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Abstract

Transesterification of-keto esters with a variety of alcohols to the correspondgifigeto esters has been carried out efficiently over
aluminosilicates simply by refluxing in toluene under liquid-phase conditions. Alippdtito esters exhibit the higher reactivity than the
aromatic and/or cyclig-keto esters, whereas other esters suak-&sto estersy,g-unsaturated esters, normal esters, aftthlo esters fail
to undergo the transesterification. The reaction proceeds smoothly with primary alcohols than the tertiary-, cyclic-, and allylic alcohols. The
large-pore zeolites such as Y, mordenite, anshow higher activity than the medium-pore ZSM-5 and the partial removal of framework
aluminum from the large-pore zeolites by dealumination increases their activity. The aluminum containing mesoporous MCM-41 shows
poor activity. Among the different solvents used toluene leads to the highest activity and the optimum catalyst concentration found was ca.
20wt.% of the substrate. The activity increases with increasing reaction temperature. The reaction pathway consists of formation of acyl
ketene intermediate by the interactiongeketo esters with Brgnsted acid sites of the catalyst, followed by nucleophilic attack of the alcohol
at the electrophilic center and successive elimination of the proton to give the product.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction available for this reaction, the transesterification of allylic al-
cohols is rather difficult as it leads to successive decarboxy-
B-Keto esters are widely used as synthons in several natu-lation and rearrangemeifit2,13]} Moreover, the reaction
ral product synthesis and industrial applications. For exam- failed with aromatic substrates over sulphated So&alyst
ple, terpene esters, commonly used as flavor and fragrancg7]. Distannoxanes are reported to give good yields-&éto
compounds for a variety of foods and beverages, are syn-esters but the catalysts are difficult to prepare. Furthermore,
thesized using various homogeneous chemical reagents vialue to environmental demands, there has been considerable
transesterificatiofil]. However, since the transesterification interest in developing new inorganic solid-acid catalysts
is an equilibrium process, it is accelerated by the simulta- such as zeolites to replace the homogeneous catalysts.
neous removal of low-boiling coproduct alcohol during the  The availability of a range of zeolites with different
process[2] by azeotropic distillation. The transesterifica- pore-size and tunable acidity coupled with high thermal
tion reaction has been effected with various homogeneousstabilities in the protonic form had considerable impact

catalysts such as distannoxang, InClz [4], LiClO4 over their utility in the field of various fine chemicals syn-
[5], titarnum(lV) alkoxide[6], and sulphated SnO[7]. thesis. Zeolited was found to be a suitable catalyst for the
A few heterogeneous catalysts like envirocat EPB®], transesterification reaction to prepare a variety of building

amberlyst-1910], and polymer supported lipag€l] have blocks for the synthesis of natural products like podophyl-
also been employed recently. Although many methods arelotoxin [14,15] Herein we report the detailed study over
the transesterification of differeftketo esters and alcohols
mspondmg author. Tels81-22-237-5226; by changing the experimental parameters such as influence
fax: +81-22-237-5226. of solvent, temperature, amount of catalyst used as well as
E-mail addresssasidharan-m@aist.go.jp (M. Sasidharan). strength of acid sites, and pore-size vis-a-vis void space.
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MEt + Ho/\/\/\ Dealuminated beta . M
toluene, 383 K
Scheme 1.
2. Experimental at 673K for 6 h. A similar procedure has been adopted for

the dealumination of zeolite Y and mordenite.
2.1. Catalysts

2.4. Typical transesterification procedure

The commercial catalysts Na-Y, mordenite, and ZSM-5

were obtained from United Catalyst India Ltd (Bombay). In a typical experiment, 10 mmol of-keto ester and
All the catalysts were treated with 1 M ammonium acetate 10 mmol of alcohol were mixed idry toluene (25ml) in a
solution and heated at 673K for 6 h to give the active pro- round bottom flask to which 20 wt.% (with respecféeto
tonic form. H-Y was converted to rare-earth (RE)-Y by treat- ester) of catalyst was added. Then the flask was fitted with
ment with a rare-earth solution containing a mixture of La, a distillation condenser and heated to 383K using an oil
Ce, Sm, Pr, and Nd at 373K, this exchange process wasbath with azeotropic removal of the lower alcohol formed
repeated three times to achieve the exchange of 2.8wt.%(Scheme L After 10 h, the reaction mixture was cooled, the
and the resultant material was finally calcined at 673K for catalyst was filtered off, washed with>310 ml of toluene,

