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Abstract 

Bimetallic titanium and zirconium complexes with bridges (X) between Cp ligands were cou~mred to CP2MO ~ as ca~yset m the 
presence of .BuLl for the dehydrocoupling of PhSiH; to polyphenylsilane, The nu~ob~ged bimetallic complexes ck, veleped w~e of the 
composition [ tt-X(CsH4)2ICpMCI2] 2 with X = Me2Si (M ~ Ti, Zr), K|e2SiCH2Si~I[¢ 2 (M = Ti) and Me2,~--'HzCH2SiMe. z (M ~'ri,  
Zr). The dibridged bimetallic complexes examined were of the type [~p-(M~Si)z(Csl~'~)~][Cp'='~'qz] 2 (C~ =Cp, traas tsom~', 
Cp' =Cp*, ~ s  and cis isomers). There was not a signifw.a~ differeace in the r ~ d e ~ r  weight of the l~-,~'~ilme ~ fm~ 
Cp2TiCI 2 and the bimelalli¢ titanium complexes after 48h of reaction. Ho~vever, the polys,~ane which was gema"aled frola the 
complex [ p-(Me2SiXCsH4)2ICpZICIz] 2 was approximately twice the moleeldas weight comllmed to that ~ f, mm Cp2Zl~ 2. The 
s ~  of the bimetallic complex [ t~-(Me2SiCH2CH2SiMe2XCsH4)2I~2]2 was detelmiaed by X-ray d ~  (Im~3~E~ 
P 2 ~ / n ,  a = 8.7297(3)~ b = 6.789G(2),~, c = 24.9343(7) A, .8 = 93.7850( 10Y'. Z = 2). 
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1. lntreduction 

Polysilanes are a relatively new class of polymer in 
which the backbone consists entirely of silicon atoms, 
An important characteristic of polysilanes is the strong 
~-delocalizauon of electrons along the silicon back- 
bone, leading to interesting electronic properties which 
are not available from related carbon-based polymers 
[I,2]. Polysilanes have been used as precursors to sili- 
con carbide and have potential uses in microfithogtaphy 
and non-linear optics. The method generally employed 
for the preparation of polysilanes is the coupling of 
chlorosilanes with alkali metals (Wtlrtz-4ypc coupling). 
However, this method is limited in that the yields are 
generally low, large amounts of salt waste are produced 
and the reaction can be difficuR to control, A major 
drawback of the Wurtz-type coupling process is the 
inability to incorporate a range of functional groups on 
the silicon backbone, limiting the potential properties of 
the polymer U,2]  

• Cmw.spcoding author. 

in recent years, ranch altenti~a has been fimased on 
the formation of polysilanes hmn the d l ~ a - " y ~ g  
of bydrosilanes in the weseace o f a  Gt'oup 4 metal- 
lecene catalyst [3-14]. The first effective ~ dehy- 
drocoupling catalyst was Cp2MMe 2 (M = Ti, Zr, Cp = 
,/5-C~H5), which was reported in 1985 by Haired mid 
co-workers to initiate the condensation of l a inmy  by- 
dmsilaues to polysilaaes [3]. Following this discovet7, 
other Group 4 metallocene systems that ale effeclive 
dehydroconpling silane catalysts have beon developed, 
including CpCp*MRtR 2 (Cp* = ~/5-CsMe ~, M ~ Zr, 
Hf, Rj = SKSiMe3) 3, SiH2Ph; R 2 mSiMe 3, Me,, Cl) by 
Tilley and co-workers [7-9]. and CpzT'Oh z by Nagai 
and c o - ~  [10]- We have relamed the in situ 
genenlfion of a silane dehydmcoupling catalyst derived 
frmn the con]binali~ of  Cp2MC'I 2 (M =Tt ,  Zr, :4f) aml 
*BaLi, as well as catalysts derived hum ~ aad 
substituted Group 4 metalleceae dichlorkks [11-14]. 
The currently accel~ed ~ for" Si--Si bond for- 
mation in the d e h y d t ~ o u p ~ g  t~ocess with ~ 4 
metallecene-based cmalysts involves a ~r--bmtd metml~ 
sis step which was originally proposed by T'dley aad 
co-workers [7-9]. We have suggested a lmhway f ~  the 
formation of polysilaaes starting from Cp2MC! 2 aud 
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2equiv  ° f ' B u L i '  as sh°wn in Scbeme l f°r  R'R2SiH2 ~ t a c ~  ~ 

silane used in the majority of  these studies is ~[~-'~ ~ ~ e 
PhSiH 3, which dchydroconp]es to a mixture of  linear 
H(PhSiH)~H and cyclic (PhSiH)~ polypbenylsilane. The c 

molecular weight Mw values for tim mixtures ~ - "~:~b 
from the dehydrocoupling reactions of  this silane gener- i ~ - x ( ~ c ~ h  e ~ ,  
ally fall in the range of  1000 to 4000, although Tilley Fig. 1. 
and ~ have achieved polyphanylsilane with M ,  
values up to 12000 with the CpCp*ZrRjR 2 catalyst 

[9] and Dionmaev and Harrod have reported 
pob;~nenylsilane with an M W of  14000 using 
C~"p*ZtCI  2 in the presence of "BuLl and (C6Fs)3B 
[6]. Polypbenylsilane contains Sill  and SiPh functional 
groups in the polymer back~ne ,  both of which can be 
conve~U~ to a variety of other substituents by known 
methods [15]. F ~ ,  polypbenylsilane of M w > 
1000 is not aou~ssible through Wurtz-type coupfing of 
PhSiHO z [1]. 

Bhnetalfic complexes have recently received atten- 
tion in the fiterattme due to their potential to exhibit 
coupemfive reactivity which could be useful in catalysis 
(for several recent examples see Refs. [16-20]). The 
objective of the present study was to test bimetallic 
derivatives of the Group 4 metallocene system 
Cp2MCI2/aBalA as stlane dehydrocoupling catalysts. 
The approach involved linking two Cp2MCI 2 Imits with 
either one or two bridges X between Cp figands, as 
illustrated in Fig. I, and to compare tlm catalytic reac- 
tivity of  these bimetallic complexes to that of the parem 
monometallic Cp2MCI z. 

Rotzfion around X in monobridged bimetallic com- 
plexes may occur, thus the relative orientation of the 
two metal centers can vary in an uncontrollable manner. 
However, a dibridged bimetallic complex would offer a 

~ * 

,MM~ n ~ U I ~  
Scheme 1. Proposed me~b.amsm for the dehydmcoupling of 
RIRzSiH~. 

less flexible system, with the two metal centers locked 
on either the same (cis) or opposite (trans) face of the 
[/z,/ .t-X(CsH3)2] moiety, as shown in Fig. 1. Coopem- 
five reactivity in catalysis may be more likely to occur 
for the c/s bimetallic complexes than for the corre- 
sponding trans derivatives since the catalytic sites in a 
cis complex will be held in close Im~ximity. To study 
this, dibridged c/~ and trans bimetal]le complexes were 
compared as catalysts in the presence of "BuLl for the 
dehydrocoupfing of PhSiH 3. 

