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Chemical manufacturing is conducted using two systems: batch systems or continuous
flow systems. Flow systems have several advantages over batch systems, particularly in
terms of productivity, heat and mixing efficiency, safety, and reproducibility™™.
However, for over 50 years, pharmaceutical manufacturing has been conducted using
batch systems, because the synthesis of complex molecules, like drugs, has been difficult
to achieve with continuous flow systems™ °. Here, we describe for the first time, the
continuous flow synthesis of drugs using only columns packed with heterogeneous
catalysts. Commercially available starting materials were successively passed through
four columns containing achiral and chiral heterogeneous catalysts to afford (R)-
rolipram’, an anti-inflammatory drug and one of the family of y-aminobutyric acid
(GABA) derivatives®, directly. In addition, by simply replacing a column packed with a
chiral heterogeneous catalyst with another column bearing the opposing enantiomer,
antipole (S)-rolipram was obtained. Similarly, (R)-phenibut, another drug belonging to
the GABA family, was synthesized. The flow systems described in this report are simple
and stable, and no leaching of metal catalysts occurred. Our results demonstrate
multistep (eight-step here) chemical transformations for the syntheses of drugs can
proceed smoothly under flow conditions using only heterogeneous catalysts, without the
isolation of any intermediates and without the separation of any catalysts, co-products,
byproducts, and excess reagents. We anticipate our synthesis to be an ideal model for
future pharmaceutical manufacturing.

While the chemical and biotechnology industries have preferred the use of continuous
flow systems because of their advantages such as high productivity and efficiency, fine
chemical production has been conducted using batch systems because the synthesis of more
complex molecules has been difficult to achieve with continuous flow systems. However,
recent pharmaceutical manufacturing requires high quality of synthesis, environmentally
benign methods and reproducibility of manufacturing. To meet these demands, it is believed
that continuous flow systems are superior to batch systems.

Methods for continuous flow systems have been developed more recently than
methods for batch systems. We divided the continuous flow systems into four types (I-1V;
see Fig. 1). Type I: substrates (A and B) are passed through a column or hollow loop, during
which reactions occur. Unreacted A or B or any by-products are not separated. Type Il: one
of the substrates (B) is supported in a column. If an excess amount of B is used, one substrate
(A) is consumed. However, once supported B is consumed, the column must be changed.
Type IlI: A reacts with B in the presence of a homogeneous catalyst. While catalysis
proceeds smoothly, the catalyst cannot be separated. Type IV: A reacts with B in the presence
of a heterogeneous catalyst. If catalysis proceeds smoothly, no separation is required.



Based on the recent regulations of green sustainable chemistry®, synthesis with
catalysts is preferred to synthesis without catalysts because of energy saving and waste
reduction. Consequently, types Il and IV are recommended in continuous flow systems.
Furthermore, while catalysts are contaminated with products in type I1l, no contamination of
catalysts is expected under ideal conditions in type IV. Therefore, as type IV is regarded as
the best method for continuous flow synthesis'®*®, we elected to use type IV for drug
synthesis. Although recent technological improvements have made it possible to synthesize
relatively complex molecules including drugs using continuous flow systems***’, there have
been no examples of drug synthesis using only Type IV continuous flow systems.

(Figure 1)

v-Aminobutyric acid (GABA) and derivatives are an important class of compounds in
neuroscience®. Rolipram is one of the GABA family. It is an anti-inflammatory drug” *®,
which is a selective phosphodiesterase 4 (PDE4) inhibitor and particularly effective for the
PDE4B subtype of PDE4". Moreover, rolipram is known as a possible antidepressant and
has been reported to have anti-inflammatory, immunosuppressive, and antitumor effects’" 2.
Rolipram has also been proposed as a treatment for multiple sclerosis, and has been
suggested to have antipsychotic effects?. Furthermore, it has been reported that (R)-rolipram
has anti-inflammatory activity, whereas (S)-rolipram does not'®. There are many GABA
derivatives that are drugs or have potential biological activities in the area of neurotransmitter

and brain science?! (Fig. 2).

