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Abstract: A sustainable Knoevenagel condensation of a series of aldehydes with
malononitrile and ethyl cyanoacetate is described. The process is based on the combination
of microwave activation and hydroxyapatite catalysis under solvent-free conditions.
Products are obtained in and high yields after short reaction times. The effects of the
specific surface of porous calcium hydroxyapatite and microwave activation are discussed.
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1. Introduction

The Knoevenagel condensation is one of the most important, useful and widely employed methods
for the formation of carbon-carbon bonds [1,2]. It has been used for the preparation of a range of
substituted alkenes and bioactive molecules, and as a key step in natural product synthesis. In general,
the Knoevenagel condensation is carried out using organic bases such as aliphatic amines, urea,
ethylenediamine and piperidine or their corresponding ammonium salts, and the amino acids glycine
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or B-alanine [3,4]. Much work has shown that this condensation is strongly solvent-dependent and
benzene, ethanol and DMF are commonly used. Other Lewis bases and acids have also been reported
as catalysts in the Knoevenagel condensation, including ZnCl, [5], Cdl, [6], TiCl4 [7], Al,O5 [8], Ni-
Si0; [9], MgO and ZnO [10], AIPO4+—Al,0O; [11], KF-Al,0O3 [12], natural phosphate [(NP)/KF or
NP/NaNOs] [13] and synthetic phosphate (Na,CaP,0; [14], Ca,P,07 [14] and K,NiP,O; [15]).
However, the use of such bases/acids and solvents in large scale Knoevenagel reactions has led to
environmental problems, i.e. the necessity to dispose of huge amounts of organic waste due to the
formation of undesirable side products resulting from polymerisation, bis-addition and self-
condensation; in addition to the total dissolved salts formed during the neutralisation of the base or
acid catalysts. As a result other modified inorganic solids [16—18], resins [19], phase-transfer agents
[20], ionic liquid [21,22], LDH-F hydrotalcite [23], cation-exchanged zeolites [16], or mesoporous
materials [24], and MCM-41 [25] have been introduced as new catalysts. Electrochemical, microwave
and ultrasound activation methods have also been reported [26-31]. Nevertheless, most of these
known methods suffer from significant limitations, which include toxic reagents, harsh reaction
conditions, low yields or long reaction times. Only a few sustainable procedures and particularly with
basic heterogeneous catalyst were reported [32—35].

The application of MW irradiation as a non-conventional energy source for the activation of
reactions has now become a very popular and useful technology in organic chemistry [36-39].
Moreover, the combination of MW activation and solvent-free conditions leads to enhanced
conversion rates, higher yields, easier work-up and in general cleaner reactions confirming
therefore the real advantages of this approach in the framework of green chemistry.

In continuation of our studies directed at the development of practical and efficient chemical
processes [40—43], we report herein a sustainable Knoevenagel condensation protocol using a
cooperative effect of MW activation and natural hydroxyapatite catalysis [Ca;o(PO4)s(OH)2] (p-
HAP) under solvent-free conditions. This strategy was applied for the condensation of malonitrile
and ethyl cyanoacetate with different aldehydes (Table 1). The effect of MW and specific surface
area of the catalyst on the rate enhancement are also dicussed.

Table 1. Knoevenagel condensation of aldehydes with ethyl cyanoacetate 2a and
malonitrile 2b catalyzed by p-hydroxyapatite under solvent-free and microwave irradiation
(Power = 1250 W, irradiation time = 2 min).

Ry CN Catalyst/ MW / 5 min R, CN
o« { S S
H R, see table H R,

2b (R, = CN)



Molecules 2010, 15 815

Table 1. Cont.

Entry Product R; R, Catalyst T(C) Yield % Mp (°O)[Lit.]
1 3a CeHs CO,Et p-HAP300 85 46 52-54 (50) [21]
2° 3a C¢Hs CO,Et p-HAP300/N, 80 89
3 3a CeHs CO,Et p-HAP300/ 88 88
hydroquinone

4 3b 4-NO,C¢Hs  CO,Et p-HAP300 76 96 (10)*  170-172 (172-173) [28]
5 3b 4-NO,C¢H;  CO,Et p-HAP100 62 82

