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Abstract 

Significant improvement in terms of convenience, yield, reactlon time and selectivity has been achlevcd using 
alumina and silica gel as support or surface for several Important reactions. These include : (a) Michael reacuon, 
(b) regioselective alkylation of 1.3-dicarbonyl compounds. (c) selective bromination of alkyl-substituted aromat~c 
hydrocarbons, (d) aldol reactlon of silyl enol ethers with aldehydes, (e) regioselectwe reductwe cleavage of 
epoxides, (fl regioselective hydration of alkenes, and (g) regioselective 1.2-reduction of conjugated c.abonyl 
compounds. 

Key words: Surface-mediated reaction, silica gel, alumina, Michael reaction, alkylation, aldol reaction, epoxide- 
cleavage, hydration of alkenes, reduction of conjugated carbonyl compounds. 

1. Introduction 

The technique of surface-mediated reaction is of growing interest1 because of its advantages 
of ease of set-up, mild conditions, rapid reactions, selectivity, increased yields and low cost 
compared with their homogeneous counterparts. It has also been demonstrated that attempts 
to carry out the same reactions in solvent without support on surface frequently either fail or 
result in the formation of a mixture of products. A recent modification in this technology is 
the technique of surface-mediated solid phase reaction which has already gained much 
importance and popularity2. For the past few years we have been actively engaged in utilizing 
surface-mediated reaction for useful synthetic transformations and a brief account of our work 
in this area is presented here. 

* For correspondence. 
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2. Results and discussion 

to) Michael reaction 

The Michael reaction is one of the most efficient methods for effecting carbon-carbon bond 
formation and has wide synthetic applications. This reaction is usually carried out in a 
suitable solvent in the presence of strong bases. Side reactions, frequently encountered in 
the presence of a base, are secondary condensations, bis additions, polymerisations, 
retrogressions and rearrangements. We have discovered that Michael reactions are carried 
out very efficiently and rapidly without any side reaction on the surface of alumina through 
a solvent-free reaction'. In a typical general procedure, the Michael donor was stirred on 
the surface of alumina at room temperature for 10 min after which the Michael acceptor 
was added and stirring was continued till completion of the reaction. The product was 
isolated in a pure state by simple filtration of the solid mass through a short plug of silica 
gel. Several structurally varied donors, including 1,3-dicarbonyl compounds, ethyl 
cyanoacerate, diethyl malonate, nitroethane underwent clean and remarkably fast additions 
with a variety of acceptors like methyl vinyl ketone, acrolein, methyl acrylate, etc., by this 
procedure (Table I). The dramatic improvement observed is with regard t~ reaction time. 
Many reactions are complete within a period of 5 minutes. Interestingly, it was found that 
the presence of solvenr slowed the reaction. 

To sum up, the attractive features of this methodology are : (i) no requirement of base, 
(ii) no undesirable side reactions, (iii) remarkably fast addition, (iv) mild reaction condition, 
(v) ease of set-up and work-up; (vi) involvement of no toxic and expensive reagent, and (vii) 
high yield. 

By application of this technique we have developed a novel route to the synthesis of P-keto 
13-dithiane derivatives, an important class of synthons, through double Michael addition of 
1,3-propanedithiol to a, $-acetylenic ketones on the surface of alumina4 (Table 11). The 
reactions are reasonably fast and high yielding. 

By further extension of this methodology we have achieved clean and efficient Michael 
addition of silyl en01 ethers to methyl vinyl ketone on the solid surface of alumina 
impregnated with anhydrous zinc chloride5. The Michael addition of silyl en01 ethers to 
a, $-unsaturated ketones has been catalysed by various Lewis acids such as TiCL, SnCh, 
ShCI5, BiC4, ZnC12, BF3 and salts like TrC104, Sn(OTf)>, B u ~ S ~ ( O T ~ ) ~ ~ .  But, a very 
serious limitation of most of these catalysts is toward the use of methyl vinyl ketone,ihe 
simplest enone, as an acceptor due to its high tendency to polymerise under acidic reaction 
conditions6.'. Our procedure using alumina impregnated with anhydrous zinc chloride 
avoids such limitation and provides a very clean reaction. A number of different 
trimethylsilyl en01 ethers underwent additions to methyl vinyl ketone to produce the 
corresponding 1.5-diketones in high yields (Table 111). 

