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Abstract 

Polycarbosilanes with the structure tSiR,-GC-Z-GC&,, (R,Si = 2,3,4,5-tetraphenyl-I-sila-2,4cyclopentadiene; Z = 1,4-benzene, 

4,4’-biphenyl, 9,10-anthracene, 2,7-fluorene, 2,5- and 2,6-pyridine, 6,6’-bipyridine, 2,5-thiophene, 2,6-p-dimethylaminonitrobenzene, 

2,6-p-nitroaniline, 2,6-p-nitrophenol, and 2,7-fluoren-9-one) were prepared by reaction of l,l-diethynyl-2,3,4,5-tetraphenyl-l-sila- 

2,4cyclopentadiene with the appropriate (heterojaromatic dibromide or diiodide in the presence of [(PPh,),PdCI,] and CuI. Exo- 

and endotherms observed in the initial DSC scans were absent in repeat scans. The oligomer where Z =p-C,H, reacted with 

[Fe(CO),] under UV irradiation to give an oligomer containing iron carbonyl fragments attached to ca. 30% of the silole groups. 

1. Introduction 

As part of our continuing investigations into poly- 

carbosilanes containing unsaturated groups in the 
backbone [l], we have previously described the prepa- 
ration of polycarbosilanes with main chain acetylene 

and (hetero)aromatic groups by using the following 
palladium-catalyzed cross-coupling polymerization re- 

action [2]. 

Ph,Si(C=CH), + X-Ar-X 
KPPh,),PdCI,l, Cul 

> 
PPh,, Et,N 

+Si(Ph,)-CEC-Ar-C=C+, 

We have found that, depending on the substituents 

at silicon and on the nature of the Ar group, the 
polymers can become semi-conducting on being doped 
with FeCl, [3]. This suggests electron delocalization 
through the silicon atoms involving (p-d)r bonding or 
u*-rr hyperconjugation [4]. When Ar is a donor- 
acceptor aromatic group, the polymer exhibits substan- 
tial and stable x (2) NLO effects [5]. 

We report here the preparation of the analogous 
series of oligomers containing the tetraphenylsilole 
group using the same palladium-catalyzed cross-cou- 
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pling route. Since silole groups exhibit some aromatic 
character 161, we wished to investigate the effect of the 
electron-rich tetraphenylsilole group on properties re- 
lated to main-chain conjugation. Additionally, silole 
groups are well known to form complexes with a wide 
variety of transition metals [7]. and so we intended to 
use the polymer silole groups to bond metals. Indeed, 
the incorporation of several different metals could be 
envisaged since the polycarbosilanes contain other po- 
tential ligands (acetylenic, aromatic). 

2. Results and discussion 

The polycarbosilanes I-XII (Table 1) were synthe- 
sized in high yield by the following palladium-catalyzed 
polymerization between l,l-diethynyl-2,3,4,5tetra- 
phenyl-1-sila-2,4_cyclopentadiene and the respective 
(hetero)aromatic dihalide. 

Ph 
[(PPh&PdC121 

Ph + X-Z-X- 
CuI. EtjN 

Ph 

Ph 

Ph 

Ph 

c~c-z-c~c+n 
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TABLE 1. Data for +<‘E(“ 
Si 

‘CX-Zk polycarbosilanes ,’ 

Oligomer Aromatic dihrilide Polymer Yield 

I 

II 

III 

N 

V 

VI 

VII 

VIII 

IX 

X 

1 

Me,N ’ ’ NO, 

-0 

.i IS I 0 

IO 

XIII by the existence of more than one conformation 
and the effect of silole complexes at and near the ends 
of the oligomer chains. Elemental analysis showed that 
iron carbonyl had been introduced at CO. 30% of the 
silole sites. 

