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Abbreviations and Conventions

Referencegiting scientific journalswill refer to thefirst page of an articlewhile references citing
bookswill be given with the rangefaelevant pages if applicablébidem (bid.) indicates another
citationin the same journal or boolghich only differs from the previous one by thethors and/or
page number.

Physical constants are used according toréoemmendations of thiaternational System of Units
(SI)*; chamical structures are named according to the IUPAC converitibims following conventions
regarding prefixes are used: If the name of a compound is fully written, the prefix fillyoeritten

as well(tert-butyllithium); if the compounchameis abbrevated, the prefix will be abbreviated and
written in superscript ‘BuLi). Abbreviations which are specific to a topic, will atroduced in the
respective chapter$he following abbreviationwill be usedthroughouthis thesis:

aq. aequous
(HebAr (hetere)aryl substituent
ATR attenuated total reflection
Bn benzyl

BPR back pressure regulator

Bu butyl

cat. catalyst

calc. calculated

conc. concentrated

Cy cylohexyl

dba transtrans-dibenzylideneacetone
DCM dichloromethane

d.r. diastereomericatio

E° electrophile

e.g. for example

et. al. and others

EtOAC ethyl acetate

El electron ionization (MS)

eg. eguation

equiv. mole equivalents

ESI electrospray ionization (MS)
Et ethyl

! THE INTERNATIONAL SYSTEM OF UNITS (SI) NIST SPEGBLICATION 3302008 EDITION(EdS.:
B. N. Taylor, A.Thompson), 200&ttps://www.nist.gov/pml/specigdublication330, 25.08.2018.

2 Nomenclature of Organic Chemistry: IUPAC RecommendatmasPreferred NamegEds.: H.A. Favre, W.
H. Powell), RCS, London, 2013.



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

FG functional group

GC gas chromatography

Het heteroarylsubstituent
HR-MS high resolution mass spectroscopy
[ iSO

ibid. in the same cited reference
i.d. inner diameter

e that is

IR infrared spectroscopy

M mol L'

m meta

Met metal

Me methyl

M.p. melting point

MS mass spectrometry

NMR nucleammagnetic resonance
0 ortho-

p para-

PFA perfluoroalkoxy alkane

Ph phenyl

Pr propyl

PTFE polytetrafluoroethylene

R organic substituent

rpm revolutions per minutéstirring speed)
sat. saturated

s sec

t tert-

THF tetrahydrofuran

TFP tri-2-furylphosphine

TLC thin layer chromatography
TMP 2,2,6,6tetramethylpiperiyl
TP typical procedure

Vol volume
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A. GENERAL INTRODUCTION 3

1 Overview

The progress ofsynthetic organic chemistryas a scientific discipline wasnhormoussince its
beginningsin the 19" century® Even more impressive ithe impact onhumanlife it has gained
through ever new and complex organic molecaleglied inthe fields of pharmaceutical chemistry,
materials chemistryand agrochemisty It is projected throughout varioudisciplines thatorganic
chemistry will contribute tosolving global challengesoncerningthe improvedusage ofrenewable
energiesor the development ofhovel pharmaceutical**® However it is also recognized thathe
synthesis of functional molecules on industrial scalgstself can pose challenges due its high
energetic demantl and the release of waste byroducts’ To confine these antagonistic effects
alreadyat the molecular level, it is the task of organic chemistdetase efficient andustainable
chemical transformationand arrange these twonciseand scalablesynthesis route$The use of
organometallic chemist has greatlyacilitatedthis taskby providing unparalleledefficient ways for
the formation of newcarboncarbon and carbeheteroatominkages.® Further significant advances
were achieved in organometallic chemistrighwthe recentestablishment of continuous (micro)flow
technologies throudwput academic development and productionchemistry'®!* The merger of
syntheticchemistry and chemical engineerireglizedin the field offlow chemistryhas the potential
to bring up new synthetic methodad processesith a more resourcsavingprofile.? Additionally,
chemicaltransformationsare madeamenable tandustrial productionwhich were previously too

difficult to control, thus opening new possibilities in synthetic planning on large $tales

3 a) K. C. NicolaouAngew.Chem. Int. EJ2013 52, 131; ¢) S. E. Denmarksr. J. Chem2018 58, 61.

“a)P. A. Wender, B. L. MillerNature 2009 460, 197; b)N. A. McGrath, M. Brichacek, J. T. Njardarsah,
Chem. Ed201Q 87, 1348; c) D. P. Rotell&CS Chem. Neuros@01§ 7, 1315; d) M.Yan, P. S. BararQrg.
Process Res. Def2017 21, 1091

®a) A. Kreimeyer, P. Eckes, C. Fischer, H. Lauke, P. Schuhenaghgew.Chem.2015 127, 3220; b) M.
PischetsriederAngew.Chem.nt. Ed. 2018 57, ahead article.

®a)J. Q. Bond, D. M. Alonso, D. Wang, R. M West, J. A. DumeSience201Q 327, 111Q b) A. Corma, O.
de la Torre, M. Renz, N. VillandieAngew.Chem. Int. Ed2011, 50, 2375 c) F. He, W. Wang, W. Chen, T. Xu,
S. B. Darling, J. Strzalka, Y. Liu, L. Yul. Am.Chem. So¢2011 133 3284; d) Y. Yuan, T. J. Reece, P.
Sharma, S. Poddar, S. Ducharme, A. Gruverman, Y. Yahtyahg,Nature Mater2011, 10, 296.

