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Aerobic oxidation of aldehydes: selectivity
improvement using sequential pulse
experimentation in continuous flow
microreactor.

Laurent Vanoye,” Mertxe Pablos,? Neil Smith,? Claude de Bellefon,? Alain Favre-
Réguillon**”

The aerobic oxidation of aldehyde was investigated using a continuous flow microreactor under 5
bar of oxygen at room temperature. High-throughput screening of experimental conditions
resulted in the development of an improved protocol. The synergistic use of a large range of
salts and Mn(ll) catalyst was found to be a very efficient catalytic system for selective aldehyde

oxidation.

Indeed for short residence time (i.e. 6 min.), a quantitative conversion of 2-

ethylhexanal was obtained with a selectivity toward carboxylic acid of 98 %.

Introduction

The liquid phase oxidation of aldehyde by molecular oxygen
(autoxidation) has been known for a long time. J. Liebig was
the first to observed, in 1835, that benzaldehyde was
transformed into benzoic acid in the presence of air. It was then
shown by H. Béckstrom, in 1927 that this reaction implies a
radical chain mechanism.! Since then, this reaction has been
extensively studied and is currently used for the commercial
production of C4-C,; carboxylic acids from the corresponding
aldehydes obtained by the hydroformylation of olefins (oxo
synthesis).> Later it was demonstrated that this reaction is often
limited by gas-liquid mass transfer and more recently we have
shown that for some aldehyde autoxidation described in the
literature, the rate limiting step was still the rate of oxygen
transfer into the liquid.* In such cases, the productivity and
selectivity of the oxidation process is altered by oxygen
starvation in the liquid phase. Taking advantages of the very
efficient transfer properties of a continuous gas-liquid
segmented flow process (Taylor flow), we have demonstrated
that the productivity could be strongly improved. The oxidation
of 2-ethylhexanal (2-EH) to 2-ethylhexanoic acid, one of the
acids with the highest production capacity worldwilde,* was
complete in less than 15 min using 5 bar of oxygen at 20°C
neither using transition metal catalyst nor radical initiator.’
However, the selectivity towards the acid under those
conditions were not improved (selectivity below 80%). Thus,
catalytic system optimization is clearly needed to improve the
selectivity.

This journal is © The Royal Society of Chemistry 2013

Results and discussion

The uncatalysed aerobic oxidation of aldehyde could be
performed in batch mode with pressurized air® or in continuous
flow microreactor under 5 bar of oxygen.> At high conversion,
the selectivity towards carboxylic acid could not be easily
explain by the aldehyde structure and reactivity® (Figure 1).
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Figure 1. Selectivity towards carboxylic acid obtained for the uncatalysed aerobic
oxidation of aldehydes in heptane (1.5 M, r.t.) in stainless steel autoclave with
40bar of air or in microreactor (PFA tubing, Taylor flow, O, 5 bar). Maximal
standard deviations 5% see text.

Linear aldehydes have a very high selectivity (98% for octanal)
and as expected, the influence of the a-substitution of the
starting aldehyde is crucial for the selectivity (75 % for
2-ethylhexanal). However, the selectivity observed with
cyclohexane-carboxaldehyde and benzaldehyde is high (95 and
98% respectively). B-substituted aldehyde gave intermediate
selectivity close to 90%.

The factors affecting the selectivity of aerobic aldehydes
oxidation appear to be rather poorly understood. The general

J. Name., 2013, 00, 1-3 | 1



RSC Advances

reaction scheme takes place in three consecutive and parallel
stages as described below (Egs 1 to 4)."

