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summary 

Ziegler type systems, e.g., M(acac), -AlE& (M = Ni, Co, or Fe) catalyse. 
the hydrosilylation of .1,3-dienes or terminal &etylenes. With koprene or 1,3- 
pentadiene the 1,kadducts CH, CH=C(CH, )CH, Six, or CHB CH2 CH=CHCHz - 
Six3 are the major products, and Ni sahs [NiClz or Ni(acac)2 ] providethe best 
catalysts. For 1,3-pentadiene and HSi(OR)3 a significant by-product is CH3 CH= 
CHCH(SiX3 )CH3, the formation of which is suppressed by addition of phos- 
phines. A chain-reaction mechanism consistent with these results involves the 
formation successively of a Ni” complex, its oxidative adduct L(diene)Ni(H)- 
SiXB , a n-ally1 complex L(n-allyl)NiSiX, , isomeric a-pentenyl derivatives, and 
(I)-(III) + the Ni” complex. Terminal acetylenes RICH yield the products in 
which linear dimerisation accompanies hydrosilylation. The head-to-head adduct 
HZ C=C(R)C(R)=CH(SiX, ) preponderates over the head-to-tail isomer R(H)C= 
C(H)C(R)=CH(SiX3 ); structures of the former were established by IR and NMR 
studies and examination of the Diels-Alder adducts with tetracyanoethylene, 
including comparisons with results on RCZCD. The. catalytic cycle is believed 
to be similar to that proposed for 1,3-dienes; the lines dimerisation arising 
from successive insertion of RCZCH into the Ni-H and Ni-C [in Ni-C(R)= 
CH2 1 bond. Competition experiments demonstrate that hydrosilylation is 
favoured by electronegative substituents X at Si, and that terminal acetylenes 
are more reactive than 1,3dienes. Sis(rr-1,5-cyclooctadiene)nickel(O) is also 
shown to be an effective hyclrosilylation catalyst for 1,3-pentadiene. 

Introduction 

Hydrosilylation, the addition of silicon hydrides, HSi& , to unsaturated 
hydrocarbons, was first reported by Sommer in 1947 (e.g., 1-octene + 
Cs H,, Six, )i The reaction is of considerable in&rest and commercial importance. 

* For Part I see ref. 27. A preliminary report of this paper has appeared (ref. I). 
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The use of transition metal catalysts has recently been reviewed 123. The pre- 
fwed catalyst for industrial use is chloroplatinic acid, Speier’s catalyst.- It is 
evident that, in this and the many other homogeneous hydrosilylation catalyst 
systems, the mechanism involves the oxidative addition of the silane at a low 
oxidation statemetal centre [2]. Such oxidative addition is also a key step for 
numerous other transition metal-promoted reactions, such as olefin hydrogena- 
tion 131. The two component Ziegler catalyst systems, involving a &ansition 
metal salt and a Main Group metal reducing agent [S] , are effective for many of 
these reactions;-it is believed that a low oxidation state transition metal complex 
intermediate is formed. Such complexes may be stabilised by suitable ligands, 
such as dienes or acetylenes [3]. We now report on the use of Ziegler systems 
in hydrosilylation of 1,3dienes and acetylenes. For both classes of hydrocarbons 
there are distinctive features which may>prove to be of value. 

Results and discussion 

The activity of Ziegler type systems such as M(acac),-AI& ; (M = Cr, 
Mn, Fe, Co, or Ni) was first examined for cY-olefins such as 1-octene with tri- 
ethyl- or triethoxy-silanes under variolus conditions. However, the systems con- 
taining nickel and cobalt showed only low activity because of competing olefin 
isomerisation and reduction to the metal, although they were reported to show 
activity for the hydrogenation of 1-octene [4]. This study is being continued 
in the hope of suitably modifying the catalyst system. For the present, we 
restrict this report to results on dienes and acetylenes. Because silanes may re- 
act independentiy with either the transition metal component or AlEts, the 
order of addition in these reactions is critical. The preferred procedure is to add 
the silane as the last component in the reaction mixture [see footnotes a for 
Tables 1 or 21. 

