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Summary 

The hydrosilylation of cyclohexadienes using Ni(acac)z -Al(OEt)E$ 

gives only the aI1yl.i~ cyclohexenylsilane with both 1,3- or 1,4-(in presence 

of a phosphine)cyclohexadienes. The reactions with the isdmeric cis- or 

trans-1,3-pentadienes giving 1 :l adducts), using the Ni(acac)a-AlEta 

catalyst, are compared. 2,3-Dimethyl-1,3-butadiene readily gives mainly 

the product of 1,4- rather than 1,2-addition, but the proportion of the latter 

is increased by incorporating PPh3 into the catalyst. Ni(rcac)a with other 

reduciq agents as cocatalysts are also effective. Other less reactive 

catalysts for linear 1,3-&enes include ~iCla(PPha)a]-Bu%IgBr, and 

jNi(dipy)(PhChIo]-AlEts, and for crotonaldehyde [Ni(dipy) (PhC&y2]. 

*Author to whom correspondence shouid be addressed. 
**No reprints &&table. 
t For Part III, see ref. 1. 
*Present address: Department of Chemistry, University of North Carolina at 
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Gltroduction 

We have reported the use of Ziegler systems using metal abetyI- 

acetonates in conjunction with various reducing agents for the hydmsilylation 

of I-alhy3les and linearL3-dienes [ZJ. Ihth.Lspaper~ereporton further 

studies of the utility of these and related systems for the catalysis of 

hydrosilylation. 

Cyclic dienes 

Nickel aceiylaoetonate is an active catalyst, in the presence of 

Al(OEt)Et;! as socatalyst, for the hydrosilylation using alkoxysilanes of 

(a) I, 3-dyclohexadiene and (b) in the presence of a tertiary phosphine 

11-2 Ni(acac}2 tphosptine], for 1,4-cyclohexadiene. No reaction is 

observed with a&yl- or siloxy-silanes, HSiEt+ or HSi(OSiBIe&Me; and 

with ALEt3 as cocatiyst rapid reduction of the hrl(aeac), occurs resulting 

in precipitation of metal. No reaction is observed for either system 

when attempting to hydrosifylate l,3-cycle-octadiene, 1,5-cyclo- 

octadiene, or norbornadiene (Table 1); 

Addition of triethoxysilane to 1,3-cyclohexadiene and catalyst 

results fequation (la)] in the formation of 1,4-adduct (9’7%}. 

/ 0. 
(a) 

I 
+ HSi(OEt), ___f 

(1) 

/ 
HSi(OEt)a f 0 / 
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-TABLE 1 

%YDROSILYLATION OF CYCJLIC DIE-I&S _4T 20’ C a 

Diene 
(mmoi) 

Silane 
(mmol) 

Reducip 

agent- 

Yieldd 

61 

0 / \ (15) 

0 / \ (18) 

0 / Psi 

. 1 \ (18) 
0 - 
0 

c - 
!=I 

- - c 

0 (18) 
- 

a Ni(aca~)~ 0.1 mmo1.d 
b 
- 0.2 mmoL added as solution in benzene. c PP&, 

0.2 mmol added. .-Based on silane; cakulated by quantitative GLC. 

e Rapid catalyst decomposition. fCafz.lyst reacted to form mi(PPh&(l, 5-COD)]. 

HSi(OEt), (5.4) 

HSiEts (5.3) 

HSifOEt), (5.4) 

HSi(OSiMQzMe (5.0) 

HSiEtJ P-3) 

HsqOEt), (5.4) 

HSiE& (5.3) 

HSi(OE& (5.4) 

H&Et)3 (5.4) 

W-W% 

Al(OEt) Et2 

AIEB 

0 - 

02 

Al(OEt) E4, 

AIE5 

0 

02 

AI(OEt) Eh 52 

AI(OEt)E& 0 

AVOJWEt, 0 

AZ(OEt) Eh 

97 

Of 
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Addition of triethoxysilane to l,*Gcyclohexadiene is envisaged to be by an 

isomerisation as the first step, followed by hydrosilylation, with the 

products being identified by ‘H NMR by comparison with spectr& of 

similar compounds [7a] (Table 5). 

Previous studies with [NiCL,(PPh$J [7j and 1,4-cyclohexadiene 

resulted in both possible isomers [equation (Z)] [?aJ, and that chloro- 

p1atLn.L~ acid H$tCI, catalyses addition of trimethylsilane to X,3- and 

1,5-cycfo-octadienes [7b]. 

