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ABSTRACT

In the presence of Pd(0) and a phosphine, hydrosilylation of 1,3-enynes with Me2SiHCl proceeds to yield dienylsilanes with the silicon function
added to the internal alkyne carbon atom and with (E)-configuration of newly formed olefinic bond. The silanols isolated after hydrolysis of the
primarily obtained products serve as precursors to conjugated dienes with different substitution patterns.

Hydrometalations transform alkynes to reactive vinyl-
metal or vinylmetalloid species, which are important build-

ing blocks in organic synthesis.1Hydrosilylations of alkynes

are of particular interest since theproduct vinylsilaneshave

low toxicity, are easy to handle, and are tolerant to a wide

range of reaction conditions. Vinylsilanes with a silicon�
heteroatom bond are attractive reagents, which, for exam-

ple, can participate as reactive nucleophilic partners in

palladium-catalyzed cross-coupling reactions2 and be sub-

jected to Tamao�Fleming oxidations.3 The stereo- and

regiochemistry of the hydrosilane addition is a function of

the substrate, the catalyst, which most commonly is a

platinum, ruthenium, or cationic rhodium complex, and

to some extent the reaction conditions.4 Whereas terminal

alkynesunderappropriate conditions reactwithhigh stereo-

and site selectivity, either in a syn or an anti fashion,

reactions with internal alkynes often result in mixtures of

products, unless a directing group5 is present in the substrate.
Hydrometalated 1,3-enynes are valuable precursors for

stereodefined 1,3-dienes.We are, however, aware of only a

few examples of hydrosilylations of this type of compounds.

Regio- and stereoselective platinum-catalyzed cis6 and

ruthenium-catalyzed trans7 hydrosilylations have been

used in natural product syntheses. Enynes with a terminal

triple bondhave been shown to yield dieneswith the silicon

function in terminal position,8 whereas an internal dienyne

gave amixture of regioisomers.9 1,3-Enynes equippedwith

a propargylic alcohol function were shown to be subject to

site-selective trans addition of triethylsilane in the presence

of a ruthenium complex, but enynes lacking alcohol func-

tion were resistant to the reaction.10 The most extensively
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studied substrates are silicon-substituted butenynes;11

other examples are rare.12 The desired dienylsilanes have

instead commonly been prepared by indirect methods,

such as silylation of dienylmagnesium compounds,13 ring-

opening of silylated sulfolenes,14 electrophilic addition to

bissilylated 2-butynes,15 Horner�Emmons reaction of the

anion of silylated 2-propenylphosphonate,16 and Suzuki

coupling of an R-iodo vinylsilane.17

Intrigued by the lack ofmore general studies, we decided
to investigate hydrosilylations of variously substituted 1,3-
enynes, thereby getting access to less substituted 1,3-dienes
than obtained via our previous silaborations of the same
substrates.18 Addition of diphenylsilane to (Z)-non-2-en-
4-yne (2a) and (Z)-5-phenyl-2-en-4-yne (2b) in the presence
of Pd(dba)2 and PCy3 was first attempted.19 We were
pleased to note that addition to the alkyne function oc-
curred with high regioselectivity to yield the products of
pure cis-addition (Scheme 1), as evidenced byNOE (see the
Supporting Information). In the absence of phosphine
ligand, low yields of products were obtained (7% from 2a).

After these preliminary attempts, we turned our atten-
tion to heterosubstituted silanes, which are crucial as
nucleophilic partners in palladium-catalyzed cross-coupling
reactions.20 The conditions which proved to be successful
for additions described in Scheme 1 unfortunately resulted
in no or unsatisfactory yields of products when diphenylsi-
lane was exchanged for chlorodimethylsilane, even at ele-
vated temperature (80 �C, see the Supporting Information,

Table S1). However, improved results were observed in the
presence of Pd(0) catalysts obtained by in situ reduction of
Pd(II). Thus, Pd(acac)2 was reduced with DIBAL-H in the
presence of a phosphine prior to the addition of enyne and
silane. After completed reaction, water and pyridine were
added, which resulted in hydrolysis to the desired silanol. In
order to find the most suitable reaction conditions, various
ligandswere screened in the reactionwith enyne 2c (Table 1,
entries 1�5) . Use of triphenylphosphine and diphenylcy-
clohexylphosphine resulted inpoor yields,most likely due to
inefficient oxidative addition of the silane to Pd(0) (Table 1,
entries 1 and 2).Highest site selectivity, in combinationwith
a high yield, was observed with electron-rich PEt3 (Table 1,
entry 4). A temperature of 80 �C was required, as lower
temperature resulted in lower yields (Table 1, entries 6�8).

