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Abstract

Bimetallic it and zirconi mpl with bndgs [6:4] belwecn Cp ligands were oompued to szua2 as cnalyﬂs = the
presence of "BuLi for the dehydrocoupling of PhSiH, to polyp! The bridged bimetallic ped were of the
compasition [ u-X(C;H,),ICpMCL, ], with X = Me,Si (M = Ti, Zr) Me,SiCH, SlMe2 (M = Ti) and MeleCHZCHZSuMe. M=Ti,
Zs). The dibridged bimetallic complexss examined were of the type [ s pu-(Me Si),(CsF ), ICp 0L, ), (Cr' =Cp. mruns isomer.
Cp' =Cps, mans and cis isomers). There was not a significant difference in the molecular weight of the po.ysilane produced from
Cp,TiCl, and the bimetallic titanium complexes after 48h of reaction. Hmver the polys‘age which was gnamd from the bimetallic
complex [ u-(Me,SiXC,H,),ICpZsCl, ], was approxi ly twice the mol weight 10 that ob  from Cp,ZeCl,. The
structure of the bimetallic complex { p-(Me,SiCH,CH 2SlM:z)(C,H ), ICnZ:C1, ], was determized by X-ray diffraction (mosoclinic,

P2,/n, a=8.729T() A, b=6.7800(2)A, ¢ = 249343 A, B =93.7850(10F, Z=2).

Keywords: Titanium; Zi

Silicon; Dx

1. Introduction

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
o-delocalization of electrons along the silicon back-
bone, leading to int ing ic properties which
are not available from related carbon-based polymers
[1,2} Polysilanes have been used as precursors to sili-
con carbide and have potential uses in microlithography
and non-linear optics. The method generally employed
for the preparation of polysil is the coupling of
chlorosilanes with alkali metals (Wurtz-type 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 difficult 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 [1.2).

* Corresponding authos.

In recent years, much attention has been focused on
the formation of polysilanes from the dehydrocoupling
of hydrosilanes in the presence of a Group 4 metal-
locene catalyst [3-14). The first effective silane deky-
drocoupling catalyst was Cp,MMe, (M =Ti, Zr, Cp =
1°-CsH,), which was reported in 1985 by Harrod and
co-workers to initiate the condeasation of primary hy-
drosilanes to polysilanes [3] Following this discovery,
other Group 4 metallocene systems that are effective
dehydrocoupling silane catalysts have been developed,
including CpCp+MR,R, (Cp* = 7°-C;Me,, M=1Zr,
Hf, R, = Si(SiMe,),, SiH,Ph; R, = SiMe,, Me, C) by
Tilley and co-workers [7—9]. and Cp,TiPh, by Nagai
and co-workers [10] We have reported the in situ
gereration of a silane dehydrocoupling catalyst derived
from the combination of Cp,MCl, (M = Ti, Zr. Hf) and
"BuLi, as well as catalysts derived from ansz and
substituted Group 4 metallocene dichlorides {11-14]
The currently accepted mechanism for Si-Si bond for-
mation in iite debydrocoupiing process with Group 4
metallocene-bascd catalysts involves a o-boad metathe-
sis step which was originally proposed by Tilley and
co-workers [7-9]. We have suggested a pathway for the
formation of polysilanes starting from Cp,MCl, and
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2equiv. of “Buli, as shown in Scheme ! for R,R,SiH,
[11-14)

The silane used in the majority of these studies is
PhSiH,, which dehydrocouples to a mixture of linear
H(PhSiH), H and cyclic (PhSiH), polyphenylsilane. The
average molecular weight M values for the mixtures
from the dehydrocoupling reactions of this silane gener-
ally fall in the range of 1000 to 4000, although Tilley
and Imori have achieved polyphenylsilane with M,
values up to 12000 with the CpCp*ZrR R, catalyst
precursor [9] and Dioumsev and Harrod have reported
polyphenylsilane with an M, of 14000 using
CpCp+ZrCl, in the presence of "BuLi and (C,F;),B
[6]. Polyphenylsilane contains SiH and SiPh functional
groups in the polymer backbone, both of which can be
converted to a variety of other substituents by known
methods [15]. Furthermore, polyphenylsilane of M, >
1000 is not accessible through Wurtz-type coupling of
PhSIHCI, {1].

Bimetallic complexes have recently received atten-
tion in the literature due to their potential to exhibit
cooperative 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
Cp,MCl,/*BuLi as silane dehydrocoupling catalysts.
The approach involved linking two Cp, MCl, units with
either one or two bridges X between Cp ligands, as
iflustrated in Fig. 1, and to compare the catalytic reac-
tivity of these bimetallic complexes to that of the parent
monometallic Cp,MCl,.

Rotztion 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

BuH
CoMC), + ZOuli — cmw—%—; cp,u—Ll
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less flexible system, with the two metal centers locked
on either the same (cis) or opposite (trans) face of the
{ . 1-X(C,H;),] moiety, as shown in Fig. 1. Coopera-
tive reactivity in catalysis may be more likely to occur
for the cis bimetallic complexes than for the corre-
sponding rrans derivatives since the catalytic sites in a
cis complex will be held in close proximity. To study
this, dibridged cis and trans bimetallic complexes were
compared as catalysts in the presence of "BuLi for the
dehydrocoupling of PhSiH .

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 flexibility
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 short,
the metal centers may be too sterically crowded to
interact. In an uttempt to study this balance, a series of
monobridged bimetallic with an increasing number of
atoms in the bridge X were compared as dehydrocou-
pling catalysts in the presence of "BuLi for PhSiH,.

