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Allyltrimethylsilane reacts with simple conjugated dienes in the presence of aluminum
chloride catalyst to give stereoselective [3 + 2] cycloadducts of trans-vinylcyclopentanes in
29—-72% yields at —10 °C. The same reactions give 1,4-allylsilylated compounds as the major
products at —50 °C, which cyclize to the annulation products as the reaction mixture is
allowed to warm to —10 °C. The reaction using (2-methyl-2-propenyl)trimethylsilane instead
of allyltrimethylsilane does not give the annulation due to an unfavorable 1,2-silyl shift
but, rather, allylsilylation products. The results are consistent with an initial 1,4-
allylsilylation of the conjugated diene, followed by the intramolecular cyclization of the 1,4-
allylsilylated alkene to the stereoselective trans-[3 + 2] cycloadduct, via a 1,2-silyl shift.

Introduction

A Lewis-acid-promoted [3 + 2] cycloaddition reaction
in which an allylsilane serves as the three-carbon unit
is an attractive approach to five-membered ring sys-
tems, which are found in a variety of important natural
products.? Since the [3 + 2] cycloaddition of an allyl-
silane with an o,3-enone catalyzed by titanium chloride
was first reported by Knolker and co-workers in 1990,2
several examples of this [3 + 2] annulation of allylsi-
lanes with other conjugated carbonyl compounds have
been reported.3~13

We recently reported a novel aluminum chloride
catalyzed addition reaction of allyltrimethylsilane with
simple unactivated alkenes,* alkynes,!®> and diallylsi-
lanes?® to give regio- and stereoselective allylsilylation
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products. Yamamoto and co-workers reinvestigated
allylsilylations of alkynes in the presence of AICI; or
EtAICI,.17 The allylsilylation proceeds at temperatures
as low as —47 °C, and yields are higher in the presence
of Lewis acid catalysts in combination with chlorotri-
methylsilane as an activator.181° In order to extend this
allylsilylation reaction, we examined the addition of
allylsilanes to the simple conjugated dienes. Although
allylsilylation and Diels—Alder-type [4 + 2] cycloaddi-
tion are possible from the reaction of allylsilane with
electron-rich conjugated dienes, an unusual stereose-
lective [3 + 2] cycloaddition was observed. To the best
of our knowledge, the [3 + 2] cycloaddition reaction of
an allylsilane with conjugated dienes having no carbonyl
groups is not known. We wish to report the first
example of novel stereoselective [3 + 2] cycloadditions
of allyltrimethylsilanes with conjugated dienes cata-
lyzed by aluminum chloride in combination with chlo-
rotrimethylsilane and provide a plausible mechanism
for the annulation.

Results and Discussion

[3 + 2] Cycloaddition of Allyltrimethylsilane 1la
with Conjugated Dienes (2a—2e). The typical reac-
tion with conjugated dienes was carried out by adding
2 to la in order to reduce the production of polymeric
materials due to easy self-polymerization of dienes.20:2!
The [3 + 2] cycloaddition of 2,3-dimethylbutadiene 2a
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Table 1. [3 + 2] Annulation of Conjugated Dienes
with Allyltrimethylsilane (1a)

mol ratio reaction

entry of AICI3 time yield
no. diene catalyst? (min) product (%)P
1 2a 0.5 60 3a 67
2 2b 0.1 10 3b 29
3 2c 0.1 120 3c 38
4 2d° 0.1 10 3d 564
5 2e 0.5 150 3e 728

aMole ratio with respect to la. P Isolated yield. ¢ Methylene
chloride was used as a solvent. 9 A mixing solution of 1:1.5 of 1a
and 2d was added. ¢ Reaction temperature was increased to —10
°C after completing allylsilylation at —50 °C.

with la in the presence of aluminum chloride as a
catalyst and chlorotrimethylsilane as an activator in a
—10 °C salt bath gave trans-1-isopropenyl-3-(trimeth-
ylsilyl)cyclopentane (3a) as the major product in 67%
yield based on the amount of 1a consumed. In addition,
unidentified high-boiling compounds and unreacted la
(9%) were observed. The formation of the five-membered-
ring product 3a can be explained by the [3 + 2]
cycloaddition of the allyl group of 1a with a carbon—
carbon double bond of 2a, as shown in eq 1.