! a) R. A. Sheldon Pure Appl. Chem200Q 72, 1233 b) D. G. J. Larssorkhil. Trans. R. SodB 2014 369
20130571;c) Toxics Release Inventory (TRI) 2016 National Analysigchtive SummaryUnited States
Environmental Protection Agencyhttps://www.epa.gov/trinationalanalysis/repsetctions2016tri-nationat
analysis 25.08.2018.

8a) B. M. TrostSciencel991, 254, 1471; b) P. A. Wender, V. A. Verma, T. J. Paxton, T. H. Pillaec. Chem.
Res.2008 41, 40; c) CJ. Li, B. M. Trost,P. Natl. Acad. Sci. LBA. 2008 105 13197;d) P. J. Dunn, In:
Pharmaceutical Process Development: Current Chemical and Engine€hinfiengeqEds.:J. Blacker, M T
Williams), RSC Publishing, Londor2011, 117137;d) C. A. Kuttruff, M. D. Eastgate, P. S. Bardat. Prod.
Rep.2014 31, 419; e) D. Stubba, G. Lahm, M. Geffe. W. Runyon, A. J. Arduengo Ill, T. Opatangew.
Chem. In. Ed, 2015 54, 14187.

° a) A. Boudier, L. O. Bromm, M. Lotz, P. Knochélngew. Chem. Int. EQ00Q 39, 4414; b) K. C. Nicolaou,
D. Vourloumis, N. Winssinger, P. S. Baralingew.Chem. Int. Ed200Q 39, 44; c) K. C. Nicolaou, P. G.
Bulger, D. SarlahAngew.Chem. Int. EJ2005 44, 4442.

193) L. MaletSanz, F. Susann&, Med.Chem.2012 55, 4062; b) K. F. JenseAIChE J, 2017, 63, 858.

™ Organometallic Flow Chemistry. Topics in Organometallic ChemigEy.: T. Noél), Springer, Chargp15
123) V. HesselChem. Eng. Technad2009 32, 1655; b) P. Watts, irBustainable Flow Chemistry: Methods and
Applications(Ed.: L. Vaccaro), WileywvCH, Weinheim,2017, 193217.
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2 Flow chemistry

2.1 Introduction

During the pastdecadethe use ofmicroreactorsin continuous operation modéermed flow
chemistry'® has beerestablished as an alternatioperation mode fowarious typesof chemical
reactionsand operation¥' Schemel illustratesthis trendon the basis opublicationsin the academic

andindustrial fieldsince 1980

"Flow"-publications by year and journal

40 / ®OPRD

35 | DOACE

Schemel: Number of publicationgrom 1980° 2017 using the ternmfi f | o w dr title.nOrganit é>rocess and
Research Development (OPRD) and Angewandte Chemie Int. Ed. (A@EhownThe SciFinde? search
was used and obvious false results are not included in the counting.

Currently, abroad range oflow equipment icommerciallyavailable makinga further increase in

the application of flow cheistry likely.*> A number ofadvantagesan result fran performing a
reaction ina continuousflow systemrather than intypical batchreactorssuch as aound bottom
flask It is advisable tainderstand and differentiate these effd&%® At the outsetadvantages
resuling from flow reaction modeare best divided inreaction performance improvementsand
practical improvementsThe 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 efficeot werking

space and resourc¥8® In contrastreaction performance improvemeinsliude enhancement ahe
chemicalyield, selectivity or feasibility of a reactionunder givn conditionsas well asenhanced

overall procesproductivity. Theeffectsin the lattercategory are discussauthe following

13 Distinct from macreflow reactions, which are used for over a century in the industrial production of
commodity chemicalsia heterogeneous processes. Compare: a) J. M. Thomas, W. J. TRoimeiples and
Practice of Heterogeneous CatalyséCH, Weinheim, 1997.

1 a) R. L. Hartman, J. P. McMullen, K. F. Jenséngew.Chem. Int. Ed2011, 50, 7502; b)K. S. Elvira, X.
Casadevall i Solvas, R. C. R. Wootton, A. J. deMdllat. Chem.2013 5, 905; c) S. V. Ley, D. E. Fitzpatk¢c

R. M. Myers, C.Battilocchig R. J. InghamAngew.Chem. Int. Ed2015 54, 10122; d) M. B. Plutschack, B.
Pieber, K. Gilmore, P. H. Seeberg€éhem. Rev2017 117, 11796; e) K. F. JenseA|ChE J, 2017, 63, 858.

5 a) S. Ceylan, L. Coutable, J. Wegner, A. Kirschni@gem. Eur. J.2011, 17, 1884; b) L. MaleSSanz, F.
Susanne). Med.Chem.2012 55, 4062.



A. GENERAL INTRODUCTION 5

2.2 Typical Continuous Micro -Flow Setup

Typical elements of dasicflow chemistry setup are shown beldwigurel). The elemerst are

ordered from left to right according to a proceeding reactiom. from reagent delivery to
outlet/quenchThe reagent solutionarecontinuaisly deliveredto the reactiorby pumps at aefined

flowrate Suitablesystems fothedelivery of gases or slurries exist as w&lThe reagenstreams are
unified and mixed in variousavailablemixing devices ranging fromimple T-pieces (typical inner

diameter: i.d.~0.25i 1.0 mn) to sophisticated mixing devisesuch asslit interdigital micromixers

(channel widthslown to~25 um).**°

® Reagent delivey ® Mixing ® Reactor e Pressure/Temperature e Outlet/Quench
regulation
10 mL, 60 °C
Py: 1.0 mimin™ BPR
o— = Al oo j—
or:
Pump (P.y), flow rate . . . .
e T-piece (Coiled) tubing reactor with Back pressure regulator (BPR)
specification volume and temp. with indication of allowed H20
P,: 1.0 mImin” specification pressure

Batch reactor for semi-

0°C batch (quench) reaction
<> m” with specification of

content if applicable

Pump (P1.,) with injection loop  microstuctured Packed column reactor Heating/Cooling zone with
passive mixing reservoir temperature
device specification. E.g. ice bath.