We have found that other metals can be attached to 
the acetylene groups and also to the aromatic groups 
(e.g. bispyridine) in the main chain for the diphenyl- 
and methyl(n-octylksilylene series of polymers [8]. We 
are currently investigating the attachment of several 
different metals in a given polymer using the various 
nntrnti;ll lieancls Cfilnle 3wtvlrnr xrt>m:3tic.) 

pound by reaction with HCXMgBr in THF under the 
conditions previously described for the preparation of 
diethynylsilanes [ 14, IS]. Removal of the reaction sol- 
vent irz LXKLIO afforded the crude product which was 
recrystallized by addition of pentane to a toluene solu- 
tion thus giving the pure compound in 75% yield tm.p. 
2K-G104°C; lit. [In] 170- 972°C’). 1R v(C=C) 70.37, v(H- 
C=) 3250 cm ’ (lit. [lh] 2040, 327.5 cm ‘9. ‘H NMR 
((‘DCIJ: 6 2.6 (3, 1H. HCS9. 0.5-7.3 (m, 3OH. aro- 
matic). ‘-‘C NMR (CDCI ?) (principal resonances): 6 
140.5, 936.0, 139.Y. 930.5. 12Y.Y, 118.X. 100.2, X3.5. “‘Si 
NMR (CiK-I .j. A .I6 i An:11 Fr311nrl. C‘ XI: ??. H 
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The reactions were carried out in triethylamine, 
except in the case of V and VII where toluene was used 
as cosolvent to retain the incipient polymer in solution 
and thus to increase the molecular weight. The progress 
of polymerization, which was complete after 16 h, was 
followed by the disappearance of the vGCH) band at 
3250 cm-’ and the v(C=C> band at 2037 cm-’ of the 
starting monomer, and the appearance of the v(C=C> 
absorbance for the oligomer at cu. 2150 cm- ’ (Table 
1). The v(GC) band for the anthracene-containing 
oligomer III occurs at a lower frequency as we have 
observed for the diphenylsilylene [2] and methyl(n-oc- 
tyl)silylene [8] series of polymers. Likewise, v(GC) for 
the thiophene-containing oligomer VIII occurs at a 
relatively low frequency in the present silole series. 
This suggests some degree of conjugation between the 
aromatic and acetylene groups for III and VIII perhaps 
also involving the silane moieties. 

The crude reaction products containing different 
amounts of amine salt complexed to the oligomer were 
purified either by (a> filtering a solution in toluene 
through diatomaceous earth and then precipitating the 
oligomer by addition of pentane, or by (b) extracting a 
solution of the oligomer in THF and diethyl ether with 
3% HCl(aq) followed by precipitation of the oligomer 
from the ether solution by addition of pentane. Both 
methods gave rise to a reduction in molecular weight 
and polydispersity (see Experimental section). 

The UV/visible spectrum for III shows a long wave- 
length absorption at 455 nm which corresponds to a 
band-gap of 2.72 eV [9]. This value is similar to those 
observed for the corresponding polymers in the 
diphenyl- and methylcn-octyl)-silylene series [8]. How- 
ever, in the present series several of the other oligomers 
(IV, IX, X and XII> also exhibit absorbances at fairly 
long wavelength, and the band-gap is therefore also 
moderate in these cases. The oligomers are all electri- 
cally non-conducting in the absence of doping. When 
doped with FeCl,, III has a conductivity of 10e6 S 
cm-’ [3], much lower than the value for the corre- 
sponding polymer with an anthracene group in the 
diphenylsilylene series, suggesting that conjugation 
through the silole group in III is less extensive. Hyper- 
conjugation [4] may be involved since the conductivity 
of doped acetylene-containing polycarbosilanes with at 
least one phenyl substituent at silicon is substantially 
greater than when there are only alkyl substituents 
t3m. 

The 29Si NMR spectra of the oligomers all show a 
singlet at ca. 6 -46, the same chemical shift as that 
for the monomer (Table 2). The 13C NMR resonances 
for both the acetylene carbons are deshielded with 
respect to those for the monomer (Table 2) as previ- 
ously observed in the diphenyl- [21 and methylcn- 

TABLE 2. ‘jC and “Si NMR data a 

Monomer/Oligomer 2ySi S (ppm) 13C 6 (ppm) b 

C, CD 

P:yph -46.5 83.5 100.2 

# ‘\ 
I -45.8 88.2 108.0 

II -45.9 90.9 106.2 

III - 45.2 87.3 108.8 

Iv -45.7 86.6 109.7 

a Reference, SKCH,),; solvent, CDCI,. b [%I--C,EC,-. 

octyl)-silylene [8] series. Additionally, numerous unas- 
signed aromatic carbon resonances are observed. These 
extra resonances presumably arise from non-equivalent 
conformations, and also from the effect of residues at 
and near the ends of the oligomer chains. 

