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Summary:

The hydrosilylatiorof cyclohexadienes using Ni(acaell(OEt)Et, gives only the allylic cyclohexenylsilane
with both 1,3 or 1,4(in presence of a phosphingjclohexadienes. The reactions with the isomascor
trans-1, 3-pentadienes (giving:1 adducts), using the Ni¢ac) -AlEt; catalyst, are compared. 2[8methyl-1,
3-butadiene readily gives mainly the product ofTather than 1Addition, but the proportion of the latter is
increased by incorporating PHhto the catalyst. Ni(acag)vith other reducing agesias cocatalysts are also
effective. Other less reactive catalystsliioear 1, 3dienes include [NiG{PPh),]-Bu®MgBr, and[Ni(dipy)
(PhCN}] 1 AlEts, and for crotonaldehyde [Ni(dipgPhCN}Y].

Article:

Introduction

We have reported the use of Zieglesteyns using metal acetigletonates in conjunction with various reducing
agentsfor the hydrosilylation of dalkynesandlinear 1, 3dienes [21. In this paper we report on further studies
of the utility of these and related systems for the catalysigdarosilylation.

Cyclic dienes

Nickel acetylacetonate is an active catalyst, in the preseré@IEt)EL, as cocatalyst, for the hydrosilylation
using alkoxysilanes df) 1, 3-dyclohexadiene and (b) in the presence of a tertiary phosghihbli(acac) i
phosphine]for 1, 4cyclohexadiene. No reaction is observed with alkylsiloxy-silanes, HSiEtor
HSi(OSiMe&).Me; andwith AlEt; as coctalyst rapid reduction of theiféicac) occurs resulting in precipitation
of metal. No reaction is observed fother system when attempting to hysliiglate 1, 3cyclo-octadiene, 15
cyclooctadiene, or norbornsrliene (Table 1).

Addition of triethoxysilane to 1,-8yclohexadiene and catalystsults [equation @)] in the formation of 1, 4
adduct (97% Addition of triethoxysilane to 1;4yclohexadiene is envisaged to be by an isomerisation as the

first step, followed by hydrosilylation, with the products being identifiedHbf){MR by comparison with
spectra of similar compounds [7a] (Table 5).

(2) Si(OEf);
@ + HSi(OEt); ——

(b) | phosphine @)

HSi(OEt); + ©
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" "TABLE 1
'HYDROSILYLATION OF CYCLIC DIENES AT 20°C 2

Diene Stlane Reducigg Yieldd
-(mmol) (mmol) agent— (%)
@ (15  HSi(OEY), (5.4) AL{OEt) Et, 97
@ (18) HSiEi; (6.3) Al(OEDEL, 0
@ (15)  HSI(OEY); (5.4) AlEt; &
@ (15)  HSi(OSiMey),Me (5.0)  AL(OEf)Et, 0
' @ (18) HSiEt;  (6.3) AlEY &
e
@ (15  HSi(OEt), (5.4) AlL{OEt)Et, 52
c .
@ (18) HSiEt; (6.9) Al(OEt)Ei, 0o -
O (15) HSUHOED; (5.4) AY(OED) Etp 0
c
O (15) HSI(OED); (5.4) Al{OEt)Et, of

éNi(a.cac::)vz 0, 1 mmol, b 0.2 mmol added as solution in benzene. = PPhy,
0.2 mmol added. — Based on silane; calculated by quantitative GLC.

= Rapid catalyst decomposition, E-Catalyst reacted to form [Ni(PPhy)s(1, 5-COD)].