Figure 1. Symbols for the &sic modulesf a flow chemistrysetupfrom reagent delivery toeactionquench

Subsequently hie reagents pass reactor which defines the residence time of the reaction mixture
the flow rateandits volume®’ Furthermore, the react@ilows settingthe reactiontemperatureby
means of coling or heating® Typical reactors are madem PTFEor stainless steeloiled tubing

with inner diameters of i.d 0.251 2.00mm*®*® The flow system willexperience a pressure drop
originating from the action of the pumps, however additional pressure can be applied with back
pressuring device$™'® Finally, the reaction mixture is pumped into a batch vessel, in which the
output is collected or reacted semibatchmode with another reagent, such apuanchingsolution

The time of collection defines the scaliea flow reaction;however attentiomust be paid in the case

of nonsteadystate operatiafi

For illustration the synthesis of benzoic acid from phenyl bromiidea Br/Li exchange followed by
addition toCO, and acidic quench is showin Scheme as a prototypical thregtage reaction in
either batch or flow mod€

%3) L. Falk, J. M. Commeng&hem. Eng. ScR01Q 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. R60eg, Process Res. Dev.
2012 16, 1513; d) K. D. Nagy, BShen, T. F. Jamison, K. F. Jenséng. Proc. Res. De2012 16, 976.

7 According to:residence time = reactor volufoembined flow rates! fmin]= mL/mL-min™.

18.3) F. Ullah,T. Samarakoon, A. Rolfe, R. D. Kurtz, P. R. Hanson, M. G. OrGémem. Eur. J201Q 16,
10959; b)J. M. Sauks, D. Mallik, Y. Lawryshyn, T. Bender,. I&. Organ,Org. Process Res. De2014 18,
1310.

9 For the realization of such a reaction sequence in flow, see: A. Nagaki, Y. Takahashi, J. \GiséidaEur.
J. 2014 20, 7931.
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Typical batch reaction:

"BulLi 2)CO MeOH ki
phar D BULL pni —2 92 ppco,ui) DMEOH, o oy - P~ Ph-cOLH
T, ¢ T ¢ £
i ion: R: reagent
Equivalent flow reaction: . ¢ 2 £ PhX. sduct, product
. [Ph-Li] [Ph-X] : intermediates
Ph-Br [Ph-CO,Li] T: temperature

{5

t: time
MFC: mass flow controller

5

acidic
workup

Scheme2: Graphical representation of a three stage reaction fro® PHY FCD2H in a batch process (upper
half) and an equivalent continuous flow reaction (lower half).

Several extensions beyond such a b#sw setup have been introduced, includinginly devices for

in-line-analytics andpurification. Hence,ri-line IR- or NMR-analyticshave beemtilized to monitor

reaction progress and intermediates as well as for the feedback of automatized reaction optffization

Reaction wrk-up operationgre routinelyincluded iro flow systens, e.g.using scavenger resfior

membranes foextractionof products Suchextensionsallow setting upentire reaction sequencges

which then operate highlgr fully automated® A potential application of such systems is tmealk

scale ondemand synthesis o#ctive pharmaceutical ingredients oeadymade pharmaceutical

preparans®

2.3 Influence of Micro -Flow Setupson the Performance of Chemical Reactions

First of all, t has to banotedthatthethermodynamicandkineticsof agivenreactionare notchanged

in a flow setup™ The observedeffects in flow chemistry are thereforedue to the different

macroscopiaealizationof the reactiot®'* Ultimately, improvemers in flow setupscan be traced

back to the miniaturizeon of the reaction vesséBchemed).”*'* The small size of thereactor

2.3) J. P. McMullen, M. T. Stone, S. L. Buchwald, K. F. Jengemgew. Chem. Int. EQ01Q 49, 7076; b) J.
Reizmann, K. F. JenseAcc. Chem. Res2016 49, 1786; c) V. Sans, L. Cronitthem. Soc. Re2016 45,

2032.

213) T. P. Petersen, A. Ritzén, T. Ulvédrg. Lett., 2009 11, 5134; b) F. Venturoni, N. Nikbin, S. V. Ley, I. R.
BaxendaleQrg. Biomol. Chem201Q 8, 1798.
223) T.Noél, S. Kuhn, A. J. Musacchio, K. F. Jensen, S. L. Buchwahdiew. Chem. Int. E@011, 50, 5943; b)

A. G. O6Brien,
Ed. 2012 51, 7028 c) D.X. Hu, M.

Z.

Hor v 8t h-Morgensteln,®viH SegbhergAngew.CherVint. L e e,
O 06 BBrVi ley) Qrg. Lett 2012 14, 4246; d) N. Weeranoppanant, A.

Adamo, G. Saparbaiuly, E. Rose, C. Fleury, B. Schenkel, K. F. Jéndegng. Chem. Re2017, 56, 4095.