6 h. and the combined toluene washing were distilled off under
vacuum. Products identification was made using authentic
2.2. Synthesis of zeolif samples and GC-MS splitting patterns. Purification by col-

umn chromatography and distillation was also employed to
In a typical synthesis of AR, 1.32g of NaOH was dis-  separate and identify the reaction products.

solved in 70 g of TEAOH (Aldrich, 40%) and added slowly
under constant stirring to a slurry of 20g fumed silica
(Cab-o-sil M5) in 100g HO. To the above mixture, a so- 3. Results and discussion
lution containing 4 g of A3(SOy)3-16H,O was added and
stirred for additional 2h to give a homogeneous gel. The 3.1. Influence of solvents, temperature, and
resultant gel (composition: 0.33 Si00.033 NaOH; 0.19  substrate/catalyst ratio
TEAOH; 0.006 AbOg3; 8.3 H0O) was crystallized at 413K
under static condition. The solid product after crystallization ~ Table 1exhibits the physico-chemical properties of var-
was centrifuged, washed thoroughly with distilled water, ious zeolites investigated for the transesterification under
dried at 373K and finally calcined in air at 793K for 12 h. liquid-phase conditions. All the catalysts were activated un-
Similarly other metallosilicate analogues of Gand Fep der a flow of air at 573 K for 5 h before transferring into the
were synthesized by using §80y)3 and Fe(NQ@)3-9H,0, reaction vessel. The zeolite catalyzed liquid-phase reactions
respectively. In the synthesis of Be+Fe(NG;)3-9H,0 was
treated with oxalic acid to form the metal complexes and Taple 1
added to the synthesis gel. AI-MCM-41 was synthesized ac- Physico-chemical properties of various metallosilicates

cording .tO the rep_orted procedyEd] using ce.tyltrimethy—. Entry  Catalyst Si/M ratio  Particle size  Surf. Area
lammonium bromide and tetramethylammonium hydroxide. (product} (pm)P (m? g1y
1 H-ZSM-5 40.0 0.1-0.2 465
2.3. Dealumination of zeolitg 2 H-ZSM-12 78.0 1-2 346
3 H-Y 2.5-3.0 0.5-0.7 737
Zeolite was dealuminated using the (W}4SiFs method 4 Hy? 11.5 0.5-0.7 37
reported by Beyer et a]17]. In a typical dealumination ex- > H-mordenite 12.5 0.3°0.5 492
P y Bey : yp 6 H-mordemté  26.8 0.3-05 492
periment, 5 g of NH4-form of zeoliteB (parent sample) was < H-B 275 0.2-0.3 630
added to an aqueous solution of ammonium acetate (50 ml, 8 H-pd 75.0 0.2-0.3 630
10M) at 348K. To this mixture 4.5ml of 0.75N solution 9 H-G 61.0 0.2-05 611
of ammonium hexafluorosilicate in water was added slowly 19 H-F& 55.0 0.2-0.3 595
11 H-MCM-41 76.0 1-2 985

through a syringe fitted with a metering pump (Sage Syringe
Pump). Then, the slurry was heated to 363K and stirred for  * Si/M ratio was estimated from ICP analysis. _

16h. FinaIIy, the contents were washed thoroughly with dis- Particle size measurements were maqe from SEM observation.