DSC thermograms for a selection of the oligomers 
were run from 10°C to 300°C (Table 3). In the cases of 
II and III, only minor exotherms were observed in the 
initial run. For IX, both an exotherm and an en- 
dotherm were observed, whereas for X there was a 
single endotherm with a peak temperature of 120°C. 
All the above transitions were absent in repeat scans, 
and in view of their minor nature they probably arose 
from conformational relaxations. The start of the highly 
exothermic crosslinking process involving the acetylene 
groups was observed towards 300°C. 

The iron-containing oligomer XIII was prepared by 
UV irradiation of I in the presence of [Fe(CO),l under 
the conditions previously described for the synthesis of 
tetraphenylsilole iron carbonyl complexes [ll]. 

Ph Ph 

Ph 

No bridging carbonyl IR absorbances are observed. 
Five v(C=O> absorbances appear in the region for 
terminal carbonyl groups whereas there are only two or 
three v(GO) bands for the parent monomeric te- 
traphenylsilole iron carbonyl complexes [ill. As with 
the 13C NMR spectra (see above), we explain the 
presence of the additional IR absorbances for oligomer 



XIII by the existence of more than one conformation 
and the effect of silole complexes at and near the ends 
of the oligomer chains. Elemental analysis showed that 
iron carbonyl had been introduced at C‘LL. 30% of the 
silole sites. 

We have found that other metals can be attached to 
the acetylene groups and also to the aromatic groups 
(e.g. bispyridine) in the main chain for the diphcnyl- 
and methylcn-octyl)-silylene series of polymer5 [Xl. We 
are currently investigating the attachment of scvcral 
different metals in a given polymer using the various 

potential ligands (silole, acetylene. aromatic). 

3. Experimental details 

Reactions were carried out under dinitrogen using 
Schlenk tube techniques. Triethylamine was distilled 
over powdered KOH. and toluene was distilled from 
CaH?. ‘H NMR spectra were run on a Bruker AW 60 
spectrometer at 60 MHz, and “C and ““Si NMR spec- 
tra on a Bruker WP 200SY instrument operating at 
SO.327 MHz and 39.763 MHz, respectively. The SEC 
results were obtained using a Waters 510 system 
equipped with 100, 500, 1000 and 10,000 .& columns at 
a THF flow rate of 0.9 ml min ‘. UVjvisiblc spectra 
were recorded on a Cary 118 instrument in CH,Cl, 
solution, and IR spectra on a Perkin Elmer 1600 FTIR 
instrument in CCI, solution or as Nujol mulls. DSC 
scans were performed by using a Mcttler TA 3000 
system. Except for 6.6’-dibromo-2,2’-bipyridyl [ 121, 
2,6-diiodo-4-nitro-N,N-dimethylanilinc [8] and l,l-di- 
ethynyl-2,3,4,5-tetraphenyl-l-sila-2,4-cyclope~~tadiene 
(see below), the monomers and catalysts were commer- 
cial samples and used as received. 

3.1. Preparation of I, /-n’iethynvl-~.._i,i!5-tetrupllen~f- I- 
silu-2,4-cyclopc~ntudierle 

Following the published procedure [ 1.31, 1.4-dilithio- 
1,2,3,4_tetraphenylbutadiene was prepared by shaking 
clean lithium shavings (2.50 g, 0.36 mol) with diphcnyl- 
acetylene (65 g. 0.36 mol) in 400 ml dicthyl ether at 
0°C. Both the resulting suspension diluted with 400 ml 
diethyl ether and a solution of SiCI, (55.08 g, 0.324 
mol) in 400 mls diethyl ether were added dropwise at 
the same rate and simultaneously to 600 ml diethyl 
ether over a period of 2-4 h at 20°C. The yellow 
solution was stirred for 3 d. The solvent was removed 
in oacuo and the residue was dissolved in toluene and 
filtered. Concentration of the filtrate afforded yellow- 
green l,l-dichloro-2,3,4.5-tetraphenyl- I -sila-2,4-cyclo- 
pentadiene which was recrystallized by addition of 
pentanc to a solution in toluene (m.p. 2Oi.7-202.7”C: 
31% yield) This was converted into the required com- 