Prevous studies with [NCI(PFh3);] [7] and 1,4cyclohexadiene resulted in both possible isomers femqué?)]
[7a], and that chlonplatinic acid HPtCJs catalyses addition of trimethylsilane to 1a®d1, 5-cyclo-octadienes

[7b].
SiI‘.IeGIz
O + HSIMeCl, ——> O + Q @

SiMeCl,
(41%) (55%)

Reduction of Ni(acag)n 1, 5cyclo-octadiene by the aluminium reagent in pgnesencef phosphine is a rapid
reaction yielding a yellowolution of 1, 5cyclo-octadienebi@riphenylphosphine)nickel(0), which did not
catalyse hydrosilylation under ambient reaction conditions.

cis- ortrans-1, 3-Pentadien&Ve have previously reported that use of a Ni(geAtlt; system at room
temperature yields the adduétsand (Il) from the hydrosyllation of commercial 1,-pentaliene (present in
excesshy triethoxysilane [2] [equatio®). Thus we obtained a higheld of adducts, the ratio of (1) : jIbeing



70:30. We now find that the hydrosilylation of parans-1, 3-pentadiene by triethoxysilane yields 85% (based
on silane) of thd.:1 adducts, with a ratio of)(I (Il) o f 70:30. The previoushused commercial sample of t, 3
pentadiene contained approximately 60&hs-1, 3-pentadiene, 20%is-1, 3-pentadiene, and 20%
cyclopentene. However, when puis-1, 3-pentadeneone is hydrosilylated by triethoxysilane, using thme
catalyst system, the yield of 1:1 adducts is only 56%; wi{th :Il) ratio of 85:15. In both cases the major
isomer is isolated, and identified by comparison of its NMI spectra with those of an authentic sample. As a 3 :
molar ratio of 1,3entadene:silane is used during these and other experiments, the adducts from the
commercial sample are probably those formed bfepeatial hydrosilylation of therans-1, 3-pentadiene, the
reaction withcis-1, 3-pentadiene appearing to be slowirus the () : (Il) ratio is similar whether using an
excess of commercial sample or the puaes-1,3-pentadiene.n chloroplatinic aciecatalysed
hydrosilylations, corpetition experiments indicated thas-1,3-pentadien.e reacts more slowly theans-1,3
pentaliene [3].
CH,CH=CH-CH=CH, + HSi(OEt); —> CH;CH,CH=CHCH,SI(OEt);
)}
(2)
+ CH3CH=CH-CH[SI(OEt);]CH;
(I .
In our mechanism for the hydrosilylation of di&nes [2], we pnoosed that a hydridonickel species, formed
by oxidative addition of the silane to a’Nitermediate, reacted with the diene to form tkalyls (I1l) and
(IV), which could rearrange throughiabutenyl intermediate tthe " -allyl (V). Carbonsilicon bond formation
from (111) or (IV) leads to (1), whereasond formaion from (V) leads to (I).

N~ N AT
1 Ni Ni
X_-,Si/N \L _ xssi/ \L X3Si/ \L
(Im {Iv) V)

(L represents all other ligands)
The differences in the hydrosilylation af- andtrans-1,3 pendadiene malyerationalised in terms of this
proposed mech@&m.cis-1, 3-pentaliene, (VI), is expected to react more slowly in skesoid configuration
with a nickel hydridghan transl, 3-pentadiene, (V) due to steritiindrance of the methyl group. Thus the
formation of thecatalytic intermediates, ()lland (1V), would be slowed down, and tfaée of catalyst
deactivation could become comparable to the rate of hydrosilylation. This would lead to lower yields. The
greder prgortionof (1) formed fromcis-1, 3-pentadiene could be due to fleemation of (\) directly from the
diene, as the formation of (Ill) and (IV) beconsswer. A mechanism involving-allyls, similar to (1), (1V),
and (V), has been proposed tbe reaction of 1;pentadienes with mines, catalysed b\NgRP(OEt)s} 4]-
CRCO.H system[4]. cis- And trans-1, 3-pentadiene react differently [equations (3) and (4)].

