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Inorganic polymers such as polycarbosilancs and polysi-
lancs have been employed for many special applications.’
Polycarbosilancs have been used as SiC ceramic precursor,
Polysilancs possess peculiar oploclectronic propertics duc to
o-conjugation along the silicon backbone and have reccived
great attention as silicon-containing ceramic precursors.™
luminescent materials.™ deep-UV positive photoresists.™
clectroconductors.™ and photoinitiators.™' The conyentional
svnthetic method Lo prepare high-molecular-weight polysi-
lancs is the Wurtz coupling reaction of dichlorosilancs using
an alkali metal dispersion in cither toluene-relluxing temper-
aturc? or supersonic activation.* However. the heterogencous
reductive dchalocoupling method has some limitations such
as intolcrance of some [unctional groups. lack of reproduc-
ibility. and diflicultics in controlling sicrcochemistry and
molccular weight.” Recently. the group 4 metallocenc-cata-
Ivzed dehvdrocoupling of hvdrosilancs to polysilancs was
discovered.® Considerable cllorts have been made (o increase
the molccular weight of the polysilancs in the homogencous
calalvtic dehy drocoupling of hydrosilancs. ™"

We reported the debydropolymerization of various hydrosi-
lancs catalyzcd by group 4 metallocene complexes gencrated
in situ rom CpMCly/Red-Al combination.'' Hydrosilation
has been used to increase the molecular weight of polysi-
lanes containing both Si-H and olefin moieties.'~ Corriu er
al. recently accounted the tunable dehydropolymerization of
an ethylene disilane. 1.4-disilapentane to highly cross-linked
insoluble polysilane as a silicon carbide precursor.* We pre-
liminarily' noted the hydrogenation/dehydrocoupling of eth-
vlene disilanes catalvzed by the Cp:TiCly/Red-Al combina-
tion.”* Here we report the hydrogenation/hy drosilation/de-
hydrocoupling of 2.5-disilacct-7-ene (1) and the dehyvdro-
coupling of 2.5-disilahexane (2). catalvzed by group 4
nmetallocene complexes generated in sitie from Cp'-MCl-/
Hydride [Cp' = 17°-C:Hs(Cp). 17°-C:Mes(Cp’): M = Ti. Zr. Hf:
Hydride = Red-Al. N-Selectride] combination.

Experimental Section

General Considerations. All reactions and manipulations
were performed under prepurified nitrogen using Schlenk
techniques. Dry. oxvgen-free solvents were emploved through-
out. Glassware was flame-dried or oven-dried prior to use.

[nfrarcd spcetra were obtained using a Perkin-Elmer 1600
Scrics FT-IR spectrometer. Proton NMR spectra were recorded
on a Varian Gemini 300 spectrometer using CDCL/CHCL; as
arcference at 7.24 ppm downficld from TMS. Gas chroma-
tography (GC) analyscs were performed using a Varian 3300
chromatograph cquipped with a packed column (10% QV-
101 on Chromosorb. W/AW-DMCS 1.5 m x I/8" in. 0.d.) in
conjunction with a flame ionization detcctor. GC/MS data
were obtained using a Hewlett-Packard 3890 [1 chromato-
graph (HP-3. 5% phenyImethylsiloxane. 025 mm i.d. x30.0
m. [ilm thickness 0.23 um) connected to a Hewlett-Packard
3972A mass sclective detector, Gel permeation chromatogra-
phy (GPC) was carricd out on a Waters Millipore GPC liquid
chromatograph. The calibrant (monodisperse polystyrenc)
and the sample were dissolved in tolucne and scparately
cluted from an Ultrastyragel GPC colwmn scrics (scquence
500, 10°. 10%. 10 A columns). Molccular weights were
cxtrapolated from the calibration curve derived from the
polystyrene standard. Data analyscs were carricd out using a
Watcrs Data Module 570 CpgTiCl:. Cp:Zl‘Cl:. Cp:HfCl:.
Red-Al (3.4 M in toluenc). and N-Selectride (1.0 M in THF)
were purchased from Aldrich Chemical Co. and were used
without further purification. Ethylenc disilancs (1 and 2)."
CpCp"ZrCly"" and Cp™sZrC1:'* were prepared according to
the literature procedure.