RZ
R! 1 ;H
ZN la,AlCl; R CHLLY
(CHpy | — o CHRT™ N siMey| (1)
R? ~_/ Me;SiCl ~7
H

MesSi™

2a; R, R?=Me 2d:n=1 3a;R!L,R2=Me dine1
2b;R'=H,R*=Me\ 2. n=2 3b;R'=H,R2=Me | , .

2¢;R!,R2=H 3¢:RLR’=H 3e;n=2

Lewis acids, such as boron trifluoride etherate,??
titanium tetrachloride,®~13 etc., have been known to be
effective catalysts for the [3 + 2] cycloaddition of
activated o,B-unsaturated ketones with allylsilanes.
However, the [3 + 2] cycloaddition of dienes with
allylsilanes did not occur with Lewis acid catalysts other
than aluminum chloride, indicating the requirement of
a strong Lewis acid for the allylsilylations.#~16 When
chlorotrimethylsilane was used as an acivator to the
aluminum chloride catalyst, a higher yield and faster
reaction rate were observed, consistent with the previ-
ous results obtained from the allylsilylation of diallyl-
silanes.’® The results of the cycloadditions are sum-
marized in Table 1.

As shown in Table 1, 2,3-dimethyl-1,3-butadiene (2a)
or cyclic dienes 2d and 2e gave stereoselective [3 + 2]
cycloadducts of trans-1-(trimethylsilyl)-3-vinylcyclopen-
tanes 3a, 3d, and 3e, respectively, in yields from 56 to
72% with less polymeric materials, while isoprene (2b)
and butadiene (2c) gave 3b (29%) and 3c (38%),
respectively, in lower yields, probably due to easy
polymerization of the dienes.2021

The structures and configurations of 3a—e were
determined by H, 13C, proton decoupling, 2D COSY,
and NOE NMR techniques. Although all of the annu-
lation products have two or three asymmetric centers,
the 13C NMR spectra of 3a—e showed no diastereomers
of the products,* indicating the regio- and stereoselec-
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tivity of the annulation. Analysis of the NMR spectra
of the annulation products disclosed the regio- and
stereoselective structures with both a trimethylsilyl
group and a vinyl group located at the 1,3-carbon
positions of the cyclopentane ring and arranged in a
trans position. The regio- and stereoselectivity are
consistent with the results from the allylsilylations of
alkenes!* and alkynes.'517

Reaction with (2-Methyl-2-propenyl)trimethyl-
silane. The pathways for Lewis-acid-promoted [3 + 2]
cycloadditions of allylsilanes with enones?6~° and a-keto
esters!® have been explained assuming that allylsilanes
are equivalent to 2-silyl-substituted 1,3-dipoles resulting
from a 1,2-shift of a trimethylsilyl group. If this 1,2-
silyl group shift applies to this cyclization of the
conjugated diene, the cycloaddition would be less favor-
able with (2-methyl-2-propenyl)trimethylsilane than
with allyltrimethylsilane due to the steric interactions
between the methyl group on the middle carbon and the
incoming trimethylsilyl group. To test whether steric
hindrance retards or prevents the 1,2-silyl shift, a
cyclization reaction of 1,3-cyclohexadiene with (2-meth-
yl-2-propenyl)trimethylsilane was carried out for 25 min
at —10 °C as described above. No cycloaddition product
was detected, but trans-1,4- and 1,2-allylsilylation
products 3-(2-methyl-2-propenyl)-6-(trimethylsilyl)cy-
clohexene (5f) and 3-(2-methyl-2-propenyl)-4-(trimeth-
ylsilyl)cyclohexene (6f) were obtained in a 15% and 3%
yield, respectively (eq 2). These results clearly show

SiMe;
+ 26 : (@)
0% Megs,_Q > Y
Me3si
1b 6f

that allylsilylation occurs before the cyclization and that
a 1,2-silyl shift is involved in the cycloaddition.

To confirm the allylsilylation occuring prior to the
cyclization, cyclohexadiene was reacted with 1a at the
lower reaction temperatures. Indeed, the 1,4-allylsily-
lated product, trans-3-allyl-6-(trimethylsilyl)cyclohexene
(5e), was obtained as the predominant product along
with the 1,2-allylsilylated product, trans-3-allyl-4-(tri-
methylsilyl)cyclohexene (6e), at —50 °C in a 97:3 ratio.
A trace amount of the [3 + 2] cycloaddition product was
observed after 1 h. When the reaction mixture was
allowed to warm from —50 to —10 °C, the 1,4-allylsily-
lated compound was converted to the stereoselective [3
+ 2] cycloaddition product 3e as the major product and
3-(trimethylsilyl)propylbenzene (4e) as a byproduct
while the 1,2-allylsilylated compound was polymer-
ized.2* The results indicate that [3 + 2] cycloaddition
products are obtained from the intramolecular cycliza-
tion of 1,4-allylsilylated compounds in the reaction
conditions.

