RR'PH CR

= Ph, R' =Ph or H; R = Cy, R' =H) were carried out. Although the presence of excess

PMe3 reduces the activity of 22 relative to CP2TiMe2 as a heterodehydrocoupling catalyst,

it greatly facilitates the observation of intermediate titanocene(ill) species by EPR

spectroscopy.

CP!Ti(PMe3h

PhSiH + Ph",PH 3-10 mol % .. PhH",SiPPh., + (Ph.,_Ph_SiHPh + H
3 - Toluene. 25 Oc - - 2

Eq.2.18

•
In a typica! catalytic experiment, depicted in Eq. 2.18, reaction of equimolar

arnounts of PhSiH3 and Ph2PH in the presence of 5 mol % of 22 gave the products

PhH2SiPPh2 and (Ph2PhSiHPh at ambient temperature.

Scbeme 2.2

CP2Ti(PMe3n ..

CP2Ti(PMe3h + Ph2PH
,.,--

.,­
-~

PMe3
Toluene ,/

------l..~ CP2Ti "'-

23a PPh2

tPhzPH

Pi\1e3

CpzTi( +
H

24

A series of experiments were performed which demonstrated the occurrence of the

reactions shown in Scheme 2.2. A reaction of equimolar amounts of 22 and Ph2PH at

room temperature gave the known phosphido compound 23a cleanly as dark green crystals
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in 86% isolated yield.9 With a 2: 1 molar ratio of 22 to Ph2PH, 23a and the hydride 24

were formed in al: 1 ratio, as shown by EPR spectroscopy (Fig. 2.6, 2.7).37 These

compounds could result from the oxidative addition of a P-H bond to 22 (or, more likely,

2.050 1.991 1.936

•

Figure. 2.6 EPR spectrum of Cp2TiH(PMe3) (24)

J l

/" '1____~ Jj,I.Ji,
1/ r:.rli '
1 i

2.051 1.992 1. 937

•

Figure 2.7 EPR spectrum of CP2TiPPh2(PMe3)(23a)

one of its phosphine dissociation products) to give the intennediate 25. This intennediate

then conproportionates with a second molecule of 22 to give an equal mixture of 23a and

24. Compound 25 was not observed, even al 10w temperatures, presumably due to its

rapid reaction with 22. A similar sequence to that shawn in Scheme 2.2 occurred in the

reactions of 22 with primary phosphines RPH2 CR = Ph, Cy), to yield the phosphido
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compounds CP2Ti(PHR)(PMe3) (23b, R = Ph; 23c, R =Cy), as shawn by the EPR

spectroscopy (Fig. 2.8). Compound 23b and 23c lose PMe3 easily ta form the

2_0~9 1.990 1.935

•

Figure 2.8 EPR spectrum of CP2TiPHPh(PMe3) (23b)

phosphido bridged dimers [Cp2Ti(J,J.-PHR)h (26a, R = Ph; 26b, R = Cy). The poor

solubility of these dimers pulls the PMe3 dissociation equilibrium in the direction of 26 by

precipitation of the dark purple crystals in high yield (82% for 26a and 81 % for 26b) (see

Eq. 2.19). On the other hand, 23a can be isolated, either as a consequence of tighter

binding of the PMe3, or due to its more sterically demanding phosphido ligand

destabilizing the dimer.9 Addition of P11e3 ta a toluene solution of 26a or 26 b

regenerated 23b and 23c, respectively, proving the reversibility of Eq. 2.19.6 No

•
23

23b, R = Ph
23c, R= Cy

- ft

26

26a, R= Ph
26b,R=Cy

Eq.2.19

71



•

•

CHAPTER 2 HETERODEHYDROCOUPUNG OF PHOSPHINES AND SIUNES

reaction occurred between 22 and CY2PH, presumably because of steric hindrance. The

rates of the reactions of 22 with phosphines to give 23 follow the order PhPH2 > Ph2PH -

Treatment of a toluene solution of 23a with PhSiH3 (2 eq.) Ied to its complete

conversion to Cp2Ti(PhSiH2)(PMe3),27 (Fig. 2.9),36 with the production of

Ph2PSiH2Ph and a minor amount of (Ph2PhSiHPh. At ambient temperature tbis reaction

took about :2 h and produced a color change from turquoise/green to purple. Addition of

Ph2PH (2 eq.) to this purple solution regenerated 23a fully in l h. showing that the

con version of 27 to 23a is about twice as fast as that of 23a to 27. A sample of 27,

prepared from CP2TiMe2 and PhSiH3 in the presence of PMe3.36 also reacted with Ph2PH

to give 23a and PhH2SiPPh2. These results indicate that the reaction most likely proceeds

via 24 (Scheme 2.3). even though 24 was not observed in the course of the reaction by

EPR spectroscopy.

2.051 1.992 1.937

•

Figure. 2.9 EPR spectrum of Cp2TiSiH2Ph(Ptvle3) (27)

A sample of 24. generated from the reaction of the "grey-green" fonn of titanocene

hydridc and PMC3.37b.c was convened cleanly to 23a or 27 by adding Ph2PH or PhSiH3.

respectively. The reactions of 24 with PhSiH3 or Ph2PH are complete immediately

following mixing at room temperaturc as shown by the EPR spectra. in conteast to the

much slower reactions of 23a with PhSiH3. or 27 with phosphine which took place in the
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order of hours. Consequently, it is not surprising that the extremely low steady state

concentration of 24 makes it difficult to detect by EPR, even at ternperatures down to -50

oC.

The simplest interpretation of the foregoing experirnental results is that the catalytic

heterodehydrocoupling reaction involves a sequence of (j'-bond metatheses occurring

between substrates and Ti(llI)-X species, where X =silyl, phosphide or H. Such a cycle

is shown in Scheme 2.3.

Given the reactivlty patterns of phosphines and silanes detennined before, it is

surprising that no heterodehydrocoupling reaction occurred between PhSiH3 and PhPH2.

Compound 23b does react with PhSiH3 (2 equiv.) ta give 27 al a similar rate to 23a, and

23b is regenerated by treating 27 with PhPH2 (2 equiv.). However. under catalytic

conditions. the phosphine reactant is oresent at a much higher concentration than PMe3

Scheme 2.3

Ph~PSiH2Ph

introduced with the catalyst. Independent EPR measurements clearly show phosphine

ligand exchange in 23b in the presence of excess reactant phosphine to give 28 (Scheme

2.4). Among the phosphines studied in these reactions, PhPH2 is the least basic, but aIso

the least sterically demanding ligand. If the stenc factor predominates. then the fonnation

constant for 28 could be high compared ta its analogs CP2TiPPh2(PHPh2) and

CP2TiPHCy(PHCY2). This in tum cauld lead to depletian of the reactive intennediates in
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the catalytic cycle, as shown in Scheme 2.4. This interpretation is supported by the fact

that 28 is the only EPR active species observed for PhPH2 under catalytic conditions,

while a llÙXture of paramagnetic species is observed with Ph2PH or CyPH2.

Based on this reasoning, a reaction of PhSiH3 and PhPH2 in a molar ratio of 6 : 1,

in the presence of 10 mol % of 22, was carried out. The heterodehydrocoupling reaction

did take place slowly under these conditions with 80% conversion (based on integration of

31 P NMR spectra) of PhPH2 to PhHPSiH2Ph, PhP(SiH2Phh and a small arnount of

higher oligomers in a period of 3 weeks.

It should be noted that no homodehydrocoupling of PhSiH3 or of RR'PH occurred

in any of the reactions described above. Reaction of 22 with excess PhSiH3 gave frrst the

1]2_Si-H complex, Cp~Ti(712_HSiH2Ph)PMe3,39 which slowly decomposed ta give 27

with evolution of H2.6 No Si·Si coupling products were detected over a period of weeks.

It is evident that the presence of excess phosphine suppresses the homodehydrocoupling

reactions, either through formation of 27 (silane coupling), or 23 (phosphine coupling).

This aIso leads to the conclusion that ail of the cr-bond metatheses of the catalytic cycle

shown in Scheme 2.3 require predissociation of the phosphine ligand (Scheme 2.4).

Scheme 2.4

PHPh

Cp.,Ti/-,
PHzPh

28

-PH2Ph
c -Cp2Ti-PHPh
+PH2Ph

•
Most of the key intermediates in the CP2Ti(PMe3h catalysed reactions are thus

easily detected by EPR spectroscopy. The finding that Cp2TiH(pMe3) is an intermediate in

74



•

•

•

CHAPTER 2 HF:ŒRODEHYDROCOUPUNG OF PHOSPHINES AND SIlJ\NES

these reactions supports the proposaI that the hydride Cp2TiH is a key intermediate in the

silane and phosphine heterodebydrocoupling reaction.

2.3 Summary

Titanocene has been found to be an effective catalyst for heterodehydrocoupling

between silanes and phosphines. This reaction has sorne generality. Bath secondary silanes

and primary silanes cao be used to couple with phosphines. The reactions with secondary

phosphines are much faster than with primary phosphines. Monophosphinosilane and

diphosphinosilaoe can be selectively obtained from the reactions of secondary phosphines

and primary silanes. Bulkier phosphines or silanes favor the formation of

monophosphinosilane. Prîmary phosphines slowly react in a stepwise fashion with primary

silanes to produce longer chains. All-trans 1,3,5-trisila-2,4,6-triphosphacyclahexanes are

obtained in crystal fonn in sorne cases. The formation of these products may occur through

cyclization of a six membered chain, or wough redistribution of sorne longer chains. The

high selectivity towards formation of tbis kind of product cao be attributed ta its law

solubiliry and probably ta thermodynamic stability of the ring.

This discovery provides a new approach for the synthesis of Si-P containing

compounds which are of potential application in synthetic as well as in caordination

cheITÙsuy. The method has sorne advantages: (1) The reaction cao be carried out under mild

conditions. The titanocene catalyzed cross-coupling accurs smoothly at ambient

temperature. Dimethyltitanocene and hydrosilanes can be routinely handled and many are

commercially available. Most of the other methads23c depend on chlorasilanes and alkali

metal phosphides as staning rnaterials. Special care is needed for the handling of these

extremely air and moisture sensitive materials, and reactions are carried out at Iaw

temperature ( e.g. -70 OC) ta avoid dangerously violent reactions. (2) The titanocene

catalyzed heterodehydrocoupling reaction bas the characteristic of high yield and high
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selectiviry. In the cases using secondary silanes and secondary phosphines,

monophosphinosilanes are obtained in excellent yield. WhiIe in the cases of primary

arylsilanes, both monophosphinosilanes and diphosphinosilanes can be selectively obtained

by choosing a suitable catalyst and ratio of silane to phosphine. No side products were

found in an appreciable amount. (3) Another feature of this method is that a Si-H bond can

be preserved. This active site may be used for the sYDthesis of other novel compounds.

2.4 Experimental Section

2.4.1 General manipulations

2.4.1.1 Reaction set-up

•.:\11 manipulations were performed under an atmosphere of argon using Schlenk

techniques. Dryt oxygen free solvents were employed throughout. Glassware was flame­

dried or oven-dried before use. In a typical reaction, the required amount of Cp2TL\1e2 or

CpCp*Tu\1e2 \Vas first added to a ScWenk flask and connected to vacuum to remove the air

carried by the sample and then the flask \vas filled with Ar. The procedure \vas repeated

severa! rimes. The relevant phosphine and silane were added with micro syringe. Samples

for )'MR analysis were prepared under Ar.

2.4.1.2 Purification strategy

(p-ToIHSiPCY)3, (p-ToIHSiPPhh, (PhHSiPPhh were crystallized from the

carresponding reaction solutions by using n-hexane as the solvent. (PhHSiPCYh was

crystallized from the reaction solution by using benzene as the soIvent.
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Ph2HSiPPh2 can be produced and separated from the reaction of Ph2PH and

Ph2SiH2 catalyzed by CP2TiMe2 at room temperature ar by CpCP*TiMe2 at about 55 cC.

With CpCp*TL\.1C2 the purification can he accomplished by washing the reaction product

with hexane till the washings &re colorless and then drying the product in vacuo. The low

solubility of Ph2HSiPPh2 and bigher solubility of the titanocene species with cp*

(compared with the ones carrying twa Cp groups) ensured the canvenient separation of this

product With Cp2Tu\1e2 as the eatalys4 the purification can be carried out according ta the

strategy deseribed below.

The monophosphinosilanes and diphosphinosilanes were separated using following

procedure. The catalyst was removed fmt by passing through a short silica gel column.

The siliea gel was predried in the oven (120 CC), evacuated for one hour while it \Vas hot

and then loaded in the column. Benzene was used as the eluent and was remaved under

vacuum along with the residual substrates, to yield the product.

2.4.2 i\Iaterials and Analyses

2.4.2.1 :\'Iaterials

Cp2TL.\.1e2 and CpCp*Ti-\1e2 were synthesized accarding to literature procedures.4Ü

Silanes were prepared by a standard procedure via the reaetion of the eorresponding

chlorosilanes with LiA1H.4:H Phosphines were bought from Strem Chemicals and used as

received. or purified by distillation as required.

2.4.2.2 Analyses

Mass spectroscopie analyses were performed by the Mass Speetroscopy LaboratOlY

of the Chemistry Depanment. A small amount of the purified reaction product was loaded
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in a melting tube using benzene or hexane as solvent. Then the solvent. along with any

other residual volatiles was removed in vacu.o. The tube was flame seaIed to avoid contact

with air before analysis.

lH NMR spectra were recorded on Varian XL-200, and Unity-500 spectrometers

using using internai solvent references. 1H {31 P} NMR experiments were carried out on the

Unity-SOO. 29Si NMR spectra were recorded on a Varian XL-300 operating at 59.9 MHz

using C6D6 as solvent and tetramethylsilane as a reference at 0.00 ppm. 31p NMR spectra

were recorded on a Varian XL-300 operating at 121 MHz. or on Unity-SOO at 202.3 MHz

and were referenced with 85% H3P04 at 0.00 ppm.

Complete NMR data for all new products are listed in Appendix 1 and II.

2.4.3 Reactions of phosphines and silanes catal~'zed by CP2TiMe2

2.4.3.1 Reactions of secondary phosphines with silanes

The following is a typical procedure used in screening reactions by NMR. AIl other

reactions were carried out in the same way ta give the results shown in Table 2.1.

p-To1SiH3 (0.20 mL. 1.42 mmol) was added to Cp2TiMe2 (10 mg. 0.05 mmo];

3.S mol'ié catalyst per silane). After a while. the solution color changed to dark blue

accompanied by gas evolution. Then Ph2PH (0.20 ml, 1.13 mmol) was added. The

solution turned ta dark purple along with more rapid gas evolulion. The mixture was stirred

at room temperature for two hours. 31 p. 29Si. and 1H NMR (benzene-d6 • 22 C C) showed

two products were produced. (p-Tol)H2SiPPh2 and (p-Tol)HSi(PPh2h. with yields of

84'k and 16% respectively. (see Appendix 1 for NMR data).

2.4.3.2 Synthesis and isolation of (p- Tol)HSi(PPh 2)2

p-To1SiH3 (0.50 mL. 3.6 mmol) was added ta CP2TiMe2 (30 mg. 0.15 mmol; 4.2
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mol% catalyst per silane). Afler a while, the solution calor changed to dark blue

accompanied by gas evolution. Then Ph2PH (1.20 ml, 6.8 mmol) was added to the

mixture. The solution tumed to dark purple along with more rapid gas evolution. The

mixture was stirred at room temperature for 9 hours. 31 P NMR (benzene-d6, 22°C. 121

MHz), and 1H NMR (benzene-d6 , 22e C, 200 MHz) showed p-ToIHSi(PPh2h was the

only praduct. Benzene (1 ml) was added to the sticky mixture. The catalyst was removed

by passing the IlÙxture through a short silica gel column using 60 ml benzene as the eluent.

The silica gel was predried in a 120 oC oven. pumped under vacuum for one hour and then

loaded on the column. A viscous slightJy brownish liquid was obtained after the benzene

was removed under vacuum.. Hexane (2 ml) was added to the liquid and the mixture was

put in the refrigerator at 5 e C. A white precipitate was obtained in half an hour. The

precipitate was washed with cold hexane (0 OC) three times and dried in vacuo. 1.3 g of (p­

Tal)HSi(PPh2)2 Cmp. 75-77°C) was abtained (75% isolated yield). MS (CI): m/z (%): 491

(59) [~1+ + H], 305 (12) [M - PCI2HlO]

2.4.3.3 Reaction of Ph2PH with p-ToISiH3 (Nl\tIR tube experirnent)

p-TalSiH3 (0.05 mL, 0.35 mmal) was added to a CP2TiMe2 solution (3 mg, 0.01

mmol. in 0040 ml C6D6). After a while. the solution calar changed to blue accompanied by

gas evolution. Then Ph2PH (0.15 ml. 0.85 mmol) was added ta the mixture. The solution

turned ta dark purple along with more rapid gas evolution. The reactian was follawed with

arrayed 31 P NMR (22 cC, 121 ~1Hz). (p-Tal)H2SiPPh:! appeared within 5 nunutes and the

highest resanance intensity was observed in 6 hours when (p-To1)HSi(PPh2h was formed.

As more and more (p-Tol)HSi(PPh2h was produced, the intensity of the (p-Tol)H2SiPPh2

resonance decreased. Sorne residual (p-TaI)H2SiPPh2 was still found after 10.5 hours. No

signal was observed in the 29Si spectrum due ta the triphosphosilane.
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2.4.3.4 Reactions of PhPHz with silanes

The reaction mixtures were prepared by adding p-To1SiH3 (0.20 mL, 1.42 mmol),

PhSiH3 (0.20 mL, 1.62 mmol), CySiH3 (0.20 mL. 1.54 nunol), Ph2SiH2 (0.30 mL, 1.38

mmol) and PhMeSiH2 ( 0.20 mL, 1.45 mmol ) respectively to Cp2TiMe2 ( 10 mg. 0.05

mmol). After the solution colar changed to dark blue accornpanied by gas evolution,

PhPH:! ( 0.12 ml. 1.13 mmol) was added to the mixture. The solution tumed to dark

purple. The mixture was stirred at room temperature for 24 hours. no

heterodehydrogenative ceupling \Vas observed by 31 P 29Si. or 1H NMR (benzene-d6,

22 C C).

2.4.3.5 Reactions of CyPH2 with p ..ToISiH3 in the presence of

Cp2TiMe2 - synthesis of [CyPSiH(p-Tol)]3

p-ToISiH) (0.60 ml. 4.26 mmo1) and CyPH2 (0.50 ml, 3.65 mmel) were added to

a solution of Cp2TiMe2 (l0 mg. 0.05 mmol: 1.2 rnol'ié catalyst per silane) in 3 ml of

hexane. Arter thorough mixing. the solution was left to stand unperturbed. The solution

turned dark purple with formation of white crysta!s in a week. The crystals were separated

from the solution. washed with hexane and dried in vacuo. ~Iore crystals were forrned and

scparated after a further three weeks. The cumulative yield was 0.25 g (30% isolated yield).

The product was assigned as (p-ToIHSiPCY)3 on the basis of NMR spectra (see

Appendix II. IR (KBr): 1JSi-H[cm-1J =2104; MS (FAB): mJz (%): 703 (3) [rvl + HL 619

(9) [ivI - C6H 1Il. Anal. CaJcd. for (p-ToIHSiPCy}J: C 66.7. H 8.1. P 13.2; found: C

66.38. H 8.40. P. 13.02.
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2.4.3.6 Reaction of CyPH2 with PhSiH3 in the presence of CP2TiMe2 •

synthesis of (PhHSiPCy)J

PhSiH3 (0.35 mL. 2.84 mmol) and CyPH2 (0.35 ml. 2.56 mmoI) were added to a

solution of CP2TiMe2 (5 mg. 0.02 mmol; 1 mol% caralyst per silane) in 10 ml of toluene.

Afcer thoroughly mixed, the solution was Ieft to stand unpenurbed. The solution tumed

dark purple with formation of white crystals in a week. White crystals were separated from

the solution (0.30 g, 53% isolated yield). The product was assigned as (PhHSiPCY)3 on

the basis of N~lR data (see Appendix II) IR (KBr): \)SiH[cm- I ] = 2106; FAB MS(m-

nitrobenzyl alcohol matrix): m/z (%): 661 (4.4) [M+H], 577 (13.3) [M-C6HIIl. Anal.

Calcd. for (PhSiH-PCy)): C, 65.42; H. 7.78; p. 14.06. Found: C, 65.52; H, 8.10; P,

14.17.]

2.4.3.7 Reactions of CyPH2 with secondar)' silanes and C)'SiH3

The reaction mixtures were prepared by adding CySiH3 (0.20 mL, 1.54 mmol),

Ph2SiH2 (0.30 mL. 1.38 mmol) and PhMeSiH2 (0.20 mL, 1.45 mmoI ) respectively to

CP2TiYle2 ( 10 mg. 0.05 mmol). After the solution color changed to dark blue accompanied

by gas evolution. CyPH2 ( 0.15 ml, l.I3 mmol) was added to the mixture. The solution

turned to dark purple. The mixture was stirred at room temperature for 24 hours and

periodically checked by 31 P, 29Si. and 1H NMR (benzenc-d6 ,22°C).

Parallei reacrions at 55 Q C were carried out using the same method except that the

temperature was controlled using a silicon oil bath.

2.4.4 Reactions of phosphines and silanes catalyzed b~' CpCp*TiMe2

2.4.4.1 Reactions of Ph2PH with p-ToISiH3 and PhSiH3

p-To1SiH3 ( 0.05 mL, 0.35 mmol ) was added to CpCp*TiMe2 (3.9 mg. 0.01

mmol, 2.8 mol% catalyst per silane). After a while, the solution color changed to brown
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accompanied by gas evolution. Then, Ph2PH (0.05 ml, 0.28 mmol) was added to the

n1Ïxture. The solution tumed to dark purple along with more rapid gas evolution. The

reaction was followed with 31 P NMR (22°C, 121 MHz). (p-Tol)H2SiPPh2 was found in

1()()% yield based on phosphine. The reaction was complete in 1.5 hours.

A reaction with PhSiH3 was run under the identical conditions. Essentially the same

result \Vas obtained.

Ali other reactions with CpCp*TiMe2 as catalyst were carried out using the same

method (see Table 2.2).

2.4.4.2 Reaction of Ph2PH with Ph2SiH2

Ph2SiH2 (0.30 mL, 1.38 IllIllOl) was added to CpCp*TiMe2 (13 mg, 0.05 mmol~

3.6 mol% catalyst per silane). After a while, the solution color changed to dark brown

accompanied by gas evolution. Then. Ph2PH (0.20 ml. 1.13 mmo!) was added ta the

mixture. The solution turned ta dark purple along with more gas evolution. The mixture

was stirred at room temperature for 24 hours. No heterodehydrocoupling was observed by

31 P. 29Si. or 1H NMR (benzene-d6 • 22 OC).

A parallel reaction was run under identical conditions except the temperature was 55

oC. Ph2PSiHPh2 was produced in a 100% conversion in 12 hours. 0.26 g of product \Vas

separated as a white solid (m.p. 104 - lOTe) by washing the solid product severa! rimes

with hexanc (5 ml) tillthe \'v'ashings \Vere colorIess. The product was dried in vaCllO (63%

isolated yield).

2.4.4.3 Reaction of Ph2PH with Ph~leSiH2

PhMeSiH2 (0.20 mL, 1.45 mmol ) was added la CpCp*TiMe2 (13 mg. 0.05 mmol;

3.4 mol% calalyst per silane). After a while, the solution color changed to dark brown
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accompanied by gas evolution. Then, Ph2PH (0.20 ml, 1.13 mmal) was added to the

mixture. The solution tumed ta dark purple along with more gas evalution. The mixture

was stirred at room temperature for 24 hours. No heteradehydrocoupling was observed by

NMR.

A paraJlel reaction was ron under identical conditions except the temperature was 55

~C. Ph2HSiPPh2 was produced in a 100% NMR yield in 12 hours.

2.4.4.4 Reaction of PhPH2 with Ph2SiH2 or Ph~leSiH2

Ph1SiH2 (0.28 mL, 1.30 mmol) \Vas added to CpCp*TiMe2 (13 mg, 0.05 mmol;

3.8 mol% catalyst per silane). After a while, the solution color changed to dark brown

accompanied by gas evolution. Theo. PhPH2 (0.11 ml, 1.0 mmol) was added to the

mixture. The solution tumed to dark purple along with more gas evolution. The mixture

was stirred at room temperature for 12 hours. PhHPSiHPh2 was obtained in 50% yield by

NMR analysis.

A reaction of PhPH2 and PhMeSiH2 was carried out under the same conditions,

100o/e NMR yield was achieved in six hours.

2.4.4.5 Reaction of CyPH2 with Ph2SiH2 or Ph~leSiH2

Ph2SiH2 (0.28 mL, 1.30 mmo!) \Vas added ta CpCp*TiMe2 (13 mg, 0.05 mmol;

3.8 mol% catalyst per silane). After a while. the solution color changed to dark brown

accompanied by gas evolution. Theo PhPH2 ( 0.15 ml. 1.0 mmol) was added ta the

mixture. The solution tumed to dark purple along with more gas evolution. The mixture

was stirred at room temperature for 24 hours. CyHPSiHPh2 was obtained in 100% yie1d

accarding ta N~1R analysis.
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A reaction of CyPH2 and Plli\1eSiH2 was carried out under the same conditions,

100% NMR yield was achieved in twa haurs.

2.4.4.6 Reaction of PhPH2 with p-To1SiH3

p-To1SiH3 (0.50 ml, 3.55 mmo!) and PhPH2 (0.50 ml. 4.54 mmol) were added to

a solution of CpCp*TL\1e2 (20 mg. 0.07 mmol~ 2 mol% catalyst per silane) in 5.0 ml

hexane. After thoroughly mixed. the solution was left unperturbed. The solution turned

dark purple progressively with fannation of white crystals in three days. In the follawing

days sorne more white solid was formed. 0.24 g of white solid was separated from the

solution after washed with hexane and dried in vaClIO. (30% isolated yield). The product

was assigned as [(p- Tol)HSiPPhb on the basis of KMR data (see Appedix Il). IR

(KEr): USi-H[cm- l ] = 2106; FAB MS (m-nitrobenzyl alcohol matrix): mlz (%): 685 (10)

[M+ + H].

2.4.5 Reactions of Ph2PH with p-ToISiH3 in the presence of {Cp2Ti[f.!­

HSi H (p .. Toi) ] }2

50 jJ.I ( 0.35 mmol) of p-TalSiH3 and 50 jJ.I (0.28 mmol) of Ph2PH were added ta a

{Cp:2Ti[jJ.-HSiH(p-Tol)]}2 solution (4.0 mg. 0.007 mmol in 0.40 ml toluene-dg) in an

NMR tube kept in dry ice. The original solution was dark blue. The reaction was followed

\vith an arrayed 31 P NMR experiment at room temperaturc. After 12 hours, (p­

Tol)H:zSiPPh2 and (p-Tol)HSi(PPh2h. were found as the major products with yields of

83CfC and 17% respectively.
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2.4.6 Reactions of Ph2PH with p-To1SiH3 in the presence of [CP2Ti(J.L­

PCyH)]z (NMR experiment)

50 J.Ù ( 0.35 mmol) ofp-ToISiH3 and 50 ~l (0.28 mmol) of CY2PH were added to a

[Cp2Ti(J..l-PCyH)]2 solution (3.0 mg, in 0.40 nù toluene-dg ) in an NMR tube kept in dry

ice. The original solution was dark purple. Sorne [Cp2Ti(J.l-PCyH)]2 was not dissolved.

The reaction was followed by 31 P !'l~ at room temperarure. Heterodehydrocoupling was

observed after 24 hours. After 3 days, (P-Tol)H2SiPPh2 and (P-Tol)HSi(PPh2h, were

found as the major products with yields of 96% and 4% respectively.
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CHAPTER3

HOMOGENEOUS HYDROSILATIONIHYDROGENATION
REACTIONS OF PYRIDINES AND QUINOLINE

~THPHENYLMETHYLSaANECATALYZEDBY

TITANOCENES

3.1 Introduction

Pyridine is an aromatic molecule with a resonance stabilization energy (35 kcal/mol)

similar to that of benzene. It contains a delocalized 61t-electron system, and its molecular

dimensions cC-C, 1.397 Â; C-H, 1.084 Â) are extremely close ta those of benzene.

However, pyridine differs from benzene in its basicity and polarity (dipole moment, 2.26

D). It has a Ione pair of electrons on the nitrogen atorn. 1 This supplies the basis for the

chemistry of pyridine which is quite different frOID benzene. The N atom in a pyridine ring

is able to form a dative bond with a proton or a metaI atom center and other Lewis acids by

donating its lane pair of electrons. This property of pyridine makes it more susceptible to

activation than benzene, through the formation of complexes at the ~ site.

Completely or partially hydrogenated pyridine rings occur widely in many synthetic

and naturally occurring compounds such as the aIkaIoids. One of the strategies for

synthesis of alkaIoids is based on selective reduction of a pyridine precursor by hydride

addition or catalytic hydrogenation.2 Pyridines and quinolines are aIso sorne of the more

cornmon heterocyclic conlpounds in petroleum and coal-derived liquids. Hydrogenation of

these compounds is an essenùaI part of catalytic hydrodenitrogenation(HDN) of tbese

liquid fuels reducing the emissions of NOx upon their combustion. Thus, reduction of

pyridines through hydride addition and hydrogenation has attracted much attention, and

been extensively studied.3 Electrocatalytic hydrogenation of pyridine was aIso reported by

Kirilyus.4
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Lithium aluminum hydride has been widely used in reducing organic compounds.S

but. it ooly reacts very slowly with pyridine. Pyridine can even be used as a solvent in the

reduction of ketones with lithium aluminum hydride.6 However. lithium

triethylborohydride (a superhydride) was reported as an effective agent for the reduction of

pyridines.7 Pyridine rings cao be completely and easily reduced in high yields by lithium

triethy lborohydride.

Reduction of pyridines through catalytic hydrogenation is another important way to

obtain reduced pyridine ring products, and an important step in fuel processing as weIl.

~ost of the existing methods use heterogeneous catalysts based on platinum-group metals.

The high resonance energy of the pyridine ring makes it quite difficult ta hydrogenate. In

most cases harsh conditions (high temperature, high pressure) are required ta carry out

such hydrogenation. A systematic study by Ryashentseva8 showed that selective

hydrogenation of aryl-substituted pyridines, isoquinolines, etc., can be achieved by using

rhenium heptasulfide as the catalyst. However, high hydrogen pressure (130-200 atm) and

high temperature (2oo-2S0 CC) are essential for success. In an HDN process, 300-450 oC

and 2: 2000 psi H2 are cIaimed as the standard conditions.9

Fish' s group at Berkeley did sorne elegant research on the homogeneous catalytic

hydrogenation of pyridines, and quinolines with rhodium and ruthenium complexes. lO

Sorne regioselectively hydrogenated products were obtained with quinolines, but with

pyridines the rings were cornpletely hydrogenated. The usual conditions used were 40­

soce and 500 psi of H2. Other homogeneous systems of Fe, Mn, Rh, Os, Ru, and Ir

complexes have been studied by other groups. 11

Although hydrogenation of pyridines has been extensively studied, the

hydrosilation of pyridines remains underdeveloped. The synthesis of pyridine complexes

of titanocene by reactions of hydrosilane with CP2Ti..\1e2 in the presence of pyridine was

studied by Mu 12 and Xin. l3 Mu Prepared crystalline complexes of the type:
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The complex 29. and analogs with clifferent silyI ligands, were characterized in

solution by EPR spectroscopy, but no crystal structures were obtained. On the other hand,

the structure of 30 was confirmed by single crystal X-ray analysis. but neither NMR, or

EPR spectroscopy gave any clue to its structure.

Subsequently, a preliminary study by Woo and Harrod showed that CP2TiMe2 and

CpCp*TL\.1e2 were catalytically active for the hydrosilation of pyridine. 14

Although hydrosilation of ketones, esters. olefins, and alkynes has been

extensively studied,15 to our knowledge, there is no report of hydrosilation of aromatic

nuclei under homogeneous catalytic conditions. Cook and Lyons reported the frrst

example of hydrosilation of pyridines in the 1960's using palladium and other

beterogeneous catalysts. 16 Product yields were modest and there appears to have been no

further exploitation of this reaction. 5ince pyridine rings are widely found in

phannaceutical and natura! compounds, and pyridine chemistry is of great interest to

synthetic chemists, it was decided to investigate the hydrogenation/hydrosilation of

pyridines, catalyzed by titanocenes in more detail. The present chapter presents the results

of such a study.

