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SILYLTITANOCE:NE AND SILYLZIRCONOCENE COMPLEXJS. 
Il 

INTERMEDIATES IN CATALYTIC COUPLING OF ORGANOSILANES 
.. 

PhD 

primary silanes of the type RSiH 3 , w.here R == phenyl 

(Ph), benzyl (8z) and ~-hexyl, undergo c~alytic dehydro-

genative polymerisation in the presence ef catalytic arnounts 

of cP2TiMe2 (Cp = nS-CsHs) to give linear oligomers consisting 

• of about 10 silicon atoms, ,regatdless of the reaction 

conditions. When the amount of CP2TiMe2 was increased, novel 

organom~tallic complexes of the type {(CP;Ti)2"(u-H)(u-HSiRH)} 

a~d {C~2Ti(u-HSiRH)}2 were isolated and charact~rised. X-ray 

crystal structural characterisation-has confirmed the first 
d 

T i-H:"S i-Ti br idged systems. '.O~her ti tanocenes (Cpi TiMe 2 (Cp' = 

nS-CSH4Mè), [CP2TiH] n~ [CP 2Ti ] 2 ahd CP2T1(CO) 2) also 

polymer ised PhSiH
3

, ce.nd in add i tien q';'gave analogol,ls complexes 

under the appropriate conditions. Furthermore PhSiH 3 . . ' 

undergoes polymerisation in the presence of, CpCp*TiMe2 . (Cp* = 

nS-(;:SMe s ), but 'not CpiTiMe2. Polymerisation of RSiH3 (R = 

phenyl and benzyl) aIs? occurs in the presence of CP2zrMe2 
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and complexes o{ the type {CP2(SiH~eR)Zr(u-H)2zr(SiHiR)CP2} 

have 'been identified, and isolated (R = phenyl). [CP2zrH2]n 

also ~olyrnerises:PhsiH3' with the associated production of 
1 

{CP2zr(u-H)(SiH2Ph) }2" The analogous complex was aiso 
1 

observed during the rt!'aêtion o-f--{:~-Z'rMe2 with BZSiH
3

. The 

reactions ha~e been foilowed by IH and 29 Si NMR,and possible 

reaction paths are discussed. 
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AITKEN,.~ 

, -, ... 
LES COMPLEXES DU SILYLlITANOCENE ET DU SI.LYLZ·IRCONOCENE. 1 

INTERMEDIAIRES DANS LE COUPLAGE CATALYTIQUE DES ORGANOSILANES 

,. 

Les'silanes du type RSiH3 , (01LR = phêJ)~l (Ph), 

benzyl (Bz~' et ,!!-hexyl), ont êtê polymêrisês par dêshydro­

genation catalytique en prêsence du c~talyseur CP2TiMe2 (Cp = 
fi' S ' 

Tl -CS HS L. Cet te rêaction donne des 01 igom~res 1 inéaires 
, 

i 

\1 
1 

\\ 
1 

1 

Il 

contenant environ dix atomes de silicium, quelles que soient les 
~ 

conditions de réactions. Lo~sque le rapport CP2TiMe2:Silane 

a atê augmentê, de'nouv~aux composês du type '{(CP2Ti)2(~-H)-
~ 

( u-HSiRH)} et' {CP2 Tit~-HSiRH)}2 furent isolés et caractérisés. 
. " Les'structures obtenues par diffractions de rayon~x prouvent 

.. 0 • 0\­

, . 
l'existence des premiers syst~mes contenant les ponts 
, 
Ti-H-Si-Ti. 

5 
"'o-CSH4Me), 

D'autres titano~~~es (CP2TiMei(oQ Cp' = 
~ , 

[CP2J~H]n,_[CP2~i]2 and'~P2Ti(CO)2) ont donnê des 

rêsul t'a ts similaires: polymaris~ tion du PhS iH3 a'b complexes_ 
, 

~ontas comme ci-haut. Par contre, CpCp*TiMe 2 (Cp* = 

"'S-CsMes )' :~iS non CP~Me2 a pOlymêrisê l~ PhSiH3 s~ns 
donner de complexes pont~s. La polymari~ation a aussi lieu en 
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prêsence du CP2zrMe f et des composês du type {CP 2(SiHMeR)Zr-

(l1-H) 2z,r(SiH2R)CP2 l °ont êtê isolés et identifiês (lorsque R .1-
-

Ph). De plus [CP2ZUH2]n polymêrise le p~ênylsil~ne avec 

production de {CP2zr(u-H)(SiH2Ph)}2. Toutes c~s raactions ont 

êtê suivies par RMN de IH et de,29si • Diffêrents mêcanismes 

- oe rêae: tion sont examinés • 
• 
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LI A BRIEF INTRODUCTION TO SOME ASPECTS OF 
v • [? 

. ORGANOSILICON CHEMISTRY 

organos il icç>n. compQunds today form a large class of 

organomet~ll ïc compounds. They are usua'lly def ined as those 

compounds containing at least one Si-C bond. Although the" 

bond dissociation energies for Si-C bonds are less th'an tho,-ge 

of comparable C-C bonds, the y are stJlI quite high,' being of 

the order ?f 250 .:. 335 ki'mo!,::-l (Ir.- The firs~ organosilic.on 

compound prepared was tetraethylsilane, obtai~ed frbm silicon 

tetrachloride' and.diethylzinc in 1863 by Charle( Friedel and 

James Crafts (2). Subsequent to this, the discovery of 

Grignard rea~ents and their application to organosilicon 

chemistry independantl~by Kipping and Dilthey in 1904, led 

to the-devefopment o~ a facile, selective way to produce Si-C:-

Although silicon lies in the same group of the 

periodic table as carbon, many difference~ are apparent in 

their chemistries. The presence of accessible 3d orbitaIs in 

the case of silicon can ~nable expansion of the coordination 
[~ 

sphere to occur. In addition, electronegativities are quite 

.' 

1 



Q 

C. 

( 

2 

\ 

different, peing of the order of 1.8 for silicon and 2.5 for 

carbon (bn the Paul ing scale) (5-'. Thus a Si-C bond is qui te 

polar and may react in one of two ways, either by nucleophilic 

attack at silicon or electrophilic attack at carbon, examples 

of which are given in e,quations 1.2 and 1.3 (6,7): 
;0 

o 

OH-
• Me 3 SiOSiMe 2 (OH) + CH 4 

o 

AlCl
3 

. 
Me 4Si + HCI ---..,;~~~ Me 3SiCl + CH

4 

In the example given by equation I.~, nucleophilic 

1.2 

1.3 

o substitution is facilitated by the presence of an electron,-

withdrawing group on each silicon. This results in the 
() 

. 
sil iCGn a-tom be in~ made more pos i t iye and thus more 

o 

~usceptible to ,nucleophiliC'" attack. Equation I. 3 is an 

example of the electrophilic substitution of tetramethyl-

silane, ~ 0 ~ 
involving electrophilic attack at a negatively charged 

carbon a tom. .J 
c 

, 

Organosil {con hydrides are an important èlass of 
""--

organosilicon compounds. A wlde range of hydrido derivatives 

exists, including those of both mono and polysilanes. The 

usual'way of obtàining monosilanes in the laboratory i5 via a 

reduction of the corre?ponding 6rganohalogenosilane with a 

" , 

o 



~ 

o 

reagent such as lithium aluminium hydride, usually in an 

* ethereal solvent. An average Si-H bond-at 293 kJ/mol is 

* weaker than the analogous C-H bond at 410 kJ/mol (8), and 

3 

this is reflected in the increased reactivity of the Si-H 

bond. In addition to this, the bonds are generally polarised 

i~ opposite directions, ie: Si ô+ - HÔ
- and CÔ= HÔ+, although an 

exception to this rule may occur if hig-hl~ electronegative 

atoms are attached to silicon, in which case the polarity may 

be reversed. Reaction products from comparable silicon and 

carbor hydrides are frequently di f feren t however, and ref lect 

the differences in electronegativities of silicon and carbon. 

Equations 1.4 and I.S give examples of reactions that sh<DW 

this trend (9): 

n-BuLi + Ph
3

SiH --___ .. ~ Ph
3

S i-.!}-su + LiH 1.4 
c 

1.5 

Cl 

As in the case of Si-C, the Si-H bond may undergo nucleophilic 

substitution at silicon, or electrophilic substitution at 

hydrogen. HomolytiG fission of the Si-~ bond may also occur, 

one example being the thermal decompo~ition of alkylsilanes • .. 

* Converted to SI units by the author. 

" 
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o 

Within the series R4 SiH -n n 
~ 

(R = alkyl/aryl, n = 0-4), 

4 

oxidation of the silane becomes easier the more Si-H bonds o 

there are. Hence SiH
4 

tends to explode in air whilst PhSiH
3 

is usually purified by distil'lation -"t., I~O°C in air. 

Secondary and tertiary silanes are even more stable. 

within'the last few years, an important ·new area of 

organosil icon chemistry has emerged. 'This includes the . \ 

isolation of stable compounds containiEg multiple bonds to 

silicon. The first synthesis of a silene (Si=C) was reported 

in 1981 by Brook et al. (10). The compound obtained was 2-

adamantyl-2-trimethylsiloxy-l,1-bis(trimethylsllyl)-1-

slraêEhene, ((Me3Si)2si=C(OSiMe3) (C10H IS )}. The stability of 

the comrzound is high, and is attrlbuted in part to steric 

effects of the bulky ~substituents. In addition to this, the 

nature of the substituents is thought to inhibit dimerisation 
1) 

(lit-: At about the same time, the synthesis of the first 

stable disilene (Si=Si) WÇlS reported by West et al. (12). The 
';. 

compound obtained was tetramesityldisilene, and wa9 prepared 

by photolysis of 2,2-bis(mesityl)hexamethyltrisil~ne. The 

mechanism was found ta involve formation or a divalent 

silylene species Mes 2Si:, and ire subsequent dim~risation. 

The presence of this speci-es was confirmed by trapping 

experiments with Et 3SiH, in which t:he formation of Et
3
Si-

_ Si ( Mes) 2H .' was observed. As in the case of the si lae thene 

discussed earl ier, the presence of bulky groups was again 

found to impart stability, and help prevent polymerisation. 
, 0 
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A latge number of silylenes have now been obtained 

by photolys is ei ther as the di valen t sil icon spec ies in 

hyd rocarbon or a rgon ma tr ices, or as the d ime r i sa t ion product, 

the disilene (13). In the case wheee non-bulky groups such as 

methyl are a ttached to si lic<!>n, al though the si ly l ene is 

stable in a hydeocarbon mateix at 77°K, lt converts to the 

polysilane polymer (RR' Si) upon waeming in the absence of ù , n ' 

sui table trapping agent (14). 
• • Inseetion of silylenes into 

~ Si-H ot Si-Si bonds provides a route for progressive 
." 

catenation, and it~ seems likely that they may weIl be involved 
" 0 

in ~ilane polymerisation reactions. 

o 

r. 2 - INTRODUCTION TO ORGANOSILICON,P9~YMERS 
ê: Ç"' 0 

To date, virtually aIl polymer chemistey has 
1 

revolved around one element in the periodic table, carbon., 

Theee are, however, a number of othee elements that can 

undergo ca tena tion. The mos t s ign if iC'an t obs tac le to a rapid 

expans ion of thi s field seems to be a lac k of good prepa ca t i ve 

methods. Mos t ino'rganic 01 igomers oc polymers con ta in 

phosphoeus, sulphue or silicon aS' a t leas t one of the backbone 

components. Sorne exampl es ef these i ncl ude polyme r ic sulphu r, 
-

poly(su1phur nitride), p01ysilazanes and polyphosphazanes 

(15). POlysilanes and polysiloxanes, two of the most 

important inorganic polymers will be d~scussed in moce detail 
, ' 

later. 
--... 

. -
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Research on inorganic macromolecules seems to havê 

begun with the'preparation of potassiumlfluorosillcate by 

6 

Berzel ~us in 1824 (16). The sil ica tes are ionic saI ts 

consis~ing of alternating sequences of silicon and oxygen, and 

are components of glass and ceramics. Their organic 

analogues, po1ysiloxanes, consist of long chains or rings 

containing the (RR1Si-O-)n unit. Occasionally 'some of the 

silicon atoms in che siloxane chain may be replaced by other 

a tQJTl.s. In th is' case they are known as hete ros i loxanes., One 
. , 

example of this is a boron-silicon polymer known as ~bouncing 
~. 

putt y" ~17). A number of heteroatoms may,be incorporated into 

the siloxane backbone. The~e include B, Al, Ga, Ti, Ge, Sn, 

Pb, P, As, Sb, V, Nb, Ta, Cr and W (18) .. 

.. 
I. 2.1 Organopolysiloxanes (Silicones) 

Polysiloxanes are inorganic based polymers 

containing as a backbone the Si-a-Si link. The name silicone 

was introduced by Wohler in 1857 and was subsequently used to 
"\ 

descr ibe compounds thought to be analogous to keton~.s i. e. : 

R2SiO. These were late.r forrnulat:ed as siloxanes al though the 

name silicone remained. The name silicone is now more of an 

- industrial term for organopolysiloxanes, usually those of 
'" 

higher rnalecular' weight (19). 

Preparation of silicones usually involves the 

hydrolysis of organochlorosilan~s. Thus it was not until ~he 
" 

o 
, 1 

.. 
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develppment 'of aogood, relatively cheap method of synthesizing 

the latter that silicones could grow in industrial importance. 

A commercially viable route to organochlorosilanes was 
... 

developed by E.G. Rochow at General Electric and was published 

in 1945. This process, known as the "Direct process" , , involves 
J 

the passage of an organic halide over heated silicon mataI in 

the presence of a catalyst - usually copper although' other 

metals rnay also be used (20). In the case of methyl chloride, -~he process is usually run in the temperature range 250-350·C 

and at a pressure of from l to 5 atmos. The major equation Eor 

this reaction is as follows (21): <9 

\ 
M 2MeCl + Si----~~~ Me 2SiCl 2 + heat 1.6 

M = metal catalyst 

"c, 

The reaction is exothermic and gives rise to a number of 

additional products. In order of abundance, Me 2SiC1 2 , MeSiCl) 

and M:3SiCl ar_e all produc·ed. Small q~antities of other 

compounds are also obtained including Me 4Si, disilanes, alkanes 

and alkenes. Thus conditions such as tempera{ure, pressure 

and catalyst'are optimised to maximise the yield of Me 2SiC1 2 

which may be subsequently hydrolysed ta give polydimethyl-

siloxane. 
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o 

Organopollsilanes 

Organopolysilanes are defined as those or~anosilicon 
- ~ 

compounds which possess linear chains or rings of silicon atoms 
1 

0' wi th at least one Si-C bond, and structures analogous to those 

of saturated alkanes. The first compound obtaineq con~aining a 

Si-Si bond was hexaethyldisilane in 1869 (22). It was however 

nearly a century before detailed investigation was undertaken 

into the pr9perties and chemistry of oligo- or polysilanes 

(23). The ability of carbon atoms to ~orm chains of C-C bonds 

of various types has been known for a long time. Chains 

thousands of atoms long are known, together w.ith crosslinking, 

branching and cycli~ation. This ability'of carbon is arguably 

its mos~ important feature and gives rise to the immense field 

of organic chemistry. 

On descendi~ group 14 of the perlodic table, 
.' 

silicon is found directly beneath carbon. Hence sorne similar 

chemistry between the two is to be expec~ed. Although 

compounds containing the Si-Si link have been known for a long 

time, study on molecules of this type has been limited by the 
o * lower stability of the Si~Si bond (222 kJ/mol ) relative to 

* that of the C-C bond (347 kJ/mol ) (24). This is prob9bly due 

in part to to the larger size of the silicon atom, resulting 

in poorer orbital overlap. An additional problem ~s the high 

* stability of the Si-o bond (452 kJ/môl ) compared to that of 

* the C-Ci) bond (360 kJ/m?l ) (25). Thus there is:a constant 
. 

drive towards the thermodynamically stable siloxane link. 

* Converted to SI units by the author. 
" 
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The last ten years have seen a' tremendous growth in 

the area o~ polysilane "chemistry. This has stemmed in part 

from the discovery in 1975 by Yajima et' ~., that silicon , --
carbide fibres possessing high tensile strength and good 

oxidation resistance could be obtained from polydimethyl-
-

silane (26). Although permethylpo-lysilane had becn obtained by 

Burkhard as early as 1949 (27), Yajima et ~, found that -upon 

heating it to 400 or SOO·C, the silicon atom backbone could be 

converted to one containing alternating si and C atoms ie: 

po 1 Y car b 0 s il an e 0 r (- H SiC H 3 :... C H 2 - ) n (n = l 5 0 0 ) , Subsequent melt 

spinning Was found to pro,&iuce polycarbos i lane fibres wh ich 

\ could, then be cured in air and cross1inked. Pinal1y, upon 
r 

heating the cured fibres to 1250·C slowly in the absence of 
'» 

oxygen, hydrogen and Sorne carbon was remov;d as CH 4 , 

Eventually fibres consisting 'of a ske1etal backbone of 

al.cernating Si and G atoms were obtained, ranging in diameter 

from 10 to 15 um (28). The discovery of ceramic fibres such as 

1 these has led to the growing interest in the deve10pment of j 

polysilan€s as a whole. 

The mos t common me thod emp10yed today for the 
c 

synthesis of both linear and cyclic organopo1ysilanes is the 

condensation of halosilanes, usually chlorosilanes, by active 

metals such as sodium. Methylchlorosilanes are commonly used 
" 

because of their ready availability in large quantities from 
1 , 
1 

~ilicone industry. Consequently, methy1polysilanes are the_ 
"--/ 

most widely studied polysilanes, particularly in view of their 

( 
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role as pre~ursors to silicon ~arbide fibres. In addition, 

considering the low stabilïty of the Si-H bond compared to the 

C-H bend, and its susceptibility to attack by bases, acids and 

even .. oxygoen, most workers in the' field have focused on the 

peralkyl and peraryl derivatives. 

In a typical condensation reaction, a mixture of 

products, both linear and cyc1ic is usually obtained. 

Different conditions and chlorosilanes may be employed to 

optimise the yield of the desired product. Conditions have 
( 

been opti~!sed in the cocondensation ~eaction of Me 2SiC1 2 and 

MePhSiC12, with Na, to obtain high molecular weight linear 

polysilanes (29): 

.; 

Na/ToI [ 
Me 2SiCl2 + MePhSiC1 2------I ... - (Me Si) (MePhSi)]-

90-l000C 2 x ~ y 

o + NaCl 1.7 

In this càse the product obtained was found to consist of 30% 

soluble low ~?lecular weight 01 igomers including cyclics, 

together with approxirnately 5% insoluble rnaterial. After 

these were removed, Gel Permeation Chromatography indicated 
:! 

that chainfi1engths of greater than 3000 silicon atoms were . 

pres~:m t. In addition, it was shown ,that the pheny1methy1silane 
, . 

copolymer cou Id unde rgo convers ion té the sil icon carb ide a t 

high temperatures without initial conversion to a carbo~ilane 

polyrrier. 

d 
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The first cyclosilanes were made by F.S. Kipping et 

al. in the early 1920 r s (30,31). They were a numbe,r Of 

perphenylcyclosilanes and were obta ined. from the condensation 

of ..diphenyld ichloros ilane wi th alkal i metals, al t hou9h the 

structur7"~ereo not elucidated. It was not until the 1960's 

that G~an et ~. were able to show that K ipping had in Eact 

tf,tained (Ph 2 Si)n where n = 4, 5 and 6 (32,33). It is now 

known that reaction conditions 'may be yaried· to con'trol the 

relative amounts of each ring formed. For example, if 

Ph 2SiC1 2 is reacted with two equivalents of Li in THF , the 
" 

cyclotetrasilane (Ph 2Si)4 is produced ln' up to 75% yield. 

Excess Li and longer reac t ion t imes lead to the forma t ion of 

the thermodynamically stable cyclopentasilane (Ph 2 Si)S' In 

bath the se cases, and many ,other syntheses of diphenylcyclo-

silanes, the six-membered ring is usually obtained as a 
-

by-product (23). 

~ c 

the most widely stud ied al kylcyclopoIys i laries have 

been the small.ring ~ermethylcyclopolysilanes containing 4,5,6 

and. 7 Si atoms (34). For these permethylcyclosilanes, unlike 

"" the perphenyl ones mentioned above, the hexamer has ~een Eounlf" 

ta be the thermQdynamically most stable producc. It was first 

obtained by Burkhard in 1949 in small y~eld along with the 
- , 

permethylsilan~ linear polymer, (Me 2Si)n (27). Alt-hough h~ 

reacted neat dimethyldic/;;llorosi'lane w\th metallic 'sodium in a 
.. 

steel autoclave" the most standard synthesis today utilises 

<> 
Na/K a~loy in r~fluxing THF for a much higher yield of 85% 

( 
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( 35) • 
'\ . J 

Equilibration of (Me 2Si)6 at 46°C'in the presence of 

Na/K alloy has been shown to yield 90% (Me 2Si)6 together with 

9% (Me 2Si)s and 1% (Me 2Si)7 (36). The latter two compounds 

.' are preferentially made using a non-equilibrium process. For 

example, slow addition of Me 2SiC1 2 to Na/K alloy in refluxi~g 

THF, gives rise to a partially kinetic contro1led reaction in 

~hich greater amounts of the pentamer and heptamer are 
" 

produced (23). Photo1~is of permethylcyclohexasilane in 

cyclohexan~ for 20 hours has been shown to give predominàntly 

the pentamer in 70% yield along with trte t~tramer in 17% yie1d 

(37). Crystal structures for a number Of these.cyclosilanes 
, 

have now been determined, the tirst Q~ which was the mo1ecu1ar 

structure of dodecamethy1c~lohexasi1ane in 1972 (38). The 

structure of (Me 2Si) 6 showed It: t.o have a strain free chai:ç 

conformation exact1y like cyc1ohexane. A conformationa1 

equilibrium of the type observed for cyclohexane must 

therefore exist to account for only 1 NMR signal observed down 

to -90°C (39). Subsequently,octamethy1cyclotetr.asilane, 

(Me 2Si) 4' 'has had an x-r~ crystal structure determined, 

showing it to possess ~lanar Si 4 ring (!O). Most recently, 

t~e sttùcture of tetr~'decamethylCYClOlePtasilane, (Me 2Si)7' has 

been determined to consist of a twist ch~ir conformation 

" similar to cycloheptane (41). 
"-

Much larger permethylcyclosilanes have now been made, 
o 

and ,rings containing up to 35 Si atoms now exist (42,43). The 

methylcyclopolysilanes are usually obtained from the 

.. 
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condensation of Me2siC~2 with Na/K In THF as mentioned 

ear1ier. A!though this procedure tends to yi~ld main1y 
\ ' . 

13 

{Me 2Si)6 under standard'reaction conditions, medium and large. 

rings may be obtained by slOw addition of the ch1orosi1ane to . 

the metal a1{oy in ref1uxing THF. 

Within the last few ye~rs, a numb~r of cyc1ic , 
\" 

"po1ysilanes containing group~ other than methyl have been 
• 

obtained. Th!se inc1ude gt, n-Pr, ~-Bu, l-Pr and l-Bu (44-46). 

In addition, a series of p01yspirJcycloPOlysilanes [(CH2)4Si1n 

where n = 5-1.2, and [( CH 2 ) 5 Si] n wi!ere n = 4-6 have been 
, 

prepared and characterised (47,48). In the case of [(CH2)4Si1S 

and [{CH2)5Si]5' X-ray crystal structures were obtained. The 

cyclotetramethylene rotane that was found to be the 

thermodynamically stable one, was the six-membered ring whilst 

the 

the 

greater steric bUlk\Of the cy~l~ftamethylene group gave 

cyclopentasilane as the thermodynamically favoured ring.· -A third type of organopolysilane is a type of 

cyclosilane possessing a three dimensional and polycyclic 
• structure. These are known as cage polysilanes and although 

little work ,has been done to date, it seems likely that 

condensation of h~losilanes will once again be the major 

preparative route employed. 
~ 

l-
In fact Indriksons and Wes~ 

obtained the first cage polysilane from the cocondensation of 

MeSiCl 3 and Me 2SiC1 2 (molar ratio 1:1) with'Na/K alloy in the 

presence of naphthalene (49). After a work-up involving _ 

prepacative gas chromatography, tetradecamethylbicyclo [2.2.2] 

) 

• 

; \ 
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octasilane, Me 14sia was obtained in 0.5% yield, together with 

a residue which consisted primarily o~ siloxanes' resultin~ 

from reaction of MeSiel 3 with THF. The mol~lar formula o~ 
Me 14 5_i 8 was establ~shed by mass spectroscopy and the structure 

. postulated was deduced largely from i ts simple IH NMR spectrum' 

wh ich gave two peaks in an in tens~ ~y ratio of 6.: 1. In 

add i tian, 13 C da ta was also obtained and the foliowing bicyclo 

structure proposed: 

o = Si atom 

l \ 

( 

Subsequent improv~ment to the synthetic procedure 
" 

outlined above, led to the isolation of five more cage 
. 

polysilanes (50). The use of naphthalene and Na/K alloy was 

faund to be essential in preven ting, the. formation of high 

polymers. In addition, it waq shown that THF was the most 

suitable solvent, but that the yield of Me
14

sia could be . 

\ 

tl» increased tenfold to 5% by changing the ratio of chlorosilanes 
(J 

• u \ 

\ 

J 
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MeSiC13:~e2SiC12 ta 1:3. The other cage campounds which were 

eventually obtained after a long and difficult .purification 

pracess ha? their malecular formulae estab1ished by high 
(4i Il 

resolutian mass spectroscopy as Me 16si
9

, Me
16

si
10

' MelSSi
lO

' 

MelaSi ll an~ Me 22si 13 , \All were o~tained in Y'i~ldS of less 

than 5% with th~ bulk of the residue said to be "polymer". 

Various speculations were offered as ta the actual structures,- __ 
t 

onc~ more primarily based on their NMR spectra, but it was not 

U-fltil 1975 that a crystal structure was determined by 
. . 

Stallings and Donobuè (51), Single crystals of hexadeca-

methylbicyclo [3,3.lJ nonasilane, Me16~i9 were obtained and 

o.' the definitfve structure shown to be: 

.. 

Q 

, II 

. 
In cansidering all polysilanes, bath linear and 

cyclic, the_re----has.been no progress made in-their preparation 

using catalytic methods, In fact, priar to the work presented 

,. 

/ 

• 
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\ in this thesis, the only example known is of the l:tse of 
. 

Wilkinson's catalyst, (Ph3P),3RhCl. Th~was reacted with a 

number" of silanes to give a variety of simple di!.. and tr~-

silanes together with sorne "higher p-olysilanes" (52). 

Phenylsilane, PhSiH 3 , was reported t~ yield 1,2-dipheny~-
\ 

disilane, 1,1,2-triphenyldisifane and 1,2,3-triphenyl-O 

trisilane as well as some disproportionation productp and sorne 

higher polymer'S. Althougfr the latter were not identified, the 

authors were able to trap the silylene, Ph 2Si:, by using 

Et3Si~, and obtain Et 3S1SiPh 2H. 

There are a number of interesting properties 

associ~d wlth POIYSil~nes. Although they are structurally 
t 

analogous to alkanes, many of ~heir physical and chemical 

properties are siml1ar to those of unsaturated hydrocarbons. 

ror example, i t has been known for a lort'g tlrne tha t the SI-Si 
o . 

bond in linear polysilanes acts as a chromophore in much the 

same ~ay as a conjugated polyene, with the UV absorPtio~s 
shifting to longer wavelengths as the polysilane chain length 

i ncreases. Th is property seems to have' fi rs t been not iced for 

those polysilanes possessing attached phenyl groups. It ~as 

~nitially suqgested that the absorption band observed f~r 

Ph 6SOL 2 was due to an intéraction between the phenyl groups 

throl .. g h a type of conj uga t ion in vol v ing the vacan t Si 3d. 

orb i ta ls (53). Even tual-ly, bowever, i t was shown tha t the 
.... 

polysilane chain itself was absorbiAg radiation, and a series 

of linear permethylpolysi1ane Qerivatives Me(Me2Si)nMe where 

o 

() 
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n.= 2 to 8, had their UV spec~ra measured (54). In fact the 

peralky Ipolys i lanes were ·the fi rs t compound s w i th no 11, d or 

lon;-pa ir electront, to show long wavelen9th- absorpt ions (23). 

The value for À ih! these compounds was found to increase as 
max 1 -- . 

the chain lengthenedJ with a value of approximately 300 nm Eor 
1:> 

an infinite chain length (55). Tt has been suggested that 
, 

polysilane transition~ involve either electron promotion from 

a crS' S· HOMO, delocalised over the silicon backbone, to a 
1- 1 • 

delocalised orbital which could be either cr· or 3d (56,57). 

~ In addition to establishing that the intense uv absorptions 

observed for polysilanes were due to the chromophoric nature 

o~ the Si-Si bond, Gilwan et ~. also showed that phenyl 

substitution further increa~ed the value for Àmax (54). This 

was thought to be a result of lengthening the conjugated 

sys'tem. fJ 
r 

, 

The cycl ic polys i laries are sim ilar to the '1 inear 

polysilanes in that they also s~ow electronic absorptions at 

relatively long wavelengths. However, the bands of the small 

ring cyclosilanes (n = 5) undergo a hypsochromic shift (change 
-

to shorter wavelength) with increasing catenation. It has 

been suggested that this hypsochromic shift is dependant on a 

deviation from planarity as the ring gets larger, perhaps 

leading to less overlap between adjacent si 3d orbitaIs, 
o 

giving rise to wider spaced moleclilar energy levels (39). 
L" 

Such an argument is plausible only if the transitions are of 

the type cr + ~ , with actuai involvement of the d orbitaIs. 

d 
C 

o ' ~ 
o 

. , 
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As the number of silicon atoms in the ring becomes large, the 

trend reverse~ and bathochromic shifts (to longer wavelength) 

analogous to those of linear polysilanes, are seen. This 

trend reversaI occurs at n = 7 for the permethylcyclosilanes 

( 4 3 ) • 

~A number of potential applications of polysilanes 

utilises their photoactiv~ty under pV radiation. Alkylpoly-

silanes undergo photoscission processes to give both silyl and 
- .. 

silylene derived products whilst arylpolysilanes undergo both 
1 

photoscission and photo-cross-linking upon irradiation with UV 
'\ 

ligh~ (58). Furthermore Trefonas et~. have suggested that 

the reported action of polysilanes as photoin.iA:.iators f'or' 

alkene polymeris~tion, is likely a result of the production of 

silyl radicals, produced photolytically. In additlon there is 

much current interest in the role of polysl1anes as self-

developing photoresists in the manufacture of silicon chips 

( 59 ) • 

A number of comparisons have been made between 

aromatic compounds and cyclosilanes. One exam@le of this is 

the apparent ease with which the latte~ may be reduced, either 

chemically or electrochemically, to prq,duce anion radica1s 
r 

(34,60). Usually anion radicals contain unpaired -electrons in 

low lying n* molecular orbitaIs. ESR spectroscopy has shown 

that in cyclopolysilane anion radicals, the unpaired electron 

is completely delocalised over the ring (60). In addition, it 

is thought that it exists in an orbital of essentia11y 1T 

... 



.. ,. 
~' -

o 

i 
1 

o 

19 

character, presumably maèe up of 3d or 4p combinations from 

the silicon atoms (39,60). It seems like1y then that the 

o cyc10pblysilanes possess delocalised Si-Si cr-bonding orbitals 

ana1ogous to the fil1ed w orbitals oE benzene. Likewise it 
.. 

has been suggested that the delocalised n-orbital (from 3d + 

4p atomic orbitals on silicon) in, polysilanes is ânalogous to 

the unfil1ed rr* LUMO of benzene (34). 

Both linear and cyclic polysilanes have been Eound 

~o fom 'chal!'g~ trans'fe-r complexes wi th a number oE acceptors, 

'an example o.of the la t te r be i ng te t racyanoe thy l e ne, TCN E, in 

much the same way as aromatic hydrocarbons or lone pair donors 

(61). The low ionisation potentials observed for polysilanes 

enab1es charge to be donated from the delocalised sigma 

e1ectrons of the Si-51 bonds. 

~inally, cyc1osi1anes resemb1e aromatic compounds in 

some of their substitution reactions. An example of this 

involves chlorodemethy1ation of (Me 2Si)6' fo1lowed by the 

introduction of ~ second ch10rine as shawn in equation r.B 
o 

(60 ) : 

PtCI 4 

~I 
~~, 

CI 

o , 

o 

La 
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--1 
Only four of the seven possible isomers for the dichloro 

species were observed by NMR, in a ratio of 4:2:2:1. It has 

been suggested that the 1,4-trans compound is probably the ..... 
~ost abundant product. 

,; . -
The reactlon suggests that the first 

, 
chlorine atom is able to effect the position of subsequent 

substituents in much the same way as occurs in the 

electrophilic substitution of benzene. 

In a similar way, linear silanes may be thought -analogous to alkenes. Sakurai et al. have shown that 

peroxybenzoic acid reacts with organodisilanes to insert an 

oxygen atom into the Si-Si bond in mu ch the same way as 

epoxidation of ,alkenes occurs (62). In f~t, in the case of 

vinyldisilane, both the vinyl group and the Si~Si link were 

oxidised as shown in ~quation 1.9: 

"\ 

2PhC03H 
CH2=CHSi(CH3)2Si(CH3)3 - • C~dCH-Si(CH3)2-0-Si(CH3)'3 

L9 

o . 
In conclusion, it seems likely that organopoly~ 

silanes will form an important class of macromolecules, 

possessin~ properties pertinent to inorganic chemistry, 

opolymer chemistry and ceramics. Thèir appli'cability "ta-. the 

ceramics industry is causing an increasing amount of interest 

from both academic and industrial institutions:' 

",' 
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~3 A BRIEF INTRODUCTION TO THE ORGANOMETALLIC CHEMISTRY 

OF TITANIUM, AND ZIRCONIUM 

The exist~nce of orga~ometallic compounds of the 

group 4 m~als was suspected as early as t~e .. middle of the 

last centurI (63). In the early 1860's, reaction was reported 

between TiC1 4 and a number ~f alkylating agents such as Et 2Zn 

(64,65), Et 4Sin (66) and Et 2Hg (67). Subsequently, the 
, 
discovery of Grignard reagants, as in ~he case of 

organosilicon chemistry, led to a resurgence of interest in 
, 

organometallic compounds of ~any kinds. Due to the high 

oxophilic nature of the group 4 metals, it was not unti1 good 

inert atmosphere techniques were developed that the first 
fi) 

organotitanium compound, TiPh(O-i-pr)3' could be isolated. 
D 

This occurred in 1952 (68). One of the first organozirconium 

compounds, cP2zrBr2' wa~ also isolated in ,the early 1950's by 

Wilkinson et al. (69) • The discovery of the catalytic role 

played by titanium halidesG with aluminium alkyls in the 1> 

pofymerisàtion of ethene (70), together with the discovery of 

ferrocene (71), provided a strong impetus for the deve10pment 

of organotitanium chemistry as a whole. The organometailic 

chemistry of zirconium land hafnium has not developed as fast, 

perhaps due to their greater sensi~ivity to moisture and other 

hydroxylic species, rendering their preparation ~nd isolation 

more difficult. 
, 

Organometall~c compounds of the group 4 metais may 
\ 

contain organic groups bonded in a cr and/or lT-fashion'. An 

<) \ 

~, 

., 
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CI 

example of a cr-bonded ligand is an alkyl group, whilst the 

cyclopentadienyl anion, (Cp), provides an example of a ligand 

bound to the metal through ~ n-type bond. In faci, cyclo­

pentadienyl compounds for~d sorne of the earliest groupr4 

compounds, with the first being made shortly after the 

discovery of ferrocene (69). It was subsequently found fh'at 
'. « 

the presence of cyclopentadienyl groups on the metal imparted 
, 

stability, probably by blocking coordination sites that might 

otherwise-be available for use in a number of decomposition 

pathways (fj3). 

The most common oxidation state for group 4 

organometallic compounds is +4. This is thé maximum that may 

be obs~ved for the group, giving a 3dO configuration. A 

major ~ifference between the first member of the group, Ti, 

and sUQsequent members Zr and Hf, is the relative 
o 0 

acce~sibility of lower oxidation states (72). Thus Ti(IV) 

reduces much more easily than Zr{)V) or Hf(IV). In addit~on, 

Zr(!!I) complexes )end to be more kinetically labile- than 
1/ 

their Ti(III) analogues. As a consequence, Zr(II!) org~no-

metallics are not common, and Hf(III) organometallics even 

less 50. As the oxidation state becomes lower, it is 

increasingly important to have n-acceptor ligands present in 

the coordination sphere, and virt~ally aIl low valent 
<b 

~ complexes of the group 4 metals contain at least onr 
o 

cyclo~entadienyl l~gand. 
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1. 3.1 Introduction to bis(cyclopentadienyl)titaAium(IV) 

and zirconium(IV) alkyl complexes 

Bis(cyclopentadienyl)titanium and -zi~conium alkyl 

complexes contain both the ~-bonding cyclopentadienyl ligand 

and the cr-bonding alkyl group. They usually possess the 

general formul a CP2MR2, whereo M =- Ti/ Zr and R =- al ky l, wi th th~ 

metal being in the +4 oxidation state. However, lower 

"oxidation state CP2TiR derivatives are known although they 

have only been isolated with large sterically hinde~ed alkyl 

groups. Examples of complexes isolated include CP2TiBZ (Bz = 

benzyl) (73), and CP2TiCH2C(CH3)3 (74). The la~gè size of the 

alkyl gtoups was found to p~eclude dimerisation. To date, lit 

seems tha~ there a~e no neutral complexes of the typ~ CP2Z~R 

free from a supporting N2 ligand. Thus Na amalgam reductian 
Gl 

of cP2~rClR (R = CH(SiMe 3 )2) was found to yieJd a Zr(III) 

dini trogen complex accord ing to the' followi~g equa t ion (75): 

LLO 

It hasurecently been repo~ted that the complex 

{CP2zrCl}2 reacts with MeLi to yield a diamagnetic solid,which 
~ 

was characterised as .{CP 2ZrMe}2 (76). !rte only eviùence in 

support of th~ postulated structure was a IH NMR spectrum 

together with sorne cnemical tests./ The dimer suggested. i5 
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necessary to account for the diamagnetic nature of the species 

observed. The comp1ex was not is01ated as such, but only 
;., 

obtained as a red oil on which the NMR and reactions we·re 

" performed. The structure postulated by Cuenca and Royo is as 

\ f0110ws: 

('1 

Cp Cp 
~ CH 3 / 

Zr ----...... zr 

/ .' CH) ""-
Cp C~ 

" III 

The first complex of the type CP2MR2 (M=Ti, Zr or 

Hf) to be prepared appears to have been cP2:riMe~\ in 1956 (77). 

rnitially it was obtained in low yield' from the reaction of 

MeMgI with CP2TiC12 in THF. Subsequent workers obtained 

higher yields using MeLi as the alkylating agent and this 

method is now preferred (78). It was however 15 years or so 

before the analogous com~~ex CP2ZrMe2 was first isolated, from 

the reaction of MeLt with CP 2ZrCl 2 (79,80). This is likely to 

be a resu1t o~ the the extreme sensitivity of dimethyl­

zirconocene toward moisture and other hydroxylic compounds, 

, although its thermal stability was réported higher than that 

of CP2TiMe2. 

o 

~ . 
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A number of other complexes of the type CP2MR2 have 

been isolated for both titanium and zirconium. The general 

preparative routes are as outlined above for "th'e dimethy .. l 

conplexesi ~hey àre obtained from the action of oither a 

Grignard or an alkyl lithium reagent on the appuopriate 

dichlorometallocene. Bulky alkyl groups with no a-hydrogen 

atoms were found to impart the highest degree oL thermal 

stability. Examp1es of_sorne preparative reactions are given 

in equations 1.11 and 1.12 (81,82): 

Lll 

1. 12 

The most widely studied compounds to date however,-

remain dimethyltitanocene and -zirconocene. A number of 

h 1 - " h '~l" d " h b d k t ermo ySls and p oto ySls stu les ave een un erta en, 

_ primarily to detèrmine the 

complexes. In particular, 

dec,omp)s i t ion pa thways of these 

CP2TiMe2 is very heat and light 

two 

sensitive, decomposing in a spectacular autocatalytic manner, 

unless stored at low tempe~ture, under air and ~n the dark. 

( The thermal decomposition of CP2TiMe2 Das been studied in 

both the solid state and in a number of sÇ>lven~s (83,84). 'In l 

"" .. ,' 
!. 
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aIl cases methane was the predominant product, together with 

only trace amounts of ethane. Deuterium labelling studies 

have sfiown that the metha~e produced resulted from ~rogen 
abstraction from either the cyclopentadienyl rings or from the 

-
methyl groups themselves, and from the solvent only in the 

case of diethyl ether. At temperatures greater than 100°C 

solid state decompositi~n was found to give rise to ethene, 

cyclopedtad iene -and 'methylcyclopen tad iene, in add i t ion' to 

m~thane and ethane (83). Labelling studies showed that the 

ethene arose exclusively from decomposition of the cyclo-
f -

pentadienyl ligands and formed approximately 10% of the ' 

volatiles. Thermolysis of cP2TiMe2-d6 showed that the 

methylcyclopentadiene formed (3%) was prodaced by a simple 

combination of methyl and cyclopentadienyl substituents. 
-

Precisely where the ethane came from is not clear. 