Aldehydes are transformed into the corresponding peracids via
a free radical chain-reaction (Eq. 1). Condensation of the
peracid and an aldehyde produce a tetrahedral adduct (Eq. 2)
similar to the Criegee intermediate observed in the Baeyer-

Villiger reaction.
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Rearrangement of the latter by migration of the hydrogen
(Eq. 3) or alkyl(aryl) group from the aldehyde (Eq. 4) lead to
two carboxylic acid (Eq. 3) or one carboxylic acid and one
formate (Eq. 4). Formate is eventually hydrolysed into formic
acid (non-quantified) and alcohol that can be further oxidized
by oxygen radicals into ketone. By-products formed by
homolytic cleavage of the radicals intermediate or by
termination reactions can be neglected under our reaction
conditions (i.e. excess of O, and low reaction temperature).
Despite numerous investigation of the mechanism of the
Baeyer-Villiger reaction, the factors that control the migratory
aptitude of the two carbon group are still not completely
understood.® The situation should be much simpler in the case
of aldehyde where the migratory aptitude of hydrogen is
expected to be higher than the carbon group.

Surprisingly, very little work report studies dealing with the
selectivity of such oxidation despite the industrial importance
of such process. Lehtinen ef al. have studied the influence of
salts,

solvents, metal catalysts and oxidant and they also

performed computational studies.” Nevertheless, only slight
improvement of the selectivity for 2-ethylhexanal oxidation (75
to 84%) was obtained using Mn(II)acetate and octanoic acid as
solvent.'? The improvement of the selectivity was attributed by
the ability of the metal catalyst to decompose the peracid into
the corresponding acid before formation of the Criegee
intermediate (Eq. 2).

Microreactors and continuous flow technology in general
represents an important opportunity towards greening chemical
production.® One of the main advantages of continuous flow
processing is the

characteristics in particular for biphasic reactions. Gas—liquid

enhanced heat- and mass transfer
reactions have been dramatically improved using microreactor
technology owing to an enhanced mass transfer of gaseous
reactants into the liquid phase and among them oxidations.>’

This prompt us to upgrade our continuous segmented flow
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reactor already used for aldehyde aerobic oxidation® for high-
throughput experimentation. High-throughput screening of
catalysts/ligands in gas-liquid asymmetric hydrogenation have
previously been evaluated in microdevice in our laboratory.'®
Unlike hydrogenation where the price and the availability of
ligand and/or metal catalyst as well as the number of chiral
inductor available are the key-points, in the case of oxidation,
the safety of the process is essential since fuel, oxidant and
energy are present at the same time in the reactor. However, it
is now demonstrated that performing gas-liquid oxidation
reactions in micro-reactors in the presence of catalyst at high O,
and organics partial pressures is safe due to the small
dimensions of the channels, the enhanced heat transfer and a
small reactor inventory of hazardous chemicals.®

A sample loop was added in the experimental setup (

Figure 2) which allows us to screen the effect of different
catalysts and/or additives on the selectivity towards carboxylic
acid. It should be notice that our device does not allow us to
evaluate solvent effect since hydrodynamic properties (wetting,
viscosity, ...) are too different to get a regular segmented flow
(Taylor flow) with different composition of the liquid slugs.
However, solvent effect has already been evaluated and no
improvement of the selectivity was noticed.’
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Sub.B PFA tubing

back-pressure
regulator
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sample Ioop N analytical loop
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Figure 2. Experimental setup for the sequential pulse evaluation of
catalyst and/or additives for aldehyde oxidation

heptane —>

Catalyst x,y,z, ..
Substrat A, B, C.

post-run analysis
GC/MS

For the first set of experiments the residence time was adjusted
to get 80% of conversion of 2-ethylhexanal (i.e. 6 min.) for a
1.5 M solution in heptane at 20°C under 5 bar of oxygen and
without any catalyst or additive. Under those conditions the
selectivity towards carboxylic acid was 75% (Figure 3), while
the experimental error based on the standard deviation relative
to the mean of multiple experiments were 3% and 5% for
conversion and selectivity respectively. Such relatively high
measurement uncertainty is not a consequence of the sequential
pulse experiments because lower standard deviation could be
obtained with others catalytic system but is probably due to the
free radical-chain mechanism involved in this oxidation
process. Despite this, transition metal exhibit differentiated
activities and selectivities for 2-ethylhexanal oxidation. As

expected from literature data,"”"!