3.2 Results

3.2.1 Hydrosilationlbydrogenation of pJ"ridine with PhMeSiH2 and

Cp2TiMe2
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The reaction between CP2TiMe2 and PhMeSiH2 is strongly affected by the presence

of pyridine. In the absence of pyridine. CP2TiMe2 catalyses the dehydrogenative coupling

of the silane to low molecular weight oligosilanes. As the reaction occurs. the solution

changes from orange to dark blue. In the presence of pyridine. the reaction mixture

changes color from orange to violet and eventually to dark purple. The reaction was

monitored by IH ~'"MR. spectroscopy, which showed that the pyridine nucleus was

undergoing reduction. After nearly complete reaction of pyridine, a single product was

isolated from the mixture by fractional distillation. Based on IH !\'"MR (Fig. 3.1) along

with decoupling, COSY, and l3e !'.~ experiments, and its mass spectrum, this product

was identified as N-(phenylmethylsilyl)-1,2,3.4-tetrahydropyridine...AJl the CH2 hydrogen

pairs are expected ta he diastereotopic due to the existence of the chiral Si in the molecule.

Selective decoupling experiments and simulation showed that the 1H 1\'1v1R spectnlm of this

product is a complicated second order spectrum rather than a simple frrst order one. The

complexity arises from the three sets of AB protons at C-2, C-3, and C-4, and the

couplings between these protons. The remote couplings between the protons at C-2 and C­

4 were aIso observed \vith a decoupling experiment and confmned by simulation.

N-(phenylmethylsilyl)-1,2,3,4-tetrahydropyridine remained as the major praduct

when the reaction was repeated with excess H to saturate me pyridine ring, e.g., 1 atm af

hydrogen gas ar a higher ratio of silane to pyridine. This implies that the fallure of the last

double bond to react may be due ta sorne stabilizing effects rather than deficiency of

hydragen.

Varying the temperature from 25cC to SO°C onIy affected the reactian rate and no

difference in the product composition was observed. At 25 cC, me reaction needs 36 hours

to complete. While at 80 cC, the reaction is complete in 12 hours.

N-(phenylmethylsilyl)-1,2,3,4-tetrahydropyridine is stable at 100-150 oC under

argan. No disproportion to give pyridine and piperidine was observed in the study.
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The last double bond in the product can be hydrogenated under more severe

conditions. When the reaction was run under H2 (250 psi) at SO°C, N-(phenylmethylsilyl)-

piperidine (Fig. 3.2) was obtained (80% yield by NMR). This product presumably

results from the fonnation of N-(phenylmethylsilyl)-I,2,3,4-tetrahydropyridine followed

by funher hydrogenation.

The reactions of CP2Ti..\1e2 with PhSiH3 or 4-CH30PhSiH3 in the presence of•

o
N

~
D.\t7'A 0

l{.' 'hA1es1f.
2,250PSi J ~

1
S·-H/ l,

Ph Me

( 94% yield by NMR)

(80% yield by NMR)

Eq.3.1

•

pyridine gave polysilanes but no hydrosilated/hydrogenated product. This is presumably

due to the higher activity of the primary silanes toward dehydrocoupling polymerization

than PhMeSiH2

Experiments using pyridine-ds or PhMeSiD2 showed that there was hydrogen

scrambling between silane and pyridine. C-5 was the least active position for exchange.

The distribution of protons and deuterons in the main products of severa! reactions using

deuterated reactants are shown in Table 3.1.

\Vhen Ph..i\1eSÏ.D2 was reacted with nonnaI pyridine. Ph..rv1eSiDnH2-n and

Ph..Me2SiH were detected in the product mixture, proving that HID exchange between the

silane and pyridine was occurring. Based on the 1H r-..TMR spectrum of pyridine recovered

from the reaction mixture, there is more exchange at positions 2 and 6 than at positions 3
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Table 3.1 1H l'I"'MR signal iutegrals of the isolated major products from
various pyridineIPhMeSiH2I'Cp2TiMe2 reactioos*

Reaction integrais of l H NMR Signals of the
Isolated oroduct

12.2(2), 13.2(3), 12.9(4), 6.4(5)9 6.1(6),
PyridineIPhMeSîH2/CP2TiMe2 12.7 and 20.8(C6HS), S.8CSi-H), 17.5(Sî­

CH3)
3.9(2), 3.7(3), 4.5(4)9 0.6(5), 1.7(6), 11.6
and 22.8(C6HS), 2.4(Si-H), 13.9(Si­

Pyridine-ds/PhMeSiH2/Cp2TL\1~ CH3)
~~=ft-~__~~__::"""!!!!'~-~~~~~~

D NMR: 4.0(2), 5.9(3), 3.1(4), 1.8(5),
0.9(6), O.7(Si-D). [ Si-CD3 and C6DS not
detected].
9.1(2), 14.4(3), 11.9(4), 8.0(5), 4.3(6),

PyridineIPhMeSiD2/Cp2TiMe2 25.1 and SO.6(C6HS), 6.6(Si-H), 27.2(Si­
CH3)

* Numbers in parenthesis identify locations of ring protons.

and S on the pyridine molecule. AIthough no Si-H signal was detectable in the original

Plli\1eSiD2, it appeared in the product with good resolution and comparable intensity ta the

H signal from pyridine. The weil resolved quartet of Si-H showed that no significant

amounts of Si-CH2D, Si-CHD2. or Si-CD3 were fonned during the reaction. The slightly

deformed doublet of SiCH) shows that sorne Si-D is retained in the product. This was

confirmed by 2H NMR. The 2H-~'"MR spectra showed ail the corresponding signals

except for the methyl group and the phenyl ring. On the other hand, the signaIs due [0 the

hetero-ring changed their original patterns compared with Fig. 3.1, in a manner consistent

\Vith the production of CHD rather than CH2 groups. Although peaks 5 and 6 should bath

correspond to a single H, me intensity of 5 is nearly double the intensity of 6. This is an

indication that more HID exchange occurred at 6 than at 5. Positions 2, 4, and 6 appear to

have the sarne extent of HJD exchange while position 3 bas less.

When pyridine-ds was reacted with PhMeSiH2, the intensity of the Si-H signal of

the product was only half of that expected with normal pyridine, relative ta the Ph protons

(Fig. 3.3). In the crude reaction mixture, protons on residual pyridine were detected by
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1H 1\:'l.1R, proving that HJD exchange between silane and pyridine had occurred during the

reaction. Once again it cao be seen that there is more HID exchange at positions 2 and 6

than at positions 3 and S in the isolated product. In the 1H NMR spectrum of pyridine

recovered from the reaction mixture, the signal intensities of H-2 and H-6 are much higher

than those of H-3 and H-S. In the product the lower intensity of H-S than H-6 also means

more DIH exchange occurred at position 6. A 2H ~~ spectrum showed no signais

attributable to eH3 and Ph-H which means lime or no HID exchange has occurred between

CH3, Ph-H and pyridine-ds.

3.2.2 Hydrosilationlhydrogenation of substituted pyridines with Phl\-feSiH2

and CP!TiMe!

3.2.2.1 3-Picoline

While no hydrogenation/hydrosilation product was obtained with 2-picoline or 2,6­

dirnethoxypyridine, 3-picoline was hydrosilylatedlhydrogenated by CP2Tu\1e2/PhMeSiH2.

With 3-picoline, the same color changes were observed as in the case of pyridine, though

the rate of change was slower. From a reaction run at 80 ec, t\\'o major products were

obtained. According to the 1H ~~1R spectrum these products accounted for 90% of the

reacted 3-picoline. They were identified by IH ~1\1R and MS as N-(phenylmethylsilyl)­

1A,5,6-tetrahydro-3-picoline (31) and N-(phenylmethylsilyl)-I,2,3,4-tetrahydro-3­

picoline (32). A small amount of N-(phenylmethylsilyl)-1,4-dihydro-3-picoline (33) was

also detected. At a=e the reaction afforded 33 as the major product along with 31 as a

minor product. When the reaction mixture was warmed up to room temperature, the

amount of 31 increased.

Table 3.2 shows the percentages of these compounds obtained al different

temperatures after 36 hours. According to the resulrs, the percentage of 33 decreased as
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the temperature increased. Compound 32 was not detected when the reaction was run al

room temperature or below, and its percentage went up when the temperarure increased,

while the percentage of 31 reached maximum about SO°C and then decreased as the

temperature further increased.

80 'C
-+

460CHJ
1 3

5 2
1

..... Si.:..
H

Pli Me

(85% yield by NMR)

32 31

VCH'I Cp:Ti.\1cl' Ph.\-leSiH2 OCR) OCR)
ooc 1 1

Eq.3.2~ (60% yield by !'I~1R)

1 1
S··H Si· H

/' " Ph 'MePh Me
(Major)

33

• CP2TiMC2' PhA1eSiH2
OCR)

OCH3

~

(80% yield by NMR)
H:. SO'C J N

Si' H H/' ,
Ph Me

* According to~~ ** N.D. not detected # under 200 psi H2, isolated yield

(Cit )*. td 15' thf thtT bl 32 Pa e . . ercen age 0 e pro oc ln e mlX ure {)
.

N- N- N-
Temperature (phenylmethylsilyl)- (phenylmethylsilyl)- (phenylmethylsilyl)-

( ·C ) 1,4-dihydro-3- 1,2,3,4-tetrahydro- 1A.5,6-tetrahydro-
picoline 3-picoline 3-picoline

(33) (32) (31)

0 88 N.D.** 12

24 85 N.D. lS

50 27 17.2 56

60 19 27 49

80 3 57 39

8()# N.D. N.D. 30•
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These results show that 33 can he obtained as the dominant product at room

ternperature or below. At higher temperatures both 32 and 31 can be obtained with higher

yields than 33. While 31 is favored at lower temperatures. the thermodynamically less

stable compound, 32, is favoured at higher temperature.

IH !\TMR, sbowed two distinctive protons at C-2 in 32. By means of NOESY

experiment, the resonances at 2.6 ppm and 2.98 ppm were assigned to the cis and trans to

CH3 protons respectively. A similar pattern for the C-4 protons was aIso confmned by

COSY and NOESY experiments, the cbemical sbifts were faund ta be 1.70 ppm and 2.04

ppm. The complexity of these 1\~ resonances is attributable to the existence of the two

nearby chiral centers (C-3 and Si).

An attempt to obtain pure 33 was unsuccessfuI. The product was obtained as a

major one at low temperature (0 CC). However, a mixture of 32, 31 and 33 was obtained

in a 2:2: 1 ratio after vacuum distillation. When the reaction IIÙXture was reacted with fresb

Pru.\1eSiH2 and Cp2Tu\1e2. 31 was obtained as the major product. It is likely tbat 33 was

convened ta 31 by PlL\1eSiH2 and Cp1TiJ.\.1e2, and that 33 is an intennediate for the

formation of 31.

When the reaction was run at 80 cC under 200 psi of hydrogen, 31 (Fig. 3.4)

was obtained as the major product. 3-Methylpiperidine was also detected as one of the

products in the reaction mixture aIthough it was not obtained in pure form due ta the

closeness of its boiling point to thase of residual staning materials. This product was

probably praduced through further hydrogenation of 32 under the severe hydrogenatian

reaction conditions. It is reasonable to attribute the higher stability of the last double bond

in 31, compared to 32, to the electronic and sterie effecrs of the methyl group.

When deuterated pbenylmethylsilane (PhJ.\1eSiD2) was used in the reaction, an Si-H

resonance appeared which indicated that hydrogen exchange between PhMeSiD2 and 3-
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picoline oceurred. It was aIso evident frOID the 1H N1t.1R spectrum of the product that one

of the H's on the double bond was retained more than the other in 32. The intensity of H-S

is much higher than H-6. These results parallel those obtained with pyridine and again

show the high reactivity of the 2,6-positions of the pyridine nucleus ta HJD exehange.

3.2.2.2 3-Ethylpyridine

Compared to Me, the Et group bas a higher electron donating ability and a larger

stenc effect. Bath the larger electron donating ability and the sterie effect should favour the

product \Vith the double bond on the same side as ethyl group. When 3-ethylpyridine was

reacted with PhMeSiH2 in the presence of CP2Ti.\1e2 at soce, ~-(phenylmethylsilyl)-

1,4,5,6-tetrahydro-3-ethylpyridine and N-(phenylmethylsilyl)-1,2,3,4-tetrahydro-3­

ethylpyridine were obtained as the two major products in a 1:1 ratio. This compares to the

case of 3-picoline where the corresponding ratio was 1: 1.5. These results are in agreement

with the expected trend.

3.2.2.3 4 ..Picoline

A reaction of 4-picoline with PhMeSiH2 in the presence of Cp2Ti.\1e2 gave N­

(phenylmethylsilyl)-1,2,3,4-tetrahydro-4-picoline as the major product (Eq. 3.3). The

reaction rate was slower than 3-picoline under the same conditions while the color change

was the same. When deuterated PhMeSiD2 was used instead of Pl1l\1eSiH2, the same

product \Vas obtained with HID scrambling between the ring protons and Plli\1eSiD2- The

IH N11R signal integrals are shawn in Table 3.3. It is aIso clear that H-6 is the position

having most HJD exchange, as in the case with pyridine or 3-picoline.

IH N~ (Fig. 3.5) shows two distinct protons at C-3. This diastereotopy is a

reflection of the presence of two chiral centers: Si and C-4. A NOESY experiment showed
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that the H cis to the CH3 group is at the higher field and the trans one at the lower field.

The difference between the two protons at C-2 cao he observed by their mutual NOE effect.

But the difference is much smaller than in N-(phenylmethylsilyl)-1.2,3,4-tetrahydro-3-

picoline.

Table 3.3 1H Nl\fR signal intensities of the isolated major products from
the various 4-picolinelPhMeSiH2/Cp2TiMez reactions·

1H NMR inteml!s of the isolated N-
Reaction (phenylmethylsi!yl)-1.2.3,4-tetrahydro-4-

picoline
8.8(2). 7.0 and 7.2(3). 4.4(4), 4.9(5).

4-picolinelPhMeSiH2/Cp2TiMe2 4.1 (6), 12.9(CH3), 3.9(Si-H), 11.9(Si­
CH3). 12.5 and 23.3(Ph-H)
4.37(2). 6.86 and 4.98(3), 2.08(4),

4-picolineIPh.i\1eSiD:2/CP2TiMe2 4.97(5), 1.40(6), 14.45(CH3). 1.76(Si­
H), 18.54(Si-CH3), 8.77 and 17.65(Ph­
H)

* ~urnbers in parenthesis identify locations of ring protons

•
3.2.2.4

DMT. PhMeSiH.,-.

3,5-Lutidine

(83% yield by ~~1R) Eq.3.3

•

Reaction of 3,5-1utidine with PlL\1eSiH2 in the presence of CP2Tu\1e2 gave N-

(phenylmethylsilyl)-1,4-dihydro-3,5-1utidine as the major product (Eq. 3.4). Onlya trace

amount of 3,4-lutidine was hydrogenatedlhydrosilylated under these conditions. The

reaction rate was much sIower than in the cases of pyridine, 3-picoline, and 4-picoline.

\Vhen this reaction was carried out under 250 psi H2, a mixture of N-(phenylmethylsilyI)-

1,4-dihydro-3,5-lutidine and N-(phenylmethylsilyl)- 1,4.5,6-tetrahydro-3,5-lutidine was

obtained in a ratio of 1:2 (Fig. 3.6). A reaction with Ph..\1eSïD2 resulted in extensive HID
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scrambling, but none of the H's on the ring was observed with more HID exchange than

the others.

+

(70% yield by NMR)

Eq.3.4

• 3.2.2.5

1

Relative reaction rates oC the pyridines

2

Ir was noticed that hydrosilation/hydrogenation reaction rates were different from

Table 3.4 Relative reaction rate of p)'ridineslPhMeSiH2/Cp2TiMe2
(10% Catalyst, SO°C)

•

Substrate

Ethyl nicotinate*

pyridine

3-picoline

4-picoline

3,5-lutidine

* See Chapter 4.

Reaction time,(hour)

3

8

8

8

24

Conversion. %

100

90

34

13

15
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substrate ta substrate when pyridine, 3-picoline, 4-picoline and 3,5-lutidine respectively

were reacted with phenylmethylsilane and CP2TiMe2. When these reactions were carried

out under the same conditions, 100% conversion was found with ethyl nicotinate (see

Chapter 4), while only 15% conversion with 3,5-lutidine. The rates of these pyridines are

shown in Table 3.4.

3.2.2.6 Quinoline

•

•

The hydrogenation of quinoline has received a lot of auention.-~·Y-]11 There is.

however. no report of its hydrosilation.

~
+ ~N)J

•
... Si ......

HPh 1
!vIe

Eq.3.5

Reaction of quinoline with PhMeSiH2 in the presence of CP2TiMe2 at room

temperature yielded N-phenylmethylsilyl-1.2.3,4-tetrahydroquinoline and N­

phenylmethylsilyl-l,4-dihydroquinoline in 3: 1 ratio. Conjugation between the double bond

and the lone electron pair on the N should make the double bond resistant to further

hydrogenation. If the reaction is carried out under 250 psi of H2 at 80c e, only N-

phenylmethylsilyl-l,2.3,4-tetrahydroquinoline is obtained.
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3.2.2.7 HlD exchange between CSDsN and 82 in the presence of

(Cp2TiH)2

Sïnce the pyridine ring can he hydrosilated/hydrogenated in the presence of

CP2Ti.\1e2 and PhMeSiH2, it was expected that a titanocene based catalyst might catalyse

hydrogenation. However, only a small amount of pyridine (ca. 5%) was hydrogenated

when a mixture of CsDsN and (Cp2TiHh17 was kept under 400 psi H2 and at 80 oC for 24

hours. On the other hand, extensive H/D exchange was observed at positions 2 and 6 on

the pyridine ring. This observation implies that the presence of silane is essential for the

titanocene catalyzed reduction of pyridines.

3.3 Discussion

3.3.1 The double bond in the products

It is interesting to find that most of the hydrosilated/hydrogenated products tend to

retain one or [Wo double bonds. Experiments have shown that this may be due ta higher

stability of these compounds rather than hydrogen deficiency. A similar resistance of the

last dauble bond to hydrogenation was observed by Brown et al.7a They reponed the

reductian of pyridine ta 1,2,3 ,4-tetrahydropyridine with two equivalents of lithium

triethylborohydride. However, the addition of one more equivalent of lithium

triethylborohydride was quite slow and incomplete. Subsequently, Carall and Blough7b

reported that the complete reduction of pyridine to piperidine was rapid with the same

reagents. Gambarotta18 reported an example of regioselective hydrogenation of pyridine

when studying complexes of vanadium. The failure of the last double bond to react was

attributed to the conjugation of the C=C 7t-bond with the vanadium center through the

trigonal-planar coordination geometry of the nitrogen atoffi.
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Theoretical studies, 1li-22 carried out on cyclic allylamine/enamine systems, showed

that vinyl amines like 1.2,3,4-tetrahydropyridine are stabilized by significant conjugation

between the nitrogen lone pair and the 1t-bond. The conjugation can be maximized by the

presence of a substituent at the N equatorial position as in the case of N-methyl-l,2,3,4­

tetrahydropyridine (34). The constrained configuration of dehydroquinuclidine (35)

prohibits a 1t interaction between the nitrogen lone pair and C=C bond. In contrast,

compound 34 has a conformation which favors a 1t interaction between the nitrogen lone

pair and the carbon-carbon double bond. The existence of the last double bond in our

product can be rationalized by this theory. It is reasonable to believe that the bulky

phenylmethylsilyl group. P~le(H)Si. would be at the equatorial position on the nitrogen

\vhieh enhances the conjugation of the C=C with the nitrogen lone pair. This conjugation

may be accounted for by the remaining double bond in the hydrosilatedlhydrogenated

products. From the above. it appears that electronic factors play a more important role in

stability of the remaining double bond and stene factors only enhance this effect.

34

3.3.2 nID exchange

35

•
Experiments with deuterated reagents have demonstrated thar positions 2 and 6 are

more active for HID exchange. A possible mechanism for the exchange al positions 2 and 6

is shown in Scheme 3.1. Cyclometallation reactÎons of complexes of pyridines with

zirconoeene or titanocene have been reported by Jordan's and Teuben's groups
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respectively.23.24 This type of ortho-metallation of pyridine by other early transition metals

has also been reported.15

In a reaction of Ph2SiH2 with Cp2TiMe2 in the presence pyridine. crystalline

Cp2Ti(SiHPh2)(Py), 36, was obtained. In the solid state 15 is present as two conforms

(Fig.3.7).26 Although sorne slight differences were found between the structures of the

t\\'o conforms, both showed that there is a close contact between Si and onho-hydrogen

H(:!) (2.83 À; molecule 1) or H(56) (2.82 A; molecule 2). These distances are rnuch

shorter than the calculated contact radius (3.3 À) and probably represent a minimum

approach that can be tolerated without sorne distortion of the molecule. This close approach

of the Si te the proximal pyridine C-H hydrogen revealed in structure of 36 strongly

suppons the mechanism shown in Scheme 3.1.

Scheme 3.1
....... SiDR..,

Cp~T~ H - -----I.~o

molecule 1 molecu!: 2

• Figure 3.7 Crystal structure of CP2Ti(SiHPh2)(Py) (36)
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Further reaction following the exchange would lead to the products with more

exchange at positions 2 and 6. The pyridine dissociated from the complex would aIso

show the phenomenon which is in conformity with what was observed.

Metal hydride addition to the heteroaromatic rings is one of the proposed

mechanisms for the hydrogenation of these aromatic nuclei.27 As Ti-H is known to he

present in CP2Ti.\1~/silane reaetion products, another plausible explanation for the

abserved HID exchange is reversible addition of Ti-H(D) to the pyridine ring followed by

hydrosilation and hydrogenation to yield the fInal product. If this is one of the actual

meehanisms, Ti-H would be an effective catalyst for hydrogenation of pyridine, sinee the

hydrogenation of the resulting diene is expected to be facile. However the study of the

reaction of pyridine-ds and H2 with (Cp2Ti-H)2 as eatalyst showed ooly a small amount of

piperidine, but extensive HJD exchange at the 2 and 6 positions. Therefore the mechanism

shawn in Scheme 3.2 is more plausible. (Cp2Ti-H)2 is an effective catalyst far HID

exchange but not an effective catalyst for the hydrogenation of pyridines.

Scheme 3.2

D6D D D;ÇzD DteDTi-H »D +00
1 ~ ft 1

-HD
ft I~ Pz 1 ~< '< -~ ~ D N HD N D N D D Nt,H X Ti •Ti...-- D

A reaction of 2,3-1utidine, PhMeSiDz and CP2TiMez yielded no

hydrogenated/hydrosilated producty but showed extensive HID exchange at C-6. No HJD

exchange occurred at the methyl groups in positions 2 and 3. This result implies that a

complex between titanocene species and 2,3-lutidine was fonned. The failure to afford any

hydrogenated/hydrosilated product may result from the sterie effeet of the methyl group at

C-2. A similar result was also reported by Teuben and Kleï28 in the study of
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cyclometallation of alkyl titanocene with pyridines where a reaction resulting in deuterio­

pyridines was used ta demonstrate the existence of a Ti-C bond at the 6-position in the

pyridine complex as shawn below:

~OIOCl. 0
D~N~R

+ (3.6)

The enhanced HID exchange at positions 2 and 6 may also result from a rapid

reversible bydrosilation exchange under the catalytic influence of Cp2TiMe2. Such a

reactian mechanism with deuterated pyridine is shawn in Scheme 3.3.

• Dn~D
1 ~

D N D

nhD

(lÀH
DIO

SiR3

Scheme 3.3

j:)D
I~

.....:i

N H
+

--

)r)
D 0
I~
~

N H

•

The addition of an Si-H bond ta the ring wauld make the ring easier to hydrogenate

by destroying its aromatic praperties. However, due ta the need to avercome the aromatic

stabilization energy, the forward reaction should be very slaw, while the reverse reaction is

expected ta he very facile (re-aromatizatian). Thus the reversibility from a hydrasilated ring

back ta an aramatic ring would be very high. The experiments \Vith 2,3-1utidine, Cp2Ti-H
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and deuterated reageots suggest that Schemes 3.1 and 3.2 represent the two main paths

for HID exchange.

3.3.3 Hydrosilation/hydrogenation

Pyridines do not reaet with either PhMeSiH2 or Cp2TiMe2 separately. Although

(Cp:!Ti-Hh can be produeed via the reaction of Cp2TiMe2 and H2. no reaction was

observed when CP2TiMe2 was put under 250 psi H2 in the presence of pyridine and the

mixture retained its original orange color. Even with preprepared [Cp2Ti-HJ2. ooly a small

amount of pyridine was hydrogenated under 400 psi H2 at 80 cC in the absence of silane.

Thus CP2TiMe2 cannat effectively calalyze the hydrogenation of pyridine aIone. and silane

cannot hydrosilate pyridine without CP2TiMe2.

Scheme 3.4

~ • Cp:!Ti(II)
c'H~

•

/CH 3

Cp:!1;i - ÇH3
• 1

CP2Ti(II)

/CH 3

Cp:!Ti- ÇH3
1 •

H-SiR.,,-
H

~R~MeSiH
.".""CH]

Cp.,Ti- ,
H

CP:!Ti(II)

Cp:!Ti-H + CP2Ti-Me
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The active catalyst results from reactions between CP2TiMe2 and the silane. Sorne

reactions that have been proposed for the reduction of CP2TL~e2 by silanes are summarized

in Scheme 3.4.29 The active catalyst is fIrst produced through the reactian of CP2TL.\1~

and silane. As is indicated in Scbeme 3.4, silanes can reduce CP2Ti(IV) ta CP2Ti(m and

CP2Ti(llI) species. Compounds of bath of the lower oxidation states may he catalytically

active.30-32 In reactions of CP2TiMe2 with silanes, the color change is always

accompanied by gas evolution and it is known that CH.4 and H2 are the twa major

components of the evolved gas.29 In the present research, as in earlier studies, R2MeSiH

was always detected in the reaction mixture. Recent success in the synthesis and

characterization of the titanocene(TII) pyridine complexes, 29, 30, and

(BTHIE)Ti(Me)(Py)13 pennits sorne speculation on the mechanism(s) of pyridine

hydrosilation/hydrogenation.

In the absence of added H2, silane is the only source of the H's added to the

pyridine. The H could be added to the pyridines in the form of either H2, Si-H, or Ti-H.

H2 may be produced through the dehydrocoupling polymerization of silanes and then

added to the diene produced by the initial hydrosilation step. Such

dehydrocoupling/hydrogenation is weIl established.33 However, the polymerization

activity of silanes follows the order:

primary silane > secondary silane » tertiary silane

This explains why with phenylsilane and 4-methoxyphenylsilane. only oligosilanes

and other silane products were obtained but linIe hydrogenatedJhydrosilated products. The

high polymerization activity of primary silanes suppressed the hydrosilationlhydrogenation

reactions. When Plll\1eSiH2 reacted with CP2TiMe2 in the absence of pyridine at room

temperature, although the solution color changed from orange ta dark blue immediately,
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onIy a small amount of PhMeHSiSiHMePh was found in 24 hours. If pyridine was added

to the catalyst before PhMeSiH2. no color change or reaction was observed at room

temperature in 24 hours. The low activity toward dehydrocoupling of PhMeSiH2 strongly

suggests that free H2 is not the only hydrogen source for hydrogenation. Catalyst mediated

H transfer from Si-H to the substrate must play a more important raIe. The involvement of

Ti-H intermediates is plausible in view of the isolation of 30 and other Ti-H species in

CP2Til\l1e2/organosilane reactions.

It is reasonable to believe that Ti(ll) and Ti(llI) are key species for the catalytic

hydrosilation/hydrogenation of the pyridines. Low valent titanocenes can be very effective

caralysts for the hydrogenation of sorne 0lefins.30 However, they failed to hydrogenate

benzene. The high resonance energy and low coordinating power of benzene explains the

resistance of benzene to hydrogenation under the catalytic influence of these titanocenes.

On the other hand, pyridine, which has a resonance energy close to that of benzene but is

strongly coordinating, also showed resistance to hydrogenaùon. No substantial

hydrogenation was observed under one atmosphere of H2 in the presence of a catalytic

amount of CP2Til\1e2 and Ph.~1eSiH2(1:1) or (Cp2TiH)n prepared following the reference

procedure. 17

The fact that pyridines are hydrogenatedlhydrosilated while henzene is not,

suggests that the N atom in the pyridines is a key factor for the success of the

hydrosilation/hydrogenation reactions, and hydrosilation necessarily precedes

hydrogenation under the conditions applied. Sînce the hydrogenation of oIefins. and

particularIy l,3-dienes, with Cp2Ti-l\1e2 and silanes is a facile reaction,33 the bydrogenation

reaction of the dienes produced by initial hydrosiIation is not unexpected.

Heterocyclic compounds such as pyridines and quinolines are generally regarded as

good ligands due ta the presence of at least one nitrogen atom \Vith a Iocalized pair of

electrons. A lot of research has been carried out to understand the hyclrogenaùon

mechanism of indoles. pyridines, and quinolines.34 Pyridines in their transition metal
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complexes can coordinate as l'lIeN), 112(c, C).35 11 2(N, C),36 or l'l6 ligands37.38 (Fig.

3.8) .

Although pyridines can act as 11 2(C. C). 11 2(N. C). ,,6 , and even as a bridging

Iigand.39 by far the most common coordination mode is ,,1(N),40 in which the Ione

0 <_;N <_~N <-4-;N
~

1 1 1
M M M

M

1l1(N) 112(C.C) ,,2(C.N) 116

Figure. 3.8 Known modes of pyridine coordination

in transition metaI complexes

clectron pair on the nitrogen donates to a Lewis acidic metai center. A careful search of the

literature showed that in the limired number of ,,2(C, C). and 11 2(N, C) eXéimpIes, the

pyridines involved had substituents at the 2 and 6 positions. Probably in these cases the

steric hindrance makes the 11 2 coordination preferred over 11 1 coordination. Fish ct al.38

demonstrated that several important criteria have profound effects on the bonding mode of

nitroe:en heterocvclic li~ands ta the metai center, i.e., steric and electronic effects. which
~ . ~

control the availability of lone-pair electrons on the nitrogen atom and affect the Iability

of the metal-N bond. These workers concluded that initial l'lI (N)-bonding is critical for

hydrogenation of the pyridine ring. It is possible that several parallel reaction routes are

involved leading to the same final products. A possible rcaction cycle which conforms to

the results obtained in earlier and the present work is shown in Scheme 3.5.41 CP2Ti-H

produced by the reaction of CP2TiMe2 with a silane is widely believed ta be the active

catalyst in the reactions of silanes. The titanocene hydrides made through conventional

methods aIl showed activities in catalyzing various reactions.30 Although the simple form

of Cp:!Ti-H hasn't been isolated from the reaction mixtures as a discrete chemical
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compound due to its high activity and sensitivity, severa! Ti(llI)-H compounds have been

isolated from dimethyltitanocene/silane reactions. The successful preparation and

characterization of 9,42 and 37 through the reaction of CP2TiMe2 and silanes point to the

participation of CP2Ti-H in these reactions. This possibility is also supported by the report

of the preparation and characterization of rac-{ [C2H4e115-tetrahydroindenylhJTiIIleJ..l.-

H) } 243 where the bulkier, more strongly electron-donating tetrahydroindenyl groups

stabilize the titanocene hydride dimer. Moreover, Cp2TiCH)(PRR'2) CR = Ph, R' = Me or R

=~le. R' = Ph), which are complexes ofCP2Ti-H with a phosphine. have been detected by

EPR.44

Scheme 3.5

Cp::!TiMe2 + PhMeSiH2

"CpJi-H"

VSi
-
H

~H2
CP2Ti-SiJ)

H 1
Si

•

38

•
Metathesis of Plù\1eSiH2 with Cp2TiH gives Cp2TiSiHPlli\1e and H2. Once again,

no Cp2Ti-Si has been isolated as a discrete chemicaJ compound. However. its existence is
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reasonable given the earlier isolation of 7 and 8, and the interconversions among 7, 8,

and 9.29a This species has also been trapped with phosphines. The coordinatively

unsaturated structure of CP2Ti-Si makes it ready to accept ligands carrying lone pair

electrons, e.g. pyridines and quinoline to form CP2Ti(Si)(Py) complexes. 116(Py)

coordination should be difficult to forro due ta steric hindrance and the 18-electran mIe.

