
 

Budapest University of Technology and Economics 

Department of Organic Chemistry and Technology 

George Olah Doctoral School 

 

 

Flow Chemistry Techniques in the Development of the 

Synthesis of Active Pharmaceutical Ingredients and Their 

Intermediates 

 

Ph.D. Thesis 

 

Author: Róbert Örkényi 

 

 

 Supervisor: Co-Supervisor: 

 Dr. Ferenc Faigl,  Dr. János Éles 

 Full professor at  Head of Medicinal Chemistry I. at 

 BME Gedeon Richter Plc. 

  

 

2019 

 

 

 

  



2 

 

Table of contents 

Acknowledgements 5 

Publications 6 

Thesis Findings 9 

Új tudományos eredmények 11 

Abbreviations 13 

1. Introduction 15 

2. Literature review 17 

2.1. Synthesis of diazepino-indole derivatives – retrosynthetic overview 17 

2.1.1. Synthesis of tert-butyl 9-bromo-1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-3-

carboxylate (2) 17 

2.1.2. Synthesis of tert-butyl 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole-

3-carboxylate (4) 18 

2.1.2.1. Synthesis of 4 from ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) 18 

2.1.2.2. Synthesis of 4 from 2-fluorobenzaldehyde (9) 19 

2.1.3. Synthesis of ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) 20 

2.1.4. Synthesis of ethyl 2-(1H-indol-2-yl)acetate (21) 21 

2.2. Selective heterogeneous catalytic hydrogenation of 1H-indole derivatives to 2,3-

dihydroindole (indoline) derivatives 22 

2.2.1. Introduction to selective reductions of 1H-indole derivatives 22 

2.2.2. Selective heterogeneous catalytic hydrogenation of 1H-indole derivatives 25 

2.2.2.1. Reductions of 1H-indole derivatives without any additional acid catalyst 25 

2.2.2.2. Reductions of 1H-indole derivatives with additional acid catalyst 30 

2.2.3. Summary on selective heterogeneous catalytic hydrogenation of 1H-indole 

derivatives 37 

2.3. Flow chemistry in pharma industry 38 

2.4. Purification in multistep flow synthesis of APIs 41 

2.4.1. Continuous-flow in-line work-up 41 

2.4.2. Continuous-flow final product purification 44 

2.4.3. Summary of continuous-flow purification 46 

2.5. Centrifugal partition chromatography 47 

3. Results and discussion 54 

3.1. Development of the synthesis of MCHR1 antagonist’s scaffold 54 



3 

 

3.1.1. Description and batchwise improvements of the original discovery chemistry 

route of the synthesis of the scaffold (2) 55 

3.1.2. Flow chemistry techniques in the synthesis of indoline derivatives 61 

3.1.2.1. Investigation of the continuous catalytic hydrogenation in the H-Cube
TM

  

reactor 62 

3.1.2.2. Investigation of the N-alkylation reaction under flow conditions using packed bed 

reactor 65 

3.1.2.3. Investigation of the N-alkylation reaction under flow conditions using loop  

reactor 67 

3.1.2.4. Reductive N-alkylation reaction of indoline 5 with bromoacetic acid 69 

3.2. New continuous-flow final product purification method using centrifugal partition 

chromatography (CPC) 71 

4. Experimental 78 

4.1. General experimental details 78 

4.2. Procedures for the synthesis of diazepino-indoles 81 

4.2.1. Unpublished batchwise reactions 81 

4.2.1.1. Preparation of 2-aminobenzyl-triphenylphosphonium bromide (23) from  

2-aminobenzyl alcohol (22) 81 

4.2.1.2. Preparation of [2-(ethoxycarbonylacetamido)benzyl] triphenylphosphonium 

bromide (24) by N-acylation of 23 82 

4.2.1.2.1. Preparation of 21 by intramolecular Wittig-reaction from 24 with  

NaH as base 83 

4.2.1.2.2. Preparation of 21 by intramolecular Wittig-reaction from 24 with lithium 

bis(trimethylsilyl)amide as base 83 

4.2.1.3. Preparation of ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (6) by 

reductive N-alkylation reaction of ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) 

with bromoacetic acid 84 

4.2.1.4. Preparation of 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole (8) 85 

4.2.1.4.1. Using 5 eq. of borane dimethylsulfide complex 88 

4.2.1.4.2. Using 3 eq. of borane dimethylsulfide complex 86 

4.2.1.5. Preparation of tert-buthyl  

1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole-3-carboxylate (4) 86 

4.2.1.5.1. Preparation of 4 from compound 8 86 

4.2.1.5.2. Preparation of 4 from compound 7 using telescoped synthesis 87 



4 

 

4.2.1.6. Preparation of 9-bromo tert-butyl 1H,2H,3H,4H,5H,11H,11aH-

[1,4]diazepino[1,7-a]indole-3-carboxylate (3) 88 

4.2.1.7. Preparation of 9-bromo tert-butyl 1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-

3-carboxylate (2) 89 

4.2.1.7.1. Preparation of 2 from compound 3 89 

4.2.1.7.2. Preparation of 2 from compound 4 using telescoped synthesis 90 

5. Summary 91 

6. References 93 

  



5 

 

Acknowledgements 

First of all, I would like to express my greatest appreciation to my supervisors,  

Dr. János Éles and Dr. Ferenc Faigl for their permanent support, assistance and helpful 

suggestions during my work and for the fact that they never stopped believing in me. 

I am extremely thankful to Dr. István Greiner for entrusting me personally with his 

visionary idea in order to bring it to realisation, and for making possible to conduct my 

research at Gedeon Richter Plc. 

I also have to thank the following people who helped me during my work: Dr. Gyula 

Beke, Dr. Csaba Szántay, Ildikó Balogh, Dr. Zoltán Szakács, Péter Vincze, Anita Prechl, 

János Kóti, Dr. Eszter Riethmüller, Judit Müller, Anna Erzsébet Káncz, Márta S. Meszlényi, 

Dr. Gábor Meszlényi, Tamás Patócs, Dr. András Páhi, Dr. Árpád Könczöl, Sándor Lévai, 

László Nagy-Győr, Dr. László Poppe, Dr. Sándor Kemény and Dr. György Tibor Balogh. 

Furthermore, I am grateful to all members of our flow chemistry work-team: Péter 

Bana, Klára Lövei, Andrea Zsuzsanna Veres-Szentkirályi, Tamás Fődi, Balázs Péter Szabó, 

Emese Farkas and Ágnes Lakó; and all members of the Department of Medicinal Chemistry I. 

at Gedeon Richter Plc. 

I am also thankful to Gedeon Richter Talentum and Pro Progressio Foundations for their 

financial support. 

I would like to express my deepest gratitude to my mother, Márta Örkényi, and to my 

family and friends for their support, motivation and patience I have been receiving from them 

over the years. 

Last but certainly not least, I dedicate this thesis to my late grandfather,  

Károly Nemes. 

  



6 

 

Publications 

In journals with impact factor 

Publications on which thesis findings are based: 

I.
[1]

 R. Örkényi,* Gy. Beke, E. Riethmüller, Z. Szakács, J. Kóti, F. Faigl, J. Éles, I. 

Greiner: Environment-Friendly Synthesis of Indoline Derivatives Using Flow 

Chemistry Techniques; Eur. J. Org. Chem. 2017, 44, 6525–6532. IF (2017) = 2.882. 

II.
[2]

 R. Örkényi,* J. Éles, F. Faigl, P. Vincze, A. Prechl, Z. Szakács, J. Kóti, I. Greiner*: 

Continuous Synthesis and Purification by Coupling a Multistep Flow Reaction with 

Centrifugal Partition Chromatography; Angew. Chem. Int. Ed. 2017, 56, 30, 8742–

8745.; Angew. Chem. 2017, 129, 30, 8868–8871. IF (2017) = 12.102. 

III.
[3]

 P. Bana,* R. Örkényi, K. Lövei, Á. Lakó, Gy. I. Túrós, J. Éles, F. Faigl, I. Greiner: 

The route from problem to solution in multistep continuous flow synthesis of 

pharmaceutical compounds; Bioorg. Med. Chem. 2017, 25, 6180–6189. 

IF (2017) = 2.881. 

IV.
[4]

 K. Lövei,* P. Bana, R. Örkényi, Gy. I. Túrós, J. Éles, Z. Novák, F. Faigl: Continuous 

flow synthesis of heterocyclic scaffolds; Design principles of multistep systems – A 

review; Chimica Oggi – Chemistry Today 2016, 34, 4, 18–21. IF (2016) = 0.597. 

Further, related publications: 

V.
[5]

 A. Balogh,* A. Domokos, B. Farkas, A. Farkas, Z. Rapi, D. Kiss, Z. Nyiri, Z. Eke, G. 

Szarka, R. Örkényi, B. Mátravölgyi, Gy. Marosi, Zs. K. Nagy,* Chem. Eng. J. 2018, 

350, 290–299. IF (2017) = 6.735. 

Further, not related publications: 

VI.
[6]

 V. Bódai,* L. Nagy-Győr, R. Örkényi, Zs. Molnár, Sz. Kohári, B. Erdélyi, Zs. 

Nagymáté, Cs. Romsics, Cs. Paizs, L. Poppe, G. Hornyánszky: Wickerhamomyces 

subpelliculosus as whole-cell biocatalyst for stereoselective bioreduction of ketones; J. 

Mol. Catal. B: Enzym. 2016, 134, 206–214. IF (2016) = 2.269. 

VII.
[7]

 N. Zs. Kiss, R. Örkényi, Z. Mucsi, Gy. Keglevich*: The Synthesis of 3-

Phosphabicyclo[3.1.0]-hexane 3-Oxides and 1,2-Dihydrophosphinine 1-Oxides with 



7 

 

Lipophilic P-Alkoxy Substituents by Ring Enlargement; Heteroatom Chemistry 2014, 

25, 4, 265–273. IF (2014): 1.076.  (Sum of Impact Factors: 28.542) 

Oral presentations (in Hungarian): 

VII. Örkényi R., Faigl F., Éles J., Greiner I.: Folyamatos áramú tisztítási eljárások a 

gyógyszerhatóanyagok szintézisében – A centrifugális megoszlásos kromatográfia 

alkalmazása; Gyógyszerkémiai és Gyógyszertechnológiai Szimpózium 2017.; Szeged, 

Magyarország, 2017. 09. 11-12. 

VIII. Túrós Gy. I., Éles J., Lövei K., Bana P., Örkényi R., Lakó Á., Greiner I.: Áramlásos 

kémiai kutatások a Richterben. Legújabb eredmények; Richter Gedeon Kutatási 

Fórum, Herceghalom, Magyarország, 2015. 10. 4-6. 

IX. Túrós Gy. I., Éles J., Lövei K., Bana P., Örkényi R., Greiner I.: Megvalósult és 

tervezett áramlásos kémiai kutatások a Richterben, Tapasztalatok és kihívások; 

Richter Gedeon Kutatási Fórum, Herceghalom, Magyarország, 2014. 10. 5-7. 

X. Örkényi R.: Az áramlásos kémia előnyei, egy gyógyszeripari példa környezetbarát 

szintézisút kidolgozására; Fiatal Kutatók Fóruma, Budapest, Magyarország,  

2014. 11. 28. 

Oral presentation (in English): 

XI. R. Örkényi, F. Faigl, J. Éles, I. Greiner: Purification in Continuous Flow 

Manufacturing: The Use of Centrifugal Partition Chromatography; 6
th

 Conference on 

Frontiers in Organic Synthesis Technology; Budapest, Hungary, 18-20. 10. 2017. 

Poster presentations: 

(Oral presentation in English before the Poster Committees) 

XII. R. Örkényi, F. Faigl, J. Éles, I. Greiner: Purification in Continuous-Flow 

Manufacturing: The use of Centrifugal Partition Chromatography; SPICA 2018 - 17th 

International Symposium on Preparative and Industrial Chromatography and Allied 

Techniques; Darmstadt, Germany, 7-10. 10. 2018. (First Place, Best Poster 

Presentation Award.) 

XIII. R. Örkényi, F. Faigl, J. Éles, I. Greiner: Purification in Continuous-Flow 

Manufacturing: The use of Centrifugal Partition Chromatography; PREP 2018 - 31st 



8 

 

International Symposium on Preparative and Process Chromatography, Baltimore, 

Maryland, USA, 8-11. 07. 2018. (Second Place, Academic Best Poster Presentation 

Award.) 

XIV. R. Örkényi, J. Éles, F. Faigl, P. Vincze, A. Prechl, I. Greiner: The use of multiple 

dual-mode centrifugal partition chromatography for the final purification of multistep 

continuous flow reaction; Flow Chemistry Congress 2016, Miami, Florida, USA,  

1-2. 11. 2016. (First Place, Best Poster Presentation Award.) 

XV. R. Örkényi, I. Greiner, F. Faigl, E. Riethmüller, Z. Szakács, J. Kóti, J. Éles: Synthesis 

of Indoline Derivatives by Flow Chemistry Techniques; Symposium on Advances in 

Heterocyclic Organic Chemistry 2016; Sheffield, UK, 1-2. 09. 2016. 

Other poster presentations: 

XVI. R. Örkényi, J. Éles, F. Faigl, P. Vincze, A. Prechl, I. Greiner: Final product 

purification of a continuous flow multistep synthesis using multiple dual mode 

centrifugal partition chromatography; Richter Gedeon Kutatási Fórum, Herceghalom, 

Hungary, 2-4. 10. 2016. 

XVII. R. Örkényi, I. Greiner, F. Faigl, E. Riethmüller, Z. Szakács, J. Kóti, J. Éles: 

Áramlásos kémiai vívmányaink 2015/16 II. Rész. Richter ID* intermedier 

szintézisének optimálása áramlásos körülmények között; Richter Gedeon Kutatási 

Fórum, Herceghalom, Hungary, 2-4. 10. 2016. 

XVIII. R. Örkényi, I. Greiner, J. Éles, F. Faigl, E. Riethmüller, Z. Szakács, J. Kóti: 

Environment-Friendly Synthesis of Indoline Derivates by Flow Chemistry 

Techniques; 5
th

 Conference on Frontiers in Organic Synthesis Technology; Budapest, 

Hungary, 21-23. 10. 2015. 

XIX. Beke Gy., Galambos J., Szakács Z., Kóti J., Riethmüller E., Örkényi R., Éles J., Éhen 

Zs., Bobok A. Á., Szalai K. K., Bakk M. L., Mohácsi R., Kovács K., Thán M., Boros 

A.: A Richter ID* kémiája; Richter Gedeon Kutatási Fórum, Herceghalom, 

Magyarország, 2015. 10. 4-6. (*Restricted due to intellectual property reasons) 

XX. Beke Gy., Örkényi R., Szakács Z., Kóti J., Meszlényiné S. M., Riethmüller E., Boros 

A., Éles J.: Richter ID* szintézise; Richter Gedeon Kutatási Fórum, Herceghalom, 

Magyarország, 2014. 10. 5-7. (*Restricted due to intellectual property reasons) 



9 

 

XXI. N. Zs. Kiss, R. Örkényi, Z. Rádai, Gy. Keglevich: The Synthesis and use of 1-alkoxy 

and 1-amido phospholene 1-oxides, XVth International Conference ‘Heterocycles in 

Bio-organic Chemistry’; Riga, Latvia, 27-30. 05. 2013. 

 

Thesis Findings 

 
1. New, flow chemical syntheses of melanin-concentrating hormone receptor 1 (MCHr1) 

antagonists with a 1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole scaffold were developed. 

Flow chemistry proved to be a valuable technique in certain reactions to improve the 

synthesis of indoline derivatives by making the optimisation safer, faster, more economical 

and more environmentally friendly as compared to the batchwise methods. References: 
[1][3][4]

 

2. A novel, consecutive heterogeneous catalytic hydrogenation reaction was developed with 

continuous-flow hydrogenation reactor (H-Cube
TM

 and H-Cube Pro
TM

) using palladium on 

charcoal and methanesulfonic acid catalyst in acetic acid for the synthesis of ethyl 2-(2,3-

dihydro-1H-indol-2-yl)acetate (6) from ethyl 4-(2-nitrophenyl)-3-oxobutanoate (29) through 

ethyl 2-(1H-indol-2-yl)acetate (21). Based on the literature overview, this is the first time that 

an N-unprotected indole derivative was formed in situ and selectively reduced further to form 

the corresponding indoline derivatives in palladium catalysed atmospheric pressure catalytic 

hydrogenation, which is ideal for scaled-up reaction and gave higher yield than any known 

two-step synthesis. References: 
[1][3][4]

 

3. A purpose-built flow reactor and design of experiments were applied first for the 

optimisation of N-alkylation reaction of ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) with 

the carcinogenic and bivalent 1,2-dibromoethane to form ethyl 2-[1-(2-bromoethyl)-2,3-

dihydro-1H-indol-2-yl]acetate (6) was also optimised. Using the optimal set of parameters 

allowed us to decrease the excess of the reagent almost to tenth. Moreover, a nearly complete 

conversion was achieved under a fraction of the original reaction time. The productivity of the 

flow reactor system is ca. 200-times better as compared to the batch reaction conducted in the 

same volume of reactor. References: 
[1][3][4]
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4. A novel continuous-flow final product purification technique was developed by coupling a 

multistep flow reaction with centrifugal partition chromatography (CPC) and the target 

compound, 4-fluoro-2-(morpholin-4-yl)aniline (65a), was continuously manufactured in the 

purity over 99.9% (GC-MS). The complex reaction mixture that was separated with the 

multiple dual-mode CPC technique, was synthesised in a nucleophilic aromatic substitution 

(SNAr) reaction of 2,4-difluoronitrobenzene (61) with morpholine (62) followed by 

heterogeneous catalytic hydrogenation. Applying a two-phase sample intake method for the 

feed of the CPC device, 67% of isolated yield was achieved for the two synthetic steps and 

the purification. References: 
[2][3] 

5. It was invented that the productivity of the continuous-flow final product purification with 

centrifugal partition chromatography (CPC) coupled to a multistep flow synthesis can be 

increased by applying a so-called one-phase sample intake methodology for feeding the CPC 

device. It was shown that the target compound 4-fluoro-2-(morpholin-4-yl)aniline (65a), 

could be manufactured with higher productivity (by almost 60%) as compared to the two-

phase sample intake, which involved the mixing of the sole lower phase of the biphasic liquid 

system suitable for the separation. 

References: 
[2][3]
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Új tudományos eredmények 

 

1. Új, áramlásos kémiai módszereket dolgoztunk ki  

1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indol vázat tartalmazó melanin koncentráló hormon 

receptor 1 (MCHr1) antagonisták szabályozására. Az áramlásos kémiai módszerek 

kifejezetten hatékonyak voltak az indolin származékok szintézisének optimalizálásában, mert 

ezeket a hagyományos szakaszos módszerekhez képest biztonságosabban, gyorsabban, 

gazdaságosabban és környezetbarát módon lehet végrehajtani. Cikkek: 
[1][3][4]

 

2. Egy új, konszekutív heterogén katalitikus hidrogénezési reakciót dolgoztunk ki folyamatos 

áramú hidrogénező reaktorban (H-Cube
TM

 és H-Cube Pro
TM

) palládium/szén és 

metánszulfonsav katalizátor alkalmazásával ecetsavban az etil 2-(2,3-dihydro-1H-indol-2-

il)acetát (6) előállítására etil 4-(2-nitrofenil)-3-oxobutanoátból (29) kiindulva etil 2-(1H-indol-

2-il)acetáton (21) keresztül. A szakirodalmat megvizsgálva kijelenthetjük, hogy első 

alkalommal állítottunk elő in situ N-védőcsoportot nem tartalmazó indol származékot , majd 

palládium katalizált atmoszférikus nyomású hidrogénezési reakcióban szelektíven redukáltuk 

tovább a megfelelő indolin származékká. Ezen reakció ideális méretnövelt szintézisekhez, 

valamint magasabb termelést biztosít minden irodalomban található kétlépéses módszernél. 

Cikkek: 
[1][3][4]

 

3. Elsőként alkalmaztunk áramlásos kémiai és kísérlettervezési módszereket az etil 2-(2,3-

dihidro-1H-indol-2-il)acetát (5) és a rákkeltő, kétértékű nukleofil, 1,2-dibrómetán N-alkilezési 

reakciójának optimálására. Az optimálás során kapott paramétereket alkalmazva a 

reagensfelesleget majdnem tizedére sikerült csökkenteni, továbbá közel teljes konverziót 

sikerült elérni az eredeti szakaszos eljárás reakcióidejének töredéke alatt (4 nap vs 30 perc). 

Az áramlásos kémiai reaktor fajlagos termelékenysége megközelítőleg 200-szorosára nőtt az 

azonos térfogatú szakaszos reaktorhoz képest. Cikkek: 
[1][3][4]
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4. Új, folyamatos áramú végtermék tisztítási módszert dolgoztunk ki, többlépéses folyamatos 

áramú szintézis centrifugális megoszlásos kromatográfiával (CPC) kapcsolt rendszerével, 

melyben a 4-fluor-2-(morfolin-4-il)anilin (65a) célvegyületet folyamatos áramban termeltük 

99,9% (GC-MS) tisztaságban. A 2,4-difluornitrobenzol (61) és morfolin (62) folyamatos 

áramú aromás nukleofil szubsztitúciós (SNAr) reakciójában keletkezett, majd heterogén 

katalitikus hidrogénezéssel redukált komplex reakcióelegyet CPC módszerrel tisztítottuk. 

Kétfázisú mintaadagolási módszerrel a két szintetikus lépésre és a tisztításra számolva 67%-os 

termeléssel sikerült a kívánt célvegyületet termelni. Cikkek: 
[2][3]

 

5. Elsőként ismertük fel, hogy az új, centrifugális megoszlásos kromatográfiához kapcsolt 

többlépéses folyamatos áramú szintézissel létrehozott végtermék tisztítási módszer 

termelékenységét növelni lehet egy fázisú mintaadagolási módszer alkalmazásával. Közel 

60%-os termelékenységnövekedést sikerült elérni a 4-fluor-2-(morfolin-4-il)anilin (65a) 

célvegyület folyamatos áramú termelésében a kétfázisú mintaadagoláshoz képest, melyben 

egyedül a megfelelő kétfázisú oldószerrendszer alsó fázisával azonos összetételű mintaoldatot 

képzünk a CPC tisztítást megelőzően. Cikkek: 
[2][3]  
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Abbreviations 

5-HT6  5-hydroxytryptamine receptor family, subtype 6 

AM ascending mode 

AIBN azobisisobutyronitrile 

Ac acetyl 

atm. atmospheric pressure 

Boc tert-butyloxycarbonyl 

BPR back pressure regulator 

Bu4NF tetra-n-butylammonium fluoride 

cat. catalytic amount or catalyst 
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cGMP current good manufacturing practice 

CPC centrifugal partition chromatography 

COSY correlation spectroscopy 

DCM dichloromethane 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DIPEA N,N-diisopropylethylamine (Hünig’s base) 

DM descending mode 

DMAP 4-(dimethylamino)pyridine 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

eq. equivalent 

Fig figure 

GLPS gas-liquid phase separation 

HFIP hexafluoroisopropanol 

HMBC heteronuclear multiple bond correlation spectroscopy 

HSQC heteronuclear single quantum coherence spectroscopy 

LLPS liquid-liquid phase separation 

MP melting point 

MsOH methanesulfonic acid 

N.A. (data) not available 

NBS N-bromosuccinimide 

NMR nuclear magnetic resonance 
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PTC phase transfer catalyst 

PhMe toluene 

Rf retention factor 

sat. saturated 

rt room temperature (25 °C) 
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SPSS solid-phase supported scavenger 
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1. Introduction 

Over the last few decades, the field of continuous-flow processing has received 

extraordinary amount of attention, especially in the pharmaceutical industry. Flow chemistry 

has been broadly implemented from the early discovery phase through the development of the 

synthesis of the new chemical entities (NCEs) to the pilot scale production of active 

pharmaceutical ingredients (APIs). The introduction of continuous processing into the 

manufacturing of APIs is actively encouraged from regulatory agencies and some of the first 

examples of Food and Drug Administration (FDA) approved, industrial production campaigns 

have been recently made public. Furthermore, moving to continuous processes in API 

production is expected to be economically beneficial. However, these efforts are highly 

knowledge intensive and translating them into practice is admittedly more difficult than in the 

case of batch processes. 

To address this issue, my main task during my Ph.D. studies was to implement flow 

chemistry at Gedeon Richter Plc., and to gain as much experience and know-how about this 

technique as possible. 

My research, and consequently the thesis described below, is divided into two main 

parts. 

One of my assignments was to investigate the synthesis of melanin-concentrating 

hormone receptor 1 (MCHr1) antagonists with  

1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole  (1) scaffold for the treatment of obesity 

through regulation of appetite. Although the discovery chemistry route enabled to provide 

sufficient amount of material for in vitro and in vivo studies, during the preclinical 

development phase, revision and optimisation of the original synthetic route was inevitable to 

deliver the required quantity of a selected derivative of 1 for further studies (clinical trials). 

 

Figure 1.1. The general formula of the NCEs: 3,9,11-trisubstituated-1H,2H,3H,4H,5H-

[1,4]diazepino[1,7-a]indole (1). 
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Flow chemistry proved to be a valuable technique to optimise the reaction parameters in 

an N-alkylation step; moreover, a novel synthetic route was developed for the synthesis of a 

key intermediate indoline derivative. 

My other main appointment was to develop a new continuous-flow final product 

purification method using centrifugal partition chromatography (CPC). This purification 

technique has many advantages over high performance liquid chromatography (HPLC), such 

as higher resolution and no need for column replacement or silica recycling, and it does not 

suffer from irreversible adsorption. Our aim was to accomplish the coupling of a multistep 

flow reaction system to CPC in multiple dual-mode (MDM) in order to continuously produce 

the main product’s solution in high purity. 

 

Figure 1.2. Scheme of our main research objective. 
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2. Literature review 

In the literature review section first I present the known synthetic possibilities for the 

key intermediate (scaffold), tert-butyl 9-bromo-1H,2H,3H,4H,5H-[1,4]diazepino[1,7-

a]indole-3-carboxylate (2), and its precursors in a retrosynthetic manner. Then, I focus on the 

possibilities of reduction of indoles to indolines, out of which the heterogeneous catalytic 

hydrogenation is discussed in detail. After that, I summarise the topic of flow chemistry in 

pharma industry and the known continuous-flow purification techniques in multistep flow 

reactions. Finally, I give an overview of centrifugal partition chromatography. 

2.1. Synthesis of diazepino-indole derivatives – a retrosynthetic overview 

In this section I will present the possibilities for the synthesis of the targeted scaffold (2) 

and their intermediates. (The chosen synthetic route is summarised by Beke et al. in 

international patent application WO 2016/166684.)
[8]

 

 

Figure 2.1. The target compound: tert-butyl  

9-bromo-1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-3-carboxylate (2). 

2.1.1. Synthesis of tert-butyl 9-bromo-1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-3-

carboxylate (2) 

Due to the fact that 2 was a novel compound, first we examined the synthesis of the 

closest known compound from which 2 can be synthesised. Tert-butyl 9-bromo-

1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole-3-carboxylate (3) was selected as a 

substrate of the oxidation of the 11-11a position (indole C2-C3 position) assuming the 

formation of the desired compound (2). 

 

Figure 2.2. Proposed synthesis of 2 by bromination of 4 followed by oxidation of 3. 
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Only one synthesis of 3 is known in the literature described by M. D. Ennis et al.,
[9,10]

 in 

which the starting material is the tert-butyl 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-

a]indole-3-carboxylate (4). Although the bromination reaction was published, no yield was 

given. 

2.1.2. Synthesis of tert-butyl  

1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole-3-carboxylate (4) 

There are two main different approaches for the synthesis of 4 that are presented in a 

chronological order. The reaction sequences are deduced from the first starting intermediate, 

whose productions are also known in the literature. 

2.1.2.1.  Synthesis of 4 from ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) 

The very first synthesis of 4 was described in a publication
[9]

 and a patent application
[10]

 

in 2001 and 2003, respectively. The starting key intermediate of this synthetic pathway is 

ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5), which was first taken into an N-alkylation 

reaction with 1,2-dibromoethane in acetonitrile in the presence of potassium carbonate 

(Fig. 2.3.). The resulting ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (6) was 

obtained in 81% yield and then it was reacted with a saturated solution of ammonia in 

methanol to afford the diazepinone compound 7 in a yield of 72%. The amide function in 7 

was reduced into a secondary amine by borane-dimethylsulfide complex, leading to 8 in a 

yield of 89%. After that, the secondary amino group in 8 was protected by reacting it with di-

tert-butyl dicarbonate (Boc2O). Yield was not given for this latter synthetic step.  

 

Figure 2.3. The synthesis of 4 from the starting key material ethyl 2-(2,3-dihydro-1H-indol-2-

yl)acetate (5). 

The merit of this pathway for the synthesis of 4 is that the yields are considerably good; 

however, it requires multiple stoichiometric excess of a carcinogenic reagent and long 
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reaction times, which could be troublesome during the scale-up process. Furthermore, the 

starting indoline compound (5) is commercially not available, so the preparation of 5 must 

also be taken into consideration. 

2.1.2.2. Synthesis of 4 from 2-fluorobenzaldehyde (9) 

The second main synthetic route for the preparation of 4 was described by Krogsgaard-

Larsen et al.
[11]

 in 2010 (Fig. 2.4.).  

 

Figure 2.4. The synthesis of 4 from 2-fluorobenzaldehyde (9). 

It starts with the nucleophilic substitution reaction of 2-fluorobenzaldehyde (9) with 

tert-butyl 1,4-diazepane-1-carboxylate (10) in the presence of potassium carbonate in DMSO, 

followed by the hydrazone formation (13) by addition of p-toluenesulfonyl hydrazide (12) 

under microwave (MW) irradiation to obtain compound 13 in 65% overall yield. After that, 

13 was treated with sodium hydride also under MW conditions to thermally generate the 

carbene for the intramolecular cyclisation reaction to form the five-membered ring. 

The major disadvantage of this route, besides the long reaction time and the use of 

difficult-to-scale-up MW reaction conditions; is the lack of regioselectivity in the final 

synthetic step. As it is shown in Fig. 2.4., almost an equimolar amount of a by-product (14) is 

formed in the last step, significantly decreasing the overall yield. 

Considering all the above results, the firstly presented route (section 2.1.2.1.) was 

chosen for the synthesis of 4. We aimed to develop an efficient method for selective 

N-bromoethylation of 5 (see results and discussion). In the following section I will discuss the 

possibilities of the synthesis of the key intermediate indoline (5). 
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2.1.3. Synthesis of ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) 

There are two main routes
[12–14]

 in the literature among the known synthetic methods 

which may be suitable for preparation of compound 5 from common building blocks 

(Fig 2.5.). 

 

Figure 2.5. Literature methods for the preparation of 5. a: SnCl2•2 H2O, THF/H2O, ∆, 6 h;
[14]

  

b: TFA, DCM, rt, 2 h;
[15]

 c: Bu4NF, THF, rt, 10 min;
[16]

 d: Na(CN)BH3, AcOH, rt, 15 min; 

[9,10]
e: Me3N•BH3, TFA, rt, 15 min.

[13,17,18]
 

On route A, the key intermediates are the nitrophenyl or aminophenyl substituted ethyl 

but-2-enoates (15-17, Fig. 2.5.) from which the target molecule can be obtained by aza 

Michael reaction. Compounds 15-17 can be prepared from 2-nitroaniline (18),
[14]

 oxindole 

(19)
[15]

 or 2-aminotoluene (20)
[16]

 in several steps, respectively. However, a stoichiometric 

amount of tin chloride was necessary for the consecutive reduction, aza Michael addition 

sequence in the first case (reaction: a), and that is a significant drawback of this synthesis if 

one considers multigram scale preparation of 5.  

Ring closure reactions could be accomplished under smooth conditions from 16 and 17 

(Fig. 2.5., reactions: b and c), but the preparation of these intermediates requires again the use 

of phosphorous reagent (for 16) and an excess of copper cyanide and zinc (for 17). 

Unfortunately, atom economy of the Horner-Wadsworth-Emmons reaction is very low and 

the cyanide ion in the other reaction may cause danger for the environment.  

Reduction of ester 21 with sodium cyanoborohydride is a drawback of 

route B.
[9,10,13,17,18]

 However, this reaction hopefully could be replaced by environmentally 

friendly catalytic hydrogenation; therefore, compound 21 could be a useful intermediate for 

the synthesis of 5. 
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2.1.4. Synthesis of ethyl 2-(1H-indol-2-yl)acetate (21) 

There are also numerous methods in the literature for the preparation of ester 21. The 

main routes are summarised in Fig 2.6., excluding those reactions, where functional group 

addition,
[19,20]

 functional group alteration
[21–23]

 and ring contraction
[24]

 occurred or ester 21 

was formed as a side-product.
[25,26]

 

 

Figure 2.6. Main literature methods for preparation of 21. a: PPh3•HBr, MeCN, 7 h, ∆, 

88%;
[13,27–29]

 b: ClOCCH2COOEt; DCM, 3 h, rt, 71%; c: tBuOK, PhMe, 15 min, ∆, 70%; 

d: 13% aq. HCl, rt, 36-94%;
[30–33]

 e: sat. NH3/EtOH, 80%;
[34–36]

 f: EtOH, ∆, 87%;
[12,37,38]

 

g: TiCl3/HCl/H2O (20-30%, 7. eq), NH4OAc/H2O, acetone, 7 min, rt, 75-90%;
[10,37]

 or Zn, sat. 

NH4Cl/H2O, 2 h, rt,
[12]

 or Pd/C, HCOONH4 (11 eq.), EtOH, 1 h, rt;
[30,31]

 or Pd/C, 3.5 bar H2, 

EtOH, 96 h.
[38]

  

Several authors used 2-amino-benzylalcohol (22) as the starting material.
[13,27–29]

 It was 

transformed into a Wittig-reagent (23) followed by acylation of the amino function and 

intramolecular Wittig-reaction of 24 in the presence of potassium tert-butoxide (Fig 2.6., 

reactions: a, b and c) The target indole compound (21) was obtained in good yield; however, 

atom economy of the synthesis was unsatisfactory. 

2-Nitrophenylacetic acid (25) was also used as the starting material for the preparation 

of compound 21. It was used for acylation of malonic ester
[30–33]

 or ethyl acetoacetate
[32,34–36]
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in the presence of strong bases and the intermediates 26 and 27 thus obtained were 

transformed into oxo-ester 29 (Fig 2.6., reactions: d and e) with low to medium yields. The 

most promising route involves the preparation of 28 as an intermediate.
[12,37,38]

 It can be 

obtained from 25 and Meldrum’s acid under mild conditions using N,N-diisopropylethyl-

amine (DIPEA) as a base. Warming of this intermediate in ethanol provides 29 in excellent 

yield. Finally, heterogeneous catalytic reduction of the nitro group followed by ring 

closure
[30,31,38]

 seems to be the most straightforward way among the other known 

methods
[10,12,37]

 (Fig 2.6., reactions: g) for preparation of 21. 

In summary, comparison of the above mentioned methods let us to conclude that 

synthesis of 21 from 25 via intermediates 28 and 29 would be the most economic and 

environmentally friendly method for the preparation of indoline derivative 5. 

In this case, systematic investigations were necessary to find a heterogeneous catalytic 

hydrogenation method for nitro-group reduction and the cyclisation of 29 to 21. In addition, 

we wished to develop a novel indoline synthesis, by a consecutive reduction of the nitro-

group and the double bond after the cyclisation, in order to reduce further the indole (21) to 

the corresponding 2,3-dihydro compound (5). Therefore, in the next section I briefly 

summarise the challenges and difficulties of the reduction of 1H-indole derivatives. 

2.2. Selective catalytic heterogeneous hydrogenation of 1H-indole 

derivatives to 2,3-dihydroindole (indoline) derivatives 

2.2.1. Introduction to selective hydrogenation of 1H-indole derivatives 

In this section I focus on the possibilities of reduction of 1H-indoles to 1H-indolines. 

Based on a search in the Reaxys
®
 database, reductions of N-unprotected-indoles to 2,3-

dihydro-indoles are discussed in more than 600 publications, in which the most broadly used 

reducing agent is the sodium [cyanotrihydridoborate(III)] (also known as sodium 

cyanoborohydride: NaCNBH3), which is used more frequently than the reducing agents 

ranked second to fourth (H2, Et3SiH and Sn respectively) altogether. 

The question may arise, why the cyanide-containing reducing agent is used in the 

majority of the cases, rather than the sodium [tetrahydridoborate(III)] (also known as sodium 

borohydride). 
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This issue has already been studied in the early 70’s, and Y. Ikegami et al.
[39]

 found that 

during the reduction reaction, N-alkylation is occurring whether 1H-indole (30) is the 

substrate or 1H-indoline (31) (Fig 2.7.). 

 

Figure 2.7. Reaction of 1H-indole (30) and 1H-indoline (31) with sodium borohydride.
[39]

 

They also showed that the carboxylic acid applied in the reaction determines the 

reaction pathway and the corresponding N-alkylated indoline is the main product (Table 2.1. 

Entries 1-4.). Although 1H-indoline is the main product when using TFA as the solvent 

(Table 2.1. Entry 5), the yield lags far behind than in the route using sodium 

cyanoborohydride (Table 2.1. Entry 6). 

Table 2.1. Reaction of indole and sodium borohydride in various carboxylic acids.
[39]

 

Entry Substrate Carboxylic acid Product Yield (%) 

1 Indole AcOH N-ethyl-indoline 86% 

2 Indole HCOOH N-methyl-indoline 53% 

3 Indole CH3CH2COOH N-propyl-indoline 69% 

4 Indole (CH3)2CHCOOH N-isobutyl-indoline 49% 

5 Indole CF3COOH 1H-indoline 36% 

6 Indole AcOH/NaBH3CN 1H-indoline 88% 

 

Based on the assumed reaction mechanism, indole derivatives are first protonated on C3 

position, then the formed indolenium ion (34) is the one that participates in the reduction.
[18,39]

 

In order to prove this hypothesis, reduction of an indoloquinolizidine alkaloid (35) was 

investigated by using the combination of either the CF3COOD/NaBH4 or the 
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CF3COOH/NaBD4 solvent/reagent system (Fig 2.8.). When applying NaBH4 reagent in 

deuterated TFA, the deuterium was found to enter the skeleton in the C3 position (36a), while 

in case of TFA/NaBD4 system the deuterium was built in the position C2. 

 

Figure 2.8. Reduction of an indoloquinolizidine alkaloid (35), the proof of the reaction 

mechanism. 

According to the above mentioned results, the N-alkylating agent comes from the 

carboxylic acid. In the first synthetic step the sodium borohydride reacts with the acetic acid 

to form sodium [triacetoxyhydridoborate(III)] (also known as sodium triacetoxyborohydride). 

This reagent can reduce itself to form acetaldehyde, which can be part of the reductive 

N-alkylation (through Schiff base or iminium intermediate) or can be reduced further to 

ethanol (Fig 2.9.). 

 

Figure 2.9. The source of the alkylating agents.
[40]

 

A much better and environmentally friendly alternative could be the catalytic 

hydrogenation whereas the atom efficiency of the reaction is much better and there is no 

super-stoichiometric (usually up to 3 eq.) cyanide containing waste produced. 
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2.2.2. Selective heterogeneous catalytic hydrogenation of 1H-indole derivatives 

We chose heterogeneous catalysts over homogenous ones, because the former ones are 

easier to store and handle, usually are not moisture sensitive, and are easy to separate and 

recycle,
[41]

 which makes them suitable for scaled-up reactions. 

2.2.2.1. Selective heterogeneous catalytic hydrogenation of 1H-indole derivatives 

without any additional acid catalyst 

Hydrogenation of indole is a difficult task due to the highly resonance-stabilized 

aromatic nucleus. In addition, the hydrogenated product, a cyclic secondary amine, could 

poison the metal catalyst and hinder the progress of the reaction, and the product indoline can 

undergo further hydrogenation to form overreduced by-products up to octahydroindole 

(Fig 2.10.).
[41,42]

 

 

Figure 2.10. Hydrogenation of indole (30) to dihydroindole (31), tetrahydroindole (37) and 

octahydroindole (38). 

Over the years, extended efforts have been devoted to achieve the regioselective 

hydrogenation of indoles to indolines. Despite some progress in selective hydrogenation of 

indoles to indolines by heterogeneous catalysis, the available examples are mostly limited to 

N-protected indoles. Before 2010, the only available report, to the best of our knowledge, for 

the hydrogenation of an unprotected indole by catalytic heterogeneous hydrogenation using 

hydrogen gas is reported by J. E. Shaw et al.,
[43]

 and it requires very harsh conditions such as 

hydrogen pressure of 150 bar and temperature of 227 °C while giving only moderate 

yield.
[41,43]

 Under these conditions with more than 10 hours of reaction time, the conversion 

was only 82%. The experiments were carried out in n-hexadecane using various catalysts 

(Table 2.2.). 

In most cases indoline was the only product; however, some catalysts showed less 

selectivity, where formation of 1-7% by-products (tetrahydroindole, 2-ethylaniline) could be 

observed. Using Pt catalyst on Al2O3 at 227 °C and a hydrogen pressure of 83 bar gave 65% 
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conversion, while at a pressure of 152 bar the conversion was 82%. The longer reaction time 

or the amount of the catalyst did not change the equilibrium between indole and indoline. 

Ni/SiO2-Al2O3 catalyst enabled to perform the reaction under less harsh conditions (160 

°C, 96 bar) with 93% conversion. Increasing the temperature, pressure or the amount of 

catalyst increased the proportion of the by-products (mainly octahydroindole). 

Table 2.2. Reduction of indole with various catalysts under various conditions. 

Entry 
Catalyst 

(–m/m %)
[a]

 

Sulfur 

addition 

T t
[b]

 p
[c]

 Product ratio
[d]

 (%) 

(ºC) (h) (bar) 31 30 other 

1 Pt/Al2O3 (6) none 227 10.5 152 82
[e]

 18 - 

2 Pt/Al2O3 (6) none 227 5.0 83 65 35 - 

3 Ni/SiO2-Al2O3 (10) none 160 0.7 96 92
[e]

 7 1
[f]

 

4 Pd/Al2O3 (5) none 143 6.0 119 76 21 3
[f]

 

5 Re/Al2O3 (6) none 227 12.6
[g]

 173 82 18 - 

6 Pd/Al2O3 (5) CS2
[h]

 300 6.0 180 55 44 1 

7 Ni/SiO2-Al2O3 (10) CS2
[h]

 182 4.7 109 88 12 - 

8 Pt/Al2O3 (8) CS2
[h]

 300 5.5 187 57 39 4
[i]

 

9 NiO-MoO3/ Al2O3 (10) 
[j] 

232 6.0 149 56 37 7
[i]

 

[a] All reactions were performed using 10.0 g indole substrate. All catalysts were contained 5% metal except for 

Ni/SiO2-Al2O3 which contained 60-65% Ni and NiO-MoO3/Al2O3 (Shell which containes 2.7% Ni (NiO) and 13.2% 

Mo (as MoO3). [b] An additional 30 min needed to reach the desired temperature. [c] Pressure at end of run at 

temperature indicated. [e] Use of external standards showed that 99-100% of the starting material was accounted for 

the products. [f] A tetrahydroindole, based on mass spectrum only. [g] The product mixture after 6.3 and 12.6 hours 

was the same. [h] In these runs 12, 45 and 50 mg of CS2 was added to the Pd, Ni, and Pt catalysed reactions, 

respectively. [i] 2-Ethylaniline. [j] The NiO-MoO3/Al2O3 catalyst was pre-sulfided using 10% H2S - 90% H2 at 

350 ºC. 

To prove the equilibrium between indole and indoline, J. E. Shaw et al. also used 

indoline as a starting material and applied the reaction conditions in Table 2.2 Entry 6. It was 

found that 57% of indoline and 42% indole formed in the reaction, which was similar to the 

55-45% ratio in the reaction with indole. The effect of the substituents was also investigated 

(Table 2.3.), showing that more extensive substitution of the indole in positions C2 and/or C3 

leads to less affinity towards the reduction. 
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Cui et al.
[44]

 reported their results in 2008 on heterogeneous hydrogenation and 

dehydrogenation reactions of indole derivatives (Fig 2.11.), as summarised in Table 2.4. 

Table 2.3. The effect of alkyl substitution to the equilibrium. 

Entry 

 

Starting indole 

compound 

Proportion of product and starting material 

Indoline (%) Indole (%) 

1 indole 82 18 

2 2-methylindole 65 35 

3 2,3-dimethylindole 28 72 

 

 

Figure 2.11. Heterogeneous catalytic reduction of indole (30) and 4-hydroxyindole (39) at 

125 °C. 

Table 2.4. Results of the reactions on Fig 2.11. 

Entry R Catalyst 
Amount of cat. 

(mol%) 

t 

(h) 

Conv. 

(%) 

Selectivity 

(%) 

1 H 10% Pd/C 10 7.5 60 11 (38)
[a]

 

2 H 10% Pd/C 5 7.5 56 0 (38)
[a]

 

3 H 5% Pd/Al2O3 5 7.5 66 0 (38)
[a]

 

4 H 10% Pd/SiO2 5 7.5 53 0 (38)
[a]

 

5 H 5% Rh/C 1 5 41 47 (38)
[a]

 

6 H 5% Rh/C
[b]

 3 5 100 98 (38)
[a]

 

7 OH 5% Rh/C 1 5 9 100 (40)
[c,d]

 

8 OH 10% Pd/C 5 16 86 100 (40)
[c,d]

 

9 OH 10% Pd/C 10 16 99 100 (40)
[c,d]

 

10 OH 5% Pd/Al2O3 5 16 99 100 (40)
[c,d]

 

11 OH 10% Pd/SiO2 5 16 65 100 (40)
[c,d]

 

[a] Selectivity for 38. Residue is known by GC/MS to be a tetrahydroindole, presumably 4,5,6,7-

tetrahydroindole (37). [b] Reaction carried out at 180 °C. [c] By-product has a m/z of 127. [d] Selectivity for 

4-hydroxyindoline (40), which was identified by the molecular ion peak in the mass spectrum. 
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Cui et al. have investigated the effect of the catalyst’s characteristics and the substituent 

to the conversion and selectivity. They found that full conversion towards octahydroindole 

was only achieved with rhodium catalyst at 180 °C. In case of the 4-hydroxy derivative (39), 

only 4-hydroxyindoline (40) is formed (Table 2.3. Entries 9-10) at 125 °C and 70 bar 

hydrogen pressure. 

Ruthenium nanoparticles on MgO were also used for the reduction of mono- and 

polycyclic-N-heteroaromatic compounds by Fang et al.
[45]

 The reactions were performed with 

Ru/MgO=1:700 catalyst at 150 °C and 50 atm pressure of hydrogen. However, the reduction 

occurred at lower pressures (although still higher than in the above discussed methods), the 

selectivity was only 90% (Fig 2.12.). 

 

Figure 2.12. Heterogeneous reduction of indole (30) using Ru/MgO catalyst. 

Clarisse et al.
[46]

 studied the use of hexafluoroisopropanol (HFIP) as the solvent in the 

heterogeneous reduction of indoles. So far, HFIP seemed to be the optimal choice as solvent, 

because less than 8 hours of reaction time at 50 °C and only 7 bar hydrogen pressure was 

sufficient to achieve full conversion with various catalysts (Table 2.5.). Notably, only cis 

isomers of 38 were formed in the reaction. 

Regardless of the solvent, indoline (31) appeared to be the intermediate in most cases 

(Table 2.4. Entries 1, 5, and 8-10), whereas tetrahydroindole (37) was only detected when 

Rh/Al2O3 was used as a catalyst (Table 2.5. Entry 16). PtO2 and Rh/Al2O3 showed the same 

activity as Pd/C, although the latter one is more preferred for economic reasons. 

After selecting the appropriate reaction conditions, the behaviour of various indole 

derivatives was investigated (Fig 2.13.) The results are summarised in Table 2.6. The best 

selectivity was obtained for the indoline (31) in Table 2.6. Entry 2., which was most likely 

due to the short (1 hour) reaction time. In all the other cases the octahydroindole derivatives 

were the main products. 
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Table 2.5. Heterogeneous catalytic reduction of indole (30) by Clarisse et al.
[46]

 

Entry Catalyst Solvent 
p T t 31

[a]
 38

[a]
 

(bar) (°C) (h) (%) (%) 

1 Pd/C HFIP 7 11 22 17 77 

2 Pd/C HFIP 1 20 60 0 100 

3 Pd/C HFIP 7 20 22 0 100 

4 Pd/C HFIP 7 50 8 0 100 

5 Pd/C MeOH 7 20 50 22 0 

6 Pd/C MeOH 7 50 30 0 100 

7 Pd/C MeOH 7 50 8 21 67 

8 Pd/C TFE
[b]

 7 50 8 10 85 

9 Pd/C 
i
PrOH 7 50 8 53 5 

10 Pd/C AcOH 1 20 60 22 57 

11 PdO2 HFIP 7 50 8 72 14 

12 PtO2 HFIP 7 50 8 0 100 

13 RuO2 HFIP 7 50 8 0 0 

14 Rh/Al2O3 HFIP 7 50 8 0 100 

15 Rh/Al2O3 HFIP 1 20 22 33 51 

16 Rh/Al2O3 MeOH
[c]

 7 50 8 14 59 

Metal catalyst (5%) used, Pd/C (10% w/w), Rh/Al2O3 (5% w/w). [a] Estimated by 
1
H 

NMR, missing product is starting material; standard conditions: indole 0.5 mmol, 

solvent 1 mL. [b] TFE: 2,2,2-trifluoroethanol (CF3CH2OH). [c] 14% of 

tetrahydroindole (37) were detected. 

 

This method can be considered as the best solution among the above mentioned ones; 

nevertheless, these conditions are still far from the atmospheric pressure hydrogenation near 

room temperature. The approach of using additional acid catalyst is discussed in the following 

subsection.  
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Figure 2.13. Heterogeneous catalytic reduction of indole derivatives by Clarisse et al.
[46]

 

Table 2.6. Heterogeneous reduction of indole by Clarisse et al.
[46]

 

Entry R
1
 R

2
 SM

[a]
 t (h) 

Yield
[b]

 (%) 

Tetrahydroindol

e derivatives 

Octahydroindole 

derivatives 

1 Me H 30a 8 0 (31a) 100 (72:28)
[c] 

(38a) 

2 Me H 30a 1 82 (31a) Traces (38a) 

3
[d]

 Me Me 30b 22 10(31b) 50 (38b) 

4 Me Me 30b 8 0 (31b) 100 (85)
[e] 

(38b) 

5 CH2OH H 30c 48 0 (31c) 100 (80:20)
[c,f]

 (38c) 

6 CH2OH H 30c 8 40 (31c) 40 (38c) 

[a] Starting material indole on Fig. 2.13. [b] Estimated by 
1
H NMR, missing product is starting material; 

standard conditions: indole 0.5 mmol, HFIP 1 mL, 5% Pd/C, 50 °C, 7 bar H2. [c] Diastereoisomeric ratio. [d] 

Performed at 20 °C. [e] Isolated yield. [f] 10% Pd/C. 

 

2.2.2.2. Selective heterogeneous catalytic hydrogenation of 1H-indole derivatives with 

additional acid catalyst 

Under acidic conditions, indole can be protonated at the C3 position generating an 

iminium ion with disrupted aromaticity (as already discussed in section 2.2.1.). This iminium 

ion could be efficiently hydrogenated by homogeneous catalytic hydrogenation to obtain 

asymmetric indolines using the Pd(OOCCF3)2 catalyst.
[41,47]

 

While the application of a co-acid is a reasonable idea, it also raises further problems. 

