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Abstract 

General catalysis by Ni(0) and Ni(I1) phosphine and non-phosphine complexes of the competitive-consecutive reaction of 
vinyltriethoxysilane with triethoxysilane has been observed to give mainly products of dehydrogenative silylation and hydrogena- 
tive dimerization accompanied by products of regular hydrosilylation, disproportionation of substrates and secondary reactions of 
the product-bis(silyl)ethene. In an excess of vinylsilane, side reactions can be practically eliminated. Tertiary phosphine and 
phosphite ligands of nickel acetylacetonate (Ni(acac), * 2PR,) stop the consecutive reactions of bis(silyl)ethene but in the 
presence of a-basic and bulky tricyclohexylphosphine the system catalyzes selectively the regular hydrosilylation of bis(silyl)ethene. 
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1. Introduction 

In previous studies we have shown that nickel acety- 
lacetonate catalyses a competitive-consecutive reaction 
of trisubstituted silanes ((EtO),SiH and Et,SiH) with a 
variety of vinyltrisubstituted silanes. Main products of 
the following reactions are obtained: dehydrogenative 
silylation CDS), hydrogenative oligomerization (HD) 
and (HT) and regular hydrosilylation (HI; these occur 
according to the following equations [2,3] 

2CH,=CHSiR, + HSia 

- &iCH=CHSiR, + CH,CH,SiR, (1) (DS) 

3CH,=CHSiR 3 + HSi= 

- q SiCH=CHSiR 3 + R ,SiCH=CHSiR 3 

+ CH,CH, (la) (DS) 

* Corresponding author. For Part XXIV see Ref. [l]. 
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3CH,=CHSiR, + HSi(OEt), 

- R,SiCH,CH,CH,CH,SiR, 

+ (R,SiCH(CH,)CH,CH,SiR,) 

+ ( EtO),SiCH=CHSiR 3 (2) (HD) 
4CH,=CHSiR 3 + HSiEt 3 

- R,SiCH,CH(SiR,)(CH,),SiR, 

+ Et ,SiCH=CHSiR 3 + 4 isomers 

(2a) (HT) 

CH,=CHSiR, + HSk - &iCH.$H,SiR, 

(3) (H) 

The main processes are accompanied by the follow- 
ing consecutive and side reactions: dehydrogenative 
silylation (DSP) and regular hydrosilylation (HP) of the 
unsaturated product according to the equations: 
2R ,SiCH=CHSiF + HSis 

- R,SiCH=C(Si=)2 + R,SiCH,CH,Sie 

(4) (DSP) 

R,SiCH=CHSi= + HSk - R,SiCH,CH(Si=), 

(9 (HP) 
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as well as by disproportionation of substrates (if differ- 
ent substituents are present at the silicon of both 
substrates) given by the equation 

CH,=CHSiR, + HSi= - CH,=CHSi= + HSiR, 

(6) 

followed by some of the main reactions [l]. 
The conversion yield and selectivities of the reaction 

have been found to be influenced by many factors such 
as electronic and steric effects of the substituents at 
silicon of both substrates, and by the ratio of vinylsi- 
lane/ hydrosilane catalysts, the temperature and the 
presence of dioxygen. 

[91, [(thym-O>,P],Ni(C,H,) [lo] and (cod),Ni [ll] were 
prepared as described in the literature. Other chemi- 
cals were obtained as follows: vinyltriethoxysilane, tri- 
ethylaluminium, triphenylphosphine, tetrakis(triphenyl- 
phosphino)nickel(O) and nickelocene from Fluka; 
nickel trifluoroacetylacetonate from Strem Chemicals, 
triphenylphosphite and other phosphines from Aldrich. 
All were used without further purification. 