Tl 1(N)(Py) complexes. CP2Ti(SiHRR')(Py), have been identified13 in the reaction mixture

of CP2TL1\.1e2 and silanes in the presence of pyridines, by EPR spectroscopy and elemental

analysis.

37

In the crystal structure of 36,26 the pyridine ring is almost co-planar with the

bisector plane of the Cp-Ti-Cp angle. A shift of the pyridine ring on the bisector plane

should encounter little steric barrier. A reasonable fust step for hydrosilation is the insertion

of the -!\=C- group inta a Ti-Si bond (Scheme 3.6). The driving force for this reaction

is the

Scheme 3.6

38•
~

CP2Ti/'(

Si
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sacrifice of a weak Ti-Si bond and the gain of a strong Si-N bond. The product of this

insertion 38 would then undergo cr-bond metathesis of Ti-C with Si-H to give

hydrosilation product and regenerate Ti-Si. Depending on the substrate. the hydrosilation

product may either undergo further hydrogenation. as in the cases of pyridine. 3-picoline

and 4-picoline, or isomerization as in the case of 3.5-lutidine.

The formation of a titanocene(III)-lll (N)pyridine complex activates the pyridine

towards subsequent hydrosilation/hydrogenation reactions. If reasonably strong

coordination of the pyridine to Ti cannot occur. because of steric effects or electronic

effects. no hydrogenationlhydrosilation product will be obtained. This is the case for 2­

picoline. 2.3-lutidine. and 2.6-dimethoxypyridine and sorne nicotinates (see Chapter 4).

Another possible cause for the inhibition of hydrosilationlhydrogenation reactions in the

cases with substituents at positions 2 and 6 may be hindrance by these substituents to the

altack of the Si on N or the shifting of the titanium center ta C. This is reasonable

considering the two Cp groups on the Ti and the Ph group on the Si. In the first two cases.

the observed H/D exchange between pyridine and silane indicates the formation of a weak

complex \vhich is in conformity with the observation of the color change during the

rcaction. but no hydrosilated/hydrogenated product was obtained.

The initial hydrosilation involves the rupture of the dative bond between Ti and N.

The strength of the bond parallels the relative rates of reaction (Table 3.4).

The larger the electron density on N. the higher the basicity and the stronger the Ti­

N bond should be. Considering the electron-density distribution on the unsubstituted

pyridine ring (N-5.92. positions 2 and 6 - 3.63. posiLions 3 and 5 - 4.05. and position 4 ­

3.89r+5 and the available pKa values ( pyridine. 5.58: 3-picoline. 5.70: 4-picoline.

5.99):~6 it cao be deduced that the electron densities on N are in the reverse order of the

reacti\'ities shawn in (Eq. 3.7).

It appears that ( in the absence of major steric effects) the stronger the Ti-N bond•

the lower the reaction rate. A methyl group at the 4 position donates more electron density
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• Ô
3

O COOEt 0 D CR3 ~1 ~ >1 >1 >1
N ~ ~ ~

N N N
Eq. 3.7

•

than at the 3 position. Thus a stronger Ti-N bond is expected in the complex of 4-picoline

than in that of 3-picoline. resulting in a lower reacùon rate. In Scheme 3.6 the formaùon

of the Si-N bond proceeds simultaneously with the breaking of the Ti-N dative bond. Due

te the high resonance energy of the aromatic ring, a high activation energy is expected for

this step. which would probably make it the rate determining step. The effect of Ti~N

bond strength suggests that considerable Ti~N bond breaking has occurred in the 4-center

transition state. If the ,,1 (N)-bonded complex is too stable. the hydrosilation reaction couId

be completely inhibited. This might be the case with 3,4-lutidine, where only a trace of

hydrosilated/hydrogenated product was detected by ~"MR.

In the case of 3-picoline. there are (WQ possibilities for the Si to approach the N.

One is from the same side as the methyl group to form 39 Ieading to 31. the other is from

the opposite side ta form 40 leading to 32 (Scheme 3.7).

Scheme 3.7

•

;yCH3
~I

CP2Ti 7
~CH / Si
~ ..~ 3 / 39

N

cpJ......Si ~ !CX.CH3

~ TiCP2

Si
40

•

etCH3

~
Si

31

(jCH3

~
Si

32
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Obviously attack from the same side as the methyl group is stericaly favored while

the other way will result in the methyl group approaching the two Cp groups. As the

activation energy for formation of 40 is higher than that for 39. the rate of fonnation of 40

(and hence 32) will increase relative to that of 39 with increasing temperature. Such a

change in relative rates is evident in the results of Table 3.2.

3.4 Summary

The homogeneous catalytic hydrosilation/hydrogenation of sorne aromatic N­

heterocycles. (namely pyridine. 3-picoline. 4-picoline, 3.5-lutidine. and quinoline) has

been achieved using titanocene derivatives as catalysts. A variety of

hydrosilated/hydrogenated products, either fully or partiaIly saturated, may be produced

depending on conditions. A reaction mechanism is proposed based on isolated and

structurally characterized pyridine titanocene complexes. on the effects of substituent on the

rates. and on H/D exchange studies. It is suggcsted that a key step in the

hydrogenation/hydrosilation reaction is the formation of a mona-Tl 1(N) complex between

the pyridine ring and the titanocene species. It is proposed that the rate detennining step is

an intramolecular insenion of -N=C- into the Ti-Si bond. If strong coordination between

the titanocene specics and the substrates is prohibited either by steric effects or electronic

effects. or if the camplex is of too high stability, no hydragenation/hydrosilation product is

obtained. Extensive HID exchange at the 2- and 6- positions of the pyridine is attributed ta

a reverse ortho-metallation of pyridine in a Ti-H complex.

3.5 Experimental Section

3.5.1 General manipulations

AlI manipulations were perfarmed under an atmosphere of nitragen ar argon using
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Schlenk techniques. Dry, oxygen free solvents were employed throughout. Glassware

was flame-dried or oven-dried before use. In a typical reaction. the required amount of

Cp:!TiMe2 was first added to a Schlenk flask and connected to vacuum to remove the air

carried by the sample. The flask was then filled with Ar and the procedure was repeated

several times. The required amounts of pyridine and silane were added with a micro­

syringe. NMR samples were prepared under Ar.

3.5.2 l\'1aterials and Analyses

Mass analyses were performed by the Chemistry Department MS service. Proton

N'J\,[R spectra were recorded on Varian XL-200, XL-300. Gemini-200. and Unity-500

spectrometers using internai solvent references. HNIQC. COSY. and NOESY spectra were

recorded on the Unity-500 spectrometer. Carbon-13 NMR spectra were recorded on the

Unity-500 spectrometer using C6D6( 128.0 ppm) as reference. Silicon-29 NMR spectra

\Vere recorded on a Varian XL-300 operating at 59.9 MHz in C6D6. An externaI standard

of tetramethylsilane (0.00 ppm) was used. The N~lR data for aIl products are listed in

Appendix III.

Pyridinc and its derivatives were aIl from Aldrich Chemical Co. and were purified

by distillation over calcium hydride before use. Pyridine-ds (from Aldrich) was dried over

-+ Â molecular sieves. Dimethyltitanocene \\..a5 prepared by a literature procedure and

recrystaJIized from pentane.47 Phenylmethylsilane was prepared by a standard procedure

via the rcaction of the corrcsponding phenylmethylsilane dichloride with LiAIH4.48

Deuterated PhMeSiH2 was prepared following the same procedure with LiAlD4 in5tead of

LiAIH.+o CpCp*TiMe2 was synthesized according to a literature procedure.49
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3.5.3 Synthesis of N-(phenylmethylsilyl)-1,2,3,4-tetrahydropyridine

In a Schlenk tube. PhMeSiH2 (3.5 mL. 25.6 mmol) and pyridine (1.0 mL, 12.5

mmol) were added to CP2TiMe2 (0.13 g. 0.7 mmol; 6 mol% catalyst based on pyridine).

After a while. the solution color changed ta dark blue, then purple. accompanied by gas

evolution. The mixture was stirred at 80c C. After 12 hours, the dark-brown-purple reaction

mixture was distilled under vacuum. 1.29 g (50% isolated yield) N-(phenylmethylsilyl)­

1.2.3.4-tetrahydropyridine was separated as a calarless liquid (b.p. 57 c C/0.12 mmHg).

MS (El). m1z(%): 203 (LOO) [M+]. 188 (18.5) [M+ - CH3], 121 (76.6) [M+ - CsHgNl ).

COSY and decoupling ~'"MR experiments were in confonnity with the structure

assignment.

3.5.4 Reaction of pyridine, CP2Ti~le2 and Phl\'leSiD2

In a Schlenk tube, PhMeSiD2 (0.44 mL, 3.2 mmol) and pyridine (0.09 mL. 1.0

mmo1) were added to Cp2TiMe2 (23 mg, 0.11 mmo1; 10 mol% catalyst per pyridine). After

a while. the solution color changed to dark blue then purple accompanied by gas evolution.

The mixture was stirred under 80c e. After 12 haurs. N-(phenylmethyIsilyl)-1.2.3.4­

teLrahydropyridine(HID) \\/as afforded in 947é yield according to N~IR.

3.5.5 Reaction of pyridine-ds, CP2Ti~le2 and PhMeSiH2

In a Schlenk tube. PhMeSiH2 (0.89 mL. 6.5 mmol) and pyridine-dS (0.35 mL.

4.32 mmol) were added ta CP2TiMe2 (45 mg. 0.22 mmol: 5 mol'k). After a while, the

solution color changed ta dark blue then purple accompanied by gas evolution. The mixture

was stirred at SocC. After 8 haurs. the dark-brown-purple reaction mixture was distilled

under vacuum. 0.19 g (20% isalated yield) N-(phenylmethylsilyl)- 1.2,3,4­

tetrahydrapyridine(HID) was separated as a colorless liquid (b.p. 57
G

C/0.12 mmHg)
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3.5.6 Synthesis of N-(phenylmethylsilyl)-piperidine

PhNIeSiH2 (5.0 mL, 36.5 mmol), pyridine (2.0 mL, 24.7 mmol) and CP2TiMe2

(0.36 g, 1.72 mmol) were added to a glass-liner. The reaction mixture was tboroughly

mixed, sealed in the autoclave and refluxed under H2. The reaction conditions were set at

80 'C and 250 psi(H2). After 24 hours, 2.0 g of N-(phenylmethylsilyl)-piperidine (40%

isolated yield based on pyridine) was isolated as a yellow liquid (b.p. 54-56c C/O.OlmmHg)

by vacuum distillation.

COSY, and HMQC !\'"MR experiments were in confonnity with the structure

assignment.

3.5.7 Reaction of CP2Ti~Ie2, pyridine-ds and Phl\leSiD2 under argon

Ph..l\t1eSiD2 (0.30 mL, 2.2 mmol), and pyridine-ds (0.12 mL, 1.4 nunol) were

added te Cp2Tù'1e2 (0.15 g, 0.36 mmol). The reaction mixture was stirred at room

ternperature. After three days, the dark-brown solution was subject te fractional distillation.

0.2 g N-(phenylmethylsilyl)-1,2,3,4-tetradeuteropyridine was col1ected as colorless liquide

~o appreciable HID exchange was detected.

3.5.8 Reaction of Cp2TiMe2, pyridine-ds and Ph~[eSiD2 under hydrogen.

Pru.\t1eSiD2 (0.30 mL, 2.2 romol), and pyridine-ds (0.12 mL, 1.4 mmol) were

added to Cp2Til\1e2 (0.15 g, 0.36 mmol). The reaction mixture was stirred at room

ternperature under hydrogen (1 atm). After three days, the dark-brown solution ....·as subject

to fractional distillation. 0.18 g N-(phenylmethylsilyl)-1,2,3,4-tetrahydropyridine (HID)

was collected as colorless liquide

125



•

•

•

CHAPTER 3 HOMOGENEOUS HYDROS1UJ70NIHYDROGENATION OF PYRIDINES

3.5.9 Reaction of 3-picoline, Cp2TiMe2 and PhMeSiH2

PtLMeSiH2 (3.56 mL, 26 mmol), 3-picoline (1.8 mL. 18.4 mmol) and Cp2TiMe2

(0040 g. 1.8 mmol; 10 mol% ) were added to a Schlenk tube. The mixture was stirred al

SocC. After six days. the dark-brown-purple reaction mixture was subject to vacuum

distillation. 1.3 g of a colorless liquid was obtained (b.p. 84-86°ClO.02 mmHg). NMR

showed it to be a mixture of N-(phenyImethylsilyl)-1,4,5,6-tetrahydro-3-picoline and N­

(phenylmethylsilyl)-1,2,3,4-tetrahydro-3-picoline (with a ratio of 2: 1). MS (En: rn/z (%):

217 (100) [M+], 202 (50) [M+ - C7H9Si]. 121 (26) [M+ - C9Hla.l\J] .

3.5.10 Reaction of 3-picoline, CP2TiMe2 and PhMeSiH2 under H2

Ph!\1eSiH2 (3.56 mL, 26 nunol), 3-picoline (1.8 mL, 18.4 nuno}) and Cp2Ti..\1e2

(0.40 g, 1.8 nunol; 10 mol% ) were added to a Parr Reactor, The mixture was heated at

soce under hydrogen (200 psi). After four days, the dark-brown-purple reaction mixture

was distilled under vacuum. 1.0 g N-(phenylmethylsilyI)-1,4,5,6-tetrahydro-3-picoline

was obtained as colorless liquid (b.p. 84-86"C/0.02 nunHg).

3.5.11 Reaction of 3-picoline, CP2TiMe2 and PhMeSiD2

PhMeSiD2 (3.56 mL, 26 mmol), 3-picoline (l.8 mL, 18.4 mmoI) and CP2Ti.\:le2

(0.40 g, 1.8 mmol; 10 mol% ) were added to a Schlenk tube. The mixture was stirred at

SocC. After six days stirring. the dark-brown-purple reaction mixture was subject to

vacuum distillation. 1.4 g of a colorless liquid was obtained (b.p. 84-86c C/0.02 mmHg).

l\~ showed a mixture of N-(phenylmethylsilyl)-1,4,5.6-tetrahyciro-3-picoline (H/D) and
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N-(phenyImethylsilyl)-1,2,3,4-tetrahydro-3-picoline (HID).

3.5.12 Reaction of 3-etbylpyridine, CP2TiMe2 and PhMeSiH2

PhMeSiH2 (1.78 mL, 13 mmol), 3-ethylpyridine (1.11 mL, 9.16 nunol) and

Cp2Ti..\![e2 (0.2 g, 0.90 mmol; 10 mol% ) were added to a Schlenk tube. The mixture was

stirred at soce for ten days. The resulting dark-brown-purple reaction mixture was distilled

under vacuum to give 1.0g of a colorless liquid (88-92°ClO.02 mmHg). According to NMR

the product was a mixture of N-(phenyImethylsilyl)-I,4,5,6-tetrahydro-3-ethylpyridine,

and N-(phenylmethylsilyl)-1,2,3,4-tetrahydro-3-ethylpyridine (in a ratio of 1: 1). MS (El):

rnJz (%): 231 (52.3) [M+], 216 (63.8) [M+ - eH3], 202 (60.0) [M+ - CH2CH3], 121

(l00) [1\1+ - C7H 12N], III (18.7) [M+ - C7HSSi] ].

3.5.13 Synthesis of N-(pheo)"lmeth)'lsilyl)-1,2,3,4-tetrahydro-4-picolïne

PhMeSiH2 (3.56 mL, 26 mmol), 4-picoline (1.8 mL, 18.4 mmol) and Cp2Ti!\1e2

(DAO g, 1.8 mmol; 10 mol% ) \Vere added to a Schlenk tube. The mixture was stirred at

soce for six days. The dark-brown-purple reaction mixture was distilled under vacuum to

give N-(phenylmethylsilyI)-1,2,3,4-tetrahydro-4-picoline as colorless liquid (2.1g, 530/0

isolated yield based on 4-picoline, b.p 85-87°C/0.15 mmHg). MS (En: m/z (%): 217 (37)

[M+], 202 (100) [M+ - CH3], 121 (37) [M+ - CsHgK].

3.5.14 Reaction of 4-picoline, CP2TiMe2 and PhMeSiD2

PhMeSiD2 (3.56 mL, 26 mmol), 4-picoline(1.8 mL, 18.4 mmol) and CP2TiMe2

(0.40 g, 1.8 mmol; 10 mol% ) were added to a Schlenk tube. The mixture was stirred al

soce for six days. The dark-brown-purple reaction mixture was distilled under vacuum to
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give N-(phenylmethylsilyl)-1,2y3,4-tetrahydro4-picoline as a colorless liquid ( 2.2g, 53%

isolated yield based on 4-picoline, b.p 85-87c C/0.15 m.mHg)

3.5.15 Preparation of N-(phenylmethylsilyl)-1,2,3,4-tetrahydroquinolïne

PhMeSiH2 (6.0 mL, 43.2 mmol) and quinoline (3.3 mL, 28.8 mmol) were added to

CP2TiMe2 (0.60 g, 2.88 mmol; 10 mol% ) in an autoclave. The temperature and H2

pressure were set at 80 oC and 200 psi respectively. After 48 hours, N-(phenylmethylsilyl)­

1,2,3A-tetrahydroquinoline was separated by vacuum distillation as a yellowish liquid

(4.0g, 54% isolated yield, b.p 160"ClO.02 mmHg). MS (El): m1z (%): 253 (100) [M+],

132 (38.3) [M+ - C7H9Si], 121 (42.1) [M+ - C9HION]

3.5.16 Reaction of quinaUne, Cp2TiMe2, and Ph~leSiH2

P~\1eSiH2 (2.0 mL, 14.4 mmol) and quinoline (1.1 mL, 9.6 mmoI) were added to

Cp2Ti..\.1e2 (0.20 g, 0.96 mmol; 10 mol% ). The reaction mixture was stirred at so"e for 3

days. N-(phenylmethylsilyl)-1,2,3,4-tetrahydroquinoline and N-(phenylmethylsilyl)-lA­

dihydroquinoline were formed in a ratio of 3:1. A small amount of 1,2,3,4­

tetrahydroquinoline [IH i\~ (benzene-d6 ,22 :e, 500 ~Œz): 1.57 (m, 2H, ~CH2CH2

CH:!), 2.51 (t, J = 6.3 Hz, 2H, NCH2CH2CHZ ), 2.76 Ct, J = 5.54 Hz, 2H, ~CH2 ), 3.0

Cb, IH, KH), 6.22 (d, J =8.0 Hz, IH), 6.62 (t, J =7.0 Hz, IH), 6.85 (d, J =7.0 Hz,

IH), 6.95 (t, J = 7.0 Hz, lm] was also detected in the mixture.

3.5.17 Reaction of 3,S-lutidine, CpzTiMez and PhMeSiHz

PhMeSiH2 (3.56 mL, 26 mmol), 3,5-lutidine(2.l mL, 18.4 mmol) and

Cp2TiMez (0.31 g, 1.41 nunol; 8 mol% ) were added to a Schlenk tube. After a while the
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solution tumed dark blue, then viole~ progressively accompanied by gas evolution. The

violet solution was stirred at SO"C in an oil-bath for 8 days. The greenish reaction mixture

was distilled under vacuum. N-(phenylmethyIsilyl)-l,4-dihydro-3,5-lutidine was the main

product ( 2.5 g, 60% yield, b.p. SO-90 "C/O.02 mmHg). MS (pAB, NBA), m/z: 229

[M+].

3.5.18 Reaction of 3,S-lutidine, CP2Til\fe2 and PhMeSiD2

PlLMeSiD2 (3.56 mL, 26 nunol), 3,5-lutidine(2.1 mL, 18.4 mmol) and CP2TilVle2

(0.31 g, 1.41 nunol; 8 mol% ) were added ta a Schlenk tube. After a while the solution

turned dark blue, then violet, progressively accompanied by gas evolutioo. The violet

solution was heated to sace in an oil-bath for 8 days. The reaction mixture was distilled

under vacuum. N-(phenylmethylsily1)-1,4-dihydro-3,5-lutidine (HID) ( 2.4 g, 70% yield)

was isolated as a coloriess liquid (b.p. 80-90 "C/0.02 mmHg).

3.5.19 Reaction of 3,5·1utidine, Cp2TiMe2 and PhMeSiH2 under H2

Ph:.\1eSiH2 (3.60 mL, 26.4 nuno!), 3,5-1utidine (2.1 mL, 18.4 nunoI) and

Cp2TL\1e2 (0.41 g, 1.80 mmol; la mol%) were added to a Parr reactor which was then

charged with H2 (250 psi) and kept at 80cC for three days. 60% of the 3,5-lutidine was

cODverted ta N-(phenylmethylsilyl)-1,4-dihydro-3,5-lutidine and ~-(phenylmethylsilyl)­

1,2,3,4-tetrahydro-3,5-lutidine (ratio 1:2 by ~'"MR).

3.5.20 Reaction of 3,4-lutidine, Cp2TiMe2 and PhMeSiH2 under H2

PhMeSiH2 (3.2 mL, 26.0 mmol), 3,4-lutidine (1.8 mL, 17.3 mmol) and CP2Til\1e2

(0.36 g, 1.73 mmol; 10 mol%) were added to a Parr reactor which was then charged with
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H2 (250 psi) and heated at 80 De for three days. No hydrosilatedlbydrogenated products

were detected.

A similar reaction was run under Ar instead of H2 with the same results.

3.5.21 Reactions of pyridine, 3-picoline, 4-picoline and 3,S·lutidine with

Cp2TiMe2 and Ph..1\IeSiH2 rate Comparison

In separate SchIenk reactors, pyridine (0.35 ml, 4.6 mmol), 3-picoline (0.45 ml,

4.6 mmol), 4-picoline (0.45 ml, 4.6 mmol), and 3,5-lutidine (0.48 ml, 4.6 mmol) were

added to the mixture of Cp2TL.V1~ (0.09 g, 0.43 nunol) and PhMeSiH2 (0.89 ml, 6.5

mmol) together with 50 J.Ù of Si(Et)4 ( in the case of pyridine 0.13 nù of C6D6 was aIso

added). The mix.tures were stirred at room temperature. NMR samples were extfacted

periodically by syringe. The conversions were calculared based on the comparison of

integrals.

3.5.23 Reaction of p~·ridine·d5 and Hz catal)'zed by Cp2Ti-H

Pyridine-ds (0.30 ml, 3.94 mmol) \vas added to a solution of CP2Ti-H [50 mg

(0.28 mmol) in 1 ml taluene-dg]. The mixture was kept under 400 psi Hz and 80 oC for ten

haurs. 1H NMR spectra showed less than 10% of the pyridine was hydrogenated, but most

of the D at positions 2 and 6 was exchanged with H.

3.5.24 Reaction of 2,3.lutidine with PhMeSiD2 in the presence of

CP2TiMe2

2,3-Iutidine (0.30 ml, 2.87 mmol) was added to the mixture of CP2TiMez (0.03 g,

0.14 mmol) and PhMeSiD2 (0.60 où ,4.4 mmol). The ITÙxture was stirred at 80 oC for 24
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hours. l H NMR spectra showed no hydrosilationlhydrogenation product~ but most of the

H at position 6 was exchanged with D.
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CHAPTER4

HYDROSILATIONIHYDROGENATION REACTIONS OF
NICOTINATES AND ETHYL BENZOATE WITH PhMeSiH2

CATALYZED DY TITANOCENES

4.1 Introduction

Functional group manipulation is the foundation of organic synthesis. Tberefore it

attracts great attention. Transformations of aIdehydes and ketones to alcohoIs (or even

hydrocarbons) and transformations of esters to aIcohols or aldehydes have aIl been

explored and weIl established. These transformations can be achieved by two major routes:

(1) reaction with metal hydrides, (2) hydrogenation and hydrosilation catalyzed by meraIs

or metal complexes.

Lithium aluminum hydride (lithium alanate), sodium aluminum hydride, and

aluminum hydride, for example, are well known reducing agents in organic chemistry.

They are traditionally used for the reduction of various carbonyl and other functionalities.

However, their strong reducing power makes it hard ro control the reactions especially

when partial reduction is needed as in sorne cases with esters. This disadvantage of these

agents prompted sorne modifications. Alkoxy, or amino substituents and alk.yrl groups have

been introduced, and several modified aluminum hydrides have become the current choices

ta accomplish the partial reduction of carbonyI compounds,l e.g., Eq. 4.1.

RCOOR' __~D~m~AH~~~~ RCHO Eq.4.1

•
However, the mandatory use of low temperature (usually -78 "C) is regarded as a

disadvantage for using these reagents.
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Since the discovery in 1972 that Wilkinson's complex. RhCI(PPh3)3. is an

extremely effective cataJyst for the hydrosilation of carbonyl compounds,2 hydrosilation

has been developed as an important method for the reduction of carbonyl compounds since

the resultant Si-O bond can very easily undergo hydrolysis. Il has been found that the

hydrosilatian of carbonyl compounds can be effected by various catalytic systems.3

Transition metal complexes other than Wilkinson's complex. including platinum,4

ruthenium5.6 and rhodium7-9 have aise been shown to have a good catalytic activity. Sorne

selecti ve and asymmetric hydrosilations of carbonyl compounds have been achieved using

these transition metal complexes as catalysts. IO Corriu's and Fujita's groups reported that

sorne alkali metai salts and ammonium fluorides are also effective for hydrosilation

reactions (Eq. 4.2).1 1, 12

•
cat. • R,

/
CH-OSiX3

R'
Eq.4.2

•

Recently, titanocene derivatives were added to the list of catalysts for the

hydrosilation of carbonyl compounds)b They have found wide applicability in organic

chemistry including hydrogenation and hydrosilation of carbonyl compounds.

Hydrosilation of both ketones,13 and lactones 14 has been reported. Buchwald and co­

workers 15 developed several procedures for the overall reduction of esters to primary

alcohols via titanium-cataIyzed hydrosilation reactions. A variety of esters. including thase

containing bromo-, phenoxy-, amino-, alkenyl or cyclopropyl- groups. as well as Cl, ~-

unsaturated esters. can he reduced with triethoxysilane and catalytic amounts of titanocene

dichloride. preactivated with butyllithium. 15a This procedure can be used for the selective

rcduction of methyl esters in the presence of tbutyl esters. For substrates containing a

terminal olefin or an epoxide a more hindered titanocene dichloride species, such as

bis(tetrahydroindenyl)titanium dichloride ([EBTHI]TiCI2). is required. Other procedures
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involving safer and cheaper reagents, such as PMHS and EtMgBr in the place of

(EtObSiH and IlBuLi were also reponed. I5e

In the study of hydrosilationlhydrogenation of pyridines employing CP2TiMe2 as

the catalyst (see Chapter 3), it was found that electronwithdrawing groups on the pyridine

ring exert a different influence on the reaction from electron donating groups. In the case of

carboalkoxy substituted pyridines the reactions occured at the ester group instead of the

pyridine ring, except for the case of ethyl nicotinate. More interestingly, an unprecendented

example of the one-pot transfonnation from an ester group to an alkyl group was observed.

This chapter presents the results of hydrosilation/hydrogenation reactions of sorne

nicotinates. ethyl benzoate and lactones.

4.2 Results and Discussion

4.2.1 Hydrosilationlh~rdrogenationof nicotinates

4.2.1.1 Hydrosilation/hydrogenation of eth~·1 nicotinate

Reaction of ethyl nicotinale and Pru\1eSiH2 in the presence of CP2Tu\1e2 produce

ethyl :'-I -phenylmethylsilyl-1.6-dihydronicotinate (41) (Eq. 4.3). The pyridine ring was

1f
(J'

COEt
'9" 1 _P_h_M_e_S_iH-:::?,--...~

'N Cp:?TiMe2

o
Il

0:
4 COEt

5~ f
6 N 2

\
Plli\1eSiH

41

( 90% NMR yield ) Eq.4.3

• hydrosilated as in the cases of pyridine. 3-picoline. 4-picoline. and 3.5-lutidine described

in Chapter 3. The same color change. from dark blue to brown. was observed. However,
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the reaction went to completion mucb faster than tbose of pyridine and its alkyl substituted

derivatives (complete reactions within three hours as opposed to more than 8 hours al 80

OC). Evidently the higher reaction rate is attributable to the electron-withdrawing effect of

the ester group. As discussed in Chapter 3, the formation of a complex between the

substrate and the titanocene species is a crucial step in the reaction. The higher the electron

density on the N atom the stronger the N~Ti bond would he expected. The reverse order

of the reaction rate relative to the basicity suggests the N-;Ti bond breaking step is

possibly the rate controlling step in the hydrosilationlhydrogenation reaction.

The reaction product was identified from its 1H NMR specnum wbich gave

resonances of H-2, H-4, H-S and H-6 at 7.48 (s), 5.95 (dd), 4.60 (dt) and 3.32 (m) ppm

respectively. This assignment was conflIIl1ed by decoupling, COSY and HMQC ~'"MR

experiments.

In contrast te the cases of pyridine and the alk.-yI substituted pyridines, the fmal

product has a hydrogen added at the 6 position. Although with 3-picoline and 3,5-1utidine,

the monohydro products, 1-(phenylmethylsilyl)-1,4-dihydro-3-picoline and 1­

(phenylmethylsiIyI)-1,4-dihydro-3,5-lutidine, were obtained, the hydrogen added at the 4

position rather than the position 2 or 6. This observation is attributable to the conjugation

between the C=O double bond of the ester group and the remaining double bonds on the

pyridine ring. \Vith the hydrogen added at the 6 position, C=O conjugates with !wo double

bonds; if the hydrogen adds at the 4 position C=O only conjugates with one double bond.

Evidently the former product is favored.

4.2.1.2 Hydrosilation/hydrogenation of ethyl isonicotinate

Reaction of ethyl isonicotinate with Ph..\1eSiH2 in the presence of CP2TiMe2 gives

totally different results from the ethyl nicotinate. As described above, in the case of eth)'l

nicotinate the ring was reduced, but not the ester group. However, with the ester group at
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the 4-position, instead of the 3-position, the ester group was reduced producing 4-picoline

and 42 (Eq. 4.4). This dramatic change undoubtedly originates from the stronger

electI"on-withdrawing effect of the ester group al the 4-position than al the 3-position.

Obviously there are two potential reaction sites: the ring and the ester group. For the

reaction to take place on the ring, the key step is the formation of a complex through the

coordination of N ta the Ti on the titanocene species as discussed in the previous chapter. If

the coordination is very weak or can't be fonnecL no hydrogenationlhydrosilation would he

expected on the ring whereas the ester group would competitively undergo

hydrogenation/hydrosilation reactions. This hypothesis is strongly supported by the

different behaviors exhibited by ethyl nicotinate and ethyl isonicotinate. In the former case,

\Vith the ester group at the 3 position, the coordination between N and Ti is still strong

enough to sustain the hydrosilation/hydrogenation on the ring, while in the latter case, a

stronger electron-withdrawing effect weakens the coordination ability of N which disfavors

the hydrosilation on the ring and hence favors the hydrosilation/hydrogenation on the ester

group.

+

CH..,OSi(OEt)Plli\tfeo·
42

5

Eq.4.4

•

( 100% conversion)

Although hydrosilation of esters has been well-documented with various systems

ranging from salt initiated reactions to early and late transition metal complex catalyzed

oues, in ail these numerous examples, the products were without exception the silyl ethers.

To our knowledge, no example has been reponed of a one-pot transformation of an ester
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group to an alkyl group though this transformation can he achieved through severa! steps

with ease.

4.2.1.3 Hydrosilationlhydrogenation of ethyl 2·meth~·lnicotiDate and

methyl 6.metb}'lnicotinate

CP2Ti.:.\1e2 catalyzed reaction of ethy12-methylnicotinate and PhMeSiH2 yields 2,3­

lutidine and 43 (Eq. 4.5). With a methyl group at position 2, higher electron density on

the N would be expected compared with ethyl nicotinate which wouId favor the complexing

between Ti and N. However, a methyl group at position 2 also introduces higher sterie

hindrance to the formation of the complexe By the comparison with the case of 2-picoline

where no hydrosilationJbydrogenation was observed (although HJD exchange occurred al

position 6), it is to be expected that reduction would occur at the ester group rather than the

ring.

o
Il

a COEt
'P'I
~

N CH3

43

Eq.4.5

3 2

•

(100% conversion)

Similarly, reaction of methyl 6-methylnicotinate and Ph...~eSiH2 in the presence of

Cp2TiMe2 produces 2,5-lutidine and 44 (Eq. 4.6). The presence of a methyl group at the

6 position favors the hydrosilationlhydrogenation reactions at the ester group rather than on

the ring, as in the case of ethy12-methylnicotinate.
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PhMeSiH.,-..