Thermolysis of cP2TiMe2-d6 produced no C2~6' and so it was 

thought unlikely that coupling of methyl radicals from 

homolytic Ti-C bond cleavage was occurring in a straight-

forward manner. ) 

As already mentioned, CP2zrMe2 is more thermally 
i 

stable tha~ CP 2TiMe 2 and does not decompose in an auto- ~ 

catalytic ma~ner. In the so:id state, thermal decomposltlon# 

of dimethylzirconocene has been shown fo produce methane an 
1 

1 

cyclopentadiene together with very small amaunts of,methyl­

cyclope-ntadiene, aH explicable by direct fragmentation 01. 
CpQzrMe 2 (83). Razuvaev et al. have shown that the 

1 

1 
1 

1 
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thermolysis· of CP2ZrMe2-d10 at 230°C gives ris~ to a major 
.. 'r' 

decomposition product, methane, whieh consists of 

predominantly CH 3D (59%)' together wi~h CH 4 (17%) and CH 2D2 

(16%) (85). CD4 eomprised only 3% of the d~composition 

produets. The formation of sueh an isotopie distribution was 

thought to.be due to DjH exchange reaetions between the 

cyclopentadienyl ~ings and the methyl groups, afleL initial 

transfer of D/H to the metal from botn ligands. ~h exchange 

reactions seemed to be less important fOL the analogous 

titanium compound CP2TiMe2~dlO' Upon theLmolysis at 90°C fOL 

30 minutes, the latter w~s fownd to produce CH 4(54%), CH)D 

(41%) 'and only small amounts oi CH 2D2 and CHD). No CD4 was 

. observed. At about the same time, Erskine et ~. LepoLted the 

observation of hydrogen exchange between cyclopentadienyl 

-rings a~d methyl groups during the thermolysis of dimethyl-

. ti tanocene, and var ious deu teLa ted analogues (86) . 

. CP2TiMe2-dlO was found to ,produce CH 4 predominantly for the 

first 100 hours, with a gradually increasing- proportion oi the 

various deuterated methanes observed\as a function of rime. 

The reported light sensitivity of cP2TiMe2 has 

resulted in a rlLmber of photolysis studies of both dimethyl-

titanocene and -zirconocene. AIt and Rausch studied the • 
.} ,... 

photolysis of CP2MMe2 (M = Ti, Zr and Hf), and postulated that 

initially a facile hornolytic cleavage of the methyl-metal bond 

occurred,accordi~g to the following equation (87): 
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tc>hv 
Cp2MMe2-----...... ~ CP2M + 2.Me 

solvent 

• 

1.1'3 

~n pentane solution, the final products obtained were methane 

and the appropriate metallocpne. The organometallic residue 

was said to possess only rr-cyciopenthdienyi ~roups with no 

evidence of metai hydrides. Subsequent studies involving 
r • 

seLective deuterium labelling on the cyclopéhtadienyl groups 

qand·the methyl groups of CP2TiMe2' shdwed that,the methane 
~ 

obtained (99% of the volatiles), never derived its hydrogen 

atoms from the solvent (88). These results are the same as 

" those obtaineà in the thermolysis studies discussed earlier. 

~ausch et ~. postulated that photoly~is could give rise to J 
, 

carbene complex of 'the type ~P2Ti=CH2' produced after l, 
1 

intramolécular abstraction of a hydrogen atom from,one methyf 

group. by the other (88). When the cyclopentadienyl ring is h . 
1 

the -source of hydrogen for methane formation, they suggestei 

two possible intermediates depending on whether hydrogen 
1 

abstraction took place in an intramolecular or intermOlecultr. 

manner: 

Intramolecular 
Intermediate 

fi 

Q 

Intermolecular / 
Intermediate 

, " 

/ 
1 

/ 

1 

" 
-1 

Y 
, 

1 
1 • 
1 

" , 
1 
1 

c.... 

r 
1 

1 
1 

1 
1 

~ 
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Bamford et al. have also stùdied the photolysis of 

cP2TiMe2 and reported that CP2TiMe2-d6 in tpluene-d S gave only 

CD3H with,no CD4 (S9). This suggests that hydrogen 

abstraction occurs exclusively from the cycl?pentadienyl 

rings, contrary to what was observed by Rausch et~. (SS). 

" The fact that no CD4 was observed precl~des invo1vement by 

bath the solvent and the other methyl group. Free methyl 

radical~ were not thought to existe 

Photodecomposition studies on CP2zrMe2' including 

labelled analogues, have shown the products to be methane and 

zirconocene. the fOrme~g produced from the abstraction.of. 

H atoms from the cyc1open~adienyl rings (90). An ESR lstudy 

undertaken by Atkinson et al. detected ~he presence of an 
/ ~ 

unidentified zirconium(III) hydride during the photo1ysis pf 

-Cp 2 ZrMe 2 J in toI uene solu t ion (91). The only organic fragment 
; 

detected by them was the methyl radical. 

It has recentlx been reported that dialky1tStanocene 

campounds including CP2TiMe2 may be photo1y~ed under hydrogen 

to give'efficient catalysts for the hydrogenation of 1in~ar 

a~d cyclic alkenes (92). It was thought 1ike1y that homo1ytic 

cleavage of Ti-C bonds was induced by the action of 1ight, 

l d · hE' fT' 3+ . d 'd b ea 1ng to t e ~rmat10n 0 1 specles, etecte y ESR • 
. . 

Tne extreme reactivity of dimethyltitanocene under 
~ . 

c~rtain circumstances, 1eading ta its ready loss of methy1 

ligands as methane, coupled with its ease of preparation, give 
. t - . 

it potential~ an Examples oE in situ source oE titanocene. -- " ..... 
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photochemically induced reactions of CP2TiMe2 are given in 

e qua t i ons 1. 14 and I. 15 (9 3 , 94 ) : 

.' 

h'JjCO 
cp2TiMe2----........ CP2Ti( CO)2 

pentane 

hvjsulphur 
CP 2TiMe 2 • CP 2TiS S + MeSnMe '0/"" 

benzene 

It seems likely that the analogous compound CP 2ZrMe 2 is 

capable- of acting in a similar n:at1ner, and photolysiso 

, 1.14 

1.15 

30 

experiments haye already shown meth~ne is lost to produce in 

situ "z i rconocene n 
• No true speé ies CP2 Zr has been Jsol a ted 

al th6ugh i t is poss ible, as in the case of t i tani um, tha t such 
, 

a speciei plays a role in the~hemical reactivity of cP2zrM~2. 

Introduction to sorne aspects of the chemistry of 

bis(cyclopentadienyl)titanium/zirconium and their 

~hydride derivatives 

Within the last few years, two important reviews 
o 

have appeared, one focussing on the chemistry of titanocene 
; 

and zirconocene, and the other on the hydrides of the titanium 

1 

o 
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and vanadium group elements (95,96). It is readily appa>rent 

from these artie~es that the topies of early transition 

me ta110cenes and the i r hydr ides a ree close ly t ied. 
, 

Historically, more work has been done on the titanium 
o 

derivatives and these have been"'given prominence in the 

1iterature. 
<:> 

earl ies t oreport of a s~ec ies f'ormula ted as . / !The 

titanoc~ne was in 1956, soon after the isolation of ferrocene 
/' 

// (9y Subsequent to this, Watt and Baye could not duplica'te 

the syn thes is and desp i te try i ng 0 ther ·ways, we re unab le to 

obtain titanocene (98). " It eventually became evident after 

numerous attempts to isolate the specles CP2Ti by many 

workers, that in situ tltanocene eould readily abstract 

hy.drogens from the coordinated cyclopentad~enyl ligands (99). 

ln fact Brintzinger and Bercaw eventually proposed that a 

br idg ing hydr ide mus t be present in the s truc t u re ~f the green 

dimer which was obtained from a number of reactionl including 

the reduction of dichlorotitanocene with either sodium 

naphthalenide or sodium sand, and reaction of dimethyl-

titanocene solutions with hydrogen at 20°C (100). The 

evidence for the structure of this çHmer came predominantly 

f -1 from IR spectroscopy, the strong band at J 230 cm being 

assigned to a bridging hydride. In fact two possible 

structures were postulated, dependant on the mode of bond ing 

of the Cs H"t un i ts. The structures proposed fo r th i s 

titanocene were as follows: 

c 
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1 

·C ( 

o IV o v 
o 

Al though crys taIs su i tab le for X-ray d if f ract ion have never 

been obtained, eventually an X-ray crystal structure of the 

related hydroxyl compound was obtained (101). The structure 

determined was analagous to that of IV and was taken as 
c 

o ev idence for Othe lT-bonded fuI valene ligand in the proposed 

structure of titanocene. It has been suggested that the 

tendency of CP2T1 to abstract hydrogens is a reflection of 

its carbene-like reactivity (100). Carbenes are known to 

rearrange by an ~-hydrogen abstraction process to yield an 

alkene. Similarly it i5 reasonable to assume that for a 
1 

32 

~pecies such as CP2Ti, the unsaturated Ti(11) centre could 

abstract a hydrogen atom from a cycl<?pentadienyl ring to give 

a titanafulvene hydride which ~ould .lhen dimerise to yield IV 

(95): Hydrogen abstraction to yield a fulvene followed !Jy 

(Il d imer isa tion was not found to occur when the "t i tanocene" was 

prepared direct,ly from solid cP2TiMe2 and hydrogen at O°C,-
e 

\ 
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with no solvent present (102). In this case Beccaw et al. 

obtained q,violet bridging dihydcide dimer with four n-bonded 
, 

cyclopen tad ienyl ligands. The IR spec trum showed no ev idence 

of (J-bonded rings, expec ted in a ful va lene type of complex. 

The structure suggested by them was as follows: 

VI . , 

Upon heating tOo/tl50°C in vacuo, V'I was found to convect to IV 

via -'the 1055 of hyd rogen. l t ,was also found tha t spec ies VI 

slowly converted to a polymerie form,' a grey-green complex 

formulated as [CP2TiHln at RT. Both dimer and polymer were 

shown to hc1ve 'identical eJ:1emical reactivity, with the 

polymeric nature of the grey-gr-een form belng pcoposed as a 

result of its relative laek of solubility (103). rt was also 

realised that the grey-gr-een hyd!=,ide could be obtained from 

the ceaetion of cP2TiMe2 with H2 in solution, but at O·C 

. 
ra ther than the 20 0 C necessa ry to obta in the fu l va1ene 

species IV., 
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The p~l~meri~ hydride has been found to be a good 

source of a reactive form of titanocene. Bercaw et al. were 

able to show that suspension of [CP2TiH]n in solvents such as 

toluene or ether at RT led to loss of H2 , giving rise to a 

species with the ~mposition [CP2Ti]n (103). A simple 

metallocene type of IR spectrum was reported, characteristic 

of n-bonded cyclopentadienyl groups, and molecular weight 

studies showed [CP2Ti]n to be dimeric in solution. Chemical 

" tests were ~sed to substantiate the structure, and reaction of 

[CP2Ti12 solutions with CO and HCl to yield the dicarbonyl and 

dichloride respectively, was said to be indicative of the 

°existence of a Ti(ll) species. 

As a con~equence of the apparent close relationship 

between "titanoêene" and its hydride derivatives, Bercaw et 

al. attempted the preparation of decamethyltitanocene, CP2Ti 

5 (Cp* = n -CSMe S )' (lD3). It was thCDUght that the latter woüld 

te far more stable th an its u.nsubstituted analogue, due to the 

lack of available hydrogen atoms on the cyclopentadienyl 

rings. The lower reactlvity of CPiTiMe2 compared to cP2TiMe2 

necessitated the development of a long preparative route for 

CPiTi via three intermediates (104). Eventually, pure 

material was obtained by reaction of decamethyltitanocene 

dihydride with N2to form a dinuclear dinitrogen" complex. 

Subsequent 1055 of nitrogen gave rise to orange crystalline 

CPiTi. In solution at RT, it was found that decamethyl­

titanocene exists in equil.ibrium with a tautomer, formed by a 
" 
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carbene-like insertion into the C-H bdnd of a pentamethyl-

cyclopentadienyl ligand • . Bercaw was able to show that for 
o \ 

solutions of CPi!i, stirring under D2 caused aIl ring ~ethyl 

protons to be substituted by deuterons (I04). Aithough this 

process was reversible~ upon heating decomposition was nôted, 

with loss of hydrogen. 

Zirconium is analogous to titanium in that 

monomer CP2zr has ever been isolated. In Eact it is 

no st~le 
likely l 

that any such species, perhaps formed in situ, woulg even more 

read ily foon complex hydr ides, than the correspond i ng titan ium 

species. Heats of formation for the dihydrides TiH 2 and ZrH 2 
** ** have been given as -123 kJ/mol and -159 kJ/mol 

respectively (105). Many attempts to obtain zirconocene by 

various methods, usually invo1ving a reduction of CP2ZrC12' 

have resulted in failure. Watt and Drummond were the first to 

report a synthesis and characte~isatio~ of a ~pecies they 

called zirconocene (106). Although the correct stoichiometry 

was obtained and IR spectrosc9PY showed that there was no 

apparent evidence of Zr-H bonds, sUbse~tlY other workers 

were "able to prepare the same material and show that metai 

hydrides were in fact present (107). 

Preparation of the substituted zirconocene, 

decamethylzirconocenê, cP2~r, was achieved by reduction of 
~ 

CpizrC12 with excess Na amalgam in toluene under N2 (108). 

Initially the dinitrogen complex {CP4Zr2(N2)3} was obtatned, 

** Converted to SI units by the author. 
o 
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which was then found to slowly release fts coordinated 

nitrogen ~ vacuo. It is interesting to note that the 

remaining solution seemed to consist mainly ofd 

36 

o 
Cp*(CSMe 4CH 2 )ZrH based on NMR resu1ts. It was suggested that 

fo~ion of this -could arise from its tautomer cP2zr via a 

reversible ring methyl hydrogen abstraction by the Zr centre, 

in the same way as was observed for titanium (104). Thus 

tautomerism was found to exist, a1tho~h the predominant 

species in s61ution was the hydride. This probab1y 

reflects the greater stabi1ity of the zr-c and Zr-H 

bonds. 

Until as recent1y as 1970, there were only three .,., 
hydrides 'of the group 4 e1ements that had been characterised. 

~P2ZrH(BH4) and [CP2zrH2]n had been obtained by James et al. 

by the action of 1 and 2 moles respective1y bf trialky1amines 
. \ 

on CP2zr(BH4)2 (109). The on1y other hydride charact;jised to 

any degree was that discussed above i.e., comp1ex VI (102). 

The action of LiAlH; on various cyclopentadienyl halides • 

subsequently enabled Wailes and Weigold to obtain a numbe~ of 

hydrides including cP2zrHCl, CP2zrH(AIH4)' CP2zrH(CH3) apd 

{[CP2zrH]2ooCP2zrH2} (110). In additio~ to this, they 

obtained '[CP 2ZrH2] n dy the action of LiAlH4 on [CP2zrCll2o. 
, . 

Although CP2zrH(CH3) was reported by Wailes and Weigold to be 
, 

polyrner ic, other hydrides of ~he. formula CP 2 ZrHR aIl appear to 
o 

be dimeric in benZene solution. Examples of these include 

those complexes where R = ethyl, cyclohexyl, neopentyl and n-
1) 
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ectyl (Ill). Recently [CP2ZrH21n has alse been reported 
':'10 

dimeric in both benzene and toluene'solution (112). 

A particularly interesting class of hydride 

37 

derivatives of titanocene and zirconocene ar~ those complexes 

with a hydride bridging the group 4 metal to another matal, 

often a main group metal such as either boron or aluminium. 

One example of suc h a br idg ing hydr ide is Cp 2 TiBH 4' bes t 

prepared by the reaction of CP2TiC12 with NaBH
4 

(113). In 

this case the BH
4 

group is attached to the titanium atom 

through a double hydrogen bridge (96). An analogous redction 

with the corresponding zirconium compound did not result in 

reduction, and the bis(tetrahydroborate~s obtained (114). 

A number of Ti-H-AI compounds have aiso been reported, one of 

which includes the mixed aluminotitanium hydride, 

{(CpTi)2(Il-H)(Il-H2AIEt2)(Il-CloHs)f (115). This was obtained 

by the reaction, ~t 25°C, of Et 3Al on the "~itanocene" 

formula ted as the fuI va l ene d imer, IV. X- ray crys ta,llog raphy 

sh?wed that the fulvalene ligand remained intact and the 

structure of {(CPTi~2(Il-H)(Il-H2A1Et2) (Il-C
10

H
S

) 1 was found to 

be: ~ 

VII 
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o 

"" The structure of this complex is particularly interesting for 

a number of reasons 0 In add i tion to the fuI valene 1 igand, 

there is a br idg ing Ti-H-T i bond and two br idg ing T i-H-AI 

bondso A reaction has also been reported between the 

polymerie hydride of zircon~um, [CP2zrH21n' and Me 3Al (116). 

In this case a complex was reported, formulated as . 
{CP2zrH2oAlMe3}2' which was assigned the following structure 

based on spectroscopie evidence: 

CP2 Zr-H -AIMe 3 

/\ 
H H 
\/ 

CP2 Zr-H-AIMe 3 

VIII 

The first report of structural evidence for a 

b~nuclear hydride of zirconium with bridging hydride ligands 

" has only appeared recently (117). In f act the characteris tic 

insolubilityof complexes such as [CP2zrH2Jn has prevented 

their complete structural characterisation. Jones and 

Petersen have used the methylcyclopentadienyl ligand', Cp', and 

exploited the favourable properties of increased solubility 

and crystallisability it imparts on the complex of which it 
,-....... . 
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forms part. Thus by reacting LiAIH(O-!-BU)3 with cp~22ror2 
Il 
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(2:1) in_ THF, the y were able to isolate {CP2Zrf1( IJ-H)}2 in high 

yield and subsequently confirrn the structure by X-ray 

diffraction. The molecular structure was shown to consist of 

two CP2zrH units, bridged by two 2-electron, J-éentre -

Zr-H-Zr bonds. 'Subsequently they were able to show that both 

thermolysis and photolysis of benzene solutions of {CP2zrH-­

(IJ-H) }2 proceed with the initial formation of a paramagnet.ic 

zirconocene hydride together with an associated 1055 of l mole 

of H2 as given by the following equations (118,119): 

hv or t:, 

{CP2zrH( IJ-H) }2 -----... ~ 2"cPizrH" + H2 ,F 

-' ~ 

Thermolysis studies showed that hydrogen was lost from the 

J '. methylcyclopentadienyl rings as weIl as arising from reductive 
, 

elimination of two of the,hydride ligands. Thus, 3 moles of 

H2 were eventually collected ~er mole of !CP2 zrH ( IJ-H) } 2. 

Joining the two rings with a dialkylsi1yl Bridge to form 

çornplexes of t~e type {[SiR2(C SH4 )2]ZrH( IJ-H)}2 was found to 

restrict their chemical participation, and upon therrnolysis 
( 

only 2 moles of H2 were evolved per mole of complex. Thus the 
.' 

associated paramagnetic zirconocene hydride was found to be 

mOre stable than that forrned in the decompos i t ion of 

{CPiZrH(IJ-H) }2. The first mole of H2 obtained from the 

j 

/ 
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D 

decomposi ton of dialkylsilyl bridged species wa~ again thought 

to occur via a reductive elimination of two hydride ligands as 

H
2 

(119): 

h" or l:J. 

{[SiR2 (C SH4 )2]zrH(Il-H)}2 • 2"[SiR2 (C
S

H
4

)2]zrH" L17 

+ H
2 

o 

o 

Bajgur et al. also suggested that subsequent hydrogen loss 

might occur via the formation of a dinuclear hyd~ide 

intel:"mediate: 

" ... H u2 , 
LIB 

, . 

Such a reaction would however not OCGur to any significant 

extent under ~e react~on conditions Ù~d (i.e., sealed tube). 
~ 

In the <;;ase of {~p' 2ZrH( ].J-H)}2 the methylcyclopentadienyl 

rings must be involved in hydrogen elimination to account for 

the observed 3 moles of H2• l t has already been shown tha t 

ring methyl-to-metal hydrid~ transfer can occur in penta­

methylcyclopentadienylzirconium complexes (108); and hydride 

abstractions from cyclopentadienyl ligands aLe w~ll known, 

accounting for the high reactiv~ty of titanocene (100). These 

alternative pathways for 10ss of hydrogen are not available 



J 

o 

, 
41 

in the complexes {[SiR2(C5H~)2]zrH(u-H)r2' and 50 upon 

thermolysis only 2 moles of H per mole of complex is evolved. 

In conclusion, it i5 only recently that the. 

ch~mistry of the organometallic hydrides of the group 4 

elements has started to be explored. This is due in part to 

their low solubility and high oxophilic nature, together with 

difficulties associated with the detection Jf metal hydrides. 
,.\ 

Early work relied ~h chemical tests to detect their presence. 

Hydrogen atoms coordinated to group 4 metals always 'act in a '-, . 
hydridic manner and so will readily react with proton sources 

such as acids to generate H2 • Reaction_ with CCl 4 or CHCI) 

wil~ yield CHCl) and CH 2CI 2 respectively which may be detected 

by lH NMR. Spectroscopie evidence"for group 4 metal-hydrlde 
, 

bonds is not easy to obtain. As aIread~ mentioned,the usual 

lack of solubility makes the obtain\ng of NMR spectra 

difficult. Often paramagnetic species are involved, 

necessitating the use of ESR, rather than NMR techniques. 
o 

Although IR spectroscopy has been widely used, the 

.intensity of M-H stretching frequencies'is often low, 

causing sorne confusion in early attempts to isolate 

titanocene. Few X-ray diffraction studies havecbeen done, 

indicative of the difficulty associated with the obta~ning of 

5uitable crystals. In addition there are other problems 
o 

associated with X-ray location of H atoms attached to the much 
• 

larger transition metal. The positiQnal accuracy of the 

hydride i5 often low for ~wo reasons. Firstly the intensity 
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1 
of the X-rays scattered from H is low, and secondly, H atbms 

. possess a high thermal motion, causing scattering of x-r1Y~ .to 

become more diffuse (120). , 

1 

Thus it may be seen tha~ in addition to diffiqulties 

in the synthesis of group 4 M-H complexes, characterisation is 

often complicated as weIl. Modification of ligands, a1 in the 
o 

work of Jones and Petersen, is likely to be one way ofl 
removing sorne of the obstacles. 

) ~ 1 , 

) 
1 

I. 3.3 Introduction to sorne aspects of titan ium/.z ircon i um ' 

silyl chemistq' 1 
The first example of a compound containing a silicon 

;' .... 
transition metal bond wa~ Me 3SiF,e (CO) 2Cp, prepared "bY Piper '-et 

!l. in 1956 (121). It wa's not however until. 1968 that the " 

first complex containing a fi-Ti bond was: reported 

method of preparation was s~'elimination using ~ 

prepared according to the fo11owing equations: 

+4KCl 

• 
c 

Diglyrne 
CP2TiCl2 + 2Ph 3SiK ---..... ~ CP2Ti(SiPh3)2 + 

o· c. 

~I 

1 

(122). The 

group 4 

f 

I.20 
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The~e two complexes ostensibly containing Si-Ti bonds were 

however prepared in air, and it was later suggested by 

Kingston and Lappert that ~n~tead of (Ph3Si)4Ti, (Ph 3SiO)4Ti 

had been obtained (123). 

Prior to the ~ork of Hengge and Zimmerman on the 

-< above mentioned titaniui\1-complex'es~ a communication had f 
appeared 1 y~ar earlier on the preparation of CP2ZrCl(SiPh3) 

(124). This was in fact the first group 4-14 complex to be 

obtained. It was prepared by a salt elimination method, by 

the reaction of_ Ph 3SiLi with CP2zrC12 at -SO°C in THF. Io!> 

addition to being the first group 4 silyl complex, it was also 

the first example of a stable metal silyl complex with the 

metal in as high an oxidation state as +4. It is interesting 

to note that only the ~onosilyl complex was obtained, attempts 
~ 

to obtain'" the bis( silyl) complex failed and only afforded 

tarry residaes. A X~ray crystal structure ~howed 

CP2zrCl(SiPh3)~ to possess esaentially a tetrahedral 

environment about both zirconium and silicon (125). A long . , 
bond' length wa~ reported for Zr-Si, relative "to other second 

\ 

~ow M-Si bond lengths, presumably indicative of the absence of 

any dn-Pn backbonding on~o silicon. 

....... 
Most of the reported complexes containing a Ti/Zr-Si 

b~ appear to possess phenyl groups on the silicon. There 

are however exceptions, and the second most common substituent 

is the methyl group. The preparation and characterisation of ,-

CP2TiCl((SiMe3) ha~ recently been reported by Rosch et ~. 

(126). Th!s was obtained according to the f0110wing reaction: 

< . = 
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Pentane 
"CP2TiCI(SiMe3) + 

<\ ' 

? 
• c 
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'" 

Exact1y what happened to the aluminium in the rection was not 
11 

elucidated, It has been suggested in a recent review that 

disubstitution is the norm for titanium. in these typeCs of 

usua11y expected (127). 
4 

R~sch 

et al. however reported that even with 2 moles of AI(SiMe 3 )3' 

Et 20 no disubstituted product, CP2Ti(SiMe3)2 was observed. At 

about the ~ame time, the analogous zirconIum compound, 

CP2zrC1(SiMe3) was prepared according to the fo11owing 

reaction (128): 

Benzene 
----..... ~CP2ZrCI(SiMe3) + ? 

9 days 

, 

1. 22 

It was reported that th~ product was obtained in 33% yield • 

. Desp i te us ing an excess of Hg [S iMe 31 2' i t was 'though t only the 

monosubstituted derivative was obtained. Whe~ the reaction 

time was increase~ to 15 days, although the yie1d of mono-

subs t i tu ted product was i ncreased t~ 58 %, 'the d is'Ubs t i tu ted 

product CP2zr(SiMe3)2' was also said to have been obtâined in -

11% yie1d. Both compounds were obtained by sublimation and 

were reported to be white. 
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recently been remade by Tilley using the same preparative 

method as was discussed'earlier for the analogous titanium 

complex (129). The colour of the material isolated in this 

case was red, similar to that of CP2ZrCl(SiPh3)' and it now 

seems likely that the earlier work oC'Blak~y and Glq,dysz was 

rOnge It now appears that as discussed earlier when 

(Ph3SiO)4Ti was isolated instead of (Ph3Si)4Ti, the siloxide 
------ ' 

cP2zrClfOSiMe3) was most likely obtained by Blakeney and 

Gladysz in their attempts to obtain CP2~Cl(SiMe3). Although 

their reactions ~re done under N2 , oxygen must somehow have 
. 

been incorporated. Tilley was able to isolate cP2zrCl(OSiMe3) 

from Me 3SiK an~. CP2Z~CI2' an'd show that it did indeed possess 

similar properties to the "Cp ZrCl (SiMe )" obta ined by 
~ 2 3 

Blakeney and Gladysz (129). In view of Tilley' s work, it now 

appears questionable also if CP2Zr(SiMe3)2 was obtained, and 

not CP2zr(OSiMe3)2. 

Tilley has prepared and characterised a number of 

trimethylsilyl qerivatives of b~(cyclopentadieny1)zirconium 

and hafnium (129). The zirconium complexes are of interest in 
~ & 

relation to the work to be presented here, and 50 it is upon 

" these that we shall focus. Oevelopment of the chemistry of 

trimethylsilyl derivatives of zirconium, involving a Zr-Si 
~.,-. 

bond, was dependant on the development of suitable sta~ting 

materials. The species CP2MCI(SiMe3) (M = Zr/Hf) were ideal 

for this, the zircon i um one hav ing been d iscussed ear lier. , . 

Studies of the se starting materials have aiso been undertaken, 

in addition to thei~rep~ia-~ion and ctlaracterisation. 

/ 
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reported to yield Me 3SiH together with a major zirconium­

containing product. It was thought that the zir~onium species 

was most likely {Cp(CSH4 )ZrCl}n' based on the similarity of 

its lH NMRJspectrum ta that of (CP(C sH4)ZrI}n' reported by 

Gell et al. (130). It is 1 ikely that to produce such a 

zirconium species, as weIl as to account for the formation of 

Me 3SiH, silyl abstraction of protons from the cyclopentadieny1 

groups occurs. Reaction of CP2ZrCl(SiMe3) with a number of 

nuc1eophil~c reagants NaS 2 CNEt 2 , LiBH4 and LioCMe 3 has 

resu1ted in new zirconium si1y1 complexes. The reactions are 

as fo11ows (129): 

-NaCl 
CP2 ZrC.l (S iMe 3 ) + NaS 2CNEt2 --~"~CP2 Zr (S iMe 3 ) (S2CNEt2) 

Et 20 I.23 

) 
-LiCl 

CP2zrC1(SiMe3) + LiBH4 .. CP2zr(SiMe3)'(BH4) 
Et 20/-7SoC I.24, 

~ -tiOl 
CP 2ZrCl(SiMe3 ), + LioCMe 3 ~ CP2zr(SiMe3)(Me3Co) 

Et 20 I.25 

The product obtained in reaction I.23 had its structure 

determined by X-ray crystallography, ~nd the presence-of a . 
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\J Zr-Si bond was ~onfirmed. It was sub~equently shown that the­

Zr-Si bond in CP2ZrCl(SiMe3) could €eact reversibly with CO to 

yield a CO insertion product (131). The X-ray crystal 

" 

structure reported for cP2ZrCl(OCSiMe3) showed that the 
2 . 

silaacyl ligand existed in an n -forme This complex is of 

considerable interest because it is the first report of a 

direct insertion product of this type. 

Two complexes of particular interest involving Ti-Si 

bonds have yet to be mentioned. The first of these was 

obtained in 1973 by Hencken and Weiss (132). They obtained 

,>1' 
A crysta~ ptructure revea1ed the presence of a 

dimer with a Pl~Si2Ti2 ri~g. The structure was only 

re~ined to an R value of 9% and in view of the product 

characterised in thii work, {(n5-CsHS)2Ti(u-HSiPhH) 12 , the 

true structure might conceivably tie {(n5-C5H5)2Ti~u-HSiH2rI2. 

The structure obtained by Hencken and Weiss 18 a~ fo1lows: -; 

'. 

... 

H2j\ Cp 
Cp ~ Si,,~ / 

"""Ti /' TI 

/ ~Si/' ""'CP 
Cp , H

2 

., 

l 
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• 
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A second complex also of interest is the comp1ex 

prepared by Holtman and Schram in 1980 

from the reaction of 

Although it was poorly 

with Li 2 (Ph 2Si)4 in THF (133). 

acterised and obtained only as an 

~l, the titanium atom was attached to a catenated 

sfiicon ring. Thus the example es sorne precedance for 

tttanium attached ta an oligosilyl ragment. 

It is' rather surpris ng that few lower valent 

titanium silyl complexes existe As discussed previously, 

oxidation states of less than +4 re not readily accessible 

for Zr complexes, and 50 the fact tha ta date no Zr(III) or 
/ 

Zr(II) silyl complexes exist is hardly surprising. Lower 

oxidation states for titanium such as Ti(III) might weIl 

provide increased stability to a Ti-Si bond by drr-pn" 

backbonding into the empty orbitaIs on silicon. There appear 

to be no examples of a Ti(III)-Si bond, although Ti has been 

reported to forro bonds of this type to other group 14 metals 

(127). There has however been a report of a Ti(I!) complex 

containing Ti-Si bonds. Razuvaev et al. claim to have 
J' -_ 

isolated {(Me3Si)2Ti.2THF} from TiC1 4 and Me 3SiLi (134). 

In conclus~oh, it is evident ~hat there are only a 

few examples of compounas where Ti or Zr. is di rectly 'bound ta 
. 

si. . It is very likely that this is a result of a lack of 

preparative methods together wîth difficult purification 

procedures. In addition, the oxygen sensiti~ity of titan~um 

and zirconium organome tall ic compounds has already been shown 

.# t 
" ." 

• 0 

... 
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to be a problern, with metaI siloxy species being often 
- , , 

isolated instead of the expected metal silyl complexes. 

1.4 STATEMENT OF THE RESEARCH 

As already mentioned, there has Deen only one report 

of a catalytic polymerisation of silanes to polysilanes prior 
!,<' 

to the work presented in this thesis. Wilkinson's catalyst 
<'Ji<- ' 

was found to give a number of small oligosilanes, consisting 
• 

of at most three silicon atoms (52). Subsequent to this 

Samuel and Harrod reported a reaction between a number oE, 

silanes and CP2TiR2' where R = Me/Bz, to form a unique bis­

(cyclopentadienyl)titanium hydride complex (characterised by 

ESR) according to the following equation, given Eor the case 

where R = Me (135): 

In faqt, it became evident that the reaction was very 

interesting, and not as straightforward as it initially 

appeared. It was noted that in the prese~ce of ex?ess PhSiH 3 , , 
gas evolution continued long after the completion oE reaction 

1.26. The solution became noticeably more viscous, most 
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likely due to build-up of polysilane. The original aim of the 

work pr~sented in this thesis, therefore, was the further 

study of the reaction shown in equation I.26, with possible 

isolation of the titanium hydride, as weIl as the isolation 

and characterisation of the polysilanes produced in~the 

-prasence of excess silane. By modification of 
t 

~ 
conditions, it was hoped that a control of the 

thyeaction 

polymer 

molecular weights could be achieved. In addition to the 

isolation of polysilane from the reaction of PhSiH 3 with 

CP2T~Me2' two new organometallic complexes containing 

Ti-H-Si-Ti bridges were obtained, and their full X-ray 

structural characterisation is presented in this thesis. 

Further studies on the reaction between a number of other 

primary silanes (PhSiD3 , BZSiH 3 , BZSiD3 and HXSiH 3 ) and a 

number of titanocenes (CP2TiMe2' cP2TiMe2' CpCp*TiMe 2 , 
-

o CP2TiMe2' [CP2TiH] n and [CP2TiJ 2) ~ill also be discussed. As 
1 

an extension of this work, ~he results of the reaction between 

PhSiH 3 ," PhSiD3 , BZSiH3 and BZSiD3, and CP2ZrMe2 d weIl as 

between [CP2rrH2] n and PhSiH 3 will also be presented. It is 

interesting to note that reaction has already been rep04ted 

~ between CP2TiMe2 and Et 3GeH/Et 3SnH, and between CP2zrMe2 and 

Et
3

GeH (136). The authors were trying to obtain 

CP2M{Sn/GeEt3)2. In fact no stable products Were isola--t;.ed, 

the reaction mixture was found to contain either hexa(thYldi-

germane or -stannane, said to arise from decomposition or an 

G • 



D 

) 
o 

51 

intermediate organom~tallic species. In aIl cases methane was 

evolved and CP2M was said to be present, evidence for which 

came from the observation of dichlorotitanocene and H
2 

upon 

'addition of Hel to the reaction mixture. 

Q 

• 
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11"'.1 INSTRUMENTATION 

Infrared spectra (4000-400 cm- 1 ) were recorded r 

either neat samples or pentane films, between KBr plates on a 

perkin Elmer 297 spectrometer. AlI spectra were calibrated 

-1 using the peak at 1601 cm of a polystyrene film. The 

resolution is' 4 cm- l for aIl spectra. 

IH NMR spectra were recorded on a varian XL-200 

spectrometer operating in the pulsed ~T mode. AlI chemical 

shifts (± 0.05) are reported in ppm relative to tetramethyl-

silane, TMS. At no time was TMS added to the sample. 

Negative chemical shift values indicate up~ield shifts from 

the reference. When C
6

D
6 

was the solvent t , referencing was 

achieved v ia the use of the Il SETREF" command. In, the cases 

where either toluene-d a or THF-da was the solvent, referencing 

was achieved by the use of a residual solv~nt peak. The 

details of a typical set of IH coupled and decoupled 

ins·trumen tal parameters for a sampI, e run in_ toI uene-da are 

g4v~n in TABLE II.1. 

298i NMR spectra were measured on a Varian XL-300 
. \ 

spectrometer at 59.59 MHz, using a 5 mm broad band probe, with 

the external lock turned to off. The chemical shifts (± 1) 
1 ~ 

areoteported in ppm relative to external TM8/CDCI 3 (1:1 v/vat 

ambient temperature). Polarisation transfer pulse sequences 

were used in order to optimise the observation of the nuclei. 
/ 

pr~or to each measureme~t "~,"' proton pulse width, PP, was 

calibrated using dioxane,.; ince no 295i satellites were 
'. <1 

1 
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TABLE II.1: 1H NMR I~STRUMENT~ARAMETER~ 

PARAMETER 1 H COUPLED 1H DECOUPLED 

TRANSMITTER NUCL~US, TN 1. 200 1. 200 

SWEEP WIDTH, SW 14992.5 14992.,5 -
TRANSMITTER OFFSET, TO (Hz) 0 0 

ACQUISITION TIME, AT (sec) 0.534 0.534 

NUMBER OF POINTS, NP 16000 16000 

PULSE WI DTH, PW (lJ sec) 4.0 4.0 

EQUILIBRIUM DELAY, Dl 2.000 2.000 

DECOUPLER NU~LEUS, DN - 1. 200 

DECOUPLER POWER LEVEL, DLP LOW (0-60 dB) 

DECOUPLER MODE yyy 

DIGITAL RESOLUTIO~ (Hz) 1. 87, 
'" 

1. 87 

J-

. \ 1 1 
obs~rved ln any of the H NMR spectra, the J

Si
-

H 
value for 

-
the parent silane was initially used (200 tlz for PhSiH

3
) 

together with a large sweep width, SW, to locate the peaks in 

the decoupled spectra. In the case of the organometallic 

complexes, coupled spectra were subsequently obtained using 

the same conditio~s to obtain a more accurate I JSi_
H 

value for 

the particular complex under study, and the parameters were 

then modified to opti~ise the co~pled spectra. Both INEPT 
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(!nsensitive Nucleus Enhancement through Polarisation 

Transfer) and DEPT (Distortionless ~nhancement by Polarisation 
-, 

Transfer) pulse sequences were used and are as follows for the 
~ 

lH decoupled case (137,138): 

9 0 0 ( H 1 X) - T /2 - l 8 0 0 ( H ~ X ), 1 80 : (S i , X) - T /2 - 9 0 0 (H,Y), 

90 0 (Si,X) - A/2 - 180 0 (H,X), 180 0 (Si, X) - 6./2 - decouple, 

acquire 
... 

o 

INEPT PULSE SEQUENCE 

FOR lH DECOU~LE~ SPECTRA -
-' T - aCH'X[ 9 Q 0 ( H , Y) - T - 1'8 0 0 ! H , X ), 9 0 0 ( Si, X ) 

'" 18-0 0 (Si ,X) - T - de cou pIe, a ç qui r e 

DEPT PULSE SEQUENCE 
" 

FOR 1H DECOUPLED SPECTRA 
.> 

, 
In the case of the decoupleù spectrum obtained using -- ---'--.. 

the INEPT pulse seq~ence, a total excitation transfer delay, 

T (D
3 

in the instrument parameter list), of 2.5 x 10- 3s was 

used. The refocussing delay'used, ~ (D2 in the instrument 

-3 
parame~r list), wâs 1067 x 10 So After the parameters had 

been optimised for the coupled spectrum, an excitation 

transfer delay·of 3033 x 10-3s was usedo A full set of 
1 0 p 

typical parameters for a H decoup1e~ INEPT spectrum (before 
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optimisation), taken in THF-dS ' together with rhose for the 

corresponding coupled spectrum (af:er optimisatiOn) is given 

in TABLE II. 2. 1 In the case of the decoupled s~ectrum obtained 
1 

us lng the DEPT pulse sequence, ail exc i ta t ion tfansfer delay of-
, 

1 

pulse flip angle, 6, of 
1 

-3 1 3.23 x la s was used together with a 

45'., This ensured enhancement of a11 silicon ttoms wi th 

attached protons. A set of typical optimised parame~ers for 
1 

both a IH decoupled DEPT spectrum measured in ~HF-dS'" tagether 

w i th tha t. for the corr~spond ~ng coupled spectrJm is g' i ven in 

TABLE II. 2. Va r ia t ion of the 6 pulse by use 0~1 an array wa~ 
. 29 , 

émployed in the measurement ~f si DEPT NMR s~ectra of sorne 

oligosilanes, enabling the silicons to be diffefentiat~d 

according to their number of attached protons. 1 Thus IH 
1 

decoupled DEPT spectra of oli~ohexylsilane and pligophenyl­
! 

silane were run, with-an excitation transfer de~ay of 2.5 x 

10-3
6 (ba:ed-on IJSi_ H = 200 Hz for the parent filane)~ "and 

1 

using an array for 6 of 45°, 90° and 135°. \ 

AIr NMR spe~tra, both IH and 29si , wete measured at 

ambien t tempera ture unless otherwise----i~nd ica ted (12 a Oc ± 3), ana 

on saturated solûtions. Peaks are described as \giv.en in thé ~ 
list'" of abbreviations. 

