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Abstract: Michael additions were achieved quantita-
tively at room temperature with a broad spectrum of
acceptors and donors, using a magnesium-lanthanum
mixed oxide, a strong solid base. The best solvent for
the reaction is dimethylformamide, but good yields
were also obtained using toluene as solvent. The re-
sults obtained with magnesium-lanthanum are com-
parable to those reported for super bases. The cata-
lyst can be separated from the reaction mixture
and recycled five times without loss of activity with
no other treatment.
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The Michael addition is a reaction for C—C bond forma-
tion, involving the nucleophilic addition of a carbanion
to a,B-unsaturated carbonyl compounds and is therefore
base-catalysed. This reaction has found multiple indus-
trial applications for the production of monomers,"?
corrosion inhibitors,?! coatings* and pharmaceuti-
cals.”! This reaction is industrially catalysed by liquid
bases such as alkoxides, tertiary amines, non-ionic bas-
es,'*”) and superbases such as proazaphosphatranes.® "l
A variety of solid bases has also been described includ-
ing barium hydroxide,'"! KF supported on y-Al,O3,['?
a-ALO,,! phosphates, '™ on  hydrotalcites,"*!”!
amines anchored at surfaces,'® and organic resins.!"”
Most of these solids are weak bases which are effective
only with a restricted class of electrophilic olefins such
as a,f-unsaturated esters or conjugated enones. Recy-
cling of the catalyst has seldom been demonstrated ex-
cept for KF/natural phosphate which can be recycled af-
ter calcination at 973 K, which represents a severe limi-
tation to its practical use.

We report here the properties of Mg-La mixed oxides
for different Michael additions. This catalyst has been
recently used for the transesterification of diethyl carbo-
nate by alcohols.”” A comparison of substrates with dif-
ferent pK, allows us to estimate the possibilities of the
catalyst and also gives an evaluation of the basic strength
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at the surface.”” We used here donors with pK, values,
measured in DMSO,*? varying from 8 for thiocresol to
16.4 for diethyl malonate and 17.2 for nitromethane.

The Mg-La mixed oxide was obtained by co-precipita-
tion of Mg and La nitrates (0.386 and 0.129 mol, in water
0.5 L, for an atomic ratio Mg/LLa=3) at a constant pH =
10 using a mixture of KOH (1mol) and K,CO;
(0.26 mol) in 0.52 L of distilled water. The samples
(about 0.15 g) were activated at 923 K in an air flow, us-
ing a temperature ramp of 10 K/min. Just before use,
they were reactivated at 773 Kin air and not rehydrated.

The chemical analyses of the solid catalyst give the
composition: La: 39.8%; K: 5.4%; H,O: 37%. The Mg/
Laratioin the solid is then 4.26, compared to 3 in the sol-
ution, therefore the precipitation of La is not complete
at pH 10. The powder XRD pattern of the uncalcined
Mg-La mixed oxide contains diffraction lines of a hy-
drated lanthanum carbonate as well as magnesium and
lanthanum hydroxides. This triphasic solid probably
consists of a layer of lanthanum oxide deposited on mag-
nesia.

The surface area of this mixed oxide is 37.6 m?%/g after
calcination at 923 K, and supporting La on magnesia
thus renders the surface area stable. The enthalpy of ad-
sorption of CO, as measured by microcalorimetry al-
lows us to evaluate the basic strength of the solid, and
the number of basic sites is then measured by the
amount adsorbed. The results are reported in Figure 1.
Mg-La mixed oxide decarbonated at 673 K is a strong
base, adsorbing about 10 umol/g of CO, with an en-
thalpy > 140 kJ/mol. This base strength is significantly
higher than that of KF supported on vy- or a-Al,O;, for
which enthalpies of adsorption below 120 kJ/mol have
been determined. Calcined, then hydrated hydrotalcite
(HDT-OH) investigated earlier adsorbed about
0.25 mmol/g with a constant heat of adsorption of
100 kJ/mol,”® so Mg-La mixed oxide appears to be a
stronger base with a smaller number of sites.

The results obtained for the reaction of trans-chalcone
on different donors are reported in Table 1. The obser-
vation of fast reactions at room temperature demon-
strates that Mgla has sites able to abstract a proton
from reactants of high pK,, and possesses a correspond-
ing high basic strength. Quantitative yields are observed
with different Michael donors. Recycling of the catalyst
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was investigated with ethyl cyanoacetate and chalcone,
pumping out the reaction medium with a syringe and
adding new reactants. The catalyst can be recycled 5
times with no loss of activity (Table 1, entry 2), and with-
out any temperature treatment. The catalyst is then re-
usable after no special treatment.
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Figure 1. Basicity, measured by CO, adsorption of the cata-
lysts used for Michael condensation.