2.2. Equipment and analytical measurements 

In view of many recently reported examples of dehy- 
drogenative silylation competing with hydrosilylation of 
olefins, occurring in the presence of ruthenium, iron, 
rhodium, osmium, iridium and some platinum catalysts 
[4,51 the above reaction is the first dehydrogenative 
silylation observed for nickel catalyst. And although 
the latter complexes are well-known catalysts for 
dimerization of vinylsilanes (usually using a Ziegler 
catalytic system e.g. Ni(acac),-AlEt,Cl,_, + PPh,) giv- 
ing (without hydrosilanes) bis(silyl)butenes [6,7], hydro- 
genative dimerization (HD) seems also to be a novel 
pathway observed in the system examined. 

Most products were identified by gas chromatogra- 
phy (GC)-mass spectrometty (MS) analysis (Varian 
3300 gas chromatograph equipped with a DB-1 30m 
capillary column and a Finnigan Mat 800 ion trap 
detector) by comparing spectra and the retention times 
of the peaks with those of previously described stan- 
dards [3]. 

2.3. Hydrosilylation reaction (general procedure) 

The aim of this work is to extend our knowledge of 
the types of nickel complex which can influence (as a 
catalyst precursor) the stoichiometry and the course of 
this competitive-consecutive reaction. 

The catalyst NKacac), + tertiary phosphine or phos- 
phite or other nickel complex precursors were placed 
in a glass ampoule (or in a flask equipped with a 
condenser) and filled with a mixture of vinyltriethoxysi- 
lane and triethoxysilane. All manipulations were car- 
ried out using standard Schlenk and high vacuum-line 
techniques. 

2. Experimental section 

Sealed ampoules (or flasks) were heated at a given 
temperature (120°C) or under reflux (flasks). The dis- 
tribution of substrates and products, conversions of 
substrates and the yield of the reaction products were 
detected and calculated by GC-MS and GLC analysis. 

2.1. Materials 

Triethoxysilane was obtained by alcoholysis of 
SiHCl, according to the standard procedure. Bis(2,4- 
pentanedionatejnickel(I1) [8] [o-tol-Ol,Pl,Ni(C,H,) 

2.4. Isolation and characterization of the product of 
dehydrogenative silylation and regular hydrosilylation of 
bis(triethoxysilyl)ethene 

Products of the reaction were isolated by distillation 
and then identified by GLC using standard samples 

Table 1 
Effect of tertiary phosphines (and phosphites) in the catalytic system Nifacac), *ZPR, on the yield and selectivity of the reaction of 
vinyhriethoxysilane with triethoxysilane IXK, glass ampoules, Ar; [SSiH]: [CH,=CHSk]: [Nil: [PR,] = 1: 1: 5 . 10e3 : lo-’ 

Phosphine/phosphite None PPh, PPh, a PfOPh), Pfcy), P[C,H,(OMe),l, 
Time, h - - 

24 40 24 40 24 40 40 24 40 24 40 

Conversion [%I 
HSi (OEt), 70 89 22 57 40 55 13 57 85 30 34 
CH,=CHSi(OEt), 100 100 38 95 73 82 21 95 100 58 62 

Yield [%] 
CH3CH2Sk 14 14 9 18 15 16 4 14 14 15 17 
SKOEt), 6 8 7 12 7 8 7 6 9 6 7 
siCH=CHSi= 13 4 14 40 31 38 1 42 2 24 25 
tiiCH,CH$ie 14 19 trace 7 2 3 trace 2 13 trace trace 
~iCH(CH&H,CH,Si= 8 7 1 2 3 4 1 6 6 2 3 
&i(CH&,Si= 24 24 5 9 13 13 3 21 20 8 8 
(=Si),CkCHSk 21 - - - - _ 1 trace - 
@Si),CHCH ,Si= trace trace - 35 - - 

a [Nil: [PR,] = 1: 1; in the presence of PBu, and Ph,PCH,CH,PPh, slight conversion of substrates was noted yielding predominantly products 
of silane redistribution. 
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and on the basis of their spectra (‘H and 13C NMR, 
IR, MS). 

2.4.1. Trk(triethoxysilyl)ethene [(EtO),Si]2C=CHSi(O- 
Ed3 

‘H-NMR (C,D,, 6 ppm) 1.19 (dt, -CH,); 3.93 (dq, 
-CH,O); 7.97 (s, =CH-); i3C-NMR (C,D,, S ppm) 
19.16 (CH,-); 59.32 (-CH,O); 158.07 WH-1; 164.31 
(=C < <>; IR (film> 1618 cm-’ (>C=C<). 

