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Abbreviations and Conventions 

References citing scientific journals will refer to the first page of an article, while references citing 

books will be given with the range of relevant pages if applicable. Ibidem (ibid.) indicates another 

citation in the same journal or book, which only differs from the previous one by the authors and/or 

page number. 

Physical constants are used according to the recommendations of the International System of Units 

(SI)
1
; chemical structures are named according to the IUPAC conventions.

2
 The following conventions 

regarding prefixes are used: If the name of a compound is fully written, the prefix will be fully written 

as well (tert-butyllithium); if the compound name is abbreviated, the prefix will be abbreviated and 

written in superscript (
t
BuLi). Abbreviations, which are specific to a topic, will be introduced in the 

respective chapters. The following abbreviations will be used throughout this thesis: 

aq.  aequous 

(Het)Ar (hetero-)aryl substituent 

ATR attenuated total reflection 

Bn benzyl 

BPR back pressure regulator 

Bu butyl 

cat. catalyst 

calc. calculated 

conc. concentrated 

Cy cylohexyl 

dba trans,trans-dibenzylideneacetone 

DCM dichloromethane 

d.r. diastereomeric ratio 

E
ô
 electrophile 

e.g. for example 

et. al. and others 

EtOAc ethyl acetate 

EI electron ionization (MS) 

eq. equation 

equiv. mole equivalents 

ESI electrospray ionization (MS) 

Et ethyl 

                                                      
1
 THE INTERNATIONAL SYSTEM OF UNITS (SI) NIST SPECIAL PUBLICATION 330, 2008 EDITION (Eds.: 

B. N. Taylor, A. Thompson), 2008, https://www.nist.gov/pml/special-publication-330, 25.08.2018. 
2
 Nomenclature of Organic Chemistry: IUPAC Recommendations and Preferred Names (Eds.: H. A. Favre, W. 

H. Powell), RCS, London, 2013. 

https://www.nist.gov/pml/special-publication-330


 

FG functional group 

GC gas chromatography 

Het heteroaryl substituent 

HR-MS high resolution mass spectroscopy 

i iso- 

ibid. in the same cited reference 

i.d.  inner diameter 

i.e. that is 

IR infrared spectroscopy 

M mol L
ī1

 

m meta- 

Met metal 

Me methyl 

M.p. melting point 

MS mass spectrometry 

NMR nuclear magnetic resonance 

o ortho- 

p para- 

PFA perfluoroalkoxy alkane 

Ph phenyl 

Pr propyl 

PTFE polytetrafluoroethylene 

R organic substituent 

rpm revolutions per minute (stirring speed) 

sat. saturated 

s sec- 

t tert- 

THF tetrahydrofuran  

TFP tri-2-furylphosphine 

TLC thin layer chromatography 

TMP 2,2,6,6-tetramethylpiperidyl 

TP typical procedure 

Vol volume 
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1 Overview 

The progress of synthetic organic chemistry as a scientific discipline was enormous since its 

beginnings in the 19
th
 century.

3
 Even more impressive is the impact on human life it has gained 

through ever new and complex organic molecules applied in the fields of pharmaceutical chemistry, 

materials chemistry and agrochemisty.
4
 It is projected throughout various disciplines that organic 

chemistry will contribute to solving global challenges concerning the improved usage of renewable 

energies or the development of novel pharmaceuticals.
4,5,6

 However, it is also recognized that the 

synthesis of functional molecules on industrial scales by itself can pose challenges due to its high 

energetic demand
5a

 and the release of waste by-products.
7
 To confine these antagonistic effects 

already at the molecular level, it is the task of organic chemists to devise efficient and sustainable 

chemical transformations and arrange these to concise and scalable synthesis routes.
8
 The use of 

organometallic chemistry has greatly facilitated this task by providing unparalleled, efficient ways for 

the formation of new carbon-carbon and carbon-heteroatom linkages.
9
 Further significant advances 

were achieved in organometallic chemistry with the recent establishment of continuous (micro)flow 

technologies throughout academic-, development-, and production chemistry,
10,11

 The merger of 

synthetic chemistry and chemical engineering realized in the field of flow chemistry has the potential 

to bring up new synthetic methods and processes with a more resource-saving profile.
12

 Additionally, 

chemical transformations are made amenable to industrial production, which were previously too 

difficult to control, thus opening new possibilities in synthetic planning on large scales.
12

 

                                                      
3
 a) K. C. Nicolaou, Angew. Chem. Int. Ed. 2013, 52, 131; c) S. E. Denmark, Isr. J. Chem. 2018, 58, 61. 

4
 a) P. A. Wender, B. L. Miller, Nature 2009, 460, 197; b) N. A. McGrath, M. Brichacek, J. T. Njardarson, J. 

Chem. Ed. 2010, 87, 1348; c) D. P. Rotella, ACS Chem. Neurosci. 2016, 7, 1315; d) M. Yan, P. S. Baran, Org. 

Process Res. Dev. 2017, 21, 1091. 
5
 a) A. Kreimeyer, P. Eckes, C. Fischer, H. Lauke, P. Schuhmacher, Angew. Chem. 2015, 127, 3220; b) M. 