The reaction is also fast and selective with many ac-
ceptors as illustrated in Table 2. The yield is usually
quantitative at room temperature, but the reaction of
hexyl acrylate on nitroethane requires 313 K and on di-
ethyl malonate 353 K. It is interesting to notice that pure
La,0; was found to be inactive for the Michael addition
of nitromethane on cyclohexenone at 323 K, so that
the mixed oxide appears much more active. Anchored
quaternary amines also give either poor activity or
poor selectivity to Michael adducts in the reactions of
ethyl cyanoacetate with cyclohexenone and methyl vi-
nyl ketone." The present catalyst is also more active
than KF/natural phosphate for the reaction of nitrome-
thane on chalcone, achieved quantitatively with the
mixed oxide in 2 h and only with 60% yield in 6 h on sup-
ported KE!'" The high reactivity of nitromethane at
room temperature on the mixed oxide proves that this
solid possesses strong basic sites.

The results obtained with Mg-La mixed oxide are
compared in Table 3 to those reported for some other
solid bases. Potassium fluorides supported on c-alumina
give good results with a 1/1 ratio of reactants, but due to
their lower basic strength have to be operated at 323 K.
CsF/ a-Al,O; shows a higher activity also consistent with
a higher initial enthalpy of CO, adsorption. The catalytic
activity measured by the time required to reach com-
plete conversion for the room temperature Michael ad-

Table 1. Michael addition of active methylene compounds with trans-chalcone catalysed by Mg-La mixed oxides, using an ac-
ceptor/donor ratio of 1:1.1, and DMF as solvent at room temperature under a nitrogen atmosphere

Entry Donor pK, in DMSO Product Reaction time [h] Yields® [%]
1 diethyl malonate 16.4 5.5 98
0
CoHs0,C7  TCO,C,Hs
2 ethyl cyanoacetate 13.1 1.5 97, 98!
(e}
C,HsO0.C CN
3 ethyl acetoacetate 14.2 1 82!
(0]
C,H;0,C" “COCH;
4 malononitrile 11.1 | | 0.16 99
NC CNO
5 nitromethane 17.2 2 98
o
O,N
[ Yield of isolated products.
°1 5% recycle.
[l Reaction performed at 333 K.
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Table 2. Comparison of different acceptors for Michael condensations at 298 K using an acceptor:donor ratio of 1:1.1.

Acceptor Donor Product Reaction time [h] Yield [% )@
IS
ﬁoﬁ\ diethyl malonate W; 3.0 98
S
\[O(\ p-thiocresol Y\/ \©\ 0.45, 0.50 97, 96!
o O~
MO)J\/ diethyl malonate )J\/\ 3.5, 0.45° 99, 97
g o7
o O
i NO [d] [e]
MO)J\/ nitroethane A0 2 35 98

p-thiocresol

~As ) 10 98

o}
O
o}
i‘j nitroethane NO, 0.25 99
o}
7 (0]
i‘j dimethyl malonate - 4.0 98
o o”
oL O
O e O dimethyl malonate 4.5 78]
o)
o HsCO,C~ CO,CH,
0 Oy__OCH,4
\/O RN
f dimethyl malonate /\OM; 50,5.5 96, 971"
g OCH;

[ Yield of isolated products.

*1 5th recycling of the catalyst.

[l Reaction performed at 353 K.

4] Reaction performed at 313 K.

] The remainder is the unreacted substrates.

dition of nitroethane on cyclohexenone is consistent
with the basic strengths determined by calorimetry. On
the two reactions of diethyl malonate with chalcone
and methyl vinyl ketone, Mg-La is not more active
than fluorinated hydrotalcite but reaches a higher yield,
suggesting that the inhibition by the products is lower.
The inhibition by the products was earlier proposed to
explain the lower reaction rate on KF/a-alumina in the
absence of solvent.l'”! From a synthetic point of view it
is, however, interesting to work in concentrated media,
and the catalytic properties reported here for Mg-La
are probably underestimated. The low activity of sup-
ported quaternary amines,”' can also be a result of a
high concentration.
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Itis interesting to compare these results with those re-
ported recently by Kisanga et al.”! for Michael addi-
tions, using the superbase P(RNCH,CH,);N as catalyst.
This catalyst catalyses the reaction of 2-cyclohexenone
(2.1 mmol) with nitromethane or nitropropane
(2 mmol) at room temperature in about 0.5 h using
10% of base, and isobutyronitrile as solvent. The turn-
over which can be then calculated is 20 mol per mol cat-
alyst per hour. For the reaction of nitroethane on cyclo-
hexenone, taking into account that on Mg-La mixed ox-
ide, the number of strong basic sites is about 20 umol-g~*,
the turnover would be 400 mol-mol ' h~'. Indeed part
of the difference is accounted for by the higher reactivity
of nitroethane compared to nitromethane, however, us-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 769



COMMUNICATIONS

Bhaskar Veldurthy et al.

Table 3. Time and temperatures required for a given conversion for different solid bases.