2.4.2. Tridtriethoxysilyl)ethane [(EtO),Sil,CHCH,Si(O- 
Et)3 

‘H-NMR (C,D,, 6 ppm) 1.36 (dt, -CH,); 4.01 (dq, 
-CH,O); 1.70 (m, -CH,-1, 0.81 (t, -CH-1; r3C-NMR 
(C,D,, S ppm) 19.16 (CH,-); 59.18 (-CH,O); 11.37 
(-CH,Si); 27.32 (-CHSi-1. 

3. Results and discussion 

The previously studied reaction of triethoxysilane 
and vinyltriethoxysilane was selected as a test to check 
the effects of various nickel catalysts and tertiary phos- 
phine ligands in the system with nickel acetylacetonate. 
If this reaction catalyzed by NXacac), occurs at a 
vinylsilane: hydrosilane ratio 1: 1 (at 120°C) then (after 
2h) the products of dehydrogenative silylation (DH), 
hydrogenative dimerization (I-ID) and regular hydrosi- 
lylation (H) [3] predominate. However, when the pro- 
cess has been extended, dehydrogenative silylation of 
the preliminary product (bis(silyl)ethene (DSP), accord- 
ing to Eq. (4)) is seen (see Table 1). Similar final 
effects have been noticed already after 2 h of the 
reaction occurring under reflux, i.e. at a temperature 
of about 160°C (see Table 2). 

Under such conditions the reduction of nickel acety- 
lacetonate to nickel precipitate is observed within 0.5 
h, i.e. when the first stage of the reaction is almost 

Table 2 
Effect of tertiary phosphines in the catalytic system NXacac), + 2PR, 
on the yield and selectivity of the reaction of vinyltriethoxysilane with 
triethoxysilane occurring under reflex (2 h, Ar) 

Phosphine None PPh, P(W, P&H,- 
(OMe),l, 

Conversion, % 
HSi(OEt), 97 25 76 13 
CH,=CHSi(OEt), 100 25 100 25 

Yield, % 
CH,CH,Si= 15 4 13 7 
Si(OEt), 5 5 5 4 
=SiCH=CHSis 3 11 10 8 
SiCH,CH,S+ 28 traces 16 - 
SiCH(CH,KX,CH2SC 5 1 7 1 
aSi(CH,)&= 22 2 19 3 
(&i)+CHSiz 20 - - - 
kSi),CHCH,Sk traces - 29 - 

[HSi=]:[CH,=CHSi=]:[Ni]:[PR,]=1:1:5 10-3:10-2. 

completed. Further study of the intermediates formed 
in the system NXacac), + HSi( + CH,=CHSiz) is be- 
ing continued. 

Synthetic work allowed us to isolate and character- 
ize for the first time a final product-tris(triethoxysil- 
yllethene (see Experimental section). Previously, only 
trialkyl- [12] and tri(methyl,chloro)-derivatives [13] were 
synthesized via the regular hydrosilylation of ethyne 
derivatives in the presence of platinum catalysts. Thus, 
all products of this competitive consecutive reaction 
are isolated and identified. 

In order to stabilize the catalyst precursor, nickel 
acetylacetonate, various tertiary phosphines and phos- 
phites of different m-donor and r-acceptor properties 
as well as of different cone angle 0 were added to the 
reaction mixture. Catalytic results are compiled in Ta- 
bles 1 and 2. 
The conditions of the above mentioned reaction i.e. 
[HS&] : [CH,=CHSi=J = 1: 1 and 120°C ampoules (Ta- 
ble 1) or reflux (Table 2) were chosen to enable us to 
follow the effect of phosphines on the yield and selec- 
tivity of this complex process. 

