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Abbreviations

Physical constants are used according to the recommendations of the International System of
Units (SI)! chemical structures are named according to the IUPAC conventiths.
following abbreviations will be uskthroughout this thesis:

Ac acetyl

aq. aqueous

Ar undefined aryl substituent
ATR attenuated total reflection
Bn benzyl

Boc tert-butyloxycarbonyl

BPR back pressure regulator
bpy 2,2"-bipyridine

Bu butyl

calcd. calculated

CCDC Cambridge Crystallographic Data Center
conc. concentrated

Cy cyclohexyl

d doublet (NMR)

DCM dichloromethane

DIPEA N,N-diisopropylethylamine
DMEA dimethylethylamine

DMF N,N-dimethylformamide
DMPU 1,3-dimethyl3,4,5,6tetrahydre2(1H)-pyrimidinone
d.r. diastereomeric ratio

E-X electrophile

e.g. for example

El (electron ionization (MS)
equiv equivalents

1THE INTERNATIONAL SYSTEM OF UNITS (SI) NIST SPECIAL PUBLICATIONGG8 EDITION(Eds.: B. N. Taylor,
A. Thompson), 2008, https://www.nist.gov/pml/spegiablication330, 29.11.2019.

2 Nomenclature of Organic Chemistry: IUPAC Recommendations and Preferred Names (Eds.: H. A. Favre, W. H. Powell),
RCS, London, 2013.



ESI
Et
FEP
FG

GC

Hal
Het
Hex
HMDS
HRMS

I.D.

KDA
LDA

Met
Me
Mes
min
mL
mm
mmol
mol%

m.p.

electrospray ionization (MS)
ethyl

fluorinated ethylene propylene
functional group

gram

gaschromatography

hour

halogen

undefined heteroaryl substituent
hexyl

bis(trimethylsilyl)amide

high resolution mass spectrometry
iSO

inner diameter

that means

injection

infrared

couplingconstant

potassium diisopropylamide
lithium diisopropylamide
molA 1

met

metal

methyl

mesityl

minute

millilitre

millimetre

millimole

mole percent

melting point



MS massspectrometry

NaDA sodium diisopropylamide
NMR nuclear magnetic resonance
o] ortho
Oct octyl
p para
Pent pentyl
PEPPSI pyridine-enhanced precatalyst preparation stabilization and initiation
Ph phenyl
Piv pivaloyl
PMDTA N,N,N",N”",N"“pentamethyldiethylenetriamine
ppm parts per million
Pr propyl
PTFE polytetrafluoroethylene
quartet
R undefined organic substituent
s sec
S singulet (NMR)
sat. saturated
t tert
tfp tri(2-furyl)phosphine
THF tetrahydrofuran
TLC thin layer chromatography
TMEDA N,N,N",N-tetramethylethylendiamine
TMP 2,2,6,6tetramethylpiperidyl
TMS trimethylsilyl
TP typical procedure
uv ultraviolet

Vol volume
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1.OVERVIEW

The formation of carboncarbonand carborheteroatom bonds has always been one of the
majortasks in organic synthesis. Although many different synthetic methodologies have been
reported throughout the past ceiggpf there is still a need for new and altgima bond
formation reactions that complement current mettthasto increasing complexity of organic
molecules in pharmaceutical industry, applied sciemsesagrochemistry. In addition in
recent years a major goal of synthetic chemistry arose whidt i®lated to the development
of novel reaction methodologies but rather follows the principles of green and sustainable
chemistry® Industrial syntheses often require huge electrical eniemyt to obtain efficient
heating or cooling. Further, undesirside products result itostly and uneconomic reaction
pathways To address these needs, the thinking of organic synthetic cherhiatged
significantly. Sustainable, timefficient, ondemand synthesis of target molecules is highly
desired Among esthlished methods, continuous flow technolagpseas a very successful
techniqueto expand the toolbox of organehiemistsand to overcome boundaries that limit
batch reactions resulting in an exponential growth of publicatiothésimred In recent yees,

flow chemistry deranstrated its potential to revolutionize the synthesisarhplexorganic
molecules The use of automateftbw setupswith precisecontrol over process parameters
such as mixingor temperatur® in combination witrenhancedlata cdlectionis enabling new
ideas in chemical process developmekxiong those, reactionmcluding organometallic
intermediategdisplay promisingandidate for continuous flow technolog¥speciallyhighly
reactive organolithiumsand -magnesiumsoften suffer from the cosintensive need of
cryogenic temperatures and undesired side reactidRecent advances havensiderably
extended the scope arganometallic interediates in continuous flowAlong with the
development obn-line andin-line reactimm monitoringvia GCMS, IR or NMR spectroscopy,
which has been developed to accurately track the reaction performacoasinuous flow
technologydisplaysa valuable tool tamprove synthetical reactions, especially for the rapid
scaleup of target moledes.

3 K. C. Nicolau,Angew. Chem. Int. E@013 52, 131.

4 (a) Modern Arene ChemistryEd: D. Astruc), WileywWCH, Weinheim,2002 (b) T. D. Penning, J. J. Talley, S. R.
Bertenshaw, J. S. Carter, P. W. Collins, S. Docter, M. J. Graneto, L. F. Lee, J. W. Malecha, J. M. Miyashiro, R. S. Rogers,
D. J. Rogier, S. S. Yu, G. D. Anderson, E. G. Burton, J. N. Cogburn, S. A. Gregory, C. M. KoboldtPétkias, K.
Seibert, A. W. Veenhuizen, Y. Y. Zhang, P. C. IsakdoMed. Cheml997, 40, 1347; (c) G. ABhat, J. L-G. Montero, R.
P. Panzica, L. L. Wotring, L. B. Townsentl, Med. Chem1981, 24, 1165; (d) C. BVicentini, D. Mares, A. Tartari, M.
Manfrini, G. ForlaniJ. Agric. Food Chen2004 52, 1898.

5R. A. SheldonGreen Chem2007, 9, 1273.

6 A. Kreimeyer, P. Eckes, C. Fischer, H. Lauke, P. Schuhmaghgew. Chem. Int. EQ015 54, 3178.

7(a) K. Geyer, J. D. C.Codée, P. H. Seebei@bem - Eur. J.2006 12, 8434; (b) G. Jas, A. KirschninGhem- Eur. J.2003
9, 5708; (c) K. Jahnisch, V. Hessel, H. Léwe, M. BaeAmgew. Chem. Int. EQ004 43, 406; (d) B. P. Mason, K. E. Price,
J. L. Steinbacher, A. R. Bogdan, D. T. McQuadkem Rev.2007, 107, 2300.

8 (a) Flash Chemistry, Fast Organic Synthesis in Microsystg@ds J-i. Yoshida), WileyVCH, Chichester2008§ (b) M. B.
Plutschak, B. Pieber, K. Gilmore, P. H. Seebergaem.Rev.2017, 117, 11796.

9 (a) M. Kakuta, F. G. Bessoth, A. Marzhem. Rev2001, 1, 395; (b) V. Hessel, H. Lowe, F. Schonfethem. Eng. Sci.
2005 60, 2479.

104, Wakami, Ji. Yoshida,Org. Process Res. De2005 9, 787.

11 (@) H. Usutani, Y. Tomida, A. Nagaki, H. Okamoto, T. Nokaini, Yoshida,J. Am.Chem. Soc2007, 129, 3046; (b) P.
Knochel, W. Dohle, N. Gommermann, F. F. Kneisel, F. Kopp, T. Korn, I. Sapountzis, V. Angew. Chem. Int. Ed.
2005 44, 2413; (c) XZhang, S. Stefanick, F. J. Villar@rg. Process Res. De2004 8, 455.

12(a) B. J. Reizmann, K. F. Jensétc.Chem. Re016 49, 1786; (b) J. Yue, J. C. Schouten, T. A. Nijhingl. Eng.Chem.
Res.2012 51, 14583; (c) D. C. Fabry, E. Sugiono, M. dhing,React.Chem. Eng2016 1, 129.
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Among organometallic reactions, lithium chemistry is vestablished due to its high
reactivity. However,ithium hasnot onlyfound wide applications organometallic chemistry,
but alsoin other areas such agergy storageslectromobility, in ¢gass and ceramic as well as
in pharmaceutical industry. With its 0.002 to 0.007 weight percent within the earth crust,
lithium is found rarely compared to its heavier analogues sodium and pota$$ug017,
Bertauet al.already stated that the demaridithium will increase by 8L1% annually resulting

in a dramatic price explosion, whickecessitatethe investigation of cheaper antbreearth
abundantoptions to well-established organolithium compounds for organic cherhists
According to the polarization ofié carbormetal bond, promising alternatives are found in the
heavier alkali metals sodium and potassium.

Sodium with its 27 weight pecent within the earth crust is not found in its elemental form in
nature owing tothe reactivity with water andthe high reducing potential*®> However,
electrolysis of sodium saltesnablesan easy access to elemental sodi@imce the early
discovery of acoupling reaction involving organosodiums by Wurtz and Fittig in tHe 19
century*® sodium chemistry did naeceivemuch attentiorby synthetic chemists, which is
mainly related to two major drawbacksrst, aganosodium species argpogted to be poorly
soluble or msoluble in hydrocarbons or ethereal solvetiterebylimiting the scope of
applications drastically’ Secondthe high reactivity of organosodium reagents necessitates
the need of cryogenic temperatusesl hampers the applicability withinganic synthese'$.

Potassium is the ¥7most abundant element by weight on earth and is found thwaeght
percent within the earth cru$tAs already described for sodium, its elemental form tents to
form the corresponding hydroxidéa a highly exothermic reactiomhen exposed to water. A
reaction with oxygen, however, leads to the formation of potassium perokiteestingly,
potassium was already isolated in 1807 by Humphry Davy by electrolysis and thus, potassium
is the first metalhat was purely isolated l®fectrolysis’®* However, it took more than a century

until potassium dispersigrwere used to generate aliphatic and arom@ganopotassiums,

again suffering from the low solubility in hydrocarbons or ethereal solvents agdrbeation

of highly reactive potassium intermediafés.

13 G. Martin, L. Rentsch, M. Hock, M. Bertalnergy Storage Mate2017, 6, 171.

14 Lithium and lithium compound&ds: C. W. CKamienski, D. P. McDonald, M. W. Stark, J. R. Papcun), John Wiley &
Sons, Hoboger2004

15(a) D. SeyferthQrganometallicR006 25, 2; (b) D. SeyferthOrganometallic009 28, 2; (c)Lehrbuch der Anorganischen
Chemie (Eds.: E. Wiberg, N. Wiberg), De Gruyter, Berl2Q07 (d) Chemistry of the Elements (2nd edBds.:N. N.
Greenwood, AEarnshaw), Butterworthleinemann, Oxfordl997.

16 (a) B. Tollens, R. Fittigliebigs Ann. Cheni864 131, 303; (b) A. WurtzLiebigs Ann. Cheni.855 96, 364.

17C. Schade, W. Bauer, P. von Rogué SchlejeQrganomet. Chenl985 295, 25; (b) G. Trimitsis, A. Tungay, R. Beyer,
K. Kettermann)J. Org. Chem1973 38, 1491.

18 (a) K. Ziegler,Angew. Cheml936 40, 455; (b) J. F. Nobis, L. F. Moormeignd. Eng.Chem.1954 46, 530; (c) A. A.
Morton, I. Heckenbleiknerd. Am.Chem. Socl936 58, 1024; (d) D. SeyfertitQrganometallic006 25, 2.

19 Chemistry of the Elements (2nd e@¢ds.:N. N. Greenwood, A. Earnshaw), Butterwoitteinemann, Oxford1 997,

2011. Sodium and Potassium, Encyclopedia of the elen{&aksP. Enghag, Wiley-VCH, Weinheim 2003

21 (a) H. Gilman, H. A. Pacevitz, O. Baink,Am. Chem. So&94Q 62, 1514; (b) G. Gaul]. Organomet. Chem976 121, 1;
(c) M. W. T. Pratt, R. HelshyNature1959 184, 1694; (d) A. A. Morton, M. L. Brown, M. E. T. Holden, R. L. Letsinger,
E. E. MagatJ. Am.Chem. Socl945 67, 2224; (e) R. A. Benkeser, T. V. Listah,Am.Chem. Socl96Q 82, 3221.
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2.FLow CHEMISTRY

2.1INTRODUCTION

We carry out synthesis in a"l-8entury stylé we have better glass, better analytical tools.
But there hasn’t been a real advariée.

In 1998,A. J. Bard alreadgtatedthat the technologieshemiss areusingnowadaysecame
obsoleteln fact, he wayorganic chemistareperforming reactiondid not change fadecades

Mixing reagents in a flask or batch reactor, heatiriy oil baths or cooling with dry ige
extractions in separating funnethese operations represembst of thedaily processes an
organ@hemical laboratoryHowever, analytical toolsuch adR or NMR spectroscopy were
continuouslyimproved But why do chemistsstill stick to their thinking aboutconventiona
macrdatchtechnology? What about new ways to perform reactions in a differentlw#y®

last decade, continuous flow technology arose as a promising technology to improve the
performance of chemical reactiofisContinuous flow techmlogy is aperfect example of
thinking out of thebox. Until twenty years ago, chemical reactions were performed almost
unexceptionally in round bottom flask or special microwaveupstDuring the past decade

the use of flow microreactors has been susfodly established in both academic and industrial
laboratories. Flow chemistry allows chemists to conduct a reaction in a continuous stream
rather than in a flask by the use of special tubing, miamtypumping device®n thecontrary

to batch chemistrywhich uses severatacrdatch reactors to perform consecutive reactions,
flow chemistryenables synthetic chemists to continuously manufacture desired products in
microreactorsoften without the need oftedious isolation or purification of reaction
intemmediates.In the following chaptershe general saip, applications antenefitsof a
continuous flow reaction adiscussed

2.2 CONTINUOUSFLOW SET-UP

One majoradvantage of flotechnologyresults from the modular building blocks which are
independentlyonnectedat any point of the continuous flow agb. In generalmostflow set
ups consist of six different flow elements, namely (1) reagent delivery (I) mixing unit (1)
reactorunit (IV) pressure regulator (Myjuenching unitand (VI) collection unit Additional
analyticalor purificationtoolsare further connected at any point of the flowge{Figure1).2*

The fundamental principle thefollowing: First, the reagents, storedher inreservoir flasks
or loading coilsaredirectly pumpedria tubingto a mixing device, followed by a reactor unit,
which can both vary a lot depending on the special needs of the reaction conditions.

22A. J. Bard,Chem. Eng. Newk998

23 (a) K. S. Elvira, X. Casadevabolvas, R. C. R. Wootton, A. J. tiello, Nat. Chem2013 5, 905; (b) J. C. Pastre, D. L.
Browne, S. V. LeyChem. Soc. Re2013 42, 8849.

24 (a) Flow Chemistry, Vol. 1, Fundamentd&ds.: F. v. Darvas, V. Hessel, G. Dorman), De Gruyter, Belii4 (b) M. B.
Plutschak, B. Pieber, K. Gilmore, P. H. Seebergaem Rev.2017, 117, 11796.



A. Introduction 18

Batch Chemistry
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Flow Chemistry

Figure 1: General continuous flow equipment with its macro batch counterparts.

The resulting reactiorintermediateis either directly forvarded to a second reaction step,
trappedby a quenching reagent delivered another pumping deviag directly trappedn a
flask containing the corresponding quenching reagedditionally, pressure regulators are
attached to the flow sefp, maintaining a constant pressure during the reaction. Lastly, the
desired product isollected in a collection uniBy changing thdlow-rates and the lengtbr
diameterof the reactor,@sidence anceactiontime as well as stoichiometry of the reagesuts
preciselyadjustedFurther by placing the reactor unit in various surroundiregBcient heating

or cooling, a microwaveor phota@hemicalreactionand sonicationcan beachieved Within
the last decadea lot of special equipment was designed allovarngin-line monitoring, ultra
fast mixing, photochemal or multiphasicreactions ira continuousmanner In the following
sectionsa short introduction abotie numerousuilding blocksis given.

2.2.1 Pumping vices

Pumping devices play an important role within a flowgetThey do not only deliver the
reagentdo the mixingand reactor unijtbut also regulate the residerarad reactiortime by
precise adjustment dhe flow-rates. Thereby,pumping deviceslso directly influence the
stoichiometry othereagentsOverall there are three prominent typegpamping devicessed

for continuous flow setips, each having various advantagesdmgvbacksBefore buying a
flow setup, the special needs of the reactiorugeimust be considered to choose the most
suitable pumping device.

First, syringe pumpsre used, which consist of a pusher block, syringes, a syringe holder and
a control unit(Figure2). The pusher blocknovesthe syringe pistotiorward, releagng the
reagentirectly from the syringes into the tubimgth a controlledlow-rate Recentlyamajor
drawback of syringe pumps, namely that they are only able to deliver a defined amount of
reagent limited by the syringe volume, was overcome by the development of syringe pump
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devices consisting of a delivery and loading syringe which are indegrathdrefilled when
empty while the second syringe continugugdeliversthe correspondingeagent® However,
a seconddisadvantage of syringe pump -sgis is thepressurdimitation. The connection
between the syringes and the tubing can easily pop dibwatrates above 1mLrAin
Nonethelesssyringe pumps an@ particularused for a precisiow-rate control when using
flow-rates below Im LrAin' tand because of their chemical robustness. Sinlyethe syringes
are in direct contact with the reagents,ghepeof chemicals i®nly limited by the material of
the syringes.

pusher block syringe syringe holder

! oo

Figure 2: General working principlef a syringe pumg®

Piston pumpsonsist of a moving cam, which is eatly attached to a pistgRigure 3.2’ When

the piston moves out of the chamber, the inlet check valve opens and the reagent is sucked in
from the inlet tubing. When the pistomoves into the chamber, it directly closes the inlet check
valve, whereas thgiston pushes the reagent through the outlet check \Rilsten pumps are
commonly used foflow-rates higher than 0.in LrAin' tand for reaction saips within a low

to high pressure rangelowever, amajor drawback of piston pumps is observed when using
volatile reagent®r solventssuch as RO, DCM or CHC}. Further, the use of piston pumps
leads to severe problems when using corrosive reagents. Since thaspistdimect contact
with the reagenthe scope is limited to chemicals that dointarferewith the pistonA second
disadvantage resslfrom the discontinuouiow-ratewhich is a consequence of the stepwise
filling and release of the pump.

moving cam piston

l

W idﬁew .

flow direction

Figure 3. General working principlef a piston pum;3®

Peristaltic pumps arased in many flow saips(Figure4).28 An elastic tubing is compressed
by a moving rotor. Due to the speed of the rotati@pexificpressure arises inside the tuhing

25 (a) M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seebefgeem.Rev.2017, 117, 11796;(b) P. R. D. Murray, D. L.

