e JOURNAL OF

i MOLECULAR
: R 4 CATALYSIS
2 jm\"‘,‘! s A: CHEMICAL

ELSEVIE Journal of Molecular Catalysis A: Chemical 195 (2003) 245-252 _———
www.elsevier.com/locate/molcata

Hydrotalcite-like compounds as catalysts in
liguid phase organic synthesis

|. Knoevenagel condensation promoted by
[Nio.73Al 0.27(OH)2](COs)o.135

Umberto Costantind*, Massimo Curin?, Francesca MontanaXi
Morena Nocchetft, Ornelio Rosat?

@ Dipartimento di Chimica, Universita di Perugia, Via Elce di Sotto, 8, 06123 Perugia, Italy
b Dipartimento di Chimica e Tecnologia del Farmaco, Via del Liceo, 06123 Perugia, Italy

Received 26 July 2002; received in revised form 11 October 2002; accepted 18 October 2002

Abstract

Ni—Al hydrotalcite-like compounds, obtained by precipitation from homogeneous solution accomplished by urea hydrol-
ysis, have been characterised for chemical composition, BET specific surface area, X-ray diffraction and thermogravimetry.
The base strength of surface sites was estimated with the method of adsorbed acid—base indicators. A sample of formula
[Nig.73Alp.27(OH)2](CO3)0.135, previously dried at 150C, has been used as base catalyst a6 absence of solvents
in the Knoevenagel condensation of different aldehydes with malononitrile and ethylcyanoacetate. Aliphatic and aromatic
aldehydes easily react in these reaction conditions and the Knoevenagel adducts were obtained in excellentyield, in short time.
Dimethylmalonate, having methylene groups of very low acid strendth (p 13) did not give the adduct with benzaldehyde
because of not sufficiently high base strength of the hydrotalcite-like compound. The catalyst can be recycled several times,
without loss of catalytic efficiency, and its performance has been compared with that of other heterogeneous base catalysts
such as zeolite A, potassium exchanged zirconium phosphate, amberlist, modified hydrotalcites.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cludes clays and modified clayd] zeolites, acid
oxides, heteropolyacidg], organic polymers such as
Recently, there has been an increasing interest onfunctionalized styrene-divinyloenzene resif§. In
acid—base heterogeneous catalysts that can substitut€omparison, heterogeneous base catalysts are much
liquid catalysts constituted by corrosive acids and less numerous, even if they are involved in many syn-
bases in many chemical processes. The number ofthetic procedures. According to recent revig@gs],
heterogeneous acid catalysts is very large and in- the common base catalysts are constituted by alkaline
metal exchanged zeolites, alkaline earth metal oxides,
"+ Corresponding author. Tel+39-75-5855565: KNH2 or KF ;upported on_alumina, supported alkali_
fax: +39-75-5855566. metals and mixtures of basic oxides obtained by calci-
E-mail address: ucost@unipg.it (U. Costantino). nation of hydrotalcite-like compounds. The catalytic
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efficiency of the above mentioned catalysts in various However, beside the Knoevenagel condensation, other
classes of reactions such as isomerizations, additions,reactions such as Michael addition, Claisen conden-
alkylations is good. However, most of them suffers for sation, aldolic condensation also took place, probably
air contamination since easily react with or adsorb wa- because of the presence in the mixed oxides of sites
ter, carbon dioxide or other acidic gasses and vapours.with high basic strengtf24]. Recently, other authors

In many instances it would be useful to have at dis- have used not thermal activated HTlc to carry out
posal base catalysts that can be easily handled and darganic reactions in liquid phag25,26]