Dehydrocoupling of 1 Catalyzed by Cp,TiCl,/Hydride
(Hydride=Red-Al, N-Selectride). As a typical experiment
of the catalvtic dehvdroocupling of 1 with Cp:TiCly/Hydride,
to a Schlenk flask containing Cp:TiCl- (3.2 mg. 0.02[ mumol)
and Red-Al (3.2 pL. 0.020 mmol) was added 1 (0.30 ¢. 2.1
mmol). The reaction mixture inunediately turned dark green.,
but the dehvdrocoupling reaction seemmed to occur at an
extremely slow rate (judged by GC analvses). The mixture
was then heated at 70 °C under nitrogen atmosphere for 3
days. which turned out to be a mixture of 2.3-disilaoctane
and oligomers {judged by GC analvsis and 'H NMR spec-
troscopy). The catalyst was deactivated by exposure to the
air for a few minutes. and the solution was then passed rap-
idly through a silica gel column (70-230 mesh. 20 cin x 2
cm) with 200 mL of toluene as the eluent. The effluent was
evaporated to dryness at reduced pressure to vield 0.09 g
(30% vield) of a clear oil. IR (neat. KBr. cm™): 1608 w
(Ve=c). 2123 s (vsin). '"H NMR (8. CDCls. 300 MHz): 0.0-
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23 (m. CH:. SiCH: and SiCH3;). 3.4-4.0 (m. SiH). 3.3-6.3
(m. CH:=CH). GPC: M. = 860. M, =310 (polydispersity =
MM, =1.7).

Dchydrocoupling of 1 Catalyzed by Cp':MClL/Hydride
(Cp' =Cp, Cp’; M =Zr, Hf; Hydride = Red-Al, N-Sclee-
tride). As a representative experiment of the catalvtic dehy-
drocoupling of 1 with Cp'-MCl/Hydride. 1 (0.30 g. 2.1 mmol)
was charged to a Schlenk flask containing Cp:ZrCl: (6.1 mg.
0.021 mmol) and Red-Al (3.2 pL. 0.020 mmol). The rcac-
tion mixturc immediately turned dark brown, but the dehy-
drocoupling reaction scemed to take place at a slow rate
(judged by GC analyscs). The mixture was then heated at 70
“C under nitrogen atmosphere for 3 days. which resulied in
the formation of a mixture of 2.5-disilaoctanc and polymers
(judged by GC analvsis and 'H NMR spcctroscopy). The
catalvst was allowed to oxidize by exposure to the air for a
few minutes. and the solution was then subject to flash col-
umn chromatography through a silica gel column (70-230
mesh. 20 ¢m x 2 ¢cm) with 200 mL of toluene as the ¢luent,
The volatiles were removed under reduced pressure Lo yicld
0.17 g (37% vicld) of a clear oil. [R (ncat. KBr. cm™); 2123
s (Vs '"H NMR (8. CDCls. 300 MHz): 0.0-2.3 (m. CHa.
SiCH: and SiCHz). 3.4-4.0 (m. SiH): GPC: M, = 1640, M, =
910 (polydispersity = M, M, = 1.8).