Eq.4.6

1 4

•

4.2.2 Hydrosilationlhydrogenation of ethyl benzoate

The hydrosilation/hydrogenation of ethyl isonicotinate, ethyl 2-methyl nicotinate

and methyl 6-methylnicotinate showed two kinds of transformations: (1) from an ester

group to a silyI ether group; (2) from an ester group to an ~]'l group. In order ta test

whether the transfonnation of the ester group ta alkane is peculiar ta these nicotinates or is

more generaI, ethyI benzoate was reacted with CP2TiM~ and PlLVIeSiH2. Once again, the

same transformations were detectecL giving toluene and 45 (Eq. 4.7). However, the

reaction was much faster and much more violent than in the cases of nicotinates. The

complexing between N in nicotinates and Ti in the catalytic species may panly account for

the different reaction rates. In the reaction of ethyl benzoate with PhMeSiH2 in the presence

of CP2TiMe2, dramatic gas (CH4 and Hz) evolution was observed after the initiation

reaction, and 100% conversion was achieved when the gas evolution ceased.

~

O COEt PhMeSiH.,
f ~ ------tl.~
~ CP2TL\tfe2

Eq.4.7

•
4S

Cl 00% conversion)
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Table 4.1 Reaction of ethyl benzoate with PhMeSiH2 and CP1TiMe2

under various conditions

Entry Ratio ofCP2TiM~ Temperature Yield of toluene

to ethyl benzoate (%) CC) (based on l H NMR

integration) (%)

1 5 20 5

2 10 20 10

3 20 20 19

4 20 20 47

5 30 20 11

6 40 20 13

7 10 0 1.7

8a 20 20 4

gb 20 20 3

10 20 40 40

lIe 20 40 100

a) ethyl benzoate was added dropwise after the initiation reaction of PhMeSiH2 and

CP2Ti..i\1e2. b) 0.10 ml Plu\1eSiH2 was added to the mixture of CP2TL,\1e2 (0.088 g, 0.43

nuno!) and ethyl benzoate (0.30 ml, 2.13 mmol), after the solution calor changed from

orange ta clark violet blue, 0.50 où more Ph..1\1eSiHZ was added ta the mixture drop-wise.

c) the reactian was run under 40 psi H2.

Severa! methods were tried ta boast the yield of toluene including varying

temperature, ratio of CP2TiMez to ethyI benzoate, and sequence of addition of starting

materials (Table 4.1). When the reaction was perfanned at raom temperature with

different ratios of CP2TiMeZ ta ethyl benzoate ranging between 5% and 40% (entries 1 ta

6), the results showed that when the ratio was not higher than 20%, taluene yield increased

as the ratio increased (entries 1 ta 4). However, Iower yields of toluene were obtained,

when the ratio was higher than 20% (entries 5 and 6).
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When the reaction was ron at 0 "C~ the yield of toluene was about 2% while 10%

catalyst was used (entry 7). Dropwise addition of ethyl benzoate, or silane after the

initiation reacrion of PhMeSiH2 and CP2TiMe2 aJso led ta a low yield of toluene (entries 8.

and 9).

On the other hand. as high as 40% yield of taluene was obtained when the reacrion

was ron under argon at 40 "c (entry 10). If the reaction was ron under 40 psi H2 at 40 "c.

the toluene yield was 100% (entry Il).

However. despite the general trends observed~ in sorne trials. unexpectedly high

toluene yields were obtained as in Entry 4. This implies that sorne uncontrolled factors play

important roles in determining the selectÎviry.

\Vhen compound 45 was reacted \Vith PhMeSiH2, in the presence of CP2Ti~1e2. no

toluene was produced. This resulr suggests that compound 45 is not an intermediate on the

way to toluene.

In an effort to capture a possible catalyst intermediate. a stoichiometric reaction of

CP2TÏJ.'v1e2. Plu'vleSiH2 and ethyl benzoate \\>'as carried out. The green crysralline product of

this reaction proved to be the ethoxo-bridged titanocene dimer. [Cp2Tiq.l-ÛCH2CH3)J:!

(46) (Fig. 4.1) reported by Samuel and co-workers and synthesized through the reaction

of Cp2TiMe2 and triethoxysilane. 16 Compound 46 was first briefly mentioned along with

[Cp:!Ti(J..l-OPh)12 by Lappert in 1971.17

\Vhile no reaction was observed between 46 and ethyl benzoate. 46 reacted with

PhMeSiH2 at room temperature producing a small amount of dimer of Ph~leSiH2 in 14

hours. Interestingly no transfer of erhoxy group to silane was positively detected. When

ethyl benzoate was added ta the mixture of 46 and PhMeSiH2, 45 was produced as the

major product. This suggests that 46 is aiso an effective precatalyst for the activation of the

Si-H bond. Il is not supprising that 46 is aise active for the polymerization of primary

silanes. Corriu 18 has shawn that [Cp2Ti(OPhh is active for similar reacrions. Ir is not

surprising that a Ti(lII) compound such as 46 is aiso active for polymerizatian of silanes.
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Figure. 4.1 Crystal structure of [Cp2Ti(ll-OCH2CH3)h (46)16a

4.2.3 Reaction of lactones with PhMeSiH2 catalyzed by CP2Ti~fe2

The transformation of the carbethoxyl group of ethyl benzoate into an aIl)"1 group

prompted us to study the reaction with lactanes, which can be considered as aliphatic

esters. \Vhen y-butyrolactone was reacted with PhMeSiH2 and CP2TL.\1e2 as the catalyst at

sa cc, a viscous mixture was obtained in 24 hours. The mixture \vas soluble in THF.

When the THF solution was dropped inta methanol, a white precipitate was obtained.

Based on 1H and 13C{1H} ~MR spectra, the white solid was assigned as copalymer 4 7

(Eq. 4.8). GPC analysis indicates Mw =4.9 x 103 with Mw/l'dn =1.3.

Similar results were obtained with (±)-13-butyrolactone. When (±)-~-butyrolactone

was reacted with PhJvfeSiH2 with CP2TiMe2 as the catalyst (Eq. 4.9), 48 was produced

(A1w =1.8 x 103 with Mw/Mn =1.2).

•
+

Ph
Cp.,Ti~fe., 1

------_._.. -[O-Si-O-(CH.,)~CH.,]-1 .. -> .. n

Me

47

Eq.4.8
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4.3 Discussion oC mechanism

)h fH3
-(O-Sî-O-(CH.,'-CH] -1 -~ n

Me

48

Eq.4.9

•

Formation of a complex with the substrate is considered a prerequisite for an

organometallic compound to act as a catalyst. In the cases of nicotinates, there are two

major possible reaction sites, the 0 atom in the carbonyl group and N atom in the ring.

Both the 0 and N are able to donate lone pair electrons to enable the substrate to fonn a

complex with the catalytic titanocene species. Which site is favored in the reaction is

detennined by steric and electronic factors.

Interestingly, in the case of ethyl nicotinate, the reaction mainly occurred on the

ring, and no significant hydrosilation/hydrogenation on the ester group was observed. As

discussed in Chapter 3, while both CP2Ti-Si and CP2Ti-H are available in the system,

only CP2Ti-Si is effective for the hydrosilationlhydrogenation of the pyridine ring. A

possible route is similar to the one sho\\'n in Scheme 3.5. The first step is the fonnation

of complex 49 between CP1Ti-Si and ethyl nicotinate with the N on the ring donating the

lone pair of electrons to Ti center (Eq. 4.10).

•

+

o
~~OEt
lt ..~

N

, S·
CP2Ti- 1

49

Eq.4.10
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Complex 49 undergoes further reaction with the addition of the Ti-Si bond to the

C=N. For an unsymmetrie substrate such as etbyl nieotinate, there are two possible ways

to add the Ti-Si bond to the ring: (1) Si attaeks the N atom frOID the same side of the

carbethoxy group; (2) Si attaeks the N from the opposite side of the earbethoxy group.

With Si attacking from the same side of the carboethoxy group and the CP2Ti moiety

shifting ta the position 6 (Scheme 4.1), 50 would be the expected compound which

undergoes <j-bond metathesis with Si-H to give the final product 41. While attack

from the other side would lead to the formation of 51, and 52 would he the expected final

product from further <1-bond metathesis of 51 with Si-H (Scbeme 4.2). However, 52

was not detected as a fmal product. This may he attributable to the sterie hindrance of the

carbaethoxy group which makes the shift of the CP2Ti moiety to the position 2 hard to

proceed. This is in confonnity with the observation in the case of 3-picoline where the

similar addition of Si-Ti is not favored and the crystal structure of compound 36 is also in

support of the sterie hindranee explanation (see Chapter 3).

Scheme 4.1

O~
~ n>

(JCOEt N
COEt

'1 ~ COEt
~ , H 1

N-
CP2Ti 1• N .,

1 If 11 1

CP2Tr- Si
1

SiCP2T~Si

49 50

fi>
~COEt

5i-H H 1

'\
.,

N

1CP2Ti-H Si

41
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49

Scheme 4.2

o
JlJ=='\

EtOC~N
----..,~ .,.

1 1

•
CP2Tr-Si

Si-H
"\ ~

CpzTi-H

o
/1

Et~~

CP2i7'ïJ,
Si

51

o
IlEtW

1
Si
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When there is a substituent at position 2 or 6, Le. ethyl 2-ethylnieotinate or methyl

6-methylnicotinate, the hydrosilationlhydrogenation reactions oecurred on the ester group

instead of the ring. TIùs is attributed to the sterie effect of the substituents at position 2 or

6. It is reasonabIe ta believe that a complex of CP2Ti-Si with ethyl 2-methylnieotinate or

methyl 6-methylnicotinate would be tao difficult ta form. Even if the eomplex can he

fonned, the funher addition of the Ti-Si bond ta the ring would be inhibited by the

presence of the methyl group at position 2 or 6.

The formation of a complex between the substrate and Cp2Ti-H has been

demonstrated by HID exehange experiments (see Chapter 3). While no

hydrogenation/hydrosilation on the ring oceurred, significant HJD exchange \"'as observed

at the 6 position. The fonnation of a eomplex is also suggested by the different reaction

rates of ethyI 2-methylnieotinate (or methyl 6-methylnieotinate) and ethyl benzoate.

Undoubtedly, formation of a complex between Ti and the ring N would disfavor reaction

of the carbalkoxy group by lowering the number of catalyst sites available to it. 'Vhi1e the

reactions were perfonned under the same conditions, in the case of ethyI benzoate, there is

• quantitative conversion within 3 hours while in the case of ethyI 2-methylnicotinate or
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rnethyl 6-methylnicotinate a much longer time (more than 24 hours) is needed for 100%

conversion.

The apparent sensitivity of reaction mechanism to the strength of the N-+Ti

coordination is evident frOID the results obtained with ethyl nicotinate and ethyl

isonicotinate. Although in these two cases the only difference is the position of the

carbalkoxy group, two different types of product resulted: with ethyl nicotinate the ring

was hydrosilated, whereas with ethyl isonicotinate the ester group was hydrosilated. A

difference of stenc effect is unlikely to be the reason since an ester group at position 3

should be even more a hindrance for the reaction on the ring than an ester at position 4. The

most likely reason for this difference is that the carbalkoxy group at position 4 exerts a

stronger electron withdrawing effect on the N than at position 3, hence reducing the

basicity of the N on the ring to the point that hydrosilation occured on the carbalkoxy group

rather than the ring.

Hydrosilation of esters has previously been reported by Buchwald et al. 15 A

mechanism was proposed on the basis of relatively little experimental evidence. A sunilar

reaction route is shawn in Scheme 4.3 on the basis of sorne convincing evidence from

the present srudy. The initially fonned catalyst Cp2Ti-H adds to the carbonyl group of the

ester substrate leading to intennediate 53. Further stabilization of 53 could derive from

coordination of the ethoxy group to the titanium center. Decomposition of 53 to an

aldehyde then occurs with formation of a titanocene alkoxide. The successful isolation and

characterization of the ethoxo-bridged titanocene dimer 46 from the stoichiometric reaction

strongly supports tms mode of decomposition of 53. Addition of CP2Ti-H ta the aldehyde

followed by cr-bond metathesis with Si-H, transfonns it into either a silyi ether or an ail...)'l

group with regeneration of the titanocene hydride. The titanocene ethoxide may rejoin the

catalytic cycle as titanocene hydride through cr-bond metathesis with Si-H as shawn in Eq.

4.11.
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Scheme4.3

~
-C-OEt,

CP2Ti1vte2 + Ph.MeSiH2

~
-CH

2
0Sio:::r CP2Ti-H

H ?-"liCP2

1 -C-OB
- C-O- TiCp., 1

1 - H

H~~ )53

C T"H -C-H~
P2 1- C T· OEP2 1 - t

•
Cp~Ti-OR + Si-H ------4__ Cp:!Ti-H + Si-OR Eq.4.11

Both toluene and silyl ether were obtained from a reaction of benzaldehyde with

PhMeSiH2 using CP2Ti-Me2 as the catalys4 thus indicating that benzaldehyde is a plausible

intermediate in the overall ester reductioD.

Scheme 4.4

+ CP2TiH

CP2TiH etc.

•

+

o
;C-<CH2hO-TiCP2lPh.\1eSiH2

o~ .
CP!TiO CH2-(CH2hO-SiHMePh ....1------ ~-(CH2)30-S1H..MePh

!PhMeSiH2

Ph.t\1eHSi 0 CHr (CH2hO-SiHMePh•
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In the cases of lactones, the reaction may aIse follow the route shown in Scheme

4.3. Decomposition of 53 leads to the opening of the ring. A plausible mechanism for the

formation of a longer chain is shown in Scheme 4.4. The Si-H bond in a silane is more

active when there is an alkoxy substituent, thus the formation of the copolymer is

reasonable. 11

In the case of ethyl benzoate, the transformation from a carbalkoxy group to an

alkyl group is favored at higher temperature and in a H2 annosphere as was shawn. A

competitive reaction shawn in Eq. 4.12 with the one shawn in Eq. 4.11 accounts for

the fannation of the alk.J'1 group. The activation energy for the reaction shown Eq. 4.12

could be higher than that for Eq. 4.11, which in tum makes Eq. 4.12 preferred at higher

temperature. CP2Ti-O-Si would then react with Si-H as in Eq. 4.13 ta reproduce the

Cp2Ti-H .

•

• CP2Ti-OR + Si-H ---""""!.~CP2Ti-O-Si + H-R

CP2Ti-Q-Si + Si-H • CP2Ti-H + Si-O-Si

Eq.4.12

Eq.4.13

•

Another plausible pathway is that 53 reacts with the silane thraugh a cr-bond

metathesis to regenerate the catalyst and the alkoxysilane 54 (Eq. 4.14). Compound 54

then undergoes funher reaction with the silane to produce the ether or the alkoxysiIane as

shown in Eq. 4.15 and Eq. 4.16 respectively.ll 5ince sorne uncontrolled factors play

important raIes in the production of toluene, further work is needed to examine the

mechanism in depth.

The ether produced reacts with Cp2Ti-H ta produce the alk.J'1 group and the

titanocene alkoxide (Eq. 4.17). In a reaction ofbenzyl methyl ether and Ph.L\1eSiH2 in the

presence of CP2Ti.Me2, ooly toluene but no silyl ether was observed. On the other hand, a

similar reaction \Vith silyl ether as the staning material produced no toluene.
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• ?-liCP2 OSi
Si-H 1

-C-OEt

C:5fi-H
• -Ç-OEt Eq.4.141

H H

53 54

OSi fi1 Si-H
-C-OEt ., -C-OEt + Si-Q-Si Eq.4.15

1 1
H H

OSi IjI1 SÎ-H
-C-OEt • -C-QSi + Si-Q-Et Eq.4.16

1 1
H H

-CH.,OEt
Cp.,Ti-H

-CH3
- ., + CP2Ti-OEt Eq.4.17

•

•

The high toluene yield under a H2 atmosphere may imply that titanocene hydride

plays an important role in the transformation of the carboalkoxy group to an alkyl group.

The titanocene{Iil) alkoxide (46). can aise act as a catalyst for the hydrosilation of

esters and the polymerization of phenylsilane. Further work is needed ta clarify \,,\'hether it

works in the same way as CP2TiMe::! does. i.e., through the farmation of CP1Ti(III)

hydride or in a different way. without transferring the alkoxy group to the substrate.

Several pieces of evidence point ta the Ianer pathway. As described earlier. no alkoxy

group transfer ta the silane was positi\Ocly detected in the reaction of PIù\1eSiH2 and 46

while the silane dimer was abserved.

CP2Ti( UI) hydride is extremely air sensitive while large crystaIs of 46 can be

h3ndJcd in air far a few minutes as indicated by Samuel et al. 16a Buchwald et al. J5a found

that the reductian of esters with HSi(OEt)3 using CP2TiCI2/n-BuLi as the ciltalyst is

relarively insensitive to the presence of adventitious moisture or smal1 amounts of oxygen.

A system for the hydrosilation of esters with Ti(O-i-Pr)4 as catalyst \Vas also shawn to be
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air-stable.15b AlI tbese observations imply that the aIkoxy group may stay on the catalytic

species throughout the catalytic cycle and its existence makes the catalytic system less

moisture and oxygen sensitive.

4.4 Summary

CP2Ti..\1e2 catalyzed hydrosilationJhydrogenation reactions of nicotinates and ethyl

benzoate have been studied. With ethyl nicotinate as the substrate~ the hydrosilation

reaction occurred on the ring and ethyl N-(methylphenylsilyl)-1,6-dihydronicotinate was

obtained as the only product. No reaction was observed at the ester group. However, with

the substrates ethyl isonicotinate, ethyI 2-methylnicotinate or etbyl 6-methylnicotinate, the

hydrosilation/hydrogenation occurred onIy at the ester groups and two types of

transformation were found:

(1) carbalkoxy into alkoxysilane:

a
Il

-C-OR --...... -CH20-Si

(2) carbalkoxy group iuto an alk.J'1 group:

o
Il

-C-OR

In the case of ethy! isonicotinate,alkoxysilane 42 was produced. The difference of

the reaction site between ethyl nicotinate and ethyl isonicotinate is attributed to the different

electronic effects of position 3 and position 4 on the pyridine ring.

In the case of ethyl 2-methylnicotinate, a llÙXture of alkoxysilane 43 and 2,3­

lutidine \Vas obtained. In the case of methyl 6-methylnicotinate, compound 44 and 2,5-
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lutidine were obtained. Benzyl ethoxymethylphenylsilyl ether and toluene were produced

in the reaction ofethyl benzoate and PhMeSiH2 catalyzed by CP2TiMe2. The production of

toluene can be suppressed by using mild conditions such as low temperature and slow

addition of ethyl benzoate or silane after the initiation reaction of CP2TiMe2 with

Plli\1eSiH2. On the other hand. high toluene yield can he obtained at high

temperature(about 40 OC) and under H2 (40 psi).

Copolymers were obtained from the reactions of lactones with PhMeSiH2 catalyzed

by CP2TiMe2·

4.5 Experimental section

4.5.1 General manipulations

AlI manipulations were perfonned under an atmosphere of nitrogen or argon using

Schlenk techniques. Dry. oxygen free solvents were employed throughout. Glassware was

flame-dried or oven-dried before use.

4.5.2 Analyses and materials

4.5.2.1 Analyses

Proton NMR spectra were recorded on Varian XL-200. XL-300, Gemini-200, and

Unity-500 spectrometers using internal solvent reference. Carbon-13 NMR spectra were

recorded on a Unity-500 NMR spectrometer using C606 (128.0 ppm) as reference.

GPC analyses were run with THF as solvent and calibrated relative to polystyrene

standard.
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4.5.2.2 Materials

Etbyl nicotinatey ethyl isonicotinate, ethyl 2-metbylnicotinate, methyl 6­

methylnicotinate, emyl benzoate, benzaldehyde, and benzyl alcohol were purchased from

Aldrich Chemical Co. and purified by distillation over calcium hydride before use. "(­

Butyrolactone and (±)-~-butyrolactonewere purchased from Aldrich and distilled prior ta

use.

Benzylmethyl ether was prepared using the following procedure: sodium was added

to benzyl alcohol in a molar ratio of 1: 1. After the sodium had dissolved, CH31 was added

dropwise using a syringe. A white solid appeared upon the addition of CH3!. After stirring

the suspension for one hour, dilute Hel solution (5mI concentrated HCI in 30 nù H20)

was added dropwise to the mixture. The organic phase \Vas washed three tirnes with

distilled water and men dried with MgS04. Pure benzylmethyl ether was obtained by

distillation in 80% isolated yield.

Dimethyltitanocene and phenylmethylsilane were prepared following the same

procedure described in 2.4.2.1 (Chapter 2).

4.5.3 Reaction of ethJ~1 nicotinate and PhMeSiH2 in the presence of

CP2Ti~/Ie2

PhMeSiH2 (0.45 mL, 3.3 nunol) and ethyl nicotinate (0.3 mLy 2.2 nunol) were

added to CP2TiMe2 (40 mg, 0.20 mmol). After a ten minutes, the solution color changed

from orange ta dark bIue, then purple, accompanied by gas (CH4, and H2) evolution. The

mixture was stirred at 80c C. Quantitative conversion was obtained in 3 hours. Ethyl N­

(phenylmethyIsilyl)-1,6-dihydronicotinate was obtained in 90% yield according to NMR.

IH N!vfR (8 ppm): 0.06 (d, J = 3.5 Hz, 3H, SiCH3), 0.97 (t, J = 7.2 Hz, 3H,

OCH2CH3), 3.32 (m, 2H, NCHC(OEt)CHCHCH2), 4.06 (ty J = 7.2 Hz., 2H,
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OCHzCH3), 4.60 (dt, J =8.0 Hz, J' =3.4 Hz, 1H, NCHC(OEt)CHCHCH2), 4.72 (q, J

=3.5 Hz, 1H, Si-H), 5.58 (~ J = 8.0 Hz, lH, NCHC(OEt)CHCHCH2), 7.48 (s, IH,

NCHC(OEt)CHCHCH2). MS (El) mie (%): 274 (M+ + 1) (3.6),196 (M+ - C6Hs) (4.4).

4.5.4 Reaction of ethyI isonicotinate and PhMeSiH2 in the presence of

CpzTiMe2

PhMeSiH2 (0.26 mL, 1.91 mmol) and ethyl isonicotinate (0.13 mL, 0.95 mmol)

were added to CP2TiMe2 (l0 mg, 0.05 mmol) in a Schlenk tube. The color of the solution

became dark blue then brown over the course of three hours. The solution was stirred at 80

oC for a further36 hours. 4-picoline and the silylether. 42, were observed in the reaction

mixture.(1 :5). 1H ~TMR, data (Ô, ppm) for 42: 0.35 (s, 3H. Si-CH3). 1.15 (t, 3H,

OCH2CH3), 3.7 (q, 2H, OCH2CH3), 4.61 (m, 2H, -CH20-), 6.8 - 8.5 (m, 9R, Ph-H

and the H on the pyridine ring).

4.5.5 Reaction of ethyl 2-methylnicotinate and PhMeSiH2 in the presence

of CP2TiMe2

Plli\1eSiH2 (0.30 mL. 2.1 mmol) and ethyl 2-methylnicotinate (0.2 mL, 1.3 rnrnol)

were added to CP2TiMe2 (24 mg, 0.11 mmol). After a while. the solution color changed to

dark blue then brown accompanied by gas evolution. The mixture was stirred at room

temperature for 24 hours. Quantitative conversion was obtained in 5 hours. 2,3-Lutidine

and compound 43 were detected in a 2:3 ratio by 1H !'lNIR (in benzene - d6, 20 OC). 1H

NMR data (ô, ppm) for compound 43: 0.35 (s, 3H, Si-CH3)! 1.15 (t, 3R, OCH2CH3),

2.40 (s, 3H, Me on the ring), 3.7 (q, 2H, OCHzCH3), 4.60 Cm, 2H, -CH2-0), 6.7 -8.6

Cm, 8H, Ph-H and H's on the pyridine ring) .
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4.5.6 Reaction of methyl 6.methylnicotinate and PhMeSiH2 in the presence

of Cp2TiMe2

PhMeSiH2 (0.15 mL, 1.1 romoI) and methyl 6-methylnicotinate (0.07 g. 0.46

mmol) were added to Cp2TiMe2 (l0 mg. 0.05 rnmol). After a while, the solution color

changed to dark brown accompanied by gas evolution. The mixture was stirred at room

temperature for 24 hours. Quantitative conversion \Vas obtained. 2,6-lutidine and

compound ~4 were detected in a ratio of 1:4 by l H NMR (in benzene - d6, 20 CC). 1H

NMR data (ô, ppm) for compound 44: 0.37 (s, 3H, Si-CH3), 2.50 (s, 3H. Me on the

ring). 3.40 (s, 3H. OCU3), 4.65 (m, 2H. -OCH2-0), 6.6 - 8.0 (m, SR, Ph-H and H's on

the pyridine ring).

4.5.7 Reaction of ethyl benzoate and Phl\leSiH2 in the presence of

Cp2Ti I\'le2

PhMeSiH2 (0.10 mL, lA mmol) and ethyl nicotinate (0.10 mL, 0.70 mmol) \Vere

added ta Cp2TiMe2 (14 mg. 0.07 mmo!). After a while. the solution color changed to dark

blue then brown accompanied by violent gas evolution. The mixture was stirred at room

tcmperature. Quantitative conversion was obtained within one hour. Toluene was found in

10% yield along with compound 45. 1H NMR data for compound 45: 0.34 (s. 3H. Si­

CH3). 1. 15 Ct, 3H. -OCH2CH3), 3.70 (q, 2H. OCH2CH3), 4.78 (m. 2H, -CH2-0-), 6.9

- 8.0 (m. Ph-H and the H's on the pyridine ring).

The experiments for exploring the cffects of various reaction conditions. such as

percentage of catalyst. temperature, the order of adding the reactants, were carried out

following the above general procedures.
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4.5.8 Preparation of [CP2Ti(Jl-OEt)]2

Ph~leSiH2 (0.70 mL, 4.9 mmol) and ethyJ benzoate (0.40 mL, 2.5 mmol) were

added to a solution of CP2TiMe2 (0.50 g. 2.4 nunol in 40 ml toluene and 10 ml benzene).

The solution changed to dark green with precipitation of green crystals of [Cp2Ti(J.1.-0Et)J2.

[Cp2Ti(~-OEt)h was separated from the solution. washed with hexane and dried in vacuo

(0.40 g; 75% isolated yield).

4.5.9 Reaction of ethyl benzoate and Ph~leSiH2 in the presence of

[Cp2Ti(Il-0Et)]2

PhMeSiH2 (0.34 ml. 2.60 mmol) was added to [Cp2Ti(Il-0Et)]2 (50 mg. 0.11

mmol). The mixture \Vas stirred at room temperature for 24 hours. The formation of 1.2­

dimethyl-1.2-diphenyldisilane was observed by l H NMR. Ethyl benzoate (0.17 ml. 1.06

mmol) was then added. Gas evolution was observed in 5 minutes while the solution

changed color from green to yellaw/green. A conversion of 86'k was obtained in 12 hours.

~0 toI uene \Vas detected by 1H NMR.

4.5.10 Reaction of benzaldeh~'de and Phl\leSiH2 in the presence of

Cp2Ti~[e2

Ph~1cSiH2 (0.40 mL. 3.06 mmo!) and benzaldehyde (0.20 mL. 1.97 mmo}) were

added lO Cp1TiMe2 (55 mg. 0.28 mmol). After a while. the solution color changed to

purple then dark blue accompanied by gas evalution. Tolucne was found in a 50% yield

(by 1H N~'lR).

4.5.11 Reaction of benzylmethyl ether and PhJ\feSiH2 in the presence of

CP2TiMe2

PhMeSiH1 (0.60 ml. 4.20 mmal) and benzyl methyl ether (0.30 ml, 2.46 mmol)

were added to CP2TiMe2 (0.10 g. 0.48 mmol). After a while. the solution color changed (a
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dark blue accompanied by gas evolution. Toluene was detected in 0.5% yieid by lH NMR.

After stirring at 60 "c for 4 hours, the toluene yield increased to 10% by 1H NMR.

In the absence of Cp2Ti~le2, reaction of benzylmethyl ether with PhMeSiH2, and

bcnzylmethyl ether with (EtO)Me2SiH al 60 ~C yielded no toluene in 12 bours.

4.5.12 Reaction of y-butyrolactone and PhMeSiH2 in the presence of

CP2TiMe2

y-Butyrolactone (0.30 ml. 3.9 mmoI) and PhMeSiH2(0.60 ml. 4.2 mmol) were

added to a solution of CP2TiMe2 (0.05 g, 0.24 mmol in 1 ml THF). After thorough

mixing, the mixture was stirred for ID hours at 80 "C. Then the reaction mixture was added

dropwise to 10 ml of well-stirred rnethanol: 0.3 g of a white precipitate was obtained. The

compound \Vas assigned as -[OSiPbMeO(CH2)4]n- based on 1H and l3C NMR. GPC

• analysis indicated a Mw =4.9xl03 , M ....JMn = 1.3. IH NMR data (5, ppm): DAO (s. 3H.

Si-CH3). 1.7 (b, 4H. CH2(CH2hCH2), 3.75 (b, 4H, CH2(CH2>:!CH2), 7.0 - 8.0 (m.

SH. Ph-H). 13C {1H} NMR data (8. ppm): -5 (1 C, SiCH3). 29 (2C, CH2(CH2hCH2).

62 (2C, CH2(CH2)2CH2). 130, 134 (6C, C6HS).

4.5.13 Reaction of (±)-~-butyrolactone and Phl\'leSiH2 in the presence of

CP2Ti~le2

(±)-~-Butyrolactone(0.30 ml, 3.7 mmo1) and PhMeSiH2 (0.55 ml. 3.8 mmol)

•

\Vere added ta a solution of CP2TiMe2 (0.05 g. 0.24 mmol, in 1 ml THF). After thorough

mixing. the mixture was stirred for 8 hours al 80 "C. The reac[Îon mixture was added drop­

wise to 10 ml of weIl stirred methanol. 0.28 g of a white precipitate was obtained. The

compound \Vas assigned as -[OSiPhMeO(CH2hCH(CH3)]n- based on 1H NMR. GPC

analysis indicates Mw = 1.8 x 103 with Mw/1Wn = 1.2. 1H NMR data (ô. ppm): 0.40 (s,
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3H. Si-CH3). LI (m, 3H, CH2CH2CH(CH3». 1.4 (m. 2H, CH2CH2CH(CH3». 3.6

(m, 2H, CH2CH2CH(CH3». 3.9 (m. tH, CH2CH2CH(CH3». 7.1 - 7.9 (m. 5H. Ph­

H).
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CHAPTER5

ONE STEP CLOSER TO TITANOCENE

-THE STRUCTURE OF TITANOCENE DIMER
REVISITED

5.1 Introduction

Titanocene, Cp2Ti, has long been proposed as an important intermediate in

numerous titanocene catalyzed reaetions of organosilanes. However, it has proven to be the

most elusive of all the simple metalloccnes of the first transition period. l -4 Severa! groups

claimed success in preparing lÏtanocene at first, but none has proven to be authentic. Sorne

substituted derivatives,S-8 such as 2, 3, 7, 8, 9, and even Cp*2Ti,9 have been reported.

but the parent molecule has yet to be detected.S ILS existence remains an assumption based

on the characterized derivatives. Part of the difficulty in obtaining titanocene is its high

reactivity. This is compounded by the ease with which hydride decoys, whose elemental

composition i5 very close to that of titanocene. result from symhetic reactions designed to

produce lÏtanocene. WhiJe designing synthetie reaetions to yield titanocene still bas a long

way to go, ils isolation from. or detection in a real catalytic reaction is a mucb tougher

challenge. A further difficulty in pursuing titanoccne is the absence of a sensitive

spectroscopic probe for its detection, which lheoretical calculations predict will have a

triplet e!ectronic ground state.6

A particularly interesting molecule, (1l5_CsHs}J(J.!.-115_1l1_CsH4)Ti2(C4H80), 2.

whose structure corresponded closely to that of a dimer of titanocene with only one Jess

hydrogen, was reported many years ago by Pez.7 2 was prepared through the reaetion of

Cp2TiCI2 \Vith potassium naphthalene at -80 oC followed by recrystallization from THF

solution. Considerable effort was expended (0 establish (he presence of a hydride in the
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structure, but the physicaJ evidence (including a crystal structure) did not support such a

conclusion. The crystal structure of 2, shown in Fig.S.l. formally consists of an (11 5­

Cp)(1l5_CsH4)(Ti(lI)(THF) rnoiety coupled through a C atom of one of ilS Cp rings 10 an

(1l5_Cph(ll LCsH4)TiClli) moiety. The molecule should therefore be paramagnetic, mast

likely with one unpaired electron. Temperature dependent shifts of the single broad 1H­

N!vtR peak followed a trend expected for a paramagnetic compound. but neither

magnetochemical nor epr data were reported.