III H H H
V4 Fé\x / N
<
H \CH3 H/ \1-1 H3C/ \H H/C\‘H
(VD (VD
80%°C, 6 hn _
trans-CH;CB=CHCHE=CH, + HNR,; ———3 trans-CH,CH=CHCH(NR,)CH,
(VII) 100% )
80%C, 6h
cis-CH;CH=CHCHE=CH, + HNR, ——% trans-CH;CH=CHCH(NR,)CH;
(IX) 15% @
[HNR, + HN 1 + trans-CH;CH,CH=-CHCH,NR,

& 20%



Compounds (VIII) and (IXare the analogues of (ll) and;(Wwith trans-1, 3-pentadiene a high overall yield is
obtained in both cases, whereas withl,3-pentadiene far lower yields are obtained; the proportion of (VIII),
or its analogue (ll), is lower in the reaction witis-1, 3-pentadiene. The hydroamination thus showsitaiee
similarities to the Ni(acag)Al Et; catalysed hydrosilylation afis- andtrans-1,3-pentadienes [equation (2)],
which is consistent with the similar mechanisms proposed.

Other linear dienes

The hydrosilylation of a 2,-8imethy11, 3- butadiene using the Ni(acaé)l Et; catalyst system gives
essentially quantitative yields of the 1,4 adduct, adn®thyl2-butenylsilane, (XI) , [equation (5) ], at room
temperature. The 1,2 adducts, jiethy:3- butenylsilanes, are also formedvery low yield €a. 1-2%).
These were identified by comparison of their GLC characteristics with authentic samples. However, if
triphenylphosphine is added to the catalyst system (N;APh) the ratio of 1,4 addudt;2 adduct becomes
85:15, althoughtte yield drops to 46%X ; = (OSiMes),Me]. The interpretation is as follows. The
hydrosilylation of 2, adimethy}1,3-butadiene by b{grimethylsiloxy)methylsilane involves a diene, which
according to the proposed mechanism [2], should gpeeto asterically hindered-allyl intermediate, and a
bulky silane. Hencsimultaneous -allyl formation and oxidative addition of the silane to nickel should become
more difficult if triphenylphosphine is also-@vdinated to the nickel.

CH,=C(CH;)=CH, + HSIX; —3 (CHjy;C=C(CH;)CH,SiX; (5
XD

[(XIz), X = OEt; (XIb), Xy = (OSiMe;),Me; (XIc), X; = Et,Me]

Sodium bis(2methoxyethoxy)aluminium hydride in place of tethylaluminiumhas been noted before in the
hydrosilylation of talkynes [5] and 1,-Butadiene [6]. Sodium borohydride in conjunction witlifacac) also
gives a catalyst system which is only weakly active atadézl tenperatures (6TC). The results are summarised
in Table 2.

TABLE 2

HYDROSILYLATION OF 2,3~DIMETHYL-1,3-BUTADIENE AT 20° C 2

( niirlx?(ﬁi Redl(l;i::i lz;gent Solventp- Yi_elct 92)3? xné
HSL(OE); (5.4) aesd 0.2 None 9
HSLEt,Me (3, 5) AlE‘t‘;g’ (0, 2) None 96
HBI{O8iMe;);Me AlEtg-d~ (0.2) None i
HSI(OS1Meg); Mo~ AloRyES None a6-
BSH{OS1Meg); Me No[AH(OCHCH00 ) 1 ¢ None 72
HS1(0Si Meg), Me NaBH, Diglyme 0
HSLOS Meg), Me & ' NaBH, Diglyme 37

£ Niacac),, 0,1 mmol; 2,3~dMmethyl-1, 3-butadiene, 8,8 mmol; at 20°C for4 h

B golvent 2 cnd

¢ Based on silane; caleulated by quantitative GLC; contains small amount of an isomer,

gAddecl a8 a solutlon in henzene

£ pphy, 0,1 mmol, added

£ Contatns 15% of CH,=C(CHyC(CH,) CH,SLX,

E609C fox3 h _ -
Attempts to hydrosilylate 2 -8imethyl2,4-hexadiene with triethoxgflane using the Ni(acacpl Et; catalyst
system resulted in catalydécomposition and nbydrosilylation This result is not surprising, as this diene is



very stericallyhindered, and addition across theHNbond postulated as a step in the catalytic cycle [2], would
be very difficult.