2. Results and discussion
2.1. Preparation of the Ti and Zr bimetallic complexes.

The general method employed in this siudy to pre-
pare bimetallic complexes was the reaction of 2equ|v
of CpMCl, with a source of either [ u-X(C;H,), -

[ #.1-X,(CsH,), . Only complexes with bridges (X)
which contained silicon atoms bonded to the C,H, or
C,H; units were prepared in this study due to the ease
of formation of Si—Cp bonds from LiCp sources and
chlorosilanes. The titanium complex [ u-(Me,Si)-
(C,H,),HCpTiCl, ], (1) was synthesized as described
by Nifant'ev et al. from the reaction of CpTiCl, with
[Me, Snfl u(Me,SiXC;H,),} in THF [18}. The corre-
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sponding zirconium analog [ u-(Me,SiNC,H,),}
[CpZrC1,], (2) was prepared from the salt elimination
reaction of Li,{ x-(Me,SiXC,H,),] and
CpZrC1,(THF), in toluene, as previously reported by
Reddy and Petersen [16]. Complexes 1 and 2 are shown
in Fig. 2.

The reaction of the known compound [ u-
(Me,SIiCH, SiMe, XC,H,),] [21] with 2 equiv. of "BuLi
in bexanes produced Li,[ u-(Me,SiCH,SiMe,)-
(C,H,),}, which was isolated as a white powder. Sub-
sequent reaction of this dilithio salt with 2equiv. of
CpTiCl, in THF provided the new monobridged
bimetallic complex [ p-(Me,SiCH,SiMe, XC,H,),}

[CpTiCl,1, (3), as shown in Eq. (1). Complex 3 was
from the THF reaction
mixture, and was prified by Soxhist extraction with
CH,,Cl, and isolated as the CH,Cl, solvate (0.25 equiv)
in a 55% yield. The preseace of the 0.25 equiv CH,Cl,
was demonstrated in the "H NMR spectram and in the

sensitive to hydrolysis in THF and CH,Cl, solutions.
The zirconium analog of 3 was not prepared in this
study.

O/vD ...ﬂ..-"-‘@ %‘—-g:% )

Similardy, Li,[ je-(Me,SiCH,CH,5iMe, XCsH,),]
was prepared from the known compound [ u-(Me,-
SiCH,CH, SiMe, XC,H,), ] [22] and *BuLi in hexanes.
The dilithio salt was subsequently allowed to react with
either CpTiCl, in THF solution to provide [ u{Me,-
SICH,CH smk,)(c,l-l,),[c;)'ﬁcl,]z @, or with
CpZ1C1,(THF), in a mixture of THF and hexanes to
produce [ u-(Me,SiCH,CH,SiMe,XC,H,),}
[CpZeCL, ], (5), as shown in Eq. (2). The “titaniom
complex 4 exhibited similar solubility characteristics as

oz o™

- T RN -

gw‘p

.48 % yiakd

<%

4, 50 9% yiekd

The NMR data obtained for the new complexes 3, 4
andvaetysnmﬂartolhalptevxmslyreponedforl
and 2 [16,18]. The '"H NMR spectra for 35 showed
one MeSi singlet, one CH, singlet, a singlet due to Cp
(CsH,), and two pseudo triplets corresponding to the
A,B, pattern for the bridged C,H, groups. The C
NMR spectra exhibited the expected pumber of signals,

A, 55% ylald

3, and was isolated as air-stzble orange microcrystals
ﬁmSoxhhtemmmmzdzmaMyﬂ.
and was found w0 be a solvarr which contaised
0.25 equiv. of CH,Cl,. The zirconium complicx § was
obtained as whitc crysmls in a 48% yickd from a
CH,(C1,-hexanes solution (the preparation of § was
recently reported by a similar roate [23D. Complex 5
was soluble in CH,Cl,, THF aad tolucne, and was
air-stable a1 room temperatre but sensitive to hydroly-
sis in solution.

and the ®Si NMR spectra for cach complex showed one
silicon environment. Satisfactory elemental amalyses
were cbtained for the CH,Cl, solvates of 3 and 4, and
for the complex S. Complexes 1-S represent a series of
monobridged bimetallic complexes with one, three and
four atoms in the bridging unmit X. The comresponding
titanium and zirconium complexes with a two atom
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ridge (X = Me,SiSiMe,) were not used in this study
owing to the possibility of Si—Si bond cleavage under
dehydrocoupling conditions, although the complexes
could be accessible from the kmown Li,[p-
(Me, SiSiMe, XC,H,),] and CpMCI, [24].

The dibridged bimetallic complexes utilized in this
study were the Gtanium derivatives with two Me,Si
bridges shown in Fig. 3, the preparation and characteri-
zation of which have been previously described |25).
The trans isomer of [ u, p(Me, Si),(C;H ), ICpTiCl, ],
(6) was prepared from the reaction of Li,[p,p-
(Me, Si)(CsH,),] with 2equiv. of CpTiCl, in THF
solution. The frans and cis isomers of [p,p-
(Me,S1),{C;H,),ICp+TiCl, ], (7) were obtained as a
mixture from the reaction of Li,[p,p-
(Me, Si),(C;H,),] with Cp=TiCl,, and separated by
fractional crystallization [25].