(Figure 2)

We selected (R)- and (S)-rolipram for the target of our continuous flow synthesis
because as mentioned, rolipram itself is a very interesting and promising drug for several
targets and because the completed flow synthesis may be applicable to the synthesis of other
GABA derivatives. We planned to synthesize (R)- and (S)-rolipram from commercially
available starting materials using continuous flow systems, using only type IV columns (Fig.
1). Our synthetic strategy is shown in Fig. 3. Commercially available aldehyde 2 and
nitromethane 3 could be converted to nitroalkene 4. Catalytic asymmetric 1,4-addition of
malonate 5 to 4 could afford enantiomerically enriched y-nitro ester 6. The nitro group of 6
could be reduced selectively to afford y-lactam 7 after cyclization. Finally, the ester group of
7 could be removed to afford 1.

(Figure 3)

First, we examined the flow synthesis of 4 from 2 and 3, using a heterogeneous
catalyst (Fig. 4, stage 1)** 2. The formation of nitroalkenes from aldehydes and nitroalkanes
is known to proceed in the presence of a base?*. We selected toluene as a solvent because the
following step, the asymmetric 1,4-addition, proceeded smoothly in toluene. We examined
several heterogeneous amines, and finally found that a silica-supported amine with anhydrous
calcium chloride showed a high yield of 4 when using almost equimolar amounts of 2 and 3
at 50-75 °C. Under the optimized conditions, a silica-supported amine (Chromatorex
DM1020; Fuji Silysia, Kasugai, Japan; 4.5 g, 0.73 mmol/g) and finely crushed anhydrous



calcium chloride (13.5 g) were introduced into a SUS column (¢ 10 mm x 300 mm, column ).
The toluene solution of 2 and 3 was introduced from the bottom of the column, and the
desired product 4 was obtained in >90% vyield. The system was found to be stable at 75 °C
for at least one week (>90% vyield). It was further confirmed that this flow system was
applicable to other aldehydes; several nitroalkenes were obtained in high vyields
(Supplementary Information). It was noted that, while excess amounts of aldehydes (1.5-1.7
equiv) were required to obtain high yields of nitroalkenes in batch systems, equimolar
amounts of aldehydes afforded the desired nitroalkenes in high yields under continuous flow
conditions.

We next examined the asymmetric 1,4-addition of malonate 5 to 4 using a chiral
heterogeneous catalyst (Fig. 4, stage 2). Catalytic asymmetric reactions provide one of the
most efficient routes to enantiomerically enriched products®. Recently, we developed a
polymer-supported chiral calcium catalyst, which was successfully used for the asymmetric
1,4-addition of malonates to nitroalkenes under continuous flow conditions®. We set column
I, which was filled with this supported calcium catalyst (PS-(S)-Pybox-calcium chloride),
and connected it with column I. We also included a valve (switching paths A and B) to drain
the synthesized nitroalkene solution (receiver 1) and an MS 4A column (X, ¢
500000050000) to stabilize the system. A solution of nitroalkene 4 synthesized in
column | and a toluene solution of malonate 5 and triethylamine were mixed and introduced
into column 1l. After optimization of the reaction conditions, it was found that when the
reaction was conducted at 0 °C, using slightly excess amounts of nitromethane 3 and
malonate 5 (4 was formed), the desired y-nitro ester 6 was obtained in high yield with high
enantioselectivity. Under the optimized conditions, the mixture of 2, 3, and 5 was precooled
at 0 °C using a loop, and column Il was separated into two columns (column I1-1 and column
[1-2, each ¢ 00O 000100000, PS-(S)-Pybox, 750 mg, 0.85 mmol/g; CaCl,+*2H,0,
375 mg; Celite®, 1.4 g. This was required due to the size of the cooling bath). We collected
the crude product solution in receiver 2. It was confirmed to contain mainly 6, with small
amounts of 3 and 5, and triethylamine. The crude product was quenched with an aqueous
ammonium chloride solution, and after a usual work-up, the desired y-nitro ester 6 was
obtained in 84% vyield with 94% ee. At this stage, we also tested several aldehydes in this
continuous flow system. It was found that, in all cases, the desired y-nitro esters were
obtained in high yields with high enantioselectivities (Supplementary Information).