Browne, JC. Pastre, C. Butters, D. GutkriS. V. LeyOrg. ProcessRes. Dev2013 17, 1192.

26 M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seebei@eem Rev.2017, 117, 11796.

27 (a) B. P. Mason, K. E. Price, J. L. Steinbacher, A. R. Bogdan, D. T. McQGimn. Rev2007, 107, 2300; (b)
Fundamentals in Flow Chemisttds.: F. Darvas, V. Hessel, G. Dorman), de Gruget4

Flash Chemistry, Fast Organic Synthesis in Microsysids J-i. Yoshida), WileyVCH, Chichester2008

28 M. B. PlutschackB. Pieber, K. Gilmore, P. H. Seebergéhem.Rev.2017, 117, 11796.
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pushing the reagemd the mixing unit Uponrelaxation the pressure decreases leading to a
refill of the reagent from theeagent reservoitdowever as for piston pumps,the use of
corrosive chemicals is limited to the material of the elastic tubing and futtiieepplication

of peristaltic pumps lead to a discontinuousflow-rate caused by the wavelike pressure
gradients

)
elastic | _moving
tubing ™ { o) rotor
Y &
—

Figure 4. General working principlef a peristaltic puns

For the delivery of gasses, special equipment is needed. Eitfieecaconnection othe gas

bottle or the connection of a mass flow controdow the successful utilization @fases in
continuous flow Whereas a gas bottle delivers gases in an undefined manner only controlled
to some extent bg pressure reducer, mass flow controllers regulateltive-rate via heat
transfer phenomena exactly determiningfthw-rateof a broad rangef@ases?

2.2.2 Mixing Devices

The control of extremely fast reactions and the generation of highly reactive intermediates or
products display one major benefit of flow chemisgberge and cavorkers determined that
mainly reactions applying any reaction mmediate or product with a ldife of less than one
secondhighly benefit from flow technolog$? However, to achieve ultrafast mixing, fast
telescoped reactior® efficient heat transfespecial mixing devices aparticularlyneeded

In recent yearsa huge variety odlifferent mixing devicesveredevelopedaddressingpecial
needsfor reactiors that could not be performed in a conventional batch redat@ourse of
these studies, the group of Yoshida developed integrated micromixing devices ito obta
residence times in the range of 4 10 * s,3* whereas conventional mixing deviagsn only
obtain reaction times above G2 In general, mixing is always directfyroportionalto the
diffusion rate hence one characteristic feature of mixing dewvietheir smalldiameter
therebydecreasing thdiffusion length Even if thevolumeof a mixing device is small, the
total throughputan be significantlyrigherby simply increasing the rutime of flow reactios.
Thereforeapplications of flow chemisy arenot onlylimited toacademia but aldound broad
application inindustry.

Due to the smalNolumeof micromixers, they offer several advantageous characteristics over
conventional macrobatch reactofsmixing event is a result of molecular diffusion. Since the
time for complete mixing is directly proportional to the squardahefdiffusion pathway
(Equationl, t = time since diffusion started= mean distance travelled by diffusing molecule,

291 . D. Hinkle, C. F.Mariano,J. Vac. SciTechnol.1991 9, 2043.

30D. M. Roberge, L. Ducry, N. Bieler, P. Cretton, B. Zimmerma@inem. Eng. Technd005 28, 318.

31 (a) A. Nagaki, Y. Takahashi,-i.Yoshida,Chem. Eur.J. 2014 20, 7931; (b) H. Kim, A. Nagaki, 4. Yoshida, Nat.
Commun2011, 2, 264

32 M. Colella, A. Nagaki, R. LuisiChem. Eur. J202Q 26, 19.
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D = diffusion coefficient), shortening the diffusion pathwaleads to a significantly shorter
mixing timet.>3

D (1)
¢ 0

Equation 1: Molecular difussiortimet is directly proportionato the square of diffusion pathwaly

0

Additionally, the surfaceo-volume ratio is considerably increased using micromixgirsce
efficient heatingandcoolingarea result ofa heakexchange between the interior and the exterior
of a reaction systenmheating and cooling armore efficientdue to its increased surface
avoiding hotspots or temperatugeadientswithin the reaction mixturé* Furthermore, the
increased surfaem®-volume ratio has a great impactloiphasic reactions. The phase boundary
of e.g. gas/liquid, solid/liquid or liquidiquid reactions isenhanced allowingor a more
efficient masstransfer between the different phaskkreover, the use of micromixers in
combination with definedlow-rates and reactor volumemsnablesa precise control overy
shortresidence timgin continuous flow. Due to the small diameters of mixing devices and
reactors, short residence times not obtainable in macrobatch reactors can be easily achieved.
Highly reactive and unstable intermediates or products can therebmdorwarded to a
subsequertrapping reagentia another mixing device.

At this point, one fundamental question needs taddressedHow can the efficiency of
mixing be determine® Since it is hard to tell anything about tihéing efficiency within a
mixing device, other methodsave to beapplied Among those, the Villermas®ushman
reaction a competitive parallel reactiomas found to be the most convenient wiyThe
reaction consists of twindependenprocesses: Protonation of an acetate anion by a strong acid
and the formabn of elemental iodin@ia redox comproportionation reaction of iodate and
iodideions catalyzel by oxonium ionsg(Scheme L Whereas the neutralisation of a base is an
ultrafast reaction, the comproportionation reactioonily afast reaction. Thereforejixing of

a strong acid with acetate anions in the presence of iodate and iodide ions provides a good
evidence of the mixing efficiency. In case of ultrafast mixing, the neutralisation of the acetate
anions outcompetes the slower redox formation of eléah@udine. On the other hand, if the
mixing is slow, a local concentration gradient of acid is formedasdfficient amount of
protonsis available tocatalyzethe redox reaction resulting in iodine formatidastly, the
amount ofin situformed b can be determinelly UV analysis at 352 nnThe more iodine is
formed, the higher is the absorption and the slower is the mixing.

CH5COO" + H,0* — > CH;COOH + H,0 (ultrafast)
6H;0' + 10y + 5 — > 3l + 3H,0 (fast)

Schemel: Villermaux-Dushman reaction for the determination of mixing processes.

In the following sections the basic principles of several mixing devices are introduced,
showing the great potential of continudiev technology.In general, anixing unit consists

33 Flash Chemistry, Fast Organic Synthesis in Microsyst@muds J-i. Yoshida), WileyVCH, Chichester2008
34 J-i. Yoshida Chem. Commur2005 4509.
35]. Villermaux, L. Falk, MC. Fournier, C. DetreAIChE Symp. Sefl.992, 286, 6.
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of small micrometer sized structur@hey can be distinguished between static and dynamic
micromixers. Dynamic mixers consist of an internal moving mixing unit such as a stirring bar.
Moreover, complex external mixing instruments such as atwit or low-frequency
vibrations have beedevelopedHowever, he simplicity of static mixers makes them more
popular inmodernflow applications. Static mixers are designed witluedined internal
structure which leads teefficient mixing either byturbulencs or by an increased interface of
the reagentteeams.

The simplest static mixers are &nhd T-shaped mixerepending on the flowates,Y -shaped
mixers usuallylead to a laminar flow of the reageriEgure5a).3° Due to the small diameter

of the mixing device, thiongitudinalinterface isremendoa resulting in a highmixing rate:

The smaller the diameter of the mixie faster thenixing. Mixing within a T-mixer, however,
mainly depends on thidow-rate At low flow-rates, the two reagent streams are mixed in a
laminar manner. Using a falbw-rate and a Fmixer usually resul in a slug flow, where
distinct small areas oéagent A and reagent B are form(@iyure5b). As the interfacéetween

the slugsis increased the diffusion issignificantly enhancedcompared tosimilar batch
reactionsTo simplify continuous flow reactions, many improvements in the design of a mixing
device were made. Both; @nd Y-shaped reactors made from various materials and different
sizes are commercially availabMoteworthy, simple Tand Y-shaped mixers aggeferredin
academia und industigver morecomplex mixerslue to the reduced possibility of clogging.
Further, microchip reactorwith channels etched into the corresponding materials were
developed recent)yombining a T or Y-mixer with a certain reast volume3’

(a) (b)

Figure 5: (a) Y-mixer with a longitudinal interface upon mixin€)) T-mixer with a slug flow resulting in transvers

interfaces of high are&.
To fulfil special requirements, various special mixing devices were developed such as
multilaminar or split and recombine (SAR) mixerMlultiiaminar mixers divide the reagent
streams intanumeroussmaller streams and recombine those streams alternating with each
other Again, the ultrafast mixing is directly sgbd to small diffusion pathwayTo further
improvethe idea of multilaminar mixers, triangular shaped versions were developed Due t
thinning of the lamellae, the mixirgfficiency is further improvedn contrast to multilaminar
mixers,SAR mixersdivide thereagent strearafter mixinginto two streams and recombine

36 S, Schwolow, J. Hollmann, B. Schenkel, T. Rodang. Process Res. DeR012 16, 1513.
S7K. F. Jensen, B. J. Reizman, S. G. Newntza, Chip.2014 14, 3206.
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these streams again afterwards, resulting in turbulences, whichtheixeagentsmore
efficiently. The number of generated segments is doubled with everyaspliecombine
event. Noteworthy, the number of segments increaspsnentiallyalong the reactor length

with every splitandrecombine eventesulting in an excefanal increased interphase of the
reagent streamsurther improvements of SARiixers were made leading &osplitting ofthe
reagent streams not only in two but even more stredfodinganenhancednixing. Recent
reports on special mixing devices mainly focus on mixers with additional mechanical obstacles,
which furtherlead to more turbulences, or improved tolerance of various chemical reagents
(e.g.foamtlike, labyrinth-shaped oanti-fouling mixers).

Espeially when using micromixerst is worth mentioningthat the mixing devices already
serves as a reactor due to the veryreattionkinetics. Hence, it is expedient to continue with
the spei@l design of various reactors in the following chapter.

2.2.3 Readtor Desigr®

Reactor design displays an important roledionosteveryreactionperformed in a continuous

flow setup. In general, reaor units are distinguished between dudised reactoty chip
reactor€’ and packeded reactord! Dueto their easy harithg and low costssimple coil
reactors which differ in their materia(PTFE, hastelloy, stainless steel)e usedmost
frequently For elevated temperatures or pressurized reactions either hastelloy or stainless steel
are applied sincethe temperaturds easily controlled by heating baths and pressure is
adjusted withback pressure regulator8KR9. An increasing number of photochemical
reactions are performed in a continuous flomggtas the light penetration is higher compared

to batch reactins. To addresheneedof photochemical reactionsoiled reactors made from
UV/Vis transparent tubing such fisorinated ethylene propylene (FERgre developet?

On the other handchip-based reactorare manufactured from ceramics, glass or silicon
(Figure6). The small diameters of the channels within a-chgrctoroffer various advantages
over coiled ractors. Due to the high surfat®volume ratio, heat transfer and light penetration
are increased-urther,specificmaterials allowfor the functonalization of the channel walls
by immobilization of a cataly$e However, the chigbased reactors tertd clog during the
reactions since even small precipitations lead to a blockage of the channels.

38 (a) B. P. Mason, K. E. Price, J. L. Steinbacher, A. R. Bogdan, D. T. McQGhda.Rev.2007, 107, 2300; (b) K. Geyer,
J. D. C. Codée, P. H. Seebergenem. Eur. J2006 12, 8434.

39D. Cambie, C. Bottecchia, N. J. W. Straathof, V. Hessel, T. \ihidm.Rev.2016 116, 10276.

40K, F. Jensen, B. J. Reizman, S. G. Newnha. Chip.2014 14, 3206.

41J. R. Naber, S. L. Buchwaléngew.Chem. Int. Ed201Q 49, 9469

42(a)B. D. A. Hook, W. Dohle, P. R. Hirst, M. Pickworth, M. B. Berry, K. |. Bookditburn, J. Org. Chem2005 70, 7558;
(b) D. Cambié, C. Bottecchia, N. J. W. Straathof, V. Hessel, €l,l&hem. Re\2016 116, 10276; (c) J. P. Knowles, L. D.
Elliott, K. I. BookerMilburn, Beilstein J. Org. Chen2012 8, 2025.

43E. K. Lumley, C. E. Dyer, N. Pamme, R. W. Boylrg. Lett.2012 14, 5724.
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Figure 6: Chip-based reactors with a distinct inner volume and small channels sctratched into a glas plate, cove
second glass plate.

Further, if heterogeneogatalystor solid reagentshouldbe used in continuous flow, packed
bed reactorsare applied (Figure 3. In general, a column or cartridge is filled withe
appropriatesolid or heterogemis catalyst which are embedded through porous filteks.
reagent solution is then flushed trough the cartridge affording the desired reaction within the
cartridge. The patrticle size of the solids mainly influences the efficiency of the floupset
Huge particles do not provide a good surfdoevolume ratio and therefore the activity is
decreasedHowever, small particksuffer from an inherent pressure ingearcloggingof
theporousfilters. During the last years, differetypesof packedbed reactorsvere developed
which allow the use of solidendheterogeneous catalysts. First of #illidized bed reactors
consist of a cartridger columnlooselyfil led with thesolid particles. Whenever a solvent or
reagent stream pass#wough the cartridge, the particles are whirled up resulting in a
heterogeneous mixture of reagent and particlesoltrast fixed-bed reactorsare packed
tightly with the solid articles. The reagent stream surpadbe particles and thmternal
structure of the cartridge is fixed. Lastly, structuoadalyzel bed reactors consist of small
catalystcovered channel walls. While the reagent stream surpasses the small channels, the
particlesefficiently catalyzethe desired reacti@nAll packedbed reactors have in common
that the cartridges are sealed properly witinous filters in such aay that the particleare
notreleased from the cartridge. generalpackedbed reactorsffer some major advantages:
the catalysts do not poison the desired product and no expemsivdimeconsuming
purification is neededFurther, a significantly higer effective molarity of the reagent or
catalyst compared to batch reactions is achieved. Lab#yreuse of the catalystsafen
possible.

L

.

>

@

Figure 7: Glass column for the precise packing of a padied reactor with various solids or heterogenous catalysts.
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The researcharea of liquidgas reactionsrepresents anothercategory of chemical
modifications, which can be addressedlbw chemists. Let d. developed a soalled tube
in-tube reacto(Figure §.** It consists ofan inner and an outéube, which are separated by a
semipermeabl&@eflon AF-2400membrane. The membrane is permeable for many cofgmon
used gases whereas impermeable for most liquidéloBgling onetube with the desired gas
andthe other onewith the reagent solution, the gas is able to difiuse the solvent stream
through the membrane resultiegther ina saturated gas solutiar in a direct liquidgas
reactionwithin the tubein-tube reactar

semipermeable
membrane

|
L AR BN

gas gas
inlet T l outlet
liquid liquid
in out

Figure 8: Working principle of a tubén-tube reactor. The inner tubing allows gas diffusion by simultaneously preve
solvent diffusion resulting in saturated gas solutiar direct quenching with various gassés.

Recentprogressn the reactor design demonstrated the broad applications of continuous flow
technology in various ars&f organic chemistryE.g. reactors allowing the performance of
electrochemicdP or photochemicakeactioné® weredevelopedElectrochemical microreaors
weresufficiently tested avoiding large ohmic resistance between the electfanltsermore,

the application of photochemicahicroflow reactorstackles a wetknown problem of
photdytically activated reactions, namely the light penetration. Wheneassmall laboratory
scale, light penetration is efficient in a small flask,rthadiation in a macrobatch reactor is
somewhat more complicated. The usdl@fv-microreactors leako an increased surfaem-
volume ratio, hence the light penetrationinsreasedaccordingto the LamberBeer law
(Equatior2,E = attenuation of Ilight, U = absorptiyv
lo = intensity of incoming light,1l= intensity of outcoming light) resulting in an increased
activation.

o .gim &} g

Equation 2: LambertBeer law

44 (a) M. Brzozowski, M. O'Brien, S. V. Ley, A. Polyzoscc. Chem. Re®015, 48, 349; (b) C. J. Mallia, I. R. Baxendale,
Org. Process Rev. De2016 20, 327;(c) A. Polyzos, M. O'Brien, T. P. Petersen, I. R. Baxendale, S. V Aregew Chem.
Int. Ed.2011, 50, 1190.

45 (a) K. Watts, A. Baker, T. Wirth). Flow Chem2015 4, 2; (b) R. A. Green, R. C. D. Brown, D. PletchérFlow Chem.
2016 6, 191.

46 (a) K. Loubire, M. Oelgerfller, T. Aillet, O. DechyCabaret, L. PratChem. Eng. Proces2016 104, 120; (b) D. Cami®
C. Bottecchia, N. J. W. Straathof, V. Hessel, THNGhem. Rev2016 116 10276; (c) L. D. Elliott, M. Berry, B. Hatrji, D.
Klauber, J. Leonard, K. I. Bookéilburn, Org. Process Res. De2016 20, 1806.
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2.2.4 Quenching Unit

A preciseadjustment andontrol of the reaction time is often mentioned as one major benefit
of flow chemistry. However, to sufficiently control the reaction time, it is mandatory to quench
reactive intermediates or products before subsequent side reactions occur. Quenching of a
reaction is achieved by different wayis.caseof a photochemial or electrochemical reaction,

the reactionn most casetakes placevhen the reagents are exposedltght or current source

As soon as the reagent stresaxit thephoto or electrocheneal reactor, ndurther undesired
activationoccus. However trapping ofhighly reactive intermediates or productsusually
achievedoy thermal or chemical quenching. Thermal quenchafgrs tofastcooling after the
desired reaction to stop undesisade reactions. Due to the increased surfaeslume ratio
within a flow reactor rapid coolingcan beachieved within millisecondsNevertheless,
chemical quenchdsy the addition of a trapping reageme by far the mosapplied method
Within a flow setup, chemical quenches are achielbgddding the quenching reagerd an
additional pumping devicelhese quenchinmethodsaltogether allow th@recisecontrol of

the reaction timein particularthe performance of extremely fast reactions which cabe
done in a conventional macrobatch reaéfor.