% a) M. D. Hopkin, I. R. Baxendale, S. V. Leghem. Commur201Q 46, 2450; b) F. Lévesque, P. H.
SeebergerAngew.Chem. Int. Ed2012 51, 1706; c) J. C. Pastre, D. L. Browne, S. V. L&nem. SocRev.
2013 42, 8849; d)P. R. D. Murray, D. L. Browne, J. C. Pastre, C. Butters, D. Guthrie, S. V.QugyProcess

Res. Dev2013 17, 1192.

24 3) M. Baumann, |. R. BaxendaRBeilstein J. Org. Chen2015 11, 1194; b) A. Adamo, R. L. Beingessner, M.
Behnam, J. Chen, T. F. Jamison, K. F. Jense@, M. Monbaliu, A. S. Myerson, E. M. Revalor, D. R. Snead,
T. Stelzer, N. Weeranoppanant, S. Y. Wong, P. Zh&nghce2016 352, 61.

A
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volumesin flow chemistrysetupsare more efficiatly penetragédby heat:>**?° light”® andmicrowave
irradiatiorf” dueto ther small reactodiameterandincreased surfae®-volume ratiorelativeto batch
reactorsused for equal scales (Scheme3AT B). The efficient heat transfer allows controlling
exothermic reactions and establishmgarrow temperature profile in flow react¥&® The latter
effect canimproves the selectivity of reactionsin which temperatur@vershootshave deletorial
effects on the selectivify Multiphasic reactions such assolicHiquid reactionsystems(packed bed
column reactorsresing’ or solid metal reactor§ as well as immiscible liquitiquid®* and gadiquid
reaction system&’ profit from improvedinterfacial surfaces and smaller diffusion pathsflow
setups Thus, typically conversion but also selectivity is enhanceith phasetransport limited
multiphasicsystems**>*® Furthermore, the smatiharacteristicstructures at the mixingoint of a
flow system allow for scaleindependent® fast mixing, if appropriate flowratesand mixing
geametriesarechoser®* For instance, using simple TFpiece for mixing, diffusion in a vorteflow
can beutilized ashighly efficient mixing principle which leadsto a homogenisation ofeaction
mixtureswithin the subsecond timescaléMore sophisticated static mixers allow homogenisaiton
the submillisecondregime (Scheme3C).****> Additionally, the small inner diameteof flow reactor
tubing allows preciseresolution and control of residence timasa technically simple fashiohe
translation othetemporaldimensionto ahighly resolved spatial dimension in flan be usednder
fastmixing conditionsto handle very shotlived intermediateslown to amillisecondtime regime
(SchemesD).>*

BT, Razzaq, T. N. Glasno@. O. KappeEur. J. Org.Chem.2009 9, 1321

%3)J. P. Knowles, L. D. Elliott, K. |. BookeMilburn, Beilstein J. Org. Chen2012 8, 2025; b) C. Cambié, C.
Bottecchia, N. J. W. Straathof, V. HesselNBbél, Chem. Rev2016 116, 10276

27 3) E. Comer, M. G. Orgad, Am. Chem. So2005 127, 8160; b)J. D. Moseley,C. O. Kappe Green Chem
2011, 13,794 c)J. M. Sauks, D. Mallik, Y. Lawryshyn, T. Bender, Mrgan,Org. Process Res. De2014 18,
1310.

28 3. Pelleter, F. Renaufrg. Proc. Res. De2009 13, 698.

29 a) H. Wakami, Ji. Yoshida,Org. Process Res. De®005 9, 787;b) M. Movsisyan, E. I. P. Delbeke, J. K. E.
T. Berton, C. Battilocchio, S.V. Ley, C. V. Steve@fiem. Soc. Re2016 45, 4892.

%a) P. H. SeebergeGhem Soc. Re2008 37, 19; b) R. M. Myers, K. A. Roper, |. R. Baxendale, S. V. Ley, in:
Modern Tools for the Synthesis of Complex Bioactive Molec{es. J. Cossy, S. Arseniyadis), J. WilegwN
York, 2012 359.

31 a) G.Shore, S. Morin, M. G. Orgayngew. Chem. Int. EQ00G 45, 2761; b) Y. Zhang, T. F. Jamison, S.
Patel, N. Mainolfi,Org. Lett.2011, 13, 280; c) M.A. Kabeshov, B. Music$. V. Ley, React.Chem. Eng.2017,
2,822,

%2 F. Mandrelli, A. Buco, L. Piccioni, F. Renner, B. Guelat, B. Martin, B. Schenkel, F. Vent@Gozén Chem.
2017, 19, 1425.

333) P. Lob, H. Lowe, V. Hessel, Fluorine Chem2004125 1677: b) M. Brzozowski, M.
A. Polyzos,Acc. ChemRes, 2015 48, 349.