From studies of the Cope rearrangement, it is known
that the isomerization of allyl groups on the allylic
position of olefins occurs through a thermal [3,3-sigma-
tropic] rearrangement.?® To test whether the isomer-

(24) When the reactions with separated 5e (22 mg, 0.11 mmol) and
6e (10 mg, 0.05 mmol) in 0.2 mL of pentane in the presence of
aluminum chloride (10 mol % based on the amount of 5e and 6e used)
and chlorotrimethylsilane (50 mol % based on the amount of 5e and
6e used) were carried out at room temperature for 2 h in NMR tubes,
respectively, 5e gave 8R(S)-(trimethylsilyl)-1R(S),6R(S)-bicyclo[4.3.0]-
non-2-ene (3e; 31%) and 3-(trimethylsilyl)propylbenzene (4e; 13%) and
6e gave polymeric materials. For 4e, see ref 27.
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ization between the 1,4-allylsilylated product 5e and
1,2-allylsilylated product 6e occurs, purified 5e or 6e
was placed under our reaction conditions?* and heated
to the reflux temperature (217 °C) of dodecane without
aluminum chloride. In both cases, [3,3-sigmatropic]
rearrangement was not observed.

The reaction rates of allylsilylation and [3 + 2]
annulation were accelerated by chlorotrimethylsilane
addition aluminum chloride, as reported in other allyl-
silylations.181° When chlorodimethylethylsilane was
used instead of chlorotrimethylsilane as an activator in
the cyclization of 5e to 3e, the annulation product 3e’
having the dimethylethylsilyl group was obtained as a
major product and 3e as a minor product. This result
suggests that the reactions were initiated by the tri-
alkylsilyl cation, generated from the reaction of alumi-
num chloride with chlorotrialkylsilane as described in
a previous report.1®

Reaction Mechanism. On the basis of the results
obtained in this study and in analogy to the allylsily-
lation of alkenes,** alkynes,'®> and diallylsilanes,® we
propose the mechanism for stereoselective [3 + 2]
cycloaddition of allyltrimethylsilane with conjugated
dienes illustrated in Scheme 1. A silyl cation interme-
diate | is formed at the beginning of the reaction directly
from aluminum chloride and chlorotrimethylsilane,
although the protodesilylation of allyltrimethylsilane by
acids is not ruled out in the absence of chlorotrimeth-
ylsilane.?526 \When the intermediate | interacts with 2a,
the trimethylsilyl cation can add to the terminal carbon—
carbon double bond of 2a to generate a new intermediate
11, which is stabilized by the resonance effect of the
allylic cation. The intermediate Il interacts with the
double bond of 1a to give carbon—carbon bond formation
and intermediate I11. In the allylic cationic intermedi-
ate 11, 1,2-allylsilylation is disfavored because of steric
repulsion between the bulky trimethylsilyl group and
the incoming allyltrimethylsilane. Intermediate 111
should undergo a 1,2-silyl shift* to intermediate 1V at
higher reaction temperatures, even though it is ther-
modynamically less favorable. Finally, the product 3a
is formed by the cyclization of IV to give a five-
membered ring through the intramolecular nucleophilic

(25) Jenkins, P. R.; Gut, R.; Wetter, H.; Eschenmoser, A. Helv. Chim.
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1981, 95, 150745x.
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attack of the carbon—carbon double bond on the car-
bocation of 1V, followed by the elimination of a silyl
cation.

In summary, it is found that the [3 + 2] cycloaddition
of conjugated dienes with allylsilanes involves stepwise
reactions; the allylsilylation of conjugated dienes with
allysilanes gives 1,4-allylsilylated products, followed by
intramolecular cyclization to regio- and stereoselective
[3 + 2] cycloaddition products with the trans configu-
ration of the trimethylsilyl and vinylic groups, via a 1,2-
silyl shift.

