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Abrtnd-Two types of synthetically useful reactions of 2-trimethylsilylmethyl-1,3-butadieae (7) are discussed. 
Reactions of 7 with acid chlorides, aldehydes, ketones and acetals activated by a Lewis acid give isoprenylated 
compounds, while 7 undergoes the L&Is-Alder reaction with dienophiles. High regiospecilicity of the reaction 
qualiies 7 for a versatile building block of terpene synthesis. 

Recently, the use of organosilicon compounds as 
reagents and as intermediates in organic synthesis has 
become a field of considerable importance.’ Especially 
the chemistry of allylsilanes has proved that the reagents 
are particularly useful as applied to synthesis, because 
the reagents can provide synthetic strategies which may 
not be achieved with other reagents. We have been 
engaged in exploring the chemistry of allylsilanes as a 
synthetic tool for several years, the results being re- 
viewed recently.’ 

Sommer et 01. reported for the first time, the cleavage 
of the silicon-ally1 bond of allyltrimethylsilane with pro- 
ton and some heteroatom electrophilic reagents: and the 
first C-C bond forming reaction of allyltrimethylsilane 
has been reported for the reaction with bromotrich- 
loromethane.’ In 1976, the regiospecific y substitution of 
allylsilanes with carbon electrophiles, one of the most 
remarkable and useful features in the reaction of allyl- 
silanes, has been definitively demonstrated.5 Thus the 
reaction of 1 with carbonyl compounds proceeds very 
rapidly to give y, S-unsaturated alcohols in the presence 
of a Lewis acid. Following examples indicate the 
regiospeciticity of the reaction. 

Thus, allylsilane gives S, e-enones exclusively in the 
reaction with a, @-enones. The regiospecilic trans- 
position in the allylic part was also observed. 

These reactions are quite selective to give a desired 
product generally in high yield and the ally1 group can be 
converted to a variety of functional groups. Therefore, 
numerous applications are possible by extending these 
reactions.’ 

Allylsilanes such as l-6 are quite stable towards 
oxygen and moisture and no reaction occurs with car- 
bony1 compounds by simple mixing. Activation is 
required. Principally, there are two ways of activation, 
electrophilic and nucleophilic catalysis (or activation). 

Lewis acids such as TiCl,, AI& SnCL and BFI. OEt, 
can be used conveniently to activate ketones, aldehydes, 
acid chlorides, enones, quinones, and acetals to increase 
electrophilicity of the reacting carbon site. 

Trimethylsilyl cation equivalents (Me,Si-X) such as 
trimethylsilyl trifluoromethanesulfonate, and trimethyl- 
silyl iodide can also be used as electrophilic catalysts for 
the reaction of allylsilanes with ace&‘.’ and 
chloromethyl ethers. Since Me,SiX is regenerated, the 
reactions proceed catalytically. 

Ticl~ 

Me,SiCHCH=CH, + R’COR’- 
“20 

-CH=CHCH,CR’R2 
I CR432 

li R OH 
2; R=Me 3; R=Ph 

Me$iCH*CH=CHR t 
IV& 

R’COR*- 
Cm432 

“20 
- CH.4JHCH4R’RZ 

I I 
R OH 

4; R=Me (cis and trans) 5; R=Ph (trons) 

The second important feature of the reaction of allyl- Fluoride ion displays strong nucleophilic affinity 
silanes is its regiospectic conjugate addition to (1, /3- specifically to a Si atom, and we have found that this can 
enones. be applied in the allylsilane chemistry as nucleophilic 

Tic4 

Me,SiCH2CH=CR2 + R’R’CCHCOR- 
WJ 

-CH+ZHCR2CR’R2CH&OR3 
CwJ2 

1; R=H 6; R=Me. 
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catalysis.’ The allyl-Si bond of allyltrimethylsilane is 
readily cleaved with tetra-n-butylammonium fluoride 
(TBAF) to give a new allylic anion species which under- 
goes addition to aldehydes and ketones. The reaction is 
also catalytic in fluoride ion. 

Among a number of substituted allylsilanes so far 
reported,‘.’ an interesting derivative is 2-trimethylsilyl- 
methyl-l, 3-butadiene (isoprenyltrimethylsilane, 7) which 
may be used for introduction of an isoprenyl unit by 
substitution and cycloaddition reactions as discussed in 
this paper. 

As a reagent for one-step isoprenylation, 2-bromo- 
methyl-l, 3-butadiene has been used extensively.” The 
reagent can be used in the reaction with carbanionic 
species. An organozinc reagent derived from the com- 
pound has also been used for nucleophilic isoprenyl- 
ation.” However, these reactions are rather limited in 
application because of poor availability and thermal in- 
stability of the reagent. 

RESULTSAND DISCUSSION 

Preparation of isoprenyltrimethylsilane (7) 
The coupling reaction of trimethylsilylmethylmag- 

nesium chloride with 2-chloro-I, 3-butadiene (chloro- 
prene) is the most straightforward method of preparing 7. 
The coupling reaction of a Grignard reagent with vinylic 
halides in the presence of a Ni complex has been studied 
extensively by Kumada et ~1.‘~ We have found that the 
yield of 7 depends on the Ni complex used.” Ni complex 
used and % yield were: Ni(Ph,P)CH,),PPH#&, 91; 
Ni(PPh,(CH,),PPh,)Cl,, 35; Ni(PPh&CX, 3.4. 

Cl 

I 
Me,SiCH,MgCl t CH+.XH=CH,z 

Me,SiCH2 
I 

CH,C-CH=CH, (7) 

The reaction can be extended to the preparation of 
2-trimethylstannylmethyl-I, 3-butadiene (8).14 

Me,SnCH2 

N’C’2L2 & Me$nCH,MgCI t CH,CCICH=CH,- 
8 

L = PhtP(CH&PPhz 

A less attractive route to 7 has also been reported.” 

products. 