not require long procedures to be reactivated. In this

context hydrotalcite-like compounds (HTIc) are of no-

table interest. HTlc are layered materials with general 2. Experimental

formula [M(Il)l_XM(III)X(OH)g]”[A)’j/‘n]x—-mHzO,

where M(ll) may be Mg, Zn, Co, Cu, Fe, Ni, Mn; 21 gnthesis of NiAl HTIc

M(Il) may be Al, Cr, Fe, V, Co. The layer struc-

ture arises from the concatenation of M(Q@Hdge Aqueous solutions, obtained by mixing 0.5M
sharing octahedra. The isomorphous substitution AICI3 and 0.5 M NiC} solutions in the proper amount
of some divalent with trivalent cat?ons generates i, reach the chosen AI(I/AINL + Ni(ll) molar
posglve charges balanced by"A anions (c@* ratio, were added of solid urea until the molar ratio
SO“7, CI7, NOs™, organic anions) accommodated rea/A(lI1) + Ni(ll) was 3.3. The solutions were
in the interlayer region, where co-intercalated wa- kept at 100C under stirring for 3-6 days. The pre-
ter molecules are also located. The molar fraction cipitation of NiAl hydrotalcite-like compounds was
M(II/M (1) + M(II) generally ranges between 0.2 gchieved by thermal hydrolysis of urea with forma-
and 0.33, and its value dett_armines. the charge densityiion of ammonium carbonatf27]. The precipitates

of the layer[6,7]. HTIc exhibit basic strength, sen-  ,piained were separated from the mother solutions,
sibly lower than that of the mixed oxides obtained ,ashed with de-ionised water and with small vol-
by thermal decompositioi8] but their handiness,  mes of 0.1 M sodium carbonate in order to exchange
stability and low activity allows a better control of regique chloride ions, sometimes incorporated during
the catalysed reactions. In addition, the basic prop- the synthetic procedure, with carbonate anions. After
erties of the HTlc may be modulated by replacing he washings with NeCOz solutions the solids were

the carbonate anions with other counter-anions by recovered, washed with de-ionised water and finally
simple ion exchange procedures. A research program yried at room temperature oves®o.

has been undertaken to exploit the catalytic efficiency
in liquid phase organic synthesis of HTIc converted
in various salt forms. This paper reports the results
obtained by using NiAl HTlc in carbonate form, that _ ) o
does not suffer from air contamination, as catalyst of A Mixture of active methylene derivatives (1 mmol)
the Knoevenagel condensation of aldehydes with ac- and catalyst NiAl HTlc (50mg), previously dried in
tive methylene compounds, such as malononitrile and ©Wen at 150C, was stirred at 68C under nitrogen.
ethylcyanoacetate. The Knoevenagel condensation/Aft€r 15min, aldehyde (1mmol) was added and the
has wide application in the synthesis of fine chemicals "€&ction mixture stirred for appropriate time. The mix-
[9,10] and it is usually catalysed by bas@d,12] or tgre was then treated Wlth dichloromethane (5 ml) and
acids[13,14] in homogeneous liquid phase systems. filtered. Afterev.a.poratmn of solvent, the Knoevenagel
However, the use of heterogeneous catalysts (i.e. adduct was purified by chromatography.

alumina [15], cadmium iodide[16], sepiolite [17],

zeolites[18,19] clays[20], KT exchanged layered zir-  2.3. Characterisation

conium phosphatf21], anionic resin22], N-bonded

enolatorhenium(l) complef23]) has been reported. The nickel and aluminium content of the HTlc was
Calcined MgAIl HTlc has been used as catalyst of the determined by standard EDTA titrations after having
ethyl acetoacetate—benzaldeyde condensafits]. dissolved a weighed amount (about 100 mg) of the