Figure S.l. Structure of dimeric titanocene (2) from Ref. 7.

As part of the study of Cp2TiMe2 catalyzed ester reduction (see Chapter 4) the

behavior of sorne lactones was investigated. A stoichiometric reaction of Cp2TiMe2~with

y-butyrolactone, or {±)-J3-butyrolactone, yieldcd a dark-gray crystalline product which

tumed out to be a real dimer of the long pursued LÎtanocene. This is not only the first direct

evidence for the participation of titanocene in CP2TiMe2 catalyzed silane reactions, but alsa

the closest approach to titanocene. This chapter presents a description of the synthesis and

x-ray analysis of the tilanocene dimer, and ilS intermediate role in Cp2TiMe2 catalyzed

silane reactions.
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5.2 Results and discussion

5.2.1 Synthesis of Cp[Jl-(1l1:lls-CsH4)](THF)Ti(J,l-H)TiCprI/2THF (37)

A sroichiometric reaction ofCP2TiMe2, PhMeSiH2 and y-buryrolactone, or (±)-(3­

butyrolacrone (1 : :2 : 1, molar ratio), in a mixture of hexane and retrahydrofuran (15:2)

yielded weil forrned, gray plates of Cp[J,l-(T\ (:lls-CsH4)](THF)Ti(J,l-H)TiCP2·1/2THF

(Eq. 5.1).

hc:<ancrrHF . (actanc
Cp:!TiMe2 + PhMeSiH2 ..

r.t.
Crystalline product Eq.S.1

•

•

The product turned brown irnrnediately when it was exposed to dry-oxygen or air.

Probably due to ilS extrerne air-sensitivity and instability, no reproducible IR spectrurn was

obtained despite many attempts. A (H NMR spectrum showed only broad peaks which

were hard to assign. An EPR spectrum showed a featureless broad singlet. Although these

spectroscopic results give no concrete evidence for an unambiguous assignrnent. they

c1early point to a paramagnetic compound. or the presence of strongly paramagnetic

impurities.

5.2.2 Crystal structure of Cp[J,l_(1l1:115-CsH4)](THF)Ti(jl-H)TiCP2

'1/2THF (37)

Although the structure of 37 could not be assigned by spectroscopic methods, this

is not unexpected since no convincing analytic evidence has been shown to confirm

titanocene's existence since the pursuit began in the early 1950's. Fortunately, due to the

high quality of the crystal. it was successfully characterized by single-crystal x-ray

crystallography. The crystals were found to be monoclinic, space group C2/c, and in each

unit cell. there are eight molecules of C24H280Ti2 and four THF molecules occupying

diffuse positions in the crystallattice.
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The crystal arrangement and molecular structure of 37 are shawn in Fig. 5.2,

5.3, and 5.4 respectively. The full structure report of 37 is presented in Appendix IV.

The rnolecule is seen to consist of an assembly of three planar T'JS- bound CsHs,

cyc10pentadienyl rings and one Tl 1 and T'JS bound, planar, CSH4, cyclopeotadienylligand

rhat serves to bridge the two titanium atoms. One hydrogen aise serves ta bridge the

ritaniurn atoms. A rnolecule ofTHF is coardinated to the (TlS-CsH5-TlS-C5H4)Ti moiety.

The two titanium atoms cao be assigned either as Ti(II) and Ti(lV) or both as Tierm. In

either assignment. the compound could be paramagnetic.

The mean distance between the tiranium and the carbon atoms of the (1l-CsH5) rings

is 2.388À. The distance between Cl and Ti2 is 2.207(5)Â. AlI are in conformity with the

assignment that three of the Cp's are coordinating to Ti 1 and Ti2 in TlS-made while the

fourth one is coordinating in '1 1- and 115- modes, serving to bridge Ti 1 and Ti2. These

\'alues are essentially the same as reported by Pez within the error range.? It can be

concluded rhat 37 and 2 are the same compound by comparing the molecular bond

distances. bond angles. and related data of 37 in Appendix IV and those of 2 (see

Appendix V).

Figure 5.2 Stereoscopie view of crystal structure of

(CsHs»(CsH4)HTi2(C4HsO)·l/2C4HsO
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C13

Figure 5.3 Molecular structure of (CsHs}](CsH.+)HTi2(C4Hgû)·1I2C4Hgû (From view)

Ellipsoids drawn at 40% probability level. Hydrogen represented by sphere of

arbitrary size. Bond length (À): Ti(l )-Ti(2) 3.329 (2); Ti(2)-C(1) 2.207 (5);

Ti(2)-H(l) 1.82 (2); Ti(l)-H(l) 1.83 (2). Bond Angle (in degree): C(1)-Ti(2)­

Ti(l) 44.12 (12): C(1)-Ti(2)-H(l) 68.3 (14): Ti(I)-Ti(2)-H(l) 24.2 (14).

Howevcr. as shown in Figure S.l and Figure 5.3. there are twa striking

differcnces in the assigned structures: 2 has a Ti-Ti bond while 37 has none. and 37 has a

bridging H while 2 has none. In the present work. the quality of the crystals. and data

collection using Cu Ka radiation perrnitted the refinement of a bridging hydride ligand

between the two Ti atoms. The Ti-H bonds were constrained to be similar (see

expcrimental section). It is known that Cu Ka radiation is more sensitive to light atoms

than Mo Ka radiation used for the analysis of 2.7

The major revisions (one bridging hydrogen is located; no Ti-Ti bond is regarded

present) make the structure more reasonable even \Vith respect to the synthetic reaction used

in Ref. 7, as the author noted that 2 "contains one less hydrogen atom than rnight be
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expected for a product obtained by the reduction of (CsHshTiCI2 with 2 mol of potassium

naphthalene." Moreover the author did try ta locate the possible hydrogen. However~only

the positions near the CI (Fig. 5.3) ( (numbered as CS in reference 7 shown in Fig.

5.1) were tried. In view of the revised structure (Fig.5.3). the failure to locate the

hydrogen is not surprising. Cl and the bridging H are actually on the diagonal positions of

the tetragon formed by Ti 1, Ti2, Cl and Hl as can be seen in Fig.5.4. This can also be

shawn by the related bond angles. The angle of C 1-Ti 1-H 1 is 65.3 (14), Ti2-Ti 1-HIis

24.0 (14), and CI-TiI-Ti2 is 41.37 (12); while CI-Til-HI is 68.3 (14), Ti1-Ti2-Hl is

24.2 (14) and C1-Ti2-Til is 44.12 (12). This can explain why the structure can't be weIl

refined when a hydrogen is placed at the positions near CI. The successful location of the

bridging hydrogen provides a satisfying revision to the structure of 2 which puzzled

concerned chemists far years.

Figure 5.4 Molecular structure of (CSHS)3(CsH4)HTi2(C4HgO)·l/2C4HgO (Side view)
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Given the presence of the bridging hydrogen and the distance between the two Ti

atoms, the previously proposed Ti-Ti bond is unlikely. The atomic radius of Ti is 1.47A,
and the Ti-Ti bond distance is 2.8956 A in titanium metal (a-form).l0 The Ti-Ti distance of

3.329 A is too long ta he described as a metal-metaI bond with the valencies of the Ti atoms

considered. The bridging H helps hold the two Ti centers together and makes the

invocation of a Ti-Ti bond unnecessary for the observed conformation of the Cp rings as

claimed by Ref. 7.

5.3 Compound 37 and titanocene

Although titanocene has yet ta be detected by physîcochemical means. it has played

a long and interesting raIe in catalysis. organic synthesis and the general development of

the organometallic chemistry of the transition elements. In the t\VO decades following the

establishment of the structure of ferrocene. many attempts \Vere made to prepare titanocene

and a rather complicated and confusing body of literature accumulated. 1 Most of the

putative titanocenes tumed out ta be hydrides of various kinds. The inclusion of the

hydride bridge in the structure of 37 makes it a true dîmer of titanocene. in which the

Ti( II) of one titanocene inserts into a C-H bond of a second titanocene (Eq. 5.2). The

et!{H
~

0
+THF ~~~ Eq.5.2Ti + Ti Ti Ti

~ );P "'-THF
~'--w/);P

coordination of a THF molecule may help ta stabilize the dimer in solution and then

precipitate under suitable conditions. The unsuccessful attempts to obtain NMR and EPR
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spectra ta assign the structure of 37 may imply it is paramagnetic and that Eq. 5.2 is a fast

equilibrium. In the solution the EPR spectrum showed a broad singlet.

The intermediacy of CP2Ti(I1) has been postulated in a number of stoichiometric

and catalytic reactions involving CP2TiMe2 as the precataJyst, but hitherto the evidence has

been indirect. The synthesis and characterization of 37 not only provides a revision to the

structure of 2. but also provides more direct evidence for the postulate that titanocene is a

key intermediate in numerous CP2TiMe2 catalyzed reactions. The formation of titanocene

in reactions of Cp2Ti~1e2 and silanes has been eaplained as shown in Eq.5.3.or

Eq.5.4. 14

/CH3 S· H /CH3 Si-H.r- • Cp Ti CP2TiCP:!Ti........
CH3 - CH4 2 ........ Si - Si-CH3

or

/CH3 Si-H /CH3 Si-H
CP2TiCP2Ti........ CH

3
• CP2Ti'H •• -Si-CH3 -CH4

Eq.5.3

Eq.5.4

•

The sa called "carbenoid" CP2Ti is very active. ll Depending on the reaction

conditions. it can: (1) dimerise: (2) react with a silane ta produce the isolated 7 and 8;8 (3)

undergo canpraportionation reactions \Vith Ti(IV) species and (j'-bond metatheses to

produce the key catalytic species. of Cp2Ti-H. as described in previous chapters. The first

two routes are favored in stoichiometric reactions where only sloichiomelric amounts, or a

slight excess of silane is available. Evidently the reactivity of the silane has sorne effeet on

the rcactian \Vith Cp2Ti. For primary silanes, the second route is preferred over the first

route while in the cases of seeondary silanes the first route is the chaice due ta the lower

activity of the secandary silanes. This can be the reason why in the primary silanes only 7

and 8 have been isolated, whereas in the present study titanocene dimer has been obtained.

The presence of THF may inhibit further C-H addition to the second Ti leading to the
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formation of 1.5 The third route is applicable in catalytic reactions where a large excess of

silane is present.

The synthetic reaction described above provides a very simple synthesis for 37.

Although a reaction occurs in the absence of the butyrolactone~ we have not been able to

obtain the titanocene dimer from iL The coordination ability of butyrolactone may help to

lower the titanocene reactivity and steer the reaction towards the formation of 37, rather

than in the direction of a titanocene silyl complex. Maybe the very rapid tranfer of silyl and

hydride to the lactone depletes hydride and silyl complex concentrations and raise the

steady state concentration of tÏtanocene. The product that crystaJlises out rnay be the least

soluble. the most concentrated. or both.

5.4 Summary

In summary, Cp[IJ.-(ll 1:"S-C5H4)](THF)Ti(IJ.-H)TiCp:!. (37) which can he viewed

as a dimer of titanocene (Cp:!Ti) has been isolated for the first time from a Cp:!Ti~le2

catalyzed reaction. The preparation of the crystalline product provided a first direct evidence

to support the involvement of CP2Ti in numerous Cp:!Tii\1e2 reactions and paved a possible

way for elucidating the mechanisms of these reactions.

Based on the analysis results. this compound was first synthesized by Pez in 1972

through the conventional method of reducing titanocene dichloride with potassium

naphthalene. However, the bridging H \Vas not located. The higher quality of the crystal

and modern technique enables us to correct the misunderstanding of the old assignment.

5.5 Experimental section

5.5.1 General manipulation and materials

AIl manipulations were performed under an atmosphere of nitrogen or argon using

Schlenk techniques. Dry, oxygen free solvents were employed throughout. Glassware was
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tlame-dried or oven-dried before use. In a typical reaction, the required amount of

CP2TiMe2 was first added to a Schlenk flask and connected to vacuum to remove the air

carried by the sample. The flask was then filled with Ar. The procedure was repeated

several times. The required reagents were added with a micro syringe.

y-butyrolactone was purchased from Aldrich and distilled prior to use.

Dimethyltitanocene. and phenylmethylsilane was prepared by the procedures

described in 2.4.2.1 (Chapter 2).

5.5.2 Sythesis of crystalline C26H320 1.5Ti2 (37)

y-Butyrolactone (0.02 ml, 0.26 mmol) and PhMeSiH2(0.07 ml, 0.49 mmol) were

added to a CP2TiMe2 in hexanerrHF solution (50 mg. 0.24 mmol. in 15 ml hexane and 2

ml THF). After thorough mixing. the f1ask was left undisturbed for 24 h. 33 mg of dark

gray plates was separated from the solution (65% isolated yield).

5.5.3 Collection of x-ray data and structure determination

The data were collected and refined by Dr. Anne-rvlarie Lebuis of the NIcGill

ü nivcrsity Crystallography Laboratory.

For the x-ray work, a crystal of 37 of dimensions of 0.52 x 0.29 x 0.01 mm was

mounted in a glass capillary under argon. The refinement of Pez was in the I2/a space

group. \Ve used the conventional C21c orientation in our refinement. Crystal data: Formula:

C2-tH2S01Ti2·1/2C4HgOl; FW = 456.299; monoclinic, C2/c: a::: 31.232 (13), b = 7.998

(3), c =19.603 (9). (3 = 116.78 (3); Z =8. Z' = 1; De = 1.387 glcm3 . Data \Vere collected

on a CAD4 diffractometer using Cu Ka radiation. In aH. 29561 reflections were measured

of\\'hich 4145 unique (Rint 14.9%) were used for structure solution and refinement. Data

corrected for absorption (Jl = 63.48 cm-l, transmission range: 0.2708 to 0.9287). Final

agreement factors: RI: (obs/all) 0.059/0.094. wR2: 0.143/0.157. Structure was solved by
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SHELXLS-96 12 and refined in SHELXL-96. 13 AlI non-hydrogen atoms are anisotropie•

hydrogen atoms are calculated except the bridging hydride whieh was loeated in the

difference map and refined isotropically with the restraint that both Ti-H distances be

similar.

The full x-ray crystallography analysis report is listed in Appendix IV.
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CHAPTER6

CONCLUDING REMARKS

6.1 Conclusions

Titanocene chemistry bas been explored for nearly haIf a century with cataI}1Îc

chemistry as a major part. Owing ta its unique structure, the fonnation of complexes with

sorne electron donating ligands is an essentiaI part of the chemistry. The study of titanocene

chernisrry demanstrates the indispensable relation between coordination cbemisrry and

reactionlcatalytic chemistry of titanocene: investigating catalysis leads ta new complexes;

making new complexes leads ta new cataIysis.

Our initial interest in using phosphine ligands ta study the catalyst intennediates and

enhance the selectivity for the formation of cyclohexasilanes led to me discovery of

heterodehydrocoupling of silanes with phosphines. Monophospmnosilanes,

di phosphinosilanes, and all-trans 1,3 ,5-triphospha-2,4,6-trisilacyclobexanes cao he

obtained from the titanocene cataIyzed heterodebydrocoupling of phosphines with silanes.

This unprecedented reaction is featured wim high yield and selectiviry, and provides a

novel route for the syntbesis of P-Si bond containing compounds.

The investigating of me mechanism of the heterodehydrocoupling reaction of

phosphine with silane resulted in the observation of sorne new titanocene complexes, such

as Cp2Ti(P!\1e3)PHPh, Cp2Ti(PMe3)PHCy, Cp2Ti(PH2Ph)PHPh. These observations not

only are helpful for the understanding of the titanocene catalyzed heterodehydrocoupling

reactions, but also reveal sorne new aspects of titanocene coordination chemistry.

Our interest in syntbesizing sorne titanocene·pyridine complexes led ta the fIrSt

exarnple of hydrosilation/bydrogenation of pyridines. Sorne hydrosilated/hydrogenated

products were obtained from the reactions of pyridines and methylphenyIsiJane in the

presence of titanocene as catalyst. Either fully or partially saturated products with a silyl
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group on the N atom can he produced depending on conditions. Substituents on the

pyridine rings have sorne effects on the reactivity and selectivity.

The study of CP2TiMe2 catalyzed hydrosilation/hydrogenation reactions of

nicotinates, ethyl benzoate following the study of hydrosilation/hydrogenation of alkyl

substituted pyridines led to the isolation of ethoxo-bridged titanocene dimer, a known

compound made through synthetic reaction. The isolation of this compound enabled us to

address aconvincing mechanism for the hydrosilation of carboalkoxy compounds.

The study of the mechanism of titanocene cataJyzed hydrosilationlhydrogenation of

Iactones led to the isolation of a titanocene dimer, Cp[J,L-(11 1:"S-Csl!4)](THF)Ti(Jl­

H)TiCp2. This compound was obtained tbrough a different syntbetic reaction a long time

ago the original structural assignment proved to be incorrect. The isolation and x-ray

crystallography characterlzation of this compound not ooly reveals the real titanocene dimer

identity of this compound but also showed the fIfst direct and concrete evidence for the

involvement of CP2Ti in numerous CP2Ti.Tvfe2 catalyzed reactions. This knowledge is

helpful for elucidating the mechanisms of these reactions.

The present thesis clearly shows that new catalysis is often heralded by studies of

coordination chemistry, while a better understanding of coordination chemistry often

results from catalysis studies.

6.2 Contributions to original knowledge

1. Heterodehydrocoupling reactions of organosilanes and phosphines have been

observed for the first tirne and afford a novel route for the synthesis of Si-P containing

compounds. Monophosphino- and diphosphinosilanes were synthesized using silanes

(primary and secondary) and phosphines (primary and secondary) as starting materials and

CP2TiMe2 or CpCp*TiMe2 as catalyst.
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2. CpCp*TiM~ catalyzed heterodehydrocoupling reactions of phenylphosphines

and primary silanes were used for the sYDthesis of sorne triphenylphospha­

trisilacyclohexanes. The new compounds 1,3,5-triphenylphospha-2,4,6-tri­

phenylsilacyclohexane and 1,3,5-triphenylphospha-2,4,6-tri(p-Tolyl)silacyclohexane were

obtained from heterodehydrocoupling reactions of phenylphosphines with phenylsilane

and p-tolylsilane respectively. The previously rePQrted l,3,5-tricyclohexylphospha-2,4,6­

triphenylsilacyclohexane and the new compound 1,3,5-tricyclohexylphospha-2,4,6-tri-(p­

Tol)silacyclohexane were obtained from the CP2TiMe2 catalyzed heterodehydrocoupling of

cyclohexylphosphine with phenyIsiIane and p-tolyIsilane respectively.

3. Hydrosilation/hydrogenation of pyridine, 3-picoline, 4-picoIine, 3,S-lutidine.

and quinoline. has been achieved using titanocene derivatives as precatalysts. Sorne

regioselectively hydrosilated/hydrogenated products were obtained. Ether fully or partially

saturated products may be produced depending on conditions. The important roIe of

titanocene hydride in the reactions has been implicated by using isotope labelling

experiments and titanocene hydride as catalyst.

4. Cp2TL.~e2 catalyzed hydrosilation/hydrogenation reactions of nicotinates and

ethyI benzoate have been studied. Two types of transformation of the ester group, i.e.,

ester group to alkoxysilane and ester group to an a1k.")'l group have been observed. The

former transformation is dominant under mild conditions. The latter one is dominant at

higher temperature and under a H2 atrnosphere.

5. Copolymerization of P1L\1eSïH2 with y-butyrolactone or (±)-I3-butyrolactone has

been achieved with CP2TiMe2 as the precatalyst.

6. Titanocene dîmer has been isolated in the foan of Cp[fl.-(11 1:T}5­

CSH4)](THF)Ti(J..1.-H)TiCp2 from a Cp2TL.\.fe2 catalyzed silane reaction for the first time

and characterized by single crystal x-ray crystallography.

6.3 Suggestions for further work
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1. ft was found that the fonnation of triphospha·trisiIacyclohexanes is very slow in

the heterodehydrocoupling reactions of primary silanes and primary phosphines. The

strong cornplexing between the Ti center and the primaIy phosphine may be the major

cause. It would be wort.hwhile to develop an efficient system for the synthesis of

triphospha-trisilacyclohexanes by adjusting the complexing abilities of the phosphine and

the titallocene eatalysts, e.g. introdueing electron withdrawing groups on the phosphines

and electron releasing groups on the titanoeene.

2. Titanocene eatalyzed heterodehydrocoupling reaetions of primary phosphines

and silanes yield eyclic heterohexamers. It would he interesting ta explore various

eombinations of phosphines and silanes as starting materials for sorne macromoleeules,

such as primary phosphines with primary disilanes, primary silanes with primary

diphosphines.

3. Sorne reaction rate differences were observed between a..lk)"lsilanes and

arylsilanes in heterocoupling reactions. The differences may originate either from difference

of electronic effect or steric effect. Sorne further work with a variety of alkylsilanes and

phosphines would be helpful to clarify these delicate effects.

4. The diserepancy between the long-proposed, essential intermediate titanocene

and the few isolated titanocene derivatives in titanocene catalyzed reactions has not been

clearly addressed due to the inaeeessibility of the true titanocene. It would be worthwhile to

find out whether the titanocene derivatives, sueh as 7, 8 7 9, 10, 29, and 30, can he

directly derived from the titanocene dimer as proposed under sorne conditions. The results

would be helpful to the understanding of titanoeene eatalytie chemistry.

5. Sorne electronic and stene effect on the outeorne of the

hydrosilation/hydrogenation of pyridines have been observed and a rnechanism has been

proposed based on these observations. Sorne further work would he worthwhile to clarify
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this mechanis~ e.g. using pyridine derivatives with various substituents al different

positions, and titanocenes with one or two Cp* groups.

6. The hydrosilationlhydrogenation of pyridines has been achieved. It would

interesting to see whether other aromatic heterocyclic compounds, such as thiophene and

pyrhole. can be hydrosilated/hydrogenated in a similar way by adjusting the substrates and

catalyst based on the proposed mechanism.

7. It was found that the transformation from a carboaIkoxy group to an aIkyl group

is favored under H2 atmosphere. Some funher study would be worthwhile ta fmd out the

optimum conditions for quantitative conversion of a carboalkoxy group to an aIkyl group.
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• APPENDIX 1

IH NMR, 31p NMR, and 2.9Si NMR data of products from the reactions of

sec::ondary phosphines and silanes

IaPPENDlX 1

•

•

IHNMR 31p NMR and 28Si
Product

(ô ppm; J Hz) !'.TMR,

(ô ppm)
Ph2P-SiH2(P-ToI) 2.00 (s, 3H, PhCH3); 5.00 ( d, 2H, 3Ip NMR: -71 (s)

Si-H, JHP =20); 6.7-7.7 (m, 14H,

q>-H, Ph-H)
Ph2P-5iH(p- 2.06 (s, 3R, q,-CH3); 5.54 (t, fHP = 31p NMR: -64 (s )

Tol)PPh2
15.2, JHSi =203.9, IH Si-H); 6.7- 29Si !'lNIR: -11.6 (t,

JSiP=49.2 Hz)
7.7 (m, 24 H, $-H, Ph-H)

Ph2P-SiH2Ph 4.95 (d, JHP =19.5, 2H, Si-H); 6.9- 3Ip 1\TMR: -71 (s)

7.7 (m, 15H, Ph-H) 29Si ~MR: -32 (b)

Ph2P-SiHPh-PPh2 5.51 (t, JHP = 14.8, lH, Si-H), 6.9- 3Ip NMR: -64 (s)

7.7 (m, 25H, Ph-H) 29Si NMR: -11.2 (t, JSiP
=50.8 Hz)

Ph2P-SiH::!Cy 0.89-1.89 (m, l1H, Cy-H); 4.30 3lp NMR: -64.5 (s)

(dm, JHP =16.2, 2H, Si-H); 6.93- 29Si NMR: -22 (b)

7.7 (m, 10H, Ph-H)
Ph2P-SiHPh2 5.56 (d, JHP = 14.3, lH, Si-H); 6.8- 3lp I\.~: -66.7 (s)

7.6 (m, 20H, Ph-H)
29Si ~'"MR: -13.8 (d,
JSiP =27.8 Hz)

Ph2P-SiHPlu\1e 0.30 (m, 3JHH = 4.0, 3JpH =4.30, 31p NMR: -65.1(5)

3H, Si-CH3); 5.02(dq, 2JHP = 17.6, 29Si NMR: -13.5(b)

3JHH = 4.0, IH, Si-H); 6.8-7.5(m,

15H, Ph-H)
CY2P-SiH2(P-ToI) 1.0-1.83 (m, 22H, Cy-H); 2.05 (s, 31p NMR: -64.3 (s)

3H, ~-CH3); 4.83 (d, JHP = 15.9, 29Si NMR· -39.4 (d,- .
JSiP =41.2 Hz)

IH, Si-H); 6.93-6.98, 7.61-7.67

(m, 4H, f-H)
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CY2P-SiHPh2

CyHP-SiH2(P-ToI)

CyP[5iH2(P-ToUh

(CyPSiH(p-tolyl)3

0.98-1.98 (m, 22R, Cy-H); 4.80 (d,

JpH = 15.6, 2R, Si-H); 6.93-7.74

(m, 5H. Ph-Hl

0.95-2.08 (m, 33H, Cy-H); 4.11

(dd, JHP =9.8, JHH =3.4, 2H, Si­

R)
0.95-2.04 (m, Cy-Hj; 5.50 (d, JHP

=10.6, Si-H); 6.96-7.84 (Ph-H)

0.56 (m, 3JHH = 4.0, 3JpH = 3.4.

IH, Si-CH3); 0.97-2.00 (m, 22H,

Cy-H); 4.94 (dq, 2JHP = 15.6, 3JHH

=4.0, IH, Si-Hl; 7.06-7.7 (m, 5H,

Ph-Hl

0.86-1.99, 2.0 (m, s,15H, Cy-H, <p­

CH3), 2.37 (dm, JHP = 193.6, 1H,

P-H); 4.70-4.81 (m. 2H, Si-O),

6.90-6.97, 7.42-7.50 (m, m. 4H, Q-

H)

0.66-2.20, 2.0 (m. s, 17H, Cy-H,

$-H); 4.87(d, JHP = 17.1, 4H, Si-

H), 6.90-6.97, 7.42-7.50 (m, ffi.

8H, (>-H)

0.7-2.2. 2.0 (m. s, 42H, Cy-H. Q­

H); 6.0 (m, 3H. Si-Hl, 7.0-7.1,

7.9-8.0 (m,m. 12H. Ph-H)

0.86-1.99 (m, 11H, Cy-H); 2.35

(dm, JHP = 192.2, IH, P-H); 4.73-

4.83 (m, 2H, Si-H), 6.98-7.80 (m,

5H, Ph-Hl

31P NMR: -64.2 (s)

29Si NMR: -39 (d, JSiP
=43.7 Hz)

3Ip NMR: -68.2 (s)

29Si NMR: -29.2 (d,
JSiP =45.3 Hz)

31p ~MR: -61.3 (s)
29Si !\MR: -15.9 (d,
JSiP = 36.9 Hz)

31p ~"MR: -58.0 (s)

29Si !'lMR: -18.9 (d,
JSiP =38.9 Hz)

3Ip !\~R: -143 (s)

29Si !'il\1R: -39.4 (d,
JSiP = 32.2 Hz)

3Ip: -182 (s)

29Si ~MR: -36.6 (d,
JSiP = 39.6 Hz. JSiH =
201.1 Hz)

31 P: -160 (b)
29Si ~'MR: -15 (b)

3Ip: -143.8 (s)

29Si !\1vlR: -36.2 (d,
JSiP =39.5 Hz)

APPENDIX /
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(CyPSiHPh)3

CyHP-SiHPhMe

PhHP-SiHPh2

0.86-1.99 (m. 11H. Cy-H); 4.80 (d.

IHP = 17.2. 4H. Si-H), 6.98-7.80

(m. 10H. Ph-H)

0.80-2.2 (m. 33 H, Cy-H); 5.9 (m.

3 H, Si-H). 7.0-7.3. 7.9-8.1 (m. m.

15 H. Ph-Hl

0.9-1.8 (m. I1H. Cy-H); 2.49 (dt,

2IHP = 193.4, 3IHH = 2.49, IH. p­

H); 5.54 (dd, 3IHP = 13.8, 3IHH =
4.1, IR, Si-H), 6.9-7.8 (m, 10R,

Ph-H)

0.40 (m, 3H, CH3); 0.92-1.90( m,

llR, Cy-H); 2.31 (dm, IH, P-H);

4.95(m, IH, Si-H),7.08-7.2, 7.48­

7.6(m. m, SR, Ph-H)

3.68 (dd, JpH =204 Hz. 3JHH = 4.0

Hz, 1 H, P-H); 5.43(dd, 3JpH =
17.2 Hz. 3JHH =4.0 Hz, IH, Si-H),

6.8-7.6 (m, 15R, Ph-H)

31p: -182(S)
29Si NMR: -14.9(~ ISiP
=50.9 Hz.

31p: -158 (m)

31p NMR: -138.6 (s)

29Si !\1v1R: -15.8 (d,
IsïP =30.1 Hz)

31P N}vIR: -133 (s)

29Si 1\NIR:

31p NMR: -134 (5),

295i NMR: -12.9 (d,
ISiP = 27.4 Hz)

APPENDIX /
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b broad; d doublet; t triplet; q quartet; ID multiplet; s singlet.
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• Appendix II

1H NMR, 31p NMR, and 29Si NMR data of products from

h t" f h h· d".t e reac Ion 0 prunary p osp Ines an SI anes
3lPNMRand

IR(KBr)Product IH NMR (ô ppm) 29Si !'MR(Ô ppm)
,

u(SiH)(cm- l )
0.70-2.30 (m, 33H, Cy-H); 31p: -160 (b)

2104(p-ToI5iH-PCYh 2.05 (s, 9H, 4>-CH3); 6.0 29Si: -15 (b)
(m, 3H, Si-H), 7.04, 7.95
(~ m, 12H, $-H)

(PhSiH-PCy)] 0.80-2.20 (m, 33H, Cy-H), 3Ip: -157 (b)
21065.90 (m, 3H, Si-H); 7.0-

7.3, 7.9-8.1 (m, m, 15H,
Ph-H)

(P-C3H7<+>SiH-PCYh 0.70-2.50 (m,53 H, Cy-H, 3Ip: -160 (b)
Q-C3H,); 6.0 (m, 3H, Si-

H); 7.1, 8.0 (m, fi, 12R, <P-
H)

(p-ToI5iH-PPh)) 1.86 (s, 9H, ~-CH3); 6.24 3 1P: -160 (b)
2106Cm, 3H, Si-H); 6.7-7.0, 7.5

-7.9 (m, fi, 27H, Q-H, Ph-
H)

•
b broad; d doublet; t triplet; q quartet; fi multiplet; s singlet.