As indole is a highly activated aromatic compound, even weak electrophiles initiate 

polymerisation that results in a significant amount of by-products.
[42,48]

 The other problem is 

over-hydrogenation, mainly to octahydroindole (38). 
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In the literature, several examples are available from this category. In 1965, A. Smith et 

al.
[49]

 published their results on successful indole reduction at atmospheric pressure and room 

temperature, in strongly acidic media (Fig 2.14.). The results are shown in Table 2.7. 

Though the desired indoline derivatives (44, 46) were obtained with excellent 

conversion values; no isolated yield has been reported. It was noted that the starting indole 

derivatives (43, 45) had to be stable in acidic medium or the reaction rate of the reduction 

should be greater than that of the polymerisation. 

 

Figure 2.14. Heterogeneous catalytic reduction of indole derivatives by A. Smith et al.
[49]

 

Table 2.7. Heterogeneous catalytic reduction of indole derivatives by A. Smith et al.
[49]

 

Entry 
Starting indole derivatives

[a]
 Reaction Time

[b]
 Conversion 

R
1
 R

2
 R

3
 (min) (%) 

1
[d]

 H H - 45 100 

2
[e]

 Me H - 42 100 

3
[e]

 H Me - 65 100 

4
[f]

 
t
Bu H - 50 100 

5
[e]

 H 
t
Bu - 375 100 

6
[g]

 - - H 255 >85 

7
[f]

 - - Me 300 >95 

[a]: Weight of indole derivatives hydrogenated is 1.0 g; weight of catalyst is 1-5w/w% PtO2; [b]: 

For uptake of 1 mol equivalent of hydrogen. [c]: 42 w/w% HBF4 solution was used as acid 

catalyst. [d]: Reaction media is a mixture of 20 mL HBF4 solution and 15 mL EtOH. [e]: 

Reaction media is a mixture of 15 mL HBF4 solution and 10 mL EtOH. [f]: Reaction media is a 

mixture of 15 mL HBF4 solution and 15 mL EtOH. [g]: Reaction media is a mixture of 12 mL 

HBF4 solution and 10 mL EtOH. 
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In 1992, Wee et al.
[50]

 reported a similar reaction although they used 70% perchloric 

acid (HClO4) to ensure the acidic medium. Even though the yield was mediocre, the reaction 

conditions were mild (Fig. 2.15.). 

 

Figure 2.15. Heterogeneous catalytic reduction of 2-ethyl-3-methylindole (47) by Wee et 

al.
[50]

 

The synthesis of ergot alkaloids was described by Carr et al.
[51]

 in 1997, in which the 

intermediates 50-51 were investigated (Fig 2.16.). The heterogeneous catalytic hydrogenation 

seemed to be beneficial as compared to the reduction with chemical reducing agents. The 

indoline compound 50 was N-acylated without isolation; therefore, only the overall yield is 

known (18%). They also reported the importance of monitoring the reaction (for example by 

TLC), in order to avoid over-hydrogenation. 

 

Figure 2.16. Synthesis of ergot alkaloid intermediates by Carr et al.
[51]

 

It has also been observed that the nature of the acid catalyst influenced the selectivity 

during the hydrogenation. TFA showed better selectivity toward the indoline derivative (50), 

while using 1 M HCl acid catalyst significantly increased the proportion of the corresponding 

octahydro derivative (not shown in Fig. 2.16.). 

In 2001, 5 M HCl was used by Russell et al.
[52]

 as the acid catalyst in heterogeneous 

catalytic hydrogenation reaction producing indoline intermediates for the synthesis of 5-HT6 

(5-hydroxytryptamine receptor family, subtype 6) receptor ligands (Fig. 2.17.). The reaction 

mixture was hydrogenated overnight at a H2 pressure of 3.5 bar to obtain 53 in 47% yield. 
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Figure 2.17. Synthesis of 5-HT6 receptor ligands by Russell et al.
[52]

 

Also in 2001, acid catalysed heterogeneous catalytic hydrogenation was employed in 

the production of (±)-strychnine by reducing N-acetyltryptamine (54).
[53]

 The reduction was 

carried out at 3.5 bar H2 pressure to activate the secondary amine for the N-acylation reaction. 

Unfortunately no yield was given for the reduction step, however, the overall two-step 

synthesis resulted in 56 in 71% yield (Fig. 2.18.). 

 

Figure 2.18. Synthesis of (±)-strychnine intermediates.
[53]

 

A Spanish research group investigated the diastereoselective synthesis of 2,3-

disubstituted indole derivatives.
[54]

 It was observed that when sodium 

[cyanotrihydridoborate(III)] was employed to reduce 2,3-dimethyl-1H-indole (57), the 

isomeric ratio of (±)-cis/(±)-trans derivatives (58a/58b) was 3/1. Contrarily, by applying acid 

catalysed heterogeneous hydrogenation, the (±)-trans isomer (58b) was the main product 

(Fig. 2.19.). While the diastereomer selectivity was high in case of the heterogeneous catalytic 

reduction, the conversion was not satisfactory using 5% (volumetric ratio) of perchloric acid 

as the catalyst in acetic acid solution. By increasing the ratio of the acid catalyst, almost full 

conversion could be achieved within the same reaction time (Table 2.8.). 

 

Figure 2.19. Diastereoselectivities of the reduction of 57 by different methods. 
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Table 2.8. Dependence of conversion on the amount of acid catalyst. 

Entry 
HClO4

[a]
 Conversion

[b]
 Trans diastereoselectivity

[b]
 

(V/V%) (%) (%) 

1 5 50 >97 

2 10 56 >97 

3 30 >97 (85) >97 

[a]
Volumetric ratio of perchloric acid (72%) in acetic acid; 

[b]
Determined by 

1
H-NMR, isolated yield in parenthesis. 

Fugamalli et. al. reported
[55]

 a synthetic route for the synthesis of an α1D-adrenoreceptor 

antagonist, which involved the acid catalysed heterogeneous hydrogenation of a highly 

electron rich indole derivative 59 (Fig. 2.20.). 

 

Figure 2.20. Reduction of 59 under mild conditions. 

An excellent yield (94%) was achieved despite the mild conditions applied: atmospheric 

hydrogen pressure, room temperature, and acetic acid solution without any additional acid 

catalyst. That is why we can assume that the electron-donating groups on the six-membered 

ring can facilitate the reduction of indole derivatives. 

Probably the best review and study on the acid catalysed heterogeneous catalytic 

hydrogenation of indole derivatives was written by Kulkarni et al.
[41]

 in 2011. Their aim was 

to find a selective, environmentally friendly reduction of indoles to indolines under mild 

conditions. They optimised the reaction parameters on a chosen model reaction, the reduction 

of indole (Fig. 2.21.). The results are summarised in Table 2.9., and the generalisation of their 

findings to other derivatives is shown in Fig. 2.22. 
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Figure 2.21. General scheme of indole reduction by Kulkarni et. al.
[41]

 

Table 2.9. Results of the optimisation. 

Entry Cat. 
Acid 

(HA) 
Solvent 

p 

(bar) 

t  

(h) 

Conv. 

(%)
a 

Select. 

(%)
a,b 

1 Pt/C - EtOH 50 2 2 100/0 

2 Pt/C TFA EtOH 50 2 62 77/23 

3 Pt/C TFA MeOH 50 2 66 76/24 

4 Pt/C TFA toluene 50 2 53 38/62 

5 Pt/C TFA n-hexane 50 2 61 71/29 

6 Pt/C TFA CF3CH2OH 50 2 100 100/0 

7 Pt/C TFA H2O 50 2 67 81/19 

8 Pt/C CSA H2O 50 2 100 87/13 

9 Pt/C p-TSA H2O 50 2 100 85/15 

10 Pt/C HCOOH H2O 50 2 52 100/0 

11 Pt/Al2O3 TfOH H2O 50 2 78 100/0 

12 Pd/C p-TSA H2O 50 2 88 100/0 

13 Pt/C p-TSA H2O 50 2 56 100/0 

14 Pt/C p-TSA H2O 10 2 36 100/0 

15 Pt/C p-TSA H2O 20 2 56 100/0 

16 Pt/C p-TSA H2O 30 2 78 100/0 

17 Pt/C p-TSA H2O 40 2 82 100/0 

18 Pt/C p-TSA H2O 30 3 100 100/0 

19 Pt/C - H2O 30 3 3 100/0 

a
 Determined by the GC measurements of the crude product; 

b
 Ratio of indoline and by-products 

(mainly octahydroindole, dimers, trimers and their corresponding reduced derivatives).  

Every experiment was conducted at room temperature. 

Based on their experiences, without any acid catalyst only traces of indoline forms in 

the reaction (Table 2.9. Entry 1). Using one equivalent of TFA in various solvents (Table 2.9. 

Entries 2-5) showed increasing reaction selectivity by increasing the solvent nucleophilicity. 

According to their explanation, in less polar solvents the medium is more nucleophilic, which 
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facilitates the polymerisation side-reaction. This explanation is also supported by the fact that 

in case of water used as the solvent, no polymerisation was observed (Table 2.9. Entry 7). 

 In the next step, other Brønsted acids were tested in aqueous media (Table 2.9. Entries 

8-11). Full conversion was observed using p-toluenesulfonic acid or camphorsulfonic acid; 

furthermore, the only by-product formed was the octahydroindole. Weaker (formic acid) and 

stronger acids (trifluoromethanesulfonic acid) were also tested; however, in those cases a 

decreased conversion or selectivity were found (Table 2.9. Entries 9,10). After choosing the 

solvent, catalyst, and additional acid; the pressure and the reaction time were optimised 

(Table 2.9. Entries 12-18). The best set of parameters was 30 bar hydrogen pressure with 3 

hours of reaction time (Table 2.9. Entry 18). 

After the optimistaion with unsubstituted indole a  variety of indoles were also tested in 

the heterogeneous catalytic hydrogenation reaction and gave the corresponding indolines in 

good yields with excellent selectivities (Fig. 2.22.). C-5 electron-donating substituents such as 

5-methyl (30e) and 5-methoxy (30d) gave the desired products in excellent yields (96% and 

95%, respectively). 5-Fluoroindole (30f) also afforded the desired product in excellent yield 

(93%). However, a 5-chloro substituent (30g) was not completely tolerated, and the product 

(46%) was obtained along with the dehalogenated derivative (31) (42%) as well as 

octahydroindole (38) (12%). A less active Pt/Al2O3 catalyst however, was found to effectively 

catalyse the reaction with high selectivity and gave the desired product (31g) in 72% yield. 

Increased catalyst loading and hydrogen pressure were required for 7-ethyl-indole (30h) and 

2-methylindole (31i), most likely because the alkyl group adjacent to the nitrogen hindered 

adsorption on the surface of the catalyst and resulted in a rate decrease. The rate of 

hydrogenation was comparatively low in the case of methyl indole-5-carboxylate (31j), 

probably due to the electron-withdrawing nature of the substituent and also required an 

increased catalyst loading. In the case of ethyl indole-2-carboxylate, the substrate was 

completely deactivated. Selectivity was a major problem for N-methylindole (30k) since it 

was easily over-reduced to the octahydro product (38k); thus, both catalyst loading and 

hydrogen pressure were decreased. 2,3-Disubstituted indoles (30m,n) required higher 

pressure and catalyst loading.
[41]
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Figure 2.22. Scope of the Pt/C-catalyzed hydrogenation of substituted indoles in water. All 

reactions were carried out on a 1 mmol scale and at room temperature. The amount of Pt/C 

catalysts are presented in w/w%.  

2.2.3. Summary on selective heterogeneous catalytic hydrogenation of 1H-indole 

derivatives 

In summary, hydrogenation of 1H-indoles still represents a long-standing challenge. 

Although significant efforts have been made to overcome the difficulties, only some studies 

could demonstrate the yield and selectivity of the hydrogenation in clear correlation to the 

reaction parameters. Therefore, each and every indole derivative’s reduction requires the 

optimisation of the reaction parameters. 
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2.3. Flow chemistry in pharma industry
[3]

 

As it was mentioned in the Introduction section, over the last few decades the field of 

continuous-flow processing has received an extraordinary amount of attention. This is well-

demonstrated in the review by P. Seeberger et al.
[56]

 published in Chemical Reviews, in which 

almost 800 publications related to flow chemistry are interpreted. 

General advantages of continuous-flow processing are widely known and well-

emphasised in reviews
[3,57–133]

 (perhaps even too much); therefore, these will not be discussed 

in detaile in this section. Nonetheless, it is important to point out that flow conditions are not 

the cure-all for chemistry, the flow approach is advantageous for just certain transformations. 

For this reason, a flow versus batch analysis must be conducted in order to strike a balance 

between convenience and achieving the overall goal. Since a flow versus batch decision is 

never black and white, to pigeonhole similar reactions as batch or flow would be foolhardy. 

However, several generalizations are possible in order to expedite a cost-benefit analysis (see 

the decision diagram (Fig 2.23.)),
[56]

 once all factors are taken into consideration and flow 

chemistry is chosen to be implemented in order to solve the certain situation; a skilled expert 

could take advantages of this technique. 

The introduction of continuous processing into the manufacturing of APIs is actively 

encouraged from regulatory agencies,
[134]

 and some of the first examples of FDA approved, 

industrial production campaigns have been recently made public,
[135]

 even in pilot scale and 

under CGMP (continuous-flow good manufacturing practice) conditions.
[136]

 Pharmaceutical 

manufacturing typically uses batch processing at multiple locations. Disadvantages of this 

approach include long production times and the potential for supply chain disruptions;
[137]

 

thus moving to continuous processes in API production is expected to be economically 

beneficial.
[138,139]

 These efforts are highly knowledge intensive
[140]

 and putting them into 

practice is admittedly more difficult and can be more time-consuming than in the case of 

batch processes.
[72]
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Figure. 2.23. Decision diagram for flow chemistry.
[56] For other similar decision 

diagrams.
[58,76]

 

The concept of ‘end-to-end’ manufacturing of drugs in their final dosage form in a 

continuous way (Fig. 2.24.) was first
[71]

 demonstrated on the example of aliskiren,
[71,141]

 that 

is the very first orally active renin inhibitor antihypertensive. The multistep synthesis of this 
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API followed by a purification by crystallisation
[142]

 was coupled to the formulation in highly 

automated way. Although the chemistry was relatively simple, and the continuous operation 

of the system was achieved mainly by automation and not by connecting together truly 

continuous steps; this result was a great milestone in the history of continuous API synthesis. 

 

Figure. 2.24. Scheme of end-to-end manufacturing of drugs by Novartis-MIT Center for 

Continuous Manufacturing (copyrighted). 

The following big step was reported by A. Adamo et al.
[137]

 in which continuous-flow 

synthesis and formulation of active pharmaceutical ingredients was achieved on a compact, 

reconfigurable manufacturing platform. Continuous end-to-end synthesis in a refrigerator-

sized system produced sufficient quantities per day to supply hundreds to thousands of oral or 

topical liquid doses of diphenhydramine hydrochloride, lidocaine hydrochloride, diazepam, 

and fluoxetine hydrochloride that meet U.S. Pharmacopeia standards.
[137]

 These continuous 

manufacturing systems benefited from integrated processing and control, which could 

translate to increased safety (no manual handling) and shorter processing times. The use of 

highly adaptable smaller equipment, which implements real-time monitoring, might also 

lower production costs and improve product quality. 

That system focused on liquid oral and topical dosage formulations commensurate with 

the on-demand approach. And as the authors mentioned: ‘A complete alternative platform to 
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current batch manufacturing would inevitably have to produce pharmaceuticals in the 

common dosage forms of tablets and capsules as well as sterile injectable solutions, which 

would require advances in downstream processing. Specifically, classical unit operations of 

crystallization, drying, powder transport, solids blending, and tableting would have to be 

miniaturized and integrated.’
[137]

 That means the main problem is basically the connection of 

the synthesis with the formulation step, which could not be done unless the purity of the APIs 

meets the requirements of the authorities, which sometimes means purity over 99%. 

In the next section, I give a brief overview of the existing continuous-flow purification 

methods and their limitations. 

2.4. Purification in multistep flow synthesis of APIs 

Continuous-flow synthesis is usually followed by discontinuous purification, because of 

the fact that the number of available continuous solutions is limited.
[3,143]

 The existing 

methods
[144,145]

 can be classified as in-line work-up or final product purification techniques, 

according to the position in a multistep sequence, where they are preferably used (Fig 2.25.). 

 

Figure 2.25. Hidden traps in the realization of multistep flow synthesis of APIs and the two 

types of purification based on their position.
[3]

 

2.4.1. Continuous-flow in-line work-up 

Most of the in-line work-up steps aim to remove the co-product, which is formed from 

the reagent in the course of the planned process.
[72]

 These impurities should not be confused 

by the by-products, which are structurally related to the desired product, but their formation is 

the consequence of undesired side reactions. Needless to say, the removal of by-products is 

the more challenging task than removal of the co-products. 



42 

 

In-line work-up can be achieved by filtration of co-products, liquid-liquid phase 

separation (LLPS), gas-liquid phase separation (GLPS) or by the use of solid phase supported 

scavengers (SPSS). 

Filtration can only be categorized as a truly continuous in-line purification method, 

when the product remains in the mother liquor (Fig 2.26.), while the solid impurities are 

retained on the filter material and then discarded by an appropriate mechanism.
[146]

 

 

Figure 2.26. In-line work-up by filtration of solid co-products (BPR: back pressure regulator). 

There are several examples of extraction methods using LLPS,
[147,148]

 to eliminate the 

excess of the reagents,
[149,150]

 co-products,
[150]

 traces of solvents
[151,152]

 or co-solvents,
[153]

 

which have been used in a previous step. Complete removal of water may require a column 

filled with solid MgSO4 desiccant after the phase separation, as exemplified in the flow 

preparation of milnacipran analogs.
[151]

 The robust nature of LLPS allows removal of multiple 

impurities at the same time.
[137,152–155]

 

Insoluble gases cause irreproducible residence time (due to the expansion of bubbles) 

and potential side reactions in downstream steps. Excess of gaseous reagents or co-products 

can be removed conveniently by using GLPS units. Hydrogen is commonly used in flow 

synthesis,
[76,93]

 usually in excess amounts. When hydrogenation is followed by other 

steps,
[153,156–160]

 a simple buffer flask allows the outgassing of hydrogen, after the pressure is 

reduced. However, in some cases the applied chemistry did not tolerate this method. 

Semipermeable Teflon
®

 AF2400 membrane (Fig 2.27.) was used to remove excess of 

diazomethane as well as the formed nitrogen.
[161]

 A similar set-up was employed to eliminate 

excess CO2 in the lithiation sequence leading to the core of amitriptyline.
[162]
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Figure 2.27. In-line work-up by gas-liquid phase separation using Teflon
®
 AF2400 

membrane (BPR: back pressure regulator). 

Columns filled with SPSS resins are widely used for purification of the stream.
[163,164]

 

The combination of multiple, differently functionalized scavenger resins is a common practice 

for the removal of several different impurities.
[158,159,165–169]

 In an illustrative example,
[155,163]

 

removal of homogeneous transition metal complexes was possible this way (Fig. 2.28.), 

which prevented harmful catalytic activity in downstream heterogeneous nitro group 

reductions in the flow synthesis of the fungicide Boscalid
®
.
[163]

  

 

Figure 2.28. Application of polymer bound thiourea (QuadraPure
TM

 TU) scavenger resin to 

remove homogeneous transition metal catalyst before the next catalytic step in the flow 

synthesis of Boscalid
®
. 

A similar concept was applied in the early steps towards olanzapine.
[155]

 The drawbacks 

of this method are the wide dispersion of reactants on the column
[170]

 and the exhaustion of 

the resin by time, principally when the stoichiometric amounts of the immobilized reagent is 
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consumed. These issues can be solved by engineering solutions, such as intelligent 

pumping
[170]

 and switching between multiple columns.
[171]

 

2.4.2. Continuous-flow final product purification 

After the final synthetic step, the API has to be purified to meet the standards of 

regulatory agencies, which sometimes means purity over 99%. The hitherto discussed 

separation techniques, which could be ideally used between intermediate steps, are not 

adequate for this goal by themselves. Final products can be conveniently purified using 

simulated moving bed (SMB) chromatography,
[172,173]

 crystallization
[71,137,174,175]

 or 

recrystallization
[137]

, although the latter two usually require semi-batch processing. 

Continuous crystallization was employed in case of rufinamide
[174]

 and aliskiren,
[71,141]

 

while semi-batch recrystallization of the crude products was necessary to provide pure 

diphenhydramine,
[137]

 fluoxetine
[137]

 and lidocaine.
[137,176]

 Purification of the final product can 

also be aided by catch and release chromatographic methods
[169,177–179]

 or salt formation - 

neutralization sequence using multiple extraction steps.
[137]

 A salt formation – neutralization 

sequence using multiple extraction steps, followed by precipitation and recrystallization 

yielded highly pure diazepam.
[137]

 

Catch and release chromatography
[156]

 enables stepwise introduction of a continuous 

stream of the reaction mixture to a single bed of stationary phase, followed by elution of the 

product. High purity can be achieved, as it was demonstrated in case of iloperidone
[177]

 and 

flurbiprofen.
[178,179]

 However, the capacity of the employed stationary phase determines the 

amount of the adsorbed product during the ‘catch’ phase and thus limits the achievable 

throughput. 

High purity standards in API production may require the combination of these 

techniques, as demonstrated in the case of artemisinin.
[180,181]

 The complexity of artemisinin-

derived medicinal compounds call for sophisticated systems consisting of the combination of 

in-line work-up and multiple final purification techniques. A continuous three-stage 

purification method was developed for α-artesunate, including of precipitation and filtration 

of by-products, followed by chromatography in a multi-column arrangement and finally 

crystallization of the product.
[181]

 In a more recent study, a closely related system was 

constructed, based on continuously operated simulated moving bed (SMB) chromatography 

(Fig 2.29.).
[172,173]

 Following the synthesis of artemisinin, first an SMB chromatographic 
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separation brought the product mixture to 92% purity, then crystallization from the 

concentrated mixture provided the API in a purity of 99.9%.
[180]

 

 

Figure 2.29. General scheme of a continuously operated simulated moving bed (SMB) 

chromatography system integrated with crystallization for the purification of artemisinin 

following its continuous flow synthesis. The circular arrow marks the simulated 

counterclockwise movement of the bed (this is achieved by clockwise switching of the inlet 

and outlet ports). 

With this knowledge in hand, multistep processes can be designed to facilitate the 

purification procedure between the reaction steps, which was demonstrated in the process 

leading to efavirenz,
[182]

 in which the appropriate choice of the trifluoroacetylating reagent 

allowed easy removal of the co-product by a simple scavenging column (Fig. 2.30.). 

Figure 2.30. Design of the flow chemical synthetic procedure towards Efavirenz, which 

facilitates in-line purification. 
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2.4.3. Summary of continuous-flow purification 

To sum up, the chemical knowledge and technology for the realisation of multistep flow 

syntheses and subsequent purification exist, but connecting individual chemical steps holds 

hidden traps. The utility of the available continuous purification methods (Table 2.10.) can be 

maximized by a proper design of the synthetic process; however, we hope that our proposal 

for a novel purification method of using centrifugal partition chromatography will be given 

wide applicability for the synthesis of complex molecules and APIs even on large scale, due 

to its advantages that are presented in the last chapter of the introduction. 

 

Table 2.10. Summary of purification methods in flow. 

 
In-line workup Final product purification 

’Co-’ 

product 

type 

1. Side-product filtration 

2. Liquid-liquid phase separation 

3. Gas-Liquid phase separation  

4. Use of solid phase supported 

scavengers 

1. Catch and release chromatography 

(with semi-batch processing) 

2. Salt formation – neutralization 

sequence using multiple extraction 

steps 

’By-’ 

product 

type 

– 

1. Simulated Moving Bed (SMB) 

Chromatography 

2. Crystallization or recrystallization 

(with semi-batch processing) 

3. Centrifugal Partition 

Chromatography (CPC – this work) 
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2.5. Centrifugal Partition Chromatography
[183]

 

Countercurrent separation and liquid/liquid chromatography are the two basic types of 

liquid/liquid separation methods. Centrifugal partition chromatography (CPC) is a method 

belonging to the countercurrent separation techniques wherein the stationary and mobile 

phases used in the separation are both liquids. The principle to retain the stationary phase 

inside the rotor by means of centrifugal force (thus making the phase suitable as stationary 

phase) was first described by Yoichiro Ito.
[184]

 Coil planet centrifuge
[185]

 and the first 

multistage mixer-settler centrifuge
[186]

 are each of his realised devices.  

The basis of the CPC device and its differentiation from other liquid chromatographic 

methods is also formed by such a rotor, comprising the column,
[187]

 which rotates around its 

central axis – with a typical rotation speed range between 500 to 2000 rpm – producing such 

centrifugal force field which retains the liquid phase chosen to be stationary phase in 

stationary state. Inside the rotor, there are specially formed extraction cells in a geometric way 

connected by ducts in series with each other. The development of the basic equipment was 

implemented by Sanki Engineering Ltd during the 1980s.
[188]

 

The operating principle of CPC (the driving force of the separation) lies in that different 

components of the mixture (sample) have a different partition coefficient (K) in the separated 

phases. Due to the centrifugal force arising from the rotation around the central axis, the 

liquid chosen to be stationary phase retained in the extraction cells remains stationary and the 

liquid chosen to be the mobile phase is pumped through these extraction cells. As a result of 

the mixing and settling operations, extraction occurs in each of these extraction cells and 

ducts. Depending on the relative density of the stationary and mobile phase, the direction of 

the pumping is chosen in a way that 

(i) if the stationary phase is the denser phase (ascending mode or AM) then the flow 

of the mobile phase progresses from the rotational circumference towards the 

rotational central point, in other words towards the main axle of the CPC rotor; 

(ii) if the stationary phase is the less dense phase (descending mode or DM), then the 

flow of the mobile phase progresses from the rotational central point towards the 

rotational circumference. 

When feeding the sample in the form of short liquid sections – i.e. as plugs – the 

components are separated depending on not just the mixing and settling operations due to the 
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(i) and (ii) circulating modes but those are separated from each other according to their 

differing partition coefficients in the different phases. 

 

Figure 2.31. Working principle of CPC device and the elution order in different modes. 

Continuous development of the centrifugal partition chromatographic devices results 

numerous realization over the past decades.
[189–194]

 Starting from the 1990s, the method and 

the device have evolved primarily through French and British developments to its current 

forms. WO 00/58722
[190]

 discloses a modified centrifugal partition chromatographic device 

providing more efficient separations than the prior solutions. 

WO 2005/011835
[191]

 discloses a centrifugal partition chromatographic device 

comprising at least one column and a separation method wherein the continuous injection of 

the feed occurs at an intermediate point of the series of extraction cells and the separation 

itself realised by alternating the sections of ascending and descending modes in a defined 

frequency in a way wherein according to the mode used the lighter and heavier phases are 

injected at different ends of the rotors. The implementation of this method has been reported 

by R. van den Heuvel et al.
[195]

 or Hopmann et al.
[196]

 

WO 2005/011835.,
[191]

discloses an improved device in which having at least one rotor 

wherein the continuous injection of the feed occurs at an intermediate point of the series of 
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extraction cells, one or the other phase injected at different ends of the rotors and the fractions 

also collected at different ends of the rotors but the extraction cells have two-two inlets and 

outlets instead of having one-one as previously. The latter makes the device capable of 

applying the ascending and descending modes simultaneously compared to their prior 

progression with predetermined frequency. In this way, the continuously operating device 

realises the principle of a true moving bed. It is mentioned that on the basis of the disclosed 

comparative table the method of WO 2005/011835
[191]

 on account its semi-continuous 

operation is indicated to be a simulated moving bed (SMB) type method. 

In contrast, according to the principle of SMB countercurrent liquid chromatography the 

solid phase is stationary and its countercurrent movement relative to the mobile phase is 

simulated in a way that the feed inlets and collection exits are moved in a direction same as 

the mobile phase flows. If the solid phase is fill-ed into columns and one or more columns are 

used for each zone, the flow of the solid phase is simulated by moving the feed inlets and 

collection exits in identical direction as the mobile phase flows. Usage of more columns 

approaches more the principle of true moving bed.
[197]

 

 

Figure 2.32. General scheme of a continuously operated simulated moving bed (SMB) 

chromatography system.
[3]

 

O’Brien et al.
[172]

 was first to describe a method, wherein SMB comprising six HPLC 

columns was used as in-line purification of a flow reaction. Figure 2 of the article shows that 

the method provides continuous operation. 
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Applying SMB with the aim of increasing productivity for the purification of the 

products resulting from flow reactions is not recommended by Anderson et al.,
[198]

 since solid 

state itself means the physical limitations of continuous procedures, thus the vapour and liquid 

states seem to be ideal and the process steps contacting solid state are limitative, i.e. adversely 

affect the productivity. However, the latter method would be difficult to realise also in 

accordance with the requirements of the current good manufacturing practice (cGMP). 

Furthermore, SMB is known to be a cumbersome technique to develop and has a major 

drawback that the compound of interest must elute either as the first or the last component;
[172]

 

consequently, it cannot be used generally. In contrast, the recently developed trapping 

multiple dual-mode
[199]

 resolves this issue and enables the quasi-continuous purification of 

components where SMB cannot be employed. 

Although SMB and CPC methods resemble in that both of them are a separation method 

with the aim of increasing productivity, the latter has more advantages over SMB. Such 

advantages are inter alia that there is no need to replace the column and to recycle silica, 

solvent consumption is lower, flow rate is higher (hence lower run time), higher performances 

can be achieved (purity > 99%, recovery > 90%), there is no sample loss, the sample does not 

denature (it could not get irreversibly absorbed on the stationary phase) and last but not least 

its application field ranges from petrochemistry to the processing of peptides.
[200]

 

Huang et al.
[201]

 reports on the recent major developments of countercurrent liquid 

chromatographic methods. Advances in the elaboration of elution modes has resulted in 

improved techniques such as countercurrent liquid chromatographic gradient elution, dual-

mode and multiple dual-mode (MDM) elution, recycling elution, extrusion elution, co-current 

elution or pH zone refining. The different application possibilities of these new techniques are 

summarised in the table below, wherein K is the partition coefficient (the ratio of the 

equilibrium concentrations of a compound in the stationary and mobile phase): 
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Table 2.11. Comparison of elution modes in CPC. 

 

As an improved alternative method of CPC, the above referenced article also mentions 

the so-called multiple dual-mode (MDM) elution described by Delannay et al.,
[202]

 which is 

primarily used in the separation of extracts of natural products.
[203,204]

 Using this method two 

racemic mixtures, (±)-N-(3,4-cis-3-decyl-1,2,3,4-tetrahydrophenanthren-4-yl)-3,5-

dinitrobenzamide and N-(3,5-dinitrobenzoyl)-(±)-leucine were successfully separated using 

(S)-naproxen N,N-diethylamide as the chiral selector.
[204]

 

Compared to the method disclosed in WO 2005/011835
[191]

 which requires at least two 

rotors during pilot plant conditions, the MDM elution is capable of realising semi-continuous 

operating using only one rotor in a way that the already known dual-mode
[187]

 is performed 

multiple times with or without sample re-injection between each of them. 

Entry Elution mode Characteristics 

Recommended 

for separation 

target 

Principal merit 

1 
Gradient 

elution 

Change in flow rate, pH 

value, composition 

and salt concentration of 

mobile phase 

Solutes in a 

proper range of 

K value 

Reduce separation 

time and solvent 

consumption 

2 
Dual-mode 

elution 

Change in the phase role 

and circulation direction 

during the separation 

Solutes in a very 

large range of K 

value 

Reduce separation 

time and solvent 

consumption 

3 
Multiple dual-

mode elution 

Change in the phase role 

and circulation direction 

several times during the 

separation 

Solutes with 

extremely 

different or 

similar K values 

Achieve 

semicontinuous 

process; improve 

resolution factor 

4 
Recycling 

elution 

The mobile phase recycle 

in the column 

Solutes with 

similar K values 

Improve resolution 

factor without 

increasing the 

consumption of 

solvent 

5 
Extrusion 

elution 

Extrude stationary phase 

after classical elution step 

Solutes in a very 

large range of K 

values 

Reduce separation 

time and solvent 

consumption 

6 
Cocurrent 

elution 

Both phases in the 

column move in the same 

direction with different 

speeds 

Solutes in a very 

large range of K 

values 

Reduce separation 

time and solvent 

consumption 

7 
pH zone 

refining 

Use acid and base in both 

phases as retainer and 

eluter 

Solutes whose 

electric charge 

depends on the 

pH value 

Increase sample 

loading capacity; 

concentrate solutes in 

fractions 
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According to the principle of dual-mode, the ascending and descending modes are 

alternately applied with a determined frequency in a manner that the samples are injected at 

the feed inlet of the currently applied mode. During these alternately applied modes both the 

change of the direction of mobile and stationary phases and change of the direction of the 

elution occur at certain points. In the case of ascending mode, component(s) having higher 

partition coefficient are collected, while in the case of descending mode those with lower 

partition coefficients, since the pseudo-partition coefficient is by definition the ratio of the 

concentrations of a particular compound in the stationary and mobile phase. K=1 means that 

the equilibrium concentrations measured in both phases are equal, while K>1 indicates that 

the equilibrium concentration is higher in the upper phase. When K<1, the equilibrium 

concentration is higher in the lower phase (Fig 2.31.). 

Agnely and Thiébaut
[205]

 extensively studied the dual-mode elution in theory and their 

comparison with classical elution concluded that in case of its application the resolution could 

be increased depending on the solute, sample volume and the biphasic solvent system. These 

findings were later confirmed by Mekaoui and Berthod;
[206]

 however, considering the 

importance of the latter a vast number of in-depth analysis has been published.
[207–209]

 

According to Delannay et al.
[202]

 performing the above multiple times improves the 

resolution, since each flow inversion increases the number of theoretical plates, while the 

steady-state is achieved along with the periodical reinjection of a given mixture when the 

elution profile remains approximately constant. It is also mentioned, that determining the 

appropriate composition of the mobile and stationary phases in order to optimise the 

separation selectivity belongs to the general knowledge of the person skilled in the art. 

In a later work, Mekaoui and Berthod
[206]

 also confirmed the conclusion of both 

Delannay et al.
[202]

 and Yang et al.,
[210]

 that the resolution improves with the increasing 

numbers of flow inversions, but on the grounds of their modelling comprising a separation of 

two solutes, it was proposed that the total column volume plays a more important role in the 

resolution increase than the number of switching steps. 

WO 2010/010366
[211]

 discloses a feasible method and apparatus according to the 

principles set out in Delannay et al.
[202]

 

The above cited documents report on the realised and possible applications of CPC in 

the neighbouring fields, such as the separation of monoclonal antibodies from host cell 
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protein pool,
[212]

 separation of myoglobin and lysozyme containing protein mixture,
[213]

 

purification of a mycosporine from a crude methanolic extract of Lichina pygmaea using 

multiple dual-mode centrifugal partition chromatography
[214]

 or the method enabling the 

separation of enantiomers connected to (S)-naproxen.
[204]

  

As evident from the latter article, the CPC method is the subject of great interest in the 

field of chemistry, as well.
[215,216]

 Just in 2017 numerous of CPC application was  described in 

connection with purification of natural products,
[217–243]

 computational solvent system 

screening for finding the appropriate biphasic liquid system and assessing partition 

coefficients.
[244–248]

 Moreover, scaling up
[249–253]

 of CPC purification and other interesting 

features of CPC technique
[238,254–282]

 were described. 

Therefore, it is not surprising that in the field of analytical chemistry several in-line 

couplings of CPC with well-known instrumental analytical devices have been published. Such 

solutions are, for example, the direct coupling of CPC and mass spectrometry,
[283]

 the 

monitoring of CPC by nuclear magnetic resonance,
[284]

 but further couplings are also 

published.
[285–289]

 

Besides coupling with analytical chemistry purposes, the CPC is not proposed in 

connection with the field of synthetic chemistry and flow chemistry, respectively. Solely one 

application known that by some means connected to the synthetic chemistry is the use of CPC 

as a continuous reactor by immobilizing whole-cells and enzymes in enzymatic  

synthesis.
[290–296]

 

Consequently, the present discovery, that relates to the use of centrifugal partition 

chromatography coupled in-line to a multistep flow reaction for the separation or final product 

purification of the products, is conceptually novel.  
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3. Results and Discussion 

As it was mentioned in the Introduction section, my research is divided into two main 

parts. Therefore, in the Results and Discussion section these thesis findings are discussed 

separately. 

In the first part I present the investigation of the synthesis of melanin-concentrating 

hormone receptor 1 (MCHr1) antagonists (1) with 1H,2H,3H,4H,5H-[1,4]diazepino[1,7-

a]indole scaffold using both batch and flow chemistry techniques for the treatment of obesity 

through regulation of appetite. 

My other main appointment was to develop a new continuous-flow final product 

purification method using centrifugal partition chromatography (CPC). Our aim was to 

accomplish the coupling of a multistep flow reaction system to CPC in multiple dual-mode 

(MDM) to continuously produce the main product’s solution in high purity. 

3.1. Development of the synthesis of MCHR1 antagonist’s scaffold
[1]

 

 

In this section I present the original synthetic route of the scaffold, tert-butyl 9-bromo-

1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-3-carboxylate (2), which is the key 

intermediate for the synthesis of melanin-concentrating hormone receptor 1 (MCHr1) 

antagonists.
[8]

 Although the discovery chemistry route enabled to provide sufficient amount of 

material for in vitro and in vivo studies, during the preclinical development phase, revision 

and optimisation of the original synthetic route was inevitable to deliver the required quantity 

of a selected derivative of 1. 

After the discussion of the major drawbacks of the original medicinal chemistry 

synthesis, the optimisation is discussed first in those steps where flow chemistry does not 

offer any significant advantages over the batchwise way. After that the flow optimisation is in 

the focus and the main results are exhibited. 

The recipes of the original medicinal chemistry synthesis were come from Gyula Beke 

PhD, who synthesised for the first time the desired scaffold (2). Nevertheless, my main task 

was the development of the synthetic pathway; the original route was reproduced in order to 

have a starting point for comparison. Every result discussed and every yield presented in the 

following sections are based on my own work. 



55 

 

3.1.1. Description and batchwise improvements of the original discovery chemistry 

route of the synthesis of the scaffold (2) 

 Based on the literature overview (see section 2.1.) the following synthetic route 

(Fig 3.1.) was chosen for the synthesis of tert-butyl  

9-bromo-1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-3-carboxylate (2) which is discussed 

by synthetic steps, in which flow chemistry does not offer any significant advantages over the 

batch production. 

 

Figure 3.1. Original discovery chemistry synthesis of the target compound: tert-butyl 9-

bromo-1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-3-carboxylate (2). 

5-[1-Hydroxy-2-(2-nitrophenyl)ethylidene]-2,2-dimethyl-1,3-dioxane-4,6-dione (28) 

was prepared by a C-acylation reaction, using deprotonated Meldrum’s acid (61) by DIPEA 

(N,N-diisopropylethylamine) and 2-(2-nitrophenyl)acetyl chloride (25a), which latter was 

obtained from 25 by oxalylchloride. However, our yield was lower (76%) than that of the 
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literature procedures (85-87%),
[12,37]

 mainly because of the residual solvent (DCM) in crude 

28 before the crystallization. Minimizing the amount of DCM could increase the productivity 

of this reaction. To ensure the purity of 28, intensive washing was essential to make the next 

step’s work-up easier. In this case we have found that after refluxing 28 in ethanol, 29 

oxobutanoate could be obtained in a proper purity without any further purification such as 

flash chromatography
[12]

 or recrystallization,
[37]

 which were disclosed previously. 

Next, we investigated the reductive cyclisation reactions of 29 to ethyl-(1H-indol-2-yl)-

acetate (21) that have been described in literature (shown in Table 3.1.). 

Table 3.1. Comparison of the known reductive cyclisation reactions of 29 into 21. 

Entry Reaction parameters 
Yield

[a] 

(%) 

Yield
[Lit.] 

(%)
 

1 Zn (89 eq.), sat. NH4Cl/H2O, THF, 2 h, rt -
[b]

 95
[12]

 

2 
TiCl3 (7 eq.; 10%) in HCl/H2O (~10-20%), 

NH4OAc/H2O (4 M), acetone, 1 h, rt 
75 75

[37]
 

3 10% Pd/C, HCOONH4 (11 eq.), EtOH, 1 h, rt 96 88
[31]

 

4 10% Pd/C, H2 (atm. pressure), EtOH, 20 h 91 -
[c][38]

 

[a] Isolated yields, for procedures see SI of 
[1]

; [b] The literature method has not been tested; [c] No yields 

were given. The reaction was carried out at 3.5 bar H2 pressure, and with 96 h reaction time. THF: 

tetrahydrofuran. 

Reduction with zinc in acidified reaction media (Table 3.1, Entry 1) was neglected 

because of the fact that it uses huge excess of heavy metal, and it cannot be scaled up due to 

stirring issues. Titaniumtrichloride worked well as a reductive agent (Table 3.1, Entry 2), but 

this reaction required large amounts of buffer solution, which decreases its environmental 

friendliness. Nevertheless, the palladium catalysed transfer hydrogenation reaction 

(Table 3.1, Entry 3) gave the best isolated yield (96%), while the catalytic hydrogenation 

reaction with hydrogen gas (Table 3.1, Entry 4) also showed high yield (91%) in addition to 

the benefit of easier work-up procedure, in which there is no need to remove the excess of the 

HCOONH4 reagent by extraction. 

For the synthesis of ethyl 2-(1H-indol-2-yl)acetate (21) an alternative synthetic route 

was also tested, which includes an intramolecular Wittig-reaction (Fig 3.2. 2421). 
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Figure 3.2. Another synthetic route tested for the synthesis of 21.  

In this route 2-amino-benzyl alcohol (22) and triphenylphosphine hydrobromide salt 

was refluxed to form the corresponding 2-aminobenzyl-triphenylphosphonium bromide (23), 

which was further acylated by ethyl malonyl chloride (62) to obtain [2-

(ethoxycarbonylacetamido)benzyl] triphenylphosphonium bromide (24). The original 

intramolecular Wittig-reaction had to be altered because we found that the transformation of 

24 into 21 is an extremely sensitive reaction to traces of water (Table 3.2. Entries 3 and 4). 

Table 3.2. Comparison of the literature methods for the preparation of 21. 

Entry Reaction parameters Yield
[a] 

(%) Yield
[13,27–29]

 (%)
 

1 PPh3•HBr, MeCN, 7 h, ∆ 78
[b]

 88 

2 ClOCCH2COOEt (62); DCM, 3 h, rt 69 71 

3 tBuOK, PhMe, 15 min, ∆ 0
[c]

 70 

4 NaN(TMS)2, PhMe, 15 min, 60 °C, 60 N.A. 

[a] Isolated yields, for procedures see the experimental section (5.1.); [b] The reaction mixture was stirred at 

reflux temperature for 29 hours; [c] No product was detected; however, 61% of ethyl 2-[(2-

methylphenyl)carbamoyl]acetate (21a) was obtained from the reaction mixture.  

We made sure that the traces of water were removed by drying 24 in an exsiccator (next 

to P2O5), 3Å pore size molecular sieves were used to dry the solvent (PhMe). Prior to the 

reaction a Dean-stark apparatus under argon atmosphere was applied for 30 min, and instead 

of using the highly hygroscopic tBuOK, solution of NaN(TMS)2 was employed as the base. 

All things considered (reaction times, yields, scalability and the amount of waste or 

E-factor of the reaction), the firstly presented synthetic route (Fig 3.1.) was chosen as the 

favourable way over the second one (Fig 3.2.). 

In the next synthetic step, ethyl (2,3-dihydro-1H-indol-2-yl)acetate (5) was obtained in 

80% yield from the corresponding indole (21) by using 3 eq of NaCNBH3 as the reducing 
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agent (for more information see the literature overview, chapters 2.1 and 2.2.). Although the 

large amount of carcinogenic reagent was attempted to be reduced to 1.5 eq. (which yielded in 

76%), it would not have solved the issue of handling the large amount of cyanide containing 

waste generated in the scaled-up process. That is why we wished to find a more 

environmentally friendly way to selectively reduce the indole (21) C2-C3 position to the 

corresponding indoline derivative (5), such as heterogeneous catalytic hydrogenation (see 

section 3.1.2.). 

Next, we have taken under investigation the N-alkylation of 5 by 1,2-dibromoethane 

(see SI of 
[1]

). The major drawbacks of this step are the long reaction time (up to 4 days), the 

use of high excess (20-60 eq.) of the carcinogenic reagent, and the necessity to use the high 

dilution technique. The latter two work against the formation of the bis-adduct (6a) by-

product (Fig 3.3.). The reaction mixture was stirred for 4 days to complete the reaction with 

60 eq. 1,2-dibromoethane at the reflux temperature of acetonitrile (82 °C). On the other hand, 

it has been found that increasing the temperature (at 110 °C) by using pressurised reactor, the 

reaction time could be decreased (to 1 day) with the same result (isolated yield of 85%).  

Since the temperature of this N-alkylation step has a high impact on the reaction time 

and closed reactor streams beneficial for working with carcinogenic reagent, this step is ideal 

for flow chemistry optimisation (also discussed in section 3.1.2.).  

 

Figure 3.3. Batchwise N-alkylation reaction of 5.
[1]

 

The NH3 mediated ring closure reaction step (67) could not be implemented under 

flow conditions, due to solubility issues of the product and the inorganic co-product 

(ammonium bromide). Although the original procedure (Fig 3.1.) gave good results (76%), 

the work-up needed further improvement. Finally, preparative column chromatography was 

replaced by treating the crude product (7) with hot EtOAc, resulting in pure 7 with good yield 

of 87% (see SI of 
[1]

). 

After that, the reduction of the amide function in 7 to obtain the corresponding 

secondary amine, 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole (8), using borane-
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dimethylsulfide complex was investigated. This reaction gave acceptable yield (73%); 

nevertheless, the decreasing of the 5 eq. of reagent needed to be examined (Fig 3.1.). 

Employing only 3 eq. of the borane complex gave us a better yield (91%). While keeping in 

mind that the product (8) can coordinate two equivalents of the reagent, further decrease in 

the amount of reagent was not attempted. 

The formation of the tert-butyloxycarbonyl protecting group (Fig 3.1. 84) resulted in 

excellent yield (95%). Although the use of protecting groups should be avoided, further 

functionalization of the scaffold (1) could not be accomplished without it; therefore, this step 

cannot be eliminated from the synthetic pathway. The only possibilities in the improvement of 

this reaction are the reduction of the amount of reactant (originally 1.2 eq. Boc2O reduced to 

1.1 eq.) and the development of the work-up protocol by omitting the column 

chromatographic purification step. 

In the aromatic electrophilic substitution reaction (SE-Ar, Fig 3.1. 43) originally 

1.1-1.2 eq. N-bromosuccinimide (NBS) reagent was applied;  

hence, significant amount of  dibromo adduct, tert-butyl  

7,9-dibromo-1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-3-carboxylate (3a), was 

also formed in the reaction with an isolated yield of 6-14% (Fig 3.4.). Due to the fact that the 

separation of the by-product (3a) from the main product (3) required column chromatography, 

the improvement of this synthetic step was also necessary. These results are presented with 

the telescoping reactions. 

 

 

Figure 3.4. The aromatic electrophilic substitution reaction of 4 with NBS. 

The last step (Fig 3.1. 32) was accomplished by chemical oxidation using 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) with a fairly good yield of 69-73%. 

In order to create a more robust and scalable method for the preparation of diazepino-

indole derivatives (8,4,3,2), the so called telescoping (or one-pot) methodology was used in 

the last synthetic steps. The first intermediate that could be purified in a non-chromatographic 

way, was the 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7); therefore, the 

telescoping started at this point (Fig 3.5.). 

 



60 

 

 

Figure 3.5. One-pot synthesis of 4 and 2 from 7 and 4, respectively. 

In the amide group reduction (78), the amount of the borane-dimethyl sulphide 

complex was decreased from 5 eq. to 3 eq. After completion the reaction (monitored by TLC 

analyses), the excess of reagent was decomposed by addition of ethanol followed by acidic 

aqueous hydrolysis (HCl solution in 1,4-dioxane) at elevated temperature. The reaction 

mixture was then alkalized to liberate 8 from its salt form. The next synthetic step (84) was 

accomplished with less di-tert-butyl dicarbonate (1.1 eq.). After the extraction of the reaction 

mixture, crude 4 was obtained in an isolated yield of 95% and introduced to the next synthetic 

step without any further purification (LC-DAD-MS > 95%). 

Using the telescoped two-step synthesis of 4 from 7 through 8, the isolated yield was 

significantly increased from 67-86% to 95%; furthermore, the flash chromatographic 

purification steps could be omitted, which made this part of the synthetic pathway robust and 

scalable. 

Next, the telescoping of the bromination reaction (43) followed by the oxidation 

(32) was investigated. Since the reactivity of 4 and 3 in the aromatic substitution reaction is 

similar (resulting in a substantial amount of 3a dibrominated by-product), no excess of NBS 

reagent was applied (1.0 eq.) while the temperature was maintained at 0 °C. After the addition 

of the reagent, the reaction mixture was analysed immediately by TLC, which showed full 

conversion. Thereafter, DDQ (1.1 eq.) was added to the reaction mixture, which also showed 

full conversion within 15 minutes. The reagent excess was removed by alkaline suspension, 

and the crude 2 was purified by recrystallization from ethanol in an overall isolated yield of 

52%. 

By applying  one-pot technique in the synthesis of 2 from 4 through 3, the isolated yield 

was slightly higher or the same (43-51% vs 52%); however, the flash chromatographic 

purification steps could be omitted, which also made this part of the synthetic pathway robust 

and scalable. 
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To sum up, beside a few but critical synthetic steps (215, 56), all transformations 

were investigated and optimised in order to create a robust and scalable reaction pathway for 

the synthesis of the target compound (2) in the required amount. 

 

3.1.2. Flow chemistry techniques in the synthesis of indoline derivatives 

In the following sections, synthetic steps are discussed in which flow chemistry has 

significant advantages to offer as compared to the batch reactions (Fig 3.6.). The reductive 

cyclisation reaction (2921) was investigated with the continuous heterogeneous catalytic 

hydrogenation reactors (H-Cube
TM

 and H-Cube Pro
TM

, from Thales Nano Inc.). 

In addition, we wished to develop a novel consecutive heterogeneous catalytic 

hydrogenation reaction that makes the one-step synthesis of 5 possible. We also investigated 

the N-alkylation reaction of 5 by 1,2-dibromoethane in order to decrease the reaction time, the 

dilution, and the high excess of the carcinogenic reagent. 

  

Figure 3.6. Possibilities for the application of flow chemistry in the synthesis of the 

intermediates of 2. 

This section is organized into two main sub-sections as follows: investigation of the 

reductive ring closing reaction of 29 together with the reduction of indole 21 to 2,3-

dihydroindole (5), and the optimisation of the N-alkylation reaction of 5. 
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3.1.2.1. Investigation of the continuous catalytic hydrogenation in the H-Cube
TM

 

reactor 

As it was previously discussed, we investigated the reductive cyclisation reactions of 29 

to ethyl-(1H-indol-2-yl)-acetate (21) that have been described in literature (shown in 

Table 3.1.). 

Heterogeneous catalytic hydrogenation reaction using continuous-flow reactors are wide 

spread as a result of its advantages.
[76,93,297]

 In the beginning of our work, we screened three 

different catalysts using the same conditions in the H-Cube
TM

 reactor (Fig 3.7.). The are 

shown in Table 3.3. 

 

Figure 3.7. Heterogeneous continuous-flow reduction using H-Cube
TM

 reactor. Catalyst 

screen and optimisation of the consecutive hydrogenation for the novel indoline synthesis. 