2.2. X-ray crystal structure of [p-(Me,Si-
CH,CH, SiMe, XC,H, ), ICpZrCl, ], (5)

Recrystallization of 5 in a CH,Cl, solution at room
temperature provided colorless prisms which were suit-
able for X-ray diffraction studies. Experimental details
of the structure determination are provided in Table 1,
and the atomic coordinates for the non-hydrogen atoms
are in Table 2. Table 3 lists selected geometric parame-
ters. A projection view of 5 with the thermal ellipsoids
drawn to 50% probability and showing the atomic label-
ing scheme (hydrogen atoms not shown) is presented in
Fig. 4.

The structure of 5 has a center of symmewry, thus
only half of the molecule is unique. The Cp carbons
were disordered, and were refined as [C(6)-C(10)] (53%
occupancy) and [C(6')-C(10')] (47% occupancy). There
are no unvsual bond lengths or angles in the structure.
The two ZrCl, groups in the molecule are oriented in
opposite directions, as are the two Me,Si groups. Fur-
thermore, the zirconium atoms are positioned on oppo-
site sides of the plane definec by the two silicon atoms,
Si(1) and Si(1A), and the two bridgehead carbon atoms
of two C;H,, groups, C(1) and C(1A). The non-bonded
distance bctween the two zirconium atoms is approxi-
mately 11.3 A, and the non-bonded distance between the
two silicon atoms is approximately 4. 6A.

Table 1

Crystallographic data for [ pu-(Me,SiCH,CH,SiMe,XC;H,),]-
[CpZsCl, I,

Crystal system Monoclinic

Space group P2, /n

a(A) 8.7297(3)

5(A) 6.7890(2)

c(A) 24.9343(7)

B (deg) 93.7850(10)

V&) 1474.5%8)

z 2

D, (gem™3) 1637

T(K) 193(2)

Radiation MoKa (A=0.710734)
p (mm~") 1.165

26 range (deg) 3.28 10 52.00
Reflections collected 9275

Independent reflections 2898 (R, = 0.0881)
Data /restraints /parameters 2854 /0/171

Final R indices [7>2a1]
R indices (all data)
Goodness of fit (F?)

R1=0.0541, wR2 = 0.1406
=0.0861, wR2 =0.1743
1.107

The structure of 5 may be compared to the known
structures of the bimetallic compounds [ u-
(Me, SiXC;H, ), Cp*MCl,],. where M is Ti [26] and
Zr [16]. Neither of these two previously reported struc-
tures with a one-atom bridge (X = Me,Si) contain a
center of symmetry. Due to the bulkiness of the Cp *
groups, the M atoms are on the same side of the plane

Table 2

Atomic coordinates (X 10%) and equivalent isotropic displacement
parameters (A’ X 10%) for [u-(Me,SiCH,CH 1SiMe,)-
(C4H,), ICpZeCl, ),

X y z Uyg *
1) 5422(1) 4756(1) 1505(1) 20(1)
cun 6623(2) 2083(2) 2043(1) 321)
Ci(2) 4116(2) 2683(2) 821(1) 341
Si(1) 8726(2) 2870(2) 541(1) 241
) 77336) 4823(9) 91%(2) 23(1)
c2) 8220(6) 5600(9) 1433(3) 26(3)
(s k)] 74227) 73339 1533(3) 3002)
c4) 6411(8) 7728(9) 1074(3) 35(2)
c(s) A616(7) 6214(9) 69%3) 2K
(6} 2663(25) 5218(44) 1696(12) 41(6)
on 3405(32) 4361(29) 2152(11) 325)
(8) 4469(37) 5519(68) 242%(15) 53(8)
o9 4408(25) 7362Q21) 208%(11) 25(4)
(10} 3297(26) 7067(47) 164%8) 38(5)
C®©') 2896(28) 4524(46) 1955(14) 41(6)
«7') 4028(42) 5He(71) 2331(12) 61(t1)
@) 4542027 6687(66) 2267(10) 53(8)
9) 3304(28) 7561(21) 1804(11) 25(4)
o) 2775(27) 623%52) 1598(9) 38(5)
C(11) 9665(7) 1041Q10) 1013(3) 34(2)
<(12) 7368(8) 1706(10) 273) 36(2)
[«¢K)] 10272(7) 4175(9) 194(3) 28(1)

* U, is defined as one-third of the trace of the orthongonalized U;
tensof.
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Table 3

Selected geometric parameters for [ g-(Me,SiCH,CH,SiMe, XCsH ), ICpZsC1, ], 2

Bond lengths (A)

Si(1)—C(11) 1.863(7)
Si(1)-C(12) 1.864(7)
Si(1)-C(13) 1.873(6)
SHD-C(1) 1.873(6)
C(13)-C(13A) 1.535(12)
Zr(1)-CI(1) 2.450(2)
Z(1)-CK2) 2.437(2)
Bond angles (deg)

(11)-Si(1)-C(12) 112.7(3)
CK1)-Zr(1)-CK2) 96.85(6)

Non-bonded disiances (A) and angles (deg)

Zo(1)-Cp(1), 2
Z(1)-Cp(2),.,, 2.189
Z{1)-Z:(1A) 11.326
Si1)-Si(1A) 2625
Cp(1),_~Ze-Cp(2)..., 1295
Cp(1)op-ZE—CK1) 1070
Cp(1)epy—Ze-CH2) 1080
Cp(2)..,,~Zr-CK1} 1043
Cp(2)e o -Zr-CKD) 106.7

* Cpl(1),,, was calculated as the centroid derived from C(1), C(2), C(3), C(4) and C(5); Cp(2),,, was calculazed as the centroid derived from

(6), C(7), C(8). C(9) and C(10).

defined by the Si atom and the bridgehead carbon atoms
of the two C;H, groups. The non-honded M-M dis-
tances in these structures are 7.33A and 7.26 A for
M = Ti and Zr respectively. The difference between the
M-M distance in §, which has a four-atom bridge, and
the average M-M distance for the two [p-
(Me, SiXCsH,), ICp*MCl,], compiexes, each of
which has a one-atom bridge, is approximately 4.0 A.