•
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Appendix ID

Selected NMR data for the products from the hydrosilation/hydrogenation of
pyridines

•

•

Subsrrate Products

pyridine

o
N
1
S·-H

./ 1"
Ph Me

3-picoline

1H~~ cô ppm~ C6D6, 22 cC, TMS internaI reference)

7.2-7.7 (m, Ph, 5 H); 6.28 (dt, 3J= 7.8 Hz, 4J = 3.0 Hz,

IH~ NCH2CH2CH2CH=CH ); 5.01 (q, J = 3.3 Hz, IH,

SiH); 4.62 (m, 1 H, NCH2CH2CH2CH=CH); 2.99 (m,

2H, NCH2CH2CH2CH=CH), 2.00 (m, 2R,

NCH2CH2CH2CH=CH); 1.57 (m, 2H,

NCH2CHzCH2CH=CH); 0.28 (d, J = 3.3 Hz, 3H,

SiCH3);

29Si{ IH} : -9.1

7.2-7.7 (~ Ph, SR); 5.02 (q, J = 3.0 Hz, lH, SiH); 2.79
(m, 4H, NCH2CH2CH2CH2CH2), 1.40 (quint, 3J = 5.5

Hz, 2H, NCHZCH2CH2CH2CHz); 1.27 (m, 4H,

NCH2CHzCH2CHzCH2); 0.29 (d, J = 3.0 Hz, 3H,

SiCH3)

29Si{ lH}: -10.5

7.2 - 7.7 (m, 5H, PIl); 6.22 (m, lH,

NCH2CH(CH3)CH2CH=CH ); 4.99 (q, J = 3.3 Hz, 1H,

SiH); 4.57 (m, IH, !\CH2CH(CH3)CH2CH=CH ); 2.98,

2.60 (m, m, 2H, NCH2CH(CH3)CH2CH=CH), 1.70, 2.04

(m, ID, 2H, NCH2CH(CH3)CH2CH=CH); 1.75 (m, lH,

NCH2CH(CH3)CH2CH=CH); 0.72 (m, 3H,

NCH2CH(CH3)CH2CH=CH) 0.30 (d, J = 3.3 Hz, 3H,

SiCH3)

7.1-7.6 (m, Ph, SR); 6.08 (m, 1H,

NCH=C(CH3)CH2CH2CH2 ); 5.02 (q, J = 3.3 Hz, 1H,

SiH); 2.91 (m~ 2H~ NCH=C(CH3)CH2CH2CH2 ), 1.85 (t~

J = 6.25 Hz~ 2H, NCH=C(CH3)CH2CH2CH2); 1.61 Cm,
3H, NCH=C(CH3)CH2CH2CH2); 1.55 (m, 2H~

NCH=C(CH3)CH2CHzCH2); 0.28 (d, J = 3.3 Hz, 3H,

SiCH3)
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3-picoline

4-picoline

3,5-

lutidine
H~CÛCH3

N
1

.....Si:.,H
Ph Me

H:C

Û
CH3

N
r

..... Si:.,H
Ph :.te

APPENDlX l//

7.2-7.7 (m, Ph, 5H); 5.95 (d, J = 8.1, lH,

NCHC(CH3)CH2CHCH); 5.78 (s, lH,

NCHC(CH3)CH2CHCH); 4.92 (q, J =3.8, IH, SiR); 4.54

(dt, 3J = 8.1 Hz, 3J' - 3.0 Hz, 2H,

NCHC(CH3)CH2CHCH); 2.86 (m, 2 H,

NCHC(CH3)CH2CHCH); 1.37 (s, 3 H,

NCHC(CH3)CH2CHCH),

7.2-7.7 (m. Ph, SR); 6.26 (dt, 3J = 7.8 Hz, 4J = 1.8 Hz,
IH, NCH2CH2CH(CH3)CH=CH ); .5.04 (q, J = 3.3 Hz,

IH, SiH); 4.56 (m, lH, NCH2CH2CH(CH3)CH=CH);

3.02 (m, 2H, NCH2CH2CH(CH3)CH=CH), 2.28 (m, 2H,

NCH2CH2CH(CH3)CH=CH); 1.6, 1.3 (m, 2H,

NCH2CH2CH(CH3)CH=CH); 1.0 (d, 3H,

NCH2CH2CH(CH3)CH=CH) 0.30 (d, J = 3.3 Hz, 3H,

SiCH3)

7.1-7.5 (m, Ph, 5H); 5.87 (s 2H,

NCH=C(CH3)CH2(CH3)C=CH ); 4.99 (q, J = 3.4 Hz,

IH, SiH); 2.69 (m, 2H, NCH=C(CH3)CH2(CH3)C=CH),

1.44 (s, 6H, NCH=C(CH3)CH2(CH3)C=CH ); 0.25 (d, J

=3.4 Hz, 3H, SiCH3)

29Si {lH}: -8.0.

7.1-7.5 (m. Ph, SH); 6.05 (m, lH,

NCH=C(CH3)CH2(CH3)CHCH2 ); 5.03 (m, lH, SiH);

2.94, 2.53 (m, ID, 2H, NCH=C(CH3)CH2(CH3)CHCH2);

1.65-1.88 (m, 2H, NCH=C(CH3)CH2(CH3)CHCH2),

1.60 (s, 3H, NCH=C(CH3)CH2(CH3)CHCH2); 1.55 (m,

IH, ~CH=C(CH3)CH2(CH3)CHCH2); 0.73 (m, 3H,

NCH=C(CH3)CH2(CH3)CHCH2); 0.25 (d, J = 3.4 Hz,

3H, SiCH3)
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quinoline

co
1

...Si'H
Ph 1

Me

1

...Si'H
Ph 1

Me

APPENDlX //1

7.1 - 7.S (m, 4H, cp-ft); 6.22 (dt, 2J = 7.7 Hz, IH,

NCH=CHCH2); 4.71 (m, IH, NCH=CHCH2); 3.48 (m,

2H, NCH=CHCH2); 5.0 (q, J = 3.3 Hz, IH, Si-H); 0.38

(d, J = 3.3 Hz, 3H, SiCH3)

29Si{1H}: -10.6

6.7-7.7 (m, 4H, C6H4); 5.39 (q, J = 3.5 Hz, IH. SiH); 3.1

(m, m, 2H, NCH2CH2CH2); 2.60 (t, J = 6.6 Hz, 2H,

NCH2CH2CH2), 1.55 (m, 2H, NCH2CH2CH2),O.43 (d, J

=3.5 Hz, 3H, SiCH3)

29Si{1H}: -12.6
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• Appendix IV

Full report of crystal and molecular structure of

C26H320l.STÏ2 (37)

Table AIV.l Crystal data and structure refmement for C26H320 l.5TiZ

APPENDlX IV

Crystal data

Chernical formula, SUffi C26H320 1.STiZ

Chernical formula, moiety Cz6HzsOTi2·1I20C4Hs

Chemical formula weight, Mr 464.32

Cell seuing Monoclinic

Space group C2Ic

• Unit cell dimensions CÀ, deg) a =31.232 (13) alpha =90

b =7.998 (3) beta =116.78 (3)

c =19.603 (9) gamma =90

Volume of unit cell, V (À3) 4371 (3)

Formula units cell per cell, Z 8

Density calcuIated from
fonnula and cell, Dx (Mg/m3) 1.387

F (000) 1952

Radiation type CuK\a

V.lavelength, lambda CÀ) 1.54056

No. of reflections
for cell measurement .,-_:>

Theta range (deg) 40 to 50

• Linear absorption coefficient,
mu (mnr l ) 6.348
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• Measurement temperature (K) 293 (2)

Crystal shape plate

Colour clark

Size (nun) 0.52 x 0.29 x 0.01

APPENDlXN

•

•

Data collection

Diffractometer type

Data-eollection method

Absorption corretion type

Maxmum and minimum transmission

values, Tmax and Tmin

No. of reflections measured

No. of independent reflections

::\To. of observed reflections

Criteron for observed

reflections

Rint

.\tfinimum and maximum values

of theta (deg)

Ranges of h. k, 1

No. of standard reflections

Interval, time (min)

Intensity decay (%)

Refinment

Refinment method

Final R indices, I>2sigma cn

NoniusCAD4

omegal2theta scans

Analytical

0.93 and 0.27

29561

4145

2439

> 2\s(1)

0.149

3.17 ta 69.96

-38<= h <=38, -9<= k <=9. -23<= 1 <=23

5

60

ïAl

Full-matrix on F2

RI = 0.0594, wR2 = 0.1426
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• R indices, aIl data

Goodness-of-fit on F2, S

RI =0.0944, wR2 =0.1574

0.841

APPENDlXN

RI =L(fIFol - IFcll)IL{lFol},

wR2 =[L[w (Fo2 - Fc2)2]IL[wCFo2)2]] 112 and

GoF = [LwCFo2_Fc2)2]/(No. of reflns - No. of params.)] 112

•

•

No. of reflections used
in refinement

No. ofparameters refmed

No. of restraints

Method of ref"ming and

locating H atoms

VtTeighting scheme

Function minimized

cale

MaUmUffi shiftlsigma

Delta rho max (eA-3)

DELTA rho min (eA-3)

Extinction correction method

Secondary extinction value

4145

272

1

constr

based on measured e. s. d's

0.044

0.744

-1.028

SHELXI..-93 (1995)

0.0028 (5)
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ÂPPENDIX IV

• Table AIV.2 Atomic coordinates and equivalent isotropie displacement

parameters (A,2 x 1()2) for 37

Ueq =l/3riI.jUija·ia:J~iaj

x y z Ueq

Ti(l) 0.18117(3) 0.57458(10) 0.32101(5) 2.66(2)
Ti(2) 0.10890(3) 0.68627(10) 0.14188(5) 2.81(2)
0(1) 0.14769(12) 0.7424(4) 0.3750(2) 3.46(8)
C (1) 0.1845(2) 0.7320(6) 0.2238(3) 2.97(10}
è(2) 0.2211(2) 0.6046(6) 0.2473(3) 3.32(11}
C(3) 0.2558(2} 0.6305(7) 0.3223(3) 3.78(12)
C (4) 0.2425{2) 0.7751(6) 0.3495(3) 3.79(12)
C(S) 0.2003(2) 0.8358(6) 0.2893(3) 3.34(11)
C (6) 0.1479(2) 0.3581(7) 0.3653(4} 4.8(2)
C(7) 0.1577(2) 0.2885(6) 0.3098(3) 4.7(2)
C{S) 0.2072(2) 0.2907(6) 0.3352(4) 5.1(2)
C (9) 0.2274(2) O.3624(7) 0.4075(') 5.4<:2)
C(10) 0.1913(2) 0.4035(7) 0.42GB()} 5.2(2)
C(12) 0.1749(2) 0.8588(7) 0.4358(3) 4.61(1')
C(13) 0.1416(2} 0.9150(9) 0.4684(4) 6.2(2}

• C(14) 0.0929(2) 0.8702(9) 0.4084(4) 6.5(2)
C(15) 0.1009(2) 0.7193(8} 0.3727(3) 4.9(2)
C (16) 0.0884(2) O.9094{S) O.2009{3} 3.93(12)
C(17) O.1015(2) 0.9816(S) 0.148e(3} 4.55(14)
C(la) 0.0672(2} 0.9319(7) 0.0755(3) 5.3(2)
C(19) 0.0332(2) D.8333(7) 0.OB43(3} 5.0(2}
C(20} 0.0«64(2) 0.8173(7) 0.1608(3) 4.21(13)
c {21} 0.1468(2) 0.5442(7) 0.0759(3) 3.87(12}
::(22) a.1330(2) O.4223(6) 0.1.132(3) 3.77(12}
C(23) 0.0826(2) 0.4219(S·) 0.0811(3) 4.15(13)
c (24) 0.O655(2) 0.5402(7} 0.0225(3) 4.28(13}
C (25) 0.1048(2) 0.é180(7) 0.0205(3) 4.00(13}
0(2) 0.0000 0.4887(10) 0.2500 9.4(3)
C (25) 0.0074(3) 0.3953(13) 0.1998(5) 10.0(3)
Ç(27) O.OO27(S} O.2217(13} 0.2142(9) 19.1(9)

•
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• Table AIV.3 Bond length (A) and angles (deg) for 37

APPENDIXN

•

'l'iC~)-o(l)

Ti C~) -c (1)
'!'i(1)-CC3)
Ti(~)-C(9)

Ti(~)-C(7)

Ti(l)-C(S)
TiCl)-Ei{l)
Ti(2)-CC~5)

':'i(2)-C(~7)

Ti(2)-CC25)
Ti(2)-Cr22)
Ti(2)-C(2,,)
Ti(2)-ECl.}
O(1)-CC~5}

C(1)-CC2)
C (2) -:H2)
C(3) -E(:n
CC"-E(')
C(é)-Cn)
C(éh·E(5)
C(7)-E(i)

C (.S) -E(3)
C(9)-~(3)

C(12)-C(13)
C(1.2)-EC123)
C(13)-=(13':")
C(1')-C:1.5)
=(1")-EC1~E)

C (15) -E <:'5E)
C(15) -C (20)
C(17)-CClE}
CC1S)-C(1?)
C(19)-C{2:l)
C(20)-EC2::1)
C(21}-:(25)
:(22)-CC23)
C(23)-C:2';)
C(2')-CC25}
C(25)-E(25)
0(2)-C,25)*'1
C (26)-E (2S.:..)
:(27)-C:27)41
C(27)-EC27E)

2.239(3)
2.325 (5)
2.353(5)
2.373(5)
2.382 CS)
2.3eSCS)
1. 83 (2'
2.366(5)
2.38"5)
2.388(5)
2.392(5)
2.'12(5)
1.82(2)
1.'55(6)
1."3(6)
0.9300
0.:300
0.:300
1.37H7)
0.:300
0.9300
0.S300
O.!l300
1.514(7)
0.9700
0.5700
1.'70(8)
0.9700
0.9700
1.398(7)
1.:05(8)
1.39' (S)
1. 370 (7)

:l.9300
1.'02(7)
1.'07 (7)

1.395 Ci)
1.392(71
0.9300
1.331(9)
0.9700
1. '9 (2)
0.9700

Ti(1)-C(2)
'l'iCl)-CCS)
'!'i(1)-CC4)
Ti(1)-C(6)
TiCl)-C(10)
'!'iCl)-'1'i(2)
Ti(2)-C(1)
Ti(2)-C(23)
Ti(2)-C(20)
Ti(2)-C(lB)
':'iC2J-C(21)
Ti(2)-CC19)
O(1)-CI12)
C(1)-C(S)
C (2) -C (3)
C(3) -C (4)

C(41-C(5)
C(S)-E(5)
C (6 ) -C (1 0 )
C(7)-C(S)
C (B J-C (9)
C(9)-CC10)
C(10)-EI10)
C (12)-:: [:2.~)
C ( 13 ) -C n.<,)
:: (13) -E{BE)
C(H)-E(14A)
C(15)-:C1S':")
C(:5)-=,17)
C(lé)-E'16)
C(17}-E(17)
C(lS: -:H18)
C(19i-E(19)
C(21)-C,22)
C(21)-E(2:)
CC:a2)-EC221
C(:a3)-EC23)
CC2')-E(2'}
O(2)-C(25)
CC2ôj-C(2i)
C(26)-E(263)
C(27)-E,:7A)

2.307(S)
2.3331 5 )
2.355 CS)
2.37S(5)
2.383 (5)
3.329(2)
2.207(5)
2.383 (5)
2.386(5)
2.391(5)
2.357CS)
2.417(5)
1.4'8 (5)
1.418(5)
1.395(7)
1.412(7)
1.'02(7)
0.9300
1.397(8)
1.394(8)
1.389(8)
1.379{B)
0.9300
0.97CO
l.'8€(8)
0.:1700
0.31700
0.S700
1.386(7)
0.9300
0 . .9300
0.s300
0 • .9300
1.395 (il
0.9300
0.9300
0.9300
O• .9300
1.331(9)
1."4(13)
0.9700
0.s700

•

0(1)-::':'(1)-C(2)
C(2)-':':'Cl)-C(1)
C(2)-TiC1)-C(5)
o Il) -Ti Cl)-C (3)
C(1)-TiCl)-C(3)
Q (1) -Ti (1.) -C C')

C(1)-':'iCl)-C(4)
cr 3 } -'!'±- (1) -C C")
C(2)-Ti(1)-CC9)
C(5)-TiCll-C(9)
C(,,-'.!'i(1)-C(S)
C(2)-Ti(li-:r6J

137.1(2)
3E.3 (2)
57.6(2)

123.4(2)
59.9(2)
89.0~2)

59.7(2)
34.3(2)

101.3 (2)
133.2(2)

98.5(2)
13S.9(2)

Q(1)-':'i{1)-C(1)
QCll-TiCl)-C(5)
C(1)-T:'(1)-CC5)
C(2)-TiCl)-CC3)
C(S)-T:'(:)-CC3)
C(2)-T:'(1)-C(",
C(S}-Ti(1)-CC4'
oCl) -':'i (1) -C (sn
C(1)-Ti(1)-C(9)
C(3)-TiCl)-CC9)
O(1)-TiCl)-C(o'
CIl)-TiC1J-C(5)

1::S.4(2)
79.5(2)
35.4(2)
34.7(2)
57.5(2)
57.9(2)
:;4.7(2)

110.8(2)
137.3(2)

81.2(2)
E3.7(2)

:51.9(2)
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C CSl-Ti Cl) -C C6)
CC' l-Ti Cl) -C C6 )
D(l'-Ti Cl}-C(7)
CC1,-TiCl,-C(7)
CC 3) -Ti (l) -C C7 )
C (51) -Ti (l) -C (7)

D{ll-TiCl)-CC10l
CCl) -Ti Cl} -C C10)
CC3l-'!'iCl)-CC10)
CCS)-'!'iJl)-CC10l
C(7l-'!'i(1)-CC10)
CC2l-'!'iC1l-CCB)
C(5)-'!'i Cll-CCB)
CC~)-'!'i(l:-C(e}

CC6l-'!'i{l)-CC8l
CC:.O)-Ti{l)-C{Sl
C(2)-TiC1)-Ti{2)
::(S)-T:'{1)-':'i(2)
ct'J-Ti{1'-Ti(2)
C(5)-'!'i{l)-!'i{2)
C{lO)-'!'i(1)-Ti(2)
O{l) -Ti (1) -:: (1)
C{l)-Ti(l)-::(l)
c C~} -':'i {l} -E (1)
C!?)-Ti(l}-::(l)
C (i) -Ti (1) -E (1)
CCS1-Ti(1)-EC1)
:!1}-Ti(2)-CI16}
C(:é)-Ti(2)-C{23)
CC:é}-':'i(2)-C{17)
:(1}-'!'i{:n-CC20)
c(~3}-Ti(2)-c{20}

CCl) -':'i (2) -C (25)
C(23}-Ti:2)-C(2S)
C{2C}-Ti(2)-C(25}
eC:é)-'!'i(2)-CC:ê)
:C:iJ-T:'(2}-CC:.5}
:(2S}-Ti(2}-C{:S)
:C:5}-TiC2J-C(22)
:Cl7}-'!'i(2)-C(22)
C(:5)-':'i(2}-C(22)
C n.. )-':'i ~:n -: (21)
:(23}-TiC2)-C(2:)
::2D}-1'i(2)-CC21)
CCl3)-1'i(2)-CC2:')
CC:;')-1':'C2)-C(2':)
:(23)-1'iC2)-CC2')
:(20}-':'i!2)-CC2')
C(lS)-1'i(2)-CC2~)

:C2:)-':':'(2)-C{24)
C(16)-TiC2)-C{19)
C(17)-1'i(2)-C(13)
C(25)-TiC2)-CC19)
C(22}-Ti(2)-CC19)
C(2'}-Ti(2)-C(19)
C(15)-Ti(2)-Ti!1)
c(17)-7i(2)-1'i(1)
C(25)-Ti(2)-T~(1)

Cr22)-TiC2)-TiCl)
C(2')-Ti(2)-TiCl)

163.1(2)
148.1(2)
11.5.5(2)
124.8(2)
116.)(2)
56.1(2)
80.8(2)

170.5(2)
110.8(2)

33.7(2)
56.2(2)
85.4(2)

1'0.2(2)
11.(.S {2)

56.4(2)
56.4(2)
67.19(13)
67.16(12)
99.:8(13)

1:2.4(2)
146.4(2)

87.6<::.5)
65.3 {H)

:22.0 (l')
. 136 (2)

SO{2)
107(2)

67.H2}
:'3.6(2)

33.9(2)
113.7(2i
::0.2(2)
108.8(2)
55.5\2i

125.1(21
56.3(2)
34.2(2)
E2.ë(2)

16'.5(2)
1~;.6(2)

56.3(2)
51.1(2)
56.8C2j

15a.3(2)
::2.1(2)
::31_' (2)

33. aC21
102.9C21

36.6(2)
56.3(2)
~5.9(2)

56.3(2)
52.5(2}

131.7C2}
77.2(2)
E3.71(::;)

104.1(2)
134.15C1'}

E2. ES C13}
:35.29 (14)

C()-'ri(11-<:(6)
C(9)-'ri(1.)-<:(6)
C(2)-TiC~)-c:c7)

C(5)-'I'i.C~)-CC7)

C(')-Ti(~)-C:C7)

C(5)-Ti(1.)-CC7l
C(2)-'l'i.Cl.)-CC10)
CCS)-'riCl.)-C(lO}
C ('l -Ti (1) -C (10)
C(5)-TiCl)-C(lO)
O(l.)-Ti(l.)-C(S)
C(1)-':'iC~)-CC8)

C(3)-TiCl)-C(8l
c (9) -Ti (l.)-<: (1)

C(7)-TiCl.)-CCS)
O(ll-Tiel.)-TiC2)
C(l.)-'!'i(1)-'!'i{2)
C(3)-Ti(1)-':'iC2)
C(9)-Ti(l.)-'I'iC2)
C(7)-':'iCl)-'I'i{2)
C(B:-Ti(1)-Ti(2)
C(2)-TiCl)-5{:)
c (5) -Ti (1) -iH1)

C(:)-Ti(l)-Hel)
C(6)-':'iCl}-EC1)
C;lO)-TiCl)-EC1)
Ti(2)-TiC1)-E(1)
C(1)-Ti(2)-CC23)
C(l)-TiC2)-C(17)
C(23)-':'i(2)-C(17)
C(16)-Ti(2)-CC:ZO)
: (17)-':'i (2)-C(20)
C(:6)-TiC2)-CC2S)
C(17)-TiC2)-C(25)
C(1)-'!'i:2)-CCla)
C(23)-Ti(2)-C(lS)
C(20)-TiC2)-CC1S)
C(1)-Ti{2)-C(22)
C(23)-Ti(2)-C{22)
C(20)-Tir2)-CC22}
CC18l-Ti(2)-C(22)
C(lô)-':'iC2)-C(21)
C(17)-Ti{2)-C(21)
C(25)-TiC2)-CC2:)
C(22)-TiC2)-CC21)
C(15)-Ti:2)-CC2')
:(17)-T~{2l-C(2~)

C(25)-Ti(2)-CC2')
C(22)-TiC2)-C(2')
C(1)-Ti(2)-C(l9)
C(23)-Ti(2)-CC:9)
C(20)-Ti(2)-CC19)
C(18)-,:,i(2)-C(19)
C(21)-':':'(2)-C(19)
C(1)-Ti(2)-'!'i(1)
C(23)-Ti(2l-Ti(:)
C(20)-'!'i(2)-Ti(l)
C(19)-Ti(2)-~i(1)

C(21)-Ti(2)-Ti(l)
C(19)-Ti(2)-Ti(1)

136.5(2)
56.2(2)

105.8(2)
150 .. J.(2)

lU.8(2)
33.6(2}

135 .. 0(2)
l'2.8(2)
114.1(2)

34.1(2)
13:;.3 (2)
118.2(2)

S4.0{2)
33.9 (2)
34.0(2)
9S.E5(10)
U .37 <l2)
?9.06(13)

l'8.3(2)
97.25{~')

:14.3(2)
aS.3(H)
68(2)

122(2)
e3(2)

123~2)

2'.0(14)
121 .. 7(2)

53.9(2)
:52.5(2)

3·'-2C21
56.o(2)

1~9.0C21

:OS.iC2J
::3.7(2)
llB.5(2)
55.0(2)
èB.3(2)
34.3(2)

:42.2(2)
138.5(2)
:'53.3(2)
::5.6(2)

34.1(2)
34.0C21

:'.D.0(2)
120.6'2)
33.7(2)
56.2(2)

133.5(2)
S8.6 (2i
:33.2(2)
33.7(2)

126.3(2)
".12C:2)

lC1..90(H)
g9.E3{1")

1:37.6 (2)

100.21(1')
:32.76CH)

APPENDlX IV
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C(1)-T'i (2)-!i[1) 6B.3CH) C(16)-~iC2)-H(1) 82(2)
C{23)-'!'iC2)-RC1) ES (2) C{17)-Ti(2)-H[1) 112(2)
C{20)-'!'iC2)-!i[1) B5{2) C(25)-Ti[2)-Hll) 139(2)
CC1S)-'!'i(2)-BC1) 138(2) C(22)-Ti{2)-BC1) 82(2)
C(21)-'!'i(2)-R(1) 110(2) C(24)-Ti[2)-RC1) !,22(2)
C(lS)-'!'i(2)-iiC1) 116.7[1') ~iCl)-Ti{2)-!iCl) 24.2 Cl')
C(12)-oCl)-CC!,5) lOB.4(4) C(12)-o(l)-TiCl) 123.3(3)
C{15)-O(1)-TiC1) US.9(3) C(S)-C(1)-CC2) 102.B(4)
CCS)-C[1)-Ti(2) ~25.3 (4) C(2)-C(J.)-TiC2) 123.3(3)
C(5)-CC1)-Ti[1) 72.6(31 C(2)-CC1)-TiC1) 71.2(3)
Ti(2)-CC1)-Ti(1} 94.S(2) C(3)-CC2)-CC1) 1l1.1 C'l
C(3)-CC2j-'!'iCl) ".8(3) C(1)-C(2)-Ti(1) 72.5[;)
C (3) -C(2)-iH2) 124.5 CCl) -C (2) -iH2i 124.S
TiCl)-C[2)-EC2) 119.8 C , 2 ) -c C3 ) -C ( , ) 107.4(4)
C(2)-CC3)-':'i(1) 70."3) C(4)-CC3)-Ti(1) 72.7(3)
C(2)-CC3)-3C3) 126.3 C(4)-C[3}-!iC) 126.)
Ti (l)-C(3) -H C3} 122.3 ::(5)-C(4)-C(3) 106.9(5)
C (5) -C"} -Ti Cl} 71.4 ;3) C C3) -= C' ) -Ti' :.) 72.6!J}
C(5)-C(4)-:iC') 126.6 ·=(3)-CC'I-HC4) 126.6
:'i(1)-CC4)-S{4) 121.3 C(4)-CC5)-C(:'1 111. B (5)
CH}-C(S)-Ti :1) 73.SC:} C(1)-CCS)-TiCl) i2.0(3)
Ci~)-c(5)-SC5} 12·'-1 C{J.)-CCS)-EC5) 124.1
TiCl)-C!S)-SCS} 121.62 C (7) -C C5) -CD.O) lOB.1CS}
C(7)-C[:1-Ti{1} 73.5 (3) CC1O)-Cl5}-Tie11 ï3.2{))
: (7) -cc ë; -EeS} 12S.9 C(10}-CC5)-ECS} 125.9
TiCl)-:::ij-:(o} 119.2 C ( é) -C (7 ) -c (3 ) 10e.5(5)• C (E) -Ci"i}-':'i C1I ï2.:H3} C(8)-C(7}-Ti(1) 73.1(3)
CC6}-C(7)-F.(7) 125.7 C ( 5) -C (7 ) -5 (ï ) 125.7
':'i (1) -C (7) -F. (7) 120. a c (S ) -C CS) -C Ci } 105.9(5)
C(9}-C(ê}-':':'(1) i2. 6 (3) C(i)-CCS}-Tirl) 72.9 C3}
C(:}-Crê)-E!S) 126.5 C(7)-C!S}-E:Si 125. Q
:-iCl}-C(S}-ECS} 119.9 CC1O)-Cl9)-C(B} :'C:!LO (6)
=C10 l-C (3) -:'i Cl} ï3.5[31 C(ê)-C:.9)-Ti:1} ï3.5C3}
C(:'O}-::3}-E~9} :25.5 C(5)-C(9)-F.(9} :25.5
Ti Cl} -c (~n -F. : 9 ) 1:9.3 CC 9 ) -C (10) -c C5) 107.3(5)
C(9)-CC1O)-':';'{1} i2.BC3} C{6}-CC1û}-':'iCl} n.51;}
C(9)-C!lC)-E{lO) 126.J C(6)-CrlO}-EC:0) 126.3
':'i(1)-C(10}-F.!lO} 120·.1 0(1}-CC12)-CC131 1~6.1(')

O(1)-C:12)-E(12A) 110.5 C(13)-C(12)-:(:2~} 110.5
0(1)-:[:2)-EC1231 110.5 CC13l-Cl12}-E(12E) 110.5
EC12A)-Ci12)-EC123} 108.7 CC1,,-CC13}-CC12} lO4.3(5}
Cll';l-C!:3}-HC13Al 110.3 C(12)-CC13)-:(13A) 110.9
C(:';}-CC:3)-:i(13E} 110.9 C(12)-C(13}-E(13E} 110.:
EC13A}-C(13)-E(13E} 108.3 :(15)-:(1')-C(13) 104.1CS}
Cl151-CC1')-E(1~} 11.0.9 :(13)-C(14)-EC:'';A) :10.9
C(15}-CC1'!-E{1'E) ::0.9 C(13)-C(14l-E(1'E) 110 . .9
EC:~~}-CC1')-::(1'B) 109.0 Del) -c<:5 J-C (H) 1~S.3{5}

O(1)-CC:5}-EC1SA) 110.7 Ce14}-C(15}-EelSA) 1.10.7
0(1)-CC15}-E(lSB) :':0.7 CC1'}-CC1S)-EC15B) 110.7
E{15A}-CC1S}-3C15B) 1::>E.8 C(17)-CC16)-CC20) 108.5(5)
CC17}-C(16}-':'iC2} 73.7C3} C(20)-CC16)-Ti(2) i3.7(3)
C(17)-=C16)-3C15) 125.7 Cc20l-CClé)-3e15} ::'25.7
'ri f2) -c (:6) -:;(:'6) 118.7 C(15)-CC17}-C(lS) lO7.1{S)
CC16}-C(17)-TiC2) 72.3C3} CCla)-CC17)-Tir~) i3.2(3}
C(lSl-C(17)-E(17} 126.5 CC1B}-C(17)-3C17) 126.5
Ti(2l-Ct17)-::!17} 1:'9.9 C(19)-CC1B)-CC17} 107_9(5)
C(19)-C(18}-T;'C2) 74.2(3} C(17)-C{lS)-Ti(2) 72.6C3}

• C(19)-CC1S}-SC1.B) 126.l. C(17)-CC1B)-EC18} 126.1
Ti{2}-C(18)-F.C1B) 119.l C(20}-CC19)-C(18) 108.'(5)
C(20)-CC:'9)-Ti(2) 72.2C3} C{lê)-C(19)-TiI2} n.1lJ}
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•

C(20)-C(19)-H(19)
Ti(2)-C(19)-H(19)
C(19)-C(20)-Ti(2)
C(19)-C(20)-H(20)
Ti(2)-C(20}-H(20)
C(22)-C(21)-Ti(2)
C(22)-C(21)-H(21)
Ti(2)-C(2l)-H(21)
C(21)-C(22)-Ti(2)
C(21}-C(22}-n(22)
Ti(2)-C(22)-H(22)
C(24)-C(23}-Ti(2}
C(24)-C(23}-H(23)
Ti(2)-C(23)-H(23)
C(25)-C(24)-Ti(2)
C(25)-C(2~}-H(24)

Ti(2)-C(24)-H(24)
C(2~)-C(25)-Ti(2)

C(24)-C(25)-H(25)
Ti(2}-C(25)-E(25)
O(2)-C(25)-C(27)
C(27)-C(26)-H{25A)
C(27)-C(26)-E(25B)
C(26)-C(27}-C(27)#1
C(27)#1-C(27J-H(27A)
C(27)#1-C(27)-H(273)

125.B
121.5

74.7(3}
125.0
119.1
72.8(3)

126.3
120.1

73.2(3)
125.8
120.2
74.2(3)

126.2
118.4

72.2(3)
125.9
121.6

74.1(3)
125.7
118.8
109.0(8)
109.9
109.9
104.4(6)
110.9
110.9

CC1B)-C(19)-H{19)
C (19 ) -C (201 -C (15 )
C(16)-C(20)-Ti(2)
C(16)-C(20~-H(20)