Dienes 
The hydrosilylation of 1,3dienes such as isoprene (eqn. 1) or 1,3-pentadiene 

(eqn. 2) by Ziegler systems gave mainly the 1,4-adducts. Isoprene gave the same 
products, 2-methyl-2-butenylsilane derivatives (I), as Speier’s catalyst 153. By 
contrast, 1,3-pentadiene gave principally 2-pentenylsilane derivatives (II), 
whereas the Speier system [6] affords l-methyl-2-butenylsilane derivatives 

CHa =C!H--C( CH3 )=CH2 + HSi& -+ CH3 CH=C( CH, )CH2 Six3 (1) 

(Ia), X = 0CH3 

CH3 CH=CH-CH=CH2 + HSiX3 + (2) 

CH3 CH:! CH=CHCH2 Six3 + CH3 CH=CH-CH( Six3 )CH3 

(II) (III) 

@a), X = OCz H5 (III?), .X = ocz HS 
(IIb), X = C2 HS 
(IIc), X, = Cl, CHJ 
(IId), X = CH, 



427 

TABLE 1 

HYDROSILYLATION OF DIENES AT 20° 

M(acac), a Diene Silane Solvent Time Yield of l.l- 
adduct b 

Ni(acac)z Isoprene HSi(OEQ N0Il.Z 2 94 
NI(acac)2 IS0plWle HSi(OMe)3 None 2 92 
Ni(acach ISOpreIle HSiEt3 Benzene 4 97 
Ni(acach ISopl.ene HSiEts THF 4 96 
M(ac=)z Isoprene HSiEt3 n-Hexene 4 90 
Ni(acac)2 Isoprene HSiEtg e Benzene 4 93 
NiCl2 = Isoprene HSiEt 3 THF 6 95 
Ni(acach d Isoprene HSiEt3 THF 5 a7 
Co(acac)a Isoprene HSi(OEt)s None 6 44 
Fe(acac)g 1,3-Pentadiene HSiEtg None 2 41 
Ni<acac)2 1.3-Pentadiene HSiEtg None 3 
NXa=c)2 1.3-Pentadiene HSiMeCl2 None 3 :: 
Ni(aca+ 1.3-Pentadiene HSi(OEt)3 None 3 
Ni(acac)z g 
Ni(acach h 

1,3-Pentadiene HSi(OEt)g None 3 g:: 
1,3-Pentadiene HSi(OEt)g None 2 91 f 

Co(acac93 1,3-Pentadiene HSi(OEt)j None 4 48 

c M(acac),. 0.1 mmol; AlEt3, 0.2 mm01 (Ni) or 0.3 mm01 (Fe or Co); diene, 15 mmol; HSi(OEt)a. 5.4 
mm01 or HSiEt3, 6.3 -01 or HSlMeCl 9.6 mmol; and solvent 2 ml. b Based on silane: containing a smell 
amount of isomer(s). c AlEXa/Ni q2c = 3. ~‘Reductent: LiAlIQ, 0.4 mmol. e 10 mmoL f Containing approx- 
imately 30% of MeCH=CH[Si<OEt)gl Me. g Reductant: BuMgBr. 0.2 mmol. h Reductant: EtZAlOEt, 
0.2 mmol. 

(III). Only for the case of triethoxysilane was this isomer, (IIIa) also formed. 
It was isolated by preparative GLC and identified by its NMR and IR spectra 
(see experimental section). Compounds (III) may arise from l&addition to 
the diene, but it is more probable that they, like (II), derive from 1,4-addition 
but in the reverse sense. Label&g experiments may resolve these alternatives. 

Only the systems with M = Fe, Ni, or Co show any activity; however, the 
Co and Fe systems give lower yields of the hydrosilylated products, and many 
more side-products_ The nickel catalyst is thus L&e reagent of choice in terms 
both of reactivity and selectivity and is more active than Speier’s catalyst. The 
results are summ arised in Table 1. 