2.3. Dehydrocoupling reactions of PhSiH,

Following the sequence outlined in Scheme 1,
bimetallic complexes with bridges contained in the Cp
ligands should react with “BuLi and R, R,SiH, to form
R,R,SiHBu and the proposed active bimetallic catalyst
[ 4-X(Cp, M), ], as shown in Scheme 2. The insertion of
each metal center into an Si—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 o-bond metathesis steps to
form Si-Si bonds, analogous 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 througk a four-centzred o-bord metathesis
step, but could now involve the Si-M boad of one
metal center and the Si—H bond of the second metal
center, as shown in Scheme 2. If this were the case, ose
mightexpecttoobtainadﬁfexemdisMonofpolysi-
lane products from the Jzhydrocoupling of PhSiH, with
monometallic and bimetallic complexes, or different
rates of formation of the polysilanc products.

Although many studies have focused on the synthesis
and characterization of bimetallic Group 4 complexes
which could have potential uses in catalysis [16-20],
few reports have actually examined the effects of using
bimetallic complexes in a catalytic process. One such
example is a bimetallic zirconium system, [p-
(PC4H XCH,Me,), ICpZiCl, ], which was used in
the presence of MAO to catalyze the polymerization of
propene [19]. In this system, an increase in productivity
was observed using the bimetallic catalyst compared to
a monometallic analog, although slightly lower molecu-
lar weight polypropylene was produced. In another re-
port, a dibridged bimetallic complex similar to that
shown in Eq. (2), rrans| n.p—(Mc,Sl),(C, J),]—
[(C;H (SiMe,)),TiCl,],, was used in the presence of
MAO to polymerize ethylene to polyethylene [20]

In the present study, the monomeiaflic compiexes
Cp,TiCl, and Cp,ZrCl, and the bimetallic complexes

Fig. 4. Projection view of [ u-(Me,SiCH,CH,SiMe,XC3H,), ICpZiCl, ), with thermal ellipscids drawn a1 50% probability and showing

disorder in Cp groups.
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Scheme 2. Proposed for the dehydrocoupling of

R,R,SiH, using bimetallic Group 4 catalysts.

1-7 were compared as dehydrocoupling catalysts for
PhSiH; in the presence of "BuLi. All of the reactions
were camied out at room temperature with an

Si/M/"BuLi ratio of 100/1/2.2, and the resulting
polyphenylsilane was characterized by various physical
methods. Aliquots of the reaction mixtures from dehy-
drocoupling reactions with Cp,TiCl,, Cp,ZrCl, and
complexes 1—6 were taken after 24 and 48 h of reaction
time, and are defined as polysilane samples AP 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 arc presented in Table 4. After
48h of reaction time, the catalysts were quenched and
the volatiles (including any unreacted PhSiH,) 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 polysilanc
derived from the titanium catalysts Cp,TiCl,, 1, 3 and 4
and trans-6 after 48h of reaction time, designated for
samples B, F, J, L and P. Fig. 6 shows the GPC traces
derived from the zirconium catalysts Cp,ZrCl,, 2 and §
after 48 h of reaction time, corresponding to samples D,
H and N. The GPC traces shown in Figs. 5 and 6 are
bimodal as a result of the presence of both linear and
cyclic polyphenylsilane. It is generally understood that
the lower molecular weight fraction (higher retention
time) comresponds to the cyclic products, while the
higher molecular weight fraction (shorter retention time)
corresponds to the linear products [9,14]. The linear and

Tebie 4

Analysis of polyp pl

Sample Catalyst Hours M, M, Pdc L/c¢ Mass rec. (%)

A Cp,TiCl, 2 1020 720 14 20 -

B Cp,TiCl, 48 1480 900 16 22 %0

c Cp,Z:Cl, 24 1620 1180 15 18 —

) Cp,ZiCl, 48 1740 1140 15 25 92

E 1 24 1230 810 LS 1.9 —

F 1 48 1680 930 1.8 2.1 94

G 2 24 2440 1400 1.7 48 —

H 2 48 2940 1550 1.9 5.5 %0

1 3 24 1570 920 1.7 2.0 —_

1] 3 48 1440 910 16 1.7 94

K 4 24 1940 950 20 21 —

L 4 48 2010 940 2.1 22 93

M 5 24 2050 1210 1.7 27 —

N ] 48 1990 1230 1.6 35 88

o rans-6 24 1510 950 1.6 25 —

P trans-6 48 1590 960 1.7 2.1 85

' — — 570 550 10 — —
PhBuSiH, H(PhSiH); H H(PhSiH),H H(PhSiH), H Mass rec. (%)

R trans-1 12 64 21 s 46

sf cis-7 9 53 29 9 52

* Weight average molecular weight, determined by GPC.

° Number average molecular weight, detesmined by GPC.

© Polydispersity = M, /M,.