No side product has been isolated. Addition without alumina.in the presence of ZnCll 
in THF led to undesirable side reactions. On the other hand, reaction on alumina without 
ZnCh is very sluggish. The combination of ZnClz and alumina is acidic enough to catalyse 
the Michael addition to methyl vinyl ketone but moderate enough to suppress the undesired 
side reactions. 
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Table I 

A120,-mediated Michael addition 

Entry Donor Acceptor T m e  Adduct Y;eid (%lo 

1 Methyl 2-oxocyclo- MVK" 5 min 
COOMe 

9 1 
hexanecarboxylate '.,' 

0 

2 Ethyl acetoacetare MVK 5 min 55 

3 Acetylacetone 

0 0 
I 1  

4 Ethyl cyanoacetate MVK 4 h 90 

5 Diethyl malonate MVK 4 h EtO 50 

6 Nitroethane MVK 2 h  60 

I 1  
0 

0 

7 Methyl th~oplycolate MVK 5 mi" -S'-'COOM~ 85 

8 1,3-Propanedithiol MVK 5 min I 

(1 equiv) t i~ / \ / \ s -  75  
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P i, 
10 Methyl th~ogl\.colare h4edql 70 man 

oridc 
/\JI SACOOM~ 80 

12. Methyl 2-oxyiycla- Acrolcin 5 min 91 
hc~anecarbryiaie COOMe 

IS" Methylthiogiycolare Acrolein 10 mi" OHC/\/S.\,/ 90 

15 Ethyl acetoacerate MA" 

COOMe 

16 Methyl 2-oxocyclo- MA 
hexane carboxylalc COOMe 

'COOM~ 
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Accepror 7imr Adduct Yield I%)" 

- 

Methyl thioglycolale 

1,3-Propaned~thiol 

MA 2 h H,COOC/\S 85 

COOCH, 

COOCH, 

Methyl thiaglycolate 

"Yield of isolated pule products, fully characterized by their IR, NMR data, hMVK, MA and MMA are abbrewaled 
far methyl vinyl ketone, methyl acrylate and mcthyl gnethacryldte, respectivcly.'Rracliona were carried oul st  0°C: 
"keactians were carried out at -10 to -15°C (ice-salt bath) 

(b)  Regioselective alkykation of 1,3-diearbon9 compounds 

Selective C-alkylation of 1,3-dicarbonyl compounds having two active hydroger~ atoms 
through a simple and mild operation remains onc of the more fonnidahle problems in organic 
synthesis. The difficulties frequently encountered in the C-alkylation of 1.3-dicarbonyl 
compounds by traditional methods using bases are the presence of varying amounts of side 
products due to concomitant 0-alkylation, di-C-alkylation, cleavage of 1,3-diketones and 
Claisen condensation. Although a number of methods using thallium enolates8, cobalt and 
other metal complexesg, tetralkylammonium  fluoride^'^ and its other derivatives,'' have been 
Shown to be useful to overcome such difficulties, these methods have onc or.morc limitations 
as regards the scope and generality of the reaction, the use of toxic materials, tedious and long 
reaction procedures, and/or relatively low yields of products. 

We now report a solution to this problem whlch provides a simple and controlled 
procedure for the selectivelmono- as well as di-C-alkylation of 1,3-dicarbonyl compounds 



Tuhir 11 

Preparation of i).lrtu 1.3-dithianer bj  \liehael addition of 1.3-propanedithiol to a, P-acetylenic ketones on the 
surface or aluminn 

s i-Pi H I 7Oh 
b P i  H 5 82" 

&OMe-C,H< H 5 85' 
d ?..hO\le,:C+H; H 5 80' 
r i-Pr CH:OCHl 5 80" 
t Ph CH20CHj 6 75" 

'All :"id* refer lo pure rrolared producrs, fuliy characterxed by IR and 'H NMR. ?he reaction was carrled out 
u:rhuut wi\ent. The reamon uas iun in C H G .  

through a sohent-free reactlon on the surface of alumina impregnated with sodium or 
potassium alhoxide (Scheme 1)':. 

S c ~ a u E  I .  Reapents and conditmns 111 KOBu' or NaOEt (lequlv.) on AlnOl, RIX ( I  equm.), room temp. 
r r z i  \aOEt I? 5 oqun 1 on AkOi, Ri X  12 eqmv.), room temp. 