The high preference for formation of the product with
the silicon function at the internal position is probably a
result of electronic factors and can be explained by the
preference for addition of palladium to the allylic position,
assuming that the reaction proceeds via the Chalk�Harrod
mechanism, which involves oxidative addition21 of the
silane to the zerovalent metal center followed by insertion
of the olefin into theM�Hbond.22 Equally high site selec-
tivity was observed in platinum-catalyzed hydrosilylations
of conjugated ynones.23

Scheme 1. Palladium-Catalyzed Addition of Diphenylsilane to
1,3-Enynes

Table 1. Screening of Reaction Conditions for Hydrosilylation
of 2c

entry temp (�C) ligand yielda (%) 3c:4cb

1 80 PPh3 10 87:13

2 80 PPh2Cy 15 84:16

3 80 PCy3 92 84:16

4 80 PEt3 90 93:7

5 80 SPhos 61 75:25

6 20 PEt3 14 93:7

7 40 PEt3 50 93:7

8 60 PEt3 72 93:7

a Isolated yield. bDetermined by 1HNMRanalysis of crude reaction
mixture.
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The optimized conditions were applied to hydrosilylations
of a variety of enynes (Table 2).24 Frommost reactions, high

yields of cis-addition products with the silyl function at the
internal position, and with retained configuration of the

original olefinic bond,were obtained (Table 2, entries 1�8).

A substrate with a terminal olefin was unreactive (Table 2,

entry 10), and enynes with a silicon substituent or a hetero-

atom in propargylic position resulted in complex mixtures

(Table 2, entries 9, 12�13). However, enyne 2o, with a

heteroatom in a position more remote from the alkyne

function,was smoothly transformed to the desiredproduct

(Table 2, entry 14). Reaction of an enyne with terminal

alkyne function resulted in a moderate yield of an adduct

with opposite site selectivity (Table 2, entry 11); this mode

of addition is that commonly observed with terminal

alkynes. No allene derivatives were observed in any of

the reaction mixtures.
The vinylsilanols obtained proved to serve as versatile

nucleophiles in palladium-catalyzed cross-couplings.2b As

expected, reaction with iodoarenes in the presence of Pd-

(PPh3)4 mediated by Ag2O
25 gave high yields of coupling

products (Scheme 2).

In our previous studies, we showed that the type of
product obtained from palladium-catalyzed cross-cou-

pling of 1,1-disubstituted 2-dienylsilanols was dependent

on the activator used.16Whereas Ag2O-mediated coupling

afforded 1,3-dienes, like in the above examples, coupling

performed in the presence of base gave 1,2-dienes.Wewere

therefore surprised tonote that, under the sameconditions,

the present substrates resulted in clean conversion to 1,3-

dienes (Table 3). The use of bases with sodium as counter-

ion resulted in no or low yields (Table 3, entries 1, 3�5),

even under microwave conditions (Table 3, entry 2), while

those with potassium as counterion gave higher yields

(Table 3, entries 6�9).26

Finally, treatment of vinylsilane 3 with tetrabutylam-
monium fluoride resulted in desilylation (Scheme 3). The

Table 2. Palladium-Catalyzed Hydrosilylation of Various 1,3-
Enynes to Silanols with Dimethylchlorosilane

a Isolated yield. bDetermined by 1HNMR analysis of crude reaction
mixture. cReplacement of Pd(acac)2 by Pd(OAc)2 gave identical results.
d 0.15 mmol enyne was used. From a reaction using 1.5 mmol of enyne,
94% product was isolated. eNo reaction.

Scheme 2. Ag2O-Mediated Cross-Coupling
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(Z)-configuration of the newly formed olefinic bond in 6b

was confirmed by comparison of its 1H NMR spectrum
with those previously published for the same compound27

and the configuration of the remaining compounds by
their 1H coupling constants. The overall process con-
stitutes a convenient method for the semihydrogenation
of 1,3-enynes, occurring without E�Z isomerization and
over-reduction, which are commonly encountered pro-
blems in this type of reductions.28

In summary, we have demonstrated that dimethyl-
chlorosilane undergoes palladium-catalyzed cis-addition

to 1,4-disubstituted and 1,2,4-trisubstituted 1,3-enynes,
conveniently accessible via Sonogashira coupling of term-
inal alkynes and vinyl halides,29 to yield dienylsilanols with
the silicon function at the internal position. Palladium-cata-
lyzed coupling of the products with iodoarenes, using
Ag2O as well as base, resulted in stereo- and regiochemi-
cally defined 1,3-dienes, whereas desilylation with tetrabu-
tylammonium fluoride resulted in overall cis-hydrogenation
of the triple bond.
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Scheme 3. Fluoride-Mediated ProtiodesilylationTable 3. Base-Mediated Cross-Coupling

a Isolated yield. bNo reaction. cReaction conditions: microwave,
100 �C, 2 h.
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