Cooperative reactivity in a catalytic cycle may also 
be dependent on the relative distance between the two 
metal centers in the bimetallic complex. This distance 
will be influenced by the effective length and flexibifity 
of the bridge X. If the length of X is too great, it may 
not be possible for the two metal centers to interact 
cooperatively, however if the length of X is too sho~  
the metal centers may be too sterically crowded to 
interact. In an ~nempt to study this balance, a series of 
monobridged bimetallic with an increasing number of 
atoms in the bridge X were compared as dehydrocou- 
pfing catalysts in the presence of "BuLl for PhSiH 3. 

2. Results and discussion 

2.1. Preparation of the Ti and Zr bimetallic complexes. 

The general method employed in this study to pre- 
pare bimetallic complexes was the reaction of 2equiv. 
of CpMC! 3 with a source of either [/.~-X(CsH4)2] 2- or 
[/~,/~-X2(CsH3)2] 2-. Only complexes with bridges (X) 
which contained silicon atoms bonded to the CsH 4 or 
C s U  3 units were prepared in this study due to the ease 
of formation of S i -Cp bonds from LiCp sources and 
chlorosilanes. The titanium complex [/~-(Me2Si)- 
(CsH4)2ICpTiCI2] 2 (1) was synthesized as described 
by Nifant'ev et al. from the reaction of CpTiC13 with 
[Me2Sn][ pr(Me2Si)(CsH4) 2] in THF [18]. The come- 

1 2 

Fig. 2. 
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spoudiug zirconium analog [/~-(Me~SiXCsH4)2]- 
[ C p T - ~ ]  z (2) was prepared from the salt diminmion 
reac t ion  of  Li2[/~-(Me2Si)(CsH4)~] and 
CpTa~(THF)2 in toluene, as l~viously nq~ ted  by 
Reddy and Pcmt~cn [16]. Complexes I and 2 am~ shown 
m ~g. ~. 

The reaction of the known compound [~ -  
(Me2SiCHzSiMe2XCsHs) 2 ] [21] with 2 eq~v. of "BulA 
in hexancs produced Li2[/~-(Me2SiCH2SiMe2)- 
(C584)2~ which was i ~  as a ~ powdeg. Sub- 
s~qu~t lX~l~tiou of this dilithio Salt wilh 2equiv. Of 
CpTiCl 3 in T I ~  provided the new moaobl~_~ 

CO~lp~X [/t-(Me2 SiCH z SiMe2 XC5 H4)2 ]- 

[CpTtCI~] 2 (3), as shown in F_~ (I). ~ 3 was 
ol~aiaed as o r a t e  m i c m c r y ~  fmm the T I ~  m t c ~  
m i x a ~  md  was l~ / f ted  by SmJ~e~ e x a m i e a  w i ~  
CH~CI~ audisolm~ as ~CH~CI~ so~a~(O.~ ~lwv) 
in a 55~  yield- 1"ee ~ of the 0.25 eqe/v CH2CI ~ 
was demmslne~l  in the H NMR speamm aad ia ~ e  
e ~ m ]  a m ~ s  n ~  cee~ex 3 w~  ~ 
soluble in CH~CIz and T I ~ ,  aad ~igh~ly ~ in 
a x m a ~  byekocadx~. The ~ w ~  ek-stab~ at 
mere ~ when isolated in the ~ l i d  s~te, b ~  
sens~ve to hydrolysis in ~ aml CH2C~,,, solmiwu~ 
The zixcouinm amdog of 3 w~m not p.qpm'ed in dds 
sum'y. 

(~) 

Similarly, Li2[ ~ z S i C H 2 C H 2 $ i I ~ 2 X C s H + ) 2 ]  
was ~ from ~ known ~mnpouad [p.(Me 2- 
$iCH;CH2SiMe~XC~Hs) 2 ] [22] aad "BuLi in hcxanes. 
The dilitino salt was s u b s ~ p e a ~  allowed to rea~ wi~h 
either CpTaCI~ in THF solution m provide [/aAMe~- 
SiCH~CHzSil~:XCsH,)21CpT~Iz] ~ (4), or with 
CIxTzCI3(TtlF) 2 in a ~ of THF and Izxaaes to 
produce [ /~ - (Me2SiCH2CH~SiMe~XCsH4)~]  - 
[Cp7~C12] 2 (5), as shown in Eq. (2). The t i m i w a  
complex 4 exhibited similar solubility characteristics as 

from S o x h ~  ex~mc~icm w i ~  CHzCI z in a 50~ yiekl, 
and was fommd to be a solvaE whi~ o~a~l 
0.25equiv. of CH2CI z. The m ~ $ w a s  
obuau~d as w l ~  crystals in a 4 ~  y i ~ !  f m ~  u 
CH2Cl2-1mmms s o i u t ~  (11,," ~ d S was 
rece~y n ~ d  by a s i m ~  nm~ [~1}. ~ S 
was soluble in CH2CI z, THF m d  ~ m l  wm 
atr-stabte at teem tempenmm: l~ t  ~mi t ive  to bydmly- 
sis in sointiee. 

The NMR data obtained for the ~ w  compleams 3, 4 
and S are vet~ similar to that previously reported for 1 
and 2 [16,18]. The ]H ~ spectra fax 3 -5  showed 
one MeSi singlet, one CH 2 singlet, a singlct duc to Cp 
(CsHs), and two pseudo triplets cotmspomting to the 
AzB ~ pattetu for the bridged CsH 4 groups. The 13C 
NMR sp~lxa cxhibitmt the ~ p e , ~  number of signals, 

and the ~Si  NMR speclra f ~  eadl complex showed m e  
sa~on e a v i n ~ n ~  S a ~ a c t ~  ekmea~ ~ a ' ~  
were obtained f ~  the CH2CI 2 solvates of 3 aad 4, aad 
for the complex 5. ~ I - S  mt~sea t  a x ~ e s  d 
moeela~ged bimmllic  complexes with me,  ~ aml 
four M~.s  in ~ bddg /~  ~ / t  X. TI~ ~ 
t imlum a d  z i n ~ i ~  complexes with a two atom 
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Fig. 3. 
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Table 1 
Crystallographic data for [/~-(Me2SiCH2CH2SiMe2XCnH4)2]- 

[~dge  (X = Me2SiSiMe 2) were not used in this study 
owing to the possibility of  Si-Si  bond cleavage under 
dehydrocoupling eunditions, although the complexes 
could be  accessible f rom the known Li2[/x-  
(Me2SiSLMe2XCsH4) 2 ] and CpMCI 3 [24]. 

