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Surface-mediated Solid Phase Reaction. Part 6.' Mukaiyama-Michael Addition 
of Silyl Enol Ethers to Alkyl Vinyl Ketones on the Surface of Alumina: a Simple 
and Convenient Method for the Synthesis of I ,5-Diketones 

Brindaban C. Ranu," Manika Saha and Sanjay Bhar 
Department of Organic Chemistry, Indian Association for the Cultivation of Science, Jadavpur, 
Calcutta-700 032, India 

Michael addition of silyl enol and dienol ethers to alkyl vinyl ketones occurs in high yield through a 
simple solvent-free reaction on the surface of anhydrous zinc chloride-impregnated alumina to 
give 1,5-diketones. 

Reactions using reagents or reactants on insoluble inorganic 
supports such as zeolites, aluminas or silica gels are of 
considerable interest., With a modification of this technology, 
the surface-mediated solid-phase reaction, we have achieved 
remarkable improvements in reactions 3 j  such as Michael 
addition,, alkylation of 1,3-dicarbonyl  compound^,^ and the 
aldol reaction of silyl enol ethers with aldehydes.' Recently6 we 
disclosed that anhydrous zinc chloride-impregnated alumina 
efficiently activates Mukaiyama-Michael addition of silyl enol 
ethers to methyl vinyl ketone. Here we report the full details of 
these reactions demonstrating further the scope and generality 
of this procedure for a variety of silyl enol ethers and alkyl vinyl 
ketones. 

Michael addition of silyl enol ethers to a$-unsaturated 
ketones in the presence of TiC1,,7 is an important carbon- 
carbon bond-forming reaction.' Various Lewis acids (e.g. 
SnC1,,9" BiCl,,9b BF3*Et20,9' ZnC12,9d and Me,AlCl 9e)  have 
been used to catalyse this reaction, although they rarely show a 
uniform scale of efficiency, possibly because of large differences 
in reactivity between the various types of silyl enol ethers and 
reagents. Further, since most of these Lewis acids have serious 
limitations with acid-sensitive substrates, particularly vinyl 
ketones because of their tendency to polymerise under acidic 
conditions,' masked vinyl ketones have been used."." Salts 
such asTrC10,,'2"Zn(OTf)2,12b BU~S~(OT~)~,'~'SC(OT~)~,'~~ 
BiCl,-xMIn' 2 e  and tris(pentafluoropheny1)boron 2f have also 
been used to catalyse the reaction in attempts to overcome this 
problem. Also, highly reactive silyl enolates have been reported 
to accelerate this reaction without any catalysts.13 In spite of 
this, however, since many of these reagents have practical 
disadvantages, being toxic or not readily available, there is still a 
need for a convenient procedure to effect additions to unmasked 
vinyl ketones. 

Results and Discussion 
The experimental procedure is very simple: alumina impreg- 
nated with anhydrous zinc chloride was added to a cooled 
and stirred mixture of silyl enol ether and alkyl vinyl ketone 
(Scheme 1). The results are presented in Table 1. 

Several trimethylsilyl enol ethers underwent clean addition to 
either methyl, ethyl or phenyl vinyl ketone by this procedure to 
produce the corresponding 1,5-diketone. The addition was 
found to be uniform towards all types of silyl enol ethers and 
alkyl vinyl ketones with no side product. The conjugated 
trimethylsilyoxydienes (entries 15-1 8) were also found to 
undergo addition with methyl vinyl ketone, although the yields 
were less satisfactory than with silyl enol ethers. The lower yield 
may be due to polymerisation of the more reactive silyoxydienes 
and tarry materials were also isolated. However, isolation of 

R = Me, Et, Ph 
Scheme 1 Reagents and conditions: i, Al,O,-ZnCI,, room temp. 

only one regioisomeric addition product in the reaction of 
4-trimethylsilyoxybuta- 1,3-diene (entry 16) indicates that 
addition of methyl vinyl ketone occurs preferentially or 
predominantly at the a-position of the parent carbonyl 
compound. These addition products from conjugated siloxy- 
dienes have considerable synthetic potential. 14a~b 

Reactions with zinc chloride in tetrahydrofuran (THF) in the 
absence of alumina are messy, giving unwanted side reactions, 
whilst in the absence of zinc chloride on an alumina surface they 
are sluggish. Thus, it seems that the combination of zinc 
chloride and alumina surface is acidic enough to catalyse the 
addition to alkyl vinyl ketones but sufficiently moderate to 
prevent side reactions such as vinyl ketone polymerisation. 
Although the precise role of alumina to tune the activity of zinc 
chloride for this reaction is not clear, this is a novel, and to the 
best of our knowledge, first attempt to control the acidity of a 
Lewis acid for this type of addition. 