The next step involved the reduction of the nitro group to the corresponding amino
group (Fig. 4, stage 3). Experimental conditions required the flow of the toluene solution
obtained from column 1l to be under atmospheric pressure. We selected a continuous flow
hydrogenation?” ?® and examined several commercially available supported Ni and Pd
catalysts'™® 2°; however, the desired reduction did not proceed at all. Having recently
developed a polysilane-supported palladium/alumina (Pd/PSi-Al,O3) catalyst, which worked
well for the hydrogenation of alkenes, alkynes, and also nitrobenzene derivatives under flow
conditions®, we then tested Pd/PSi-Al,O; for the hydrogenation of 6. Unfortunately, the

reaction did not proceed.

At this stage, therefore, we decided to develop a new heterogeneous catalyst for our
purpose. After several trials, we developed a polysilane-supported palladium/carbon
(Pd/PMPSI-C) catalyst, which worked well for the reduction. We then connected column Il
(column 111-1 and column 11-2, both g1 00000 000100000; PA/PMPSI-C, 4.8 g, 0.29
mmol/g [dry], 34% wet; Celite®, 1.2 g) with the already constructed flow system (columns |
and I1). The mixed solution (crude 6 in toluene) and hydrogen gas (3 mL/min) were
introduced into column 11 (filled with Pd/PMPSi-C and Celite®) at 100 °C by downflow.



Under the conditions, the desired reduction proceeded smoothly to afford y-lactam 7 in 74%
yield with 94% ee. It is noted that the reduction of the nitro group proceeded smoothly under
atmospheric pressure of hydrogen, and that no epimerization occurred under the conditions.
We also tested other substrates and in all cases the reduction proceeded well to afford the
desired y-lactams in high yields with high enantioselectivities (Supplementary Information).

The final stage in the synthesis of rolipram (1) involved the hydrolysis and
decarboxylation of the ester part of 7 (Fig. 4, stage 4). It was found that the desired
transformations proceeded in the presence of a silica-supported carboxylic acid (Si-COOH,;
Chromatorex ACD, Fuiji Silysia). We then connected column IV (¢J100 00003000 00),
which was filled with Si-COOH (13.5 g, 0.38 mmol/g) and Celite® (0.5 g), with columns I
I11 and examined the continuous flow starting from 2 and 3. We then added small columns of
Amberlyst 15Dry® (Y) and Celite® (Z), and o-xylene was introduced. The main flow from
column 11l was combined with o-xylene and water, and the total flow was passed through
column 1V from the top down at 120 °C. Finally, we obtained (S)-rolipram ((S)-1, 50% vyield
from 2 after preparative TLC, 997.8 mg/24 h, 96% ee). The flow system was found to be
stable for at least one week (Supplementary Information). Recrystallization from
water/methyl alcohol gave optically pure (S)-rolipram (>99% ee). Direct recrystallization of
the crude product afforded chemically and enantiomerically pure (S)-rolipram without
chromatography.

(Figure 4)

Thus, the synthesis of (S)-rolipram was completed. Commercially available starting
materials were successively passed through the columns containing heterogeneous achiral
and chiral catalysts to directly afford the drug with high enantioselectivity. Eight-step
chemical transformations were conducted smoothly during the flow without isolation of any
intermediates and without the separation of any catalysts, co-products, byproducts, and
excess reagents. In the flow system, each step can be monitored by using receivers (real-time
analysis is possible). It is noteworthy that all four columns employed are the desirable type
IV flow system (Fig. 1), and that the product does not contain any metal (palladium, <0.01
ppm), as confirmed by inductively coupled plasma analysis. Moreover, this is the first
example that a chiral catalyst has been successfully used in multistep continuous flow
synthesis of drugs or biologically important compounds.