E-CH, 
Levis acid I 

7 t E-N-CH&-CH=CH, + MeSSi-N 
CH2C12 

Titanium tetrachloride is the most effective activator 
for the reaction among various Lewis acids. Acid 
chlorides gave the corresponding ketones generally in 
high yields. Results with acetals are even better and in 
this case, iodotrimethylsilane can be used as a catalyst. 

TiCb (or MqSil) 

R-CH(OMe)* t 7 
CHy3 l h Me0 R 

However, reactions of 7 with aldehydes activated by 
TiCL or AICI, are less satisfactory in respect of yields, 
although the reaction is convenient as a single-step reac- 
tion to isoprenylated alcohols. Results are listed in Table 
1. 

A new route to ipsenol (9) and ipsdienol (lo), principal 
components of the aggregation pheromones of bark 
beetles such as Ips paraconfusus and Ips 
typographusus,‘” is a unique synthetic application of the 
isoprenylation. 

The reaction of 7 with isovaleraldehyde in the 
presence of aluminum chloride or titanium tetrachloride 
directly afforded ( -+ )-ipsenol (9) 2-methyl-6_methylene- 
act-7-en&$ although the yield was rather low. 

Me,SiCH* 
I 

CH,=C-CH=CH, 

Lewir acid 

9 

I 

t (CH,),CHCH2CHO- HO 
CHzCl7 

9 

However, 9 was obtained in 62% yield by the reduc- 
tion with diisobutylaluminum hydride (DIBAL) of a 
ketone 11, which was prepared by the reaction of 7 with 
isovaleryl chloride in the presence of TiCl.,. Similarly, 
( -t )-ipsdienol (lo), 2-methyl-6-methylene-octa-2, Idiene- 
601, was obtained by reduction of myrcenone (12), pre- 
pared from 7 and 3, 3dimethylacryloyl chloride, in 75% 
yield. 

2% 0 

‘SIMf33 

60 : 40 

SIMe3 
+ 

60 ; 40 

Reaction of isoprenylsilane (7) as an allylsilane 
Like other allylsilanes:‘5 the isoprenylsilane 7 can 7 + (CH&CHCH&OCI 3 

react with various electroohilic snecies such as acetals, 
acid chlorides, and carbonyl compounds with the aid of a 
Lewis acid to give the corresponding isoprenylated 
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Tabk I. Reactions of 2-t1imeU1ylsilyhaethyl-l,3-butadkne (7) with ekctrophilic chemical specks ia the presence 
of a Lewis acid” or iodotrimethykiie 

ActivatQ noaction 
The Product (t Yield) "c 

(ra3) 2ce”2ax’ Tim, 

Cai3)2C-awl TlCl, 

"l3((82),aocl TICl, 

ca3-2a3 T&l, 

K=3)2aIai2(Baw2 TiCl, 

9bCH2LB2aIume)2 T&l, 

m(B2(B2aI~Ow2 TiCl, 

~Q13)2aa2(11Pm)2 WO3SiI 

KH3)2aiai2aIo NC% 
TiCl, 

Phct12CE2Cli0 NC13 

TiCl, 

ca3@.x2)3ai0 NC13 

CH3Cn2aiCa13)a9J NC13 

TiCl, 

1 min. 

10 min. 

1 min. 

5 min. 

10 min. 

5 min. 

7 min. 

40 min. 

2 min. 

5 sec. 

2 min. 

1 sec. 

2 min. 

2 min. 

laec. 

11 (77) 

12 (71) 

(82ai~2am2),(83 
d 

(?I (60 

-2 

Ea2-ca~2~cca3)co2Q13 (2) (51) 

m2a 

(921cBc(H2(ac82Cncca312 (g) (99) 

&I 2 &e 

a2~~2~m2~2* (2) (91) 

ai2Cua 

~2~~2~~2~zm & (17) (63) 

al2 om 

',s (90) 

f (30)e 

(22) 

Cf12-aKai2aiCli2a12P 

6i2&3 

WJ) (43)= 

(37) 

~2~~2~(a2)3(313 (2) (251e 

rn20A 

~2=~,CH2plolux3)~2~3 (4we 

In2 on Q) 
(15) 

a. Nl reactions mare carrimd out in dicbloroaethane at -79.C. b. yielda 

after isolation Ly UC. C. Yield8 are not alreys wtimized. d. The tri- 

methylanc dithiolstal of thfa product ia known (18 a precuroor of pGBl, PGAl, 

*16. 
see ref. 1oc. e. Yielda after hydrolysk with NaoLI-BEl. 

7 + KH,).C=CHCCCl K I 

The methyl ether of ipsenol (19 may be prepared in 
excellent yield from isovaleraldehyde dimethylaeeti by 
the reaction of 7 with iodotrimethylsilane catalysis. 

Me3SiI 

7 + (CHJ)2CHCH2CH(OMe)2 
CHZCIZ 

Isoprenylation of carbonyl compounds can also be 
carried out satisfactorily by the lluoride-ion catalysis. 
This reaction constituted the most effective and rela- 
tively non-basic route to the 2-vinylallylanion (or its 
equivalent) which reacts with aliphatic, aromatic and a, 
/I-unsaturated aldehydes to give the isprenylated ako- 
hols in good yields under a mild reaction condition in the 
presence of a ctalytic amount of tetrabutyl ammonium 

fluoride (TBAF). Free alcohols are obtained after pro- 
tononlysis. 

Ketones also gave the corresponding tertiary alcohols 
in high yields. However, some straightchain aldehydes 
and ketones, which can undergo a facile aldol conden- 
sation, gave the product in low yield. Table 2 lists the 
results. In the case of the reaction with benzophenone, 
trimethylsilyl ether (25) instead of free alcohol was 
obtained. Because of rather severe steric hindrance, 25 is 
not converted to the corresponding alcohol by pro- 
tonolysis under a mild condition. 