Pischetsrieder, Angew. Chem. Int. Ed. 2018, 57, ahead article. 
6
 a) J. Q. Bond, D. M. Alonso, D. Wang, R. M West, J. A. Dumesic, Science 2010, 327, 1110; b) A. Corma, O. 

de la Torre, M. Renz, N. Villandier, Angew. Chem. Int. Ed. 2011, 50, 2375; c) F. He, W. Wang, W. Chen, T. Xu, 

S. B. Darling, J. Strzalka, Y. Liu, L. Yu, J. Am. Chem. Soc., 2011, 133, 3284; d) Y. Yuan, T. J. Reece, P. 

Sharma, S. Poddar, S. Ducharme, A. Gruverman, Y. Yang, J. Huang, Nature Mater. 2011, 10, 296. 
7
 a) R. A. Sheldon, Pure Appl. Chem. 2000, 72, 1233; b) D. G. J. Larsson, Phil. Trans. R. Soc. B 2014, 369, 

20130571; c) Toxics Release Inventory (TRI) 2016 National Analysis, Executive Summary, United States 

Environmental Protection Agency, https://www.epa.gov/trinationalanalysis/report-sections-2016-tri-national-

analysis, 25.08.2018. 
8
 a) B. M. Trost, Science 1991, 254, 1471; b) P. A. Wender, V. A. Verma, T. J. Paxton, T. H. Pillow, Acc. Chem. 

Res. 2008, 41, 40; c) C.-J. Li, B. M. Trost, P. Natl. Acad. Sci. U.S.A. 2008, 105, 13197; d) P. J. Dunn, In: 

Pharmaceutical Process Development: Current Chemical and Engineering Challenges (Eds.: J. Blacker, M. T 

Williams), RSC Publishing, London, 2011, 117-137; d) C. A. Kuttruff, M. D. Eastgate, P. S. Baran, Nat. Prod. 

Rep. 2014, 31, 419; e) D. Stubba, G. Lahm, M. Geffe. J. W. Runyon, A. J. Arduengo III, T. Opatz, Angew. 

Chem. Int. Ed., 2015, 54, 14187. 
9
 a) A. Boudier, L. O. Bromm, M. Lotz, P. Knochel, Angew. Chem. Int. Ed. 2000, 39, 4414; b) K. C. Nicolaou, 

D. Vourloumis, N. Winssinger, P. S. Baran, Angew. Chem. Int. Ed. 2000, 39, 44; c) K. C. Nicolaou, P. G. 

Bulger, D. Sarlah, Angew. Chem. Int. Ed. 2005, 44, 4442. 
10

 a) L. Malet-Sanz, F. Susanne, J. Med. Chem. 2012, 55, 4062; b) K. F. Jensen, AIChE J., 2017, 63, 858. 
11

 Organometallic Flow Chemistry. Topics in Organometallic Chemistry, (Ed.: T. Noël), Springer, Cham, 2015. 
12

 a) V. Hessel, Chem. Eng. Technol. 2009, 32, 1655; b) P. Watts, in: Sustainable Flow Chemistry: Methods and 

Applications (Ed.: L. Vaccaro), Wiley-VCH, Weinheim, 2017, 193-217.  

https://www.epa.gov/trinationalanalysis/report-sections-2016-tri-national-analysis
https://www.epa.gov/trinationalanalysis/report-sections-2016-tri-national-analysis
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2 Flow chemistry 

2.1 Introduction  

During the past decade the use of microreactors in continuous operation mode, termed flow 

chemistry,
13

 has been established as an alternative operation mode for various types of chemical 

reactions and operations.
14

 Scheme 1 illustrates this trend on the basis of publications in the academic 

and industrial field since 1980. 

 

Scheme 1: Number of publications from 1980 ï 2017 using the term ñflowò in their title. Organic Process and 

Research Development (OPRD) and Angewandte Chemie Int. Ed. (ACIE) are shown. The SciFinder
©
 search 

was used and obvious false results are not included in the counting. 

Currently, a broad range of flow equipment is commercially available, making a further increase in 

the application of flow chemistry likely.
15

 A number of advantages can result from performing a 

reaction in a continuous flow system rather than in typical batch reactors such as a round bottom 

flask.
14

 It is advisable to understand and differentiate these effects:
14a,d,e

 At the outset, advantages 

resulting from flow reaction mode are best divided in reaction performance improvements and 

practical improvements. The latter comprise aspects such as enhanced safety due to minimized use of 

reactants at any point in time, benefits from automation, as well as more efficient use of working 

space and resources.
14b,c

 In contrast, reaction performance improvements include enhancement of the 

chemical yield,
 
selectivity or feasibility of a reaction under given conditions as well as enhanced 

overall process productivity. The effects in the latter category are discussed in the following. 

                                                      
13

 Distinct from macro-flow reactions, which are used for over a century in the industrial production of 

commodity chemicals via heterogeneous processes. Compare: a) J. M. Thomas, W. J. Thomas, Principles and 

Practice of Heterogeneous Catalysis, VCH, Weinheim, 1997. 
14

 a) R. L. Hartman, J. P. McMullen, K. F. Jensen, Angew. Chem. Int. Ed. 2011, 50, 7502; b) K. S. Elvira, X. 

Casadevall i Solvas, R. C. R. Wootton, A. J. deMello, Nat. Chem. 2013, 5, 905; c) S. V. Ley, D. E. Fitzpatrick, 

R. M. Myers, C. Battilocchio, R. J. Ingham, Angew. Chem. Int. Ed. 2015, 54, 10122; d) M. B. Plutschack, B. 

Pieber, K. Gilmore, P. H. Seeberger, Chem. Rev. 2017, 117, 11796; e) K. F. Jensen, AIChE J., 2017, 63, 858. 
15

 a) S. Ceylan, L. Coutable, J. Wegner, A. Kirschning, Chem. Eur. J. 2011, 17, 1884; b) L. Malet-Sanz, F. 

