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Continuous hydrogenation reactions in a tube reactor packed with Pd/C
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Continuous flow of the substrate solution and hydrogen gas
through a tube reactor packed with Pd/C catalyst brings about
a highly reactive and efficient hydrogenation system, which
converts 4-cyanobenzaldehyde to the benzyl alcohol derivatives
at 25 °C, and at 90 °C, the cyano group becomes reduced to
give the corresponding amine and toluene derivatives within
2 min.

We wish to report an efficient hydrogenation reaction in a
continuous microflow system by the use of a novel gas-liquid—
solid tube reactor. It is well known that hydrogenation reactions
play important roles in the chemical and pharmaceutical
industries.' In a conventional hydrogenation reaction with a batch
reactor, catalyst such as palladium on carbon (Pd/C) is suspended
in a solution, where substrate molecules are dissolved and
hydrogen gas is bubbled through.” This heterogeneous hydro-
genation has been utilized in many organic syntheses because of its
simplicity since no other than hydrogen gas is needed for the
reducing agent. A disadvantage of this gas-liquid-solid reaction,
however, is probably slow mass transfers between different phases.
To increase the reaction rate, an autoclave has often been used in
the research laboratory and the hydrogenation reactions are
carried out at elevated pressures. In industry, however, the
reactions at high pressures using a batch reactor should be
preferably avoided for safety and economical reasons.

In recent years, flow reactors with channel space in the
micrometer range, which are called microreactors,” were reported
to have advantages over exothermic reactions such as direct
fluorination of organic compounds with elemental fluorine.* Using
the microreactor, the hazardous gas-liquid reaction was found to
be conducted in high yield with safety.

Here, we show efficient hydrogenation reactions with the use of
a gas-liquid-solid microflow system under elevated pressure
(Fig. 1). Both substrate solution and hydrogen gas are introduced
continuously into one end of a fine column packed with Pd/C’
(5 wt% Pd). From the other end, the hydrogenated product
solution emerges continuously. The residence time in the column
was only 2 min. The column consists of a stainless steel tube
(6.3 mm outer diameter, 1.0 mm inner diameter, 25 cm length)
with two filters at both ends so as to hold the Pd/C within the
column. The substrate solution was mixed with the hydrogen gas
in the T-shaped mixer. A transparent Teflon tube was set between
the T-shaped mixer and the tube column to observe the gas-liquid
flow. A plug flow, alternate gas and liquid layers, was formed in
the Teflon tube region. Maximum efficient hydrogenation took
place when the plug flow was controlled to have almost the same
volume of gas and liquid layers at the transparent Teflon tube. To
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maintain this condition, at the inlet of the column, the flow of
the substrate solution was controlled to 0.038 ml min~' by an
HPLC pump and the flow of the hydrogen gas was adjusted to
the same 0.038 ml min ' by regulating the hydrogen pressure
at around 2.5 MPa. This hydrogen gas flow rate corresponds to
0.95 ml min~! at 1.0 atm, 0.1 MPa. At the outlet of the column,
the product solution and the excess amount of the hydrogen gas
came out to the atmospheric pressure. Therefore, the pressure drop
between the inlet and the outlet of the column was 2.4 MPa,
indicating that the gas-liquid flows vary inside the reactor. The
hydrogen conversion within the flow reactor corresponded to the
product formation, since the hydrogen dissolved in the solution
was only a small amount compared with the product.®

The substrate solution and the hydrogen gas are introduced to
the tube column packed with Pd/C. They travel through very
narrow channels, which are formed between and within the Pd/C
porous particles having the diameter of 20 + 10 microns. The
pressure drop dissipates some energy in the liquid and gas flows
inside the channels. Consequently, the stagnant layer of the carbon
support catalyst particles will be very thin giving rise to enhanced
mass transfers (gas-liquid and liquid-solid) relative to conven-
tional batch reaction systems, although there is no way to quantify
the hydrodynamics in the catalyst bed where liquid and gas flow
through is completely unknown. In the case of homogeneous
catalysts, the hydrogenation reaction itself will be fast,” but it
usually needs additional procedures to separate the product from
the catalyst. Consequently, our flow system running through
narrow channels formed in the Pd/C packed column, where mass
transfer limitations are reduced and a separation procedure is
unnecessary, is thought to give an efficient hydrogenation reaction.