The use ofdichlorobisphosphinenickel(ll) complexes

Dichlorobigphosphinenickel()lcomplexes, in conjunction with butylmagnesium bromide, form active catalysts
for the hydrosilylation of dienes at room temperature (Table 3).

The activity of these catalyst systemsoiser than that of the nickel]lacetylacetonateystem. The results
resemble those obtained by usinghdorobisphosphinenickel(ll) complexes without added reducing agent at
105°C, e. g., ,equation (6) [7]. The use of an added reducing agent obviates the need for higher temperatures
which were necessary for reduction of thé &éimplexes by silane to a catalyticaligtive NP species [8].

More basic phosphines increase the yield of thea@lducts. This trend was also observed for the
dichlorobisphosplainenickel{lcatalysts [7]. The products formed and their proportions resemble those
obtained with the Ni(acag)AIlEt; system to which the appropriategsphine has been added [Zhelack of
catalytic reaction using lithium aluminium hydride or trietidyiminium is, however, surprising.

[NiClLy(dmpi)]
CH=C(CH;)CH=CH, + HSiMeCl, ——————— (CH;),C=CHCH,SiMeCl,

o
105°C, 8 days 33% (6) [7, 8]
+ CH;CH=C(CH;)CH,SiMeCl,
44%

[@mpf = 1,1'-bis(dimethylphosphinoc)ferrocene]
TABLE 3

HYDROSILYLATION OF 1,3-DIENES USING DICHIOROBISPHOSPHINENIC KEL(I) COMPLEXESB’

Catalyst Diene “Silane Yield of :(L%i“&dd“"tp' P(l::itilg)ts

[NICLy(PPhy),) 1, 3-pentadienc HSI{OE), 45 CH;C H,C H=C HC H, SiXy,

_ CH,CH=CH(S{Xy)CHy; 90:10

[NICLdiphos] 1, 3-pentadiene HS1(OFLt); 60 CH,CH,CH=C HC H,SIX;,
CH,CH=CH(SIX;) Cly; 70:30

[NICL(PMePl);)  1,3-pentadionc HSI(OEt)s 77 CH;C H,CH=CHC HySiXy,
CH,CII=CH(SiXy) CHy; 6535

[NICly(PMe,Ph),] 2, 3-dimethyl- HSI(O8i Mey); Me 23 (CHy),C=C (C H;) CH,SiXy,

1,3-butadicne CH;=C(CH) CH(CH; CH,SiX;, 8020
[Nicxz(Prvre,,ph),,]ﬂ 1, 3-pentadiene HS1(OEY, 0 ‘

& Ni complex, 0,2 mmol; toluene 1 em’; and diene (1, 3~pentadiene, 16 mmol; or 2,3-dimethyl-1, 3-butadiena, mmol);
BuMgﬁr in Et;0 (0, 5 mmol) added at -600C; allowed to warm slowly to 0% silane added [HSI(OEt);, 5,4 mmol; or
HSL(0SiMog); Me, 4.4 mmol}; stirred at amblent tomperature for 4 b,

b Baged on silane; caleulated by GLC

£ Also heated at 60° C for 3 h

Sl-Reduct:.\ni: LiAlH,, 0,8 mmol, or AlEts, 0,4 mmol



TABLE 4

DIPYRIDYL(BENZONITRILE)NICKEL(0) AS A HYDROSILYLATION CATALYSTE

Unsaturate Silane Conditions  Yiel, '
 (mmol) (mmol) 0, b (%)ﬂ_ Products (ratlo)
1,3-pontadiene  HS1(OEt), 200, 4 %  CHCHCH=CHCH,SX;, CHyCH=CHCH(SIXJCH;
(16) (6.4) (70:30)
2, 3-dimethyl-1,3- HSI(OSIMey),Me 20, ¢ 75 CHy),C=C(CHy)CH,SIX;, CH,=C(CH,)CH(CH,CH,SIX,
butadiene (8, 8) 44 ‘ (80:20)
1-pentyne HSH(OED;3 200, 6 12 CHFC(R)C(R)=CHSXy, RCH=CHC(R)=CHSIX,
(16) (5.4) (80:20) [R = n-CyHy)
crotonaldehyde>  HSI(OE), 20°, 4 % CHCH=CHCHOSX,
(20) (1) then

