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ABSTRACT
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Symmetrical 1,4-disilyl-2-butenes 1 have been prepared by the reaction of vinyl Grignard reagent with chlorosilanes. This reaction proceeds
efficiently in the presence of a catalytic amount of titanocene dichloride at 0 °C in THF. When dichlorodiphenylsilane was used, 1,1-diphenyl-
1-silacyclo-3-pentene 2 was obtained in a good yield.

Titanocene dichloride catalyzes the reduction of alkyl, aryl, Herein, we wish to disclose a new type of titanocene-

and vinyl bromides?® aryl chlorides!¢ alkoxy- and halo-
silanest? ketones'® esters and carboxylic acity by the aid
of alkyl Grignard reagents. This €fCl,/RMgX system can

catalyzed transformation using vinyl Grignard reagents and
chlorosilanes giving rise to 1,4-disilyl-2-butenes as shown
in Scheme 1.

also be applied to the hydromagnesation of alkynes, dienes,

and alkene$*2We have recently developed regioselective ||| RN

introduction of alkyl and/or silyl functionalities to alkenes

and dienes by the use of @pCl, as a catalyst in the

presence ofBuMgCl 2 In these reactions, however, Grignard

reagents have been used as the reducing reagent of titanocene
complexes or as the hydrogen source and their carbon
moieties have never been incorporated in the products.
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Scheme 1
cat. Cp,TiCl :
ZMgBr + RgSICI L, RS Neg
THF, 0 °C, 10 min 1 8

For example, into a mixture of chlorodimethylphenylsilane
(2.85 mmol) and a catalytic amount of titanocene dichloride
(0.05 equiv) was added a THF solution of vinyl Grignard
reagent (0.95 M in THF, 3 mL, 1.0 equiv) at°C, and the
solution was stirred for 10 min. The NMR analysis of the
crude mixture indicated the formation of 1,4-bis(dimethyl-
phenylsilyl)-2-butent (1a; RsSi = PhMesSi) in 94% vyield
with an E/Z ratio of 74/26 (Table 1, run 1). The product

(4) The productsla—c and 2 are known compounds, and their yields
andE/Z ratios were determined by NMR. Registry noda, 60404-57-1;
1b, 3528-12-9:1c, 58458-84-7, 84812-44-2, 34106-93-9.



Table 1. Silylative Homocoupling of Vinylmagnesium
Bromide

run catalyst clorosilane product vyield (%) E/Z
1 Cp.TiCl, PhMesSi-Cl la 94 (86) 74/26
2 MesSi-Cl 1b 83 72128
3 EtsSi-Cl 1c 68 (61) 76/24
4 PrsSi-Cl 1d 64 82/18
5 MesSiMe;Si-Cl le 72,86°  64/36
6 Cp2ZrCl;  PhMe,Si-Cl la <1
7  TiCly la 8
8  Ti(OPr), la 6
9  CpHfCl; la 0

aNMR vyield. Isolated yield is in parenthes@sAt —20 °C, 10 min.

was obtained in pure form in 86% yield by a recycling
preparative HPLC using CH&as an eluent. In this reaction,
only a trace amount of CH-CHSiMePh (<1%) was formed
as a byproduct, probably via direct reaction of S4CHMgBr
with PhMeSIiCl. The elongation of the reaction time did not
lead to the change d/Z ratio.

Table 1 summarizes the results of this silylative coupling
of vinyl Grignard reagent. Chlorotrialkylsilanes can also be

titanocene group on the other allylic position. Subsequent
transmetalation of7 with CH,=CHMgBr followed by
trapping with a chlorosilane gives the corresponding product
along with regeneration @3.

We carried out the following control experiments to
examine the validity of this reaction pathway. Since a small
amount of the vinylsilane was formed as a byproduci%o)
in the present silylation reaction, we first examined whether
the double silylated product is formed via vinylsilanes as an
intermediate® When a reaction of chlorotripropylsilane (1.0
equiv) with vinyl Grignard reagent under identical conditions
as run 4 in Table 1 was carried out at© for 10 min in the
presence of Cl=CHSIE% (1.0 equiv),1d was obtained as
the sole product in 49% vyield and 92% of unreacted€H
CHSIEg was recovered. When the reaction was conducted
for 2 h, the yield ofld was improved to 62%. This result
rules out the intermediacy of vinylsilanes.

It is known that CpTiCl, reacts with CH=CHLI at low
temperature in the presence of tetramethylethylenediamine
(TMEDA) to give butadiene and Gpi(TMEDA)."2On the
other hand, it was also reported that titanocene alkenylidene
complexes were prepared from titanocene dichloride with 2
equiv of vinyl Grignard reagentd.So, we tested whether
the reductive coupling of divinyltitanocerggiving rise to

employed as the silylation reagents to give the desired 1,3-butadiene does take place under the conditions employed.

producté® (1b, R= Me; 1c, R= Et; 1d, R= "Pr) in good
yields (runs 2—4). Under similar conditions, chloropenta-
methyldisilane also gave the corresponding prdtiiie, R-

Si = Me;sSiMe,Si) in 72% yield (run 5). The yield increased
to 86% when the reaction was conducted-&0 °C for 10
min. Substituted vinyl Grignard reagents, suctvasethyl

or s-methyl vinylmagnesium bromides, were sluggish under
the same conditions. When ¢4vCl, was used as a catalyst,
only a trace amount afa was obtained under the identical
conditions (run 6). The use of Tichnd Ti(OPr), in place

of Cp,TiCl, afforded 8% and 6% vyields dfa, respectively
(runs 7 and 8), but no reaction took place with,BfCI,
(run 9).