The preponderance of 1,4-addition products suggests that hydrosilylation 
proceeds through a n-allylic intermediate, as is also proposed for many catalytic 
reactions of dienes [7,8]. A possible mechanism for the hydrosilylation of 
I,$-pentadiene is shown in Fig. 1. This involves the formation of a zerovalent 
nickel species, stabilised by diene or other ligands, followed by oxidative addi- 
tion of s&me and subsequent formation of a n-allylic intermediate. The next 
step is the formation of a secondary alkyl-nickel complex. The rearrangement 
of secondary nickel alkyls to primary alkyls has been proposed by Kumada [9] 
to occur during the coupling of secondary alkyl Grignard reagents to alkyl 
halides catalysed by bis(phosphine)nickel dihalides. Using trialkylsilanes, the 
rearrangement must occur faster than the silicon-carbon bond forming step; 
with trialkoxysilanes, which react faster with dienes (see competition experi- 
ments), appreciable amounts of (III) are formed before rearrangement occurs. 
Kumada et al. [9] found the rearrangement of secondary nickel alkyls was 
accelerated by the addition of more electron-donating ligands on nickel, due #X-J 
the stabilisation of the n-intermediate (the so-called P-effect [lo] ). Addition of 
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Fig. 1. Propoki rpechankm for tydrosil$ation of 1,3-pentadiene. 

-. -. 
various ratios of phosphineg, which are better electron.donors than dienes, was; 
in,f&t, f&r&o lessen the a&our&of (IIIa) formed; the res&s are summ&ised 
in-Table 2; Dibhos (Ph2 PCHz CH, PPhz ) g&es higher yields of (IIIa), in keeping 
Mith its !ow actitity .&reanging secondary alkyls [9]. ..- 

.-Nick&(O) tid pall@iurn catalyst& have been reported .[7 J to give with 
&,&xii&tie -the cotipled adducts, octadienylsilane derivatives. W&z find no coupled 
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TABLE. 2: 
. . : .’ -_ 

GGAND EFFECTS ON THE HYDROSILYLATION OF.~.~~P&?ITADIENE 0 

-Li&ldfL) Ratio qf L/I@+ . . Yield of Ratio of 
l/l-adduct (%).b (IIa)/(IIIa) ” 

429. 

None= : 96 70130 
None 91. 70130 
PPh3. 1 97 9713 
PPb3 2 94 931-J 
PPh3 3 98 
Diphos d 

9416 
1 96 75125 

bipy e 1 97 85116 
.P(OPh)a 1 73 90110 

a (i) Ni(acac)z. 0.1 mmol; 1.3-pentadiene, 15 mmol and L mixed at 20”; (ii) AlEt (OEt), 0.2 mmol in hen- 
zene added at 0” ; (iii HSi(OEt)s, 5.4 mm01 added at 0” ; stirred at 20° for 3 h. b Based on silane. C 0.2 mm01 
AlEt as xeductaut. d 1.2-bis(diphenylphospbino)ethaue. e 2,2’-bipyridine. 

RCH /R + =CH-CH=C 
\ 

(A) 
\ 

SiX3 

1” 
RCH=CH-C-C 

I R ‘Six3 + 

iB) 

H2C=C-CH-_C jR + 

I \ 
R SiXg 

(Cl 

H$Z=CH-C=CH2 + 

1 
CH3 

TCtiE. - 

I?ii. 2. Possible structures and Diels-Alder adducts. 
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adducts~‘oct&lienylsilane derivatives. We-find no coupled products for the case 
.of isoprene or 1,3-pentadiene with the. Ziegler systems. 

TheseZiegler catalysts are inactive for the hydrosilylation of cyclic dienes 
such as cyclopentadiene, cis$is-1,Bcyclooctadiene; .or norbomadiene. 