2.2. Knoevenagel condensation
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sample in a few drops of concentrated HCI and having 3. Results and discussion
diluted with water to 50 ml.
The water content was obtained by thermogravimet- 3.1. Preparation and characterisation of the catalyst
ric analysis performed with a Stanton-Redcroft STA
780 Analyzer at a heating rate of/thin under an Several samples of NiAl HTIlc have been prepared
air-flow. The differential scanning calorimetry curve, with the method of urea hydrolysis in aqueous solu-
from room temperature up to 50C, was obtained tions containing nickel and aluminium chlorides in
with a Mettler-Toledo DSC 821 apparatus at the same the proper molar ratioTable 1reports the prepara-
heating rate. tive conditions and the AI(AH- Ni) molar ratio in
The X-ray powder diffraction (XRPD) patterns of the obtained solids. Note that the molar ratio in the
wet and dried samples were taken with a computer solid is always lower than that in the mother solution,
controlled Philips PW 1710 diffractometer, using the approaching values near 0.25, that is one aluminium
Ni-filtered Cu Ka radiation and operating at 40kV  every three nickel ions in the brucite sheet. This
and 30 mA, step scan 0.026 and 1 s counting time. arrangement seems to be the most stable and corre-
BET specific surface area was obtained by ad- sponds to that found in the mineral Takovite. All the
sorption isotherms taken at 77 K with a Micromerit- samples have been equilibrated with a 0.1 MGi@s
ics ASAP 2010 instrument, after having degassed solution to exchange residual chloride ions up-taken
the sample for 1 day at 393K. Particle-size dis- during the synthetic procedure. The specific surface
tribution and scanning electron micrographs of the area of the samples, previously degassed at°C20
micro-crystals were taken with an AccuSizer TM 770 are reported infable 1 It may be seen that the spe-
Optical Particle Sizer and a Philips XL30 microscope, cific surface area decreases with increasing refluxing
respectively. times and reach a maximum value for the sample with
The evaluation of the surface basic strength of x = 0.27. It was thus decided to use this material as
the HTIc has been obtained according to the Benesi catalyst and to perform on it further characterisations.
method[28]. About 50 mg of the NiAl HTlc, previ- The XRPD diffraction patterns of solid NiAl HTlc,
ously heated at 150, were dispersed in 10ml of shown inFig. 1, revealed a high crystallinity and an
diethylether, under nitrogen. Few mg of indicator, interlayer distance of 7.94 Aig. 2 shows the cumu-
with a chosen W, value, were then added to the lative particle size distribution of the microcrystals. It
dispersion and the colour change of the adsorbed may be seen that more than 85% of the particles have
indicator observed after 30 min. a diameter between 10 and @.B1. Observations at
IH NMR spectra of CDQ solutions of all or- the scanning electron microscope showed that the
ganic compounds were recorded on a Bruker DPX particles are formed by almost spherical aggregates of
spectrometer operating at 200.1 MHz in the Fourier hexagonal platelets (sé€g. 3a and h Fig. 4 reports
transform mode. GC analyses and MS spectra werethe weight loss curve as a function of temperature
carried out with an HP 5890 gas chromatographer and the corresponding DSC curve. It may be seen that
(dimetyl silicone column 12.5m) equipped with an between 60 and 18 there is a broad endothermic
HP 5971 Mass Selective Detector. Flash column peak related to loss of adsorbed and co-intercalated
chromatography was performed on 0.040-0.063 mm water. At temperatures higher than 3@both dehy-

(230—400 mesh ASTM) Merck silica gel. droxylation and decarbonation reactions occur with a
Table 1

Effect of the metal ion molar fraction in solution and of reaction time on the composition and BET specific surface area of NiAl HTIc
Molar fraction in the solution Molar fraction in the solid Reaction time (days) Surface area?(qg)
AI(HI/AI) -+ Ni(11) AI(ID/AICNT) -+ Ni()

0.25 0.22 6 47.2

0.33 0.27 3 68.3

0.4 0.24 3 63

0.4 0.28 6 38
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Fig. 1. XRPD diffraction patterns of [Nizz Alg.27(OH)2](CO3)o.135:0.58H0.
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Fig. 2. Cumulative particle size distribution of the microcrystals ofgfNAl g 27(OH)2](C0O3)0.135:0.58H0.
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Fig. 3. SEM micrographs of [Niz3Al27(OH)2](CO3)0.135:0.58HO microcrystals.

sharp endothermic effe¢6]. The XRPD pattern of  of the base form, while adsorbed tropaeolirk fp=

the sample heated at 1000 showed the typical re- 11.8) assumes the colour of the acid form. These ob-
flections of NiO and of NiA}O4. On the basis of  servations letto conclude that the NiAl-gfossesses
the weight loss curve and of chemical analyses, the basic sites with 5 values in the 11-11.8 range. These
sample was found to have the following empirical values are very similar to thelp, of carbonic acid,
formula: [Nig 73Al 9.27(0OH)2](CO3)0.135:0.58H0. At- indicating that the basic sites are the charge balanc-
tempts have been made to estimate the base strengtling carbonate anions. It should be noted that calcined
of the surface sites by means of the indicator method MgAI-CO3 shows basic sites withKy values up to
[28], as described in th8ection 2 It has been found  16.5[24].