Susanne, J. Med. Chem. 2012, 55, 4062. 
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2.2 Typical Continuous Micro -Flow Setup 

Typical elements of a basic flow chemistry setup are shown below (Figure 1). The elements are 

ordered from left to right according to a proceeding reaction, i.e. from reagent delivery to 

outlet/quench. The reagent solutions are continuously delivered to the reaction by pumps at a defined 

flowrate. Suitable systems for the delivery of gases or slurries exist as well.
14b

 The reagent streams are 

unified and mixed in various available mixing devices ranging from simple T-pieces (typical inner 

diameter: i.d. ~0.25 ï 1.0 mm) to sophisticated mixing devices such as slit interdigital micromixers 

(channel widths down to ~25 µm).
15b,16 

 

Figure 1: Symbols for the basic modules of a flow chemistry setup from reagent delivery to reaction quench. 

Subsequently, the reagents pass a reactor which defines the residence time of the reaction mixture via 

the flow rate and its volume.
17

 Furthermore, the reactor allows setting the reaction temperature by 

means of cooling or heating.
12a 

Typical reactors are made from PTFE or stainless steel coiled tubing 

with inner diameters of i.d. = 0.25 ï 2.00 mm.
14b,15b

 The flow system will experience a pressure drop 

originating from the action of the pumps, however additional pressure can be applied with back 

pressuring devices.
14d,18b

 Finally, the reaction mixture is pumped into a batch vessel, in which the 

output is collected or reacted in semi-batch mode with another reagent, such as a quenching solution. 

The time of collection defines the scale of a flow reaction; however attention must be paid in the case 

of non-steady-state operation.
14d

  

For illustration, the synthesis of benzoic acid from phenyl bromide via a Br/Li exchange followed by 

addition to CO2 and acidic quench is shown in Scheme 2 as a prototypical three-stage reaction in 

either batch or flow mode:
19

 

                                                      
16

 a) L. Falk, J. M. Commenge, Chem. Eng. Sci. 2010, 65, 405; b) L. Capretto, W. Cheng, M. Hill, X. Zhang, 

Top. Curr. Chem. 2011, 304, 27; c) S. Schwolow, J. Hollmann, B. Schenkel, T. Röder, Org. Process Res. Dev. 

2012, 16, 1513; d) K. D. Nagy, B. Shen, T. F. Jamison, K. F. Jensen, Org. Proc. Res. Dev. 2012, 16, 976. 
17

 According to: residence time = reactor volume/combined flow rates; t
r
 [min]= mL/mL·min

-1
. 

18
 a) F. Ullah, T. Samarakoon, A. Rolfe, R. D. Kurtz, P. R. Hanson, M. G. Organ, Chem. Eur. J. 2010, 16, 

10959; b) J. M. Sauks, D. Mallik, Y. Lawryshyn, T. Bender, M. G. Organ, Org. Process Res. Dev. 2014, 18, 

1310. 
19

 For the realization of such a reaction sequence in flow, see: A. Nagaki, Y. Takahashi, J. Yoshida, Chem. Eur. 

J. 2014, 20, 7931. 
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Scheme 2: Graphical representation of a three stage reaction from Ph-BrŸPh-CO2H in a batch process (upper 

half) and an equivalent continuous flow reaction (lower half). 

Several extensions beyond such a basic flow setup have been introduced, including mainly devices for 

in-line-analytics and -purification. Hence, in-line IR- or NMR-analytics have been utilized to monitor 

reaction progress and intermediates as well as for the feedback of automatized reaction optimization.
20

 

Reaction work-up operations are routinely included into flow systems, e.g. using scavenger resins
21

 or 

membranes for extraction of products.
22

 Such extensions allow setting up entire reaction sequences, 

which then operate highly or fully automated.
23

 A potential application of such systems is the small-

scale on-demand synthesis of active pharmaceutical ingredients or ready-made pharmaceutical 

preparations.
24

 

2.3 Influence of Micro -Flow Setups on the Performance of Chemical Reactions 

First of all, it has to be noted that the thermodynamics and kinetics of a given reaction are not changed 

in a flow setup.
14d

 The observed effects in flow chemistry are therefore due to the different 

macroscopic realization of the reaction.
12a,14 

Ultimately, improvements in flow setups can be traced 

back to the miniaturization of the reaction vessel (Scheme 3).
12,14

 The small size of the reactor 

                                                      
20

 a) J. P. McMullen, M. T. Stone, S. L. Buchwald, K. F. Jensen, Angew. Chem. Int. Ed. 2010, 49, 7076; b) J. 

Reizmann, K. F. Jensen, Acc. Chem. Res. 2016, 49, 1786; c) V. Sans, L. Cronin, Chem. Soc. Rev. 2016, 45, 

2032. 
21

 a) T. P. Petersen, A. Ritzén, T. Ulven, Org. Lett., 2009, 11, 5134; b) F. Venturoni, N. Nikbin, S. V. Ley, I. R. 