\ 

1 

Molecular weight measurements were obtfined on a 

Cor~na/Wescan model 232A m01ecular weight apparatus usinQ the 

principle of vapour pressure osmometry. AlI meaiurements were 

made in toluene at SO°C. The instrument was cal~brated 

1 1mmediate1y before use with eitheJ;' sucrose octaaqetate or with 
. 1 

\ 

" " 1 
\. 
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TABLE II.2: 29Si NMR INSTRUMENT PARAMETERS 
\ 

PARAMETER INEPT 
\ 

\ 

-,.". DECOUPLED COUPLED 
; 

TRJUlSMITTER NUCLEUS, TN 
, 

29.000 29.000 
0 

SWEEP WIDTH, SW 
1 

50,000 . 7142.9 
, ~ 

TRANSMITTER OFFSET, TO 6,000 5,800 
, 

ACQUISITION TIME, AQ 0~300 2.240 

oDIGITAL RESOLUTION (Hz) 3.33 Ô.45 
, 

NUMBER OF POINTS, NP c 30,016 32,000 . 
PULSE WIDTH, (~ sec) . 21 .5 21.5 

EQUILIBRIUM DELAY, 01 ( 2.000 1.000 

EXCITATION TRANSFER,~, 
0 

10-3 x 10-3 DELAY 03 (sec) 2.5 x 3.33 
. 

REFOCUSSING DELAY, q 

02 (sec) 1.67 x 10-3 - -
-

PULSE FLIP ANGLE, S ( . ) - -
0 • , 

COUPLING CONSTANT 
1 -

J
Si

_
H (Hz) 2ÙO 150 . 

MULTIPLICITY 4 . , 2 

PROTON 90' PULSE, pp 

(\J sec) 41 .1 41 .1 

DEÇOUPLER NUCLEUS 1.750 -
i:>ECOUPLER 

0 

POWER HIGH -
0 

- (. 

DECOUPLER MODE NY- -
, 

. , -

56 

DEPT 

DECOUPLED COUPLED 

29.000 29.000 -

14~92.5 14992.5 
-

0 o ' 

1 .142 1 .142' 
c 

0.88 0.88 

34,240 34,240 

21 .5 21 .5 

2.000 2.000 

3.23 x 10-3 3.23 x 10-3 

- -
""'" 45 45 

1 

155 155 

- -

48.2 48.2 

1.750 <;> -. 
HIGH -

NNY , -

/ 
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~ 
a Waters Associates calibration standard #41994. The -
calibration was alway~ checked with a compound of known 

molecular weiyht. The molecular weights are reported in 

Da 1 tons (0). 

The X-ray crystal structure determinations were done 

by the Laboratoire des Structures aux Rayons-X, <Universit~ de 

Montr~al. Experimental details are given in APPENDlX l. 

Elemen tal analyses for C, H and Si were -performed by 

Spang Microanalytical Laboratory, Eagle Harbour, Michigan. 

\ , 
\ 

II.2 GENERAL PROCEDURES 

AlI man ipula t ions were ca rr ied ou t us ~ ng standard 

" . inert atmosphere technlques under argon (U.H.P., Linde).~ AlI . ~-

glassware used in the manipulation of zircon~um compounds was 

dried at 115°C overnight and cooled under vacuum. C
6

1)6 and 

toluene-d
S 

wez:-e obtained· fz:-om Mez:-ck, Sharpe and Dohme, and THF-
1> 

da wa~ obtained f~om Aldrich. AlI deutérated solvents 
. C J 

were 

generally used as received aftez:- degassing and purging wi th 
. 

argon. Degassing was generally accomplished by the use of 3 

freeze-pump-thaw cycles, and the ~olvents wEJre stored in f\. 
Schlenk tubes over SA molecul ar s ieves, For the. zircon fum , 
compounds, deuterated sol vents were trap-to-trap distilled 

before. use, from ,sodium/benzophenone, ToI uene, hexanes and THF 

were freshly distilled from sodium/benzophenone, and ~ollected 

under N2 , Subsequent freeze-thaw degassing under vacuum ~as 

follow~d by.purging with az:-gon. Diethylether (an~ydrous) was 

1 , . 1 

/' 

.. 
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obta ined from Fi sher Sc ient if ie, and used from the frel')hl y. 

opened c~n after degassing as deseribed above. Dichl orome thane 

was reflux ed over P 205 and eoll~c teq und er N
2

. Ca rbon monox ide 

and hydrogen were both obtained as prepurified gases from' 

Linde. 
c 

Florisil (60-100 mesh) and silica gel (70-230 mesh) 

were obtained from the Fisher- Sc ien tiEic Co., and Merck, 

respec t ivel y, and used as rece ived • Cp 2 Ti Cl.2 and Cp ~rC12 

(Alfa Ventron) together with TiC1
4 

(J.T. Baker Co.), were aIl 

useg as received. CP2TiC12' where Cp' = C5 H4CH 3 , was o~tained 

as "a gift from Dr. J.M. McCall, and Cp*MgCl.THF, wh.ere Cp* = 

C
S

(CH 3 )5' was kindly supplied by Mr. J.P. Barry. Cp 2Ti (CO) 2 

" 'was obtained from Mr. S. Morris. CpTiC1 3 was obtained from 

Strem Chemicals and recrystal'lised from toluène/hexanes bafore 

use (CP2zrCl) 20 was prepared a~cord ing to a standarp 

procedur,e (110 and refs. therein). l 
The 1 i terature methods for the prepara t ion 

CpiTiC1 2 9 ive rela tively low yields (31-65%), due to 

production of Cp:T iC1 3 
as a side product (103,104). 

al. have reported high yields of CPiMC12 (M = Th, U) 

literatura 

of • 

the 

Fagan et 

were 

obtained by reaction of MCl
4 

with Cp*MgCl ·THF (slight excess) 

in toluene at 100°C (139). Thus Fagan's method was used ta 

o~tain CP2TiC12 with the followi~g modIfications. Work up of 

the product mixture was done in air and after the initial 

filtrAtion, a11 the toluene was removed to give a red-brown 

sol id which conta ined Cp*TiC1
3

• Soxhlet ex trac tion, accord ing 

.. 

,\ 
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to the me thod of Be rcaw et al. (103), was not complete ly 

syccessful in removing the conta~inant. Ch~omatography of the 

residue on a silica gel col~mn, using CH 2C1 2 as the eluant gave 

pure CP2TiC12 _( '" 40(") .. 

The compound CpCp*T i Cl 2 was obta i ned by the r~act ion 

of Cp* MgCl • THf' wi th CpTiC 13 (1: l molar rat io) in toluene at ~ 

90°C under argon. After 2 days, fi'ltration through celite gave 

a clear red ,solution which was evapQrated to yield a solid 

residue. A mixture of CpCp*TiCl 2 and CP2TiC12 was obtained. 

The former was isolated (30%) after chromatography on a silica 

gel column using CH 2C1 2 as the eluant~ 

PhSiC1
3 

and BzSiC1 3 (Bz = C6 HSCH 2 ) together with 

HxSiH
3 

,(Hx = !!-C
6

Hl3 ) and P~SfH3 were obtained from either 
~ , 

Petrarch Systems Inc. or Silar Laboratories Inc. LiAl~4 and 

LiAID4 were purcha~ed from. Aldri'ch. B
o
zSiH 3 , BZSiD

J 
and PhSiD3 

were prepared by the action of a small excess (10%) of 
" 

""i.iAIH4kLiA1D4 on the appropriate chlorosilane in diethyl ether 

as described in the literature (140). Methyllithium was 
{ 

purchased from Aldrich as an ethereal solution and used as 

received. 

The complexes CP2TiMe2' CP2TiMe2' CpiTiMe2 and 

CpCp*TiMe 2 were prepared by the action of MeLi on the 
, 

appropriate dichlorometallocene (stoichiometric ratio) in Et
2
0. 

The procedure followed for the preparation of ~P2TiMe2 was 

l,arge-l.y that used by Klaus and Bestian (78). The reaction was 

however done in air with no special precaution, against exposure 
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• 
of it t\? light. Af'ter recrystallisati6'n from hexanes, the, 

-
orange crystalline product (90%) was stored in its mother 

o "lt. 

liquor at -20·C in the dark. The compound was recrystallised 
,> 

be fore use upon any s ign of decompos l tian. The compound 

CP2T~Me2 was prepared in t~ same way al though the yields were 

much lower (~ 30%) . The compounds Cpi'M.Me2 and CpCp*TiMe 2 
.,;) 

were prepa~d (80%) accora ing to the method reported for 

CP'2TiMe2 (103). ALI compounds were stored in their mother 
'J 

• 
liquor at -20·C in the dark.~ Te c mpounds [CP~TiH]n 

from CP2T' e
2 

according to the 

(46%) and 

[CP 2 Ti] 2 were prepared méthod I)f. 

'" 
Bercaw et al. (l 03) • 

, 
The solvent{ used to pre pare [ CP 2Ti 1 2 was 

~ 

toI uene. 

CP2zrMe2 was prepared from cP2zrCl2and MeLi in 

diethylether according to liter9.'ture procedures (79,80) at 
, 

_20 0 C as sugge s ted by Samuel and Rausch (79). Purification of 

the material was accomplished by two sublimations under hiyh 

vacuum (10- 4 torr at 90·C). The extreme,moisture sensitivity 

of CPi'zrMe2 necessita ted stoOrage under argon\ Generally, thè 

compoun1, was used right 

immed iafely be fore use. 

after preparation or resublim~d 

Yields were generally low, of the 

arder of 45%. It was found to be light sensitive and th us 

stored in the d ark. (CP2zrH2]n was prepared according to the 

method of Wailes and Weigold (110) • 

. ' 
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REACTIONS BETWEEN PhSiH 3 AND SOME BIS(nS-CYCLO­

PENTADIENYL) DERIVATIV.ES OF TITANIUM 

61 

I1.3.1 Reaction of PhSiH 3 with cP2TiMe2 (1:1 mo1ar ratio); 

isolation of ~-hydrido-l(H)1'(Si)-~-pheny1silyl­

tetrakis(n S- c yclopentadieny1)-dititanium(III), 

{[(nS-C5HS)2TiJ2(~-H)(~-HSi(C6Hs)H)}, ~ 

In a typica1 reac~ion, PhSiH 3 (0.15 mL, 1.21 mmol) 

was added to a solution of freshly rtcrysta11jSed CP2TiMe2 

(0.247 g, 1.18 rnmol) in Et 20 (3 mL).- After an induction 

period, ge.,nerally las t i ng only a few seconds, a sPectacular 
.... 

,colour change from orange to' blue/black occurred. This was, 

accompanied by a sudden, rapid evolution of gas. After about 2 

hours, the supernatant 1iquid was decanted to leave a residual 

blu~/bla_G~ _Cxys,ti;dlJt:le sol id. This was wa~'hed with cold Et 20 

(3 x 5 mL) and vacuum dried to give pure {[n5-CsHS)2TjJ2-
4 

(\J-H)(~-HSiPhH», (~) (0.165 g, 60% yield). Larger single 
, 

"crystals suitab1e for X-ray diffraction were obtained in ~çwer 

yie1d (23%) by reacting PhSiH 3 (0.21 mL, 1.68 mmo1) with 

CP2TiMe2(0.353 g, 1.70 mmol) in a mixture of Et 20 (4 mL) and 

toluene (1 mL). The crystals 9btained were again washed with 
,) 

co~d Et 20 in the manner d.escribed above, and vacuum dried. 

1H NMR (C6 D6 ): ô 7.87-7.01 (m, Ph); ô 5.61 (20H, bb, 
, 

Cp" Vi = 31 Hz); ô 4.54 (lH, bb, Si-.!:!, ,\t = 53 Hz); ô -12.17 

(1H, bb, Si-.!:!-Ti, Vt = 61 Hz) .. Although a range is given forf 

the.phenyl protons, the relative in?olubility of complex X in 

-q"-------_ ...... _---------'------~. ~~ 
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.' C6~6 made it impossible to quote an accurate range, or 

integral; due to overlap with the band from the residual 
A 

protons of C6D6 • 

IFJ NMR (THF-d a ): ô 8.24-6.83 (5H, m, 'Ph): ô 5.82 (20 

H, bb, Cp, "t = 29 Hz); ô 4.15 ( 1H, bb, Si-!!, "t = 67 HZ);" ô 

u - 1 2 • 3 6 (1 H , b b" S i - .!! -Ti, \! t = 9 3 Hz). 

IH NMR (THF-d 8 , -50°C): ô 8.24-6.83 (5H, m, Ph): 6.--

S.86 (SH, s, Cp), ô 5.77 (SH, s, Cp), ô S.69\(SH, s, ~P), ô ____ _ 

S • 64 (5 H , s, Cp); ô 4. 1 5 (1 H , s '. S i - .!:! ' " t = 11 Hz); ô -1 2 • i~. 

( 1 H, S, Si -!i - Ti, . \1 t = ~ 12 Hz); ô -19. 51 (1 H, s, :r i -.!! - Ti, - \! t = 

92'HZ) • 

The 1H -NMR data given here is for characterisation 

purposes only. Other data will be reported 1ater when the 
Q , 

temperature dependance of the 1H NMR is discussed. ~ 

l 298i NM: (INEPT, T:~8' -8~'C): ô 87 ~ddd, 
J Si- H = 148 Hz, JSi-H(Ti) - ~ Hz, JSi-(Ti)-H = 14 Hz). 

ANALYSIS: Calcd for C26H28SiTi2: C, 67.24; H, 6.09; 
, 1 

Pound: C, 67.08; H, 6.18; Si, 6.00. S1,6.05. 

(, 

I~. 3.2 Reaction of PhSiH3 with C~2TiMe2 (- 3:1 molar ratio);' 
, 

isolation of bis(1(H)1'(Si)1(Sli')1'(H')-H-phenYl­

sily1)-tetrakis(nS-cyc1opentadieny1)-dititanium(III), 

{(nS-CsHS)2Ti( ~-HSi(C6HS)H) }2' g 
In a typical reaction, PhSiH 3 (0.50 mL, 4.02 mmol) 

. ~. , . 
was added to a Solutlon of freshly recrysta111sed CP2TiMe2 

" 
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(0.302 g, 1.45 mmo!) in toluene (5 mL). The solution rapidly 

changed colour from orange to blue/black, with evolution of ~ 

gas. Slow gas evolution continued for 24 hours, after which 

time a solid crystallin'e material had deposited. The 

supernatant liquid was dècanted and the bl~e/black crystals 

wére washed with cold Et 20 (3 x 5 mL). Subsequent vacuum 

drying gave weIl formed crystals of {(n5-CsH5)2Ti(u-HSiPhH)}2 

(~) (0.31 g, 75% yield) suitable for X-ray diffraction. 

lH NMR (C
6

D
6

): ô 7.92-7.28 (lOH, m, Ph); 6 5.12 (lH, 

s, Si-!:!.); 64.86 (10Ft, s, Cp), 4.-65 (lOH, s, Cp); 6--8.73 (lH, .. 
s, Si-H-Ti). 

IH NMR (THF-da): 67.88-6.77 (m) Ph); ô 5.07 (lOH, s, 

Cp), ô 4.82 (lOH, s, Cp); ô 4.89 (lH, s, Si-!!); ô -8.81 (lH, s, 

Si-!:!.-Ti) • 

The conversion of co~ ~ to co~plex X in solution 

complicates the assignment of an accurate chemical shift range 

and integral to the phenyl groups. This conversion occurs eve~~ 

more readily in THF. 

ANALYSIS: Calcd for ~32H34Si2Ti2: C, 67.35; H, 6.02; 

Si, 9.85. Found: C, 67.42; H, 6.10; Si, 9.77. 

11.3.3 

-
Re-action of PhSiH

3 
with a metastable fonn of 

titanocene' [CP2TiJ2 and its precursor, [CP2TiHJn 
'f~ 

[CP2TiH]n (0.02 g, 0.28 mmol) was placed in an NMR 

tube together with C6 D6 (0.5 mL) and PhSiH
3 

(0.04 mL, 0.32 
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mmol). The PhSiH3 was added immediately after the C6 D6 before 

decomposition to [CP2Ti12 could occur. The solution became 

blue immediately upon additon of PhSiH 3 , and gas evolution 

commenced. After approximately 20 minutes, the lH NMR spectrum 

was measured. The spectrum observed showed the presence of both 
1 " 

complexes X and XI, the H NMR details of which we're reported 

abo~. 

[CP2Ti]2 was obtained by stirring [CP2TiH]n (- 0.18 g~ 

1.0 nÏmolil) in toluene (10 mL) for 2 hours. The colour changed 

from greyish/green to black. The solution -was reduçed to half 

volume, 2 mL of which was transferred to a Schlenk tube. 

PhSiH
3 

(O. 05 mL, 0.4 mmol) was then add ed, whèreupon,. the b 1 açk 

solution immed iately be,came dark blue in, colourr ·and' gas 

evolution commenced. The solution was left overnight, and the 

nex t day a crys tall ine sol ia had formed. The supe rna tan t wa s 

remo'lfd and the solid washed with cold Et 20 (3 x 2 mL) and, 

vacuum dried. The solid wa~ shown to be XI from its IH NMR 

spectrum measured in C6D6 . The supernatant was pumped dry and 

lH NMR in C6D6 showed it to consist of both complexes ~ and ~, 

together with ~me (HPhSi) oligomer (the details of the lH NMR . n 

spectrum of oligophenylsi~ane will be discussed 1ater). 

. II.3.4 Reaction of PhSiH3 with CP2Ti(CO)2 (16:1 molar ratio) 

PhSiH3 (1 mL, 8 mmol) was added to CP2Ti(CO)2 (0.119 

(l mL). Although initially no colour -. 
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change was noted, very slow gas evolution was observed. The 

reaction mixture was left for 2 months during which time it 

~ " 
gradually darkened in colour through blue to green: A very 

~iscous solution resulted. Rernoval of a psrtion~to observe the 
l . 
H NMR spectrum indicated complete polymerisation of the 

PhSi H 3' In fac t only 01 igos ilane was observed, the, IH NMR 

detâils of which will be given later. 

II.3.S 

,. 

Reactio~ of PhSiH3 with cP2TiMe2 (1:1 mofar ratio); 

isolation of ~-hydrido-l(H)l 1 (Si)-y-phenylsilyl­

tetrakis(nS-methylcyclopentadienyl)-dititanium(III), 

{[(nS-C?H4CH3)2Ti]2(lJ-H) (lJ-HSi(C6HS)H~}, XII 

PhSiH
3 

(0-.11 mL, 0.88 rnmol) was added to a solution 

of freshly recrystallised CP2TiMe2 (0.21 g', 0.8.9 rnrnol) in Et 20 

(3 mL). wi thin a few minutes a rapid colour change from orange 

to blue/black occurred together with considerable gas evolution 
("""* '\ 

lasting a few seconds. The solution was left 16 houts after 

which tirne a crystalline solid had formed. The supernatant 

was decanted and the c·rystals werè vacuum dried to g.ive ,pure 
5 "'JI, 0 

{[(n -CSH4Me)2Ti]2(lJ-H) (lJ-HSiPhH)} (XII) (0.07 g, 30%). It was 

found to be extrernely air sensitive and pyrophoric. 

IH NMR (toluene-d
8

): ô 7.80-6 .87/(m, Ph); 0 6.67-4.80 
. 

(l6H, l:m, cP-!!) ; ô 4.45 (lH, bb, S i-.!!, \lt = 27 Hz) ; 0 1. 95-

1.17 (l~H, bm, Cp-CH
3

); ô -12.26 ( l H, bb, Si-!!-Ti, Vt = 53 

Hz) • 
~ 

o 
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lH NMR (toluene-d S' -48°C): 07.80-6.84 (m, Ph); ô 

6 • 6 7 - 4 • 62 (16 H, m 1 C p-!!); 0 4. 4 5 (1 H, s , S i - !:! ' \1 t = l 0 Hz); ô .. 

1.46 (3H, s, CP-C!!3), ë 1.42 .(3H,.s, CP-Cii.'3), ë 1.19 (3H, s, 
, ' 

Cp-CH
3

), ô 1.04 (3H, s, Cp-C!!3); 0\-12.09 (lH, s, Si-H-Ti, 
1 

\I! = 19 Hz); ô -18.96 (.lH, bb, Ti-!:!.-Ti, \lt = 76 Hz). These 

NMR results are given for characterisation purposes only. 

Additional data will be reported 1ater when the variable 

l temperature dependance of the H NMR is discussed. Overlap oE 

the ~henyl protons with the residual protons.of the deutitated 

solvent prevented accurate peak.assignments. 

ANALYSIS: Calcd for C30H36SiTi.2: C, 69.22; Hr 6.97. 

Found: C, 66.79; H, 7.00.. f 

11.3.6 Reaction of PhSiH3 with CpiTiMe2 (3:1 mo1ar ratio); 

attempted isolation of bis(l(H)1'(Si)l(Si')l'(H')-\.I­

pheny1silyl)-tetrakis(n5-methy1cyc1opentadienyl)-di­

titanium(III), {(nS-CsH4CH3)2Ti( IJ-HSi(C 6Hs )H) }2' ~ 

PhSiH 3 (0.49 mL, '3.9 mmol) was added to a solution of 

freshly recrystallised CP2TiMe2 (0.312 g, 1.32 mmo1) in 

toluene (1.5 mL). Within a few minutes a rapid colour change 

fram orange to blue/black occurred together with considerable' 

gas evolution. The latter continued Eor several hours. The 

solution was left fÇ)r 16 hours. No solids had formed"after 

this time and sb the solution was eooled in iee. After one day 

a precipitate had deposited and the super!1atant was removed. 

.... 
, 
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~he blue-black crystalline solid was washed with cold Et 2 0 

(2 x 5 mL) and pumped dry to giye 0.05 9 solid material. 
(' 

lH NMR (C
6

D
6

): In addition to peaks assigned to 

complex XII, the following, assigned to {(n5-CsH4Me)2Ti­

(~-HSiPhH)}2 (~), were observed: ô 1.91 (s, Cp-CH3 ", ô 1.51 
.... 

(s, Cp-CH
3

); ô -8.50 (s, Si-~-Ti). Accurate integrals were not 

obtained because of overlap with peaks assigned to XII. 

JI.3 .-7 Reaction of PhSiH3 with CP2TiMe2 (7:1 rnolat ratio) ,. 
." 

A number of reactions were tried and no clear results 
) 

obtained. The reaction that gave the Most information is 

reported as follows: PhSiH
3 

(0.05 mL, 0.4 mmol) was added to a 

solution of CP2TiMe2 (0.013 g, 0.06 mmol) in C6 D6/toluene-d8 

0.4 mL). The solution was left for 1 day during which time a 

ver~ slow gas evolution occurred. The solution slowly darkened 

in colour from orange to red/orange. After 1 day the IH NMR 

spectrum was measured. A series of v;riable temperature lB NMR 

spectra were also ~btained, the results of which will be 

discussed later. The spectrum was rerun after several days, 

and ~espite such an excess of PhSiH3 , little, if any 

oligophenylsilane was observed. 

II.3.8 Reaction of PhSiH3 with CpCp*TiMe2 (1:1 mOlar·rati~ 

mL, 1.60 mmol) was added to a sOlution~ 
CpCp*TiMe2 (0.435 g, 1.56 mmol) in Et 20 (7 mL). Within 5 

... 

J. 
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minutes gas e,?,Q.1ution had started, and the solution darkened in 

colour',becoming, after approximately l hour, red/brown. The 

reaction solution was cooled with an ice bath for 5 hours 

whereupon a brown 'so~id was deposited. The solid was washed 

with cold Et 20 (2 x 5 mL), however due to its solubili~y the 

washings were combined with the original supernatant solution, 

and the total evaporated to half volume and cooled at -20 Oc 'Eor 

16 hours. Removal of the supernatant gave 0.12 g of~own 

solide This was washed with .cold Et 20 (1 x 2 mL) and dried 

under vacuum. 

1H NMR (C'6D6) ô 2.49 ... .0.86 (bb, C~~C!!.3' vi = 62 Hz). 

The residual proton peak from C
6

D
6 

overlaps a very broad band, 

due protons from Ph and Cp-!!. groups. ~ The broad band is 

le above the baseline. Details of sorne variable 

NMR experiments conducted on this solid will be 

given later. 

II.4 

ANAL YS l S: C, 6 7 • 74; H, 7. 01 • 

REACTION BETWEEN HxSiH 3 (Hx = ~-C6H13) AND cP2TiMe2 

(2:1 MOLAR RATIO) 

Hexylsi1ane (0.27 mL, 1.67 mmol) was added to a 

solution of fresh1y recrysta11ised CP2TiMe2 (0.172 g, 0.83 

mmol) in Et
2

0 (3 mL). An immediate, spectacu1ar colo~r change 

from orange to blue/black occurred, accompanied by considerable 

g,as evolution whic,h lasted a few minutes. The solution was 
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left at -12°C for a number of hours but no· change ~~curred. 
/ 1 " 

The solvent was removed in vacuo and the residue dr ied under 
1 

• 1 1 
vacuum. A portion was' dissQlved 1n to1u~ne-d8 and la H NMR 

spectrum measured. 1 

1 1 1 

H NMR (toluene-da ): ~-hYdridO-1(H)I'(Si)t~-hexYl-

silyltetrakis i.S 
-cyclopentad ienyl) -d i titanium( III l , \ { [(.S -C SH

S
I2-

Ti]2(~-H)(~-HSiHXH)},:XIV, ô 5.69, 5.64 (10H, 2 obb,\ Cp); ô '. 

S.44 (lOH, bb, Cp, vi = 17 Hz); oc 3.7~'(lH, bb, Si--H~ va! = 21. 
~ ~ 1 \ 

Bis(1(A)l' (Si)l-Hz); 0 -13.33 (1H, bb, Si-!!-Ti, \/t = 50 Hz). 

(Si' ) l' (H' )- ~-hexylsilyl )-tetrakis (n5-cyclogen~tadienyl)­

dititanium (III), {(n5-C5HS)2Ti(]..I-HSiHXH) }2' XV, -lsomer a, 0 

4.66 (10H, s, Cp), ô 4.57 (IOH, s, Cp); ô -10.0S----rr-H, s, Si-!!­

Ti). Isomer b, 04.64 (lOH, s, Cp), ô 4.58 (lOH, S, cpj; ô 

-10.20 (lH, s, Si-H-Ti). The terminal Si-H resonances for the 

two isomers overlapped and were observed as a,complex multiplet 

at 3.91 ppm. Although this spectrum and the temperature 

depêndance of the,lH NMR will be discussed later, for full 

characterisation of complex XIV, the following i p given. 

IH NMR (toluene-~8 -58°C): XIV_, ô' 5.64 (SH, s,; Cp), ô 

1 

5.57 (SH, s, Cp), 05.36 (lOH, s, Cp); ô 3.87 (lH, bb, Si-H, 
I-
I 

Vt = 16 Hz); ô -13.13 (lH, bb, Si-H-Ti, \/1 = 13 Hz); ô -~9.52 
- 2 

(lH, bb, Ti-H-Ti, \/t = 40 ~z). A multiplet assigned 

protons of the .!!.-C 6 H13 groups appears a t- 0 2.17-0.83. 

r~nge does not change with temperature, and consists of 

fram both complexes XIV and xv. 
otons 

\ 
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ILS REACTION ~ETWEEN BZSiH1 (Bz 

(1:1 MOLAR RATIO) 

Benzylsilane (0.27 mL, 1.97 rnmol) was added to a 

solution of cP2TiMe2 (0.4 g, 1.92 rnmol) in EtL2 0 (5 mL). An 

immediate colour change from orangtt to blue/black occur!'"red' wi th 

considerable gas evolution for a few seconds. After 10 hours 
~ 

solfd material had formed which was, washed with cold Et
2

0 (3 x 

3 "mL) and vacuum dt"ied to give 0.22 g. 

IH NMR (C
6

D
6

): p-hyd-rido-l (HH 1 (Si)-IJ-benzylsilyl­

te tra k i s ( n 5 -c ycl'open tad ienyl ) -d i titan i um ( III), {[ ( n 5,_C 5 H 5) 2-

Ti] 2 ( ~ -H ) ( ).1- HS i Bz H) }, XV I, 6 5.65, '5. 45 (20 H, 2 "obb, Cp); ô 

-12 • S 5 (1 H,- b b, S i - H - Ti, \i.1 = 6 4 Hz). Bis ( l ( H ) l 1 (S i ) l (S i ' ) l '-0 
- 2 

(H' )- u-ben zyl sily 1) - te trakis ( 11
5 -cy~lopen tad ieny l ) -cl i t i tani~"" 

J 

(rII)'M-CSHS)2Ti('-HSiBZH))2'~' isomer a, .'L61 (10H, 

s, Cp), ô 4.46 (lOH, s, Cp); 152.64,2.44 (4H, ABq, Sl-CH
2

, 
1 -

2 
J

H
-

H 
= 13 Hz) i a -10.02 (2H, s, Si-H-Ti). Isomer b, a 4.58 

(lOH, s, Cp), ô 4.54 (lOH, s, Cp); a 2.13, 2.52 '(4H, ABq, 
t:> .. ' 

Si-C!!,2' 2JH _ H = 12 Hz); a -9.73 (2H, s, Si-!:!.-Ti). A mul tiplet 

assigned to the protons of the C
6

H5 groups appears at ô 

7.60-6.93. This range includes phenyl protons for complexes 

'XVI, XVII and the solvent. For fùll characterisation of 
, c 

complex~, the following is given: 

lH NMR (THF-d
S

): XVI, 65.76 (2~H"bb, Cp, vi =21 

Hz); ô -13.01 (lH, bb, Si-!!.-Ti, ~~ = 54 HZ) • ., 

IH NMR (THF-d
S 

-50°C): ~, ô 5.69 (5H, s, Cp) 1 ô 

5.58 (lOH, s, Cp), ô 5.43 (SH, s, Cp): ô -12.92 (lH, bb, 

r 
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Si~H-Ti, Vt = 14 HZ)! 6 -19.46 (lH, bb, Ti-li-Ti, Vt = 53 Hz). 

The' range for C6 H5 protons in this solvent is cS 7.69-6.~2, and 

.inc 1 udes those from complexes XVI and XVI 1. , --, 

II. 6 REACTIONS BETWEEN PhSiH
3

. AND SOME BIS( ,,5_ CYCLO-

PENTADIENYL) DERIVATIVES OF ZIRCONIUM , 
~ 

11.6.1 Reaction/of PhSiH
3 

with CP2zrMe2 (3:1 molar ratio); 

In a typica1 reaction, PhSiH
3 

(1 mL, 8 mmol) was 

added to solution of freshly subI imed 
') 

(0.66 2.6 a cP2z,rMe2 g, 
~~ 

mmo1) , in toluene ( 5 mL) • The sol u tion rapid1y changed colour 

from oolourless through ye110w to dark orange. The colour 
1 

change was graduaI, in contrast to the a'nalogous ti tanium 

reaction. Vigorous gas evo1u,tion also occurred. The solution 

was 1eft 16 hours - whereupon orange crystals su i table for X-ray 

analysis had deposited. These werE% washed '1ith cold Et 20 (3 x 

5 mL) and vacuum dried to give pure {( nS-CsHs) 2(Si'HMePh)Zr-

d S è (IJ-H}2zrCSiH2Ph)(n - SH S)2}' XVIII (0.33 g, 38%). 

IH NMR "C
6

'DG): 6 7.69-7.11 (m, Ph); cS 5.50 CSH, S, 

Cp), 6_5.42 (SH,' s, Cp)', 6 S.36 (SH, s"Cp), ô 5.27 (SH; s, 

Cp); 64.'89 (lH, bm, Si(CH
3

}-.!:!)r cS 4.78 (2A, 5, Si-H 2 ); 6 

\ 
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0.58 C3H, d, Si(~)':"C.!!3' 3JH_ H = 4 Hz); Ô -4.96, -5.09 (29, 

• 2 ABq, zr-!!2-Zr, ,JH_ H = Il Hz). 

The range given for the protons of the phenyl groups 

is not particularly accurate, and no integral is given, due to 

the overlap of these protons with the residual IH sigl}fll from 

C
6

D
6 

which was large due to the low solubility of the complexe 

IH NMR CTHF-d a ): ô 7.58-7.03 (l0l!, m, Ph); ô 5.78 

(5H, s, Cp), ô 5.70 (5H, s,-Cp'), ô 5.63 (SH, s, Cp), ô 5.53. 

(5H, s, Cp); ô 4.57 (lH, bm, Si(CH
3
,)-..!!); ô 4.34 (2H, s, Si-H

2
); 

ô 0.43 (3H, d, SiCH)-C.!!3' 3JH _ H = 4 Hz); ô -4.98, -5.03 (2H, 0 

2 ABq, Zr-!!2-Zr, J H- H= Il Hz). 

'- .-- 29 Si NMR (DEPT, THF-d
8

): ô 16 (dbm, Si'(H)(CH
3

), 

l 
J Si- H 

l ::: 168-Mz); ô -8 (td, Si-H2 , J Si- H = 158.1 Hz, 

2J 
Si-(,Zr)-H = 4.4 Hz). 

ANALYSIS: .,..calcd for C33H3SSi2zr2: C, 58.87; H, 5.69; 

Si, 8. 3 4 • Fou nd: C, 58. 41; H, 5 • 86 i Si, a. 73 • 

II.6.2 Reaction of PhSiH3 wit~ [CP2zrH2]n (4.5:1 molàr 

ratio); attempted isolation of di- ll-hydrido-l,l l -bis­

(phenyls illlyl) - tetrakis ( nS -cycloeentad ienyl) -d i­

zirconium(IV), «nS-CsHS)2zr(I!-H) [SiH 2 Cé6HS )] }2' ~ 
o 

In a typical reaction,_ PhS iH
3 

(.1 mL, 8 nunol) was 
, 

added to [CP2 zrH
2 

Ln (o. '4 g, 1.79 mmol) in THF (5 mL). Upon 

addition of silane, the reaction mixture became pale yellow. 

In addition-, slow gas evol~ti~n was obse.rved. "After 
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approximate'ly 16 hours, aIl the hydride had dissolved and the 

" 
solut ion was a dark orange/brown in colour. No sol id was 

obta iIJ.ed upon cool ing the sol ut ion. Add i t ion of less pÇ>lar 

-
solvents and cooling did not give a precipitate. Thè volatiles 

were removed from the reaction mixture to 9 ive an oUy gum. 

1 This was dissolved in C6 D6 and a H NMR spectrum was obtained. 

IH NMR residue (C
6

D
6

): 58.22-6.58 (bm, Ph)~ a 

6.39-4.41 (brn, Si-H/Cp)i 55.40 (s, Cp); ô -4.93 (s, 2r-~-Zr). 

II. 7 REACTION BETWEEN BzSi H3 AND CP2 ZrMe
2 

(3: l MOLAR 

RATIO) 

Benzylsilane (0.56 mL, 4.1 mmol) was added ta a 

solution of freshly sublimed-CP2ZrMe2 (0:347 g, 1.4 rnmo1) in 
, 

Et
2
0 (5 mL) which had been filtered through celite. The 

'solution was left overnight du~ing whi~h time it stead 'ly 

became a darker orange/brown colour. Steady gas ev u t.ion 

occurred during this time. After completion of e reaction, 

" an orange/brown cyrstall ine sol id had depos /' This was. __ 

washed wi th. cold Et 20 (3 x ~2 mL) al)d dried /- n vacuo to 9 ive O. ~ 

'-il of product:. / ;- ~ 
. - .IH NMR (THF-Pa): Di- \J-hYdri~1'-methYlbenZYLSilYI-11-

benzyls ilyl- te trakis (n5-cyc10pen ta~~lIl)-d.i zirconi um (IV) , 

{(T15_C5H5)2(SiHMeBZ)Zr(lJo-H)2zr(s'~2BZ)(nQ5-C5H5)2}' g, ô 4.09 
- & 

~ 3 
(lH, bm, Si(CH 3 )-l!.); ô 3.83 ( el}' Si-H2 ; J H_H = 6ttz); ô 

2.22 (~H, t,o Si-CH 2 -, 3JH _ = 6- Hz): ô 0.07 (3H, (j, ~i(H)CH3' 

.' 

o 1 

" 
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J H::II 4 Hz)~' cS -S.28,- -S.l1 '(2H, ABq·, Zr-H 2-Zr, J = Il Hz). ~ 
H- '0 

Di-lJ-hYdri~O-l <if' -bis Cbenzyls.i1Y.l) ~tetrakis ( nS 
-?yc.f'bpenta.-

, ',.....,' 5 -
dienyl)-dizirconium(IV), {(n -CSHS)2zr(u-H)(SiH2BZ)}2' XXI, '15 

• • . 3' a 
3 .. 83 (4H, t, S1-H2 , J'H_H = 6 Hz)~ cS 2.22 (4H, t, Si-.CH2-~ 

-3 J H-H ::: 6 Hz); cS -S .13
0 

'( 2H, s, Zr-H 2-Zr). Peaks' attributed to 

the cy~lopentadienyl gro,ups of, XX and XXI afoe' present... as a 
" 

mul t ip~.et occurring at ô 5.79-5."73. Al though. the~e ,peaks'. are 

not distinguishable in THf-da, the~ are clearly visible as a 

set of 4 singlets tQgether with an over.1apping larger s:rng-leti.' 
~ 

in C6D6 • Peak positions for the cyc1dpenta~ie~ grou,ps in 

this solvent ar~ as fo11ows, XX: cS 5.420, ô S'.413, ô 5.405 and 
~ r 

~ ô 5.~92. XXI: cS 5.400. These are given to three decimal 
\ 

places because 5 peaks were clearly v~si~e and if ,rounded off to 

two decirnal points (± 0.05 pprn), they W~d not be distinguishable. 

Phenyl protons are present as a multiplet at cS 7.29-6.8S but 

due to over1ap of those frorn both complexes-XX and XXI, no 

ass ignment is ·possible .• -
- , 

~ 

II.8 \ 1H NMR STUDIES OF 'THE CP2TiMe2' CATALYSED
4 

POLYMERI-
- " , < 

SATIONS OF RSiH3 ,. WHERE R = ph, HX,6AND Bz AND OF 
~ _ e \ 

RSiD3 " WHERE ~ = Ph AND Bz., 
" • ~ -.1 -

_ ~ r.. • " , 

A f:turnbeJ:' ffJf ... reactions were performed, and studl.ed 'in 

situ by lH NMR spectroscopy. AlI rneasurements were done on a" 

Varian-XL-200 spectrometer. In a typical experiment a 

relatively large '9xcess of sila~ - (fV 6.38-1,7 rompl) was added 

fi. 

-.. 
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~ ~ 

to a solution of freshly recrystallised 

rnrnol) in deut~rated solven~ (- 0.4 mL.-

Cp~TiMe2' (0.04-0~12 

usually C6 06 ) in a 5 mm 

NMR tube. TYiically 4 transients were xolleètep, ~nd ~he 

sample was removed f.rom_ the probe between acqu~sitions'. ~ The 

NMR tube was se'a~:~d witp 'a rt1bb~r septum which facilitated, 
"'-f~~~~ 

periodic release of ptessure built up by,the ~as evolution 
• 'ô'-

simply by piercing it w1th a steel rieedI"eol), The initial violent-
,. - -

nature of the gas evolution~necessitated great care and rapid 
~', " 

remèval of the sample from the probe after the sp~ctrum had 

been acccrmui~ted. ~enerally, spectra ~ere run every 2 or 3 
\ ~ -minutes for the first 10 minutes and then at lo'nger ifl,tervals 

as the-reaction slowed. As pO~YmerLsatio~ to oligosilane 

occurs over sever~l days, the continuing slow gas evolution 
~'tt. "'" 

required p~riodic ~elease of excess gas, ,and storage of the 

whole NMR tube under argon. 
, ... 

The experimental details ~re g1ven 

in TABLE II. 3. 

- APPENDIX I. 

A discussion of the reaction is given in 

.-. 

II.9 IH ~MR STUDIES OF THE C?2zrMe2 CATALYSED POLYMERI­

SATIONS OF RSiH3 ,'WHERE ~ = Ph AND Bz, AND OF PhSiD 3 
4 , ', 

The general experimental procedure used was the same 
~ , 

as that. givén above for CP2 T'iMei' -'The experimental cond i t 10n-s' , 

for the CpZ~M reactions given 1 TABLE II:4. A'-2 are ln 
\ 

discussion of is given in APPENDIX II. 