Experimental Section

All reactions and manipulations were carried out under
prepurified dinitrogen using Schlenk techniques. Glassware
was flame dried before use. Dried solvents were employed in
all reactions. Allyltrimethylsilane, chlorotrimethylsilane, the
diene compounds, and anhydrous aluminum chloride were
obtained from Aldrich Chemical Co. All chemicals were dried
over calcium chloride or molecular sieves (4 A) and distilled
prior to use. Reaction products were analyzed by GLC using
a capillary column (SE-30, 30 m) or a packed column (10%
OV-101 on 80—100 mesh Chromosorb W/AW, /g in. x 1.5 m)
on a Varian 3300 gas chromatograph equipped with a flame
ionization detector or a thermal conductivity detector. NMR
spectra were recorded on a Varian Unity Plus 600, Varian
Gemini 300, or Bruker AMX 500 spectrometer in CDCl;
solvent. A small amount of CHCI; in the NMR solvent was
used as a reference material (7.26 ppm in the proton spectra
and 77.0 ppm in the carbon-13 spectra). GC/MS data were
obtained using a Hewlett Packard 5890 Il chromatograph (HP-
5, 5% phenylmethylsiloxane, 0.25 mm i.d. x 30.0 m, film
thickness 0.25 um) connected to a Hewlett-Packard 5972A
mass-selective detector. HRMS (high-resolution mass (70 eV,
El) spectra) were performed by Korea Basic Science Institute,
Seoul, Korea. Elemental analyses were performed by the
Chemical Analysis Laboratory of the Korea Institute of Science
and Technology.

Typical Procedure for [3 + 2] Cycloaddition Reaction
of 2a with la. To a suspended solution of anhydrous
aluminum chloride (1.20 g, 9.0 mmol), dried pentane (6.2 mL),
chlorotrimethylsilane (9.76 g, 90.0 mmol), and 1a (2.05 g, 18.0
mmol) in a —10 °C salt bath was added dropwise 2,3-dimethyl-
1,3-butadiene (2a; 1.50 g, 18.3 mmol) for 60 min and stirred
for another 60 min. The reaction mixture was then quenched
with a water solution saturated with sodium hydrogen carbon-
ate. The organic layer was separated, dried over anhydrous
magnesium sulfate, and concentrated. Purification with silica
gel chromatography using hexane as an eluent gave trans-1-
isopropenyl-1-methyl-3-(trimethylsilyl)cyclopentane (3a; 2.15
g, 67%, based on the amount of 1a consumed) and 1.05 g of
unidentified high-boiling compounds. Unreacted 1a (0.19 g,
9%) was recovered. Data for 3a: *H NMR 6 —0.02 (s, 9H,
SiCHs3), 1.13 (quint, J = 12 Hz, 1H, SiCH), 1.07—1.11 (m, 1H),
1.92 (dd, J = 8, 12 Hz, 1H, CHCH_C), 1.10, 1.77 (s, 3H, CHj3),
1.37 (ddd, J =5, 8, and 12 Hz, 1H), 1.86 (dt, J = 7 and 12 Hz,
1H, CHCH,CH;), 1.43—-1.50 (m, 1H), 1.71-1.79 (m, 1H,
CHCH,CHy), 4.73—4.75 (m, 2H, =CH,); *C NMR 6 —3.04
(SiCH3), 20.00, 25.25, 26.80, 27.53, 39.60, 39.92, 48.77 (CHs,
CH;, CH), 108.03 (=CHy), 152.42 (=CH). HRMS (m/e): calcd
for C1oH24Si (M), 196.1647; found, 196.1647. Anal. Calcd for
Ci2H24Si: C, 73.38; H, 12.32. Found: C, 73.31; H, 12.45.

[3 + 2] Cycloaddition of 2b with 1a. As described in the
reaction of 2a with 1a, the reaction of isoprene 2b (1.50 g, 18.3
mmol) with la (2.05 g, 18.0 mmol) in the presence of
anhydrous aluminum chloride (0.24 g, 1.80 mmol) and chlo-
rotrimethylsilane (9.76 g, 90.0 mmol) in pentane solvent (6.2
mL) gave trans-1l-isopropenyl-3-(trimethylsilyl)cyclopentane
(3b, 0.12 g, 29%) and 1.67 g of unidentified high-boiling
products. Unreacted la (1.37 g, 67%) was recovered. Data
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for 3b: *H NMR ¢ —0.02 (s, 9H, SiCH3), 1.09 (tt, J =8 and 11
Hz, 1H, SiCH), 1.29—1.37 (m, 1H), 1.80—1.86 (m, 1H, SICHCH,-
CH,), 1.42—-1.50 (m, 1H), 1.80—1.86 (m, 1H, SiCHCH,CHy),
1.60—1.66 (m, 2H, SICHCH,CH), 1.75 (s, 3H, CH3), 2.43 (quint,
J=8Hz, 1H, CH), 4.68 (m, 1H), 4.71 (m, 1H, =CH,); 13C NMR
0 —3.07 (SiCHg), 21.19 (SiCH), 24.82, 28.39, 32.15, 33.38 (CH3,
CHy), 47.77 (CH), 107.91 (=CH,), 149.31 (=CH). HRMS (m/
e): calcd for C11H2,Si (M*), 182.1491; found, 182.1491. Anal.
Calcd for C11H2,Si: C, 72.44; H, 12.16. Found: C, 72.46; H,
12.27.