Baxendale, Org. Biomol. Chem. 2010, 8, 1798. 
22

 a) T. Noël, S. Kuhn, A. J. Musacchio, K. F. Jensen, S. L. Buchwald, Angew. Chem. Int. Ed. 2011, 50, 5943; b) 

A. G. OôBrien, Z. Horv§th, F. L®vesque, J. W. Lee, A. Seidel-Morgenstern, P. H. Seeberger, Angew. Chem. Int. 

Ed. 2012, 51, 7028 c) D. X. Hu, M. OôBrien, S. V. Ley, Org. Lett. 2012, 14, 4246; d) N. Weeranoppanant, A. 

Adamo, G. Saparbaiuly, E. Rose, C. Fleury, B. Schenkel, K. F. Jensen, Ind. Eng. Chem. Res. 2017, 56, 4095. 
23

 a) M. D. Hopkin, I. R. Baxendale, S. V. Ley, Chem. Commun. 2010, 46, 2450; b) F. Lévesque, P. H. 

Seeberger, Angew. Chem. Int. Ed. 2012, 51, 1706; c) J. C. Pastre, D. L. Browne, S. V. Ley, Chem. Soc. Rev. 

2013, 42, 8849; d) P. R. D. Murray, D. L. Browne, J. C. Pastre, C. Butters, D. Guthrie, S. V. Ley, Org. Process 

Res. Dev. 2013, 17, 1192. 
24

 a) M. Baumann, I. R. Baxendale, Beilstein J. Org. Chem. 2015, 11, 1194; b) A. Adamo, R. L. Beingessner, M. 

Behnam, J. Chen, T. F. Jamison, K. F. Jensen, J.-C. M. Monbaliu, A. S. Myerson, E. M. Revalor, D. R. Snead, 

T. Stelzer, N. Weeranoppanant, S. Y. Wong, P. Zhang, Science 2016, 352, 61.  
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volumes in flow chemistry setups are more efficiently penetrated by heat,
12,15a,25

 light
26

 and microwave 

irradiation
27

 due to their small reactor diameter and increased surface-to-volume ratio relative to batch 

reactors used for equal scales (Scheme 3A ï B). The efficient heat transfer allows controlling 

exothermic reactions and establishing a narrow temperature profile in flow reactors.
14d,28

 The latter 

effect can improves the selectivity of reactions, in which temperature overshoots have deletorial 

effects on the selectivity.
29

 Multiphasic reactions, such as solid-liquid reaction systems (packed bed 

column reactors, resins
30

 or solid metal reactors
31

) as well as immiscible liquid-liquid
32

 and gas-liquid 

reaction systems
33

 profit from improved interfacial surfaces and smaller diffusion paths in flow 

setups. Thus, typically conversion, but also selectivity is enhanced in phase-transport limited 

multiphasic systems.
14,32,33

 Furthermore, the small characteristic structures at the mixing point of a 

flow system allow for scale-independent
12a

 fast mixing, if  appropriate flowrates and mixing 

geometries are chosen.
16,34

 For instance, using a simple T-piece for mixing, diffusion in a vortex flow 

can be utilized as highly efficient mixing principle, which leads to a homogenisation of reaction 

mixtures within the sub-second timescale. More sophisticated static mixers allow homogenisation in 

the sub-millisecond regime (Scheme 3C).
19c,35

 Additionally, the small inner diameter of flow reactor 

tubing allows precise resolution and control of residence times in a technically simple fashion. The 

translation of the temporal dimension to a highly resolved spatial dimension in flow can be used under 

fast-mixing conditions to handle very short-lived intermediates down to a millisecond time regime 

(Scheme 3D).
35e 

                                                      
25

 T. Razzaq, T. N. Glasnov, C. O. Kappe, Eur. J. Org. Chem. 2009, 9, 1321. 
26

 a) J. P. Knowles, L. D. Elliott, K. I. Booker-Milburn, Beilstein J. Org. Chem. 2012, 8, 2025; b) C. Cambié, C. 

Bottecchia, N. J. W. Straathof, V. Hessel, T. Noël, Chem. Rev. 2016, 116, 10276. 
27

 a) E. Comer, M. G. Organ, J. Am. Chem. Soc. 2005, 127, 8160; b) J. D. Moseley, C. O. Kappe, Green Chem. 

2011, 13, 794; c) J. M. Sauks, D. Mallik, Y. Lawryshyn, T. Bender, M. Organ, Org. Process Res. Dev. 2014, 18, 

1310. 
28

 J. Pelleter, F. Renaud, Org. Proc. Res. Dev. 2009, 13, 698. 
29

 a) H. Wakami, J.-i. Yoshida, Org. Process Res. Dev. 2005, 9, 787; b) M. Movsisyan, E. I. P. Delbeke, J. K. E. 

T. Berton, C. Battilocchio, S.V. Ley, C. V. Stevens, Chem. Soc. Rev. 2016, 45, 4892. 
30

 a) P. H. Seeberger, Chem Soc. Rev. 2008, 37, 19; b) R. M. Myers, K. A. Roper, I. R. Baxendale, S. V. Ley, in: 

Modern Tools for the Synthesis of Complex Bioactive Molecules, (Eds. J. Cossy, S. Arseniyadis), J. Wiley, New 

York, 2012, 359.  
31

 a) G. Shore, S. Morin, M. G. Organ, Angew. Chem. Int. Ed. 2006, 45, 2761; b) Y. Zhang, T. F. Jamison, S. 