Michael acceptor Michael donor Catalyst Temp. [K] Time [h] Yield [%] Ref.
Chalcone Diethyl malonate HDT-OH 298 6 96 [28]
HDT-F" 298 2 95 [29]
HDT-O-t-Bul® 298 2 95 [17]
Mg-La oxide 298 55 98
Methyl vinyl ketone Diethyl malonate Mg-La 298 3 98
HDT-F 298 2 80 [29]
NR,/MCM-41 333 2 10 [25]
Cyclohexenone Nitroethane HDT-F 298 1.5 98 [29]
HDT-O--Bu 298 0.5 98 [17]
Mg-La 298 0.25 99
KF/a-Al,0;! 323 5 85 [13]
KF/y-Al,O,"! 323 8 39 [13]
CsF/a-AlLO, 323 0.75 90 [30]
Reaction conditions:
2] Acceptor (2 mmol), donor (2 mmol), catalyst (1 g) in 10 mL n-hexane.
®1 Acceptor (1 mmol), donor (1 mmol), catalyst (0.1 g), in S mL CH,CN.
2] Acceptor (2 mmol), donor (2 mmol), catalyst (0.1 g), in 10 mL CH;OH.
@I Acceptor (8 mmol), donor (8 mmol); catalyst (0.060 g), in 2 mL. CH,CN.
[} Acceptor (1 mmol), donor (1 mmol), catalyst (0.1 g), in 10 mL DMF.
Table 4. Solvent effect on Michael addition.
O
/\"/\ Solvent, RT Q O~
DEM
0 + N, atm,
MgLa-mixed oxides g o>
Entry Solvent Reaction time [h] Isolated Yield [%]
1 Toluene 12 81
2 THF 12 78
3 DMF 3 98
4 MeOH 6 Non-Michael adduct

ing KF/ a-Al,O; as catalyst,!* nitromethane was found
to be only two times less reactive than nitroethane.
Therefore the activity of the mixed oxide is of the
same magnitude as that of the superbase for this type
of reaction, in DMF as solvent.
N-Phenyl-tris(dimethylamino)iminophosphorane im-
mobilized on polystyrene resin (P-BEMP) has been re-
cently reported!® to catalyze, at room temperature, Mi-
chael additions of 1,3-dicarbonyls with various accept-
ors. This organic catalyst was used in THF or alcohols,
with a mixture of carbonyl compound (2 mmol) and
Michael acceptor (2.2 mmol) in 8 mL of solvent and
P-BEMP (5 mol %). Since the reaction conditions and
the substrates are different, it is more difficult to com-
pare this catalyst with Mg-La mixed oxide. However, it
can be remarked that the pK, of the donors is lower
(about 10-15 in DMSO), which should correspond to
a higher reactivity. However, reaction times reach 4 to
72 h, suggesting a lower activity of the organic catalyst
compared to the Mg-La mixed oxide. In recycling ex-

770 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

periments using these conditions, the reaction time in-
creases from 4 to 16 h, suggesting deactivation. A good
stability could be obtained using a mixture of 1,3-dicar-
bonyl (0.5 mmol) and Michael acceptor (1 mmol) in
3 mL solvent and P-BEMP (5 mol %), but this excess
of acceptor would imply to a large recycling of reactant.

An important point in practice is the choice of a sol-
vent, since not all can be used on the industrial scale.
The effect of the solvent was investigated using the reac-
tion of ethyl vinyl ketone with diethyl malonate. From
the results, reported in Table 4, it appears that the best
solvent would be DMF, which was also found to be the
best solvent for aldolisation.” Methanol was a poor sol-
vent for the Michael addition and promoted an uniden-
tified side reaction. THF and especially toluene were
nearly equivalent and could be good compromises for
industrial applications.

In conclusion, the present results prove that Mg-La
mixed oxides calcined at 823 K are solid bases of strong
basicity, able to activate nitromethane and diethyl mal-
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onate at room temperature, and showing the ability to
work well in relatively concentrated solutions in tol-
uene. In the conditions used here the catalyst can be re-
cycled several times without any thermal treatment.
Since the preparation of this solid includes a calcination
at 923 K it could be regenerated at high temperature by
oxidation of deposited heavy organics in the case of a
possible contamination. This is not possible for organic
catalysts.

Experimental Section

Catalyst Characterization

The solids were analysed by ICP after dissolution by acid at-
tack. The surface areas were determined from the isotherms
of adsorption of N, at 77 K using the BET equation. X-Ray
powder diffraction patterns were recorded on a Phillips instru-
ment using CuKal radiation. The isotherm for N, adsorption at
77 K was determined on solids activated at 723 K in N, or air,
then desorbed in situ at 473 K in vacuum. Basicities were char-
acterised by microcalorimetry using CO, adsorption at 303 K
with a Tian-Calvet calorimeter on samples activated in vacuum
at 673 K.

Catalytic Tests

The reactions were performed at room temperature in differ-
ent solvents, using typically 2 mmol of each reactant and
4 mL of solvent with 0.1 g of solid catalyst calcined at 773 K.
The products were separated at the end of the reaction and
characterised by NMR and GC-MS. The reaction usually gives
asingle product, with no other side reaction such as Knoevena-
gel condensation. The conversion was estimated from the
changes in the amount of substrate.
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