6 3b 4-NO,C¢Hs  CO,Et p-HAP800 50 15

7 3b 4-NO,C¢H;  CO,Et KF/Al,O; 88 80

8 3c 4-CIC¢H4 CN p-HAP300 57 93 162-164 (162) [21]
9 3d 4-CH;0C4¢H,4 CN p-HAP300 78 92 115-117 (116) [21]
10 3e 4-CH;C¢H,4 CN p-HAP300 54 91 125-127 (129) [21]
11 3f 2-furyl CN p-HAP300 92 89 87-89 (91-92) [14]
12° 3g C¢Hs CN p-HAP300/ 81 87

hydroquinone

13 3h 4-NO,CgHy4 CN p-HAP300 56 96 (36)" 160-162 (161-162) [29]
14 3i 4-CICeHy CO,Et p-HAP300 70 95 (28)° 92-94 (91) [21]

15 3j 4-CH;0C¢H,; CO,Et p-HAP300 64 94 86-88 (83-84) [28]
16 3k 4-CH;C¢Hy  CO,Et p-HAP300 81 96 90-92 (94-95) [28]
17 31 2-furyl CO,Et p-HAP300 105 90 68-70 (72) [14]

18 3m  4-(CH;),NC¢Hy; CO,Et p-HAP300 89 87 125-127 (126-127) [28]
19 3n 4-HOC¢H;  CO,Et p-HAP300 101 80 170-172 (171-172) [28]
20 30° propyl CO,Et p-HAP300 87 89 Liquid[21]

21 3p° methyl CO,Et p-HAP300 87 91 Liquid [21]

22 3q° propyl CN p-HAP300 89 88 Liquid [21]

23 3r° methyl CN p-HAP300 89 98 Liquid [21]

® Air is excluded by purging the reaction vessel with nitrogen. ® 20% molar of hydroquinone was
added. ¢ Yields of pure products obtained under MW irradiation. ¢ Yields of pure products obtained
under conventional heating. © Liquid products 3o-r were purified by chromatography on silica gel
(hexane/ethyl acetate: 9/1).

2. Results and Discussion

First, to survey of the reaction conditions we chose malonitrile, ethyl cyanoacetate and aromatic
aldehyde as model reaction partners (Table 1). The porous calcium hydroxyapatites used in our
work—p-HAP100, p-HAP300 and p-HAP800—were prepared by a chemical wet method and heated
at different temperatures (100, 300 and 800 °C, respectively) as reported in our previous work [44].
The mineral reagent thus obtained was impregnated with a 1:2 molar mixture of aldehyde 1 and ethyl
cyanoacetate (2a) or malonitrile (2b), respectively. The reaction vessel was placed and irradiated in
microwave reactor for 2 min.

Several parameters were surveyed to achieve optimum conditions, including stoichiometry of the
reagents, irradiation time and microwave power levels. The best result was obtained when using
1 mmol of 1, 1.2 mmol of 2a or 2b and 0.1 g/mmol of the p-HAP catalyst. For example, treatment of
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4-nitrobenzaldehyde (1b) with 1.2 mmol of ethyl cyanoacetate (2a) in the presence of 0.1 g of p-
HAP300 afforded alkene 3b in almost quantitative yield (Table 1, entry 4). Under MW activation and
p-HAP300 catalysis, all reactions proceeded efficiently, within short reaction times (Table 1). Products
3a-r were isolated by simple filtration and were identified as the corresponding E-isomers. Their
spectral data were identical to those reported in the literature (see references in Table 1). Both
electron-rich and electron-poor benzaldehydes were converted to their corresponding alkenes in good
to excellent yields, which indicated that the electronic effect did not significantly affect the reactivity
(Table 1, entries 1-10, 12, 13—16, 18-19). Furancarboxaldehyde also undergoes clean condensation
(Table 1, entries 11, 17). Moreover, aliphatic aldehydes showed good reactivity with 2a and 2b and led
to products 30-3r in 89-98% yields (Table 1, entries 20-23). However, in the first condensation
reaction, benzaldehyde gave only 46% yield of product 3a (Table 1, entry 1). This result was clearly
ascribed to the high sensitivity of benzaldehyde to air oxidation during the reaction. Indeed, when the
reaction was carried out under nitrogen (Table 1, entry 2) or in the presence of hydroquinone as
antioxidant (Table 1, entry 3) it provided 3a in ca. 89% yield.