2.2.5 Pressure Regulating Unit

Pressure regulation units sua$ back pressure regulators (BPR#&ilitate a constant pressure
within aflow setup. Especially for the application of volatile and gaseous reagetsstant
pressure within th8ow systemfurnishesreproducible reactions. Furthermore, BPRs enable
flow chemists to perform reactions above the boiling point of the appropriate solvents often
resulting in adecreased reaction timd@o meet thespecialneeds of the flow seip, preset
BPRs, which generate a predefined back pressure, or adjustable BP&smanercially
available?®

2.2.6 Collection Unit

Albeit it is obvious that the resulting product has to be collected somehow, it is not always as
trivial as it seems. For an optimized reaction affording the pure desired prodsgtecial
collection unit needs to be installed. A simple flask is sufiidie collect the product. However,
while screening various conditions for the optimum reaction parameters, a fraction collector
connected to Htine or online monitoring equipment considerably increste efficiency of
optimization studies.

2.2.7 Analysis ad Purification Unit

Analysis and purification play an importante within a flow setup. As previously mentioned,
both tools can be attached at any point of the flowupetvherever analysis or purification is
needed. Incontrastto known batch processewhere chemists have to take aliquots and
tediouslyanalyse themwia GC, HPLC, IR or NMR, flow technology allows for-ime or on

line analysis. This benefit facilitatenot only optimization of reaction conditions but also

47 J-i. Yoshida, Y. Takhashi, A. NagakiChem.Commun2013 49, 9896.
48 R. L. Hartman J.P.McMullen, K. F. JensenAngew. Chem. Int. E@011, 50, 7502.
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enables a permanent qualitpntrol of continuous processes through the observation of
intermediates or productd.Further, it is highly desirable to obtainpure, isolated product

after laborious consecutive flow reaction stepSollowing the general concepts of batch
chemistry several purification tools were developelg.liquid/liquid separation or scavenger
cartridges. Liquid/liquid separation is based on a membrane separation technology, where the
product is soluble in one solvent and the excess of reagents or side proglsdlsilailized in

a second immiscible solvenwith the help ofa semipermeable membrane, the solwveme
separated and the prodsttearis telescoped to the next reaction stéBcavenger cartridges,

which consist of a packeuoked reactor filled with guitable material to trap the undesired side
productsare an efficient method to remove impurittés

2.3MIXING VERSUSREACTION KINETICS

Theselectivity of chemical reactions dependstogirthermodynamics ankinetics.However,
kinetics cannot be used to explain the selectivity of ultrafast reactions due to the lack of
homogeneitywithin thereaction mixturan a macrobatch setp. Therefore, it issentiafor

fast reactionghat the mixing time istill shorter than the reaoti time to obtaim homogeneous
reaction mixtureOtherwise,competitive consecutive reaat®can occurldeally, areaction
betweerreagent A and B leads solelyttee desiregroduct Cwith a rate constarki. In case

of a competitive consecutive reawtj the resulting product C further reacts with remaining
reagent Alor B) to an undesired side product D with a rate constg(®cheme 22

ky ko

A+ B ——» C (+A) ---mmmmmc----- » D
desired competitive
reaction consecutive reaction

Scheme2: General scheme of a desired reaction followedryndesired competetive consecutive side reaction.

If kiaCkz, thein situformed product C isubsequentlgonverted to the undesired side product

D and it isdifficult to stop the reaction at the desired stage in a macrobatch reactor. However,
if k1 is significantly higher thn ko, it is in principle possible to stop the reaction at the level of
product C.Nevertheless, the kinetipredictiors are often disproved by the experimental
observations in batch chemistry resulting in significant amounts of side product D kewda if

due to the lack of sufficient mixing. When tbempetitive consecutive sideadion is faster

than the mixingan interphase of product C is formed between reagent A and B. In a following
step,product C can be converted to side product D at the periphery of rea@figuse9).>?

49(a) B. J. Reizmann, K. F. Jenséwec. Chem. Re2016 49, 1786; (b) J. Yue, J. C. Schouten, T. A. Nijhiigl. Eng.Chem.
Res.2012 51, 14583; (c) D. C. Fabry, E. Sugiono, M. RuepiRgact.Chem. Eng2016 1, 129.

50 (@) K. Wang, G. LuoChem. Eng. ScR017, 169, 18; (b) T. Noél, S. Kuhn, A. J. Musacchio, K. F. Jensen, S. L. Buchwald,
Angew. Chem. Int. E@011, 50, 5943; (c) A. G. O'Brien, Z. Horvéth, F. Lévesque, J. W. Lee, A. Stldefenstern, P.
H. SeebergerAngew.Chem. Int. Ed2012 51, 7028.

51(a) S. V. LeyChem. Re 2012 12, 378; (b) F. Venturoni, N. Nikbin, S. V. Ley, |. R. Baxend&eg. Biomol. Clem.201Q
8, 1798.

52 Flash Chemistry, Fast Organic Synthesis in Microsysi@ds J-i. Yoshida), WileyVCH, Chichester2008
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Figure 9: Graphical representation of competitive consecutive side reactionkiwith(top) andki<kz (bottom)

To overcome these undesired sidactionsn a macrobatch reactat is well-established to
lower the reaction temperature resultinga decreased reaction speé&tie lower reaction
speed allows for efficient mixing before any side reactions o€authermore, lowering the
reagent concentrations also lséala slower reaction affording the same effect. However, both
alternatives suffer from a significant decreemstne reaction speaahda need ohuge amounts

of solvent orexpensive coolingp cryosatic temperatres®

Ultrafast mixing is a necessary requirement to obtain a predictable selectivity close to the
kinetically expected selectivity for fast reactions. Since the time for molecular diffusion is
proportional to the square of the length of difeusion path, shortening the diffusion path in a
micromixing device results in a mixing speed not obtainable in a batch reactor. Therefore, t
use of continuous flow chemistry and the application of special mixing deadlckesss these
needsand allowfor the performance oéxtremely fast reactions that are completgthin
millisecondsand a homogeneous reaction environntgnailtrafast mixing.

2.4 APPLICATION OFFLOW CHEMISTRY

On a laboratory scale we cannot perform reactiangch are too fast to contran a flask
However, fow chemistryallows the control of reactivetermediatesaffording the desired
productswithin the reaction time range of milliseconds with high selectiiyteworthy, flow
chemistry hereby does not change mechanistic pathwaetjcs or equilibria, which are
known from the corresponding batch reactions. Rather, it opens up a new field of organic
synthesis and provides a new method for performing extremely fast reactions that are difficult

53 Flash Chemistry, Fast Organic Synthesis in Microsysi@ds J-i. Yoshida), WileyVCH, Chichester2008
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to perform in a conventional macrobatsetup. In course of this chapter, a brief summary
about reactions that benefit from flow technolagygiven.

2.4.1 Mixing as Crucial Parameter

As described in the previous chapter, one of the main advantages of continuous flow chemistry
is the ultrafast mixig in special mixing devices. In the past, conducting an ultrafast reaction in

a conventional macrobatch reactor in a selective manner was not possible due to side reactions
leading to significant mounts of undesired byproducts.efi@ration ofhighly reacive
intermediates that decompose within (milli)seconds is not possibieaandatchreactors
whereas the in flow generatedctae intermediatecan be directly transferred to tfalowing

reaction step without the need of long reaction timdedditionally, in some reactions the
resulting producarenot stable under the appropriate reaction conditions, leading to further
reactions of the producgesulting in undesired side producBy precise time controand
guenchingpf the reaction, stopping the react@trthe desiregoroduct stagean be achieved.

Fast reactions areften exothermic. If a larg@mumberof molecules collides in a very short
period of time, a huge release of energy proceeds in case of an exothectioaréa remove

the heat from the reaction system, an efficient heat transfer is essential to conduct highly
exothermic reactions in the absence of any side reactions or rapid boiling of the solvent, which
can result in seriousafety issues. Due to thegih surfaceto-volume ratio, continuous flow
technology is able to provide an efficient heat transfer for highly exothermic reactions, whereas
in a macrobatch reactor highly exothermic reactions are usually performed by slowly adding
one reagent to a soiah of a second reagent in an appropriate solvent. However, even by slow
addition, the presence of local hotspots leading to undesired side reactions cannot be
completely excluded.

Recently, the generation of halomethyllithiums in continuous flow wasrteghoWhereas

batch reactions usually necessitate cryogenic temperatures to avoid decomposition of the
intermediate halomethyllithiums resulting in carbenes, chietbyllithium was generated at
140°C within 0.31s and subsequently trapped with aromaticelaydes affording
functionalizedU-chloroalcohols in good to excellent yiel(Bcheme 8).5* The scope of this
methodology was further extended to the direct lithiation of dichloromethane in continuous
flow usingnBuLi without the undesired formation of lohocarbene. Trapping with aromatic
aldehydes and further functionalization led to a series of aminothigSulesmesb).>®

54|, Degennaro, F. Fanelli, A. Giovine, R. Luisigv.Synth. Catal2015 357, 21.
55 A. Hafner, V. Mancino, M. Meisenbach, B. Schenkel, J. Sedeln@igr,Lett.2017, 19, 786.
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(a) Luisi et al. (2015)
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(b) Sedelmeier et al. (2017)
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Scheme 3Generation of highly reactive halomethyllithiums in a continuous flovapédy (a) iodne-lithium exchang# and
(b) direct metalatio”®

2.4.1 Temperaturedependetreactions

It is well known that teperature is one of the key parameters that influstheeperformance
of organic reactionsWhereas for fast reactions the temperature under standard batch
conditions often needs to be lowered to cryogdeimperaturego control the reaction
performanceheating ofslow reactionganfacilitate desired reaction pathways. Therefore, a
reaction thatis intrinsically slow and needa long reaction time in batatlisplays a good
candidatefor the performancen continuous flow.Although in recent yearsnicrowave
chemistry became a promising alternativedionw reactions, scalingp a reaction iglifficult
since themicrowaveirradiation within a batch reactor is often not efficiéitHowever, flow
technology provides synthetic chemists with a possibility to perform reactions fijpoene
heating at high pressus¥enabove the boiling point of the solveait atmospheric pressyre
speeding up the reaction rates in accordance tortneius equatiofEquation 3.

0 6 ©

Equation 3: Arrhenius equation for the depence of the rate constants of chemical reactions and the temperature.

The Knochel grounvestigated direct magnesiations and zincation of acrylonitriles, acrylates
and nitroolefins at elevated temperatures. Zincation using TMR4AClin THF was
performed at 90C above the boiling point of THF by attaching a 2 B&R Trapping of the
reaulting organozinc intermediates with various aldehydes afforded the functionalized alkenes
within approximatelyhreeminutes(Scheme 4).°” To further demonstrate the potential of flow

chemistry t h e hydr ednyisniosni afri lUes i s-Aminonitrilel areme n t |

5 T. N. Glasnov, C. O. Kapp&hem. Eur. J.2011, 17, 11956.
57M. A. Ganiek, M. R. Becker, M. Ketels, P. Knoch@kg. Lett.2016 18, 828.
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commonly synthesizedathe Strecker reaction frothecorresponding aldehydé&However,
t he hy dr-amingngriesin aoxconvedtional batch reactor sometimes takes hours to days

even at elevated temperatures. Seebeagath ave r epor t e d-ananonitrjed r ol y s |

using a continuous flow sep at 110°C. Performing the hydrolysis slightly above the boiling
point of water resulted in a broad range of amino acids in goodsyfttieme B8).5°

(a) Knochel et al. (2016)

PR CN

CN ZnCl-LiCl
PN
<> 90 °C, 10 min
25°C

m 3.3 min ph/jiCN

TMPZnClsLiCl }— @E»

) Ph” “OH

©/CH

(o)

( > 63%

b) Seeb tal. (2015,
(b) Seeberger et al. {. ) cN

R” “NH,
30% HCI/ACOH

110 °C, 37 min

CO,H
@»»D R)\NHZ-HCI

®7
H,0 @—

Scheme4: (a) Direcedzi ncati on of phenyl acrylonitril e -upsateaated MPZnCl A

temperatured’ (b) Hydrolys s -anfinoniiriles using a continuous flow sgt above the atmospherical boiling point of
water>®

Furthemore within a flow setup a smalletemperature gradient is achieved. If there is an
equilibrium betveen two starting materials attte activation energy for the transformation of

the two starting materials similaraffording two different productaccording to the Curtin
Hammet principleit is highly important to ensure a distinct temperature profile allowing only
the desired reaction pathway. In fact, batch reactors usually have a large energy profile, which
do not allow a precise produid-sideproduct ratio control.

2.4.2 Multiphasic Reactins

Nowadays, many reactions for industragdplicationsor academic research are multiphasic,
e.g.gasliquid,®° liquid-liquid, solid-liquid®* or even triphasic transformations such as solid
liquid-gas reaction® Even if severaladvancesaccording to phastansfer catalysts for
immiscible liquidliquid reactions in a conventional batch reactor were made, the majority of
multiphasic reactions suffer from inefficiemhixing. Most important for multiphasic
transformationseitherfor standad batch or continuous flow reactions, is the interfacial area

58 J. Wang, X. Liu, X. FengzChem. Rev2011, 111, 6947.
%S, Vukelil, D. B. Ushakov, KJ. OrgsChem2®152Q15 3®36. Kok s c h, P. H.
60(a) C. A. Hone, DM. Roberge, C. O. Kapp€hemSusChef017, 10, 32; (b) A. Gavriilidis, A. Constantinou, K. Hellgardt,
K. K. Hii, G. J. Hutchings, G. L. Brett, S. Kuhn, S. P. Marsd®eact.Chem. Eng2016 1, 595.
61 (a) R. Munirathinam, J. Huskens, W. Verboomg\A Synth. Catal. 2015, 357, 1093; (b) R. Ricciardi, J. Huskens, W.
Verboom,ChemSusChef015 8, 2586.
62 (a) P. J. Cossar, L. Hizartzidil. I. Simone, A. McCluskey, C. P. Gordo@yg. Biomol. Chem2015 13, 7119; (b) C. J.
Mallia, I. R. BaxendaleQrg. Process Res. De2016 20, 327.
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of two immiscible phases. In this sector, the beneficial application of flow technology for
multiphasic reactiosystems are briefly introduced.

A gasliquid reaction in a conventional batcht-sg usually suffers from a large stoichiometric
exces®f the gaseous reagefdince the atoreconomic properties of gdisjuid reactions often
overcome the use of liquid or solid alternatives, manyligagl reactions are still run on a
large scale. Hoewver, the use of gases or gaseous reagents in continuous fleutcampete
the need of large excesses of the gaseous compoBarendaleand ceworkers calculated
the interfacial areas for various reactors and flasks demonstrating that inligughs
microchanneteactorthe interfacial area is 34aB000 niAn' 3, whereas for a 5 mL flask it is
141 m?An'3. Especially an uscaling of gaseous reactions strongly suffers from the loss of
interfacial arealt wasdemonstrated that a hdifled 250 mL flask exhibits only 3@2an'3
interfacial are&® Therefore, gasiquid reactions displag promising reaction type candidate
for a transfer to continuous flow.

Depending on thélow-rate gasliquid reactions in continuous flow result either in ble)

slug or annular flow. Typicdlow-rates, however, usually result in a slug flow wdhseous
bubbles occupying the whole diameter of the tubing separated by dopptets The faster

the flow-ratg the smaller the gaseous bubbiesomeresulting n an increased number of
bubbles per length unit and therefore an increased interfacial area. Furthermore, a highly
desiredalternative taslug flow istheTaylor flow. Herein, the slug flow bubbles adepgpecial
geometry, in which the gas is separatednthe tubing wall by a thin film of liquid phase. Due

to significantly increased interfacial area, the mass transfer is considerably increased

Additionally, gasliquid reactions performed in continuous flow benefit from the possibility to
adjust highempressure compared tmnventional reaction sefps resulting in an increased
solubility of the gas. Lastly, many gases or gaseous reagents are toxic and dangerous to handle
in a conventional batcreactor. However, the exposure to tiemistausing a flow setp is
limited and by in situ generation othe gasit is completely avoidedThese benefitare
highlighted in the Hecltype carbonylation using stoichiometric amountsno$itu generated

CO gas without any exposure of the synthetienaists to toxic carbon monoxidg Ryu and
co-workers (Scheme 5a)* Further, gaseous phosgene is usually avoided in academia and
industry due to its high toxicity and difficulties while handling gaseeagentsHowever, the

use of phosgene displaga eficient method to activate carboxylic acids, whishbsequently
react with amines resulting in amide bontis.combine safer handling and the high reactivity

of phosgenein situ generation was highly desired. Fortunately, mixing the corresponding
carboxylc acid in DIPEA and DMF with triphosgene in MeCN affordedsitu generated
phosgene within 0.5at 20°C (Scheme 5b)The subsequent trapping of the activated acid with
amines resulted in theorrespondingamid bond formation in good to excellent yields

63C. J. Mallia, I. R. Baxendal®rg. Process Res. De201§ 20, 327.
64 (a) C. Brancour, T. Fukuyama, Y. Mukai, T. Skrydstrup, |. R9tg. Lett. 2013 15, 2794; (b) T. Fukuyama, Y. Mukai, I.
Ryu, J. Org.Chem.2011, 7, 1288.
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Remaining phosgene is directly trappedlinatch quench withq. HCI to avoid any exposure
to highly toxic phosgené

80 °C, <160 min
(a) Ryu et al. (2015)

| o
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(b) Takahashi et al. (2014)
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Schemeb: (a) Hecktype carbonylation usinig situgenerated C® (b) In situgeneration of phosgene for the efficient amide
bond formation using primary amines and carboxylic atds.