Acetylenes 
Terminal acetylenes, RECH, are known to react with silicon hydrides to 

give l/l-[RCH=CH(SiX, )] or l/Z-[RCH, CH(SiX3 )2 ] adducts in the presence 
of peroxides, bases, or platinum catalysts [ll] ; the last-named give exclusively 
-the trans-isomers 1123. With Ziegler systems containing nickel, terminal ace- 
tylenes have been found to give coupled adducts, 1,3_butadienylsilane deriva- 
tives (eqn. 3). Thus nickel acetylacetonate was reduced in 1-pentyne with tri- 
ethylaluminium to give a dark-green s&lution. Addition of triethoxysilane at 0” 
was highly exothermic; distillation gave a coburless liquid in high yield. GLC 
analysis showed the presence of two components [(IVa), 80%; (Va), 20%], 
from which pure specimens of (IVa) and (Va) were obtained by preparative 
GLC. The mass spectra (P = 300) and elemental analyses revealed both of them 
to be 2/z pentyne-silane adducts. There are four possible structures (Fig. 2, 
A-D) for these, even without considering geometrical isomers. The IR spec- 
trum of the major product, (IVa), showed the presence of a conjugated double 
bond at 1600 cm-’ and a terminal methylene group (3080 and 902 cm-’ ) 
(Table 3), which suggests structures C or D. ln the olefinic region of the NMR 
spectrum three peaks appeared at r 4.36 (triplet), 7 5.10 (multiplet),-and 
T 5.21 (multiplet), in integrated ratio of l/l/l. The fine structure was con- 
firmed as arising from coupling with the methylene protons adjacent to the 
carbon-carbon double bonds, as this changed to a first-order spectrum con- 
sisting of a singlet and two doublets when the methylene proton resonance at 
7 7.85 was irradiated. The peak at 7 4.96 is therefore assigned to the proton of 
the group =CH(SiXB ), and the others to the terminal methylene protons; it is 
curious that in vinylsilanes H, C=CH(SiX, ), the olefinic proton adjacent to the 

TABLE 3 
H’ SiX3 

SPECTROSCOPIC DATA ‘&gC 

HZ’ ‘H3 

R 53x3 NMR = 
Chenlicai shifts (7) 

H3 Hi and H* 

IR b (cm-i ) 

C-H asym. C-H out Coni. double 
stretch of plane def. bond 

nC3H7 si(CCzH5)3 
*-C3H7 Bi(CzHs)3 
nQH7 SiClz(CH3) 
nC3H7 WCH3)3 
n-C3H7 Si(CH3)3 d 

nC3H7 Si(OCHs)s 

nC4H9 SiG2Hjh 
(CH&CHCH7- 3i(CH3)- 

CH2 G2Hs)z 
Cd-% =<cH3)3 
CHz=C(CH3) WCC2 Hs )3 

4.96 
4.88 
4.61 
4.85 

5.00 
4.83 

4.80 
3.59 
4.86 

5.10 =. 5.21 = 
5.23 e 
4.99 c. 5.08 = 
5.25 = 
5.28 e 
5.15 e 
5.18 e 

5.19 e 
4.03 c. 4.56 c 
g 

3080 902 
3080 902 

3080 915 
3080 904 

3080 906 
3080 902 

903 1595 
908 1565 
890 1598 

1600 
1598 
1594 
1598 
1587 
1595 
1595 

.o CC4 solution; benzene or TMS reference. b Liquid film. c Centre of muitiplet. d H(D)C=C(R)-C(R)= 
CDISi(OC2H5)31f c Two protons. f Unasskrable due to overlapping bands. g RCHA=CHB-C(R)= 
CH(SiX3); AB quartet, IHA 3.62; rHB 3.43; JAB 16 Hz. 
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.. .. 
m& ‘fact.th&Di+-Aider adducts are accessible from these l,&butadienes sug- 
gest& &i~:s~@_.we (IV) is appropriate, as (IV’) is seen from molecular models 
to be prevented from forming adducts due to the steric hindrance of the silyl 

’ group, [aS is cis-1,3-pentadiene (X), by the methyl group, whereas trans-l,$- 
pentadiene readily forms adducts [18] ] . 