100 ppm of first-row
transition metal (e.g. V to Cu) and Pd enhance the conversion
while the selectivity was not modified. This could be explained
by an enhanced formation of Criegee intermediate rate (Eqs 1

and 2), whereas metals have little effect on the rearrangement

This journal is © The Royal Society of Chemistry 2012
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of the latter. Near quantitative conversion were obtained with
Mn(II), Mn(III), Cr(III) and Pd(II). Surprisingly a enhancement
of the selectivity up to 90% could be observed using Cu(II).
Mixtures of metals were also evaluated, but all the results were
disappointing except for a mixture of Cu(Il) and Mn(III) (1/1
mixture, 100 ppm of metals yielding to a conversion above
95% with a selectivity of 90%. The result

100
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Cu(ll)acac .

90

g
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8 B T Mn(in2-EH
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Figure 3. Influence of catalyst on conversion and selectivity for the aerobic
oxidation of 2-ethylhexanal. (2-EH 1.5 M in heptane, Taylor flow, PFA tubing 5m,
r.t., O, 5bar, catalyst 100 ppm, residence time 6 min.)

After optimising the catalyst, the salt effect was studied. Indeed
while Lehtinen ef al. have shown that the selectivity was
slightly decrease in the presence of salts,” but patents'? claims
that the presence of alkali metals salts (2% wt), increase the
selectivity towards 2-ethylhexanoic acid up to 95% in industrial
advanced reactor that enables efficient mixing and chemical
rates up to 300 mmol/L/min. So the effect of the concentration
of sodium 2-ethylhexanoate as additive was re-evaluated in our
microreactor (Figure 4).

In order to study the selectivity for nearly quantitative
conversions, the residence time was increase to 15 min. (Figure
4). The conversion of 2-ethylhexanal under those conditions
was higher than 95% and the selectivity towards carboxylic
acid was around 75% as expected. A decrease of the conversion
could be noticed (Figure 4) with the increase of the
concentration of sodium 2-ethylhexanoate salt.
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Figure 4. Influence of sodium 2-ethylhexanoate on conversion and selectivity on
uncatalysed aerobic oxidation of 2-ethylhexanal. (2-EH 1.5 M in heptane, Taylor
flow, PFA tubing 5m, r.t., O, 5bar, residence time 13 min.). The lines in the figure
are only a guide to the eye.
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However, we were pleased to see in parallel an enhancement of
Indeed for concentration of sodium 2-
ethylhexanoate above 2%wt, selectivities higher than 98% were

the selectivity.

obtained. Increasing further the concentration of salt was of
none interest as the selectivity remained high (> 98%) but lower
conversions were obtained.

Then, the synergetic effect of sodium 2-ethylhexanoate as
additive and Mn(Il) as catalyst was evaluated as reported in
Figure 5. The residence time was then decreased to 6 min., and
we were pleased to see that the selectivity was not affected at
all by the presence of 100 ppm of Mn(II) while the higher
activity was maintained.
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Figure 5. Synergetic effect on aerobic 2-ethylhexanal oxidation (2-EH 1.5 M in
heptane, Taylor flow, PFA tubing 5m, r.t., O, 5bar, catalyst 100 ppm, residence
time 6 min., Na-2EH : sodium 2-ethylhexanoate)

Different salts were then evaluated as additive but the results
were not unambiguous. Using sodium trifluoroacetate (pKa -
0.3) or sodium acetate (pKa 4.7), high selectivity towards
carboxylic acid were obtained (a concentration of 4 %wt was
needed for the latter) clearly showing that deprotonation of the
intermediates was not involved. Surprisingly 98% selectivity
was also obtained with I1-butyl-3-methylimidazolium acetate
clearly showing that alkaline or alkaline earth salts are not
necessary to enhance the selectivity.'> On the opposite, the use
of ammonium acetate or tetrabutylammonium bromide had
limited effect on selectivity.