The use of microwave heating was critical to the success of the reaction. Indeed, control
experiments conducted on 4-nitro- and 4-chlorobenzaldehyde (Table 1, entries 13, 14) showed that
when the condensation was carried out under microwave irradiation, compounds 3h and 3i were
obtained in ca. 95% yield, whereas only low yields (36% and 28% respectively, Table 1, entries 13,
14) were obtained under conventional heating due to the formation of side non-identified products as
attested by TLC. The worst results obtained under conventional heating could be ascribed to the low
thermal conductivity of p-HAP300 [40].

The specific microwave effects in this Knoevenagel condensation were then investigated in all
reactions. For example, in Table 1 entry 4, a control experiment was conducted under the same
reaction conditions: 4-nitrobenzaldehyde (1a) and p-HAP300 was reacted in a preheated oil bath at
76 °C for 1 h to 24 h, without solvent. Under these conditions the yield of product 3b did not exceed
10% (GC-MS analysis), whereas under MW irradiation the same reaction led to a 96% yield. This
result clearly attested to a significant specific non-thermal microwave effect, which gave rise to
dramatic enhancement of the reactivity [45].

Figure 1. Catalytic activity of p-HAP100, p-HAP300, p-HAP800 and KF/Al,0O; in the
Knoevenagel condensation of 4-nitrobenzaldehyde (1b) with ethyl cyanoacetate (2a).
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We also compared the effect of the catalyst and used p-HAP100, p-HAP300 and p-HAP800 apatites
and the known KF/Al,O3 hyperbase [28]. In a model reaction involving 4-nitrobenzaldehyde (1b) and
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ethyl cyanoacetate (2a), p-HAP100, p-HAP300 and KF-Al,O; showed similar catalytic activity and
efficiency after 2 h, with the best results being obtained with p-HAP300 (Figure 1). In contrast, p-
HAP800 was found to be less effective. In line with this result, we observed that the yield of the
reaction and the activity of the catalyst were affected by two major factors, i.e., the effect of specific
surface area and the chemical nature of the solid surface, as shown in Table 2.

Table 2. The specific surface area effect of supports on Knoevenagel condensation
involving 4 nitrobenzaldehyde (1b) and 2a under microwave irradiation.

Specific surface area

Support Time (min) T (°C) m.g") Yield (%)*
p-HAP100 2 62 253 82
p-HAP300 2 76 159 96
p-HAP800 2 50 89 15
KF/ALO; 2 88 High 80

* Isolated yield of pure 3b obtained in the condensation of 4-nitrobenzaldehyde (I mmol),
malonitrile (1.2 mmol) and catalyst (100 mg) under solvent-free microwave irradiation.

Furthermore, the use of p-HAP300 is particularly convenient since this catalyst is efficiently
recycled by simple heating at 300 °C under reduced pressure during 20 min. Excellent preservation of
basic capacity of the p-HAP300 catalyst was observed. The good yields obtained during ten cycles
(see Plots P1 to P4 in Figure 2) clearly attested for the preservation of the basicity and the high
recyclability of this catalyst. The best yields were obtained with the optimum molar ratio of
1b:2a = 1:1.2. The increase of this ratio decreased the yield (Figure 2, P5 and P6), which is probably
due to the accumulation of the reactants on p-HAP300 surface. The use of an increased amount of p-
HAP300 did not have a significant effect on the reaction yield (Figure 2, P7). In the case of KF-Al,O3
we found that the catalytic activity dramatically decreased after only one cycle (Figure 2, P8). In line
with this result, previous work reported that in the absence of chemisorbed water and under microwave
heating KF/Al,O3 did not catalyze the basic reaction after one cycle [46].

Figure 2. Recycling of the p-HAP300 catalyst for ten successive cycles and effect of molar
ratio n(1b):n(2a) on the yield of Knoevenagel condensation affording 3b, under microwave
irradiation.
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All together these results indicate that p-HAP300 is an excellent catalyst for the Knoevenagel
condensation. By applying our procedure, the separation of the catalyst from the product only required
simple filtration and the recyclability of the catalyst was higher compared to the conventional heating
method. The high catalytic activity of p-HAP300 could be ascribed to the Ca®*—~0?" acid-base pair sites
on the apatite surface that participate efficiently in the catalysis of deprotonation-aldol-dehydration
steps, as proposed in Scheme 2.