Solidtliquid reactions also gain benefit from the easy separation and reusability of
heterogeneousatalysts within packetled reactordDepending on the particle size of the solids
or theheterogeneas catalysts, the molar concentration of active catalysts is increased due to
the increased interfacial surface facilitating an improved mass transfer. Espeiphthgic
reactions such dsydrogenation reactions with elemental hydrogen ggsiag aheteogeneous
catalystin a packeebed reactoranda solution of the unsaturated substrateghly benefit
from packeebed reactor technology and efficient mixing witmmcrochannel unit§® Even
enantioselective hydrogenations in continuous flow weyorted. Ding and eworkers
designed an insoluble polymeric chiral casalipy mixing MonoPhosased ligands and
[Rh(cod}]BFs+ which was then filled in a packdmbd reactor performing asymmetric
hydr og e n adehydvoarsino adid methyl est€®chemes).8” Similarly, various other
chiral catalytic systems including Ru, Pd and Ni with different ligands were ref8rted.

65 (a) S. Fuse, N. Tanabe, T. Takahasbihem. Commur2011, 46, 12661; (b) S. Fuse, Y. Mifune, T. Takahashingew.
Chem. Int. Ed2014 53, 851; (c) L. Cotarca, T. Geller, J. Rép&3ig. Process Res. De®017, 21, 1439.

66 M. Irfan, T. N. GlasnovC. O. KappeChemSusCher@011, 4, 300.

67L. Shi, X. Wang, C. A. Sandoval, Z. Wang, H. Li, J. Wu, L. Yu, K. Di@gem. Eur. J2009 15, 9855.

68 (a) C. de Bellefon, N. Tanchoux, S. Caravieilhes, P. Grenouillet, V. Héssgw. Chem. Int. EQ00Q 39, 3442; (b) C.
de Bellefon, R. Abdallah, T. Lamouille, N. Pestre, S. Caravieilhes, P. GrendDiliatia, 2002 56, 621; (c) C. de Bellefon,
N. Pestre, T. Lamouille, P. Grenouillet, V. Hesgaly.Synth. Catal2003 345, 190.
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Nevertheless, Yofar the mosborganic syntheseare liquidliquid reactions. In a continuous
flow setup two distinct flow regimes occur upon such reactions: laminar flow and slug flow.
The choice ofappropriatemixing devices strongly influensehe resulting flow regimes.
Whereaghe use oh T-mixer often results in slug flow, laminar flow usually occurs using a
Y-mixer. However, not only the design of the mixing unit, but alsoflthve-rates (Q), the
viscosity of the reagent strean®, (the hydraulic diameteiD) and the channel widthAf
impact tre resulting flow regimes. Hence, the Reynolds nurRberused to precisely calculate
the flow regimes within a flow setp (Equation4):

v 0P (4)
Equation 4: Reynolds number for the calculation of disctinct flow regimeRe K 2040, it sually leads to laminar flow
regimes.

Reactions with lowflow-rates, viscous reagents and a large channel width usually lead to
laminar flow regimes with Reynolds numb&s< 2040%° As a result of the huge longitudinal
interface within laminar flow regimes and the numerous transverse interfaces occurring upon
slug flow, liquidliquid reactions often display a better performance in a continuous flew set
up compared to comparable batelctions.

2.5BENEFITS OFFLOW CHEMISTRY

Flow chemistry has truly the poteatito revolutionize syntheseof organic moleculedn
comparison to batch chemistry, typical benefits of flow chemistry are

() high surfaceo-volume ratio of the reactor, which eted excellent temperature
control and light penetration (usefelg.in photochemical or highly exothermic
reactions)

()} the possibility to control the reactivity of unstable intermediates by consecutive,
time-resolved quenching with suitable electrophiles

(i peforming reactions above the boiling point of the solvent by using a back pressure
regulatoror at elevated pressure

(IV)  easy upscaling of reactions by simply increasing the-tume
(V)  safer handling of hazdous or explosive chemicals

(VI)  Possibilities of idline purification and analysis

69K. Avila, D. Moxey, A. deLozar,M. Avila, D. Barkley, B. Hof, Science2011, 333 192
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With these benefits in mind, there are many promising reactions, wiaah facilitated by

flow chemistry to apply its advantages to wiallown reaction pathwaygt this point it is
important to mention, that flow chemistry doeot change the kinetics of a reaction. Rather,
flow chemistry offers a mechanistic tool to reduce concentratid@emperaturgradients and
therefore the formation of undesired side products. Even if mixing is not of main interest for a
desired reactignflow chemistry can still be beneficial. Highly exothermic reactions are
complicated to handle in batch because the required cooling cannot be provided efficiently. On
the other hand, the application of back pressure regulators allows chemists to leeptaihe
reaction mixtures to temperatures even above the boiling point of the solvents resulting in faster
conversions with higher yielagspecially for intrinsically slow reactions case of multiphasic
reactions, the application of flow technologyesftimproves the efficiency of the desired
reaction.Thus, flow chemistry has received a remarkably amount of attention because it
enabls new reaction methodologieshich were not known in conventional batch reactions
Hence, it is already used in bothademia and industrial laboratories to a large extent.
However, the use of one single reaction in continuous flow is the result of tedious, time
consuming screenings and optimizations not only of standard parameters such as temperature,
stoichiometry, tempature, but also of the flowarameterssuch as investigamsof mixing
andreactor unitsDue to its complexity and the high costs compared to already existing batch
equipmentit is definitely necessary to think about the desired benefits of flow aéadwynin
contrast to traditionally macrobatch chemistyindustrial applicationdf the reaction is well

known in batch chemistry, resulting in excellent yields at ambient temperatures without the
need of hazardous reageritgere is no need to optin@zhe reaction in a continuous flow set

up. However, reducing the exposure to toxic reagents or the generation of explosive
intermediates often benefits from the application of flow chemistry. Due to the efficient mixing
and working at elevated pressur® use of gaseous reagents and gases is advantageous in a
continuous flow setip. Moreover, fast reactions which are difficult to sagbeor not selective

in a batch reactor considerably gain profit in a continuous reaction. Lastly, the use of special
reactor units allows for a better haednsfer irradiationor electrochemicatatalyses leading

to a broad range of areas, where flow is appliedhiadvantageous manner.



A. Introduction 36

3.ORGANOMETALLIC CHEMISTRY

3.1PREPARATION OFORGANOMETALLIC REAGENTS

Since many dcades, numerous methodologies for the preparatioand handling of
organomethic reagentsvere investigatedrhe followingchaptergivesa brief overview about
landmarks irorganomethlic chemistry Depending on the availability of starting materials, the
desired reaction conditions and the necessity for functional group tolerance, the accurate choice
for a convenient preparation of the organometallic compoumedsantial Its reactivity is in
strong correlation with the polarization of the resulting canmetal bond. Thenore polarized

the carbormetal bond, the more reactive is the organometallic species, however with the major
drawback of lowered functional group tolerance and stability of the inherently prepared
organometallic speci¢8.An indicationfor the polarization of a carbemetal bond is derived

from the Pauling electronegativity difference between carbon and the corresponding metal
(Figurel0).

Increasing covalent character of C-Met bond
K Na Li Mg Zn Cu
0.82 0.93 0.98 1.31 1.65 1.90

Figure 10: Increasing covalency of the-Ket bond results in @ecreased reactivity of the organometallic reag
Electronegativities according to Pauliffg.

In general, the use of organometallics with highly polarized cambetal lbonds such as
organolithiumsusually require costly cooling of the reaction mixturee dio otherwise
occurring side reactions and decomposition of the organometallics. Based on their intrinsical
reactivity, there is usually no neetifurther activation of the organometallic reagents for their
reactivity with a broad range of electrophiksch as aldehydes, ketones, Weinreb amides,
imines or even epoxidé€80n the other side, the useleds reactiverganozinc reagents allows

for a lroad functional group tolerance, a significantly enhanced stability and thus the possibility
to store organozinc reagents for months. However, the reactivity of organozinc compounds
often requires the activatioia transition metals and elevated tempemdito perform desired
electrophile quenches or cressupling reactions. Nevertheless, it is worth mentioning that the
direct generation afrganozinc reagents is sometimes not possible and therefore its generation
via transmetalation froma more reactiveorganometallic reagentélready necessitates a
consideration of functional group tolerarféén the following sections, four ways to generate
organometallic reagents in conventional batsdctorsand in continuous flow are highlighted

and their application, substrate scope and funatigmoup tolerance are discussed.

70 (a) Handbook of Functionalized Organometallidgol 2 (Ed.: P. Knochel), WileyCH, Weinheim, 2005 (b)
Organometallchemi¥ol 6, (Ed: C. Elschenbroich Teubner, Wiesbade2008

1 D. R. Lide (Hrsg.)Molecular Structure and Speoscopyin CRC Handbook of Chemistry and Physicd 90, (Ed. D. R.
Lide), CRC Pras/Tayor and Francis, Boca Raton, FL.

72E. Demory, V. Blandin, J. Einhorn, P. Y. Chavantg. Process Res. De2011, 15, 710.
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3.1.1 Oxidative Insertion

Oxidative insertion is a powerful way to generate organometallic reagents. Since the
development of the first organozinc reagent by Frankland in {8d®emera), who mixed

zinc powder and ethyl iodide to perform an efficient insertion into the caduliae bond, the

field of oxidative insertioiis continuously growing?® Due to the high atorand coseconomy,
oxidative insertion is still a considereshethod to generate organometallic reagents.
Nevertheless, thgeneration of organozinc species suffers fromrbed of polar aprotic
solvents and elevedl temperatures. In 1900, Victor Grignard achieved a major breakthrough
in oxidative insertions. Whilenixing methyl iodide and magnesium turnings, he generated
methyl magnesium iodide, whigf considered athe first organomagnesium reagébtheme

7b).™

(a) Frankland et al. (1849) Zn
Et—I e Et—2Znl

(b) Grignard et al. (1900)

Me (0] Mel, Mg Me OH
B e T
Me)\/\/U\Me Etzo Me ™ MMe
e

Scheme 7 Seminal contributionfor the generation of organometalteagents byrankland® (1849)and Grignard1900)™

However, it turned out thaiementamagnesium has s significant drawbacks in synthetic
applicationsMagnesium acts as a reducing agent which limits it substrate scope drastically.
Organic halides containireyg.nitro or azide functional grouse not toleratedponoxidative
insertion’> Moreover, magresiumneeds to be activated prior to the oxidative insertion by
iodine,® DIBAL -H’” or dibromoethan@ due to a passivation layer of MgBurthermore, the
oxidative insertion is an exothermic reaction whn particular problematic for a sufficient
up-scde of desired reactiof?.

In 2006 Knocheland ceworkersdevelogd an alternative wap perform oxidative insertions.
While mixing variousmetak with LiCl, the oxidativeinsertionwas promotedn such a way
that the reaction proceeds without the needhdditional heating at ambient temperatures
(120°Cto 25°C) leading to an increased functional group tolerance. Futtteesolubility of
the resulting LiClcomplexed organometallic species was significantly incref@eteme p&°

73 (a) E. Frankland.iebigs AnnChem.1849 71, 171; (b) D. SeyferthQrganometallic2001, 20, 2940.

74 (a) V. GrignardCompt. Rend. Acad. Sci. Pafi80Q 130, 1322; (b) D. SeyfertitQrganometallic2009 28, 1598.

75 (a) O. KammQrg. Synth1941, 1, 445; (b) C. E. Tucker, T. N. Majid, P. Knoch&l, Am.Chem. Soc1992 114, 3983; (c)
W. Lin, X. Zhang, Z. He, Y. Jin, L. @g, A. Mi, Synth. Commur2002 32, 3279.

76H. Gold, M. Lahed, P. Nilssoigynlett2005 1596.

7T'U. Tilstam, H. WeinmanmQrg. Process Res. De2002 6, 906.

78W. E. Lindsell,Comprehensive Organometallic Chemistry | V@Eds.: G. Wilkinson, F. G. S. Stone, G. E. Ebel) Pergamon
Press, Oxford]1982

7® Grignard Reagents, New Developme(ftd.: H. G. Richey jr.) Wiley, New Yorkk00Q

80 A, Krasovskiy, V. Malakhov, A. Gavryushin, P. Knoch&hgew.Chem. Int. Ed2006 45, 6040.
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In course of these stigb, various organomagnesiuft, -zinc® -manganesg
and-aluminiun?* intermediatesvere successfully synthesized.

(a) Knochel et al. (2008)

FG Mg turnings (2.5 equiv) FG FG,
= LiCl (1.25 equiv) = E-X X
| X | MgX-LiCl | E
= = =
Y THF, -20 to 25 °C, Y Y
10 minto 3 h
X =Cl, Br
Y=CH,N
(b) Knochel et al. (2006)
Znl | Znl-LiCl
Zn powder (2.0 equiv) Zn-LiCl (1.4 equiv)
THF, 70 °C, 24 h THF, 25°C, 24 h
CO,Et CO,Et CO,Et
<5% >98 %

Scheme 8 Oxidative insertions ofmagnesium or zinén the presence of LiCl affordingn organometallic specsewith
enhanced solubilitat ambient condition§*8?

Additionally, Knochelet al. developed ann situ trapping method. It was found that the
oxidative insertion ofagesiumin the presence @f.g.ZnCl, still takes placéScheme R8°
As soon a the organomagnesium species is formed, im isitu trapped by the metal salt
resulting in the more stablerganometallic specigsvhich allows a higher functional group
tolerance.

(0]
(a) Knochel et al. (2008)
Cl
Mg turnings (2.5 equiv) Cl
Q/ CH,ZnX Cl ‘

CH,CI  ZnCl, (1.1 equiv)

LiCI (1.3 equiv) CuCN-2LiCI (1.0 equiv) O
THF, 25 °C, 2 h 0

CO,Et CO,Et
CO,Et
X = CleMgCl,-LiCl 2 82%

(b) Knochel et al. (2014)

O
Cl
Mg turnings (2.0 equiv) F
ZnCl, (1.1 equiv) F
LiCl (1.1 equiv) CuCN-2LiCI (0.2 equiv)
Br > Znx >
THF, 0to 25 °C, 2-3 h

X = ClMgBrCI-LiCl o
89 %

Scheme 9 Oxidative insertions in the presence of LiCl and ZreGlording thein situ trapped organozinc reagents after
oxidative insertiorf®

81F, M. Piller, P. Appukkuttan, A. Gavryushin, M. Helm, P. Knoclelgew.Chem. Int. Ed2008 47, 6802.

82 (a) A. Krasovskiy, V. Malakhov, A. Gavryushin, P. Knochihgew. Chem. Int. E@006 45, 6040; (b) N. Boudet, S. Sase,
P. Sinha, GY. Liu, A. Krasovskiy, P. Knochel]. Am.Chem. So2007, 129, 12358.

83Z. Peng, P. KnocheDrg. Lett.2011, 13, 3198.

84T, D. Blumke, Y:H. Chen, Z. Peng, P. Knoch&lat. Chem.201Q 2, 313.

85 (a) A. Metzget F. M. Piller, P. KnochelChem. Commur200§ 5824; (b) C. Samann, V. Dhayalan, P. R. Schreiner, P.
Knochel,Org. Lett.2014 16, 2418.
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3.1.2 HalogenMetal Exchange

In 1931 ,Prévast reported the first brome-magnesim exchange using EtMgBr ancheamoyl
bromide in diethyl etheropening up a new field afrganometallicchemistry®® Wittig and
Gilman further expanded the halogemetal exchange reaction the usage of BuLi as
exchange reagent performing halogigmum exchanga?®’

The generation of organometallic compourdsa halogermetalexchangeoffers the great
advantage of stereodefined intermedidtdsurthermore, no preactivation of the metal or the
starting material is needed resulting in fast reaction rates. Additionally, the hatogah
exchange can be performed at ambient temperatures without the need of heating. Since no
elemental metal is used, the risk of reducing functional groups is lovirneck the functional

group tolerance is increasedowever, the exchange reaction is an equilibrium reaction.
During the reaction, the more stable carbanion is forgRilire11).°

Increasing strength of exchange reagent

2 3 3 3
Sp > sp vinyl > sp prim> SP sec™ SP tert

Figure 11: Depence of the stability @ carbanion and its strength as an exchange re#gent.

In course of halogehthium exchangestudies Parham ando-workersperformed a halogen
lithium exchange in the presence of sensitive functional groups such as esters and nitro groups.
However, the need of cryogenic temperatures esagntia{Scheme 18).°° Knochel and co
workers further developed an ioditithium exchange reaction of vinyl iodides containing
azides in the presence of ZaCThe intermediate lithium speciesiissitu trapped by ZnGl
forming the more stablendless reactive zinc specjeghich further reacted with electrophiles
without the attack of the azig€cheme 16).%* Additionally, Yamamoto demonstrated the use

of so-called super silyl protecting groups to perform an exchange reaction in the presence of
estergScheme 16).% However,the major drawbacks of halogéithium exchange reactions

with moderate functional group tolerance are tie=d of cryogenic temperatures and
uneconomic functional group protection.

86 C. PrévostBull. Soc. Chim. Fr1931, 1372.

87 (a) G. Wittig, U. Pockels, H. Drog&hem. Ber193§ 71, 1903; (b) H. Gilman, W. Langham, A. L. JacoByAm. Chem.
So0c.1939 61, 106.

88 (a) H. Neumann, D. Seebachetrahedron Lett1976 52, 4839; (b) K. Moriya, M. Simon, R. Mose, K. Karaghiosoff, P.
Knochel,Angew.Chem. Int. Ed2015 54, 10963.

89 (a) J. Clayden,Organolithiums: Selectivity for Synthe¢Bds.: J. E. Baldwin, R. M. Williams), Pergamon, Oxfa2a02
(b) D. E. Applequist, D. F. O’Bried, Am. Chem. So&962 85, 74.

% (@) W. E. Parham, L. D. Jone},Org. Chem1976 41, 2704; (b) W. E. Parham, L. D. Jon@sQrg.Chem.1976 41, 1187;
(c) W. E. Parham, C. K. Bradsché&gc. Chem. Re4982 15, 300.