Patel, N. Mainolfi, Org. Lett. 2011, 13, 280; c) M. A. Kabeshov, B. Musio, S. V. Ley, React. Chem. Eng., 2017, 

2, 822. 
32

 F. Mandrelli, A. Buco, L. Piccioni, F. Renner, B. Guelat, B. Martin, B. Schenkel, F. Venturoni, Green Chem. 

2017, 19, 1425. 
33

 a) P. Löb, H. Löwe, V. Hessel, J. Fluorine Chem. 2004, 125, 1677; b) M. Brzozowski, M. OôBrien, S. V. Ley, 

A. Polyzos, Acc. Chem. Res., 2015, 48, 349. 
34

 a) T. Wirth, Mircroreactors in Organic Synthesis and Catalysis, Wiley-VCH, Weihnheim, 2008; b) P. Watts, 

C. Wiles, Micro Reaction Technology in Organic Synthesis, CRC Press, New York, 2011.  
35

 a) E. A. Mansur, M. Ye, Y. Wang, Y. Dai, Chin. J. Chem. Eng. 2008, 16, 503; b) J. Aubin, M. Ferrando, V. 

Jiricny, Chem. Eng. Sci. 2010, 65, 2065; c) L. Capretto, W. Cheng, M. Hill, X. Zhang in Microfluidics: 

Technologies and Applications (Ed.: B. Lin), Springer, Berlin, 2011; d) C.-Y. Lee, C.-L. Chang, Y.-N. Wang, 

L.-M. Fu, Int. J. Mol. Sci. 2011, 12, 3263; e) H. Kim, K.-I. Min, K. Inoue, D. J. Im, D.-P. Kim, J.-i. Yoshida, 

Science 2016, 352, 691; f) J. M. Reckamp, A. Bindels, S. Duffield, Y. C. Liu, E. Bradford, E. Ricci, F. Susanne, 

A. Rutter, Org. Process Res. Dev. 2017, 21, 816. 
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Scheme 3: Summary of the effects of miniaturization in flow chemistry setups and their principal applications. 
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3 Organometallic Chemistry 

Since the initial syntheses of compounds containing carbon-metal bonds (C-Met) over 150 years 

ago,
36

 organometallic compounds have become indispensable in organic synthesis ï as catalysts, bases 

and carbon-nucleophile equivalents, allowing for atom- and step-economic synthetic planning.
9
 

Notably, organometallic compounds exhibit a widely tuneable reactivity, which is given on the one 

hand by the nature of the metal and on the other hand by the ligands (Ln) of the metal center  

(C-Met-Ln; Figure 2).
9
 These two variables are routinely adjusted in the use of stoichiometric reagents 

and transition metal catalysts in order to obtain the desired reactivity for the synthetic task at hand. 

Some examples of of C-Met-Ln compounds are given in Figure 2 with a short explanation of their 

characteristic reactivity.
37

 

 

Figure 2: Examples of organometallic compounds (C-Met-Ln) specifically adapted to synthetic tasks via choice 

of metal and ligand modification. 

Organometallic reagents are prepared by various routes, either via oxidative insertion or halogen-

metal exchange of organic halides or by deprotonative metalation of suited substrates (Scheme 4).
38

 

Transmetalation gives additionally the possibility to exchange the metal atom of a C-M bond.
39

 These 

                                                      
36

 a) E. Frankland, Liebigs Ann. Chem. 1848, 71, 171; b) W. Hallwachs, A. Schaferik, Ann. Chem. 1859, 109, 

206; c) V. Grignard, Compt. Rend. Acad. Sci. Paris 1900, 130, 1322; c) D. Seyferth, Organometallics 2001, 20, 

1488. 
37

 For the reactivity of the depicted and further important R-Met-Ln containing compounds, see: a) M. S. 

Kharasch, P. O. Tawney, J. Am. Chem. Soc., 1941, 63, 2308; b) A. Alexakis, J. F. Normant, Synthesis 1981, 

841; c) D. S. Matteson, Chem. Rev. 1989, 89, 1535; d) D. Hoppe, T. Hense, Angew. Chem. Int. Ed. 1997, 36, 

2282; e) A. Krasovskiy, P. Knochel, Angew. Chem. Int. Ed. 2004, 43, 333; f) H. Noguchi, K. Hojo, M. 

Suginome, J. Am. Chem. Soc. 2007, 129, 758; g) R. Martin, S. L. Buchwald, Acc. Chem. Res. 2008, 42, 1461; h) 

S. M. Manolikakes, M. Ellwart, C. I. Stathakis, P. Knochel, Chem. Eur. J. 2014, 20, 12289. 
38

 Carbo- and hydro-metalations represent alternative syntheses of organometallic compounds, but are omitted 

due their low relevance for this thesis. For reviews, see: a) H. C. Brown, Tetrahedron. 1961, 12, 117; b) A. 

Alexakis, J. F. Normant, Synthesis 1981, 841; c) A. Gómez-SanJuan, N. Sotomayor, E. Lete, Beilstein J. Org. 

Chem. 2013, 9, 313. 
39

 M. Gardette, A. Alexakis, J. Normant, Tetrahedron Lett. 1982, 23, 5155; b) A. Alexakis, D. Jachiet, J. F. 

Normant, Tetrahedron 1986, 42, 560; c) F. Zeng, E.-i. Negishi, Org. Lett. 2001, 3, 719; d) K. Moriya, M. 

Simon, R. Mose, K. Karaghiosoff, P. Knochel, Angew. Chem. Int. Ed. 2015, 54, 10963. 
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pathways will be discussed in the following with regard of their scope, limitations and applications in 

flow chemistry. 