[3 + 2] Cycloaddition of 2c with 1la. As described in the
reaction of 2a with 1a, the reaction of 1,3-butadiene (2c, 0.99
g, 18.3 mmol) with 1a (2.05 g, 18.0 mmol) in the presence of
anhydrous aluminum chloride (0.24 g, 1.80 mmol) and chlo-
rotrimethylsilane (9.76 g, 90.0 mmol) in pentane solvent (6.2
mL) gave trans-1-(trimethylsilyl)-3-vinylcyclopentane (3c, 1.02
g, 38%), 4-((trimethylsilyl)methyl)-1,5-hexadiene (4c, 0.48 g,
18%), 3-(2-(trimethylsilyl)ethyl)cyclopentane (5c, 0.20 g, 7.5%),
and 0.93 g of unidentified high-boiling compounds. Unreacted
1a (0.23 g, 11%) was recovered. Data for 3c: *H NMR 6 —0.01
(s, 9H, SiCHg), 1.08 (m, 1H, SiCH), 1.29—1.41 (m, 2H), 1.79—
1.87 (m, 2H, SiCHCH,CHy), 1.53—1.65 (m, 2H, CHCH,CH),
2.48 (dt, 3 =7 and 15 Hz, 1H, CH), 4.89 (ddd, J =1, 2 and 10
Hz, 1H), 4.98 (ddd, J =1, 2, and 17 Hz, 1H, =CHy), 5.83 (ddd,
J =7, 10, and 17 Hz, 1H, =CH); 13C NMR § —3.05 (SiCHa),
24.62 (SiCH), 28.15, 33.84, 34.71 (CHy), 44.75 (CH), 111.92
(=CHy,), 143.83 (=CH). HRMS (m/e): calcd for C1oH2,Si (M%),
168.1334; found, 168.1335. Anal. Calcd for C1oH20Si: C, 71.34;
H, 11.97. Found: C, 71.45; H, 12.09. Data for 4c: *H NMR
0 —0.00 (s, 9H, SiCHj3), 0.58 (dd, J = 9.0 and 14.8 Hz, 1H),
0.70 (dd, J = 4.9 and 14.8 Hz, 1H, SiCH), 2.06—2.09 (br m,
2H, CHy), 2.17—2.21 (m, 1H, CH), 4.91-5.01 (m, 4H, =CH,),
5.63 (dt, J = 8.8 and 18.1 Hz, 1H, =CHCH), 5.67—-5.79 (m,
1H, =CHCHy); 3¥C NMR 6 —0.61 (SiCH3), 22.44 (SiCH,), 40.23
(CH,), 43.08 (CH), 112.98, 115.67 (=CH,), 137.19, 144.62
(=CH). HRMS (m/e): calcd for CoHi;Si (M — CHg)"),
153.1100; found, 153.1101. Data for 5¢c: *H NMR 6 —0.02 (s,
9H, SiCHg), 0.50 (t, 3 = 8.7 Hz, 2H, SiCH,), 1.22—1.44 (m,
2H, CHy), 1.22—1.44 (m, 1H), 2.02 (ddt, 3 = 5.0, 8.2, and 12.9
Hz, 1H, ring-CHy), 2.20—2.39 (br m, 2H, allylic-CH), 2.56—
2.65 (br m, 1H, CH), 5.71 (br s, 2H, =CH); 3C NMR ¢ —1.71
(SiCHs3), 14.58 (SiCHy), 29.35, 30.08, 32.05 (CH,), 48.76 (CH),
130.22, 135.23 (=CH). HRMS (m/e): calcd for C1oHSi (M™),
168.1334; found, 168.1334.