91 (a) C. E. Tucker, T. N. Majid, P. Knochdl,Am. Chem. So&992 114, 3983; (b) I. Klement, M. Rottlander, C. E. Teck
T. N. Majid, P. Knochel, P. Venegas, G. Cahieztrahedronl996 52, 7301.

925, Oda, H. Yamamot@&ngew. Chem. Int. E@013 52, 8165.
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(a) Parham et al. (1976)

E
Br Li
nBuLi E-X
THF, -100 °C, 5 min
CO,Et
Et Et
02 C0: 75-78%
(b) Knochel et al. (1992)
1. nBuLi
2. MgBr, cHex-CHO NC/\/\/\rcHeX
NCTNNN = o Nygx § OH
THF:ether:pentane THF:ether:pentane o
(4:1:1) (4:1:1) 75-78%
-100 °C, 13 min -100 to -50 °C
(c) Yamamoto et al. (2013) Ph OH
Br Li
tBuLi Ph-CHO
THF, -78°C, 1h THF, -78°C, 1h
CO,R CO,R Ciop
87%
R = Si(SiEt3)3

Scheme 10 Various strategies to perfor halogerithium exchange in the presence of sensitive functional groups. (a)
Cryogenic temperaturé8.(b) In situ trapping of the aliphatic orgdithium specie$? (c) Sterically demanding protecting
groups such as super silyl protecting gréip.

Fdlowing seminal contributions of Prévost and Villieras, Knochel andvorkers have
extended the halogdithium exchange to iodirenagnesium exchange reactions using
iPrMgCl or PhMgCl to tolerate functional groups such as esters or nitro d®chpmEmel 1a).9

By adding LiCl toiPrMgCl, the so-called TurbeGrignard was found to be more reactive in
such a way that also a bromimagnesium exchange was poss{i@eheme 14).%

(a) Knochel et al. (1998)

| MgBr E
@ iPrMgBr a | E-X =z |
X 40 ° _ = N = X

FG THF, -40 °C, 0.5-1 h FG FG
FG = Br, CONR,, CN, CO,Et, CO,Bu E-X = aldehyde, allyl 74-95%
bromide
(b) Knochel et al. (2004)

Br MgClIsLiCl =
@ PrMgBreLiCl ~ | E-X z |
N . . N RN

\FG THF, —15 to 25 °C, 15 min \FG \FG
FG =F, Cl, Br, CN, CO,R, OMe E-X = aldehyde, acyl 70-93%

chloride, allyl bromide

Scheme 11lodinemagnesium exchange reactionsngs{a)iPrMgCP? or (b) TurbeGrignardreagenf*

93 (a) C. PrévostBull. Soc. Chem. Fr1931, 49, 1372; (b) J. VillierasBull. Soc. ChimFr. 1967, 5, 1520; (c) L. Boymond, M.
Rottander, G. Cahiez, P. Knochahgew.Chem. Int. EJ1998 37, 1701.
%4 A, Krasovskiy, P. KnocheAngew. Chem. Int. EQ004 43, 3333.
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3.1.3 Directed Metalation

The preparation of organomdial compoundsvia directed metalationcomprisessome
advantages over oxidative insertion and halegetal exchangdirected metalation does not
need any halogen at the desired position to perform a metalation. However, the need of strong
bases cannot b@recluded. In general, the use of strong alkyl lithium or lithium amide bases
leads to a limited functional group tolerance of the directed metaldfioreover,lithium
amides of the general structure Lipguch as LIHMDS, LDA and LiTMP are less nucledjghi
than the alkyl lithium bases. Therefothe application ofithium amidesavoids undesired
exchange reactionshile maintaining areactivty that is highenough to perform a directed
metalation.However the solubility of such bases at lower temperags is limited® To
overcome these limitations, Hauser al. investigated magnesium amides as metalating
agents’® Eaton and Mulzeet al. continued the seminal work of Hauser and extended the use
of magnesiumamides to TMPMgCI and TM#®Ig,%” which allowed direct metalation of
aromatics, pyridines and cyclopropanes. Nevertheless, the solubility ofbBsH#3 in THF
remained low which allowefibr the directed metalation solely at higher temperatures and with
a large excess of TMPase. D addres these problems, the addition of LiCl increased the
solubility of TMP-bases significantly while maintaining a high kinetical activity. Thus, the
preparation of TMPMd.iCl was straight forward TMPH was directly mixed with
iPrMgCL-LiCl achieving the TMPMgGLICI base (Schemel2a).® However, the directed
metalation still suffered from limited functional group tolera(®ehemel2b). The application

of different metals led toa broad toolbox of various TMP-bases such as
(TMP),Mn-2MgCl-4LiCI,*®  (TMP)Fe2MgCl,-4LiCl,**°  (TMP)sLa-3MgCl-5LiCl,0?
TMPZnCI-LiCI%%2 and TMPZn-2MgCl-2LiCI*3 with varying functional group tolance,
regioselectivity and reactivity. Nevertheless, a scale up of directed metalations is still
problematic due to the need of cryogenic temperature

9 (a) P. Beak, V. Sniecku#\cc.Chem. Resl982 15, 306; (b) V. SnieckuChem. Rev1990, 90, 879; (c) M. C. Whisler, S.
MacNeil, V. Snieckus, P. BeaRngew. Chem. Int. E@004 43, 2206; (d) M. SchlosseAngew. Chem. Int. EQ005 44,
376.

% (a) C. R. Hauser, H. G. Walkel, Am. Chem. So&947, 69, 295; (b) F. C. Frostick, C. RlauserJ. Am.Chem. Socl1949
71, 1350.

97(a) P. E. Eaton, €H. Lee, Y. Xiong,J. Am.Chem. Soc1989 111, 8016; (b) P. E. Eaton, K. A. Lukid, Am. Chem. Soc.
1993 115, 11370.

9 A, Krasovskiy, V. Krasovskaya, P. Knochahgew. Chem. Int. EQ006 45, 2958.

99'S. H. Wunderlich, M. Kienle, P. Knochéngew. Chem. Int. EQ009 48, 7256.

1005, H. Wunderlich, P. KnocheAngew. Chem. Int. E@009 48, 9717.

1015 H. Wunderlich, P. KnocheGhem. Eur. J201Q 16, 3304.

102(3) M. Mosrin, T. Bresser, P. Knoché@yg. Lett.2009 11, 3406; (b) L. Klier, T. Bresser, T. A. Nigst, K. Karaghiosoff, P.
Knochel,J. Am. Chem. So2012 134, 13584.

1035, H. Wunderlich, P. KnocheAngew. Chem. Int. E@007, 46, 7685.



A. Introduction 42

(a) Knochel et al. (2006)
Me7[ LMe
N
MeQMe

Mg H Me
PrMgCI-LiCl > Me” N° “Me
THF, 25°C, 24 h MgCI-LiCl
TMPMgCI-LiCl
(b) Knochel et al. (2006)
H MgCI-LiCl E
‘6\,\, TMPMgCI-LiCI (1.2 equiv) *K\N E-X *g\N
Hal | > Hal | » |Hal |
\N) THF, -551t0 -40 °C, 2 h \N) \N)
Hal = Br, CI E-X = disulfides, 67-75%

aldehydes, iodine

Scheme 12( a) Preparation (©B) TMPMgECl Adi@Gét al ati on % f pyrimidine:

3.1.4 Transmetalation

Transmetalation provides afficientmethod to conert a reactiverganometalliégntermediate

to a second, less reactive, hence more stable organometallic species. First reported by Gilman
et al in 1936, tle concept of transmetalation aeoas a promising tool especially with respect

to functional group toleranc&* Mixing of a highly reactive orgnometdic species such as
organolithiums witha less electropositivenetal salt such as Mgg€br ZnChb leads to the
formation of the more stabterganometallispeciesThe driving force fothetransmetalation
eventis the generatioof the more covaldrcarbonmetal bond and the formation of the more
ionic metal salt due to the higher lattice enefyyDue to the fast halogdithium exchange

andthe application of strong lithium bases for direct metalation, the broad scope of substituted
organolithiums is mainly limited by the functiaingroup tolerance of the resulting lithium
organometallics. Therefore, the generation of highly unstable organometallic species such as
organolithiums necessitates a falansmetalation event befonaedesirediecomposition.

A second alternativieeported ly Knochel and cavorkersis thein situtrapping approach. First,
the starting material is premixed with correspondingnetal salt before the metalation is
initiated. For instance, diread lithiation with TMPLI in the presence of magnesium, zinc or
coppe salts lead to the desiredorganomagnesiunszinc or -copper intermediatevith
significantlyenhanced stabilitand functioml group tolerancé® In fact, the transmetalation
of TMPLi to the more stable TMPMet speci@ddet = Mg, Zn or Cu)ould befasterthan the
metalation event However, alculations of the competing reactiorshowed, that the
transmetalation of TMPLi is siimes slower than the directed metalaticheme 13
Therefore, the directed metalation occurs first, followed by a transmetelatine more stable
organometallicspecies. Neverthelesfie need of cryogenic temperatutisplaysa major
drawback otransmetalationsn particularly for scalingip these reactions.

104 OrganometallbemieVol 6 (Ed.: C. Elschenbroich)Teubner, Wiesbade@008
105 A, Frischmuth, M. Fernandez, N. M. Barl, F. Achrainer, H. Zipse, G. Berionni, H. Mayr, K. Karaghiosoff, P. Knochel,
Angew.Chem. Int. Ed2014 53, 7928.
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ZnCl,
(a) Knochel et al. (2014) » TMPZnCI-LiCl
fast
TMPLi
(hetero)aryl-H
» (hetero)aryl-Li
six-times faster
(b) Knochel et al. (2014) no transmetallation
» TMPZnClI-LiCl
TMPLI of TMPLi
(hetero)aryl-H + ZnCl, —
-78 °C in situ

» (hetero)aryl-ZnCI-LiCl
trapping metalation

Scheme 13(a) Directed metalatin is sixtimes faster than the transmetalation to the less reactive organozinc ;sfigzies
Directed metalation of (hetero)arenes followedrbgitu trapping with ZnC4.

3.20RGANOMETALLIC REAGENTSIN CONTINUOUS FLOW

In recent yearsthe beneficialmerger oforganometallicchemistry with flow chemistry was
extensively studiedHenceanoverview aboubrganometallichemistry in continuous flow is
given in the following chapter.

Continuous flow chemistry offers several advantages compared to theatlaatch approach.
Due to a precise reaction time control, efficient mixing and an excellent heafdr, the
generation obrganometalliccompoundsvas achieved at ambient temperatures without the
need of cryogenic temperaturd8.Since only a very snlaamount of highly reactive
intermediate is formedt a certain timethe electrophilic quench can be performed precisely
without the occurrenceof local concentration gradients or hotspdesirther, the use of
continuous flow setips allowed the exploit@n of unstable intermediates, which are difficult
or impossible to handle under standard batch conditf3s using a flow setip with several
pumping devices, multistep syntlessvereimplemented. Finally, the scalg of previously
reported synthesas possible by simply increasing the ftime without the need of further
optimizations.Thesetechnical capabilitieked to numerous applications of flow technology in
the area of organortadlic chemistry, which arkighlighted hereatfter.

3.2.1 Oxidativelnsertion in @ntinuousFlow

Oxidative insertions in continuous flownay offer significant benefits over their batch
counterparts. Thi situ prepared organometallic species is directly removed from the excess
of solid metal avoidingside reactions accardy to the exothermic nature of the oxidative
insertion Efficient cooling of relatively small amounts of organometallics within a column or
cartridge is easily afforded according to the enhanced suidacdume ratio. Hence,
application of columrand catridge reactors allowed the usagewariousmetal powders in a
continuous flow setp. Alcdzar and McQuadereported the first oxidate insertion of

106 (a) M. Movsisyan, E. I. P. Delbeke, J. K. E. T. Berton, C. Battilocchio, S. V. Ley, C. V. St&/eas,. Soc. Re2016
45, 4892; (b) B. Gutmann, D. Cantillo, C. O. Kappegew. Chem. Int. EQ015 54, 6688; (c) N. Kockmann, P. Thenée,
C. FleischefTrebes, G. Laudadio, T. No&eact. Chem. Eng@017, 2, 258; (d)Flash Chemistry, Fast Organic Synthesis in
MicrosystemgEd.: J-i. Yoshida), Wiley, Chicheste2008

107 (a) M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seebef@eem.Rev.2017 117, 117%; (b) D. E. Fitzpatrick, S. V.
Ley, Tetrahedron2018 74, 3087; (c)Micro Reaction Technology in Organic Synthe&ids.: C. Wiles, P. WattsERC,
Boca Raton201Z; (d) Microreactors in Organic Chemistry and Catalysis, 2nd @dl.: T. Wirth),Wiley-VCH, Weinheim,
2013
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elemental zinc into ra alkylic or benzylic carborhalide bondfollowed by a subsequent
Negishicross coujing with aryl halidesn a continuous flow saip (Scheme 14). First, the
column reactor is filled with elemental zinc, which is preactivatetiashing withTMSCI and
1,2-dibromoethane. A solution of tlakyl- or benzyhalide is then passing by thegaadbed
reactor for 10 minaffording the desired orgamimc reagentsA subsequent #ine quench
using aryl halides and a Silicat Df®e column furnished theorresponding Negishi cross
coupling products in good to excellent yield.

Similarly, de la H@ and Al@zar have reported thatagnesium turningare preactivated by
DIBAL-H, TMSCI and 1bromo2-chloroettane and stored in a packbdd reactor. By
pumping a THF solution ofan alkyl or aryl halidethrough the column reactor, the
corresponding magnesium species @oéainedat elevatedtemperatures within 7.5 min. A
subsequent Hine electrophile quenclusing aldehydes, Weinreb amides, anhydrides and
isocyanateseads to théunctionalizedproducts in googields(Scheme 18).1%° Monitoring of
thein situgenerated Grignard reagestchieved by ofine NMR spectroscopdt® Further,in
situ trapping of the intermediate magnesium species with Ze&tisto the corresponding
organainc species, which underg®a Nickelmediated crossoupling reaction with aryl
iodides (Scheme 14).1! Noteworthy, tlese method tackles limitations, which are prone to
oxidative insertionsinderbatch conditionse.g.the highly exothermic nature of the metal
insertion is easily contlled and the subsequent trapping ofithgitugenerated organometallic
species avoids any difficultied storage and handling of esensitive organometallic reagents.

108 (a) N. Alonso, L. Z. Miller, J. de Mufioz, J. Alcazar, D. T. McQuaddy. Synth. CataR014 356, 3747; (b) M. Berton,
L. Huck, J. AlcazarNat. Protoc.2018 13, 324; (c) |. Abdiaj, C. R. Horn, J. Alcazar,Org. Chem2019 84, 4748.

109, Huck, A. de la Hoz, A. DiaDrtiz, J. AlcazarQrg. Lett.2017, 19, 3747.

110 M. Goldbach, E. Danieli, J. Perlo, B. Kaptein, V. M. Litvinov, B. Blimich, F. Casanova, A. L. L. Duch#@tssahedron
Lett.2016 57, 122.

1A Herath, V. Molteni, S. Pan, J. Lore@rg. Lett.2018 20, 7429.
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(a) Alcazar, McQuade et al. (2014) E-X

R™-ZnY FGFG

RY (Or— Silicat DPP-Pd | ——>

alkyl
25t0 100 °C 60 to 80 °C FG” FG
R = alkyl, benzyl 10 min 2.5 min

Y =Br, | up to 93% yield
E-X = aryl halide

(b) de la Hoz, Alcazar et al. (2017) E-X

R'-MgY ? JO\H R1-CONHR?
R!”OR2
Ry @— Mg - m R1-CO,R?
50 °C, 7.5 min 25to0 50 °C
R' = aryl, alkyl 1-20 min
Y =Cl,Br, |
E-X = aldehyde, Weinreb amides,
isocyanates, anhydrides, aryl iodides

)=o

17 R2 R1-R2

up to 97% yield

P

(c) Loren et al. (2018) E-X

s

1 R'-znY N Me
RI-Y Mg @)») 60%
( >— . NHB
ZnCly, LiCl iPr ¢
25°C, 7 min 25°C, 1 min
R' = aryl, alkyl

Y =Cl,Br, | 50%
catalyst

Schemel4: Oxidative insertion in a continuous flow agt using packeded reactors witimagnesiurt?*!* or zinc1%8

In summary, challenging steps of the oxidative insertsuth as theexothermal reaction
conditions, can be avoided by tléd of continuous flow technology. Additionallythe
immediate quench of thim situ formed organometallic species allows a broader scope of
functional groups. It is worth mentioning that the generatibmrganometallic species in
continuous flowvia oxidative insertion usually does not increase the yield of the reaction
significantly. Rather, the flow sefp is used for a precise reaction time control and an easier
and safer preparation of tbheganoméallic species.

3.2.2 HalogenrMetal Exchange irContinuousFlow

Within Yoshida's pioneeringrork in halogeametal exchange in continuous fld¥,acustom
made ultrafast mixing devicesas used, therebgffording reaction timesof only a few
millisecondsto perfom halogerlithium exchange reactiat'® The unstable organolithiums
were subsequently trapped with various electrophiles resultindnighly functionalized

112 (a) A. Nagaki, Y. Tomida, H. Usutani, H. Kim, N. Takabayashi, T. Nokami, H. OkametoYashida,Chem. Asian J.
2007, 2, 1513; (b) Y. Ushiogi, T. Hase, Y. linuma, A. Takata, ¥oshida,Chem. Commur2007, 2947; (c) A. Nagaki, N.
Takabayashi, Y. Tomida,-l.Yoshida,Org. Lett.2008 10, 3037; (d) Y. Tomida, A. Nagaki,-i. Yoshida,Org. Lett. 2009
11, 3614; (e) T. Asai, A. Takata, Y. Ushiogi, Y. linuma, A. Nagaki, Yoshidg Chem. Lett2011, 40, 393; (f) Y. Tomida,
A. Nagaki, Ji. Yoshida,J. Am. Chem. So2011, 133 3744.