Attempts to immobilize Pd catalyst on the channel wall and to
carry out hydrogenation reactions in gas® or gas-liquid®’ phases
have been reported in some flow systems under atmospheric or
moderate pressures. To achieve high efficiencies, it was shown that
micro-sized channels were essential for the flow reaction since the
substrates should diffuse to the wall. These fine reactors needed
expensive, complex, and multi-step fabrication, but the catalysts
were not easily reactivated or renewed.

Our flow reactor, on the contrary, had a simple structure, which
made the packing and renewing the Pd/C quite easy. In addition,
the hydrogenation reactions could be carried out at high pressure
conditions simply by increasing the flow rates of the liquid and the
hydrogen gas, as there was a pressure drop in the Pd/C packed
column. These flow conditions under elevated pressure were
thought to facilitate the hydrogenation reaction by improving and
circumventing diffusion steps.

The packing of the Pd/C into the stainless steel column with a
filter at the bottom was performed by filling the Pd/C in methanol,
a slurry solution, from the top at a flow rate of 0.18 ml min~'. The
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Fig. 1 Schematic drawing of the gas-liquid-solid flow reactor.

diameter of 1.0 mm was chosen so as to obtain both a reasonable
amount and good selectivity of hydrogenated product, since a
column with larger diameter tended to decrease and to lack
reproducibility in the product yield. In addition, this small
diameter may minimise danger in the hydrogenation reaction at
high pressure.

To evaluate the efficiency of our flow reactor, we chose the
hydrogenation reaction of 4-cyanobenzaldehyde (I) in methanol
as a model reaction. As the substrate had two functional
groups, aldehyde and cyanide, and the former was more easily
hydrogenated, the isolated products were 4-cyanobenzyl alcohol
(II), 4-hydroxymethyl-benzylamine (III-1), bis(4-hydroxymethyl-
benzyl)amine (III-2) and 4-methylbenzyl alcohol (IV). The
secondary amine, II1-2, seemed to be formed by an intermolecular
reaction of the III-1 with the imine intermediate.'

Using the flow system at 25 °C, the substrate I was hydro-
genated to II in 72% yield, where no starting material remained at
all. In the case of the batch system, 70 mg Pd/C was suspended in
23 ml substrate solution with the use of a stainless steel autoclave
of 50 ml capacity. The catalyst weight and the solution volume
were the same as those used in the flow system. After admitting the
hydrogen gas into the autoclave up to 2.5 MPa, the hydrogenation
reaction was carried out with vigorous stirring for 2 min, which
was equal to the residence time for the flow system. Then, the Pd/C
catalyst was filtered off and the solvent was evaporated to isolate
the product. Using this batch system at 25 °C, II was obtained as a
sole product in a 51% yield. The remaining 49% was the starting
material recovered.

At 50 °C, the hydrogen conversion rate of the flow system was
faster than that of the batch system, as seen in the product yield

shown in Table 1, suggesting that the flow system gave more
efficient hydrogenation reaction than the batch system. In the flow
system under elevated pressure, it was easy to conduct reactions at
temperatures above the boiling point of the methanol solvent. At
90 °C, the cyanide group of the substrate was hydrogenated
completely to give amino (III-1: 71% and III-2: 16%) or toluene
derivatives (IV: 13%).!! The production of the secondary amine,
III-2, could be avoided completely in the flow system by decreasing

Table 1 Hydrogenation reactions of 4-cyanobenzaldehyde (I) in the
flow and batch reactor systems at 2.5 MPa in 2 minutes

(o]

[l

CH CH,OH CH,OH CH,OH
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_— + +
H,
C=N C=N CH,NHR CH;
) 1) (M-1)R=H ()
(1-2) R = -CH,+C¢H,-CH,OH
. Compound (%)*

Experimental =~ Temperature
system °C) @O dn JdI-1  Jdm-2)  (1v)
Flow 25 0o 72 25 3 0
Batch 25 49 sl 0 0 0
Flow 50 0 48 48 3 1
Batch 50 5 95 0 0 0
Flow 70 0 10 61 22 7
Flow 90 0 0 71 16 13

“ Yields were determined by 'H-NMR.
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the substrate concentration from 0.167 mol L™! to 0.033 mol L',
where the intermolecular reaction to form the secondary amine
was retarded.

In conclusion, improved hydrogen conversion and an efficient
hydrogenation reaction were obtained by the use of the microflow
reactor system, in which continuous flow of the substrate solution
and that of hydrogen gas were led through the Pd/C packed
column. Considering the high potential and wide applicability, we
believe that this flow reactor system could be utilized for many
organic reactions with heterogeneous catalysts.
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