The dibridged bimetallic complexes utilized in this 
study were the titanium derivatives with two Me2Si 
bridges shown in Fig. 3, the preparation and cbaracteri- 
~ u o n  of  which have been previously described [25]. 
The trans isomer of  [/.L,~-(Me2 Si)2(C s H 3 )2 ICpTiCI 2 ]2 
(6) was prepared from the reaction of  L i 2 [ ~ , ~ -  
(Me2Si)2(CsH3)2] with 2equiv. of  CpTiC! 3 in THF 
solution. The trans and cis isomers of  [# , / z -  
(Me2Si)2(CsH3)2ICp*TiCI2] 2 (7) were obtained as a 
m i x t u r e  f r o m  the  r e a c t i o n  o f  L i 2 [ / . t , ~ -  
(Me2Si)2(CsH3)2] with Cp*TiCI3, and separated by 
fractional crystallization [25]. 

2.2.  X - r a y  c rys ta l  s t ruc ture  o f  [ I~- (Me2Si -  
CH2CH2SiMezXCsH4 )2 ][CpZrCIz ]2 (5) 

[Cp7~C1212. 
Crystal system Monoclinic 
Space group P 2 , / n  
a (/k) 8.7297(3) 
b (A) 6.7890(2) 
c (A) 24.9343(7) 
g (deg) 93.7850(10) 
V (A 3) 1474.53(8) 
Z 2 
D c (gem 3) 1.637 
T (K) 193(2) 
Radiation MoKct (A = 0.71073A) 
/L (ram- ' ) 1.165 
20 range (deg) 3.28 to 52.00 
Reflections collected 9275 
Independent reflections 2898 (Rim = 0.0881 ) 
Data/restraints/parameters 2854/0/17 I 
Final R indices[l> 2o-I] RlffiO.O541, wR2ffiO.1406 
R indices (all data) RI = 0.0861, wR2 = 0.1743 
Goodness of fit ( F 2 ) 1.107 

The sWdeture of  5 may be compared to the known 
structures o f  the bimetal l ic  c o m p o u n d s  [ / z -  
(Me2Si)(CsHa)z][Cp*MCI2] 2, where M is Ti [26] and 
Zr  [16]. Neither of  these two previously reported struc- 
tures with a one-atom bridge (X = Me2Si) contain a 
center of  symmetry. Due to the bulkiness of  the Cp* 
groups, the M atoms are on the same side of  the plane 

Recrystallizalion of  5 in a CH2CI 2 solution at room 
temperature provided colorless prisms which were suit- 
able for X-ray diffr~tion studies. Experimental details 
o f  the sffuctuse determination are provided in Table I,  Zr(l) 
and file atomic coordinates for the non-hydrogen atoms Cl([) 
are in Table 2. Table 3 lists selected geometric parame- c1(2) 
ters. A lm>jecfion view of  $ with the thermal ellipsoids sKI) 
drawn to 50% probability and showing the atomic label- C(l) 
ing scheme (hydrogen atoms not shown) is presented in c(2) 

C(3) 
Fig. 4. C(4) 

The structure of  5 has a center of  symmetry, thus C(5) 
only half o f  the molecule is unique. The Cp carbons c(6) 
were disordered, and were refined as [C(6)-C( 10)] (53% c(7) 
occupancy) and [C(6')-C(10')]  (47% occupancy) There c(8) 

• C(9) 
axe no unusual bond lengths or angles in the structure. C(10) 
The two ZICI 2 groups in the rnolecule are oriented in C(6') 
opposite directions, as are the two Me2Si groups. Fur- c(7') 
thennore, the zirconium atoms are positioned on oppo- c(8') 

C(~ ) site sides of  the plane defined b~ the two silicon atoms, C(10') 
Si(1) and Si(IA), and the two bridgehead carbon atoms C(I I) 
of  two CsH4 groups, C( I )  and C(1A). Tbe non-bonded C(12) 
d/stance between the two zirconium atoms is approxi- c(13) 
mately I 1.3 A, and the non-bonded distano ce between the 
two silicon atoms is approximately 4.6 A. 

Table 2 
Atomic coordinates (X 104 ) and equivalent isouopic displacement 
parameters (~2 × 103) for [/t-(Me2SiCH2CH2SiMc2)- 
(Cs H4)2 ICpT-xCI2 ]2 

X y Z Ueq a 
5422(I) 4756(I) 1505(I) 20(I) 
6623(2) 2083(2) 2043(I) 32(I) 
4116(2) 2683(2) 821(I) 34(I) 
8726(2) 2870(2) 541(I) 24(I) 
7733(6) 4823(9) 919(2) 23(I) 
8220(6) 5 6 0 0 ( 9 )  1433(3) 26(3) 
7422(7) 7 3 3 3 ( 9 )  1533(3) 30(2) 
6411(8) 7 7 2 8 ( 9 )  1074(3) 35(2) 
:,,616(7) 6214(9) 699(3) 27(I) 

2666(25) 5218(44)  1696(12) 41(6) 
3405(32) 4361(29)  2152(11) 32(5) 
4469(37) 5519(68)  2429(15) 53(8) 
4408(25) 7362(21)  2089(I 1) 25(4) 
3297(26) 7067(47) 1643(8) 38(5) 
2896(28) 4524(46)  1955(14) 41(6) 
4028(42) 5116(71) 2331(12)  61(11) 
4542(27) 6687(66)  2267(10) 53(8) 
3804(28) 7561(21)  1804(11) 25(4) 
2775(27) 6233(52) 1598(9) 38(5) 
9665(7) 1041(10) 1013(3) 34(2) 
7368(8) 1706(10) 27(3) 36(2) 

10272(7) 4175(9) 194(3) 28(I) 

U~ is defined as one-third of the trace of the orthongonalized U o 
teAsor. 
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Table 3 
Selected geometric parameters for [ #-(Me~SiCH~CH~SiMe~XCsH4)2ICpTJCI2] 2 a 

Bond lengths (P,) Non-homed disw~ces (.A) and angles (deg) 
Si(I)-C(I I) 1.863(7) Zr( I)-Cp( I )~,, 2.203 
Si(t)-C(12) i.864(-/) Z~rO ).-Cp(2)~., 2.189 
Si( I)-C(I 3) 1.873(6) ZKI)-Z~IA) 11.326 
SKI)-C(I) 1.873(6) si(I )-si(IA) ~.625 
C(13)-C(13A) 1,535(12) Cp( 1 )~m-Zr-Cp(2)¢¢,, 129_5 
z~t)-ct(D ~50(2) Cp0)~,-Zr-O(t) ~07.0 
Z~I)-CI(2) 2.437(2) Cp( 1 )~,-23"--C1(2) 10~.0 

Cp(2)~,~-Zr-CI( 1 ) 104.3 
Bond angles (deg) Cp(2)~u-Zr-CK2) 106.7 
C(I I)-Si(1)-C(12) 1123(3) 
CI(I)-Zr(1)-C1(2) 96.85(6) 

• Cp(l)~, w~ calculated as the centroid derived from C(I), C(2), C(3), C(4) and C(5); Cp(2)~ w~s calcula~d as the ceng,~id ~ from 
C(6), C(7), C(8), C(9) and C(IO). 

defined by the Si atom and the bridgehead carbon atoms 
of the two C5~ 4 groups. The non- obonded M - M  dis- 
tances in these structures are 7.33A and 7.26A for 
M = Ti and Zr respectively. The difference between the 
M - M  distance in 5, which has a four-atom bridge, and 
the average M - M  distance for the two [/z- 
(Me2SiXCsH4)2][Cp*MCI2]2 complexes, each° of  
which has a one-atom bridge, is approximately 4.0 A. 