that Bromotymol-blue (K5 = 7.1), phenolphthalein At the end of the characterisation it may be
(pKa = 9.6) and brilliant cresyl blue (ki = 11), ad- concluded that the catalyst has empirical formula
sorbed on the surface of the solid, assume the colour[Nig.73Al.27(0OH)2](CO3)0.135:0.58H0, it consists
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Fig. 4. Weight loss and DSC curves of B¥5Al.27(0OH);](C0O3)0.135:0.58H0. Heating rate 2C/min, air-flow 30 ml/min.
of aggregates of thin platelets with dimensions rang- nagel adducts with this substrate were not obtained.

ing from 0.5 to 1Qum and has a specific surface area This observation is a further support that the catalyst
of 68.3nf/g. The material looses hydration water at has surface basic sites witlplower than 11.8.

150°C and possesses basic sites wiky values up Table 2reports the reaction time and the yield of

to 11.8. several reactions performed with substrates having
R> = CN or CQ:Et and R an aliphatic or aromatic

3.2. Catalytic activity radical. All the reactions (se®ection 3 were carried

out at 60°C in solvent-free condition by adding the
Preliminary experiments showed that NiAl-gO aldehyde to a well stirred mixture of the active methy-

Cata|yses the Knoevenage| reactions, that is: lene derivatives and CataIySt NiAl HTlC, preViOUSly
treated at 150for 1 h. Aliphatic and aromatic aldehy-
0 CN NC R2 des react in a short time and the Knoevenagel adducts
)L + < — >=< + H0 were obtained in good to excellent yield. The high
NiAl HTle . .
Rl H R2 R1 H yields obtained may be also due to the presence of the

anhydrous catalyst that is able to co-intercalate water
molecules generated in the Knoevenagel condensation
(see scheme) and withdraw the reaction equilibrium
It may be observed that the substrates (RCN, to the formation of the adduct. It has been indeed
COyEY) have acidic methylene groups witkpnear found that anhydrous NIAIC®HTIc, recovered at
to 9 and 11, respectively and they may be deprotonatedthe end of the reaction between benzaldehyde and
by the catalyst to generate the corresponding carban-malononitrile (seélfable 2 entry 1) and washed with
ion, able to attack an electron acceptor centre. It has anhydrous CHCI, contained about 0.6 mol2d/mol.
been found that the catalyst is not able to pull off pro-  Note that the amount of water generated by the var-
tons from dimethyl malonate §, = 13) and Knoeve- ious condensation reactions is generally higher than

R,= aromatic or aliphatic radical
R,= CN, CO,Et
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Table 2
Knoevenagel condensation of aldehydes with ethylcyanoacetate and malononitrile, carried U & 80lvent-free conditions
Entry Aldehyde Ethylcyanoacetate Malononitrile
Time (h) Yield® (%) Time (h) Yield (%)
1 Benzaldehyde 24 35 0.5 9?
2 4-Hydroxy-3-methoxybenzaldehyde 5 74 1 70
3 3-Hydroxy-4-methoxybenzaldehyde 7 92 24 84
4 4-Methylbenzaldehyde 24 53 1 93
5 2-Methylbenzaldehyde 5 76 1 9@
6 4-Methoxybenzaldehyde 6 0 15 84
7 Salicylaldehyde 24 79 4 53
8 3-Phenylprop-2-enal 24 82 1 9?
9 Cyclohexanecarbaldehyde 5 bgo 3 8P
10 Hexanal 1 69 0.5 95

The 1 mmol of substrates and 50 mg of catalyst.
apetermined by*H NMR analysis.
bIH NMR data are reported in ref21].