34 a) T. Wirth, Mircroreactors in Organic Synthesis and Cataly8i¢iley-VCH, Weihnheim 2008 b) P. Watts,

C. Wiles,Micro Reaction Technology in Organic Synthe€IRC Press, New Yori2011

%a) E. A. Mansur, M. Ye, Y. Wang, Y. DatChin. J. Chem. Eng2008 16, 503; b) J. Aubin, M. Ferrando, V.
Jiricny, Chem. Eng. Sci201Q 65, 2065; c) L. Capretto, W. Cheng, M. Hill, X. Zhang Microfluidics:
Technologies and Applicatior{gd.: B. Lin), Springer, Berlin2011, d) C-Y. Lee, C:L. Chang, Y-N. Wang,
L.-M. Fu, Int. J. Mol. Sci.2011, 12, 3263; @ H. Kim, K.-l. Min, K. Inoue, D. J. Im, BP. Kim, J:-i. Yoshida,
Science2016 352 691; f) J. M. Reckamp, A. Bindels, S. Duffield, Y. C. Liu, E. Bradford, E. Ricci, F. Susanne,
A. Rutter,Org. Process Res. Def2017, 21, 816.
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(A): Small volume, high surface/volume ratio (B): Small diameter of the reactors

heat hv

) -LIIH‘\ ,HI/ }i.d.: mm-scale

typ.: mL-scale

Effect: --
- Improved heat transfer efficiency - More efficient penetration with
- Small diffusion lenghts light/microwaves (intensity decays

exponentially in solution)
Advantageous use if:
- Reactions require narrow temperature profiles

- Reaction time scale is similar to heat transport - Scalable photo/microwave chemistry
time scale with better energy efficiency is required
- Multiphasic systems are present - Process intensification is required

(C): Small characteristic features in mixing zone | (D): High time resolution through (B+C)

perfectly homogenized

Lenght: 1 cm (0.8 mm i.d.) translates to
Residence time: 0.6 sec (@ 2 mL-min™")

Effect:

- Fast mixing feasible, mixing zones can be so - Fast generation and immediate use of
small to correspond to ms residence times; unstable intermediates possible;
independent of scale independent of scale

Advantageous use if:

- Reaction time scale is similar to mass - Reactions employ short-lived
transport time scale (mixing time) intermediates or extensive cooling in

- Reaction system consists of immiscible batch to handle such intermediates
phases

Scheme3: Summaryof the dfects of miniaturization in flow chemistry setups ahdir principalapplications
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3 Organometallic Chemistry

Since the initialsynthesesof compounds containing carbometal bond (C-Met) over 150 years
ago>® organometallic compounds halvecone indispensablén organic synthesis as catalysts, bases
and carbomucleophile equivalents allowing for atom and stepecononic synthetic planning®
Notably, organometallic compoun@shibit a widely tuneablereactivity, whichis given on the one
hand by thenature of the metal and on the other hand by the ligand$ ¢f the metal center
(C-MetL,; Figure2).? These two variablesreroutinelyadjusted in the use sfoichiometric reagents
andtransition metal catalys in order toobtain thedesiredreactivity for the synthetic task at hand.
Some examples of df-MetL, compounds are giveim Figure2 with a short explanation of their

characteristiceactivity.*’

Organometallic reagents or catalyst (C-Met-L,):

Organocopper SBuLi(-)-Spartein PrMgCI-LiCI SPhos-Pd(R)L
reagents (Turbo grignard)
Cl
R-Cu-MgB >—M/ L O /i
-Cu- r
9=r L R
cl Pd;

Special Characteristic

Organocopper compounds  Chiral environment created Increased ate-character Specifically tuned  biaryl
coordinate to and add by the diamine allows through complexation with  phosphine ligand on Pd leads
across alkenes and enantioselecticve LiCl leads to accelerated to rate enhancement in the
alkynes372 deprotonation®7° halogen-magnesium cross-coupling of the residue
exchange®’d R and catalyst robustness®’f

Figure 2: Examples of organometallic compounds {Rlet-Ln) specifically adapted to synthetic tasks efeice
of metaland ligandmodification

Organometllic reagentsare prepared by variousutes,either via oxidative insertion or halogen
metal exchange afrganic halides or by deprotonative metalation ofesbigubstrate€Schemet).®®

Transmetalatiomives additionally the possibilityp exchangethe metal atonof a GM bond®® These

36 a) E. Franklandliebigs Ann. Cheml848 71, 171; b) W. Hallwachs, A. Schaferiknn. Chem.1859 109,
206;¢) V. Grignard,Compt. Rend. Acad. Sci. PadiS0Q 130, 1322; c) D. SeyferttQrganometallic2001, 20,
1488.

37 For the reactivity of the depicted and further importRaMet-L, containing compounds, see: ). S.
Kharasch, P. O. Tawney, Am. Chem. Sqcl941 63, 2308; b A. Alexakis, J. F. NormantSynthesisl 98],
841; c¢) D. S. MattesorChem.Rev.1989 89, 1535; d) D. Hoppe, T. HensAngew. Chem. Int. EA.997, 36,
2282; e) A. Krasovskiy, P. KnocheAngew. Chem. Int. EQR004 43, 333; f) H. Noguchi, K. Hojo, M.
Suginome,J. Am. Chem. So2007, 129, 758; g) R. Martin, S. L. Buchwaldcc.Chem. Res2008 42, 1461; h)
S. M. Manolikakes, M. Ellwart, C. I. Stathakis, P. Knocl@tem. Eur. J2014 20, 12289.

3 Carbe and hydremetalations represent alternative syntheses of organometallic compounds, but are omitted
due their low relevance for this thesis. For reviews, see: a) H. C. Bistrtghedron 1961, 12, 117; b) A.
Alexakis, J. F. NormantSynthesid981 841; c¢) A. GomeHanJuan, N. Sotomayor, E. LeBgilsteinJ. Org.
Chem 2013 9, 313.

39'M. Gardette, A. Alexakis, Normant, Tetrahedron Lett1982 23, 5155; b) A. Alexakis, D. Jachiet, J. F.
Normant, Tetrahedron1986 42, 560; c) F. ZengE.-i. Negish, Org. Lett. 2001, 3, 719; d) K. Moriya, M.
Simon, R. Mose, K. Karaghiosoff, P. Knoch&hgew.Chem. Int. EdJ2015 54, 10963.
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pathways will be discussed the following with regard of their scopémitationsandapplications in

flow chemistry.