  

H
2
 

T= 25-50 °C 

Catalyst 
(30 mm) 

0.5 mL min
-1

 

p= 1 atm Excess H
2
 

H-Cube
TM
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Table 3.3. Results of the catalyst screening.
[a]

 

Entry Catalyst 
Conversion  

(%)
[b]

 

Yield (21) 

(%)
[b]

 

Yield (5)  

(%)
[b] 

1 Ra-Ni 65.6 33.0 0.0 

2 10% Pd/C 100.0 91.4 0.7 

3 10% Pd/Al2O3 100.0 98.5 0.1 

[a] All experiments were performed in the H-Cube
TM

 device in 0.05 M ethanol solution of 29, with 

flow rate of 0.5 mL min
-1

 at room temperature, using full H2 mode (atmospheric pressure of 

hydrogen); [b] Determined by LC-DAD-MS and extrapolated for full conversion. 

Raney-nickel catalyst (Table 3.3. Entry 1) appeared to be less active and selective than 

palladium catalysts. Both batch (Table 3.1. Entry 4) and flow results (Table 3.3. Entry 2) 

were consistent with each other using charcoal supported palladium, good conversion was 

reached, but selectivity values were not optimal. Almost quantitative yield could be achieved 

with aluminium-oxide supported palladium catalyst (Table 3.3. Entry 3), in which case the 

reaction workup can be simplified to a filtration followed by evaporation. 

We have also observed the formation of a small amount of the over-reduced product (5) 

when charcoal supported palladium was used; therefore, it seemed logical to develop a 

consecutive catalytic hydrogenation method to produce compound 5 from 29 without the 

isolation of the indole (21). 

According to the literature, 21 can be reduced by Na(CN)BH3 in acetic acid
[9,10]

 or with 

borane trimethylamine complex (Me3N•BH3), in highly acidic media (TFA).
[13,17,18]

 

During the optimisation, multiple parameters were considered such as the solvent, the 

quality and the quantity of the acid catalyst, and the temperature. Although, the closest state 

of art of indole selective reduction was carried out at 30 bar hydrogen pressure with platinum 

catalyst,
[41]

 we have chosen the cheaper palladium catalyst. We wished to achieve indole 

reduction at atmospheric pressure, which is beneficial in the perspective of the scale-up, since 

there is no need for autoclave operation to perform the reaction. Consequently, all 

experiments were carried out at atmospheric pressure (full H2 mode). The main optimisation 

steps are shown in Fig 3.8. 

In this case, the previously applied water cannot be used as the solvent because in the 

acidic media, the ester function would be hydrolysed. Out of three solvents employed (EtOH, 

EtOAc and AcOH), acetic acid proved to be the best (Fig 3.8. Entry 2). It correlates with the 

previous findings
[41]

 that the selectivity of 5 increased with the increasing nucleophilicity of 
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the solvent. It means that less polymerised by-product is formed along with less N-hydroxyl 

derivative
[34]

 of 21. 

 

Figure 3.8. Main steps of the optimisation of the heterogeneous continuous-flow reduction 

using H-Cube
TM

 reactor. All experiments were carried out at atmospheric pressure. 

 

The acid catalyst screen (TFA: trifluoroacetic acid; MsOH: methanesulfonic acid; 

TfOH: trifluoromethanesulfonic acid) showed that the use of methanesulfonic acid has 

provided the best results (Fig 3.8. Entry 3). Next, we have tested the effect of quantity of the 

acid catalyst (1-3-6 eq.) along with the concentration (in the range of 0.005 M to 0.05 M; See 

SI of 
[1]

). Diluted solutions are not only favourable in flow hydrogenation reactions to ensure 

that hydrogen excess is not the limiting factor, but in this case it also decreases the possibility 

of the polymerisation side reaction. 

The best result still had medium selectivity and low conversion in the second step 

(Fig 3.8. Entry 4), so we elevated the reaction temperature to accelerate the reaction using the 

same flow rate and residence time, which gave the product (5) with good conversion and 

selectivity (Fig 3.8. Entry 5). 

The best reaction parameters were also used in a batch reaction, in which 5 was 

obtained with 75% of isolated yield. By this, we have developed a novel synthesis of 5 

indoline from 29 that has higher yield than any known two-step synthesis. Moreover, this 

procedure replaces all chemical reducing agents (e.g. heavy metal zinc, or cyanide containing 
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NaCNBH3) by environmental-friendly catalytic hydrogenation. Nevertheless, this is a novel 

procedure for preparing indoline (5), the reaction conditions for other derivatives might need 

fine-tuning. 

 

3.1.2.2. Investigation of the N-alkylation reaction under flow conditions using packed 

bed reactor 

Next, we have taken under investigation the N-alkylation of 5 by 1,2-dibromoethane. As 

it was disclosed previously, the major drawbacks of this step are the long reaction time (up to 

4 days), the use of high excess (20-60 eq.) of the carcinogenic reagent, and the necessity to 

use the high dilution technique. The latter two work against the formation of the bis-adduct 

(6a) by-product. 

Higher temperatures under pressurized conditions in overheated solvents, which is 

possible in flow chemistry, could decrease the reaction time. We also wished to find an 

optimal set of reaction parameters, where a lower excess of reagent is sufficient. Therefore, 

we investigated the N-alkylation reaction of 5 by 1,2-dibromoethane using both 

heterogeneous (packed bed reactor) and homogenous conditions (loop reactor).  

After screening runs using pressurised microwave batch conditions (See SI. of 
[1]

), in 

which four solid inorganic bases (M2CO3, where M = Na, K, Cs; and KOH) were tested, with 

or without phase transfer catalyst (PTC); Cs2CO3 without PTC was found to be the 

appropriate choice as a base. Syrris Asia column heater module
®
 was used in the 

heterogeneous continuous flow alkylation. Since no reaction occurs at room temperature, we 

could simplify the flow system. There was no need for two separate pumps and a mixer unit 

to combine the solution of the substrate indoline (5) with the reagent 1,2-dibromoethane 

(Fig 3.9.). The pre-mixed reaction solution was simply pumped through the packed bed 

reactor filled with caesium carbonate. While the conversion was almost complete, the 

selectivity of 6 was fairly low (Table 3.4.). Based on the literature
[298,299]

 data and the MS 

spectra of the LC-DAD-MS measurements of the crude reaction mixture, the main 

monobromo-compound with the 355/357 m/z is assumed to contain the 2-bromoethyl group 

with N-carbamate linker, which is presumably formed upon the reaction of the 6 and CO2. 
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Figure 3.9. Heterogeneous continuous flow N-alkylation reaction using solid inorganic base, 

or solid supported base. 

 

Table 3.4. Results of the heterogeneous continuous flow N-alkylation reactions using 

Cs2CO3 as a solid base.
[a]

 

Entry 
Flow rate 

(mL min
-1

) 

Conversion  

(%)
[b]

 

Yield (6)  

(%)
[b]

 

Yield  

(355/357 m/z) (%)
[b,c] 

1 0.5 86 16 57 

2 0.25 86 21 63 

[a] All experiments were performed as shown in Fig 3.9.; [b] Determined by LC-DAD-MS measurements 

and extrapolated for full conversion; [c] Based on the literature
[298,299]

 and the MS spectra of the LC-DAD-

MS measurements, the monobromo-compound with the 355/357 m/z is presumably the 2-bromoethyl 2-(2-

ethoxy-2-oxoethyl)-2,3-dihydro-1H-indol-1-carboxylate. 

Due to the fact that this approach has not been successful, we have tried to use a solid-

phase supported basic reagent instead of the solid inorganic base, which could not serve as a 

source of carbon-dioxide. DMAP (4-dimethylaminopyridine) bound to silica (Silia-DMAP; 

SiliaBond
®
) was the chosen base. In this case, both conversion and selectivity depended on 

the residence time (Table 3.5., for details see SI of 
[1]

).  
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Table 3.5. Results of the heterogeneous continuous-flow N-alkylation 

reactions using Silia-DMAP as a solid base.
[a]

 

Entry 
Flow rate  

(mL min
-1

) 

Conversion  

(%)
[b]

 

Yield (6)  

(%)
[b]

 

1 0.5 44 89 

2 0.25 92 81 

3 0.125 100 32 

[a] All experiments were performed as described above; [b] Determined by LC-DAD-

MS measurements and extrapolated for full conversion. 

Acceptable conversion and selectivity values could be achieved using 0.25 mL min
-1

 

flow rate (Table 3.5., Entry 2) by this technique. Due to the fact that this reaction requires 

stoichiometric amount of base, the column filled with Silia-DMAP exhausts rapidly. In case 

of a well-established reagent recovery system using intelligent pumping
[170]

 between multiple 

columns,
[171]

 scaled-up manufacturing can be managed, but not economically. Furthermore, 

regeneration of the bed and the use of solid supported reagents are not common practice in 

industry. 

3.1.2.3. Investigation of the N-alkylation reaction under flow conditions using loop 

reactor 

Truly continuous production can be achieved by homogeneous N-alkylation in a loop reactor. 

First, a few batchwise test reactions were performed in order to identify the suitable organic 

base. DIPEA seemed to be applicable since TEA (triethylamine) forms an insoluble 

hydrobromide salt co-product in acetonitrile during the reaction. We have also found that the 

more base was used, the less selective the reaction was. Therefore, we have established the 

amount of the DIPEA in a minimum value (1.15 eq.). With the completion of these test 

reactions the optimisation could be started. 

A four-factor experimental design was proposed, in which the independent variables 

were the temperature (100 < T < 140; [ºC]), the residence time (15 < tRes < 45; [min]), excess 

of reagent (10 < 1,2-dibromoethane < 30; [eq.]) and the dilution (50 < c < 100, [mL g
-1

]). 

A purpose-built flow reactor system was assembled (Fig 3.10.), in which the reaction 

was performed according to the designed experimental procedure. Similarly to the 

heterogeneous N-alkylation, a one-pump setup was used, because no reaction occurs in the 

presence of the base at room temperature. 
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Our design of experiment contained 2
n-1

+3 cases (where n equals to the number of 

factors), which includes 8 experiments for each of the four independent variables (corners of 

the cube) and 3 more in the center point (see SI. of 
[1]

), to identify the deviation of the results. 

The reaction mixtures were analysed by LC-DAD-MS measurements and the independent 

variable’s effects were examined on the dependent variables, which are the conversion, 

selectivity, and their geometric mean (reduced dependent variable: sq(C*S)). 

 

Figure 3.10. A, Homogeneous continuous-flow N-alkylation reaction using DIPEA as the 

base. B, The effect of temperature and the reagent excess on the reduced dependent variable 

(sq(C*S)). 
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All reaction parameters’ impact was assessed by the Statistica software. The results 

showed that the temperature had the greatest impact on the reduced dependent variable. The 

most interesting and valuable effect is that better results could be achieved by using the same 

amount of reagent at higher temperature (Fig 3.10.). In other words, we were able to decrease 

the necessary amount of carcinogenic reagent by elevating the temperature. 

Using these findings, we could lower the amount of 1,2-dibromoethane to 7 equivalents, 

which is almost one tenth of the amount used in the original batchwise procedure (60 

equivalent) with a conversion of 95% and a selectivity of 91%. Further reduction of the 

excess of reagent was not feasible by keeping the value of the reduced dependent variable 

over 93%. 

Moreover, almost complete conversion (95%) was achieved with less than 30 minutes 

residence time, which is significantly better than the batch reaction time (up to 4 days). The 

productivity of the flow reaction system is ca. 200 times better than in the batch reaction 

conducted in the same reactor volume. Using flow chemistry techniques makes the production 

of 9 faster, safer, and more environmental-friendly. 

3.1.2.4. Reductive N-alkylation reaction of 5 indoline with bromoacetic acid 

Nevertheless, significant results were achieved by flow chemistry techniques, several 

other method were also tested, out of which the reductive N-alkylation gave the most 

economical beneficial outcome. 

In this reaction, sodium [tri(2-bromoacetoxy)-hydrido-borate(III)] was generated in situ 

from bromoacetic acid and sodium [tetrahydrido-borate(III)] (Fig 2.9. and Fig 3.11, which 

reduced itself to form 2-bromoacetaldehyde. This 2-bromoacetaldehyde created a iminium 

salt intermediate with the secondary amine function of the indoline 5, which was reduced by 

the reagent excess to the desired N-alkylated product 6 in 67% isolated yield. 

 

 

Figure 3.11. Reductive N-alkylation by sodium [tri(2-bromoacetoxy)-hydrido-borate(III)] 

reagent. 
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 The main benefit of this step is that no carcinogenic 1,2-dibromoethane was necessary; 

furthermore, when adopting all development until the intermediate 6, the cost of the synthesis 

was managed to be reduced by 77% as compared to the original synthetic route. (All reactions 

were scaled-up to multi kg scale and financial analyses were made by Dr. András Páhi from 

the Laboratory of Process Development, Gedeon Richter Ltd.)  
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3.2. New continuous flow final product purification method using 

centrifugal partition chromatography (CPC) 

In the second part, the development of a novel quasi-continuous final product 

purification method is demonstrated by coupling a two-step continuous-flow synthesis with 

centrifugal partition chromatography (CPC). 

The continuous-flow synthesis of active pharmaceutical ingredients (APIs) and their 

intermediates
[3,72,81,107,121,131,137,145,159]

 is actively encouraged by regulatory agencies,
[300]

 not to 

mention its advantages compared to batch processing.
[57,68]

 However, the continuous 

manufacturing of the final dosage form of drugs by coupling the synthesis with formulation 

demands highly pure APIs. Consequently, continuous-flow purification is inevitable in most 

cases. Nonetheless, continuous synthesis is usually followed by ‘discontinuous’ purification 

because of the fact that the number of available options for continuous purification is 

limited
[3,143]

. The existing methods
[144,145]

 can be classified as in-line work-up and final 

product purification depending on their primary place of application within a multistep 

sequence
[3]

. In-line work-up can remove co-products while it cannot eliminate by-products 

which are structurally related to the desired product. High purity can be achieved by final 

product purification using multicolumn chromatography,
[181]

 simulated moving bed (SMB) 

chromatography,
[172,173,180,301]

 catch and release chromatography,
[156,177–179]

 

crystallization
[71,141,174,181,301]

 or recrystallization,
[137,176]

 although these methods have their 

drawbacks: crystallization usually requires semi-batch processing, and catch and release 

chromatography can only be categorized as a truly continuous purification method when 

automated switching between multiple columns is employed.
[171]

 The operation of SMB 

chromatography is technically complex; furthermore, it utilizes expensive solid adsorbent, 

and challenging separations may require additional crystallization.
[180,181]

 

Centrifugal partition chromatography (CPC) is a counter-current separation 

technique
[29-33]

 widely used for the purification of natural products, small molecules and 

biologics. CPC does not require a solid stationary phase, two non-miscible phases are applied 

instead; one of them is used as the mobile phase and the other as the stationary phase which is 

maintained inside the rotating column by the centrifugal force. In ascending mode (AM) the 

upper (lighter) phase is the mobile phase and the lower (denser) phase is the stationary phase, 

while in descending mode (DM) it is just the opposite (Fig 3.12.). The batch-wise separations 

can be converted into semi-continuous purification by using multiple dual-mode 
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(MDM),
[202,203,206,214,303]

 which means that the liquid nature of the stationary phase is used to 

regenerate it by inversing the stationary and mobile phase with each other multiple times and 

re-injecting the sample solution in between. Choosing the biphasic liquid system (BLS) is like 

choosing the column and the eluent in high-performance liquid chromatography (HPLC). As a 

rule of thumb, the partition coefficients should be around 0.5 – 1.5 for the compound of 

interest, and the settling time of the phases should not be more than 20 s.
[304]

 

 

Figure 3.12. Scheme of the working principle of CPC device in AM and DM. 

CPC has many advantages as compared to HPLC, such as higher resolution, no need for 

column replacement or silica to recycle, and it is absolutely free of irreversible adsorption.
[304]

 

In order to address the purification issues currently faced in flow synthesis, we decided 

to develop a new continuous final product purification method by using CPC. In the 

following, we report the first successful coupling of a multistep flow synthesis and MDM 

CPC device to accomplish quasi-continuous purification and production of the pure product. 

Our aim was to develop a novel final product purification method by coupling a 

multistep continuous-flow synthesis with MDM CPC. This section is organized into five sub-

sections as follows: flow reaction, finding the proper BLS, CPC method development, 

automation, and coupling the reaction with the purification. 
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The target molecule, 4-fluoro-2-(morpholin-4-yl)aniline (65a), which is a key 

intermediate in the synthesis of bioactive carbazoles,
[305]

 was synthesised in a nucleophilic 

aromatic substitution (SNAr) reaction
[172]

 of 2,4-difluoronitrobenzene (61) with morpholine 

(62) followed by heterogeneous catalytic hydrogenation (Fig 3.13.). 

 

Figure 3.13. A, Reaction equation and B, Scheme of the continuous-flow SNAr reaction of 

2,4-difluoronitrobenzene (61) with morpholine (62) followed by a heterogeneous catalytic 

continuous hydrogenation of the nitro compounds (63a-c) to the corresponding anilines (65a-

c), using a loop reactor and the H-Cube Pro™ device. 
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The first reaction step was performed in ethanol (EtOH) at 100 °C with 10 min of 

residence time in a loop reactor connected to a Zaiput
®
 back pressure regulator adjusted to 

10 bar. The resulting crude reaction mixture of compounds 63a-c and morpholine 

hydrofluoride salt (64) were introduced into the H-Cube Pro
™

 reactor containing a 10% Pd/C 

cartridge at 50 °C and atmospheric pressure. The product (65a) and all of the intermediates 

(63a-c) and by-products (65b,c) were isolated and characterized (See SI of 
[2]

). The average 

65a content of the reaction mixture was about 81% along with 5% of 65b and 12% of 65c. 

First, an adequate BLS was developed through extensive experimentation to 

differentiate between regioisomers (65a,b) that are similar in every physicochemical property, 

including pKa (see Table 3.6.). The mixture of n-hexane (n-Hex) / tert-butyl methyl ether 

(MTBE) / EtOH / water system in a volumetric ratio of 1/1/1/1 gave ideal partition 

coefficients (KU/L) for anilines 65a-c (Table 3.6.) and exhibited a short settling time of 16 s 

(See SI of 
[2]

). 

Table 3.6. Measured physicochemical parameters of anilines 65a-c. 

Entry Parameter 65a 65b 65c 

1 KU/L
[a]

 1.86 0.49 0.24 

2 pKa
[b]

 4.08±0.015 4.06±0.029 4.76±0.023 

[a] The partition coefficients (KU/L) were determined by GCMS measurements in the biphasic solvent 

system of n-Hex/MTBE/EtOH/H2O=1/1/1/1 v/v ratio. (KU/L = peak area of the compound in the upper 

phase divided by the peak area of the compound in the lower phase). [b] pKa values were determined by 

UV-spectrophotometric titrations (See SI of 
[2]

).  

Employing the chosen BLS in the initial batch-wise CPC experiments performed on a 

100 mL capacity column (Armen SCPC-100+1000-B apparatus with SpotPrepII system, now 

Gilson) showed practically baseline separation for the product both in AM and DM. The 

operating conditions on the equilibrated column were the following: 5-10 mL sample 

injection, mobile phase flow rate of 5 mL min
-1

 and a rotation speed of 2000 rpm. Owing to 

the distinctively higher partition coefficient of the desired product (65a) as compared to the 

by-products (65b,c), the product eluted first in AM (the upper phase is the mobile phase) and 

it eluted last in DM (the lower phase is the mobile phase), which is ideal for our purification 

purposes. 

Using these optimised conditions without modification, an MDM method was 

developed to achieve quasi-continuous purification. After the column had been equilibrated 

and the first sample injection took place, the by-products (65b, c) were simply washed out 
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from the column in DM. Next, the sample solution was injected into the column again, and 

finally the product from both injections was eluted and collected in AM. This process could 

be repeatedly reversed several times, without post-washing and equilibration of the column 

between cycles. The efficiency and recovery were not affected as compared to the single AM 

and DM separation. In this way a stable, uninterrupted MDM CPC separation could be 

conducted for more than 5 h. The purity of the product was more than 99.9% (GCMS) and the 

recovery of 65a was 91%. 

In order to connect the reaction stream with the purification unit it was essential to 

automate the sample intake, which was enabled by the SpotPrepII device’s magnetic valves 

that can be programmed. Due to the increased dead volume before the column, a prolonged 

elution time was necessary in AM to achieve the same recovery. 

In order to match the composition of the sample intake of the CPC separation with the 

output of the continuous-flow reactor, the EtOH solution of the product was mixed with the 

other components of the chosen BLS. After phase separation using a separatory funnel, the 

upper and lower phase of the resulting biphasic mixture was separately introduced according 

to the program (see SI of 
[2]

) into the CPC device (Fig 3.14A.). The phase separation unit 

served as a buffer flask and also allowed the escape of the excess hydrogen from the reduction 

step (which would otherwise be forcing out the liquid from the CPC column). In order to 

reach an overall continuous operation, the total inlet throughput of the reaction stream and the 

other components of the sample solution into the buffer flask must be equal or larger than the 

throughput of the outlet in a certain period of time. For this purpose the elution times (both in 

AM and DM), the time and flow rate of the sample intakes, the flow rates of the reaction 

stream and the other components of the sample solution, and their volume contraction factor 

were considered. 

 



76 

 

 

 

Figure 3.14. Flow chart of the two-step synthesis followed by a quasi-continuous MDM CPC 

purification, using: A, two-phase sample intake or B, one-phase sample intake. U: Upper 

phase of the chosen BLS, L: Lower phase of the chosen BLS; S(L): Sample solution in lower 

phase, S(u): Sample solution in upper phase. C, Picture of the coupled system (for detailes see 

supporting information of article [2]). 

 

The whole system (two-step reaction and purification) could be continuously operated, 

the isolated yield, purity and productivity values were satisfactory (Table 3.7. Entry 1). In 

order to increase the productivity by increasing the sample solution concentration and its 

throughput, a one-phase sample intake method was developed (Fig 3.14B.). The sample 
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solution was prepared as a single-phase mixture of the reaction stream in EtOH combined 

with MTBE and water using two additional pumps (195/25/150 µL min
-1

 of flow rates of 

H2O/MTBE/EtOH, respectively), in a composition that corresponds to the lower phase of the 

BLS (ratios were determined using GC-FID or 
1
H NMR for the organic compounds and Karl-

Fischer titration for the water content, See SI of 
[2]

). The more concentrated sample solution 

and the higher throughput of the reaction stream gave a productivity that was 60% higher 

(Table 3.7. Entry 2) than that of the two-phase sample intake method. 

When the BLS does not contain the solvent(s) of the final reaction step, solvent 

exchange should be considered.
[146,156]

 

Table 3.7. Results obtained in the coupled system of the two-step synthesis with purification. 

Entry Sample intake method 
Yield

[a] 

(%) 

Purity
[b] 

(%) 

Productivity
[c] 

(g•h
-1

 L
-1

) 

1  Two-phase
[d]

 57 > 99.9 1.44 

2 One-phase
[e]

 59 > 99.9 2.27 

[a] Isolated yield for the overall two synthetic steps followed by the quasi-continuous purification.  

[b] Measured by GCMS. [c] Mass of the pure product divided by the time of the process and the volume of the 

column. [d] Scheme of the process shown in Fig 3.14A. [e] Scheme of the process shown in Fig 3.14B. 

In summary, we have developed a system for the multistep continuous-flow synthesis 

and purification of a complex reaction mixture, utilizing quasi-continuous multiple dual-mode 

centrifugal partition chromatography that can be operated in a truly continuous manner by 

using buffer flasks and a few pumps (See SI of 
[2]

) and by synchronizing the flow reaction 

with the purification. The productivity increased significantly by the one-phase intake of the 

sample solution. 

Throughput could be easily elevated by scaling up the column capacity
[213,249,250,306,307]

 

or by converting to a true moving bed system
[308–311]

 via introducing the sample solution 

continuously into the intermediate point of the column (e.g. between two columns). 

This system is the very first continuous-flow adsorbent-free final product purification 

technique, and should have a wide applicability in the synthesis of APIs or its intermediates. 
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4. Experimental 

All batchwise preparations preceding the diazepinone (7) compound, and the 

corresponding continuous-flow optimisation reactions can be found in publication 
[1]

 and its 

supporting information. Characterisation and spectra of compounds 28, 29, 21, 5, 6, 6a and 7 

also can be found in the supporting information section of in publication 
[1]

. 

Furthermore, all flow reactions and any additional experiments related to the 

development of the new purification method can be found in the supporting information of 

publication 
[2]

, therefore in this section I present only those reactions that were not published. 

Characterisation and spectra of compound 63a-c and 65a-c also can be found in the 

supporting information section of in publication 
[2]

. 

Nevertheless, all spectral characterisations of these compounds (23, 24, 21a, 8, 4, 3, 3a 

and 2) are listed below and their actual spectra can be found in the ‘Appendix I.’. 

4.1. General experimental details 

All chemicals were purchased from commercial sources and were used without further 

purification. 

Analytical thin-layer chromatography (TLC) was performed on aluminum foil-backed 

pre-coated silica and impregnated with a fluorescent indicator (Kieselgel 60 F254; 

manufactured by Merck). The solvent front was allowed to ascend to 5-6 cm. The spots were 

visualized by exposure to ultraviolet light using a CAMAG type UV lamp (λ1=254 nm, λ2= 

366 nm) and/or fumed with chlorine followed by submersion in the solution of 4-(4-amino-3-

methylphenyl)-2-methylaniline (2.5 g/L) in water. 

Column chromatography was performed using silica gel (0.040–0.063 mm, 

manufactured by Merck). 

Organic solutions were concentrated by rotary evaporation (Büchi Rotavapor R-210, V-

850 Vacuum Controller, B-491 Heating Bath) below 55 ºC. 

Melting points were determined on Büchi B540 instrument and are reported as 

uncorrected values. 

Microwave irradiation experiments were performed using single-mode CEM Discover
®
 

Systems (CEM Corporation, USA). Experiments were performed in temperature control 

mode. Stirring speed was set to “High” (ca. 700 rpm). Standard 10 ml volume cylindrical 
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Pyrex
®
 reaction vessels (inner diameter 12 mm; obtained from CEM Corporation, USA) were 

used, equipped with small cylindrical stir bars. 

NMR spectra were collected on either of the following Varian instruments (Agilent 

Technologies, Santa Clara, CA, USA): VNMRS 400 spectrometer, equipped with a OneNMR 

pulsed field gradient (PFG) Probe; VNMRS 500 spectrometer, equipped with a 
1
H{

13
C/

15
N} 

PFG Triple Resonance 
13

C Enhanced Cold Probe and VNMRS 800 spectrometer, equipped 

with a 
1
H{

13
C/

15
N} PFG Triple Resonance 

13
C Enhanced Salt Tolerant Cold Probe. Samples 

were prepared in either CDCl3 (99.8% D) or DMSO-d6 (99.96% D; both from Euriso-Top, 

France), containing also tetramethylsilane (TMS) for referencing the chemical shift scales at 

0.00 ppm. Measurements were performed in standard 5-mm NMR tubes from Wilmad near 

ambient temperature. Standard pulse programs available in the VnmrJ 3.2A software were 

used to acquire 1D 
1
H, 

13
C{

1
H} or APT spectrum and a subset of 2D spectra necessary for the 

unambiguous characterization of the compounds: gCOSY, zTOCSY (with a mixing time of 

30 ms), ROESY (with a 3.2 kHz T-ROESY spinlock for a mixing time of 0.2 s), phase-

sensitive gHSQCAD, gHMBC or band-selective HMBC (bsgHMBC), both latter experiments 

with 
n
JCH set to 8 Hz. All coupling constants are reported in Hz units and the following 

abbreviations are used to describe the proton signal multiplicities: s: singlet; d: doublet; t: 

triplet, q: quartet, m: multiplet, br: broad. The spectral figures presented in the Appendix were 

produced by MestreNova (Mestrelab Research, Santiago de Compostela, Spain). 

 

HRMS and HPLC-DAD-MS measurements  

Electrospray high-resolution MS measurements (ESI-HRMS) were performed on a 

Thermo LTQ FT Ultra spectrometer (Thermo Fisher Scientific, Bremen, Germany). The 

ionization method was ESI, operated in positive ion mode. The ion transfer capillary 

temperature was set at 280 °C. Samples were infused into the ESI source as MeOH solutions 

at a flow rate of 10 μL min
-1

. The resolving power was 50,000 (FWHM) at m/z 400. Data 

acquisition and analysis were accomplished with the Xcalibur software version 2.1 (Thermo 

Fisher Scientific Inc.). 

Electron impact high-resolution MS measurements (EI-HRMS) were performed on a Finnigan 

MAT 95XP mass spectrometer (Finnigan, Bremen, Germany). The ion source temperature 

was set at 220 °C, the applied ionization energy was 70 eV. Data acquisition and analysis 

were accomplished with Xcalibur software version 2.0 (Thermo Fisher Scientific Inc.). 
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The HPLC-DAD-QMS experiments were performed on an Agilent 1100 HPLC system 

(G1379A degasser, G1311A quaternary gradient pump, G1367B autosampler, G1316A 

column thermostat and G1315B diode array detector) coupled with a 6120 quadrupole mass 

spectrometer equipped with an ESI ion source (Agilent Technologies, Waldbronn, Germany). 

The Masshunter B.03.01 software was used for qualitative analyses.  

The solid samples were dissolved in acetonitrile (1 mg/mL), and separated on a 

Kinetex-XB C18 column (50×2.1 mm, 2.6 µm; Phenomenex, Torrance, CA, USA) 

maintained at 40 °C. The injection volume was 1 μL. The following gradient elution program 

was applied at a flow rate of 0.75 mL min-1; where eluent A was 0.1% (v/v) trifluoroacetic 

acid in water, eluent B was 0.1% (v/v) trifluoroacetic acid in acetonitrile: water = 95 : 5: 0 

min: 0% (v/v) B; 4 min: 100% (v/v) B; 7 min: 100% (v/v) B; 7.01 min: 0% (v/v) B. Detection 

wavelength was 240±25 nm, UV spectra of the compounds were recorded between 200 and 

600 nm. Quadrupole mass spectrometric parameters were as follows: ion source: ESI, 

positive; drying gas (N2) temperature: 350 °C; drying gas (N2) flow rate: 12 L min
-1

; nebuliser 

gas (N2) pressure: 60 psi; fragmentor voltage: 50 V; capillary voltage: 2500 V. Full-scan mass 

spectra were acquired over the m/z range 100-1150 (1 scan/sec). 
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4.2. Procedures for the synthesis of diazepino-indoles  

All batchwise preparations leading to the diazepinone (7) compound, and the 

corresponding continuous-flow optimisation reactions can be found in publication 
[1]

 and its 

supporting information. In this section I present only those reactions that were not published: 

compounds 23, 24, 21a, 8, 4, 3, 3a and 2. 

4.2.1.  Unpublished batchwise reactions 

4.2.1.1. Preparation of 2-aminobenzyl-triphenylphosphonium bromide (23) from 2-

aminobenzyl alcohol (22) 

 

To a refluxing suspension of 8.3 g (1 eq., 64.4 mmol, 123.152 g mol
-1

) 2-

aminobenzylalcohol in acetonitrile (460 mL) in a reflux apparatus equipped with a drying 

tube filled with CaCl2; 23.1 g triphenylphosphine hydrobromide (1 eq., 64.4 mmol, 343.197 g 

mol
-1

) was added. After refluxing the suspension for 29 hours, the TLC showed full 

conversion (DCM:MeOH = 9:1; Rf (22) = 0.48; Rf (23) = 0.26). The reaction mixture was 

evaporated in vacuo to obtain 24.5 g (81%) (23) as an off-white solid. 

1
H NMR (399.8 MHz, DMSO-d6, 25 °C) δ = 4.95 (d, 

2
JPH = 14.8; 2H; CH2-7); 6.31 (t, J = 7.4; 1H, CH-3); 6.53–

6.62 (overlapping doublets, 2H, CH-5 and CH-2); 6.98 (t, 

J = 7.6; 1H, CH-4); 7.61–7.77 (m, 12H, 6× CH-2’ and 6× 

CH-3’); 7.84–7.93 (t, J = 7.9; 3H, 3× CH-4’) ppm. The 

strongly broadened signal of the amino protons merge into 

the baseline around 5 ppm.
 13

C NMR (100.5 MHz, DMSO-d6, 25 °C): δ = 24.1 (d, 
1
JPC = 47; 

CH2-7); 109.3 (d, 
2
JPC = 8.5; C-1); 115.72 (d, 

4
JPC = 16.2; CH-5); 115.75 (d, 

4
JPC = 17.0; CH-

3); 118.2 (d, 
1
JPC = 84.7; 3× C-1’); 129.2 (d, 

5
JPC = 3.4; CH-4); 129.8 (d, 

3
JPC = 12.3; 6× CH-

3’); 131.0 (d,
 3

JPC = 5.1; CH-2); 133.9 (d, 
2
JPC = 9.9; 6x CH-2’); 134.8 (d, 

4
JPC = 2.8; 3× CH-

4’); 148.1 (d, 
3
JPC = 5.4; C-6) ppm. HRMS: calcd for C25H32NP [M+H]

+
: 368.15626; found: 

368.15582; delta = -1.2 ppm. Mp.: 237–241 ºC (Lit.: 238–240 °C
[312]

). 
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4.2.1.2. Preparation of [2-(ethoxycarbonylacetamido)benzyl] triphenylphosphonium 

bromide (24) by N-acylation of (23) 

 

To the white suspension of 4.9 g (1 eq., 10.9 mmol, 448.335 g mol
-1

) 2-aminobenzyl-

triphenylphosphonium bromide (23) in DCM (25 mL), 2.4 mL (1.7 eq., 18.5 mmol, 150.56 g 

mol
-1

) ethyl malonyl chloride was added at ambient temperature. The reaction mixture was 

stirred at rt for 1 hour, when TLC showed full conversion (DCM:MeOH:sat. NH4OH = 

90:10:1; Rf (23) = 0.48; Rf (24) = 0.6). The reaction mixture was evaporated in vacuo. The 

residue was washed with EtOH and Et2O, and dried in an exsiccator in the presence of P2O5 to 

obtain 5.1 g (84%) 24 as a beige solid. 

1
H NMR (399.8 MHz, DMSO-d6, 25 °C) δ = 1.18 (t, J = 

7.1; 3H, CH3-14); 3.22 (s, 2H; CH2-11); 4.08 (q, J = 7.1; 

2H, CH2-13); 5.26 (d, 
2
JPH = 15.3; 2H, CH2-7); 6.96 (dt, J = 

8.0; J = 2.0; 1H, CH-6); 7.01 (t, J = 7.3; 1H, CH-5); 7.28–

7.35 (m, 1H, CH-4); 7.50 (d, J = 8.1; 1H, CH-3); 7.63 (dd, 

3
JPH = 12.6; J = 8.0; 6H, 6× CH-2’); 7.72 (td, 

4
JPH = 8.0; J = 

3.5; 6H, 6× CH-3’); 7.89 (t, J = 8.0; 3H, 3× CH-4’); 9.78 

(brs, 1H, NH-9) ppm. 
13

C NMR (100.5 MHz, DMSO-d6, 25 °C): δ = 13.9 (CH3-14); 25.0 (d, 

1
JPC = 47.6; CH2-7); 42.6 (CH2-11); 60.6 (CH2-13); 117.6 (d, 

1
JPC= 85.4; 3× C-1’); 120.8 (d, 

2
JPC = 7.8; C-1); 125.31 (d, 

4
JPC = 10.0; CH-3); 125.34 (d, 

4
JPC = 10.0; CH-5); 128.9 (d, 

5
JPC = 

3.7; CH-4); 130.0 (d, 
3
JPC = 12.5; 6x CH-3’); 131.4 (d, 

3
JPC = 5.1; CH-6); 133.8 (d, 

2
JPC = 

10.0; 6× CH-2’); 135.0 (d, 
4
JPC = 2.8; 3× CH-4’); 137.2 (d, 

3
JPC = 6.1; C-2); 164.0 (C-10); 

167.5 (C-12) ppm. HRMS: calcd for C30H29NP [M+H]
+
: 482.18796; found: 482.18752;  

delta = -0.9 ppm. Mp.: 234–238 ºC (Lit.: 236 °C
[27]

). 
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4.2.1.2.1. Preparation of 21 by intramolecular Wittig-reaction from 24 with NaH as the 

base 

 

To a yellow solution of 0.5 g (1.0 eq., 0.9 mmol, 562.445 g mol
-1

) 24 in DCM (5 mL), 

40 mg (1.1 eq. 1.1 mmol, 24 g mol
-1

) sodium hydride (60 wt% in mineral oil) was added at 

ambient temperature. The reaction mixture was stirred for 3 hours, and then water (10 mL) 

was added. The layers were separated and the aqueous layer was extracted with DCM 

(10 mL) twice. The combined organic phases were washed with brine, dried over anhydrous 

Na2SO4 and evaporated in vacuo. The green sticky crude product was purified by column 

chromatography eluting with n-hexane:ethyl acetate = 4:1 isocratic elution to obtain 0.12 g 

(61%) ethyl 2-[(2-methylphenyl)carbamoyl]acetate (21a) as white crystals. Indole 21 was not 

formed in the reaction. 

1
H NMR (399.8 MHz, CDCl3, 25 °C) δ = 1.33 (t, J = 7.2; 

3H, CH3-6); 2.32 (s, 3H, CH3-7’); 3.50 (s, 2H, CH2-2); 4.27 

(q, J = 7.2; 2H, CH2-5); 7.06 (td, J = 7.5; J = 1.0; 1H; CH-

4’); 7.16–7.24 (m, 2H, CH-3’, CH-5’); 7.96 (d, J = 8.1; 1H, 

CH-6’); 9.26 (br s, 1H, NH-4) ppm. 
13

C NMR (100.5 MHz, CDCl3, 25 °C): δ 14.1 (CH3-6); 

17.8 (CH3-7’); 41.3 (CH2-2); 61.9 (CH2-5); 122.2 (CH-6’); 124.9 (CH-4’); 126.7 (CH-3’); 

128.5 (C-2’); 130.4 (CH-5’); 135.7 (C-1’); 162.9 (C-3); 170.4 (C-1) ppm. HRMS: calcd for 

C12H16O3N [M+H]
+
: 222.11247; found: 222.11249; delta = 0.1 ppm. Mp.: 77–78 ºC (Lit.: 76-

77 °C
[313]

). 

4.2.1.2.2. Preparation of 21 by intramolecular Wittig-reaction from 24 with lithium 

bis(trimethylsilyl)amide as the base 
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 To a three-necked round bottom flask, which was equipped with a septum, a Dean-

Stark apparatus and a drying tube filled with CaCl2, a suspension of 20.0 g (1 eq., 35.6 mmol, 

562.445 g mol
-1

) 24 in toluene (300 mL), which was dried overnight on 3Å molecular sieve, 

was added. The suspension was refluxed for 30 min in order to remove the traces of water and 

then it was cooled to 60 °C. Then 36 mL (1 eq., 0.36 mol, 1 M) lithium 

bis(trimethylsilyl)amide solution in THF was added to the suspension and the reaction 

mixture was stirred for 15 min, when TLC showed full conversion (DCM:acetone = 9:1; Rf 

(24) = 0.95; Rf (21) = 0.36). The reaction mixture was cooled to rt, then it was filtered. The 

mother liquor was treated with Et2O, and the precipitated triphenylphospine oxide was filtered 

again. The filtrate was evaporated in vacuo, and the crude product was purified by flash 

column chromatography eluting with 0-20% gradient of EtOAc in n-hexane, then isocratic 

elution to obtain 4.3 g (60%) 21 as a light yellow oil. 

4.2.1.3. Preparation of ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate 

(6) by reductive N-alkylation reaction of ethyl 2-(2,3-dihydro-1H-indol-2-

yl)acetate (5) with bromoacetic acid 

 

To solution of bromoacetic acid (10.15 g, 73 mmol, 138.95 g mol
-1

, 15.2 eq.) in THF 

(10 mL), which was cooled to 0 ºC with ice bath, sodium [tetrahydrido-borate(III)] (1.0 g, 

26.4 mmol, 5.5 eq., 37.83 g mol
-1

) was added (slightly exothermic reaction, while gas 

generates). The white suspension was stirred at 0 ºC until the gas generation stopped, then a 

dark brownish solution of ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) (1.0 g, 4.8 mmol, 

205.233 g mol
-1

, 1.0 eq.) in THF (10 mL) was added. After the argon inlet was discharged, the 

caramel coloured reaction mixture was equipped with a reflux condenser and it was stirred at 

reflux temperature for 3 hours, when the TLC showed full conversion (n-hexane:EtOAc = 

4:1; Rf (5) = 0.36; Rf (6) = 0.50). To the reaction mixture ethanol (20 mL) was added, and it 

was cooled to room temperature. The white precipitate was removed by filtration. The mother 

liquor was evaporated in vacuo and the residue dissolved in DCM (100 mL), which was 

washed with the solution of 1 M NaOH solution (65 mL) and water (40 mL). The aqueous 

phase was extracted with DCM (100 mL) and the combined organic phase dried over 
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anhydrous Na2SO4 and evaporated in vacuo resulting in 1.6 g dark brown oil (89.5% 6 in LC-

DAD-MS). The crude reaction mixture was purified by column chromatography (ca. 160 g 

silica gel) eluting with n-hexane:EtOAc=10:1 isocratic elution to obtain 1.0 g (67%) ethyl 2-

[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (6). 

4.2.1.4. Preparation of 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole (8) 

4.2.1.4.1. Using 5 eq. of borane-dimethylsulfide complex 

 

To a round-bottomed flask, which was equipped with a condenser and a drying tube 

filled with CaCl2, a light yellow solution of 1.0 g (1 eq., 5.0 mmol, 202.253 g mol
-1

) 

diazepinone (7) in THF (60 mL) and 13 mL (5 eq., 25.0 mmol, 2 M in THF) borane-dimethyl 

sulphide complex were added under argon atmosphere. The reaction mixture was stirred at 65 

°C for 12 h, when TLC showed full conversion (DCM:MeOH = 9:1; Rf (7) = 0.50; Rf (8) = 

0.86). First, ethanol (36 mL) was added to quench the excess of reagent, then the reaction 

mixture was evaporated in vacuo. To the residue, which was redissolved in ethanol (50 mL), 1 

M HCl solution (32 mL) was added and stirred at reflux temperature for 1 h. The cooled 

reaction mixture was first alkalified to pH>13 with 1 M NaOH solution (ca. 46 mL), then it 

was extracted with DCM (40 mL) three times. The combined organic solution was washed 

with brine, dried over Na2SO4 and evaporated in vacuo. The crude product was purified by 

flash column chromatography eluting with 0-5% gradient of MeOH in DCM, then isocratic 

elution to obtain 0.68 g (73%) 8 as s light yellow oil. 

1
H NMR (399.8 MHz, CDCl3, 25 °C) 1.83 (dddd, J = 16.6; J = 14.2; 

J = 10.1; J = 4.3; 1H, CHa-1); 1.95 (ddd; J = 14.1; J = 6.7; J = 3.7; 

1H; CHb-1); 2.26 (br s, 1H, NH-3); 2.67 (dd, J = 15.7; J = 9.1; 1H, 

CHa-11); 2.80 (ddd, J = 13.6; J = 10.5; J =3.6; 1H, CHa-2); 2.91–3.05 

(m, 2H, CHa-4, CHa-5); 3.06–3.28 (m, 3H, CHb-2, CHb-4, CHb-11); 3.53 (ddd, J = 13.1; J = 

7.8; J = 2.9; 1H, CHb-5); 3.89 (qd, J = 9.3; J = 2.5; 1H, CH-11a); 6.35 (d, J = 7.8; 1H, CH-7); 

6.60 (dd, J = 7.1; J = 7.6; 1H, CH-9); 7.01 (d, J = 7.1; 1H, CH-10); 7.06 (d, J = 7.6; 1H, H-8) 

ppm. 
13

C NMR (100.5 MHz, CDCl3, 25 °C) δ 37.0 (CH2-11); 39.3 (CH2-1); 47.8 (CH2-4); 

48.0 (CH2-2); 50.7 (CH2-5); 64.1 (CH-11a); 106.1 (CH-7); 117.0 (CH-9); 123.8 (CH-10); 
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127.4 (CH-8); 128.6 (CH-10a); 152.7 (CH-7a) ppm. HRMS: calcd for C12H17N2 [M+H]
+
: 

189.13863; found: 189.13849; delta = -0.7 ppm. 

4.2.1.4.2. Using 3 eq. of borane-dimethylsulfide complex 

To a round bottom flask, which was equipped with a condenser and a drying tube filled 

with CaCl2, a light yellow solution of 0.5 g (1 eq., 2.5 mmol, 202.253 g mol
-1

) diazepinone (7) 

in THF (15 mL) and 0.75 mL (3 eq., 7.5 mmol, 10 M in THF) borane-dimethyl sulphide 

complex were added under argon atmosphere. The reaction mixture was refluxed for 16 

hours, when TLC showed full conversion (DCM:MeOH = 9:1; Rf (7) = 0.5; Rf (8) = 0.86). 

First, ethanol (31 mL) was added to quench the excess of reagent,then the reaction mixture 

was evaporated in vacuo. To the residue, which was redissolved in ethanol (15 mL), 2 M HCl 

solution (11 mL) was added and stirred at reflux temperature for an hour. The cooled reaction 

mixture was first alkalified to pH>13 with 2 M NaOH solution (ca. 16 mL), then it was 

extracted with DCM (30 mL) twice. The combined organic solution was washed with brine, 

dried over Na2SO4 and evaporated in vacuo to obtain 0.68 g (73%) 8 as a light yellow oil. LC-

DAD-MS: >98.5%. 

4.2.1.5. Preparation of tert-buthyl  

1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole-3-carboxylate (4) 

4.2.1.5.1. Preparation of 4 from compound 8 

 

To a light yellow solution of 1.37 g (1 eq., 7.3 mmol, 188.289 g mol
-1

) 8 and 1.55 mL 

(1.5 eq., 11 mmol, 101.19 g mol
-1

, 0.726 g mL
-1

) TEA in DCM (65 mL), which was cooled to 

0 °C under argon atmosphere, a solution of 1.91 g (1.2 eq., 8.7 mmol, 218.25 g mol
-1

) di-tert-

butyl dicarbonate in DCM (10 mL) was added. After removing the cooling bath, the reaction 

mixture was stirred at ambient temperature for 2 hours, when TLC showed full conversion 

(DCM:MeOH:sat. NH4OH = 90:10:1; Rf (8) = 0.5; Rf (4) = 0.93). Saturated NaHCO3 solution 

(28 mL) and water (28 mL) were added to quench the excess of reagent, and then the reaction 

mixture was separated. The aqueous phase was extracted with DCM (40 mL) three times. The 

combined organic solution was washed with brine (40 mL), dried over Na2SO4 and 
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evaporated in vacuo. The crude product was purified by flash column chromatography eluting 

10% of EtOAc in n-hexane isocratic elution to obtain 2.01 g (96%) 4 as a white solid. 

Owing to the hindered rotation at the carbamoyl moiety, most signals in the 
13

C spectrum and 

some signals in the 
1
H spectrum are duplicated, which is indicated by slash mark (/) in the 

following peak lists. 

1
H NMR (799.9 MHz, DMSO-d6, 30 °C) δ 1.39 (s, 9H, 3× 

CH3-14); 1.74 (m, 1H, CHa-1); 1.94/1.98 (m, 1H, CHb-1); 

2.57 (dd, J = 15.6; J = 9.6; 1H, CHa-11); 2.78 (m, 1H, CHa-

5); 3.15 (dd, J = 15.6; J = 9.0; 1H, CHb-11); 3.27/3.29 (m, 

1H, CHa-2); 3.49 (m, 1H, CHa-4); 3.54–3.62 (m, 3H, CHb-2, 

CHb-4, CH-11a); 3.65 (m, 1H, CHb-5); 6.44 (br d, J = 8.4; 1H, CH-7); 6.55 (t, J = 7.3; 1H, 

CH-9); 6.95-6.99 (m, 2H, CH-8, CH-10) ppm. 
13

C NMR (201.1 MHz, DMSO-d6, 30 °C) δ 

28.0 (3× CH3-14); 35.2/35.5 (CH2-1); 35.9/36.0 (CH2-11); 44.3/44.9 (CH2-2); 45.2/45.7 

(CH2-4); 47.3 (CH2-5); 64.0/64.6 (CH-11a); 78.5 (C-13); 106.7/106.7 (CH-7); 117.1 (CH-9); 

123.7 (CH-10); 127.1 (CH-8); 128.2 (C-10a); 152.3/152.4 (C-7a); 154.3 (C-12) ppm. HRMS: 

calcd for C17H25O2N2 [M+H]
+
: 289.19105; found: 289.19083; delta = -0.78 ppm. Mp.:  

74-77 ºC (Lit.: N.A.). LC-DAD-MS > 97%. 

4.2.1.5.2. Preparation of 4 from compound 7 using telescoped synthesis 

 

To a light yellow suspension of 0.5 g (1 eq., 2.5 mmol, 202.253 g mol
-1

) diazepinone (7) 

in abs. THF (5 mL), 3.7 mL (3 eq., 7.5 mmol, 2 M in THF) borane-dimethyl sulphide 

complex was added under argon atmosphere. The reaction mixture was refluxed for 18 h, 

when TLC showed full conversion (DCM:MeOH = 9:1; Rf (7) = 0.5; Rf (8) = 0.86). First, 

ethanol (1.5 mL) was added to quench the excess of reagent, then the reaction mixture was 

evaporated in vacuo. To the residue, which was redissolved in 1,4-dioxane (4 mL), 6 M HCl 

solution (2 mL) was added and stirred at reflux temperature for 1 h. The reaction mixture was 

first cooled to 0 °C and alkalified to pH>9 with 2 M NaOH solution (ca. 4.5 mL). Then the 

solution of 0.59 g (1.1 eq., 2.7 mmol, 218.25 g mol
-1

) di-tert-butyl dicarbonate in 1,4-dioxane 

(1.4 mL) was added to the reaction mixture, which was stirred at ambient temperature for 30 
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min, when TLC showed full conversion (DCM:MeOH:sat. NH4OH = 90:10:1; Rf (8) = 0.5; Rf 

(4) = 0.93). Distilled water (10 mL) was added to dissolve the precipitate, and the mixture 

was extracted with ethyl acetate (30 mL) three times. The combined organic solution was 

washed with brine, dried over Na2SO4 and evaporated in vacuo to obtain 0.68 g (95%) 4 as a 

light yellow solid. LC-DAD-MS > 95%. 

4.2.1.6. Preparation of 9-bromo tert-butyl 1H,2H,3H,4H,5H,11H,11aH-

[1,4]diazepino[1,7-a]indole-3-carboxylate (3) 

 

To a solution of 2.0 g (1 eq., 6.9 mmol, 288.385 g mol
-1

) 4 in acetonitrile (100 mL), 

1.36 g (1.1 eq., 7.6 mmol, 177.98 g mol
-1

) NBS was added. The reaction mixture was stirred 

at rt for 3 h, when TLC showed full conversion (n-hexane:EtOAc = 4:1; Rf (4) = 0.53; Rf (3) = 

0.43). The crude product was purified by column chromatography eluting 20% of acetone in 

cyclohexane isocratic elution to obtain 1.58 g (62%) 3 as a white solid and 0.35 g (14%) 3a as 

a light yellow oil. 

Owing to the hindered rotation at the carbamoyl moiety, most signals in the 
13

C spectrum are 

duplicated, which is indicated by slash mark (/) in the following peak lists. 