The expected ally1 anion species in the reaction is 
symmetric, so that is is not necessary to worry about the 
regiospeei6city of the reaction. However, it should be 
noted that the mechanism of the fluoride-catalyxed reac- 
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Table 2. Isoprenylation with 7 catalyzed by tetrabutylammonium &ride 

rt, 30 min. 

45.. 1.5 h. 

45'. 35 min. 

35O. 2 h. 

40e, 1 h. 

IS-. 4 h. 

rt, 2.5 h. 

50.. 2.5 h 

rt, 3 h. 

rt, 4 h. 

450. 3.5 h 

(74) 

(75) 

(81) 

(70) 

(90) 

(38) 

(871 

UOOI 

(89) 

(61) 

(33) 

a. Yields after isolation with TLC. 

tion is still unclear. As suggested earlier? a mechanism 
involving fluorotrimethyl-silane as an intermediate is 
possible. However, another mechanism involving only 
the alkoxide ion (Scheme 1) seems more plausible since 
the reaction of 7 with benzophenone gave the isoprenyl- 
ated compound quantitatively even with heating at 50“ 
for 2.5 hr. Note that the b.p. of fluorotrimethylsilane is 
16.4” under atmospheric pressure. These two 
mechanisms indicate the generation of ally1 anions. 
However, a hypervalent allylic silicon intermediate such 
as [CHrCHCHrSiMe3FJ- instead of ally1 anions is also 
a possible intervening species and it is still premature to 
discuss the mechanism fully. Studies on the mechanism 
of the fluoride ion catalyzed reactions are important and 
interesting. 

Me,SiF 

I 

n-Bu4N+F- 

The fluoride ion-catalyzed reaction of 7 afiords the 
best route to both ipsenol(74% yield) and ipsdienol(70% 
yield) as shown in Table 2. Since isoprenylsilane 7 can be 
prepared inexpensively from commercially available 
chemicals in large quantity, the present reaction will be 
valuable as a practical route to the pheromones.” 

The reaction of isoprenylsilane (7) as a dime 

Isoprenylsilane 7 and stannane 8 are substituted 
dienes, so that these can enter the Diels-Alder reaction 
with various dienophiles.‘4*15 The thermal reaction of 7 
and 8 with symmetrical dienophiles proceeds smoothly 
with a stereospecitic mode to afford cycloadducts. 

The stereospecificity of the reaction can be demon- 
strated by the stereochemical outcomes in the reaction 

10 RlR*C=O 

x, 

7 

CR1R2 

OSiMe) 

Scheme I. 
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Table 3. Dick-Alder reactions of trimethylailylmethyl and tiethyl~tannylmctbyl-s~tituted dicues with sym- 
metrical diewpbiks 

0 

7 c 0 

0 

1 

0 

7 6 I I 

0 

neo*c H 

7 1 
Ii co2ne 

neo2c H 

1 1 
neo2c Ii 

D 

fv 
ll*gi 

^oTj 

0 

rt, 20 h 
cp, 0 

rnZC12 

reflur, 16.5 h 

Benzene 

reflm, 17 h 

Benzene 

xy1ene rt03Si “0: I 
m2ne 

180.. 64.5 h 
(33 

cozne 

(31zc12 l4ep v= 

reflux, 15 h 
rnzw 

w 

(100) 

(90 

(SW 

(79) 

(79) 

(90 

a. Yields after isolation by TLC or CLC. 

Table 4. Regioselectivity in the Diels-Alder reaction of 1,3dienes with unsymmetrical dienophiles 

1,3-Diene Dienophile Reaction conditiona 
Pro&ct (9 Yi*ld)b Ratio of 

fine/h mSPc) PMa : meta 

46 

6 

46 

39 

15 

36 

69 

(80) 

(80) U03SiCH2 -a 
(37) core 

(SO) Ile3'-2 -0 

(38) co2w' 

(12O)dV' 

(80) lr*3S"cB2 -0 
(4J?, ame 

(11) 

(83) 70 I 30 

(58) 94 : 16 

(73) 91 : 9 

71 : 29 

v33) 83 t 17 

(94) 92 : 8 

a. Reactiona were carried out In ben+ene, unle#m otherrim* eated. b. Yield 

after isolation bu nc. f. Determined ty GIG. d. ref. 6. l . in to1uane. 
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of 7 with dimethyl maleate and with dimethyl fumarate, in 
which only one respective stereoisomer was obtained from 
each isomeric ester. The results are summarized in Table 3. 

Interestingly, 7 and 8 undergo the Diels-Alder reaction 
with unsymmetrical dienophiles in more regioselective 
fashion than isoprene (Table 4). 

“T+ ‘Ix “TJx + “TX 
para meta 

M=H (isoprene, 35), M&i (7). M&n (8) 

The Diels-Alder reaction of isoprene (35) with an 
unsymmetrical dienophile with an electron-withdrawing 
group gave predominantly a par&isomer, the poralmeta 
ratio being around 70/30 at 120”.” Since it has been 
found that the ratio does not change in the temperature 
range from 25” to 200°,‘n we can compare the data with 

those of 7 and 8. With methyl acrylate, the ratio in- 
creases to 84/16 for 7 and to 91/9 for 8. The same trend 
can be observed for methyl vinyl ketone. Based on the 
HOMO-LUMO interaction in the Diels-Alder reaction,” 
the result can be explained in terms of the extensive 
u((M-C)-r conjugation for 7 and 8 that raises the 
HOMO of the dienes with increasing coelcients of 
atomic orbitals at the l-position of the HOMO. Higher 
para/meto ratio of 8 is thus reasonable because of the 
stronger u--?r conjugation effect exerted by the Sri--- 
than by the SiC bond*’ (Fig. 1). 