13(@) H. Kim, K-I. Min, K. Inoue, D. J. Im, BP. Kim, J:i. Yoshida,Science2016 352, 691; (b) H. Usutani, Y. Tomida, A.
Nagaki, H. Okamoto, T. Nokami,-i.Yoshida,J. Am. Chem. So2007, 129, 3046; (c) Ji. Yoshida, A. Nagaki, T. Yamada,
Chem. Eur. J2008 14, 7450; (d) A. Nagaki, S. Ishiuchi, K. Imai, K. Sasatsuki, Y. Nakahatia,Yashida,React.Chem.
Eng.2017 2, 862.
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products(Scheme 1&). Due to the fasbdinelithium andbrominelithium exchange reaction
and the lirafast mixing, the reaction timegeadjusedin a way that even highlgensitive
functional groups such as estengtyiles and nitro groupsare toleratedt* Pleasingly, the
merge of continuous flow and halogenetal exchange reactiomsoids mostly the use of
cryogenic temperatures and the need of bwlidystituentson ester groupss reported for
traditional batch chemistrgnd furtherfacilitates the utilization of the highly reactive carbon
metal bond while obtaining an extended functional gralg@réance. In course of Yoshida's
studies,several aryithiums bearing electrophilic groupsere synthesizewhich can either
not betoleratecdbyst andar d b at c h10@°6. W &eécenilypYoshidap Nagaki and 1
co-workers expanded the scope of Ukt halogedithium exchange reaction to alkiyhlides
bearing sensitive functional groups such as epoxides, astetes or carbonatesrhe highly
unstable alkyllithiums were obtained within a retention time of 3.4 to 20 m8Cetoi 60 °C
using a astommade contioous flow seup. Subsequent {line trapping with various
electrophiles afforded the desired polyfunctionalized alkanes in good ¢gddeme 15).116

(a) Yoshida et al. (2009)
FG
Li
-78t0 0 °C
FG‘@ O 0.01100.06's

X o} 0
@m 78100°C
2.2s R E RO E
o)
E E

R-Li ®7 J @m

FG = COR, CO,R, NO,, CN
X =Br, |
R-Li = nBulLi, sBuLi, PhLi, MesLi

(b) Yoshida et al. (2019)
FG—AIlk—Li

90 to -60 °C
FG—Alk=X ( > 3.4 10 20 ms
0
-90 to -60 °C
@)»)) 47s LA _E Buoc ™"

NGB Buo,co” O E

LIDTBB @—
ex O———

FG = epoxide, CO,R, CN, carbonate
X =Br, Cl

Schemel5: (a) HalogeHithium exchange using arnd alkyllithiums within a millisecond range and subsequent electrophile
trappingt** (b) Generation of alkyllithiums bearing functional groups g4iiDTBB and subsequent electrophile trapptfy.

Yoshida et al. further demonstrated the application of ultrafast mixifmy simultaneous
competitve reactions such as undesired rearrangements or side reactions of lithium bases with

114 (@) H. Kim, A. Nagaki, Ji. Yoshida,Nat. Commun2011, 2, 264; (b) A. Nagaki, H. Kim, d. Yoshida,Angew. Chem. Int.
Ed.2008 47, 7833; (c) A. Nagaki, H. Kim, <. Yoshida,Angew. Chem. Int. E@009 48, 8063; (d) A. Nagaki, H. Kim, Y.
Moriwaki, C. Matsuo, Ji. Yoshida,Chem. Eur. J201Q 16, 11167; (e) A. Nagaki, H. Kim, H. Usutani, C. Matsuei. J.
Yoshida,Org. Biomol. Chem201Q 8, 1212; (f) A. Nagaki, K. Imai, S. Ishiuchi;J.Yoshida,Angew.Chem. Int. Ed2015
54, 1914.

115 A, Nagaki, Tetrahedron Lett2019 60, 150923.

116 A Nagaki, A. H. Yamashita, K. Hirose, Y. Tsuchihashi, Yoshida,Angew. Chem. Int. E@019 58, 4027.
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electrophilic groupswithin the starting materidf:’ Hence,they reported the possibility to
overcome side reactismccurring during a halogdithium exchangevithin apolyimide chip
reactor.E.g.the Fries rearrangement oftho-lithiated aryl carbamates and esters cannot be
prevenédin a macrobatch reactor. However, using a residence time of 0.33 ms afforded the
ortho-functionalized carbamates and esters in good yi€dsthe other hand,ybincreasing

the residence time to 628s, a Fries rearrangement occurs leading after subsequdiniin
quench to the corresponding functionalized phenol derivatdesemel 6).18

Yoshida et al. (2017) i
R (6}
Li
unrearranged products:
(e} Fri . (0} O
ries rearrangemen
R)l\o (3.9to 14 ms, =50 °C) EtzN)l\O o Me)l\o

I . or ) SnBug
direct electropile trapping OMe
( > (0.22t0 6.3 s,-50 °C
18 s, -50 °C

PhLi @7 ‘m_’ rearranged products: )O]\

OH O Me

E-X 3 ©/KNEt2 @*NEQ
FG = NEt,, Ph, Me
83% 85%
Fries rearrangement:
0]
R)I\O Yo o

0. O~Li
©/Li 5 @NEQ . ©)J\NE1
2

Scheme 16Selectively atcompeting the Fries rearrangement by ultrafast mixing perfornmingdinelithium exchange in
a continuous flow setip '8

Halogenmagnesium exchange reaction in continuous fA@sereported byyoshidg Ley and
others Yoshidareported thédorominemagnesiunmexchange using bromopentafluorobenzene
and ethyl magnesium as exchange reagdmt.in situ generated aryl magnesium reagent is
subsequently trapped with BCbr methanolresulting in the desired borate bydrolysed
pentafluorobenzengcheme 1J). Ley and ceworkers, however, appligtie Turbo-Grignard

for successful generation of arylnmegums from the corresponding arydromides
Interestingly, the formation of the arylmagnesiums was monitored-layginR technology'!®
Accordingto theinvestigationsof Yoshidaand Ley it waspossible tgprecluce the need of

117(a) A. Nagaki, K. Imai, S. Ishiuchi,-Il. Yoshida,Angew. Chenint. Ed.2015 54, 1914; (b) H-J. Lee, H. Kim, 3i. Yoshida,
D.-P. Kim,Chem Commun2018 54, 547; (c) A. Giovine, B. Musio, L. Degennaro, A. Falcicchio, A. Nagaki,Yoshida,
R. Luisi,Chem. Eur. J2013 19, 1872.

18 (@) H. Kim, K. I. Min, K. Inoue, D. J. Im, DP. Kim, J:i. Yoshida,Science2016 352, 691; (b) H. Kim, K. Inoue, d.
Yoshida,Angew.Chem. Int. Ed2017, 56, 7863.

19T, Brodmann, P. Koos, A. Metzger, P. Knochel, S. V. I@g. Process ResDev.2012, 16, 1102.
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cryogenic temperaturder halogersmagnesium exchange reactioN®teworthy the reaction
times are significantly shortened compared to batch proc¥8ses.

Gupton and cavorkers have highlighted tHeeneficialuse of continuous flow technology for
the halogemmetal exchange using fho-Grignard for the straighforward synthesis of the
anti-fungal fluconazolel-Bromo-2,4-difluorobenzenes subjectedo abrominemagnesium
exchange within 2.5nin at 25°C. Subseqgent trapping with 1,&lichloroaetone under flow
conditions led to théis-chlorinated tertiary alcohol in 87% isolated yield. Further batch
reactiongurnishedthe desired antiungal fluconazol¢Schemel 7b).1%1

a) Yoshida et al. (2005
(a) (2005) MgBr

F F
Br F F .
MgBr

@ H F
20 °C, 5 min F F F B-
F F
4
F m
F F F F

after batch quench
with methanol or BCl3

(b) Gupton et al. (2017)

MgCl-LiCl
F
Br
F F NA',\I
®7 cl NN
25 °C, 2.5 min
OH OH
25°C, 1 mi
min . Batch <N/) F

iPrMgClIsLiCl @7 . « Miib >~ >
—_—
Q < > F F
CI\)I\/CI 87% Flucanazole

Scheme 17 Halogenmagnesium exchange reaction using (a) EtM&Boar (b) TurbeGrignard as exchange reagent in a
continuous flow setip %!

3.2.3 DirectedMetalation inContinuousFlow

To circumvent the need ahexcess of metalating reagent and cryogenic temperatures, directed
metalationsare performed in continuous flowRecently, Knochel, Leyand Yoshida have
reportednumerousapplications in the area of directed metalation. Knoehel. reported the
metalation of substituted pyridinasd pyrimidinesinderbatch and flow conditions. Whereas

for example the sensitive 2,3-dichloro-5-(trifluoromethyl)pyridine is metalated with

T MP Mgl using batch conditions at40 °C within 2 h, the same reaction is performed
within a flow setup at25 °C within 30 s The resulting pydylmagnesium species is quenched

120(@) H. Wakami, Ji. Yoshida,Org. Process Res. De®005 9, 787; (b) T. Brodmann, P. Koos, A. Metzger, P. Knochel, S.
V. Ley, Org. Process Res. De2012 16, 1102; (c) Z. Qian, I. R. Baxendale, S. V. L&nhem. Eur. J201Q 16, 12342.

12135, Korwar, S. Amir, P. N. Tosso, B. K. Desai, C. J. Kong, S. Fadnis, N. S. Telang, S. Ahmad, T. D. Roper, B. F. Gupton,
Eur. J. Org. Chen017, 6495.
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with I either in batch within 30 mi(b6%isolated yield)or in flow within 1 minresulting in

a significantlyincreased yieldf 73% Applying the optimized reaction conditions dther
nitrogen and sulphuicontaining heterocycles, a broad range of functionalized heterocycles
wasobtained after subsequentline quench with a large variety of electrophiles in good to
excellent yield§Scheme 1822

—60to 40 °C Cl CF.
Heteroaryl-H  ( > 0.5 to 30 min I\/[ ’ /@\
@m 601050 °C | o SNZ N CI™ g~ ~CHO
6 s to 27 min 73% 79%

TMPMgCI-LiCl @— ] @E}E}) OMe
N)i /[ \
ex O XA A~
MeO~ "N~ “CHO S

78% 90%

Schemel 8: Directed metalation in a continuous flowsep usi ng TMP Mg Cl AL iti@lof hétevaarentddfe f unct i

Moreover, Knochel ando-workershavedemonstrated the advantageous use of continuous
flow for the directed metalation of donitriles, acrylates and nitroolefind8y using
TMPZnCIAICI at 40°C, it was possible to achieve a zincatiorBagthoxyacrylonitrile within

10 minutes. Subsequent-ime quench afforded thdesired allylated product in 78 yield.
Further,magnesiations using TMPMg&ICI allowed the generation of numerous metalation
events at spcarbon atoms at ambient temperatures resulting in various functionalized
acrylonitriles, acrylates and nitroolefins in good yiglsheme 14).1%3

By the applicatia of (Cy:N).ZnRLiCl, Knochelet al. further extenddthe scope of directed
metalations in continuous flow to sensitive (hetero)aromatics. The metalated species are
formed at elevated temperatures {6) by treaing the (hetero)arenes witiCy.N)Zn&LiCl

within 10 minutes an subsequenguench in a batch reactaith allyl bromidesor Pd
catalyzel Negishicross couplings were performéscheme 18).1%4

Furthemore Knocheland ceworkershavedemonstrate a Barbiertype flow lithiation using
LDA as metalating agenHerein, a carbamoyl substrate is premixed withieamides or
ketones followed by mixing with LDA &5 °C. The carbamoyl lithium species is formed in
the presence of the electrophilestantaneously followed by the nucleophilic attack resulting
in functionalized ketones and alcoh(®heme 16).12°

122(a) T. P. Petersen, M. R. Becker, P. Knocheigew. Chem. Int. EQ014 53, 7933; (b) M. R. Beckeiyl. A. Ganiek, P.
Knochel,Chem. Sci2015 6, 6649; (c) M. R. BeckeAngew. Chem. Int. E@015 54, 12501.

123M. A. Ganiek, M. R. Becker, M. Ketels, P. Knoch@kg. Lett.2016 18, 828.

124 M. R. Becker, P. KnocheQrg. Lett.2016 18, 1462.

125M. A. Ganiek, M. R. Becker, G. Berionni, H. Zipse, P. Knochehem. Eur. J2017, 23, 10280.
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(a) Knochel et al. (2016)
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Scheme 19(a) b r ect ed met al ation of acrylonitril es Cinceontinydusat es

flow.123 (b) Directed metalation of sensitive (hetero)arenes U€ggN)2Z n A 2 &t 5001 in continuous flowt?*(c) Barbier

type flowlithiation using LDA as metalating ageltb

In addition, the research groups of Stevens and Bio recently generated allenyllithiums in
continuous flow. Due to the explosive manner and safety concerns of metalloallenes, the direct

metalation of allenes is avoided in a macrobatch reaction. Howswapplying continuous
flow conditions, lithiated methoxyallen@as generated by deprotonation witiBuLi. The

afforded lithiated allene was subsequently trapped with benzophenone resulting in the desired

tertiary alcohol in good yieldScheme20a).*?® Further, Bio and ceworkers performed a
lithiation reaction of gaseousallene with nHexLi. The resulting alleyllithium was
transmetalatetb a less reactive metal species such as allenykiragnesium orboronand
subjected to a trapping reageWith respect to the metalation of allenes, the major benefit of
flow chemistry resultsnainlyfrom the safe handling of highly explosikgactionintermediates

(Scheme 26).127

1265, Seghers, T. S. A. Heugebaert, M. Moens, J. Sonck, J. W. Thybaut, C. V. SBhemS§usCher@018 11, 2248.
127 (@) H. Li, J. W. Sheeran, A. M. Clausen-@. Fang, M. M. Bio, S. BadeAngew. Chem. Int. EQ017, 56, 9425; (b) J.

Zhao, Y. Liu, S. MaQrg. Lett.2008 10, 1521.

and
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(a) Stevens et al. (2018) Li

e —
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Scheme 20Preperation of explosive metallteiesvia directed metallation using alkyllithiums in a continuous flow set
Up.126127

@7 -10°
%

nHexLi 25°C

3.2.4 Transmetalation in Continuouddw

A transmetalation everdf less stableorganometallicintermediatesoften suffers from the
disadvantage, that the transmetalati@edso be very fast compared to any side reactans
themorereactiveorganometallic reagertiowever trapping of highly reactive organometallic
intermediates with a less electropositive metal salt witlgry short reaction times a
continuous flow setip and the application oh situ transmetalationsnay overcome these
problems to some extent.

In 2014, Knochel and eworkers demonstrated a direct metalation with instantaneeirsein
transmetalation. Therefore, various heterocycles were metalatecbmraercially available
continuous flow setip using TMPMgCAICI. A subsequent iine quench with ZnGlin the
presence of Pd(dbg)P(-furyl)z andaryl iodides, afforded the desired Negishi crosapling
productsvia the transmetalated zinc spec{€sheme21a).128

Based on these promising results, the Knochel group investigagsa transmetalatiosin
continuous flow. In 2015they reported anin situ trapping transmetalation protocoh
premixed solution of (hetero)areneswith metal salts such aZnCLALICI, MgClL or
LaCLRLIiCl in THF was metalated with TMPLi or GMLi. Due to the presence of the metal
salts, the less reactive (hetero)aryl organometallic species were formed, wdriekhen
directly quenched in a standard batch reaction withouarielectrophiles or further
functionalizedvia Negishi crossouplings (Scheme 2). The scope of this method was

128T, P. Petersen, M. R. Becker, P. Knockglgew. Chem. Int. E@014 53, 7933.
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successfully extended to functionalized acrylaté3hein situ trapping with metal salts has
recently been extended to highly reactive &itbd azobenzeng$Scheme 2t). Applying
convenient flow conditions (8C, 20s), unsymmetrical azobenzenes were lithiated.
Noteworthy, azobenzenes, which did not contain sensitive functional groups, were directly
trapped with various electrophiles. Howewvire presence of sensitive functional groups such

as nitriles required thie situtransmetalation to less reactive magnesium or zinc azobenzenes.
Subsequent batch quenching reactions with various electrophiles such as allylic halides,
elemental bromingcyl chlorides and aldehydesNegishi crosscouplings were successfully
performed:3°

(a) Knochel et al. (2014)

25°C 50 °C
Heteroarenes < > 1 min 27 min S =
| _ /Y
N Cl S
OMe
TMPMgCI-LiCl  ( >— Me
76% 87%

ZnCl,, Pd(dba),, P(o-furyl)s, aryl-I

(b) Knochel et al. (2015)

CF
(Hetero)arenes or acrylates = 2
+ <> 0°C
metal salts 40's O
IS — YO

TMPMgCI-LiCI F X -COsEL

gr ' % ZnCly, Pd(dba),, CO,Et Me,N

P(o-furyl)z, aryl-l

Cy,NLi 94% 70%

metal salts = MgCl,, ZnCl,+2LiCl, LaCl32LiCl

(c) Knochel et al. (2017)

Br: N\\N/Ph
F
N 0°C
TMPLi 97 20's i

75%
Ns _Ph Ns _Ph
FG NG
|

+
ZnCl,

78%

Scheme 21 Directed metalation within situ transmetalation of various (hetero)arenes, acrylates and functionalized
azobenzenes in the presence of various mdtal'&&!30

Similarly, Buchwaldet al. reported a stepwise metalatitansmetalation flow procesBy

usng Schlosser basea direct metalation of benzotrifluorides and fluated arenes and
pyridines was performed The metalated(hetero)arenes were then in a stepwise manner
transmetalated to the corresponding zinc species by adding gi@ionvia a third pumping
devices. In a third step, the organozinc reagents undeNegnshi crosscoupling using aryl
bromides and a Pchatalyst to access a broad range of fluorinated arenes and heteroarenes. In
contrast to the previously described method of Knoahélceworkers the stepwise procedure

129 (@) M. R. Becker, M. A. Ganiek, P. Knoch&hem. Sci2015 6, 6649; (b) M. R. Becker, P. Knochélngew. Chem. Int.
Ed.2015 54, 12501.
130 M. Ketels, D. B. Konrad, K. Karaghiosoff, D. Trauner, P. Knoctey. Lett.2017, 19, 1666.
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requires a tedious screening ¢fetstability of the lithiated (hetero)arenes to avoid LiF

elimination(Scheme 28).*3! Buchwald successfully extended this method to the preparation

of

in continuousflow afforded thel i
afforded the bi®rganozinc species within 180 A subsequent Negishi cressupling
reaction in batchesulted inenantioenriched-ZFs-2-(hetero)arylsubstituted oxiranes, which
can be further functionalizediia nucleophilic ring opening reactions leagirto the

¢ hCRsroxdranyldihcates. Mixing 2;&8poxy1,1, L-trifluoropropane (TFPO) withBulLi

t hi

ated

corresponding tertiar€ Fs-substituted alcohokScheme22b).132

(a) Buchwald et al. (2016)
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(b) Buchwald et al. (2017)
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Scheme 22(a) Directed metalation usimBuLi or LDA and stepwise transnagation?3 (b) Directed metalation of oxiranes
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usingnBuLi and stepwise transmetalation using Zn€ (c) In situ trapping transmetalation of organomagnesium reagents
generated in a continuous flow halog@agnesium exchange by Znc#

Reently, Loren and caovorkers extended the scopeinfsitu trapping transmetalation to the
generation of various alkyl and aryl organozinc compounds. Therefore, the corresponding aryl
or alkyl halide is mixed in a continuous flow agt with a ZnCJAiCl sdution. Then, the

reagent mixture is pumped through a paeked reactor containing activated magnesium

turnings. Then situgenerated aryland alkylmagnesiums were directly transmetalated to the
corresponding organozinc reagents, which were furthesaaed to Negishi crosoupling

131S, Roesner, S. L. Bawald, Angew. Chem. Int. E@016 55, 10463.
1324, Zhang, S. L. Buchwald, Am.Chem. Soc2017, 139, 11590.

at
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reactions. Noteworthy, Lorest al. demonstrated the preparation of organozinc reagents,
whose commercially availability is limited due to fast degradation (Schemé322c).