1 

-1 
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TABLE II.3: EXPERIMENTAL DETAILS FOR REACTIONS OF PRIMARY 

SILANES WITH CP2TiM~2 AS FOLLOWED B~ ~H NMRa,b, 

SILANE 

PhSiH3 

Ph!?iH3
C 

PhSiD
3 

BzSiH 3 

BzS iD3 

HXSiH 3 

aat ambient tempe rature 

) 

cP2TiMe2 

( MOLES) 

~ 
-

10-5, 12 x 

4.~ x 10-5 

12 x 10-5 

3 .. 8 x 10,-5 

3.8 x 10-5 

12 x 10-5 

o 

. ~\ANE/cP2TiMe2 
(MOLAR RATIO) 

"' 
20 

r 9 

20 

44 

45 

15 
o 

C in THF-da 

TABLE- II.4: EXPERIMENTAL DETAILS FOR REACTIONS OF .PRIMARY ", 

SILANE 

PhSiH 3 

- PhSiD3 

BZSiH 3 , -' 

~ 

SILANES WITH cP2zrMeZ AS FOLLOWED BY lH NMRa,b 

C,P2 ZrMe2 
(MOLES) 

11- ' 

o 12 x 10:~ 

12 x.10""7 5 

20 1,(F-:5 , .X 

~SIL~NE/CP2 zrMe 2 
\MOLAR RATIO) 

. '" 

, aat ambient tempera,ture bin C6D6 
') 

0, 

ù 
v , / 
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caARACTERISAT~ON OF SOME OLIGOSILANES PRE PAREO FROM 
~ 

PiUMAR'i SILANES Ifi REACTION WITa CP2 TiMe 2 /CP2 ~ rMe2 

( 

_Preparation of oligomers 

~o oli~.JIlSlrs were prepared and ch\aracterised by lH 

and 29 Si DBPT· NMR, IR and mo1ecu).ar we ight measurements. - These 

wet'e the oligosilanes 'resulting
D 

from the polymerisation of 

PhSiH3 ,using cP2TiMe2 or CP2zrr-,e2 and HXSiH3 w:!ing CP2~iMe2' 

Typicatly. Oligôm~s 'VIere prepared by adding- the (silane (usual1y 
• 

50-10'0 mole excess) to a solution of the dimethyl meta110cene 

(usually~25-50 mg).in tol.uene (5 mL). Gas ev01ution and the 

( same col our changes as described earl ier' occurred. The 

À.~olution was sti)7fed at ambient' tempera ture., unless otherwise, 

indi?ated_, ~or 2 da'Ys'. After this time the volatiles wer:e 

removed and co-l1ected. Th_eir' lH N.MR spectrum, taken on either' 

a~rian T60 pr T60A instrument, showed compl&te absence of the 

. parent ~i1ane. Remova1 of the metal-cont~ining species from 

the oligomers pro'ved difficult, but passage of the react:ion 

mixture dissolved in toluerre through -a florisil coltl'mn in air 
, , 

removed most of them. 

,(HPHSi)n:' IR (pentane film): v(Si-H) 2.085 cm-l, "q" 

(Whiffen's'llOtation (141» 1100 cm"' l ,- ~(Si-H) 910 c~-l. lH NM"R 

( C 6 D 6 ) : 5 8. 00- 6 • 72 ( 5 H, bm,c Ph); 6 5. 43 - 4 • 2 9 Cl H, bm, S i -.tU • 

29Si NMR (DEPT, C
6
'06): 6-'55 to -59 {m, Si-H 2 ); 6-59 ta -66 (m,; 

Si-H)., , . 
" 

'1 

" 

\ " 
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(HHxSi) : IR (neat).,,:' v(Si-H) 
- n .. 

cm-l. 1H NMR (C
6

D
6
): ô,4.13-3.81,t':'H, 

" t"~ . 

. \ 

20'ao;cm-<. 6(Si-H) \~O' .. 
bb, ~i-H)i Ô 1.81-0'168 

~', Si-H~!' 
, " Il 

(13H, m, Hx). 29Si NMR (DEPT, C6~~): ~~,4 tO,-57 

_ô-57 to -68 (m, '.ê.!-H). 

II.1"O.2 
• 

oligomer mo1ecu1ar weight stud ies. 

" ,,0 

In· the case' of (HPhSi) , a number of reaction 
T n , 

\-

cond i tions were used in i ts preparation in ordèr to examine the 

effect of the'se on its .mole'cular we)ght. This study was by no 

means exhaust;.ive. Prior to the molecular weight measurement, 

the samp1es were chacked for oxidation by recording the 

infrared spectrum (a large, .. band a t 1100 cm -~ appear~ if 

oxiciation has occ~rred). -This was repea ted after the 

measurement. Expetimental conditions of the reactions used to 
. .. 

prepare the ~olymers for the molecular ~eight studies are giy~n 

in TABLE ILS. 

) 

-. o 

--

" 



,0 
,.~ 

<Ï' .. 

" 0 

. -

î 
J 

1> 

O· 

'\ • 

., 

o 

·0 
o 

0 ", 

- . :li. 

" 
. , 

TABLE II.5: EXPERIMENTAL CONDITIONS FOR THE PREPARATION OF 
( -

OLIGOMERS'USED IN MOLECULAR WEIGHT STUDIES
a 

',' 

OLIGOMER 

.. 
A) (HP.h"Si) n 

B) (HPhSi) b 
. n 

C) (HPhSi)n 

D) (HPhSi)n 

E) (HHxS i) n 

r 

aambient tempera ture/2days 
. 

b60°C/40 'mins followed 

, 

• 

\ 
. \' 

by 

o • 

CATALYST PRECURSOR 

(» 

CP2 TiMe 2 ( 2 mol %) 

CP 2 TiMe 2 
( 2 mol \) 

CP
2 

T iMe
2 

( 10 -mol %) 

CP
2 

zrMe
2 Cl mol '%) 

CP2 TiMe2 
( 2 mol % ), 

", 

ambient tempera t-ure/2 days 

'. 

... 
( \ 

\ ... 
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111.1 THE CHARACTERISATION 
~ i t 

1 1 I~ 1.1 "Reaction of PhSiH3 wi th' CP2 TiMe2 ~ 1 z 1 molar ratio) 7 

isolation of complex X 

Pure X may be J..solated by the ooaction (l: 1 . 
• 1. 

'stoichiometric ratio) of Ph~i~3 with CP2TiMe2" When diethyl-

ether is the reaction solvent, the organosilane products . . 
rem,ain in solu~ion.Q Basèd on t~osê prod~èts fbs .. e.r:,~d in the 

l'H NMR spectrum (C
6

D
G

), the reaction equation ~is giv~h below:'· 

Et
2
0 _ 

2~p(iZiMe2 */ 3~hSiH3-----.l"""2MeH + 

, -
.{~CP2Tl)2(~-H)(~-HSiPhH)} 

X 

'f 

Based on this equation, an.excess of dirnethyltitanocene was 
, , 

present. When .the ratio of CP2r:r:iMe2 tO P PhSiH3 was greater 

than l: l, a black oïl was ob~a ined. '"The 1 II ~MR spectrum" 
.,," .• ft 

(CG06 ) 's-howed.that it contained traces of X as weIl as a , 
-

mixt).ire of other cyclopentadienyi compounds. In' addition to . 
, . 

this, a singlet was o.b:se"rved "àt :"7.~ .. pprn in CG °6 , po~sibl~ due 

- to a',.bridging Si-IÎ-:"Ti species. 
. 

It, is ,poss.ible that given the 
~ 

pl7.0pensit:.y of low valent tital).oc,ene species to rearrange to 
5 5 " 

n :T} -fulyalene (ClOH8}-co~ta!-ning cornglexes (lOO), this cou'ld 
, 0 

7. 
• T 

" 

. ' 

\ 
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.at:count 'for ,the' compli'ba ted cycJ.op~ntad.ienYl reg ion observed, 
- , 

In, the case where- the stoichiornetry of' ,~P2TiMe2 t.o PhSiH) was 
" 

1: l, the' fate, of the excess t! tanium was nç;t dttermined, When 
.' ,,-

"the ratio _of Cp'2TiM~2 to PhSiH3 was 'less than 1:1" com'pl~x xf; 
. ~ 

was forrned in addit10n to complex ~, 
, 
In ,this cas"e HZ 

evo1ution was also observed together ~ith"the buildup of 

01 !gopheny1silane'-

Onè interesting a'spect of the reaation is t:hfe source 

of 'the "hydrogen in the methane wh icn i..s prodoced, (equati,on 

III.l)~ When PhSiD3 was reacted~ith CP2TiMe2' 'the' 

'c~aracteristic 'tri~l~t at 0,17 "t'pprn for ~H3D was obs_erved i~' 
" l - . . 

the H NMR spectrum: (C&D6) ',' consistent w.it.h the conclusion 

'that the' evo1ved methane obta~nedO .its proton from 'the silane. 
. -

This re~uLt is important as it shows _that t~e cycIo~entadienyl 
.. \ -

pr:otons and' ~he .pro,tons of th,e other nrethyl ,group are not 

invo1ved in the production .of methane. It. was observed that 

,me'thane ev'olu-ti~n began\ before the inten~e blu~!Jce-lour~ of X 

was observed-,. a-od before the formation of methylphehylsilane~_ 
~ ~ 

MePhSiH 2 ," A nurnber'i-0f possibilitiès exist to aqcount for 

th-is. However, .sinpe CP2TiMe2 is a Ti('IV) dO complex, in.itia1 

oxi-dative addition of PhSiH3·_seerns unlike1y:" A theoretiqal 
\ 

stuçy of the electronic structure of CP2MLn rno1ecules (n = 
~, 

1-3) has shown that'bent CP2M,fragrnents possess three 
" \ " 

low-lying fronti.et _ orbi taIs! th~. shapes of which, toge~her " 

with the·associated co~rdinate system are shown ,below (142): 
r '" '~..... _ 

• o 

• 1 
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The interact.·ion of the frbn t ier rnolecular orb i taIs" of a CP2 M 

un i t w,i th .t~p a-doÎ1or 1 igands such as CH
3 

1s shawn belaw: 

,. 

, . 

\ û 

\ 



o 

, 83 

_ Thus dialkyl complexes sucp as tp2TiMe2 possess one low-Iying 

empty orbital, the laI. This is a laterally extending 

orbital, and represents the lowest lying acceptor orbital for 
, 

the eleètron pair of an incoming ligand. Thus, initial 

interaction between PhSiH 3 and CP2TiMe2 leading to the 

evo1ution of methane, may oceur via the utilisation of this 

orbital. Two possible ways id whieh this might occur are 

shown in SCHEMES III.l and III.2. 

Both SCHEMES 111.1 and 111.2 have no precedant in 

silane chemistry, although they havé been postûlated to account 

for sorne reactions of alkylhydride zirconocene derivatives 

with H
2

. SCHEME III.l is proposed in analogy to the hetero­

lytie sep~ration of a coordinated molecule' of H2 intp a hydride 
~ 

and a proton, proposed by Gell and Schwartz tD account for the 

H2 dependant alkane elimination from CP2zrHR (Ill), which wa~ 

in turn prqposed in analogy to th~'~eaction between [CP2zrH2]n 
.... 

and HAlR
2 

(143). SCHEME 111.2 is proposed in analogy with the 

me,chanism sugg~sted by McA'lister et al. to account for, thEè' fact 

that CpiZrH(CH-2CHMe2) dq,es not undergo simple reductive 

elim~nation of alkane upon pyrolysi~ (144). Instead, the alkyl 

group was f0und to abstract a hydrogen atom from one of the 
l' 

) 

cyc10pentadienyl 'methyl groups or from molecular hydrogen when 

available, leading to th~ proluctiq>n of, i~otjttane~ In 

considering the reaction 0~~hSfH3 with CP2TiMe2' SCHEME 111.1 

seems perhaps the mose pla~sible. The production of a 

5-coordinate intermediate with electrophilfc attack on a 

coordinated methyl group could give rise to rnethane. ' SCHEME 

p 
" 
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J 

+ 

Cp Me" 
...... ", 

TI 

~ 'Me 

84 
.. 

SCHEME 1 l LI 

\ 

O:A. 
Cp Me 

'TI'" 

QxMe 
H 

+ PhSiH 3 
--=-, . ---

SCHEME I11.2 

- -1 
o 



c 

c 

111.2 seems less likely. Reduction ~f Ti(IV) to Ti(II) by 

metal-to-ring methyl trans~er~ followed bY-Ox~dative addition 

of PhSiH3 seems conceivable as does the subsequent reductive 

elimination of methane. Howevèr, one might also expect 

ring-to-metai hyorogen transfer. This would·lead to BIO 

e~hange of the ring protons in the presence of PhSiD
3 

which 

does not occur. Both SCHEMES If"!.l and 111.2 give rise to an. 

identical titanium silyl species which can undergo reducfiv~ 

elimin-ation to generate methyl.?henylsi~ane and "CP2Ti" 
\ 

according to the following equation: 

R.E 
"Cp Ti" 

2 + MePhSiH 2 III. 2 

- The precise structur.e of titanocene has m>t been determined 
~ 

"due in pa~t to itS high reactivity, and so it i~ rep!esented 
, 

as "CP2Ti". 
, 00 

The in i t ial ob"serva tion of methane from the reac Ir>ion 
b 

\ 

may also be accounted for in tetl1lS of free radical production. é) 
, 0 0 

Samuel et al. have studied the photolysis of CP'2TiMe2 using ... • 
ESR spectroscopy, and have suggested that ~he primary 

proce~s is the lo~s of a methyl radical to produce 

CP2TiIIIMe as shown in SCHEME 111.3 (l45). 

~. 0 

" 

- , 
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- h"" CP2 TiMe2 .. Cp Ti I:~ l Me + 
2 

.Me "--""1 

:-

2CP2TiIIIMe A III '} .. [CP 2Ti Me 2 

[ .III) CP2T1 Me 2 
hv • CP2Ti + .Me 

CP2Ti + CP2TiMe2 A 2C . IIIM ... P2_T1 e 

... 
\ 

2Cp' Ti III Me t:. - III .. .. [CP 2T-i Me] 2 2 

SCHEttE III. 3 

-
Experiments suggest that the reaction .between silanes and 

- , 

CP2TiMe2 may be photoinitiated. Methyl radicals produced via 
'. , < 

$CH~~E III.3, could abstract a hydrogen atom from p~enylsilane 

t9 pr.9duc~ methane and ph~nyls i tyl radicals. The fact that 
o 

neither ethane nor disilarle is obserVed in any of the 

reactions studie'cr couÎa be indicativ~ of, the rea'cti-vity of the 

parent ra~i~als. A possible reaction of PhSiH 3 with meth~l 

radicals produced in SCHEME ItI.3, and? subsequent reactron 

a: SiH2 Ph rad icals wi th CP2 TiMe 2 i5 shawn in -equa t ions III. 3 

and 111.4, respectively. 

Err. 3 

, 
111.4 ' 

6 
• 0 

, 
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. \ 
The ~pecies Cp Ti IIIMe 2 ~ould then reenter the cycle given iîï 

SCHEME. III. 3 • 

,In order'to account for the production of complex !, 

formed ?uri~ the reaqtion of PhSiH3 with CP2TiMe2' th; 
""-

titanocene moiety" èp.2Ti, must'remain intact. The production 
, - \ 

of a "~P2 Ti" species ean be inferred from. the Qraduetion of 

CP2Ti(Cd)2 when the reaction is earried out under CO gas. 

Purging of the reaction solution with argon leads to 

'production of complex X. 

" 
It seems likely theFefare that the 

CO intercepta "CP2Ti". Such spe~es are ~ighly reaetive - f 

(100), and would likely reaet immediately with either 
~ . \ 

dimethyltitanaeene 'as shawn in SCHEME IIL3, or with 
, 

PhSiH3 according to equations 111.5 and 111.6, ta give X: 

CP2T'iH(SiH2Ph) 
a 

III.5~ . 

CP2TiH(SiH2PÈ.~ + ~ICP2Ti'''~{CCP2Ti)2'( ~-H) (ll-HSiPhH)} III.6 
- , 

X 

Reactüm of "CP2Ti" must oceur rap!dly, befé)r~ "re~rrangement ta' 

fUlvaleh~ ;:ontaining dim~rs. ~uCh, ~s {[(~5_C5H5)T(~-H?J2-' 
(ll-CIOHa)} can.oceur. Fur~her evidence for the involveme~t. ~f 

"CP2 Ti Il' was obtained from the reactian of metastable 

o 

., 
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titanocene, [CP2-T~) 2 (103), and its pr~cu~sor (CP2:iH] n .(l03) 

with PhSiH3 • 'In both cases, complex ~'was produced together . 
o 

with complex XI and oligophenylsilane. Thus it is reasonable 

to propose that(. "CP2Ti" is în important -intermediate in these 

reactions. CP2TiMe2 acts as a precursor, generat}ng "CP2Ti" 
() 

due- to its propensity to generate rnethyl radicals. 

In addition, SP 2Ti(CO)Z was found j:~~~e~ct very 

slowly with PhSiH 3 to produce ~ and XI as weIl as oligo­

phenylsilane. In this case a very slow gas evolution was~ 

observed along with a graduaI colour change. This further 

suggests that it is "CP2Ti" that ls important in-the formation 

of complexes ~ and XI, as weIl as in the polymerisation of 
\ . 

ri ' ' 

prirnary silanes, which will be discussed later.' 

III. 1. 2 The molecular structure 

The X-ray struc~ural analysis of X has provided( the 
~ 

deta:Lled molec.ular configuraJ;j.on of this unique titanium· silyl 

complex'. The experimental details for the X-ray crystal 
. 

structure determination, as performed by Dr. M. Simard, 

Univèrsit~ de Montrêal,oare given in APPENDIX III. APPENDI-X Q 

- " 0 
IV, TABLES AIV-A to J, lists aIl crystal structure data, 

"posi tional parameters, anisotropie thermal pararnetefs, 

struet.ure factor ampiitudes (ralculated and observed), iflter­

atornic angle:s and disl:.ance's and sorne selected least squares 

planes as ob~ained tram the Universitê de Montréal. Complex X 

o 

" o. 
1> 0 

• 0 
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'exists ·as two enantlomers which co-crystallised ~n the crystal 

lat~ice; leading to disordet. A persp~ctive view,of one 

énantiomer is shown in FIGURE III.1. FIGURE'AIV-A, APPENDIX 

IV gives a diagrammati~ .~epresentation of !'plus the full. 

numbering scheme, taking 'into accoun't· the disorder, in order 
~ '. . ~ 

to correspond to the tablès in ,APPENDIX IV. 
, 0 

Initial at,l:empts at' ref·inement gave an R value oi: 

6.1% for a molecul~. containing ~wo c>CP2Ti units bridged b}/l a H 
j'\ 

atom and a PhSiH 3 molecl:!le (ie, a -6-membered T,i 28iH3 ring). 

, 
b 

This was however, compÎetely incompatiblè ~i th the IH NMR 

- results. Moreover, the silicon atom had-an unusually large 

a; iso tropy • Two s ~li con and t wo hydrogen a ~om ~ i.ons 

81(1)H-{2) and S1{2lH(3) were introduced (F~GURE AII-A),,·and 

-\;-

refined with half occtlpancy in each~ This gave a final R 

value of '4.6%. - , 
In the tables in APPENDIX IV the two silicons Si(I) 

and 81(2), and the two bridging hydrides ~i-H-5i, 'H(2)and--

H(3), ~re'lfsted. There is, howeve~, only one set of 
~ ? (. l , ~ () 

poordinates ~or'all other ato~s in the molecule, including the 

phenyl group and hydride (H(4)~~bound to the silicon: A brief ... 
." , 

. explanation of the disorder present in this molecule is 
o 

relevant at this point. FIGURE 111.1 represents an idealised 
" . 

enantiomer, wherein, aIl bond lengths and angle.s relevant to 

,the cent~al bridging part af the moleeule (TABLE 111.1) -are 

. g~ven as averages of" the two enantiomers. It is inte'resting 
, ,. 

~ 

to note ,that the dlstance betwe~n 8i(1) and 51(,2) is so small 

o 

'0 

\ 
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• FIGURE 111_1: A PERSPECTIVE' VIEW OF ONE ENANTIOMER OF 

{[(n5~C5H5)2Ti]2(P-H)(p-HSiPhH)}a,b 

C(15) 

( C(14)_ ~ 
\ ~'_' 1 / ;C(11) 

,,' ( 
C(13) '\ 

C(12) \ H( 1) 
'\\Ti(l) ~~~ --p ~ '" 