The Ziegler system was found to be active with other alkylaceQlenes, the 
2/l adducts [(IV) f-g] being formed in comparable yields and with similar ratios 
of (IV)/(V) (i.e., 80/20). The reaction of 2-methyl-1-buten-3-yne (isoprenyl- 
acetylene), however, leads to the isolation of the 2/l adduct in 50% yield with 
the major isomer (” 80%) being (Va) identified by its NMR spectrum (see 
Table 3). The hydrosilylation of phenylacetylene was carried out in benzene with 
methyldichlorosilane giving a low yield (36%) of (IVh) after methylation with 
methyllithium and subsequent work-up. The lower yield in this case was pre- 
sumably due to concomitant formation of phenylacetylene oligomers (15%) and 
purification difficulties. The system was inactive for all internal acetylenes, 
which are also not oligomerised by Ni* catalysts [x7], perhaps due to lack of 
an active hydrogen to form a nickel-hydrogen bond or steric hindrance to in- 
sertion. HOCHl TECH or C1CH2 GCH did not hydrosilylate forming polymers, 
whereas Me3 SiGCH did not react, presumably for steric reasons. Ziegler systems 
containing Cr”‘, Mn” Fe”‘, Corn, MO”‘, or Cun acetylacetonates were inactive 
for the hydrosilylatio; of terminal acetylenes, giving acetylene polymers or 
oligomers. 

Various catalysts and solvent systems were used for the hydrosilylation of 
pentyne with silanes, as summarised in Table 5. 

A possible mechanism for the reaction is outlined in Fig. 3_ Again it in- 
volves formation of a Ni* species stabilised by acetylene ligands, oxidative addi- 
tion of the silane, followed by insertion of acetylene molecules into first a Ni-H 
bond and then into a Ni-C bond. Finally the carbon-silicon bond is formed re- 
generating the acetylene-stabilised nickel( 0) species. The successive insertion 
of the acetylene first into a nickel-hydrogen bond and then into a nickel-carbon 
bond may explain the unusual preponderance 1171 of the head-to-head 
dimerised product. The formation of a Ni-H bond may alternatively occur by 
oxidative addition of the acetylene, as is proposed in nickel-catalysed acetylene 
oligomerisation [17], thus explaining the inactivity of internal acetylens in 
hydrosilylation. 

Relative reactivities of (a) sihmes and (b) unsaturated hydrocarbons 
In hydrosilylation the reactivity of silanes is known to depend on the 

nature of the unsaturated substrate and the catalyst employed. For example, 
with Speier’s catalyst, the activity of silanes has been shown to increase with 
increasing electronegativity of the substituents on silicon 1191. The competi- 
tion of silanes for a deficiency of unsaturated substrates showed that HSi(CH3 )- 
Cl* and HSi(OC& H5 )a were each more active than HSi(C* H5 )3 towards iso- 
prene or 1-pentyne using the Ni(acac), -Al(G HS )3 system, see Table 6. Un- 
fortunately, competition experiments between chloro- and alkoxy-silanes proved 
impracticable due to the occurrence of exchange of substituents on silicon. Com- 
petition between 1-pentyne and a diene for a deficiency of silane similarly 
showed that acetylenes are more reactive than dienes, because of-the formation 
of only the pentynesilane 2/l adduct. 
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NiP 
: 

‘.,_ 
-. 

Ni(O)(RCECH),, 

I 

HSiX3 . . 

(RCsCHln(SiX31Ni-H 

RC=CH 

-A. 

RCECH 

\ 
(RC=CH),(SiX_,lNi-CH=CHR 

I RC-_=CH 

(RCECH)n(SiX-JNi-CH=C(R)-CH=CHR 

X3SiCH=C(R)-CH=CHR 

+ 

Ni(RC-CH)n 

RC=CH 

(RCcCH),,(SiX3)Ni-CH=C(R)-Co=CH2 

1 
X$iCH=C(R)-C(R)=CH2 

+ 
Ni(RCSCH)n 

Fig. 3. Reposed me- far hydrodlylation of terminal acetylenes_ 

The Ziegler system often utilises Etg Al as the reducing agent. This limits 
the scope of the reaction if Etg Al reacts more rapidly with a functionabed 
acetylene. An alternative zerovalent nickel cata$yst, ~~(n-~,5_eyeIooetadiene)- 
nickel(O), was therefore investigated. With 1,3-pentadiene, a 90% yield of the 