. . . . ¢ Surface area was measured by &tisorption at 77 K on a BELSORB
tilled water in order to remove extracted aluminum and dried ,gq . analyzer

at 373K. This procedure was repeated until the required d the parent aluminosilicate was dealuminated with ammonium hex-

Si/Al ratio is obtained and the product was finally calcined afluorosilicate.
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Table 2 Table 3
Effect of different solvents, temperature, and substrate/catalyst ratio in Activity of various alumino and metallosilicates towards transesterifi-
transesterification reaction over dealuminated zedite catior?
Entry Solvent Temperature Substrate/catalyst Conversiof Entry Catalyst B-keto ester Alcohol Yiel®
(K) ratio (w/w) (%) (%)
1 Toluene 383 5 92.0 o o
2 Nitromethane 383 5 60.5 1 HY A VYR 72
3 Acetonitrile 383 5 45.0 0
4 Benzene 383 5 31.0 2 H-mordenite )Kj\o NN SOH g5
5 Toluene 353 5 55.4 Et
6 Toluene 363 5 72.9 0
7 Toluene 373 5 86.0 3 H-p )K)?\o ANNSOH g
8  Toluene 383 10 78.0 Et
9 Toluene 383 3.3 92.0 o 0
10 Toluene 383 25 93.0 4 H Y AN M ort ANANNOH g
11 Toluene 383 15 93.0 o
a Reaction conditions: 10mmol of ethylacetoacetate, 10mmol of 5 H-mordenité )Kj\OEt ANNOH g
1-hexanol, 20 ml of dry solvent, reaction time 10h. o o
b . : .
Estimated from GC analysis and the rest is unreacted starting mate- At OH
rials. 6 H-p )UJ\OEt NN 92
o]
often depend on the solvent used, which produces a crucial 7 H-Ga3 )K)?\oa ANNNOH 85
effect on the activity and selectivity; the solvent can also o
govern the intraporous concentration of reactants or may 8 H-FeB )K)?\oa ANNSOH 36
participate/assist in the catalytic cycle. Therefore, the trans- o 0
esterification reaction has been optimized by con;idering the g H-ZSM-12 )Uj\o ANANCH g
solvent and temperature effect as well as the critical amount Et
of catalyst required to attain the maximum conversion. En- 2SS i)?\o AASNOH g
tries 1-4 inTable 2show the effect of different solvents Et
over the transesterification. Toluene provided the best activ- 0 0
. L . . OH
ity and the use of solvents such as acetonitrile, nitromethane,* RE-Y )Uj\ogt NN 40
and benzene led to less conversion. Probably due to their 0
low boiling point, they adversely affect the removal of co- 12 H-MCM-41 )K)?\oa ANANNOH - 2s

product ethanol by azeotropic distillation, driving down the
equilibrium. The conversion is reduced (entries 5—7) when 2 Reaction conditions: 10 mmol d-keto ester, dry toluene, tempera-
the temperature is decreased. Increase in conversion with indure 383K, time 10h.. S ,
creasing temperature is attributed to increased activation atmate?igfs‘”“f'ed by using GC and the remaining is unreacted starting
higher temperature coupled with facile desorption of chem- ¢ 5o uminated zeolites.

ically adsorbed intermediate. Entries 8—11 exhibit the influ-  d Rare earths exchanged Y-zeolite.

ence of substrate/catalyst ratio (w/w) in the transesterifica-

tion of ethylacetoacetate. when the substrate/catalyst ratiopossibly there are not many strong acid-sites to promote
was changed from 10 to 5, the conversion of the catalyst in- the reaction. Furthermore, the activity of these aluminosili-
creased from 78 to 92% (entries 1 and 8). However, further cates increased considerably by dealumination (entries 4—6)
increase in the catalyst amount did not increase the conver-of the parent aluminum-rich zeolites. Both dealuminated Y
sion significantly as the reaction almost attained the equi- (Si/Al = 11.5) and mordenite (Si/Al= 26.8) show simi-
librium. Hence, the substrate/catalyst (w/w) ratio of 5 was lar activity (85 and 86%, respectively) even though Y still
chosen for further investigation along with toluene as the contains a large amount of aluminum than mordenite. Sim-

reaction medium. ilarly the enhanced conversion over dealuminated zeplite
(Si/Al = 75) cannot be explained on the basis of Si/Al ratio
3.2. Activity of various aluminosilicates alone. Generally, the acid strength of a zeolite, particularly