Experimental 
'H NMR spectra were recorded at 60 MHz on an EM 360 
spectrometer of Varian Associates in CCl, solutions with Me,Si 
as an internal standard ( J  values in Hz). IR spectra were 
recorded on a Perkin-Elmer 298 spectrometer as thin films. 
Elemental analyses were performed by Mr. S. Sarkar of this 
laboratory. Thin layer chromatography (TLC) was done on 
precoated silica gel plates (E. Merck). Alumina, (SRL, India; 
Aluminium oxide, acidic, Brockmann activity grade 1 for 
column chromatography) was used in all the reactions. Silica gel 
(SRL, India: 60-120 mesh) was used for filtration chroma- 
tography. All commercial chemicals were distilled before use. 
Trimethylsilyl enol ethers were prepared following the reported 
procedure of House." Ethyl l6  and phenyl l 7  vinyl ketone were 
also prepared by reported methods. 

General Procedure for Michael Addition.-Alumina (1 g, 
activated at 200 "C for 4 h in uacuo and cooled under nitrogen) 
was stirred with a solution of anhydrous zinc chloride (1 mmol) 
in THF (5 cm3) for 5 min after which the excess of THF was 
removed under reduced pressure to furnish ZnC1,-impregnated 
alumina as a white powder. This reagent (it can be stored under 
nitrogen for a few days, if necessary, without loss of activity) was 
then added to a cooled (0 "C, ice bath) and stirred mixture of 
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Table 1 

Entry Ether Ketone t/min Product Yield ("A))" 
Michael addition of silyl enol ethers to alkyl vinyl ketones 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 

16 
17 
18 

CH,(CH,),&OSiMe, 1 
1 
1 
kH,(CH,),C==kOSiMe, 2 
2 
2 
kH,CH,CH(Bu')CH,&OSiMe, 3 
3 
Me,SiOC(Et)=CHMe 4 
4 
4 
Me,SiOCH=CHEt 5 
Me,SiOCH=CMe, 6 
6 
4-Trimethylsiloxy-l,2-dihydronaphthalene 7 

CH,=CHCH=CHOSiMe, 8 
&H,(CH,),C(Me)=CCH(=CHJOSiMe, 
3-Trimethylsiloxy-5,6,7,8,9,9a-tetrahydro- 1 H- 
benzocyclooctene 

MVK 
EVK' 
PVKd 
MVK 
EVK 
PVK 
MVK 
EVK 
MVK 
EVK 
PVK 
MVK 
MVK 
EVK 
MVK 

MVK 
MVK 
MVK 

5 
5 
90 
5 
5 
90 
5 
5 
60 
60 
120 
120 
30 
60 
30 

90 
60 
60 

OC( CH ,)3CH( CH ,),COMe 
O=CH(CH,),COEt 
m C H ( C H 2 ) 2 C O P h  
O w H ( C H  ,),COMe 
O C ? H ( C H , ) , C O E t  
OC(CH,),CH(CH,)2COPh 
- 

78 
79 
78 
72 
77 
80 

Ok(CH,),CH( Bu')CH,dH(CH2),COMe 85 
Ok(CH2)2CH(But)CH2kH(CH2)2COEt 84 
EtCOCH(Me)(CH,),COMe 70 
E tCOCH( Me)(CH &COEt 72 
EtCOCH( Me)(CH,),COPh 67 
HCOCH(Et)(CH,),COMe 85 
HCOC(Me,)(CH,),COMe 86 
HCOC(Me,)(CH,),COEt 78 
2-(2-Acetylethyl)-3,4-dihydronaphthalen-4 82 
(3H)-one 
CH,=CHC(CHO)(CH,),COMe 51 
k H  ,(CH ,)C( Me)=CC(O)(CH,) ,COMe 52 
2-(2-Acetylethyl)-5,6,7,8,9,9a-hexahydro-lH-benzo 60 
cycloocten-3( 2H)-one 

I 

~~ 

Yield calculated on the basis of isolated product after purification. MVK = methyl vinyl ketone. EVK = ethyl vinyl ketone. PVK = phenyl 
vinyl ketone. 

trimethylsilyl enol ether (1 mmol) and alkyl vinyl ketone (1.2 
mmol) and stirring was continued at 0-5 "C as required for 
completion (TLC or 'H NMR) (Table 1). The solid mass was 
then eluted with methylene dichloride (25 cm3) and the extract 
was boiled with a few drops of water for 1 min, dried (Na2S04) 
and evaporated to furnish the adduct. This was further purified 
by filtering it through a short column of silica gel. (Gram-scale 
reactions also afforded the corresponding products in 
analogously good yields.) 

The Michael adducts are mostly known compounds and are 
easily identified by comparison of 'H NMR and IR spectral 
data with those reported. Data below corresponds to entries in 
Table 1. 