1009, 3

El-I}lpy(PhC}Isl)l\H(O) (0.1 mmol) . and unsaturate mixed at 0° C; AlEfy (0.2 mmol) added; stivred at 0°C for 10 min; silane added
hBaaed on silane; calculated by quantitative GLC
£ No AlEt, added

The use of dipyridyl(henzonitrile)nickel(0) as a hydrosilylation catalyst
Dipyridyl(benzonitrilgnickel(0) is an akstable compound and catalyst for the polymerisation of acrylonitrile in
air [9]. However, attempts to use it as a hydrosilylation catalyst were only moderately successful.

Without a cecatalyst, 1 is inactive for the hydrosilgtion d dienes or acetylenes, twpon addition of
triethylaluminium, the reaction mixtures become homogeneous, and moderate yields of addudtsrazd ob
(Table 4). The effect of the triethylaluminium may be to calis@ation yielding diethyl(dipyridyl)nikel(ll),
whichis known to be a modéhydrosilylation catalyst [LOAlternatively, ligand abstractiondif which there is
precedent [1)may occur, leaving a catalytic nickel species.

Dipyridyl(benzontrile)nickel reacts with crotonaldehyde to give a h@negus solution at 20, and this is an
active catalyst at higher temperatures for the hydrosilylation of crotonaldeh3rde by triethoxysilane (Table 3).

Experimental
All reactions were carried out under pure argon, using freshly distilled, dry; degasssdssol

'H NMR spectra were recorded on a Varian Associates A60 or T60 spectrometer. IR spectra were obtained v
a PerkinElmer 457 grating spectrophotometer as thin films. Mass speet@l@ analyses were carried out on

a machine constructed from anviEatds E606 FasBaanningMass Spectrometanda Pye Unicam Model 204
Series 64 gas chratograph. Preparative GLC separations were carried out usingdrilgan Model 105
instrument. The GLC analysis of the reaction products was carried out orSafiae 104 Gas Chromatograph,
using a 6 ft column of 10% SE30 on 10P0 mesh Chromasorb G, using the following conditions:



All the unsaturated organic compounds were commercial products, dried over molecular sieves and distilled |
an inert atmosphereipr to use, with the exception of 2démethy-1, 3-butadiene, which was prepared by the
literature method [12]. Triethoxy13], diethylmethy [14], bigtrimethylsiloxy)methy [15] silanes were

prepared by standard methods. Nickel acetylacetonata e@®mercial sample dried by heating under vacuum
for 6 h atl1(*C. The dichlorobisphosphinenickel(itomplexes were prepared by standard methods [15, 16], as
was the dipyridylbenzaitrile)nickel(0) [9]. Other details are in Tables5l

A typical hydrosilylation is as follows.

Al(OEt)EL (0.4 mmol) (as M solution in benzene) was added to a solution of Ni#6aechg,0.2 mmol) in 1,
3-cyclohexadiene (B.g, 62.5 mmol) at®, and themixture stirred until a dark brown colour was formed.
Triethoxysilane (3.63 g, 22 mmol) was added and the mixture allowed to warm to room tem geddstireed
for 8 h.

Volatiles were emoved under reduced pressur2 (nmHg) and the residue distilled under reduced pressure
through a Vigreux column to giv&cyclohexenyltriethoxysilane (3.04 g, 64%)pb122C/10 mmHg: Found:

C, 590; H, 9.92. G;H,4SiO; requires C, 59; H, 984%). GLC showed this to contain one adduct identified by
'H NMR on a Varian 100 M, NMR spectrometer (Table 5).