4 Lincar/cyclic ratio, demmuned by GPC integration.

: Cyclic component only, obtained from a mixtuse of poly ducts from with Cp,TiCl,, 1,3, 4 and 6.

Percent of each oligomer, determined by GC/MS after 48h of reaction.
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Fig. 5. GPC traces for polyph les for des B, F, I,

P P P

Land P, Mvdﬁmnmmumcaﬂysuhuedmhbled

cyclic regions are labeled in the GPC tiace for sample P
(Fig. 5). The approximate ratios of linear /cyclic (L/C)
pmducr.sforsamplesA—chmdetermmedfmmdle
integration of the two regions of the GPC trace, and are
also listed in Table 4.

The 'H NMR spectra were collected for the polysi-
lane samples obtained from reactions with Cp,TiCl,,
Cp,ZrCl, and complexes 1-6 after 48h, and the SiH
region for each sample is shown in Fig. 7. This region
consists of two broad massifs, and it is generally be-
lieved that the region downfield of 4.8 ppm is due to
cyclic products, vhile the region upfield of 4.8 ppm is
due to lincar products [9,14]. Each of these spectra also
show a triplet centered at 4.5ppm correspoading to

A

2 2 22 223 21 23
mﬁ-(ﬁ)

Fig. 6. GPC traces for p i les for samples D, H
MNdenvedﬁmnzuwuumcanlymhmmeableA

pem 50 45 eom L1] 45
;’N’J\ L

i T T U
pem 50 45 o 59 45
J}N "

T T T 1
ppm 50 45 Ppm 50 45
L’/\/ \ )

1 1 i L]
Fpm 50 a3 pam S0 45

Fig. 7. "H NMR (S00MHz, C,D,) SiH regions for polyphenylsilane
derived from the catalysis listd in Table 4 after 48 of reaction time.

PhBuSin.whichlsfolmedmdleunuzlmgﬁoflk
reaction of PhSiH;, "BulLi and the metal complex [14]
One of the properties of the monobridged bimetallic
catalysts which was examined in this study was the
cffect the length of the bridging umit X had oam the
dehydrocoupling reaction. Figs. 8 and 9 show the rela-
tionship between the namber of atoms (#) in the bridge
X and the measured M, of the generated polysilane
after 24 and 48h of reaction for the titanfem and
zirconium systems respectively.

From Fig. 8 it can be scen that after 24 h of reaction,
all of the bimetallic Ti catalysts produced polysilane
with higher M, values than did the monometallic sys-
tem Cp,TiCl,. Also, the M, increased as the sumber of
atoms in the bridge X increased at the 24 h mark from
1020 for Cp,TiCl, to 1940 for 4. However, this trend
was lost after 48 h of reaction, when the Af, values for
the polysilane produced from Cp,TiCl, and complex 1
increased, while the M_ values for the polysilase pro-
duced from complexes 3 ard 4 remained essentially
unchanged. For the zirconium systems shown in Fig. 9,
after 24h of reaction both the bimetallic complexes 2
and 5 produced polysilane with higher M_ vaives than
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# of Afneas in Bridge
Fig. 8. A vs. the # of atoms in the bridging unit. Si/M = 100/1,
M = Ti. For # of atemms in the bridge = 0, catalyst = Cp,TiCl, (GPC
rums A, B). For # of atoms in the bridge = 1, catalyst = 1 (GPC runs
E, F). For # of atoms in the bridge = 3, catalyst = 3 (GPC runs [, ).
For # of atoms in the bridge = 4, catalyst =4 (GPC runs K, L).

did the monometallic Cp,ZrCl,. After 48h of reaction
time, the M, for the polysilane generated from reac-
tions with Cp,ZrCl, and complex 5 remained at about
1700 and 2000 respectively. However, the M, of the
polysilane produced from complex 2 increased after
48 h from approximately 2500 to almost 3000.

As shown in Figs. 8 and 9, there does not seem to be
a simple correlation between the length of X and the
molecular weight of the polysilane produced. For the
four titanium catalysts tested, the difference in reactivity
was in the rate at which polysilane with M, greater
than 1000 was formed. The two bimetallic titanium
complexes with longer bridges, 3 and 4, generated
polysilane with higher Af, values early on in the reac-
tion, but the M, values did not increase after 24 h of
reaction. The dehydrocoupling reactions with Cp,TiCl,
and 1 also formed polysilane with M, values greater

3000
2500
2000
=
e —O—24
1000
500
[}
-1 -] 1 2 a 4

# of Ascms in Bridge
Fig. 9. M, vs. the # of atoms in the bridging unit. Si/M = 100/1,
M =2Zr. For # of atoms in the bridge =0, cawlyst=Cp,ZsCl,
(GPC rms C, D). For # of stoms in the bridge =1, catalyst=2
(GPC runs G, H). For # of atoms in the bridge = 4, catalyst=5§
(GPC runs M, N).