Scheme 2. Plausible catalytic pathway for the p-HAP300-mediated Knoevenagel
condensation under MW activation.
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3. Experimental
3.1. General

All reactions were run in dried glassware. Solvents were dried and distilled by standard procedures.
Reagents were purchased (Alfa Aesar or Sigma-Aldrich) and used without further purification. All
reactions were monitored by thin layer chromatography (TLC) plates (0.2 mm, silica gel 60). Flash
chromatography was performed using silica gel (60, 0.040—-0.063 mm). '"H NMR and °C NMR were
recorded on 200 and 500 instruments (200 and 500 MHz for 'H, 50 and 125 MHz for >C). Chemical
shifts () were reported in parts per million and the coupling constants were reported in hertz (Hz).

Reactions were irradiated in a multimode microwave oven (frequency: 2.45 GHz; maximal power:
1.250 kW).

3.2. Preparation of p-HAP100/300 and 800

The porous hydroxyapatite (denoted as p-HAp) was synthesized following a modified chemical
wet method reported elsewhere [44]. At 25 °C, Ca(OH), (0.5M) was first dissolved in an ethanol-
water mixture (1:1 volume ratio) and stirred for 3 hours. Aqueous solution of NH4H,PO4 (0.6M)
was then added to the Ca(OH), solution over a period of 24 h. The amount of reagents in the
solution were calculated to obtain a Ca/P molar ratio equals to 1.67, corresponding to a
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stoichiometric hydroxyapatite. The pH of the slurry was measured during the precipitation reaction
at 25 °C, reaching a final value of ca. pH = 11. The precipitated crystals was aged for 24 h, filtered
and dried at 100 °C overnight. The obtained powder is calcined at 300 and 800 °C for 3 hours. The
data of these solids are described in our previous work [26].

The resulting p-HAP solids were characterized using X-ray powder diffraction (Philips PW131
diffractometer). The averge crystallite size of the precipitates was estimated by using the simple
Scherrer Equation D = KA/(B1/2 cos®) where D is the size (in A), K the shape factor equals to 0.9, A the
wavelength of X-rays equals to 1.5418 A, 0 the diffraction angle for each reflexion and B;/; is defined
as the the diffraction peak width at half height (in radian). The particule size of the powders was
analyzed by Dynamic Light Scattering on a Zetaplus (Broohaven Instruments) apparatus by
suspending the powder in water by sonication. Infrared spectra were recorded at a 2 cm™ resolution
from 4000 to 400 cm™ on a Bruker IFS 66v Fourier transform spectrometer using KBr pellets. The
phosphorus content was assayed by absorption photometry after formation of the yellow phosphato-
molybdic complex (Amax = 460 nm). The calcium content was determined by complexometric titration
with EDTA. Nitrogen adsorption isotherms were recorded at 77 K using a Micromeritics ASAP 2010
instrument. The specific surface areas (SSA) were calculated according to the Brunauer—Emmett—
Teller (BET) method using adsorption data in the relative pressure range from 0.05 to 0.25 whereas the
pore size and volume were estimated using the Barret-Joyner-Halenda (BJH) approximation.

3.3. Typical procedure for the Knoevenagel condensation

A mixture of malonitrile (2b, 79.3 mg; 1.2 mmol) and 4-nitrobenzaldehyde (1a, 151.1 mg,
I mmol) was added to p-HAP300 (100 mg) in dichloromethane (5 mL). The solvent was
evaporated under reduced pressure at moderate temperature (28 °C) and then the mixture was
irradiated in a multimode microwave oven (frequency: 2.45 GHz; maximal power: 1.250 kW) for a
determined period of time and temperature (see Table 1). The reaction progress was followed by
TLC using n-hexane/ ethyl acetate (8:2) as eluent. After 2 min, the reaction vessel was cooled and
the product was washed with dichloromethane or ethyl acetate (2 x 10 mL). The extract was
filtered on a thin Celite bed and evaporated under reduced pressure to leave a pale yellow solid,
which was recrystallized from ethanol to give pure 4-nitrobenzylidenemalonitrile (3h, 192 mg,
96%) as pale yellow crystals, mp = 160—162 °C (Lit. [15a] 160 °C) 'H-NMR (CDCl;): & 7.78 (s,
1H, CH=), 8.09 (d, 2H, J = 8.9 Hz, ArH), 8.38 (d, 2H, J = 8.9 Hz, ArH); IR (KBr): v 3035, 2228,
1579, 1522 cm'l; EI-MS: m/z (%):199 (M), 142; Anal. Calcd for C,H;oN,O4: C, 58.54, H, 4.09;
Found: C, 58.65, H, 4.21.