[3 + 2] Cycloaddition of 2d with 1la. To a suspension
solution of anhydrous aluminum chloride (1.20 g, 9.0 mmol),
chlorotrimethylsilane (9.76 g, 90.0 mmol), and methylene
chloride (6.2 mL) in a —10 °C salt bath was added dropwise a
mixed solution of 1a (2.05 g, 18.0 mmol) and 2d (1.50 g, 18.3
mmol) in methylene chloride (5.1 mL) for 10 min under a dry
nitrogen atmosphere. Using the general work-up procedure
above, R(S)-(trimethylsilyl)-1R(S),6R(S)-bicyclo[3.3.0]oct-3-ene
(3d; 1.80 g, 56%), trans-3-allyl-4-(trimethylsilyl)cyclopentene
(4d; 0.32 g, 10%), and 1.53 g of unidentified high-boiling
compounds were obtained. Data for 3d: *H NMR 6 —0.05 (s,
9H, SiCHg), 0.82 (tt, J = 6 and 13 Hz, 1H, SiCH), 1.31 (dt, J
= 9 and 13 Hz, 1H), 1.37—-1.47 (m, 1H, SiICHCH,CHCH=),
1.37-1.47 (m, 2H, SiCHCH>CHCH), 1.90 (ddt, J = 3, 5, and
17 Hz, 1H), 2.60 (ddd, J = 2, 10, and 17 Hz, 1H, =CHCH)),
2.68—2.73 (m, 1H, CH), 3.17 (br t, 1H, CH), 5.37 (m, 1H), 5.57
(m, 1H, =CH); 13C NMR ¢ —2.78 (SiCH3), 23.58 (SiCH), 34.38,
38.02, 40.73, 42.38, 52.14 (CH,, CH), 130.69, 134.20 (=CH).
HRMS (m/e): calcd for CiiHzSi (M*), 180.1334; found,
180.1332. Anal. Calcd for CiiHxSi: C, 73.25; H, 11.18.
Found: C, 73.02; H, 11.38. Data for 4d: 'H NMR 6 —0.02 (s,
9H, SiCHg), 0.99 (dt, J = 6.7 and 10.1 Hz, 1H, SiCH), 2.02
(dt, 3 = 7.8 and 13.6 Hz, 1H), 2.15—2.26 (m, 1H, allylic-CH,),
2.15-2.26 (m, 1H), 2.50—2.59 (m, 1H, ring-CHy), 2.66 (br m,
1H, CH), 4.99-5.05 (m, 2H, =CH;), 5.65—5.69 (m, 2H,
CH=CH), 5.73—5.85 (m, 1H, =CH); 3C NMR ¢ —3.05 (SiCHy),
27.89 (SiCH), 34.48, 41.68 (CHy), 47.54 (CH), 115.56 (=CHy),
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130.34, 134.44, 137.46 (=CH). HRMS (m/e): calcd for Cy1Hyo-
Si (M — CHg3)*), 165.1100; found, 165.1097.

