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Abstract

A novel biphasic approach has been proposed for the tandem synthesis of methacrolein from ethylene via hydroformylation and subsequent
aldol reaction with formaldehyde. The two catalysts used, viz. one catalyzing hydroformylation of ethylene to propionaldehyde and the other
for the aldol condensation of propionaldehyde with formaldehyde are incompatible with each other. The Rh-complex (hydroformylation
catalyst) deactivates the aldolisation catalyst in the initial phase of the reaction, and thus prohibits the aldol condensation reaction. In this
paper, a strategy of segregation of these two incompatible catalysts in two separate phases is used, which prevents the deactivation of the
aldolisation catalyst, resulting in an active and stable catalyst package for the tandem synthesis of methacrolein with high seS&byity (

This catalyst package has been recycled for five times without any loss in activity or selectivity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction stage, followed by aldol condensation with formaldehyde
and in second stadg]. It would be logical to combine these
Methacrolein is an industrially important intermediate two steps to obtain a tandem reaction sequence as shown
which goes into the manufacture of methacrylic acid/methyl below.

Catalyst Catalyst
= ——— uC CHO ———
CO, HCHO & “eno
ethylene propionaldehyde methacrolein (1)

methacrylate, monomers for acrylate polymgis Major- , i
ity of methacrolein is manufactured by two procesigls ~ R€Ports on the coupling of such hydroformylation-aldol
The oxidation of iso-butene to methacrolein is an important CONdensation reaction in a single reactor are available in
process3] practiced by Union Carbide, Degussa, besides literature, but they invariably deal with aldpl condensathn
others. The BASF route employs the aldol condensation of °f Same aldehydes that are formed during oxo reaction
formaldehyde and propionaldehyfg in where the propi- (homo-aldol condensatlorﬂs].. A,S of now therg are no
onaldehyde is obtained from ethylene via hydroformylation '€POrts on a tandem synthesis involving two distinct alde-
[5]. hydes, one aIr_eady present in the reaction mixture an_d the
The BASF process is operated in two stages involving other formed in the course of hydroformylation reaction,

the hydroformylation of ethylene to propionaldehyde in first 2S IS the case for the direct synthesis of methacrolein from
ethylene/syngas and formaldehyde in a single reactor. In

this paper, we report a synthesis of methacrolein by tan-
dem oxo-aldol reactions, using a unique biphasic catalyst
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methacrolein £95%), which is comparable to the commer- 3. Results and discussion
cial processeft].
Preliminary reactions were conducted for the hydroformy-
lation of ethylene using the catalysts: (a) HRh(CO)®Ph

2. Experimental details in toluene medium, and (b) [Rh(COD)GITPPTS in a
biphasic toluene/water medium. Complete conversion of
2.1. Materials ethylene with total selectivity to propionaldehyde was ob-

served for both the systems at a temperature of 333K
The Rhodium compounds HRh(CO)(Ph (Rh(COD)- and a total pressure of 4.14 MPa (ethylene partial pressure
Cl)2, and tri-phenyl phosphine tri-sulfonate sodium 0.414 MPa, syngas 1:1, 3.73 MPa). The first step of the tan-
(TPPTS),were synthesized by known literature proceduresdem reactions could therefore be carried out using any of
[7-9], respectively. Ethylene, CO and hydrogen were ob- the two catalysts.
tained from Specialty Gas, India. All other chemicals were  Reactions were conducted to screen numerous bases—

procured from SD Chemicals, India. catalysts—for the aldol condensation of propionaldehyde
and formaldehyde. Since the formation of homo-aldol as
2.2. Procedure well as the hetero-aldol is possible it was necessary to iden-

tify the catalysts and conditions leading to a high selectiv-
Atmospheric pressure reactions were carried out in a ity to methacrolein as against 2-methyl-2-pentenal, the latter
glass vessel equipped with magnetic stirrer bar, reflux con-formed by the condensation of propionaldehyde with itself
denser and an addition device. The condenser temperaturg10] as shown below. The results are presenteBign 1
was maintained between 283 and 293K, to avoid losses of
volatile components. An inert atmosphere was maintained H,C~ “CHO + H,c~ “CHO —_aldol HSC\A\(CHO