2.3. Dehydrocoupling reactions o f  PhSiH 3 

Following the sequence outlined in Scheme I, 
bimetalfic complexes with bridges contained in the Cp 
l/gands should react with IBuLi and RIR2SiH 2 to form 
RIR2SiHBu and the proposed active bimetallic catalyst 
[ ~-X(Cp2 M)2 ], as $hqwn in Scheme 2. The insertion of 
each metal center into an S i -H bond could then provide 
the bimetallic silyl-hydride complex. At this point, ei- 
ther a cooperative or a non-cooperative pathway could 
be followed. In a non-cooperative mechanism, each 
metal center could undergo ~-bond metathesis steps to 
form Si-Si bonds, analogou~ to the mechanism for 
monometallic catalysts shown in Scheme 1. However, if 
the two metal centers in the bimetallic catalyst react in a 
cooperative manner, the mechanism may be quite dif- 
ferent. It is possible that Si-Si bond formation could 

still occur through a four-centred ~r-bomd 
step, but could now involve the S i -M bead of  oue 
metal center and the S i -H  bond of the second metal 
center, as shown in Scheme 2. If  this were the case, oee 
might extract to obtain a diffe~at d/stribufion of polysi- 
lane products from the ~ e h y g k e c o e p ~  of  PhSil-I 3 w i~  
monometallic and bimetallic complexes, or diffia¢~ 
rates of formation of the polysilane lxudacts. 

Although many studies have focused ca  the 
and characterization of bimetallic C, mep 4 ~,,mfAntes 
which could have potential uses in caudysis [16-20], 
few reports have actually cxamin~  lhe effects of  using 
bimetalfic complexes in a catalylic process. Oee such 
example is a bimetallic zircoahnn system, [ / t -  
(PC6H4XCsH2Me2)2ICPZIfC]2]2, which was Iltsed ill 

p m p c ~  [19]. In fl~is sys~m, ~ incT~se in p m ~ c ~ v ~  
was observed using the bimetali~ calalyst ~ml,,mcd io 
a monometalfic analog, although sfightly lower mo/ccu-  
lar weight polypmpyleae was produced, la  another ~ -  
port. a &bridged bimetalEc complex sim~t~ to that 
shown in F_q. (2), m~s-f#.#-(Me2Si)2(CsH~)2]- 
[(CsH4(SiMe3))2TiCI2]2, was used in the l~eSeace o~ 
MAO to potymerLze ethyl'he to pob~hy~me [2OL 

In fl',e present study, the ~ 
Cp2TiCI 2 and Cp2ZICI 2 alld the billgqalli¢ c c ~ . x e s  

Fig. 4. Projection view of [#-(Me2SiCH2CHzSiMe2XCsH4)2ICpZ-rCI2]2 with u',manal empsoids Orawm at 50~ p ~  ~ show~ 
in Cp groups. 
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L " : I - , , . ,  

Seh~ae 2. Pmlmsed mechanism for the dehydrocoupling of 
RnR2SLH 2 using ~ ~ 4 catalysts. 

1 - 7  were compared as dehydrocoupling catalysts for 
pIkS/H 3 in the presence of  ~BuLi. All o f  the reactions 
were carded out at room temperature with an 

S i / M / ° B u L i  ratio of  1 0 0 / 1 / 2 . 2 ,  and the resulting 
polyphenylsilane was characterized by various physical 
methods. Atiquots of  the reaction mixtures from dehy- 
drocoupling reactions with Cp2TiCI 2, CP2ZtCl 2 and 
complexes 1 - 6  were taken after 24 and 48 h of  reaction 
time, and are defined as polysilane samples A - P  in 
Table 4. The average molecular weight  M~.  number 
average molecular weight M.  and polydispersity Pd of  
the polysilane for each of  these samples were measured 
by GPC analysis, and ate presented in Table 4. After  
48 h of  reaction lime, the catalysts were quenched and 
the volatiles (including any umeacted PhSiH 3) were 
removed under vacuum. The percent mass recovery for 
each reaction is also listed in Table 4. 

Fig. 5 shows the GPC traces for the polysilane 
derived f rom the t i tanium catalysts CpzTiCl 2, 1, 3 and 4 
and trmis-6 after 4 8 h  of  reaction time. desimmted for 
samples B, F, J, L and P. Fig. 6 shows the GPC traces 
derived f rom the zirconium catalysts CpzZtCI2, 2 ~ $ 
after 48 h of  reaction time, corresponding to samples D, 
H and N. The ( ;PC traces shown in Figs. 5 and 6 are 
bimodal as a result o f  the presence of  both linear and 
cycl ic polyphenylsilane. It is generally understood that 
the lower molecular weight  f r~ t ion  (higher retention 
t ime) cor~sponds to the cyclic products, while the 
higher molecular weight fraction ( ~  rctemion lime) 
corresponds to the linear products [9,14]. The linear and 

T~k~ 4 
A~iysis of polyphenylsilane samples 
Sample Catalyst Hoers M. a M. b Pd c LtC d Mass rec. (%) 

A Cp 2T'~'-'l 2 24 1020 720 1.4 2.0 - -  

B CpiTiCI 2 48 1480 900 1.6 2.2 90 
C Cp27JCI 2 24 1620 1180 1.5 1.8 - -  
D Cp27_JCI z 48 1740 1140 1,5 2.5 92 
E I 24 1230 810 1.5 1,9 - -  
F 1 48 1680 930 1.8 2.1 94 
G 2 24 2440 1400 1.7 4.8 
H 2 48 2940 1590 1.9 5.5 90 
l 3 24 1570 920 1.7 2.0 
J 3 48 1440 910 1.6 1.7 94 
K 4 24 1940 950 2.0 2.1 - -  
L 4 48 2010 940 2.1 2.2 93 
M 5 24 2050 1210 1.7 2.7 - -  
N $ 48 1990 1230 1.6 3.5 88 
O rrans-6 24 1510 950 1,6 2.5 - -  
p rrans~ 48 1590 960 1.7 2,1 85 
Q " - -  - -  570 550 1.0 - -  - -  

PhBuSiH 2 H(PhSiH)2 H H(PhSiH)~H H(PhSiH)4 H Mass re¢. (%) 

R t tra~-7 12 64 21 5 46 
S r c/s-7 9 53 29 9 52 

' Weight average molecular weight, detemtiaed by GPC. 
b Number a~-eage molecular weight, determined by GPC. 

d Line, r/cyclic ratio, decelmined by GPC integfn.~oa. 
c Cyclic compoeem ogly, obtained fc~a a mixture of polysilaae products from condensation reactions with Cp2TiCI2, L 3, 4 aad 6. 
¢ Percent of eich oligomer, detemained by GC/MS after 48h of traction. 
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Fig. 5. GPC traces for polyphenylsilane samples for samples B, F. J, 
L mui P, derived from titanium catalysts listed in Table 4. 

cyclic regions are labeled in the GPC hace for sample P 
(Fig. 5). The approximate ratios of t inear /cyclk ( L / C )  
products for samples A - P  were determined from the 
integration of  the two regions of the GPC trace, and are 
also Hsted in Table 4. 