that the catalyst is able to take up. However, the slight olefinic proton and the methylene of the carboethoxy
excess of water seems not to influence the performancegroup[29].
of the catalyst. The condensation of benzaldehyde with  This result clearly demonstrated that this solid base
malononitrile, carried out in the same conditions of catalyst is a practical alternative to soluble bases in
Table 2 but in the presence of not anhydrous acetoni- Knoevenagel condensation with the following advan-
trile, as solvent, occurred in longer time (3 h) but with tages: (a) high catalytic activity, (b) solvent-free con-
comparable yields (90%). dition, (c) mild reaction condition, (d) simple work-up,
It is important to note that in the case of (e) use of no toxic and inexpensive catalyst, (f) re-
a,B-unsaturated aldehydes the reaction occurs with- cyclable nature of cataly$80]. The catalyst washed
out formation of the Michael-type addition adduct with dichloromethane and dried at I5€an be reused
(Table 2 entry 8). When ethylcyanoacetate was used for several experiments. The reaction in entry 4 has
as active methylene compound the reaction occurred been repeated three times with the following yields:
with the stereoselective formation & configurated 93, 91, 90%.
olefins. For example, in the case of the adduct obtained Moreover, it seemed of interest to compare the
from 4-methoxy benzaldehyde and ethylcyanoacetate results obtained in this study with some of those
(entry 6) a small NOE effect was detected between the reported in the literature for the Knoevenagel

Table 3
Comparison of reaction yield and reaction time of Knoevenagel condensation of aldehydes (see entries 1Tabte&aind malononitrile

in the presence of the listed catalysts

Catalyst Entry 1 Entry 8
Time (h) Yield (%) Time (h) Yield (%)

NiAICO3 (this work) 0.5 97 1 93
a-Zr(KPOs)2 [21] 0.2 92 0.2 89
Zeolite [32] 122 78 8 70
Modified amberlite IRC-5(033] 52 92 5 65
MgAI-O-t-Bu [34] 0.16 99

Calcined MgAl, water vapour activatg@5s] 1ab 100

aReaction carried out at room temperature.
b Reaction carried out in toluene.
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condensation catalysed by other base catalysts. For [7] F. Trifird, A. Vaccari, in: G. Alberti, T. Bein (Eds.), Compre-

this purpose the reactions with malononitrile (entries
1 and 8) have been taken into consideration and the
data are compared ifable 3 In general, the use of the
catalyst NiAl HTlc allows to achieve excellent yields
in short reaction time. The catalyst Mg-Al-GBu and

the catalyst consisting of calcined MgAl HTlc, acti-
vated by water vapor, show a better activity, but their
preparation is more complex and their stability lower
than those of NiAl HTIc since they suffer from GO
contamination. The use af-Zr(KPQ4)2, permits to
achieve yields similar to those obtained with NiAl
HTlc but in shorter time, however, the use of HTlc
is preferable because it is of simpler preparation and
more inexpensive thaw-Zr(KPOy),.

4. Conclusion

Ni—Al hydrotalcite-like compounds in carbonate
form possess sites with base strength sensibly lower
than that of the mixed oxides obtained by thermal
decomposition. However, as already observed by
Constantino and Pinnavaj&1], the basic properties

of HTIc are enhanced as a consequence of the dehy-

dration at temperatures<@50°C), lower than those

of thermal de-carbonatation. The NiAl-GOused

in the present study, showed a sufficiently high base
strength to catalyse Knoevenagel condensation of
aldehydes with malononitrile and ethylcyanoacetate
but not with dimethylmalonate. This implies that syn-

thetic hydrotalcites as such may be used in liquid

phase organic synthesis and also selective reactions?’]

may be conceived.

References

[1] A. Cornelis, P. Laszlo, Synlett. (1994) 155.

[2] Y. Izumi, K. Urabe, M. Onaka, Zeolite, Clays Heteropoly
Acid in Organic Reactions, VCH, Weinheim, 1992.

[3] A. Chakrabarti, M.M. Sharma, React. Polym. 20 (1993) 1.

[4] H. Hattori, Chem. Rev. 95 (1995) 537.

[5] Y. Ono, T. Baba, Catal. Today 38 (1997) 321.