catalyst
in the assembly using argon blanket. ¢ CH,
The high pressure reactions were carried out in a propionaldehyde  propionaldehyde 2-methyl-2,pentenal
316SS Parr Autoclave (300émecapacity), equipped @)

with a magnetic stirrer and automatic temperature con-

troller. The progress of the reaction was monitored by Inorganic bases like NaOH were found to be efficient aldol

observing the pressure drop (syngas) in the reservoir con-condensation catalysts, with predominant formation of the
nected on-line. Liquid samples were withdrawn period- 2-methyl-2-pentenal. An increase in the NaOH concentra-
ically and analyzed by GLC (HP 5890, column HP-5, tion did not improve the selectivity and the best selectivity

5% phenyl methyl siloxane 30 320pum x 0.25um, achievable for methacrolein using NaOH as a catalyst was
carrier gas: helium). For the reactions involving bipha- 5%, with the rest being 2-methyl-2-pentenal, the product
sic media, a suspension of the two phases was with- of the homoaldol reaction. The results indicate that NaOH
drawn and allowed to separate. The analysis of both being a strong base favors the homocondensation of propi-
the liquid phases was then carried out as mentioned onaldehyde in preference to the cross aldolisation reaction
above. of propionaldehyde and formaldehyde. Organic bases like

M % conversion of propionaldehyde
0% selectivity to methacrolein

% selectivity to 2-methyl-2-pentenal

Conversion / selectivity, %

s Bk w

NaOH (A) NaOH (B) diethyl amine triethyl amine triphenyl
phosphine

Fig. 1. Comparison of various aldol catalysts for methacrolein formation. Reaction conditions: tolueng %éten 25 crf, (35%) formaldehyde 15 cin
propionaldehyde 2.5 cf temperature 333K, time 8h. NaOH (A)>x310~*mol, NaOH (B) 15 x 10~3mol, diethyl amine 8 x 10-3mol, acetic acid
8.8 x 10~3mol, triethyl amine & x 103 mol, acetic acid 8 x 10-3mol, triphenyl phosphine .8 x 10~3 mol, acetic acid 8 x 10~3 mol.



R.M. Deshpande et al./Journal of Molecular Catalysis A: Chemical 211 (2004) 49-53 51