The t H NMR spectra were collected for the polysi- 
lane samples obtained from reactions with Cp2TiCl2, 
Cp2ZIC~ 2 a~d complexes 1--6 after 48h, and the Si l l  
region for each sample is shown in Fig. 7. This region 
consists of two broad massifs, and it is generally be- 
lieved that the r e , o n  downfield of 4.Sppm is due to 
cyclic products, while the region upfield of 4.8ppm is 
due to lim:ar products [9,14]` Each of these spectra also 
show a triplet centered at 4.5ppm corresponding to 

• , ~ I D 

m ~ ( n )  
Fig. 6. GPC ~aces for polyphenylsilu= samples for samp~ D, H 
and N, derived from zircomum catalysts listed in Table 4. 

x 
~ 4~ 

~ 4~ 
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Fig. 7. nH NMR (ScO0MHz, CsD 6) Sill ~ for pe~t~fsi~me 
dedved from the calalysts lis~l ia Table 4 a f~  a h of neac~a ~m~_ 

PhBuSiH 2, which is f o m ~ i  in the initial stages of  the 
reaction of  PhSil-I 3, *Bul..i and the metal complex [14]. 

One of the pmperdes of  the nmnobridged N m m l k  
catalysts which was esan~ned in this study w ~  
~ff~t  the ~ of the bridging unit X had on the 
dehyckoceupIing reaalien. Figs. 8 and 9 show the n~a- 
lioDship bCt 'W~ t [~  n n m h ~  o f  atoms ( # )  h~ 11~ 
x and the mease~ M. of the geeera:ed t ~ s t t ~ e  
after 24 and 48h  of reaction fe~ the  ~ aml 
zirconionl systems respectively. 

From Fig. 8 it can be seen that after 24h of  t eaa i eL  
all of  the bimetall~ Ti ¢.atalysts l~fedul~l polysilaae 
with higher M ,  values than did the meaometa lk  sys- 
tgm Cp2TiCl2. Also, d ~  A4' w ilmgl'easgd as tht- mi~[lgg o f  
atoms in the bridge X inaeased mt the 24h  mink fn~m 
1020 for CP2TiC] 2 to 1940 fef  4. However, ~ aend 
was lost after 48h  ofreact io~ when the M .  values f ~  
the poly '~me lmxba:ed from Cp2T'~Cl z and c e m p ~  1 
increased, while the M~ valm~ f~r the pely~-lne lm~- 
duced from ~mplexes 3 aad 4 ~ essatialty 
un~-,~L Fer the zixconium systms shown in ~ 9, 
after 24 h of ~ g f i o n  both the bimetallic complexes 2 
and 5 produced polysilaae with higher M .  values dum 
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0 f i , z , 

- I  0 I 2 3 4 
# ~ A t ~ s  m B d ~ e  

Fig. 8. M .  vs. the # o fa lomsin  ~b] r /dg /ng UmL S i / M ~  IG0/ I .  
M = TL F'm" # of  ; ~ m s  in/he bridge = 0. catalyst : Cp2TiCI 2 (GPC 
nms A. B). For # of ~oms in the bridge = I, catalyst = 1 (GPC runs 
E, F). Ft~ # of attm~ in the I~'idge : 3. catalyst = 3 (GPC rims I, J). 
Fo* # of altmm in the bridge : 4, catalyst = 4 (GPC rims ILL). 

did the mogomatallic Cp2ZtCl 2. After 48h  of reaction 
time, the Mw for the polysilene generated from reac- 
tions with CP2ZaCl 2 and complex S remained at about 
1700 and 2000 respectively. However, the Mw of the 
polysilane produced from complex 2 i n c r e ~ d  after 
48h  fxmn approximately 2500 to almost 3000. 

As sltown in Figs. 8 and 9, there does not seem to be 
a simple enrmlatioo between the length of X and the 
molecular weight of the polysilane produced. For the 
foe¢ titanium catalysts tested, the difference in reactivity 
was in the rate at which puly~ene  with M W greater 
than 1000 was formed. The two bimetallic titanium 
complexes with longer bridges, 3 and 4, generated 
polygilane with higher M w values early on in the reac- 
tion, but the M W values did not ~ after 24h  of 
r e a s o n .  The debydrocoupling reactions with Cp2Tiel 2 
end 1 also formed polysilane with M~ values greater 

~nnn 

2 f ~  

2OOO 

1500 

M w  
1000 

500-  

0 
-I o 1 2 S 4 

tit ~ A m m s  in ~ t d p  

Fig. 9. M~ vs. the # of atoms in the brldglng unit. Si/M ~ 100/I. 
M:Zx. For # of atoms in the tsidge=O, catalyst=Cp2ZlCl 2 
(Gi~ rims C. D). For # of ~ in the bridge = I. c~Udyst = 2 
(GPC rims G, H). Fc¢ # of etoms in the bridge : 4, catalyst : $ 
(GPC rum M, N). 

than 1000, but not until after 48h of reaction. For the 
three zirconium systems tested, the best catalyst was the 
bimetalfic complex 2, which has a one-atom bridge. 
This system produced polysilane with an M w almost 
twice as high as that obtained from Cp~ZrCl 2. The rates 
of formation of higher M w polysilane also differed for 
the different zirconium catalysts. The M w values of the 
polysilane generated from the monometallic Cp2ZrCI 2 
and the bimetallic complex 5 leveled off after 24h, 
while the M .  of the polysilane derived from complex 2 
continued to increase up to 48 h. 

The dibridged titanium complexes trans-6 and the 
cis and tram isomers of 7 were also tested as dehydro- 
coupling catalysts for PhSiH 3. The GPC results for the 
polysilane produced from t ram-6 after 24 and 48 h and 
are fisted in Table 4 as samples O and P. The mass 
recovery for the pulysilane produced from trans-6 was 
high (85%), and the M W values after 24 and 48h  were 
between 1500 and 1600. However, the molecular 
weights of the polysilane generated from either trans-7 
or cis-7 were too low to measure by GPC techniques. 
These lower molecular weight oligomers were charac- 
terized by GC/MS,  and the percent of each ofigomer 
after 48 h of reaction time is listed in Table 4 as samples 
R and S. Both the cis and trans isomers of 7 produced 
H(PhSiH)nH with n = 2, 3 and 4, and both had mass 
recoveries of approximately 50%, indicating incomplete 
reaction of the starting PhSiH v The difference in the 
extent of dehydrecoupling for the dibridged trans-6 and 
the dibddged trans and cis-7 is most likely due to the 
steric differences in the Cp and Cp* ligands. 