Dchydrocoupling of 2 Catalyzed by Cp';MChL/Hydride
{Cp'=Cp, Cp’; M =Ti, Zr, Hf; Hydride = Red-Al, N-Sclee-
tride). The following procedure is the representative of the
calalvtic dehvdrocoupling of 2 with Cp'-MCl/Hydride. To a
Schlenk flask loaded with Cp-TiCl: (5.2 mg. 0.021 mmol)
and Red-Al (5.2 yL. 0.020 mmol) was syringed slowly 2
(0.25 g. 2.1 mmol). The rcaction mixture instantly turncd
dark green. but the reaction medium became slowly viscous
with weak gas cvolution. Afler 2 days. the calalyst was
destroved by exposure to the air for a [Cw minulcs. The solu-
tion was then passcd rapidly through a silica gel column (70-
230 mesh. 20 cm X 2 cm). The column was rinsed with 200
mL of tolucne. The removal of volatiles in vacto on rotary
cvaporator viclded 0.095 g (38% vicld) of a clear viscous oil.
IR (ncat. KBr. cm™): 2126 s (vsip). "H NMR (8. CDCls. 300
MH2): 0.0-0.3 (m. 6H. SiCH5). 0.5-1.0 (m. 4H. CH-). 3.3-
4.0 (m. SiH): GPC: M, = 2060. M, = 890 (M., M, =23).

Results and Discussion

Among (he catalvsts. previously cxamimed for the dehy-
dropolymcrization of primary silancs. CpCp'Zr| Si(SiMe3)3]Me
and (CpCp“ZrH2)- arc known (o be the most active cata-
Ivsts. " Instead. we decided 1o use novel. handy in s cata-
Ivst system. CpaMCly/Red-Al (M = Ti. HO.'™" which was
rccently discovered 1o give predominantly linear. Tugher mole-
cular weight of polvsilancs than for any other catalyst sys-
tem. Sterically hindered silancs such as monomeric disilancs
1 and 2 ar¢ known (o be very slow 1o polymerize and to give
low-molccular-weight oligosilancs.®’

Dchydrocoupling of 1 with Cp-TiCls/Red-Al catalyst 1s
extremely sluggish at ambient temperature as scen i our
preliminary study. ™ Thus. the dehydrocoupling reaction niix-
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ture of 1 with 1.0 mol % Cp:TiClz/Hydride (Hyvdride = Red-
Al N-Selectride) cataly st was heated at 70°C lor 3 days (eq. 1).

H
SiH,Me
\/\Sli /\/ ks
! Cp,TiCl,/Hydride
H 70 °C, 5 days
1
Me
| M
SiH,Me SiH
n -PrH,Si N * HSli e
R
n
R =n-Prorallyi

The hydrogen gas relecase was too minimized to prevent
the obscrvation with the very naked ¢ve because of existence
of the allvl group. acting as a hvdrogen sponge. of 1. The
rcaction mixture contained 2.3-disilaoctsanc (a hydrogena-
tion product of 1) and oligomers 3 days later. judged by GC
analysis and 'H NMR spectroscopy. The oligomers were
obtainced as a clear oil in 28% (lTor N-Scleetride) and 30%
(Tor Red-Al) vield. respectively. after workup including flash
column chromatography. The weight averapge molecular
weight (M) and number average molceular weight (M) of
the viscous oils were 830 and 300 (for N-Scleetride) and 860
and 310 (for Red-Al). respectively, The difference of cata-
Ivtic activily between Red-Al and N-Sclectride in the pre-
sence of Cp:TiCl: was found to be negligible, The results are
summarizcd in Table 1. The low isolated vields arc duc
probably to the sterically bulky naturc of 1. The 'H NMR
spectra of the oils showed the small vinyl resonances at 5.3-
6.3 ppm and hint that the oligomer might be a cooligomer of
1 and 2.35disilaoctanc. The IR spectra of the oligomers
exhibiled an intense vsi band at 2123 cm™ and a weak Ve-¢
band at 1608 cm™'. The hydrogenation scems to predomi-
nantly occur over the Si-Si coupling reaction during the cata-
Ivtic reaction. Harrod and coworkers used cyclohexene and
cyvelooctene as hydrogen sponge to increase the rale of
titanocenc-cataly zed dehydropolymerization of phenysilanc.
but hydrosilation was not obscryed at all.®® From the facts
described above. hydrsilation in the presence of Cp-TiCly/
Hydride catalyst is unlikely o occur. although its possibility
cannot be completely ruled out.