C(42) . 
~~~ '. C(4,1) . 

C(43)~:~~(45) 
C(44) 

• 
, 

.. 

o 
," 

C(52) 

C(S3) Ce55} 

• 0 • 

aphenYl~and Cp hydrogen atoms omitt~d for .clarity 

bellipsoids correspond to 50% probability level 

'0 

\ 
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TABLE III.1: SELECTED BOND~LENGTHS (A) AND ANGLES Ce) ~OR 

{ rê n5-C~H5) 2Ti)' 2 ( JJ-~ U Jj-HSiPhH) } a, b 

LENGTHS \ ANGLES 

Ti(1)-Ti(2) 3.46lr(l) H(l)-Ti(2)-H 102 

Ti(l)-Si 2~61 ( 3 ) 
TiCl)-H(l) 1.97 ( 4 ) H(l )-Ti(l )-Si 8.0 

9J. 

( 4 ) 

( 1 ) 
~ TiO )-:-Si-C( 51) . 128.7(13) 

~ '" - ' 

-T i ( 2 ) -H (l ) 1.97 ( 3 ) Ti(l )-Si-H 106 ( 4 ) 

Ti(2)-H 1.58 (8 ) Ti( 1 )-Si-H( 4) 117 ( 3 ) 

Ti(2)-Si 2.79 ( 3 )-
Ti(1)-H(1)-Ti(2) 123 ( 2 ) 

Si":C(51} " 1 .. 94 ( 3 ) 0 

Si-H 1.55 (9 ) Ti (2 )-H-Si 126 (6 ) 

Si-H(4) 1.49 (4) 
C( 51 }-Si-H 98 

., 
("4 ) 

C(51)-Si-H(4) 
; 9 101 ( 3 ) 

w ." 

\ H-S i-H (4). 99 ( 4 ) 

O(IG'-Ti(I)-C(3G) 130.6 ( 1 ) 
C(2G)-Ti12)-C(4G) 131.1 ( l ) 

~ .. 1 

,1) 

- a~h! rnolecule appears to ~e disordered in the 1attice with the 
. Si-H-Ti group adopting one of two orientations. Bond lengths 

and angles involving atorns not numbered <:ire averages of the 
lengths and angles obtained for the two enantiom~rs (see 
FIGURE- AIV-A and TABLES AIV-F and AIV-G in APPENDIX IV) 

bC{IG) = centroid of ring cont'a'ining carbons C(lI) to C(lS) 
C(2G) = centroid of ring containing carbons·C(21) to C(25) 
C( 3G) = cen tro id of ring ~on·tain ing carbons C (31) to C( 35) \-Ir­

C(4G) = centroid of ring containing carbons C(41) to C(45) 

C) 
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(~ 0.3 A) that the phenyl group and H(4) show no dis~rder. 
- ~ 

The bond distan~es Ti(l)-H(l) and Ti~2)-H(1) were constrained 

to be equal as this.was the only way in which they could be 
, , 

It is possable that this is a reflection of the 
o 

disorder present in the ·mo~equle. 

The molecular structure of complex X consists of two 

CP2~i unit'S' ~ridged by one hydrogen atom and a HSiPhH moi.e_ty 
~ ,-

to give an es~ntially planar, 5-membered ring. This planar 

central unit (F1G~RE I1I.2) contains two 2-electron, 3-centre, 

bonds Ti-H-Ti and Ti-H-Si, in addition to a Ti-Si bond. 

) 

~ 

FIGURE 111.2: THE CENTRAL BRIDGING UNIT OF COMPLEX !, 
Ti 2Si'H

2 
a., b 

~ . " . 
1 

a =:123(2)° 
b·= 80(1)° 
c = l02( 4) ° 
d = 106(4)°' 
e = 126(6)° 

1. 55{ 9) ~ 

anon-bonded distances are 

bbond lengths are given in 
,deg r:ees (0) 

) 
, 

represented by dashed (---) Lines 

Angstroms (A) and boqd angles in . . 
" 
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To our knowledge, there are only two other oompounds 

which contain a Ti-Si bond~ narnèly-, {CP2TiSiH2}2 (132_> and 
'" 

CP2TiC1(SiMe3) (126). Complex,X, ,therefore, is the first 

compound containing a Ti(III)-Si bond. In addition, the 

Ti-H-Si-Ti br~dge in X ls unprecedented. 
4 

The Ti-Si bond distance of 2.61 A in X is very~· 

sirnilar to that reported for CP2TiCl(SiMe3} (2.67 A) -by ROsch 1 

et al. (126). Thus although a numbèr of valence strJctu~es , . 
are possible, in~the solid state, structures XA and XB see~ 

equally plausible: 

v 

~Cp ... H' Cp 
·X ,. ...... ~ ,,/ 
/ 'Ti'('III). Ti 2 (11I) 

/ "-H .. ",'" ',,-
Cp Si-H. Cp 

Ph 

1 

.. . 
XA , 

Cp ,./H'... Cp '" /- .......... ,,/ 
TV(IV) .Ti2(II) /,,-' ", . 

,/ ."H ""-Cp ~i--:H"". Cp' 
ph • 

Q • 

XB 

IH NMR solution studies, however, îndicated the 
. 

presen,ce of a paramagnetic spe~ies in lèlw concentration, 
. , 

suggestive of ~,-wherein the titanium atoms are in the +3 

oxida'tion state. 
~ -, 

In such a case, backbonding into the vacant 

~i 3d Qrbî~.ls cao occur, which would ~end to str~ngth,~n and 

, 

- b 

1 -
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snorten the obserxed bond~ For~, either this eff~ct is 

negi ig bie, ot: is counteracted by an inc.rease in bond length 1 

. 
expec ted for a bond invorv ing or: i (II 1) (compared to one 

involving Ti(IV)}~ A third possible valence structure, ~CI may 

be reasonab'Iy eliminatèd sOlely on the basis of the Ti-S~ bond 
Q 

length, which is that expected for a Ti-Si single bond and not 

shortened as might be expected. 

\ 

xc - 0 

XC ip.also not consistent with thê.paramag~etism detected in 

-{) the IH NMR solution stud~es of X •. 

. The' bond d,istances Ti(l)~H(l) and Ti(2)-H(1) (1.9rA, 

. see FIGURE ,I.I1.2), although constrained to be equal in the 

refinement, are comparable ~o_the Ti-H bond distance obtain~d 

for. the bridgi:ng hydride Ti-H-Ti in' {[ C.n 5-C sHs )TtJ 2 (u-H )'--
, 

(u-H2AIEtï){ U-C1oHa)} (1.80 A) (115). It has been -suggested 
~ 

that significant distortion of a 2-electron, 3-centre bond from 

. . 
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a symmetric configuration cannot,occur {146)., 'This was 

\ 95, 

supported by the neutron diffraction study of {HW
2

(CO)a(NO)-

(P (OCH3 r 3)} where the' two W-H bond lengths were found to be the 

sarne. ,! 

. ' 

Complex X provides the first example where X-rày. 

d iffrac"t ion has conf irrnœd the interac,tion of a' si 1 icon' hydr.ogËm 

group with a transition'metal centre. Such 2-electron, 3-
o , 

centre bo~ds have b~~n suggested bl~ore. Although the true 
~ 

nature of the bondlng was not unequivocally e~tablished, 
-

~2(CO)8~2(Si{C2H5)2J2} was thought, to possess two Si-H-W 
~ . 

br.idges on the' basis 'Ûf !;he two 'differént w-si distances (147}. 
\ 

The central oridg·e .system of this complex is shown in Figure 

II!.3. 

\, 

~ 

FIGUREollIe3: THE PLANAR BRIDGING'UNIT OF {W
2

(CO')aH2": -:... 

--
\ , 

~ 

.< 

- \ 
~ 

.. 
• 

. \ 



\ , 

, ,f'" 
.~ 

r 

, 

,0" 

" . 
'. 

96 

-Preced~nce for l{a 's im~lar type of bond ha~ aiso beeo, .. . 
~~own fot the C~H moietf where the hydr~gen ato~ May bridg~. the 

.' '~ -
carbon and a tranl) itipn· metal_a tom, forrnin9 so-called "agostic" 

in~era~tions (148,149)~ Evidence for agos~ic C-H-M inter~ 
o 

• actions wasinitially obtai~ed from X-~,ay crystal st:t;'uctu~e 

dete~~ina t ions 'where short M-C d-is tances were observed. ""', 

Subsequent neutrq9 diffraçtion studies showe~ that the C-H 
d .. ' • " 

bridging bond distances were 5-10% long~r tban for analogous ,J 
~ ~ • • r 

,termi~al C-~ bonds (14B). Although the .bridging"si~l of ~ t 

posse~ses an Si-H bond distance of 1. 55' A, compcllr~ble" tr/'a , ' 

normal, Si-H terminal "bond length (1.~9 A) (150), t'fle· TL(:2)·-H 
o 

dis~ance of 1.58 A is clearly a bo~ding distance. 
1 • 

A fourth valence structure for X iS'p~ssible, XD. 
-" 

The non-bonded Tf(2)-Si dis'tance'àt 2.7~ Â' is.h6wever longer. 
(' - ~ , 0 

,than the b'ol'!ded Ti(I)-Si distancë' at·2.61 'A.- As discusse~" 
,,' 

earlier, two different M-Si distances within the same mOlecùle . ' . 
have been used to infer the presence of a bridging n~dridJ in 
'. " 

~ 

the lQnger~distance .(147). In addition, such a structure a~ XD 
, ( ""-', ; 

, is not compatible w.ith tpe7, IH NMR solution studies." \ 

Cp /H\ ... ,. Cp 
t'''-.,/' ,,/' 

. Ti'{IV) ~Ti2(IV) 

,/ ~H/:./.~ 
Cp . Si" H Cp 

, , 

ph ' 

\ 
XD-

, 

. // 
1 

'<1 / 

! 

/ 
/ . 

/ 
/ 

\ ~ 
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The Ti(l)-Ti(2) distance for X is 3.46 A which is 
-

• { S longer th an the analogous di,?tances in [en -C SHS )Ti1 2 (\I-H)-
o 5 

(~-H2AlEt2)(~-CIOH8)} (3.37 A)o (115) and {[(n -CSH5)Ti(~-OH)]2-

(\I-CloH
a

)} (3.19 A)' (101) which are proposed, to be non-:-bonding. 

" . It seems unlikely that ~i-J'i single bonds are present ln these 
J 

molec,\.Jles although it has been suggested that in bridged 

systems, f:1-M d i5 tance's may no t 'be good cr i ter ia for the 

p'resence of bonds (lS1). Interestingly however, inter'âction 

between the ti tan ium cen tres is observed in both case s. 

Magnetic s!-lsce~tibi1ity measurements have shown that 
::> 

o 

{[(n5-CsHs)Ti12(u-H)(u-H2AIEt2)(U-CloH'a)}' VII, is diamagnetic 
, 

in the sol id s ta te poss ibly as a. resul t of, superexchange via ' 

the bridging H atom (115). In a)~dition, {[(n5-C5H5)Ti(~-OH)]2-

(~-CloHa)} has been described as only weaklyOparamagnetic due 

to super8!xohange taking place through the bridges. Desp'ite the =-
o r"~ 

la rge Ti-Ti separa't ion, d irec t over lap of- the me tal cen tres was 
(> 

not entirely ruleduout (101). Although a st~dy of the magnetic 
o 

properties of complex X has not been carried out, IH NMR 

solut ion, stuô ies sugges t tha titis only weakly ,paramaghet ic • 

Thus déspite the Ti(l)-Ti(~) separation, sorne degree of 

" . 
in terac tion between the two me tal cen tres seems l ike ly. It is 

possible that this interaction occurs via sùperexch~nge through 

, l'the bridging' hydride in the Ti-H-Ti moiety. This ~ay help to 

explain why the ~onded Ti(l)-Si distance is close to that 
o 

observ;d iri a -terminal sil'yl comP.1ex. If superexchange 

occurred in valence structure XA, the electrons on the Ti (I fI) 

'0 \ 
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atôms would be unavailable for backbonding into the empty. si 

3d orbi"tals. 

It has- a
o
lready been mentioned thélt the Ti-H-Ti and 

Ti-H-Si briqges in X are electron deficient, 2-elect,ron, 3-

cel'hl:re bonds. The positional accuracyof the hydrogen a~om, 

o 
obtained by X-ray ·diffraction in such bonds lS,oftan low due to • 

B 

• 0 

th~ low X-ray sc~ttering power of the hydrogen atom. l t i5' 

only recently that the extent of these errors has been 

realised, from comparison of X-ray and neutron diffraction data 

fOL a number of complexes (152,.153). It has been Eound tha t 

X-ray methods usu'ally give shorter M-H distances and larCjer 

M-H-M bond angles th an neutron diffraction. This i9 due ta the 

covalency present in the M-H bond. Thus th~ X-ray determined 

position of the hydrogen atom in the M-H-M spec ies. tends ta 

reflect the location of the electron density. Neutron 

diffraction studies howe~j give the internucle-ar separations 

since·neutrons are scattered with similar efficiency by 

hydrogen as by other atoms. Thus the two techniques are 

complementàry and studies have shown that the region of maximum 

orb ital overlal? in M-H-M bonds is di splaced towa rd the M-M 
(). , 

internuclear vector (152,153). This suggest5 a significant 

amoun t, of me taI-me tal in teraèt ion mu's t be presen t in br- idg ing 

hydrides of the type M-H-M, consistent with a "closed tl 

representation fol:\' the M-H"M bond (152). 
\ ~ ..' 

In this case, the two 
o 

, 

metal hybrid oLbi ta 15 and the hydrogen 15 orb i ta l ovec lap in a 

çommon region of space. The Ti(l)-H(l)-Ti(2) bond angle for X 

, 
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(123 0
) is similar to that obtcained for the Th-H-Th bond angle 

(122 0
) in {CpiThH( IJ-H)}2 (154)1 and for the Zr-H-Zr bond angle 

(120") in {CP2 ZrH( Il-H)}2 (117). The aluminium complex VIt, 

howevero' has -a Tt-H-Ti bridgehead angle of 138° (1-15). The 

Ti(2)-H-Si angle for X {126°) is comparable in magnitude ta the . -
9nalogous Ti-H-AI angle (135°) ebtained for~ VII. 

In con~lusion, {[1l5_CSH5)iTi]2(Il-H) (~-HSiPh~l t is the 

first, example of a complex containing a hydrogen: a tom bridging 

a si.1~oup to an early transi tian meta1. The x-ray crysta 1 

str:ucture determination along with that for complex g provides 

the first conclusive structural evidence for hydrogen bridging 

silicon to any tl:'ansition metal, although such bridges are weIl 

known(in alumi~ium and boron chernistry. 
< 

ô:' 

1>1 l • 1 • 3 Variable temperature 1H NMR studies 

The IH NMR spectrum of 'X was initia11y obtained at 

ambient temperature in C6 D6 • In addition to peaks observed 
~ 

from the phenyl protons,< a. broad- band at 5.61 ppm was assigned 

to the cyclopentadienyl proton~. Single peaks at 4.54, pprn due 

to the terminal ~i-H and at -12.12 ppm, due to the bridg ing" 

hydride, Si-~-Ti, were also obsarved. The sarne spectrum in 

tol~ene-d8 sharpened considerably (with the exception of the 
t « -

phenyl peaks) upon coo1ing, with the band assigned, to the 
\ 

cyclopentaqienyl protons splitting into 4 singlets of equal 
-, 

intensity. Theg broad bands due te the hydrides were also found 
o 0 

" 
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, . 
to sharpen, and a third hydride peak due to Ti-.!!-Ti, eventually 

.. 
became visible at -20.17 ppm. This peak contin~ed to sharpen 

with decreasing temperature. Data obtained for selected 

temperatures is given in TABLE III.2. Remeasurement oOf the 11-1 
0 

NMR spec trum of X in THF-d
a confirmed i t·s tempera ture -

0 

,dependance. In fact, the increased solubil ity in this solvent 
"'_.1 " 

gave superior spec tra, particul atly a t low tempera tures • The 
j • 

, 
r~sul lis were the same as i n .~ol uene-d 8' wi th the b road band due 

" ~ ~ 

to the cyclopentadienyl" protons suddenly splitting into 4 
.. \ Q 0 

singlets at -Soc. Data obtained for selected temperatures is 

presen ted in TABLE III. 2. The 1 H NMR spec tru,m of complex X i ~ 
o 

THF-da a t several tempera t ures i s shown in FIGURE III. 4. t) 

- In. analogy with" the data reported f01\j/ ~~t n5~C5H5)­

Ti]2'(Il-H)(Il-H2AIEt2)(Il-CloHa)} (ô Ti-H-Ti = -21.80 ppm) , the 

peak observed in the reg ion of -20 ppmo for X J'las assigned ta 

the bridg<ing hydride Ti-H-Ti (115) .. Similarly, the .position of 

the peaks due to the hydr ides Al-!!.-T i (-11,62 ppm) wa& used to 

assign the peak at -12.28 ppm to the hydride Si-!!-Ti. 

The observation of a paramagnetic broadening effect 
CI 

on the 1 H NMR spectra of Ti(!II) dimers has been noted. The lH 

NMR spectrum of the aluminium complex above" was reported a,t 

-48°C possibly because of paramagnetism above this temperature, 
~ - :: -

- , . {5 although·this was not stated (115). - In addit~~n, • [en -C 5Hs)-

Ti(Il-0H)]2(Il-CloHa)} ~as reported to give an "atypical" 

spectrum whicn may refer ~o paramagnetic broadening (101) • 

. . 

( 
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'TABLE III.2: 
~ 

, ' 

1EMPERATUREC , 

Ambient d 

d 
--20 
\ 
_sad 

_Bad 

Ambient9 

69 

-59 

" 
-20 9 

-509 

-809 

. 

la NMR DATA FOR {[( nS':"CsHs'2Ti]2( IJ-H)-_ 

(l1-HSiPhH') }a,b 

Cs.!:!s _. Si-H . Si-H-Ti - -
, 

. 

5.54 (25) 4,.47 -12.18 
J 

5.68, 5.49, 5.43, 5.39 4.47 (1 S) ii12.18 (16) 

5.49, 5.31, 5.20, 5.16., 4.47 (13) -12.2B (13 ) 
, 

~50, 5.30, 5.1 sf ~.47 (1 3') -12.26 (13 ) 
...:~~ 

J 

0 

0 

-
0 

1 

5.82 (-29 ) 4.15 (67) -12.36 (93) 

5.75 (43) 4.14 (22) -12.33 (35 ) 
-

5.85, 5.77, 5.69, 5.64 4.12 (12 ) -12.27 ( 21) 

5.86, 5.78, 5.70, 5.64 4.15 (10) 
't9 

-12.22 (19 ) 

5.8~, 5.77, 5.69, 5.64 4.15 ( 11) -12.21 (12) 

5.~6, 5.77, 5.69, 5.64 4.15 (19 ) -12.22 ( 14) 

a measured in ppm 

101 

Ti-H-Ti -

'e 

. e 

-20.17 (64 ), 

-19.63 (19 ) 

-
• e 

e 

e 

-19.90 ( ~-67) 

-19.51 (62) 

-19.42 ( 1 8) 

0 

b 0 e ~ 
numbers in brackets refer to the }-ine width at half-height, vi' in- Hz 

cmeasur~d in ·c 
d • 
i~ toluene ... iia 

e 
peak not observed 

o f 
2 overlapping sin91e~s 

, .. 

o 

-

. 

0 

" , 
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FIGURE 111.4: d H NMR'SP~~4RUM OF {[(n5-C5HS)2±i12(~-H)-' 
-(U-HSiPhH)} AT' SELÉCTED TEMPERAT~RESa,b 

.' 

Y-= tr.ac8 Of Il 

a in THF-da 

n'" 

" 

~-_À.. __ _ 

---....... "-----

1 1 1 1 1 l ' 
-12 -14 

ppm 

b b t .. Oc pro e emperature_91ven ln 

-63 

-20 

----
- -5 

8 

A.~.t 

1 1 1 1 1 1 
-20 -12 
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Recently the tem~erature dependance (-60 to 25°C) of the IH NMR 

_spectrum of â {[(Tl5:.-ê5H5)Ti(~-H}]2,(1l-C10Ha)}' IV, established 

that a ;>aramagnetic effect exists in solution for the "complex 

even though it is diamagnetic in the soJ.id state (155). IV is 

,diamagnetic 'in solu-tioQ at low temperatures. As in the case 

of ~, the signal du~ to the bridging hydrides Ti-H-Ti was not 

observed at room temperatur~, only becoming visib~e ~t low 

tempera ture' {-60"'oC}. The peaks due to the cyclç,pentad ienyl 

protons in IV were reported' to rnove upfield as' the temp~rature 

was lowered, in addition te sharpening. This trend was also 

notéd for ~ in toluene-da altho~gh the peak position~ of the 
-# . <-

cyclopentadienylCprofons rernained in essential1y the same 
o 

positions in THF-qa'-

The line-width at half height 'reported for the peak 

due to the bridging hydride Ti-H-Ti in IV was 300 Hz at -60 G C, 

the temper~ture at which it was said to appear (155). Lack of 

solubil'ity prevented further cooling and the obtaining of a 

ryigh resolu~ion spectrum. The analogous value for X was 64 Hz . -
at -50°C in toluene-d S ' and i"n ... fact the peak was visible at 

-20·C in THf-da • Al th'ough. spectra for ~ coUld be obtained in 
v , • 

. bo~h . toiuene-da and THF-dS' at tempera tures 0 as low a,!3 ":8-9 oc " th~ 

resolution ob ta ined wa.s poo~. In order to aCC'Qun t. for the 

temperature dependance of !y, a thermal equilibrium between the 

singlet ground state and' its excited triplet state was 

,postulated (155)'. The population of the triplet state at room 
o 

témperature was said to b~ negligible but sufficient to account 

" 
.. 
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for the broaden ing of the lH NMR spectra. It is li kely tha t 

such a~thermai equilibrium aiso exists for~, where antiferro-

magnetic coupling gives rise to a sing'let 'ground ~tate. As in 

the case of IV, i~ is probable that the population of the 
. 

excited triplet state is insigniffcant at room temperature. 

The fact that the ground state of IV and ~ appears to be a 

'" diamagnetic"'singlet state, Ieads one to conclude that-

antiferromagentic rather than ferramagnetic exchange is 

operating. The exchange energy for two atoms i and j with spin 

angul~r momentum S. h/2'1t-, and S. h/21T respective1y, is given by 
- 11 J 

~equation III. 7 (156) ( 
o 

Ê = -2 ~.exSiSj = -2 J S.S,cos ~ ex ex l J 
D II!.7 

J ex = exchange in tegral .. 
~ == angle between spins 

~ For the case of an anti. fertomagnet ie in teract ion, J i8 ex 

negative with .the lowest energy sta,te resulting fram anti-
o 

paralle1 spins (cos </> = -1). 
Il' 

The exchange interactions present in X may involvè 

direct overlap of metal a tornic orb i taIs, Ot" a superexchange 
1 

pathway through the br idge atoms. It has been suggested tha t 

the magnitude of the magnetic
g

exchange interactIon in 'binlfclear 

tit.anium(II'I) dimers depends on three' ,lTl,flin criteria (157): 

Q 
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1) the distance of the
O 

TH.III>.. atoms from the- a toms of the 
, . 

bridge, 2) the ability of tne orbitaIs containing the unpaired , . 
e'lectrons on the Ti(lII) centres to interact with the bridge 

.. 
mo,lecular. orbi taIs of the appropria te symmetry and 3) the bond 

angle between.the Ti(I~I) atoms and the bridge atoms,. McGregor 

~~. have shown that t}:1e, magnetic prope.rties are very 

sens i t ive to a change in the bridgehead an'gle for a. number of. 
- ,".J' 

hydroxo-bridged copper(II) complexes (158). As the'angle 

became ~-larger than 9"9°, the exchange interaction was found to 
-

switch from ferromêlg,nétic ta antiferromagnetic in nature. In 

~ddition, a superexchange mechanism with magnetic exchange 

interactions ·occurring via the bridges, was thought to bé 

dominant in the se complexes. This was suppprted by the fact 

that as the distance between the copper atoms became less, the 
,./" 

magnitude of the anti~erramagnetic coupling decreased. This 

was said,to indicate that the through-space interaction 
<' 

. (antiferromagnetic) cantributes little té the exchange coupling 

for 'these complexes. ,. 

Direct'titanium orôitai overlap cannat be entirely 
- ') -

discounted for~. Jungst et-al. have shawn that for -- . 
. {(n5-C5~5)2Ti,.Cl}2' {(C~H4Me)2TiCI}'2 and {<c5H4Me)2Ti~~}2 direct 

overlap of met~l orbi~als is possible although the Ti-Ti 
--

separations were 3.943,3.926 ang 4',125 A respectively (159). 

If a superexchange mechani"sm is operat-ing for!, this woul'd 

account for the observation ,of si'nglet and .triplet ~ta tes: 
\. 

Such an interaction would -most likely accUr through the Ti-H-Ti 

, 
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bridge rather than ovér the more extended Ti-H-Si-Ti bridge. 
\ -

Th~ bridgehead ang le of 123 0 observ'ed in complex ~, suggests 

that the electron interaction throu<Jh metal-bridge bonds 1s 
o 

antiferromagnetic in nature according, to the theory of 

superexchange (159). 

In conclusion, the population of 

for comPlex'~, al though neg l ig ible, a t room 

sufficient to broaden the IH NMR spectrum~ 

the triplet state 

temperature, ls 

It is- interesting 

to note that the peaks in the lH NMR spectrum of X do nct all 
-

sharpen at the same tempera ture. In fac t, the peak duce to the 

bridging hydride Ti-!!.-Ti is not present at room temperature 

unlike aIl the other peaks. This is reasonable sinee the 

hydride atom ls sit.uated between the two pë:l.ramagnetic centres. 
,-

The peak observed due to the, hX'dride Ti-H-Si i5 aiso broad at 

room temperature (Vt = 93 Hz in THP-da) although it is visible. \ 

It is attached to only one paramagnetic "Centre. The hydride 

~ ttached in a terminal fashion to the sil icon atom is eV,en 

sharper at room temperature (Vt = 67 Hz). The group furthest 

from the paramagnet ic een tres, - the phenyl group, does not 

appear to, be affected by paramagnetic broc;ldening at aIl, even 

'at room temperature. 

. ) 
I11.1.4 Purther charac terisa t ion of compl'ex X 

Reactio~ of ~ with s~mple ~oleeules such as CH ZC!2 

and Ç,O gave CP2TiCI2 and CP2Ti(CO)2,' ~respectively: The 

.. 
l, 

1 ,. 

------=-------'----,-~-, 

., , 
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. 
reac tion wi th CO gave complete conversien to CP2 Ti (CO) 2 and' 

PllSiH 3 as determined by IR an~ 1~ N~R spectroscopy"., It is 

possible that this rèaetion proceeds via ti tanoeene aeéordfng 

to SCHEME 111.4: 

((êp 2Ti ) 2( \.I-H) (\.I-HSiPhH-)}~ 
X 

• 

SCHEME III.4 

Il Cp Ti Il + PhSiH
3 2 -

, 
d' 

.. 

, 

Both proton decoupled and coupled 29 Si NMR spectra in 
, ~ 

THF-d 8 at -80 ot were obtain.d (FIGURE 111.5). The 296i . 

ehemical shift (+ 87 ppm), is to low field of'most organo-

sil ieol') compounds (160). Silicon a toms a t.tached to transi'tion 

metals usually'show extreme deshielding. One of ~e low~st 

, field chemical shi-ffs reported is + 17j ppm for 

{Me 26i[Fe(CO)4]2} where the si}icon.ato~ i9 attached to two 

transi tion met'al centres (161). Most of ~he 29 6i NMR data 

- reported for transi tion me~al silYI}0mPlexe's involve late 

trans U: ion 0 met"als. In thes~ cases d 'II'-d;rr bond ing is sornetimes 

prop'Os~ The fact that the 295i chemical 'shift for X, where 



.. 

-" 

(,lI-H') ( lI-HSiPhB) } a· ,1 

" 

b 

c ./ 

"- . , 

11/11 ' Il Il Il 1 1111 1 1 1 1 1 1 Il' 1 il 1 1 1 Il 1 Il 1 1 1 1 1 1 '~I 1 1 Il 1 1 J li Il III Il 1 1 J 1 1 1 1 Il 111111 1 1 1111 1 III 1 1 Il 1 1 III Il 1 i 1 III 

96 94 92 90 aa 86 8'4 82 'ao 78 - p~ , 

a in THF-da at -80·C 

bdecou~led, be~ore opt iniisat ion of parameters._ 
c ' 
coupled, after optimisation of parameters 
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the silicon 15 attached to a formaI dl'" metai centre, is to Iow 

fi~ld of many. other transition metai silyls, suggests d 

electrons to have little invoivement in its determination. A 

number of d 6 Fe(II) complexes of the type {(n5-C5HS)FeL2R}, 

where L = neutral ligand and R = silyl group, aIl have 29 5i 

chemical shifts to hig~ field of + 43 ppm (162). Thus it ls 

,generally impossible to say what, if any, effect the 9 .. 
ele~rons have on the 296i chemicai shift in transition metai. 

silyls. The hydridisation' of'the silicon atom in these 

complexes is 'presumably quite different from that of the parent 

silane, ~l)'ct this may influence thè val:ue a'lso. 

h 29 . - 1 .- - l d t Il h h d . d T e 61 nue eus l.S coup e 0 a t ree y r1 es. 

The values obtained for the coupl ing constant 'to the termi-nal 

hydr-ide,(lJ
Si

_
H 

= 148 Hz), is considerably less than that 

observed for the parent silane {~OO Àzl (163). This may be due 

~ to lower 's' character in the 6 i-H 'bond- when the sil icon is 

att.ached "to ~itan..ium. Assuming the titanium atom is more 
" 

èlectrop.o$~tive than the silicon atom, Bent's rule could weIl 

~pp~y. This states "atomic 's' characiter concentra tes in 
• 

orbitaIs directed toward elec~ropositi~e substitu~n~s" (164). ... - . 
This rule has been applied to coupling con,stants °i l1volving a . , 

, number of differ,ent nuclei, inciuding silicon (1
1

65). It is 
, -

( likely that the value obtained for the coupling cÇ>nstant 
1 - 1 . 

J S i~H (Ti)' 58 .Hz, also ref 17c~s the decreased • s' ~I-character in 

< this 5i-H b,onc1 t relatt ve to tha't of the parent silane ~ In 
< --' 

fact, it has been noted that t:or ç;omple-xes containi-ng agostic ., 

o 
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l interactions of the type C-H-M, ~he value J C- H is often lower 
.' , 

than might be. expected as a resui t \ of the reduced bon~ order in 

the 2-electron, 3-centre bond. The value for 2.JSi-(Ti)_H (14 
- 2 ( , 

Hz), is comparable in magnitude to, that for JSi-(C)-H (6 Hz) 

(160b~. 

It is interesting'ta note that ! converts to 
Il • , '. 

,{ (n 5 -CSH S ) 2 '-:i( ).I-HSiPhH)}2' X ~, in the presence of excess 

PhSiH 3 , in ·.addition to in~tiating the polymerisation reaction. 

This will be discusse<i lat'er. However, on the basis of lH NMR 

st.udies, it· seems'likely that ~ is produced first ~n the 
, 1 

, 
reaction of CP2~iMe2 with PhSiH3 , and that it can be 

~ubsequently converted to ~ depending on the.stoichiometFY of 
, 

-1 
,tne reaction. FIGÙRE: l-I1. 6 shows the H NMR spectrum of ~ .in 

THF-d 8 after-the addition of a few drops of Ph'SiH 3 , As can be 
• <, 

seen, the spectrum of ~ure ~ contains 0 trace of XI (2 sharp 

cyclopentadienY('Jîesonances~at 5'.07 and 4.82 P'pm,with an 

associated Si-H peak ait 4.89 ppm). It is difficùlt to obtain X 
" , 

entirely' fre~ of ,XI, After addition of a few drops of PhSiH 3 , 

the ra tio of X l, to X may be seen to have increased, The broad 

band at 5.82 ppm due to the cycl.opentad~enyl protons of X ha.s . , 
de.creased in fntensity. It 15 likely that both species are 

involved in the P91ymerisation reaction. Complete conve.rsion 

to XI i8 tha t both' coml,)lexes 

are involved in sorne 

X,' if képt in $olut i~.n,- slowly decomposes ta give 

unidentified param~gnetic products" observed ;n the IH NMR as 
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broad bands at 40 and 50 ppm. ESR evi<il'lnce suggests that aftet" 

several ~days, significant conversion of the triplet state of X 

to {[(~=~S~;)2TiH]2(~-~)} had occurred, ~ince only the doublet 
\ 

of triplets, characeeristic of this complex was obs~rved (166). 

III. 2 THE CHARACTER1SATION OF '( (n5-CsHs) 2Ti( ).l-HSi­

(C
6

H
S

)H) J
2

, g 

. 
II'\.2.1 Reaction of PhSiH 3 with CP2TiMe2 (- 3:1"molar ratio); 

isolation of complex XI 

Pure XI was isolated by the reaction of PhSiH 3 with 
& 

CP2TiMe2 (3:1 stoichiometric ratio) in toluene, fram which ~ 

slowly crystallised. The choice of solvent lS important, s~nce 

the organosilane 

solution. Based 

spectrum (C6 D6 ) , 

bel) 

( 
4CP2TiMe2' + 

o 

.... 

<P 0 0 

\.. 
o 

.. 

products, an.d any X produced, remain in 

on t he /rad uc t S Ob:e rved in the 1 H NMR 
o 

a possible r8action equati6n is sugyested 

toluene 
.. 3MeH + 2H 2 + 5MePhSiH i 

+ { ( Cp 2 T ~ ) 2 ( ou'" H ) ( ~ - H S i Ph H) 1 

X 

+ {CP2Ti(u-HSiPhH)}2 

XI 

III.8 

o 
o 0 t 
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The excess PhSiH3 present was converted eventually 

tb oligophenylsilane with associated 10ss pf hydrogen. The 

reaction is complicated by the tendancy of XI to convert to ! 
, - "" 

in solution,'presumably by the 10ss Gf IHPhSi" which eventu-al1y 

forms oligophenylsilane ("HPhSi" is represented as such because 

of its uncertain nature)~ It is thus difficult to obtain pure 

~, and depending on the solvent used, cocrysta11isation with X 

is oftefi observed. l~ NMR studies have shown that in the 

reaction of CP2TiMe2 with excess PhSiH
3

, X is produced first. 

Subsequent to this, ~ is observed together wlth the formation 

of 01 igophen/ls ilane and hydrogen evolu t ion. It has al.ready 

been shown that ~ converts to XI in the presence of excess 

PhSiH 3 • It i~ possible therefore that ~ may be p~oduced from 

X according to SCHEME IIl.5: 

{ ( CP 2 T i )°2 ('IJ-H) ( IJ-HS i PhH) } !7-
X 

-H 
-----2-..~CP2Ti = SiHPh 

SCHEME II1.5 

XI 



/ 

Alternatively, since CP2TiH(SiH2Ph) has been 

postula ted as a precursor to X (equa tion "'II I. 6 ), i t Seems 

114 

plausible that in the presence of excess, PhSiH
3

, a-H 

elim~nation could oecur at this staje, followed by dimerisation 

with another molecule of CP2TiH(SiH2Phl, to yi~ld-g. Although 

cÇ>mplexes containing a M=Si bond have not been isolated as 

such, metal silene intermediates have been postulated to exist 

.. during the photochemical déoligomerisation of ~me polysilane 

iron derivatives (167). In addition, metal carbene analogues 

of the type CP2Ti=CW; may be generated in situ from aluminium 

alkyl adducts, and have been shown to react with unsaturated 

( e • g. 0 le fin i c ) 9 ro u P s (16 8 ) • 

111.2.2 The molecular structure 

The experimental details for the X-ray crystal 

structure deterrnination, as ,perforrned by Dr. M. Simard, 
~ 0 ~ 

Universit~ de Mo~tr~al, are given in" ~PPENDIX III. The crystal 

structure data, .positionaI ~arameters, anisotropic thermal 0 

parameters; structure factor ampl i tudes (calculated and 

observed), interatomic angles and distances and sorne selected 

least' squares planes as obtained from the Univ~rsitê de 

Montrêal are given in TABLES AV-A ,to J, APPENDIX V. A 

'perspec-tive drawing of XI is given in FIGURE III. 7. The 
Q 

molecule possesses C2 symmetry wit;,h two CP2Ti units brid,ged by 

two HSiPhH moieties. Thus XI contains an essentially pla.,a'r' 
oQ 

&. 
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FIGURE III.7: A PERSPECTIVE VIEW OF .{[(nS-CSHS}2TiJ-

o 
(1l-HSiPhH}}2 a,b 

... 

, J 

C(45) 
..--..-.C(41) 

,; 

aphenyl and Cp hydrogen atoms omitted for clarity t­

bthe ellipsoids correspond to 30% probabi1ity'level 
I! 

\ 

o 
o 
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Il'5 

0(42) 
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(slightly puckered) 6-membered ring with two 2-eléctron, 

3-centre ,Ti-H-Si b1nds. In addition, two Ti-Si bonds are 

present. The central 6-mernbered ring of the molecule i5 shown 
) 
\ 

in FIGURE 111.8, and selected lnteratornic distances and angles 

are given in TABLE 111.3. 

The bond distances obtained for the two Ti-Si bonds 

(2.60 and 2.58 A) are very similar to that observed for cornplex 

x (2:61 A) and for CP2TiCl{SiMe3) (2.67 A) (126). 

FIGURE 111.8: THE CENTRAL BRIDGIN~ UNIT OF COMPLEX XI, 

T " S" H a,t> 
~2 ~2 ~ 

o 

a = 116(1) 
b :! 120(2) 
C'= 121(1) 
d = 119( 1) 
e ::; 117(2) 
f = 123( 1) 

o 

anon-bonded distances ~re represented by dashed (--~ line5) 

bbond leng~hs are given in AngstFoms (A) and bond angles in 
,degrees (0) 

. ., 

" 
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TABLE 111.3: SELECTED BONQ LENGTHS (A) AND ANGLE~ (e) FOR· 

(le nS-CsHS)2Til 2( \J-HSiPhH) }2 a 
. 

( -
LENGTHS ANGLES 

Ti(l)-Ti(2) 3.890 (2) Si ( 1 ) -:-"T i ( 1 ) -At{ -t ) 116 (1 ) 
1 

Ti(l )-Si(l) 2.604(2) Si(1)-Ti(1)-Si(2) 87.91(6) 

Ti(1)-Si(2) 2.891(2) 

Ti(l)-H(o!) 1. 76 ( 3 ) Si(2)-TL(2)-H(3) 119 , (1) 

dl Si(2)-Ti(2)-Si(1) 89.18(6) 

Ti(2)-Si(2) 2.583 (.2) 

Ti(2)-Si(1) 2.851(2) Ti(1)-Si(1)-H(3) 12"3 ( l ) 

Ti(2)-A(3) 1. 76 ( 3 ) Ti(1)-Si(1)-C(51) 123.3 ( 1) , 
Ti(1)-Si(1)-H(1) 114 ( 2 ) .. 

Si(1)-C(5l) 1.943(4) 

. Si(l)-H(l) 1. 47 ( 3 ) Ti(1)-H(4)-Si(2) 120 ( 2 ) 
. 
Si (l) -H (3 ) 1. 58 ( 5 ) 

Ti ( 2 ):. H ( 3,) - S i ( 1 ) 117 " ( 2) 

Si('2)':"C(61) 1.935(4) 

5i(2)-H(2) 1. 47 ( 3 ) Ti ( 2 ) -S~ ( 2}-H (4 ) 121 ( 1 ) 

Si(2)-H(4) 1. 58 
11 
( 4 ) Ti(2)-Si(2)-C(61) 117.7 ( 1 ) 

" 
Ti ( 2) -S i ( 2 ),-H ( 2 ) 114 ( ~) 

"" • 

C(1G)-Ti(1)-C(3G) 130.5 (2 ) 

C(2G)-Ti(2)-C(4G) _132.0 (2 ) 

'\::t1G) = centroid of ring containing carbons CClI) to C(1S)-
C( 2G) = centroid of ring containing' carbons C(21) to C(25) 

IC (3G) = centroid of ring containing carbons C(3I) to C( 35) . 
C (4G) = centroid of ring containing carbons C(41) to C(4S) 

.-
~ 

\ 

~-
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-
The two 'non-b6~ded Ti-Si distances across the bridging 

hydrides (Z.8S and 2.89 A), are longer and may be used, as in 

the case of X, t~ infer the presence of bridging hy-drides 

(1 ~ 7) • It is" interesting to note tha t in g-, the phenyl 

groups present on the two silicon~toms are arranged in a cis 

configurat~on witn respect to the 6-member~d Ti 2Si 2H2 ring •. 

lH NMR results indicated that only one isorner was present in .. 
solution. By using molecular models, it rnay be seen that the 

cis isomer directs the two phenyl groups away fram their 

near~st neighbours, most notably the bulky cyclopentadienyl 

groups. 

The Ti-Ti separation (3.89 A) suggest~ that a bond 

between thern is unlikely. This' separation is "approximately 
-0.43 A longer- than the analogous one observed in X. The two 

Ti-H{Si) bonds (1.76 A) are longer than that observed in x 

(1.58 A) although shorter than the Ti-H distance observed in 
- -

th~ Ti.rH-,Ti br idge Qf ! (1.97 A). However they correspond to 

the value ob_tained for Ti.,:-H(Al) in~{{n5-C5H5!Ti]2(\J-H)-
- . 

(\J-H2AI-Et 2 ) (lJ-ClOH8) } (1.69- A) (115). 

III.2.3 Gehera1 discus~ion 

The tendency of XI to convert to X in solution, 
_. 1 

... resulted in limited opportunity to study l'ta chemistry! I.t 

reacts wlth CH 2C1 2 and CO to give CP2TiC12 and CP2Ti(CO)2' 

respectively,- ai~g~ it la possible that such reactivity is 

.1 

. , 
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, -
a result;., of initial conversion to X. The complex i5 very 

insoluble in most organic solvents (more so than!) which 

complicated NMR measurements. Nevertheless a IH NMR spectrum 
" 

in C6 D6 was obtained (FIGURE 111.9). A1though XI is more 

soluble in THF than benzene, its conversion to X is faster in 

this solvent. 'Sorne X can still, however, be seen in FIGURE 
v ' 

D 111.9. XI is diamagnetic in solution, with,no paramagnetic 

broadening obse~ved at ro?m tempergture. Furthermore the IH 

NMR spectrum of XI is not temperature dependant, unlike that - , , 

of X. Both tit-aniuma atoms present ln XI are formally Ti(III), 

dl cen tres;,. 
() 

ft 

The large Ti-Ti separation in XI probably reducês - " 

the P?s'sibility of-direct metal .orbital overlap relative to ~. 

In addition superexchange, as discussed for complex X, would 

be less likely to occur du,e to the more ,extended Ti-H-Si-Ti 
.. 

bridges rela·tive to the Ti.-H-Ti bridge of~. It seems likely 
. 

that th~ triplet state is not populated at ambient 

temperature in XI, and that the molecule exists solely in a 

diamagnetic, sing1et state. As discussed 'pre1\9uS1Y,' 
~ 

superexchange between binuclear Ti(III) dimers depends on a 
1. 

number of criteria. The angles between the titanium atoms and 

the bridges as weIl as the overall geometry of the moleculé 

are important in determining the magnètic .exchange presènt 

within the molecule. Francesconi ~_ al. suggest t'hat it is 

unusual for a ferromagnetic exchange interaction to exist in a 

binuclèar bridged complex Wierein the bridge(s) consists.of 

more than one a tom (157) •. Thus, in li, where on1y ex tended 

, . 
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bridges occur, antiferromagnetic coupling may become more 

important, leading to a diamagnetic singlet ground state. For 

~, the excited triplet state is, therefore, not thermally 

accessible at ambient temperature. 

---
observed. 

Upon dissolution of XI in THF, gas evolution was 

The lH NMR spectrum in this solvent, however, 

show~d no obvious anomalies except a higher conversion to X 

than was noted in benzene. ÉSR evidence however showed that 

at ambien€' temperature" a sharp triplet was present, due to a 

single electron coupled to à pair of equivalent protons (166). 

This ma~ be due to the conve~sion of XI to a THF solyated 

monomer, produced by brLdge splitting of the dimer by the 

coordinating solvent (equation 1r1.9): 

THF 9 

{CP2Ti(~-HSiPhH)}2 ~<:===="'>~ 2{CP2Ti(SiH2Ph)(THF)} rrI. 9 

o XI 

. \ 

Such an equilibrium accounts for the observation of the intact 

d ' . h 1 f h h lmer as seen ln t e H NMR spectrum 0 !I. T e reason w y 

conversion to X seèrns to occur faster in this solvent is not 

clear. 

ESR evidence has suggested that as for X, eventual 

conversion of solutions of XI to {(n5-C5H5)2TiH]2(~-H)} occurs 

after.several days j166). 
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III. 3 
/ -

THE CHARACTERISATION OF {[(n5-CSH4CH3)2Ti]2(~-H)-

(IJ-H~~)H) l, ~ AND {(nS-CsH4cJ3)2Ti(IJ-HSi':-' 

( C 6 H 5 ) H) } 2 1 !ill L__ '( 

-
IIL3.1 ReactiOIT of PhSiH3 witb Cp~TiMe~ (1:1 m01ar ratio)1 

• 
is01a~ion of complex,XII 

Pure XII was ,isolated by the reaction (1: 1 

stoichiometric ratio) of PhSiH 3 wi th CP2 T iMe 2 i~ ,d ie thy le thet:" • 

. As in the ana10gous reabtion to' produce K, a spectacu1ar 
~ ) 

colour change from orange ,to blue/black was noted together 
, '" 

\ 

with an initial vigorous evolution of gas. Although the 

react!on was not followed in detail by lH NMR studies, it 

seems likely that the reaètion is analogous to that which 

produced X (equati6n 111.1). MethYlcyclo~entadienyl 
\ 

, \ 
compounds are generally more soluble than the analogous 

cyclopentadienyl compounds , and -so lower yields weré obtained 

foc XII relative to X. Rather surprisinglYI solid XII waS 

pyrophoriè which complicated the obtaining of an accurate 

chemica-1 ana1ysl.s. 
'-

lH-NM-R---studies on XII showed it to be analogous to 

X,. with paramagnetic broadening evident a.t ambient témperature 

for aIl protons except those of the phenyl groupQ(FIGURE 

III.lO}'. U,pon 10wering of the temper~ture,. the broad peaks 

,sharpened. Data obtained ~or selected temperatures is given 

in TABLE 111.4. As observed for X, .the high field hydride 

(-19 ppm) became clearly visible at approximately -50·C, 

...... ' 

l ' 
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1 H NMR DATA FOR {-(( Tl5_C5H~~~)2Ti] 2( J1-H)~ 
(p-HSiPhH) }.::,b 

TEMPERATUREC 
c~ S . .d l.-H-Tl. 

al' 

Ambient 6.67 - 4.80 4.45 (27 ) 1 .19 - 1 .17 -12.26c (53) 

" 
. f -25 6.67 - 4.S0 4.45 (7) 1 .53 , 1.27 -12.26 ( 27 r-

1.13 

-48 6.67 - 4.62 4.45 (8) 1 .46; 1 .42, -12.09 (18 ) 

1 .19, 1.04 

-68 6.69 - 4.51 4.4S (13) 1.42, 1.~4, 
g , 

·1 .12 , 0.96 

-12.07 (13) 

a measured in ppm 

b ' in toluene-ds 
cmeasured in "oc· 

123 

. .d· Tl.-H-Tl. 

e 

e 1 

">$ 

" 
-lB.96 (76) , 

-18.74 (57) 

d, Q 

numbers in brackéts ref~r to the line width at half height, vi' in 'Hz 

e . 
peak not observed 

f . 
2 overlapping single~s 

gpeak overlaps with Et
2
0 

o 

'. 
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although it was obseryed as a broad hump in the base1ine at 
1 . '. 

The A· NMR spectrum of ~, measured at ~68GC (FIGURE • 

'II-LlO), illustrates the complexity of the cyc10pentadienyl' 

regiS>n~ The 4 singlets due to the. 4 methyl groups.Qn. the Cp's 

are clearly-visible; however, at approximately 1 ppm, and they 

refl~ct the 4 distinct environments of the cyclopentadienyl 

rings. As for X, the proton reponances of XII sharpen at 

different temperatures. Even as low as -6a GC, thë hydride at ..... . 
-19 ppm assigned to Ti-H-Ti, is still"relative1y broad (57 - -
Hz). Based on IH NMR studies~ assuming XII is ana1ogous to X, 

.the structure of XII (and .that of simi1ar compounds to be 

discussed later) is sQown in FIGURE III.11. 

IIL3.2 Reaction of PhSiH3 with Cp~TiMe~ (3:1 molar ra;io); 
.' ". 

attempteô isolation of complex XIII 

Reaction of PhSiH3 wi, th CP:2"TiMe 2 (3: 1,' stoi~hiomet~ ie-> 
\ 

ratio) .i:'n i'&.l-uene was found to give a mixture of XII and XIII: -
-..,..... -. 

Pure ~ ,cou1d not be obtained, due to i ts mQr.e rapid 
, 

conversion to XII in solution, re~ative to the conversion of . ..... 
XI to X. This ,is perhaps a resu1 t 9f the increased. s01ubil i ty 

~ , 
, 1 

of the methylcyclopentad iel}yl compounds. . Thus the '. H NM.R 
~. _ .. 

. spe~trum (C
6 

D6) showed peaks ma in1y· due -to XI l in t_he ph~nyl,' 
. ~ . 

Si-H and Cp regions. The peak~ due .to Cp-C~3 (two si~glets at 

1.91 and 1.51 'ppm} and Si-~-Ti (one sin9let 'at -8.5 ppm) of 
..., -

XIII discernible. Th8~ ~ere found to inb~ease in -

" ...... ' 
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FIGURE III.IO:, IH NMR SPECTRUM OF {[(nS-CsH4Me)2TiJ2(U-H):-

. ,. 

, 

(lJ-HSiPhH) }a,b " 
t: 

c 

l 

-680 

c 

. , c 

---r--~I--~--rl--'---ri--~~Ij r--T-~I~-r--TI--~ 

6 4 2 0 -10 -14 -18 ,', PPM ~ 

, 

X'8 

o 
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5 ' DIAGRAM TO SHOW THE STRUCTURE OF {[(n -C
S

H
4
R)-

Ti] 2 ('11- H ) ( 11-HS i R • H ) } , 

o 

o 

.... H ...... .. ...... .. , 
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XIV R = H 
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intensity .t;elative to the peaks due to XII, upon the addition 
. 

of a few drops of PhSiH 3 to the NMR tube. This is expected 
o ~ 

since X is known to convert to XI in the presence of exce~s 

PhSiH
3

• Presumably a simil~situation' (SCHEME 111.5) cou1d 

account for the conversion of XII to XIII. rt is reasonable 

that the structure of XIII is ana10gous to th~t of XI, and 

once more only one isomer (presumably the cis forro) was 

obs&rved. 
" 0 

A representation of the structure of XIII (and 

sim ilar compounds to be d iscussed later) is shown in FIGURE 

111.12. It is interesting to note that when PhSiH 3 was added 
o 

to the NMR tube containing the mixture of XII and XIII, pea~ks 

due"to M@PhSiH
2 

were observed. An explanation is not readily 

apparent, however, the presence of reactive paramagnetic 

spec ie s, i nv is i ble in the 1 H NMR spéc trum, canno t be rul ed 
o 

out. No evidence for the involvement of the methylcyclo-

. 1 
pentadienyl groups-was detected in the H NMR spectra. 

III. 4 THE REACTION OF PhSiH3 WITH SOME OTHER TITANOCENES 

II r • 4. 1. • 
" 

Reaction of PhSiH3 with CPiTiMe2 (7:1 mo1ar ratio) 

Despite a nurnber of attempts using varièd reaction 
'<7 

~onditions, no solid material was isolated. The reaction was 

st~ed by following its IH NMR" spectrum (C6 D
6 

and toluene-dS ) 

.Jrth Vme. Initially the reactiorl. (0.013" 9 CP2TiMe2 with 0.05 

mL P~SiH3 in .... 0.4 mL solvent)e was ~tudied in C6 D6 • There 

o 



o 

FIGURE 111.12: DIAGRAM ro SHOW THE TWO ISOMERIC FORMS OF 

5 
{en -C5H4R)êTi(p-HSiR'~)}2 1 

XI R = H R' 

R 0 

Q 'H-ri ~. XIII R = Me R' 

\ /" ~~ 1 

R~'''}_H~ R XVa R = H R' 

R 
XVI la R :2- H R' 

Isomer a (cis) 

J.28 

= Ph 

= Ph , 

= Hx 

= Bz 

XVb R = H R' = Hx· 

R = H R' :- Bz 

R ' 

Isomer b (trans) 

\ 
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was no obvious 1rnrnediate re~cti~h, and no change to the 

spectrum was observed after several hours, however, the 

sol u t ion was found to'-slowly darken in, col our • After a -per iod 

of l day, no peaks other than those due to PhSiH 3 and CP"2TiMe 2 

were observed. However, th\ peak due to the Si-H resonances 

had collapsed from a sharp singlet (4.24 ppm) to a broad band 

(',1,= 213 Hz, 4.06 ~pm). AlI other peaks remained sharp. The 

pol ut ion was le~t for another 4 days during wbich time it 

da:-kened in colo'ur to brown. ~n addition, gas evolution 

slow1y occurred, necessitating its periodic removal. After 

this tim~ the IH NMR ~spectrum showed the complete .absence 

of CPiTiMe 2' al though a number of pea ks and broad bands were 

now present from 2.14-0.65 ppm. The peaks due to the phenyl 

protons were still sharp. A small peak was observed at 0.17 

ppm, and this is probably due to methane. In addition, a 

broad band was present at 23 ppm (',Il :: 700 Hz). 
2 

An identical study was subsëquently done in 

l toluene-d 8 50 that the .effec~ of temperature on the H NMR 

spectrum could be examined. The solution was left for l day, 

after which tirne\ as in C6 D6 , the Si-!! peak wàs conside.rably 
\ 0 

broadened. OtherWise the spectrum showed only the peaks - " 

resul t ing from' PhSi H3 and CPiTiMe 2' TJpon cool ing the 

solution, the broad band due to the Si-g resonances gradUally 

sharpened. At -78 0 C (Vt = 24 Hz) the 29 Si sa tell i tes were 

visible ~ c Noth,i)g else was observed except ~he peaks due to 

the starting materials. At -93 oC, ·the Si-H peak had sharpened 

~ 

-~-~~=~~"".,,-

. ' .. 
c • 
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further (Vt = r2 Hz) although the rest of the .spectrum had . 
started to broaden. Warming the solution to room temperatdre 

caused the peak resulting from the Si-li resonances to broaden 

once more. The solution was left for pne week before the. 

