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            Abstract
Chemical manufacturing is conducted using either 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 reproducibility1,2,3,4. However, for over half a century, pharmaceutical manufacturing has used batch systems because the synthesis of complex molecules such as drugs has been difficult to achieve with continuous-flow systems5,6. Here we describe 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 produce (R)-rolipram7, an anti-inflammatory drug and one of the family of γ-aminobutyric acid (GABA) derivatives8. In addition, simply by replacing a column packed with a chiral heterogeneous catalyst with another column packed with the opposing enantiomer, we obtained antipole (S)-rolipram. Similarly, we also synthesized (R)-phenibut, another drug belonging to the GABA family. These flow systems are simple and stable with no leaching of metal catalysts. Our results demonstrate that multistep (eight steps in this case) chemical transformations for drug synthesis 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, by-products, and excess reagents. We anticipate that such syntheses will be useful in pharmaceutical manufacturing.
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                    Figure 1: The four types of continuous-flow systems.[image: ]


Figure 2: GABA derivatives.[image: ]


Figure 3: Retrosynthetic analysis.[image: ]


Figure 4: Diagram of the series of flow reactors.[image: ]
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        Editorial Summary
Fine chemicals can grow with the flow
The continuous flow manufacturing systems that are the norm for the production of heavy chemicals are not generally used in the production of more complex and delicate fine chemicals and pharmaceuticals, where 'batch' processes remain the preferred method. This paper proposes a protocol that may bring the efficiency, safety and other benefits of continuous flow to the synthesis of drug-like molecules. Using only columns packed with heterogeneous catalysts, the authors passed commercially available starting materials successively through four columns containing achiral and chiral heterogeneous catalysts to synthesize the GABA-related anti-inflammatory drugs (R)-rolipram, (S)-rolipram and (R)-phenibut. The present multistep continuous flow synthesis runs at the laboratory scale, producing the drugs obtained on a gram scale; now work is under way to scale-up to multi-kilogram syntheses of drugs.
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