[6] V. Rives (Ed.), Layered Double Hydroxides: Present and
Future, Nova Science Publisher, New York, 2001.

hensive Supramolecular Chemistry, vol. 7, Pergamon/Elsevier
Science, Oxford, 1996, Chapter 8, p. 251.
[8] A. Vaccari, Appl. Clay Sci. 14 (1999) 161.
[9] G. Marciniak, A. Delgado, G. Leclerc, J. Velly, N. Decker,

S. Schwarts, J. Med. Chem. 32 (1989) 1402.

[10] D. Enders, D. Muller, A.S. Demir, Tetrahedron Lett. 29 (1988)
6437.

[11] E. Knoevenagel, Chem. Ber. 27 (1894) 2345;
G. Jones, Org. React. 15 (1967) 204.

[12] C.H. Heathcock, in: B.M. Trost (Ed.), Comprensive Organic
Synthesis, vol. 2, Pergamon Press, Oxford, 1991, p. 341.

[13] O. Attanasi, P. Filippone, A. Mei, Synth. Commun. 13 (1983)
1203.

[14] P. Shanthan Rao, R.V. Venkataratnam, Tetrahedron Lett. 32
(1991) 5821,
W. Bao, Y. Zhang, J. Wang, Synth. Commun. 26 (1996) 3025.

[15] J. Muzart, Synth. Commun. 15 (1985) 285.

[16] D. Prajapati, J.S. Sandhu, Chem. Soc. Perkin 1 (1993) 739.

[17] A. Corma, R.M. Martin-Aranda, J. Catal. 130 (1991) 130.

[18] A. Corma, V. Forne, R.M. Martin-Aranda, H. Garcia Primo,
Appl. Catal. 59 (1990) 237.

[19] Q.L. Wang, Y.D. Ma, B.J. Zuo, Synth. Commun. 27 (1997)
4107.

[20] Y.V. Subba Rao, B.M. Choudary, Synth. Commun. 21 (1991)

1163.

M. Curini, F. Epifano, M.C. Marcotullio, O. Rosati, A.

Tsadjout, Synth. Commun. 32 (3) (2002) 355.

[22] R.W. Hein, M.J. Astle, J.R. Shelton, J. Org. Chem. 26 (1961)
4874.

[23] J. Simpan, D.L. Rathbone, D.C. Billington, Tetrahedron Lett.

40 (1999) 7031.

A. Corma, V. Fornes, R.M. Martin-Aranda, F. Rey, J. Catal.

134 (1992) 58.

[25] B.M. Choudary, M.L. Kantam, B. Kavita, J. Mol. Catal. A
169 (2001) 193.

[26] B.M. Choudary, M.L. Kantam, B. Bharathi, Ch. Venkat

Reddy, Synlett. (1998) 1203.

U. Costantino, F. Marmottini, M. Nocchetti, R. Vivani, Eur.

J. Inorg. Chem. (1998) 1439.

[28] H.A. Benesi, J. Am. Chem. Soc. 78 (1956) 5490.

[29] K. Sang-Yun, K. Pan-Suk, K. Woo, Synth. Commun. 27
(1997) 533.

[30] M. Curini, F. Epifanio, M.C. Marcotullio, O. Rosati, M.
Nocchetti, Tetrahedron Lett. 43 (2002) 2709.

[31] V.R.L. Constantino, T.J. Pinnavaia, Catal. Lett. 23 (1994) 361.

[32] T.I. Reddy, R.S. Varma, Tetrahedron Lett. 38 (1997) 1721.

[33] T. Saito, H. Goto, K. Honda, T. Fujii, Tetrahedron Lett. 33
(1992) 7535.

[34] B.M. Choudary, M. Lakshmi Kantam, B. Kavita, Ch.V. Reddy,
F. Figueras, Tetrahedron 56 (2000) 9357.

[35] M. Lakshmi Kantam, B.M. Choudary, Ch. Venkat Reddy, K.
Koteswara Rao, F. Figueras, Chem. Commun. (1998) 1033.

[21]

[24]



	Hydrotalcite-like compounds as catalysts in liquid phase organic synthesisI. Knoevenagel condensation promoted by [Ni0.73Al0.27(OH)2](CO3)0.135
	Introduction
	Experimental
	Synthesis of NiAl HTlc
	Knoevenagel condensation
	Characterisation

	Results and discussion
	Preparation and characterisation of the catalyst
	Catalytic activity

	Conclusion
	References