The presence of triphenylphosphine (8 = 145”; pK, 
= 2.73) [12,13] ([Nil : [phosphine] = 1: 2) apparently 
stabilizes the nickel complex, decreasing its catalytic 
activity in such a way that after 72 h at 120°C the 
reaction yield and selectivity reach levels that are char- 
acteristic for the NXacac), catalyzed reaction after 2 h 
131. When [NXacac),] : [PPh,] = 1: 1 the nickel complex 
remains in solution without precipitation of nickel but 
the yield is much lower than in the absence of phos- 
phine. Yet no products of secondary dehydrogenative 
silylation (DSP) or hydrosilylation (HP) are observed. 
A drastic decrease in the catalytic activity of nickel 
acetylacetonate in the presence of triphenylphosphine 
is noted when the process takes place under reflux. 
Phosphites which are weak bases (e.g. triphenylphos- 
phite, pK, = -2.00, 19 = 128” [14,15]) practically stop 
the catalytic reaction. 

However, when tricyclohexylphosphine (0 = 170” and 
pK, = 9.70 [13,14]) acts as a ligand of nickel acetylacet- 
onate there is almost the same activity as when the 
precursor is alone. But steric hindrance at the nickel 
complex caused by the phosphine ligand directs the 
consecutive reaction via regular hydrosilylation of the 
product (Eq. (5)) instead of dehydrogenative silylation 
(Eq. (4)) observed in the case of Ni(acac), catalyst. 
Dehydrogenative silylation requires a coordination of 
the second molecule of bis(silyl)ethene to the nickel 
complex which is not possible where such a bulky (but 
basic) phosphine is coordinated. 

If a more bulky (though sufficiently basic) phosphine 
is used e.g. P[(2,6-MeO),C,H,],, f3 = 184”, pK, = 9.33 
[14,15] then we again observe marked inhibition of all 
the reactions, yet formation of products of dehydro- 
genative silylation has priority. However, when we used 
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Table 3 
Effect of Ni(0) and Ni” complex precursor on the yield and selectivity of the reaction between vinyltriethoxysilane and triethoxysilane 
[HSi=] : [CH,=CHSi=]: [cat.] = 1: 1: 5 . 10-3, 12o”C, glass ampoules, 24 h, Ar 

Catalysts Ni(cod), Ni(acacF), Ni(PPhs), Ni[(tol-O),P],C,H, NiKthym-O),PlsC,H, Ni(acac)$AlEt 3 

Conversion, % 
HSi(OEt), 64 56 89 54 46 83 
CH,=CHSi(OEt), loo 100 98 76 100 100 

Yield, % 
CH,CH,Si= 28 14 1.5 18 11 7 
Si(OEt), 6 8 18 15 22 29 
&iCH=CHSQ 15 41 35 23 22 23 
&iCHaCH$is 8 5 3 1 6 4 
sSiCH(CH,)CH,CHaSi= 4 6 6 4 7 8 
&i(CH2),Si= 13 21 17 12 24 27 
GSi),GCHSi= 21 1 trace 1 
(Si),CHCH rSi= 5 1 6 2 

Ni(C,H,), appeared not to be effective in this reaction. 

tributylphosphine which has similar basic properties 
(pK, = 8.43) but is much less sterically bulky (0 = 1329, 
the reaction was almost stopped and only some redis- 
tribution products were yielded. 

The effect of nickel(O) and nickel(B) complexes on 
pathways of the reaction of equimolar silanes is pre- 
sented in Table 3. To compare their reactivities see the 
data relating to the standard catalyst Ni(acac), (Table 
1). BisCcyclooctadiene) nickel(O) catalyzes this compet- 
itive-consecutive process in a similar way to nickel 
acetylacetonate finally giving products of dehydrogena- 
tive silylation, hydrosilylation and hydrogenative dimer- 
ization, but in the last reaction with a lower yield. The 
exceptionally high concentration of ethyltriethoxysilane 
in this case is due to a further dehydrogenative silyla- 
tion (of product - DSP) which can occur when both 
unsaturated species vinylsilane and bis(silyl)ethene 

compete in coordination to the nickel centre (contrary 
to Eq. (4)) according to Eq. (7). When the acetylace- 

SiL Si’_ 

=_!ji 
r’ + CH,CH,Si~ + 

tonate Iigand is replaced by the 
withdrawing trifluoroacetylacetonate, 
of bis(silyl)ethene is stopped. 