Several general features are evident from the dehy- 
drocoupling results presented in Table 4 and Figs. 5 -9 .  
First, all of  the debydrocoupling reactions in which a 
zirconium catalyst was used produced polysilane of  
significantly higher M w and M n than did the corte- 
s!rending titanium catalysts. This difference between 
titanium and zirconium systems in silane dehydrucou- 
piing reactions is not unusual, and has previously been 
observed by our group [12,13] and by Harrod et al. [5]. 
The  Pd was also similar for samples A - P  (between 1.4 
and 2.1). Another general feature of these dehydrucou- 
piing reactions was a high mass recovery (except for 
t ram and cis-7), which indicates essentially complete 
consumption of the starting PhSiH 3 after 48h. Finally, 
all of  the catalyst systems produced a mixture of both 
linear and cyclic products, although the L / C  ratio was 
generally higher for the zirconium catalysts than for 
~ose  of titanium. 

The differences observed in the rates of PhSiH 3 
dehydrocoupling and the M ,  of the polys.~l~ne pro- 
duced for the monometallic Cp2MC! 2 and the bimetal- 
lic systems (Figs. 8 and 9) may be a result of  a 
cooperative dehydrocoupling pathway, as proposed in 
Scheme 2. However, it is also possible that these differ- 
ences in rates and M,~ values for the bimetallic cam- 
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lysts are due to steric effects imposed by the bridges X. 
It has been suggested that substitution at one of the Cp 
rings of a Group 4 metallocene inhibits the formation of 
hydride bridged directs, which are inactive in the dehy- 
droconpling reaction [8]. However, as Tilley has pointed 
out, too much steric bulk at the Cp tings hinders the 
dehydrucoupling reaction [8]. This is probably the rea- 
son the trans and cis-7 do not dehytheconple l~_Sil-i 3 
past the oligomer stage. 

As illustrated in Fig. 3, the trans-6 complex has the 
two metals which are locked on opposite sides of the 
molucule and the metals should not be able to interact in 
a conperativc mnnneL such as suggested in Scheme 2. 
The observation that the M w values of the polysilane 
produced from trans-6 are very similar to those derived 
from Cp2TiCI 2 and the monobridged bimetallic com- 
plexes 1, 3 and 4 suggests that a cooperative mechanism 
may not be a factor for any of these ~metallic systems. 
Furthermore, the fact that the trans and c/s isomers of 7 
produced approximately the same distribution of polysi- 
lane products supports a non-cooperative mechanism for 
dehdyrocoupling with bimetallic metallucene catalysts. 
However, this does not exclude the possibility of cooW 
erative activity between the two metal centers in all of 
these bimetallic systems. It could be that both coopera- 
tive and uncooperative mechanisms are important in the 
dehydruconpling reactions. 

2.4. Isolation of  all trons-[PhSiH] 6 

From the GPC traces shown in Fig. 5, it can be seen 
that the dehydroconpling of PhSiH 3 with any of the 
titanium catalysts produced a specific cyclic product 
with a retention time of 27.90rain. The GPC traces 
shown in Fig. 6 derived from the reactions in which a 
zirconium catalyst was used produced cyclic portions 
with sfightiy shorter and variable retention times. Ftw- 
thennore, the I H NMR spectra presented in Fig. 7 for 
the polysilano produced from the titanium catalysts 
(samples B, F, J, L and P) show one prondnent reso- 
nance in the cyclic region at 5.01ppm. This cyclic 
component is absent from the IH NMR spectra for 
samples D, H and N, derived from the zirconium cata- 
lysts. 

The cyclic product produced in the reactions with 
titanium was isolated by crystallization from a toluene 
solution of a polyphenylsilane sample produced from 
the combination of samples B, F, J, L and P. The FT-IR 
spectrum for these crystals showed a strong Si-H s ~ t c h  
at 2085 cm-t ,  which has been weviously attributed to 
all tra~s-(PhSil-l) 6 [27], shown in Fig. 10. The GPC 
results from the crystals are presented as sample Q in 
Tabie 4. Tbe GPC Irace of tbe crystals showed one peak 
with a retention time of 27.90 min, and the Sill  region 
of the tH NMR (C6D 6) spectlxlm showed o ~  singiet at 
5.01 ppm. This cyclic product has also been observed by 

Fig. I O. Cyclic pscduct frffm dehyd~occ~¢~ reac~c~ with fi~aima 
calalys~ trans-(PhSiH) 6. 

Hatred and co-w~kers from similar dehyckooncq~ag 
reactions of PhSiH 3 in which titanocene-bssed catalysts 
were used [27,28]. 

3. Smmmary 

A s~es of nmnobddged b ~  ~ ef 
titanium and zirconium of the formula [pt- 
X(CsH4)21CpMO2] were prepared (complexes 1-5), 
and the synthesis and chasactefiza~n of the new com- 
plexes 3, 4 and S were preses~ed. The ~ s l r x : m  
of S was determined by X-my diffraction. These 
bimetallic complexes were tested as catalysts for the 
dehydrucoupling of PhSil-I 3, and found to produce mix- 
tures of linear and cyclic polyphenyisilane, which were 
characterized by GPC ~ aad tH NMR spec- 
¢,oscopy. After 48h of reaction. ~ d~m~m cam'ysts 
all lm3duced polysiinne with M~ values between 1500 
and 2000, while rite z~conium systems ~ polysi- 
lane with M. values between 1700 and 2900. The 
dibfidged trans-6 complex produced liBear aml cyclic 
polysflane with an M w of 1600 ~ 48h, mKl the 
dibridged trans and c/s-7 Imxluced low molecular 
weight oligomers. A cyclic product was isolated fwm 
the dehydrocoupling reactions in which a t i ~  cata- 
lyst was used, and was identified as the all traRs- 
[PhSiH~ cyclic woducC 