spectrUm was remeasured. At this time the spectrum was 

analogous to that observ;ed in C
6

D
6 

after 4. days. The peaks 
c • 

due to CPiTiMe2 hact disappeared and a number of bands from 

2.21-0.63 ppm were now evident. A smalf peak \SSigned to 

methane was present at 0.17 ppm. As in the case of the 

reaction done in C6 D6 , excess gas wasiperiodically removed. 

Despite the presence of a large excess of PhSiH
3

, no 

oligophenylsilane was observep. Only small amounts of gas 

were liberated over several days, and it seems likely that 

this was predominantly methane. The broâdening associated 

with the Si-H resonances of PhSiH 3 , observed after 

approximately one day, might be accounted for by the 

equilibrium shown in equation 111.10: 

1ILIO 

°Such an eguil ibrium rnJght wel~ be fast on theQ,NMR time scale 

In such a case, traces of Cp~Ti might ~. 
sufficient to broaden the Si-H resonances as observed. An 

at room temperature. 
, 

analogous equilibriurn between CPiTi and H
2 

has been -reported 

( 104 } __ , 
o ! . 

\. 

~. 
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It has been suggestèd that C~2Ti exists in solution 

with a tautomeric forro (104): 

o 

III.11 

Decomposition eventually occurs by the subsequent 10ss of 
\ 

hydrogen, to yield {CP*(C5M~4CH2)Ti}. Although CPiTi was not 
\ " 

detected in the NMR spectra during the reaction, the broad 

band at 23 ppm is similar to the one observed ât 24 ppm, 

assigned to {Cp*(CsMe 4CH
2

)Ti} (toluene-ds ) (104). However, 

the other two bands reported for the latter (12.6 and -10.9 
~ 

ppm) were not observed. lt has been suggested that {Cp*­

(C SMe4CH
2

)TiH} is analogous in structure to {Cp*(CsMe 4CH 2 )­

TiCH
3

} sinee it has a similar I H NMR spectrum, eonsisting of a 

number of signa~s at about 2 ppm. It has also been shown that 
\ 

the thermal deeomposition of CPiTiMe2 leads to the formation 
, 

of {Cp*(C
S

Me
4

CH
2

)TiCH
3

} (103, 169). In conclusion it is 

possible that a number of CPiTi ,derivatives are present in . . 
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11I.4.2 Reaction of PhSiH 3 with CPCP*T~Mej, (1:1 molar ratio) 
, 

Upon addition of PhSiH 3 to an ethereal solution of 

CPCp*TiMe 2 , gas evolution was observed together ~ith a rapid 

darkening in ~olour of the solution to red/brown. lB NMR 

studies showed that ~he gas evolved was methane, and that no 

methylphenylsilane was prodùced .. A brown solid was iso1ated 
1 and studied by H NMR (C 6D6 , toluene-dS.and THF-d

8
). Upon 

disso!ution in C6D6 , gas evo1ution was observed. The only ... . 
clear feature in the spectrum was a"broad band, assigned to 

'Cp-CH3 resonances, at 2.49-0.86 ppm (vi = .62 Hz). In 

addit~on, a much broader band, barely above the baseline, was 

observed at approximately 7 ppm, P9ssibly due to phenyl and/or 

cyclopentadienyl protons. No high field hydride'peaks were 

observed. When the sol u t ion was le f t for. 8 days, 

decomposition had occurred, and peaks assigned te 'cY~lo­

pentadienyl r~sonances had appeared at 6.46 and 5.58 ppm. 

Add i tional peaks due to Cp-:H3 resonance~ had aiso appeared. 

smaii peak was also observed at approx ima tely -18 ppm which 

might have been due to a Ti-H-Ti species w- The lH NMR spectrum 

of the brown solid was subsequently remeasured in toluene-d S 
in order tha~ a variable temperature study could be 

undertaken. The spe~trum was essentially the same at ambient 
\ 

temperature, as had been observed in C6D6 • Lowering the 

temperature caused the peak due to Cp-CH 3 res?nanc~s to 

broaden still further. One other peak appeared at 1.46 ppm, 

but no peaks due to aither cyclopentadienyl or hydride 

A 
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resonances were evident. The IH NMR spectrum was studied from 

-85°C to +50·C but no sharpening of the Cp-CH 3 resonances was 

observed-. In addition, no other peaks (from 40 to -50 ppm) 

were observed. The-variable temperature study was 
'3 

subsequently repeated in THF-dS ' Upon dissolut~on in this 

solvent, considerable gas evolution occurred. The Cp-CH 3 

reg ion now consis ted" of a compl ex mul tiple t of sharp peaks 

(2.23-1.30 ppm), which overlapped with one of the solvent 

peaks. Twq broad bands assigned to phenyl protons (7.75 -7. 00 

ppm) as weIl as a complex multiplet due to cyclopentadienyl 

protons (6.58-5.62 pp~) were present in a ratio of 

approximately 2:1. A singlet which may be due to a terminal 

Si-H resonance was observed at 4.6 ppm. When the temperature 

was· lowered to 3°é and the spectrum remeasured, the Si-~ 

resonance was absent and the cyc1open'tadienyl resonances had' 

become much smaller. In add i tion, wi th the except ion of a 

peak which.had appeared at approximate1y 1.5 ppm, the 

mul tiplet assigned to Cp-CH 3 resonances had become broader. 

The phenyl peoton peaks remained the same. Further lowering 

of the temper~ture se"emed to cause further broadening. 

In cq,nclusion, ït seems likely that paramagnetic 

broadening is present in the lH NMR spectrum of the brown 

solid isolated from the reaction of PhSiH3 with CpCp*TiMe 2 • 

It is possible that the steric bulk associated with the 

pentamethylcyclopentadienyl ligand prevents the ·fonnation of 

dimers of the type isolated fram the reaction of cP2TiMe2 with 



o PhSiH3• At present ESR measurements have shed no further 

light on the poss'ible presence of paramagnetic monomers 

al though stud ies are continuing (166). If the reac tion of 

PhSiH3 with CpCp*TiMe 2 is carri:d out in the presence of a 
1 -
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largè~excess of PhS~H3' o~igophenylsilane is ~roduced. Thus 

CpCp*TiMe 2 acts as a catalyst (or catalyst precursor) in the­

polyrn~risation reaction of PhSiH 3 • 

III.5 

III.5.1 

THE REACTIONS OF SOME OTHER PRlMARY SILANES WITH 

Reaction of HxSiH3 with CP2'DiMe2 (2:1 molar:. ratio) 

Solid material was not isolated from the r~action of 
, 

hexylsilane with CP2TiMe~ despite many attempts. The results 

suggest that for a stoichiometric ratio of 2!~'1 (silane to 
" .. 

titanocene), the reaction equation is analogous to that given 

for the reaction of PhSiH 3 with CP2TiMe2 (equation 111.8). IH 

NMR studies of the reaction confirmed the evolution of 

methane, as weIl as the formation 'of methylhexylsilane, 

MeHxSiH 2 (when the reaction was done wi th a larger excess of 

HXSiH3, oligohexylsilane was also observe&). After the 

reaction was cOI1}plete, and gas evolutioni had ceâsed, the 
. 

vola tUes were cemoved in vacuo. The residue was d i,ssolved in 
l ) 

toluene-da and its H NMR spectrum m~asured. Two complexes 

wece identifi~d, {[(n5-C5H5)2TiJ2(~-H)(u-HSiHXH)}, XIV and 

.. 
/ 

, 
, , 

;' 
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{( .,,5_CSHS ) 2Ti ( J,J-HSiH-xH) }2' XV, in a ratio of 2: 1. Neither 

complex was isolated pure despite a number of attempts using 

different reaction conditions. It is likely that this is due 

to the high solubility of the hexyl complexes relative to 

their phenyl analogues X and XI, and the ideal reaction .... . 

solvent mixtures not having been obt~~ned. With the exception 

of the prot'ons of the hexyl groups which were found to 

overlap, aIl other peaks due to comploexes ~ and XV were 

assigned (see EXPERrMENTAL). 
·1 There are a number of interesting aspects to the H 

NMR spectrurn obtained for the mixture of XIV and XV (FIGURE .. 
IIL13). Firstly, aIl the peaks attributed to XIV show

n

• 

paramag~etic broadeping characteristic of complexes ~f this 
LI' type. Hence a variable tempe ature H NMR st~dy, was performed 

(FIGURE II I.14), the resul ts of which are summar ised in TABL'E 

III.S. One may conclude om these studies that the structure 

of XIV is analogous to that of X (FIGURE III.11). 

secondly, complex XV was found to be present as two 

.J isomeric forros, unI ike the anal-ogous phenyl complex where only 
-

the cis isomer was observed. The .two iso~ers h~ve reen shown 

in FIGURE III.12. As may be se~n in FIGURE 111.13, the Cp and 

Sdi - H- Ti resonances were clearly visible' for both isomers: ~, 

Cp : ô 4. 6 6, 4 • 5 ~; S i - .!:! - Ti: ô -1 0 • 08 • XV b, Cp: ô 4. 6 4, 4 • 58 ; 

'Si-H-Ti: ô -10.20. The hexyl protons of the two" isomers could 

not be assigned due to overlapping in this re~ion. The 

terminal Si-H resonances coùld not be distingu~hed for the 

.. 

' .. 

o 
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1 "5 H NMR SPECTRUM OF COMPLEXES {[(n -CSHS)2Ti ]2-

e 

(lI-H)(lI-HSiHxH)}, XIV and {(n5-esHS)2Ti­

(1i-HSiHXH)}2' XVa,b 

r-, d 

:\ 

1 

1 

-10 

4 PPM 

f 
-II 

1 
3 

1 
-12 

1 

2 

1 
-13 

.. 

c 

x5 

o 

o 

aat ambient ternperature 

b in toluene-d8.~ peaks due to the solvent are rnarked with an 
asterisk (*) 

c peaks due to dlethyl ether 

dpeaks due to cornplex XIV • 

e . peak q due to cornplex 'XV 
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TEMPERATURE
C -cslis Si-H Si-H-Ti Ti-H-Ti - -

, 
d d d d 

, . 
,. 

d 
(5.69, 5.64)e f 

( 21) (50) Ambient 5.44 -( 17) 3.75 -13.33 g 

~ 
(5)f -23 - .5.64, 5.57, 5.37 3.75 (19 )J -13.18 (17 r -19'.88 1140 ) 

(J 

. 
-SB 5.64, 5.57, 5.36

f 
3.87 ( 16) -13.13 ( 1 3) -19.52 (40) . , 

. 
5.65, 5.58, f 

3.93 (27) -13.12' (23) -19.49 (23) -79 5.35 . . . 
0 

a 
measured in ppm 

b 
in tol uene-da 

cmeasured in ·c -... 
dnumbers in brackets refer to the linewidth at haif height, v~ r" in Hz 

e 2 overlapping broad bands 
"\ 

f 1 broad band (2 over~apping singlets) 

gpeak not observed 

? ~ • ê 

( 
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FIGURE III.14: I H NMR SPECTR~M OF- COMPLEXES {[(n5-CsHS)2T~12-
- 5 ' 

(\.I-H)(.\.I-H5iHXH)}, ill and {(1'\ -CSHS)2Ti-

( \.I-H5 iHxH) } 2' XV AT SELECTED TEMPERATURESa_, b 

. 
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two isomers, and were observed as a complex mul t iplet a t 3.91 

ppm. Based solely on ~he IH NMR( ïntegrals, the ratio of XVa 

(cis) toXVb'(trans),was 1.5:1 which remained constant with 

time. The assignment of t'he isomers is based on two 

considerations. Firstly, in ana10gy with the corres,P?nding 

phenyl complex XI, th~' cis isomer was thought to be the 

~ predominant one, present in the ~argest arnount. More 

importan'tly however, the chernical shi ft separation of· the two 

cyc10pentadienyl resonances in the two isomers was different: 

Based merely on steric grounds, a greater chernical shift 

difference rnight reasonably be expected between the two 

differef\t sets of cyclopentadienyl resonances in the cis 
• 

isorner (XVa) than between those in the trans isomer (XVb). -,,-, 
Rinally, as noted for the analogous phenyl 

complexes, conversion of XV to XIV occurred in solution. 

After 7 days, the IH NMR ,spectrurn of the mixture of XIV and XV 

showed on1y peaks due to XIV. No other decomposition "wa~ 

evident. 

III.5.2 Reaction of BZSiH3 with CP2TiMè2 (1:1 molar ratio) 

Solid material wa·s isolated fr.cm the reaction (1:1 

stoichiornetric ratio) of benzylsilane with CP2TiMe2 in , 
diethylether. Rather surprisingly, con~id~ring the 

stoichiornetrY.t the IH NMR spectrum (C6 06 ) showed that a 

mixture of {[(n5-C5H5)2Ti]2(~-H)(~HSiBZH)}, XVI and 

. 
\ 

t) 

" 



\ 

o 

" 

140 

{(;S-CSIiS)2Ti(IJ-HSiBZH) }2' XVII -( in the r-atio of 1:3.5) had 

been obtained. Additional IH NMR studies of the reaction 

showed that methane and methylbenzylsilane, MeBzSiH
2

, were 

also produced (in the pr-esence of an excess ot' BzSiH 3' 
o 

polymerisation to oligobenzylsilane was~av~o noted). The 

reaction seems analogous to that postulated for the phenyl 

complex, XI (equat,ion IIIo8) despite a ratio for silane to 

titanocene of 'only 1:1. The fact that XVII was observed in 

excess of XVI may be due to the incr:a;ed solubility (ether) 

of the benzyl complex XVI relative to the phenyl analogue X, 
-0- '" 

which allows for more facile conversion to XVI l under the 

reaction conditions used. No other cyclopentadienyl-titanium 

species appeared in the IH NMR spectrum when a mixture oE XVI 

and XVII was left ,in C6 D
6 

for 4 days .. However, com,ersion of 

XVII to XVI had occurred. This conver9ion, like that of XI to 

~, was more rapid in THF-d S " 

The pe'aks in the IH NMR spectrum of XVI and XVII due 

to XVI showed paramagnetic bro'dening similar to that observed 

fo~ complexes~, XII and XIV. Thus the spectrum-w~s 

cremeasured in THF-aa and a v"ar-iàble tempe rature IH NMR study 

was performèd, the results of which are given in TABLE III.6. 

The phenYl proton region was not temperature dependant, and 

the peaks c over1appe4 with those from complex XVII and with 
• 0 

those'fro~ the benzyl aromatic groups. The b~nzyl CH 2 and 

terminal Si-H protons 

~ 
were not detected due ta overlapping 

il 
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TEMPERATURE
C 

J 

Amb ient 5.76 ( 21 ) 

0 f 5.69 , 5.49 , 

-25 f 5.69 , 5.49 

9 5.69, 5.58 , 5.43 -50 • 
-75 

ad' measure ln ppm 

bi~ THF-d
8 

Cd· Oc measure ln 

f 5.71 , 5.53 
~! 

S
, ,d 
I-H-Tl 

-1~(54) 

-12.92 (24) 

-12.92 ( 17) 

-12.92 (14) 

~12 .93 (14) 

, 

T ' ,d I-H-Tl. 

e 

e 
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-19.74 (107 ) 

-19.46 (53) 

-19.43 (14) 

dnumbers in brackets refer to the linewidth at half h~ight, 
" "1' in Hz _ ~ 

epeak net obse~ved 

f3 everlapping siriglets 

g2 everlapping singlets 

" 

"" ., 
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with other peaks in these regions. The likely structure of 

XVI, in analog~ with !, has been shown in FIGURE 111.11. 

As observed for the corresponding hexyl complex ~, 

the f H NMR spectra showed that XVII was present as two isomers 

(cis:trans = 1:2). The two isomers have been shown in fIGURE 

II!:12. ~he cyclopentadienyl, -C~2 and Si-H-Ti resonances 

were visible for both isomers: XVIla, Cp: ô 4.61, 4.46; -C!!2-: 

ô 2.64, 2.44 (2JH_H = 13 HZ~i Si-!!.-Ti: 6 -10.02. XVIIb, Cp: ô 

. 2 
4.58, 4.54; -C!!2-: ô 2.73! 2.52 ( J H- H = 12 Hz); Si-!!-Ti: 6 

-9.73. The assignment o~ the isomers was analDgous to that 

discussed for the hexy1 isomers. peaks due ta other terminal 

Si-H resonances were not observed. Conversion of one isomer 

to the other was not observed and the ratio r~mained constant 

with time. 

III. 6 

III.6.1 

\ 

THE CHARACTERISATION OF {( n5.-CsHs ) 2 [5iH (CH) (C6H'S) J­
Zr( Il-H) 2 Zr r5iH 2 (C6H5 )] (n5:"C5H~) 2 }, 'XV'!II 

Reaction of PhSiH3 with CP2zrMe2 (3:1 molar ratio); 
. 

isolation of complex~Vlll 
o '\ • 

Pure XVIII~W~o.1ated ~~- the reactlon (3:1 molaL" 

ratio) of PhSiH3 with' CP2ZrMe2' Diethylether was the 

l ~ 

preferred reaction solvent, as the. organosilane products 

remained in solution whilst XVII l read ily crystall ised Erom' 

\ 

• 

o 
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it. Based on those products observed in the lH NMR speotrum 

(C.gD6), a possible reaction equation is given be"low: 

!. (HPhSi) "+ 
n n 

{CP2(SiHMePh)Zr(~-H)2zr(SiH2Ph)CP2t 

X,VIII 

!II.12 

'" The excess PhSiH
3 

present in thè reaction mixture was s10wly 

converted to 01igophenylsi1ane with the associated loss of H2 o, 

lH NMR studies of the reaction using PhSiD3, detected)CH 3 D 

(triples at 0.17 ppm), indicative of abs-traction of a deuteron 

from the silane~ Th~~spectacular sudden colour change 

. observed in the titanium reactions did nct occur, rather a 
, 

slow change fr'om colourless to dark orange occurred over" a 
, , 

period'of hours together with slbw~evolution of gas. 
, " 

Q Cbmplex XVIII· is 'composed ,of the L1ni ta 
--" 

CP2'ZrH( S'iH2P!:l> .. and CpZrH( SiHMePh) , and a diagram of it is , , , 

'ShOW,~ in FIGURE !1I.15 •. : 

O~e possible mechanism :to account for the initial 
" 

rea"ct:~on 'between PhSiH3 and C~2zrMe2 has a1re'adx b~en shown in 

SCHEME IiI.~ for, the analpgous titanium,reaction. -Such' a 
" ~ n ft 

mechanism would lead to "the formation of CP2zrMe( SiH.2~h} which 
, 

coùld subsequently react" as shown in SCHEME III~6. 

< ~' .. 

~, 

" , , ~ 

,.,; 

t 

, 

.i 
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FIGURE III.15: DIAGRAM TO SHOW THE PRqPOSED STRUCTURE OF 
- 1 ., " 

{(n5-C5H~)2(SiHRR')Zr(u-H)~Zr(SiH~~')-
5 

(n -CSHS )2} 

~ 
Q 

XV,iII 
Il 

R = Me RI = Ph 

XIX r R = H RI = Ph 

XX R = Me RI = Bz 

XXI R = H RI = Bz 

.... 

. ," 
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CP2ZrMe(SiH'iPh) 
o 

) 

+ 

-----~C~H=------I.~ CP2 Z r=SiHPh 
4 

.1 
Ph 

145 

/Si-H, 
Me 1 .......... 

Cp~r '- ~ zrCP2 

"Me./' 

XVIII 

. , 

,) 

~ The "precursor to XVIII may also react with PhSiH3 to produce 
, 

polysilyl metal species, a possible mecnanism for which will 
> <;l- ,\ 

b,e dis'cu'ssed later: ',Re'ac~ion with H2 to produce XVIII removes 
J 

the metai from the qatalytic ,cycle_ If XVIII is added to 

PhSiH3 , pOlyme,risation of, the latter oceurs, albeit slowly, 

.possibly by the~regenerat~on of the active species fr~VIII 
fJ 

via 105s of H2-

. , 

." 
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The second mechanism as sho~n in SCHEME 111.2 for 

the analogous titanium reaction seems unlikely here since it 
-.. "1 

involves a spontaneous M(IV) to M(II) oxidation state change. 

McAlister et al. originally'proposed the mechanism to account 

for the elimination of alkane fro~.cP2zrH(CH2CHMe2)' as 

already discussed (144). SubsequentIy however, Brintzinger 
Q 

has suggested that such a mechanlsm is unlike1y because of the 

strong tendancy for Zr(II) species to oxidise to -Zr(IV) 
o 

species (170). In the case of titanium however, the 10wer 

oxidation states are more accessible and SCHEME 11I.2 

feasible. 

Equation 111.12 may also involve free radica1s. 

Samuel et al. have studied the phot?1ysis of CP2zrMe2 using 
~ 

ESR spectros~opy, and have suggested that it may occur 
-

initially as shown in SCHEME -111.7 (145): 

CP2 ZrMe 2 
hv III 

----------~ •• CP2zr Me + .Me 

4 ". 
<:::- hv 

SCHEME 111.7 

". 
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The hydride CP(CsH4)zrIIIH, observed in the ESR spectrum, was 

th,Ought to re~ul t from the the;mal rearrahgement of CP2zr. 

The formation of an analogous hydride was not observed during 

the photolysis of CP2TiMe2. This difference in behavior may 

be due, as already discussed, to the stronger Zr-H bond (95) 

relative to titanium. It is possible that the reaction of 
, 

PhSiH 3 with CP2ZrMe2 involves the formation of methyl radicals 

as shown in SCHEME 111.7. Subsequently, reaction with PhSiH 3 

(equation 111.3), followed by reaction of the iilyl radiQals 

so produced (equation III.13). 

111.13 

CP2ZrMe(SiH2Ph) so produced could subsequently react as shown 

in SCHEME" III.6, ultimately to produce XVIII. 

XVI~I is sparingly soluble in most orQanic sdlvents. 

A lH NMR .spe~trum (C 6D6 ) i-s however shown i,n DFIGURE tIL16. 

The presence of 4 ~yclopentadienyl resonances of equivalent 

intensity, and particularly the.o0bservation of t'he zirconium 
-

hydrides.a~ an AB quartet at ~ -5 ppm (characteria~ic of 
.. ..' 5~~ 

bridiing zirconium hydrides) is 'consistent with the ptoposed 
<II! 

structure (FIGURE IIIi15). 
~ , 5 

Structurally', XVIII is sirnilar to {( 11 -C'5H4Me) 2ZrH-
, 

( \.I-H) '}2' prepared bl Jones et al. - (117). The study of this ""\ .--0 
/ 

."._' '. 
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'­. , 
complex provided the first structural evidence for the 

existence of the Zr(~-H)2zr linkage in binuclear zirconium 

hydride complexes. As a1ready discussed, CP2M fragments have 

been shown to possess three frontier orbitaIs (142). In 

XVIII, it seems likely therefore that the~e may be used to 

form two bridg ing Zr-H-Zr bonds, and one terminal Zr-Si bond 

at eacD~zirconium centre. Attempts to obtain an X-ray 

structural analysis of XVIII were not successfu1, tlue to 

prob1ems with disord~r in the crystal. Preliminary results . 

obtained from Professor A. Beauchamp, Laboratoire de 

Diffraction des Rayons-X, Universit~ de Montr§al, show that 

the crystals studied were monoclinic, P2 1/c, where a '= 8.86, 

b = 16.34, c = 10.25 A, a = 90.82°. The structure was solved 

in this space group and con~isted of pairs of centro­

symmetrically related (nS-C5HS)2Z~ units whose ~elative 
orientation and Zr-Zr separation' was simi1ar 1;-& that for 

5 {en -C5H4Me)2zrH(u~H)}2 (117). Thus it seems likely that the 

two units of the di~er are held b1 a similar pair of bridging 

hydrides. One of the CSHS groups was severely disorder~d and 

the ~1ectro~ density for the Si-CH 3 group was-more consistent 

with half occupancy at the two sites of the dimer. However 
j T 

there was not disorder of "the Si atoms corresponding- to 

reflection through the plane perpendicular to the Si-Zr-Zr-Si 

plan~, indicating that the crystal contains a single 

diastereomer. The present level of refinement (R = 1'2)· does 

not allow. an in~erp~etation of th~ diso~der in terms of 

superimposed ordered chemical units • 

• 
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A natural abundance 29 Si NMR spectrum (THF-da) of 

XVIII, obtained using a DEPT pulse sequence, is shown in 

FIGURE 111.17. The decoupled spectrum clearly shows the 

presence of two types of silicon atorn (at 16 and -8 ppm). The 

. coupled spectrum showS a doublet for the peak at 16 l'pm (J = 
168 Hz), assigned to 

1 -8 ppm ( J Si- H = 158 

Si-H(CH 3 ), and a triplet of doublets at 

2 
H~, < J Si- H = 4.4 Hz) assigned to §i-H 2 • 

Both chemical·shift positions for the silicon atoms of XVIII 

aré to high field of those obtained for most transition metal 

silyl complexes. This i5 probably a result of the absence of 

any d electrons in the complex, where both Zr atoms are in the 

+4 oxidation state. The fact that the Si-H 2 group lS present 

~n the coupled spectrum (FIGURE 111.17) as a triplet of 
~ c . 

doublets suggests that the Si atom is coupled to one of the ' 
\ 

bridging hydrides. 

Decomposi tion of XVIII occurred slowly in t.o'luene-da 
over a period of several days 'at ambient temperature, to 

produca MePhSiH2 ~nd PhSiH3 , i~enti~ied by lH NMR. A comple~ 
"". ~ 

pattern of bands· in the cyclopentadienyl region appeared at 

6.50 - 5.91 ppm •. Thermolysis and photolysis s~udies (119) 

have shown ~hàt [(ns-C5H4Me)2zrH(~-H}}2 reductively eliminates 

H2' and initially forms a paramagnetic zirconium hydride, as 
"!. 

detected by BSR. Evidence for paramagnetic hydrides and a 

mixed valent l'lydride analogou_s to. {[ (nS-CsHs) 2TiHr2( ~-H)} upon 

photolysis of solutions of XVIII has been obtained from ESR 

spectroscopy (166). 
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5 ' 
The pre,p~ratiori of {~n -C SH5 )2 Zr ( ll-S}(SiH 2Ph)-}2' lli, 

was attempted, ~Y treatirig [CP2zrH~]~ w~th an ex cess of PhSiH
3 

(1:4.5 mole ratio) in THF: A slow ga~.evolution was noted t 

with the colour of the solution gradually darkening from 

colourless to dark or~ng~/brown over a period of approximately 

16 hoLfrs. At the end, of this time, ~he [CP2zrH2]n had baen 

consumed to give a clear, ~iscous solutio~. Despite"various 
, , 

~ttempts, precipitation of solid material ~ould not be induced . "'-

and 1:he volatiles ~ere re(l\oved to ~ive an oily gum. .lH NMR' 

o 

(C6 D6 ) showed this contafned mainly oligophenylsilane together 

with' soine' XIX. A singlet in Othe Cp region appeared <at 5.40 

ppm, 'and: à singlet a't -4.94 PPl!I waS\aSSigned' to the bridging 

zr-H2-zr group. pt~k~ inoa broëid range (6.37-4.4,1 ppm) were 
• 0 ,-

Q 0 ' " 

i) assigned to th'e ~i-H r'es'onances of the oligosilane. It is 
.. <'!I - ' , 

, " 
possible that the fine structure observed at the low field end , ' 

of this broad band conta ins other cyclopen'tad ienyl prooon~ •. 
. - ~ . 

'This band extends further downfield than that observed for the .. 
polymer only" the lH NMR spectrum of, which will be discussed 

later. ~aks attributed to the cyclopentadienyl prqtons 0f 

,~composed XVIII, as already mentioned"appear from 6.50-5.91 

ppm. Th~s ;imilar d~composition p~~ducts may be preient he~e. 
, " 

o 

Complex' XIX could not be isolat~d a~ ~ pure ~ompound_ This 

migbt, be due ta a number 
o .' ') 

'. ., 
?O~Ubi~ity of [CP2~rH2Jn 

" 
of reasons. In~ particulat,. the low 

nece:Ssi,tàted an exceis of PhS~H3·. 
~ 

: 0 l'" 

" 
'. 
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When a 1:1 ratio was used, the reaction did not appearo'to go 
" 

to comple t ion. ') l t is pOl?s ib1e tha t in tH is case, formation of -
an active species analogous to that postulated to be formed 

. - '--
during the reaction of CP2zrMe2 with PhSiH3 (SCHEMe III.6), 

(CP2(SiH2Ph)Zr( J,J-H) [v-Si(H) (Ph)]ZrCP2 }, _might occur: 

species, even if prese~t in low concentration, might 

Su€h a 

subsequent1y proceed to react with silane at a faster rate 

than with H2 _ (le?d ing to the produc t ion of Ii>olys ilylmetal 
, , 

species rather than XIX) and at a faster rate than reaction of 

(CP2 ZrH21 n wi th I?hSiH3 , even tually resul t l'hg in (HPhS i ~ n'and 

\.Jnreac ted hydride. XIX could not b~ is01 a ted f rom the 
. 

reac t ion even when an ex cess of si l ane wa s used. In this 
;. 

case, reaction of {CP2(SiH2Ph)Zr(].J-H)[].J-Si(H)(p,h)]ZrC~2} with 

PhSiH 3 could be favoured over its rea-ction' with H2' l.eadi,ng to 

the produc t ion of ~olys i lylme tal \spec ies. The sugges ted 
, " . 

structure' of XIX has been' shown it FIGURE IILlS: It is 

somewhat surprising that even in he pr'esence of a larg.e 
-'la 

excess of PhSiH
3

, no XIX ted during the reaction of 
-1 • 

phSiH 3 with CP2z:-Me2' with XVIII eing formed preferentially. 
. ./ 

In" conclusion, the reaction of PhSiH
3 

with CP
2

ZrMe 2 1 

was observed to give one main organQmetal1ic complex, XVIII. 
1 

1 

The difference in the reactivity of cP2zrMe2~' CP2TiMe2 

appears to be due to the ready accéssibi1ity and relative 
1 

stability of lower oKidation states of the latter. 

.. 

T 
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III.7 THE REAC:ION BETWEEN BZSiH 3 AND CP2zrMe2 ,(3:1 MOLAR 

RATIOJ 
( 

Sol id rn~terial was isolated frorn the reaction of 

BZSiH 3 with' cP2zrMe2 (3: 1 molar ratio) in Et 20. Due to the 

low solubil_i ty of the ~in C
6 

D6 , the IH NMR spectrum was 
" 

obtai:ed in THF-d S ' The solid was found to consist of two 

c~mplexes, analogous to XVIII and XIX. These were 

{(1I15_C5H5}2(SiHMeBZ)Zr(I;l~H)2zr(SiH2BZ)}, ~ "and {(nS'-C5HS)2zr­

(Il-H) (SiH 2BZ) }2' XXI, present in a ~atio of 2:1. Evi'?ence of 

decomposition was observed in the IH NMR spectrum of the 

mixture, in the fOrTIl of a low fie Id cyclopen tad ~e nyl reg ion 

(6.35-5.85 ppm), similar to that observed for the 

decomposition products of XVII-!. IH NMR stlidies on t~ 

react ion of BzSi H 3 wi th CP2 zrr:te 2 have shown tha t metha ne is 

evol ved as the- rea'ct ion proceeds, bu t no 

observed. Decomposition of XX, however, 

formation. The supernatant was found to 

MeBzsiH21as 

eventüalll 'lend to i ts 

contain oligbbe"'zyl-

silane, produced from the" pof'Ymerisat.i:'on of excess BZSiH 3 • lri 

-
conclusion i t is 1 ikely that the structures of XX and XXI are 

completely analogous to XVIII and XIX. A diagram of thé 

proposed structure has been shown in FIGURE 111.15 • 

.... 

" 

.1 

( 
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IIL8.1 

THE CHARACTERI5ATION OF OLIGOPHENYL8ILANE AND 
-'\1 

OLIGOHEXYL8ILANE 

. , 

01igophenylsilane 

Oligophehy1~ilane, (HPh8i)n' was prepared v~a the 

reactio~ of Ph8iH3 witn cP2TiMe2 and CpizrMe2' and wa~ 

obtained in aIl cases as a brittle white glass. IH NM·R 

spectroscopy (~6D6) provided little information since in aIl 

cases, a broadened pheny 1 reg ion (8.00-6.72 pprn),' together 

wi th a broad massif to low field of- the 8i-H resonances of . ' 

Ph8iH3 (5.43-4.29 pprn) , were evident~ The irttegrals obtained 

for these we~~_consistent with thos~ expectep for an (HPh8i)n 

oligorner. The spectFurn of Oli?OPhenylsilane ,(C6 D6 ) prepared 

f rom Ph~iH3/CP2 TiMe 2 <' 2 mol %.) is shown in FIGURE III. 18. " In 
~ 

the 298i NMR spectrurn (D~PT pulseflequence), two ~ype~' of 

silicon atoms were differentiated according to the Pf-t!;lrnber of 
11 

~ attached protons, i.e. SiH and 8iH2 • The 5i-H resonances were 
~ 

a 

a t high field (-59 to -66 pprn) ~elat ive to, the S i-H 2 
t 

resonances (-55 to -59 ppm). Qualitatively this confirmed, the 

presence of Si-~2 e~d groups in the oligorner, thus providing 

evidence for a linear as opposed to a cyclic structure. 

The IR spect~ of the oligorner as a film fQrmed by 

evaporation of a pentane solution gave a strong v(Si-H)'hand 

at 2086 -1 cm , signif{cantly lower than fhat of Ph5i~3 (2150 

, . , ' 

, , 
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FtGURE IIL18: 1H NMR SPECTRUM OF OLIGOPHENYLSILANE,a,b 
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~l ~ , 
cm ). It has been reported that \l(Si-H) Sh"ifts to-a 10wer J 
wavenumber as the oegree of substitution ?t the silicon a~om 

increased (171). 
1 < 

The IR spectrum also supported the presence 

of SiH2 end groups since a band was detected at 910 cm -1 

(172). IR spectroscopy was usefu1 in determining the degree 

of oxidation of ("HPhSi) , leading to the formation of 
'. n -

si loxanes. These were detected by the prese,nce of a very 

-1 strong band at approximately 1100 cm whic~ eventually masked 

a peak due to the ring vibration "q" (Whiffen' s notation 
... 

(141» which for Ph-Si compounds also appears at approxirnately 
4 

Il 0 0 cm -1 (1 71 ) • In addition, changes té the v(Si"-H) band 
/" 

were aIso apparent upor oxidation of the o1igomer. The effect 

of exposing (HPhSi)n to air is shown in FIGURE ~II.19. 

(HPhSi)n was prepared using a variety of reaction 

cond i t ions (d iscussed in Ir. 10) in a pree 1 iminary study of the 

" effect nf catalyst concentration and ternperature on the 
., 

molecuLar weight. Vapour pressure osrnornetry results are given 

in TABLE III. 7. No s igni f icant di fference in the rnplecu~:ir 
, 

weight was observed, regardless of reaction conditions used. 
, 

~urthermore, (HPhSi)n formed dU,ring the reaction of PhSiH3 

with" CP~Ti(C~)2 ('" 6 mo~ .%) was shown by GPC to pos~ess a 

molecular weight which correspon~e~ to ~pproximately ~ silicon 

a toms (1 73 ) • \ 

-$ 

,< . , 
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FIGURE 111.19: THE EFFECT OF OXIDATION ON THE IR SPECTRUM 

" 

-
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TABLE 111.7: NUMBER AVERAGE MOLECULAR WEIGHTS OF (HPhSi) a,b n 

CONDITIONS UNDER 
WHICH MADE 

PhSiH3/cP2TiMe2 (2 mol~%Jc 
d PhSiH3/CP2TiMeQ (~ mol ,) 

PhSiH3/CP2TiMe 2 (10 mol,%)c 

PhSiH1/c~2zrMe2 (1 mol %)c 

-il' 
a in to1ueoe at 50°C 

b in Daltons 
- -

MOLECULAR 
WEIGHT 

. 
'\." 
, 843 

958 

1358 

1732 

COligomer prepared at ambient temperature 

NUMBER OF , 
SILICON ATOMS 

8 

9 

13 

16 

doligomer. prepared at 60°C;40 minutes followed by ambient 
te~perature for 2 days 

111.8.2 Oligohexylsilane 

Oligohexylsilane, (HHXSi)n' was ob-tained from the 
. 

reaction of HxSiH3 with CP2TiMe2 (1 moI%) in toluene a~ a 
... 

viscous oil whose lH NMR (C6D6 ) shoW'ed a broad band, (4.13 -
\?) 

3.81 ppm) due to the Si-H-resonances, and a series of broadened 

bands (1.81-0.68 ppm) due to the hexyl protons, in the ratio 

of. 1: 13. 
\, 

As in t'he -case of (HPhSi)n' 29 S1 NMR,' using t'he DE PT 

pulse sequence, (FIGURE 111.20) provided a means of 

d4~fere~tiating 'the two- types of silieon atoms' detected -
\ - - ~~ 

according to their'number of attached protons.' T~'Si-H atoms 
, . 
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FIGURE III.20: 29Si DEPT NMR SPECTRUM OF (HHXSi)n a 
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were found to be predominant, and ~t high field (-57 to -68 

ppm) relative to the Si-H2 atoms (-54 to -57 ppm)~ Once more~ 

the presence of the latter provided evidence fo~ linear, as 

QPposed to cyclic, oligomers. 
r 

The IR spectrum of the neat oil gave the strong 

v(Si-H) band at 2080 ~m-l as compared ~o that of HXSiH 3 at 

214b cm- l • The presence of a band at 940- cm-l, as' in the case 

of .( HPhS i) n' may ind ica te the presence of S iH 2 end 9 roups. 

Oxidation of the oligomer proceeded slowly, and was indicated 

by the appearance of a band assigned to ~(Si-O) at 

approximately lOSa cm- l • 

A molecular weight of 984 D (corresponding to 
~ 

approx ima te 1y 9 
. 

silicon atoms) obtained for (HHxSi)n was 

prepared from HXSiH 3 us ing Cp2 TiMe 2 (1 mol %) at 'ambient 

temperature. The ch'in 1eng th was th~s found to be s imilar 

tha t obtained for (HPhS i) n' " 

to 

rrLS.3 ~roposed mechanisms for the pOlymerisation of RSi~3 

using cP2TiMe2 and cP2zrMe2 
~ 

Several mech~nisms may be postulatedOfor the' 
. ~ 

polymer~sation of RSiH3 ~sin~ cP2~iMè2' Using the c~se where 

R = Ph as an example, SCHEMES III.~, III.9 and II1.10 may be 

suggested as plausible m~chanisms, although it must be 

emphasfsed that they are of ~ speculative nature pnly. SCHE~E 

111.8 involves repetitive insértion of a bridging silylene 

L 
, ' 

'. 
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Ph 

T' ____ H ---- T'C 
+ PhSiH J - H /H -Si"" .. 

~ :::.. t: T' H , CP2 1 ph ,/ 1 P2 " P2 1 Ph /' TICP2 
'Si-_ H 

.... 
"Si-H 

H H . 
X XI 

SiH 2Ph 1 
t 

SiHPh SiH 2 Ph H 
1 1' ______ 

CP2 Ti ___ H --TiCP2 • "" CP2 Ti Ph/ TiCP2 . ' ~Si 
H 

a.A. + phSiH 3 1 

SiH1Ph SiH 2 Ph 
, 0 1 

SiHPh H SiHPh H 1,--- ----T' C r--- ---T' CP2T1 ______ ,ICP2 • P2 I~~V ICP 2 - Hz 
H SiH 2Ph 

H 

1 

J 

SCHEME III.S 

into a titanium-silicon bond, tpllowed by oxidative addition 
.,.J -

of Ph~iH3 and subsequent 105S of H2 • Cha~n ~ermination could 

oeeur via reduetive elimination of ~{HPhSi)nH, as shown in 

equàtion IIL14: 

1 
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H(HPhSf) H + X 
n - IIL14 

when secondary silanes ~uch aS-Ph
2

3iH
2 

were reacted owith 

cP2TiMe2 (or CP2zrMe2)" formation of the dimer was o,bserved 

(174) • In this case, for SCHE.ME III. 8 to apply, one may 
• 

postu1ate early termin~tion by either reductive e1imination~ ~ 

(equation I1I.14, n = 1), or by prefer'ential hydrogenolyÈds of 

{CP2(SiHR2)'fi(\J-ff')(IJ-SiR2)TiCP2} over further silyl"ene 

inser~ionv(equation II1.15). Subsequ.ent homolysis of the 

titanium-si1yl bonds, followed.by cornbi~ation of the si1yl 

radica1s so formed could accolint for the disilane produced. 

tCP2(SiHR2)Ti(\J-H)(\J-SiR2)TiCP2} + H2--,{CP2Ti(\J-H) (SiHR2 ) }2 
" . 

') 111 .... 15 
J 

Two a.1ternative mechan'isms rnay be proposed whereby , 

PhSiH3 ma~( be polymerised (SCHEMES 11I.9 and IILIO). In both 

cases, . formation of a tetininal rather than a bridging silene 

1 
is proposed. Both mechanisms involve' the 10ss of H

2 
from 

~ 
C~2TiH~Si~2Ph) to give CP2Ti = SlHPh. The way in which the 

silené is .forrned is the sarne for both rn~chanis~s, and 
" 

.. 



o 

o 
\ 

164 

'- - \ 

therefore is shown o~ly once (SCHEME 111.9). Subsequent 

reaction of this species with an 5i-H bond of PhSiH 3 occurs 

differently, however, in ~he two mechanisms. As shown in 

SCHEME' lII.9, form'ation of an, Si-H bond occurs prior to the, 

form~tion of the si-Si bond, whilst in the mechanism shown in 

SCHEME 111.10, thè Si-Si bond is formed first. The necessity 
, 

for an a-hydride ~limination in both mechanisms precludes the 
(>' 

reaction of secondary silanes beyond the dimer, with rectuctive 
. 

elimination of lii,2,2-tetraphenyldisilane (in the case of 
. 

Ph 2SiH2 ) fro~ CP2TiH(SiPh25iHPh2) occurring. Furthermore, the 

mec.hanism shown in ,SCHEME 111.9 preserves a linear polysilyl 

structure (as indicated by 29Si NMR). rn order to maintain a 

li~ear, as opposed to branched structure to the polysilyl 

moiety formed in SCHEME 111.10, one may postulate a a-hydride 

elimination, followed'by reinsertion into & Ti-H bond, 

assuming· that as in the case of alkyl complexes, primary 

si 1yls are more stable to a-hydr ide el im ina,t ion ~han are 

secondary si1yls. 

A possible mechanism for the reaction of PhSiH 3 with 

CP2ZrMe2 to produce" XVIII has been shown in SCHEME 111.6. 

Polymerisation of the silane may'be accounted for by the 
\ 

reaction of {CP 2(SiHMePh)Zr(Il- H) (u':"SiHPh)ZrcP2t with PhSi,H 3 
,rather than with H2' .as shown in 5CHEME IIr.l~. This 

mechanism does not, however, explain the observation_of a 
1 

significant amqunt of'dimer (- 30%) when secondary-silanes 

such as ,Ph2Si~2 are used (174). ' 
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It is'jnteresting. to note that'aespite the n,action 

conditions used, the molecular weights of the oligosilanes 

obtained during the course of this work ((HPhSi) and 
\' n 

(HHXSi)n) do not change significantly with reaction 
, 

conditions. The reaSQns for this are as yet unclear. 
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CONTRIBUTlONS Ta ORIGINAL KNOWLEDGE 
» 

This' worJ< reports a ser ies of hi therto unknown 
-

reactions whereby primary silanes are ,converted to l inear 

polysila~es via catalytlc dehydrogenati~n ~t àIDbient 

tempera'ture anq pressure. This has been accomplished by the 

reaction of RSiH
3 

(R = alkyl/aryl) with a number of 

titanocenes and zircohocenes, prim-arily cP2TiMe2 and CP2ZrMe2' 

This new route ,is a m_ajor breakthrough in the synthesis of 

polys ilanes. To da t;.e, the most commonly used prepara ti ve 

methoafor the pr'oduction of catenated silicon compounds hasl 

been the Wurtz-type synthesis whereby halosilanes are reacted 

with highly electropositive metalsJsuch as lithium. prior to 
, j , 

, . 
the first report of the r:ea.ction between PhSiH 3 and C~2T1Me2 

(135) and the work presented in th is thesis, there has been 

only ohe'account of the for-mati9n of si-Si bonds using a 

f ca talytic 'method (52 ~ • In th is case (Ph 3 P) 3RhCI was reported 

to give small oligosilanes, consisting of at most, three 

sil icon a toms. 

During ,the course of this, work, novel organome'tall ic 

complexes were isolated from' the reactions and 
r 

characterised as havi~g Ti-H-Si-Ti 8bridges; the first such 
. ' 

molétles to be observed. The structures of these complexes 

have, been used as the- basis for discussions 'of pos~iple 

mechanisms for the polymerisation reactions. 
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APPENDIX 1: la NMR STUDIES OF THE CP2 TiMe2 CATALYS,80 

, \ POLYM8RISATIONS OF RSiH
3

, WHERE ,R -, Ph, Hx AND 
~ 

.Bz,tAND OF R~iD3' WHERE R. Ph AND 8Z 

AI-A: .' . Reaction of PhSiH 3 wi~h CP2TiMe2_ (20: 1 molar ratio)~ 
. 1 -' ... 

in C
6

D
6 

was folLowed via H NMR sp~ctroscopy. Freshly 

recrystallised cP2TiMe2 gave immediate'reaction, with the 

• colour ,changing from <;>range to blue/blaçk accompanied by 

vigorous gas evolution. 1 minute after the addition of 

silane, the first lH NMR spectrum was obtained. At this time, 

it was broadened somewhat, probably due to the c0!1tinuiRg gas 

evolut!on. Methane (a singlet at 0.17 ppm) and MePhSiH 2 
(broadened mul tiplets a t 4.48 ppm due to the S i-H resonances 

,'and 0.21 PPIR due te the Si-CH 3 resonances) were observe(j. 

peaks due to C~2 TiMe'2 had been repl""àced by those of ~ 
, 

predominant1i, with trkces of ~I. After 2'minutes, .the 

The ,. 

r'eso1ution of the spectrum had improyed (FIGURE AI-A) and 

peaks due to XI had started to grow in intensity relative to 
~ 

X. After 10 minutes, peaks due to the cyc!"Qpentadien'yl 

protons and' Si-H-Ti of XI ha'd increased further in intensi ty 
- - - ,,' 

relative' to the analogous peaks of X. At this point the 

methane peak was almost un'detectable, poss ibly due te the 

purging action'of 8 2 , H
2

,was not observed, but since its peak 

appea~s at 4.64 ppm ln C~D6 (175) it would be expected to be 
, . 

hidden unde,r Si-H or Cp resonances. :rtie triple t and quarte t 

of MePhSiH2 were now c:learly ~vj{dent. Aft~r 20 minutes, XI 
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FIGURB AI ... A: la "NMR SPECTRUM OF PhSiBJ/cP2!iMe2 (20~1. MOLAR 
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haè.~urther i.ncrëased in intel)sity .re\ative. to X althou~ no 

'other change .was appare?t:. Af'tèr ,40 minutes ~itt1e ohange was 
,. 

.appa~en t in the spectrum (FIGURE AI .. ;A). 'Aftet'. 165 ~ninutes, 

alow gas evolution was 'st111 ev ident al t~ough thè spectrum had 
, " 

not changed. The pol~tion.was 1eft for '24 hours, durin~" which, 
• 1 • 

time gas evolution continued, albeit more and more .lowly. At 
.. ..... Il ~ • 

this time the solution had significantly irycreased in 

visco~i~y. ~~SiH3' as;shown o~ the' weakness of .its Si~li 

·resonances (4.24' ppm), had ,almost enti rely been con~erted to 

~oiigophenylSilane, _as evidenced 'by the considerably 9foa~ened 
phenyl peaks. 'The 8i-H resonances of the 01 igomer were ' 

61 -

howev~r~arely distinguishable froW the baseline, and were 

buried benea the cyclopèntadiepyl peaks of ~ and xf (FIGURE 

AI-A) . 'After hours the PhSiH3 peaks had. further ~ecreasèd 

in intensity b~ t there was no other change in .the spectrum'. 

ratio) enbly repeated in TH~~d8. The-solution did 

not turrr blue until 65 minutes aft;er the add!tion- of silane. 

At this time, vigorous gas evo1ution was also observed. The , 

, IIi' tiMRo spectrum showe'd pe"aks due to me thane (0.19, pp~) IF 

"MePhSiH2 (0.40' ppm, t; 4.30 p'ptl\.., q), X' and XI whilst -those' d).:le 
- - l ' 

~ to CP2TiMe2 ~ere no longer p{es~nt. The reaction and speétra1 

changes "subseque~tly observed were qualit~t~ve1y the 'sarne as 
, ' .. 

, . " 1- " 

, , 
.' ;." ~ -~- ~".. \,'~ . ~, 

, '~ 

_, _~·t_~· .. ~ ~,;' .~':' ;.1". , .. ~ ••. ~.", .. ' .~ .. , . ,t~. ~.- '_.J, 
.~. -
• .~. 1._ _~ 

" 

, 
," 

l' 

. ' 

," 
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evidence- for involveniént,ot ~~e solva:nt leading to··tJ:le, ~\ . 

incorporation of deuteriûm into ei ther .IJle,thane 'or: m~th:yl-
• lit 

phenylsil,ar.ae • 
• 0 

'-, ' 

PhSi03 . ,} ,..' : '. " 

The la -NMR study of 'the reciictio'r\' ~~, PhSiD
3 

'with 
• ~ ~ cf < 

AI,",:B: ' 

,~cP2TiMe2 (20: 1 molar- rG\tïo) in C6 06 , con~ir~ed r~ ',aSSi~nm~nts 

of- tl1è peaks in the PhSiH~ rea?tions discussed abov~. In 
~. al" -~ 

. ~ddition, ~ij30 ~as detected .. ttriple~ at:: 0.17 ppm) which 

confirmed that the Methane obtained its "proton" from the 
Irl 

silane. The' Cp resoo.pnces of the appropriately deuterated . , 

~I , 1 

~nalogues of ,,! ~nd XI were detected i whilst -t-he' high ti~ld 
, ~ 

hydridès of th~se complexes were ab,sent: The ,methyl group of; ,,, 
'-J~' \ 

,. 
MePhSiD2 was' de;,t.ected as a singl~t a,t ,0'.21 ppm.', The reac~ion 

, -
pt;'~ceeded in ~th-e saine, way as had been observe~ for PhSi,H3, 

" 'wi th "slow g~$: evolutian continuing for days,' The even,tual 

• ! formation of 01igoph~ny~s1lar:le was evidenc~d, ,bY .t~e. j.rièr~7~in,.', 
viscosity of ~h~ solution, toge~her w,ith substantial ' , 

) 

.. 

o : .. , ' 

br~adening of, the phenyl peaks in the la NMR spec~r,um •. 
, , 

'," . ' \ .' , 

~- . .' , 

,1 • . , 

o AI-C:' 

The re:ction. of BZS~ 1)3 wi t~ çp21it:Je'2' ,'( 4;; 1 ~olar ". 
• ~ ,l • , ~, j 

t,"stio) 'ln C6 06 tid not tU,r,1\ ~lue until 18- minutes 'afte~ .:he 

, àé1,dition'of silane •. At thi$ poin,t. .vigo'ro,us ga,s'evo'lution 

C;)CcUrr~d, âhd p~a~s ~\.\e t9 ~P2T,iM'e2" met~~'rie ;:and M~~'zS~~2' ' . 
~ IJ ~ .. ,~ 

- ~. ~ \ t ' ~, l ,> .. , r .' u 

, . , 
• -<,. ,. '~' ;' ~ ' .. ' t 

t ~ - • 

, .' " ! ~ 4 ~ " .. 

"., , • #>' ~ • .f 
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, . 3 
(~O.08 'ppm,. t, CH 3', .:lB.-B - 5 Hz; 

'de'~eoted in the l'B NMR spe~~lJJ!l' 
,. ~ /lo L , 

3'.94 pptn, m" 5i"!2). were 

Double' i!:'radiat'idn o'f the. 

Cl!3 tr:iplet caused 

- trr:Pl~t, cansis'tent; ,wit.h ç, 

~t 3.94 ppm to COll-apsJ~~,-~)._ 
?.!!2 protons" of the (: 

J 

benz~tJtroup Which:were, no The cyclopentadienyl 
1 

, 
the I)igh field' hydrides Si-H-Ti of XVII had grown in il'lt~nsity 

rela t ive .te)' thôse of. XVI, _ ançj peak!:? for botb i somers were 
, . 

/ 

obse!='y.eâ. The peak due to me\thane had dec r~ased in in tens i ty, 
./ 

Af~r 100 minutès aIl pèaks due to XVI Aad 9 rown larger o, /', .;;.;;..~~..;.;;..;;...;;.;;.- _. 
. . . ( 

.Furthermore,· AB quartets were now visible for the ,CH 2 groups 
" 

.of both isomers of~. Âfter .25 hours, the peaks... due to the 

~ C~2 and 5i-8 resonancès of b.enzylsllane had' ;started to .. 

':brO~den,' It js~ . .Possible that thiS) ~as due to the format.ion.'qf 

, oligebe zyrsilane. Th~spectrum nad otherwise not changed •. 
\ ~ ..... ... '. 

After 6 days considerable fine structure was present on the 

lO,w fiel~ .~ide of t~e CH2 and Si-!! peaks of benzylsilane • 

. Both peaks were also considerably' broadened. Peak·s due to 
~~- ~ ~ . ~ 
MeBzSiH2 ,. ~ and XVII w~re ~till present. After 13 daysi 

further broadening of the 'CH 2 and ..I>Si_.!! resonanCe$4,f _. 
~ 

bertzylsilane. was evident and i t i5 1 ikely tha t ~-his is \ due to 

the formation of oligobenzylsilaÎl~. 
f ' 

.' () 

-
Benzylsil"àne \ras:"_stUi ' 