[3 + 2] Cycloaddition of 2e with la. To a suspension
solution of anhydrous aluminum chloride (1.20 g, 9.0 mmol),
chlorotrimethylsilane (9.76 g, 90.0 mmol), pentane (6.2 mL),
and 1a (2.05 g, 18.0 mmol) at —50 °C was added dropwise 2e
(1.47 g, 18.4 mmol) for 60 min. The mixture was allowed to
warm to —10 °C from —50 °C for 30 min and stirred for another
65 min. Using the general work-up procedure above, 8R(S)-
(trimethylsilyl)-1R(S),6R(S)-bicyclo[4.3.0]non-2-ene (3e; 2.52
g, 72% based on the amount of 1a consumed) was obtained
along with (3-(trimethylsilyl)propyl)benzene (4e; 0.34 g, 9.8%)
and trans-3-allyl-6-(trimethylsilyl)cyclohexene (5e; 0.02 g,
0.6%) as byproducts. Unidentified high-boiling products (0.58
g) were obtained. For 3e: 'H NMR 6 —0.04 (s, 9H, SiCHy),
1.09 (quint, J = 10 Hz, 1H, SiCH), 1.36—1.58 (m, 6H, CH),
1.83—-1.89 (m, 1H), 1.93—1.99 (m, 1H, allylic-CH,), 2.04—2.09
(m, 1H), 2.34—-2.36 (br m, 1H, CH), 5.54 (ddt, J = 2, 5, and 10
Hz, 1H), 5.63 (ddt, J = 2, 4, and 10 Hz, =CH); *C NMR
—3.02 (SiCHs3), 22.54, 22.75, 24.75, 32.52, 34.05, 38.04, 40.14
(CH3, CH), 126.71, 131.36 (=CH). HRMS (m/e): calcd for
C12H2:Si (M*), 194.1491; found, 194.1493. Anal. Calcd for
Ci2H22Si: C, 74.14; H,11.41. Found: C, 73.77; H, 11.64. Data
for 4e: see ref 27. Data for 5e: *H NMR 6 —0.04 (s, 9H, SiCHj),
0.73 (ddd, J = 3.6, 5.4, and 8.4 Hz, 1H, SiCH), 1.45 (dddd, J
=6.0, 6.6, 8.4, and 13.4 Hz, 1H), 1.70 (dddd, J = 3.6, 5.4, 6.6,
and 13.4 Hz, 1H, SiCHCH,), 1.85—1.90 (m, 2H, SiICHCH,CHy),
2.06—2.11 (br m, 1H, CH), 2.00—2.05 (m, 1H), 2.12—2.17 (m,
1H, allylic-CH,), 4.93—4.97 (m, 2H, =CHy), 5.58 (ddt, J = 2,
4, and 10 Hz, 1H), 5.64—-5.67 (m, 1H, ring-CH,), 5.71 (ddt, J
= 7, 10, and 18 Hz, 1H, =CH); *C NMR d —1.62 (SiCHs),
21.85, 25.13, 25.22, 35.43, 40.73 (CH,, CH), 116.00 (CH,),
127.25, 131.70, 137.39 (=CH). HRMS (m/e): calcd for C11Hs-
Si (M — CHa3)*), 179.1256; found, 179.1256. Anal. Calcd for
Ci12H2,Si: C, 74.14; H, 11.41. Found: C, 74.38; H, 11.51.

Allylsilylation of 2e with la. This was performed as
described in the reaction of 2a with la. To a suspension
solution of anhydrous aluminum chloride (1.41 g, 10.6 mmol),
chlorotrimethylsilane (14.3 g, 131.7 mmol), pentane (10 mL),
and la (3.0 g, 26.2 mmol) at —50 °C was added dropwise 2e
(4.2 g, 52.4 mmol) for 60 min and stirred for another 3.5 h.
Using the general work-up procedure above, 3e (0.25 g, 5%)
was obtained along with 4e?” (0.05 g, 1%), 5e (4.13 g, 81%),
and trans-3-allyl-4-(trimethylsilyl)cyclohexene (6e; 0.41 g, 8%).
Unidentified high-boiling compounds (0.25 g) were obtained.
Data for 6e: *H NMR ¢ —0.08 (s, 9H, SiCH3), 1.07 (ddt, J =
2,9, and 12 Hz, 1H), 1.72—-1.77 (m, 1H, SiCHCH_), 1.29-1.36
(m, 1H, SiCH), 1.72-1.77 (m, 1H), 1.97-2.00 (m, 1H,
SiCHCH,CH,), 1.72—1.77 (m, 1H, CH), 1.97-2.00 (m, 2H,
allylic-CHy), 4.94 (dd, J = 3 and 10 Hz, 1H), 4.96 (dd, J = 3
and 17 Hz, 1H, =CH), 5.47-5.57 (m, 2H, ring-=CH), 5.75
(ddt, 3 = 7, 10, and 17 Hz, 1H, =CH); ¥C NMR ¢ —3.41
(SiCH3), 23.13, 26.25, 29.62, 35.23, 40.86 (CH,, CH), 115.67
(=CHy), 127.99, 129.90 (ring-=CH), 137.34 (=C). HRMS (m/
e): calcd for Cy,H2,Si (M*), 194.1491; found, 194.1491. Anal.
Calcd for CioH2,Si: C, 74.14; H, 11.41. Found: C, 74.03; H,
11.42.