4 . ~  

4.L General conslderaiions 

Allre~tionsunlassotherwisunotedwerecaniedont 
e n d e r a n a t m o s p h e r e o f N 2 a s i n g s t a n d ~ S c t d e ~  
~ .  The commercial componads CpffiCI 2 and 
C p ~ Z ~  2 were perchased and ased as supplied, m i  
"BuLl was purchased in bexanes. The PhSiH 3 [29]. 
CpTiCI  3 [30], CpZrCI3 (THF)  2 [31], [ /x-  
(Mc2SiCH2SiMe2)(CsHs)2] [21]. [p -  
(Me2SiCH2CH2SiMe2XCsHs)2] [22,23], 1 [18]. 2 [16] 
and 6-S [251 w ~  ~ as ~ d e s m ' b ~  
E le~a t a l  analyses were i~'fonn~l by A t J a ~  Micn~ 
analytical L a l x ~ i a s .  tH and 13C NMR data w~e 
recorded in ~ 3  (referenced to CHCI 3) cr C6D 6 
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(referenced to CsH6) on a Broker ARXS00 equ i l~ .  
with either an inverse pre~e or a broad band probe. Si 
I~ tR  data were recorded on the Broker in CDCI3 
(referenced externally to TMS) using INEFIRD (with a 
~H refocusing pulse, o~imized for either J = 7 H z  for 
MeSi or J = 100Hz for Sill). IR data were collected on 
a Mattsun 6020 Galaxy Series F'I'-IR spectrometer 
(KBr). Mass spectral data (El) were collected at 70EV 
on a Hewie~-Packard model 5988A GC/MS instru- 
room- 

4.2. GPC analysis 

GPC data were collected using a SSI 222D HPLC 
pump and IAnear UV/Vis detector set at 260nm, using 
thi'ee Waters Styragel column~ (7.6 X 300nm) in series 
(104/~, 103~t and 500/~) with THF as the solvent 
(l.0ml min-~), and a Spectra Physics SP46000 Data Jet 
Integrator. The THF solvent was dried by distillation 
from Call 2, filtered through a fine fill and sonicated 
for lOmin before use. The average molecular weight 
M. ,  number average molecular weights M~ and poly- 
dispersity Pd values of the polyphenylsilanE samples 
were determined relative to ten polystyrene standards, 
which were purchased from PolysciEnces, Inc., with 
molecuim" weights in the range of 580 to 22000. 

4.3. Synthesis  o f  [ i t - (Me zS iCH 2SiMe 2)- 
(C,H,)211CpTiC1212 (3) 

Li2[/~(Me2SiCH2SiMe2XCsH4) 2] was obtained 
from the reaction of nBuLi (16.2ml, 2.5M) with [/i.. 
(Me2SiCHzSiMezXCsH5)2] (2.11g, 8.11retool) in 
bexanas (5Oral). The white solid was collected by filtra- 
liOIl under N2, washed with hexanes and dried in vacuo 
to provide a white powder (1.9g, 86% yield). This 
dilithio salt (0.670 g, 2.46 retool) was added to a Schlenk 
tube and dissolved :n THF (20ml). To this stirred 
solution, solid (CsHs)TiCl3 (l.08g, 4.82mmol) was 
added to provide an intensely red reaction mixture, 
which gradually lightened in color to red-orange as 
orange microcrystals began to form on the sides of the 
Schlenk tube. The reaction mixture was stirred for 
15rain, then allowed to stand at room temperature 
overnight. The crystals were then collected by filtration, 
washed with hexanes, and purified by Soxhlet extrac- 
tion with CH2Cl 2 to provide 0.85g of 3 (55% yield. 
decomp. > 240~C). Compound 3 was found to contain 
0.25 equiv. Of CH2Cl 2 , which could not be removed by 
drying in vacuo or by washing with bexanes. Anal. 
Cah=d for C25H32CI4Si2Ti2(0.25CH2CI2): C, 46.84; H, 
5.06. Found: C, 46.49; H, 5.03. JH NMR (500MI-lz, 
CDC13): 80.25 (s, 12H, SiMe2), 0.42 (s, 2H, CH2), 
5.28 (s, 0.5H, CH2Cl2), 6.53 (s, 10H, C~Hs), 6.58 (t, 
2.4Hz, 4H, C~H4), 6.81 (t, 2.3Hz, 4H, C5H4). t3C 
NMR (125 MHz, CDCI3): 8 0.92 (SiMe2), 3.59 (C1-12), 
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120.21 (CsHs), 120.56, 128.91, 133.99 (C5H4). 29Si 
NMR (99Hz, CDCI3): 8 -4.93 (SLME2). 

4 .4 .  Synthesis of  [/~-(Me2SiCH2CH2SiMez)- 
(CsH,)21lCpTiCl21z (4) 

Similarly, Li2[ p,-(Me2SiCH2CH2SiMe2XCsH4) 2] 
was obtained as a white powder (4.4g, 88% yield) from 
the reaction of "BuLi (14.0ml, 2.5M) with [/.t- 
(Me2SiCH2SiJVlo2XCsHs)2] (4.79 g, 17.5 mmol) in 
hexanes (50ml). This dilithio salt (I.00g, 3.49mmol) 
was allowed to react with (CsHs)TiCI 3 (1.53g, 
6.98 retool) in THF (20ml) in a manner identical to that 
described for 3. The orange-red microcrystals which 
formed were collected by f'dtratiun, washed with hex- 
aries, and purified by Soxhlet extraction with CH2CI 2 to 
provide 1.1 g of 4 (50% yield, decomp. > 2452C). Com- 
pound 4 was also found to contain 0.25equiv. of 
CH2C12, which could not be removed by drying in 
vacuo or by washing with hexanes. Anal. Caled for 
C26H34C14Si2Ti2(0.25CH]CI2): C, 47.66; H, 5.26. 
Found: C, 47.27; H, 5.21. H NMR (500MHz, CDCI3): 
8 0.25 (s, 12H, SiMe2), 0.62 (s, 4H, CH2CH2), 5.28 (s, 
0.5H, CH2CI2), 6.52 (s, 10H, CsHs), 6.59 (t, 2.4Hz, 
4H, CsH4), 6.82 (t, 2.3Hz, 4H, C5H4). t3C NMR 
(125 MHz, CDCI3): 8 -2.61 (SiME2), 8.70 (CH2CH2), 
120.14 (CsHs), 120.80, 129.20, 131.95 (CsH+). ~Si 
NNIR (99Hz, CDCI3): ~ -2.26 (SilVle2). 