Dchydrocoupling of 1 with 1.0 mol% Cp’-MCls/Hydride
[Cp' = n-C:Hs (Cp). i1°-CsMes (Cp'): M = Zr. Hf: Hydride
= Red-Al N-Sclectride| catalyst was carried out at 70 °C for
5 dayvs (cq. 2).

Cp',MCl,/Hydnde
(M =Zr, H) SiH,Me
1 ——— > . . /\/
70°C, 5 days n -PrH,Si
Me Me
l l 2
SiH SiH
usie” " wsie” >
| n-x
n-Pr x

The reaction mixture contained 2.5-disilaoctanc and poly-
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Table 1. Catalvtic Dehvdrocoupling of 1 with Cp-MCly/Hvdride
Combiation”

: % Yield of Mol. wt.”
Cataly st L .

: dehvdrocoupling X, M,
Cp21iC1/Red-Al 30 800 310
Cp271ClyRed-Al 57 1640 910
CpCp71C1/Red-Al 68 1790 9610
Cp"7rCl/Red-Al 10 730 490
Cp:HICly/Red-Al 40 2010 1190
Cp:TiCL/N-Selectride 28 &30 300
Cp:71C1/N-Selectride sl 1390 90
Cp:-lUCL/N-Sclectride 36 1910 1130

“Reaction conditions: [M] —0.01. [Red-Al] —0.01. [N-Selectrnide] —
0.02. [1) — 1.0: heating at 70 “C for 5 davs. "Measured with GPC (s
polvstivrene) in toluene,

mers after 3 days. judged by 'H NMR spectroscopy. The
polymers were oblained as viscous oil in 10-68% yiclds.
alter workup including [lash column chromatography. The
M, and M, of the viscous oils were in the range ol 730-2010
and 490-1190. respectively. The dehydrocoupling data arc
summarizcd in Table 1.

The polymerization viclds were in the order of Red-Al >
N-Sclcctride: CpCp ' Zr > Cp:Zr > Cp.HI > Cp™-Zr. The poly-
mer molccular weights were i the order of” Red-Al > N-
Sclectride: Cp-H{ = CpCp'Zr > Cp-Zr > Cp ~Zr. The proper
replacement of Cp by Cp~ can increasc solubility and can
prevent the aggregation of metallocenc hyvdrides. resulting in
the increment of their catalytic activity. Howeyer. the exces-
sive replacement of Cp by Cp~ will cventually hamper the
reaction rate. The structure of the product by Cp'»ZrCly/Red-
Al scems be sinular to those by the other zirconocenc/hydride
combinations. bascd on their 'H NMR and IR spectra. The
calalvtic rcaction with hafnocene was slower. but the result-
ing molccular weight was higher than with zirconocene. The
'H NMR spectra of the viscous oils did not show (he reso-
nances corresponding 1o allvl group. The IR spectra of the
polymers exhibited an intense v band at 2125 em™ . How-
ever. the vio=c band around at 1600 cm™ was not appreciably
obscrved m (he IR spectra. The hyvdrogenation and hydrosi-
lation appeared to occur 1n the presence of the virconocene
and halmocenc catalvsts. The hydrosilation accompanicd with
Si-S1 coupling reaction may contribule (o the molccular weight
increase of the viscous oils. Unlike the case of Cp-TiCly
Hyvdride. the abscnce of all¥l group in the 'H NMR and IR
speetra and the increascd molccular weights of the polviiers
in the case of Cp-MClyHydnde (M = Zr. Hf) suggest that the
copolvmer might be formed by both hydrosilation of 1 and
dchvdrocoupling of 2.5-disilacctane as scen in ¢q. 2. Harrod
et af. found that cvclohexene and cvclooctene were hydrosi-
lated upon [-SiH(Ph)-], 1o form a copolysilanc in the zir-
conocenc-catalyzed dehydropolvmerization of phenylsilanc. ™