1
H NMR (3) (499.9 MHz, DMSO-d6, 25 °C) δ 1.38 (s, 9H, 

3× CH3-14); 1.67-1.77 (m, 1H, CHa-1); 1.87-1.98 (br m, 

1H, CHb-1); 2.58 (dd, J = 16.2; J = 9.1; 1H, CHa-11); 

2.75-2.86 (m, 1H, CHa-5); 3.17 (dd, J = 16.2; J = 9.1; 1H, 

CHb-11); 3.19-3.30 (m, 1H, CHa-2); 3.41-3.50 (m, 1H, 

CHa-4); 3.54-3.74 (m, 4H, CHb-2, CHb-4, CHb-5, CH-11a); 6.39 (d, J = 8.9; 1H, CH-7); 7.08-

7.13 (m, 2H, CH-8, CH-10) ppm. 
13

C NMR (3) (125.7 MHz, DMSO-d6, 25 °C) δ 28.0 (3× 

CH3-14); 35.2/35.5 (CH2-1); 35.5/35.6 (CH-11a); 44.3/44.9 (CH2-2); 44.9/45.4 (CH2-4); 46.9 

(CH2-5); 63.9/64.5 (CH-11a); 78.5 (C-13); 107.61/107.63 (C-9); 107.9/108.0 (CH-7); 126.4 

(CH-10); 129.5 (CH-8); 131.1 (C-10a); 151.47/151.51 (C-7a); 154.2 (C-12) ppm. HRMS (3): 

calcd for C17H24O2N2Br [M+H]
+
: 367.10157; found: 367.10135; delta = -0.6 ppm. Mp.: 110-

111 ºC (Lit.: N.A.). 
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9,11-Dibromo tert-butyl 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indole-3-

carboxylate (3a): 

1
H NMR (3a) (399.8 MHz, CDCl3, 25 °C) δ 1.47 (s, 9H, 

3× CH3); 1.63-1.83 (m, 1H, CHa-1); 2.01-2.14 (m, 1H, 

CHb-1); 2.59 (dd, J = 16.5; J = 8.0; 1H, CHa-11); 2.74-

2.88 (m, 1H, CHa-5); 3.32 (dd, J = 16.5; J = 9.9; 1H, CHb-

11); 3.36-3.84 (m, 5H, CH2-2, CH2-4, CH-11a); 4.56-4.72 

(m, 1H, CHb-5); 7.03 (br s, 1H, CH-10); 7.32 (br s, 1H, CH-8) ppm.  

Due to the hindered rotation at the carbamoyl moiety, most signals in the 
13

C spectrum are 

duplicated, which is indicated by slash mark (/) in the peak list. 

 
13

C NMR (3a) (100.5 MHz, CDCl3, 25 °C) δ 28.5 (3× CH3-14); 35.7/35.9 (CH2-1); 36.0/36.1 

(CH2-11); 44.4/44.9 (CH2-2); 48.4/48.6 (CH2-4); 50.0/50.6 (CH2-5); 66.4 (CH-11a); 79.6/79.7 

(C-13); 102.6/103.3 (C-7); 110.0/110.1 (C-9); 126.4 (CH-10); 133.7/134.0 (C-10a); 134.5 

(CH-8); 148.0/148.1 (C-7a); 155.4 (C-12) ppm. HRMS (3a): calcd for C17H23O2N2Br2 

[M+H]
+
: 445.01208; found: 445.01197; delta = -0.25 ppm. 

4.2.1.7. Preparation of 9-bromo tert-butyl  

1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole-3-carboxylate (2) 

4.2.1.7.1. Preparation of 2 from compound 3 

 

To a colourless solution of 0.34 g (1 eq., 0.9 mmol, 367.28 g mol
-1

) 3 in THF (65 mL), 

which was cooled to 0 °C under argon atmosphere, solution of 0.23 g (1.1 eq., 1.0 mmol, 

227.01 g mol
-1

) DDQ was added. After removing the cooling bath, the reaction mixture was 

stirred at ambient temperature for 3 h, when TLC showed full conversion (n-hexane:EtOAc = 

4:1; Rf (3) = 0.32; Rf (2) = 0.40). To the reaction mixture 2 M NaOH solution (28 mL) was 

added and the layers were separated. The aqueous phase was extracted with DCM (28 mL) 

three times. The combined organic solution was washed with first water (28 mL) then with 

brine (40 mL), dried over Na2SO4 and evaporated in vacuo. The yellow crude product was 

purified by recrystallization from ethanol to obtain 0.23 g (69%) 2 as a white solid. 
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1
H NMR (799.7 MHz, DMSO-d6, 30 °C) 1.44 (s, 9H, 3× 

CH3-14); 3.02 (br s, 2H, CH2-1); 3.55 (br s, 2H, CH2-2); 

3.62 (br s, 2H, CH2-4); 4.30 (br s, 2H, CH2-5); 6.27 (s, 

1H, H-11); 7.18 (dd, J = 8.7; J = 2.0; 1H, CH-8); 7.42 (d, 

J = 8.7; 1H, CH-7); 7.62 (d, J = 2.0; 1H, CH-10) ppm. 

Due to the hindered rotation at the carbamoyl moiety, most signals in the 
13

C spectrum are 

duplicated, which is indicated by slash mark (/) in the peak list.  

13
C NMR (201.1 MHz, DMSO-d6, 30 °C) δ 28.0 (3× CH3-14); 29.1/29.5 (CH2-1); 45.4/46.2 

(CH2-2); 45.7/45.8 (CH2-5); 46.7/47.5 (CH2-4); 79.2 (C-13); 99.8 (CH-11); 111.26 (CH-7); 

111.33 (C-9); 121.5 (CH-10); 122.7 (CH-8); 128.9 (C-10a); 135.7 (C-7a); 142.6 (C-11a); 

154.0 (br, C-12) ppm. HRMS: calcd for C17H22O2N2Br [M+H]
+
: 365.08592; found: 

365.08563; delta = -0.79 ppm. Mp.: 142-144 ºC (Lit.: N.A.). 

4.2.1.7.2. Preparation of 2 from compound 4 using telescoped synthesis 

 

To a solution of 0.67 g (1 eq., 2.2 mmol, 288.385 g mol
-1

) 4 in acetonitrile (12 mL), 

which was cooled to 0 °C under argon atmosphere, solution of 393 mg (1.0 eq., 2.2 mmol, 

177.98 g mol
-1

) NBS in acetonitrile (6 mL) was added. The reaction mixture was analysed 

immediately by TLC, which showed full conversion (n-hexane:EtOAc = 4:1; Rf (4) = 0.53; Rf 

(3) = 0.43). To the reaction mixture, a solution of 0.67 g (1.1 eq., 2.4 mmol, 227.01 g mol
-1

) 

DDQ was added in acetonitrile (9 mL). After removing the cooling bath, the reaction mixture 

was stirred at ambient temperature for 15 min, when TLC showed full conversion (n-

hexane:EtOAc = 4:1; Rf (3) = 0.32; Rf (2) = 0.40). The reaction mixture was evaporated in 

vacuo and suspended in 2 M NaOH solution (30 mL) and filtered. The residue was washed 

with 2 M NaOH solution and water. The crude product was purified by recrystallization from 

ethanol (ca. 3.5 mL) to obtain 0.42 g (52%) 2 as a grey solid. Mp.: 139-140 °C. 
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5. Summary 

 
Flow chemistry techniques were applied successfully both in the optimisation process of 

the synthesis of melanin-concentrating hormone receptor 1 (MCHr1) antagonists with 

1H,2H,3H,4H,5H-[1,4]diazepino[1,7-a]indole scaffold for the treatment of obesity through 

regulation of appetite and in creating a novel finalproduct purification technique using 

centrifugal partition chromatography. 

 

First, flow chemistry proved to be a valuable technique in certain reactions to improve 

the synthesis of indoline derivatives by making the optimisation safer, faster, more 

economical and more environmentally friendly as compared to the batchwise methods. 

These findings are the following. 

A novel, consecutive heterogeneous catalytic hydrogenation reaction was developed 

with continuous-flow hydrogenation reactors (H-Cube
TM

 and H-Cube Pro
TM

) using palladium 

on charcoal and methanesulfonic acid catalyst in acetic acid for the synthesis of ethyl 2-(2,3-

dihydro-1H-indol-2-yl)acetate (6) from ethyl 4-(2-nitrophenyl)-3-oxobutanoate (29) through 

ethyl 2-(1H-indol-2-yl)acetate (21). Based on the literature overview, this is the first time that 

N-unprotected indole derivative was formed in situ and selectively reduced further to form the 

corresponding indoline derivatives in palladium catalysed atmospheric pressure catalytic 

hydrogenation, which is ideal for scaled-up reaction and gave higher yield than any known 

two-step synthesis. Moreover, chemical reducing agents (e.g. heavy metal zinc, or cyanide 

containing reagent) were replaced by environmental-friendly catalytic hydrogenation. The 

number of work-up procedures, reaction time, and the generated waste were also reduced. 

N-Alkylation reaction of ethyl 2-(2,3-dihydro-1H-indol-2-yl)acetate (5) with the 

carcinogenic and bivalent 1,2-dibromoethane to form ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-

1H-indol-2-yl]acetate (6) was also optimised using a purpose-built flow reactor and design of 

experiments. Using the optimal set of parameters allowed us to decrease the excess of the 

reagent almost to a tenth. Moreover, a nearly complete conversion was achieved under a 

fraction of the original reaction time. The productivity of the flow reactor system is ca. 200 

times better as compared to the batch reaction conducted in the same volume of reactor. 

 

Secondly, a novel continuous-flow final product purification technique was developed 

by coupling a multistep flow reaction with centrifugal partition chromatography (CPC) and 

the target compound, 4-fluoro-2-(morpholin-4-yl)aniline (65a), was continuously 
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manufactured in the purity over 99.9% (GC-MS). The complex reaction mixture that was 

separated with the multiple dual-mode CPC technique, was synthesised in a nucleophilic 

aromatic substitution (SNAr) reaction of 2,4-difluoronitrobenzene (61) with morpholine (62) 

followed by heterogeneous catalytic hydrogenation. Applying a two-phase sample intake 

method for the feed of the CPC device, 67% of isolated yield was achieved for the two 

synthetic steps and the purification. 

The productivity of the novel continuous-flow final product purification with centrifugal 

partition chromatography (CPC) coupled to a multistep flow synthesis can be increased by 

applying a so-called one-phase sample intake methodology for feeding the CPC device. It was 

shown that the target compound of 4-fluoro-2-(morpholin-4-yl)aniline (65a), could be 

manufactured with higher productivity (by almost 60%) as compared to the two-phase sample 

intake, which involved the mixing of the sole lower phase of the biphasic liquid system 

suitable for the separation. 

This system is the very first continuous-flow adsorbent-free final product purification 

technique, and should have a wide applicability in the synthesis of APIs or its intermediates. 
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Abstract: Flow chemistry proved to be a valuable technique to
improve the synthesis route to melanin-concentrating hormone
receptor 1 (MCHr1) antagonists with the 1H,2H,3H,4H,5H-[1,4]di-
azepino[1,7-a]indole scaffold. A one-step route for the hetero-
geneous catalytic hydrogenation of ethyl 4-(2-nitrophenyl)-3-
oxobutanoate for the synthesis of ethyl 2-(2,3-dihydro-1H-indol-
2-yl)acetate was developed, and the use of common reducing
chemicals was avoided. N-Alkylation of the indoline nitrogen

Introduction
Many biologically active natural products contain the indole
skeleton or the synthetically more challenging indoline scaffold.
These compounds serve as important and rich sources of phar-
maceuticals.[1–3] Several 7-arylazepinoindolines were shown to
have selective 5-HT2C receptor activities,[4,5] and polycyclic
indoline derivatives were tested as sensitizers of bacteria
against �-lactam antibacterial agents;[6] other derivatives were
described as promising human protein kinase inhibitors.[7] Re-
cently, some novel indoline derivatives were also described as
apoptosis protein inhibitors[8] and monoacylglycerol acyltrans-
ferase-2 inhibitors.[9] Accordingly, numerous synthetic methods
leading to these structures can be found in the literature, and
the frequently applied methods have been summarized in re-
cent reviews.[10,11]

1H,2H,3H,4H,5H-[1,4]Diazepino[1,7-a]indole derivatives of
general formula 1 are melanin-concentrating hormone recep-
tor 1 (MCHr1) antagonists for the treatment of obesity through
regulation of appetite.[12] Target molecules were first prepared
by using the discovery chemistry route shown in Scheme 1,
which provided material for in vitro and in vivo studies. During
the preclinical development phase, revision and optimization of
the original synthetic route was inevitable to deliver the re-
quired quantity of selected derivative of 1.
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atom was also optimized by using a purpose-built flow reactor
and by design of experiment (DoE). Applying an optimal set of
parameters allowed us to decrease the amount of carcinogenic
1,2-dibromoethane used by a factor of 10. Additionally, nearly
complete conversion was achieved in a fraction of the original
reaction time (30 min vs. 4 d); therefore, the productivity
(space-time yield) of the flow-reactor system was proven to be
ca. 200 times higher than that of the batch process.

In the introductory section, we discuss the known possibili-
ties of the synthesis of key intermediate 7 and its precursors in
a retrosynthetic fashion. Then, the original route (Scheme 1) will
be analyzed, and the investigation of the most problematic,
suboptimal steps under flow-chemistry techniques is described.

We found only one published process for the preparation of
diazepinoindolone 7 through a ring-closing reaction of bro-
moethylindoline 5, which could be obtained by nucleophilic
substitution of corresponding 1H-indoline 4 with 1,2-dibromo-
ethane.[4,5,12]

Ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) could be syn-
thesized by two main routes according to the literature. One of
them involved N-protected aminophenyl derivatives containing
ethyl but-2-enoates, from which target molecule 4 could be
obtained by an aza-Michael reaction.[13–15] The other main pos-
sibility was the reduction of corresponding indole 3. According
to the literature, 3 could be reduced by sodium [cyanotrihydri-
doborate(III)] [Na(CN)BH3] in acetic acid[4,5] or with the borane
trimethylamine complex (Me3N·BH3) in highly acidic media (tri-
fluoroacetic acid).[16–18]

Considering the difficulties associated with the synthesis of
ethyl but-2-enoates, we chose the second pathway involving
indole 3.

The syntheses of ethyl 2-(1H-indol-2-yl) acetate (3) could also
be divided into two main groups, excluding those reactions for
which functional-group addition,[19,20] conversion,[21–23] and
ring-contraction[24] reactions occurred or 3 was formed as a
side product.[25,26] Several authors used 2-aminobenzyl alcohol
as a starting material, from which a Wittig precursor could be
obtained by the formation of the corresponding triphenylphos-
phonium salt followed by an N-acylation reaction.[16,27–29] Indo-
line 3 could be obtained in good yield in this way; nevertheless,
the low atom efficiency of the used intramolecular Wittig reac-
tion was not ideal for large-scale production.

http://onlinelibrary.wiley.com/doi/10.1002/ejoc.v2017.44/issuetoc
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Scheme 1. Original batchwise route for the synthesis of 1. The highlighted suboptimal steps were optimized in flow. Reduction: see Table 1. The synthesis of
2 can be found in the Supporting Information.

The other examples[5,30–34] involved reductive cyclization of
2, out of which the heterogeneous catalytic reduction of the
nitro group followed by ring closure[30–32] seemed to be the
most preferred way to prepare 3.

Intermediate 2 could be obtained from 2-nitrophenylacetic
acid (7), which was used in the acylation of malonic es-
ter[30,31,35,36] or ethyl acetoacetate[35,37–39] in the presence of a
strong base, and the resulting intermediate was then trans-
formed into 2 in low to good yields. The most promising route
involved the preparation of 5-[1-hydroxy-2-(2-nitrophenyl)-
ethylidene]-2,2-dimethyl-1,3-dioxane-4,6-dione (11) as an inter-
mediate from 2-(2-nitrophenyl)acetic acid (8).[32–34] It could be
obtained from 2-(2-nitrophenyl)acetyl chloride (9) and de-
protonated Meldrum's acid (10) under smooth conditions by
using diisopropylethylamine (DIPEA) as the base. Heating of in-
termediate 11 in ethanol provided 2 in excellent yield (see the
Supporting Information).

In this article, we would like to highlight the numerous bene-
fits that flow chemistry[40–42] can add to the development of
the synthesis of lead compounds. One of them is the safe im-
plementation of hazardous reactions,[43] because flow technol-
ogy allows chemists to avoid direct contact with toxic reagents.
Heterogeneous continuous-flow hydrogenator equipment, such
as the H-CubeTM reactor, allows the pyrophoric hydrogenation
catalyst to be handled in a safe manner, without the need for
a hydrogen cylinder in the laboratory.[40,44–48] Moreover, the use
of flow chemistry for optimization studies can significantly de-
crease the time required. The CatCartTM system used in this
reactor system allows rapid catalyst screening, and working
with small amounts of intermediates makes the optimization
process more efficient than batchwise reactions from an eco-
nomic point of view.

Results and Discussion
Our aim was to develop an environmentally friendly, scalable,
and robust synthesis of 3,9,11-trisubstituated-1H,2H,3H,4H,5H-

Eur. J. Org. Chem. 2017, 6525–6532 www.eurjoc.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6526

[1,4]diazepino[1,7-a]indole derivatives 1. To achieve this, we
used flow-chemistry technology only in those reactions for
which it offered advantages over batch reactions. Systematic
investigations were performed in our laboratory to find a con-
tinuous heterogeneous catalytic method for nitro group reduc-
tion and cyclization of 2. In addition, we wished to develop a
consecutive heterogeneous catalytic hydrogenation reaction
that would make the one-step synthesis of 4 possible. We also
investigated the N-alkylation reaction of 4 by 1,2-dibromo-
ethane to decrease the reaction time, the dilution, and the large
excess amount of the carcinogenic reagent.

The application of flow-chemistry techniques made this opti-
mization procedure faster and safer and allowed exploration of
novel synthetic possibilities.

This paper is organized into two main sections as follows:
investigation of the reductive ring-closing reaction of 2 to-
gether with the reduction of indole 3 to 2,3-dihydroindole 4
and the optimization of the N-alkylation reaction of 4.

Investigation of the Continuous Catalytic Hydrogenation
in a Heterogeneous Continuous-Flow Hydrogenator

Next, we investigated the reductive cyclization reaction of 2
to ethyl (1H-indole-2-yl)acetate (3) that was described in the
literature (shown in Table 1).

Reduction with zinc in acidified reaction media (Table 1, en-
try 1) was neglected because of the fact that the use of a huge
excess amount of the heavy metal was required, and it could
not be scaled up because of stirring issues. Titanium trichloride
worked well as a reducing agent (Table 1, entry 2), but this
reaction required a large amount of buffer solution, which de-
creased the environmental friendliness of the reaction. Never-
theless, the palladium-catalyzed transfer-hydrogenation reac-
tion (Table 1, entry 3) gave the best yield, whereas the catalytic
hydrogenation reaction with hydrogen gas (Table 1, entry 4)
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Table 1. Comparison of the known reductive cyclization reactions of 2 into 3.

Entry Reaction parameters Yield[a] Yield[ref.]

[%] [%]

1 Zn (89 equiv.), sat. NH4Cl/H2O, THF, 2 h, r.t. –[b] 95[34]

2 10 % TiCl3 (7 equiv.) in HCl/H2O (≈ 10–20 %) 75 75[33]

NH4OAc/H2O (4 M), acetone, 1 h, r.t.
3 10 % Pd/C, HCOONH4 (11 equiv.), EtOH 96 88[30]

1 h, r.t.
4 10 % Pd/C, H2 (atm. pressure), EtOH, 20 h 91 –[c][32]

[a] Yield of isolated product; for procedures, see the Supporting Information. [b] The literature method was not tested. [c] No yield was given. The reaction
was performed under H2 pressure (3.5 bar) for 96 h.

also provided the product in excellent yield, with the benefit of
an easier workup procedure: there was no need to remove the
excess amount of the HCOONH4 reagent by extraction.

The heterogeneous catalytic hydrogenation reaction with a
continuous-flow reactor is widely used as a result of its advanta-
ges.[45,48,49] In the beginning of our work, we screened three
different catalysts under the same conditions in the heteroge-
neous continuous-flow hydrogenator (Scheme 2), and the re-
sults are shown in Table 2.

Scheme 2. Heterogeneous continuous-flow reduction with an H-CubeTM reac-
tor. Catalyst screening and optimization of consecutive hydrogenation reac-
tions for the synthesis of indolines.

Table 2. Results of the catalyst screening.[a]

Entry Catalyst Conversion Selectivity to 3 Selectivity to 4
[%][b] [%][b] [%][b]

1 Ra-Ni 65.6 33.0 0.0
2 10 % Pd/C 100.0 91.4 0.7
3 10 % Pd/Al2O3 100.0 98.5 0.1

[a] All experiments were performed in the H-CubeTM device with a 0.05 M

solution of 2 in ethanol with a flow rate of 0.5 mL min–1 at room temperature
using the Full-H2 mode (atmospheric pressure of hydrogen). [b] Determined
by LC–MS (DAD: diode-array detector).

Raney-nickel catalyst (Table 2, entry 1) appeared to be less
active and selective than palladium catalysts. Both batch
(Table 1, entry 4) and flow results (Table 2, entry 2) were consist-
ent with each other upon using charcoal-supported palladium
and good conversions were reached, but the selectivity values
were not optimal. Almost quantitative yield was achieved with

Eur. J. Org. Chem. 2017, 6525–6532 www.eurjoc.org © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6527

an aluminum oxide supported palladium catalyst (Table 2, en-
try 3), in which case the workup of the reaction could be simpli-
fied to evaporation of the reaction mixture.

We also observed the formation of a small amount of over-
reduced product 4 upon using charcoal-supported palladium;
therefore, it seemed logical to develop a consecutive catalytic
hydrogenation method to produce compound 4 from 2 without
the isolation of indole 3.

Heterogeneous catalytic hydrogenation of N-unprotected
indoles can be challenging owing to many difficulties, such as a
highly resonance-stabilized aromatic core, which requires harsh
reaction conditions. Furthermore, these compounds and the
product as bases are able to poison the catalyst metal. The
most promising results were achieved by Kulkarni et al.,[50] who
used an acid catalyst to protonate the indoles at the C3 position
to disrupt the aromaticity and to generate an iminium ion,
which could be hydrogenated under less harsh conditions. Nev-
ertheless, the use of an acid as a catalyst[37,51–57] raises further
difficulties, such as polymerization caused by even weak elec-
trophiles, as it is known that indoles are highly activated aro-
matic compounds.[58,59] Unfortunately, overhydrogenation also
remained an issue in acidic media, and this resulted in the
formation of significant amounts of byproducts (mainly octa-
hydroindoles).[50]

During the optimization, multiple parameters were consid-
ered such as the solvent, the quality and the quantity of the
acid catalyst, and the temperature. Although, the closest state-
of-the-art method for the selective reduction of indoles was
performed at 30 bar hydrogen pressure with a platinum cata-
lyst,[50] we chose a cheaper palladium catalyst. We wished to
achieve indole reduction at atmospheric pressure, which would
be beneficial from the perspective of scale-up, as an autoclave
would not be needed to perform the reaction. Consequently,
all experiments were performed at atmospheric pressure (Full-
H2 mode). The main optimization steps are shown in Scheme 3.

In this case, water, which was used previously, could not be
used as the solvent because in acidic media the ester function
would be hydrolyzed. Of the three solvents employed (EtOH,
EtOAc, and AcOH), acetic acid proved to be the best (Scheme 3,
entry 2). This correlates with previous findings[50] that the se-
lectivity towards 4 is increased upon increasing the nucleophil-
icity of the solvent. Consequently, a less polymerized byproduct
is formed along with a lower amount of the N-hydroxy deriva-
tive[37] of 3. This is because in more apolar solvents, aniline
and N-hydroxyaniline compounds are more nucleophilic. In the
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Scheme 3. Main steps in optimizing the heterogeneous continuous-flow
reduction with the H-CubeTM reactor. All experiments were performed at
atmospheric pressure.

latter case, the ring-closing reaction followed by the loss of
water in the geminal dialcohol intermediate is faster than
hydrogenation (see Table S2 in the Supporting Information). As
the reduction of the N-hydroxyindole derivative requires a
longer reaction time, or harsher conditions, the use of EtOAc as
the solvent results in a main product with m/z = 220, which is
ethyl 2-(1-hydroxy-1H-indol-2-yl)acetate, and this is the N-
hydroxy derivative of indole 3 (based on the literature[37] and
LC–MS).

Nevertheless, screening of the acid catalyst (i.e., trifluoro-
acetic acid, TFA; methanesulfonic acid, MsOH; trifluoromethane-
sulfonic acid, TfOH) in the previously mentioned three solvents
(Table S2) showed that the combination of methanesulfonic
acid in acetic acid provided the best results (Scheme 3, entry 3),
and all other selectivities towards 4 were less than 6 % in com-
binations of these three solvents and the three acid catalyst.

Next, we tested the effect of the quantity of the acid catalyst
(1, 3, and 6 equiv.) along with the concentration (0.005–0.05 M,
Table S3) on the reaction. Dilute solutions are favorable for flow
hydrogenation reactions to ensure that the excess amount of
hydrogen is not the limiting factor, and in this case, dilute solu-
tions also decrease the possibility of the polymerization side
reaction that occurs: protonated 3 (indolenium cation) reacts
through electrophilic aromatic substitution with 3.

The best result still had medium selectivity and low conver-
sion in the second step (Scheme 3, entry 4), so we elevated the
reaction temperature to accelerate the reaction by using the
same flow rate and the same residence time, which gave prod-
uct 4 with good conversion and selectivity (Scheme 3, entry 5).

The best reaction parameters were also used in a batch reac-
tion, from which 4 was isolated in 75 % yield. By this, we devel-
oped a route for the synthesis of indoline 4 from 2 that gives
4 in higher yield than any known two-step synthesis. Moreover,
this procedure replaces all chemical reducing agents (e.g.,
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heavy metal zinc, or cyanide-containing NaCNBH3) by environ-
mentally friendly catalytic hydrogenation.

Investigation of the N-Alkylation Reaction under Flow
Conditions using a Packed-Bed Reactor

First, we investigated the N-alkylation of 4 by 1,2-dibromo-
ethane. The major drawbacks of this step are the long reaction
time (up to 4 d), the use of a large excess amount (20–60 equiv.)
of a carcinogenic reagent, and the necessity to use high-dilu-
tion techniques. The latter two work against the formation of
bisadduct 6, which is formed as a byproduct.

Higher temperatures under pressurized conditions in over-
heated solvents, which are possible in flow chemistry, could
decrease the reaction time; we also wished to find an optimal
set of reaction parameters for which a lower amount of the
reagent was sufficient. Therefore, we investigated the N-alkyl-
ation of 4 by 1,2-dibromoethane by using both heterogeneous
(packed-bed reactor) and homogeneous conditions (loop reac-
tor).

After screening runs under pressurized microwave batch
conditions (see the Supporting Information), in which four solid
inorganic bases (M2CO3, M = Na, K, Cs; KOH) were tested, with
or without a phase-transfer catalyst (PTC), Cs2CO3 without a PTC
was found to be an appropriate choice. A Syrris Asia Heater
Module® column was used in the heterogeneous continuous-
flow alkylation. As no reaction occurred at room temperature,
we could simplify the flow system. There was no need for two
separate pumps or a mixer unit to combine a solution of
indoline substrate 4 with the 1,2-dibromoethane reagent
(Scheme 4).

Scheme 4. Heterogeneous continuous-flow N-alkylation reaction with the use
of a solid inorganic base or a solid-supported base. The Omnifit® column
(10 mm i.d. × 150 mm) was filled with either a mixture of Cs2CO3/Na2SO4

[1:1, Cs2CO3 (2.25 g, 28 equiv.) and Na2SO4 (2.25 g, 65 equiv.)] or Si-DMAP
(SiliaBond®; 5.0 g, 4.65 mmol, 19 equiv., 0.93 mmol g–1). BPR = back-pressure
regulator.

The premixed reaction solution was simply pumped through
the packed-bed reactor filled with cesium carbonate. Although
the conversion was almost complete, the selectivity towards 5
was fairly low (Table 3). On the basis of literature data[60,61] and
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the mass spectrum obtained from LC–MS (DAD) measurements
of the crude reaction mixture, the main monobromo compound
with m/z = 355/357 was assumed to contain the 2-bromoethyl
group with a N-carbamate linker, which was presumably formed
upon the reaction of 4 with CO2. Owing to the fact that this
approach was not successful, we tried to use a solid-phase-
supported basic reagent instead of the solid inorganic base,
which could not serve as a source of carbon dioxide. 4-(Dimeth-
ylamino)pyridine (DMAP) bound to silica (Silia-DMAP; Silia-
Bond®) was the chosen base. In this case, both the conversion
and selectivity depended on the residence time (Table 4, for
details see the Supporting Information).

Table 3. Results of the heterogeneous continuous-flow N-alkylation reactions
by using Cs2CO3 as a solid base.[a]

Entry Flow rate Conversion Selectivity Selectivity
[mL min–1] [%][b] to 5 [%][b] (m/z = 355/357)[c] [%][b]

1 0.5 86 16 57
2 0.25 86 21 63

[a] All experiments were performed as shown in Scheme 4. [b] Determined
by LC–MS (DAD) measurements. [c] Based on the literature[60,61] and the mass
spectra obtained from the LC–MS (DAD) measurements; the monobromo
compound with m/z = 355/357 is presumably 2-bromoethyl 2-(2-ethoxy-2-
oxoethyl)-2,3-dihydro-1H-indole-1-carboxylate.

Table 4. Results of the heterogeneous continuous-flow N-alkylation reactions
by using a solid-supported reagent (Silia-DMAP) as a solid base.[a]

Entry Flow rate Conversion Selectivity to 5
[mL min–1] [%][b] [%][b]

1 0.5 44 89
2 0.25 92 81
3 0.125 100 32

[a] All experiments were performed as shown in Scheme 4. [b] Determined
by LC–MS (DAD).

Acceptable conversion and selectivity values could be
achieved by this technique by using a flow rate of 0.25 mL min–1

(Table 4, entry 2). Owing to the fact that this reaction requires
a stoichiometric amount of base, the column filled with Silia-
DMAP exhausts rapidly. In the case of a well-established rea-
gent recovery system using intelligent pumping[62] between
multiple columns,[63] scaled-up manufacturing can be man-
aged, albeit not economically. Furthermore, regeneration of the
bed and the use of solid-supported reagents are not common
practice in industry.

Investigation of the N-Alkylation Reaction under Flow
Conditions using a Loop Reactor

Truly continuous production can be achieved by homogeneous
N-alkylation in a loop reactor, and this is why we also investi-
gated this option.

Design of experiments (DoE) is a widely used tool to opti-
mize reaction parameters.[64–66] In this section, we would like
to present further justification of the benefits of DoE and its
combination with flow chemistry.

This section is divided into four parts: first, we chose appro-
priate reagents (base, solvent) in the batch test reactions, sec-
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ond, reaction parameters that needed to be optimized were
used in the DoE as independent variables; third, the flow-reac-
tor system was assembled and the designed experiments were
performed; fourth, further optimization of the reaction parame-
ters was undertaken.

First, a few batchwise test reactions were performed to iden-
tify a suitable organic base. DIPEA seemed to be applicable, as
Et3N formed an insoluble hydrobromide salt as a co-product in
acetonitrile during the reaction. Although these pre-experi-
ments were necessary to perform the optimization in flow, we
also found that if a larger amount of base was used, the reac-
tion was less selective. Therefore, we gained valuable informa-
tion about this one reaction parameter, and we established that
the amount of DIPEA should be minimal (1.15 equiv.). Thus, we
decreased the number of independent variables, and by that,
we also decreased the number of experiments needed. With
completion of these test reactions, the optimization could be
started by the DoE.

A four-factor experimental design was proposed, in which
the independent variables were the temperature (100 < T <
140; [°C]), the residence time (15 < tRes < 45; [min]), the amount
of reagent (10 < 1,2-dibromoethane < 30; [equiv.]), and the dilu-
tion (50 < c < 100, [mL g–1]).

Our design of experiment contained 2n–1+3 cases (in which
n is the number of factors), which included eight experiments
for each of the four independent variables (corners of the cube)
and three more in the center point (see the Supporting Infor-
mation) to identify deviation of the results. The reaction mix-
tures were analyzed by LC–MS (DAD), and the effect of the inde-
pendent variable on the dependent variables was examined,
including the conversion, selectivity, and their geometric mean
[reduced dependent variable: sq(C×S)].

A purpose-built flow-reactor system was assembled
(Scheme 5a), in which the reactions were performed according
to the designed experimental procedure. Similarly to the
heterogeneous N-alkylation, a one-pump setup was used, be-
cause no reaction occurred in the presence of base at room
temperature.

The impact of all the reaction parameters was assessed by
using Statistica software (see the Supporting Information). The
results showed that the temperature had the greatest impact
on the reduced dependent variable. The most interesting and
valuable effect was that better results could be achieved by
using the same amount of reagent at a higher temperature
(Scheme 5b). In other words, we were able to decrease the
necessary amount of the carcinogenic reagent by elevating the
temperature.

Using these findings, we lowered the amount of 1,2-di-
bromoethane to 7 equivalents, which was almost one tenth of
the amount used in the original batchwise procedure
(60 equiv.) with a conversion of 95 % and selectivity of 91 %
(see the Supporting Information). A further decrease in the
amount of this reagent was not feasible if we wanted to keep
the value of the reduced dependent variable over 93 % (see the
Supporting Information).

Moreover, almost complete conversion (95 %) was achieved
with a residence time less than 30 min, which was significantly



Full Paper

Scheme 5. (a) Homogeneous continuous-flow N-alkylation reaction by using
DIPEA as the base. (b) The effect of temperature and the amount of the
reagent on the reduced dependent variable [sq(C×S)].

better than the batch reaction time (up to 4 d). The productivity
(space-time yield) of the flow-reaction system was ca. 200 times
better than that of the batch reaction conducted in the same
reactor volume. Using flow-chemistry techniques made the pro-
duction of 5 faster, safer, and more environmentally friendly.

The NH3-mediated ring-closure reaction step (5→7) could
not be implemented under flow conditions owing to solubility
issues of the product and the inorganic co-product (ammonium
bromide). Although the original procedure gave good results,
the workup needed further improvement. Finally, preparative
column chromatography was replaced by treating crude prod-
uct 7 with hot EtOAc, which resulted in pure 7 in a good 87 %
yield (see the Supporting Information).

Conclusions

We developed a one-pot heterogeneous catalytic hydrogen-
ation procedure for the synthesis of indoline derivative 4. A
continuous-flow heterogeneous hydrogenator was used in the
catalyst screening and optimization procedure. This reaction in-
volved consecutive nitro-group reduction and cyclization to
obtain indole 3, which was further reduced in situ to 2,3-
dihydroindole 4. We managed to perform the reaction at at-
mospheric pressure of hydrogen, which is ideal for scaled-up
manufacturing, and thus, there was no need for a pressurized
reactor. The chemical reducing agent (e.g., heavy metal zinc or a
cyanide-containing reagent) was replaced by environmentally
friendly catalytic hydrogenation. The number of work-up proce-
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dures, reaction times, and the generated waste was also re-
duced.

The N-alkylation reaction was also optimized by using a pur-
pose-built flow reactor and design of experiments. Using the
optimal set of parameters allowed us to decrease the amount
of carcinogenic 1,2-dibromoethane by a factor of almost 10.
Moreover, near-complete conversion was achieved in a fraction
of the original reaction time. The productivity (space-time yield)
of the flow-reactor system was ca. 200 times higher than that
of the batch reaction.

This work further justifies that flow chemistry is a valuable
technique. In the development process of scaling-up the syn-
thesis of indoline derivatives 4 and 5, we profited from the
following benefits of flow-chemistry technology:

There was no need for a hydrogen cylinder in the laboratory,
as hydrogen was generated in situ from water in a small
amount and was utilized immediately in a closed system. Addi-
tionally, in the N-alkylating step, direct contact with the carcino-
genic reagent was minimized, because preparation of the stock
solution and evaporation of the reaction mixture were all that
was necessary. Therefore, flow technology was proven to be a
safer operation than batchwise reactions.

Significantly less time-consuming optimization was per-
formed by using flow chemistry, which is probably the most
important factor in the pharmaceutical industry (after safety
issues).

During scale-up studies in a batchwise manner, large
amounts of substrate for test reactions are necessary. On the
contrary, the use of small amount of substrates makes flow
chemistry beneficial, especially in terms of its financial impact.
In some cases (e.g., catalytic hydrogenations), the results can
be extrapolated to batch reactions, which is also beneficial in
scale-up procedures if a large amount of an intermediate is
needed.

In summary, flow technology significantly helped the optimi-
zation procedure of the three reaction steps and also opened
the path for the utilization of this knowledge in the continuous
production of these valuable intermediates.

Experimental Section
General Methods: This section contains only the flow procedures.
All the general information, analytical procedures, and known
batchwise steps, which had only minor changes relative to the liter-
ature procedures, are presented in the Supporting Information. For
isolated compounds 2–7, full characterization by NMR spectroscopy
(1D and 2D) and HRMS, in addition to their spectra, are available in
the Supporting Information.

General Procedure for Continuous Catalytic Hydrogenation Re-
actions in the H-CubeTM Reactor (Scheme 2): A 25 mL Erlenmeyer
flask was charged with a 0.025 M solution of ethyl 4-(2-nitrophenyl)-
3-oxobutanoate (2; 50 mg, 0.2 mmol, 1 equiv., 251.235 g mol–1) in
acetic acid (8 mL), which was followed by the addition of methane-
sulfonic acid (39 μL, 0.6 mmol, 3 equiv., 96.11 g mol–1,
1.48 g mL–1). The mixture was pumped through the H-CubeTM reac-
tor with a flow rate of 0.5 mL min–1 by using a palladium on carbon
(10 %, w/w) catalyst cartridge (CatCart®) at 50 °C. No overpressure
was adjusted on the back-pressure regulator (“Full-H2” mode). The
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CatCart® was then washed with acetic acid for approximately 10–
15 min, and the collected mixture was concentrated in vacuo. The
residue was dissolved in CH2Cl2 (30 mL) and was washed with satu-
rated Na2CO3 solution (15 mL) and brine (15 mL). The organic phase
was dried with anhydrous Na2SO4 and concentrated in vacuo. The
resulting crude product was analyzed by LC–MS (DAD). The same
workup procedure was used in the case for which acetic acid was
used as the solvent and/or additional acid catalyst. If no acid was
used as the solvent or catalyst, the extraction was omitted. All of
the continuous-flow hydrogenation reactions were performed in a
H-CubeTM continuous-flow hydrogenation reactor with a reaction
volume of 8 mL in Full-H2 mode with a flow rate of 0.5 mL min–1.
The results of the experiments can be found in Tables S1–S3.

Procedure for the Heterogeneous Continuous-Flow N-Alkyl-
ation Reaction using a Solid Inorganic Base (Scheme 4): A flow
reactor was assembled consisting of an ultracompact high-pressure
dual piston pump with one working piston, one auxiliary (Knauer
Azura P 2.1S), and an Omnifit® glass column (10 mm i.d. × 150 mm)
tempered by an Asia Heater Module® column (Sirrys Ltd.) followed
by an adjustable back-pressure regulator (Zaiput BPR10 – using
nitrogen gas from a cylinder). Supply lines (Supelco PTFE tubing,
1/16′′ o.d.; 0.012′′ i.d.) and fittings (PEEK) were purchased from
Sigma–Aldrich. To a solution of 4 (50 mg, 0.24 mmol, 1 equiv.,
205.253 g mol–1) in acetonitrile (5 mL) was added 1,2-dibromoet-
hane (0.65 mL, 7.3 mmol, 30 equiv., 186.87 g mol–1, 2.18 g mL–1).
The mixture was homogenized by using an ultrasonic bath and was
pumped into the column reactor filled with a mixture of Cs2CO3/
Na2SO4 [1:1, Cs2CO3 (2.25 g, 6.87 mmol, 28 equiv., 325.82 g mol–1

and Na2SO4 (2.25 g, 15.8 mmol, 65 equiv., 142.04 g mol–1] at a flow
rate of 250–500 μL min–1. The back-pressure regulator was adjusted
at 10–12 bar, and the temperature was set to 150 °C. The mixture
was collected and concentrated in vacuo. The residue was dissolved
in CH2Cl2 (30 mL) and was washed with distilled water (30 mL) and
brine (30 mL). The organic phase was dried with anhydrous Na2SO4

and concentrated in vacuo. The resulting crude product was ana-
lyzed by LC–MS (DAD) (see Table S5).

General Procedure for Heterogeneous Continuous-Flow N-
Alkylation Reaction using a Solid-Phase-Supported Base
(Scheme 4): A flow reactor was assembled consisting of an ultra-
compact high-pressure dual piston pump with one working piston,
one auxiliary (Knauer Azura P 2.1S), and an Omnifit® glass column
(10 mm i.d. × 150 mm) tempered by an Asia Heater Module® col-
umn (Sirrys Ltd.) followed by an adjustable back-pressure regulator
(Zaiput BPR10 – using nitrogen gas from a cylinder). Supply lines
(Supelco PTFE tubing, 1/16′′ o.d.; 0.012′′ i.d.) and fittings (PEEK)
were purchased from Sigma–Aldrich. To a solution of 4 (50 mg,
0.24 mmol, 1 equiv., 205.253 g mol–1) in acetonitrile (5 mL) was
added 1,2-dibromoethane (0.65 mL, 7.3 mmol, 30 equiv.,
186.87 g mol–1, 2.18 g mL–1). The mixture was homogenized by us-
ing an ultrasonic bath (Realsonic RS16) and was pumped into the
column reactor filled with Si-DMAP (SiliaBond®, 5.0 g, 4.65 mmol,
19 equiv., 0.93 mmol g–1) at a flow rate of 125–500 μL min–1. The
back-pressure regulator was adjusted at 10–12 bar, and the temper-
ature was set to 150 °C. The mixture was collected and concen-
trated in vacuo. The residue was analyzed by LC–MS (DAD) (see
Table S6).

General Procedure for the Homogeneous Continuous-Flow N-
Alkylation Reaction using DIPEA as the Base (Scheme 5): A flow
reactor was assembled consisting of an ultracompact high-pressure
dual piston pump with one working piston, one auxiliary (Knauer
Azura P 2.1S), a 30 mL tube reactor (Supelco PTFE tubing, 1/8′′
o.d.; 0.085′′ i.d.) in an oil bath (with two magnetic stirrers), and an
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adjustable back-pressure regulator (Zaiput BPR10 – using nitrogen
gas from a cylinder). The oil bath was placed on a conventional hot
plate (IKA® RCT basic). The oil bath temperature was controlled and
constantly monitored by a precise IKA® ETS-D5 temperature control-
ler. Supply lines (Supelco PTFE tubing, 1/16′′ o.d.; 0.012′′ i.d.) and
fittings (PEEK) were purchased from Sigma–Aldrich. To a solution of
4 (100 mg, 0.49 mmol, 1 equiv., 205.253 g mol–1) in acetonitrile
(10 mL) was added DIPEA (100 μL, 0.56 mmol, 1.15 equiv.,
129.25 g mol–1, 0.742 g mL–1) and 1,2-dibromoethane (1.26 mL,
14.6 mmol, 30 equiv., 186.87 g mol–1, 2.18 g mL–1). The mixture was
homogenized by using an ultrasonic bath (Realsonic RS16) and was
pumped into the reactor at a flow rate of 667 μL min–1 (45 min
residence time). The back-pressure regulator was adjusted at 18 bar,
and the temperature was set to 140 °C. The mixture was collected
and concentrated in vacuo. The residue was dissolved in CH2Cl2
(30 mL) and was washed with distilled water (30 mL) and brine
(30 mL). The organic phase was dried with anhydrous Na2SO4 and
concentrated in vacuo. The resulting crude product was analyzed
by LC–MS (DAD) (see Tables S8 and S9).
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1. General experimental details 

All chemicals were purchased from commercial sources and were used without further purification. 

Analytical thin-layer chromatography (TLC) was performed on using Merck Aluminium TLC plate, silica gel coated with 

fluorescent indicator (Kieselgel 60 F254). The solvent front was allowed to rise 5-6 cm. Spots were detected on TLC 

under UV light or by immersing into o-tolidine/potassium iodide reagent after exposing to gaseous chlorine. 

Flash-column chromatography was performed with Büchi Sepacore® flash chromatography system, using silica gel 

(0.040 – 0.063 mm, manufactured by Merck). 

Melting points were determined on Büchi® melting point apparatus Model B-540. 

Microwave irradiation experiments were performed using single-mode CEM Discover® Systems (CEM Corporation, 

USA). Experiments were performed in temperature control mode. Stirring speed was set to “High” (ca. 700 rpm). 

Standard 10 ml volume cylindrical Pyrex® reaction vessels (inner diameter 12 mm; obtained from CEM Corporation, 

USA) were used, equipped with small cylindrical stir bars. 

HPLC-DAD-QMS measurements 

The HPLC-DAD-QMS experiments were performed on an Agilent 1100 HPLC system (G1379A degasser, G1311A 

quaternary gradient pump, G1367B autosampler, G1316A column thermostat and G1315B diode array detector) 

coupled with a 6120 quadrupole mass spectrometer equipped with an ESI ion source (Agilent Technologies, Waldbronn, 

Germany). The Masshunter B.03.01 software was used for qualitative analyses. 

The solid samples were dissolved in acetonitrile (1 mg mL-1), and separated on a Kinetex-XB C18 column (50×2.1 mm, 

2.6 µm; Phenomenex, Torrance, CA, USA) maintained at 40°C. The injection volume was 1 μL. The following gradient 

elution program was applied at a flow rate of 0.75 mL min-1; where eluent A was 0.1% (v/v) trifluoroacetic acid in water, 

eluent B was 0.1% (v/v) trifluoroacetic acid in acetonitrile:water = 95:5:0 min: 0% (v/v) B; 4 min: 100% (v/v) B; 7 min: 

100% (v/v) B; 7.01 min: 0% (v/v) B. Detection wavelength was 240±25 nm, UV spectra of the compounds were recorded 

between 200 and 600 nm. Quadrupole mass spectrometric parameters were as follows: ion source: ESI, positive; drying 

gas (N2) temperature: 350°C; drying gas (N2) flow rate: 12 L min-1; nebuliser gas (N2) pressure: 60 psi; fragmentor 

voltage: 50 V; capillary voltage: 2500 V. Full-scan mass spectra were acquired over the m/z range 100-1150 (1 

scan/sec). 

NMR measurements 

NMR spectroscopy was performed for most compounds in either CDCl3 or DMSO-d6 solvent on a VNMRS spectrometer 

(Agilent Technologies, Santa Clara, CA, USA) of 400 MHz proton frequency, equipped with a OneNMR probehead. 

Standard pulse programs available in the VnmrJ 3.2A software were used to acquire 1D 1H, 13C{1H} or APT spectrum 

and the subset of 2D spectra (COSY, TOCSY and HSQC) necessary for an unambiguous characterization of the 

compounds. To aid the 13C signal assignment of 4, 5, 6 and 7, additional 2D HMBC spectra with nJCH set to 8 Hz were 

also recorded on either a 500 MHz or an 800 MHz VNMRS spectrometer, both equipped with sensitivity-enhanced 

1H/13C/15N cryoprobes. The chemical shift scale was referenced to the 1H or 13C signals of internal TMS at 0.00 ppm. 

HRMS measurements 

Electrospray high-resolution MS measurements (ESI-HRMS) were performed on a Thermo LTQ FT Ultra spectrometer 

(Thermo Fisher Scientific, Bremen, Germany). The ionization method was ESI and operated in positive ion mode. The 

ion transfer capillary temperature was set at 280◦C. Samples were infused into the ESI source MeOH solutions at a flow 

rate of 10 μL min-1. Resolving power of 50,000 (FWHM) at m/z 400. Data acquisition and analysis were accomplished 

with Xcalibur software version 2.1.  
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2. Experimental section 

The starting material 11 was prepared by a C-acylation reaction, using deprotonated Meldrum’s acid by DIPEA (N,N-

diisopropylethylamine) and 2-nitrophenyl-acetic acid chloride (9), which was obtained from 8 by oxalyl-chloride. 

However, our yield was lower (76%) as compared to the literature procedures (87-85%),[1,2] mainly because of the 

residual solvent (DCM) in crude 11 before the crystallization. Minimizing the amount of DCM could increase the 

productivity of this reaction. To ensure purity of 11, intensive washing was essential to make the next step’s work-up 

easier. In this case we have found that after refluxing 11 in ethanol, 2 oxobutanoate can be obtained in the proper purity 

without any further purification (flash chromatography[2] or recrystallization[1] was used in other procedures). 

 

2.1. Preparation of 5-[1-hydroxy-2-(2-nitrophenyl)ethylidene]-2,2-dimethyl-1,3-dioxane-4,6-dion (11) 

 

To a suspension of 2-nitrophenyl-acetic acid (10.0 g, 55.2 mmol, 181.145 g mol-1, 1 equiv.) in DCM (100 mL) under 

argon, oxalyl chloride (6 mL, 70 mmol, 1.25 equiv., 126.926 g mol-1, 1.48 g mL-1) was added followed by 4 drops of DMF 

(gas evolution was observed and the suspension became clear). The mixture was stirred at rt for 1 h. A sample of the 

reaction mixture was quenched with isopropyl amine, TLC showed complete conversion of 8 (DCM:MeOH = 9:1; Rf (8) = 

0.40; Rf (corresponding amide) = 0.71). The mixture was evaporated in vacuo to give the corresponding acyl chloride (9) 

as clear brown oil. The crude acyl chloride (9) was redissolved in DCM (20 mL), and stored under argon until further use. 

Meanwhile, DIPEA (20.0 mL, 110 mmol, 2 equiv., 129.243 g mol-1, 0.742 g mL-1) was added dropwise to a solution of 

Meldrum’s acid (8.0 g, 1 equiv., 55.2 mmol, 144.125 g mol-1) in DCM (100 mL) cooled with ice bath, at such a rate that 

the temperature remained under 2 ºC (ca. 30 min), followed by the addition of the freshly prepared acyl chloride (9) 

solution (prepared above). After stirring the mixture for 1 h at 0 ºC and 30 min at rt, the TLC indicated the absence of the 

starting materials (DCM:MeOH = 9:1; Rf (11) = 0.56). Then the reaction mixture was acidified with an aqueous solution 

of HCl (1 M, ca. 55 mL) to pH 2. The layers were separated and the aqueous layer was extracted with DCM (50 mL) 

three times. The combined organic phases were washed with brine, dried over anhydrous Na2SO4 and evaporated in 

vacuo. The residue was triturated with ethanol and kept at 8ºC overnight. The solid was filtered off, washed with cold 

ethanol and diethyl ether and dried at 40 ºC to obtain 12.8 g (76%) of 11 as beige solid. 

1H NMR (399.8 MHz, CDCl3, 25 °C): δ = 15.53 (br s, 1 H, 9-H), 8.18 (dd, 3JH,H = 8.2 Hz, 
4JH,H = 1.2 Hz, 1 H, 3’-H), 7.65 (ddd, 3JH,H = 7.5 Hz, 3JH,H = 7.5 Hz, 4JH,H = 1.4 Hz, 1 H, 5’-

H), 7.53 (ddd, 3JH,H = 8.2 Hz, 3JH,H = 7.5 Hz, 4JH,H = 1.4 Hz, 1 H, 4’-H), 7.42 (dd, 3JH,H = 7.5 

Hz, 4JH,H = 1.0 Hz, 1 H, 6’-H), 4.81 (s, 2 H, 8-H), 1.80 (s, 6 H, 10-H, 10’-H) ppm. 13C NMR 

(100.5 MHz, CDCl3, 25 °C): δ = 193.1 (7-C), 170.7 (4-C), 160.5 (6-C), 148.4 (2’-C), 133.8, 

133.9 (5’-C, 6’-C), 129.2 (1’-C), 129.0 (4’-C), 125.4 (3’-C), 105.6 (2-C), 91.4 (5-C), 41.2 (8-

C), 26.8 (10-C, 10’-C) ppm. ESI-HRMS: calcd for C14H14O7N [M+H]+: 308.07648; found: 

308.07635; delta = -0.42 ppm. LC-MS: 96.9%; m/z = 330.0 [M+Na]+. [C14H14O7N; Mr = 

307.3]. Mp.: 119 – 121 °C (Lit.: 114 – 116 °C[2], oxo form[3]). 