C(22)-C(21)-C(25)
C(25)-C(2l)-Ti{2)
C(2S)-C(21)-H(21)
C(21)-C(22)-C(23)
C(23}-C{22}-Ti(2}
C(23)-C(22)-H(22)
C(24}-C(23)-C(22)
C(22)-C(23)-Ti(2)
C(22)-C(23)-H(23)
C(25)-C(24)-C(23)
C(23)-C(24)-Ti(2)
C(23)-C(24)-H(24)
C(24)-C(25)-C(21)
C(21)-C(25)-Ti(2)
C(21)-C(25)-H(25}
C(26)-O{2}-C{26)#1
O(2)-C(26}-H(25A)
O(2)-C(25)-H(263}
H(26A}-C(26)-H(263)
C(26)-CC27)-H(27A}
C(26)-C(27)-H(273)
~(27A)-C(27)-H(273)

APPENDIX IV

125.B
"108.1(5)

72.1(3)
125.0
107.3(5)
72.5(3}

125.3
lOB.3(5}

72.S{3)
125.8
107.6(5)
73.2(3)

126.2
108.2(5)
72.0{3)

125.9
108.5(5)

73.3(3)
125.7
112.5110 )
109.9
109.9
108.3
110.9
110.9
10B.9

•

S:~et=Y ~=ansfo=r3tions used ta ge~e=ate equivale~t atorns:
#1 -x,y,-z+1/2
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• Table AIV.4 Torsion angles (deg) for 37

APPENDlXN

•

•

O(1)-~iCl}-~iC2}-CC1)

CC5}-~(1)-~C2)-CC1)

CC')-~(1)-TiC2)-C(1)

CCô)-TiCl)-TiC2)-CC1)
c(10)-~iCl)-Ti(2)-CC1)

OC1}-TiC!}-Ti(2)-CC16)
C(1)-~C1)-~iC2)-CC16)

C(3)-~iC1)-Ti(2)-CC16)

C(9)-Ti(1)-TiC2)-C(lô)
C(7)-TiCl)-TiC2)-Ci16)
CCB1-TiCl)-TiC2)-CC15)
C(2)-~Cl1-~i(2)-CC23)

C(5)-Tiil)-TiC2)-C(23)
C(4)-TiC1)-TiC2)-CC23)
C(6)-TiCl)-TiC2)-CC23)
C(10)-~iC1)-~iC2)-CC23)

O(1)-~{lj-TiC2)-Cc17)

C(1)-~Cl)-TiC2l-C(17)

C(3)-TiCll-TiC2)-CC17)
C(9)-TiC1)-TiC2)-CC17)
CCï)-TiCl)-TiC2)-C(171
C(S)-TiCll-Tii21-CC17}
C(2)-TiCll-TiC2)-CC20)
C(5)-Ti(1}-TiC~)-CC20)

CC~)-TiC1)-TiC2)-CC20)

C(6)-Ti(~)-TiC2)-C\20)

=Cl~}-~i(1)-TiC2)-CC20)

O(1)-TiC~)-TiC2)-CC25)

C(1)-TiC1)-TiC2)-C(25l
C(3)-TiCll-TiC2l-CC25l
C(9)-TiCl)-TiC2)-CC2S)
CCï)-Ti1l)-TiC2)-CC25)
C(S)-T~Cl)-TiC2)-C:2S)

=C2;-~iCl)-TiC2)-CC:3)

CCS)-TiCl)-TiC2}-CCla)
C(~)-TiC1J-TiC2}-C(1=l

C~5)-TiCll-TiC2)-CC1ê}

C{lO)-TiC1l-TiC21-CC1Sl
~Cl)-~i~1)-TiC2}-CC22}

C(1)-Tiil)-TiC2}-C(22)
C(3)-~i(1)-Ti(2)-C'22)

C(9)-~iC1)-Ti[2)-C(22)

Ciïj-TiCl}-Ti(2)-C:22)
CCê)-Ti(1)-Tit2}-CC22)
C(2)-Tiil)-TiC2)-CC21)

. C(S)-TiCl}-':'iC2)-C(2l)
CC~)-~iC:'-Ti(2)-CC2:)

CCê)-~i[1)-':'i[21-C(21)

CC10)-TiC1)-':'iC21-C(21)
O(11:TiCl)-=i{2)-CC2')
C{1)-Ti{1)-TiC2)-C(2')
C(3)-TiCl)-TiC2j-CC2')
C~9)-Ti(1)-Ti{2)-CC2')

C(7)-Ti(1)-~iC2l-C[2~)

CC8l-TiCl)-Ti{2)-CC2')
C(2)-':'i{1)-Ti{2)-Ct1Sl

106.9(2)
30.7(2)
17.0(2)

-167.6(2)
-171.1(3)

14.1(2)
-92.8(2)

-111. 0 (2)
151. 0 (3)

130.S(2)
161.S(2)
91.3(2)

:54.4(2)
UO.S(2)
-43.9(2)
-'7.S(3)
'1.5(2)

-éS.S(2)
-E3.7(2)

-171.6(3)
15 e.1 (2)

-lï:.2(2)
-155.= (2)
-52.'(2)

-lC6.2{2)
59.2(2)
53.7(3)

176.2(2)
:3.2(3)
51. a (2)

-37.0C-')
-67.2(2)
-36.5{2)

-106."3)
-.0.4 (3)
-57.1(3)
US.3{3)
:':'.8(4)

-:58.1(2)
95.0{2)
76.B(2)

-:1.2(3)
-'1.5:2)
-10.7(2)
33.4(2)
~6.'(2)

E2.7(2)
-lC1.9(2)
-105. "3)
-1::5.7(2)
117.4(3)
99.2(2)
11.2 C')

-H.O(3)
11. 7 (3)

-15'.5(2)

C(2)-Tirl)-~12)-C{1)

C(3)-Ti(1)-Tir2)-C(1)
C(9)-TiCl)-TiC2)-C{1)
C{7}-Ti(1)-Ti{2)-C(1)
C(S}-TiCl)-TiC2)-CC1)
C(2)-TiCl)-TiC2}-CC16)
CC5}-TiCl)-~iC2}-C(16)

CC')-TiC1)-TiC2}-CC16)
C(6)-TiC1)-Ti(2)-CC16)
crlOl-':'iCl)-Ti(21-CC16)
O(1)-Ti(1)-TiC2)-CC23)
C(1)-Ti(1)-TiC2}-CC23)
C(3)-TiCl}-TiC2}-C(231
C(9)-TiC1}-':'iC2}-CC23)
C(7)-TiC1}-Ti(2)-CC23)
C(S}-Ti(1)-TiC2l-CC~3)

C(2)-TiCl)-TiC2)-CC17)
CCS)-TiCl)-Ti(2)-C(17)
CC')-Ti{1}-Ti(2)-CC17l
CCo)-Ti(1)-TiC2)-C(17)
CCIO)-TiCl)-Ti{2)-CC17)
~Cl)-Ti(1)-TiC2)-CC20)

C(1)-TiCl)-Ti{2j-CC20)
C(3)-Ti(1)-Ti(2)-C:20)
C(S)-Ti(1)-~i{2)-C(20)

CCi)-Ti{1)-Ti\2)-CC20)
CCE)-TiC:)-Ti(2}-CC20)
C(2)-TiCl)-Ti(2)-CC25)
C(5)-~i{1}-Ti(2}-CC:S)

CC,)-':'iCl)-TiC2)-CC:5)
C(5)-TiC1)-~i{2)-C[25)

C(:0)-Ti{1)-~iC2)-C'2S)

oc:)-~i(1)-TiC2)-CC1a)

C(1)-~i(:)-~i(2j-C(~S)

CC31-~iCl)-Ti,2)-C(~a)

C(9)-~i(1)-~i{2)-CCla)

C(7)-~iCl)-TiC~)-CC1B)

cce)-~iC1)-~iC2)-CC1B)

CC21-TiCl,-Ti(:)-C(22)
C{S)-TiC1l-TiC2}-CC22)
CC41-~i(1)-Ti(2)-C{22}

C(o)-~iC1l-Ti(2)-C(22)

C(lO)-TiCl)-TiC2l-CC22)
O(1)-TiC1)-TiC2}-CC21)
C(1)-TiCl)-Ti(2)-C{21)
C(3)-TiC!)-TiCZ)-CC21)
C(9)-Ti{1)-TiC~)-CC21)

C(7)-TiCl)-TiC2l-CC2l)
CCS)-TiCl)-TiC2)-CC21)
C(2)-Ti(1)-Ti(2)-C(2')
CCS)-TiCl)-TiC2)-C(24)
C(4)-TiC1)-Ti(2)-CC24)
CC6l-TiCl)-TiC2)-CC24)
C(10)-TiC:l-~i(2)-=C24)

O(1)-TiCl)-TiC2)-CC19)
C(1)-~iCl}-TiC2)-C(19)

-32.3(2).
-19.2(2)

-106.2(4)
-136.'(2)
-105.7(2}
-125.1C2l
-62.1(2)
-75.B(2)

99.6(2)
56.l(3)

-129.4(2)
123.6(2)
lO5.4(2)
17.4 (3)

-12.8(2)
17.9(2)

-97.7(2)
-34.7(2)
-48.4(2)
127.0 (2)
:'23.' C3)
-16.2(2)

-123.2(2)
-1·U.'(2)
130.6(3)
100.4 (:)
131.1(2)

3€.9(2)
lOO.O(2)
86.2(2)

-9B.4 (2)
-101.9 (3)

32.5(3)
-74.1.(3)
-52.3(3)
liS.7C')
14:'.'(3)

-1.79.8(3)
62.7(2)

125.7(2)
:'12.0(2)
-72.5(2)
-76.1(3)
172.6(2)

65.7(2)
47.5(2)

-'0.5(3)
-70.8(2)
-'0.0 (2)

2S.1(2)
1'8.1(2)
134." (2)
-50.2(2)
-=3.7(3)
-15.3(2)

-122.2(3)
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•

•

C(S)-~(1)-Ti(2)-cC~9)

C(,)-TiCl)-TiC2)-cC19)
C(6)-TiCl}-Ti(2)-CC~9)

C(lO}-TiCl)-~(2)-C(19)

C(2)-TiCl}-OC~)-CC~2)

CCS)-TiCl)-O(1)-CC12)
CC')-Ti(1}-OC1)-CC~2)

C(6)-TiCl)-Q(~)-CC~2)

CC1Cl-TiCl)-OC1)-CC12)
Ti(2)-TiCIl-OC1)-c(12}
CCll-TiCll-OCll-CC1S)
CC3l-TiCIl-OCIl-C C1S)
c(9l-Ti~ll-OCIl-CC15l

CC7}-TiCl)-OCll-CC1S}
C(8l-TiCIl-QC1}-CC1S)
C(16l-~iC2)-CC1)-CC5)

C(17l-TiC2)-CC1}-CCS)
CC25l-Ti(2)-C(ll-C.S)
C(22)-TiC2)-CC1}-C{S)
C'2~)-TiC2)-CC1)-C(5)

TiCll-Ti(2)-CCll-C(S)
C(23)-Ti(2)-CC1)-C(2)
C(20l-~iC2l-C!ll-C(2j

C(18)-~i{2l-Crl)-C(2)

C(21)-~i{2)-CC1)-CC2)

C(19)-TiC2l-C(1)-CC2)
CClo)-Ti{2l-CC1)-~iCl)

C(17)-TiC2)-C{ll-TiCl)
CC25l-TiC2l-C(ll-Ti(ll
C(22)-Ti<2l-C(ll-TiCll
CC2')-Ti(2)-C(ll-TiCl)
O(1)-TiCl)-C{ll-CCS)
C(3}-TiCl)-CCll-C:5l
CC9}-TiCl)-Cr:}-CCS)
C(7)-Ti(1)-CC1)-CCS}
C(S}-TiCl)-CC1}-CCS}
O(ll-Ti~ll-C(1}-CC2}

C(3)-Ti(1)-CC1)-C(2)
C(9)-Ti:l}-Crl}-C(2)
C(7j-Ti:ll-CC1)-CC2l
CCBl-TiCl)-CC1)-C(2}
O(1)-TiCl}-C{1)-TiC2)
CCSl-TiCl)-CCll-Ti(2)
C(4)-Tilll-Cll,-TiC2l
C(5)-Till)-Cl:l-TiI2}
CCIO)-Tiill-C(1,-Tii2)
C{S}-C(1)-CC2)-C(3)
TiCll-:Cl)-C(2)-CI3}
Ti(2}-CCli-CC2)-TiCl}
C(1)-TiCl)-C(21-C(3)
C(4)-~iCl}-C'2}-C:3)

C(6)-TiCl)-C(2)-C:3)
CC~0}-Ti(1)-C{2l-CC3}

Ti (~I-Ti 11. l -C (2) -C C3 )
CC5}-~iCl}-C{21-C(:)

CC')-Ti(1)-C(2}-C!1)
C(6)-Ti(11-C{2}-CC1)
CC101-Ti(1)-CC2)-C(1)
Ti(2)-Ti(11-Cr2}-C(11
TiC1}-C(2)-CC3)-Ct,)

-91.5(3)
-105.2C)

70.2(3)
66.7C)

-ES.SC')
-52.3 (4)
-28.6C')
120.3 C~'>

eS.9 (4)

-127.SC4}
112.9(4)
176.7(4)
-90.2C4.)
-2B.9{4)
-62.7(S)
11.8 (4)
'S.6{4.)

l53.3(4.}
-153.3C')
l:S.':C'}
-71.EC')
-2.8(5)

H2.2 C')

-15'.i(~.}

-".,(")
177.5C4.)

E3.5(2)
::'.5(2)

-134.9C21
-81.S C2}

-1l2.S(2}
". S (3)

-75.2(3)
-lC2.S('}
-liB.OI3}
-1.38.7(3)

1.5:.4(3)
35.4.(3)

8.1 (')
-57.4.(3)
-2iL0(4)
-30.9(2)

-125.7(3)
-150.5(3)

25.D(5)
He.ïcH)

0.9(5)
-E5.5(')
-82.BC;)
He.'C'!
37.1(3)

-105.614.)
-55.9i')
155.0(3)
-'0.O(3)
-el.:3 (3)

1.35.0 (31
-174.'(3)

36.SC:!)
-é:3. S (31

C(3)-~iC1)-~C21-CC191

C(9)-Ti(1)-~iC21-C(19l

C(7)-~i(1}-~(21-C(19)

CCB)-Ti(1)-TiC21-C{19)
C{1)-Ti{ll-oC1):CC12)
CC3}-~i(1)-OC11-C(12)

C(9)-~i(11-O(ll-C(12)

C{7}-=iCll-OC1l-CC121
cca)-~i(11-O(11-CC12)

C(2)-Ti(1)-O(11-CC1S1
CCS)-TiCl)-OC1)-CC1S)
C(4)-~iCl)-OC1)-CC15)

C(o)-TiCl)-O(1)-CC151
CC10}-TiCl)-oCl)-CC1S)
TiC21-TiCll-QC11-CC1S)
C(23)-~iC2)-CC1)-CC5)

C(20)-7iC21-CC1)-C(S)
CC1S}-7i(2)-cCl}-CCS)
CC211-7iC21-C(1)-CCS)
CC19}-Ti(2)-CC1)-C(S)
C(16)-~iC2)-CCll-CC2)

CC171-~iC21-C(1}-CC2)

CC25}-Ti(21-C(1)-CC2)
CC221-Ti(2)-C(11-CC21
CC2')-TiC2}-C(1)-C(2)
=iC1}-TiC21-C!1)-C(21
C(231-Ti(2)-C{1)-TiCl)
C(20)-~i(21-C{1)-Tiil}

C(18)-~i(2)-C(1)-Ti(1)

C(21)-TiC2}-C(ll-Till)
C(13)-Ti{2)-CC1)-Ti(11
C(2)-TiCl)-C{1)-C:51
Cl,)-=i{1)-Cfl)-C:5)
C(5)-~i(1)-C{:)-C:S}

C{lO)-Ti(1)-C[1)-C~5}

7i(2)-Ti(1}-C{11-C:5}
C(5)-Ti(11-CC1)-:(2)
CC')-Ti(1}-CC1)-C12)
CC5}-Tiill-C(1)-C(Z}
C(10)-TiCl)-C(1)-:(2)
TiC2}-Ti(1)-C(11-Cl~)

C(2)-Ti(1)-C(1)-Tii2}
C(3)-TiCl)-C(1)-~i(2}

C(9)-Ti(1}-C'1)-~iC:l

c{71-~i(1)-:!1)-~i:2l

C(Bl-Tifl)-C{l)-Ti(:}
Ti(2)-:Cl)-C(2)-CC3)
CCS)-C(1)-CC2)-Ti(1)
O(ll-Ti{1)-CC2)-CC3l
CCS)-Ti{1)-C(2)-C{3)
C(9)-Ti{1)-C(2)-CC3)
C{7l-TiCl}-C(2)-Cr3)
CCSl-Tifl)-CC2)-C(3)
OCll-=ifll-C(2)-C(ll
C(3)-TiCl)-CC2}-CC1)
CC91-Ti{11-C(2)-CC1)
C(7)-Tir1,-CC2)-C(1)
C(8J-7i(~)-C(2l-CC1)

C(1)-C{2)-CC3l-C(')
C(1}-C(2)-C(3}-TiCll

APPENDlX N

-1'O.~{2'

1~1..6("

l01.3C3'
132.~(3)

-86.BC')
-23.0(4)
70.~C"

nl.4'4'
97.6(4.}

134..1.(4)
137.4(4)
171.0C"
-40.0 ('l

-74.4{4.)
71.9(4)

-14S.1C4}
o.ors}

63.0(4}
173.4C4.}

35.3(5)
1.54.0{4.)

-172.J.(4.)
-64.5(4)
-11.1")
-42." (5)

70.4(4)
-73.2(2)

71.8(2)
134.9(2)

-114.8(2)
107.2(3)

-110.6(4)
-34.8(;)
lS0.7(4)
-83.6(1.2)
125.7(3)
110.6(4)

75.8(3)
-98.7(4)
25.0C~::)

-123 ..7 (3)
123.7(3)
lS9.J.(3)
131.e(:n
55.3(3)
s:5.7(2)

-148.3(3)
66.3{3)
82.3 (3)
'78.4(3)

-56.0(3)
-1.1.3.5(3)
-B6.1(3)
-36.2(4'

-11.8.4C4'
-174.4(3)

12 B. 0 C3}
155.4(3)

0.2(6)
64.0(3)
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•

•

O(11-Ti(1}-C{3)-CC2)
C(5)-Ti(11-CC3)-CC2)
C(91-TiCl)-C{3)-CC2)
C(71-TiCll-C{3)-CC2)
C(8)-TiCll-C{3)-CC2)
O(1)-Ti(1)-C(3)-Cl')
C(1)-TiCll-C(3)-CC')
c(91-~iCl)-C(3)-CC')

C(il-~i(11-C(3)-CC'1

C(8)-~i(11-C(3)-CC')

C(2)-C(3)-CC')-C(51
CC21-CC31-C(')-TiCi1
C(2}-Ti(1)-C<')-C(S)
C(3)-TiCll-C C'1-CCSl
C(6)-TiCll-CC'l-CC5l
CC10l-Ti(1)-CC'1-C(S)
Ti(2)-TiCl)-CC')-CCS}
CC2l-TiCl)-C(,)-C(31
CC51-TiCl)-CC,)-C(31
CC61-TiCl)-CC')-CC3)
=flO)-TiCl)-CC'l-CC;)
TiC21-Ti(1)-CC')-C(31

. Ti Cl) -C (" -e rSl-C (1)
CC2l-CCll-CCSi-C~')

Ti(l)-C(l)-C(Sj-CC'l
Ti(2l-CCll-CCSl-TiCl)
C(2)-TiC1)-C{S)-C{'l
C(3}-TiC1)-eCS)-C{',
CCé)-Ti(li-C(S)-CC"
=C10l-TiC1l-CCS}-CC"
TiC2l-Ti(1l-CCS'-CC"
CC2l-TiC1l-C!Sl-Crl)
CI"-TiC1'-C:Sl-C::l
CCél-TiC1l-C(Sl-C:ll
CC1Dl-Ti(1)-CC5,-Cill
Ti{~l-TiCll-Cc5l-C(ll

C(2'-Ti(ll-C{5l-C(ïl
C(S)-TiCl)-C{5)-C{71
C(';-Ti{ll-C(5,-C[ïl
CC10l-TiCl)-C(6i-CC7)
TiC2l-TiCl)-C(5l-C(7l
C(21-TiC11-C(5,-C(lOl
C(5l-TiC1)-CC51-CC1Dl
CC'l-Ti(ll-C[él-C(lOl
CCï)-Ti(11-C:5J-C(lOl
Ti(2)-TiCll-CC51-CC1Ol
Ti(11-C(5l-CC7l-CCEl
O(1)-Ti(:)-C(7l-C(6)
C(ll-TiCll-C<7l-C{5l
C{3l-Ti(1)-C(7)-CC5l
C(9)-~iC1l-C{ï)-CCél

CCEl-Ti(1}-C(7}-C(5}
Orl}-TiC1}-C(il-C(ê)
CC1}-TiC1}-C(7)-CCS)
C(3)-Ti(1)-CC7)-CCB)
C(9)-TiCl}-CC7)-CCB}
C(10)-TiCl)-CC7l-C(B)
CCé)-C(7)-C(S)-CC9l
C{o)-C(7)-C(S)-Ti(1)
C(2l-T~C1)-cCS)-C(S)

-126.2(3)
-7B.6C3}
::U.7{)
79.S(3)
gO.S()}
-9.9("
79.3(3)

-119.0(3)
-15'.1<3}
-153.2()

-1.3(5)
62.3()}
78.2{3)

115.)''l
-H9.4<')
-1.52.5(3)

:::2.6(3)
-37.1(3)

-115.3(4)
95.4C'l
92.2(3)

-52.7{3}
-52.'{)

-l.7C5}
53. é ((,)
E3.1(3)

-79.1C:3)
-37.7(3l
112.3Ci)
'4.2(5l

-155.7{3l
':.Q(3)

:2Q.1(4)
-::n.5{ï)
:54.3(3)
-3S.5(2)
-:2.3(5)
153.0(51

-120.5 C')

-115.4(51
5ê.l(4)

103.0(4)
-~1.5(7l

-5.1 (6)

1:.5.4(5)
-lié.50l

5'.SC')
-20.3(4)

-153.B(3)
13€.O{')
i8.5 (4)

:l5.3{S)
-135.5(3)

;0.0(,)
19.7(4)

-37.3(4)
-78.5(')

C.3 (5)

-5'. S ")
l:E.O C·"

C(1)-~iCll-C{3)-CC2)

C(4)-~iCl}-CC3)-C(2)

C(6)-~i(11-C(3)-CC2)

C(10)-TiC1)-CC3}-CC2)
~i(2)-TiCl}-C(3)-eC2)

C(2)-Ti(1)-C(3)-CC4}
C(S)-~Cl}-CC31-C(4)

C(6)-TiCl)-CC3}-CC4)
CC1C)-TiCll-CC3)-eC4}
Ti(2)-~i(ll-C(3)-C(')

Ti(1}-c(31-CC4l-CCS)
O(l'-TiCl,-C(,,-C(Sl
C(1)-Ti(1)-C(4}-CCSl
C(9l-Ti(ll-C(4l-CCS)
CC7l-Ti(ll-CC"-CCS)
CCB1-Ti(1)-CC4l-C(5)
O(:I-TiCl}-C(,)-C(3)
CC1l-Tilll-CC')-C(3l
CC91-Ti(1)-Cr')-C(3l
C(71-TiCl)-C(')-C(31
CCSI-Ti(1)-C(4)-C(31
C(31-CC4)-C(S)-C{1)
C(3)-CC4)-c(S)-Ti,11
Ti'Zl-CC1l-CCSI-C(4)
CC2l-C(1)-CCS}-Ti,ll
O(ll-Ti(1)-CCS)-CC4)
C(11-Ti(1)-C(5)-C(4}
C(91-Ti(1)-=C5l-C{')
c(71-~i(ll-C{5}-C(')

CCS)-Ti(ll-C(S)-C(,)
OCll-~i(l}-Cc5l-C(l}

C(3)-~iC:)-c(5)-CC1}

C(5l-TiC:I-CC5,-CC1}
C(7,-Ti(1,-CC5)-C!l)
C(El-Ti(1)-=(5,-C(1}
O(11-Ti{1)-Ci5)-C(ï}
C(1)-~i(ll-C(5)-c!71

C(3l-Ti(1)-C(o)-C{ï}
C(9}-TiCl'-C(é)-C'ïl
CCB)-~iCll-C(6)-c(7l

O(1)-~iCl)-C(é)-C{lC}

c(l)-~iCl}-c(E}-C~lO}

=(3i-~iCll-C(6}-CC~G)

C(5}-~i(1)-CC5)-C(lO}

C(E}-~i(ll-C(é}-C(lOl

CC10)-C(5}-C(i)-C(E)
C(lC)-c(61-C'7}-~i(ll

Cf2l-Ti(ll-C(7}-C{5l
C(5l-~iCl:-C'7}-C(é)

C(')-~i(ll-C'i}-c(61

C(:Ol-TiCll-CC7)-Ci61
~i(2)-~i(1}-c(71-C(é'

C'2l-TiC1'-C(7)-C{BI
C(S)-Ti'll-C,7)-C(BI
C("-Ti<1}-C(7)-C(S)
C(6)-Ti(ll-C(7)-C(êl
~iC2}-~iC~l-CC7l-C(a}

~iCl)-C(7)-C(8}-C(91

OC1l-Ti(1)-C(3)-C(9l
C(ll-~i(1)-c(8}-CC9)

APPENDlX IV

-37.0(3)
-116.3(4)
113.6(4)
141.2()
-23.2(3)
ll6.3C'}
37.6(3)

-130.1(3)
-l02.6()}

=3.1(3)
-63.6(3)
-73.0(3)

35.5(3)
176.2()
l'3.cC')
lU.9 (3)
171.7(3}
-79.8(3l

60.9(3)
2S.3(S}
29.5('}
2.0 (6)

5'.4(3)
H6.6!')
-ES.3 C3,
103.5 (3)

-120.1:4)
-S.2['}

-115.3C5}
-SL6 CS)

-136.3(3)
S2.'(3)

:.:, .9 (' 1
'-7(7)

E5.S(')
151.6(')

50.5(El
-6': .9(5)
-78.1 C'l
-37.0<')
-E3.0(~1

lES.SC')
50.5(5)
37.2(31
73.3(':1
-0.5(51

-5S.S{'1
171..5"1

-157.1 (51
113.4':)

37.6C'1
-120.: (4)

55.3 (4)

E6. 6 CSl
2.2 Cél

-116.3 (51
l~:3. 5 (3)
é5.1{~)

-50.5(5)
13-'.:3 (')
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C(5)-TiCl)-CC8)-CC9)
CC4,-TiCl)-CCB)-CC9)
C(7)-TiCl)-CrS)-CC9)
Ti(2)-TiCII-C(BI-CC9)
C(2)-TiCl)-CCB)-CC7)
C(5)-TiCl)-CCB)-CC7)
CC()-TiCl)-CCS)-cC7)
C(6)-TiCl)-CrSI-cC7)
Ti(2)-TiCl)-CCB)-cC7)
TiCl)-CCS)-CC9)-CClO)
O(1)-Tirl)-Cr9)-cClO)
C(1)-TiClj-CrS)-CClO)
C(3)-TiCIl-Cr9)-CCIO)
CCo)-Tifll-CC91-CC10)
CCS)-TiCl)-CC91-CClO)
Ofl)-TiCl)-C{91-CCB)
C(1)-Ti{1)-C(9)-C{S)
CC31-Ti(1)-CCS)-cCS)
CCS)-TiC1)-CC9)-CCS)
C(10)-TiCl)-CC91-C{S}
C(8)-CC9)-Crl01-Clôl
ClS)-C:9)-C(1~)-TiC11

~iCl)-C(6j-Cr10l-CC9)

O(1)-Ti(1)-CCIOl-CC9)
Cll)-Ti{ll-C{lO)-C(9)
CC3l-Ti(1)-CC1O)-C{~)

C(5)-~iC1;-Crl0)-C!9)

C(8)-~i(1)-CCIO)-C!9i

OCll-~i(1)-C(lCI-CC5)

C(1)-Tilll-C(lOI-C(5)
C(3)-Ti{1;-CflCI-C(6)
CCS)-Til11-CC10I-CC6)
CCB)-Ti(11-CC10}-C(o)
C(lSI-OC1)-C(121-CC13)
OCIl-C(12}-Cl131-CC1')
CC12'-O(1)-C(151-C(1~)

C(13)-C(1')-Ci15)-O(1)
C(23)-Ti(2)-CC16)-C(17}
~(25)-Ti(2)-C(15l-C(17)

C(22)-Ti(2,-C(16)-C(17)
CC2')-Ti:2)-CC16)-C:17)
Ti(1)-TiC2,-CC161-CC17)
C(23)-Til2}-CC16)-CC20)
C(25)-Ti(2)-CC151-CC20)
C(22)-TiC2l-CC16)-C{20)
C(2')-TiC2)-Cl16)-C(20)
Ti(1}-Ti(2l-CC16)-C(20)
Ti(2)-CC15)-CC17)-C(lS)
C(1)-Ti(2l-CC~7)-CC~S)

C(2C)-TiC2)-CC17)-=C16)
CC1a)-~iC2)-CCl7)-CC16)

C(21)-TiC2)-C(17)-CC16)
CCl9}-Ti(2)-C(17)-CCl6i
CCï)-Ti!2)-C(17)-CC1S)
CC~3)-TiC2)-CC17)-CC1B)

C(25)-TiC2)-C(17)-C(lE)
CC21l-Ti(2)-CC171-CC1BI
C(19)-Ti(2)-C(17)-C(lB}
CC15}-:Cl,7)-C(181-CC1S)
C(16)-C1171-CrlS)-TiC21

97.5")
66.7(4)

-1J.('5 rS)
-179.5(3)
-127.4(4)
-1'8.0(3)
-178.S(3)

36.6(3)
-65.0(4)
65.5")
29.0 ('l

175.1(3)
1.51.4 (4)

-37.7(3)
-116.3(5)
H5.2(3)
-58.7(5)
-92.3("
78.5(4)

HG.3(5)
-0.5(5)

-E5.5 (4)

-é5.0(4)
-152.7(4)

-20.7(13)
-30.' l')
115.1 (S)

35.9(4)
92.2(')

-135.SCll)
-1.45.4(3)
-115.1(S)
-78.l"l

-3.2CE)
-l,7. S (7)

23.4 (5)
-34.2(ÏJ

-131.' C"
-33.2(5)
lS7.lC6l
-êloS(')
127.0 (3)
-:"5.9(5)

ë2.3 (4)
-S7.4(7)

33.6(4)
-117.5(3)

E5.SC31
-54.4(3)

37.S(3)
l.H.7 (5)

-15S.8(3)
77.S(4)

150.9 !'l
-9.1(6)
0.0(4)
76.5(4)

-37.2(3)
1. 4(6l

-64.9(3)

CC3}-Ti(1)-eCSJ-CI9)
C(6)-TiCl)-CCSl-e(9)
CC10)-Ti{lJ-CCS)-CC9)
O(1)-~i(1)-~CS)-C(7)

C(1)-TiCl)-CCS)-CC7)
C(3)-TiCl)-eCS)-e(7)
C(9)-~iCl'-CCB'-CC7)

CC10)-Ti(l'-CCB,-C{7,
C(7)-CCS,-C(9)-CC1O)
C(7)-CC8,-C(9)-TiC1)
C(2)-Ti(1)-CC9)-CC10)
C(5}-TiCl)-CC9)-CClO}
C(4)-TiC1)-CC9)-CC1O)
C(ï}-TiCl}-CC9)-CC10I
Ti(2)-~iCll-C'9)-CC1O)

C(2)-Ti(1)-C(9)-CCB)
C(5)-TiCl)-C(9}-CCSI
C(4)-Ti(1)-C(Sl-CCBI
C(7)-TiCl)-C,9)-CIS)
Ti(2)-Ti(1)-Cr9)-CCS)
~i(1)-CC9)-C(lO)-C(5)

C(7)-CC6)-C(lO)-C(S)
C(7)-CC5)-CC1O}-Ti(1)
C(2)-Titl)-CC1O)-CC9)
CCS}-Ti(1)-CC10)-CC9)
Cr4}-TiC1i-C(10)-C(9)
CC7}-Ti(1)-CC10}-C(9)
Ti(2)-TiC1)-CC1OI-CCS)
C(2)-TiCl}-C(10}-CC61
CC5l-TiCl)-CC1C)-C(6)
CC~}-TiC1l-C(10)-CC6)