 

Scheme 4: Schematic representation of major preparative routes for organometallic reagents R-[Met]. Brackets 

indicate an undefined number and type of ligands. 

3.1 Preparation of Organometallic Reagents in Batch and Continuous Flow 

In choosing an organometallic reagent and preparation method,
40

 functional group tolerance must be a 

central consideration in order to avoid protection group strategies.
8a-b,9 

The various preparation 

methods differ in the employed conditions, reagents and starting materials and thus exhibit different 

functional group tolerances. Furthermore, the targeted organometallic molecule itself may be subject 

to decomposition, which depends strongly on the nature of the constituent metal as well as structural 

features of the organic residue.
41

 Likewise, the reactivity of an organometallic reagent depends 

strongly on the constituent metal.
8a-b

 These decisive properties (functional group tolerance, stability 

and reactivity) can be correlated to the extent bond polarization in the C-Met bond for a given organyl 

rest.
42

 The polarization is easily deducted from the electronegativity difference ȹEN(C-Met) 

(Figure 3).
9a,43

 

 

Figure 3: Electronegativity difference (ȹEN) of common C-Met bonds and its correlation to functional group 

tolerance, stability and reactivity of the corresponding metal organyl species. 

                                                      
40

 a) Organolithiums: Selectivity for Synthesis (Eds.: J. E. Baldwin, R. M. Williams), Pergamon, Oxford, 2002; 

b) Handbook of Functionalized Organometallics Vol. 1 and 2 (Ed.: P. Knochel), Wiley-VCH, Weinheim, 2005; 

c) The Chemistry of Organozinc Compounds (Eds.: Z. Rappoport, I. Marek), John Wiley & Sons Ltd, 

Chichester, 2007. 
41

 s) P. Knochel, in: Handbook of Functionalized Organometallics Vol. 1 and 2 (Ed.: P. Knochel), Wiley-VCH, 

Weinheim, 2005, 1-5; For examples of structural influences on organomagnesium stability, see: P. Knochel, A. 

Krasovsky, I. Sapountzois, ibid., 109-172; For examples of structural influences on organolithium stability, see: 

c) M. Yus, F. Foubelo, ibid., 7-37. 
42

 The Allred-Rochow scale was used: A. L. Allred, E. G. Rochow, J. lnorg. Nucl. Chem. 1958, 5, 264; The 

electronegativity of the carbon atom plays a role too, since it depends on substituents and hybridization, see ref. 

43. 
43

 C. Elschenbroich, Organometallchemie 6. Auflage, Teubner, Wiesbaden 2008, 19-23. 
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The pronounced bond polarization of C-Li and C-Mg bonds renders organolithium and Grignard 

reagents so reactive and sensitive, that external cooling is generally applied for their preparation and 

use to suppress destructive pathways.
41 

However, their reactions with electrophiles proceed typically 

without further activation. Compounds containing predominantly covalent C-Met bonds like boron or 

zinc organyls are typically not prone to decompose and exhibit high functional group tolerance. The 

reactivity of these covalent organometallics may however require activation via transition metal 

catalysis and external energy input.
9a 

Despite advances in transition metal catalysis and the synthesis 

of functionalized unpolar organometallics, resorting to reactive polar organometallics is often more 

cost-economic and has a lower environmental impact if the high reactivity of these reagents is 

exploited expediently.
14a,29b

 Additionally it has to be taken into account, that less reactive 

organometallics such as organoboronic acids are routinely obtained from polar organometallic 

precursors,
44

 which requires dealing with issues of functional group tolerance and stability nontheless. 

Therefore, method development with highly reactive organometallic species is a worthwhile field of 

research, which is currently being changed by the upcoming use of flow setups for their preparation 

and use.
45

 

3.1.1 Oxidative Insertions 

Pioneered by Frankland and Grignard in the second half of the 18
th
 century,

36
 the oxidative insertion 

of metals into a carbon-halogen bond became the first general route to organometallic species. This 

reaction was studied extensively, which led to various modifications.
46

 A general advantage of 

oxidative insertion is its high atom- and cost-efficiency compared to other methods. Lithium insertion 

is mainly relevant to industrial production, where it is used to produce butyllithium reagents from the 

corresponding chlorides.
47

 Despite the generality of the broadly used magnesium insertion, several 

limitations are inherent to the method. Firstly, the oxidative Mg insertion is known to proceed through 

a single electron transfer mechanism, which limits its application in the synthesis of stereochemically 

defined organometals.
48

 Moreover, Mg as well as other metals act as reducing agents towards several 

                                                      
44

 E. Demory, V. Blandin, J. Einhorn, P. Y. Chavant, Org. Process Res. Dev. 2011, 15, 710; b) A. Hafner, P. 

Filipponi, L. Piccioni, M. Meisenbach, B. Schenkel, F. Venturoni, J. Sedelmeier, Org. Process Res. Dev. 2016, 

20, 1833. 
45

 M. Movsisyan, E. I. P. Delbeke, J. K. E. T. Berton, C. Battilocchio, S. V. Ley, C. V. Stevens, Chem. Soc. Rev. 

2016, 45, 4892. 
46

 a) Handbook of Grignard Reagents (Eds.: G. S. Silvermann, P. E. Rakita), New York, 1996; b) Grignard 

Reagents, New Developments (Ed.: H. G. Richey jr.), Wiley & Sons, New York, 2000. 
47

 a) L. Brandsma, H. Verkruijsse, Preparative Polar OrganometallicChemistry 1, Springer-Verlag, London; 