pound by reaction with HCICMgBr in THF under the 
conditions previously described for the preparation of 
diethynylsilanes [14,15]. Removal of the reaction sol- 
vent in IYKUO afforded the crude product which was 
recrystallized by addition of pentane to a toluene solu- 
tion thus giving the pure compound in 75%’ yieId (m.p. 
303--204°C’: lit. [ 161 170- 172°C). IR IJ(C%) 2037, IJH- 
(‘~1 3250 cm ’ (lit. [l6] 3040. 3275 cm ‘1. ‘H NMR 
(CDC17); A 2.6 (a, 31-1, HGC’). 6.5.--7.3 (m, ?OH, aro- 
matic). “(1 NMR (CDCjl (principal resonances); 6 
140.5, 136.0, 131.9, 130.5. 129.0. 12X.X, 100.2. 83.5. “‘Si 
NMR (CDC‘I?): S 4fi.5. Anal. Found: c’. Xx.22: H. 
5.3X: Si. 6.72, c‘;ZH,,Si talc.: C‘. 88.43: i-i. 5.10: Si, _. 
6.46%. 

.?.2. Prepamtiori qf oligotner.5 I-XII 

The experimcnral procedure previously described 
for the diphenylsilylene series of analogous polymers 
[2] was followed. T’hc specific preparative conditions 
together with spectral and molecular weight data for 
the resulting oligomcrs arc given in Tables 1 and 2. 
The products wcrc purified in one of the two following 
ways: (al by filtering a solution in toluene through 
diatomaceous earth and then precipitating the oligomer 
by adding pcntanc. or (b) by addition of dicthyl ether 
to a solution of oligomer in THF followed by extraction 
with 3% HCl(ay). and precipitation of the oligomcr 
from the rthcr solution (dried over MgSO,) by addi- 
tion of pcntane, Both methods resulted in a reduction 
of molecular weight and polydispcrsity. (J.,?. oligomer 
II, method (a): before purification M w. 25580: 
M w/M,,. 3.93: ?I, I I; after purification Mw, 5600; 

Mw/M,,, 2.10: ?I, .i. oligomcr 111, method (b): bcforc 
purification M,. 23070; Mw/M,,. 5.52: )I. 7: after 
purification M,,. 10190; M,+/M,,. .?.I?: I). 6. 

A solution of oligomcr I (2.3 g, 4.5 mmol) and 
[Fe(COLJ (3.1) g. 15.7 mmol) in 350 ml tolucnc was 
irradiated for 100 h in a Rayonet photochemical reac- 
tor equipped with 2537 A lamps. After removal of the 
toluene in II.I~UO. the crude product was taken up in 
dichloromethane. Addition of pentanc precipitated 
XIII in SOV yield. IR v(C=O) 2159, 2118. 2036, 1993. 
1976 cm ‘, Anal. Found: c‘. 71.08: H. 5.23; Si. 4.10; Fe, 
?.YO. C,,HL,FeO,Si talc.: C. 75.9.3: H. 3.71: Si, 4.3.~: 
Fe. 8.01c;. 

3.4. DSC 
Samples (S-10 mg) in sealed aluminium pans were 

heated from 10°C to 300°C at a heating rate of 20°C 
min I. The eso- and endo-therms observed are listed 
in Table 3. The samples were retooled to IOT, and the 
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TABLE 3. DSC results for oligomers II, III, IX and X a 

Oligomer Peak temperature (“C) b 

Endothermic Exothermic 

II 150 

III 90, 150, 215, 260 

IX 170 150 

X 120 

a From 25°C to 300°C at heating rate of 20°C min-‘. ’ In all cases, 

the transitions were absent in repeat scans. 

thermograms re-run. The transitions observed in the 
initial runs were absent in the repeat scans. 
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