 

2.2. Preparation of ethyl 4-(2-nitrophenyl)-3-oxobutanoate (2) 

 
To a 250 mL round bottom flask equipped with a reflux condenser and a CaCl2 drying tube 11 (11.3 g, 36.7 mmol, 

307.256 g mol-1) was suspended in absolute ethanol (100 mL). The mixture was stirred at reflux temperature for 45 min, 

when TLC analysis showed complete conversion of the starting material (DCM:MeOH = 9:1; Rf (11) = 0.56; 

Rf (2) = 0.91). The solution was evaporated in vacuo to obtain 2 in quantitative yield (9.2 g; >99%) as auburn solid. 
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1H NMR (399.8 MHz, CDCl3, 25 °C): δ = 8.13 (dd, 3JH,H’ = 8.2 Hz, 4JH,H = 1.1 Hz, 1 H, 

3’-H), 7.61 (td, 3JH,H = 7.5 Hz, 4JH,H = 1.3 Hz, 1 H, 5’-H), 7.48 (ddd, 3JH,H = 8.2 Hz, 3JH,H 

= 7.5 Hz, 3JH,H = 1.0 Hz, 1 H, 4’-H), 7.32 (dd, 3JH,H = 7.6 Hz, 4JH,H = 1.0 Hz, 1 H, 6’-H), 

4.26 (s, 2 H, 4-H), 4.23 (q, 3JH,H = 7.2 Hz, 2 H, 5-H), 3.64 (s, 2 H, 2-H), 1.30 (t, 3JH,H = 

7.2 Hz, 3 H, 6-H) ppm. 13C NMR (100.5 MHz, CDCl3, 25 °C): δ = 198.2 (3-C), 167.0 

(1-C), 148.4 (2’-C), 133.73, 133.75 (5’-C, 6’-C), 129.7 (1’-C), 128.7 (4’-C), 125.3 (3’-

C), 61.6 (5-C), 61.6 (5-C), 49.3 (2-C), 47.8 (4-C), 14.1 (6-C) ppm. ESI-HRMS: calcd 

for C12H14O5N [M+H]+: 252.08665; found: 252.08649; delta = -0.63 ppm. LC-MS: 100%; m/z = 269.2 [M+NH4]
+. Mp.: 57 

– 58 °C (Lit.: 53 – 54 °C[2]). 

 

2.3. Preparations of ethyl 2-(1H-indole-2-yl)acetate (3) 

2.3.1. Preparation of 3 by reduction with the use of TiCl3 

 

To a solution of 2 (8.9 g, 1 equiv., 35.5 mmol, 251.235 g mol-1) in acetone (120 mL) an aqueous solution of ammonium-

acetate (885 mL, 10 equiv., 3.54 mol, 63.06 g mol-1) was added followed by 10% (w/w) titanium-trichloride (400 mL, 

8.7 equiv., in ~20-30% (w/w) HCl solution, 1.192 g mL-1, 154.23 g mol-1). The reaction mixture turned blue. After stirring 

for 15 minutes at rt, TLC analysis showed complete conversion of 2 (n-hexane:EtOAc = 4:1; Rf (2) = 0.2; Rf (3) = 0.45). 

The reaction mixture was washed with EtOAc (350 mL) four times. The combined organic phases were dried over 

anhydrous Na2SO4 and evaporated in vacuo. The crude product was purified by flash-column chromatography eluting 

with 0-5% gradient of EtOAc in toluol, then isocratic elution to obtain 5.4 g (75%) ethyl 2-(1H-indole-2-yl)acetate (3) as a 

golden oil. 

1H NMR: (399.8 MHz, CDCl3, 25 °C): δ = 8.67 (br s, 1 H, 1-H), 7.54 (d, 3JH,H = 

7.8 Hz, 1 H, 4-H), 7.33 (dd, 3JH,H = 8.0 Hz, 4JH,H = 1.0 Hz, 1 H, 7-H), 7.15 (ddd, 
3JH,H = 8.0 Hz, 3JH,H = 7.1 Hz, 4JH,H = 1.2 Hz, 1H, 6-H), 7.08 (ddd, 3JH,H = 7.8 Hz, 
3JH,H = 7.1 Hz, 4JH,H = 1.1 Hz, 1 H, 5-H), 6.34 (br qua, 4JH,H = 0.9 Hz, 1 H, 3-H), 

4.21 (qua, 3JH,H = 7.2 Hz, 2 H, 10-H), 3.82 (br d, 4JH,H = 0.9 Hz, 2 H, 8-H), 1.30 

(t, 3JH,H = 7.1 Hz, 3 H, 11-H) ppm. 13C NMR: (100.5 MHz, CDCl3, 25 °C): δ = 

170.6 (9-C), 136.3 (7a-C), 130.6 (2-C), 128.2 (4a-C), 121.7 (6-C), 120.1 (4-C), 

119.8 (5-C), 110.8 (7-C), 101.8 (3-C), 61.4 (10-C), 33.9 (8-C), 14.2 (11-C) ppm. ESI-HRMS: calcd for C12H14O2N [M+H]+: 

204.10191; found: 204.10177; delta = -0.66 ppm. 

 

2.3.2. Preparation of 3 by catalytic transfer hydrogenation 

 

To a solution of 2 (11.0 g, 1 equiv., 43.8 mmol, 251.235 g mol-1) in ethanol (200 mL), palladium on carbon (10%, w/w) 

(1.3 g, 0.028 equiv., 1.24 mmol, 106.42 g mol-1) and ammonium formate (32.0 g, 11.5 equiv., 503 mmol, 63.06 g mol-1) 

was added under argon atmosphere. The reaction mixture was stirred at rt for 1 h, when TLC analysis showed complete 

conversion of 2 (n-hexane:EtOAc = 4:1; Rf (2) = 0.2; Rf (3) = 0.45). The reaction mixture was filtered through a pad of 

Celite® and evaporated. The residue was dissolved in diethyl ether (50 mL) and was washed with distilled water (25 mL) 

twice, dried over anhydrous Na2SO4 and evaporated in vacuo, to obtain 8.5 g (96%) of ethyl 2-(1H-indole-2-yl)acetate 

(3) as a golden oil. 

LC-MS: 100%; m/z = 204.1 [M+H]+. [C12H13NO2; Mr = 203.237] 
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2.3.3. Preparation of 3 by catalytic hydrogenation 

 

To the solution of 2 (1.1 g, 1 equiv., 4.4 mmol, 251.235 g mol-1) in ethanol (20 mL), palladium on carbon (10%, w/w) 

(0.1 g, 0.022 equiv., 0.094 mmol, 106.42 g mol-1) was added and hydrogenated at room temperature using a rubber 

balloon filled with hydrogen. After 20 h of stirring the reaction mixture at rt, TLC analysis showed complete conversion of 

2 (n-hexane:EtOAc = 4:1; Rf (2) = 0.2; Rf (3) = 0.45). The precipitates were removed by filtration through a pad of Celite® 

and evaporated in vacuo. The crude product was purified by flash column chromatography eluting with 20% of EtOAc in 

n-hexane to obtain 0.75 g (91%) ethyl 2-(1H-indole-2-yl)acetate (3) as a golden oil. 

LC-MS: 100%; m/z = 204,1 [M+H]+. [C12H13NO2; Mr = 203.237] 

2.4. Preparation of ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) by reduction of ethyl 2-(1H-indole-2-

yl)acetate (3) with Na(CN)BH3 

 

To a solution of 3 (3.0 g, 1 equiv., 6.3 mmol, 203.237 g mol-1) in acetic acid (15 mL) under argon atmosphere, cooled 

with water bath, sodium cyanoborohydride (0.6 g, 1.5 equiv., 19 mmol, 62.84 g mol-1) was added at such a rate to 

prevent excessive foaming. The resulting solution was stirred for 4 h at rt, when the TLC analysis showed complete 

conversion of 3 (n-hexane:EtOAc = 5:1; Rf (3) = 0.30; Rf (4) = 0.41). The reaction mixture was quenched with distilled 

water (3 mL) and stirred for an additional 30 minutes, than the pH was adjusted to 7-8 using saturated NaHCO3 and 

solid NaHCO3 alternately. The resulting aqueous mixture was extracted with ethyl acetate (200 mL) three times. The 

combined organic phases were washed with saturated aqueous solution of NaHCO3 (200 mL), then with brine 

(2x200 mL), dried over anhydrous Na2SO4 and evaporated in vacuo. The residue was purified by flash-column 

chromatography eluting with 0-20% gradient of EtOAc in n-hexane, then isocratic elution to obtain 1.0 g (76%) ethyl 2-

(2,3-dihydro-1H-indole-2-yl)acetate (4) as a colourless oil. Caution: Sodium cyanoborohydride can be absorbed through 

the skin and is extremely toxic. All equipment should be washed and every inorganic waste should be treated with 

sodium hypochlorite solution. 

1H NMR (399.8 MHz, CDCl3, 25 °C): δ = 7.07 (d, 3JH,H = 7.1 Hz, 1 H, 4-H), 

7.02 (t, 3JH,H = 7.7 Hz, 1 H, 6-H), 6.70 (td, 3JH,H = 7.4 Hz, 4JH,H = 1.0 Hz, 1 H, 

5-H), 6.63 (br d, 3JH,H = 8.0 Hz, 1 H, 7-H), 4.28-4.12 (m, 3 H, 2-H, 10-H), 

3.19 (dd, 2JH,H = 15.5 Hz, 3JH,H = 8.7 Hz, 1 H, 3-H), 2.59-2.74 (m, 3 H, 3-H, 8-

H), 1.28 (t, 3JH,H = 7.1 Hz, 3 H, 11-H) ppm. 13C NMR (100.5 MHz, CDCl3, 

25 °C): δ = 172.3 (9-C), 150.2 (7a-C), 128.0 (4a-C), 127.5 (6-C), 124.7 (4-

C), 118.9 (5-C), 109.5 (7-C), 60.6 (10-C), 55.8 (2-C), 40.8 (8-C), 35.8 (3-C), 

14.2 (11-C) ppm. ESI-HRMS: calcd for C12H16O2N [M+H]+: 206.11756; 

found: 206.11742; delta = -0.66 ppm. LC-MS: >99%; m/z = 206.1 [M+H]+. [C12H15NO2; Mr = 205.3]. 

 

2.5. Preparation of ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) by consecutive catalytic reduction of ethyl 

4-(2-nitrophenyl)-3-oxobutanoate (2) 

 

To a solution of 2 (1.0 g, 1 equiv., 4.0 mmol, 251.235 g mol-1) in acetic acid (160 mL), palladium on carbon (10%, w/w) 

(0.1 g, 0.024 equiv., 0.094 mmol, 106.42 g mol-1) and methane sulfonic acid (MsOH) (0.78 mL, 12 mmol, 96.11 g mol-1, 

1.48 g mL-1) was added under argon atmosphere. Hydrogen was bubbled through the reaction mixture for 1.5 h at 50 ºC, 

when the TLC analysis showed complete conversion of 2 (n-hexane:EtOAc = 4:1; Rf (2) = 0.2; Rf (4) = 0.38). The solids 



6 

 

were removed by filtration of the reaction mixture through a pad of Celite®, and the solution was evaporated in vacuo 

and toluene (70 mL) was also distilled off. The residue was dissolved in DCM (100 mL) and washed with the solution of 

saturated Na2CO3 and distilled water (50 mL). The aqueous layer was extracted with DCM (100 mL). The combined 

organic phases were washed with brine (50 mL), dried over anhydrous Na2SO4 and evaporated in vacuo. The crude 

product was purified by flash-column chromatography eluting with 20% of EtOAc in n-hexane resulting 0.61 g (74%) 

ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) as a colourless oil. 

LC-MS: 100%; m/z = 206.1 [M+H]+. [C12H15NO2; Mr = 205.257] 

 

2.6. General procedure for continuous catalytic hydrogenation reactions in the H-CubeTM reactor 

 

To a 25 mL Erlenmeyer flask a 0.025 M solution of ethyl 4-(2-nitrophenyl)-3-oxobutanoate (2) (50 mg, 1 equiv., 0.2 mmol, 

251.235 g mol-1) in acetic acid (8 ml) was added followed by methanesulfonic acid (39 μL, 3 equiv., 0.6 mmol, 

96.11 g mol-1, 1.48 g mL-1). The reaction mixture was pumped through the H-CubeTM reactor with 0.5 mL min-1 flow rate, 

using palladium on carbon (10%, w/w) catalyst cartridge (CatCart®), at 50 ºC. No overpressure was adjusted on the back 

pressure regulator (‘Full-H2’ mode). The CatCart® was then washed with acetic acid for approximately 10-15 minutes 

and the collected reaction mixture was evaporated in vacuo. The residue was dissolved in DCM (30 mL), washed with 

saturated Na2CO3 solution (15 mL) and brine (15 mL). The organic phase was dried over anhydrous Na2SO4, and 

evaporated in vacuo. The resulting crude product was analysed by LC-DAD-MS. The same work-up procedure was 

used in case of using acetic acid as solvent and/or additional acid catalyst. When no acid was used as solvent or 

catalyst, the extraction was omitted. 

All of the continuous flow hydrogenation reactions were performed in H-CubeTM continuous-flow hydrogenation reactor 

with 8 mL of reaction volume, in Full-H2 mode with the flow rate of 0.5 mL min-1. 

The results of the experiments can be found below in Table S1-3 respectively. 

Table S1. Results of the catalyst screen.
[a]

 

Entry Catalyst Conversion (%)
[b]

 Selectivity to 3 (%)
[b]

  Selectivity to 4 (%)
[b]

 

1 Ra-Ni 65.6 33.0 0.0 

2 10% Pd/C 100.0 91.4 0.7 

3 10% Pd/Al2O3 100.0 98.5 0.1 

[a] All experiments were performed in the H-Cube
TM

 continuous-flow hydrogenation reactor in 

0.05M ethanol solution of 2, with flow rate of 0.5 mL
-1

 min at room temperature, using full H2 

mode (atmospheric pressure of hydrogen); [b] Determined by LC-DAD-MS. 
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Table S2. Results of the solvent and acid catalyst screen.
[a]

 

Entry Solvent Acid catalyst
[b]

 Conversion (%)
[c] 

(regarding 2) 

Selectivity to 3 

(%)
[c]

  

Selectivity to 4 

(%)
[c]

 

Selectivity (220 m/z)
[d]

 

(%)
[c]

 

1 EtOH MsOH 100 21 0 60 

2 EtOH TFA 100 20 0 63 

3 EtOH TfOH 100 16 0 43 

4 EtOAc MsOH 100 20 0 73 

5 EtOAc TFA 100 17 0 60 

6 EtOAc TfOH 100 17 2 24 

7 AcOH MsOH 100 57 13 3 

8 AcOH TFA 100 73 2 9 

9 AcOH TfOH 100 55 6 16 

[a] All experiments were performed in the H-Cube
TM

 continuous-flow hydrogenation reactor with 8 mL of 0.05M solution of 6 in the 

corresponding solvent and 1 equiv. of corresponding acid catalyst, with flow rate of 0.5 mL
-1

 at room temperature, using 10% Pd/C CatCart
® 

and full H2 mode (atmospheric pressure of hydrogen); [b] MsOH is methane sulfonic acid, TFA is triflouroacetic acid, TfOH is 

trifluoromethane sulfonic acid; [c] Determined by LC-DAD-MS; [d] Based on the literature
[4]

 and the MS spectra of the LC-DAD-MS, the 

compound with the 220 m/z is the ethyl 2-(1-hydroxy-1H-indol-2-yl)acetate, which is the N-hydroxy derivative of 3 indole.  

 

Table S3. Results of the concentration, acid catalyst excess and temperature screen.
[a]

 

Entry Concentration  

(M) 

MsOH  

(equiv.) 

Temperature  

(ºC) 

Conversion (%)
[b] 

(regarding 2) 

Selectivity to 3 

(%)
[b]

  

Selectivity to 4 

(%)
[b]

 

Selectivity (220 m/z)
[c] 

(%)
[b]

 

1 0.05 1 25 100 57 13 3 

2 0.05 3 25 100 16 4 35 

3 0.05 6 25 100 8 2 49 

4 0.025 1 25 100 48 2 35 

5 0.025 3 25 100 38 17 18 

6 0.025 6 25 100 32 11 33 

7 0.005 6 25 100 49 12 16 

8 0.025 3 50 100 3 74 0 

[a] All experiments were performed in the H-Cube
TM

 device with 8 mL of the corresponding concentration of 2 in acetic acid and with the 

corresponding equiv. of MsOH acid catalyst, with flow rate of 0.5 mL
-1

 at the corresponding temperature, using 10% Pd/C CatCart
®
 and full H2 

mode (atmospheric pressure of hydrogen); [b] Determined by LC-DAD-MS; [c] Based on the literature
[4]

 and the MS spectra of the LC-DAD-MS, 

the compound with the 220 m/z is the ethyl 2-(1-hydroxy-1H-indol-2-yl)acetate, which is the N-hydroxy derivative of 3 indole.  
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2.7. Continuous-flow N-alkylation reactions 

2.7.1. Preparation of ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) by N-alkylation of ethyl 2-

(2,3-dihydro-1H-indole-2-yl)acetate (4) with 1,2-dibromoethane at atmospheric pressure 

 

To a 500 mL round bottom flask equipped with reflux condenser and CaCl2 drying tube, a solution of 4 (2.91 g, 1 equiv., 

14.2 mmol, 205.253 g mol-1) in acetonitrile (150 mL) was added followed by potassium carbonate (5.88 g, 3 equiv., 

42.5 mmol, 138.205 g mol-1) and 1,2-dibromoethane (Caution: carcinogenic) (37 mL, 30 equiv., 425 mmol, 

187.86 g mol-1, 2.18 g mL-1). The suspension was stirred at reflux temperature main while the conversion was monitored 

by TLC. After stirring the reaction mixture for 96 hours, TLC showed complete conversion of 4 (n-hexane:EtOAc = 4:1; Rf 

(4) = 0.38; Rf (5) = 0.63). The solids were removed by filtration through a pad of Celite® and the solution was evaporated 

in vacuo. The residue was purified by flash column chromatography eluting with 0-25% of EtOAc gradient in n-hexane 

then isocratic elution to obtain 3.76 g (83%) ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) as a 

colourless oil (which turns violet on standing), and 0.26 g (8.4%) ethyl 2-(1-{2-[2-(2-ethoxy-2-oxoethyl)-2,3-dihydro-1H-

indol-1-yl]ethyl}-2,3-dihydro-1H-indol-2-yl)acetate (6) as a light yellow oil. 

1H NMR (399.8 MHz, CDCl3, 25 °C): δ = 7.10-7.02 (m, 2 H, 4-H, 6-H), 6.68 (t, 3JH,H = 

7.4 Hz, 1 H, 5-H), 6.43 (d, 3JH,H = 7.6 Hz, 1 H, 7-H), 4.22-4.12 (m, 2 H, 10-H), 4.12-

4.02 (m, 1 H, 2-H), 3.60-3.36 (m, 4 H, 12-H, 13-H), 3.29 (dd, 2JH,H = 16.0 Hz, 3JH,H = 

9.0 Hz, 1 H, 3-H), 2.83-2.73 (m, 2 H, 3-H, 8-H), 2.55 (dd, 2JH,H = 15.3 Hz, 3JH,H = 8.3 

Hz, 1 H, 8-H), 1.27 (t, 3JH,H = 7.2 Hz, 3 H, 11-H) ppm. 13C NMR (100.5 MHz, CDCl3, 

25 °C): δ = 171.3 (9-C), 150.5 (7a-C), 127.9 (4a-C), 127.6 (6-C), 124.5 (4-C), 118.3 

(5-C), 106.2 (7-C), 60.8, 60.7 (2-C, 10-C), 49.2 (12-C), 39.7 (8-C), 35.5 (3-C), 28.9 

(13-C), 14.2 (11-C) ppm. ESI-HRMS: calcd for C14H19O2NBr [M+H]+: 312.05937; 

found: 312.05933; delta = -0.12 ppm. LC-MS: >97%; m/z = 312.0 [M+H]+ [C14H18BrNO2; Mr = 312.2]. 

 

The bis-adduct (6) is an equimolar mixture of the corresponding diastereomers, therefore, certain 1H and 13C signals are 

duplicated, which fact is indicated by ’/’ in the following list of chemical shifts. 

1H NMR (399.8 MHz, CDCl3, 25 °C): δ = 7.12-7.01 (m, 4 H, 4-H, 4’-H, 6-H, 6’-H), 

6.70-6.62 (m, 2 H, 5-H, 5’-H), 6.46 (d, 3JH,H = 7.8 Hz, 2 H, 7-H, 7’-H), 4.18-4.09 (m, 4 

H, 10-H, 10’-H), 4.09-4.00 (m, 2 H, 2-H, 2’-H), 3.42-3.20 (m, 6 H, 3-H, 3’-H, 12-H, 

12’-H), 2.86-2.72 (m, 4 H, 3-H, 3’-H, 8-H, 8’-H), 2.56-2.44 (m, 2 H, 8-H, 8’-H), 

1.254/1.248 (t, 3JH,H = 7.1 Hz, 6 H, 11-H, 11’-H) ppm. 13C NMR (100.5 MHz, CDCl3, 

25 °C): δ = 171.6 (9-C, 9’-C), 151.42/151.38 (7a-C, 7a’-C), 128.17/128.13 (4a-C, 

4a’-C), 127.6 (6-C, 6’-C), 124.4 (4-C, 4’-C), 117.77/117.75 (5-C, 5’-C), 

106.29/106.23 (7-C, 7’-C), 61.34/61.31 (2-C, 2’-C), 60.6 (10-C, 10’-C), 45.3/45.2 

(12-C, 12’-C), 39.49/39.44 (8-C, 8’-C), 35.5 (3-C, 3’-C), 14.2 (11-C, 11’-C) ppm. ESI-

HRMS: calcd for C26H33O4N2 [M+H]+: 437.24348; found: 437.24324; delta = -0.56 

ppm. LC-MS: >98.5%; m/z = 437.3 [M+H]+ [C26H32N2O4; Mr = 436.5]. 

 

2.7.2. Preparation of 5 by N-alkylation in reactor (high pressure reactor) 

To a high pressure reactor of 250 mL; a solution of 4 (2.0 g, 1 equiv., 9.8 mmol, 205.253 g mol-1) in acetonitrile (100 mL) 

was added under argon atmosphere followed by potassium carbonate (4.04 g, 3 equiv., 29.3 mmol, 138.205 g mol-1) and 

1,2-dibromoethane (26 mL, 30 equiv., 293 mmol, 187.86 g mol-1, 2.18 g mL-1). The autoclave was sealed, flushed with 

argon three times and immersed to an oil bath. The reaction mixture was stirred at 110 ºC for 24 hours when TLC 

analysis showed complete conversion of 4 (n-hexane:EtOAc = 4:1; Rf (4) = 0.38; Rf (5) = 0.63). The solids were 

removed by filtration through a pad of Celite® and the solvent evaporated in vacuo. The crude product was purified by 

flash-column chromatography eluting with 0-10% of EtOAc gradient in n-hexane then isocratic elution to obtain 2.6 g 

(85%) 5 as a colourless oil, which turns violet on standing. 
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2.7.3. General procedure for N-alkylations reaction in CEM microwave reactor 

To a suspension of indoline 4 (50 mg, 1 equiv., 0.24 mmol, 205.253 g mol-1) in acetonitrile (5 mL), 1,2-dibromoethane 

(0.65 mL, 30 equiv., 7.3 mmol, 186.87 g mol-1, 2.18 g mL-1) and Cs2CO3 (400 mg, 5 equiv., 1.22 mmol, 325.82 g mol-1) 

were added. In case of Phase Transfer Catalytic (PTC) reactions, tetra-n-butylammonium bromide (TBAB; 4.0 mg, 0.024 

mmol, 10n/n%, 322.368 g mol-1) was added. The reaction mixture was irradiated for one to three hours at 150 ºC. The 

solids were removed by filtration and the reaction mixture was evaporated in vacuo. The resulting crude product was 

analysed by LC-DAD-MS (Table S4). 

 

Table S4. Results of the N-alkylation reaction in CEM microwave reactor.[a] 

Entry Base PTC Reaction 

Time (h) 

Conversion  

(%)
[b]

  

Selectivity to 5 

(%)
[b]

 

1 Na2CO3 - 1 93 75 

2 Na2CO3 - 2 88 81 

3 Na2CO3 - 3 85 73 

4 K2CO3 - 1 93 69 

5 K2CO3 - 2 80 66 

6
[c]

 K2CO3 - 1 93 0 

7 Cs2CO3 - 1 83 71 

8 Cs2CO3 - 2 99 85 

9 Cs2CO3 - 3 99 78 

10 KOH - 1 95 68 

11 KOH - 2 90 47 

12 KOH - 3 95 48 

13 Na2CO3 TBAB 1 91 39 

14 Na2CO3 TBAB 2 73 30 

15 Na2CO3 TBAB 3 77 26 

16 K2CO3 TBAB 1 88 73 

17 K2CO3 TBAB 2 83 71 

18 K2CO3 TBAB 3 84 68 

19 Cs2CO3 TBAB 1 97 74 

20 Cs2CO3 TBAB 2 99 81 

21 Cs2CO3 TBAB 3 99 86 

22 KOH TBAB 1 95 62 

23 KOH TBAB 2 88 39 

24 KOH TBAB 3 87 33 

[a] All experiments were performed with 50 mg 4, in 5 mL of acetonitril at 150 

ºC; [b] Determined by LC-DAD-MS; [c] at 200 ºC. 
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2.7.4. Procedure for the heterogeneous continuous flow N-alkylation reaction using solid base 

  
 

A flow reactor was assembled consisting of an ultra-compact high pressure dual piston pump with one working piston, 

one auxiliary (Knauer Azura P 2.1S), an Omnifit® glass column (10 mm i.d. x 150 mm), tempered by an Asia column 

heater modul® (Sirrys Ltd.) followed by an adjustable back pressure regulator (Zaiput BPR10 - using nitrogen gas from a 

cylinder). Supply lines (Supelco PTFE tubing, 1/16” o.d.; 0.012” i.d.) and fittings (PEEK) were purchased from Sigma 

Aldrich. 

To a solution of 4 (50 mg, 1 equiv., 0.24 mmol, 205.253 g mol-1) in acetonitrile (5 mL), 1,2-dibromoethane (0.65 mL, 30 

equiv., 7.3 mmol, 186.87 g mol-1, 2.18 g mL-1) was added. The reaction mixture was homogenised using an ultrasonic 

bath and pumped into the column reactor, filled with 4.5 g of Cs2CO3:Na2SO4=1:1 (mixture of 2.25 g, 28 equiv. Cs2CO3, 

6.87 mmol, 325.82 g mol-1; and 2.25 g 65 equiv. Na2SO4, 15.8 mmol, 142.04 g mol-1) at flow rates of 250-500 µL min-1. 

The back pressure regulator was adjusted at 10-12 bar and the temperature was set to 150 ºC. The reaction mixture 

was collected and evaporated in vacuo. The residue was dissolved in DCM (30 mL), washed with distilled water (30 mL) 

and brine (30 mL). The organic phase was dried over anhydrous Na2SO4, and evaporated in vacuo. The resulting crude 

product was analysed by LC-DAD-MS (Table S5.). 

Table S5. Results of the heterogeneous continuous flow N-alkylation reactions using 

Cs2CO3 as a solid base. 
[a]

 

Entry Flow rate 

(mL min
-1

) 

Conversion 

(%)
[b]

 

Selectivity to 5 

(%)
[b]

 

Selectivity (355/357 m/z)
[c] 

(%)
[b]

 

1 0.5 86 16 57 

2 0.25 86 21 63 

[a] All experiments were performed as described above; [b] Determined by LC-DAD-MS 

and extrapolated for full conversion; [c] Based on the literature
[5,6]

 and the MS spectra of 

the LC-DAD-MS, the monobromo-compound with the 355/357 m/z is the 2-bromoethyl 2-

(2-ethoxy-2-oxoethyl)-2,3-dihydro-1H-indole-1-carboxylate. 

 

2.7.5. General procedure for the heterogeneous continuous flow N-alkylation reaction using solid phase 

supported base 
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A flow reactor was assembled consisting of an ultra-compact high pressure dual piston pump with one working piston, 

one auxiliary (Knauer Azura P 2.1S), an Omnifit® glass column (10 mm i.d. x 150 mm), tempered by an Asia column 

heater modul® (Sirrys Ltd.) followed by an adjustable back pressure regulator (Zaiput BPR10 - using nitrogen gas from a 

cylinder). Supply lines (Supelco PTFE tubing, 1/16” o.d.; 0.012” i.d.) and fittings (PEEK) were purchased from Sigma 

Aldrich. 

To a solution of 4 (50 mg, 1 equiv., 0.24 mmol, 205.253 g mol-1) in acetonitrile (5 mL), 1,2-dibromoethane (0.65 mL, 30 

equiv., 7.3 mmol, 186.87 g mol-1, 2.18 g mL-1) was added. The reaction mixture was homogenised using ultrasonic bath 

(Realsonic RS16) and pumped into the column reactor, filled with Si-DMAP (SiliaBond®, 5.0 g, 4,65 mmol, 19 equiv., 

0.93 mmol g-1) at flow rates of 125-500 µL min-1. The back pressure regulator was adjusted at 10-12 bar, and the 

temperature was set to 150 ºC. The reaction mixture was collected and evaporated in vacuo. The residue was analysed 

by LC-DAD-MS (Table S6). 

Table S6. Results of the heterogeneous continuous flow 

N-alkylation reactions using Silia-DMAP as a solid base. 
[a]

 

Entry Flow rate 

(mL min
-1

) 

Conversion 

(%)
[b]

 

Selectivity to 5 

(%)
[b]

 

1 0.5 44 89 

2 0.25 92 81 

3 0.125 100 32 

[a] All experiments were performed as described above;  

[b] Determined by LC-DAD-MS. 

 

2.7.6. General procedure for the homogeneous continuous flow N-alkylation reaction using DIPEA as base 

 
 

A flow reactor was assembled consisting of an ultra-compact high pressure dual piston pump with one working piston, 

one auxiliary (Knauer Azura P 2.1S), a 30 mL tube reactor (Supelco PTFE tubing, 1/8” o.d.; 0.085” i.d.) in oil bath (with 

two magnetic stirrers) and an adjustable back pressure regulator (Zaiput BPR10 - using nitrogen gas from a cylinder). 

The oil bath was placed on a conventional hot plate (IKA® RCT basic). Oil bath temperature was controlled and 

constantly monitored by a precise IKA® ETS-D5 temperature controller. Supply lines (Supelco PTFE tubing, 1/16” o.d.; 

0.012” i.d.) and fittings (PEEK) were purchased from Sigma Aldrich. 

To a solution of 4 (100 mg, 1 equiv., 0.49 mmol, 205.253 g mol-1) in acetonitrile (10 mL), DIPEA (100 µL, 1.15 equiv., 

0.56 mmol, 129.25 g mol-1, 0.742 g mL-1) and 1,2-dibromoethane (1.26 mL, 30 equiv., 14.6 mmol, 186.87 g mol-1, 

2.18 g mL-1) were added. The reaction mixture was homogenised using ultrasonic bath (Realsonic RS16) and pumped 

into the reactor at a flow rate of 667 µL min-1 (45 min residence time). The back pressure regulator was adjusted at 

18 bar and the temperature was set to 140 ºC. The reaction mixture was collected and evaporated in vacuo. The residue 

was dissolved in DCM (30 mL), washed with distilled water (30 mL) and brine (30 mL). The organic phase was dried 

over anhydrous Na2SO4, and evaporated in vacuo. The resulting crude product was analysed by LC-DAD-MS. 
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Table S7. Independent variables of the optimization.
[a]

 

Entry Reaction Parameter Variables + 0 - 

1 Temperature (ºC) X1= T 140 120 100 

2 Retention time (min) X2= tret 45 30 15 

3 Reagent excess (equiv.) X3= equiv 30 20 10 

4 Dilution (mL g
-1

) X2= c 100 75 50 

[a] Preliminary experiments showed inverse correlation between the 

excess of base (DIPEA) and the selectivity of the reaction, therefore 

1.15 equiv. of DIPEA was used. 

 

Table S8. Changes of the independent variables and results of the optimization.
[a]

 

Entry X1= T X2= tret X3= equiv X2= c Conversion (C) 

(%)
[b]

 

Selectivity to 5 (S) 

(%)
[b]

 

√(𝐶 ∗ 𝑆)
[𝑐]

 

(%) 

1 + - - + 80 91 85 

2 + + - - 95 95 95 

3 + - + - 96 90 93 

4 + + + + 98 95 96 

5
[d]

 0 0 0 0 83 98 90 

6 - - - - 31 94 51 

7 - - + + 49 76 64 

8 - + - + 45 100 67 

9 - + + - 82 99 90 

[a] Preliminary experiments showed inverse correlation between the excess of base (DIPEA) and the selectivity 

of the reaction, therefore 1.15 equiv. of DIPEA was used; [b] Determined by LC-DAD-MS; [c] Geometric mean 

of the conversion and selectivity towards 5; [d] Average of 3 measurements: the deviation of the conversion is 

2.1%; and 3.1% for the selectivity. 

 

Pareto chart of the reduced factor’s (geometric mean of the conversion and selectivity): 
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The conversion’s dependence on the reaction parameters: 
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The selectivity’s dependence on the reaction parameters: 
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The reduced factor’s (geometric mean of the conversion and selectivity) dependence on the reaction parameters: 
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Unsuccessful attempt to decrease further the excess of the 1,2-dibromoethane from the previously found optimal 
reaction parameters (Table 8. Entry 1), while keeping the reduced factor (√𝐶 ∗ 𝑆) at least 93%. 
 

Table S8. The process of the attempt of decreasing the excess of 1,2-dibromoethane.
[a]

 

Entry X1= T X2= tret X3= equiv X2= c Conversion (C) 

(%)
[b]

 

Selectivity to 5 (S) 

(%)
[b]

 

√(𝐶 ∗ 𝑆)
[𝑐]

 

(%) 

1 140 30 7 50 95 91 93 

2 140 30 5 25 94 89 91 

3 140 40 5 50 91 90 91 

4 160 30 5 50 95 85 90 

5 150 60 5 40 97 85 91 

6 150 30 7 50 97 85 91 

[a] 1.15 Equiv. of DIPEA was used as described in the general section of 2.7.6.; [b] Determined by LC-DAD-

MS; [c] Geometric mean of the conversion and selectivity towards 5. 

 

2.8. Preparations of 7 indolinediazepinon 

2.8.1. Preparation of 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) by ring closure reaction of 

5 with ammonia (purification by flash-column chromatography) 

 

To a 100 mL capacity autoclave, cooled with ice bath, solution of 5 (1.06 g, 1 equiv., 3.4 mmol, 312.202 g mol-1) in 

ethanol (5 mL) under argon atmosphere, then saturated ammonia (25 mL, 62 equiv., 210 mmol, ca. 14.4 g/100 mL, 

17 g mol-1) in ethanol was added. The autoclave was sealed, and introduced to an oil bath. After 23 hours of stirring at 

50 ºC (ca. 2-3 bar overpressure), the TLC analysis showed complete conversion of 5 (toluene:methanol = 9:1; Rf (5) = 

0.85; Rf (5) = 0.13). The reaction mixture was evaporated in vacuo and the residue was purified by flash-column 

chromatography eluting with 0-10% of methanol gradient in toluene then isocratic elution to obtain 0.52 g (76%) 7 as a 

white solid. 

1H NMR (399.8 MHz, DMSO-d6, 25 °C) δ = 7.68 (br s, 1 H, 3-H), 7.02 (d, 3JH,H = 7.0 Hz, 1 

H, 10-H), 7.00 (t, 3JH,H = 7.7 Hz, 1 H, 8-H), 6.61 (dd, 3JH,H = 7.7 Hz, 3JH,H = 7.0 Hz, 1 H, 9-

H), 6.50 (d, 3JH,H = 7.7 Hz, 1 H, 7-H), 3.72 (dd, 2JH,H = 13.1 Hz, 3JH,H = 4.7 Hz, 1 H, 5-H), 

3.46-3.32 (m, 2 H, 4-H, 11-H), 3.19-3.13 (m, 1 H, 4-H), 3.03 (dd, 2JH,H = 15.4 Hz, 3JH,H = 

7.9 Hz, 1 H, 11-H), 2.92 (dd, 2JH,H = 14.2 Hz, 3JH,H = 10.6 Hz, 1 H, 1-H), 2.62-2.48 (m, 2 

H, 5-H, 11-H), 2.40 (dd, 2JH,H = 14.2 Hz, 3JH,H = 1.0 Hz, 1 H, 1-H) ppm. 13C NMR (100.5 

MHz, DMSO-d6, 25 °C): δ = 174.3 (2-C), 151.8 (7a-C), 128.0 (10a-C), 127.1 (8-C), 123.9 

(10-C), 117.8 (9-C), 106.4 (7-C), 61.6 (11a-C), 48.3 (5-C), 42.6 (1-C), 41.1 (4-C), 35.7 (11-C) ppm. ESI-HRMS: calcd for 

C12H15O2N [M+H]+: 203.11789; found: 203.11793; delta = 0.20 ppm. LC-MS: >98.5%; m/z = 203.2 [M+H]+ [C12H14N2O; 

Mr = 202.3]. Mp.: 194 – 196 ºC (Lit.: 186 – 188 ºC[7]). 

 

2.8.2. Preparation of 1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) by ring closure reaction of 

5 with ammonia (purification by treating the crude product with hot ethyl acetate) 

To a 100 mL capacity autoclave cooled with ice bath, solution of 5 (1.72 g, 1 equiv., 5.5 mmol, 312.202 g mol-1) in 

ethanol (7 mL) was added under argon atmosphere, followed by saturated ammonia (45 mL, 70 equiv., 380 mmol, ca. 

14.4 g/100 mL, 17 g mol-1) in ethanol. The autoclave was sealed, and introduced to an oil bath. After 93 hours of stirring 

at 50 ºC (ca. 2-3 bar overpressure) the TLC analysis showed complete conversion of 5 (toluene:methanol = 9:1; Rf (5) = 

0.85; Rf (7) = 0.13). The reaction mixture was evaporated in vacuo, the residue was dissolved in distilled water (70 mL) 

and extracted with DCM (70 mL) twice. The combined organic phases were washed with brine (70 mL), dried over 

anhydrous Na2SO4 and evaporated in vacuo. The resulting crude product was treated with hot EtOAc (5 mL) for 

5 minutes, filtered and dried in reduced pressure to obtain 0.97 g (87%) 7 as a white solid. 
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3. NMR Spectra 

5-[1-hydroxy-2-(2-nitrophenyl)ethylidene]-2,2-dimethyl-1,3-dioxane-4,6-dion (11) 
1H Spectrum 
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5-[1-hydroxy-2-(2-nitrophenyl)ethylidene]-2,2-dimethyl-1,3-dioxane-4,6-dion (11) 
13C Spectrum 
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5-[1-hydroxy-2-(2-nitrophenyl)ethylidene]-2,2-dimethyl-1,3-dioxane-4,6-dion (11) 
APT Spectrum 
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Ethyl 4-(2-nitrophenyl)-3-oxobutanoate (2) 
1H Spectrum 
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Ethyl 4-(2-nitrophenyl)-3-oxobutanoate (2) 
13C Spectrum 
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Ethyl 4-(2-nitrophenyl)-3-oxobutanoate (2) 
gHSQC spectrum 
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Ethyl 4-(2-nitrophenyl)-3-oxobutanoate (2) 
gHSQC spectrum, expansion I. 

  



24 

 

Ethyl 4-(2-nitrophenyl)-3-oxobutanoate (2) 
gHSQC spectrum, expansion II.  
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Ethyl 2-(1H-indole-2-yl)acetate (3) 
1H Spectrum 
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Ethyl 2-(1H-indole-2-yl)acetate (3) 
13C Spectrum 
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Ethyl 2-(1H-indole-2-yl)acetate (3) 
gCOSY Spectrum 
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Ethyl 2-(1H-indole-2-yl)acetate (3) 
gCOSY Spectrum, expansion I. 
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Ethyl 2-(1H-indole-2-yl)acetate (3) 
zTOCSY Spectrum 

  



30 

 

Ethyl 2-(1H-indole-2-yl)acetate (3) 
gHSQC Spectrum 
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Ethyl 2-(1H-indole-2-yl)acetate (3) 
gHSQC Spectrum, expansion I. 
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Ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) 
1H Spectrum 
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Ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) 
13C Spectrum 
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Ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) 
zTOCSY Spectrum 
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Ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) 
gHSQC Spectrum 
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Ethyl 2-(2,3-dihydro-1H-indole-2-yl)acetate (4) 
gHMBC Spectrum 
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Ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) 
1H Spectrum 
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Ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) 
1H Spectrum, expansion I. 
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Ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) 
13C Spectrum 
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Ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) 
gCOSY Spectrum 
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Ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) 
gHSQC Spectrum 
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Ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) 
gHSQC Spectrum, expansion I. 
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Ethyl 2-[1-(2-bromoethyl)-2,3-dihydro-1H-indol-2-yl]acetate (5) 
gHMBC Spectrum 
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Ethyl 2-(1-{2-[2-(2-ethoxy-2-oxoethyl)-2,3-dihydro-1H-indol-1-yl]ethyl}-2,3-dihydro-1H-indol-2-yl)acetate (6) 
1H Spectrum 
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Ethyl 2-(1-{2-[2-(2-ethoxy-2-oxoethyl)-2,3-dihydro-1H-indol-1-yl]ethyl}-2,3-dihydro-1H-indol-2-yl)acetate (6) 
1H Spectrum, expansion I. 
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Ethyl 2-(1-{2-[2-(2-ethoxy-2-oxoethyl)-2,3-dihydro-1H-indol-1-yl]ethyl}-2,3-dihydro-1H-indol-2-yl)acetate (6) 
zTOCSY Spectrum 
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Ethyl 2-(1-{2-[2-(2-ethoxy-2-oxoethyl)-2,3-dihydro-1H-indol-1-yl]ethyl}-2,3-dihydro-1H-indol-2-yl)acetate (6) 
gHSQC Spectrum 
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Ethyl 2-(1-{2-[2-(2-ethoxy-2-oxoethyl)-2,3-dihydro-1H-indol-1-yl]ethyl}-2,3-dihydro-1H-indol-2-yl)acetate (6) 
gHMBC Spectrum 
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1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) 
1H Spectrum 
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1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) 
1H Spectrum, expansion I. 
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1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) 
13C Spectrum 
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1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) 
gCOSY Spectrum 
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1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) 
zTOCSY Spectrum 
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1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) 
gHSQC Spectrum 
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1H,2H,3H,4H,5H,11H,11aH-[1,4]diazepino[1,7-a]indol-2-one (7) 
gHMBC Spectrum 
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Continuous Synthesis and Purification by Coupling a Multistep Flow
Reaction with Centrifugal Partition Chromatography
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J#nos Klti, and Istv#n Greiner*

Abstract: Continuous-flow multistep synthesis is combined
with quasi-continuous final-product purification to produce
pure products from crude reaction mixtures. In the nucleo-
philic aromatic substitution of 2,4-difluoronitrobenzene with
morpholine followed by a heterogeneous catalytic hydrogena-
tion, the desired monosubstituted product can be continuously
separated from the co- and by-products in a purity of over 99%
by coupling a flow reactor sequence to a multiple dual-mode
(MDM) centrifugal partition chromatography (CPC) device.
This purification technique has many advantages over HPLC,
such as higher resolution and no need for column replacement
or silica recycling, and it does not suffer from irreversible
adsorption.

The continuous-flow synthesis of active pharmaceutical
ingredients (APIs) and their intermediates[1–9] is actively
encouraged by regulatory agencies,[10] and has many advan-
tages over batch processing.[11, 12] However, the continuous
manufacturing of the final dosage form of drugs by coupling
the synthesis with formulation demands highly pure APIs.
Consequently, continuous-flow purification is inevitable in
most cases. Nonetheless, continuous synthesis is usually
followed by “discontinuous” purification because the
number of available options for continuous purification is
limited.[1, 13] The existing methods[6, 14] can be classified as in-
line work-up and final-product purification depending on
their primary place of application within a multistep
sequence.[1] In-line work-up can remove co-products while it
cannot eliminate by-products that are structurally related to
the desired product. High purity can be achieved by final-
product purification by multicolumn chromatography,[15]

simulated moving bed (SMB) chromatography,[16–19] catch-
and-release chromatography,[20–23] crystallization,[15,19, 24–26] or
recrystallization,[2, 27] although these methods have their draw-
backs. Crystallization usually requires semi-batch processing,
and catch-and-release chromatography can only be catego-
rized as a truly continuous purification method when
automated switching between multiple columns is
employed.[28] The operation of SMB chromatography is
technically complex; furthermore, it utilizes expensive solid
adsorbents, and challenging separations may require addi-
tional crystallization.[15, 18]

Centrifugal partition chromatography (CPC) is a counter-
current separation technique[29–33] that is widely used for the
purification of natural products, small molecules, and biolog-
ical compounds. CPC does not require a solid stationary
phase as two non-miscible phases are applied instead; one of
them is used as the mobile phase and the other one as the
stationary phase, which is maintained inside the rotating
column by centrifugal forces. In the ascending mode (AM),
the upper (lighter) phase is the mobile phase and the lower
(denser) phase is the stationary phase, whereas in the
descending mode (DM), the opposite holds (Figure 1).
Batchwise separations can be converted into semi-continuous
purification by using the multiple dual-mode (MDM)
approach,[30, 34–37] which means that the liquid nature of the

Figure 1. Working principle of AM and DM CPC devices.
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stationary phase is used to regenerate it by inversing the
stationary and mobile phases multiple times and re-injecting
the sample solution in between. Choosing the most suitable
biphasic liquid system (BLS) is like choosing the column and
eluent in high-performance liquid chromatography (HPLC).
As a rule of thumb, the partition coefficients should be
around 0.5–1.5 for the compound of interest, and the settling
time of the phases should not exceed 20 s.[38]

CPC has many advantages over HPLC, such as higher
resolution, no need for column replacement or silica recy-
cling, and it is absolutely free of irreversible adsorption.[38]

To address the purification issues currently faced in flow
synthesis, we decided to develop a new continuous final-
product purification method based on CPC. Herein, we report
the first successful coupling of a multistep flow synthesis and
MDM CPC to accomplish the quasi-continuous purification
and production of a pure product. This paper is organized into
five sections as follows: flow reaction, finding the proper BLS,
CPC method development, automation, and coupling the
reaction to the purification.

The target molecule, 4-fluoro-2-(morpholin-4-yl)aniline
(5a), which is a key intermediate in the synthesis of bioactive
carbazoles,[39] was synthesized in a nucleophilic aromatic
substitution (SNAr) reaction[16] of 2,4-difluoronitrobenzene
(1) with morpholine (2) followed by heterogeneous catalytic
hydrogenation (Figure 2).

The first reaction step was performed in ethanol (EtOH)
at 100 88C with a residence time of 10 min in a loop reactor
connected to a ZaiputU back pressure regulator adjusted to
10 bar. The resulting crude reaction mixture of compounds
3a–3c and the morpholine hydrofluoride salt (4) was
introduced into an H-Cube ProS reactor containing a 10%
Pd/C cartridge at 50 88C and atmospheric pressure. The
product (5a) and all of the intermediates (3a–3c) and by-
products (5b and 5c) were isolated and characterized (see the
Supporting Information). The average 5 a content of the
reaction mixture was about 81 % along with 5% of 5b and
12% of 5c.

First, an adequate BLS was developed through extensive
experimentation to differentiate between the regioisomers 5a
and 5b, which are similar in every physicochemical property,
including the pKa value (Table 1). A mixture of n-hexane (n-
Hex), methyl tert-butyl ether (MTBE), EtOH, and water in
a ratio of 1:1:1:1 (v/v) gave ideal partition coefficients (KU/L)
for anilines 5a–5c (Table 1) and exhibited a short settling
time of 16 s (see the Supporting Information).

Employing the chosen BLS in the initial batchwise CPC
experiments performed on a 100 mL capacity column (Armen
SCPC-100++1000-B apparatus with a SpotPrepII system)
showed practically baseline separation for the product both
in AM and DM. The operating conditions on the equilibrated
column were 5–10 mL sample injection, a mobile-phase flow
rate of 5 mL min@1, and a rotation speed of 2000 rpm. Owing
to the distinctively higher partition coefficient of the desired
product (5a) as compared to the by-products 5b and 5c, the
product was eluted first in AM (the upper phase is the mobile
phase), and eluted last in DM (the lower phase is the mobile
phase), which is ideal for our purification purposes.

Using these optimized conditions without modification,
an MDM method was developed for quasi-continuous
purification. After the column had been equilibrated and
the first sample injection had taken place, the by-products 5b
and 5c were simply washed out from the column in DM. Next,
the sample solution was injected into the column again, and

finally, the product from both injections was
eluted and collected in AM. This process could
be repeatedly reversed several times, without
post-washing and equilibration of the column
between cycles. The efficiency and recovery were
not affected as compared to the single AM and
DM separation approach. In this way, stable,
uninterrupted MDM CPC separation was con-
ducted for more than 5 h. The purity of the
product was more than 99.9% (GCMS), and the
recovery of 5a was 91%.

To connect the reaction stream with the
purification unit, it was essential to automate
the sample intake, which was enabled by the
programmable magnetic valves of the SpotPrepII
device. Owing to the increased dead volume
before the column, a prolonged elution time was
necessary in AM to achieve the same recovery.

To match the composition of the sample
intake of the CPC separation with the output of

Figure 2. Continuous-flow SNAr reaction of 2,4-difluoronitrobenzene (1) with mor-
pholine (2) followed by a heterogeneous continuous hydrogenation of the nitro
compounds 3a–3c to the corresponding anilines 5a–5c using a loop reactor and
the H-Cube ProQ device.

Table 1: Measured physicochemical parameters of anilines 5a–5c.

Entry Parameter 5a 5b 5c

1 KU/L
[a] 1.86 0.49 0.24

2 pKa
[b] 4.08:0.015 4.06:0.029 4.76:0.023

[a] The partition coefficients (KU/L) were determined by GCMS meas-
urements in the biphasic solvent system n-Hex/MTBE/EtOH/H2O
(1:1:1:1, v/v); KU/L =peak area of the compound in the upper phase
divided by the peak area of the compound in the lower phase. [b] The pKa

values were determined by UV spectrophotometric titrations (see the
Supporting Information).
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the continuous-flow reactor, the EtOH solution of the
product was mixed with the other components of the chosen
BLS. After phase separation using a separating funnel, the
upper and lower phases of the resulting biphasic mixture were
separately introduced into the CPC device (Figure 3A)
according to the program (see the Supporting Information).
The phase separation unit served as a buffer flask, and also
allowed the escape of excess hydrogen from the reduction
step (which would otherwise be forcing out the liquid from
the CPC column). To achieve overall continuous operation,
the total inlet throughput of the reaction stream and the other
components of the sample solution into the buffer flask must
be equal or greater than the throughput of the outlet over
a certain period of time. For this purpose, the elution times
(both in AM and DM), the time and flow rate of the sample
intakes, the flow rates of the reaction stream and the other
components of the sample solution, and their volume
contraction factor were considered.