1987; b) U. Wietelmann, R. J. Bauer, in: Ullmann's Encyclopedia of Industrial Chemistry, Wiley-VCH, 

Weinheim, 2002. 
48

 a) H. M. Walborsky, J. Am. Chem. Soc. 1989, 11, 1896; b) H. M. Walborsky, Acc. Chem. Res., 1990, 23, 286; 

c) J. F. Garst, F. Ungv§ry, in: Grignard Reagents, New Developments; (Ed.: H. G. Richey Jr.), Wiley: 

Chichester, 2000; 185. 
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functional groups such as the nitro and azide groups which are therefore not tolerated.
49

 A major 

preparative challenge in oxidative metal insertion is the passivating oxidation layer formed upon 

exposure to air,
50 

which needs to be removed by means of activating agents to enable the insertion 

reaction.
51 

This activation entails an unpredictable reaction onset, which combined with the 

exothermic insertion reaction, can lead to hazardous thermal runaways.
46

 The typically relatively slow 

Mg insertion indicates reaction temperatures of 25 ï 60 °C (Scheme 5A).
46

 However, long reaction 

times and ambient to high temperatures lead to a lowered functional group tolerance, as 

organomagnesium reagents react readily with common electrophilic moieties in the absence of 

cooling.
52

 
 
To overcome this limitation, Rieke and coworkers described the use of in situ formed, 

unpassivated magnesium (Mg*), resulting from the reduction of MgCl2 by an alkali metal, which 

undergoes insertion without activation even at cryogenic temperatures (Scheme 5B).
53

 Yet, this 

procedure is limited to small-scale laboratory applications due to the hazardous nature of elemental 

alkali metals and the experimental effort.
52

 Another important improvement was introduced by 

Knochel and coworkers, who demonstrated that stoichiometric amounts of LiCl facilitate the 

formation of Grignard reagents with commercially available Mg even at moderate temperatures 

between ī20 °C and 25 °C (Scheme 5C).
54

 This allows maintaining a good group tolerance while still 

providing an operationally convenient and cost-efficient method. Furthermore, methods for oxidative 

insertion of zinc in presence of LiCl , Rieke-Zn,
53b

 or Mg triggered insertion in presence of a zinc 

salt,
55

 were developed, as well as manganese,
56

 aluminum,
57

 indium
58

 or copper
53b,59

 insertions, which 

provide a range of synthetically useful organometallic species. 

                                                      
49

 a) O. Kamm, Org. Synth. 1941, 1, 445; b) K. F. Keirstead, Can. J. Chem., 1953, 31, 1064; c) B. A. Fox, T. L. 

Threlfall, Org. Synth. 1973, 5, 346; d) C. E. Tucker, T. N. Majid, P. Knochel, J. Am. Chem. Soc. 1992, 114, 

3983; e) W. Lin, X. Zhang, Z. He, Y. Jin, L. Gong, A. Mi, Synth. Commun. 2002, 32, 3279. 
50

 J. F. Garst, M. P. Soriaga, Coord. Chem. Rev. 2004, 248, 623. 
51

 For the prepartation Grignard-reagents, typically iodine, 1,2-dibromoethane, diisobutylaluminium hydride, or 

ideally solutions of the same Grignard reagent are used for activation: a) U. Tilstam, H. Weinmann, Org.Proc. 

Res. Dev. 2002, 6,906; b) G. S. Silvermann, in: Handbook of Grignard Reagents (Eds.: G. S. Silvermann, P. E. 

Rakita), Marcel Dekker, New York, 1996, 2-80. 
52

 P. Knochel, A. Krasovsky, I. Sapountzis, in: Handbook of Functionalized Organometallics Vol. 1 and 2 (Ed.: 

P. Knochel), Wiley-VCH, Weinheim, 2005, 113. 
53

 a) T. P. Burns, R. D. Rieke, J. Org. Chem. 1987, 52, 3674; b) R. D. Rieke, Science 1989, 246, 1260. 
54

 F. M. Piller, P. Appukkuttan, A. Gavryushin, M. Helm, P. Knochel, Angew. Chem. Int. Ed. 2008, 47, 6802. 
55

 a) L. Zhu, R. M. Wehmeyer, R. D. Rieke, J. Org. Chem. 1991, 56, 1445. b) A. Krasovskiy, V. Malakhov, A. 

Gavryushin, P. Knochel, Angew. Chem. Int. Ed. 2006, 45, 6040; c) N. Boudet, S. Sase, P. Sinha, C.-Y. Liu, A. 

Krasovskiy, P. Knochel, J. Am. Chem. Soc. 2007, 129, 12358; d) A. Metzger, M. A. Schade, P. Knochel, Org. 

Lett. 2008, 10, 1107; e) C. Sämann, V. Dhayalan, P. R. Schreiner, P. Knochel, Org. Lett. 2014, 16, 2418 and 

sources therein. 
56

 Z. Peng, P. Knochel, Org. Lett. 2011, 13, 3198. 
57

 a) T. D. Blümke, Y. Chen, Z. Peng, P. Knochel, Nat. Chem. 2010, 2, 313; b) T. D. Blümke, T. Klatt, K. 

Koszinowski, P. Knochel, Angew. Chem. Int. Ed. 2012, 51, 9926. 
58

 a) Y. Chen, P. Knochel, Angew. Chem. Int. Ed. 2008, 47, 7648; b) Y. Chen, M. Sun, P. Knochel, Angew. 