In a typical general procedure, the 1,3-dicarbonyl compound was stirred on the surface of 
alumina impregnated with alkoxide base for 30 min, after which the alkyl halide was added and 
stirring continued until completion of the reaction. The reaction conditions could he set to 
produce either mono- or di-C-alkylated product as desired in one step. For mono<-alkylation, 
1 equivalent of base (KOBu' or NaOEt) and 1 equivalent of aikyl halide were used, whereas 
for dinlkjlation. 2.5 equivalents of NaOEt and 2 equivalents of alkyl halide produced best 
resuits (Table IVj. 

As shown in Table IV, a variety of 1,3-dicarbonyl compounds bnderwent selective mono- 
and di-C-alkylations with several alkyl halides in high yields under this procedure. No 
appreciable 0-alkylation and di-C-alkylation was observed during mono-C-alkylation. No 
other side product has also been isolated during di-C-alkylation. The alkylations, in general, 
were complete within a reasonable time. 
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\lichael addition of sllgl e n d  ethers  t o  meth>l vinyl ketone 

€,!ti.? Si1,vi e m /  erher T!rm Product Yieid !%," 

CHO 

"Yield of ~soiated pure products, fully characreiized by rheir IR, 'H NMR data. 

Presumably, the high efficiency of this procedure for regioselective C-alkylation is 
primarily due to the absence of solvent which, often, has significant contribution towards O- 
alkylation of ambidient anions'.3 and association of enolate oxygen with the surface of 
alumina. Anyway. convenience, simplicity of operation, general applicability with a broad 
spectrum of alkyl halides and high yield will make rhis procedure more useful and attractive 
in the field of organic synthesis. 

icJ Selective bromination of alkyl-substituted aromatic hydrocarbons 

Brominailon of aromatic compounds is usually carried out with molecular bromine in a 
suitable solvent, but to avoid benzylic bromination and other undesired'side reactions 



Tahle I \  

Scler.ti>e muno- and diX-alh>Iation of 1.3-dicarhon>l compounds on the ~urface of alumina impregnated 
with KOBu' 
- -- 

ilrl 
CHI=CH-CHIB~ 
PhCH2Br 
BrCH~CO~tI 
CHGHlBrfO%t 

92% (6  h )  
91% (0.5 h) 
90% (0 5 h)  
86% ( 6  h) 
80% (6 h) 
(C. 60%. 0 , 4 0 % )  

- 
"wrh 1 quw.  br\e and I cqtuv, alk)l halide: %ith ? rqulv. base and 2 equw alkyl hahde. 

particularly when alkyl groups are attached to thc aromatic rmg, often special precautions like 
rigorous exclusion of light and catalytic prescnce of iodine, etc., are required. We have 
developed a vcry simple and quick procedure for exclusive ring bromination of alkyl- 
substituted aromatic hydrocarbons through a solvent-free reaction using molecular bromine 
adaorbed on the surface of alumina". 

In a general procedure, bromine adsorbed on the surface of alumina was added to the 
aromatic substrate also adsorbed on alumina at room temperature with stirring. The reaction 
was complete within a minute as indicated by the disappearance of bromine colour. As usual, 
thr product uss isolated by simple tiltratlon chromatography through a short plug of silica gel. 
The results with different substrates are presented in Table V. 

The reaction was very clean and remarkably fast. Bromination of monosubstituted 
hydrocarbons led predominantly or exclusively to p-substitution. Disubstituted substrates 
furnished preferentially the monobrominated products and fused hydrocarbons like tetralin 
and indan produced the corresponding monobromo compounds as sole products. The yields, 
in general, were excellent. 

For comparison. when some of the reactions were carried out neat without alumina, 
considerable beniylic bromination was observed together with ring substitutions. Further, the 
reaction was slow. The presence of solverlt made the bromination sluggish and led to other 
side products. Thus, this procedure of ring brominalion on the surface of alumina provides 
an attractive alternative to the currently available methods for ring bromination of aromatic 
compounds. 
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Table V 

Results of ring bromination of aromatic hydrocarbons on the surface of alumina 

%.dated yield of brarninated products; bby 'H NMR; Sby GC: drun at -IO°C 



A$ an extension of thia technolog) we have observed an interesting phenomenon in the 
iodinat~on of a. h-unsaturated cycloalkenones on the surface of alumina. 3-Substituted 
cyclohe\snone* producsd the corresponding 3-substituted phenols, while other cycloalkenones 
remained unaRectedli (Table VI). 