When dichlorodiphenylsilane (0.5 equiv) was treated with
vinyl Grignard reagent at-20 °C for 3 h, cyclization
predominated to afford 1,1-diphenyl-1-silacyclo-3-pentene
(2) in 73% yield (Scheme 2).

Scheme 2
CpsTiCly (5 mol %)
P2 ESiPhg
2,73%

ZMgBr + PhySiCly

THF,-20°C,3 h

A plausible reaction pathway is shown in Scheme 3.

Titanocene dichloride reacts with 2 equiv of &+CHMgBr

to generate divinyltitanocene compl@xwhich readily forms
titanocene—butadiene compléxor its s-trans isomer via
reductive couplind:® Then,4 would isomerize to titanacyclo-
pentenes.’ The successive transmetalationsofvith vinyl
Grignard reagent affords allylmagnesium spedgsvhich
reacts with chlorosilane to give allylsilang carrying a

1734

Titanocene dichloride was treated with 2 equiv of vinyl-
magnesium bromide in THF at78 °C. After stirring for 1

h, the solution was warmed to°@ over 5 min and stirred
for another 5 min at the same temperature. NMR analysis

(5) Data for 1d: IR (neat) 2954, 2925, 2868, 1459, 1409, 1332, 1202,
1067, 1004, 815, 738 cn; 'H NMR (400 MHz, CDCH}) (trans isomer)
5.21-5.18 (m, 2 H), 1.41-1.40 (m, 4 H), 1.38—1.28 (m, 12 H), 0.97—
0.91 (t,J= 7.2 Hz, 18 H), 0.540.49 (m, 12 H); (cis isomer) 5.28—5.15
(m, 2 H), 1.45-1.40 (m, 4 H), 1.38-1.28 (m, 12 H), 0.970.91 (t,J=7.2
Hz, 18 H), 0.54-0.49 (m, 12 H);3C NMR (100 MHz, CDC}) (trans
isomer)o 124.1, 18.5, 18.4, 17.3, 15.0. (cis isomér)122.8, 18.6, 18.5,
17.4,15.1; MS (El)n/z(relative intensity, %) 368 (M, 10), 158 (15), 157
(100), 116 (12), 115 (90), 87 (17), 73 (27), 59 (9), 45 (10); HRMS calcd
for CooHagSix 368.3295, found 368.3292. Anal. Calcd fopB4sSix: C,
71.65; H, 13.12. Found: C, 71.84; H, 13.32.

(6) Data for le: IR (neat) 2950, 2893, 1244, 833, 809, 723, 690 &m
IH NMR (400 MHz, CDC}) (trans isomer) 5.23-5.19 (m, 2 H), 1.49
1.47 (m, 4 H), 0.05 (s, 18 H), 0.02 (s, 12 H); (cis isomer) 5:83128 (m,

2 H), 1.49-1.47 (m, 4 H), 0.06 (s, 18 H), 0.04 (s, 12 HfC NMR (100
MHz, CDCl) (trans isomer) 124.2, 20.6;-2.0,—4.5. (cis isomer) 122.9,
15.8,—2.0, —4.5; MS (El) m/z (relative intensity, %) 316 (M, 10), 243
(14), 169 (8), 155 (40), 132 (21), 131 (100), 116(15), 73(50); HRMS calcd
for C14H36Sis 316.1894, found 316.1902. Anal. Calcd foi836Sia: C,
53.08; H, 11.45. Found: C, 53.07; H, 11.02
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Scheme 3. A Plausible Pathway of Ti-Catalyzed Double Silylative Vinyl Coupling
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of this solution, after addition of THHEs, indicated the
formation of 1, 3-butadiene in 64% yield. We have already
reported that 1,4-disilyl-2-butenes were formed by the
reaction of 1,3-butadiene with 2 equiv of chlorosilane and
"BuMgCl in the presence of a catalytic amount obTI,.3
This result also supports the intermediary of butadiene.
To support the intermediary of allyl Grignard reagents,
we examined their reactivities toward chlorosilanes. To a
mixture of CH=CHCHMgBr (5 mmol) and CH=
CHMgBr (5 mmol) in THF (10 mL) was added Phi&Cl
(2 mmol) at 0°C, and the mixture was stirred for 10 min.
The NMR analysis of the crude mixture indicated the
formation of allylsilane 10) quantitatively, but vinylsilane

An alternative pathway frond to 7 was proposed by a
referee, i.e., reaction & with R3SICl to give CpTiCICH,-
CH=CHCH,SIR; followed by the transmetalation with
CH,=CHMgBr leading to7. However, this might be ruled
out by the evidence that a reaction of Z{Cl, with 2 equiv
of CH,=CHMgBr in the presence of M8iCl followed by
protonolysis did not afford any silylated products.

In conclusion, a novel silylative coupling of vinylmagne-
sium bromides with chlorosilanes has been developed by the
aid of a titanocene catalyst. Many reactions catalyzed by
titanocene complexes using Grignard reagents have been
reported, in which Grignard reagents have been employed
as reducing reagents of titanocene complexes or as hydrogen

(12) was not detected at all (Scheme 4). This result suggestssources. This reaction is unique because organic moieties

Scheme 4

PhMe,Si-Cl + A ~MIBM & 2 yop,

—_—
1 mmol 5 mmol 5 mmol 0°C, 10 min

A~SMEPh N giMe,Ph

10, quant. 11, 0%

that allyl Grignard reagents react with chlorosilanes much
faster than Ch=CHMgBr.
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of Grignard reagents are incorporated in the products, which
has never been achieved by the use ofTdpl, as a catalyst
before this. The present reaction would involve reductive
coupling of divinyltitanocene complex in the carbecarbon
bond forming step and electrophilic trapping of allylmag-
nesium intermediates with chlorosilanes.
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