This flow system could also be applicable to the synthesis of other GABA derivatives
(Fig. 2). Antipole (R)-Rolipram was also synthesized by continuous flow by simply replacing
column 1l packed with PS-(S)-Pybox-calcium chloride with column II' bearing PS-(R)-
Pybox-calcium chloride (the opposing enantiomer). The procedure remained the same and
similar productivity was obtained ((R)-1, 50% yield from 2, 96% ee). We also synthesized
(R)-phenibut®* from benzaldehyde by slightly modifying the flow system. We believe that all
the compounds shown in Fig. 2 could be synthesized by using continuous flow systems.

The present multistep continuous flow synthesis is for the laboratory scale, and the
drugs were obtained on a gram-scale. On the other hand, we have confirmed that the system
is stable and the flow is at steady state during the synthesis. Indeed, the system is stable for at
least one week, and the same yields and the enantioselectivities were obtained for the
syntheses of (R)- and (S)-rolipram. Furthermore, it has also been confirmed that
heterogeneous catalysts used in this flow system are robust, air-stable, and have a long
lifetime. For example, the chiral calcium catalyst can be used for more than several months



without loosing any catalytic activity and selectivity (enanitioselectivity). We are now scaling
up the system toward multi-kilogram syntheses of drugs.
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Fig. 1 | The four types of continuous flow systems. The continuous flow systems so far
reported can be divided into four types I-1V. Type I: Substrates (A and B) are passed
through a column or hollow loop, during which reactions occur. Unreacted A or B or any by-
products are not separated. Type I1: One of the substrates (B) is supported in a column. If an
excess amount of B is used, one substrate (A) is consumed. However, once supported B is
consumed, the column must be changed. Type I11: A reacts with B in the presence of a
homogeneous catalyst. While catalysis proceeds smoothly, the catalyst cannot be separated.
Type IV: A reacts with B in the presence of a heterogeneous catalyst. If catalysis proceeds
smoothly, no separation is required. Therefore, Type 1V is regarded as the best method for
continuous flow synthesis.
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Fig. 2 | GABA derivatives. y-Aminobutyric acid (GABA) and derivatives are drugs or have
potential biological activities in the area of neurotransmitter and brain science. Rolipram, one
of the GABA family, is an anti-inflammatory drug, which is a selective phosphodiesterase 4
(PDE4) inhibitor and particularly effective for the PDE4B subtype of PDE4. Moreover,
rolipram is known as a possible antidepressant and has been reported to have anti-
inflammatory, immunosuppressive, and antitumor effects. Rolipram has also been proposed
as a treatment for multiple sclerosis, and has been suggested to have antipsychotic effects. It
has been reported that (R)-rolipram has anti-inflammatory activity, whereas (S)-rolipram does
not.
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Fig. 3 | Retrosynthetic analysis. Commercially available aldehyde 2 could react with
nitromethane 3 to afford nitroalkene 4. Asymmetric 1,4-addition of malonate 5 to 4 with a
chiral catalyst could give enantiomerically enriched y-nitro ester 6, whose nitro group could
be selectively reduced to afford y-lactam 7 after cyclization. Finally, the ester group of 7
could be removed to afford optically active rolipram 1. (R)- and (S)-rolipram could be
synthesized by using column Il packed with PS-(S)-Pybox-calcium chloride and column Il
bearing PS-(R)-Pybox-calcium chloride (the opposing enantiomer), respectively.
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Fig. 4 | Diagram of the series of flow reactors. Stage 1: Synthesis of nitroalkene 4 from
aldehyde 2 and nitromethane 3. Stage 2: Synthesis of y-nitro ester 6 from aldehyde 2 and
nitromethane 3. Stage 3: Synthesis of y-lactam 7 from aldehyde 2 and nitromethane 3. Stage
4: Synthesis of (R)- and (S)-rolipram 1 from aldehyde 2 and nitromethane 3. Totally,
commercially available starting materials 2, 3, 5, H,, and H,O were successively passed
through the columns I, 11, 111, and IV containing heterogeneous achiral and chiral catalysts to
directly afford 1 with high enantioselectivity. Eight-step chemical transformations were
conducted smoothly during the flow without isolation of any intermediates and without the
separation of any catalysts, co-products, byproducts, and excess reagents. It is noteworthy
that all four columns employed are the desirable type IV flow system (Fig. 1).
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