Reduction of Nifacac)2 in 1,5-cycle-octadiene by the aluminium 

reagent in the presence of phosphine is 2 rapid reaction yieklhg a yellaw 

solution of 1,5-cycIo-octadienebis(triphenylphosphine)nickel{O), which 

did not catalyse hydrosilylation under ambient reaction conditions. 

cis- or trans-1,3-Pentadiene - - We have previously reported that 

use of a Ni(acac)2-AlEt3 system at room temperature yields the adducts 

(I) and (II) from the hydrosilylation of commercial 1,3-pentadieae (present 

in excess) by triethoxysilane [2] [equation (2)1, Thus we obtained a high 

CH&H=CH-CH=CEI, -f- HSifOEt)3 4 CH&H2CH=CHCH@(OEt)3 

SI 
(2) 

t CH$X%==CH-CH[3i(OEt)3]CH~ 

trc)- . 
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yield of atiducts, -the ratio of (I) : (IQ being 70:30. We now find that 

the hydrosilylation of pure trans-1,3-pentadiene by triethoxysilane 

yields 85% (based on silane) of the I :I adducts, with a ratio of _(I) : (II) 

of 70:30, The previously-us+I commercial sample of 1,3-pentadiene 

contained approximately SOW trans-l,3-pent&iene, 20% - 1,3-pentadiene, 

and 20% cyclopentene. However, when pure, c&+1,3-pentadiene is 

hydrosilylated by triethoxysilane, using the same catalyst system, the 

yield of 1 :I adducts is only 56%; with a (I) : (IQ raqo of S5:15. Inboth 

cases the major isomer is isolated, and identified by comparison of its 

N&!ER spectra with those of an authentic sample. As a 3:lmolar ratio of 

1,3-pentadiene~ilane is used during these and other experiments, the 

adducts from the commercial sample are probably those formed by pre- 

ferential hydrosilylation of the tram+1,3-pentadiene, the reaction with 

cis-l,3-pentadiene appearing to be slower. Thus the (I) :(lI) ratio is 

similar whether using an excess of commercial sample or the pure trans- 

I, 3-pentadiene. In chloroplatinic acid-catalysed hydrosilylations, com- 

petition experiments indicated that cis-I, 3-pentadiene reacts more slowly 

than trans-1,3-pentadiene p]. 

In our mechanism for the hydrosilylation of 1,3-dienes p], we pro- 

posed that a hydridonickel species, formed by oxidative addition of the 

silane to a Ni” intermediate, reacted with the diene to form the IT-allyls 

(IQ and (IV), which could rearrange through a o-butenyl intermediate to 

the IT-ally1 (17. 

(L represents all other ligands) 
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Carbon-siiicon bond formation from (ID) or (IV) leads to (9, whereas 

bond formation from (V) leads to (I). 

The differences in the hydrosilytation of cis- and tmns-1; 3- 
. . 

- 

peodadiene may be rationalised in terms of this proposed me&a.nism. 

cis_l, 3-Pentadiene, (VI), is expected to react more sIowIy in the g- 

cisoid configuration with a nickel hydride than trsns-1,3-pentadiene, (VII), 

due to steric hindrance of the methyl group. Thus the formation of the 

catalytic intermediates, (III) and (IV), would be slowed down, and the 

rate of cataIyst deactivation could become comparable to the rate of 

hydrcsilylation. This would lead to lower yields, The greater pm- 

portion of (4 formed from cls-X,3-pentadiene could be due to the 

formation of (V) directly from the diene, as the formation of (III) and 

(IV) becomes slower. A mechanism involving TVaUyls, simiiar to (III), 

(IV), and (V), has been proposed for the reaction of 1,3-pentsdienes with 

amines, ca”Lalysed by a @Ii{I?(OEt)3f,]-CI?3C02H system 143. c&- And 

trans-1,3-pentadiene react differently @quations (3) and (4)]. 

SO%, 6 h 
tram+CH,CISCHCHSHa -I- EfiuR, + trans-CH&!H=CH~H(NR&Fi, 

(Vu9 lo@% (3) 

80°C, 6h 
cis-CHaCH=CHCE+CHa -I- HiVRa 7-f trans-CH3CISCHCH(NJSJCHa 

(nz) 15% (4) 

+ trans-CH3CH2CHSHCH2NEQ 
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Compounds (YHi) and (IX) are the analogues of (IQ and (I) ; with trans-1,3- 

pentadiene a high overall yield is obtained in both cases, whereas with cis- 

1,3-pentadiene far lower yields are obtained; the proportion of (VHQ, or 

its analogue (II), is lower in the reaction with cis-1,3-pentadiene. The - 

bydroamination thus shows qualitative similarities to the Ni(acac)2-AlEQ 

catalysed hydrosilylation of cis- and trans-1,3-pentadienes [equation (2)], 

which is consisterit with the similar mechanisms proposed. 