Chem. Int. Ed. 2009, 48, 2236. 
59

 G. W. Ebert, W. L. Juda, R. H. Kosakowski, B. Ma, L. Dong, K. E. Cummings, M. V. B. Phelps, A. E. 

Mostafa, J. Luo, J. Org. Chem. 2005, 70, 4314. 
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Scheme 5: Oxidative insertion: Important experimental procedures for Mg insertion into aryl bromides and the 

consequences for functional group tolerance and practicality. 

Considering the challenging activation and exothermy of oxidative insertions, flow methods should 

offer advantages for oxidative insertion reaction from a safety and reproducibility standpoint. 

Additionally, the fast removal of freshly formed potentially instable organometallics from the hot 

reaction zones of insertion could be realized using flow equipment. In practice, the organic halide 

must be brought in contact with the metal by means of a packed column reactor.
60

 For instance, 

Alcázar and coworkers reported the oxidative insertion of Mg into aryl and alkyl halides.
60b 

A packed 

Mg column was used and activation was achieved by passing solutions of diisobutylaluminium 

hydride, trimethylsilyl chloride and 1-bromo-2-chloroethane over the column. Subsequent Grignard 

formation was achieved by passing a 1:1 molar mixture of LiCl and organic halide (0.5 M in 

THF:toluene = 1:1) over the activated column for 7.5 min at 25 °C (Scheme 6). This procedure led to 

full conversion of the halides and delivered stable concentrations of Grignard solutions which were 

quenched in-line with various electrophiles. The researchers noted that a biphenylmethanol product 

(bottom, right, Scheme 6) was previously synthesized in a batch reactor via Mg insertion in lower 

yield.
60b 

 However, even higher yields (92%) are reported for the same reaction under batch 

                                                      
60

 a) M. Goldbach, E. Danieli, J. Perlo, B. Kaptein, V. M. Litvinov, B. Blümich, F. Casanova, A. L. L. 

Duchateau, Tetrahedron Lett. 2016, 57, 122; b) L. Huck, A. de la Hoz, A. Díaz-Ortiz, J. Alcázar, Org. Lett. 

2017, 19, 3747. 
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conditions.
61

 
 
Analogous protocols for oxidative Zn insertion are also available for the generation of 

Reformaski reagents and benzyl zinc halides.
62

  

 

Scheme 6: Oxidative magnesium insertion into alkyl and aryl halides and in-line quench in continuous flow. 

Dotted lines indicate the newly formed bond. 

Thus far however, improvements of the reaction outcome for oxidative insertion reactions in flow or a 

direct comparative study including batch experiments were not reported. Hence, practical 

improvements were the major concern of the cited studies. 

3.1.2 Halogen-Metal Exchange 

Since the first reports of a bromide-magnesium exchange reaction by Prévost in 1931 and halogen-

lithium exchanges by Wittig and Gilman,
63

 halogen-metal exchange has become a major route for 

converting organic halides into organometallic compounds.
64,65

 Under appropriate conditions, an 

organic halide is transformed into its organometallic derivative by treatment with an exchange 

reagent.
66

 The advantages of the reaction are its generality, the possibility to obtain stereodefined 

                                                      
61

 S. Kobayashi, K. Shibukawa, Y. Miyaguchi, A. Masuyama, Asian J. Org. Chem. 2016, 5, 636. 
62

 a) N. Alonso, L. Z. Miller, J. de M. Muñoz, J. Alcázar, D. T. McQuade, Adv. Synth. Catal. 2014, 356, 3737; 

b) M. Berton, L. Huck, J. Alcázar, Nat. Protoc. 2018, 13, 324. 
63

 a) C. Prévost, Bull. Soc. Chim. Fr. 1931, 1372; b) G. Wittig, U. Pockels, H. Dröge, Chem. Ber. 1938, 71, 

1903; c) H. Gilman, W. Langham, A. L. Jacoby, J. Am. Chem. Soc. 1939, 61, 106. 
64

 For halogen-lithium exchange, see: a) J. Clayden, Organolithiums: Selectivity for Synthesis (Eds.: J. E. 

Baldwin, R. M. Williams), Pergamon, Oxford, 2002; b) The Chemistry of Organolithium Compounds (Eds.: Z. 

Rappoport, I. Marek), Wiley, Chichester, 2004; c) M. C. Whisler, S. MacNeil, V. Snieckus, P. Beak, Angew. 

Chem. Int. Ed. 2004, 43, 2206; d) D. B. Collum, A. J. McNeil, A. Ramirez, Angew. Chem. Int. Ed. 2007, 46, 

3002; e) F. Foubelo, M. Yus, Chem. Soc. Rev. 2008, 37, 2620. 
65

 For halogen-magnesium exchange, see: a) P. Knochel, W. Dohle, N. Gommermann, F. F. Kneisel, F. Kopp, 

T. Korn, I. Sapountzis, V. A. Vu, Angew. Chem. Int. Ed. 2003, 42, 4302; b) R. L.-Y. Bao, R. Zhao, L. Shi, 

Chem. Commun., 2015, 51, 6884. 
66

 L. Degennaro, A. Giovine, L. Carroccia, R. Luisi, in: Lithium Compounds in Organic Synthesis: From 

Fundamentals to Applications, First Edition. (Eds.: R. Luisi, V. Capriati), Wiley-VCH, Weinheim, 2014, 515-

526. 




































































































































































































































































































