Dchydrocoupling of 2 with | mol % Cp'~sMCls/Hydride
(Cp' = Cp. Cp": M =Ti. Zr. Hf: Hydirde = Red-Al. N-Sclee-
tride) catalyst was slow at room tempcerature. as monitored
by the weak relcase of hvdrogen gas. and the reaction medium
became slowly viscous over 2 davs (eq. 3).
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SiH,Me -Hy S$iH
. —_— .
Mettysi-” > Cp';MCl,Hydride ‘QHT dhd
(M =Ti, Zr, Hf) n
2 25°C, 2 days Me
3)

Table 2. Catalytic Dehyvdrocoupling of 2 with CpaMCL/1 Lydride
Combination”

% Yield of Mol. wt.”
Catalyst .

: dehydrocoupling Ay A,
Cp:TiCl:/Red-Al 38 2064 890
Cp:Z1ClL/Red-Al 44 2140 96()
CpCpZrCl/Red-Al 30 2410 1160
Cp"ZrCla/Red-Al 7 910 510
Cp:A UC1/Red-Al 26 2010 1174
Cp: lCLE/N-Selectnde 34 2030 880
Cp-ZrCly/N-Selectnde 4 2090 390
Cp:l UCLYN-Selectride 23 2590 1150

"Reaction conditions: [M] —0.01. [Red-Al] —0.01. [N-Sclectride] —
0.02. 12] - 1.0: stiming at 25 "C for 2 davs. *Measured with GPC {vy
polystyviene) in toluene.

[nsoluble polvmer to be formed by an ¢xiensive cross-
linking rcaction ol backbone Si-H bonds was not obtaincd
duc presumably (o the steric bulkiness of 2 unlike the dehy-
dropolymerization of bis(1-sila-3-butybenzene. producing
an exiensively cross-linked polysilanc.'!"™ The polymcrs were
obtained as a clear viscous oil in 7-30% viclds after workup
including [Tash column chromatography. The dchydrocou-
pling data arc provided in Table 2.

The low polymerization viclds arc duc probably to the vol-
atility and steric bulkiness of 2. The M, and M, of the vis-
cous oils were in the range of 9102610 and 510-1170.
respectively. The polyvmerization yiclds were in the order of
Red-Al > N-Sclectride: CpCp Zr > CpaZr > Cp.Ti > CpaHI >
Cp">Zr. The polymer molecular weights were i the order of
Red-Al > N-Sclectride: Cp:Hf > CpCp*Zr > CpaZr > CpaTi
>Cp"~Zr. Similarily as in the dehydrocoupling of 1. the proper
replacement of Cp by Cp” increased the calalylic activity.
but the cxcessive replacement of Cp by Cp” hampered the
rcaction ratc. The catalytic rcaction with hafnocene was
slower. but the resulting molecular weight was higher than
with titanocene and zirconocenes. The 'H NMR spectra off
the polysilancs apparently showed nearly one broad unre-
solved mountain-like resonances cenlered al ca. 3.7 ppm.
The IR spectra of the polysilancs extibited an intense v,
band at 2126 cm™'. The polysilancs could be the non-cross-
Iinked or shghtly cross-linked polymers. Thus. it 1s appar-
ently cssential to the production of a high-molecular-weight
polysilanc that a disilanc should have at 1cast once SiH; moi-
cty mstead of SiH-Mc moicty. The sicrically less bulky
silanc 2 produced the higher-molecular-weight dehydrocou-
pling product when compared to 1. The internal allvl group
on 1 could not accclerate the reaction rate unlike (he
titanocene-cataly zed dehydropolymerization of phenylsilane
in the presence of extemal cyclohexene.™
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