triphenylphosphine/acetic acid and triethylamine/acetic acid periods are unusual in hydroformylation reactions with
preferentially catalyze the cross condensation reaction butrhodium catalysts. Moreover, since the condensation reac-
have very poor activity (19% conversion in 8 h). In contrast tion did not occur, the deactivation of the secondary amine
to the tertiary amines, diethylamine/acetic acid catalyst gave catalyst was suspected.
reasonable activity with a good selectivity to methacrolein ~ According to literature reports, in the presence of a sec-
(84% conversion in 8 h). Thus, for the tandem reactions the ondary amine like diethylamine, the Rh/TPPTS catalyst can
diethyl amine/acetic acid catalyst was used for the secondcatalyze hydroamination of ethylen#l] or the reductive
step. amination with the aldehydg.2]. Under the existing reac-
As the aldol catalyst, diethylamine/acetic acid is soluble tion conditions, the concentration of the amine was too low
in water, the use of water-soluble oxo catalyst for tandem to assess the fate of the amine catalyst. Hence, reactions
synthesis is more beneficial because it would permit an easywere conducted at higher concentration of amine/acetic acid
separation of the products and catalyst recycle. Also, from catalyst to accurately identify the cause of deactivation.
the analysis of reactants and products in toluene/water, it isInitially, reactions were performed in the absence of
observed that methacrolein has very low solubility in water formaldehyde to look at the possibility of hydroamination
(~5%) and preferentially stays in the organic solvent. Al- of ethylene. Analysis of this reaction mixture did not show
though, propionaldehyde is more soluble in organic solvent, formation of triethyl amine. Therefore, the deactivation of
the concentration of propionaldehyde in waterdB%) is amine by ethylation was ruled out. Alternatively when a
sufficient for its aldol condensation with the water-soluble similar reaction was carried out in the presence of formalde-
formaldehyde. Considering these aspects, it was decided tchyde an induction period was observed. Analysis of the
approach the tandem sequence using aqueous phase cateeaction mixture indicated the formation of methyl diethyl
lysts for both reactions. amine, which was confirmed by GC-MS. The formation of
A tandem reaction was carried out at 333 K temperature, methyl diethyl amine indicates that formaldehyde under-
under the following conditions: syngas 3.772 MPa, ethylene goes reductive amination and converts the diethyl amine
0.419MPa, (Rh(COD)C}) 4.09 x 10~®mol, Rh:TPPTS to methyl diethyl amine, which is inactive towards aldol
1:60, organic phase 10 énoluene, aqueous phase 90cm condensation. The Rhodium catalyst thus deactivates the
water containing 0.37 mol formaldehyde, diethyl amine secondary amine when they are in intimate contact, as in
8.4 x 10-3mol, acetic acid 8 x 10~2mol. Unlike the nor- the present case.
mal oxo reactions with (Rh(COD)GWTPPTS catalysf5], To achieve a stable and active/selective catalyst for the
an induction period of 30 min was observed. Thereafter, the tandem synthesis of methacrolein it is essential to ensure
hydroformylation reaction proceeded as usual. Propionalde-no interaction between the two catalysts. Since the diethy-
hyde formation, commensurate with ethylene consumption lamine/acetic acid catalyst is soluble in the aqueous phase,
was observed but no methacrolein was detected. These rea hydroformylation catalyst soluble in the organic phase
sults indicate that the condensation reaction does not takewould be ideal for ensuring a tandem reaction sequence.
place under the reaction condition. This observation was The feasibility of the tandem reaction with this modifi-
reconfirmed several times, particularly, since such induction cation was assessed. The results are presentei.ir2. In
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Fig. 2. Concentration—time profile for the tandem reaction of ethylene to methacrolein. Reaction conditions: toluehgZenformaldehyde 30 cin
water 50 crd, HRh(CO)(PPh)z 2.72 x 10-°mol, PPh 1.83 x 10~*mol, diethyl amine 8% x 103 mol, acetic acid 8 x 10-3mol, temperature 333K,
Piotal 4.191 MPa, CO/H 1, ethylene 0.419 MPa.
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Fig. 3. Concentration-time profile for the tandem reaction of ethylene to methacrolein with continuous gas feed. Reaction conditions: toldene 20cm
(35%) formaldehyde 30cfn water 50 cm, HRh(CO)(PPh)s 5.44 x 10~°mol, PPh 3.66 x 10~*mol, diethyl amine 168 x 10~2mol, acetic acid

1.76 x 10-2mol, temperature 333 KPya 4.191 MPa, CO/H 1, ethylene 0.419 MPa. In this reaction, ethylene and syngas in required stoichiometry
were continuously supplied to the reactor as per the consumption.

contrast to the previous reaction, methacrolein was formed in of methacrolein. The degradation of methacrolein is proba-
high selectivity (85%) and no induction period was observed. bly caused by the interaction with the aldolisation catalyst.
A typical concentration profile for consecutive reactions is Towards end of reaction the concentration of propionalde-
observed. The propionaldehyde concentration initially builds hyde is very low and so methacrolein undergoes reaction.
up and passes through a maximum. The methacrolein forma-Thus, to avoid further degradation of methacrolein it is
tion is also observed from the initial period. The maximum necessary to maintain a reasonable concentration of propi-
propionaldehyde formation was observed after 1 h. The build onaldehyde.

up of propionaldehyde during initial period indicates that  From the trend observed during the course of the reac-
the rate of condensation is relatively lower than that of the tion, the separation of the two catalysts in distinct phases
hydroformylation of ethylene. The maximum methacrolein provides an efficient catalyst package for methacrolein syn-
formation is observed at the end of4 h. After which con- thesis. The hydroformylation of ethylene occurs in the or-
centration of methacrolein drops. This is due to degradation ganic phase, and produces propionaldehyde, which migrates

O Ethylene conversion
O selectivity to methacrolein
90 - H selectivity to propionaldehyde
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Fig. 4. Catalyst recycle studies for tandem synthesis of methacrolein from ethylene. Reaction conditions: toluene 20cm?, (35%) formaldehyde 30cmd,
water 50cm?3, HRh(CO)(PPhs)3 5.44 x 10~> mol, PPhs 3.66 x 10~* mol, diethyl amine 1.68 x 10~2 mol, acetic acid 1.76 x 10~2 mol, temperature 333K,
Piota 4.191MPa, CO/H; 1, ethylene 0.419 MPa.