The whole system (two-step reaction and purification)
could be continuously operated, and the yield of isolated
product, its purity, and the productivity values were satisfac-
tory (Table 2, entry 1).

To increase the productivity by increasing the sample
solution concentration and its throughput, a one-phase
sample intake method was developed (Figure 3B). The
sample solution was prepared as a single-phase mixture of
the reaction stream in EtOH and combined with MTBE and
water using two additional pumps (flow rates of 195, 25, and

150 mL min@1 for H2O, MTBE, and EtOH, respectively) in
a composition that corresponds to the lower phase of the BLS
(the ratios were determined by GC-FID or 1H NMR spec-
troscopy for the organic compounds and Karl Fischer titration
for the water content; see the Supporting Information). The
more concentrated sample solution and the higher through-
put of the reaction stream gave a productivity that was 60%
higher (Table 2, entry 2) than that of the two-phase sample
intake method.

In summary, we have developed a system for the multistep
continuous-flow synthesis and purification of a complex
reaction mixture, utilizing quasi-continuous multiple dual-
mode centrifugal partition chromatography, which can be
operated in a truly continuous manner by using buffer flasks
and a few pumps (see SI) and by synchronizing the flow

Figure 3. Flow chart of the two-step synthesis followed by a quasi-continuous MDM CPC purification using A) a two-phase sample intake or B) a
one-phase sample intake. U =upper phase of the chosen BLS, L = lower phase of the chosen BLS, S(L) =sample solution in the lower phase,
S(u) =sample solution in the upper phase.

Table 2: Results obtained with the system combining the two-step
synthesis with purification.

Entry Sample intake method Yield[a]

[%]
Purity[b]

[%]
Productivity[c]

[g h@1 L@1]

1 two-phase[d] 57 >99.9 1.44
2 one-phase[e] 59 >99.9 2.27

[a] Yield of isolated product for the two synthetic steps followed by quasi-
continuous purification. [b] Determined by GCMS. [c] Mass of the pure
product divided by the time of the process and the volume of the column.
[d] Schematically shown in Figure 3A. [e] Schematically shown in Fig-
ure 3B.
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reaction with the purification. The productivity was increased
significantly by the one-phase intake of the sample solution.

The throughput could be easily increased by scaling up the
column capacity[40–43] or by converting it into a true moving-
bed system[44–47] by introducing the sample solution continu-
ously into the intermediate point of the column (e.g., between
two columns). This system is the first continuous-flow
adsorbent-free final-product purification technique, and
should find wide applicability in the synthesis of APIs or
intermediates thereof.
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1. General experimental details 

All chemicals were purchased from commercial sources and were used without further purification. 

Analytical thin-layer chromatography (TLC) was performed on aluminium foil-backed pre-coated silica and impregnated 

with a fluorescent indicator (Kieselgel 60 F254; manufactured by Merck). The solvent front was allowed to ascend to 5-6 

cm. The spots were visualized by exposure to ultraviolet light using a CAMAG type UV lamp (λ1=254 nm, λ2= 366 nm) 

and/or fumed with chlorine followed by submersion in the solution of 4-(4-amino-3-methylphenyl)-2-methylaniline 

(2.5 g/L) in water. 

Column chromatography was performed using silica gel (0.040–0.063 mm, manufactured by Merck). 

Organic solutions were concentrated by rotary evaporation (Büchi Rotavapor R-210, V-850 Vacuum Controller, B-491 

Heating Bath) below 55 ºC. 

Melting points were determined on Büchi B540 instrument and are reported as uncorrected values. 

NMR measurements 

NMR spectra were collected on either of the following Varian (now Agilent) instruments: VNMRS 500 spectrometer, 

equipped with a 1H{13C/15N} pulsed field gradient (PFG) Triple Resonance 13C Enhanced Cold Probe or a VNMRS 400 

spectrometer, equipped with a OneNMR PFG Probe. Standard pulse sequences available in the VnmrJ 3.2A software 

were used. Besides the 1D 1H and the phase-sensitive 2D 1H,13C-HSQC (gHSQCAD) spectra, a 1D 13C{1H} and/or a 

band-selective 2D 1H,13C-HMBC (bsgHMBC with nJC,H = 8 Hz) spectrum was recorded for all compounds, while a 2D 

absolute-value COSY (gCOSY) and a 2D rotational-frame Overhauser effect ROESY (with a 3.2 kHz T-ROESY spinlock 

for a mixing time of 0.2 s) spectrum was acquired for compound 3c and 5c, respectively, to allow their unambiguous 

signal assignment. All experiments were run in standard 5-mm NMR tubes from Wilmad at 25 °C using either CDCl3 

(99.8% D), DMSO-d6 (99.96% D) (both from Euriso-Top, France) or aceton-d6 (99.95% D; from Merck, Germany) as 

solvent. 1H and 13C chemical shifts were referenced to internal TMS at 0.00 ppm (or in one case to the residual signal of 

acetone-d6 solvent at 2.05 ppm), all coupling constants are reported in Hz units. The following abbreviations are used to 

indicate the signal multiplicities: br. s: broad singlet; d: doublet; m: multiplet. Spectral figures for the publication were 

produced by MestreNova (Mestrelab Research, Santiago de Compostela, Spain). 

HRMS measurements 

Electrospray high-resolution MS measurements (ESI-HRMS) were performed on a Thermo LTQ FT Ultra spectrometer 

(Thermo Fisher Scientific, Bremen, Germany). The ionization method was ESI, operated in positive ion mode. The ion 

transfer capillary temperature was set at 280◦C. Samples were infused into the ESI source MeOH solutions at a flow rate 

of 10 μL min-1. The resolving power was 50,000 (FWHM) at m/z 400. Data acquisition and analysis were accomplished 

with the Xcalibur software version 2.1 (Thermo Fisher Scientific Inc.). 

Electron impact high-resolution MS measurements (EI-HRMS) were performed on a Finnigan MAT 95XP mass 

spectrometer (Finnigan, Bremen, Germany). The ion source temperature was set at 220◦C, the applied ionization energy 

was 70 eV. 

Data acquisition and analysis were accomplished with Xcalibur software version 2.0 (Thermo Fisher Scientific Inc.). 

HPLC-DAD-QMS measurements 

The HPLC-DAD-QMS experiments were performed on an Agilent 1100 HPLC system (G1379A degasser, G1311A 

quaternary gradient pump, G1367B autosampler, G1316A column thermostat and G1315B diode array detector) 

coupled with a 6120 quadrupole mass spectrometer equipped with an ESI ion source (Agilent Technologies, Waldbronn, 

Germany). The Masshunter B.03.01 software was used for qualitative analyses.  

The solid samples were dissolved in acetonitrile (1 mg/mL), and separated on a Kinetex-XB C18 column (50×2.1 mm, 

2.6 µm; Phenomenex, Torrance, CA, USA) maintained at 40°C. The injection volume was 1 μL. The following gradient 

elution program was applied at a flow rate of 0.75 mL min-1; where eluent A was 0.1% (v/v) trifluoroacetic acid in water, 

eluent B was 0.1% (v/v) trifluoroacetic acid in acetonitrile: water = 95 : 5: 0 min: 0% (v/v) B; 4 min: 100% (v/v) B; 7 min: 

100% (v/v) B; 7.01 min: 0% (v/v) B. Detection wavelength was 240±25 nm, UV spectra of the compounds were recorded 
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between 200 and 600 nm. Quadrupole mass spectrometric parameters were as follows: ion source: ESI, positive; drying 

gas (N2) temperature: 350°C; drying gas (N2) flow rate: 12 L min-1; nebuliser gas (N2) pressure: 60 psi; fragmentor 

voltage: 50 V; capillary voltage: 2500 V. Full-scan mass spectra were acquired over the m/z range 100-1150 (1 

scan/sec). 

GCMS measurements and instrumentation 

Analyses were performed on a Shimadzu GCMS QP2010SE gas chromatograph mass spectrometer. Separations were 

carried out on a 30 m length, 0.32 mm internal diameter Zebron 5-HT inferno capillary column coated with 0.25 µm film 

thickness. The applied carrier gas was He maintained at a constant linear velocity of 51 cm/s. The developed GC oven 

temperature program starts at 100 °C ramped with 50 °C/min to 350 °C in 5 minutes. The solutions (0.3 µl) were injected 

in split mode (split ratio=10) at a temperature of 250 °C. 

The temperatures of the ion source and interface were set to 250°C, the applied ionization energy was 15 eV. 

Quantification of the analysis was achieved in selected ion monitoring (SIM mode) with GCMS Solution software. 

Spectrophotometric pKa determination in aqueous medium 

The proton-dissociation constants were determined by UV-spectrophotometric titrations using D-PAS technique (Sirius 

Analytical Instruments Ltd., Forest Row, UK) attached to a GLpKa[1,2]. The pKa values were calculated by the 

RefinementPro® software. Spectrophotometry can be applied for pKa measurement provided that the compound has a 

chromophore in proximity to the ionization centre, and the absorbance changes sufficiently as a function of pH. All 

measurements were performed in aqueous solutions of 0.15 M KCl under nitrogen atmosphere, at t = 25.0 ± 0.5 °C. 

Sample concentrations of 50 µM were used for UV/pH titration. The absorbances in the spectral region of 260–300 nm 

were used in the analysis. The results are given as a result of six independent determinations with standard deviation. 

Centrifugal Partition Chromatography (CPC) instrumentation 

The separations were performed on the combination of ‘SCPC-100+1000-B’ apparatus (Armen Instruments Sas, 

France) with a ‘Spot Prep II’ system (Armen Instruments Sas, France), using the 100 mL capacity column (Figure S1). 

 

Figure S1. Detailed view of the used CPC instrumentation. 
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Rotation speed was adjusted at 2000 rpm for all separation. The solvents were pumped by "Spot Prep II" built-in pump. 

The samples were introduced into the CPC column through loop with manual injection or in case of automated sample 

intake mode through ‘Spot Prep II’ built-in pump’s magnetic valves. The effluent was monitored with the ‘Spot Prep II’ 

built-in UV-Vis detector that was set on two wavelengths (240 and 300 nm) and continuous scan of the whole spectrum 

(from 200 to 600 nm) at the same time. The separations were controlled by an ‘Armen Glider CPC’ software installed on 

a 10.4” built-in panel PC with touch screen. Fractions were collected by ‘Spot Prep II’ built-in fraction collector. All 

experiments were conducted at room temperature. 

GC-FID measurements 

The n-hexane (n-Hex), methyl tert-butyl ether (MTBE) and ethanol (EtOH) content of solutions were quantified on an 

Agilent 6890 Gas Chromatography system (Agilent Technologies, Palo Alto, CA), equipped with a split/splitless inlet and 

a flame ionization detector (FID). Analytes were separated on a BP-20 (WAX) capillary column (30 m × 0.53 mm, 0.50 

μm film thickness). Separation conditions: the oven temperature was held at 40 °C for 3 min then programmed linearly 

from 40 °C to 100 °C at a rate of 20 °C/min and held at 100 °C for 3.5 min; helium was used as carrier gas at 0.4 mL 

min-1, an injection volume of 1 μL and a split (ratio 5:1) injection mode were adopted; the injection port temperature was 

220°C and FID temperature was 250 °C with nitrogen as making up gas at 45 mL min-1, and also hydrogen at 40 mL 

min-1, and air at 450 mL min-1. Retention times for n-hexane, methyl tert-butyl ether and ethanol, respectively: 2.73 min; 

2.91 min and 5.03 min. 

Water determination by coulometric Karl Kischer titration 

Water contents of the lower phase were determined by TIM550 Coulumetric Karl Fischer Titrator according to Ph. Eur. 

(2.5.32.) and USP <921> (Method Ic). 

2. Procedure for the continuous flow nucleophilic aromatic substitution (SNAr) 
reaction. 

 

Figure S2. Schematic process of the continuous flow nucleophilic aromatic substitution (SNAr) reaction. 

2.a. The preparation and identification of compounds 3a-c. 

Solutions of 2,4-difluoro-1-nitrobenzene 1 (3.50 g, 22.0 mmol, 159.09 g/mol; 1.451 g/mL; 1.0 ekv.) in ethanol (50.0 mL) 

and morpholine 2 (4.22 mL, 48.4 mmol, 87.12 g/mol; 1.007 g/mL; 2.2 ekv.) in ethanol (50.0 mL) were prepared and 

connected to individual pump channels of two Knauer Azura P2.1S pumps. The solution’s streams were joined in a 

PEEK T-mixer unit, followed by a coil reactor (30 mL) made from 1/8” PTFE tubing. After that a Zaiput® BPR-10 back 

pressure regulator (10 bar) was connected. The temperature was adjusted to 100 ºC by oil bath that heated by IKA® 

RTC basic stirrer, equipped with IKA® ETS-D4 fuzzy temperature controller. The solutions were pumped at 1.5 mL min-1 

each, so the reaction mixture flowed into the loop with a total flow rate 3.0 mL min-1 and residence time 10 minutes. After 

passing through a heat exchanger coil and a back pressure regulator, the thin layer chromatography showed no starting 

material 1 left (n-hexane:etil-acetate = 4:1; Rf (1) = 0.49; Rf (3a) = 0.36; Rf (3b) = 0.13; Rf (3c) = 0.07; Rf (4) = 0.0). The 

reaction mixture was collected and concentrated under reduced pressure. The residue was taken up in EtOAc (100 mL) 

washed with saturated aqueous ammonium chloride (100 mL), brine (100 mL), dried over Na2SO4 and concentrated 



SUPPORTING INFORMATION          

6 

 

under reduced pressure to afford the crude mixture as an orange oil. This material was purified by column 

chromatography (ca. 250 g silica gel on a 30 x 5ø sized column) eluting with 20-80% gradient of EtOAc in n-hexane, 

then isocratic elution to obtain 3.95 g (79.5%) 4-(5-fluoro-2-nitrophenyl)morpholine 3a as an orange oil; 0.33 g (6.5%) 4-

(3-fluoro-4-nitrophenyl)morpholine 3b as a yellow solid and 0.53 g (8.8%) 4-[2-nitro-5-(morpholyne-4-

yl)phenyl]morpholine 3c as an orange solid. 

4-(5-Fluoro-2-nitrophenyl)morpholine (3a): 

Appearance: orange oil; LCMS purity: >99.9%; 1H NMR: (399.8 MHz, CDCl3, 25 °C)  

δ (ppm) 3.04 – 3.10 (m, 4H, 2 x 7-CH2); 3.82 – 3.89 (m, 4H, 2 x 8-CH2); 6.73 (ddd, 1H, J = 

9.0; J = 7.1; J = 2.6; 4-CH); 6.78 (dd, 1H, J = 10.6; J = 2.6; 6-CH); 7.91 (dd, 1H, J = 9.0; J = 

6.0; 3-CH). 13C NMR: (100.5 MHz, CDCl3, 25 °C) δ (ppm) 51.7 (2 x 7-CH2); 66.6 (2 x 8-CH2); 

107.2 (d, J = 24.9; 6-CH); 108.6 (d, J = 23.7; 4-CH); 129.0 (d, J = 11.2; 3-CH); 140.1 (2-C); 

148.5 (d, J = 10.2; 1-C); 165.5 (d, J = 256.1; 5-C). EI-HRMS: calcd for C10H11O3N2F [M]+: 

226.07482; found: 226.07496; delta=0.6 ppm. 

 

4-(3-Fluoro-4-nitrophenyl)morpholine (3b): 

Appearance: yellow solid; LCMS purity: > 97.9%; Mp.: 151 – 152 ºC, (Lit.: 146-148 ºC[3]); 1H NMR: 

(399.8 MHz, CDCl3, 25 °C) δ (ppm) 3.34 – 3.40 (m, 4H, 2 x 7-CH2); 3.83 – 3.89 (m, 4H, 2 x 8-CH2); 

6.54 (dd, 1H, J = 14.8; J = 2.7; 2-CH); 6.61 (dd, 1H, J = 9.4; J = 2.7; 6-CH); 8.03 (dd, 1H, J = 9.4, J = 

9.0; 5-CH). 13C NMR: (100.5 MHz, CDCl3, 25 °C) δ (ppm) 46.8 (2 x 7-CH2); 66.2 (2 x 8-CH2); 100.9 (d, 

J = 25.8; 2-CH); 108.2 (d, J = 2.3; 6-CH); 128.1 (d, J = 1.2; 5-CH); 128.5 (d, J = 19.3; 4-C); 155.9 (d, J 

= 10.9; 1-C); 158.0 (d, J = 262.2; 3-C). EI-HRMS: calcd for C10H11O3N2F [M]+: 226.07482; found: 

226.07496; delta=0.6 ppm. 

 

 

4-[3-(Morpholin-4-yl)-4-nitrophenyl]morpholine (3c): 

Appearance: orange solid; LCMS purity: >99.9%; Mp.: 171 – 172 ºC, (Lit.: 164-166 ºC[3]); 

1H NMR: (399.8 MHz, CDCl3, 25 °C) δ (ppm) 3.04 – 3.09 (m, 4H, 2 x 7-CH2); 3.31 – 3.36 (m, 

4H, 2 x 9-CH2); 3.83 – 3.87 (m, 4H; 2 x 10-CH2); 3.87 – 3.91 (m, 4H; 2 x 8-CH2); 6.33 (d, 1H, 

J = 2.6; 2-CH); 6.47 (dd, 1H, J = 9.3; J = 2.6; 6-CH); 8.03 (d, 1H, J = 9.3; 5-CH). 13C NMR: 

(100.5 MHz, CDCl3, 25 °C) δ (ppm) 47.2 (2 x 9- CH2); 52.2 (2 x 7-CH2); 66.4 (2 x 10-CH2); 

66.8 (2 x 8-CH2); 103.3 (2-CH); 107.0 (6-CH); 129.7 (5-CH); 133.0 (4-C); 149.4 (3-C); 155.1 

(1-C). EI-HRMS: calcd for C14H19O4N3 [M]+: 293.13701; found: 293.13706; delta=0.18 ppm. 

 

 

2.b. Preparation of nitrobenzene derivatives (3a-c) by different flow rates. 

(The reactions were carried out as described previously in section 2.a.) 

For flow chemistry reactions, generally Knauer Azura P2.1S/P4.1S or Syrris Asia® syringe pumps (in case of chip 

reactor) were used. In the purpose-built reactor systems the reactant’s streams were joined in PEEK T-mixers 

(purchased from Supelco; 576611). The reactors of the continuous flow nucleophile aromatic substitution were either 

1/8” – 1/16” PTFE tubing (Supelco; 58696-U – 58699) that were rolled up into coil reactors, or 1.0 mL microchip reactor 

(Syrris). The latter one was used with Asia® Climat Controller and Asia® Pressure Regulator, while the coil reactor’s 

temperature was adjusted using either oil bath (heated by IKA® RTC basic stirrer, equipped with IKA® ETS-D4 fuzzy 

temperature controller) or a GC column heater (Merck, LaChrome, L-7350). The pressure was controlled using Zaiput® 

BPR-10 adjustable back pressure regulator unit. 
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Figure S3. Detailed view of the applied system in the continuous flow SNAr reaction. 

Table S1. Regioselectivity dependence in various purpose-built reactors with different throughput. 

Entry Solv. 
T 

(°C) 
Vreact 

(mL) 
fR

[a]
 

(mL min-1) 
tres 

(min) 
pBPR

 

(bar) 

Reactor’s 
tubing 

Ø 

Composition 
3a:3b:3c 

(%) 

Yield 
(%) 

1[3] EtOH 100 10 1.0 10 8 -[b] 74:13:13[c] 96[c] 

2[3] THF 165 10 1.0 10 8 - [b] 92:5:3[c] 98[c] 

3 EtOH 100 30 3.0 10 10 1/8” 84:7:9[d] 94[e] 

4 EtOH 100 10 1.0 10 10 1/16” 91:6:3[f] - 

5 EtOH 100 10 0.8 12.5 10 1/16” 89:7:4[f] - 

6 EtOH 100 5 0.5 10 10 1/16” 90:7:3[f] - 

7 EtOH 100 1 0.1 10 10 1/16” 92:4:3[f] - 

8 EtOH 100 1 0.1 10 8 chip[g] (89:6:5)[g] - 

[a]
 Toltal flow rate of 0.44 M solution of 1 and 0.968 M solution of 2 (2.2 ekv.) in a volumetric ratio of 1:1; 

[b]
 Vapourtec 

R2/R4 module. 
[c]

 Calculated from the crude product 
1
H-NMR spectrum; 

[d]
 Calculated from the isolated yield; 

[e]
 Total 

isolated yield of the orto-, para- and di-substituted compounds (3a-c); 
[f]

 Determined by GCMS (%) measurements; 
[g]

 white 
precipitation (morpholine hydrofluoride) caused clogging. 

3. Heterogeneous catalytic hydrogenation reactions. 

The continuous heterogenic hydrogenation reactions were performed using H-Cube™ or H-Cube Pro™ (ThalesNano Inc.) 

devices operating with its original pumps. 
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3.a. The preparation and identification of 4-fluoro-2-(morpholin-4-yl)aniline (5a). 

 

Figure 4. Schematic process for the continuous flow heterogeneous hydrogenation with H-Cube
™

 or H-Cube Pro
™

 devices. 

The previously prepared (see section 2.a) reaction mixture (15 mL, 3.3 mmol 3a-c, 4) was introduced to H-Cube™ 

continuous flow heterogeneous hydrogenation reactor operating in full H2 mode (at atmospheric in-situ H2 pressure) at 

the flow rate of 1.0 mL min-1 on the HPLC injector pump. The nitro group reductions were catalysed by 10% Pd/C 

(average particle size: 32-40 microns) catalyst bed (CatCart®), used as available from ThalesNano and were deactivated 

after use by introduction into sodium bisulfite solution. The reaction temperature was set to 50°C. The reaction mixture 

was collected after being exposed to the hydrogenation conditions in the H-Cube™ to afford quantitative conversions to 

the corresponding anilines (5a-c). It was checked by thin layer chromatography that showed no starting material 3a-c left 

(n-hexane:etil-acetate = 2:1; Rf (5a) = 0.40; Rf (5b) = 0.31; Rf (5c) = 0.15; Rf (4) = 0.0). The reaction mixture was 

concentrated under reduced pressure. The residue was taken up in water (30 mL) washed with EtOAc (2 x 50 mL). The 

combined organic phase was washed with brine (30 mL), dried over Na2SO4 and concentrated under reduced pressure 

to afford the crude mixture as an off-white crystal (0.58 g). This material was purified by column chromatography (ca. 

60 g silica gel) eluting with first 20% then 33% isocratic eluent of EtOAc in n-hexane to obtain 0.44 g (68%) 4-fluoro-2-

(morpholin-4-yl)aniline 5a as a beige solid. The by-product’s (5b, 5c) purity was inadequate therefore these compounds 

were prepared and identified from the previously purified corresponding nitro-derivatives (3a, 3c), demonstrated in 

section 3.b. and 3.c. 

4-Fluoro-2-(morpholin-4-yl)aniline (5a): 

Appearance: beige solid; GCMS purity: >99%; Mp.: 109 – 111 ºC, 1H NMR: (499.9 MHz, 

DMSO-d6, 25 °C) δ (ppm) 2.75 – 2.82 (m, 4H, 2 x 8-CH2); 3.71 – 3.76 (m, 4H, 2 x 9-CH2); 

4.63 (br. s, 2H, 7-NH2); 6.61 – 6.67 (m, 2H, 5,6-CH); 6.70 – 6.75 (m, 1H, 3-CH). 13C NMR: 

(125.7 MHz, DMSO-d6, 25 °C) δ (ppm) 50.3 (2 x 8-CH2); 66.4 (2 x 9-CH2); 106.1 (d, J = 22.9; 

3-CH); 109.6 (d, J = 21.6; 5-CH); 114.4 (d, J = 8.6; 6-CH); 138.5 (d, J = 2.0; 1-C); 138.6 (d, J 

= 7.3; 2-C); 154.5 (d, J = 232.1; 4-C). ESI-HRMS: calcd for C10H14ON2F [M+H]+: 197.10847; 

found: 197.10850; delta=0.16 ppm. pKa = 4.08 ± 0.015. 

3.b. The preparation and identification of 2-fluoro-4-(morpholin-4-yl)aniline (5b) 

The orange solution of 3b (100 mg, 0.44 mmol, 226.204 g/mol) in ethanol (10 mL) was introduced to H-Cube™ 

continuous flow heterogeneous hydrogenation reactor operating in full H2 mode (at atmospheric in-situ H2 pressure) at 

the flow rate of 1.0 mL min-1 on the HPLC injector pump. The nitro group reductions were catalysed by 10% Pd/C 

(average particle size: 32-40 microns) catalyst bed (CatCart®), used as available from ThalesNano and were deactivated 
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after use by introduction into sodium bisulfite solution. The reaction temperature was set 50°C. The reaction mixture was 

collected after being exposed to the hydrogenation conditions in the H-Cube™ to afford quantitative conversions to the 

corresponding aniline (5b). The colorless reaction mixture was concentrated under reduced pressure. The residue was 

purified by column chromatography (ca. 5 g silica gel) eluting with 20% isocratic eluent of EtOAc in n-hexane to obtain 

39 mg (50%) of 2-fluoro-4-(morpholin-4-yl)aniline 5b as a light brown solid. 

2-Fluoro-4-(morpholin-4-yl)aniline (5b): 

Appearance: light brown solid. GCMS purity: >95%; Mp.: 95 – 97 ºC, 1H NMR: (499.9 MHz, 

DMSO-d6, 25 °C) δ (ppm) 2.87 – 2.93 (m, 4H, 2 x 8-CH2); 3.66 – 3.73 (m, 4H, 2 x 9-CH2); 4.62 (br. 

s, 2H, 7-NH2); 6.53 (dd, 1H, J = 8.6; J = 2.5; 5-CH); 6.66 (dd, 1H, J = 14.3; J = 2.5; 3-CH) 6.69 (dd, 

1H, J = 9.9; J = 8.6; 6-CH). 13C NMR: (125.7 MHz, DMSO-d6, 25 °C) δ (ppm) 49.8 (2 x 8-CH2); 66.0 

(2 x 9-CH2); 103.8 (d, J = 21.7; 3-CH); 112.1 (d, J = 2.7; 5-CH); 116.9 (d, J = 5.7; 6-CH); 128.9 (d, J 

= 13.1; 1-C); 142.9 (d, J = 7.9; 4-C); 151.1 (d, J = 235.9; 2-C). ESI-HRMS: calcd for C10H14ON2F 

[M+H]+: 197.10847; found: 197.10856; delta=0.47 ppm. pKa = 4.06 ± 0.029. 

 

 

3.c. The preparation and identification of 2,4-bis(morpholin-4-yl)aniline (5c). 

The yellow solution of 3c (120 mg, 0.41 mmol, 293.318 g/mol) in ethanol (12 mL) was introduced to H-Cube™ continuous 

flow heterogeneous hydrogenation reactor operating in full H2 mode (at atmospheric in-situ H2 pressure) at the flow rate 

of 1.0 mL min-1 on the HPLC injector pump. The nitro group reductions were catalysed by 10% Pd/C (average particle 

size: 32-40 microns) catalyst bed (CatCart®), used as available from ThalesNano and were deactivated after use by 

introduction into sodium bisulfite solution. The reaction temperature was set 50°C. The reaction mixture was collected 

after being exposed to the hydrogenation conditions in the H-Cube™ to afford quantitative conversions to the 

corresponding aniline (5c). The colourless reaction mixture was concentrated under reduced pressure to obtain 

105.3 mg (98%) of 5b as a light brown crystal without further purification. 

2,4-Bis(morpholin-4-yl)aniline (5c): 

Appearance: light brown crystal; GCMS purity: >98%; Mp.: 159 – 161 ºC, 1H NMR: 

(499.9 MHz, DMSO-d6, 25 °C) δ (ppm) 2.77 – 2.81 (m, 4H, 2 x 8-CH2); 2.88 – 2.92 (m, 4H, 

2 x 10-CH2); 3.68 – 3.71 (m, 4H, 2 x 11-CH2); 3.71 – 3.75 (m, 4H, 2 x 9-CH2); 4.35 (br. s, 

2H, 7-NH2); 6.46 (dd, 1H, J = 8.5; J = 2.6; 5-CH); 6.55 (d, 1H, J = 2.6; 3-CH) 6.59 (d, 1H, J 

= 8.5; 6-CH). 13C NMR: (125.7 MHz, DMSO-d6, 25 °C) δ (ppm) 50.4 (2 x 10-CH2); 50.5 (2 

x 8-CH2); 66.1 (2 x 11-CH2); 66.4 (2 x 9-CH2); 108.5 (3-CH); 111.9 (5-CH); 114.8 (6-CH); 

135.8 (1-C); 138.5 (2-C); 143.2 (4-C). ESI-HRMS: calcd for C10H22O2N3 [M+H]+: 

264.17065; found: 264.17074; delta=0.33 ppm. pKa = 4.76 ± 0.023. 

 

3.d. Measurement of 10% Pd/C cartridge activity over time. 

Previously made mixture of nitro-compounds (3a-c) with the method: (Table S1, Entry 4) was introduced to H-Cube Pro™ 

reactor continuous flow heterogeneous hydrogenation reactor operating with 100% of hydrogen prepared in-situ (60 mL 

min-1). The reduction was catalysed by a 30 mm 10% Pd/C cartridge (ThalesNano). The reaction temperature was set to 

50°C and the flow rate was set to 0.1 mL min-1 on the HPLC pump. The sample collector flasks were exchanged the time 

specified in Table S2; and the collected reaction mixtures were analysed by GCMS. 
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Figure S5. Detailed view of the applied continuous flow reactor system in the hydrogenation reaction. 

Table S2. Measurement of the 10% Pd/C CatCart
®
 (30 mm) activity and the selectivity in the 

reduction over time. 

Entry 
Time 
(h) 

GCMS (%)[a] 

Conversion 5a 5b 5c by-products 

1 0.5 100 88 4 5 3 

2 1 100 82 5 12 2 

3 2 100 80 5 14 1 

4 3 100 81 5 13 1 

5 4 100 83 5 12 1 

6 5 100 83 5 11 1 

7 6 100 83 5 12 0 

8 7 100 83 6 11 1 

9 23 100 83 5 12 0 

10 24 100 79 6 15 0 

11 25 100 79 6 15 0 

12 30 100 80 5 12 3 

13[b] - 
100 
(0) 

81.5 
(1.8) 

5.4 
(0.3) 

12.3 
(1.4) 

0.8 
(0.8) 

[a]
 Calculated by GCMS measurements; 

[b]
 average of 12 from entry 1   

to 12, with deviation in parenthesis. 
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4. General procedure for determination of the partition coefficients and settling 
time 

In separation techniques, the appropriate setting of the thermodynamic parameters is of great importance. In CPC as a 

rule of thumb the partition coefficients (Ku/l=cu/cl) should be around in the range 0.5 < Ku/l < 1.0, and the settling time 

should be no more than 20 sec[4]. 

To approx. 8 mL vials, 5 - 5 mg of the crude anilines mixture (4, 5a-c) was weighted in along with every solvents 

independently (to total volume of 5 mL) that contains the two-phase solvent systems were tested. The mixtures were 

homogenized by vortex shaker (IKA® K MS1 Minishaker) at 2200 rpm for 4 sec, after that the vials immediately placed in 

an up-right position to measure the time required for the two phases to form clear layers with a distinct interface by 

stopper watch. The two-phase were analysed by GCMS measurements. These experiments were performed in the 

linear range, thereof there is a directly proportional relationship between the method response and the analyte 

concentration. The partition coefficient can be determined by the ratio of the corresponding peak areas (K = peak area of 

the compound in the upper phase divided by the peak area of the compound in the lower phase). 

The partition coefficients and the settling times in the corresponding biphasic liquid systems (BLSs) can be found in 

Table S3. 

 

Table S3. Results of the settling times and partition coefficients for each BLS. 

Entry 
Volumetric Ratio of the BLSs[a] KU/L

[b] Settling time 

n-Hex EtOH EtOAc n-BuOH H2O MTBE ACN K(5a) K(5a) K(5a) (s) 

1   2.0 0.5 2.5[c]   74.74 20.16 26.01 20 

2   1.5 1.0 2.5[c]   69.41 19.52 28.19 36 

3   1.0 1.5 2.5[c]   55.33 14.61 22.62 27 

4   0.5 2.0 2.5[c]   52.40 12.08 21.46 25 

5    1.05 1.30[c] 1.60 1.05 23.17 9.14 11.00 >60 

6    1.0 2.5[c] 1.0 0.5 31.50 11.76 16.14 27 

7 9.5 5.0 0.5  5.0[d]   0.44 0.01 0.08 9 

8 9.0 5.0 1.0  5.0[d]   0.52 0.09 0.07 2 

9 8.5 5.0 1.5  5.0[d]   0.58 0.12 0.10 52 

10 8.0 5.0 2.0  5.0[d]   0.75 0.17 0.12 >60 

11 7.5 5.0 2.5  5.0[d]   1.01 0.25 0.19 >60 

12 7.0 5.0 3.0  5.0[d]   0.96 0.26 0.19 19 

13 9.0 2.5 1.0  7.5[d]   3.99 0.32 0.18 5 

14 7.5 2.5 2.5  7.5[d]   6.69 0.75 0.43 >60 

15 7.5 2.5 2.5  7.5   6.05 0.63 0.22 38 

16 8.0 2.5 2.0  7.5[d]   5.46 0.58 0.24 20 

17 8.0 2.5 2.0  7.5   5.48 0.58 0.23 2 

18 9.0 5.0   5.0 1.0  0.51 0.09 0.08 2 

19 1.0 1.0   1.0 1.0  1.86 0.49 0.24 16 

[a]
 The BLS contains the following solvents in the described volumetric ratio: n-hexane (n-Hex), ethanol (EtOH), ethyl acetate (EtOAc), 

n-buthanol (n-BuOH), methyl tert-butyl ether (MTBE) and acetonitrile (ACN); 
[b]

 Calculated by GCMS measurements, [c] Phosphate 
buffer solution (pH=5.5) made from 278 mL of 0.2M Na2HPO4 solution, 222 mL of 0.1M citric acid solution and 500 mL water; [d] 
Acetate buffer solution (pH=5.4) made from 29 mL of 0.1M acetic acid solution and 171 mL of 0.1M sodium acetate solution. 
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5. Results for determination of the lower phase solvents contents 

The lower phase solvents contents of the chosen solvent system (n-Hex:MTBE:EtOH:H2O=1:1:1:1) was determined by 

GC-FID+KF titration or 1H NMR+KF analyzes. Biphasic systems (1L) were prepared by mixing the selected solvents in a 

separatory funnel in suitable proportions (250 mL each). They were vigorously shaken and then allowed to settle until 

the phases became limpid and then the lower phase was separated from the upper phase and analyzed by the 

corresponding methods shown in Table S4. 

 

Table S4. Results of the solvent content determination by different methods. 

  v/v (%)[a] 

Entry Method H2O EtOH MTBE n-Hex 

1 1H NMR[b]+KF 54.4 40.6 5.0 ~0.1 

2 GC-FID+KF 52.7 39.0 8.3 0 

3[c] combined 53.0 40.0 7.0 0 

[a]
 Calculated from m/m% of GC-FID and m/m% of KF measurement or n/n% of 

1
H 

NMR and m/m% of KF measurement. 
[b]

 10 µL of sample in 0.75 mL of acetone-d6 at 
room temperature;

 [c]
 average of the two applied method’s (Entry 1 and 2) results.

 

6. Procedures for purification with centrifugal partition chromatography 

6.a. Simple CPC separation in ascending mode. 

Biphasic systems (2L) were prepared by mixing the selected solvents (n-Hex:MTBE:EtOH: H2O=1:1:1:1) in a separatory 

funnel in suitable proportions (500 mL each). They were vigorously shaken and then allowed to settle until the phases 

became limpid and then the lower phase (1950 mL) was separated from the upper phase (1870 mL). In ascending mode 

the lower phase, with a higher aqueous content, was used as stationary phase. The column was washed and filled with 

the stationary phase and equilibrated with the upper, mobile phase that flow rate was set at 5 mL min-1 while the 

rotational speed of the centrifuge was set at 2000 rpm and the back pressure regulator to max. 110 bar. These 

conditions were the same during the elution. The retention of the stationary phase in the centrifuge was 56% (44 mL of 

stationary phase was collected during the equilibration). The sample was made from 200 mg of crude anilines (4, 5a-c; 

see section 3.d.) dissolved in 10 mL of lower phase. The samples were introduced into the CPC column through loop 

with manual injection. The effluent was monitored by UV-Vis detector that was set on two wavelengths (collection at 240 

nm and 300 nm) and continuous scan of whole spectrum (from 200 to 600 nm) at the same time.  

The fractions containing the desired product (5a) were collected and concentrated under reduced pressure to obtain 

97.5 mg of 5a as a light brown crystal. The GCMS purity of the product was 99.6%. The chromatogram of the separation 

is shown in Figure S6. 
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Figure S6. Chromatogram of the CPC separation in single ascending mode. Keys to the chromatograms are the following (applicable for all 

chromatogram): orange line: absorbance at 240 nm; black line: absorbance at 300 nm; grey line: differentiation of these two signal difference; light 

blue: back pressure; dark blue line: upper phase percentage as the mobile phase; green line: lower phase percentage as the mobile phase. The 

horizontal axis shows always the retention time in minutes. 

6.b. Simple CPC separation in descending mode 

Biphasic systems (n-Hex:MTBE:EtOH:H2O=1:1:1:1) were made previously described (see section 6.a.). In descending 

mode the upper phase used as stationary phase. The column was washed and filled with the stationary phase and 

equilibrated with the lower, mobile phase that flow rate was set at 5 mL min-1 while the rotational speed of the centrifuge 

was set at 2000 rpm and the back pressure regulator to max. 110 bar. These conditions were the same during the 

elution. The retention of the stationary phase in the centrifuge was 47% (53 mL of stationary phase was collected during 

the equilibration). The sample was made from 200 mg of crude anilines (4, 5a-c; see section 3.d.) dissolved in 10 mL of 

lower phase. The samples were introduced into the CPC column through loop with manual injection. The effluent was 

monitored by UV-Vis detector that was set on two wavelengths (collection at 240 nm and 300 nm) and continuous scan 

of whole spectrum (from 200 to 600 nm) at the same time. The fractions containing the desired product (5a) were 

collected and concentrated under reduced pressure to obtain 87.9 mg of 5a as a light brown crystal. The GCMS purity of 

the product was over 99.99%. The chromatogram of the separation is shown in Figure S7. 
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Figure S7. Chromatogram of the CPC separation in single descending mode. 

6.c. CPC separation in multiple dual-mode (MDM) with sample injection through loop 

Biphasic systems (n-Hex:MTBE:EtOH:H2O=1:1:1:1) were made as previously described (section 6.a.). The sequence 

was started in descending mode; therefore the upper phase was used as stationary phase. The column was washed 

and filled with the stationary phase and equilibrated with the lower, mobile phase that flow rate was set at 5 mL min-1 

while the rotational speed of the centrifuge was set at 2000 rpm and the back pressure regulator to max. 110 bar. These 

conditions were the same during the elution. The retention of the stationary phase in the centrifuge was 47% (53 mL of 

stationary phase was collected during the equilibration). The samples were made from 5 x 100 mg of crude anilines (4, 

5a-c; see section 3.d.) dissolved in 5 x 5 mL of lower phase. The samples were introduced into the CPC column through 

loop with manual injection demonstrated in Table S5. The effluent was monitored by UV-Vis detector that was set on two 

wavelengths (collection at 240 nm and 300 nm) and continuous scan of whole spectrum (from 200 to 600 nm) at the 

same time. 
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Table S5. CPC elution in MDM with 5 sample injections (through loop). 

Entry[a] Injection 
Interval 
(min)[b] 

Valve position 
Mobile 
phase[c] 

Mode 

1 1.[d] 0-5 Inj. - L - Desc. - 

2 - 5-25 - Load L - Desc. - 

3 2.[d] 25-30 Inj. - - U - Asc. 

4 - 30-50 - Load - U - Asc. 

5 3.[d] 50-55 Inj. - L - Desc. - 

6 - 55-75 - Load L - Desc. - 

7 4.[d] 75-80 Inj. - - U - Asc. 

8 - 80-100 - Load - U - Asc. 

9 5.[d] 100-105 Inj. - L - Desc. - 

10 - 105-125 - Load L - Desc. - 

11 -[e] 125-170 Inj - - U - Asc. 

[a]
 Mobile phases flow rate: 5 mL min

-1
; rotational speed of the centrifuge: 2000 rpm; max 

back pressure: 110 bar. Detection at Chanel 1: 240 nm (collection); Chanel 2: 300 nm; 
Chanel 3: Scan (200-600 nm.); 

[b]
 After the equilibration elution starts with a descending 

mode (loop filled up with sample solution); 
[c]

 L = lower phase; U = upper phase;
 [d] 

25 
min elution; 

[e] 
45 min elution. 

The fractions containing the desired product (5a) were collected and concentrated to obtain 249 mg of 5a as a light 

brown crystal. The GCMS purity of the product was over 99.99%. The chromatogram of the separation is shown in 

Figure S8. 

 

Figure S8. Chromatogram of the CPC separation in MDM with 5 injections. The yellow arrows show which sample injections take place and when. 
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Figure S9. Chromatogram of the CPC separation in MDM with 10 injections. 

Table S6. CPC elution in MDM with 10 sample injections (through loop). 

Entry[a] Injection 
Interval 
(min)[b] 

Loop valve  
position 

Mobile phase[c] Mode 

1 1.[d] 0-5 Inj. - L - Desc. - 

2 - 5-25 - Load L - Desc. - 

3 2.[d] 25-30 Inj. - - U - Asc. 

4 - 30-50 - Load - U - Asc. 

5 3.[d] 50-55 Inj. - L - Desc. - 

6 - 55-75 - Load L - Desc. - 

7 4.[d] 75-80 Inj. - - U - Asc. 

8 - 80-100 - Load - U - Asc. 

9 5.[d] 100-105 Inj. - L - Desc. - 

10 - 105-125 - Load L - Desc. - 

11 6.[d] 100-105 Inj. - - U - Asc. 

12 - 105-125 - Load - U - Asc. 

13 7.[d] 125-130 Inj. - L - Desc. - 

14 - 130-150 - Load L - Desc. - 

15 8.[d] 150-155 Inj. - - U - Asc. 

16 - 155-175 - Load - U - Asc. 

17 9.[d] 175-180 Inj. - L - Desc. - 

18 - 180-200 - Load L - Desc. - 

19 10.[e] 200-245 Inj. - - U  Asc. 

[a]
 Mobile phases flow rate: 5 mL min

-1
; rotational speed of the centrifuge: 2000 rpm; max back 

pressure: 110 bar. Detection at Chanel 1: 240 nm (collection); Chanel 2: 300 nm; Chanel 3: Scan (200-
600 nm.) 

[b]
 After the equilibration elution starts with a descending mode (loop filled up with sample 

solution); 
[c]

 L = lower phase; U = upper phase;
 [d] 

25 min elution; 
[e] 

45 min elution. 
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However, the purity of the desired compound was excellent we performed the same experiment for longer period of time 

to ensure stability of the system over time. The parameters of the purification were the same described above with a 

modification of the concentration and number of injected samples which were made from 10 x 50 mg of crude anilines 

(4, 5a-c; see section 3.d.) dissolved in 10 x 5 mL of lower phase. The samples were introduced into the CPC column 

through loop with manual injection demonstrated in Table S6. The fractions containing the desired product (5a) were 

collected and concentrated to obtain 247 mg of 5a as a light brown crystal. The GCMS purity of the product was over 

99.99%. The recovery of 5a was 91% calculated from the by-products mass and 5a contents. The chromatogram of the 

separation is shown in Figure S9. 

7. Automation and optimization multiple dual-mode purification 

7.a. Automation and optimization of the sample intake in MDM-CPC separation 

(through built-in pumps). 

In order to be able coupling of a flow reactor with CPC, we had to automated the intake of the sample mixture. The ’Spot 

Prep II’ system, controlled by ’Armen Glider CPC’ software made possible to connect the two eluting phases and the 

sample solution with the built-in pumps through a magnetically operated valves. MDM sequence is shown in Table S7  

Table S7. MDM-CPC purification with automated sample intake (10 times). 

Entry[a] ‘Injection’ 
Interval 

(min) 
Period 
(min) 

Mobile phase 
(intake)[b] 

Mode 

1 1. 0-1 1 S - - Desc. - 

2 - 1-26 25 - L - Desc. - 

3 2. 26-27 1 S - - - Asc. 

4 - 27-52 25 - - U - Asc. 

5 3. 52-53 1 S - - Desc. - 

6 - 53-78 25 - L - Desc. - 

7 4. 78-79 1 S - - - Asc. 

8 - 79-104 25 - - U - Asc. 

9 5. 104-105 1 S - - Desc. - 

10 - 105-130 25 - L - Desc. - 

11 6. 130-131 1 S - - - Asc. 

12 - 131-156 25 - - U - Asc. 

13 7. 156-157 1 S - - Desc. - 

14 - 157-182 25 - L - Desc. - 

15 8. 182-183 1 S - - - Asc. 

16 - 183-208 25 - - U - Asc. 

17 9. 208-209 1 S - - Desc. - 

18 - 209-234 25 - L - Desc. - 

19 10. 234-235 1 S - - - Asc. 

20 - 235-280 45 - - U - Asc. 

[a]
 Mobile phases (and sample solution’s) flow rate: 5 mL min

-1
; rotational speed of the 

centrifuge: 2000 rpm; max back pressure: 110 bar. Detection at Chanel 1: 240 nm (collection); 
Chanel 2: 300 nm; Chanel 3: Scan (200-600 nm.) 

[b]
 S = sample solution; L = lower phase; 

U = upper phase. 
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and its chromatogram of the separation is shown in Figure S10.The sample solution was made from 500 mg of crude 

anilines (4, 5a-c; see section 3.d.). 

 

Figure S9. Chromatogram of the automated CPC separation in MDM with 10 injections. 

 

Figure S10. Chromatogram of the automated asymmetric elution MDM-CPC with 12 sample ‘injections’. 

  



SUPPORTING INFORMATION          

19 

 

Table S8. Automated MDM-CPC (intake 12 times) with asymmetric elution. 

Entry[a] ‘Injection’ Interval (min) Period (min) Mobile phase (intake)[b] Mode 

1 1. 0-1 1 S - - Desc. - 

2 - 1-26 25 - L - Desc. - 

3 2. 26-27 1 S - - - Asc. 

4 - 27-57 30 - - U - Asc. 

5 3. 57-58 1 S - - Desc. - 

6 - 58-83 25 - L - Desc. - 

7 4. 83-84 1 S - - - Asc. 

8 - 84-114 30 - - U - Asc. 

9 5. 114-115 1 S - - Desc. - 

10 - 115-140 25 - L - Desc. - 

11 6. 140-141 1 S - - - Asc. 

12 - 141-171 30 - - U - Asc. 

13 7. 171-172 1 S - - Desc. - 

14 - 172-197 25 - L - Desc. - 

15 8. 197-198 1 S - - - Asc. 

16 - 198-228 30 - - U - Asc. 

17 9. 228-229 1 S - - Desc. - 

18 - 229-254 25 - L - Desc. - 

19 10. 254-255 1 S - - - Asc. 

20 - 255-285 30 - - U - Asc. 

21 11. 285-286 1 S - - Desc. - 

22 - 286-311 25 - L - Desc. - 

23 12. 311-312 1 S - - - Asc. 

24 - 312-342 30 - - U - Asc. 

[a]
 Mobile phases (and sample solution’s) flow rate: 5 mL min

-1
; rotational speed of the centrifuge: 2000 rpm; max back 

pressure: 110 bar. Detection at Chanel 1: 240 nm (collection); Chanel 2: 300 nm; Chanel 3: Scan (200-600 nm.) 
[b]

 S = Sample solution; L = lower phase; U = upper phase. 

dissolved in 50 mL of lower phase. The fractions containing the desired product (5a) were collected and concentrated to 

obtain 224 mg of 5a as a light brown crystal. The GCMS purity of the product was 98.7%. The chromatogram of the 

separation is shown in Figure S10. 

Nevertheless, the purity of 5a was still high, due to the increased dead volume before the column, product’s peaks 

drifted apart. To avoid loss of the product and keep the high purity, we investigated the possibility of increasing the 

elution time in ascending mode and create an asymmetric elution. The sample solution was made from 1.2 g of crude 

anilines (4, 5a-c; see section 3.d.) dissolved in 60 mL of lower phase. The fractions containing the desired product (5a) 

were collected and concentrated to obtain 646 mg of 5a as a light brown crystal. The GCMS purity of the product was 

98.7%. The chromatogram of the separation is shown in Figure S10. MDM sequence of the experiment shown in Table 

S8. 

In this constallation the purity of 5a remained high although the amount of the product increased in comparison 

to the symmetric elution (see Table S7; Figure S9). 
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8. Coupling of the two-step synthesis and MDM CPC purification 

8.a. Investigating the possibility of the sample intake in two-phase. 

Biphasic system of the sample (n-Hex:MTBE:EtOH:H2O=1:1:1:1) was made from 20 mL of previously synthetized 

anilines solution in ethanol (4, 5a-c; see section 3.d.) mixed together with 20 mL of each corresponding solvents (MTBE, 

H2O, n-Hex) in a separatory funnel. They were vigorously shaken and then allowed to settle until the phases became 

limpid and then the lower phase was separated from the upper phase. MDM sequence of the experiment shown in Table 

S9. The chromatogram of the separation is shown in Figure S11. 

The fractions containing the desired product (5a) were collected and concentrated to obtain 606 mg of 5a as a light 

brown crystal. 

 

Figure S11. Chromatogram of the automated asymmetric elution MDM-CPC with 8 sample ‘injections’ in two-phases. 

Although GCMS purity of the product was 98.1% it could be higher because 1.5% of the impurities (1.9%) was 3a nitro-

intermediate which means the catalytic hydrogenation reaction was not complete due to decreased catalyst activity. If 

98.1% purity is acceptable the yield for the two steps is a bit over 70%, and the recovery of the main product is almost 

87%. 

8.b. Coupling the two-step synthesis and MDM CPC purification with two-phase 

intake method. 

The keystone of the process is buffer flask between the flow reactors and the purification unit, which used as a gas-liquid 

separator simultaneously in this case. The inlet flow rate must be synchronized to the outlet flow rate in the time period 

of a descending and ascending elution and it’s two sample intake (1+25+1+30 min) considering the sample solvent 

content (e.g. additional solvents flow rate) and dilatation or contraction of the solvent system. It means that 20 mL of the 

biphasic system’s production needed in 57 minutes of time (two times sample intake for a minute at a flow rate of 10 mL 

min-1), which gives us a flow rate of 87.8 µL min-1 of each additional solvents (MTBE, n-Hex, water) as well as the 

reaction mixture in EtOH. For the sake of simplicity it was rounded up to 100 µL min-1. During almost an hour (57  
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Table S9. Automated MDM-CPC (intake 8 times in two phases) with asymmetric elution. 

Entry
[a] 

‘Injection’ 
Interval 
(min) 

Period 
(min) 

Mobile phase 
(intake)[b] 

Flow rate 
(mL min-1) 

Mode 

1 1. 0-1 1 S(L) - - 10 Desc. - 

2 - 1-26 25 - L - 5 Desc. - 

3 2. 26-27 1 S(U) - - 10 - Asc. 

4 - 27-57 30 - - U 5 - Asc. 

5 3. 57-58 1 S(L) - - 10 Desc. - 

6 - 58-83 25 - L - 5 Desc. - 

7 4. 83-84 1 S(U) - - 10 - Asc. 

8 - 84-114 30 - - U 5 - Asc. 