The regioselectivity in the Diels-Alder reaction of 7 
can be improved dramatically by adding a small amount 
of aluminum trichloride.“” Aluminum trichloride can 
complex with dienophiles such as acrolein and methyl 
vinyl ketone and thus can lower the LUMO level of the 
dienophile. Table 5 lists the results of Lewis acid- 
catalyzed reactions of acrolein and acyclic and cyclic a, 
#I-unsaturated ketones and esters together with those of 
uncatalyzed reactions.” It is important to note that 
Lewis acid-catalyzed reactions proceed not only faster 
but also more regioselectively than uncatalyzed reac- 
tions. Especially, acrolein and methyl vinyl ketone give 
pure “poru” products in good yield. 

Table 5. Diels-Alder reactions of isoprenylsilane (7) with various dienophiles catalyzed by aluminum chloride 

Dienophile 
Reaction Conditions" 

Products (Q Yield) 
Ratio of 

Temp/‘C, Time/h Pac.4 : meta c.d 

50-60, 2 

(80, 461d 

50-60, 2 

(80. 46) 

15-20, 3.5 

0, e 

(SO, 34) 

15-20, 3.5 

0. 6e 

(SO, 36) 

30, 6e 

SO, 2 

(130. 15) 

60, 13 

Mle3SiCH2 

(3,j) 
W2M' 

Me3SiCH 
a 
2 

($a 
W2Et 

Me3SiCH2 
a 
(42, CHo 

75 

(58) 

99.5: 0.5 

(84 : 16) 

72 99: 1 

(63) (82 : 18) 

69 100 : 0 
61 100 I 0 
(69) (97 : 3) 

64 100 : 0 
55 100 : 0 
(83) (83 : 17) 

100 : 0 

93 : 7) 

(89 2 11) 

99: 1 

(84 : 16) 

56 95: 5 

a. All reactions ware csrrf.ed out in the presence of o.oS-a.1 w&v. of AlC13 
in benzene unless otherwiec noted. b. Yieldsdafter isolation by TLC. 
C. Determined by GLC. d. Ratios as well as yields of uncatalyzed reactions 

are shown in parentheses. e. Reactions were carried out in dichloromethane. 



Chemistry of organosilicon compounds-165 889 

fle3Six + 'I, *lC13 (cat')w Me3Sixz 

Tbe “pare” adducts can be readily protodesilylated 
regio-selectively by a Brdnsted acid in methanol and 
caesium or potassium fluoride in aqueous dimethyl sul- 
foxide (DMSO) or dimethylformaldehyde (DMF) to give 
exe-methylenecyclohexanes and cyclohexenes, respec- 
tively. 

“‘3sim, 1 F-/H20 . DA 
DMSO or DMF Z 

The regioselectivity in the protodesilylation is high for 
a double bond shift, giving the exe-metbylene compound 
almost exclusively as found in another case?’ However, 

Z=CHO (43) 

COCH, (ro) 

the mechanism of fluoride-catalyzed desilylation involves 
the formation of ally1 anions or equivalents, so that the 
regioselectivity is largely controlled by thermodynamic 
factors. 

As can be seen in Table 6, the ratio of 48 to 49 is 
almost constant regardless of reaction conditions. 

The Diels-Alder adduct (40) was obtained in 10092 
regiospecificity, and can be used for terpene synthesis. 
For example, 

*-Limnene 

(50) 

%Me3Siw _ oH, 

$ F B 1; g;%whT; 

Limonene 
0 OH 

(51) 10% 62% 
a-Terpineol 

‘KFIDMSO. 120”, 12h. “l)Me,SiCH~MgCIIEt~O. 35”. 2h. 2) 
MeCOCCMeOH. 0”. 15 min. ‘1) MeMgBrlEt?O, 35”. 2H. 2) Hcl- 
MeOH. rt. 20 min. dMe3SiCHaMgCIIEt~0. 35”, 2 h. ‘CsFIDMSO, 
130”, 3h. 

(52) 

Table 6. Fluoride ion-catalyzed clearage of silicowcarbor bonds 

COmpcund~ Pluor ide Solvent Tcmp ("Cl Yieldb 
Ratio of 

Time (h) 42 / 42 = 

40 aF Lmsa 120 (12) 60 (72) 86 / 14 

RF raw 120 (25) (48) 86 / 14 

Csp WO 140 (0.2) 55 85 / 15 

CsP mS0 100 (0.5) 51 66 / 14 

CSF ml6-0 70 (23) (55) 83 / 17 

44 C6P D190 100 ( 1) 94 04 / 16 

?? CBP MS0 100 ( 1) 60 a7 / ud 

a. Pure =para= ipuarm mre used. b. Yields after iaalation rfth Tu: 

Wields by GLC detemkaticn). C. Determined by GLC unless otherwise 

noted. d. Determined by MR. 
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Methyleoation” of the ketone (40) followed by 
regioselective protodesilylation with hydrochloric acid in 

Soffer d al.” reported the Diels-Alder reaction of 

methanol or caesium tluoride in DMSO leads to #- 
2cthoxy-l,3-butadiene with cryptone to give the adduct 

limonene (M) and limonene (Sl), respectively. Desilylation 
64. The stereochemistry of 64 has been established to be 
anri-cis. 

one was formed also in 10% regiospeciticity and can be 

.,,x + Q - $x OEt 

used for bisabolane sesquiterpenes as follows. 64 

followed by methylation with methylmagnesium bromide 
gave a- and S-terpineol (52 and 53). respectively. Pre- 
paration of te*eol involving an cxo-methylene group is 
rather tedious, but the present method provides a con- 
venient route to the two-methylene compounds. 