1.12' v,,,/cm-' 1720 and 1735; 6 0.76-2.66 (1 1 H, m) and 2.1 
(3 H, s). 

2.'4d u,,,/cm-' 1715 and 1735;d 1.03 (3 H, t, J7)  and 1.23-2.7 

3.'4d u,,/cm-' 1680and 1735;6 1.23-2.89 (9 H, m), 3.10(2 H, 

4.12' u,,,/cm-' 1710; 6 1.0-2.66 (13 H, m) and 2.07 (3 H, s). 
5. lze  v,,,/cm-' 1710;61.0(3H,t, J7)and 1.26-2.6(15H,m). 
6.18 u,,,/cm-' 1680and 1705;6 1.33-2.56(11 H,m),2.70-3.13 

(2 H, m), 7.23-7.53 (3 H, m) and 7.73-8.10 (2 H, m). 
7.12' v,,Jcm-' 1710; 6 0.96 (9 H, s), 1.26-2.66 (12 H, m) and 

2.06 (3 H, s). 
8. v,,Jcm-' 1710; 6 0.89 (9 H, s), 0.96 (3 H, t, J 7) and 1.23- 

2.53 (14 H, m) (Found: C, 75.6; H, 10.9. C1 ,H,,O, requires C, 
75.58; H, 11 .OO%). 

9.11av,,Jcm-' 1710;61.02(3H,t,J8), 1.09(3H,d, J7), 1.27- 
2.73 (7 H, m) and 2.10 (3 H, s). 

10." vmax/cm-' 1710;d 1.0 (6 H, t, J6), 1.08 (3 H, d, J6)  and 
1.50-2.73 (9 H, m). 

ll.~,,,/cm-~ 1680and1705;61.03(3H,t,J7), 1.15(3H,d,J 
6), 1.36-3.0 (7 H, m), 7.26-7.5 (3 H, m) and 7.76-8.0 (2 H, m) 
(Found: C,76.85;H,8.3.CI4H,,O,requiresC,77.03;H, 8.31%). 

12.vm,/cm-' 1720;S0.90(3H,t,J6),1.26-2.5(7H,m),2.1 
(3 H, s) and 9.46 (1 H, d, J2)  (Found: C, 67.2; H, 9.75. C,H140, 
requires C, 67.57; H, 9.93%). 

13.20 v,,,/cm-' 1710 and 1725; 6 1.1 (6 H, s), 1.56-1.89 (2 H, 
m), 2.13 (3 H, s), 2.20-2.46 (2 H, m) and 9.36 (1 H, s). 

(13 H, m). 

t, J7), 7.23-7.50 (3 H, m) and 7.85-8.06 (2 H, m). 

14. ~,,Jcrr-~ 1710 and 172O;d 1.03 (9 H, sand t, J7); 1.5-1.9 
(4 H, m), 2.13-2.56 (2 H, m) and 9.46 (1 H, s) (Found: C, 68.8; H, 
10.6. C9H1602 requires C, 69.19; H, 10.32%). 

15. v,,/cm-' 1600, 1680 and 1710; 6 1.5-3.15 (9 H, m), 2.10 
(3 H, s), 7.06-7.52 (3 H, m) and 7.85-8.06 (1 H, m) (Found: C, 
77.6; H, 7.3. C14H1602 requires C, 77.75; H, 7.46%). 

16. u,,,/cm-l 1685 and 1710;6 1.63-2.50 (5 H, m), 2.15 (3 H, 
s), 5.82-7.0 (3 H, m) and9.45 (1 H, d, J8) (Found: C, 68.3; H, 8.7. 
C8H12O2 requires C, 68.54; H, 8.63%). 

17. v,,,/cm-' 1610,1675 and 1710;6 1.15-2.89 (12 H, m), 2.06 
(3 H, s) and 2.13 (3 H, s); m/z 194(M+, 41%), 121 (loo), 95 (88), 
93 (70) and 67 (64) (Found: C, 74.4; H, 9.25. C12H1802 requires 
C, 74.19; H, 9.34%). 

18. u,,,/cm-l 1610, 1675 and 1710;d 1.1-2.49 (18 H, m), 2.06 
(3 H, s) and 5.56 (1 H, br s); 6, (CDC13, 75 MHz) 25.64 (CH,), 

33.24(CH2), 34.79(CH3), 35.16(CH2),41.20(CH2),47.1 1 (CH), 
127.24 (CH), 173.72 (C), 198.79 (C) and 207.67 (C) (Found: C, 
76.6; H, 9.3. C1,H2,02 requires C, 76.88; H, 9.46%). 

29.34(CH2), 29.87(CH), 30.14(CHz), 31.41 (CH,), 32.77(CH2), 
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