The results present here clearly shows the potential of gas-
liquid microreactors for the safe screening of homogeneous
oxidation catalysts. Though some important advances have
been made here, there is more to do to understand how the salt
affects the reaction mechanism and inhibits the formation of
by-products. This synergistic use of salt and catalyst need to be
further studied and the scope and limitation of this synergistic
system is in due course.

Experimental

Analytical grade heptane (Aldrich) was used. Aldehydes
(Aldrich and Acros) were used as obtained from the supplier
and stored at 4°C under N, with protection from light.
Pressurized oxygen (99.995 %) was provided by Messer.

Oxidation of aldehyde in autoclave’
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The reactions were performed in a 135 mL thermo-regulated
stainless steel autoclave (120 mL useful capacity) operating in
batch mode. Four baffles were mounted to the reactor walls.
The reaction medium was stirred by a Rushton turbine or a self-
suction turbine. A total volume of 40 mL of the desired mixture
of aldehyde (1.5 M in heptane) were placed in the reactor. The
temperature was set to 25 °C and the reactor was then
pressurized with reconstituted air (O, 21%wt and N, 79%wt).
The time-course of the gas pressure decrease was measured
with a pressure transducer and recorded on-line using Labview.
The reaction mixture was analysed at the end of each
experiment using a Shimadzu 2010 GC-MS system equipped
with a DB-5 column.

Oxidation of aldehyde in microreactor’

A PFA tubing (Upchurch Scientific) (internal diameter of 1000
pum, length 5 m) was used as reactor. Sample were injected via
HPLC sample injector (Rheodyne) using an external PEEK
loops of 1 mL. The organic phase (Harvard pumps PHD 4400)
and the oxygen (Analyt-MTC massflow controller) were fed via
two separate lines and brought together using a T-mixer
(Interchim). A back pressure of 5 bar was applied using a home
made back pressure regulator controlled with nitrogen flow
(Analyt-MTC massflow controller) and micro-metering valve.
The outlet port of the microreactor was connected to a 6-way
gas sampling injection valve (Agilent) for on line analysis by
Agilent 6890 GC equipped with FID detector and Red dot
FFAP column (5 m x 0.05 mm x 0.05 pm). Liquid products
were retrieved from back-pressure regulator and could be
further analysed by a Shimadzu 2010 GC-MS system equipped
with a DB-5 column (15 m x 0.1 mm x 0.1 pm.).

The general experimental procedure is as follows. Heptane was
loaded in 50 mL syringes. Heptane (Harvard pump) and oxygen
(Analyt-MTC massflow controller) were delivered into the
microreactor via a T-mixer. A portion of a freshly prepared
solution of aldehyde (1.5 M in heptane), catalyst (0 to 100 ppm)
and salt (0 to 5 wt%) is introduced into the sampling loop and
injected into the microreactor. The residence time control was
achieved by varying the flow rate of the organic phase and/or
oxygen. Conversion and selectivity toward the carboxylic acid
were determined on the basis of the normalized peak areas for
aldehyde, carboxylic acid and side products obtained by one-
line GC. By-products were identified and quantified using post-
run analysis of the liquid phase by GC-MS.

Conclusions

In conclusion, we were able to demonstrate that aldehyde could
be safely and selectively transformed into the corresponding
carboxylic acid using molecular oxygen in flow. The reaction
conditions were optimized and full conversion with almost full
selectivity toward carboxylic acid was obtained under mild
conditions through the use of synergistic effect of salt and
Mn(II). The usual by-products obtained via the rearrangement
of the Criegee intermediate (i.e. formate) could be nearly
completely eliminated. Finally it was also demonstrated that

4| J. Name., 2012, 00, 1-3

microflow reactors are interesting tools for high-throughput
screening of experimental conditions in gas-liquid reactions.
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The selectivity of the aerobic oxidation of aldehydes can be strongly enhanced by means of a
synergistic use of salts and catalyst.
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