133 A, Herath, V. Molteni, S. Pan, J. Lore@rg. Lett. 2018 20, 7429.
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4.0OBJECTIVES

In the past decades, many improvemenmtthe field of organtithium chemistry were made.
Nevertheless, it is still an ongoing task to generate highly reactive lithium compounds
containing sensitivédunctional groupssuch as isothiocyanates, estemgriles and azides.
Among the top small motelle drugs by US retail sales in 2010 over 80% contain at least one
heterocyclic fragment in their structuf#.Owing to these facts, the synthesiduofctionalized
(hetero)arylithiums should behe subject of intensive research. Previous resutteeiknochel
groupshowed the advantageous use of flow chemistry. Becker ansrs@rs were able to
perform a direct lithiation using TMPLi in a commercially available flowiget Thein situ
generated lithium speciewas subsequently trapped by various megalts €.g. ZnCly,
CuCNA2Li Cl ) r es ulandimoregstableorganonetlicspectéawito thesev e
resultsin mind, a new methodologyas envisioned¢ombining the advantageous use of flow
chemistry with halogetithium exchange of highly chahgingaryl halidesand anin situ
trapping approachlt was proposed that (hetero)arylalides perform a halogédithium
exchangeaisingnBuLi as exchangreagent. As previously demonstrated, the resulting lithium
speciesshouldbe trappedn situwith metal salts(e.g. MgCl2AiCI or ZnCl) resulting in the
more stableorganometallicspecies Finally, batch quench with various electrophit®uld
afford highly functionalized (hetero)aren¢Scheme23).136

_______________________________________________________________________

Ep
~&)

1

1

: nBuLi % time, temperature,
' flow-rates

' Met-Y = MgCl+LiCl, ZnCl,

Scheme 23Halogenlithium exchange of (hetero)arenes usiByLi as exchange reagent in the presence of various metal
salts in a continuous flow sap affording the more stable (hetero)aromatic organometallic species, which should be trapped
in batch by various ettrophiles.

Furthermorejt was proposed to transfer the concepinositu trapping with metal salts to a
Barbiertype quenchingwith electrophilesi.e. the electrophileare already present during the
halogenlithium exchangeevent(Scheme 24)By premixing halogenated (hetercdaeswith
suitable electrophiles and subsequent haldgieinm exchange reaction using@uLi and
tBuLi as exchange reagent in a continuous flowwggtn situ preparedhetero)aryllithiums
should be affordedue to the msence of suitable electrophiles, the organolithiums should be
directly trapped before competitive side reactions such as decompostir@norganolithiums

134D, J. Mack, M. L. Weinrich, E. Vitaku, J. T. Njardarson, http://cbc.arizona.edu/njardarson/grepipdopaceuticals
poster.

135M. R. Becker, P. KnocheAngew.Chem.nt. Ed.2015 54, 12501.

136 This project was developed in cooperation with Dr. Marthe Ketels, Dr. Maximilian A. Ganiek and Dr. Rodolfo Hideki
Vicente Nishimura, see: M. Ketels, Dissertation, LMU MincH81,8and M. A. Ganiek, Dissertation, LMU Miinchen,
2018.
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can occut®’ Furthermorean expansion oBarbiertype trapping tqheteropenzyliclithium
species which should be prepared by anodinelithium exchange reactionusing
(hetero)benzyt iodides was envisionedThe presence of electrophiles as trapping reagents
should avoidthe undesired Wurtz coupling, which is a typical side reaatibma batch

reations13®

____________________________________________________________________________

or +E-X @— CHoLi L
nBuLi- ®7 time, temperature,
or tBuli flow-rates
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Schenre 24 Barbiertype halogerithium exchange reaction of benzylic iodides and (hetero)aromatic halides in the presence
of carbonydcontaining electrophiles affording the desired secondary and tertiary alaolhatentinuous flow satp.

Recently, Collum andco-workers reported a straightorward synthesis of sodium
diisopropylamide (NaDA), a sodium analogue of fregjuently used.DA.*3° Collum and ce
workers were able to perform a diredmetalation of variouaryl compounds using NaDA as
metalating agent under batch conditionaterestingly substrates withortho-halogen
substituent were not applicable for the direct metalatioa to a &st degradation of the
intermediate sodium speciega aryne formation'*° Based on these resylta direced
metalation ofsubstituted hetero)arylsn continuousflow using the soluble NaDA baseas
envisioned It was anticipatedthat it should be possible tdrap the highlyreactive
organsodium intermediatewith various eletrophilesby applyingshort reaction times of less
than one secon@cheme 2p'4!

___________________________________________________________

=g

(=) O— 5
time, temperature, 1
NaDA (% R
flow-rates
R'=F, Cl,Br

S
S,

R2=Cl, Br, |, CF4

___________________________________________________________

Scheme25: Sodiation of (hetero)arenes using NaDA in a continuous flowget

Moreover the sodiation ofsubstitutedunsaturated alkengbmpounds was not yet described.
Using NaDA in a continuous flow sep should demonstrate an extension of the sodiation
method to various (substituted) alkenyl nitriles and sulfilasthermore, it would be of great

137 This project was deveped in cooperation with Dr. Rodolfo Hideki Vicente Nishimura.

138This project was developed in cooperation with Johannes H. Harenberg, see: J. H. Harenberg, Dissertation, LMU Miinchen.
139Y. Ma, R. F. Algera, D. B. Collum]. Org. Chem2016 81, 11312.

140R. F. Algera, Y. Ma, D. B. Collum]. Am.Chem. So2017, 139, 15197.

141 This project was developed in cooperation with Dr. Marthe Ketels, see: M. Keitdsytation, LMU Miincher2018
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interest toinvestigateother sodium bsessuch as NaTMPwhich are soluble not only in the
uncommon solvent dimethylethylamine but ratherhydrocarbonsor ethereal solvents
(Scheme 2p*4?

___________________________________________________________

NaDA
or ®7 time, temperature,
NaTMP flow-rates
R' = Ar, OR, Alk

R? = CN, SPh, CO,Et

___________________________________________________________

Scheme 26Sodiation of (substituted) alkenyl compounds using NaDNa&FMP in a continuous flow sefp.

Finally, a flow procedure foa metalation using soluble potassium bases continuous flow

setup was envisioned According to the increased bond polarity of the resulting
organopotassiums compared to organolithiungs' andiums, their reactivity should be further
enhanced. Thus, it was estimated that ultrafast reaction sinoegdplay a crucial role for the
efficient metalation with potassium bases. For that reason, it was anticipated that such a
potassium metalatioshould be an excellent candidate for the beneficial use of continuous flow
technology. In analogy to the efficient preparation of NaDBatahpreparatiorof KDA using

sliced potassiumndiisopropylamine and isoprene in hydrocarbon solvevds proposed
(Scheme 2)42

KDA ®7 time, temperature,
flow-rates

R' = OMe, CF3, CN, etc.
R? = Br, Alk, Ph, OMe

____________________________________________________________

Scheme 27Preparation of (hetero)aromatic potassium reagents by a directed metalation using &Boktinuous flow set
up.

142This project was developed in cooperation with Johannes H. Harenberg, see: J. H. Harenberg, Dissertation, LMU Minchen.






B. Results and Discussion

59

B. RESULTS ANDDISCUSSION






B. Results and Discussion 61

5.PREPARATION OF POLYFUNCTIONAL DIORGANO-
MAGNESIUM AND -ZINC REAGENTS USING IN STU
TRAPPING HALOGEN-LITHIUM EXCHANGE OF
HIGHLY FUNCTIONALIZED (HETEROARYL HALIDES
IN CONTINUOUS FLOW

Organolithiumgisplay an important role in the generatiorocganometallic intermediates in
organic synthesi¥®> Among various methods for the preparation of organolithium compounds,
the halogedithium exchange is a standard preparation method providing, after transmetalation
to more electronegativ@etals, a broad range of organometallic intermedidfesowever, tie

scope of halogetithium exchange is limited by the presence of sensitive functional groups
such as azides, nitriles and estérsTo overcome these drawbacks, the use of cryogenic
temperature’$® or special protecting groupf$ proved to be successfully. Adidnally, a fast
subsequent transmetalation to a less reactive metal after the hktloigieem exchange leads to
more stable organometallics affording a better functional group tolerance even at higher
temperature$?®

Within recent years, continuous flovechniques have emerged as a powerful tool for
addressing synthetic probledf8 Thus, Yoshida ando-workers have utilized ultrgast mixing

and a precise reaction time control for achieving the generation of lithiated arenes bearing
sensitive functional grps such as nitro or cyano grodp$Recently,Knochelet al. have

shown that the scope @renemetalationswith a strong baseuch asTMPLi (TMP =
2,2,6,6tetramethylpiperidyl) is dramatically increased by performing these metalations in the
presence of etallic salts®! The resulting organometallics were much more stable than the
initially generated lithium reagents and could be broadly functionalizéd avivariety of
electrophiles The scope and reaction conditions of thisitu trapping proceduraere now

further improved by switching from a batch to a continuous flowipgiScheme 28. Aware

143 (a) J. ClaydenQrganolithiums: Selectivity for Synthe¢i&ds.: J. E. Baldwin, R. M. Williams), Pergamon, Oxfd2@p2
(b) M. C. WhEler, S. MaeNeil, V. Snieckus, P. Beakhngew.Chem. Int. EJ2004 43, 2206.

144D, R. Armstrong, E. Crosbie, E. Hevia, R. E. Mulvey, D. L. Ramsay, S. D. Robe@sem. Sci2014 5, 3031.

145(a) M. Hatano, S. Suzuki, K. Ishiha@ynlett201Q 321;(b) T. Kim, K. Kim, J. Heterocyclic Chen201Q 47, 98; (c) K.
Kobayashi, Y. Yokoi, T. Nakahara, N. Matsumotefrahedror2013 69, 10304;(d) A. Matsuzawa, S. Takeuchi, K. Sugita,
Chem. Asian 2016 11, 2863.

16\, E. Parham, C. K. Bradschégc. Chem. Re4982 15, 300.

1475, Oda, H. Yamamot@ngew. Chem. Int. E@013 52, 8165.

148 (@) C. E. Tucker, T. N. Majid, P. Knochél, Am.Chem. Soc1992 114, 3983; (b) S. Roesner, S. L. Buchwaihgew.
Chem. Int. Ed2016 55, 10463.

149 For general advances in flow chemistry, see: (a) T. Brodmann, P. Koos, A. Metzger, P. Knochel, SOvg.Ligsocess
Res. Dev2012 16, 1102; (b) D. Ghislieri, K. Gilmore, P. H. Seeberggngew. Chem. Int. EQ015 54, 678; (c) M. Teci,
M. Tilley, M. McGuire, M. G. OrganQrg. Process Res. De2016 20, 1967; (d) C. Battilocchio, F. Feist, A. Hafner, M.
Simon, D. N. Tran, D. M. Allwood, D. C. Blakemore, S. V. Ldlgt. Chem.2016 8, 360; (e) H. Seo, M. H. Katcher, F.
JamisonNat. Chem 2017, 9, 453.

150 (@) A. Nagaki, H. Kim, H. Usutani, C. MatsueiJYoshida,Org. Biomol. Chem201Q 8, 1212; (b) H. Kim, A. Nagaki,
J-i. Yoshida,Nat. Commun2011, 2, 264, (c) A. Nagaki, K. Imai, S. Ishiuchi-iJ.Yoshida,Angew Chem. Int. Ed2015
54, 1914; (d) H. Kim, HJ. Lee, D-P. Kim, Angew. Chem. Int. EQ015 54, 1877.

151(@) A. Frischmuth, M. Fernandez, N. M. Barl, F. Achreiner, H. Zipse, G. Berionni, H. Mayr, K. Karaghiosoff, P. Knochel,
Angew. Chem. Int. EQ014 53,7928; (b) M. R. Becker, P. Knochélngew. Chem. Int. EQ015 54, 12501; (c) M. Ketels,
D. B. Konrad, K. Karaghiosoff, D. Trauner, P. Knocl@ig. Lett.2017, 19, 1666.
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of the fast rate of the halogdithium exchangé® an analogousn situ trapgng exchange
procedure (Schem28b) was envisionedThis in situ trapping halogeitithium exchange
procedure has thgeneraladvantage that it provides excellent functional group tolerance
including aryl azides and that it can be conducted using commercially available flow reactors.

(a) Previous work: In situ trapping metalation

TMPLi 0°C,40s

Ar-Met or _, ArEor
Het-Met Het-E

Ar-H
or + Met-Y
Het-H

(b) This work: In situ trapping Hal/Li-exchange
—-60 to 25 °C,

0.06t0 53 s
Ar-Metor | _, ArEor
Het-Met Het-E

17

BuLi or PhLi

r7

Ar-X or
Het-X + Met-Y
Met-Y = MgCl,-LiCl, ZnCl,

Scheme 28 In situtrappingmetalation andexchange usingcommercially available continuous flow agp.

5.1OPTIMIZATION OF REACTION CONDITIONS

First, the reaction conditions were optimized performiran Br/Li-exchange for
4-bromobenzonitrile {a) usingBulLi as exchange reageft Without the addition of a metal
salt optimized flow conditions led after quenching with allyl bromid@a, (2.5equiv) and
CuCN-2LiCP** (10 mol%) to the allylated arenta in 17% GGyield (Tablel, entry 9. This

low yield may bedue to the competitive addition ofellmewly generated aryllithium &ulLi

to the cyano group. Addition of soluble Mg@IiCl (1.1 equiv)to the aryl bromiddaafforded

the desired allylated product in 57% &ild (entry 2). Using a substoichiometric @nmt of
MgCl»-LiCl (0.5 equiv)and further optimization of the equivalentsduLi and the combined
flow-rateled tothe bisorganomagnesium speci2awhich, after trapping with allyl bromide

in the presence aCuCN-2LIiCl, resulted in 6278% GGCyield (entries &). Performing the
reaction at 28C, the GCyield dropped significantly to 38% (entry 6). Further optimizations
of the nBuLi-equivalents provided the optimum conditions (1.5 equiwmBuLi;
0°C;12mL A iticambinedflow-rate reaction time: 2.5 s)esulting in 85% G&yield
(entry7). Instead of MgCJ-LiCl, ZnCl> could also be useabk ann situtransmetalatingeagent
leading todaa in 82% GCQCyield (entry 8) The use of 1.1 equivalenB1Cl, led to a slight
decrease foGC-yield (71%, entry 9). To demonstrate that the exchaisgfaster than the
transmetation of the exchange reagent with the metal salt, a premixed solution of the
corresponding metal salts amiBulLi were mixed at178°C and injected in flow. Not
surprisingly, the yield of the exchange reaction dropped significantly (entr&$)10

152\, F. Bailey, J. J. Patricia, T. T. Nurmi, W. Wargtrahedron Lett1996 27, 1861.
158 Commercially available equipment from Vapourtec and Unigsis was used.
154p_ Knochel, M. C. P. Yeh, S. C. Berk, J. TalbértQrg. Chem1988 53, 2390.
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Table 1: Optimization of the brominéithium exchange in the presence of metal salts using continuous flow.

...................................................................

s flow time [s], temperature [*C] |1 bateh

WO/ [ ] P

CN fowrateﬂ{ © }— @

ey (— Li Vet | allyl bromide

Br  Met-Y = MgCl,-LiCl, ZnCl, 2a CUCQ:UCI 4aa|

ot oo o o :

Entry Metal slalt nBuLi. T Flow-_raite t GC-yield
(X equiv) (X equiv) [°C] [mLMAin } [s] [%0] @

1 - 15 0 6.0 2.50 17
2 MgCl,-LiCl (1.1) 1.5 0 6.0 2.50 57
3 MgCl2-LiCl (0.5) 1.1 0 6.0 2.50 62
4 MgCl,-LiCl (0.5) 1.5 0 1.0 15.0 68
5 MgCl2-LiCl (0.5) 1.5 0 16.0 0.94 78
6 MgCl2-LiCl (0.5) 1.5 25 6.0 2.50 38
7 MgCl,-LiCl (0.5) 15 0 6.0 2.50 85
8 ZnCl (0.5) 15 0 6.0 2.50 82
9 CuCN-2LiCl (1.1) 1.5 0 6.0 2.50 71
10 ZnCl, (0.5)"! 1.5 0 6.0 2.50 0
11 MgCl.-LiCl (0.5)® 15 0 6.0 2.50 26

[al GC-yield determined using dodecane as an internal starlflavtitallic salt mixed witmBuLi in batch aff 78 °C anc
then injected in flow.