9 5. 114-115 1 S(L) - - 10 Desc. - 

10 - 115-140 25 - L - 5 Desc. - 

11 6. 140-141 1 S(U) - - 10 - Asc. 

12 - 141-171 30 - - U 5 - Asc. 

13 7. 171-172 1 S(L) - - 10 Desc. - 

14 - 172-197 25 - L - 5 Desc. - 

15 8. 197-198 1 S(U) - - 10 - Asc. 

15 - 198-148 50 - - U 5 - Asc. 

[a]
 Mobile phases (and sample solution’s) flow rate: 5 mL min

-1
; rotational speed of the centrifuge: 2000 rpm; max 

back pressure: 110 bar. Detection at Chanel 1: 240 nm (collection); Chanel 2: 300 nm; Chanel 3: Scan (200-600 
nm.) 

[b]
 S(L) = Sample solution – lower phase; S(U) = Sample solution – upper phase; L = lower phase; U = upper 

phase. 

minutes) four times 0.1 mL min-1 gives us 22.8 mL biphasic sample solution (without volume-contraction). The phases 

should be separated from each other, otherwise the equilibrium of the sample’s solvent content would be upset. For that 

we used a simply separation funnel, but other continiuous liquid-liquid phase separator (e.g. Zaiput, Sep-10) can be 

applied, nevertheless a gas-liquid phase separator is required first, in order to get rid of the excess hydrogen used in the 

second step of the synthesis.The shematic flowchart of the whole process shown in Figure S12. 

The elution pattern, used in the coupled process, is the same as in case of the automated MDM-CPC purification with 

asymmetric elution (Table S9). The chromatogram of the separation is shown in Figure S13. 

 

Figure S12. Schematic process of the coupled multistep continuous flow reaction with MDM-CPC with two-phase intake and asymmetric elution. 

The fractions containing the desired product (5a) were collected and concentrated to obtain 1.105 g of 5a as a light 

brown crystal which purity was over 99.9% (GCMS). It means that the overall yield is 57.2% and the productivity is 
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144 mg/h. The recovery of the purification is 86%, determined by collecting and evaporating the remaining fractions and 

analysing it (890 mg as black clammy syrup containing 22.3% 5a, 56.1% 5b and 21.6% 5c by GCMS). 

 

Figure S13. Chromatogram of the coupled flow reactor and MDM-CPC with two-phase intake. 

8.c. Coupling the two-step synthesis and MDM CPC purification with one-phase 

intake method. 

One-phase intake of the sample solution improves the productivity since the concentration of the reaction mixture is 

higher and higher throughput needed to synchronize to the inlet-outlet flow rate in the buffer flask between the flow 

reactors and the purification unit. 

Based on the determination of the lower phase solvent content (see section 5), the flow rates were set at 150 µL min-1 

(reaction mixture - EtOH), 25 µL min-1 (MTBE) and 195 µL min-1 (water) (Figure S14). The elution pattern, used in the 

coupled process, is the same as in case of the automated MDM-CPC purification with asymmetric elution (Table S9), the 

only exception is that every sample intake were implemented from the only phase is obtained. The shematic flowchart of 

the whole process shown in Figure S14, the assembled devices picture shown in Figure S15 and the chromatogram of 

the separation is shown in Figure S16. 

 

Figure S14. Schematic process of the coupled multistep continuous flow reaction with MDM-CPC with one-phase intake and asymmetric elution. 
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Figure S15. View of the coupled multistep continuous flow reaction with purification by MDM CPC with one-phase intake and asymmetric elution. 

The fractions containing the desired product (5a) were collected and concentrated to obtain 870 mg of 5a as a light 

brown crystal which purity was over 99.9% (GCMS). It means that the overall yield is 59% and productivity is 227 mg/h 

which is ~60% higher than in the two-phase intake method. The recovery of the purification is 77%, determined by 

collecting and evaporating the remaining fractions and analysing it (575 mg as black clammy syrup containing 35.6% 5a, 

27.3% 5b and 36.1% 5c by GCMS). 

 

Figure 16. Chromatogram of the coupled flow reactor and MDM-CPC with one-phase intake. 

 

The virtual-continuous purification can be operated in a truly continuous manner by synchronizing the flow reaction to 

the purification and by using buffer flasks and couple of pumps (Figure 17.). 
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Figure 17. Schematic process of the coupled multistep continuous flow reaction with MDM-CPC in a truly continuous manner, using buffer additional buffer flasks and pumps. 
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9. NMR Spectra 

4-(5-fluoro-2-nitrophenyl)morpholine (3a) 
1H Spectrum 
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4-(5-fluoro-2-nitrophenyl)morpholine (3a) 
13C Spectrum 
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4-(5-fluoro-2-nitrophenyl)morpholine (3a) 
gHSQC Spectrum 
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4-(3-fluoro-4-methylphenyl)morpholine (3b) 

1H Spectrum 
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4-(3-fluoro-4-methylphenyl)morpholine (3b) 

13C Spectrum 
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4-(3-fluoro-4-methylphenyl)morpholine (3b) 

gHSQC Spectrum 
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4-[2-methyl-5-(morpholine-4-yl)phenyl]morpholine (3c) 

1H Spectrum 
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4-[2-methyl-5-(morpholine-4-yl)phenyl]morpholine (3c) 

13C Spectrum 
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4-[2-methyl-5-(morpholine-4-yl)phenyl]morpholine (3c) 

gCOSY Spectrum 
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4-[2-methyl-5-(morpholine-4-yl)phenyl]morpholine (3c) 

gHSQC Spectrum 
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4-fluoro-2-(morpholin-4-yl)aniline (5a) 

1H Spectrum 
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4-fluoro-2-(morpholin-4-yl)aniline (5a) 

13C Spectrum 
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4-fluoro-2-(morpholin-4-yl)aniline (5a) 

bsgHMBC Spectrum 
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4-fluoro-2-(morpholin-4-yl)aniline (5a) 

gHSQC Spectrum, expansion I. 
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4-fluoro-2-(morpholin-4-yl)aniline (5a) 

gHSQC Spectrum, expansion II.
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2-fluoro-4-(morpholin-4-yl)aniline (5b) 

1H Spectrum 
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2-fluoro-4-(morpholin-4-yl)aniline (5b) 

13C Spectrum 
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2-fluoro-4-(morpholin-4-yl)aniline (5b) 

bsgHMBC Spectrum 
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2,4-bis(morpholin-4-yl)aniline (5c) 

1H Spectrum 
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2,4-bis(morpholin-4-yl)aniline (5c) 

bsgHMBC Spectrum 
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2,4-bis(morpholin-4-yl)aniline (5c) 

gHSQC Spectrum, expansion I. 
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2,4-bis(morpholin-4-yl)aniline (5c) 

gHSQC Spectrum, expansion II. 
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2,4-bis(morpholin-4-yl)aniline (5c) 

ROESY Spectrum 
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1H NMR spectrum of the lower phase of n-Hex:MTBE:EtOH:H2O=1:1:1:1 solvent system (10 µL sample in 0.75 mL aceton-d6). 
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Recent advances in the field of continuous flow chemistry allow the multistep preparation of complex
molecules such as APIs (Active Pharmaceutical Ingredients) in a telescoped manner. Numerous examples
of laboratory-scale applications are described, which are pointing towards novel manufacturing pro-
cesses of pharmaceutical compounds, in accordance with recent regulatory, economical and quality guid-
ances. The chemical and technical knowledge gained during these studies is considerable; nevertheless,
connecting several individual chemical transformations and the attached analytics and purification holds
hidden traps. In this review, we summarize innovative solutions for these challenges, in order to benefit
chemists aiming to exploit flow chemistry systems for the synthesis of biologically active molecules.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The introduction of continuous processing into the manufactur-
ing of active pharmaceutical ingredients (APIs) is actively encour-
aged from regulatory agencies,1 and some of the first examples
of FDA approved, industrial production campaigns have been
recently made public.2 Furthermore, moving to continuous pro-
cesses in API production is expected to be economically benefi-
cial.3,4 However, these efforts are highly knowledge intensive5

and putting them into practice is admittedly more difficult than
in the case of batch processes.6

To date, both laboratory and industrial scale API synthesis is
conducted using classical organic synthesis methodologies, con-
sisting of a sophisticated toolbox of reaction apparatus, analytical
and work-up/purification techniques (Fig. 1a). On the other hand,
flow chemical tools also provide many possibilities,7,8 but their
implementation into multistep processes requires the design of
the system, reaction conditions, analytics, work-up and purifica-
tion processes, while constantly keeping this goal in mind (Fig. 1b).

Our ongoing efforts in this field9 inspired us to summarize the
difficulties concerning the integration of individually optimized
chemical reactions into multistep systems, as well as common
problems and their innovative solutions described in the recent lit-
erature6–8,10–18 of API continuous flow synthesis, including analyt-
ics and purification methods.
2. Synthetic challenges

2.1. Choosing appropriate solvents

The outcome of the whole process and the ease of work-up and
purification can be largely influenced by the careful selection or
omission of solvents (Fig. 2).

Applying a single solvent during the whole sequence of trans-
formations reduces solvent consumption as well as the need for
evaporation.

By choosing DMF as solvent for the whole process for the syn-
thesis of condensed benzothiazoles, the three steps could be con-
tinuously coupled.9 The C-N coupling step involved in the
synthesis of Imatinib was conducted in aqueous-organic biphasic
system to prevent precipitation of inorganic byproducts, while N,
N-dimethyloctanamide cosolvent ensured efficient mass transfer
and high reaction rates. Additionally, solubility problems were pre-
vented, as each of the reagents could be dissolved in either aque-
ous or organic phase.19

http://dx.doi.org/10.1016/j.bmc.2016.12.046
mailto:i.greiner@richter.hu
http://dx.doi.org/10.1016/j.bmc.2016.12.046
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc
http://dx.doi.org/10.1016/j.bmc.2016.12.046


(a) Classical multistep batch synthesis

(b) Contiuous flow multistep system 

well known, diverse methodology of 
• reaction conditions 
• analytics 
• work-up/purification 

API 
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holistic design of 
the multistep flow system 

intermediate 
work-up/purification 

final product 
purification 

API 
design of 
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Fig. 1. Hidden traps in the realization of multistep flow synthesis of APIs.
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Flow chemistry also enables working in solventless conditions.
Neat or molten reagents led to higher reactivity and throughput in
the multistep flow chemical preparation of Ibuprofen,20,21 Rufi-
namide,22 Aliskiren,23,24 Lidocaine and Diazepam.25

Complete removal of the solvent and introduction of a different
one may be necessary in some cases, although only few continuous
examples were described for such processes. During the synthesis
of Oxomaritidine, the initially used THF had to be removed before
the last steps. The crude intermediate was re-dissolved in DCM,
which was also useful to avoid working with highly diluted mix-
tures in the final steps.26 THF was exchanged to acetonitrile using
N
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Fig. 2. Strategies for solvent selection in mu
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a nebulizing evaporator device to avoid polymerization side reac-
tion under the acidic conditions of the next step in course of the
synthesis of 2-aminoadamantane-2-carboxylic acid.27

Reactivity can be fine-tuned by slight modification of the sol-
vent system by addition or removal of cosolvents. During the Olan-
zapine synthesis, addition of methanol to the hitherto employed
ethyl acetate was necessary to obtain high yields in the cyclization
step leading to a thieno[1,5]-benzodiazepine intermediate.28 On
the contrary, the cosolvent had to be removed before the next step
in the modular approach towards Pregabalin, Gabapentin and
related drugs. The olefination step required small amounts of
methanol in toluene to prevent precipitation of the intermediate
phosphate salt, but methanol was not tolerated by the next
Michael addition. Aqueous in-line work-up between the steps
enabled the removal of the cosolvent.29
2.2. The role of (pre)mixing

Opposite to batch processing, where separately stored reagents
are introduced sequentially, the compatibility of the components
mixed together in the same stock solution and delivered by the
same pump has to be considered.

Undesired reactions in the storage flask were prevented by
introducing the base as a separate stream in a Buchwald–Hartwig
amination in the first step of the flow synthesis of Olanzapine.28 In
the synthesis of Lidocaine and Diazepam, separate pumps were
used for the neat reagent and the solvent to avoid decomposition
on standing.25

On the other hand, the preliminary deprotonation occurring in
the premixed solution of the benzimidazole substrate and the base
was found beneficial for reaching appropriate regio- and chemose-
lectivity in an alkylation leading to Telmisartan.30

When coupling the individually optimized steps during the syn-
thesis of condensed benzothiazoles, significant differences were
observed in the yields of the thiazole-formation step, depending
on the premixing time. This problem was solved by adding
reagents in two separate steps to the stream and inserting a coil
reactor for mixing.9
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2.3. Compatibility of reagents

In complex systems, the interaction of sub-processes has to be
taken into account during design.

Reagent systems were specifically engineered for best compat-
ibility in Bogdan’s approach to Ibuprofen (Fig. 12a). This enabled
conducting three distinct chemical steps in an uninterrupted
stream, while the excess of reagents and side products emerging
from the previous steps were tolerated in downstream reactions.20

Highly selective reactions can tolerate the presence of chemi-
cally related impurities. In the Buchwald–Hartwig amination lead-
ing to Imatinib, excess of methyl piperazine (from the previous
nucleophilic substitution) present in the reaction stream remained
inert besides the aromatic amine coupling partner, if the BrettPhos
ligand (which is selective towards primary amines) was used
(Fig. 3). This way, removing excess reagent was unnecessary.19

A complex interplay of reagents had to be managed in the pro-
cess to Rufinamide. The presence of ammonia (used in excess in
the previous amidation) resulted in the pressure dependence of
the copper catalyzed triazole synthesis, which required optimiza-
tion (Fig. 4). While bubble formation due to outgassing of ammonia
at lower pressures led to shorter residence times, at higher pres-
sures the dissolved ammonia interfered with the activity of the
copper catalyst by complex formation, causing lower yield. An
optimum of 100 psi was found with minimal gas generation, while
the catalyst remained active.31

2.4. Simplification of the process

Sophisticated synthetic procedures tend to get disproportion-
ally complex. Nevertheless, extensive optimization allowed in flow
chemistry equipment may lead to less complicated processes,
which are chemically and technologically more feasible.

In the two-step synthesis of a Mur-ligase inhibitor, the conden-
sation reaction generating imidazo bicycles was initially optimized
in the presence of catalytic amounts of p-toluenesulfonic acid
(PTSA). However, PTSA prevented the formation of the products
in the following step. The simplification of the first step by omit-
ting the acid catalyst solved this problem (Fig. 5).32

The proper design of the conditions helped avoiding a separate
quenching step in the multistep synthesis of 2-aminoadamantane-
2-carboxylic acid. The carbonyl oxide intermediate of the ozonoly-
sis was decomposed in situ, in an acetone/water solvent system,
thus the use of stoichiometric amounts of solid-supported thiourea
reagent was avoidable. Furthermore, the hydrogen-peroxide
formed as a by-product was catalytically decomposed on a man-
ganese dioxide bed in the subsequent step.27

Optimization of the heterogeneous catalyst systems allowed a
more straightforward process in the synthesis of c-nitro malo-
nates, which is closely related to the early synthetic steps of the
flow preparation of Rolipram.33 In an earlier approach, the first
step was conducted using nitromethane as a solvent (Fig. 6a).
However, the excess of nitromethane had to be removed by distil-
lation prior to the subsequent Michael addition of b-dicarbonyl
compounds, to avoid byproduct formation by further addition of
nitromethane to the b-nitrostyrene intermediate.34 Optimization
of the catalyst and conditions of the first step eliminated the need
for excess reagent (Fig. 6b), therefore the crude reaction mixture
could be directly transferred to the next reactor without interme-
diate work-up.35

2.5. Number of steps

Multistep flow chemical sequences should be designed to
employ the fewest number of chemical transformations, unit oper-
ations, reactors and pumping equipment, which helps minimizing
Please cite this article in press as: Bana P., et al. Bioorg. Med. Chem. (2017), h
the technical complexity of the system and its potential for errors
and instabilities.

As shown in the synthesis of Iloperidone, chemical transforma-
tions requiring similar conditions can be conducted in a single
reactor consecutively. This way, the ring closure and the N-alkyla-
tion could be integrated after fine-tuning of the reaction
conditions.36

The efforts towards the synthesis of Daclatasvir employed an
efficient chemical process for the formation of imidazole core
structure. Instead of the laboriously synthesized a-amido-ketones
(Fig. 7a) used in the previous approach,37 a-acyloxy-ketones
(Fig. 7b) were prepared in one step and transformed directly to
the desired cyclic product.38

The number of pumps was courageously reduced by exploiting
the convergent nature (Fig. 8) of the synthesis of Cinnarizine. Two
transformations, conducted parallel in time, both requiring addi-
tion of HCl, were carried out using a single pump. The stream
was split prior to mixing with the substrates. The same concept
was applied to the subsequent addition of NaOH. Two parallel
phase separations provided the chloro derivatives, of which
diphenylmethyl chloride was reacted with excess piperazine to
afford the monoalkylated intermediate. In the final step, two
equivalents of cinnamyl chloride were employed to yield the
desired API.39

It may occur, that increasing the number of steps is necessary,
as shown in the reaction of phenols with epichlorohydrine towards
Metoprolol and its derivatives. The base mediated alkylation
(Fig. 9a) was split into two separate steps (Fig. 9b), in case the
intermediate phenoxide was prone to precipitation.40

2.6. Compatibility of flow rates

Different types of chemical transformations can have inherently
different throughputs (Fig. 10).

In the preparation of the key intermediate of Valsartan, the first
part of the sequence required high flow rates to enable selectivity
in the preparation of the boronate intermediate through lithium
organic species.41 Then, the boronate was subjected to a Suzuki
reaction using a monolithic palladium catalyst, which in turn,
restricted the achievable flow rate. Reactor size could not be
increased in this case; consequently, the high volumetric through-
put boronate forming and the much slower flowing coupling sec-
tions of the system were connected by splitting the flow evenly
to multiple streams by an elaborate flow distributor.42

2.7. Reactor type matters

The utilization of the proper type of microreactor43 can signifi-
cantly affect the design and outcome of the reaction.

In an N-oxidation reaction during the two-step preparation of
N-nordextromethorphan conducted in a glass column filled with
sodium percarbonate, exothermic runaway leading to uncontrol-
lable pressure expansion caused the column to shatter. To over-
come this problem, a liquid-phase approach using m-
chloroperbenzoic acid as oxidant was applied. The exotherm could
be controlled due to the high surface area to volume ratio of the
flow reactor.44

The structural elements of the reactor can also affect chemical
transformations. Stainless steel tubing was replaced with commer-
cial copper tubing to catalyze the [3+2] cycloaddition step in the
synthesis of Rufinamide (Fig. 4). With this modification, both stere-
oselectivity and overall yields have improved.31

Tube-in-tube reactors based on the semipermeable Teflon�

AF2400 tubing45,46 are suitable building blocks for multistep flow
processes involving gaseous reagents (Fig. 11). Precise addition of
gaseous NH3 using a tube-in-tube reactor allowed the two-step
ttp://dx.doi.org/10.1016/j.bmc.2016.12.046
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uninterrupted flow synthesis of Fanetizole.47 Similarly, CO2 gas
could be introduced into the stream of lithium organic intermedi-
ates, without compromising inert conditions during the continu-
ous flow preparation of Amitriptyline.48

Hazardous gases can be generated in situ using the aqueous
solutions of their precursors in a tube-in-tube device. The highly
poisonous and explosive diazomethane could be safely used in
the three-step flow process to a-halo ketone building blocks of
antiretroviral agents. The anhydrous reagent diffused through the
gas permeable inner tube and immediately reacted with the sub-
strate in the outer chamber. Any excess reagent was destroyed
before leaving the closed system to prevent human exposure.49

Owing to scalability issues, photochemical and electrochemical
transformations are rarely encountered in pharmaceutical manu-
facturing. However, miniaturization in continuous flow systems
makes photo-50–53 and electrochemical54 reactors feasible. The
synthetic pathways affordable in these systems can be involved
in novel multistep flow processes leading to pharmaceutical
compounds.

The convenient realization of a vital photochemical transforma-
tion in the semi-synthesis of Artemisinin related drugs was
enabled by the continuous approach.55–57 Using a photochemical
reactor, an unconventional route could be developed to Ibuprofen
via a photo-Favorskii rearrangement.58

Continuous flow electrochemistry was used as an enabling
technology in the synthesis of the indole alkaloid Nazlinine and
its analogues.59 In an effort to simulate cytochrome P450 oxidation
on a preparative scale, drug metabolites were produced by
microfluidic electrosynthesis. Glutathione conjugates could be
synthesized in a subsequent flow reactor, connected directly to
the output of the electrochemical flow cell.60
Mur ligase inhibitor 
46% yield 

(over 2 flow steps) 

HOBt / EDC 
DIPEA 

75 °C
10 min 

st allows the uninterrupted two-step flow synthesis of a Mur ligase inhibitor. (HOBt:
: N,N-diisopropylethylamine).
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THF 
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CaCl2 / Celite®
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primary amine-functionalized 
silica gel 

CaCl2 (1:3) 
CH3NO2 (1.2 eq.) 

75 °C
toluene

Ishitani’s
work

(2016) 

(b)

CH3NO2

distillation 
BPR

R = C2H5
57% yield 

(over 2 flow steps)

R = CH3
94% yield

(over 2 flow steps)

Fig. 6. Comparison of solid supported approaches towards c-nitro malonates. (Pumps are omitted for clarity, BPR: back pressure regulator, TBD: 1,5,7-triazabicyclo[4.4.0]dec-
5-ene, PS-PyBOX: polymer supported pyridinebisoxazoline.)

(a) 
-amido-ketone route 

(b) 
-acyloxy-ketone route 

Daclatasvir 

α α

Fig. 7. Analysis of the possible routes for the preparation of imidazoles towards
Daclatasvir.
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2.8. Better productivity

Higher productivity for bulk APIs is obtainable by robust
chemistries.

Compared to the first flow synthesis of Ibuprofen (Fig. 12a),
designed for reagent compatibility,20 the authors of the more
recent approach optimized the entire process to reach high
throughput (Fig. 12b). Although the choice of the reagents led to
high reactivity, the exothermic nature of the Friedel–Crafts reac-
tion and its quenching had to be managed. Corrosivity and clogging
issues could be mitigated by carefully choosing pumping and
quenching methods.21

Another example of improved throughput was provided in the
case of Imatinib. The first flow approach marked a milestone in
Please cite this article in press as: Bana P., et al. Bioorg. Med. Chem. (2017), h
multistep flow synthesis. This system enabled the preparation of
various derivatives, but didn’t permit large scale continuous pro-
duction.61,62 Increased productivity was achieved in a subsequent
study, by omitting solid supported reagents and intermediate in-
line purification steps in a system consisting of three continuously
operated microreactors (Fig. 3).19
2.9. Ensuring stability for continuous production

Continuous flow processing can only be exploited for large scale
production, if stable operation of the system can be ensured over
longer periods of time, which is often hampered by corrosion and
clogging.

Use of corrosive reagents can be prevented, by employing novel
process windows available in flow equipment, which can also
reduce the number of work-up operations. An elimination reaction,
leading to Amitriptyline proceeded at high temperature without
the use of previously employed concentrated HCl solution.48 On a
similar note, acidic conditions could be avoided in high tempera-
ture tert-butyloxycarbonyl (Boc) deprotections.63

Highly corrosive reagents may not be suitable for a standard
flow chemistry equipment and require special handling techniques
and construction materials, such as a specialized dry zone for han-
dling anhydrous HCl gas.39,64 In course of the flow syntheses of
Ibuprofen (Fig. 12), corrosion of the back pressure regulator
(BPR) unit was avoided by careful quenching of the ICl reagent.21

Hazardous leaks were encountered during an earlier study regard-
ing the same API, which could be avoided by using high perfor-
mance polymeric materials, which are resistant towards triflic
acid.20

Clogging (apart from the choice of solvent) can be prevented by
careful choice of reagents (Fig. 13). Addition of trimethylsilyl triflu-
oromethanesulfonate (TMSOTf) as Lewis acid helped to avoid the
formation of a precipitate in the hydrazone formation step in the
synthesis of the biaryl unit of Atazanavir.65 Replacing the iPrMgCl
reagent with its LiCl complex was useful in preventing clogging
in the preparation of a d-opioid receptor agonist.66

More trivially, clogging can be hindered by employing wide
bore channels or tubing, as well as applying agitation or sonic irra-
diation and controlling of fluid velocity.25,27,67 If clogging is caused
by the crystallization of low melting substances, the heating of the
problematic areas is an effective method.39 In the gas-liquid two
phase flow during an ozonolysis leading to drug candidate
ttp://dx.doi.org/10.1016/j.bmc.2016.12.046
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82% yield

(over 3 flow steps)
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(97% yield)

(95% yield)
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100 °C, 100 psi

Fig. 8. Convergent reagent addition strategy in the multistep synthesis of Cinnarizine. (Pumps for transferring the substrates are omitted for clarity, BPR: back pressure
regulator.)

(a) Water soluble phenoxide intermediate

(b) Insoluble phenoxide intermediate

NaOH 
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45 °C, 60 min

45 °C, 30 min110 °C, 60 min
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86% yield

NaOH 

84% yield 
(over 2 flow steps)

Fig. 9. Differentiation of flow paths according to the solubility of the intermediate. (Pumps are omitted for clarity, BPR: back pressure regulator.)

Fig. 10. Strategies for the uninterrupted connection of sequential flow reactors (or
sub-processes) with different throughputs.

tube-in-tube
reactor 

gas  
(or precursors) 
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CO2

CH2N2
(form its precursors)

Amitriptyline

building blocks
of antiretroviral agents

in out

Fig. 11. Introduction of key structural elements into APIs using tube-in-tube
reactors as part of multistep flow systems. (PG: protecting group, X: halogen atom).
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Fig. 12. Side-by-side comparison of two flow sequences to Ibuprofen.
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OZ439, the evaporation of the liquid phase caused clogging. Over-
coming this issue was possible by dilution, while flow rate was
increased in order to maintain the same level of throughput.68

2.10. Stability of packed columns

Innovative practical solutions can ensure the long term opera-
tion of packed columns, which is required for production scale
processes.

The synthesis of both enantiomers of Rolipram was realized in a
pioneering sequence consisting only of solid catalytic packed bed
reactors. In order to achieve continuous, stable operation for longer
periods of time, the catalysts were packed together with solid addi-
tives. Elaborately placed pre-columns were also introduced to the
system.69,33

In a key reduction step leading to artemisinin-derived medici-
nes, a mixture of solid NaBH4 and Celite� proved to be effective.
Fig. 13. Strategies for the prevention of clogging in flow steps for introducing key s

Please cite this article in press as: Bana P., et al. Bioorg. Med. Chem. (2017), h
Still, LiCl and Li2CO3 additives had to be added to the reactant
bed, to prevent pressure fluctuations.57

Modification of the processing parameters may also be neces-
sary, when long term operation is desired. The opening Knoeve-
nagel addition step of the synthesis of a Nevirapine precursor
could be efficiently conducted on a solid basic Al2O3. However,
the absorption of the water formed during the reaction limited
the longevity of the catalyst. Increasing temperature and diluting
the reaction mixture proved to be beneficial for stability.70
2.11. Self-controlling systems and automation

The inherent instability of these increased complexity systems
can be mitigated using built-in control mechanisms and automa-
tion that are available for multistep flow systems.27,71 Such
approaches have been implemented on a system level in API syn-
theses.23–25
3. Analytical methods

3.1. Possibilities and limitations

Continuous flow processing allows convenient in situ analysis of
reaction mixtures, by in-line (the entire stream is passed through
the measuring cell) or on-line (representative aliquots are ana-
lyzed) techniques.7,72,73 Several different analytical systems were
used successfully, such as in-line FT-IR (predominantly with Atten-
uated Total Reflectance (ATR) cells),74–80 NIR,81,82 Raman83 and
NMR spectroscopy,84,85 as well as on-line MS86,87 and HPLC.88,89

However, everyday application of these approaches is hindered
by the fact that off-line solutions are usually more convenient,
since a wider toolbox (consisting of existing equipment) is avail-
able for the analysis of less demanding analytes (i.e. less compli-
cated matrix, solvent and concentration can be freely chosen).
Additionally, they don’t require difficult to implement sampling,
continuous dilution/concentration and automation procedures.
3.2. Successful applications

Nevertheless, in-line or on-line analysis provides significant
benefits for multistep flow processing in the following situations.

In-line sensors can inform the operator about the location and
concentration of the reactants along the flow path, in order to
allow precise timing and addition of reagents in the downstream
transformations, which is extremely useful when working with
limited quantities.66,90

Instable, short-lived intermediates, such as highly reactive acyl
azide75 and diazonium86 species, as well as the Vilsmeier�Haack
reagent,91 can be directly studied in situ using IR spectroscopic or
mass spectrometric methods (Fig. 14). This approach provides
tructural elements towards Atazanavir (a), d-opioid agonist (b), and OZ439 (c).
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Fig. 14. Selected examples of in situ analysis of reactive intermediates encountered
in continuous flow synthesis.
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insight into the reaction mechanism and enables more informed
optimization studies.

Automated self-optimization can be achieved by using feedback
from the output to the control the pumps and heating units, aided
by elaborate computer algorithms and DoE (Design of Experi-
ments) statistical design.78,87–89,92–94

Realization of production scale API synthesis cannot be imag-
ined without strict control of processes and final product quality.25

These efforts are exemplified by the production of Artemisinin
related APIs, where monitoring of the reaction stream after a pho-
tochemical transformation could reveal an eventual lamp failure.57

4. Purification in flow

Flow synthesis is usually followed by discontinuous purifica-
tion, because the number of available continuous solutions is lim-
ited.95 The existing methods7,73 can be classified as in-line work-up
or final product purification techniques, according to the position
in a multistep sequence, where they are preferably used.

4.1. In-line work-up

Most of the in-line work-up steps aim to remove the co-prod-
ucts, which are formed from the reagent in the course of the
planned process.6 These impurities should not be confused by
the by-products, which are structurally related to the desired pro-
duct, but their formation is the consequence of undesired side
reactions. In-line work-up can be achieved by filtration of solid
co-products, liquid-liquid phase separation, gas-liquid phase sepa-
ration or through the use of solid phase supported scavengers.

Filtration can only be categorized as a truly continuous in-line
purification method (Fig. 15), when the product remains in the
mother liquor, while the solid impurities are retained on the filter
material (and then discarded by an appropriate mechanism).27

There are several examples of extraction methods using liquid-
liquid phase separation96,97 to eliminate the excess of the
reagents,21,65 co-products,65 traces of solvents39,80 or cosolvents,29

which have been used in a previous step. Complete removal of
water may require a column filled with solid MgSO4 desiccant after
the phase separation, as exemplified in the flow preparation of
Fig. 15. In-line work-up by filtration of solid co-products (BPR: back pressure
regulator).
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Milnacipran analogs.80 The robust nature of liquid-liquid phase
separation allows removal of multiple impurities at the same
time.25,28,29,39,98

Insoluble gases cause irreproducible residence time (due to the
expansion of bubbles) and potential side reactions in downstream
steps. Excess of gaseous reagents or co-products can be removed
conveniently by using gas-liquid phase separation units. Hydrogen
is commonly used in flow synthesis,99,100 usually in excess
amounts. When hydrogenation is followed by other
steps,9,26,29,33,101,102 a simple buffer flask allows the outgassing of
hydrogen, after the pressure is reduced. However, in some cases
the applied chemistry did not tolerate this method. Semipermeable
Teflon� AF2400 membrane (Fig. 16) was used to remove excess of
diazomethane as well as the formed nitrogen.103 A similar set-up
was employed to eliminate excess CO2 in the lithiation sequence
leading to the core of Amitriptyline.48

Columns filled with solid phase supported scavenger resins are
widely used for purification of the stream.70,104 The combination of
multiple, differently functionalized scavenger resins is a common
practice for the removal of several different impuri-
ties.44,66,33,102,105–107 In an illustrative example, removal of homo-
geneous transition metal complexes was possible this way
(Fig. 17), which prevented harmful catalytic activity in down-
stream heterogeneous nitro group reductions in the flow synthesis
of the fungicide Boscalid�.104 A similar concept was applied in the
early steps towards Olanzapine.28 The drawbacks of this method
are the wide dispersion of reactants on the column90 and the
exhaustion of the resin by time, principally when the stoichiomet-
ric amounts of the immobilized reagent is consumed. These issues
can be solved by engineering solutions, such as intelligent pump-
ing90 and switching between multiple columns.108

With this knowledge at hand, multistep processes can be
designed to facilitate the purification procedure between the reac-
tion steps, which was demonstrated in the process leading to Efa-
virenz (Fig. 18). The appropriate choice of the trifluoroacetylation
reagent allowed easy removal of the co-product by a simple scav-
enging column.109
4.2. Final product purification

After the final synthetic step, the API has to be purified to meet
the standards of regulatory agencies. The hitherto discussed sepa-
ration techniques, which could be ideally used between intermedi-
ate steps, are not adequate for this goal by themselves.

Continuous crystallization was employed in case of
Rufinamide22 and Aliskiren,23,24 while semi-batch recrystallization
of the crude products was necessary to provide pure
Diphenhydramine,25 Fluoxetine25 and Lidocaine.25,110 A salt
formation – neutralization sequence using multiple extraction
steps, followed by precipitation and recrystallization yielded
highly pure Diazepam.25
Fig. 16. In-line work-up by gas-liquid phase separation using Teflon� AF2400
membrane (BPR: back pressure regulator).
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Fig. 17. Application of polymer bound thiourea (QuadraPureTM TU) scavenger resin
to remove homogeneous transition metal catalyst before the next catalytic step in
the flow synthesis of Boscalid�.

Fig. 18. Design of the flow chemical synthetic procedure towards Efavirenz, which
facilitates in-line purification.

Fig. 19. General scheme of a continuously operated simulated moving bed (SMB)
chromatography system integrated with crystallization for the purification of
Artemisinin following its continuous flow synthesis. The circular arrow marks the
simulated counterclockwise movement of the bed (this is achieved by clockwise
switching of the inlet and outlet ports).
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Catch and release chromatography26 enables stepwise intro-
duction of a continuous stream of the reaction mixture to a single
bed of stationary phase, followed by elution of the product. High
purity can be achieved, as it was demonstrated in case of Iloperi-
done36 and Flurbiprofen.111,112 However, the capacity of the
employed stationary phase determines the amount of the adsorbed
product during the ‘‘catch” phase and thus limits the achievable
throughput.

The complexity of artemisinin-derived medicinal compounds
call for sophisticated systems consisting of the combination of
in-line work-up and multiple final purification techniques. A
continuous three-stage purification method was developed for
a-artesunate, consisting of precipitation and filtration of
by-products, followed by chromatography in a multi-column
arrangement and finally crystallization of the product.57 In a more
recent study, a closely related system was constructed, based on
continuously operated simulated moving bed (SMB) chromatogra-
phy (Fig. 19).113,114 Following the synthesis of Artemisinin, first an
SMB chromatographic separation brought the product mixture to
92% purity, then crystallization from the concentrated mixture
provided the pure API in 99.9% purity.115
Please cite this article in press as: Bana P., et al. Bioorg. Med. Chem. (2017), h
5. Conclusions

The chemical knowledge and technology for the realization of
multistep flow synthesis (and the following analysis and purifica-
tion) exists, but connecting individual chemical steps holds hidden
traps. We summarized the innovative solutions for these chal-
lenges, in order to benefit chemists aiming to build such systems
for the synthesis of APIs.

The applied synthetic methods must overcome restrictions (sol-
ubility, reagent compatibility, feasibility). Still, prior design of the
complete process helps to exploit the benefits of flow methodol-
ogy. In-line or on-line analysis of reaction mixtures is well suited
for flow processing, but their real value can only be exploited for
some well-designed, special applications. The utility of the avail-
able continuous purification methods can be maximized by proper
design of the synthetic process.

The advancement of flow chemistry instrumentation is impres-
sive, and we foresee modular, customizable equipment that allow
control of the whole system through extensive standardization and
intercompatibility of the units. This would enable quick assembly
of lab-scale systems, which could be advanced for continuous API
production in the near future.
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successfully applied in our procedure for the synthesis of 
benzofurans and benzothiophenes, in order to replace 
potassium carbonate, which was used in the batch 
synthesis (14). While this change did not affect the synthesis 
of benzothiophenes negatively, we found that this way the 
alkylation reaction yielded the intermediate in the case of 
benzofurans. To obtain the bicyclic products, we had to 
use the stronger Verkade’s base (P(CH3NCH2CH2)3N), 
which proved to be suitable in terms of the fl ow conditions 
(28) (Figure 3).

Several examples are reported, in which 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) is used as a 
soluble strong base (29–31). Solid supported alternatives 
of DBU (31), as well as other strong bases such as 
phosphazenes (29, 32), were used in heterocyclic fl ow 
synthesis.
In our view, the most successful approaches employ careful 
screening: polar solvents and soluble organic reagents are 
suitable in the majority of cases.
The safe handling of explosive or toxic reagents and the 
precise control of the process conditions are two of the 
main benefi ts of fl ow chemistry that are getting more 
and more important both in laboratory environment 
and on industrial scale (11, 33, 34). Due to the size of the 
microreactors, the actual reaction occurs only in a small 
volume at a given time, which minimizes safety issues.
The handling of bromine in the continuous fl ow ring-closure 
reaction leading to tricycles (14) was safer than in case 
of batch conditions, since the fl ow equipment can be 
considered as a closed system, which prevents the escape 
of harmful vapours.
Hazardous reagents were generated in-situ in the 
microreactor during the syntheses of other heterocycles. 
Toxic alkyl nitrite and TMS azide reagents were safely 
used and the resulting explosive azides were transformed 
to stable triazole products in a two-step sequence (35). 

Multiple steps, use of hazardous reagents, high pressure 
and/or temperature are usually required. These circumstances 
can hinder the production of the desired structures. Flow 
chemistry, as an “enabling technology” provides new 
opportunities to broaden the chemical space.

DESIGN OF THE FLOW REACTIONS

In our recent article (14) we have developed a multistep 
continuous fl ow approach for the synthesis of various tricyclic 
benzothiazoles (compounds I-V, Figure 2).

We intended to obtain them in three steps: (1) the 
preparation of the corresponding bicyclic compounds 
bearing a nitro-group, (2) the reduction of the nitro-group 
and (3) the formation of thiazole ring. Possible issues 
concerning the selection of the solvent, handling of the 
insoluble or hazardous reagents, and the implementation 
of hydrogenation were taken into account during the 
synthesis. 
The choice of the appropriate solvent is a primary 
concern when designing continuous flow reactions. In 
the simplest case, a single solvent can be used which 
sufficiently dissolves all reagents and products, and 
tolerates all reaction conditions. Even in this case, 
unexpected precipitation of transient species can occur, 
because the solubility of these compounds cannot be 
explored beforehand. However, slight clogging can be 
flushed out if the system is carefully monitored. During 
our work, we found that N,N-dimethylformamide (DMF) 
could be applied in every step of the multistep protocol. 
The final step specifically required DMF to dissolve the 
products completely. This motivated us to use this solvent 
in the hydrogenation step in order to simplify the whole 
sequence (14).
This solvent also proved to be the best option for the two-
step syntheses of 5-(thiazol-2-yl)-3,4-dihydropyrimidin-2(1H)-
one derivatives (23) and imidazo[1,2-a] heterocycles (24).
The high solubility of the compounds and their compatibility 
with the integrated purifi cation necessitated the use of N,N-
dimethylacetamide in the synthesis of 1,2,4-oxadiazole and 
1,2,4-triazole libraries (25).
Dichloroethane was used in the telescoped synthesis of 
quinoxalines (26).
The replacement of the insoluble reagents, most often 
bases, by soluble alternatives is a common method to 
avoid clogging. N,N-diisopropylethylamine (DIPEA) is often 
used under fl ow conditions (24, 25, 27). This base was 
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Abstract The synthesis of novel heterocycles is an essential task in small-molecule drug discovery. Continuous flow 
processing opens the way for a new paradigm in laboratory-scale synthesis as well as pharmaceutical 
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INTRODUCTION

The design and preparation of new heterocycles as 
scaffolds or building blocks for active pharmaceutical 
ingredients (APIs) is a challenging area in today’s small-
molecule drug discovery. Chemists seek new approaches 
and technologies that can be applied to produce novel 
structures, while keeping an eye on the improvement of the 
effi ciency and productivity of the chemical processes. The 
new “enabling technologies” (1, 2), like fl ow chemistry (3, 4), 
provide practical solutions for the synthesis of heterocyclic 
compounds. The emerging trends and recent synthetic 
results indicate the growing importance of continuous fl ow 
manufacturing in academia as well as in pharmaceutical 
industry (5–9). These efforts are also pointing towards the 
realization of continuous technologies for API synthesis (10, 11) 
in accordance with FDA’s recommendations (12, 13).
However, the application of 
fl ow methods demands a 
paradigm shift in synthetic 
mentality and a new 
knowledge base, which can 
mean a barrier for those, 
who are unfamiliar with it. 
Our experience during the 
introduction of this technology 
to laboratory practice inspired 
us to compile this mini-review, 
to make fl ow chemistry more 
accessible. Here we discuss the 
problems and their solutions 

we faced during our research on the multistep synthesis 
of condensed benzothiazoles (14) (Figure 1), in the light of 
recent references within the fl ow chemistry literature.

HETEROCYCLIC SCAFFOLDS IN DRUG DISCOVERY

The development of new leads for APIs is largely based on 
the design and synthesis of new heterocycles. Applying them 
as building blocks, biological activity and physicochemical 
properties (like solubility, polarity and lipophilicity) of a given 
molecule can be modulated. In medicinal chemistry, the term 
“scaffold” is used for the core structure of a molecule, which is 
often a heterocyclic ring or ring system. Synthesis of molecules 
with similar biological profi le but replaced central moiety 
may become necessary (“scaffold hopping”), when certain 
properties or novelty of the compound series are problematic. 

The different chemical structure 
can lead to new patentable 
libraries (15–17).
Although a wide range of 
heterocycles is theoretically 
available (18, 19), the 
obtainable number and variety 
are limited by the parameter 
window, and convenience 
of the synthesis (20–22). In the 
preparation of such compounds 
with increasing complexity, 
the classical laboratory-scale 
methods are often diffi cult. 
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F igure 1. Considerations for the proposed multistep continuous fl ow 
synthesis of condensed benzothiazoles.

F igure 2. The prepared tricyclic compounds.

F igure 3. The synthesis of benzofurans and benzothiophenes 
mediated by different bases. 
Reaction conditions: (a) DMF, 100 °C, 25 min, 5 bar; (b) ethanol, 
100 °C, 5 min, 5 bar; (c) DMF, 100 °C, 25 min, 5 bar.
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In this mini-review we have focused on the everyday 
challenges of laboratory-scale multistep fl ow synthesis. We 
aimed to present some of the design principles through our 
experience in this fi eld, alongside with literature examples, to 
help others with their own experiments.
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decomposition products during purifi cation. At this point, we 
realized that the initially envisioned telescoped approach 
(Figure 4) would show its benefi ts in this particular problem. 
This way, the outcome of the multistep system was better than 
the overall yield of the single steps.

However, during the investigation of the connected system 
we found, that utilization of the stream from the fi rst step led to 
poorer results in the formation of the thiazole ring, compared to 
the same reaction conducted as an isolated step. We assumed 
that in this case the lack of the premixing of the amines with 
ammonium thiocyanate, which happens in the storage fl ask 
in the single step procedure, hindered the following reaction 
with bromine. Increasing the mixing time by adding a coil 
reactor before the introduction of bromine, we could obtain 
higher overall yields. Although, this modifi cation increased the 
number of steps (which contributes to complexity adversely), 
it was advantageous in context of the whole process. Similar 
observations on the importance of the mixing time, in terms of 
the overall yield and kinetics of the reaction were made in the 
continuous fl ow synthesis of 4,5-disubstituted oxazoles (32).

When connecting the separately optimised steps in our study, 
we had to remove the hydrogen used in the nitro-reduction, 
prior to the thiazole formation. The addition of a buffer vessel 
to the reaction stream was suffi cient for degassing. 
The same solution was employed in the multistep fl ow 
synthesis of Rolipram (42), while other researchers tended 
to avoid the problem of gas separation and conduct 
hydrogenation as the last step (40, 41).

These examples highlight the importance of fl exibility when 
designing and implementing highly integrated systems, which 
are suitable for the synthesis of heterocyclic compounds.

FURTHER IMPLICATIONS

Besides the above mentioned advantages, the application of 
fl ow chemistry enables the rapid optimization of reactions and 
synthesis of compound libraries together with automatization 
(43, 44). In our study, the quick automated optimization 
(45, 46) of conditions for each reactions was possible (14). 

With the appropriate setup, small volume reaction 
mixtures can be handled rapidly and safely, which 
lowers the reagent consumption of the optimization 
process. New reactions can be discovered this way, 
for example, novel route to the core heterocycle 
of Efavirenz was enabled by extensive screening of 
conditions (47).

Several analogues and larger compound libraries 
can be prepared, thankfully to the variability of 
such systems. Numerous examples show that this 
concept is viable using specifi c, carefully designed 
and optimised fl uidic setups (23, 29, 32, 35, 48, 49).

CONCLUSIONS

The application of fl ow chemistry has great 
perspectives in drug discovery. In order to take 
advantage of its benefi ts, chemists need to learn how 
to design and build complex continuous fl ow systems. 

Unstable diazoketones were synthesized and used 
without isolation for the preparation of a wide range of 
quinoxalines (26).

Flow processes are also advantageous for hydrogenations. 
The benchtop hydrogenation modules enable the safe 
handling of both hydrogen and the heterogeneous 
catalysts, most commonly loaded into packed bed 
reactors (36). The separation of the catalyst from the 
reaction mixture is trivial with this setup, since it does 
not require additional fi ltration. In our work, we utilized 
commercially available continuous fl ow hydrogenation 
equipment with preloaded Pd/C cartridges for nitro-
reduction in the fi rst step of our sequence. Due to careful 
optimization (37), suffi ciently clean product (without 
leaching of the catalyst) was obtainable in every case, 
which helped to avoid the otherwise problematic 
purifi cation of the sensitive amines (14).
Several examples of selective ring saturation, late-stage 
modifi cation and protecting group removal can be 
mentioned in this context, using fl ow hydrogenation (38–40). 
During the three step synthesis leading to the intermediate 
of the API Atazanavir (41), a similar approach was applied 
for the hydrogenation of hydrazone.
In summary, the ability to conduct reactions that are 
otherwise unsafe is a real advantage of continuous fl ow 
processes, which can also be exploited on industrial scale.

INCORPORATION OF THE REACTIONS INTO A CONTINUOUS 
FLOW SYSTEM

One of the main goals of continuous fl ow processes is to 
perform multistep reactions in a telescoped way, without 
purifi cation and isolation of the intermediates at the end 
of each step. Consequently, all reaction steps have to be 
designed to be compatible with the whole sequence. 
To achieve this, every single reaction parameter, chemical 
transformation and fl ow equipment should be taken into 
account.

In the course of our synthesis (14), the aromatic amines 
prepared in the fi rst steps proved to be unstable leading to 

Chimica Oggi - Chemistry Today - vol. 34(4) July/August 2016

F igure 4. The multistep continuous fl ow synthesis of compound V.
Reaction conditions: (a) DMF, 60 °C, atmospheric pressure; (b) DMF, 25 °C, 30 
min, 1 bar; (c) methanol/DMF, 25 °C, 30 min, 1 bar.
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H I G H L I G H T S

• Coupling flow synthesis with drug
formulation via electrospinning.

• First presentation of the two-step flow
synthesis of acetylsalicylic acid.

• Novel electrospun orally dissolving
web formulations and their con-
tinuous production.

• A unique end-to-end benchtop-scale
continuous pharmaceutical manu-
facturing device.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Continuous manufacturing
Flow chemistry
Esterification
Electrospinning
Drug formulation
PAT

A B S T R A C T

Based on the concept of continuous manufacturing an end-to-end benchtop device was developed unprecedented
for the production of solid drug dosage forms by connecting flow synthesis and formulation via electrospinning
(ES). Together with the optimized two-step continuous-flow synthesis of acetylsalicylic acid (ASA) a water-
soluble polymeric excipient (polyvinylpyrrolidone K30, PVPK30) was introduced. The resulting polymeric so-
lution could be readily electrospun into solid nanofibers with high purity in one single step due to the excellent
yet gentle drying effect of ES. The ASA-loaded fibers were electrostatically deposited onto a water-soluble
pullulan sheet and the obtained double-layered films were continuously cut into orally dissolving webs (ODWs)
as final dosage formulation. The synthesis as well as the dosing of the fibrous films were monitored by Process
Analytical Technology (PAT) tools (IR and Raman spectroscopy) with active feedback on product quality. The
successful coupling of flow synthesis and fiber formation confirms that ES enables versatile formulation of
pharmaceuticals in future continuous production systems.

1. Introduction

Recent trends of pharmaceutical development have focused

attention on the paradigm shift from traditional batch production to-
wards continuous manufacturing [1]. The spread of the continuous
mindset is also facilitated by leading authorities due to the ease of scale-
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up, lower investment and operating costs, and smaller factory footprint
compared to batchwise processes [2–4]. Moreover, the advent of
modern high-performance PAT devices has allowed real-time mon-
itoring and feedback control of quality in good accordance with the
similarly encouraged Quality by Design principles [5,6].

Despite the numerous examples describing continuous pharmaceu-
tical unit operations concerning either drug synthesis [7–9], purifica-
tion [10–12] or formulation [13], only a handful of attempts have been
reported about continuous multi-unit systems. Some of the sequential
flow syntheses of active pharmaceutical ingredients (APIs) include ar-
temisinin [14], ibuprofen [15], imatinib [16], oseltamivir [17], preg-
abalin [18] and prexasertib [19]. However, on the formulation side,
besides the attempts to prepare pure liquids of different APIs [20], as
far as we know only a few cases are known realizing continuous pro-
duction of solid dosage forms. In the first case polymeric tablets were
heat mold after the last two reaction steps of continuous synthesis of
aliskiren hemifumarate by a Novartis-MIT cooperation [21]; never-
theless, heating can be harmful to sensitive APIs and most biologics.
The other approaches for the continuous production of film-coated ta-
blets applying PAT for quality assurance are Orkambi® (lumacaftor/
ivacaftor by Vertex), Prezista® (darunavir by Johnson & Johnson) and
recently Symdeko® (tezacaftor, ivacaftor by Vertex) [22,23]. These FDA
approved formulation plants process the separately produced APIs by
continuous blending, tableting and coating [24]. Connecting flow
synthesis and formulation of solid dosage forms can be considered ra-
ther challenging, a fact recognized also during the latest development
of a compact reconfigurable system producing high-purity aqueous li-
quids of continuously synthesized APIs at the Novartis-MIT center [20].
The main barrier to continuously formulate the API stream into solid
dosage forms of greater patient compliance is the several magnitudes
higher throughput of the currently available continuous formulation
devices required to reach steady state compared to the average output
rates of flow syntheses.

Electrospinning (ES) is a unique technique capable of producing
drug-loaded nanofibers from polymeric solutions under the drawing
force of the electrostatic field [25–27]. The rapid yet gentle drying al-
lows the formulation of any kind of API including biopharmaceuticals
with controlled release kinetics through the selection of the polymer
matrix [28,29]. Furthermore, ES can also be a suitable continuous
formulation method of choice when coupling it with flow operations
due to its scalable productivity in the range of 0.1–100 g h−1 [30,31].
Despite all these considerations, ES has not been applied as a part of a
continuous-flow system to process liquid API streams into dry fibers
serving as a base to produce solid dosage forms of great therapeutic
importance such as tablets, capsules and other formulations.