TABLE 6 

COMPETITION EXPERIMENTS AT 20” = 

Ksf(oEfl3<6.3~ 
ESiEt3 (6.3) 
HsiMeiXi (6.3 ) 
fIsiEt3 (6.3) 
HSi<OEt)3(6.3) 
-3 (6.3) 
astMeCi2 <6-3) 
HSiEt,. (6.3) 

7” - - 

==3 (6.3) 100 90 

L 
0 ~i<acac~. 0.1 mmol: Bt3AI. 0.2 mm& 3 h at 26”. 5 B&d on silage. C Somkacetylene olig&er also 
formed. 
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l/l adduct was isolated, with a ratio of (IIa)/(IRa) of ‘70/30. Although this 
catalyst with 1,3-butadiene at a higher temperature and trialkylsilanes is re- 
ported [7] to give 38% of the coupled adduct, octadienylsilane derivatives, no 
coupled products were found in this case. With 1-pentyne, relatively low yields 
(43%) of the 2/l pentyne/silane adducts were formed. 

Experimental 

General procedures 
All reactions were carried out under pure argon, using freshly distilled, dry, 

degassed solvents. 
1 I-I NMR spectra were recorded on Varian Associates A60 or T60 spectro- 

meters, Mass spectra were obtained on a Hitachi-Perkin-Elmer RMU6 instru- 
ment. IR spectra were taken with a Perkin-Elmer 457 grating_spectrophoto 
meter as thin films. The GLC analysis of the reaction products was carried out 
on a Pye Series 104 Gas Chromatograph, using a 6 ft column of 10% SE30 on 
loo-120 mesh Chromasorb G, using the following conditions: 

Comuound Temp. eC> Internal ref. 

CH~CH=C(CHJ)CHZS~XJ 150 Indane 

CH3CH2CH=CHCH2SiX3 150 Indane 
CH~=C<C~H~H(C~H~I=CPHS~X~ IS0 Naphthalene 

All the unsaturated organic compounds were commercial products, dried 
over molecular sieves and distilled prior to use, with the exception of 1-pentyne 
which was prepared by the literature method [ 201. Triethoxy- [21j, timethoxy- 
[21], trimethyl- 1221, triethyl- 1231, diethylmethyl- [24] silanes and bis(x-1,5- 
cyclooctadiene)nickel [25] were prepared by standard methods. 1-Pentyne-d, , 
n-C3 H, (ZCD, was prepared in a purity of more than 95% from the reaction 
1261 of D2 0 (purity 99.7%) and n-C, H, CZCNa; The metal acetylacetonates 
were commercial samples dried by heating under vacuum for 6 h at 110”. 

The h~drosilylation of isoprene or 1,3-pentadiene 
A typical procedure for the hydrosilylation of l,$-dienes is as follows. The 

reduction of Ni(acac), (78 mg, 0.3 mmol) in 1,3-pentadiene (6.8 g, 100 mmol) 
with AlEt (0.6 mm01 in 0.6 ml,of benzene) was carried out anaerobically, 
using ice-bath cooling. This afforded an orange-yellow solution. After addition 
of triethylsilane (3.6 g, 31 mmol) the mixture was set aside (6 h) at room tempe- 
rature. The’ reaction proceeded exothermically. After removal of volatile mate- 
rials under reduced pressure at room temperature, distillation gave impure 
triethyl-(2-pentenyl)silane (Hb) (4.2 g, 82% based on the s&me), b-p. 88”/11 
mm. GLC analysis at 140” showed it to contain a small amount of an isomer. 
[The reaction with triethoxysilane gave a product containing much more (ca. 
30%) of the isomer (III).] Isomer (III) was isolated by preparative GLC and 
the structure was deduced from IR and ’ H NMR spectra, details of which fol- 

low. 
-(a). .CH,~C~[_Si((oEt),] CH=cIIcN, . IR: v(CH) of the =CH, 3015; v(C=C) 

1648.cm’’ _ NMI%: 7 4.5-5.1 (2H, CH=CH), 6.25 (6H, quartet, J7 Hz, O-CM,- 
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TABLE7 

ANALYTICALANDPH~SIC~~=I)ATA 

n’o’ ArlalYsis found (c8lcd.) <%) MoLwt. 
found b (cakd.) 