the Al-rich ones, is increased with an increase in the Si/Al

The activity of various aluminosilicates as well as other ratio [18—-21] However, an increase in the Si/Al framework
metallosilicates for the reaction between ethylacetoacetatemolar ratio of zeolites also leads to their increased hydropho-
and n-hexanol is shown ifmable 3 Entries 1-3 show the  bicity. Hence it is expected that the ingress of the organic
activity of unmodified large-pore Y, mordenite, afdre- reactants and egress of the products will be more facile in

spectively. Although both Y (Si/AE= 2.5-3.0), and mor-  more hydrophobic zeolites, where hydrophilic or relatively
denite (Si/Al= 12.5) contain a large amount of aluminum less hydrophobic compounds like ethanol compared to es-

thanB (Si/Al = 27.5), the former exhibits lower activity, ters will be repelled, shifting the equilibrium towards the
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formation of desired products. In addition to hydrophobic olite catalyst,3-keto esters underwent smooth transesterifi-
nature, large void space of the catalysts, as in the case ofcation even with unsaturated alcohols. Entries 8—-13 exhibit
dealuminate and Y zeolites, will be a primary factor for  the reactivity of differenf3-keto esters with 1-hexanol un-
their higher activity. der similar conditions. The open-chgirketo ester (methyl
When the acid-strength of zeolifeis modified with sub- acetoacetate, entry 8) shows higher reactivity than the cyclic
stitution of either gallium (entry 7) or iron (entry 8) in the B-keto ester (entry 9). However, other esters likketo es-
framework position, the conversion decreased significantly, ters,a-halogenated ester, normal ester, ang-unsaturated
as expected. It is well known that the acid-strength of metal- esters (entries 10-13) completely fail to undergo the reac-
losilicates follows the order: A > Ga{3 > Fef3 [22,23] tion. Thus, the observed reactivity reveals that nucleophilic-
Quite interestingly, ZSM-12 (entry 9) and ZSM-5 (entry ity of alcohols as well as bulkiness of both alcohols and
10) exhibit low activity in this transesterification reaction p-keto esters influence the transesterification activity. The
in spite of being high-silica Brgnsted acid zeolites. Hence, used dealuminatefl was reactivated at 773 K for 5h under
the relatively low activity of these two high silica zeolitesis O, flow and reused for the transesterification of ethylace-
attributable to the diffusion limitations. toacetate with 1-hexanol. The activity of the catalyst was
Entries 1 and 11 compare the influence of charge com- reduced by merely 5% after three successive uses with re-
pensating cations in zeolite Y. When H-Y is converted activation.
to RE-Y, the conversion decreased significantly. Although
this observation is rather difficult to explain on the basis 3.4. Effect of reaction time
of acid strength, the hydrophobic nature of the catalyst
may be a significant contributing factor. It is expected that  Fig. 1 exhibits the progress of transesterification of ethy-
RE-Y with large number of non-framework RE-OH groups lacetoacetate with 1-hexanol over dealumingiextolite as
may increase the hydrophilicity compared to that of H-Y. a function of reaction time. The reaction progressed steadily
Al-MCM-41 exhibits the least activity despite its meso- from the beginning until the conversion reached about 90%
porous structure probably be due to their lower acid-strengthin 8 h. The rapid increase in the activity may possibly be
compared to microporous aluminosilicates. It is, therefore, due to the formation and removal of azeotropes (mixture of
quite likely that increased conversion over dealuminated toluene and ethanol) which drives the equilibrium to favor
zeolites vis-a-vis parent zeolites may largely be due to the the product formation by shifting the equilibrium. Very little
increased hydrophobicity of the former, particularly when improvement in the conversion was noticed after prolonged
the diammonium hexafuorosilicate method was used for reaction time.
dealumination where the defect sites created by dislodged
Al are healed by Si incorporation. Dealuminated zedite ~ 3.5. Reaction pathways
was used for all further study in the transesterification of

different alcohols with varioug-keto esters. The proposed reaction mechanigid,15,24]and differ-
ent equilibrium steps involved in the transesterification are