The adduct (44) of 7 with ‘I-methyl-l, boctadiene-3- 

6-Bisabolene a-l-Bisabolol 

(57) (58) 

‘AICL(O.1 equiv.)lCHGL, 30’. 16 h. V) MerSICH~MgCIIEtzO, 35”, 
3 h. 2) HCCMeOH. 65”, 3H. ‘CsF/DMSO, loOa, 1 h. 
dMeMgSrlEtlO. 35”, 3 h. 

Syntheses of isobisabolene~s #I-bisabolene,” and cr-l- 
bisabolol*’ have been reported previously, but the 

We assumed that our adduct 47 has also the same 

present method affords the shortest way to these com- 
stereochemistry, since steric hindrance of a large iso- 

pounds. 
propyl group can control the stereochemistry. 

This work demonstrates that 7 can be viewed as one of 
Similarly, some derivatives of cadinanes have been 

prepared from the adducts (47) with cryptone, the results 
the isoprene synthon. The synthetic utility of the reac- 

being shown in the following scheme. 
tion was displayed by very high-almost perfect- 
regioselectivity of the Diels-Alder reaction. 

; -- 
A 47 

b 

A 
c-Cadinene (50) 28 c-Muurolene 

(38%) 

(60) 2g 
(25%) 

61 (8%) 62 (52%) y-Cadinene (63) 2* 

al)Me3SiCH2MgC1/Et20, reflux, llh; i?)HCl/MeOH, rt, 15h 

bC~F/DMSO, 100°, lh 
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CONCLUSON witb 7 (0.168 g 1.2 mmd) at - 78”, for 5 min. Work-up as for 15 

Two types of reactions of isoprenylsilane have been gave 16 (0.176g 81%). NMR S 1.76 (2H, m), 2.20 (IH, ddd 

presented. 
J= 14.0, 7.0, l.OHz), 2.52 (IH, ddd J = 14.0, 5.5, l.OHz), 2.68 

CH=CHZ 

E-N I 

allylation 

c, 

E-CHZ-C=CHZ 

Me3SiCH2 

I 
CHZ=C-CH=CH2 

CHZ=CH-X 

cycloaddition Me3si-o__ x 

Each reaction provides useful method of introducing 
an isoprene unit in acyclic and cyclic forms. Some ag 
plications to the synthesis of naturally occurrittg com- 
pounds are presented. 

ExrERIMENTN. 
Gas chromatographic analyses were performed with Hitachi 

063 and 163 instruments using lmxfmm and 1.5m x3mm 
columns of 15% SE-30 on celite 160-80). Prenarative aas 
chromatography was carried out with a Vat&n 9OP instnm&t. 
IR spectra were recorded on a Hitachi EPIGZ Grating spec- 
trometer, and are for neat liquids unless otherwise spccled. 
NMR spectra were recorded on Varian T-60, Varian EM-390, 
Varian XL-u)0 and JEOL FX-90Q spectrometers for solas in 
CCL, with TMS (2%) as internal standard, unless stated other- 
wise. Mass spectral data were obtained using a Doubk Focussing 
JEOL JMS-D-3tHJ mass spectrometer. All b. and m.ps are uncor- 
rected. Solvents were dried and purified by standard techniques 
prior to use. Chloromethyltrimethylsilane was prepared by 
metbylation of (chloromethyl)dimethykhloro.silane’s with 
MeMgBr. Hichloronickel complexes with 1, ~bis(diphe.nyl- 
phosphino)propane,” 1, 2-bis(diphenylphosphino)ethane,” and 
triphenylphospbine’* as ligands were prepared accordii to 
references. Chloroprene was supplied by De&kagaku Kogyo 
Co., Ltd., and was used after distillation (b.p. 5Y/76OmmHg). 
Other chemicals were purchased or prepared by standard 
methods. 

2-T~methylsilylmethy/-I, 3-buradiene (isoprenylsilone)‘l. Tri- 
methylsilylmetbylmagnesium chloride was prepared from 
cbloromethyltrimethylsilane (18.67 g, 0.15 mol) and Mg (4.29g. 
0.18mol) in ether (1OOml) and transferred to a dropping funnel 
which was fitted to a 500 ml 3-necked flask. Chloroprene (16.57 g, 
0.19 mol), dichloro-1, 3-bis(dipbenylphosph)propane-nickel 
(0.47 g, 0.86 mmol), and ether (100 ml) were placed in the Bask. 
The Grignard reagent was added dropwise to the solo at 0” with 
stirring. A moderate exothermic reaction was observed. After 
beat evolution ceased, stirring was continued with beating to 
reflux for 6hr. Hydrolysis, extraction, evaporation of solvents 
and fractional distiatidn gave 7 (19.3 g. 0.14 mol) as a colorless 
oil (90.8%), b.p. 69-70”/80 mmHg. NMR 6 0.03 (9H, s), 1.71 (2H, 
d J= 1.1 Hz), 4.78 (IH, m), 4.88 (IH, m), 5.03 (lH, m), 
5.09 (IH, m), 6.36 (lH, dd J = 10.5, 17.4Hz). IR 3090, 1635, 
1595. 995. 905 cm-‘. UV thexane) 23l.Onm 11.17 x IO’). (Found: 
C, 68.62; H, 11.53%. Calc: for C&,Si: C, 68.49: H, 1 l:So). 

5-Mefhoxy-7-methyl-3-methylene-I-octene 15. TiCL (0.11 ml, 
l.Ommol) and CHrCII (20ml) were placed in a 2-necked iIask 
under N2 and the sola was cooled to -78“. A mixture of 7 
(0.168g. 1.2 mmol) and isovaleraldehyde dimethylacetal (1.132 g. 
l.Ommol) was added dropwise to the solo. After IO min, the 
mixture was hydrolyxed with a sat NaHCO, aq. An organic layer 
was separated and dried (CaCl& The residue after evaporation 
of the solvent was treated with tic on silica gel eluting with 
ether/hexane (1: 8) (R, = 0.6) to give pure 15 (0.148 g, @%),NMR 
6 0.91 (3H. d J = 6.0 Hz). 0.92 13H. d J = 6.0 Hz). 3.33 f3H. s). co 
3.9 (lH, 6). 4S5.38 (4H, mj. 6137 (IH, dd J= 11.0; 1iOk~). 
fFound:C.78.80;H, 12.05.Calc.forC1,H~O: C.78.51;H. 11.98%. 
MS Cab for CI,H~O: 168.1512, Found: 168.1494). 