Metal insertion Metalation
(R)-Hal Met Met Bt (Ry-+
a _— e
Halogen-metal- [Met] -B-H
exchange
R'-Met Transmetalation  r=— organic residue
- R-Hal -
MetHaly, Hal = halogen

-Met'Hal, [Met] = metal,
ligands undefined
@—[Met'] B = base

Schemed: Schematic representation wiajor preparatve routesor organometallic reageni®-[Met]. Brackets
indicate an undefined number and type of ligands

3.1 Preparation of Organometallic Reagentsn Batch and Continuous Flow

In choosingan organometalliceagentand preparation methd@functional grougolerancemust bea

central consideratiorin order to avoidprotection group strategié®?® The various preparation
methodsdiffer in the employed conditions, reagentglastarting materials arnttius exhibit different
functional group toleranceBurthermore, the targeted organometallic molecule itself may be subject
to decomposition, which depends strongly on the nature of the constituent metal as well as structural
feaures of the organic residde Likewise, the reactivity ofan organometallic reagent depends
strongly on the constituent mefaf. These decisivgroperties functional group tolerancestability

and reactivity can be correlatetb the extenbond polarizationn the GMet bondfor a given organyl

rest?? The polarization is easily deducted fromthe electronegativity differencefEN(C-Met)
(Figure3).%

Met Li Mg Al Zn Cu B For Comparison:

AEN(C-Met) 1.53 1.27 1.03 0.84 0.75 0.49 AEN(Mg-Br) = 1.51
AEN(C-N) = 0.57

Bond polarization decreases

Functional group tolerance increases
Stability increases
Reactivity decreases

Figure3: El ectronegati vi tgommonG-Methoresamdés cdrrgd&idh)to funétional group
tolerancestability and reactivityof the corresponding metal organyl species

40 3) Organolithiums:Selectivity for Synthes{&ds.: J. EBaldwin, R. M. Williams), Pergamon, Oxfor@002

b) Handbook of-unctionalized Organometallics Vol. 1 andEd.: P. Knochel), WileywCH, Weinheim,2005

c) The Chemistry of Organozinc Compoun@d&s.: Z. Rappoport, I. Marek), John Wiley & Sons Ltd,
Chichester2007.

*1's) P. Knochel, inHandbook of Functionalized Orgametallics Vol. 1 and gEd.: P. Knochel), WileyvCH,
Weinheim,2005,1-5; For examples of structural influences on organomagnesium stability, see: P. Knochel, A.
Krasovsky, |. Sapountzoighid., 109172 For examples of structural influences on organolithium stability, see:
¢) M. Yus, F. Foubelapid., 7-37.

“2 The AllredRochow scale was used: L. Allred, E. G. Rochow,). Inorg. Nucl. Chem1958 5, 264; The
electronegativity of the carbon atom playsoke too, sinceit depends on substituents and hybridization, see ref.
43,

“3C. ElschenbroichQrganometallchemié. Auflage Teubner, Wiesbade2008 19-23.
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The pronouncedond polarizationof C-Li and GMg bondsrendersorganolithium andGrignard
reagentso reactive and sensitive, that external coolingenerdly appliedfor their preparation and
useto suppress destructive pathwAyslowever, heir reactions with electrophiles proceed typically
without further advation. Compoundsontaining pedominantly covalent ®etbonds like bororor
zinc organylsaretypically not proneto decompge and exhibit high functional group tolerancé&he
reactivity of these covalent organometallics may howeeguire activation via transition metal
catalysisand external energy inptitDespite advances in transition metal catalgsidthe synthess

of functionalzed unpolar organometallics, resorting to reactipelar organometallics is ofin more
costeconomic and has a lower environmental imp&dhe high reactivity of these reagents is
exploited expediently®*® Additionally it has to betaken into accountthat less reactive
organometdics such as organoboronic acids amitinely obtainedfrom polar organometallic
precursoré? which requires dealing wittssues ofunctional groupoleranceand stabilitynontheless
Therefore, method developmenith highly reactive organometallic spes is a worthwile field of
researchwhich is currently being changed by the upcoming udtowf setupsfor their preparation
and usé®

3.1.10xidative Insertions

Pioneeredy Franklandand Grignard in the second half of the &entury® the oxidativeinsertion

of metak into a carborhalogen bondecamethe firstgeneralrouteto organometallic species. This
reactionwas studid extensively, which led twarious modifications*® A general advantagef
oxidative insertions its high atom andcostefficiency compared to other methodighium insertion

is mainlyrelevant tandustrialproduction whereit is used to produckutyllithium reagentférom the
correspondingchlorides?’ Despite the generality dhe broadly usednagnesiuminsertion, several
limitations are inherent to the methddrstly, theoxidativeMg insertionis known to proceed through
asingle electron trarer mechanism, which limits its application in the synthesis of stereochemically

defined organometafé Moreover Mg as well asother metalsact as reducing agents towas#sveral

“ E. Demory, V. Blandin, J. Einhorn, P. Y. Chavadtg. Process Res. De2011, 15, 710; b) A. Hafner, P.
Filipponi, L. Piccioni, M. Meisenbach, B. Schenkel, F. Venturoni, J. Sedeln@igrProcess Res. De2016
20, 1833.