Intramolecular Cyclization of 5e in the Presence of
Chlorodimethylethylsilane. Reaction of 5e (22 mg, 0.11
mmol) with chlorodimethylethylsilane (7 mg, 0.06 mmol), and
dodecane (5 mg), as an internal standard, in the presence of
aluminum chloride (1.5 mg, 0.01 mmol) in hexane solvent (0.4
mL) afforded 8R(S)-((trimethylethyl)silyl)-1R(S), 6R(S)-bicyclo-
[4.3.0]non-2-ene (3e'; 34%), 3-(dimethylethylsilyl)propylben-
zene?8 (4e'; 14%), 3e (5%), and 4e (2%). Data for 3e': *H NMR
6 —0.08 (s, 6H, SiCHj3), 0.48 (g, J = 8 Hz, 2H, SiCHy), 0.93 (t,
J =8 Hz, 3H, CHa), 1.19 (quint, J = 10 Hz, 1H, SiCH), 1.39—
1.68 (m, 6H, CHy), 1.89—2.07 (m, 2H, allylic-CH,), 2.09—-2.11
(m, 1H), 2.41 (br s, 1H, CH), 5.58—5.71 (m, 2H, =CH); 1*C
NMR ¢ —5.40 (SiCHs3), 6.14 (Si CHy), 7.56 (CH3), 21.48, 22.52,
24.71, 32.58, 34.11, 37.97, 40.06 (CH,, CH), 126.72, 131.40
(=CH). HRMS (m/e): calcd for Ci3HSi (M'), 208.1647;
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found, 208.1648. Anal. Calcd for C13H24Si: C, 74.92; H, 11.61.
Found: C, 75.15; H, 11.67. Data for 4e': see ref 28.
Reaction of 2e with 1b. As described in the reaction of
2a with 1la, the reaction of 2e (0.24 g, 3.03 mmol) with (2-
methyl-2-propenyl)trimethylsilane (1b; 0.38 g, 2.97 mmol) in
the presence of anhydrous aluminum chloride (0.20 g, 1.50
mmol) and chlorotrimethylsilane (1.61 g, 14.80 mmol) in
pentane solvent (5 mL) gave trans-3-(2-methyl-2-propenyl)-6-
(trimethylsilyl)cyclohexene (5f; 0.09 g, 15%), trans-3-(2-methyl-
2-propenyl)-4-(trimethylsilyl)cyclohexene (6f; 0.03 g, 3%), and
0.38 g of unidentified high-boiling compounds. Data for 5f:
IH NMR 6 —0.01 (s, 9H, SiCHg), 0.78 (dt, J = 4 and 7 Hz,
1H), 1.91-1.98 (m, 1H, SICHCH,CH,), 1.53 (ddt, J = 6, 7, and
13 Hz, 1H) 1.75-1.81 (m, 1H, SICHCH,), 1.71 (s, 3H, CH3),
1.91-1.98 (m, 1H, SiCH), 1.91-1.98 (m, 1H), 2.17 (dd, 3 =7
and 13 Hz, 1H, allylic-CHy), 2.22 (br m, 1H, CH), 4.67 (dd, J
=1and2Hz, 1H), 4.77 (dd, J =1 and 2 Hz, 1H, =CH,), 5.64—
5.67 (m, 2H, ring-=CH); *C NMR ¢ —1.80 (SiCHj3), 21.23,
22.20, 25.01, 25.26, 32.93, 45.00 (CHs3, CH;, CH), 112.09
(=CH,), 126.83, 131.62 (ring-=CH), 144.21 (=C). HRMS (m/
e): calcd for Ci13H24Si (M*), 208.1647; found, 208.1646. Anal.
Calcd for Ci3H24Si: C, 74.92; H, 11.61. Found: C, 75.09; H,
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11.75. Data for 6f: 'H NMR 6 —0.01 (s, 9H, SiCH3), 1.07—
1.44 (m, 1H, SiCH), 1.32—-1.49 (m, 2H), 1.77—-1.83 (m, 2H,
SICHCH,CHy), 1.72 (s, 3H, CH3), 1.91-2.03 (m, 2H, allylic-
CH,), 2.18-2.20 (br m, 1H, CH), 4.69 (s, 1H), 4.76 (s, 1H,
=CHy), 5.52 (dt, J = 2 and 10 Hz, 1H), 5.63 (ddd, J = 2, 3,
and 10 Hz, 1H, ring-=CH); 3C NMR 6 —3.36 (SiCH3), 22.31,
23.10, 26.35, 29.87, 33.05, 45.10 (CH3, CH,, CH), 111.51
(=CHy), 127.75, 130.03 (ring-=CHy,), 144.24 (=C). HRMS (m/
e): calcd for Ci3H24Si (M*), 208.1647; found, 208.1648. Anal.
Calcd for Ci3H24Si: C, 74.92; H, 11.61. Found: C, 74.98; H,
11.66.
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