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

The dibridged titanium complexes #rans-6 and the
cis and trans isomers of 7 were also tested as dehydro-
coupling catalysts for PhSiH . The GPC resuits for the
polysilane produced from rans-6 after 24 and 48h and
are listed in Table 4 as samples O and P. The mass
recovery for the polysilane produced from frans-6 was
high (85%), and the M, values after 24 and 48 h 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 oligomer
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), H with n =2, 3 and 4, and both had mass
recoveries of approximately 50%, indicating incomplete
reaction of the starting PhSiH,. The difference in the
extent of dehydrocoupling for the dibridged trans-6 and
the dibridged 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 dehydrocoupling reactions in which a
zirconium catalyst was used produced polysilane of
significantly higher M, and M, than did the corre-
sponding titanium catalysts. This difference between
titanium and zirconium systems in silane dehydrocou-
pling 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 dehydrocou-
pling reactions was a high mass recovery (except for
trans and cis-7), which indicates essentially complete
consumption of the starting PhSiH; after 42 h. 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
those of titanium,

The differences observed in the rates of PhSiH,
dehydrocoupling and the M, of the polysilzne pro-
duced for the monometallic Cp, MCl, 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 cata-
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lysts are due to steric effects imposed by the bridges X.
1t has been suggested that substitution at one of the Cp
rings of a Group 4 metallocene inhibits the formation of
hydride bridged dimers, which are inactive in the dehy-
drocoupling reaction [8]. However, as Tilley has pointed
out, too much steric bulk at the Cp rings hinders the
dehydrocoupling reaction [8]. This is probably the rea-
son the trans and cis-7 do not dehydrocouple PhSiH,
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
molecule and the metals should not be able to interact in
a cooperative maaner, such as suggested in Scheme 2.
The observation that the M, values of the polysilane
produced from trans-6 are very similar 1o those derived
from Cp,TiCl, and the monobridged bimetallic com-
plexes 1, 3 and 4 suggests that a cooperative mechanism
may not be a factor for any of these bimetallic systems.
Furthermore, the fact that the trans and cis isorzers of 7
produced approximately the same distribution of polysi-
lane products supports a non-cooperative mechanism for
dehdyrocoupling with bimetallic metatlocene catalysts.
However, this does not exclude the possibility of coop-
erative activity between the two metal centers in all of
these bimetallic systems. It could be that both coopera-
tive and uncooperative mechanisms are inportant in the
dehydrocoupling reactions.

2.4. Isolation of all trans-{PhSiH],

From the GPC traces shown in Fig. 5, it can be scen
that the dehydrocoupling of PhSiH, with any of the
titanium catalysts produced a specific cyclic product
with a retention time of 27.90min. The GPC traces
shown in Fig. 6 derived from the reactions in which a
zirconium catalyst was used produced cyclic portions
with slightly shorter and variable retention times. Fur-
thermore, the 'H NMR spectra presented in Fig. 7 for
the polysilane produced from the titanium catalysts
(samples B, F, J, L and P) show one prominent resc-
nance in the cyclic region at 501ppm This cyclic
component is absent from the '"H NMR spectra for
samples D, H and N, derived from the zirconium cata-
lysts.

The cyclic product produced in the reactions with
titanjum 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 stretch
at 2085cm™", which has been previously attributed to
all trans-(PhSiH); [27], shown in Fig. 10. The GPC
results from the crystals are presented as sample Q in
Table 4. The GPC wrace of the crystals showed one peak
with a n:lennon time of 27.90min, and the SiH region
of the 'H NMR (CDj) spectrum showed one singlet at
5.01 ppm. This cyclic product has also been observed by

Fig. 10. Cyclic product from dehydrocoupling reactions with titanfem
catalysts, trans(PhSiH).

Harrod and co-workers from similar dehydrocoupling
reactions of PhSiH, in which titanocene-based catalysts
were used [27,28).

3. Summary
A series of monobridged bimetallic complexes of

titaniom and zircomium of the formula [ -
X(C,H,), ICpMCl,] were prepared (complexes 1-5),
and the synthesis and characterization of the pew com-
plexes 3, 4 and 5 were presented. The crystal structare
of 5 was determined by X-ray diffraction. These
bimetallic complexes were tested as catalysts for the
dehydrocoupling of PhSiH ,, and found to produce mix-
tures of linear and cyclic polyphenylsdm which were
characterized by GPC analysis and 'H NMR spec-
troscopy. After 48h of reaction, the titanium catalysts
all produced polysilane with M, valuss between 1500
and 2000, while the zirconiuin systems produced polysi-
lane with M, values between 1700 and 2900. The
dibridged frans-6 complex produced lizear and cyclic
polysilane with an M, of 1600 aficr 48h, and the
dibridged trans and cis-7 produced low molecular
weight oligomers. A cyclic product was isolated from
the dehydrocoupling reactions in which 2 titanium cata-
lyst was used, and was identified as the all frums-
[PhSiH cyclic product

4. Experimental
4.1. General consideraiions

under an atmosphere of N, using standard Schienk
techniques. The commercial compounds Cp,TiCl, and
Cp,ZiCl, were purchased and used as supplicd, and

"BuLi was purchased in hexanes. The PhSiH, [29]
CpTiCl, [30], CpZiCl,(THF), [31} {gu-
(Me,SiCH ,SiMe, (C H ), [21), [m-
(Me,SiCH CHZSMerCS 5)21[2223L 1181 2 [16}
and 6-8 [?5] were prepared as described.
Elemental analyscswcrepcﬂ‘ormdbyAdaﬂwhbem—
analytical Laboratories. 'H and C NMR data were
recorded in CDCl; (referenced to CHCl,) or C¢D;
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(referenced to CgHg) on a Bruker ARXS500 equipged
with either an inverse probe or a broad band probe. “ Si
NMR datz were recorded on the Bruker in CDCl,
(referenced externaily to TMS) using INEPTRD (with a
'H refocusing pulse, optimized for either J =7Hz for
MeSi or 7= 100Hz for SiH). IR data were collected on
a Mattson 6020 Galaxy Series FT-IR spectrometer
(KBr). Mass spectral data (EI) were collected at 70eV
a Hewlett-Packard model 5988A GC/MS instru-
ment.