4.5. Synthesis of  [I~-(Me2SiCH2CH2SiMe2)- 
( Cd-l, ~fllCpZrCt fl2 (57 

Li2[~-(Me2SiCH2CH2SiMe2XCsH4) 2] (0.703 g, 
2.46mmol) was added to a Schlenk tube and dissolved 
in THF (20 ml). To this stirred solution, 
(C~H~)ZrCI3(THF) 2 (2.00g, 4.92 mmol) suspended in a 
mixture ofTHF (10ml) and hexanes (30ml) was added 
dropwise. The reaction mixture developed a pale yel- 
low/brown color, and a white precipitate began to form 
after 15 rain. The mixture was stirred overnight at room 
temperature, the volatiles were then removed under 
vacuum and CH2CI 2 (20111]) was added to precipitate 
the LiCI. The LiC1 was removed by filtration under N 2 
through a fine flit to provide a yellow filtrate which was 
cOnCEntrated (to 10mi). Hexanes (20ml) were added 
and the solution stored overnight at -50°C to afford 
small, white crystals, which were washed with hexanes 
to provide 0.85 g of 5 (48% yield, decomp. > 230~C). 
Anal. Calcd for C26H34CI+Si2Zr2: C, 42.96; H, 4.71. 
Found: C, 42.77; H, 4.7 7. tH NMR (500MHz, C'I~13): 
8 0.26 (s, 12H, SiMe2), 0.59 (s, 4H, CH2CH2), 6.43 (s, 
10H, CsHs), 6.52 (t 2.5 Hz, 4H, C5H4), 6.66 (t, 2.5 Hz, 
4H, CsH4). 3C NMR (125MHz, CDC13): 8 -2 .71  
(SiMe2), 8.82 (CH2CH2), 115.94 (CsHs), 116.97, 
125.46, 125.67 (CsH+). 29Si NMR (99Hz, CDCI3): 

-3.21 (SiMe2). 
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4.6. Crystallographic data collection and structure de- 
termination for [Iz-(Me2SiCH2CH2SiMe2)- 
tC~H,~IIcpZrCI~I~ (5) 

Colorless wism-shaped crystals of 5 were obtained 
by SlOW rl~l'yStalliT~tti~ll ill a CH2CI 2 SOhll~ a~ gooi~ 
tem~atmc.  Data collection was peffonaed using a 
Siemens SMART Charge Coupled Device (CCD) De- 
tector system single crystal X-my d h - . r , . ~ e m  using 
graphite ~ MoKa radiation ( A =  
0.71073A) equipped with a sealed tube X-ray 
(50kV x 40mA) at -80sC. Prcllmina~y enit cell con- 
stares were determined with a set of 60 narrow frames 
(0.3 in ~) scans. A total of 13000 frames of intensity 
data were collected with a frame width of 0.3 in a~ and 
cotmting time of 10s/frame at a crystal to detector 
distance of 3.89cm. The double pass method of scan- 
ning was used to exclude any noise. Data was collected 
at - 80~C for a total time of 6.5 h. The collected frames 
were integrated using an orientation matrix determined 
frmn the narrow frame scans. SMART softwe~e package 
[32] was used for data collection and SAINT package [32] 
was used for frame integration. Analysis of the inte- 
grated data did not show any decay. Final cell constants 
were detem~ned by a global refinement of x ~  cen- 
troids of 3427 reflections. An absorption correction was 
applied to the data using equivalent reflections. The 
integration process yielded 9275 retlections of which 
2898 ( 2 0 <  5~)  were independent reflections. 

Structm'e solution and refinement were CmTied out 
using the SI~J~X~-I'LUS (5.03) software package [32]. 
The structure was solved by direct methods and refined 
successfully in the spa~e group P2t/n. Full matrix 
least squares r~finement was carried out by m~nimjzing 
EW(Fo 2 - F 2 )  2. The Cp carbons were disordet~l, and 
the rings were refined using pm'fial e c ~ y ,  m a 
face t  of 53% [C(6)-C(I0)] and 47% [C(6')--C(I0')]. 
The ~n-hyd~mgan atoms were refined anisotropicaliy to 
convergence. All the hydrogen atoms were treated using 
appropriate riding models (AFIX m3). A pmjeation view 
of the molec~de with non-hydrogen atoms relwesented 
by 50% probability ellipsoids, and showing the atom 
labeling is Ixesented in Fig. 4. Complete lists of bond 
distances, bond angles and positional and i ~ ¢  dis- 
placement coefficients for the hydrogen and non-hyd~ro- 
gen atoms m'e available from the authors and will be 
deposited with the Cambddge Structural Database. Ad- 
ditionally, a packing diagram is available from the 
anthc~s. 

4.7. Condensation reactions of PhSiH 3 

General: all of the condensation reactions of PhSiH 3 
were conducted following the same pmcedme, on a 
scale of 0.500g PhSiHj, with a ratio of S i /M of 
100/1,  and an M/DBuLi ratio of ! /2 .2 ,  under a 

blanket of N2 in ~Mank tabes whiab were ~ 
from di r~  mngh,  by aamaaum f~a. tn a typi~ 
c~deusafion reaction, an alkpmt of "B~Li (2.5 M) was 
added to a stirred sleny of the monometallk or b m e ~ -  
tic complex in PhSitl3. 

The condemafioe rea~ious in which Cp2TiCI 2, I ,  3, 
4 or 6 were used proceeded wiflt the f ~  of dmk 
g~.n reace~ n~awes, which babbkd vigoron~ for 
q~, , ,~in~_ly 1 ~ then bubbled slowly fix s ev¢~  
boms. ~ mix~-es gema l ly  e~kened  md  became 
unstinable within 24h. Wheu either the c / s o r  rams 
isomers of 7 were nsed, the 4~tdensmion Impeded  
with the formation of daA b l ~  mixlmus, w h i ~  bub- 
bled slowly for 24h and ~ sthrable after 4 8 k  
Thc ~lldf~..~dOll ~ in ~ Cp2ZICl2, 2 or 

used proceeded with the formati~a of ye:How or 
orange reaction mixtures, which bubbled vigemmly far 
approximalely 5 mitt, then bubbled slowly for s e v e ~  
hoers. The mixtm~s for these reactions generMly tldck- 
ened and became uustirmble afEer 3 0 m ~  A f ~  the 
apptol~iate length of lime, an alklnot was lemoved and 
dissolved in THF for GFC analysis. ~ 48h of 
reaction, toluone was added and air was bobbled t h n m ~  
the solution to quench the catalyst. The volatiks wcx~ 
removed ander vacuum, the gmmay to brinle residne 
was weighed and the percent mass recove~es me re- 
ported in Table 4. 

4.8. Isolation of trans-IPhSh~l]6 

The potypheny~ig~e p r o ~  obtainnd from dehy- 
drocoupling reac~ons of PhSiH 3 using CP2T'~"12, 1, 3, 
4 and trans-6 as catalysts (48h of reaction lime) were 
corniced, dissolved in toluene and stored at 0"C for 
7days, resulling in the formation of white ct~lMs. 
crystals were isolated by dccontin~ washed with cold 
hexanes tla'ee times and rurally dried under vacuum. 
GPC analysis of the crystals me tabelated ia Table 4 as 
nm Q. Tbe ~ data we~  id~mical to that ~evi* 
ously relmned [25]. z H NMR (500MIh, CDCI3): S 4.60 
(s, 6H, Sill), 7.10 (m, 121-I, C~Hs), 7.25 (m, 6EI, 
C6H5), 7.45 (m, 12H, C6H5). H NMR (500]~HIz, 
CsD6): B 5.01 (s, 614, SilO, 6.94 (m, 18H, C6H5), 7.54 
(m, 12H, C6H5). 29Si NMR (99 Hz, C1~3) :  ~ --62.04. 
FF-IR (KBr); 2085cm -~ (Si-H). 
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