~~~... ~ 

" .... 

1 
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" 

i - ,1 

evolution was stil.l evident, 4nd, the viscosity of he solution . 
~ , 

nad Increased considerably. • 

AI-D: 

':1 

" .... . 
• 

'" 
l ' 

BZSiD3 ' , _ ' \ 

The lH NMR study o~ the reaction of BZ~~D3' wi th r 
cP2Ti~e2 (45: 1 molar zatiO) in C6 D6 confirmed the -peak ~ 

as~ignments made in the BZSiH3 reaction, discussed abov'ë. CH'3 D 

was deteqted .~0~17 ppm) conflrming,that the methane obtained 

,~ . ~ l 
~ its '''proton'', from, the sil"ane. MeB2;SiD

2 
was also produced 

~ C~O.08 ppm, s, ~HJ)- ~Furthe~o~e, peaks st -~.73, -10.02 and o .' -12.85 ppl1I.,assigried to the' hYdrid~s Si-H-Ti of XVII 'and m 
if, . . w~re not observed. r 

- , 
\ 

.. \ ..... 

. 
, . 

. ' 
\ 

• le reac,tion ~f His,tH3 with CP2T.iMe 2 'C 15; 1 rnolar 

ratio) in 606 did n9t turn blue unt~'l,. 12 minutes after the' 0 

,add~tion 'f ,sil'ane •. At this' time vig'oJ::ol:1s gas evo,lution 
, 

'occurred and peaks gue to methane" MeH~SiH2 (3.91 ppm, bm,' 
, ~ l' Si"'!!2; 0.05 p~m" 'bm, C!!3)', 'XI'(j' and, ~ WE're ~tect~d in th~ 

~ somè~hat broadened 18 'NMR spéctrum. After'27 minutes, the' 
~... ~,.. _ ~ , 't, r- l' -~ • " 

pëaks due to !!y 'and !Y had increased in intensity. After'2l 

.. 

, ~ 

minutes the Si-!-Ti resonanees at ~lO.08 and -10.20 ppm due to 

the 2 ~~o~ers of !Y, as weIl', a~ at, -13,_ 33 due to XIV, :"were 
fi 1". --.---, . " -~. --- - ~-

• C 

..1 n; "'l{,,: r_ ~ 
~~.~~-~, 

'. 

! ' 

> .. :~,c,~~, < :"~:.(: -.. ' ':',~,~', : .. ~: .'.~,: '~: f'~?~~':,;,:~·~,::~'~·:\> ... : -.. ~'.> H'" 
. " 

.,.. / ... 

1 

" . 
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. " 
Aft~r 70 minutes.the peak,due tQ methan§_had almost 

.. . 
en~iuely disappeared. The resol4tton of .the spectrum unt!l , 

this time' had not been goOO. .After 220 minutes, '..,b4te -'spèctrum 
• >1 

.. .. . 
had sharp~fie,d conslder.\bl~. The peak due to the C.!i3 ,.group' ~f 

MeHKSiH
2
' 

evidence 

~às 'now, clea~ly 0 a tripl~t, and the S i-H2 peak s'powed. 
• If J 

of~fine str~cture. Slow gas exo1ijtion continued for 
-> 0 , j 

days and - after 6.5 'days, b-roadening of the hexyl .peaks wfls • 

observed. At this time MeHxSiH2 , ill and ~ were still .. 

~resent. Aftèr ",20 daxs, further bro~den ing of .the he,-,yl peaks 
r~;::; 

was observed, as well as the d~velopment of a brôad band at 

apP(Qximat'elyC 4 ppm. It"ts' likely that both ~bserv.ati;ns .are) 

related to the -forma tian .of 01 igohexyl silane. Fur thërmore,-
,

f1V 

HXSiH 3 '(~'S,Sh9wn by ,its Si-.!! peak at 3.62 ~pm) hàd 

signific-ah tly 'decre~sed in· inte-ns! ty', .Afte'l:" ~_, the. 
, t 

. soiut~~n had ·i,ncreas.ed qpr:tsiderably in' viscasity. -The lH NMR 

_ 1) 

: .... 

1. ~I , 

spectrum showed almost' complete. conversion of HxSi ~3 : ta· 

(HHxSi) • 
'_ n 

. / ' 

, .. ' 

o 
o 0 

,1 

! - ' 

.' , 

" 

.. 
" 

0- .. ~ • .: ~.,;" • ~ 

··:,_~;~l~t~M~f.~~1\~I~!~~'~1.~~,:t;r~+:·;;~~j:~ :J:;:,0~X-

\, 

\ 



0, 

0 ', 
ti 

. ' ' ..... 
.. " 

176 

. 
, - , 

• 
APPENDIX III la ~M~ S~UDIE~ OF THE CP2~~M~2,CA~ALYSED 

, . .. I!O~~MERISATIO~S OF RSiH~., WHE~~ R • Ph, '~o 

. ' AND OF PhSiD3 ., 

, 
'PhS'ft 3 

1 

" ' 

.' 

, . 

, 

Bz, 

.. ràtio) in .• C6P6 oçcurred immedia,telY, and the solution- rapidly .. . . ' 

- darkened to orange. Gas evolution was so· vigorous, however, ... . .. ~ , 

'\ that,it wa~ 15 minutes before the first speatrurn could be . .' 

" . 

. , 

obtained. At this time peaks.due tp cP2zrMe2~'rnethàn~ ~nd-
-: \', .' 

'~VîII w~re' obs~ved. In eontraft wlth~the analog;us titanium' 
, • \..;Y • • 

re,!lcti~n " MePhS i H2 ~,~s 'on~.t oôse,rved. . Àfter 45 rnin.uf:es, the .. ,' 
~ ,. \! ~ ;~ .. " • 

, peaks due to cP2zrMe2.~nd mèthane had v1rtuall~ d1sappear~d. 
. . ~ . 

Those due to XVI'I l nad incr~a~ed in inten~"i ty·" ' ~urthe~mor~ 0\,': 

bhe ·phenyl péaks' had s~rted to' br~aq~.n. , Sl~~, ga,s ?J.V .~tlono~\: .. 
continued for 24 hours after- wtiic,h tim~ oligophenylsi ane' ,was ., 

l " () 

observéd, as evidenced by t~e con~~derable b~oade~ing of ~h~, b 

o 

phe'nyl pe-aks as well as by the observa,tion of a broad- ban~ at'll . . 
. \ \ k· 

~pprox1mately S, pprn, ~~e' to. t~e Si-!! of (HPhSi)n°.' After '2:: 
• "\ ~ ~' y ", 

-d~ys', MePhS!H2 -was 'n~w pres~nt,~~resurnab1y from the 
, , 

'qècompositïon of -XVIII. After 29 days~ complet~ conversion of', , , 

excess PhS'!H3 to' (HPhSi) n ha'd' o?cu~re~o A -~arg~ number of 
- ' )" ,c" " .p" • 

peaks 'were pr~sent at- ~pproxiItlately'6 p~m, simi.lar"~ ~o ,tho,se' 
~ ,~ '. ~,>~ 1 .... 1 

. ", obsérved d'-'lf,ing the de90rnpbsit:ion ,of -XVIII. Fu~thermqre~ > the." 
. \ 

...... - ~ 

, 'i?è~k,s dU,e, to, M.ephSi,ii; nad dis~ppe~~èd. ',' , 
.. 

.' 
: . " , 

• ~j " 

, , ,.f 

, , . - ~, 

.' 

" 

, : 
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• <1 
;" " 'A~~-BJ . :PhSiD3 . , , .;' :', ' .. 

'Th~ lH NM~'- s"tUdY: 'Of' :the .rea.ction ~f PhSiDa ,with 

" ~,~P2zr~e2 (2'0:1 molar rat:io')" in C6D6 'conf!rnied' the, a$signrnents 
'-~. .. .. ' --

. of the peaks ;1n . t~e_ PhS~H3 reac~ion di'scussed.,above. . In. this , , 
, .. ~ • , -!li ,. 

case,. r~aètion did 7t start 'unt'il 16 minuj:es after the, ~ 

'addft;ion o.f silane •. At' this time C"H3D was: d&tect~d ,( tri~~et 
l ' 

,. 1$ '. 
at 0.17 ppm) wh..ich conf1rmeâ that, as in- ~he case Qf the ' / 
, . '\' . - . . .- ..,.--

' .. analogous t1tanium r~act1on, th~ methane obtained i,ts deutE!ron 
, , 

from 'the' silane. Pea~~ due, to the Cp and C!!) resonances of 
Q • M ~w'1. 

t~e deuteratèd ,analoÇJIue of XVIII' were de'tectea whi.lst':.t~e AB -
f) - tJ ,. ( 

quartet: observed for XVIII (ca .. 5 ~pm) was aOl[5ent. The 
, t; , 

rèac~1on' sÔbsequently .~roceede9 in tne sarne. 'way. as that "for 
. . 

~~SiH3~.and .low.ga~ evolutioi cont1nued fo~ days! Eventual . 
. " dis9Ppearance of, CP2~Me2 and Methane occùrre~, t~ leave only 

: tpe p~aks due t?- the deuterat~d an~logue of XVIII an~': ~ .' ~ ,. 
" -

. broadened ph~nyl peaks 'suggestive. of (HP~Si)n. 
" . .. . ~ . 

, . 
, , 

• Q, 
J ... ' "- " 

,-

, ..... ' § organometallic'species. The reaction was similar to that 
~ . 

, . di$cussed above for PhSfHj. • Peaks due ~to me.thane and XX were 
\ 

, , 

observèô during the reaetton. MeBzSiH2 was not evident until 
. 

26 hours after the addition of sjlane, presumably due to the" 
'il' 

.. , 

. " , ' 

- . ~ ~~. . ~ ~ 

, ": :.~'·.~~.,.,:;,:;:~:L,~L~"~~::':"::~:,F~~~,":., :::: :.":':~' ,';:,"),,' 

• 
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APPBND~X,III: EXPERIMENTAL DETAILS FOR THE X-RAY CRYSTAL , 

STRUCTURE DETERMINATION OP COMPLEXES ! AND !! 

The X-ray structure deterrninations of 90rnplexes ~ 

. , ana!!. were ,performed' by Dr. M. Simard, at the Laboratoire ,des 

': '. '0, 'strl;1ctures au» RaYOns-~, _ universi té de MontrGal. - Samples were 

'"mounted und~r ,N2 in ,a glass ,capillary. 'Mèasurements were l1\ade 

on an ENRAF~No~ius CAD-4 diffractom~r. The unit cell was 
. ;. .. ~F· 

- determined from a set of 2S- reflect'i6ns collected w!th the ... 
ç 

'S~ARCH procedure. The space group wa~ determined by 

oscillation phot-ographs, and sub-sequ~ntly 6::onfirmed by . . 
1 

systema tic absenc~s in the complete da~a se t (hot, t " 2n and 
o 

0\0, k .,. 2n1 to be P2 1/c. ·rntensity data were co11ected 
. 

using the 00/28 technique with a fixed slit width of 4.0 rmn and 

a scan range of w = (1. 00 + 0.35 tan 8) 0, ex tended 25% on 'each 
~ 

-
s'ide for bac~.round. Collection was at room ~perature on a 

crystal of dimensions 0.30 x 0.35 x 0.45 mm for XI. Five 

standards were measured per hour ~nd a variat~on of less than 

2% was observed in their intensiti s. Data for X was 
" . 

collected on a crystal of dimensions 0.30 x 0.47 x 0.58 mm at 

-llO'C, due to extensive decompos'it:J,on in crystals ,irra<;1iateQ 

at room t'emperature. The intens'J.ies of'a l!J~t of'~even 
standards decreased by Iess tha~ .5% dJ-ing th~ d,ata collection' 

at low temperature. 
\ ." 

Data was 'correc.ted for Lorenz and 

polarization effects but because of the low absorptioon 

coefficients, was not corrected for absorption. 0 

'. 

. ,-

\' '. \ 

" 
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.. 
<In bot11 struc&;.ures, the Cp and phenyl groups ~re 

~ 

refined as idl'at polygons (C-C: 1.420A for: "Cp and C-C: 1.3'95A 

for phenyl). For XI, isotropie refinement of aIl non-hydrogen 
• 

atoms·an~ anisotropic refinement of Si and Ti converged to R = 

0.091. Anisotropic refine~ent of a~l non~hydrogen atoms 

" converged to R = 0.062'. The hydrogen atoms of Cp arid'phe!:1yl 

'groups were positioned using their Ideal coordinates (U = , .., . 2 O.OlA ). Hydrogen atoms attached to silicon were located on a 
\ 1-~ 2 

ÂF map and refined using constrained distan'ces (u = 0.05A • 

In the final cycles, individual weights w = l/a
2

(F) based on 

counting statistics were applied. At convergence, the R 

factor was 0.048. The general background in the"final ôF map 

3 was lower than ± 0.4 el ft.. Us i ng the same procedu re 4,he 

compound X~efined to an R value of 0.061 for a six-membered - , 

ring (Ti 2SiH
3

), but w/th a large anisotropy on the silicon 
\ 

atome A disordered silicon was introduced into the model~and 

the two occupancy factors refined. The final positions for 

the two Si atoms s~owed equal oeeupancy at a separation of 

0.3A and this refinement eonverged to R = 0.046. 

map had a back-ground of ± 0.5 el ",3 • 

t) f!1 
The final ôF 

l' 
The scattering curvés were taken from Cromer and 

waber (176,) eKcept for that of hydrogen which was from Stewart 

et al. (177); 

") 
o 

'::S 1 P 
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APPENDIX IV:' X-RAY CRYSTAL DATA FOR COMPLEX X 

FIGURE AIV-A: DIAGRAMMATIC REPRESENTATION OF THE DISORDER 

CpC1X 

CpC3X 

OBSERVED FOR X 

1 , '" 1 \ / 
\ '" 1 

" l ' ....... --./ 1 
" 1 / "'" 1 r"\' ,-=< 1 \ 1 

H (3) _ ~ I~'Y-";;;"":"""----'\ 5 i ( 2 ) J 

l '" / .-/ 

, , 

\ 

, SI (1) }---i....-:»""";'---I:,) H (2) 
, Ij 

... - " 
\ 

1 • 

\ 
\ 

1 

1 , 

1 
1 

, OCSX 

CpC2X 

where: CIX, C2X, C3X and C4X are the cyclopentadienyl rings. 

CIX = CII-CIS, C2X = C21:rC25, C3X = C31-C35 and C4X ;: 

C4.l-C4 S. 
" "" 

"Si(l), Si(2}, correspond to f occupancy 

H ( 2) and H (3) corresp(i)nd to t occupancy 

.... 

t ~ = pheny-l r up "CSX = CS1-CSS 



c 

~/ 

/' 
" 

" ' 

:~~-o 
~ .~ 

~~ 

i'L 
;tir 

~t. 

TABLE AIV-AI 
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fw, g/mol, 
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CRYSTAL DATA AND DATA COLLECTION PARAMETERS'FOR X 
~ 

C26H28SiT~2 

464.4 

s-pace group P21/c 

, '-

10.772 ( 3 ) 1 a, A 
'" 

b, A 

c, A 

S, 'oeg 

,v, A3 

z' 

cryat. 

Pcalcd' 
À, A 

-1 
~, ~ 

• 
size, mm 

g/cm3 

maximum 26, desJ 

0 

~ - scan rate, d~g/mi"n-1 1'" 
max." scan time, ~ec 

, ,. 

_. . , ~. ) . 

total no. of ref1ectipns 

re,flec,t_iolia used 

background., time, sec 

final no. of par ame te'ra 

Ra 

.' , 
• ,..' ..I~ 

) 

11.129 (6 ) 

19.678 (8 ) 
,0", 

112.94 ( 3 ) 

2172 

. 4 , 
" 

0.30 x 0.47 X 0.58 

1.420 

0.71069 (Mo Ka) 0 

7.91 • li, 

45 

1.7/40 

3507 

2303 

3600 

230 

0.046 
,0 

0.062 ' 

. . . 

\, ' 

. . 

1 
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TABLE AIV-8: REPINED POSITIONAL PARAMETERS OF ~ (x 10 4 , Ti 
5 0 - 3' 3 a,b 

AND Si, X 10 J ft X 10 ), ( U eq' X 10 ) ,;-

. \ 

ATOM 

Ti(l) 
Ti(2) 
Si (1) 
Si (2) 
CC 11) 
C(l2) 
C(13) 
C(l4 ) 
C(lS) 

_ C( 21 ) 
C(22) 
C( 23 ) 
C(24) 
C( 25) 
C( 31 ) 
C ( 32) 
C(33) 
C( 34) 
C(3S) 

- C( 41 ) 
C(42)' 
C'( 43) CJ ,J 
C(44) 
e (t'~5) 
C(51) 
C(52) 
C(53) 
C(54) 
C(SS) 
C( 56 ) 
H(l) 
H(2) 
H(3) 
H(4) 

<> 

x 

29670 (8) 
13088 (8) 

3334(22) 
3234(22) 
1387 (3) 
2638 (3) 
3003 (3) 
1977 (3)_ 

978 (3) 
1052 (3) 
1554 (3) 
2864 (3) 
3171 (3) 
2051 (3) 
4987 (3) 
5263 (3) 
4455 (3) 
3680 (3) 
4008 (3) 

-1103 (3) 
-619 (3) 

-28 (3) 
'-146 (3) 
\-elO (3) 

-4930 (3) 
6188 (3) 
7333 (3) 
7219 (3) 
5961 (3) 
4816 (3) 

151 (3) 
·235 (6) 
372 (5) 
285 (4) 

y 

388Q3 (7)-
37093 (V) 
2312(14) 
2300(14) 
2401 (3) 
2068 (3) 
296'8 13) 
38'58 (3) 
3508 (3) 
5335 (3) 
4"349 (3) " 
4071 (3) 
~ 886 (3) 
5667 (3) 
4755 (3), 
4388 ~3) 
5091 (,3) 
5893 (3) 
5685 (3) 
3774 -Cn 
2971 (3) 
1'970 (3) 
2156 (3) 
3271 (3) 
1980 (3) 
2026 (3) 
1632 (3) 
1193 (3) 
1148 (3 L, 
1541 (3) 

437 (4) 
262 (5) 
290 (6) 
-109 (2) 

z 

24718 (4) 
366 ~6 (4) 

3517(11) 
3628(11) 
1800 (2) 
1772 (2) 
1373 (2) 
1154 (2) 
1418 (2) 
4379 (2) 
4868 (2) 
4902--(2) 

°4434 (2)' 
4110' (2) 
3366'(1) 
2748 (1) 
2132 (1) 

,2370 (1) 
3133 (1) 
3029 (2) 
2628 (2) 
:1089 (2) 
37'75 (2) .. 
31313 (2'" 
4 42 2' (.1: Y 
4376 Cl t 

b 4967 (1) " 
5604 (1) 
5651 (1) 
5060 (1-) 

279 (2) 
390 (4) 
307 (3) 
327 (2) 

aest'ima.ted standard deviations are given ln brackets 

bnumbered according to FIGURES 111.1 and AIV-A 
t 

.. 
~ 

.: • ,,",.L:!>~-- .L.~ ~,:\.:/ .. ~,~ • ~ .• • ~~':v,.' .. ~ ~:~ r. :." ",.k ~_, .. : __ ... ;.1 .:,:,!- _" '.~ ~.' ~_ .• 

UEQ 

20 
22 
28 
28 

1 29 
30 
34 
36 
32 
35 
35 
29 
28 
32 
31 
29 
30 
28 
30 
38 

1"-"31 
,,33 
3~ 
39 
28 -
30 
34 
35 
36 
32 
30 
30 
30 
30 

1 

" 1 

1 

" 
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TABLE AIV-C: CALCULATEO' POSITIONS FOR THE H ATOMS OF THE 

PHENYL GR9UP ANDQCp RINGS FOR! (x 104), (Ueq~, 
x 10 3 ) a~b-

ATOM X Y. Z. UEQ 

H (11) 841(3)'"' 1901 (3 ) 2065(2). 50 
H-(12 ) 3212(3) 1270 C 3) 2013(2) 50 
H(13 ) 3904(3) 2975' (3 ) 1256(2) 50 
H ( 14) 1960(3) 4660(3) 84~(2) 50 
H(15 ) 67 (3 ') 39'97(3) 1342(2) 50 
H ( 21 ) • 81 (3 ) 5758(3) 4236 (2) 50 
fi ( 22 ) 1 03"i{ 3 ) 389l(3} 5162 (2) 50 
H (23.) 3512(3) 336'5 (3 ) 5227(2) 50 
H(24) 4"094 (3 ) 4907 (3 ) 4340(2) 50 
H (25) 1973(3) 6386 (3 ) 3728(2) 50 
H (31 ) 5441(3) 439l( 3 ) 3918(1) 50 
H (32) 5964(3) 3695 (3 ) 2747(1} 50 
H ( 33 ). 4434(3) 5028(3} 1580(1) 50 
H ( 34) ·2965 (3) 6546 (3 ) 2030 (1 ) 50 
H(35 ) 3588 (3 ) 6153(3) 3475 (1) 50 
H (41) -1605"( 3 ) 4620 (~ ) 2830(2) 50 
H(42) -689 (3 ) 3097(3) 2070 (2)' 50 
li ( 43) 431 (3) 1204(3)- 1943(2) 50 
H(44) , 208(3) 1555(3) 4243(2) 50 
li (45) ... 1051(3). 3666( 3) . " 

., 
4174(2) 50 

,H,C S2 J 6276 {3) 2366 (3) 3a8! (1 ) 1,> ,,,' 50 
li (.53), 8307(3) ",' 1667(3} 4·93 (1) '; '50 
H (54) 8105(3) . . 888(3) 6061(1) 50' 
li r55) 5873(3) , 808 (3 ) 61,44 (1 ) 50 
li (S6 ) 3841(3) 1506 (3 ) 5096 (1 ) 50 .... 

-----
o aestimated standard deviations are given in br-ackets 

bnumbered according ta FIGU,RES IIl.l and AIV-A <' 

, . 

~ 

. .... , 

<>0 • • 
" u 

, " 

\ . 
o • o 
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, ~,:_.~-

u '-_ ~ -o~. 1: • .,.~. a • ' :_ 
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, 
TABLE AIV-D: AN!rSO'l'ROPIC THBRMAL 'P/lRAMETBRS FOR THE NON-· 

HYDRoGEN ATOMS OF X (lé 103 , Tl, x 104 ) a,b • 

ATOM 

Ti( 1) 
Ti(2) 
Si{l) 
Si(2) 
c (11 ) 
C( 12) 
C( 13) 

- C( 14), 
C( 15) 
C( 21 ) 
C( 22) 
C( 23) 
C(24) 
C( 25) 
CDl ) 
C(32) 
C( 33) 
,ct 34) 
C(35 ) 
C(41t 
C(2) 

, C(4n 
C(44) 

, C(45 
C( 51) '. 
C(52) 
C(S3) 
C(S4) 
C(SS) 
C(S6) 

01' r: 

188,( 5) 
188 (5) 

29 (2) 
29 (2) 
27 (3) 
32 (3) 
38 (3) 
42( 3) 
23 (3) 
41 ( 3) 
42 (3) 
30( 3) 
30 (3) 
42 (3) 
23 (3) 
20( 3) 

.. 26 (3) 
• 39 (3) 

'32(.3 ) 
16(2) 
15(2) 
2?{ 3) 
31 (3) 
26(3) 
30( 3). 
32(3) 
26{3 f 
29( 3) 
37(3) . 
29(3) 

-

U22 

255(5) 
272 (5) 
27 (1 ) 
27(1) 
34(J) 
34(3) 
44 (3) 
44(3) 
50 (3) 
35(3) 
45 (3") 
34(3) 
29(3) 
27(3) 
3S(3) 
ri 0 

36(3) 
,36 (3) 
26(3) 
25(3) 
41 D) 

, 46 (3) 
37(.3) 
50(4) 
51(4) 

. 25'<3) 
30(3) 
38(3) 

\ 38 (3) 
'40 (3) 
35(3) 

U33 

172 (5 ) 
208 (5) 
20(4 ) 
20 (4) 
21 (3) 
'24 (3) 

24 (3) 
14(2) 
15(2) 
30 (3)_ ' 
25 (3) 
20( 3) 
21 (3) 
26 (·3) 
30 (3) 
35 (3) 
33 (3) 
34( 3) 
38 (3) 
53 (4) 
29 (3) 

'.31 (3) 
",'J7(3) 
... ,48 (4) 

A 

, 23 p')' ,< 

26 (3) 
33 (3) 
28(3 ) 
26(3 ) 
32 (3) 

U12 

-6(4) 
2(4) 
4(H 
4( 1) 

-4(2) 
... 2 (2') 

-6(3) 
-6(3) 

, -3(2) 
2(3) 

-5 (3) 

-2(2) 
\ -5 (2) 

-3(2) 
-11(2) 

-4(2) 
-7(2) 
-4(2) 
-8(2) 

0(2) 
-6(2 ) 

-10(2) 
-14(3) 

-8(3) 
4(2) 
0(:>2) 
0(2) 

1(2~ 
2(2) 
6(2) 

a· l\. estimated standard 'devita'tions o ar~ given in brackets 

bnumbered ,aocording to FIGURES III.' and AIV-A 

'" : ,~ 

> • ~ ~ , '\' ~ .. , :~ .... '" ... 

U13 

475 (4) 
~6(4) 
. 2( 2) 

2(2) 
~4 (2} 
10(2) 
l'H2) 
2(2) 

-1 (2) 
17(l) 
20( 2) 

6(2) 
7(2) 

12(2) 
6{ 2) 

15(2) 
17 (2) 
17 (2') 

19 (2) 
1 t( 2) 

. 6 (2) 
14(2) 
1 S( j) 
:U(3) 
5(2) 
9(2 ) 
7(2 ) 
2(2) 
8(3 ) 

l2C 2) 

U23 

2(4) 
-15(4) 
-2(2) 
-2 (2) 
-6(2) 

-14 (2) 
-10(3) 

-1 (~ 
-7(f) 

-11 (2) 
-9(3) 
-2(2) 

-l1(2) 
-8 (2) 

-4(2) 
0(2) 
2(2) 
4(2) , 

-4(2) 
1 (3) 

-4() 
-8 (3) 
6(3) 

-7 (3) 
-6(2) 
-7(2) 
-7(3) 
-4,(2) 
-3 (2)-
• 0 (~) 

,,<-' ~~.' ~--; ~~;.! ... ;~~ - .. '-/ 
, 

z ~ \, Jt. -~ -" ~"..- ~~ ... - ~ ~_ ,':. -} "~_~-=--~ ~ ..... :: ~ :. :. • -Ln 

o 

. -

Q 
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anEIIV!ED MD CALCULATED IITIIUCTUIta FAC1'ÙIHt l'at (TU2" (aUl (H'3 (JOt4EJrft.Jl (QIO'4 --, .t. PAiOIt 1 
H le L FOn FeAL. 810 H K L ..... FeAL. SIO 

H : K L4 FOn FeAL. SIO .. K L, FD88 FeAL alti " " K ... FaII Fe-. lUe • 8 g 170 -186 ", .. 5 0 275 -294 2 ~53 -534 It 5 5 0 57 .s 
3 0 0 27'1 300 • ~. , 0 217 -al. 
4 0 0 367 -390 • 7 5 0 113 -102 
, 0 0 1444-14" 2'9 • 5 0 28 23 
• 0 0 439 "5 9 9 5 0 125 123 
7 0 0 700 707 14 1'" 0 161 176 
• 0 0 212 ail " 2 6 0 534 '74 
• 0 0 49 -41 16lt 3 6 0 347 -384 

10 0 0 4:56 4370 10 4 6 0 138 U7 
1 1 0 121~1340 2' , 6 0 120 -109 
2 1 0 169 -1'2 .. 6 6 0 222-228 
3 • 0 680 643 14 7 6 0 139 -136 
4 , 0 46' -494 9 8 6 0 167 161 
~ • 0 688 706 14 9 6 0 48 '2 

, 6 1 0 1087 106~ 22 1 7 0 7~ 794 
7 1 0 3'8 -3'6 a 2 7 0 128 132 
• 1 0 '6 -62 14* 3 7 0' 86 -98 
9 1 0 28 -6 28* 4 7 0 352 397 

10 1 0 322 -320 7 , 7 0 152 -144 o 2 0 490 -,g7 10 • 7 0 465 -47a 
1 2 0 677 -722 14 7 7 0 13' 147 
2 a 0 48 15 a. 8 ~ 0 109 108 
3 2 0 865 -861 17 0 9 0 621 613 
.. 2 0 21 -11 22* 1 9 0 91 83 
5 2 0 132 132 5 2 8 0 41' -44' 
6 2 0 1'9 -1 75 , 3 ->8 0 ,g 44 
7 2 0 40 71 t'B* 4 8 0 3'8 -384 
8 2 0 99 -107 8 ~, 8 0 '08 -'48 
• 2 0 80 -75 10 6 8 0 12' 137 

10 2 0 104 98 9 j7 9 0 41' 429 
1 3 0 '1 -47 9 1 9 0 311 -294 
2 3 0 736 -789 l' 2 9 0 118 -122 
3 3 0 264 274 6 3 9 0 303 -331 
4, 3 0 3" -376 7 4 9 0 38 2 
5 3 0 24 10 24* , 9 0 307 317 
6 3 0 399 413 8 6 9 0 30 -14 
7 3 0 64 -82 12- 7 9 0 31 10 a 3 0 438 -439 9 0 10 0 279 284 
9 3 0 69 62 12* 1 10 0 1'4 -162 

10 3 0 30 13 29* 2 10 0 132 -139 
o 4 0 1130-1172 23 3 10 0 380 403 
1 4 0 447 -497 9 4 10 0 244 248 
2 4 0 6'7 715 13 , 10 0 76 -57 
3 4 0 250 261 " 1 11 0 340 -320 
4 4 0 314 33' 7 2 II 0 7' 94 
5 4 0 498 '18 10 3 11 0 282 291 
6 4. 0 287. 289 7 4 11 0 127 -130 
7 4 0 ,sa ~'92 12 -10 1 1 1'3_-145 
8 4 0 222 -219 6 -9 l , 234 236 
9 4 0 198. 191 " -8 1 1 1'9 -1'8 

10 4 0 2S2 -279 7 -7 1 1 131 121 

1 ' 0 124 136 , ~6 1 1 '30 545' 
5 0 332 358 ., -5 1 1 61 -sa 

• 5 0 401 448 8 -4 1 01 664-669 

• ' ... 3' 1 1 416 _-387 • 10 3 1 14' 134 7 6 6' L 401 -4=!H" ,'.9 
1'" -2 1 1 86 90 4 -10 .. 1 73 68 ta. 7. l "16 II-

• -1 , 1 630 -636 13 -9 4 1 57 -61 1,. a 6 1 70 _ 1 
7- 0 1 1 698 .~ 14 • -e .. 1 a 30.,.. 9 • 1 106 -131 ' 

a. 1 1 1 1830 1929 37 -7 4 1 407 """ .- - 7 1 181 ,.. '1 • 2" 1 1 1 45' -450 9 -6 4 1 21. 226. 6 -"1 '1 1 ..... ' 
, 3 1 1 422 -408 9 -5 .. • 219 -240 S ... '1 1 636 lM 1 

11 '. 1 • 392 -382 • -4 .. 1 744' 760 15 .. -s 7
1 

1 M -114 .• 
7 5 1 1 623 -622 13 -3 4 1 137 153, 5' -4 7' 1 3S3 -42? • 
• • 1 1 :ze:z -292 '6 -2 4 1 107 -142 5 -3 7 1 .. 86 • 

' 7 7 1 1 171 161 6 -1 4 1 246 -264 5 -2 7 1 112 -109 7 
6 Il 1 1 347 346 • 0 4 1 260 335 • -1 :7 1 297' -29S 7 
7 9 1 1 28 -16 ae.' 1 4 1 ,217 -25' S 0 7 1 l7'l 202 ,. 
7 10 1 l '80 .. 12 2 4 1 22 18;ra. '1 713ft 432 • 

la- -10 a 1 3'3 343 • 3 4 1 :2:1" 47 a- 2 7 1 212 an 6 
15 -9 2 1 205 ~13 6 4 4 1 300 294 7 3 7 1 212 229 6 

6 -8 2· 1 39 360 8 5.. 1 104 :"106 ,7 4 7 1 129 -1... 7 
9 -7 2 1 248 247 • • 4 1 S". r ~ 12 5 7 1 224 -234 • 
8 -6 2 1 430 -422 9 7 4 1 28 6 ,ae. • 7 1 lai -182 •. 
6 -5 2 1 1444-1427 29 8 4 1 117 115 • '7 7 1 lH' 191 .7 

10 -4, 2 1 249 -2.1 S • 4 • .. 108 10 -1 7 2 30-
7 -3 a 1 606 -560- 12 -, , l ,'" -186. • 1 21 222 7' 
9 -~ 2 1 506 -507 10 ... 5 1 :za -7 28tt -7 8' 45 -52 2CM 

13 -1 2 1 1058 1133 22 -7 5 1 40 -72 20*' -6 8 1 12? 137?_ 
9 0 2 1 1630 1595 33 -6 5 1 500 -:"9 10 -5 8 l, 47 _" 17. 
9 1 2 1 84 -113 4 -5 5 1 119 -124 6 -4 a 1 90 -100 " 

16- 2 2 1 363 -~7 7 -4 5 , 565 631' 11 '-3 8 1 172 -198 • 
8 3 2 1 310 -313 7 -3 5 1 174 -184 5 -2 8 1 67 60 Il 

Il 4 2 1 307 -301 7 -2 S 1 36 -6 14* -1 8 , 71 56 U 
7 , 2 1 801 -798 16 -1 , • 81' aao 1.- 0 8 1 182 lee • 
, 6 2 1 298 304 7 0" 1 462 -532 , 1 8 1 42 -54 17_ 
7 7 2 1 751 759 15 1,. 1 ~ -887 15 2 8 1 aS5 269 f 
8 8 2 1 520 -532 IL 2 5 l '\) 123 -127 5 3 8 1 94 116, 
7 9 2 1 307 -307 7. 3 5 1 246 273 • 4 8 1 209 -220' • 

22* 10 2 1 157 143 7 4 5 1 378 -414 8 5 8 10 202 204 • 
7 -10 3 1 313 302 7 S 5 1 286 316 7, 6 8 1 149 17. 7' 
~ -9 3 1 74 -56 Il 6' 1 39 33 .9- 7 a 1 296 -2'9' 7 
30- -9 3 1 199 188 6 7 '5 1 221--219 6 -7 9 1 31 -46 30e 

7 -7 3 1 172 '-175 6 8 5 1 354 -354 8" -6~ 1 247 253, 7-
7 -6 3 1 147 -1'7 6 "5 1 89 60 10 ~9 1 212 -240 • 
7 -5 3 1 418 -4~9 " ~ 6 1 213 -201 7 ~4 9 1 102 -94 " 
8 -4 3 1 551 ~4 11 -a. 1 142 -16' 7 -3" 1 47 -66 1 .. 
7 -3 3 1 21 25 22- -7 • 1 496 -510 10 -2 9 1 :za 53;ze_ 

12 -2 3 1 177 1~7 5 -6 6 1 221 22~ 6 -1 9 1 lal'-127 7 
a -1 3 & 4'5 -469 , -S. 1 47& 540 10 0 9 1 142 -135 7 

13* 0 3 1 1065 1144' 22 -4- '. 1 143 141 6 1 9 1 299 30S " 
7 1 3 1 779 -9~a 16 -3. 1 a&2 ~300 6 2 9 1 51 -16 16e 
8 2 3 1 7a -71 6 -2. 1 323 348 7 3 9 1 228 -232 • 
7 3 3 1 536 580 1.1. -1 • 1 630 -617 13 4" 1 94 109 10 
6 4 3' 1 387J a <r 0 • 1 U51~~ 23 ,." 1 92 -90 10 6 5 3 1 307 30 7 1 6 1 97 ~20 7 6" 1 349 -336 • 
6 6 3 1 500 10 2 6 1 '15 11 -6 10 1 68 -18 14'_ 

11 7 3 1 123 -1 - 7 '3 6 1 "~12e -s' 10 '1 173 -145 7 
• • 3' 1 224 -2 6 ". 1 336 361 7: -4 10 1 213 -213 7 13 9 3 1 200 -1 • 5. l ,n 207 • -3 ,0 1 29 ~41 2ge 

, 
, G 

Astarred reflections r~present unobsérved reflections (I/.(I) < 3.0) (-' 
.-. 