Other Linear dienes The hydrosilylation of a 2,3-dimethyl-1,3- 

butadiene using the Ni(acac)2-AlEb catalyst system gives essentially 

quantitative yields of the 1,4 adduct, a 2,3-dimethyl-2-butenylsilane, (XI), 

[equation (5)], at room temperature. The 1,2 adducts, 2,3-dimethyl-3- 

CH@Z(CH3)=CH2 -I- HSi& 4 (CH&C=C(CH3)CH$iX3 (5) 

(xl) 

[(XI@, X = OEt; (XIb). X3 = (OSiMe&$Ie; (XIc), X3 = Et2Me] 

butenylsilanes , are also formed in very low yield (ca. l-2'%)). These were - 

identified by comparison of their GLC characteristics with authentic 

samples. However, if triphenylphosphine is added to the catalyst system 

(Ni:PPh3, 1:l) the ratio of l,4 adduct:l,2 adduct becomes 85:15, although 

the yield drops to 46% Ix, = (OSiMe3)2Me]. The interpretation is as 

follows. The hydrosilylation of 2,3-dimethyl-1,3-butadiene by bis- 

(trimethylsiloxy~methylsilane involves a diene, which according to the 

proposed mechanism 121, should give rise to a sterically hindered n-ally1 

intermediate, and a bulky silane. Hence simultaneous rr-ally1 formation 

and oxidative addition of the silane to nickel should become more difficult 

if triphenylphosphine is also co-ordinated to the nickel. 

Sodium bis(2-methoxy-ethoxy)aluminium hydride in place of tr$- 

ethylaluminium has been noted before in the hydrosilylation of l-alkynes [5] 

and 1,3-butadiene [6]_ Sodium borohydride in conjunction with Ni(aca& 
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also gives a catalyst system which is oniy weakly active at elevated tem- 

per&tire8 (60’ C). The results are summarised in Table 2. 

Attempts to hydrosilylate 2,5-dimethylr2 s 4-hsadiene with triethoxy- 

&lane usix the ~Ni(aca+-AlEh catalyst system resulted in catalyst de- 

composition and no hydrosilylatioa This result is not surpdsing, as this 

dieie is very sterically-hindered, and addition across the Ni-H bond 

postulated as a step in the catalytic cycle [2], would be very difficult. 

The use of dichlorobisphosphinenickel(lI) complexes DicELorobis- 

phosphinenickel(H) complexes, in conjunction with butylmagnesium bromide, 

form active ca&&lysts for the hydrosilylation of dienes at room temperature 

(Table 3). 

The activiQ of these catalyst systems is lower than that of the nickel(H) 

acetylacetonate system. The results resemble those obtained by using di- 

chlorobisphospfrinenickel(IQ complexes without added reducing agent at 105’ C, 

e.. , equation (6) [‘?I. The use of an added reducing agent obviates the need 

for higher temperatures, which were nectissary for reduction of the Ni 
II 

INiCWmpf)l 
CH#(CH3)C*CH2 t HSiMeC& _____t (CH&C=CHCH2SiMeCl, 

105*C, 8 days 
33% (6) 17, 81 

+ CH&H=C(CH3)CH2SiMeC12 

44% 

[dmpf = 1,l’ -bis(dimethylphosphino)ferrocene] 

complexes by silane to a catalytically-active Ni” species IS]. More basic 

phosphines increase the yield of the 1: I adducts. This trend was also 

observed for the dichlorobisphosphinenickel(It) catalysts f7J. The products 

formed axI their prqportions resemble those obtained with the Ni(aca&- 

P!& system to which the appropriate phosphine has been added [Z]. The 

(Continued on p. 144) 
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lack of catalytic reaction using lithium aluminium hydride or triethyl- 

aiuminium is, however, surprise. 

Theuse of dipyrldylCoenzonitrire)nicIrel(G) as a hydrosilylatioo catalyst 

Dipyridyl@enzo~trile)nickel(O) is an kir-stabie cctmpou~d and catalyst for 

thepolynerisafZonof acryIonitrifein air $1. However, attempts to use it 

as a hydrosilylation cataiyst were only moderateIy successful, 

Without a co-catalyst, it is inactive for the hydrosilyiation of 

dienes or acetylenes, but upon addition of trieth@Iuminium, the reaction 

mMures become homogeneous, and moderate yields of adducts are ob- 

tained (Table 4). The effect of the triethylahxninium may be to cause 

aikylation yielding diethyl(dipyridyl)nickel(IlJ , w-bich.is known to be a modest 

hydrosilylation catalyst PO]. Alternatively, Iigand abstraction {for which 

there is precedent pl])may occur, leaving a ca’Mytic nickei species. 