3.3. Transesterification of varioy$-keto esters with shown inScheme 2The interaction of Bronsted acid sites

different alcohols with the carbonyl groups of-keto esters gives the proto-

nated intermediate complex which undergoes nucleophilic
The reactivity of varioug-keto esters with different alco-
hols using dealuminateitoluene as the catalytic system is

given in Table 4 Entries 1-4 exhibit the transesterification 100
of ethylacetoacetate with different aliphatic alcohols. All the 90 +
aliphatic alcohols undergo smooth reaction but the reactiv- 80 1
ity for tert-butyl alcohol (entry 4) is considerably lower than e 701
the primary 1-butanol (entry 2). The observed reactivity can < 60
. . . e o
be explained on the basis of a steric factor and nucleophilic- % 5 |
ity/basicity of the alcohols. Although thiert-butoxide ion %’ 40 1
(Me3CO™) is a stronger base than either ObBbr OH™, 3
\ . . . . 30 |
its relative bulkiness may hinder it from closely approach-
ing a substrate leading to the less reactivityteit-butyl 201
alcohol. However, cyclic and aromatic alcohols (entries 5 10 V
and 6) realized comparable reactivity. Interestingly, unsat- 0~ v ‘
urated aromatic alcohol (entry 7) also exhibits quite high 0 5 10 15 20
reactivity. It is worth mentioning that transesterification of Reaction time, h

_B'keto esters _W'th unsaturateq alcohols is rather difficult as Fig. 1. Effect of reaction time over the activity of dealuminafgtbluene
it leads to facile decarboxylation and rearrangement as thecataiytic system for the transesterification of ethylacetoacetate with
side reaction$15]. However, in the present case using ze- 1-hexanol.
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Table 4
Activity of various B-keto esters and alcohols towards transesterification over dealumin@gfe H-
Entry B-keto ester Alcohol Product Yield(%)
0 0O o 0O
1 /\/\/\OH Mo/\/\/\ 92
)I\)\OEt
0 O o O
2 )I\)\OEt /N\0H MOBU“ 87
o O o 0
3 MEt MeOH MOMe 85
0 O
o 0 —"OH
4 66
AN ot Ao
5 87
AN ot O’O
0 O OH o 0
° AN e Cr Mo/\Q 80
0 0O A~ o 0
HO \&"Ph
7 )j\)kOEt MOMPh 88
o 0O o 0
OH
8 MOMe ANV o\ 85
o @ o ©
9 é)\/oa /N\/\/NOH W 79
o 0
10 /\N\/0H Nil Nil
)I_”\OMe
0]
11 A~ g AN\N\/OH Nil Nil
(0]
12 /N\N\/S0H Nil Nil

@
o
m

0
13 @(\*OH AYAYA Nil Nil

a Reaction conditions: 10 mmol @-keto ester; 10 mmol of alcohol; 20 ml of dry toluene; 20wt.% of dealumingdetbmperature 383 K; reaction
time 10h.
b The products were isolated by column chromatography technique.

0 (0}
° S/o \Al/
i
¢} \O/ \O H* 0O O--H 29
H +
KN ~ R ; 2
M \\>1 " H
R, H—O .
| -H
R,
o O

Scheme 2.
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reaction with the alcohols followed by elimination oftH vealed that azeotropic removal of coproduct ethanol assists
to give the final product. Furthermore, the observed lower the product formation by shifting the equilibrium. The prob-
reactivity of tert-butyl alcohol, vis-a-vis 1-butanol, indi- able mechanism involves the complexatiorgeketo esters
cates the involvement of nucleophilic species, as the for- with the Brgnsted acid sites of the catalyst followed by the
mer with lower nucleophilicity due to its bulkiness, exhibits nuclophilic attack of the alcohol.

lower reactivity. Moreover, other esters suchcaketo es-

ters,a-halogenated ester, normal ester, afg-unsaturated

esters completely failed to undergo the reactions. The dif- References
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