4.2. GPC analysis

GPC daia were collected using a SSI 222D HPLC
pump and Lirear UV /Vis detector set at 260 nm, using
three Waters Styragel columns (7.6 X 300nm) in series
(10*A, 10°A and 500A) with THF as the solvent
(1.0mlmin~"), and a Spectra Physics SP46000 Data Jet
Integrator. The THF solvent was dried by distillation
from CaH,, filtered through a fine frit, and sonicated
for 10min 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
molecular weights in the range of 580 to 22000.

4.3. Synthesis of [u-(Me,SiCH,SiMe,)-
(CsH, ), JCpTicl, ], (3)

Li,{ u-(Me,SiCH,SiMe, XC,H,),] was obtained
from the reaction of "BuLi (16.2:nl, 2.5M) with [ u-
(Me,SiCH, SiMe, XC;H,),] (2.11g, 8.11 mmol) in
hexanes (S0 ml). The white solid was collected by filtra-
tion under N,, washed with hexanes and dried in vacuo
to provide a white powder (1.9g, 86% yield). This
dilithio satt (0.670 g, 2.46 mmol) was added to a Schlenk
tube and dissolved in THF (20ml). To this stirred
solution, solid (C;H,)TiCl; (1.08g, 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
Schienk twbe. The reaction mixture was stirred for
15min, then sllowed to stand at room temperature
overnight. The crystals were then collected by filiration,
washed with hexanes, and purified by Soxhlet extrac-
tion with CH,Cl, to provide 0.85g of 3 (55% yield,
decomp. > 2402C). Compound 3 was found to contain
0.25 equiv. of CH,Cl,, which could not be removed by
drying in vacuo or by washing with hexanes. Amnal
Caled for C,5H,,Cl,Si,Ti,(0.25CH,CL,): C, 46.84; H,
5.06. Found: C, 46.49; H, 5.03. '"H NMR (500 MHz,
CDCl,): 50.25 (s, 12H, SiMe,), 042 (s, 2H, CH,),
5.28 (s, 0.5H, CH,Cl,), 6.53 (s, 10H, C,H,), 6.58 (1,
24Hz, 4H, C,H,), 681 (1, 23Hz, 4H, C,H,). PC
NMR (125 MHz, CDCl,): 6 0.92 (SiMe,), 3.59 (CH,),

12021 (CHy), 120,56, 12891, 13399 (C,H,). ’si
NMR (99Hz, CDCL,): 5 —4.93 (SiMe,).

4.4. Synthesis of [p-(Me,SiCH,CH,SiMe,)-
(C,H,), HCTiCI, I, (4)

Similarly, Li,[ u-(Me,SiCH,CH,SiMe,XC;H,),]
was obtained as a white powder (4.4 g, 88% yield) from
the reaction of "BuLi (140ml, 2.5M) with [u-
(Me, SiCH, SiMe, XC,H,),] (4792, 17.5mmol) in
hexanes (SOml). This dilithio salt (1.00g, 3.49 mmol)
was allowed to react with (C;HOTICl, (1.53g,
6.98 mmol) in THF (20ml) in a manner identical to that
described for 3. The orange-red microcrystals which
formed were collected by filtration, washed with hex-
anes, and purified by Soxhlet extraction with CH,Cl, to
provide 1.1 g of 4(50% yield, decomp. > 2452C). Com-
pound 4 was also found to comtain 0.25equiv. of
CH,Cl,, which could not be removed by drying in
vacuo or by washing with hexanes. Anal. Caled for
C26H34Cl4Si2Ti,(0.25CH%C12): C, 47.66; H, 5.26.
Found: C, 47.27; H, 5.21. "H NMR (500 MHz, CDCl,):
5025 (s, 12H, SiMe,), 0.62 (s, 4H, CH,CH,), 5.28 (s,
0.5H, CH,CL,), 6.52 (s, 10H, C;H;), 6.59 (1, 2.4Hz,
4H, C,H,), 6.82 (1, 2.3Hz, 4H, C,;H,). °C NMR
(125MHz, CDCL,): § —2.61 (SiMe;,), 8.70 (CHZCHQZ),
120.14 (CHy), 120.80, 129.20, 13195 (C4H,). si
NMR (99Hz, CDCl,): & —2.26 (SiMe,).