5-Methoxy-3-methyleae-7-phenyl-1-hepreae 16. g-Phenyl- 
propioo-aldehyde dimetbylacetal (0.180 g, 1 .O mmol) was reacted 

J 

(2H, m), 3.29 (3H, s), 3.3 (IH, m), 5.01 (IH, ddd J = 11.0, 1.0, 
0.5Hz) 5.02 (2H, q ), 5.18 (lH, ddd J= 17.9, 1.0, 0.5Hz). 6.31 
(lH, dd. J = 17.9, 11.0 Hz), 6.60 (SH, m). (Found: C, 83.29; H, 
9.52. C&c. for &II& C. 83.29: H. 9.32). ._ - 

S-Et~xy-3-m~hylcne-7-~~ny~-l-heptmc 17. p-Pheayl- 
propionaldehyde diethylacetal (0.208 g. 1.0 mmol) was reacted 
with 7 (O.l68g, 1.2 mmol) at -78”. for 7 min. Work-up as for 15 
gave 17 (0.145 g, 63%). NMR 8 1.15 (3H, dd J = 7.0 Hz), 1.76 (2H, 
m), 2.22 (IH, ddd J = 14.0, 7.0, l.OHz), 2.52 (lH, ddd J = 14.0, 
6.5, l.OHx), 2.70 (2H, m), 3.35 (IH, m), 3.36 (lH, d quart J = 9.0, 
7.0Hz), 3.51 (lH, d quart J = 9.0, 7.0Hz), 5.00 (IH, ddd J = 11.0, 
1.0,0.5 Hz), 5.1 (W, m), 5.18 (lH, ddd J = 17.0, 1.0.0.5 Hz), 6.33 
(IH, ddt J = 17.0,11.0,1.0 Hz), 7.15 (SH, m). (Found: C, 83.59: H, 
9.60. Calc. for C,J&O: C, 83.43; H, 9.63). 

S-Mcthylme-I-phmylbhcptare-3-01 18. The reaction of 7 
(O.l68g, 1.2 q mol) and /3-phenylpropionaldehyde (0.134 g, 
1.0 q mol) at -78” for 10 set and work-up as for 15 save 18 
(0.075 g, 37%). NMR 6 1.73 (2H, dt J = 6.0,j.O Hz), 2.19(lH, dd 
J = 14.5, 8.6 Hz), 2.42 (IH, dd J = 14.5, 4.5 Hz), 2.64 (lH, bt 
J = 7.0), 2.79 (lH, bt J = 7.0 Hz), 3.65 (IH, m), 5.03 (IH, d J = 10.9 
Hz), 5.07 (2H, m), 5.15 (lH, d J = 17.5 Hz), 6.27 (IH, dd J = 10.9, 
17.5Hz). 7.09 (SH, s). Found: C, 82.78; H, 9.16. Calc. for 
C,,H,sO: C. 83.12; H, 8.97). 

2-Methylbmethylare-7-octene4one 11.“” The reaction of 7 
(0.168 g, 1.2 mmol) and isovaleryl chloride (0.121 g. 1.0 mmol) at 
- 78”, for 1 min and work-up as for 15 gave 11 (0.117 g, 77%). 

2-Methyl-6methylene-2. ‘I-octadiene4one 12 lob @, p- 
Dimethylacryl chloride (0.166g. 1.4 mmol) was reacted with 7 
(O.l68g, 1.2mmol) at -78”, for IO min. Work-up as for 15 gave 
12 (0.128 g, 71%). 

3-Methykne-I-decene-S-one 13. The reaction of 7 (0.168g. 1.2 
mmol) and caproy chloride (0.135~. 1.0 q mol) at -78”. for 1 
min gave, after workup as for l< 13 (0.1 I u, 66%). NMR 6 
0.6-2.0 (9H, m), 2.31 (2H. m), 3.14 (2H, s), 4.85-5.35 (4H, m), 6.39 
(IH, dd J = 18.0. 10.8 Hz). (Found: C. 
C,,H,sO: C, 79.47; H, 10.91%). 

79.72: H. 10.89. Calc. for 
’ ’ 

By the same procedure, ipsarol 9 (22%) and 3-methy 
methylue-7-octene4oI 2g (15%) were prepared. 

~Mrthylure-I-nonme-5-o/ 19. CHICll (20 ml) and AldIp (0.133 
g. 1.0 mmol) were placed in a 50-ml 2-necked flask. Pentanal 
(0.172 g. 2.0 mmol) was added and the mixture was cooled to 
-78”. To the homogeneous mixture, 7 (0.140 g, 1.0 mmol) was 
added dropwise during the period of 2 min. After usual work-up 
and tic purifkation gave 19 (0.038 g, 25%) as a colorless oil. NMR 
6 0.50-1.70 (9H, m), 1.70-2.60 (3H, m). 3.60 (IH. m). 4.80-5.40 
(4H, m), 6.34 (IH, dd J = 18.0, 10.8 Hz). (Found: 6,. 77.91; H, 
11.84. Calc. for C&.0: C. 77.87: H. 11.76). 

.I .” 

By the same procedure, &ao~9 (jo46) 5-methylear-I-pherryl- 
bhcptue 18 (43%). and 3-Methyl&nethylene-7-octeae4ol 20 
(44%) were prepared. 