4. Conclusions

In summary, we have reported an efficient and sustainable solvent-free Knoevenagel
condensation using a cooperative effect of MW activation and p-HAP300 catalysis. The procedure
is convenient and highly efficient since the title compounds are produced in good to excellent
yields after short reaction times. Moreover, p-HAP300 showed high thermal stability and can be
recovered by simple filtration and reused for at least ten reaction cycles without loss of activity.
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Efforts to extend this green procedure to other functionnalised substrats including heteroaromatic
aldehydes and ketones are under way.

Acknowledgements

Financial support from Ministry of Education - Morocco (PROTARS III, D13/57), CNRST-
Morocco, CNRS, UNS, Conseil Régional PACA, MAE (PAI Volubilis and ARCUS-CERES) are
gratefully acknowledged.

References and Notes

1. Tietze, L.F.; Beifuss, U. The Knoevenagel reaction. In Comprehensive Organic Synthesis; Trost,
B.M., Ed.; Pergamon Press: Oxford, UK, 1991; Volume 2, pp. 341-394.
Jones, G. The Knoevenagel condensation. Org. React. 1967, 15, 204—-599.

3. Kubota, Y.; Nishizaki, Y.; Sugi, Y. High catalytic activity of as-synthesized, ordered porous
silicate quaternary gmmonium composite for Knoevenagel condensation. Chem. Lett. 2000, 29,
998-999.

4. Balalaie, S.; Sheikh-Ahmadi, M.; Bararjanian, M. Tetra-methyl ammonium hydroxide: An
efficient and versatile catalyst for the one-pot synthesis of tetrahydrobenzo[b]pyran derivatives in
aqueous media. Catal. Commun. 2007, 8, 1724-1728.

5. Rao, P.S.; Venkataratnam, R.V. Zinc chloride as a new catalyst for Knoevenagel condensation.
Tetrahedron Lett. 1991, 32, 5821-5822.

6. Prajapati, D.; Sandhu, J.S. Cadmium iodide as a new catalyst for Knoevenagel condensation. J.
Chem. Soc. Perkin Trans 1. 1993, 1, 739-740.

7. Lehnert, W. Verbesserte variante der knoevenagel-kondensation mit TiCly/THF/pyridin(I).
alkyliden- und arylidenmalonester bei 0-25 °C. Tetrahedron Lett. 1970, 54, 4723—-4724.

8. Texier-Boullet, F.; Foucaud, A. Knoevenagel condensation catalysed by aluminium oxide.
Tetrahedron Lett. 1982, 23, 4927-4928.

9. Rajasekhar Pullabhotla, V.S.R.; Rahman, A.; Jonnalagadda, S.B. Selective catalytic Knoevenagel
condensation by Ni-SiO, supported heterogeneous catalysts: An environmentally benign
approach. Catal. Commun. 2009, 10, 365-369.

10. Moison, H.; Texier-Boullet, F.; Foucaud, A. Knoevenagel, wittig and wittig-horner reactions in
the presence of magnesium oxide or zinc oxide. Tetrahedron 1987, 43, 537-542.

11. Cabello, J.A.; Campelo, J.M.; Garcia, A.; Luna, D.; Marinas, J.M. Knoevenagel condensation in
the heterogeneous phase using aluminum phosphate-aluminum oxide as a new catalyst. J. Org.
Chem. 1984, 49, 5195-5197.

12. Dai, G.; Shi, D.; Zhou, L.; Huaxue, Y. Knoevenagel condensation catalyzed by potassium
fluoride/alumina. Chin. J. Appl. Chem. 1995, 12, 104—-108.

13. Sebti, S.; Smahi, A.; Solhy, A. Natural phosphate doped with potassium fluoride and modified
with sodium nitrate: Efficient catalysts for the Knoevenagel condensation. Tetrahedron Lett.
2002, 43, 1813-1815.