R.M. Deshpande et al./Journal of Molecular Catalysis A: Chemical 211 (2004) 49-53 53

to the agueous phase. In the presence of the adolisation cat-
ayst in the agueous phase, the propionaldehyde reacts with
formaldehyde to yield methacrolein. The methacrolein in
turn migrates to the organic phase due to limited solubility
in water. This movement of the molecules in between the
two phases is advantageous for the overall efficiency of the
catalyst system. Since the aldolisation reaction takes placein
water, which is a propionaldehyde lean, formaldehyde rich
medium, exclusively crossaldolisation takes place leading to
ahigh selectivity to methacrolein. Secondly as methacrolein
is preferentialy solublein the organic phase, any further in-
teraction of the methacrolein with the aldolisation catalyst is
avoided, thereby preventing degradation/condensation of the
methacrolein. Under conditions wherein low propionalde-
hyde concentrations exist in the agueous phase (towards the
end of the reaction) the degradation of methacrolein com-
mences, lowering the selectivity. Thus, to ensureahighyield
of methacrolein, it is necessary to ensure a high concentra-
tion of propionaldehyde in the agqueous phase and this pre-
vents a reaction of methacrolein. This is achievable by a
continuous feed of ethylene and syngas to the reactor, in-
stead of a batch operation as in the present case.

To improve the selectivity to methacrolein and to avoid
methacrolein degradation a tandem reaction was conducted
in the presence of a continuous feed of ethylene and syngas
(CO/H2) in a stoichiometry of 1:1:1 as per the consump-
tion. As seen from the concentration profilein Fig. 3, acon-
stant concentration of propionaldehyde is observed during
the course of reaction leading to a high selectivity (~95%)
to methacrolein. From Fig. 3, it also observed that the con-
tinuous build-up of the methacrolein is commensurate with
the ethylene consumption. This trend also confirms that the
reactions are sequential in nature.

The catalyst was recycled by stripping the volatiles—
methacrol ein and propional dehyde—from the organic phase.
For this purpose, the autoclave was chilled to 0°C at the end
of the reaction, discharged, and the organic phase containing
the HRh(CO)(PPh3)3 catalyst was stripped of methacrolein
and propionaldehyde under vacuum at room temperature.
Subsequently, the agueous phase along with the organic
phase (stripped of methacrolein/propionaldehyde and made
up to 20cmd by additional toluene) was recycled to the re-
actor. The results in Fig. 4 indicate that the activity and
selectivity of the catalyst is maintained as original for five
recycles. Since the untoward interaction between the two
catalystsis effectively bypassed, the activity of the catalysts
is maintained throughout the recycle study.

Thus, this simple approach of a biphasic catalyst coupled
with the concept of segregating the two incompatible cat-
aysts into distinct phases cannot only transforms the con-
ventional two-stage methacrolein synthesis into a one-step
process, but also improve the selectivity to methacrolein.

4, Conclusion

In conclusion, methacrolein, which is an important
monomer intermediate, can be effectively synthesized
from formaldehyde, syngas, and ethylene using a tandem
oxo—Mannich seguence of reactions. It has been shown that
the oxo and Mannich catalysts have to be segregated into
two different liquid phases to minimize contact between
them. In the absence of such segregation, the rhodium cat-
alyst causes the methylation of the secondary amine, which
is the condensation catalyst. The methylated amine cata-
lyst is inactive for the Mannich reaction and therefore the
tandem reaction cannot be achieved. Methacrolein, being
a relatively volatile product, can be recovered from the
two phase reaction mixture by distillation and the catalyst
package along with residual formaldehyde can be recycled
without any further treatment. The strategy of compart-
mentalization prevents the untoward interaction of the two
catalysts in this tandem synthesis of methacrolein. Such a
compartmentalization strategy may prove to be effective in
other tandem sequences, wherein the contact between the
two catalysts is undesirable.
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