IoaWimethylsiiane-catalyzed reaction of 7 with isooaleralde- 
hyde ukethylacetal Iodotrimethylsilane (O.OZSg, 0.1 mmol). 
freshly prepared from hexamethyldisilane and 12,) was added by 
means of a syringe to a CHrCls soln (2 ml) of 7 (0.28 g, 2.0 q mol) 
and isovaleraldehyde dimethylacetal(O.132 g. 1.0 mmol) at - 78”. 
Themixturewaskeptat -78”for4Ominandthenat -40”for3 
hr. After usual work-up, 15 (0.151 g. 90%) was obtained. 

Experimental details and spectral data for compotmds listed in 
Table 2 will be published elsewhere.” 
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I- Trimethylsilylmrthyl-I-cyclohexene-4, S-dicorboxylic anhydride 
29 

The LX&-Alder reaction of 1 with maleic anhydridr Ether (10 
ml). 7 (0.168 g. 1.2 mmol), and maleic anhydride (0.0981 g, 1.0 
mmol) were placed in a So-ml Znecked flask under N, and the 
mixture was stirred for 20 hr at room temp. After evaporation of 
volatile materials and recrystallization from ether gave. 29, m.p. 
104” (0.239 g, 100%). NMR 6 0.02 (9H, s), 1.60 (2H, s), 2.48 (4H, 
m), 3.25 (ZH, q ), 5.40 (IH, m). IR (KBr) 3050, 1835, 1770, 1635, 
1260, 940 cm-‘. (Found: C, 60.51; H, 7.83%. Calc. for 
C,sH,sO,Si: C, 60.47; H, 7.61. 

1, 2-lXmethoxycatbonyl4t~methylsilylmethyl-I, Ccyclohex- 
adiene 30. l%e reaction of 7 (0.168 g, 1.2 mmol) and dimethyl 
acetylenedicarboxylate (0.142 g, 1.0 mmol) in CH2C12 (IO ml) 
under rellux for 16.5 hr gave Jo (0.272 g. %I) after puri6cation 
with UC on silica gel (etherlhexane, l/2, R, = 0.6) as an oil. NMR 
6 0.01 (9H, s), 1.45 (2H, m), 2.85 (4H, m), 3.70 (6H, s), 5.20 (IH, 
m). (Found: C, 59.43; H, 7.86. Calc. for CI,H2r0,Si: C, 59.54; H, 
7.85). 

2 - Trimefhylsilyfmethyl - I, 4 - dihydroanthraquinone 31. The 
reaction of 7 (0.084 g, 0.6 mmol) and naphthoquinone (0.079 g, 0.5 
mmol) in benxene at reflux for 17 hr gave Y(O.131 g, 88%)&er 
work-UD as for Jo (R, = 0.8) as an oil. NMR 8 0.08 (9H. s). 1.50 
(2H, mj, 2.38 (4H, mj, 3.30’(2H, m), 5.26 (IH, q ), 7913 (4H, m). 
(Found: C, 72.67; H, 7.62. Calc. for C,sHnOrSi: C, 72.44; H, 
7.43). 

Trans - 4, 5 - Dimethoxycarbonyl - I - trimethylsilylmefhyl - 1 - 
cyclohexenc 32. The reaction of 7 (0.084 g, 0.6 mmol) and 
diiethylfumarate (0.072 g, 0.5 mmol) in benzene at reflux for 
108.5 hr gave 32 (0.112 g, 79%) after work-up as for 30 as an oil. 
NMR 8 -0.02 (9H, s), 1.38 (2H, m), 2.12 (4H, m), 2.70 (2H, m), 
3.59 (3H, s), 5.10 (IH, m). IR 1745, 1250, 850 cm-‘. (Found: C, 
59.39; H, 8.67. Calc. for C,,H,,O,B: C, 59.12; H, 8.51). 

cis -4,5 - Dimethoxycarbonyl - 1 - trimefhylsilylmethyl - 1 - cycle 
hexene 33. In a glass ampule, 7 (0.168 g, 1.2 mmol), diietbyl 
makate (0.144 g. 1.0 mmol), and p-xylene (5 ml) were placed. 
Under argon the ampule was sealed and kept at 180” for 64.5 hr. 
Work-up as for 30 gave 33 (0.226 g, 79%) as an oil. NMR 6 - 0.07 
(9H, s), 1.36 (2H, m), 2.32 (4H, m), 2.84 (2H, m), 3.54 (3H, s), 3.56 
(3H, s), 5.02 (IH, m). IR 3040, 3020, 3000, 1740, 860 cm-‘. 
(Found: C, 59.38: H, 8.70. Calc. for C,,HwO,Si: C, 59.12; H, 
8.5 I). 

LXels-Alder reactions of 7 and 8 with unsymmetrical dieno- 
philes. The reactions of 7 and 8 with unsymmetrical dienophiles 
were carried out as for the reaction with symmetrical dieno- 
philes. Two isomers in each case were not separated but the 
ratios were determined by glc. The “para” and “meta” isomers 
are easily distinguishable by MS. The M-67 fragment appears 
strongly for “para” isomers, while the corresponding fragment is 
very small for “meta” isomers. The M’-67 peak may be 
generated by the following fragmentation. 

(7H, m), 3.67 (3H, s), 520(lH. m). Found: C. 45.63; H, 7.25. Calc. 
for Cr2H&Sn: C.45.47; H. 7.00). MS m/e 25 I (M’ - 67: ~-38.3%; 
m-38, U%). 

4- and 5-Acetyl-I-trimethylsilylmethyl-I-cyclohexene p-40 and 
m40. NMR 8 -0.05 (9H, s) (another Me$i signal at -0.04). 
1.33 (2H, m), 1.65-2.30 (7H, m). 2.03 (3H, s), 5.10 (IH, q ). 
(Found: C68.74; H, 10.47. Calc. for C1rHrrOSi: C68.51; H, 10.54). 
MS m/e 143 (M&-67: p-40, 94%; m-40, 4%). 