14. Bennazha, J.; Zahouily, M.; Sebti, S.; Boukhari, A.; Holt, E.M. Na,CaP,07, a new catalyst for
Knoevenagel reaction. Catal. Commun. 2001, 2, 101-104.



Molecules 2010, 15 821

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

El Maadi, A.; Matthiesen, C.L.; Ershadi, P.; Baker, J.; Herron, D.M.; Holt, E.M. Knoevenagel
condensation catalyzed by K,NiP,O7. Synthesis of (E)-methyl-a-cyanocinnamates in high yields.
J. Chem. Cryst. 2003, 33, 757-760.

Reddy, T.I.; Varma, R.S. Rare-earth (RE) exchanged NaY zeolite promoted Knoevenagel
condensation. Tetrahedron Lett. 1997, 38, 1721-1724.

Abdallah-El Ayoubi, S.; Texier-Boullet, F. Clay-mediated synthesis of gem bis-(alkoxycarbonyl)
alkenes under microwave irradiation. J. Chem. Res. (S) 1995, 205-206.

Angeletti, E.; Canepa, C.; Martinetti, G.; Venturello, P. Amino groups in Knoevenagel
condensation. J. Chem. Soc., Perkin Trans. 1989, 1, 105-107.

Simpson, J.; Rathbone, D.L.; Billington, D.C. New solid phase Knoevenagel catalyst.
Tetrahedron Lett. 1999, 40, 7031-7033.

Taha, N.; Sasson, Y.; Chidambaram, M. Phase transfer methodology for the synthesis of
substituted stilbenes under Knoevenagel condensation condition. Appl. Catal. A: Gen. 2008, 350,
217-224.

Kumbhare, R.M.; Sridhar, M. Magnesium fluoride catalyzed Knoevenagel reaction: An efficient
synthesis of electrophilic alkenes. Catal. Commun. 2008, 9, 403—405.

Khan, F.A.; Dash, F.J.; Satapathy, R.; Upadhyay, S.K. Hydrotalcite catalysis in ionic liquid
medium: A recyclable reaction system for heterogeneous Knoevenagel and nitroaldol
condensation. Tetrahedron Lett. 2004, 45, 3055-3058

Choudary, B.M.; Kantam, M.L.; Neeraja, V.; Rao, K.K. Layered double hydroxide fluoride: A
novel solid base catalyst for C—C bond formation. Green Chem. 2001, 3, 257-260.

Ernst, S.; Bongers, T.; Casel, C.; Munsch, S. Cesium-modified mesoporous molecular sieves as
basic catalysts for Knoevenagel condensations. Stud. Surf. Sci. Catal. 1999, 125, 367-374.

Rao, Y.V.S.; De Vos, D.E.; Jacobs, P.A. Montmorillonite KSF as an inorganic, water stable, and
reusable catalyst for the Knoevenagel synthesis of coumarin-3-carboxylic acids J. Org. Chem.
1999, 64, 1033—-1035.

De la Cruz, P.; Diez-Barra, E.; Loupy, A.; Langa, F. Silica gel catalysed Knoevenagel
condensation in dry media under microwave irradiation. Tetrahedron Lett. 1996, 37, 1113-1116.
Yadav, J.S.; Reddy, B.S.V.; Basak, A.K.; Visali, B.; Narsaiah, A.V.; Nagaiah, K. Phosphane-
catalyzed Knoevenagel condensation: A facile synthesis of cyanoacrylates and
cyanoacrylonitriles. Eur. J. Org. Chem. 2004, 2004, 546-551.

Wang, X.S.; Li, J.T.; Yang, W.Z.; Li, T.S. Synthesis of ethyl a-cyanocinnamates catalyzed by
KF-Al,O3 under ultrasound irradiation. Ultrason. Sonochem. 2002, 9, 159-163.

Li, J.T.; Xing, C.Y.; Li, T.S. An efficient and environmentally friendly method for synthesis of
arylmethylenemalononitrile catalyzed by Montmorillonite K10-ZnCI2 under ultrasound
irradiation. J. Chem. Technol. Biotechnol. 2004, 79, 1275-1278.

Peng, Y.Q.; Song, G.H. Combined microwave and ultrasound accelerated Knoevenagel-Doebner
reaction in aqueous media: A green route to 3-aryl acrylic acids. Green Chem. 2003, 6, 704—706.