C H N 

CsH15Si03 87129 

qr_AYc4s0t 97+mJ35 

cllH24s 88D 

G&GpLc?&‘-3: er?s-ez$W 

QJTx_s&-Isl" SbJ5-a 

Qzrs2@% 

C16%23=3 138114 

C16H323i 123-12515 

Cl lHZOC~2~ IOl-10215 

c13a26si 9211 

cl 3H26=03 108-110/s 

=18=36~ 123/l 

‘%9%+ sz/o.z 

'h~H22~ 65-61d 

c16H28sio3 7x/0.05 

'%Hzzc+~~ 95--96d 

Cldkt&?N@ 

1.4383 

1.4538 

CRW 

1.4'236 

1.4168 
1.4431 

1.4712 

1.4562 

1.4700 

50.4 9.92 
(59.5) <9.56) 
is.9 1u.6 
(56.9) (10.4) 
71.8 13.2 
(71.7) (13.1) 
-%A <e&s 
(39.4) (6.61) 
%?I.% 'r'zzi 
(67.5) (12.8) 

64.3 10.8 

(64.0) (10.7) 
75.8 12.5 
(76.1) (12.8) 

74.4 12.6 
(74.2) (12.5) 
60.0 9.92 
(60.4) (10.1) 
77.4 13.3 
(77.1) (12.9) 
77.6 12.9 
(77.5) (13.0) 
82.1 7.97 
(82.0) (7.97) 
65.3 9.40 
(64.8) (9.52) 
67.7 7.75 
(67.4) (7.74) 
66.7 8.19 
(67.0) (8.29) 

232 

(232) 
184 
(134) 

(300) 
252 

(252) 

210 
(210) 

296 
(296) 

16.7 338 
(16.6, (338) 
16.8 
(16.5) 

cI CContaiSi~ a sms3 amount of isomer. t%Bass ~pectza*.~ T%&ained3rom Enhe reaction 03m iifa 
CH3iX.SfMeItingpoint I%]. 

-C),. 7.8-8.6 (4H, CH3-C=C-CH-Si), 8.85 (9H, triplet, J 7 Hz, 0-C-CH3), 
and 8.97 (3H, broad doublet, J 7.5 Hz, F+H, ). 

(b). CH3CH, CH=CHCH, Si(OC2H5 13. IR: v(CH) of the =CH, 3015; 
v(C=C) 1649 cm’- ‘. NMR: 74.5-4.9 (2H, CH=CH), 6.25 [6H, quartet, J7 Hz, 
0-CH2-C], 7.8-8.3 (2H, C-CH2-C=), 8.4-8.7 (2H, Si-CH2 -C=), 8.85 (9H, 
triplet, J ‘7 Hz, 0-C-CH3 ), and 9.07 (3H, triplet, J 8 Hz, CH3 ). 

Some data for 1,3-pentadiene-sikme adducts are summariaed in Table 7. _ 

The hydrosilytation of acetylenes 
(a). AZkyZacety Zenes. A typicaI procedure is as follows. The reduction of 

Ni(acac)2 (130 mg, 0.5 mmol) with AlEt (1 mm01 in 1 ml of benzene) -rn 6.2 g 
(90 mmol) of I-pentyne at 0” under nitrogen gave immediately a dark-green 
SCC%lJ%DD.%&XXX+$_ti%xne )? _%& 45 rrUnC@ WiXs abbe& i&.Dr a few tin%=, iii) 
exothermic reaction took place with gentle refluxing of pentyne. The mixture 
was set aside (12 h, v&i-i S&ring) at 20”. IXstiUation gave the pen%-ynefsilane 
2/l adduct (9.0 g, 67%), b-p. 100-192” /2.5 mm, which consisted of two iso- 
m&s (;20/80). Careful fractional redistillation gave H2 C=C(n-C, H, .)-C(n-C, H, )- 
=CHSi(OC2 H5 )3, (IVa), (in purity greater than 90%), b-p., 138” /14 mm. The 
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isomer, n-c, H, CH=CH-_C(n-C3 Hi )=CHSi(OC; H, )3, (V), was isolated by 
preparative GLC. The assignments of NMR spectra for compounds (IVa) and 
(V) follows. 