6 5-Acetyl-I-trimethylstannylmethyl-I-cyclohexene ~41 and 
m41. NMR 6 0.08 (9H, s), 1.65 (2H, m), 1.50-2.60 (7H, m), 2.08 
(IH, s), 5.17 (IH, m). (Found: C, 47.69; H, 7.43. Calc. for 
CrrHrrOSn: C, 47.89; H, 7.37%). MS m/e 235 (M’67: p-41. 14%; 
m-41, 0%). 

6 and 5-Ethoxycarbonyl-l-ttimethylsilylmethyI-I-cyclohexene 
~42 and m42. NMR 15 -0.06 (9H, s) (another Me$i signal at 
-0.05). 1.18 (3H, t J =7.0Hz), 1.35 (2H, bs), 1.50-2.50 (7H, m), 
4.03 (2H, q J = 7.0 Hz), 5.10 (IH, m). MS m/e 173 @V-67: ~42, 
59%; m-42,2%). 

6 and 5-Fomryl-I-trimethylsilylmethyl-I-cyclohcrene ~43 and 
m-43. NMR 8 0.00 (9H, s),(another Me&signal at 0:02), 1.43 
(2H. m). 1.55-2.40 (7H. m). 5.20 (IH. ml. 9.63 (IH. m). (Found: C. 
67.50; H, 10.43. Calc. for’C,,HiOSi: d; 67.28: Hi 16.27). ’ 

Diels-Alder reaction of 7 with methyl vinyl ketone in the 
presence of aluminum chloride. To a mixture of methyl vinyl 
ketone (7.2 g, 102 mmol), AICI, (0.59 It, 4.4 mmol) and CH,CI, (2 _ _. 
ml) placed in a flask, 7 (7.75 g: 55 mmol) in CH2C12 (20 ml) was 
added at 0”. After stirrina for 2.5 hr a sat NaHCO, aa was added 
to the mixture which was worked up as usual: Pure 40 was 
obtained (6.23 g. 55%), b.p. i35-14OV6 mmHg. 

5-Trimethylsilylmethyl-2.3, 3a. 4,7,7a-hexahydroindene-l-one 
45. The reaction of 7 (0.140 g, 1.0 mmol) and Zcyclopentenone 
(0.165 g, 2.0 mmol) in benzene (1.5 ml) in the presence of AICI, 
(0.013 g. 0.1 mmol) at 80’, for 2 hr and work-up as for 48 gave 45 
(0.24 g, 5796, para/mefa = 93/7). Similar reaction of 7 (0.150 g, 1.1 
mmol) and Zcyclopentenone (0.170 g, 2.1 mmol) at 130“, for 15 hr 
gave 45 (0.112 g. 43%, paralmeta = 89/11). NMR 8 -0.30 (9H, s), 
1.0-2.2 (12H. m). 4.9-5.1 (IH. ml. Pure 45 was senarated bv ale. 
MS talc. for.C,;H2,0Si: 222.1446; Found: 222.1431. _ - 

Dels-Alder reactions of I with 2-cyclohexenone and cryptone 
in fhe presence of aluminum chloride. Similar reactions of 7 with 
2-cyclohexenone and cryptone gave 46 (7046, parajmeta = 9911) 
and 47 (5646, para/meta =95/S), respectively. Pure samples of 
“para” isomers were obtained by glc separation. 46 NMR 6 
-0.07 (9H, s), 1.30 (2H, bs), 1.5-2.4 (12H, m), 4.9-5.1 (IH, m). 
MS talc. for CIIHaOSi: 236.15%; Found: 236.1591. 47 NMR S 
0.02 (9H, s), 0.78 (3H, d J=7.0 Hz), 1.00 (3H, d J=7.0 Hz), 
1.20-2.50 (14H, m), 5.22 (IH, m). MS talc. for C,,Hr,,OSi: 
278.2066; Found: 278.2069. 

(M+-67) (M = Si, Sn) 

NMR spectra and elemental analyses were taken for the mix- 
ture unless otherwise stated. Since the “meta” isomers are mioor 
compounds, only (CH,hSi signals are recorded. 

4- and 5 - Methoxycarbonyl - I- trimethylsilylmethyl - I- cycle - 
hexene p-37 and m-37. NMR S -0.05 (9H. s). (another Me,Si 
signal at -0.04) 1.33 (2H. bs), 1.5&2.50 (7H, m), 3.56 (3H.t). 
5.IO(IH,m).(Found:63.52;H,9.8l.Calc.forC,~H~~02Si;C.63.67; 
H, 9.79). MS m/e 159 (M’ - 67; p-37, 33%: m-37, 2%). 

6 and 5-Methoxycarbonyl-1-trimethylstannylmethyl-I-cyclo- 
hexene p-38 and m-38. NMR 8 O.O1(9H, s) 1.70 (ZH, m), 175-2.50 

Hwride ion-catalyzed cleavage of the silicon-carbon bond of 
40. A mixture of 48 (0.210 II, 1.0 mmol). KF (0.180 R. 3.1 mmol) 
and DMSO (1.0 ml)‘was s&red at 12&‘, for‘12 hr_Water was 
added to the mixture. The organic layer and extracts with ether 
were combii, dried and evaporated. Glc (Apiexon L 20% on 
celite 545, 1 m X 4 mm) analysis gave the 18/49ratio to be 86/14. 
Glc yield was 72%. Tic (silica gel, hexanelether = S/l) gave 0.073 
g (60%) of a mixture of isomers (RI = 0.55). 

6Acetyl-I-methylcyclohexenr NMR 6 1.60 (3H, bs), 2.05 (3H, 
s) 1.1-2.2 7H, m), 5.3 (IH, m). IR 2%0, 2920, 2620, 1708, 1435, 
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