%5 M. Movsisyan, E. I. P. Delbekd, K. E. T. Berton, C. Battilocchio, S. V. Ley, C. V. Stevadisem. Soc. Rev.
2016 45, 4892.

¢ a) Handbook of Grignard Reagentgds.: G. S. Silvermann, FE. Rakita), New York1996 b) Grignard
Reagents, New Developme(&d.: H. G. Richey jr.), Wiley & Sons, New YorRp0Q

“"a) L. Brandsma, HVerkruijsse,Preparative Polar OrganometallicChemistry $pringesVerlag, London;
1987 b) U. Wietelmann, R. J. Bauer, irJlimann's Encyclopedia of Industrial Chemistrwiley-VCH,
Weinheim,2002

“8a)H. M. Walborsky,J. Am. Chem. S0d.989 11, 1896 b) H. M. Walborsky,Acc. Chem. Resl99Q 23, 2 8 6 ;
c) J. F. Gar s tGrignafid .Reagkentgy Wéw QeyelopmentEd.: H. G. Richey Jr.), Wiley:
Chichester200Q 185
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functional groups such as tmitro and azide groupwhich are therefore ndblerated™ A major
preparativechallengein oxidative metal insertioris the passivatingoxidation layerformed upon
exposure to ait’ which need to be removed by means of activating ageéatenablethe insertion
reaction>’ This activation entails an unpredictablereaction onset which combined with the
exothermidnsertion reactioncan lead tdhazardoushermal runawas/*® Thetypically relatively slow

Mg insertionindicatesreaction temperatures of 260 °C (SchemesA).*® However, bng reaction
times and ambient to high temperaturedead to a lowered functional group tolerances
organomagnesium reagents reaeadily with common electrophilic moietiesin the absence of
cooling® To overcome this limitationRiekeand coworkers described these ofin situ formed,
unpassivatednagnesiumMg*), resultingfrom the reductionof MgCl, by an alkali metalwhich
underges insertion without activatioreven at cryogenidemperatureSchemesB).>® Yet, this
procedure is limited to smadicale laboratory applications due to the hazardous nature of elemental
alkali metals and the experimental effrtAnother important improvement wastroduced by
Knochel and coworkers, who demonstrated that stoichiometric amounts of LiCl facilitate the
formation of Grignard reagentswith commercially available Mgven at moderate temperatures
betweeri 20 °C and25 °C (SchemésC).>* This allows maintaining a good grougemnce while still
providing an operationally convenient and eefiicient method. Furthermore, methods for oxidative
insertion of zincin presence ofiCl, RiekeZn*® or Mg triggered insertion in presence of a zinc
salt> were developed, as well as mangariéséuminum?®’ indiunt® or coppet®*° insertions, which

provide a range of synthetically useful organometallic species.

492) 0. Kamm,Org. Synth1941, 1, 445; b) K. F. KeirsteadZan. J. Chem1953 31, 1064; c)B. A. Fox, T. L.
Threlfall, Org. Synth.1973 5, 346; d)C. E. Tucker, T. N. Majid, P. Knochell. Am.Chem. Soc1992 114,
3983; e) W. Lin, X. Zhang, Z. He, Y. Jin, L. Gong, A. Biynth. Commur2002, 32, 3279.

3. F. Garst, M. P. Soriag@pord. Chem. Re2004 248, 623.

*L For the prepartatio@rignard-reagents, typically iodine, I-@bromoethane, diisobutylaluminium hydride, or
ideally solutions of the sant@rignard reagent are used for activatia): U. Tilstam, H. WeinmanrQrg.Proc.
Res. Dev2002 6,906; b)G. S. Silvermannin: Handbook of Grignad Reagent$Eds.: G. S. Silvermann, E.
Rakita), Marcel Dekker, New Yori,996 2-80.

2p_Knochel, A. Krasovsky, |. Sapountzis, ifandbook of Functionalized Organometallics Vol. 1 an@a@.:
P. Knochel), WileywWCH, Weinheim,2005,113.

*33) T. P. Burns, R. D. Riekd, Org. Chem1987, 52, 3674; b) R. D. RiekeSciencel 989 246, 1260.

> F. M. Piller, P. Appukkuttan, A. Gavryushin, M. Helm, P. Knoctfeigew. Chem. Int. EQ00§ 47, 6802.
) L. Zhu, R. M. Wehmeyer, R. D. Rieki, Org. Chem.1991, 56, 1445. b) A. Krasovskiy, V. Malakhov, A.
Gavryushin, P. KnocheAngew. Chem. Int. EQ00§ 45, 6040; c) N. Boudet, S. Sase, P. SinhaYClLiu, A.
Krasovskiy, P. Knochel). Am. Chem. So@007, 129, 12358; d) A. Metzger, M. A. ®ade, P. KnocheDrg.
Lett. 2008 10, 1107; @ C. Samann, V. Dhayalan, P. R. Schreiner, P. Kno¢bsg, Lett. 2014 16, 2418 and
sources therein.

7. Peng, P. KnocheDrg. Lett.2011, 13, 3198.

*"a) T. D. Blumke, Y.Chen, Z. Peng, P. Knochdllat. Chem.201Q 2, 313; b) T. D. Blumke, T. Klatt, K.
Koszinowski, P. Knochehngew. Chem. Int. EQ012 51, 9926.

8 a) Y. Chen, P. KnochelAngew. Chem. Int. EQ008 47, 7648; b) Y.Chen, M. Sun, P. KnocheAngew.
Chem. Int. EJ2009 48, 2236.