=(7)-TiC1}-CC1O)-C(6)
Ti(2)-TiC11-CC1C)-CC6)
TiCl)-O(11-C(12)-CC~3)

C(12)-C!:3)-Crl'l-CelSI
Tiil)-Oll)-CClS)-CC1'1
C{11-Ti(2)-CC15)-CC17l
C(20)-TiC2)-CC16}-CC17)
CC1S)-~~C2)-CC:6)-C{17)

CC21}-Ti(2)-CC161-C(171
CC1S)-~i{2)-C,lél-CC17)

C(1)-Ti(2)-CC1S)-CC20)
C(17)-TiC2)-C(16'-CC20)
C(:a)-Ti(2)-C!16)-CC2~)

C(21)-Tii2)-CC16)-CC20)
CC1S)-~iC2)-C116)-C!20)

C(20)-CC16)-CI17,-C(18)
CC20}-CC:61-C(17)-TiC2)
C(23)-TiC2l-C{171-CC15)
C(25)-TiC2)-CClï)-CC16)
C(22)-TiC2)-CI17)-C{15)
C(24)-Ti{2l-CC17)-CC151
TiCl)-TiC2)-CC17)-CC16)
C(16)-TiC2)-Ce17 )-CC1B}
C(20)-TiC2,-CI17)-CC1S)
C(22)-TiC2)-C(17l-CCIB)
CC241-~i(2)-CC17l-CCla)

Ti{1,-Ti(2)-CC17)-CC1S)
Ti(2)-C{17,-CC1S}-CC19)
C(1)-TiC2)-CC1S}-CC191

APPENDIX IV

83.2(4)
-7B.O{()
-36.7(4)
6~.O CS)

-111.2 (4)

-162.3(4)
114.5 (5)

77.8(4)
0.2 (6)

-65.3C"
180.0(4)
124.2C(,1
121..2 C(l
-7B.4(4)

-115.5C"
-63.8(4)

-11.9.6(4)
-122. e (4)

37.8(3)
0.S(5)

5'.9(')
O.7C51

65.7(')
o.oeS)

-93.7(4}
-67.9C-')

78.1(';;;)
120.9 C"

-115.1" )
1.51.3(3)
177.0(3 )
-::7.0(3)

5.B(5)
-166.5:')

3J..S:7)
-173.9r"

82.9(~)

-115.5(5)
-37.9(3)

25.2('7}
-78.S(4)

-151. é (3)
115.5(5)
77.é(4)

HO.7CSI
35.7(3)
-0.6(6)

-65.0(3)
lOS.6CS}
:::;7.7(3)

-162.7(5}
122. B (3)
-54.9(3)

-114.7 CS)
-77.2(4)
52.6 (6)
8.1(4)

-H9.6{)
66.3(4)

-H7.0(3)
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CClô)-TiC21-CC1Sl-CC191
CC171-~(2)-CC1B}-CC191

C{251-Ti(2)-CC1BI-CC19)
C(21)-TiC2)-cC1B)-CC1S)
Ti(1}-TiC2)-CC1S)-CC191
CClo)-TiC2)-CC181-Cr17)
CC20l-Ti(2)-Cr181-Cr17)
C(22)-TiC2)-CC1B)-C{17)
C{2')-TiC21-C{lB)-CC17)
Ti(1)-TiC2)-C{lB)-CC17)
Ti(2)-CC1S}-CC19)-CC20)
C(11-~C2)-CC:9)-CC20)

CC231-~iC21-CC:S)-CC201

C(25)-TiC2)-CC1SI-CC20)
C(22)-TiC2)-CC1SI-CC20)
CC2')-Ti{2)-CC1S)-CCZO)
CC11-Ti(2)-CC19)-CC131
C(23)-~iC2)-CC19)-Cc:a)

C(20)-Tif2)-C{19}-CC1E)
C(22)-TiC21-CC1S}-CC1S)
CCZ'}-TiC2}-CC191-CC1B)
CC:8}-C(19)-CC201-Crlô)
CC1S)-CC1S)-CC20)-TiC21
TiC21-CClô}-CC20}-CC1S}
CCll-~i(2)-Ci201-CC19)

CC23}-Ti{2)-CC201-CClg)
C(25)-TiiZ)-CC20)-CC1S)
C(22)-~i;2)-CC20}-C(191

CC2')-~iC2}-CC20}-Cr19)

C(1)-Tir2i-CC20}-CC15)
C{17}-Ti(2)-CC20}-CC1:}
C{:Bl-Ti(2)-C:ZO)-CC15}
C(2l)-Ti!2)-C:20}-CC151
CC:9)-TiC2}-C(20}-CC15)
C(1)-TiC2'-C(21}-CC22}
:(23l-Ti{2)-CC21,-CC22)
CC20l-Ti(2)-CC21i-C(22}
CC:ê)-TiC2)-C(21)-CC22i
C(13)-Ti(2l-C(211-CC22)
CC1}-Ti:2)-C(Zl}-CC25)
CC~3}-Ti(2)-C(21l-CC:5)

C(20)-TiC2)-CC2~)-CC25)

CC:2)-7ii2j-CC21)-C{25)
C{~9)-~iC2}-C(21)-C{251

C(25)-CC21)-CC22}-C(23)
C(25)-C{21)-C(22i-~iC2)

C(15)-Ti(2)-C(22i-C(21)
CC~7)-Ti(2i-CC22)-CC211

CC:5)-TiC2)-CC22)-C(21)
CC2')-Tir2)-C(22)-CC21)
TiCl)-TiC2)-C(22}-CC21)
C(16)-TiC2)-C(22)-CC23)
C(20l-TiC2}-CC22)-CC23)
CCfS)-Ti(2)-C(22}-C(23)
CC2')-Ti(2)-C(22l-cC23)
~i:l)-Ti~2)-CC22)-CC23)

Ti(2)-Ci22)-CC23}-C(2')
C(1)-TiC2)-Cr23}-CC2')
C(17)-Ti(2}-CC2~}-CC2')

C(25)-~iC2)-C(23}-C(2')

-77.S(~)

-llS.lCS)
105.0(4)
123.3(3)

-lOO.OC~)

37.S(3}
79.0!')

-lU.SC)
-173.0(4)

15.1 CS}
':3.5 (~)

-56.7(S}
ll3. 0 (4)

170.1" )
12·'-8 (')
:'39. B (()
50.2(5)

-~29.5")
116.9(5)

-118.3(')
-le3.3('}

1.4(6)
-63.SC')
-€5.é!')
1:'6.5(')
-7'.7i:}
-12.2{'J
-30.6(')

-'0.2 ("
21.3 (')

-37.l(;}
-n.o(,}

-::0.8(5)
-115.3(5'
1:>0.,(3)
-37.2{3i
-;5.3 (fi)

-1".6(3)
-112.'C:')
-l·a.o(3)

17. e (3)

:9.7(7)
:.:5.0 C~')

2.7(':)
-O., Cé)

-6:.9 (3)

-150.5(=)
-8.9(71
37.5(.3)
78.'{3)

-120.'(3)
:3.4(7)
27.1(5)

-6i. S,,)
-:;7.6(3)
:23.6(3)
66.B(4)

-123.2(3)
~7.3Cé}

-35.5(3)

C(23)-TiC2)-CC1S}-CC19)
C(20)-~iC2)-e(18)-CC19)

C(22)-Ti(2)-CC1B)-C(:9)
C(24)-TiC2)~CC1B)-CC19)

CC1}-Ti(2)-CClS)-C(17)
C(23)-TiC2)-CC1B)-Cr17)
CC2S)-TiC2)-CC1S)-CC17)
C(21)-TiC2'-CrlS)-CC17)
C(19)-Ti(2)-CC1B)-CC17)
C(17)-CC1B)-cC19)-C(20)
C(17)-CC1B)-C'19)-TiC2}
CClô)-TiC2)-C(19)-C(20)
C(17)-TiC2)-e(19)-C(20)
C(lS)-TiC2)-CC1S)-CC20)
C(21)-Ti(2)-CC19)-C(20}
~iCl)-T~C2}-C(19)-C(20)

CC~5)-~i'2)-C(lS)-CC1S)

C(17}-Ti(2)-CC19}-C(lS)
C(25)-TiC2)-CC19)-C(~B)

C(21)-TiC2)-CC1S)-CC1S)
~i(1)-Ti(2)-CC19)-Cc~a)

Ti(2}-CC1S)-CC20)-C(161
C(17)-C(16)-CC20)-CC1Sl
C(17)-CC1é)-C(ZO)-~i{2)

C(16)-~iC2)-C{20)-CC1S}

C(17)-Ti(2)-C(20}-CC13)
C(lS)-Ti(2)-C(20)-Cr19)
CC2~)-~ir2)-C(20)-C{:91

Ti(1)-Ti:2)-C(20)-CC19)
C(23)-TiC21-C(20)-CC1€)
C(25)-Ti:2}-C(20}-C{lé)
C(22)-Ti(2}-CC20)-CC161
CC2')-TiC2)-C{20)-Crl€)
Ti(1)-~ic2:-C{20)-C(:€)

CC1€)-~i(2}-CC21)-C{22)

C(lï)-TiC2)-C!21)-CC22)
C(25)-TiC2)-C(211-CC22)
C(2')-Ti:2)-C(21)-C(22)
Ti(1)-TiC2)-c(21;-C(22)
C(1€}-Tif2)-CC21)-CC25)
CC17}-Ti(2)-C(21,-CC25)
CCle)-TiC2)-CC2~)-CC25)

CI2')-TiC2)-CI2l)-CC2S}
TiCl}-~i(2}-C(2:)-Cr25)

Ti{2}-C(21)-CC22)-Cl231
C(1)-Ti(2)-=(~2)-Ct21)

C(23)-TiC2)-C(22)-CC2~)

C:20)-TiC2)-C!22)-CC21)
C(lS)-Ti(2}-CC22)-C(2l)
C(19}-Ti{2)-CC22}-C(21}
C(1)-TiC2}-C(22}-C{23)
C(17}-Ti(2)-CC22)-CC23)
C(25)-~i(2)-CC22)-CC23}

C(21)-Ti(2}-C(22)-CC23)
C(19)-TiC2)-~C22)-CC23)

C(21)-CC22)-C(23)-C(24)
C(2l)-CC22)-c(23)-~iC2)

C(16)-TiC2}-C(23)-CC2()
C(20)-T~C2)-CC23)-C(2')

CCla)-Ti(2)-C(23)-CC2')

IlPPENDlX IV

60.2(4)
-36.0 (3)
96.S (4)

71.9 ('J
-31.9(4)
liS.2(3)

-139.4 C')
-121.6(3)
11S.lCS)
-L7 (6)

-65.3('>
-37.9 (3)
-'S.l(4)

-116.9(5)
16S.S(3)
-l.7CS)
79.0(4)
37.BCJ)

-73.0C4}
-7:.5«()
11.5.2(3)
64.S(3)
-0.S(51
55.0(3)

115.3(5)
78.1(')
36.i'(3)

-25.5(7)
l7B.7{)}
:70.0(~)

-127.' (3)
15".2C3}

-1SS.5(3}
€3. "3)

:59.1 (")
176.2(3)

-:15.0!')
-18.0C;}
60.4(3)

-ES. e Cé}
-~3.8{')

-32.6(4)
37.0(3)

175.-'(3)
54.5(3)

-76.5(3)
116.0(5)
H3.1 (3)
'6.5")
95.0{,)

157.5(3}
-:25.0(6)
-78."(3)

-116.0(51
-20.0((1

:. . a (S)

-€5.0(3)

92.3(')
e2 .8 (')
21.'(')
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•

C(22)-TiC2)-C{23)-CC24)
C(19)-~C2}-CC23}-CC24}

C(1)-TiC2)-CC23)-CC22)
C(17)-~C2}-CC23)-cc22)

CC25,-TiC2'-CC23'-C(22)
CC2~)-TiC2)-CC23)-CC22)

CC19,-TiC2'-C(23)-CC22)
C(22)-CC23)-cC24)-CC25)
C(22)-C(23J-CC24)-TiC2)
C(15)-~iC2)-CC24)-CC25J

CC17J-Ti(2)-C{24}-c(2S,
C(18)-Ti{2)-CC24)-CC25l
C(21)-TiC2l-C(2'J-C(2Sl
TiCl}-Ti(2l-C{24)-CC2Sl
C(16}-Ti(2}-CC24)-cC23)
C(20)-~C2)-CC24)-CC23J

C(18}-~C2)-C(2')-CC23)

C(21)-TiC2)-C(2'}-CC23l
TiCl}-Ti{2}-CC24}-CC23l
Tii2}-C!24l-CC2S)-CC21l
CC22l-CC21l-CC25}-CC24'
C(22)-C(2:)-C(2S)-TiC2)
CC1E)-Ti(2)-C(25)-C(24)
C(17)-TiC2)-C(2S)-CC2')
CC1S)-TiC2)-CC2SJ-C(24J
C(21)-Ti{2)-C!2S)-CC24)
TiCl)-Ti!2)-C(2S)-CC24)
C(:5)-Ti!2)-C{Z3)-CCZ1)
C(17)-Ti(2l-Ci25)-CC2~)

CCla}-Ti(2)-C(25)-CC21)
C(2')-~i{2)-C(2S)-CC2:)

~ii:)-~i(2)-C(25}-CC21)

O{2}-C(25}-C(27)-C(2ï)~1

-lU.4CS)
50.6(4)

-le.7(4)
lU.7C')
77.9(3)
36.8(3)

léS.O(3)
-2.5(6)

-56.1(3)
117.S(4)
77.6(4)
82.1(3)

-31."3)
-105.7(3)
-125.9 (3)
-lC7.2(3)
-Hl.2C')

79.2(3)
11. O!,)
ES.7 C')
-1.2(6)
:5.:(3)

-;8.5(4)
-::'7.4(3)
-94.7(4)
~:'S.5(5)

109.3(3)
l'S.9(3)
:27.0(;)
l'9.S(3)

-::5.5{S)
-5.3 (4)
-7(2)

C(21)-~(2)-CC23)-ec24}

TiC1}-~(2)-CC~3)-CC24}

CC16}-Ti(2)-CC23)-C(22)
C(20)-~(2'-CC23}-CC22)

CC1B)-TiC2}-C(23)-CC22}
CC24}-~(2)-C(23)-CC22)

TiCl)-Ti(2)-CC23)-CC22}
Ti(2)-CC23}-CC24)-CC2S)
CC1}-TiC2l-eC2'}-CC2S)
CC23}-TiC2}-eC2')-CC2S)
C(20)-Ti(2)-CC2')-C(2S)
C(22)-TiC2)-CC241-CC25)
CC19}-Ti(2)-CC24}-C(25)
C(1)-~i(2)-=C2()-CC23)

C(11)-~iC2)-CC24)-C(23)

C(25)-Ti(2}-CC241-CC23)
C(22)-TiC2}-C(24)-CC23}
CCl91-~i(2)-C(2')-C(23)

C(23)-cC2()-Cf2S)-C(2l)
C(23)-CC241-C(2S)-~iC2)

Ti(2)-CC21)-CC25}-C(24)
C{11-~i(2)-CC25)-CC24}

C(23)-Ti(2}-CC25}-CC2')
C(20)-~iC2'-C(25)-CC24)

C(22)-~iC2l-C{25)-CC24)

C(~9)-~iC2'-C(25)-CC2')

CCl'-Ti(2)-CC25)-CC21)
C(23)-TiC2)-C,25)-CC21)
C(20)-~i{2)-CC25)-CC21}

C(22)-~i{2)-C{25)-CC2:)

C(19)-Ti(2)-CC25)-CC21)
C(26).1-0(2}-C(25)-CC2ï}

APPENDIX IV

-77.6C»
-172.1(3)
-153.3(3)
-162.7(3)
135.9(3)

. 114.4 CS)
-57.7(])
63.6 C()

-39.8(4)
-116.7CS)
136.1.(3)
-7B.5C)
114.9 C')

76.9")
-lES.8())
l16.7(5)

38.1.(3)
-l28.5 C4}

2.3 (6)
-E3."C4'
-55.:!(4)
152.7(3)
36.6(3)

-55.7C')
7B.l (3)

-~2.3(3)

37.2(3)
-78.3(3)

-171.2C])
-:37.5{]}

-177.9(3)
2.7 (7)

•

S:r-=:l~~=Y ~=&::Sfo~':~;::~ ~ed ~o ge..'"le=e.~e e~.:ivaler.'.: a~o::s:

#l -x. y. -::-1/2
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• Table AIV. S Hydrogen eoordinates and isotropie displaeement

parameters (A2 x 1<>2) for 37

APPENDIXlV

x y Uiso

~(1) 0.1247(14) 0.586(6) 0.2332(11) 5(2)
3: (2) 0.2214 0.5167 0.2165 4.0
~(3 ) 0.2828 0.5647 0.3494 4.S
~(4) 0.2587 0.8212 0.3981 4.6
H{S) 0.1846 0.9325 0.2920 4.0
H (6) 0.1176 0.3726 0.3624 5.8
E (7) 0.1351 0.2468 0.2631 5.7
E (8) 0.2236 0.2516 0.3088 6.1
H19) 0.2600 0.3799 0.4380 6.5
H(lO} 0.1952 0.4523 0.4723 6.2
H(1.2A) 0.1852 0.9537 0.4160 5.5
E(123) 0.2031 0.8046 0.4749 S.S
E (13~.) 0.1488 0.8572 0.5158 7.S• E(133) 0.1442 1.03-'5 0.4777 7.5
fi( 1'-:'_) 0.0715 0.8471 0.4307 7.8
H(1.43) 0.0795 0.9595 0.3714 7.8
H (lS.~.) 0.1005 0.5201 0.4010 5.9
H{IS3) 0.0762 0.7083 0.3204 5.9
H{16) 0.1049 0.9203 0.2538 4.7
H{17) 0.1279 1.0501 0.1600 S.S
E (18) 0.0673 0.9598 0.0296 6.3
E(1.9) 0.0061 0.7863 0.0449 5.0
~ (20) 0.0303 0.7553 0.1323 5.l
H(21) 0.1780 0.5712 0.0859 4.6
E(22) 0.:535 0.3533 0.1525 4.5
E(23} 0.0641 0.3550 0.0963 5 :0
3 (24) 0.0334 0.5631 -0.0095 5.1
3(25) 0.1034 0.7044 -0.0122 4.8
E(26A) 0.0353 0.'176 0.2048 12.0
~ (2 6B) -0.0158 0.4252 0.1483 12.0
H (27A) 0.0310 0.1595 0.2209 23.0
H(273) -0.0252 0.1728 0.1723 23.0

•
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• Table AIV.6 Anistropic parameters (A2 x 1()2) for 37

The anisotropie displacement factor exponent takes the form:

-21t2[h2a*2Ull + ... + 2hka*b*U12]

APPENDIXIV

U11 U22 U33 U23 U13 U1.2

Ti (1) 2.94(4) 1.83(4) 3.17(5) 0.08(4) 1.34(4) -0.19(4)
Ti(2) 3.l8(4) 1.95(4} 3.12(S} O.11(4) 1.27(4) 0.21(4)
O(l} 3.7(2) 2.8(2) 3.8(2) -0.9(2) 1.7(2) -0.'(2)
C(l) 3.8(3) 2.3(2) 3.3(3) 0.4(2) 2.1(2) -0.6(2) .
C(2) 3.3 (2) 2.9(3) 4.2 (3) 0.1(2} 2.1(2} 0.1(2)
C(3) . 2.7(2) 3.9(3) 4.4(3) 0.7(2) 1.4(2) 0.0(2)
C(") 3.8(3} 3.4(3) 4.1(3) -0.3(2) 1.7(2) -1.4(2)
C(S) 3.3(2} 2.5(2) 4.3(3) O.4(2} 1.8(2) -0.5(2)
C(5) c.l('} 2.7(3) 7.2(4} 0.9(3) 4.5(4) 0.0 (3)
C (7) 6.ô(4} 1.3(2) 5.1(3) -0.4(2) 1.6(3) -1.0(2)• C (8) 7.4(4) 1.8(3) 8.1(5) 1.3(3) 5.3(4) 1.3(3}
C(9) 4.7(3) 3.5(3) 5.7(4) 2.1(3) 0.5(3) 0.4(3)
C(lO) 8.7(5) 3.2(3) 4.0(3) 1.O(3) 3.1(3) 0.S(3)
C (12) 4.4(3) 4.4(3) 4.5(3) -1.9(3) 1.5(3) 0.l(3)
C(13) 5.1(4) 5.4(4) 6."(4) -2.8(4) 3.0(4} 0.3(4}
C(l~) 5.3(4) 7.8(5) 7.1(4) -2.8(4) 3.3(3) 1.0(4)
C(15) 4.0(3) 5.3(4) 5.9(4) -1.O(3) 2.7(3} -O.4(3}
C (15) 4.3(3) 2.8(3) 4.3 (3) -0.4(2) 1.6(3) 0.9(2)
C(17) 5.1(4) 0.9(2) 6.5(') 0.1(2) 2.8(3) 0.~(2)

C(la) 7.5(4) 3.2(3) S.l(4} 2.2(3) 2.9(3) 3.1(3)
C(19) 4.2(3} 4.4(3) 4.8(3) -0.2(3) 0.6(3) 1.7(3)
C (20) 4.Z(3) 3.4 (3) S.O(3) 0.1(3) 2.1(3) 1.0(3)
C(21) 4.5(3) 3.o(3) 4.2(3) -0.9(2) 2.6(3) -0.6(2)
C(22) 4.5(3) 2.6(3) 3.9 (3) -O.7(2) 1.B(2) 0.4(2)
C(23) 4.8(3) 2.8(3) 4.7(3) -1.1(2) 2.0(3} -1.O(2)
C (24) 4.1(3) 4.3(3) 3.4(3) -0.7(2) 0.7(2) -0.1(3)
C(25) 5.3{3} 3.3(3) 3.4(3) -0.2(2} 2.6(3) 0.1(3}
O(2} - 14.S(7} 6.3 (5) Il.1(6) 0.0 9.l(6) 0.0
C (25) 8.7(5) 14.1(9) 7.6(6) -2.7(6) 4.1{S) -1.2{5}
C(27} 17.2(11) 9.8(8) 36(3) -12.6(12} 17(2) -5.2(3)

•
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•
APPENDIX IV

Table AIV.7 Distances to the weighted least-squares planes for 37

Least-squares planes (x.Y.z in crystal coordinates) and deviatior~ from them
('li' ~ndicates atom used to define plane)

23.799 (0.050) x + 4.450 (0.016) Y - 12.529 (0.036) % ~ 4.852 (0.018)

-0.008 (0.003) Cl
o•002 ( 0 . 003 ) C2
0.004 (0.003) c3

-0.009 (0.003) C4
0.011 (0.003) C5

R~s deviation of fi~ted atoms = 0.008

•

3.975 (0.084) x: + 7.231 (0.010) Y - 8.261 (0.046) z = 0.156 (0.020)

~~gle ta p=evious ~lane (witn approxL~~e esd) = 42.68 ( 0.24 )

11: 0.004 (0.003) C6
11: -0.003 (0.003) C7
11: 0.000 (0.003) CS

0.002 (0.003) C9
'll' -O.OJ4 (0.003) C10

?~ dev~ation of fitted ato~ = 0.003

- 18.220 (0.067) x: + 6.485 (0.013) Y + 4.321 (0.050) z = 5.154 (O.OlS)

.~~~le ta p~evious pl3-~e (wit~ app=oxirr~te esd) = 47.29

* 0.000 (0.003) C'-_0

11: 0.005 (0.003) Cl7
11: -0.009 (0.003) cIe
11: 0.009 (0.OC3) C19

-0.005 (0.003) C20

0.19 )

?~s deviac~on of fitted ato~ = 0.007

- 9."84 (0.077) x + 5.478 (0.015) Y + 14.273 (0.034) z = 2.674 (0.011)

•
An~le ta p=evious pl~~e (wich app=oximate esd) = 45.49

* -0.002 (0.003) C21.. -0.006 (0.003) C22
11: 0.012 (0.003) C23
* -0.014 (0.003) C24
* 0.010 (0.003) c25

?l'ns c::ieviation of titted atOIrS 0.010

0.23 )
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• Appendix V

MolecuIar bond distances, bond angles, and related data for
(Tls-CsHsh(fJ.-Tl5-11 l-Cs14)TÏ2(C4HgO)·C4HSO (2) from Ref. 6

(atom numbers see Fig. S.I)

Table AV.I. Table of bond distances (À) for (2)

APPENDIX V

•

•

Til-Til

Til-Ol

Ti l-CI

Til-C2

Til-C3

Til-C4

Til-CS

Ti I-CIO

Til-CIl

Til-CIl

Til-C13

Til-CI4

01-C6

01-C9

C6-C7

C7-CS

CS-C9

CIO-Cll

C II-C 12

CI2-CI3

CI3-CI4

CI4-CI0

ClO-C21

C21-Cl2

C22-C23

C23-C24

3.363(4)

2.26(1)

2.34(2)

2.37(2)

2.37(2)

2.32(2)

2.32(2)

2.3S(2)

2.38(2)

2.37(2)

2.40(2)

2.39(2)

1.46(2)

1.45(2)

1.48(4)

1.46(4)

1.47(3)

1.36(3)

1.36(3)

1.34(3)

1.373)

1.39(3)

1.40(3)

1.39(3)

1.39(3)

1.40(3)

Ti2·C5

Ti2-C15

Ti2-C16

Ti2-C17

Til-C18

Ti2-e19

Ti2·C20

Ti2-C21

Ti2-C22

TU-C23

Ti2-C24

CI-C2

C2-C3

C3-C4

C4-C5

CS-Cl

C15-C16

C16-C17

CI7-CIS

CIS-C19

C19-C15

02-C25

C25-C26

C26-C26'

2.19(2)

2.39(2)

2.40(2)

2.41(2)

2.39(2)

2.38(2)

2.37(2)

2.39(2)

2.42(2)

2.40(2)

2.39(2)

1.41(2)

1.39(3)

1.41(2)

1.44(2)

1.43(2)

1.39(3)

1.41(3)

1.39(3)

1.40(3)

1.37(3)

1.35(3)

1.39(5)

1.65(9)
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•
(Table A.V.l continue)

C24-C20 1.40(3) C11-H11 0.79(18)

Cl-Hl 1.10(19) C12-H12 0.88(20)

C2-H2 0.84(18) C13-H13 0.81(19)

C3-H3 0.92(17) C14-H14 0.85(18)

C4-H4 0.87(17) CIS-HIS 0.75(17)

C6-H6,1 0.96(19) C16-H16 1.00(18)

C6-H6,2 0.92(18) C17-H17 0.91(18)

C7-H7.1 1.36(21) C18-HlS 0.77(19)

C7-H7,2 1.05(20) C19-H19 0.84(17)

H8-H8,1 1.03(19) C20-H20 0.94(17)

CS-H8,2 1.04(18) C21-H21 1.05(18)

C9-H9,1 0.77(18) C22-H22 0.93(18)

• C9-h9,2 0.85( 18) C23-H23 0.94(18)

CIO-HIa 0.83(18) C24-H24 0.96(18)

•

APPENDlX V
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APPENDIX V

• Table AV.2. Table of bond angles for 2 in degrees

Til-Ti2-CS 43.8(4) CI4-ClO-CI1 106.7(20)

Ti2-Ti1-CS 40.9(4) CIO-ClI-CI2 109.0(21)

Ti2-Til-OI 96.1(30 CI1-CI2-Ci3 108.3(22)

Ti1-01-C6 125.4(11) CI2-C13-C14 108.5(21)

Til-01-C9 124.5(11) C13·CI4-C10 107.4(21)

Til-CS-Ti2 95.3(6) C19-ClS-C16 108.5(17)

Ti2-CS-C1 125.6(12) C15-CI6-C17 107.8(18)

Ti2-CS-C4 124.2(13) C16-C17-C18 107.5(18)

C6-01-C9 108.2(14) C17-CI8-CI9 107.5( 17)

01-C6-C7 10S.1(19) CI8-CI9-CI5 108.7(17)

C6-C7-C8 106.3(22) C24-C20-C21 107.8(19)

C7-C8-C9 10S.7(20) C20-C21-C22 108.0(19)

CS-C9-01 107.7(18) C21-C22-C23 108.1(20)

CS-C1-C2 110.9(17) C22-C23-C24 108.6(19)

CI-C2-C3 107.9(16) C23-C24-C20 107.4(19)

• C2-C3-C4 107.6(17) C2S-02-C2S' 114.4(41)

C3-C4-CS 110.7(16) 02-C25-C26 109.7(34)

C4-CS-C1 102.9(14) C2S-C26-C26' 102.6(24)

Cl-CI-Hl 127(8) CI4-CI0-HI0 124(14)

CS-C I-Hl 122(8) CII-CIO-HIO 128(14)

CI-C2-H2 133(14) CIO-CIl-Hll l29(lS)

C3-C2-H2 119(13) C12-C ll-H11 121(16)

C2-C3-H3 124(12) C11-C12-HI2 128(12)

C4-C3-H3 128(12) C13-CI2-H12 124(12)

C3-C4-H4 127(12) C12-C13-HI3 124(lS)

CS-C4-H4 122(12) C14-C13-H13 127(15)

o I-C6-H6,1 112(11) C13-C14-H14 125(14)

OI-C6-H6,2 108(13) C10-C14-H14 127(14)

C7-C6-H6,1 114(11) CI9-C15-H15 l19( 17)

C7-C6-H6,2 106(13) C16-C15-H15 132(17)

H6,1-C6-H6,2 111(17) C1S-C16-H16 130(10)

C6-C7-H7,1 68(28) C17-CI6-H16 122(10)

• C6-C7-H7,2 127( Il) C16-C17-H17 127(12)

C8-C7-H7.1 134(27) C18-C17-H17 126(12)
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•

•

(Table AV.2 continue)

C8-C7-H7,2 111(9)

H7,1-C7-H7,2 106(28)

C7-C8-H8,1 127(11)

C7-C8-H8,2 104(10)

C9-C8-H8,1 106(11)

C9-C8-H8,2 123(11)

H8,l-C8-H8,2 93(14)

C8-C9-H9,1 111(17)

CS-C9-H9,2 119(13)

Ol-C9-H9,1 108(17)

o l-C9-H9,2 115(14)

H9,1-C9-H9,2 95(20)

CI7-CI8-HI8

Cl9-CI8-HI8

CI8-CI9-HI9

C1S-CI9-H19

C24-C20-H20

C21-C20-H20

C20-C21-H21

C22-C21-H21

C21-C22-H22

C23-C22-H22

C22-C23-H23

C24-C23-H23

C23-C24-H24

C20-C24-H24

122(15)

129(16)

12S(14)

126(14)

123(11)

129(11)

122(10)

130(10)

122(11)

130(11)

121(11)

130(11)

129(11)

123(11 )

APPENDIX V
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Table AV.3. Weighted least-squares planes for (2)

APPENDlX V

Plane

1

II

fi

IV

V

VI

Atoms in plane

01, C6, C7, C8, C9

Cl, C2, C3, C4, C5

Cl, C2, C3, C4

CIO, CIl, C12, C13, C14

ClS, C16, C17, C18, C19

C20, C21,C22,C23,C24

Equation of plane

O.372x + O.724y - 0.58Iz =-2.125

-0.388x + 0.563y - 0.730z = -2.181

-0.399x + 0.562y - O.725z =-2.145

O.145x + O.9Ily - 0.385z =-2.510

0.166x - O.687y - O.707z = -3.721

-0.497x - 0.Sü4y - O.327z = -S.169

Distanes of atoms from plane CÀ)

Plane 1 Plane II Plane m Plane IV Plane V Plane VI

• 01 0.04 Cl 0.01 Cl 0.00 CIO 0.00 CIS 0.00 C20 0.00

C6 -0.14 C2 -0.01 C2 0.00 CIl -0.01 Cl6 -0.01 C2! 0.00

C7 0.18 C3 0.00 C3 0.00 CI2 0.01 C17 0.01 C22 0.00

CS -0.11 C4 0.01 C4 0.00 C13 -0.01 C18 0.00 C23 0.01

C9 0.01 CS -0.01 C5 -0.03 C14 0.00 el9 0.00 C24 0.00

Til -0.16 T·" -0.96 T·i -1.00 Til 2.08 T·" -2.0S T·i 2.0Sl_ I_ l_ I_

•
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