Molecules 2010, 15 822

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Feroci, M.; Orsini, M.; Palombi, L.; Inesi, A. Electrochemically induced Knoevenagel
condensation in solvent and supporting electrolyte-free conditions. Green Chem. 2007, 9,
323-325.

For recent contributions see references 29-32 : Saha, P.; Naskar, S.; Paira, P.; Hazra, A.; Sahu,
K.B.; Paira, R.; Banerjee, S.; Mondal, N.B. Basic alumina-supported highly effective
Suzuki—Miyaura cross-coupling reaction under microwave irradiation: Application to fused
tricyclic oxa-aza-quinolones. Green Chem. 2009, 11, 931-934.

Gora, M.; Kozik, B.; Jamrozy, K.; Luczynski, M.L.; Brzuzan, P.; Wozny, M. Solvent-free
condensations of ketones with malononitrile catalysed by methanesulfonic acid/morpholine
system. Green Chem. 2009, 11, 863—-867.

Trotzki, R.; Hoffmann, M.H.; Ondruschka, B. Highly enantioselective hydrogenation of
quinolines under solvent-free or highly concentrated conditions. Green Chem. 2009, 11, 767-769.
Clavino-Casilda, V.; Guerrero-Pérez, M.O.; Bafares, M.A. Efficient microwave-promoted
acrylonitrile sustainable synthesis from glycerol. Green Chem. 2009, 11, 939-941.

For reviews see references 33—36: Kappe, C.O. Controlled microwave heating in modern organic
synthesis. Angew. Chem. Int. Ed. 2004, 43, 6250-6284.

Bougrin, K.; Loupy, A.; Soufiaoui, M. Microwave-assisted solvent-free heterocyclic synthesis. J.
Photochem. Photobiol. C. Photochem. Rev. 2005, 6, 139-169.

Bougrin, K.; Soufiaoui, M.; Bashiardes, G. Microwaves in cycloadditions. In Microwaves in
Organic Synthesis, 2nd ed.; Loupy, A., Ed.; Wiley-VCH: Weinheim, Germany, 2006; Volume 2,
pp. 524-578.

Kappe, C.O.; Dallinger, D. Controlled microwave heating in modern organic synthesis:
Highlights from the 2004-2008 literature. Mol. Divers. 2009, 13, 71-193.

Bougrin, K.; Loupy, A.; Petit, A.; Daou, B.; Soufiaoui, M. Nouvelle voie de synthése des 2-
trifluorométhylarylimidazoles sur montmorillonite K10 en milieu sec sous micro-onde.
Tetrahedron 2001, 57, 163-168.

Mallouk, S.; Bougrin, K.; Doua, H.; Benhida, R.; Soufiaoui, M. Ultrasound-accelerated
aromatisation of trans- and cis-pyrazolines under heterogeneous conditions using claycop.
Tetrahedron 2004, 45, 4143-4148.

Guezguez, R.; Bougrin, K.; El-Akri, K.; Benhida, R. A highly efficient microwave-assisted
solvent-free synthesis of a- and B-2'-deoxy-1,2,3-triazolyl-nucleosides. Tetrahedron. Lett. 2006,
47,4807-4811.

El-Akri, K.; Bougrin, K.; Balzarini, J.; Faraj, R.; Benhida, R. Efficient synthesis and in vitro
cytostatic activity of 4-substituted triazolyl-nucleosides. Tetrahedron. Lett. 2007, 17,
6656—-6659.

EL-Hammari, L.; Laghzizil, A.; Barboux, P.; Saoiabi, A.; Lahlil, K. Crystallinity and fluorine
substitution effects on the proton conductivity of porous hydroxyapatites. J. Solid-State Chem.
2004, 177, 134-138.

For review on thermal and non-thermal microwave effects see: De La Hoz, A.; Diaz-Ortiz, A.;
Moreno, A. Microwaves in organic synthesis. Thermal and non-thermal microwave effects. Chem.
Soc. Rev. 2005, 164-178.



Molecules 2010, 15 823

46. Tierney, J.P.; Lidstrom, P. Microwave Assisted Organic Synthesis; Blackwell: Oxford, UK, 2005.

Sample Availability: Samples of all compounds are available from the authors.

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the
CreativeCommons Attribution license (http://creativecommons.org/licenses/by/3.0/).