• 
o 

Cl 

.. 

.. 
, 

\:. 

..... 
co 
0'1 
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TABLE AIV-F: INTERA~OMIC DISTANCES (~) AROUND T1(1) AND 

Ti(2) FOR xa,b 1> 

o . 

~C(lG)''- C(2G'), C(3G) and C(4G) are the ring centr"oids of the 
~ppropriqte cyclop'ent~dieny1 ring. 

p , . . -

) 

- . 
, .. - ~ ~ . 

~~ ~l~~,.,j~:. '~.f2_J.:~~~x_;_!,-'_"!.-""'h~#:t .. )i~~~~ ~~ ~:r~~~Ti ~:~''!.?:·~~h~ .. ~,,~ __ :'~~::i_.~~!\,~ ~ .. 

• 
. '. 

", 
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TABLB AIV-Ga INTERATOMIC DISTANCES (A) AROUND Si(1) AND. 

SiC'2 t FOR !a lb . . . ,1 ~ 
\ ' 

. ,- IJ 

.,.. ~ 

} 0 • 

51(1)-5i(2) O.28(3) 
,f! 

5i(1)-T1(1) , 2.61(2) 5i(2)-Ti(2) 2.62(2) 
li 

Si(l )-T1(2) 2~78(2) 5i(2)-Ti(1) 2.80 (2) 

5 i ( 1 ) -C ( 51 ) 1.97(~) Si(2)-C(S1) 1.~2(2) . 
S1(1)-H(2) 1. 56 (7 ) S1(2)-H(3) 1 .. 54(6 ) 

Si Cl )-'H (4 ) 1.47(3) Si ( 2 )-H (4 ) 1.51 (3 ) 

aestimated standard deviatîons are ,9 iven in brackets 

, bnumbered according to FIGURES III.l and AIV-A 

/' 

Il 

..". 

, , 
~ .. 

f 

.. 

\. -

. '- 0 .. 

. . ' 
, • '..J. 

" ~, ' . 
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TABLE AIV-H: ANGLES (. ) AROUND Ti(l) AND Ti(2) FO~-!a,b,C 
.') ".,,,.-

\ 
,(4) Ti(')-Ti(2)~Si(2) Ti(2)-Ti(1)-Si(1) 52.3 52.6 (4) 

Till )-Ti(tl\Si(1') '. Ti ( 2 )"'Ti ( n -Si ( 2 ) ,48.1 0 (4) --47.9 (4) 
~ . 
Ti(2)~Ti(1)-C(lG) 112.99 (10) _T.i P )-Ti (2") :"C( 2G) 111,.32(10) 

Ti(2)-Tl(1)-C(3G) 114.78 (9 ) Ti(1)-Ti(2)-C(4G) 11 S. S9 (1 0 ) 

Ti (2}-Tl (1 )-H(3) 73 (2 ) Ti(1)-Ti(2)-H(2) _ 75 (2) 

II. 

.1 )-Ti (1 )-H(3) 101 (2) H(l )-Ti(2)-H(2) 

S1(1 )-Ti(l)-C(lG) lOS .3 (5) Si(~)-Ti(2)-C(2G) 

Si(1)-T1(1)-C(3G) 113.0 (5 ) Si(2)-Ti(2)-C(4G) 

Si(l )r11(1 )-H(l) 80 (i ) • Si(2)-Ti(2)-H(1 ) 

.. 
Of 

Si(2)-Ti(1)-C(lG) 107.2 (4) Si(l )-Ti(2)-C(2G) 

Si(2)-Ti(1)-C(3G) 113.4 (4) Si(1 )-Ti(2)-C(4G) 

Si (2'>-Ti (1 ),-H.(1 ) 76 (1) SiO )-Ti(2)-H(1! 

~'iO.6 
. 

C(lG)-~i(1)-C(3G) (1) , C.c 4G )-Ti (2, )-C(2G) 
" . 

Ç(lG}-T1(1 }-aCt) 104' (1) C(4G)-Ti(2,)-JJ(1 ) 
~ 

CC1G)-Ti(1 )-H(3), 106 (2) C(4G)-Ti(2)-H(2) 
~ 

'C(3G)-Ti(1 )-H(l) 111 (1) Ç(2G),-Ti(2)-H(1 ) 

C(3G) ... Ti(1)-H(3) 99 .. (2) C(2G )-Ti (2 ):'H(2). 

. a ' 
estimated standard deviations are given in Qra~kèts 

b " - ' 
numbered according to FIGURES 111.1 and AIV-A 

-ccCia), C(2G), C(3G),and C(4G) are the'ring centroids of the 
appropria te cyc~openta~ienyl ring • 

c • " ~ 

'. 

" 

.. ' 

, , . '. 

103 (3 ) 

107.8 (5) . 
"0.8 ,( 5) 

81 1 

, 
CH 

109.5 (4 ) 

111 .5- (4) 

76 (l) 

131..1 (1 ) . , 

104 (1) 

102 (2) 

110 (1) 

102 . ( 2) 

.::. •• t' 
'-

~ 

" -

.. 

-;' 
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TABL! AI~ ... IJ "IN~~RATOMIC ANGtES ("') AROUND Si(l), ,Si(2), H(1'>-, 

, H ( 2'), AND H ( 3) FOR !a ~ b 
~ 

.~ 

) 9 

Ti(1}-Si(1)-Ti(2) 79.8(6} Ti(2)-Si(2)-T1(1) 

TiC1 )-Si(1 )-C(s1) 130.5(9) Ti(2)~Si(2)-C(s1) 

Ti(1 )-Si(1 )t.H(2) lOS (3) TiJ2)-si(2)-H(3) tl 

, Ti(l )-Si<1 )-H(4) \ 116 (2) Ti( 2 )-SiC 2 )-H(~) 

Ti(2)-S!(1 )-C(s1) 117.1 (9) Ti(1 )-Si(2)-C(S1). 

Ti(2)-Si(1)-H(4) 111 
• f, 

(2 ) .. -Ti(1 )-Si(2)-H(4) 

Ti(2)-Si(1 )-H(3} 105 (3) Ti(1 )-S.1(2)-H(2) 

, 

C(S1 )-Si(1 )-H(2) 
\ 

97 (3) ~ ~ C(S1 )-Si(2)-H(3) 
, 

·~(51 )-Si(l )-H(4) 101 (2) - ,', C( 51 )-Si t2 )-.8(4) 

C(Sl )-Si(1 )-H(3) 108 (3) C(Sl )-Si(2)-H(2) 

IH2)-Si(1 )"H(J) 1~2 (4) HC 3 }-S~'(2')-H( 2) 
CI 

, '8(2)-Si(~ )-H(4) 98 (3) H~J )-Si(2')-H( 4) 
, " 

8(3)"'SiC1 )-H(4) 114' (3) . H( 2) -Si (2 )-.lU 4) 

, '. 

TiO )-H(1..>;"Ti(2) 123, (2) 
~ 

.. 

Ti (2 )-H(2 )-5i (1 ) ..., 24 ~ (~) TiC1 )-8(3)-51('2) . -
"a " 

o :~s~imated standard deviations are given iQ.brackets 
" b' . . . 

numbered accordinq to FI~URES II1.1 and AIY-A 

" -. '. , . , 
...... 

.. 
79_3(6) 

127'.0(9) 

104 (2)_ 

118 (2) 

122.8(9) 

105 (2 ) 

10:7 (3) • 

100 (2) 

102 (~ ) 

109 (3) , 

. 
. 132, (~) 

,100 ,( 3)' 

109 {,4) 

-

128 (4) . , 
"", 

" . 

." 

.,1 

• 

" , 
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TABLE AIV-J: .S~LECTÈD LEAST SQOARÈS. ~LANES FOR l' .' . 
.; 6 

." .,. 
'" 'Plane' l 

Equation: 0,.474 x "+ O,,5.99'.y +- 0,646 '21 .. 6" 094 

_Distances froÏn. plane (A)' 
Ti(I'*, 0.0000(8) Ti(2)* 0.0000 (8); ~i(l)* O-.O2{2) 
Si ( 2) * '. -0.02 (2 ) H (i ) • 0.16 (4 ) 
H ( 3 ) ~O • 2'2 (6 } 

J 

*,Atoms used in the plane ca1cu1ation 

plane 2 

Equation: 0_" 166" x + 0.498 Y + 0.851 z = 
Cyclopentadienyl bound to Ti (1) on the side 

'Plane 3 

H (2) 

4 .. 125 

of H (4)' 

J 

Equation: "0.108' x +. 

J ~ .. 

O.,?34 YI + 0.765 z = 9.600 
.. ~ . 

0.06 (6 ) 

Cyclopentadienyl bound 
.group _ J. !.. 

to Ti(~) on the side Rf the.ph~nyl 

Plane 4 - ." • 
Eqù~~ion:' '. '0.695 x + O.6~~ y + 0'. 23P::% ~ 6.948 ,,( 

-CYiloperi.;tadientl, b.ound ' to :~i (1 r on the side,of the phenyl 
group 

. " ,. . , -
Plane'S , , ' " .. 

". Equ~tion: '·0.812 X 'li- '0'.468 Y + 0~349' z = 1.032 '. , 
.... " '1, 

Cyd~opentadienyl bound to Ti(2}...,'?!L-the sid~ of'~H4) 

No 

.. 
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. 'AP.n V. xiui'~~YS~:'DATA':~1t ~PLBX'XI.· " ... 
<~!~-- ~- - .~~ ~ I~~, - ~ ~ ~~ '1 ~~-' ",: ... ,_~ 1 ~-, ,~., ~ ,~-<-- -~, • <1_ '. 

- ~- - . ~ ;;'- " , ~ 

, '-

" , ," : .. _,:. .... ::/ ',: ',>" - ,."",. ,", ' .;:/",;:'.' " /:~-. ,",' ,,',,; . .-'. :.~'.~,,':" '-, - . -' , 
: -,', '-~~. jUl.lf"AV';'À •. , "~RYS'l'~ ,DAT~ ~b' b~~A:C;ÔLLBCT:i~~ .~_P~BTÉtW·'.'POR·X 

~..;' _ :.-_ _ • ~ ~ 'j. J ~ _ ,~ - ,,_'~, ~: "6\ _ :- ~ ~~ 

\, 

. " , ~ .. 
ho, ~. _ 

~~ ~ r t.. ~. ,+-

a, 

b, 

c, A. ' 

B r de~r . , 
v" A3 .4~ 

z 

:\ 

, 
.. ,,'~ 

- • ., - '~ ~ .. L.-' - 1 .... 

'C32H34.~i~ Ti2 , , . 
570.6" , , 1) r21,/.c -
15.276 .. . 
Il.466 

(6 ) 

( 3') 

·20.1~1 (8) 

J 

, . 

" . -. 

. 
", 

! °r_ 

... ' 

" 

.. "'1'> , . 

-. , 
. ... , - -~ 

. . 

: "; 

.. 
" 

.' 
" 

.,~ 
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," TÀI!~B 'A~~Bt, " R~~1=~ED ~SIT-IONÀL ~A~E1~RS O~ il (~' 1'0-4 " ;1_ 
~ 4 \ • ~ .' n d " , e - ~ 

,"" ,'\ ~~D,.si;, lt 10'5, JI,·'X'l03) (Ueq'.'x 1{)3J~~~' :.' '. ., 
, \ 

\ 

ATOM 
1 

Ti Cl) 0 

.' Ti(2)\ 

" 

x 
1 

18283 (7.) 10194 (8)," 
33617'(7) 9583 (8) 
33246(12) 23789(12) 
16J6f(11) -1490(12) 

1.9907(5) 
70181,(5). • 
8161l(9) 
66240-(8) 

., , 
;UEQ' 

, ' ,,- , 

" 

Si(l}. 
5i(2) 0' 

C (11) 
C( 12) 

1994 (3) .. 724 (4) 
1 879 (3) 218 { 4·) 

8711(3J 
9109(3) 
9494(3) 
9335 (-3) 
8851(3) 
7960 (3) \-
8349(3) 

39 . 
37 
,43 
40 
6,7 
80 

.... 

\ 

C( 1'3) , 
C(;14) ',\ 

- C'15) 1 

. C ( 21) " 
C(22)- 1 

. 2837 (3) 953 (4) 
3543 (3) 465 (4) 
302,2' (3) -571 (4) 
5330 (3) ~._ 543 (3) 
4888 (3) 8-5 ( 3 ) , 

'C(23) .1-' 4124 (3) -826 (3) 
C( 24) , 

·,C('25) 
C(31) 

"C("32) - ' .. 
_ C(3J.) 

,'-, C(34) 
" ê(.35) 

, CC 41'), 
... C (42) ':,' 

'. C'( ~3),; , 

C<.44)' 
• CC 4'5) : 
, . C( 51) 1 • 

-\," ç c· 52-) " .; 
'. :C( 53) 
, ,CC 54-) . 

,a'(5Sf .:. 
~' C(56) ", 

: " < 'C ( 61,)' " 
.. - - .: C'(62): 

"C(63,'.). • 
-~ 'è(~4,) 

C(65 ) 
C,( 6"6) , ~. 

, ,H( 1) 
, 'H(2L 
, H(3) \ 
L, • ~~ 4) . i' 

4095 (3') -930 (3) 
48,40 (3) -8'4 ' (3 ) 
'652 (4) -.1 2284,(4) 
Ï051 (4) 29i9" (4) 

597 (4,) 2396 (4) 
-83' (4 ).. 1437 (4)',.' 

\ -~-49 (4}" 1368' (4) 
'19'3?' (3--) • f246 ,( 3) '\ 
29.49 (3) 1129 ( 3) , 

.,3646 (3) - 20'91 (3) 
" .-3041 (31 ,- ~ 2802 (3) 

197,0 (3) '2280 (3) 
47'07 (3 r ' 28519 (3) 
5742 l j ) ~8 31, (3) , 

~ ~ ,- , 

'~107' (3) , 3~76 (~), 
66l7: (3) , . 3,749 (3") 

,5602 '(3) 3718 -,(3) 
• 631 (3) '3333 (3) 
1507 (3) -179~ (3) 
1310 (3r -2081 (l) 
r318 '(3,) ~3245 (3) 

.. '1523 (3) - -4126 (3) 
, ·1720 (3) -3,843 (3) 

1112 (3) -2679 (3)' 
,286 (3)' 350 (2), 

54 (~) " 31 ( 4 ) 
)94 (3) 20~ (3)'-
12.' (3 ) , -t 0 .( 3 ) . ' 

. 7820(3), 
,7.l.03(J) 
7190(3), 
8072 (2'). 

- 7705(2) 
6908 (~)" ' 
6.18l (2), . 
-7500 (2) 
"5520 (2) 

,. 566 a (2) 
,,'6173('2.) -

6'337(2)" . 
5934 (2 ~, 

'9,26'6 E 21 . 
9432 (2) 

10~()0(2) 
, 10803(2) 

1063'7,(2' 
98.69 (2) . 
6378(2) , 
5620 (2) 
5423 (2) .. ' 
5983(2)' 
6'740 (2)' , 
69'38{2) 
"771(2) 
,-,5~.6 (2) 
·778·(2 ) 

, '72Z(2)' 

81 
-1'0 
60 ~ 
61 

"$5 
55 
58 
61· 
69 
77 
93 
97 

'70 
.6-1 
61 
S9 
56, 

, 60, 
48 
54 
62 
72 

. 87 
, 72 

45 
'.6 4 
7l~ 
75 ; -

'c 82'" 

t 

! 67' , 
,5,0 
'50 .' ,,' 
,50 .. 
S'Q . 

.. 
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TABLE AV-C: CALCULATEO POSITIONS FOR THE H ATOMS OF THE 

PHENYL GROUP ANf) Cp Rl;NGS FOR XI ex 10
4

) (Ueq , 

3 a ,b 

j 

ATOM 

,H( 11) , 
H(12) v 

H ( 13) 
H(14) 
H(15) 
H (21) . 
H(22) 

C H L23) , 
H (24)_ 
H ( 25) 0 

H(31) 
H(32) 
H(33) 
H ( 34) 
H(~5) 
H(41) 
H(42) 
H(43) 
H(44) 
H(45) 
H(52) 
H(53) 
H(54) 
H(55) 
H (56 ) 
H(62) 
H (63 ) 
H(64) 
li (6 5) 
H (66 ) 

o 

x 10 ) 

x 

1403(3' 
.1186 (3 ) 
2999(3)-

• 4337(3) 
3350(3) 
5933(3) 
5096 (3 ) 
3650 (3) 
3594(3) 
5005J(3) 
847(4) 

,1604(4) 
743(4) 

-54.4 (4) 
-480(4) 
1206 (3) 
316 a ( 3") 
4489(3) 
3343(3} 
1313(3} 
5796 (3) 0 

o 7508(3} 
7384(3} 
5547(3)Y 
3835(3) 
,1152 (3) 
1166 (3) 
1-5"29(3) 
1878-( 3} 
1864 ( 3 ) 

'f 

-1433(4 ) 
352 ( 4 ) 

1744(4) 
820 ( 4 ) 

-1143(4 ) 
1246 ( 3 ) 

377(3 ) 
-1348,3) 
-1545(3) 

58 (3 ) 
2466(4) 
3668(4) 
2677(4 ) 

862 ( 4 ) 
731(4 ) 
652 ( 3 ) 
432(3 ) 

2253(3 ) 
3600(3 ) 
2611(3 ) 
2464 (3 ) 
3254(3 ) 
4094(3 ) 
4144(3 ) 

.3355 (3 t 
-1399(3 ) 
-3464(3) 
-5027(3 ) 
-4525(3 ) 
-246b (3 ) 

.. 

o 

z 

8363(3} 
9116 (3) 
9847(3) 
9546 (,) 
8628 ( 3 ) 
8207(3) 
8943(3} 
7940(3). 
6584(3) 
6749(3} 
86 '19 ( 2 ) 
7984(2} 
6473(2} 
6233(2} 
7596 (2 ) 
5157(2) 
5436(2,) 
6393(2) 
6705 ( 2 ) 
5940(2} 
8965 ( 2 ) 

10328(2} 
11398(2) 
11104(2} 
-9741(2') 
5187(2) 
4836 ( 2 ) 
5830(2) 
7174(2) 
75?4(2) 

t:) 

• 

(> UEQ 

100 
100 

, 100 
100 
100 

-IDa 
100 
100 
100 0 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

,..·-roO 
100 
100 
100 

o 100 
100 
100 
100 ' 
100 
100 
100 

aestirnated standard deviatiens are given· in brackets 0 

\ 

.bnurnbered acc,?rd ing te FIGURE II 1.7 

, 

'/ 
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TABLE AV-D: ANISOTROPIe THERMAL PARAMETERS FOR THE NON­

HYDROGEN ATOMS OF XI (x 10 3 , Ti and Si, x l04),a,b 

ATOM U11 U22 U33 U12 U13 U23 

1) 

Tl. ( 1 ) 3~8 (5) 450(6) 340 (5) 50(4) 209 (4 ) 32(4) 
Ti (2) , 0 370 (5) 364(5) 355(5) 0(4) 217(4) 45 (4) 
Si(1) 461 (8) 410(8) 416(8) 35 (7) 2io (7 ) 32 (7) 

si(~) 396 (8) 403(8) 355 (7) 0(6) 21fJ(6) 5 (6) , 

C (11 ) 67 (4) 68(4) 58 (4) -11 (3) 37 C 3 ) 20 (3) 

cC 12) 101 (6) 101 (6) 71 (4) 24(5) 69 (5) 29 (4) 

cC, 3) 127 (6 ) 59(4) 36 (3 ) 19(5) 42 C 4) 7(3) 
C( 14) 52 (4) 17(5) 38 (3) -10(3) 9(3) 27 (3) 
C(15) 77 (4) 56(4) 52 (3 ) 19(3) 43 ( 3 ) 23 (3) 

C(21) 32 (3 Y " 55·(4) -74 ( 4 ) 6(3) 22 ( 3 ) 5 (3) 

C(22) 46 (3) 61 (4) 42 (3 ) 24(3) 21 ( 3 ) 14 ( 3 ) 
C(23) 51 ( 3) 49(4) 65 (4) 19 (3) 37 ( 3) 24 (3) 

C(24) 54 (3) 50(3) 66 (4) , 16(3) 36 ( 3 ) 3(3) 
C(25) 55 (4) 64(4) 72 (4) 14 (3) 44(3 ) 8 (3) 

C( 31 ) 64 (4) 78(5) 72 (4) 18 (4) 47 (4 ) 2(4) 

C(32) 67 (4) 54(4) 118 (6) 25(3) 61( 4) 22 (4) 

C(33) 69 (5) 14tii(8) 79 (5 ) 77(5) 53 ( 4 ) 64(5) 

C(34) 48 (4) 1 ~5 (8) 62 (4) 41 (5) 22 ( 3 ) -17(5) 

C(35 ) 42 (3 ) 86(5) 97 (5 ) 10 (3) 43 (4) -9(4) 

C( 41 ) 63 (4) 64(4) 35 ( 3 ) -18 (3) 21( 3) 8 (3) 

C(42) 86 (4) 58(4) 46 (3) -1 (3) 45 ( 3 ) 8 (3) 

C(43) 67 (4) 58(4) <0 53 (3) -11 (3) 38 ( 3 ) 8 (3) 

C(44) 78 (4) 37(3) 44 (3 ) -6(3) 33 ( 3 ) 9(2) 

C(45) 59 (4) 66(4)' 48 (3) 11 (3) 29 (3) 21 (3) 

C( 51 ) 52 (3) 46(3) 50 (3) -7(3) 34 ( 3 ) -1 (3) 

C(52) 58 (4) 55(4) 51 ( 3) i:;. -8(3) 36 (3) 2 (3) 

C( 53) 63 (4) .65(4) ,--54(4) __ -.5J3) 35 ( 3 ) 3 (3) 

C(54) ~76 (4) 67(S} 53 (4) -23(3) 31( 3) -4 (3) 

C(55) 102 (5 ) 94(6) 78 (5) -32(4) 64 (5) -33(4) 

C(56) 73 (4) 86(5) 63 (4) -22(4) 45 (4) -34(4) 

C(61 } 41 (3 ) 42 (3) 49 Pa) -1 (2) 21 (3) 0 -2(3) 

C(62) ~ 81 (4) 5~(4) 41(3).' 3(3) 30( 3) 0(3) 

C(63) 85 (5) 58(4) 50 (4) 9(4} 30( 3) -10 (3) 

C(64) 82 (5) 45(.4) 86( 5) -7(3) 48(4 ) -17(4) 

C(65 ) 129 (6 ) 48(4) 102 (5,) -10(4) 88( 5) "'2(4) 
C(66) 108 (5 ) 42(3) 82 (4) - -11 (3) 75(4 ) -4(3) 

" 
.. 

a 
estimated standard devia tions are given in brackets 

bnum.beted according to FIGURE 111.7 

.. 
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ftBLB AV-lb cu.a:ILHBD (p ) MD OBSERVBD (p ) jS"l'ROCTOll:B PACmR AllPLrl'ODBS l'OIt' XXa 
co" _ . 

- - ~- ..... ,.. .AC.... ... m,. , .... 'N"~ ,_,a ... ,. ._ . 
t:' Il' L F08S F 810 MilL F08fJ FCM.. 910 H" L F089 FCAL~IO H Je. L Rm~ FCAL SIO H" L Fœ8 FCM.. SIO t l 0 11êt"1 - 2a 5:5 0 327 3:Z8 8 6 10 0 28a 275 ë -1 Q 1 3'1 3~ 7 a 4 1 °m r-43It 9 o 6 633 13 6' 0 183 -17. 7 7 10 0 :JB '38it 0 2 1 1906:z009 38 3., 1 3 -362 • 

1 0 .. 9 7' 0 94 -,. 13 8 10 0 103 -98 l' 1 a 1 "20 388 9 4 4 1 114 192 6 
c '-,0 13$1.1=:za a, 0 302 307 a 1 11 0 90 -U2 Il.. 2 2 1 196 -205 5 5 4 1 407 -384 9 " a: l : 1~ -1~ ~ 1~ g g afi -~~. ~ Il g ~ ~ lI: J ~ t 3~ a~~ _ 2~_ 9: 1 ftI -m , 

7 1 0 677 -6115 14 11 :5 0 147 143 11 4 II 0 37 17 38- :5 a 1 307 289 7 Il 4 1 la4 -.:J M 
• 1 0 628 r 631 13 la :5 0 38 ..., =-- , 1 t 0 ~ -36 2:'- 6 2 l '983 978 20 .9 4 1 37'''' _ 

"" • 1 0 1'0'0 al2 Il 1 6 0' 2It6 299 7 6 11 0 64 -49 ~ 7 2 1 311 -311 8 10 4 1 83 100 1_ 
10 1 0 U. 142 12 2 6 0 .... 673 14 7 11 0 38 -4' 3a- 8 2 1 4'2 ~7 10 11 4 1 4' 42 I_ 
II t 0 52· 68 2.. 3 6 0 596 -611 12 1 12 0 69 -42 ao- 9 2 1 266 249 8 12 4 1 :JB -18 • 
li ,0 (51 -138 10 4 6 0 31' 308 8 2 12 0 80 -8S 111* 10 2 1 66 -!50 20tt -1~ 5 1 229 229 9 
1 1 0 131 -130 12 , 6 0 102 -104 11 3 12 0 38 24 3a. Il 2' 1 290 293, 8 -II 5 1 .. -94 15 

1 il 0 ,62a ,-$48 13 6 6 0 174 -197 Il 4 la 0 98 -103 16 la 2 1 162 142 10 -10 :5 1 78 91 lae 
Z 2 0 26. ;;"'251 6 7 6 0 337 3S6 a :5 12 0 38 -12 38+ -13 3 1 7'f -77 19- -9 :5 1 IBO '-''96 9 
3 2 0 943 -91" 19 a 6 0 527/ 545 11 1 13 0 130 -125, 12 -12 3 1 38 26 37. -8 , 1 247 -2i1r 8 
4 2 0 402 371 Il .' 6 0 a42 -237 Il -13 1 1 ~4 -288 8 -Il 3 1 37 , 37. -7 , 1 43 -1 a,-
' a 0 f:7 322 7 10 6 0 38 -8 38. -12 1 1 lB7 -183 9 -10 3 1 79 91 17- -6 , 1 90 102 12 
6 2 0 " 4'7 JO 11 6 b 46 -~1 31. -11 1 1 3iiZ' 3iiZ5 8 -9 3~ 112 14 12 -5 5 1 523 -530 11 
7 2 0 3iiZ 55 32e 12 6 Ou 123 -135 14 -10 1 1 272 288 a -8 3 , 167 -157 a -4 5 1 177 175 6 '--- 8 .2 0 34 Il =-- 1 7 0, 9B3 1025 20 -9 1 1 145 132 If -7 3 1 136 -130 a -3 5 1 397 389 a 
., 2 0 374 -369 ., 2 7 0 46 61 23* -a 1 1. 42 -Il 25* -6 3 1 470 442 10 -,2 :5 1 437 -408 ., 

10 2 0 36 -3 36e 3 7 0 243- -~37 7 -7 1 1 910 -S07 17 -~ 3 1 43 -l'Il" -1 , 1 420 434 9 
Il a 0 99 107 14 4 7 0 213 15 1 -6 1 1 393 -372 8 -4 3 1 286 274 7 0' 1 40fJ -407 , 
12 2 0 III 103 13 5 7 0 '94 -607 la -, 1 1 1009 ~'l ao -~ 3 1 81 56 ., l' 1 744 -7" 15 
13 a O' 31 -7 38* • 7 0 36 -J, 3'. -4 1 1 "563 ,le 11 - 3 1 192 -192 , 2' 1 386 410 8 

1 3 0 84, -76- a 7 7 0 677 669 14 -3 1, 1 3'8 -333 7 -1 3 1 B90 -877 18 3 5 1 797 8l5, 16 
2 j 0 252 -227 6 a' .. 7 0 175 -20;2 9 -2 1 1 ~ -19' , 0 3 1 1202 112& 24 4 5 1 40 -15 <il4. " 
3 0 9S6 881 19 9 7 0 143 -143 11 -1 1: 1 1 1864 35 1 3 1 638 -610 13° " :5 1 ~ 18 18-
4 3 0 193 224 6 10 7 0 38 -33 38e 0 1 1 46 -103 6 2 3 1 517 '29 11 6 5 1 -258 7 
5 3 0 691 706 14 Il 7 0 236 -a18 9 1 1 1 2251 2367 46 3 3 1 211 194 6 7' 1 317 -311 8 
, 3 Q 2D8 -211 7 1 8 0 91 77 13 2 1 l '87 -'1' 12 4 3 1 78 -., 10 a, 1 263 250 • 

3 0 239 -~i 7 a a 0 220 -208 7 3' 1 t 413 -363 9 '3 1 30 16 304J 9 , 1 ~ ,~ Il 
-, 3 0 35 M 35* 3 8 g 72 -~ 17. 4 1 1 298 -282 7 6, 3 1 177 -178 7 10 5 1 _ 38. 

~ 0 t27 1 Il 4 8 82 -29 15. 5 1 1 777 -773 16 7 3 1 139 -121 9 11 5 1 102 -69 15 
10 0 94 62 14 :5 8 0 110 107 12 6 1 1 229 216 7 a 3 1 as 114 14 12 5 1 192 -IBO 10 
11 3 0 110 ~7 13 6 a 0 373 375 9 7 1 1 533 541 11 9 3 1 .249 260 8 -12 6 1 143 -1'3 11 
1 3 0 269, 9 '8 7 8 0 125 -140 12 8 1 1 34 57 34. 10 3 1 37 -63 37. -11 6 1 27 -2" 8 
13 3 0, U -64 39_ 8 8 0 4." -19' 9 9 1 1 273 -299 a 11 3 1 38 20 38* -10 6 1 37 10 37_ 

l ,4 '0 01 1'1. 9 8 0 14 -66 -19- 10 1 1 43 31 31- 12 3 1 92 -9' 11- -9 6 1 37 _54 31* a 4 0 ,622 6 13 10 8 0 41 24 32* 11 1 1 193 -176 9 -13 4 1 '9 -84 2~. -8 6 1 268 a63 1 
3 4 0 '23 -522 11 1 9 0 lB3 173 9 I~~~ 1 38' -6 3a_ -12 4 1 113 119 1 -7 6 1 203 -211 ' 
4 4 0 49 6 1.. 2 9 0 4§ 30 ~ 13 1. 1 166 152 10 -11 4 1 204 193 9 -6 6 1 407 -424 9 
5 4 b "" -588 la 3 9 0 3 -61 35* -13 :z.~ 1 152 -145 11 -10 4 1 316 -317 9" ,,-5 6 1 304 -311 8 t 4 0 1_ -169 7 <4., 0 53 -21 25. -12 2= 1 292 275 8 -9 4 1 204 225 8 -4 6 1 209 197 ~ 

4 0 1~ -147 8 5 9 0 18' -191 9 -11 ~ 1 148 174 10 -a 4 1 13' -la, 9 -j 6 1 aaa 24', 
• 4 0 1'2 171 9 6 9 0 37 -11 37. -10 1 61 -'B 21. -7 4 1 a30 -230 7 - • 1 410 421 9 
, 4 0 1'1 -210 a 7. 0 221 210 a -9 2 1 161 l'. 9 -6 4 1 '78 '70 la -1 6 1 72 -92 12-

10 4 0 187 -168 8 8 9 0 38 -18 38* -8 2.1 268 -27. 7 -5 4 1 217 -200 6 0 6 1 731 -700 IS 
Il 4 0 179 -IBl 9 9 9 0 'B9 75 17e -7 2 1 397 -390 '9 -4'4 1 57~~590 12 1 6 l' 424 -46& • 
la 4 0 .::J9 -20 38e 1 10 0 40 -3 33* -6 2 1 1:JOB 1281 26 -3 4 1 19 -172 6 2 6 1 244 244 7 
1· 5 0 351 -371 a 2 10 0 -209 ~220 a -5 2 1 381 370 B -2 4 1 168 -134 6 3. 1 259 252 7 
2 5 0 321 305 7 3 &0 0 268 -257 9 -4 2 1 267 229 6 -1 4 1 282 -260 6 4 6 1 .4J 29 23-
3 ~ 0 184 -119 6 4 10 0 191 -194 • -3 a 1 428 410 9 0 4 1 ,,, 612 12 ,. 1 _. 91 li 
4 , 0 824 -844 17 '10 0.120 109 12 -2 2 1 890 -827 '8 1 .. 1 131 139 6 6 6 1 275 -278 

~j' 

. a , 
~ Starred reilections represent unobserved reflections (1/0(I) < 3.0) Q 
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TABLE AV-P: INTERATOMIC J?ISTANC~S (A) AROUNO Ti (1) AND 

Ti( 2) FOR XIa 

Ti(l)-Ti(2) \'3.890(2) 

Ti(l)-Si(l) 

Ti(l)-Si(2) 

Ti(1)-H(4) 

Ti(q-C'( 110 ) 

Ti(l)-C(12) 

Ti(l)-C(l3) 

Ti (l)-C.c 14) 

Ti(l )-C(lS) 

Ti(l)-C(lG)c 

Ti(l)-C(31) 

Ti(l)-C( 32) 

Ti (l )-C( 33) 

Ti(l)-C(34) 

Ti(1)-C(35) 

Ti (1 )-C ( 3G) c 

/ 

2.604(2) 

2.891(2) 

1. 76 (3) 

2.388(4) 

2.389(5) 

2.379(4) 

2.374(4) 

2.379(4) 

2.0?3(4) 

2 •• 394(6) 

2.371(5) 

2.367 (4) 

2.388(5) 

2.404(6) 

2.056 (5 ) 

o 

Ti ( 2 ) !S i ( 2 ) 

Ti(2)-Si(l) 

,; 0 

Ti(2)-H(3) 

Ti(2)-C(21) 

;- Ti ( 2 ) -C ( 22 ) 

Ti(4-,)-C(23) 

Ti(2)-C(24) 

2.583(2) 

2.851(2) 

1.76 (3) 

2.379(5) 

2.394(4) '" 

2.403(4) 

2.394(4) 

Ti(2)-C(25) 2.379(5) 

Ti ( 2 ) - C ( 2G) c 2 • 062 ( 4 ) 

'. 
Ti(2)-C(41) 2.J-8~(4), 

Ti(2)-C(4~) 2.381(4) 

Ti(2)--C(43) 2.390 (4 ) 

Ti, ( 2 ) -C ( 4 4 ) 2 • 396 ( 4 ) 

Ti(2)-C(45) 2.391(4") 

Ti(2)-C(4G)c 2.061(4) 

aesti~a ted standard dev ia tians are 9 iven in bracke ta _ , 
bnurnbered according to FIGURE II!.7 a 
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..cC(1G), C(2G), C(3G) and- C(4G) are e-he ring centroids of the 

appropriate cyc1opentadieny1 ring. 
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TABLE AV-G: INTERATOMIC DISTANCES CA) AR~UND SiCl) AND 

S1(2) FOR ga,b 

. ' 
0 , 

Sï 0 )-C ( 51 ) 1.943 (4 ) Si(2)-C(61) 1.935(4) • 
S1(1)-8(1) 1.47 ( 3 ) Si(2)-H(2) 1.47 (3 ) 
Si (1 )':'H ( 3 ) 1.58 ( 5 ) Si(2)-H(4) 1.58 (4 ) 

aes~imated standard deviations are given in brackets 

bnumbered accord~ng ta FIGURE III.7 .. 
. '. 
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0 TABLE AV-:-H: IN':ÇERATOMIC (. r ,AROUND Ti Cl) 
. 

ANGLES AND Ti( 2) 
FOR Xla,b,c 

Si(1 )-Ti(l )-~(2) 87.91(6) Si(2)~Ti(2)-si(1) 89.18(6) 
, 

5i(1 )-Ti(l )-C(3G) 102.8 (2 ) 5i(2)-Ti(2)-C(4G) 102.7 (1) 

Si(l )-Ti(l }-C(lG) 106.8 (1) Si(2)-Ti(2)-C(2G) , 04.5 (1) 

Si(l )-Ti(1 )-H(4) 116 (1) Si(2)-Ti(2)-H(3) 119 ( t ) 

Si(2)-Ti(1 )-C(3G) 105.4 (2) Si(1)-Ti(2)-C(4G) 108.4 (1) 

Si(2)-Ti(1 ),j'C(lG) 114.4 (1) Si(1)-Ti(2)-C{2G) t 10.8 (1) 

C ( 3G ) -TH 1 ) -.c ( 1 G ) 130.5 (2 ) 
",-

C(4G)-Ti(2)-C(2G) 132.0 (2) . 
c(3G )--Ti( 1 ),-H(4) 100 (1) C(4G)-~i(2)-ê(3) 1 QO ( 1 ) 

0 

C ( 1 G ) -Ti (1 ) - H ( 4 ) 101 (1) C(2G)-Ti(2)-H(3) 100 (1 ) 

0 \ 

a 
estimated standard devia-tions are given in brackets 

0 

b 
numbered according to FIGURE III.Q 

... • ~ ,"" 
'CC(lG), C(2G), C{3G) and C(4G) 

, , 
are the ring cerl troids of the appropria te 

, >l\ • 
#/J cyclopentadienyl r1ng 
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aestimated standard deviations are given in brackets 
b / 

numbered accoràing to FIG,URE III. 7 
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TABLE AV-J: SELECTED LEAST SQUARES PLANES FOR XI _. 
Plane 1 

Equation: -0.285 x + 0.654 Y - 0.701 z = 5.817 

'Distances fram pl~ne (A) 

201 
Q -

Ti(l)* 0.0625(9) Ti(2)* 
Si <.2 ) * -0 • 154 (1 ) H ( 3 ) 

a. 0639 (9 ) 
0.03(4) 

Si(1)* -0.181(2) 
,H(4) , 0.10(j) 

*Atoms . us~d in the plane calculation 
.... 

Plane 2 

Eq\lat:ion: 0.102' x + 0.9QO y 0.424 z :II -3.663 

Phenyl gro~p a t tached t;.o Si (1 ) 

o o 
Plane 3 

Equation: 
) 

0.878 x !. 0.064 Y--- 0.475 z = 
• 

0.50 9 

Phenyl group attached ta Si(2) 

--Plane 4 

Equation: .. -.0.652 x + 0.603 Y ... 0.459 z = l.S47 . 
Cyclopentad ienyl bound to Ti ( 1) on the s ide of H ( 1) and H (2 ) 

J' 

Plane 5 . , . .. 
Eq~~tion:"" . 0.188 x + 0.523' Y - 0.832 z = -7.194 

Cy~10pentadienyl boùnd to, Tio'2) on t.he' side of H(l} and H(2) 

Plane 6 .'\ 

Equation:· 0.066 x + 0.528 Y - 0.846 z :Ii -12.481 

-Cyclopentad·ienyl bo~nd 'to Ti (1) on the side of the pheny1 
rings 

-
" .,.' ' .. 
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TABLE AV-J: (cont'd) 0 

\ 

Plane 7 \ . 
Equation: -0.557 x + 0.661 Y - 0.503 z = -4.726 

Cy~lopentadienyl bound to T1(2) on the side of the phenyl 
'9 roups 

Angles'between~~lane~ (degrees) 

{plane 1 and pl~~'2 31.0 , 
, , 

plane 1 and plan~ 3 '157.2 

plane 2 and plane 3 86.8 

. 
plane 1 and plane 4 

plane 1 and plane 5 

plane 1 and plane 6 

p~ne 1 and plane 7 

the Ti 2-Si 2-H4 moiety 

100 (2) H(2 )-Si(2 )-Ti(2 ) ... H(3) 

202 

25,.6 

29.'4 

23.1 

19.4 

95 (2) 

Torsion angles (0). tiqr 

H(1)-SiCI)-Ti(I)-H(4) 

H(3)-Si(1)-Ti(1)-H(4) -1'4(2) H(4)-Si(2)-Ti(2)-H(3)' -18(2) 

o 

" .' 

", 

" - , 

.. 

.' -" -, '" .. . /~ •.. 0. . 

t' 
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