Dipyridyl(benzotitrile)nickel reacts with crotonaldehyde to give a 

homogeneous solution at 20’ C, and this is an active catalyst at higher 

temperatures for the hydrosilylation of crotonaidehyde by triethoxysiiane 

(Table 3). 

Experimental 

AU reactions were carried out under pure argon, using freshly 

d&tied, dry; degassed solvents. 

“H NMR spectra were recorded on a Varian Associates A60 or T60 

spectrometer. IR spectra were obtained with a Perkin-Elmer 457 grating 

spectrophotometer as thin fibs. Mixss spectrum - GIX dyses were 

carried out on a machine constructed from an Edivards E606 Fast Sxinniq 

M&s Spectrometer and a Pye-Unicam Model 2M Series 64 gas chromate- 

graph Preparative GIG separations were carried out using a Pye- 

Unicam atide 105 instrument. The GLC analysis of the reaction products 

was crrried out on a J?ye Series l&t Gas Chromatograph, using a 6 ft 

column of 10% SE30 on loo-120 mesh Chromasorb G, using the following 

conditions : 
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compound 

CH&H=C HC HzOSi(OEt.) 3 

Temperature 
to C) 
140 

CH,CH,CH=CHCH,Q(OEt), 155 

CH3CHSCHCH[Si(OEQ]CH, 155 

(CH~~CH+C(CH~)CH$SiE~Me 160 

(CH~2C~C(CH,)CHzS(C~)~ 160 

(CH~)~CHX(CH~CH$Si(OSiMe&Me 165 

H+C(PI+(P~=CHS~(OE~)~ 195 

P&SCHC(PY+CHS~(OE~)~ 195 

u - s @Et)3 165 

Internal ref. 

Indane 

Indane 

Indane 

Indane 

Indane 

Indane 

..g-Dodecane 

n-Dodecane 

Indane 

AU the unsaturated organic compounds were commercial products, 

dried over molecular sieves and distilled in an inert atmosphere prior to 

use, with the exception of 2,3-dimethyl-1,3-butadiene, which was prepared 

by the literature method [12]. Triethoxy- 1133, diethylmethyl- p4], bis- 

(trimethylsiloxy)methyl- 1151 sikanes were prepared by standard methods. 

Nickel ace@lacetonate was a commercial sample dried by heating under 

vacuum for 6 h at 110* C. The dichlorobisphosphinenickel(H) complexes 

were prepared by standad methods 115,X6], as was the dipyridyl@enzo- 

nitrile)nickel(O) 191. _ Other details are in Tables l-5. 

A typical hydrosilylation is as follows. 

A&OEt)E$ (0.4 mmol) (as M solution in benzene) was added to a 

solution of Ni(acac)2 (52 mg, 0.2 mmol) in I, 3-cyclohexadiene (5.0 g, 

62.5 mmol) at 0’ C, and the-mixture stirred until a dark brown colour was 

formed. Triethoxysilane (3.63 g, 22 mmol) was added and the mixture 

allowed to warm to room temperature and stirred for 8 h. 

Volatiles were removed under reduced pressure (- 2 mmHg) and the 

residue distilled under reduced pressure through 8. Vigrewr column to give 
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TABI;E 5 

.: .._ 

‘H NiWR DATA FOR 
.,: 

Chemical shift (7) 
(integration, descrigkion) Assignment 

4_ 25 - 4.40 (2H, mdtiplet) 

6.2 (6H, quartet) o-si-cH~- 

7.95 - 8.45 * (7H, broad multiplet) Rig protons 

9. 55 (9H, triplet) OSi-C-CH3 

a 100 MHz spectra; CID@, solution, CHC& reference. 

Z-cyclohexe~ykiethoxysilane (3.04 g, &I%), b. p. 122’ C/IO mm&: 

(Found: C, 59.0; H, 9-92. C12H.&XQ requires C, 59. 0; H, 9.84%). 

GIL! showed this to contain one adduct identZkd by ‘H NMR on a Var3a.n 

100 MX2 N&E3 spectrometer (Table 5). 

To obtain I:2 (diene:silane) adducts, which acyclic dknes, the 

proportion of silane was increased (from 3~1, diene:siki.ne to 3:2), and 

i;l the @drosilylation usi% Ni” complexes the silane was added to a 

solution of the complwr in the unsaturate, 

Aclo.zowledgemenis 

We thank Dow Cornkg Limited (Barry) and S. R. C, (a students& 

award :to A. J. C. ) for their support. 
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