-(IVa): r 4196. (IH, triplet, J 1 Hz, =C%I~Si), 5.10 and 5.21 (2H, Hz C=), 
.6.25 (6H, quartet, J7 Hz,.O-CHz ), 7.3-8.2 (4H, CH,-C=), 8.2-9.4 (lOH, 
CH, CH, -), 8.84 (9H; triplet, J 7 Hz, G-C-CHa ). 

.(V): r 3.3-4.5 (2H, CH=CH), 4.92 (IH, broad singlet, =CH-Si), 6.21 (6H, 
quartet, 2 7 Hz, G-CH2 ), 7.5-8.1 (4H, i7Hz -C=), 8.2-9.3 (lOH, CH3 CH, ), 
8.75 (SH, triplet, J 7 Hz, G-C-CHs ). 

Reactions with trimethylsilane and methyldichlorosilane were carried out 
using a solvent such as benzene, in a flask fitted with a dry-ice condenser. 

The physical properties of the adducts are summarised in Table 7. 
(b). Phenylacetylene. Ni(acac)* (78,mg, 0.3 mmol) in phenylacetylene (5.1 

g, 50 mmol) and benzene (10 ml) was reduced at 0” by AlE& (0.6 mmol). 
Methyldichlorosilane (5.0 ml) was added ‘at 0” , and the mixture allowed to warm 
to room temperature. After the exothermic reaction had ceased, stirring at 20” 
was continued (6 h). Volatile material was removed under vacuum, and the vis- 
cous yellow-brown residue dissolved in ether (90 ml). This was treated in turn 
with CH3 Li (57 mmol) solution and water, and the non-aqueous portion was 
dried (Na, SO4 ). After removal of solvent, the 2/l adduct was extracted with 
petroleum ether (80 ml), the solvent removed, and the solid adduct recrystallised 
(MeOH/& HI2 ) to afford the adduct (2.5 g, 36% based on PheCH). 

The Diels-Aider reaction with tetracyanoethylene. 
H2 C+Z(C, H, )--C(C, H, )=CHSi(CH, )3 (IId), (748 mg, 3.56 mmol) was 

added to tetracyanoethylene (450 mg, 3.52 mmol) in tetrahydrofuran (8 ml). 
The orange-yellow-solution was heated (5 h) under reflux. After removal of the 
solvent, the residue was recrystallised (C, Hb /Cs HI2 ) to give white crystals of 
the adduct, (60% based on tetracyanoethylene), m.p. 95-96”. NMR assignments 
are in Table 4. 

Use of bis(r-1,5-cyclooctudiene)nickel(O) as catalyst 
1,3:Pentadiene (3.4 g, 50 mmol) was added to bis(;rr-cyclooctadiene)nlckel 

(0.28 g, 1.0 mmol) and the golden solution cooled to 0”. Triethoxysilane (4.0 
ml, 3.5 g, 22 mmol) was added, and the reaction mixture allowed to warm to 
room temperature, when an exothermic reaction began. After 4 h at 20”, the 
volatiles were removed under vacuum and the residue distilled giving the l/l 
pentadiene-silane adduct (4.6 g, 90%), b.p. 96”/10 mm, identified by compari- 
son of its NMR, IR, and GLC characteristics with that of an authentic sample. 

‘Ihc hydrosilylation of 1-pentyne was carried out in the same manner (yield 
43%). 

Analytical and physical data for the new compounds are summarised in 
Table 7.. . . _ 
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