* G. W. Ebert, W. L. Juda, R. H. Kosakowski, B. Ma, L. Dong, K. E. Cummings, M. V. B. Phelps, A. E.
Mostafa, J. LuoJ. Org. Chem2005 70, 4314.
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Oxidative magnesium insertion

M 0
Fe—(Ryx — M9 Fe—(R)-Mox

FG = functional group; X = Cl, Br, |

(A): Standard conditions = Low FG tolerance
Mg turnings

O, = O
_—
Br Etheral solvent MgBr

reflux

(B): Rieke's conditions = High FG tolerance, elaborate procedure/conditions

MgCl, (anhyd.)

tBUOZC *L| tBUOzC
Br MgX

-78 °C

(C): Knochef's conditions (I) => Good FG tolerance, convenient conditions

N
O, —e 0
Br 25°C MgX

Schemeb: Oxidativeinsertion Importantexperimentaprocedures foMg insertioninto aryl bromidesand the
consequences for functional group toleraaocd practicality

Considering the challenging activation and exothermgadiative insertionsflow methodsshould
offer advantagesfor oxidative insertionreaction from a safetyand reproducibility standpoint
Additionally, the fast removal of freshly formegotentially instable organometallics from the hot
reaction zones of insertiocould be realized usinglow equipment.ln practice,the organic halide
must be brought in contact witthe metalby means of a packed columeactor®® For instance,
Alcazarand coworkers reportetie oxidativeinsertion of Mg into aryl and alkyl halidé®.A packed

Mg column was used ancctavation was achieved by passing solutions of diisobutylaluminium
hydride, trimethylsilyl chlorideand tbromo2-chloroethane ovethe column SubsequenGrignard
formation wasachieved by passing 1:1 molar mixture of LiCl and organic halide (5in
THF:toluene = 1:1) over thactivatedcolumnfor 7.5min at25 °C (Schemeb). This procedurded to

full conversion of the halides ardkliveredstable concentrations of Grignard solutions which were
guenchedn-line with various electrophilesThe researchers noted that a biphenylmethanol product
(bottom, right,Schemeb) was previously synthesized in a batch reagtarMg insertion in lower

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

€ a) M. Goldbach, E. Danieli, J. Perlo, B. Kaptein, V. M. Litvinov, B. Bliimich, F. Casanova, A. L. L.
Duchatea, Tetrahedron Lett2016 57, 122; b) L. Huck, A. de la Hoz, A. Dia@rtiz, J. AlcazarQOrg. Lett.
2017, 19, 3747.
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conditions®® Analogous protocols for oxidative Zn insertion are also available for the generation of

Reformaskieagents antlenzylzinc halides>

Scheme6: Oxidative magnesiuminsertion into alkyl and aryl halidesnd inrline quenchin continuous flow.
Dotted lines indicate the newly formed bond.

Thus far howevelimprovements othe reaction outcome for oxidative insertion reactiorftfow or a
direct comparative study including batch experiments weot reported. Hence, practical

improvements were the major concern of the cited studies.

3.1.2Halogen-Metal Exchange

Since the first ngorts of a bromidemagnesium exchange reactiby Prévostin 1931 and halogen
lithium exchange by Wittig and Gilman®® halogemmetal exchangéasbecomea major route for
converting organic halides into organometallic compoufft}8 Under appropriateconditions an
organic halideis transformed into its organometallic derivative by treatmaith an exchange

reagenf® The advantages of the reaction #regenerality,the possibility to obtain stereodefined

13, Kobayashi, K. Shibukawa, Y. Miyaguchi, A. Masuyassian J. OrgChem.2016 5, 636.

2a) N. Alonso, L. Z. Miller, J. de M. Mufioz, J. Alcazar, D. T. McQuaiidy. Synth. Catal2014 356, 3737;

b) M. Berton, L. Huck, J. AlcazaNat. Protoc.2018 13, 324.

% a) C. PrévostBull. Soc.Chim. Fr. 1931, 1372; b) G. Wittig, U. Pockels, H. Drég€hem. Ber1938 71,
1903; ¢) H. Gilman, W. Langham, A. L. JacoByAm.Chem. Soc1939 61, 106.

% For halogedithium exchange, see) J. Clayden,Organolithiums: Selectivity for Synthegigds.: J. E.
Baldwin, R. M. Williams), Pergamon, Oxfor@002 b) The Chemistry of Organolithium Compour(@sls.: Z.
Rappoport, I. Marek), Wiley, Chicheste&2004 c) M. C. Whisler, S. MacNeil, V. Snieckus, P. Beakgew.
Chem. Int. Ed2004 43, 2206; d) D. B. Collum, A. J. McNeil, A. Ramireangew. Chem. Int. EQ007, 46,
3002; e) F. Foubelo, M. Yu§hem. SodRev.2008 37, 2620.

% For halogermagnesium exchange, s@d:P. Knochel, W. Dohle, N. Gommermann, F. F. Kneisel, F. Kopp,
T. Korn, I. Sapountzis, V. A. VuAngew.Chem. Int. Ed2003 42, 4302; b) R. L=Y. Bao, R. Zhao, L. Shi,
Chem. Commun2015 51, 6884.

® L. Degennaro, AGiovine, L. Carroccia, R. Luisi, intithium Compounds in Organic Synthesis: From
Fundamentals td\pplications,First Edition. (Eds.: R. Luisj V. Capriati), WileyVCH, Weinheim,2014 515
526.






































































































































































































































































































































































































































































