4.5. Synthesis of [p-(Me,SiCH,CH,SiMe,)-
(C;H,), lCpzrCl, ], (5)

Li,[ p-(Me,SiCH,CH,SiMe, XCsH,),] (0.703 g,
2.46 mmol) was added to a Schlenk tube and dissolved
in THF (20 mi). To this stirred solution,
(CH,)ZrCL,(THF), (2.00 g, 4.92 mmol) suspended in a
mixture of THF (10ml) and hexanes (30 ml) was added
dropwise. The reaction mixture developed a pale yel-
low /brown color, and a white precipitate began to form
after 15 min. The mixture was stirred overnight at room
temperature, the volatiles were then removed under
vacuum and CH,Cl, (20ml) was added to precipitate
the LiCl. The LiCl was removed by filtration under N,
through a fine frit to provide a yellow filtrate which was
concentrated (to 10ml). Hexanes (20ml) were added
and the solution stored overnight at —50°C to afford
small, white crystals, which were washed with hexanes
to provide 0.85g of 5 (48% yield, decomp. > 230°C).
Anal. Caled for CoH,,Cl,Si,Zr,: C, 42.96; H, 4.71.
Found: C, 42.77; H, 4.7 . 'H NMR (500 MHz, CDCL,):
80.26 (s, 12H, SiMe,), 0.59 (s, 4H, CH,CH,), 6.43 (s,
10H, C,H,), 6.52 (1, 2.5 Hz, 4H, C,H,), 6.66 (1, 2.5Hz,
4H, C,H,). °C NMR (125MHz, CDCL,): 8 —2.71
(SiMe,), 8.82 (CH,CH,), 11594 (C,H,), 11697,
12546, 12567 (C;H,). Si NMR (99Hz, CDCl,):
& —3.21 (SiMe,).
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4.6. Crystallographic data collection and structure de-
termination for [p-(Me,SiCH,CH,SiMe,)-
(C;H, L, CpZrCL, ], (5)

Colorless prism-shaped crystals of § were obtained
by slow recrystallization in a CH,Cl, solution at room
temperature. Data collection was performed using a
Siemens SMART Charge Coupled Device (CCD) De-
tector system single crystal X-ray diffractometer using
graphitc _ monochromated Mo Ka  radiation (A =
0.71073 A) equipped with a sealed tube X-ray source
(50kV x 40mA) at —80°C. Prcliminary unit cell con-
stants were determined with a set of 60 naow frames
(0.3 in w) scans. A total of 13000 frames of intensity
data were collected with a frame width of 0.3 in @ and
counting 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

~80°C for a total time of 6.5 h. The collected frames
were integrated using an orientation matrix determined
from the parrow frame scans. SMART software 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 determined by a global refinement of xyz cen-
troids of 3427 reflections. An absorption correction was
applied to the data using equivalent reflections. The
integration p yielded 9275 reflecti of which
2898 (28 < 52°) were independent reflections.

Structure solution and refinement were carried ont
using the SHELXTL-PLUS (5.03) software package [32].
The structure was solved by direct methods and refined
successfully in the space group P2,/n. Full matrix
least squares refinement was carried out by minimizing
Iw(F2 — F2). The Cp carbons were disordered, and
the rings were refined using partial cccupancy,
factor of 53% [C(6)-C(10)] and 47% [C(6')-C(10')1
The non-bydrogen atoms were refined anisotropically to
convergence. All the hydrogen atoms were treated using

iate riding models (AFIX m3). A projection view
of the molecule with non-hydrogen atoms represented
by 50% probability ellipsoids, and showing the atom
labeling is presented in Fig. 4. Complete lists of bond
distances, bond angles and positional and isotropic dis-
placement coefficients for the hydrogen and non-hydro-
gen atoms arz available from the authors and will be
deposited with the Cambridge Structural Database. Ad-
ditionally, a packing diagram is available from the
authors.

4.7. Condensation reactions of PhSiH,

General: all of the condensation reactions of PhSiH,
were conducted following the same procedure, on a
scale of 0.500g PhSiH;, with a ratio of Si/M of
100/1, and an M/"Buli ratio of 1/2.2, under a

blanket of N, in Schlenk tubes which were shicided
from direct suslight by aluminum foil. In a typical
condensation reaction, an aliquot of "Buli (2.5M) was
added to a stirred sturry of the morometallic or bimetal-
lic complex in PhSiH ;.

The condensation reactions in which Cp,TiCl,, 1, 3,
4 or 6 were used proceeded with the formation of dark
green reaction mixtures, which bubbled vigorously for
approximately | @i, then bebbicd slowly for several
upstirrable within 24h. When cither the cis or trens
isomers of 7 were used, the condensation proceeded
with the formation of dark blue mixtures, which bab-
bled slowly for 24h and remained stimable after 48h.
The condensation reactions in which Cp,ZrCl,, 2or §
were used proceeded with the formation of yellow or
orange reaction mixtures, which bubbled vigorously for
approximately 5min, then bubbled slowly for several
hours. The mixtures for these reactions generally thick-
ened and became unstirrable after 30min. After the
appropriate length of time, an aliquot was removed and
dissolved in THF for GPC analysis. After 48h of
reaction, toluene was added and air was bubbled through
the solution to quench the catalyst. The volatiles were
removed under vacuum, the gummy to brittle residue
was weighed and the percent mass recoveries are re-
ported in Table 4.

4.8. Isolation of trans-{PhSiH],

The polyphenylsilane products obtained from dehy-
drocoupling reactions of PhSiH, using Cp,TiCl,, 1, 3,
4 and trans-6 as catalysts (48h of ion time) were
combined, dissolved in toluene and stored at 0°C for
7 days, resulting in the formation of white crystals. The
crystals were isolated by decanting, washed with cold
hexanes three times and finally dried under vacwum.
GPC analysis of the crystals are tabulated in Table 4 as
nua Q. The spectrul data were identical to that previ-
ously reported [25]. 'H NMR (500 MHz, CDCL,): 54.60
(s, 6H, SiH), 7.10 (m, 12H, C;H,), 7.25 (m, 6H,
C¢H;), 745 (m, 12H, C,H,). H NMR (500MHz,
C¢Dg): 6501 (s,GH,SIH) 6.94 (m, 18H, C,H,), 7.54
(m, 12H, C H,). ®Si NMR (99 Hz, CDCl,): 8§ —62.04.
FT-IR (KBr): 2085cm™" (Si-H).
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