Thus, in this work we developed an end-to-end continuous model
system (CMS) using ES as the key technology to turn the synthesized
API solution into a fibrous solid product with the incorporation of a
polymer (Fig. 1). Both synthesis and formulation were monitored by
PAT tools with chemometric analyses combined with the overall pro-
cess control. Acetylsalicylic acid (ASA) was selected as the model drug
being one of the oldest APIs still marketed; it is used for the treatment of
pain, fever, inflammatory diseases, and low-doses of ASA reduce risk of
heart attack and stroke [32]. Accordingly, continuous production of a
beneficial electrospun orally dissolvable ASA formulation was envi-
sioned to target the treatment of cardiovascular diseases. The design
considerations of our benchtop-scale CMS are presented along with the
results of detailed product analyses and system performance testing.

2. Materials and methods

2.1. Materials

Salicylic acid (SA) (Fig. 2a) (> 99.0%), ASA (Fig. 2b) (> 99%),
acetic anhydride (Ac2O) (> 99%), polyoxyethylen sorbitan mono-oleat
(Tween 80), formic acid (95–97%), phosphoric acid (H3PO4) (85 wt%),

sulfuric acid (96%), hydrochloric acid (37%) and acidic ion-exchange
resin (Amberlite IR-120) were purchased from Sigma Aldrich. Ethyl
acetate (EtOAc), methanol (MeOH), acetonitrile (ACN), ethanol (EtOH),
acetic acid (AcOH), N,N-dimethylformamide, dimethyl sulfoxide and
deuterated methanol (CD3OD) were obtained from Merck. Poly-
vinylpyrrolidone K30 (PVPK30, Fig. 2c) (average Mw=40000 Da) was
purchased from BASF. Pullulan (Fig. 2d) was a kind gift from Haya-
shibara Co., Ltd.

2.2. Flow chemistry experiments

The continuous synthesis of ASA was carried out in flow reactors
constructed with PTFE tubing (1/16″, 0.031″ ID). T-mixers (Supelco,
57661) and fittings compatible with the tubing were purchased from
Sigma Aldrich. The reagents and solutions were dosed by Syrris Asia®
syringe pumps and a Jasco PU-980 pump. An SSITM flow-through back-
pressure regulator (BPR) (Supelco, 59284) adjusted to 4 bar was used to
maintain constant fluid flow conditions.

2.3. HPLC analysis for purity testing

Purity of ASA in the synthesized reaction mixtures and solid dosage
forms was determined using RP-HPLC (Agilent 1200 series LC System).
An isocratic elution of water containing 0.5% phosphoric acid and ACN
(40:60 V/V ratio) was performed at a flow rate of 1.5mLmin−1 and
25 °C for 7min. The UV detection wavelength was set to 237 nm.
Solutions of ASA at 1mgmL−1 concentration were prepared depending
on the composition of the samples. A mixture of ACN, MeOH and
phosphoric acid (85%) (92:8:0.5 V/V ratio) was used to dilute, dissolve
or extract the ASA samples due to the limited chemical stability of ASA

Fig. 1. Photograph of the developed benchtop scale end-to-end CMS using ES.

Fig. 2. Molecular structure of (a) salicylic acid, (b) acetylsalicylic acid, (c)
polyvinylpyrrolidone and (d) pullulan.
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and some of the impurities in common solvents [33]. If necessary, the
solutions were filtered through PTFE syringe filters (0.45 μm, 25mm)
prior to injection. Samples containing PVPK30 were diluted or dis-
solved in MeOH due to the precipitation of the polymer with ACN. A
3 μL of sample volume was injected onto a Supelco Inertsil ODS-2 C18
column (5 µm; 250×4.6mm). The amount of the impurities was de-
termined based on the peak areas.

2.4. HPLC-MS measurements

The identification of major impurities in the synthesized reaction
mixture was carried out using HPLC-MS. The measurements were per-
formed using an Agilent 1200 liquid chromatography system coupled
with an Agilent 6130 single quadrupole mass spectrometer equipped
with an ESI ion source (Agilent Technologies, Palo Alto, CA, USA).
Analysis was performed at 40 °C on a Supelco Inertsil ODS-2 C18
column (5 µm; 250×4.6mm) with a mobile phase flow rate of
0.6 mLmin−1. Composition of eluent A was pure ACN, while eluent B
was 0.1 V/V% HCOOH in water. The ratio of eluent A and B was
60:40 V/V%. The injection volume was 3 µL. The chromatographic
profile was registered at 237 nm. The operating parameters of the mass
selective detector were set as follows: positive ionization mode (70 eV),
scan spectra from m/z 120 to 1200, drying gas temperature 300 °C,
nitrogen flow rate 12 Lmin−1. Spray chamber was pre-flushed with
0.1% solution of NH4CO3 in ACN/water (92:8 V/V ratio).

2.5. NMR measurements

1H NMR spectra were obtained on a Bruker DRX-500 instrument on
500MHz at 25 °C, while 13C NMR spectra were recorded on a Brucker-
300 instrument on 75 MHZ at 25 °C. Samples were dissolved in CD3OD
setting concentrations to 18.75mgmL−1. Tetramethylsilan was used as
internal standard and chemical shifts were given in ppm.

2.6. Gel permeation chromatography

Gel permeation chromatography tests were conducted to investigate
the chemical changes of PVPK30 during quenching. A HPLC system
comprising a Waters 515 HPLC pump, Jetstream 2 Plus column heater
and a Jasco RI-4035 Refractive Index Detector was used for the mea-
surements. Prior to analyses the PVPK30 samples were prepared by
suspending ca. 0.5 g solid material in 3mL EtOAc, then dissolving the
polymer with 0.5mL of MeOH. The obtained clear solution was stirred
on elevated temperature (80 °C) in order to evaporate the solvents.
Thus, the PVPK30 precipitated from the remaining solution rich in
EtOAc. Following cooling in ice bath the suspension was vacuum fil-
tered and dried. The PVPK30 samples were dissolved again in N,N-di-
methylformamide obtaining an 1mgmL−1 solution; 200 μL of this
stock solution was injected onto Waters Styragel HT 2 and HT4 columns
connected in series. The mobile phase consisted of N,N-di-
methylformamide containing 0.05M LiBr. The measurements were
performed at 85 °C column temperature and 1mLmin−1

flow rate after
24 h of equilibration. For data analysis PSS WinGPC software was used.

2.7. Electrospinning (ES)

Preliminary ES tests were conducted using an NT-35 high voltage
direct current supply (MA2000; Unitronik Ltd, Nagykanizsa, Hungary).
The electrical potential applied on the spinneret electrode was varied
between 15 and 30 kV. During optimization of ES grounded aluminum
plate covered with aluminum foil was used as collector. The distance of
the spinneret and the collector was 20 cm. Solutions of the polymeric
excipient and the drug were prepared for electrospinning using a
magnetic stirrer (600 rpm). The solutions were dosed by a SEP-10S Plus
type syringe pump through a needle spinneret (1 mm ID, 2mm OD) at
predetermined flowrate.

For the final version of the CMS an ES unit was developed with the
same NT-35 high voltage direct current generator, but the solution was
dosed from drug synthesis. Besides, a rotating drum collector was ap-
plied with a metal surface made of 1mm thick aluminum sheet con-
nected to earth. For further details see Sections 3.3 and 3.4.

The ES experiments including those with the CMS were conducted
at 25 ± 1 °C and a relative humidity of 50 ± 10%.

2.8. Pullulan film casting

250mg pullulan and 10mg Tween 80 was added to 1490mg pur-
ified water and stirred until a clear solution was obtained. Commercial
red food coloring (Dr. Oetker, Germany) was added to the solution to
improve the observability of the deposition of the white fibers on the
film. The solution was spread on a glass surface and casted by a film
applicator in predetermined thickness of 30 μm. The smooth pullulan
films were dried for 24 h. The final red pullulan films could be readily
pulled off from the glass surface by hand. It should be noted that for
longer experiments with the CMS not pullulan but a similar strip made
of polypropylene was used.

2.9. Scanning electron microscopy (SEM) and fiber diameter analysis

Morphology of the samples was investigated by a JEOL 6380LVa
(JEOL, Tokyo, Japan) type scanning electron microscope. Each spe-
cimen was fixed by conductive double-sided carbon adhesive tape and
sputter-coated with gold prior to the examination. Applied accelerating
voltage and working distance were 15–30 kV and 10mm, respectively.
A randomized fiber diameter determination method was used based on
SEM imaging as described in our previous work [34], n= 100 mea-
surements were made on each sample.

2.10. Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements were carried out
using a Setaram (Calure, France) DSC 92 apparatus (sample weight:
∼10–15mg, open aluminum pan, nitrogen purge gas). The temperature
program consisted of an isothermal period, which lasted for 1min at
25 °C, with subsequent linear heating from 25 °C to 200 °C at the rate of
10 °Cmin−1. Purified indium standard was used to calibrate the in-
strument.

2.11. X-ray powder diffraction (XRPD)

X-ray powder diffraction patterns were recorded by a PANanalytical
X’pert Pro MDP X-ray diffractometer (Almelo, The Netherlands) using
Cu-Kα radiation (1.542 Å) and Ni filter. The applied voltage was 40 kV
while the current was 30mA. The untreated materials, a physical
mixture composition, and the fibrous samples as spun were analyzed for
angles 2θ between 4° and 42°.

2.12. In vitro dissolution tests

The in vitro dissolution tests of 30×30mm cut pullulan films
covered with different amounts of ASA loaded fibers were carried out
by dissolving them in purified water. Layered ODWs corresponding to
1, 5, 12.5, 25 and 50mg ASA doses were placed in Petri dishes con-
taining 10mL dissolution media. The dissolution of the ODWs was
filmed using a Lenovo P70 camera device. After 10min the dissolved
ASA quantity was confirmed by HPLC measurements using the same
method as during purity testing (Section 2.3).

2.13. Residual solvent content determination

The residual solvent content of the electrospun fibers was de-
termined by gas chromatography (GC) in the case of EtOH and EtOAc
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and by HPLC in the case of AcOH.
The determination of EtOH and EtOAc was performed on an Agilent

6890 N GC system combined with a CTC Combi PAL HS autosampler. A
10m long HP-INNOWax capillary column with 0.25mm inner diameter
and 0.25 μm film thickness with polyethylene glycol stationary phase
was used for separation. Helium (purity: 99.999%) was used as carrier
gas with a constant flow rate of 1.7mLmin−1. Split injections of 250 μL
were made at a split ratio of 50:1. The temperature of the injector was
maintained at 250 °C and samples were thermostated at 140 °C for
3min. For detection an Agilent 5973 inert mass selective detector was
used with electron collisional ionization (70 eV). Samples for GC mea-
surements were prepared by dissolving ca. 50 mg fibers in 6mL di-
methyl sulfoxide in 20mL GC vials.

For the determination of AcOH content a RP-HPLC (Agilent 1200
series LC System) method was developed based on isocratic elution of
water containing 0.5 V/V% phosphoric acid and ACN (95:5 V/V ratio).
The chromatography tests were performed at a flow rate of
1.5 mLmin−1 and 25 °C for 5min. The UV detection wavelength was
set to 210 nm. Samples containing The PVPK30-based fibrous samples
were dissolved in purified water due to the precipitation of the polymer
in ACN. 20 μL of this solution was injected onto a Supelco Inertsil ODS-
2 C18 column (5 µm; 250× 4.6mm). The non-eluting compounds such
as ASA and SA was periodically washed after 15 injections with a
mobile phase of 0.5 V/V% phosphoric acid and ACN (30:70 V/V ratio)
and then the column was re-equilibrated for 60min prior to further
analyses. The amount of the AcOH was determined based on the peak
area.

2.14. Content uniformity tests (CU)

In order to investigate the consistency of the dosage units content
uniformity measurements were carried out. The system was operated in
steady state for 8 h, and in each hour 10 cut film samples were dissolved
in purified water in volumetric flasks. The deposited ASA dosage on the
carrier was measured with HPLC without further dilution using the
HPLC method described in Section 2.3.

2.15. FTIR spectroscopy

IR spectra were recorded using a Bruker Alpha FTIR spectrometer
equipped with an on-line diamond ATR flow cell and an RT-DLaTGS
detector. All spectra were collected in the spectral range of
4000–400 cm−1 with 32 co-added scans at a resolution of 4 cm−1. The
spectrometer recorded a full spectrum in every 30 s. The background
was acquired using a solvent mixture identical with that used in the
acetylation reactor (see Table S8).

2.16. Raman spectroscopy

A Kaiser RamanRxn2® Hybrid analyzer (Kaiser Optical Systems, Ann
Arbor, USA) coupled with PhAT (Pharmaceutical Area Testing) probe
was utilized in reflection mode to acquire the spectra of the pullulan
film covered with ASA-loaded fibers. Prior to analysis, controlled doses
of fibers were electrospun on cut films. Each sample was illuminated by
a 400mW, 785 nm Invictus diode laser on 3 different positions, and the
reflected Raman photons were collected by the PhAT probe. The dia-
meter of laser spot size was optically expanded to 6mm and the nom-
inal focus length was 250mm. Spectra were acquired in the spectral
range of 200–1890 cm−1 with a resolution of 4 cm−1. Acquisition time
of 30 s was required to achieve desired quality spectra.

3. Results and discussion

3.1. Optimization of the acetylation step of ASA synthesis

To begin with, the optimal parameters and composition of the

reaction mixture had to be found for continuous-flow synthesis of ASA.
Further processing of the produced API was also taken into considera-
tion during synthesis development. The first step of ASA synthesis was
the acetylation of SA with excess Ac2O. EtOAc was selected as solvent
readily dissolving SA (0.138 gmL−1 pure solvent) and being also ex-
cellent for ES. Acid catalyst was also required for the fast and complete
conversion of SA [35]. Besides many acids tested, such as H2SO4, HCl,
acidic ion-exchange resin, H3PO4 was found to be suitable owing to its
high activity and low toxicity.

The aim of the optimization of the acetylation step was to maximize
the conversion of SA, minimize process time and impurity content. The
effects of the applied amounts of Ac2O and H3PO4, process temperature
as well as residence time were explored with Design of Experiment
(DoE) studies in batch reactors (Fig. S1). High temperatures (e.g., re-
flux) and more catalyst (e.g., 0.5 eq.) led to less favorable impurity
profiles, while higher excess of Ac2O (e.g., 10 eq.) did not result in
practically better conversion rates. Accordingly, moderately high excess
of Ac2O (5 eq.), lower acid catalyst concentration (0.1 eq.) and 50 °C
process temperature were selected for starting parameters of flow ex-
periments.

The impurity profile of the reaction mixture after the acetylation
step was investigated using HPLC-MS in order to better understand the
chemical background of ASA synthesis (Fig. S2). The two main im-
purities of acetylation were identified as acetylsalicylic ethanoic an-
hydride (Impurity A) and acetylsalicylic anhydride (Impurity B). While
decomposition of Impurity A to pure ASA seemed to be possible with
quenching, Impurity B turned out to be chemically resistant against
nucleophiles. These findings were essential during further optimization
of acetylation and the following quenching step.

After the batch experiments the optimization was carried out in
continuous-flow reactors to achieve high ASA conversion rate and
purity. Compared to the use of batch vessels the continuous im-
plementation of ASA synthesis resulted in more homogenous tempera-
ture distribution, allowed easier process monitoring and control. Wider
temperature range was also available in pressurized tube reactors. The
reactants were mixed and dosed into a capillary tube reactor denoted as
R1 (0.031 in. ID, PTFE) immersed into a heated oil bath and combined
with a 4 bar BPR at the end. Optimal conditions of 55 °C and 180min
residence time were determined with another two DoE studies (Fig. S3-
4) reaching high conversion (> 99%) and a favorable impurity profile
(see next section).

3.2. Optimization of the quenching step without or with a polymer

A quenching step was required after acetylation not only to remove
the excess Ac2O but also to convert Impurity A to ASA due to its high
relative concentration of ∼60% in the reaction mixture (Fig. 3a). Dif-
ferent nucleophilic substances were tested as quenching agent. Water
appeared at first as a suitable choice, however, aqueous solutions can be
processed poorly with ES due to the high specific heat of vaporization.
Thus, EtOH was applied instead generating EtOAc and AcOH from Ac2O
while turning Impurity A to pure ASA during quenching. It should be
mentioned that the amount of the other major by-product of acetyla-
tion, the symmetric ASA anhydride Impurity B remained unchanged
under any condition of quenching. Nevertheless, the amount of Impurity
B was minimized to< 1% for this reason in the acetylation reaction.
The simultaneous deacetylation of ASA back to SA was another hurdle
to deal with in the development of quenching.

Our primary approach was the dosing of EtOH (1.3 eq. relative to
excess Ac2O) to the stream of the reaction mixture in flow reactors.
Quenching was optimized utilizing further DoE studies to find the
highest purity through varying temperature and residence time (Fig.
S5). At last, 90 °C temperature and 26min reaction time were found to
be the best for quenching conditions with pure EtOH exceeding 95%
ASA purity.

The introduction of a selected polymer (PVPK30) into the liquid
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flow required for final dosage formulation can also be carried out by
dissolving it in the quenching reagent if it is chemically inert under the
circumstances of quenching. PVPK30 is soluble in the quenching re-
agent EtOH, however, EtOAc – the solvent of acetylation – can pre-
cipitate it. Small amounts of AcOH were added to the polymeric EtOH
solution as co-solvent to prevent the undesired clogging. At last, 3.2 eq.
of EtOH relative to the remained Ac2O was found to be appropriate for
quenching in combination with AcOH (3:1 (V/V) EtOH-AcOH ratio)
and PVPK30. Yet another optimization of quenching was conducted for
improving ASA purity with two DoE studies (Fig. S6). For the polymeric
quenching in the second capillary reactor (denoted as R2) an optimum
of 95 °C and 20min was found with ASA purity of> 95% and SA
content below 3% (Fig. 3b).

Gel permeation chromatography measurements verified that no
chemical reaction occurs with PVPK30 in the quenching reactor in the
presence of Ac2O at high temperature (Fig. S7). The reaction scheme
with the optimized conditions of the two-step flow synthesis of ASA is
concluded in Fig. 4. The attainable high ASA purity of ∼95% also
meeting the 3% regulatory limit for SA content evidenced by HPLC
(Fig. 3b) and NMR (Fig. S8-9) results was satisfactory enough for for-
mulation without applying any purification in our model system.

3.3. Connecting flow synthesis and electrospinning

There are two ways to connect ES with synthesis. The universal
method involves mixing the API with a polymer right after synthesis (or
usually a continuous-flow final-product purification) to form a co-so-
lution. Nevertheless, the polymer can also be added earlier into the API
stream when assuming no chemical interactions with the reactants.
PVPK30 was selected as the polymer for a fast dissolving formulation on
account of its great propensity to form fibers and excellent water so-
lubility [36,37]. PVPK30 could be dosed after synthesis or together
with the quenching reagent (EtOH) without chemical alteration in R2 as
mentioned earlier thereby avoiding the use of an additional pump.

However, care must be taken with both approaches explained above
since adjusting the critical parameters for ES (e.g., polymer

concentration, flow rate) greatly affects the overall process design often
in an iterative way. For instance, although the formerly explained ad-
dition of AcOH as co-solvent during quenching prevented the pre-
cipitation of PVPK30 in R2, but the optimal solution composition for
the ES is shifted – in our case towards higher polymer concentrations –
which might caused precipitation again in the capillary tubes.

Good quality PVPK30-ASA micro- and nanofibers could be obtained
using ES with one needle type spinneret after adjusting the polymer
concentration in the reaction mixture (Fig. 5). The optimal PVPK30
concentration was determined to be 3.25 g in 10mL pure solvent based
on preliminary experiments (Fig. S10). The dosing rate was fixed at
4mL h−1 (or 67 μLmin−1), the continuously produced polymeric fibers
contained approximately 18% (w/w) ASA and possessed an average
diameter of 0.97 ± 0.25 μm. The morphology of the fibers did not
deteriorate in a wide range of dosing rates (20–120 μLmin−1) in-
dicating the robustness of ES for coupling with flow operations (Fig.
S11). Above a certain throughput – in our case ∼7mL h−1 – the excess
polymeric solution dripped down from the spinneret instead of fiber
formation. Higher throughputs are achievable with the modified ver-
sions of ES such as alternating current ES [38] or high speed ES [31].
However, latter cases would require different types of formulation unit
design.

The instantaneous conversion of the synthesized API stream into a
solid electrospun product was carried out in the ES unit developed and
built in-house (Fig. 6a). The drying of the fibers was facilitated with
applying active air ventilation in the otherwise closed box. Thus, ES can
be considered as a special distillation method to remove solvents. The
solvents can be recovered from the purging air, for instance, with the
use of a condenser [39].

3.4. Continuous formulation of layered fibrous ODWs

The collection of the fibers was a key challenge as it determines
further formulation. For this purpose another special feature of ES was
exploited. Controlled deposition could be achieved through the at-
traction of the fibers towards a collector possessing a suitable wheel
geometry as part of the ES unit (Fig. 7). The electrically grounded
metallic surface of the wheel was covered with a long wide carrier sheet
during ES; the deposited ASA-loaded nanofibers and the carrier film

Fig. 3. HPLC chromatograms of the optimized (a) non-quenched and (b) sub-
sequently quenched (with PVPK30) reaction mixtures of the two-step con-
tinuous-flow ASA synthesis.

Fig. 4. Optimized two-step flow synthesis of ASA providing high purity
(> 95%) with or without the presence of PVPK30 during quenching.

Fig. 5. Scanning electron microscopic images of the optimized PVPK30-ASA
fibrous product at different magnifications (4 mL h−1, 20 kV).
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formed a double-layered composite structure. Pullulan, a water-soluble
polysaccharide (Fig. 2d), was applied to develop a carrier quickly dis-
solving in the oral cavity. The PVPK30-ASA nanofibers were layered
onto the 30mm wide and ca. 30 μm thick pullulan film. ES combined
with electrostatic deposition could be continuously operated to form
consistent flat sheets without clogging. Besides the good spinnability of
PVPK30 and the use of a less volatile solvent mixture preventing un-
desired drying at the tip of the spinneret, careful optimization of

solution concentration and adjustment of the electrostatic field strength
were also essential for a stable operation of ES.

The continuously conveyed ASA-loaded nanofibrous filmstrip was
cut into single pieces (see the inset of Fig. 7) by a cutter device in-
tegrated into the developed formulation unit (Fig. 6b). Thus, the ob-
tained dosage units can be considered as layered ODWs. ASA doses of 1,
5, 12.5, 25 and 50mg were prepared with dimensions of 30×30mm
after cutting. In addition to factors inherited from the synthesis (i.e.,
mass flow rate and composition of the fibers) the drug dose can be
quickly adjusted for each cut film through varying the parameters of
film convection and cutting. Altering convection speed affects the
thickness of the fibrous mat while the size of the layered ODWs can be
set with changing the time delay between two cuttings. Both mat
thickness and the area of the covered surface contributes to the final
dosage strength. That feature of the CMS also enables the approach of
personalized medicine by being capable to produce tailored dosage
units accommodating patient needs.

3.5. Product characterization and CMS testing

The physical state of ASA was also investigated in the nanofibrous
product by DSC and XRPD measurements (Fig. 8). Both analytical
techniques showed that ASA turned into an amorphous form during ES.
The physical mixture of 5% crystalline ASA and PVPK30 served as re-
ference to demonstrate the sensitivity of the methods. The DSC ther-
mogram of the physical mixture clearly indicate the sign of ASA crys-
tallinity as an endothermic melting peak at around 140 °C beside the
wide peak of water loss of amorphous PVPK30 below 120 °C. In con-
trast, the melting peak of ASA is absent on the thermogram of the
PVPK30-ASA nanofibers evidencing the amorphous state of the drug.

Fig. 6. Schematic drawing of the (a) electrospinning and (b) formulation units developed to process synthesized API streams for the continuous production of layered
orally dissolving webs.

Fig. 7. Collection of the PVPK30-ASA electrospun product on the carrier film.
The inset shows the final layered fibrous ODW.
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The most intense characteristic X-ray diffraction peaks of crystalline
ASA also appear on the diffractogram of the physical mixture at
2θ=16.3°, 23.8° and 27.7°. These signs of crystallinity could not be
detected in the case of the PVPK30-ASA nanofibers in good accordance
with the DSC results, only the amorphous humps of the polymer matrix
emerge from the scattering background. The ultrafast drying effect of
ES presumably froze the fibers into a solid solution where ASA is pre-
sent molecularly dispersed in the polymer.

Dissolution tests were carried out with different doses of layered
PVPK30-ASA nanofibers on pullulan carrier (Figs. 9 and S12). The
ODWs were dissolved in 10mL purified water without additional stir-
ring at 25 °C. Between the range of 1 and 25mg ASA doses the dis-
solution of the fibers was instantaneous, the nanofibers disappeared in
less than 2–3 s. The dissolution of the red pullulan carrier was not so
spectacular but it also disintegrated within 10 s. The dissolution results
are in good agreement with the information provided by the solid phase
analyses. The ultrafast drug release can be attributed not only to the
huge surface area of the nanofibers but also to the increased solubility
of the amorphous form of ASA.

Residual solvent content measurements were conducted in steady
state of the CMS for 4 h. The results revealed satisfactorily low values in
the fibrous product (Fig. 10a). The quantities of EtOH, EtOAc and AcOH
were below the regulatory limit (5000 ppm) in all cases. The more
volatile EtOH and EtOAc solvents with similar boiling points of
77–78 °C were barely present in the fibers, concentrations below
1000 ppm could be determined. Even AcOH with a boiling point of
118 °C could be eliminated using ES from the fibers obtaining around
4000 ppm concentration in the final product.

Repeated content uniformity measurements were conducted for 8 h
after the synthesis unit had reached steady state conditions. The set-
tings of the formulation unit (i.e., film speed and cutting frequency)
were determined earlier for 5mg ASA dose. As it can be seen in Fig. 10b
the collected layered ODWs showed mean contents close to the original
target dose of 5mg with satisfactorily low fluctuations. In the 1st hour
dosage units only with ∼4,5 mg ASA were produced due to some de-
position of the fibers on other surfaces in the ES box. However, after 2 h
fibers deposited mainly on the carrier.

Overall, the CMS was successfully operated for 24 h, i.e., approxi-
mately 7 times of the residence time of the whole system including
formulation. As it can be seen in Fig. 10c, the purity of ASA in the
nanofibers produced from the reaction mixture reached the > 95%
level not long after passing the nominal residence time of R1 and R2
combined. The SA content converged below the regulatory limit of 3%
complementary with ASA purity. The purity of the ODWs produced by
the CMS was comparable to a marketed ASA tablet formulation and
both met the regulatory requirements for SA content (Fig. S16).

3.6. Integration of PAT-based control strategies

Real-time monitoring of quality was integrated into the CMS with
spectroscopic PAT tools. The CMS was also equipped with PAT-based
control loops to ensure quality.

A Bruker Alpha FTIR spectrometer was used with an ATR flow cell
to analyze the purity of ASA in the synthesized reaction stream. The
flow cell was placed after the BPR and directly before the ES unit. Purity
was calculated from the spectra by a quantitative model based on
partial least squares (PLS) regression built with different ASA-SA ratios
(Fig. 11a) [40]. Following the pretreatment of the IR spectra the re-
levant spectral regions in terms of the regression were selected by a
genetic algorithm (GA). Applying 4 latent variables (LV) on the selected
ranges led to an effective PLS model for the commonly experienced
high purity reaction mixtures corresponding to the region between 91
and 100% ASA content with low root mean squared of calibration
(RMSEC) and root mean squared of cross-validation (RMSECV) values
(0.64 and 0.90, respectively). In the case of insufficient purity the high
voltage generator turned off automatically to prevent the production of
low-grade fibers. The concept of using switching valves to redirect the
stream of lower purity into a waste container had to be reconsidered
since the drying of the polymeric solution in the stagnant tubing would
lead to clogging when switching back.

A Raman probe was applied for the inspection of the fibers on the
pullulan strip placed before the cutting mechanism (Fig. 6b). The probe
was motorized providing transversal movement of the laser beam pa-
trolling on the surface of the nanofibrous film (Fig. S19a). The Raman

Fig. 8. Differential scanning calorimetry thermograms (on the left) and X-ray powder diffraction patterns (on the right) of crystalline acetylsalicylic acid (ASA),
salicylic acid (SA), PVPK30, physical mixture of PVPK30 and 5% ASA, and PVPK30+18%ASA electrospun fibers.

Fig. 9. Dissolution test of layered PVPK30-ASA nanofibers on pullulan carrier of 5mg ASA dose (10mL purified water, 25 °C, without stirring).
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spectra were preprocessed before model building for the fiber quan-
tities. GA was used again for variable selection, the final PLS-GA model
used 3 LVs. The indicators of model goodness (RMSEC=2.09,
R2
Cal= 0.956) showed that the built model can be suitable for esti-

mating the fiber quantity on the pullulan film (Fig. 11b). If the de-
position of the fibers was uneven on the film meaning the cases where
certain pullulan areas remained partly or completely uncovered, a
bistable slide mechanism redirected the product to the waste bin in-
stead of the approved product container (Fig. S19b).

The details of the chemometric analyses on the FTIR and Raman
spectra are given in the Supplementary Information.

4. Conclusions

In this report we presented a novel approach based on ES for the

continuous production of a solid dosage form from the synthesis of the
API to the final formulation of layered ODWs with integrated PAT
quality assurance. The main characteristics of the developed CMS
(Fig. 12) are concluded in Table 1. As for productivity, at 5 mg dosage
strength ∼1016 doses per day can be reached. Hence, a continuous
benchtop device such as the one presented is able to produce con-
siderable amounts of dosage units with ES especially when formulating
high-potency APIs.

Besides the optimization of ASA synthesis together with ES for
purity and fiber morphology, solid phase analyses were conducted on
the nanofibers verifying the amorphous form of the drug. Ultrafast
dissolution could be observed with the pullulan-based nanofibrous
composites at 1–25mg ASA dose levels. The CMS was operated for 24 h
covering several cycles of the mean residence time (∼3.5 h); detailed
measurements showed excellent stability of drug purity over time in

Fig. 10. Quality attributes of ODWs over time produced by the CMS: (a) residual solvent content, (b) content uniformity, (c) purity (HPLC). The dashed lines indicate
either regulatory (SA and residual solvent) or specified process (minimal accepted ASA purity and target dose) limits.

Fig. 11. (a) Comparison between actual and calculated ASA content in the reaction mixtures in the rage of 91–100% (ATR-FTIR, PLS-GA regression). (b) Comparison
between actual and calculated weight ratios of PVPK30+18%ASA nanofibers on pullulan film-based layered ODWs (Raman, PLS-GA regression).
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addition to content uniformity and residual solvent content. Real time
control of both synthesis and formulation was developed using ATR-
FTIR and Raman tools combined with chemometric analyses.

Our CMS also demonstrates how personalized medicine can be im-
plemented through prompt control of the scaled-down continuous
process providing tailored dosage units. Within continuous pharma-
ceutical manufacturing ES can be a feasible technique in processing the
reaction mixture also after purification as an advanced distillation step
and forming a solid product layered or processable for tableting, even at
higher throughputs [31,41].
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Fig. 12. Schematic diagram of the developed CMS for the production of ASA-loaded fibrous ODWs based on ES. R1 and R2 loop reactors, IR Bruker FTIR cell, Kaiser
Raman PhAT probe.

Table 1
Main characteristics of the CMS.

CMS parameter Subparameter Value

Residence time (min) Synthesis 212a

Formulation 14b

Throughput (day−1) 1/5/12.5 mg doses 5084/1016/406
g ASA 5.08

Benchtop size (m) Width/Length/Height 1.5× 0.6× 1.1c

a R1+R2+ IR flowcell+ tubing.
b At 5mg ASA dose.
c Excluding air pipes and Raman optical box.
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1 Optimization of acetylation in batch reactors 

 

During the DoE optimization of the acetylation step of ASA production Ac2O was tested on 

three levels (1.5; 5 and 10 eq. relative to SA), H3PO4 catalyst was added on two levels (0.1 and 

0.5 eq. relative to SA) and temperature was also varied (room temperature (RT), 50°C and 

reflux). The execution of the composed mixed-level factorial design (Table S1) was monitored 

over time by HPLC for ASA, SA and other impurities. 

 

 

Fig. S1. Concentration of SA and non-quenchable impurities (i.e., other impurities) during ASA synthesis 

in batch reactions. 
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Table S1. Design of batch experiments for acetylation of SA 

Experiment number Temperature Ac2O (eq.) H3PO4 (eq.) 

1 RT 1.5 0.1 

2 RT 1.5 0.5 

3 RT 5 0.1 

4 RT 5 0.5 

5 RT 10 0.1 

6 RT 10 0.5 

7 50°C 1.5 0.1 

8 50°C 1.5 0.5 

9 50°C 5 0.1 

10 50°C 5 0.5 

11 50°C 10 0.1 

12 50°C 10 0.5 

13 Reflux 1.5 0.1 

14 Reflux 1.5 0.5 

15 Reflux 5 0.1 

16 Reflux 5 0.5 

17 Reflux 10 0.1 

18 Reflux 10 0.5 

 

 

 

2 Composition of the non-quenched reaction mixture  

 

It was observed on the HPLC-UV chromatograms that significant amount of an unknown 

by-product – from now referred as Impurity A – formed during the acetylation of SA. Based on 

HPLC-MS measurements of a reaction mixture (prepared at reflux, 30 min, 5 eq. Ac2O, 0.1 eq. 

catalyst) (Fig. S2), Impurity A has been identified as acetylsalicylic ethanoic anhydride, a 

moderately reactive compound in the presence of nucleophilic reagents such as MeOH, EtOH 

or H2O. Another by-product was also identified as the symmetric anhydride of ASA, i.e., 

acetylsalicylic anhydride or Impurity B. 
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Fig. S2. HPLC-MS results of a batch reaction mixture for acetylation of SA. (a) Chromatogram of the 

reaction mixture before quenching. Mass spectra of (b) the adduct of acetylsalicylic acid and an 

ammonium ion, (c) salicylic acid, (d) adduct of acetylsalicylic ethanoic anhydride (Impurity A) and 

ammonium ion, and (d) adduct of acetylsalicylic anhydride (Impurity B) and an ammonium ion. 
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3 Optimization of acetylation in flow reactors 

 

The development of the continuous-flow synthesis of ASA relied on the results of batch 

experiments presented in the previous sections. Firstly, the effect of temperature and reaction 

time was investigated conducting a 22 full factorial experimental design with two center points 

(Table S2). The sum of ASA and Impurity A concentration was chosen as dependent variable 

referred as “predicted purity”. The rationale behind predicted purity is an assumption that the 

formed large amount of Impurity A can be transformed to ASA in the second quenching reactor, 

thus, both ASA and Impurity A contribute to total purity. 

 

Table S2. First factorial design table and results of optimization of acetylation in flow reactor using 

gradient method. 

Experiment 

number 

Temperature 

(°C) 

Time 

(min) 

Predicted purity 

(%) 

1 50 60 78.7 

2 50 120 93.8 

3 70 60 94.5 

4 70 120 93.1 

5 60 90 94.8 

6 60 90 94.4 

 

A response surface was fitted and utilized for further optimization based on the results shown 

in Table S2 (Fig. S3). A gradient was calculated (indicated by an arrow) in order to find the 

best settings for acetylation. Following the gradient additional improvement was realized in 

predicted purity, therefore a second set of experiments was carried out using the factorial design 

listed in Table S3. At 55°C with residence times of 150 min and 180 min predicted purities of 

>95% were measured. It was found that no practical improvement of predicted purity can be 

realized with other settings (Fig. S4), thus, 55°C and 180 min has been chosen as final optimum 

taking into account the more favorable impurity profile in this case: less SA remained after 

acetylation, which facilitated maintaining its concentration under the regulatory limit during 

quenching. 
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Fig. S3. Response surface fitted on predicted purity results for acetylation in flow reactor. The gradient 

(marked by the arrow) of the surface was used for further optimization. 

 

Table S3. Second factorial design table and results of optimization of acetylation in flow reactor using 

gradient method. 

Experiment 

number 

Temperature 

(°C) 

Time 

(min) 

Predicted purity 

(%) 

1 45 120 86.9 

2 45 180 93.6 

3 65 120 94.0 

4 65 180 93.7 

5 55 150 95.1 

6 55 150 95.2 

7 55 180 95.6 

 

 

Fig. S4. Response surface displaying predicted purity results of both the first and second set of 

experiments on optimization of acetylation in flow reactor. The optimal reaction time and temperature 

was defined using gradient method. 



8 

 

4 Optimization of quenching without a polymer 

 

Quenching was optimized utilizing Design of Experiment studies to find the highest purity 

through varying temperature and residence time when treating the reaction mixture with EtOH 

(1.3 eq.). The relative concentration of ASA - i.e., purity - was used as dependent variable based 

on HPLC measurements. The first set of quenching experiments and the results are listed in 

Table S4. 

 

Table S4. First factorial design table and results of optimization of quenching with pure EtOH in flow 

reactor using gradient method. 

Experiment 

number 
Temperature (°C) 

Time 

(min) 

Purity 

(%) 

1 60 5 70.7 

2 60 15 77.2 

3 80 5 79.1 

4 80 15 88.2 

5 70 10 82.0 

6 70 10 82.1 
 

Table S5. Second factorial design table and results of optimization of quenching with pure EtOH in flow 

reactor using gradient method. 

Experiment 

number 
Temperature (°C) 

Time 

(min) 

Purity 

(%) 

1 85 22 94.8 

2 90 26 94.9 

3 95 29.5 94.0 

4 100 33 92.4 

5 80 21 92.7 

6 80 31 94.1 

7 100 21 94.0 

8 100 31 93.1 

9 90 26 94.4 

 

 

Gradient method was applied for allocation of purity maximum, the design space was 

extended by a second experimental design (Table S5). The fitted response surface of the 

explored design space can be seen in Fig. S5. At last, 90°C temperature and 26 min reaction 

time were found to be the best for quenching conditions with pure EtOH (>95% ASA purity 

and <3% SA content). 
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Fig. S5. Response surface of purity during flow quenching without a polymer illustrating the two sets of 

experiments. 
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5 Optimization of quenching with a polymer 

 

The introduction of the dissolved polymer into the liquid flow can be carried out after 

quenching, but it is also possible to dissolve it in the quenching reagent if it is chemically inert. 

The combination of quenching with a polymer enables preferably higher ASA-polymer ratio in 

the final solid product since the dilution originating from the solvent just to dissolve the polymer 

can be avoided. Thus, considering that only more diluted polymeric solutions can be dosed due 

to the occurring high viscosities, it is beneficial to use the quenching reagent also for solvent of 

the polymer. Moreover, omitting an additional pump just for the polymer simplifies process 

design.    

The ratio of the nucleophilic reagent EtOH and co-solvent AcOH as well as polymer 

concentration were varied to prevent precipitation with the following two considerations. (1) 

The AcOH content had to be minimized since less volatile solvents can deteriorate the ES 

process. (2) Changing the ratio of the solvents requires the adjustment of optimal polymer 

concentration for ES which in turn may lead to precipitation again in the capillary tube reactor.  

Finding an appropriate combination of solvents and polymer concentration required only a 

few steps of iteration due to the robust nature of ES (see later). We found that the 3:1 (V/V) 

ratio of EtOH and AcOH prevents precipitation in the capillary tube when added above a certain 

extent to the EtOAc-based non-quenched stream. 

Quenching reaction of the ASA stream still containing Ac2O was investigated in parallel 

with solvent mixture selection and optimization of ES. Previously it has been shown that small 

excess of EtOH (1.3 eq. relative to remained Ac2O, Section 2.5) was enough to properly quench 

the reaction mixture of acetylation. However, that small amount of EtOH would compose a 

highly concentrated polymer solution not possible to dose. At last, 3.2 eq. of EtOH relative to 

the remained Ac2O was found to be appropriate for quenching in combination with AcOH as 

co-solvent (in 3:1 (V/V) ratio as mentioned above). The optimization of quenching for the best 

ASA purity was conducted in two steps with Design of Experiment studies varying temperature 

and reaction time in a flow reactor. Based on the results of the first set of experiments (Table 

S6) a second factorial design was performed providing an optimum at 95°C and 20 min for 

quenched ASA purity of >95% with SA content under the 3% regulatory limit (Table S7). The 

response surface from the two steps of purity optimization with gradient method is displayed in 

Fig. S6.  
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Fig. S6. Response surface of purity during flow quenching in the presence of PVPK30 illustrating the two 

sets of experiments. 

 

Table S6. First factorial design table and results of optimization of quenching in the presence of PVPK30 

in flow reactor using gradient method. 

Experiment 

number 

Temperature 

(°C) 

Time 

(min) 

Purity 

(%) 

1 60 5 67.0 

2 60 15 72.6 

3 80 5 76.8 

4 80 15 86.8 

5 70 10 71.3 

6 70 10 75.6 

7 70 10 73.3 

 

Table S7. Second factorial design table and results of optimization of quenching in the presence of 

PVPK30 in flow reactor using gradient method. 

Experiment 

number 
Temperature (°C) 

Time 

(min) 

Purity 

(%) 

1 90 18 91.5 

2 95 20 95.1 

3 100 22 91.7 

4 85 15 91.8 

5 85 25 94.5 

6 105 15 94.8 

7 105 25 93.3 

8 95 20 94.9 
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As it can be seen in Fig. S7, the gel permeation chromatography chromatograms of untreated 

PVPK30, the electrospun PVPK30 sample without quenching as well as the quenched and 

electrospun PVPK30 fibers are practically identical. These results signify that no chemical 

reaction occurs with PVPK30 which would alter the molecular weight distribution during 

quenching. 

 

 
Fig. S7. Gel permeation chromatography results of untreated, electrospun and electrospun-quenched 

PVPK30 samples. 
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The 1H and 13C NMR spectra of the materials used and produced in the CMS are displayed 

in Fig. S8 and Fig. S9. 

 

 

 

Fig. S8. 1H Nuclear magnetic resonance (NMR) spectra of ASA, SA, PVPK30 and PVPK30-ASA fibers in 

CD3OD. 
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Fig. S9. 13C nuclear magnetic resonance (NMR) spectra of ASA, SA, PVPK30 and PVPK30-ASA fibers in 

CD3OD. 
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The quenched polymeric reaction mixture was processed with ES and the effect of PVPK30 

concentration on fiber morphology was investigated (Fig. S10). At low concentrations rather 

electrosprayed particles were formed. Closer to the optimum fibers with bead-on-string 

structures were obtained. We found that 1.3 g PVPK30 dissolved in 4 mL (or 3.25 g in 10 mL) 

pure solvent provided good quality ASA-loaded nanofibers and small changes in solvent 

content did not affect significantly fiber morphology. Above the appropriate concentration the 

fibers became only somewhat thicker.  

 

 

Fig. S10. Scanning electron microscopic images of electrospun PVPK30+18%ASA fibers prepared based 

on the final solvent composition (see text). 
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6 Effect of the throughput of API flow synthesis on fiber morphology 

 

The ES process as well as the ES unit were capable to produce and collect fibers at a wide 

range of flow rates (Fig. S11). Increasing flow rates resulted in thicker fibers.  

 

 
Fig. S11. Scanning electron microscopic images of the PVPK30+18%ASA fibrous products produced at 

different flow rates (16.7, 33.3, 50, 66.7, 83.3, 100, 116.7 µL min-1) from the reaction mixture (20 kV). 
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7 Dissolution tests 

 

Dissolution tests were carried out with different doses of layered PVPK30+18%ASA 

nanofibers on pullulan carrier (Fig. S12). Doses corresponding to 1, 5, 12.5, 25, and 50 mg ASA 

were tested. Ultrafast dissolution could be observed between the range of 1 and 25 mg ASA 

doses while at the highest ASA dose of 50 mg small part of the nanofibrous layer was not wetted 

due to some gelling of the large amount of polymer layered on the pullulan film.  

 

 
Fig. S12. Dissolution tests of different doses of electrospun product on pullulan films (10 mL purified 

water, 25°C, without stirring). 
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8 Operation and performance of the CMS 

 

8.1 Content uniformity measurements 

The consistency of ASA dose in the layered orally dissolving web formulation over time 

was investigated with CU measurements. The formulation unit was operated for 8 hours after 

ASA synthesis had reached the steady state. 10 pieces of cut fibrous film were sampled in each 

hour from the freshly collected product and the ASA dose was measured with HPLC (Fig. S13). 

The settings of the formulation unit (i.e., film speed and cutting frequency) were determined 

earlier for 5 mg ASA dose.  

 

 
Fig. S13. ASA-loaded layered orally dissolving webs formulated by the CMS in the 6th hour of operation.   

 

The acceptance value (AV) was also calculated for each set measured (Table S8). The 

maximum allowed AV of 15 was not exceeded except for the 1st, 2nd and 5th hours. The 

relatively high AV of the layered webs can be attributed partly to the deviation from the 5 mg 

nominal dose which can be corrected by modifying the formulation unit settings.  

Significantly lower fluctuation, more accurate dosing and thus lower acceptance values can 

be accomplished applying real time inspection of drug content combined with feedback on the 

formulation unit parameters. As it can be seen in Section 9.2, Raman spectroscopy with 

chemometric analysis was able to estimate drug content on the carrier film. However, the 

Raman probe could not be applied during the production of dosage units for CU measurements 

due to the interference with other polychromatic light sources used in the room. Further 

developments are required to examine continuously the produced layered webs (e.g., darkening 

or digital image processing).  

 

Table S8. Mean and standard deviation of ASA content in layered orally dissolving webs and calculated 

Acceptance Values. 

t (h) 
Mean content 

(%) 

Standard deviation 

(%) 

Acceptance 

Value 

1 90.6 3.0 15.1 

2 99.8 7.2 16.0 

3 97.1 3.5 9.9 

4 98.8 3.8 8.9 

5 95.2 5.5 16.6 

6 96.6 4.2 12.0 

7 96.5 4.8 13.5 

8 93.9 3.8 13.6 
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8.2 Purity in steady state 

The operation of the CMS was initialized with filling up the preheated reactors R1 and R2 

with the mixtures of the different streams. Thereafter the streams were dosed at the 

predetermined flowrates concluded in Table S9 while ASA purity of the reaction mixture was 

continuously monitored with both FTIR and HPLC measurements.     

 

Table S9. Composition of the input streams, flowrates and reactor setpoints in the compiled CMS. 

Starting 

materials 
SA EtOAC H3PO4 Ac2O EtOH AcOH PVPK30 

Quantity 1.38 g 10 mL 68.4 μL 4.78 mL 7.5 mL 2.5 mL 6.87 g 

Streams SA-stream Ac2O-stream Quenching-stream 

Flow rate 23.9 µL min-1 10.2 µL min-1 33.4 µL min-1 

R1 reactor 

parameters 
Acetylation: 55°C; 6.2 mL - 

R2 reactor 

parameters  
Quenching: 90°C; 1.3 mL 

 

As it can be seen in Fig. S14, the purity of ASA in the nanofibers produced from the reaction 

mixture reached the >95% level not long after passing the nominal residence time of R1 and 

R2 combined (180 min + 20 min) based on HPLC measurements. The SA content converged 

below the regulatory limit of 3%. Repeated measurements on the fibers showed very low 

deviations in purity and SA content maintaining the planned >95% purity and <3% for SA 

content (Fig. S15).  

 

 

Fig. S14. Percentage of ASA (i.e., purity) and SA in the electrospun product during a 24 hours long 

experiment. The horizontal dashed line indicates the regulatory limit of 3% for SA. 
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Fig. S15. Percentage of ASA and SA in steady state during a 24 hours long experiment. The horizontal 

dashed lines indicate the planned 95% purity and the regulatory limit of 3% for SA.   

 

The purity of the fibers produced by the CMS was compared to a marketed ASA tablet 

formulation and pure crystalline ASA reference (Fig. S16). As it can be seen on the 

chromatograms, the purity of the nanofibrous product was comparable to the commercial tablet 

and both met the regulatory requirements for SA content. Trace amount of Impurity A could be 

measured in the nanofibers due to the optimized quenching and Impurity B remained the second 

most significant contamination at ~1% relative concentration besides SA. 

 

 
Fig. S16. HPLC chromatograms of the nanofibers produced by the CMS, a marketed ASA tablet and pure 

crystalline ASA reference. 
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9 Integration of PAT-based control strategies 

 

Real-time analysis and quality control were integrated into the continuous model system 

(CMS) by applying infrared and Raman spectroscopy. The synthetized liquid was analyzed in 

an ATR-FTIR cell directly before ES. The Raman probe was applied for the investigation of 

the fibers on the pullulan strip before cutting. The details of the conducted chemometric 

analyses with the built-in control loops of the CMS are provided in the next two subsections. 

 

 

9.1 Infrared spectroscopy for purity inspection  

The PLS regression model was built with different ASA-SA ratios. The ASA-content in the 

relatively complex multicomponent liquids was measured by HPLC that has been used as an 

accurate standard method for spectroscopic evaluation and calibration. The IR spectra had to 

be treated before model building. The part of the spectra above 1850 cm-1 was cut off, as that 

contains no significant signals. The baseline fitting and subtraction were performed by the 

Eilers' method (λ=105, p=0.001), then the variables were mean centered for PLS. Slight 

differences were observed between spectra and the spectral fingerprints of the components were 

highly overlapped. Hence, the relevant spectral regions in terms of the regression were selected 

by genetic algorithm (GA, window width: 50 variables, approx. 100 cm-1). Fig. S17 depicts the 

spectra with the selected regions. 

Applying 5 latent variables (LV) on the selected ranges led to an effective PLS model 

between 0-100% ASA content with relatively low root mean squared of calibration (RMSEC) 

and root mean squared of cross-validation (RMSECV) values (2.39 and 2.56, respectively) (Fig. 

S18). The R2 values were above 0.99. Refitting the model only for the commonly experienced 

high purity reaction mixtures corresponding to the region between 91-100% ASA content 

provided a more accurate estimation with significantly lower RMSEC and RMSECV values 

(0.64 and 0.90, respectively).     
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Fig. S17. (a) FTIR spectra of different ASA-SA ratios and (b-e) the selected spectral regions for PLS 

modeling.   
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Fig. S18. Comparison between actual and calculated ASA content with PLS regression in the rage of 0-

100%.  

 

 

9.2 Raman spectroscopy for product analysis 

The motorized Raman probe and the bistable slide mechanism are shown in Fig. S19. 

 

 
Fig. S19. Photograph of (a) the motorized PhAT probe and (b) the sorting bistable slide mechanism.  

 

A reduced spectral range of 700-1700 cm-1 was extracted from the whole measured Raman 

spectra (200-1890 cm-1) containing the most relevant vibrational bands of the pullulan and the 

fibers (Fig. S20). The nanofibers were layered at gradually increasing ASA doses on the 

pullulan carrier constructing a series of standards. On the Raman spectra, the increase of the 

peaks of 754, 1040, 1232, 1425 and 1607 cm-1 indicated the appearance of fibers on the film. 

The pullulan has less intensive bands on the baseline-corrected and normalized spectra (e.g., 

1080, 1334, 1555 cm-1). 
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Fig. S20. Raman spectra of PVPK30+18%ASA nanofiber-layered pullulan films with increasing doses. 

 

The spectra were preprocessed before model building for the fiber quantities. The spectral 

noise was decreased by Savitzky-Golay filter (2nd order and 15 points). The fluorescent 

background was corrected using the Eilers' method (λ=104, p=0.01). Finally, the spectra were 

normalized applying by Euclidean norm followed by mean centering of the data. To enhancing 

the goodness of PLS model, GA (window width: 30 variables/cm-1) was used for variable 

selection, which reduced the 1000 digital variables/wavenumbers to 480. The final PLS-GA 

model used 3 LVs with suitably low indicators of model goodness (RMSEC=2.09, 

RMSECV=2.47, R2
Cal=0.956). 
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