Preaumabl!. 3-suhstimted cyclohexenones underwent iodination followed by dehydroiodination 
and aromatisarion under reaction conditions to produce 3-substituted phenol. But the reasons 
for this reaction with only 3-substituted cyclohexenones and not with other cycloalkenones 
are still not clear and unexplainable to us. 

The cross aldol readion ofsi1)l enol ethers with aldehydes has attracted.much interest recently 
in relation to the challenge of acyclic stereocontr~l'~. In general, syn selectivity was conveniently 
achieved b? a number of mild processes using lanthanide trifluor~methanesulfonate~~, water- 
promoted reaction at a tmospheric 'bd high pressurei9, fluoride anions", trityl  salt^'^^", whereas 
anti-s.:lectivit> was obseived with acidic reagents l i e  titanrum tetra~hloride~, clay monhnorillonitez, 
dimethylaluminium chloride", bismuth trichloride'! But, the use of Lewis acids could be 
troublesome with acid-labile substrates and in addition to that, acidic reagents led sometimes to 
dehydration products". Moreover, the anti-selectivity with these reagents is not always uniform 
and is strongly influenced by several factors, ~.g.. structure of the silyl en01 ether, nature of 
substituents on silicon of the en01 ether, choice of ~olvent, etc. A suitable method to overcome 
these dificulties will thus be well appreciated. In our drive to explore surface-mediated reaction 
we have discovered a general anti-selectivity for cross aldol products in the reactlon of 
trimethylsilyl en01 ethers with aldehydes on the solid surface of neutral alumina under sonication 
without any solvent (Scheme 2)". 

Aldai reaction of s i ld  enoi ethers nlth aldehtdes 
OSiMe, OH 
I 9 

R 

(major) (mmor) 

S C H r U t  2 Reagent, and condmons: i r l  A1203 (neutraii, ulrlasound, 18 h 

The reaction procedure is very simple. Trimethylsilyl en01 ether was added to activated 
neutral alumina under stirring. After 2 min the aldehyde was added and the resulting powder 
was then immersed in an ultrasonic bath for a certain period of time as required for 
completion. The solid mass was then taken into chloroform and filtered through a short 
column packed with anhydrous sodium sulfate. The filtrate was evaporated to leave the crude 
aldol which was further purified by column chromatography over alumina. The results of 
reaction of a number of structurally varied silyl en01 ethers with a variety of aldehydes under 
this procedure are presented in Table VII. 

Diastereoselectivities,.in general, are good and a general trend for anti-selectivity was 
observed in all the reactions irrespective of the nature of silyl en01 ether and aldehydes. No 
side products including the dehydrated olefin were observed. Interestingly, the presence of 
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Table VI 

lodination of cycloalkenones un the surface of alumina 

No raactmn 

No reaction 

T h e  yield was calculated on the basls of isolated products after purification. ~ r e s u m a h l y ,  this product was 
formed through the methylatian of the imtlal producl 3-methonyphenal by 3-methoxycyclohexenone under the 
reaction cond~tions. <Some amount (10%) of resorcinoi diethyl ether was also formed. 
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Table Vi1 

Aid01 reaction of rilji en01 ethers with aldehydes on the solid surface of alumina 

EM,? Dh: e n d  crher A/deI~?dr rime (hi Yield(%)# onrllsynb 

OSiMe, 

3 

OSiMe, 
I 

-H 

PhCHO 

CHiCHCHiCHO 

~-OIN-C&CHO 

PhCHC 

p-02N-C6H4CH0 

p-MeO-c&CHO 

p-C1-CdtCHO 

PhCHO 

p-O?N-C6HKHO 

PhCHO 

".41i yields refer ro isolated products; hAntrlsyn ratio was calculated by 'H NMR analysis. 

solvent retarded the reaction to a great extent. The progress of reaction of I-trimethylsilyloxy 
cyclohexene with benzaldehyde under identical condition in dichloromethane is practically 
nil, while in THF the reaction proceeded to the extent of only lo%, although antilsyn ratio 
is the same as in solid phase reaction. This indicates that alumina surface plays the decisive 
role in controlling the stereochemistry of aldol in the absence or presence of solvent. On the 
other hand, the reaction was also very slow under stirring without sonication. Thus, solid 
alumina surface and ultrasound are two important contributors towards the progress of the 
reaction. 
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The procedural simplicity, mild and neutral reaction condition and above all, suppression 
of undesired side reactions make this method useful with regard to acyclic stereocontrol. 