/-rl w >Ni (7) 
I 

more electron- 
further reaction 

All phosphine and phosphite complexes of nickel(O), 
likewise the Ni(acac), .2 AlEt, system, catalyze the 

Table 4 
Effect of nickel catalyst on the yield and selectivity of the reaction of vinyltriethoxysilane with triethoxysilane [HSi=] : [CH,=CHSi=] : [cat.] = 
0.5 : 1: 5. 10e3, 12WC, ampoules, Ar 

Catalysts Nifacac), Ni(acacF)* NXcod), Ni(acac), + 2P(Cy), 
Time, h 2 15 2 15 2 15 2 15 

Conversion, % 
HSi(OEt), 87 loo 60 63 55 70 18 71 
CH,=CHSi(OEt), loo 100 74 82 71 87 19 87 

Yield [%I 
CH3CH2Si3 13 14 9 10 14 19 2 13 
SKOEt), 4 6 2 3 1 2 3 4 
=SiCH=CHSi= 46 42 35 39 38 47 7 41 
=SiCH,CH,Sis 2 5 2 2 trace trace trace 1 
SiCH(CH3)CH2CH,Si= 7 7 6 6 4 4 1 6 
SKCH .&Si= 23 21 19 21 13 15 5 21 
(&)&=CHSi= 3 5 _ _ 

(&i)&HCH,Si= 
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process in a similar way but as a result of redistribution 
of triethoxysilane much more tetraethoxysilane is 
yielded and, in two cases, traces of consecutive reac- 
tions of bis(silyl)ethene have also been observed. 

Table 4 shows how the catalysts under consideration 
when in two-fold excess of vinylsilane compared to 
hydrosilane, practically eliminate most of the side reac- 
tions and always give predominantly products of dehy- 
drogenative silylation of vinylsilane i.e. bis(silyl)ethene 
(40-50%) and ethylsilane (lo-20%) and of hydrogena- 
tive dimerization, yielding two isomers of bis(silyl)bu- 
tanes (20-30%). 

4. Conclusions 

1. The consecutive-competitive reaction of vinylsi- 
lanes with triethoxysilane gives products of dehydro- 
genative silylation CDS) (Eq. (1)) and hydrogenative 
dimerization (HD) (Eq. (2)) with by-products of regular 
hydrosilylation and of other processes occurring in the 
presence not only of nickel acetylacetonate but also of 
many nickel(O) and nickel(B) complexes with phospho- 
rous and non-phosphorous ligands. Catalysis by nickel 
complex is a general feature of this process. 

2. When there is a two-fold excess of vinylsilane over 
hydrosilane their reaction, catalyzed by various Ni(0) 
and Ni(II) complexes, yields practically only products 
of dehydrogenative silylation CDS) and hydrogenative 
dimerization (HD) and most side reactions are ex- 
cluded. 

3. While most tertiary phosphine and phosphite 
ligands of nickel complexes, regardless of their o-donor 
and r-acceptor properties and value of cone angle 8, 
stop both consecutive reactions of bis(silyl)ethene (the 
precursor Ni(acac),- alone enables its dehydrogenative 
silylation) a u-basic but relatively bulky ligand (tri- 
cyclohexylphosphine) catalyzes selectively the regular 
hydrosilylation of bis(silyl)ethene. Both products have 
been isolated and for the first time fully characterized. 

4. Although in the presence of phosphine and phos- 
phite complexes of nickel(O) the redistribution of tri- 
ethoxysilane is much increased and, in general, tertiary 
phosphine lowers the catalytic activity (and selectivity) 
of the system Ni(acac1, + 2 PR,, there seems to be no 
difference between the mechanisms of catalysis by all 
Ni(0) and Ni(Il) complexes used in the reaction exam- 
ined. This will be considered in a forthcoming paper. 
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