(ej  Regioselective reductive cleawge of epohidrs 

The reductive cleavage of epoxides to alcohols is one of the most useful reactions in organic 
synthesis. In principle, an unsymmetrical alkyl-substiruted epoxide can produce the more 
substituted carbinol or the less-wbslituted alcohol depeuding on the cleavage of the C-0 
bond to the less substituted carbon atom or the more substituted one. 'Thus, realisation of the 
methods for the regioselective ring opening of epoxides is of grcat importance. In general, 
more substituted alcohols are easily obtained by reduction of epoxides with nucleophilic 
hydride transferring agents, whereas access to less-substituted alcohols by re,verse opening is 
not so simple. Electrophilic hydride reagents have been used for this purpose but mixtures 
of alcohols usually result. Satisfactory results have been achieved only with a lin~ited number 
of  reagent^'^.*^. But high toxicity and cost of these reagents often restrict their usage. We 
have developed a simple methodology for the reductive cleavage of unsymmetrical epoxides 
to the less-substituted alcohols using zinc borohydride supported on silica geI3O.". 

In a typical procedure, the epoxide was stirred with rinc horohydride supported on silica 
gel in dry THF at room temperature for 24 h. The reaction mixture was then decomposed 
with careful dropwise addition of water and filtered. The filtrate was extracted with ether and 
the rxtract was evaporated to leave the pure product. The results of cleavage of a variety of 
epoxides by this procedure are reported in Tables VIII and IX. 

Regioselectivity in cleavage of all types of epoxides is excellent. The less-substituted 
alcohols are produced exclusively or predominantly. Cleavage of cyclic epoxides occurred 
in a stereoselective manner producing Z-alcohols predominantly or ex&sively. Conversion 
of E-stilbene oxide to 1.71-diphenyl ethanol implies that this supported rzagent is mild and 
does not induce any rearrangement as observed with sodium cyanoborohydride and boron 
trifluoride ether>ieZR. 

When this cleavage reaction was carried out with zinc borohydride in THF, it was found 
to be very sluggish and the epoxide remained almost unaffected. Presumably, silica gel in 
the supported reagent activates thc epoxide towards nucleophilic attack by the bydride at the 
site best able to accommodate a carbonium ion. 

The major advantages of this methodology are the easy availability of this reagent, mild 
condition and much improved regioaelectivity in reductive cleavage of epoxides and these 
make this procedure more useful and attractive in the field of organic synthesis. 

(J'J Regioselective hydrurion of ulkenes 

Hydration of alkenes to alcohols is one of the important reactions in organic synthesis. An 
unsymmetrical alkyl-substituted carbon-carbon double bond on such reaction can produce the 
more substituted carbmol or the less-suh3tituted alcohol depending on the mode of hydration 
in the Markovnikov or anti-Markovnikov manner, respectively. In general, oxymercuralion- 
d e r n e r ~ u r a t i o n ~ ~  of alkenes provides a very efficient method for the Markovnikov addition 
and, on the other hand, hydroboration-oxidationi' leads to the anti-Markovnikov hydration. 



Table IS 

Keductirr clearage of rnethyienec)eloalkane o ~ i d e s  with silica gel-supported zinc borohydride in THE 

E,m> E p , r i d c  Prodwi Product-Rorro " YleIdfB) " 

T h e  percentage compositions of producra were determined by GC; the figures in parenthesis showed the 
percentage ram of stereoisomers I" the le%-substituted alcohol. hY~e lds  refer to total isolated products. 

reduction of the double bonds. This leads to saturated alcohols andlor ketones due to 
competing 1.2- vs 1.4-attack by hydride. Considerable progress has been made in the 
development of various reducing agents for this purpose, hut few have proven general and 
practical in scope. We have found that our silica gel-supported zinc borohydride provides an 
efficient and highly selective reduction of conjugated ketones and aldehydes to the 
corresponding allylic alcohols3b. The results of reduction are summarized in Table XI. 
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'Table VIII 

Reductive cleavage of epoxides with supported reagent 

Epoude Producr Yield(%) 

Nonsoe- I-oude C I H I ~ C H ~ C H ~ O H  88 

Epichlorohydru~ CICHCH2CH20H (70%) + 85 
CICHiCH(OH)CH3(30%) 

Styrene oxide PhCHCH2OH + 90 
PhCH(0H)CHl (trace) 

a-Methylstyrene oxide PhCH(Me)CHzOH 9 1 

nanr-Stilbcne oxide PhCH(OH)CH2Ph 88 

I-Methylcyclohexene o x ~ d e  cis-2-Merhylcyclohenanol + 85 
ri.ans-2-Methylcyclohexanoi (10%) 

I-Methylcycloheptenc o x ~ d e  us-2-Methylcycloheptanol 84 

Indene omde Indan-2-01 90 

Recently, various combinations of Lewis acids and borohydride~?~ have also been reported to 
effect hydration of olefins in an anti-Markovnikov manner. We have discovered35 that the 
reaction of zinc borohydride in DME with alkenes on silica gel support furnished clean 
regioselective anti-Markovnikov hydration to produce the less-substituted alcohols in 
excellent yields. In a general procedure, a solution of zinc borohydride was added to alkene 
uniformly adsorbed on activated silica gel and the reaction was continued at room 
temperature under stirring till completion. The reaction mixture was then decomposed with 
water and extracted with ether to isolate the product. 

Severa! structurally varied alkenes underwent clean regioselective anti-Markovnikov 
hydration by this procedure to give the corresponding less-substituted alcohols in high yields. 
The regioselectivity, in general, is excellent. The reactions are reasonably fast and no side 
products were observed. 

The mechan~sm of this reaction is not yet very clear, but the following observations are 
noteworthy. Silica gel or zinc borohydride alone failed to promote any hydrat~on. Replacement 
of zinc borohydride with other zinc salts like zinc acetate, zinc sulfate, zinc oxide and zinc 
chloride also produced no alcohols. A combination of zinc borohydride and silica gel is 
essent~al for this reaction to proceed. 

Whatever be the exact nature of reaction path, the present combination of zinc 
borohydride and silica gel provides an efficient methodology for the regioselective anri- 
Markovnikov hydration of alkenes producmg less-substituted alcohols and will find important 
applications in systems containing sensitive functionalities. 

( g i  Reginselective 1,Z-reduction of conjugated ketones and aldehydes 

Selective reduction of conjugated ketones and aldehydes to the corresponding allylic alcohols 
is a challenging problem since ~t is usually associated with varying amounts of concomitant 



Table S 

Hydration of alkenes with silica gei-supported zinc borohydride 

Ph > = CH; 
Me 

Ph 

H>=<;h 

3 

'All compounds were identified by direct comparison of physical data with those of authentic samples. hAll yields 
refer to isolated pure products. :The ratio of regio- and stereoisomers was estimated by 'H NMR and GC. 
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Table XI 

Reduction of conjugated carbonyl compounds with silica gel-supported zinc borohydride to the corresponding 
allylic alcohols 

2 4-Carbethaxy-3-methyl-2-cyclohexen-I-one 
(Hagemann's ester) 

4 3-Carbmethoxycycloher-2-en- I-one 

5 a-ranone 

6 Ph-CH = CHCOCHj 

7 Mesityl oxlde 

8 Cinnamaldehyde 

9 Ciiral 

I0 Cratonaldehyde 

3. Conclusion 

It is clear from these illustrations that simple materials like alumina and-silica gel can have 
an important role in dictating the course of many reactions. Although the exact nature of their 
activities is not yet very clear, it is generally assumed that the effectiveness of silica gel and 
alumina may be due to a combination of several factors : (i) an increase in the effective area 
for reaction, (ii) the presence of pores which contain both substrate and reactant and thus 
lower the entropy of activation of reactions, (iii) an activation of the reagent, (iv) a 
synergistic effect resulting from bringing electrophile and nucleophile into proximity, while 
at the same time enhancing the nucleophilicy and basicity of the latter. The potentialities of 
this technology are hitherto not fully exploited and wider application of this technology in 
organic synthesis is desirable. The present account it is hoped will attract more attention to 
this area. 
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