5.2INVESTIGATION OF THEELECTROPHILESCOPE

With the optimized conditions in hand, the electrophile seegginvestigated Therefore, lie
intermediate magnesium spec&svas used in various quenching reactions such as iod
addition to aldehydsand acylatioaresulting in functionalized benzonitrildab, 4acand4ad
in 70-85% vyield (Table2, entries 13). The range of substrates wWasgher extended to oth
bromobenzonitrilesvhich were converted to the corresponding diarylmagnesium sp2bk
c). After batchtrappingwith ketones, allyl bromides or acyl chlorides in the presen
CuCN-=2LiCl, the corresponding productibe, 4cf and 4cg were affordedin 68-74% yielc
(entries 46). It was also possible to perform an I/Li exchange-@d2-benzonitrile {d) using
similar conditions, providing the diarylzinc speci&t Allylation with 3-bromocyclohexer
(3h) in the presence of CuCN-2Li@ffordedthe functionalizedenzonitrile4dh in 80% yielc
(entry 7).Remarkably, these exchange reactions proceed@tifd contrast to the stand:
halogenlithium exchanges in batclwhich are performedti 78 °C. Also, electrorrich aryl
bromides {ef) werein situtransmetalated in the presence of MgldCI| and quenched wi
acyl chloride3i or subjected to &legishicrosscoupling®® after batckiransmetalation wit

155E, Negishi, L. F. Valente, M. Kobayasti,Am. Chem. So¢98Q 102, 3298.
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ZnCl. The resulting produc#ei, 4fj and4fk were obtained in 685% yield (entries 40).
While most examples were performed on arfirBol scalein situtrapping exchange reactic
could be scaled up by simply extending the runtime. Thus, benzophérgnas prepared «
a 10mmol scaldén 76% yield (entry6) without further optimizatioA®

Table 2: In situ exchangdransmetalation for sensitive aryl halides of typéadingvia
intermediate diorganaincs or-magnesiums of typ2to polyfunctional arenes of typke

Metal Species

. .
Entry T flow-rate t Electrophile Product
Mg |
NC NC
1 2a 0°C; 6 mLMin' 1 2.5d" 3bld 4ab: 70%
OH
Mg CHO
o < ph
NC
NC
2 2a 0°C; 6 mLMin' 1 2.5d" 3dd 4ac: 83%
o o)
M Cl
/@/2 9 cl cl
- SA®
NC
3 2a 0°C; 6mLMin' 1 2.5d" 3del 4ad: 85%
Mg CO,Et &
2 2 CO,Et
4 2b:0°C; 9mLpAin' :1.7dY 344 4be: 68%
F Mg 2 HO, ‘
F v O F
. JC
F NG F
5 2c.0°C; 9mLnAin' 11.7dY 3fldl 4cf: 74%
F M 2 ?
g
o __
NC
Br NC Br
6 2c. 0°C; 9mLpAin' 1.7d" 3gel 4cg: 74% (76%Y!
Zn Br: ‘
L O
o ®
CN
7 2d: 0°C; 6 mLMin' 1 2.541 3h! 4dh: 80%
Mg Br (0] o Br
L g
MeO
MeQO
8 2e 0°C; 12mLnAin' 12,549 3jlell 4ei: 68%
0
AR 0
T Ot ‘
o s
NO,
9 2f:0°C; 6mLnAN 1258 3 4fj: 85%

156 (@) F. Ullah, T. Samarakoon, A. Rolfe, R. D. Kurtz, P. Hanson, M. G. O@jsm. Eur. J201Q 16, 10959; (b) A. Hafner,
P. Filipponi, L. Piccioni, M. Meisenbach, B. Schenkel, F. Venturoni, J. Sedel@egmRrocess Res. De2016 20, 1833.
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g
0 Mg |
ek L :
o CO,Et
CO,Et

10 2f:0°C; 6mLmAn' 125 & 3K 4fk: 70%
e Yield of analytically pure isolated produ#l.Metal species prepared from the aryl bromide.0equiv, 10min, 25°C. [
1.1-1.5equiv, 22 h, 0°C. €1 1.1 equiv CUCN-2LiCl was added. 1.5equiv, 2 h, 0°C. ¥ 2.5equiv, 0.1equiv CuCN-2LiCl
30min, 0°C. M Reaction performed on IAmol scale, 3, 0°C. [l Metal species prepared from the aryl iodidleNegish
crosscoupling performed in batch,8equiv, 10h, 25°C after transmetalation to Znfilsing PEPPSIPr (2 mol%)

5.3EXTENDING THE SUBSTRATE SCOPE TOARYL HALIDES BEARING CHALLENGING
FUNCTIONAL GROUPS

To further demonstrate the broad applicabilityrositu trapping exchange reactions in flow,
the compatibility with aryl halides bearing challenging functional groups such assester
ketones, a nitroor heterocumulene groupsg. azides or isothiocyanatewas investigated
Notably, only halogetithium exchangs of o-nitroarene®’ and an alkenyl iodide caoaihing

an al i phat00C urederibatch coaditioh¥ are known, as well as several flow
protocols for ester ketone and nitrecontaining arenes applying ultrafast micromixing and
residence times dowto a millisecond rangé®

BuLi < > N3
(1.5 equiv)

: ® &
\©\I conditions a-c allyl bromide (2.5 equiv)
CuCN-2LiClI (0.1 equiv)

+ZnCl, (0 5 equiv) Taa: 53-72%

Scheme29: I/Li-exchange in presence of an azide under various reaction ioordfg) In situ exchange, OC, 2.5s,

6 mLMin'L: 7aa: 53% yield (b) 0°C, 2.5 s; No salt additive: no produahd decomposition of reagents) In situ

exchangei 40°C, 1.25 s, 12nLnAin'L: 7aa: 72% vyield (1 mmol); 60% (5 mmol).

It wasdemonstratethat 4iodophenyl azid¥° (5a) decomposes completeily the absence of
a metal salperforming the reaction in flondowever, screening of various situ trapping
exchange conditiong.gaddition of soluble metal saltfpw-rateand temperaturded to the
desired allylated phenyl azidaa in 72% isolated yield (Schen28). Scaleup of this reaction
from 1 to 5mmol provided the aryl azid@aa in 60% yield. The analogoustallyl
azidobenzene7pa) was obtainedccordinglyin 83% vyield (Table3, entry 1). Furthermore,
nitro-, ketone and estegroups werenvestigatedbecauseof their pivotal role in organic
synthesis due to competitive electron transfer and nucleophilic addition redétibnsrder

157W. E. Paham, C. K. BradscheAcc.Chem. Resl982 15, 300

158 (@) C. E. TuckerT. N. Majid, P. Knochel,J. Am. Chem. So&992 114, 3983;(b) S. RoesnerS. L. Buchwald,Angew.
Chem. Int. Ed2016 55, 10463.

159 (a) A. Nagaki, H. Kim, H. Usutani, C. MatsuosiJYoshida,Org. Biomol.Chem.201Q 8, 1212; (b) H. Kim, A. Nagaki,
J-i. Yoshida,Nat. Commun2011, 2, 264, (c) A.Nagaki, K. Imai, S. Ishiuchi-iJ.Yoshida,Angew.Chem. Int. Ed2015
54,1914; (d) H. Kim, HJ. Lee, D-P. Kim, Angew.Chem. Int. Ed2015 54,1877.

160 For previous flow reactions with unstable azanpounds, see: (&. J. Smith, N. Nikbin, S. V. Ley, H. Lange, |. R.
BaxendaleQrg. Biomol. Chem2011, 9, 1938; (b) F. R. BotHamdan, F. Lévesque, A. G. O'Brien, P. H. Seebd&gistein
J. Org. Chem2011, 7,1124; (c) M. Teci, M. Tilley, M. A. McGuire, M. G. Orga@hem. Eur. J2016 22, 17407; (d) D.
Dallinger, V. D. Pinho, B. Gutmann, C. O. KapgeOrg. Chem2016 81, 5814, (e) H. LehmanGreen Chem2017, 19,
1449.

161 (a) M. Hatano, S. Suzuki, K. Ishiha@ynlett201Q 321;(b) T. Kim, K. Kim, J. Heterocyclic Chen201Q 47, 98; (c) K.
Kobayashi, Y. Yokoi, T. Nakahara, N. Matsumofefrahedror2013 69, 10304(d) A. Matsuzawa, S. Takeuchi, K. Sugita,
Chem. Asian 2016 11, 2863; (e)S. Oda, H. Yamamot&ngew. Chem. Int. ER013 52, 8165
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to access aryl organometallics with such functional groups, the best lithiation exchange reagent
was found to be PhLi instead oBuLi. Using PhLi, thel/Li-exchange islsofaster than a
competitive transmetalation of Phitherefore allowing an efficient generation of diarylzincs
and -magnesiums 6c-h). Thus, bis(nitroaryl)zincs 6¢f were generated from the
corresponding aryl hales5cf. Allylation, acylation and addition to indokdehyde3m or
ketone3o in batch furnished the desired functionalized nitro ar&ck§da, 7em, 7en and7fo

in 60-78% vyield (entries -b). Similarly, the ketone containingaryl bromide 5g was
functionalized byin situ trapping exchange reactions iat0 °C in the presence of Zngl
Standardqjuenching conditions led to the allylated prodigi from the diarylzindgin 78%

yield (entry 7). Furthermore, ethyiddobenzoate5h) led to7hp via the diarylmagnesiuréh

in 70% (entry 8). It was further possible to perform an Befk¢hange on aryl bromides bearing
an p-, m, and o-isothiocyanate moiety without subsequent additions to the electrophilic
isothiocyanate. After various copper mediasdiglations or acylationshe desired products
7iq, 7ja, Tkaand7Ir were obtained in 688% yield (entries 92).

Table 3: In situ exchangeransmetalation for highly sensitive aryl halides of tdeadingvia intermediate diorganaincs
or -magnesiums of typéto polyfunctional arenes of type

Metal species

i ]
Entry T: Flow-rate t Electrophile Product?
N3 Zn N3 /
O ~
1 6b:740°C; 12mLnAin' 1 1.25d" 34 7ba 83%
‘ CO,Et
@ CO,Et
Br.
e’ o)
2 6C:120°C; 12mLnAin' 1 1.25d9 3[( 7d: 78%
e N AT
3 6d:120 °C, 12mLrAn %O.lOS[d] 34 7da: 73%
ON Mg mCHO O NOz
T : g%
Me N ©OH
Me
4 6e120°C; 20mLmAin' 1 0.064Y 3mle! 7em: 60%
(]
O,N. : hlzwg v)?\ I : NO,
Cl
5 6€v] 3nff 7en 63%
F
i ()
v)k@\ HO,
= . IC

NO,
6 6f:7160°C; 16 mLMin' 0.085" 30l 7fo: 73%
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F O
’ : ®
Ph
O
2 Zn

P4
(@)
o
3 O
=

7 6g:140°C; 20m LrAin' 1 0.064Y 3h 7gh: 78%
0
Mg
EtO,C E10,C
8 6h:140°C; 16m LannT 10.944" 3p[ﬂ 7hp: 70%
7 “Hex
Br/\/\Hex C(\/\
NCS NCS
9 6i:120 °C; 12mLmAin' 11.2549 3q[°] 7iq: 68%
SCN P
@ 8 \F \©/\/
I
10 6j:160°C; 18m LrAin' 1 0.07dY 344 7ja: 65%
F
jou 2 o~
SCN SCN
11 6k: 160°C; 9mLMN 10.1544 344 7ka: 67%
Mg f Q NCS
o :
)
F 0
12 6l:720°C; 16 mLmAn' 1 0.9449 3l 7Ir: 63%

[ Yield of analytically pure isolated produdt! Metal species prepared from the aryl iodié#.2.5equiv, 0.lequiv
CUCN-2LiCl, 30min, 0°C. [ Metal species prepared from the aryl bromilel.1-1.5equiv, 22 h, 0°C. [1 1.5equiv,
1.1 equiv CuN-2LiCl, 1-2 h, 0°C.

5.4 PREPARATION OFPOLYFUNCTIONAL HETEROCYCLICORGANOMETALLICS

Heterocycks are found in numerous target molecutksge totheir bioactive properties and
agricultural and pharmaceuticapplications'®> Therefore, efficientfunctionalization of
heterocycles rmattracted considerable attention in the past dec&d&ue to their high
reactivity, organolithium compoundare standard organometallic reagemis organic
synthese$*andhave often been used to functionalize heterocycles. Neveghpleparation

162 (@) D. AstrucModern Arene Chemistriley-VCH: Weinheim,2002 (b) T. D.Penning, J. J. Talley, S. R. Bertenshaw,

J. S. Carter, P. W. Collins, S. Docter, M. J. Graneto, L. F. Lee, J. W. Malecha, J. M. Miyashiro, R. S. Rogers, D. J. Rogier,
S. S. Yu, G. D. Anderson, E. G. Burton, J. N. Cogburn, S. A. Gregory, C. M. Koboldt, ®érkns, K. Seibert, A. W.
Veenhuizen, Y. Y. Zhang, P. C. IsaksdnMed. Cheml997, 40, 1347; (c) G. A.Bhat, J. L:G. Montero, R. P. Panzica, L.

L. Wotring, L. B. TownsendJ. Med. Chem1981, 24, 1165; (d) C. BVicentini, D. Mares, A. Tartari, MManfrini, G.
Forlani,J. Agric. Food Chen004 52, 1898.

163 (@) P. Beak, V. Snieckugcc. Chem. Resl982 15, 306; (b) M. SchlosseAngew.Chem. Int. Ed2005 44, 376; (c) R.
Chinchilla, C. Najera, M. YusChem. Rev2004 104, 2667; (d) V. SnieckusChem. Revi99Q 90, 879; (e) F. Foubelo, M.
Yus,Chem. Soc. Re2008 37, 2620; (f) F. H. Lutter, M. S. Hofmayer, J. M. Hammann, V. Malakhov, P. KnoGganic
Reactions: Generation and Trappi mggaotf®skF udoamdsEd.BiEned Ar yl
Denmarl, John Wiley & Sons, Hoboke2019

164 (@) J. ClaydenQrganolithiums: Selectivity for Synthes{Eds.:J. E. Baldwin, R. M. Williamg Pergamon, Oxford2002
(b) M. C. Whisler, S. Mat\eil, V. Snieckus, P. Beakyngew.Chem. Int. EJ2004 43, 2206; (c) K. Morija, K. Schwérzer,

K. Karaghiosoff, P. KnochelSynthesi2016 48, 3141; (d) A. B. Bellan, P. Knochegynthesi019 51, 3536; (e) J.
Skotnitzki, A. Kremsmair, P. Knochebynthesi®02Q 52, 189; (f) J. Skotnitzi, A. Kremsmair, B. Kicin, R. Saeb, V. Ruf,
P. Knochel Synthesi202Q 52, 873.
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and handling of heteroaromatic lithium compounds is still challenging, mainly because of their
limited stability, low selectivit{?®>and limited functional group tolerané®

Among different methods to prepare heteroaromatic lithium sp&¢idse halogedithium
exchange was found to be one of the most efficient preparations of a broad variety of lithium
compounds®® Recently, Knochel et al. have reported ain situ trapping transmetalation
method using MgGA.iCl for the direct preparation dfie more stable organomagnesiums after
halogenlithium exchange reactiort§® In recent years, continuous flow technology emerged

as a promising technique to address current synthetic problems especially in organometallic
chemistry}’°Yoshida and others utiled (sefmade) flow reactors to achieve ufiest mixing

on amillisecond scale and precise control over reaction parameters such as reaction time and
temperature and successfully appledtinuous flow technologyp halogedithium exchange
reactions.’

5.50PTIMIZATION OF REACTION CONDITIONS

In preliminary experiments, the BrAeixchange of ®romoquinoline 8a) in the presence of
MgCILAICI with nBuLi as exchange reagemtas optimizedieading to the corresponding
diorganomagnesium reageda using a combied flow-rate of 12 m Lrdin'tin a continuous
flow setup. Subsequent batt¢rapping with cyclohexanon@g) afforded the desired tertiary
alcohol 10as At 178°C, this reaction led to the functionalized quinolih@asin 62%
GC-yield (Table 4, entry 1).Increasing the temperature resulted in ahslygincreased
GC-yield (6567%, entries B), whereas the G@ield dropped dramatically at @ (22%,
entry4). Addition of MgCRAICI (0.5 equiv)was mandatory for successful reactions since a
reaction withouMgCLAiCl led to 18% GCyield (entry 5), possibly due to a fast degradation
of the heteroaryl lithium species. Increasing the amount of MgCl (1.0 equiv)did not
improve the yield (61%, ent§). ReplacinghBuLi by PhLi led to a slight decrease t6%
GC-yield (entry 7). Further optimization of theBuLi concentration and reaction time
increased the G@ield of 10asto 76% (isolated yield: 62%, entri8<9). A scaleup of the
reaction was performed by increasing the-tiame from 10 s to 250 s. Theesired tertiary

165 (a) T. Asai, A. Takata, Y. Ushiogi, Y. linuma, A. Nagaki;i.JYoshida, Chem. Lett.2011, 40, 393; (b) B. Iddon,
Heterocycled983 20, 1127; (c) A. Nagaki, S. Yamada, Moi, Y. Tomida, N. Takabayashi-iJ.Yoshida,Green Chem.
2011, 13, 1110.

166 () S. Oda, H. Yamamoténgew. Chem. Int. E@013 52, 8165; (b) H. Kim, K:l. Min, K. Inoue, D-J. Im, D:P. Kim, J-

i. Yoshida, Science2016 352, 6286; (c) D. R. Armstrong, E. Crosbie, E. Hevia, R. E. Mulvey, D. L. Ramsay, S. D.
RobertsonChem. Sci2014 5, 3031.

167 (@) M. Yus, F. Foubeld;jandbook of Functionalized Organometadt Applications in Synthesifol. 1(Ed.:P. Knoche),
Wiley-VCH: Weinheim,2005 (b) M. R. Becker, M. A. Ganiek, P. Knoch€@€hem. Sci2015 6, 6649; (c) J. Skotnitzki, A.
Kremsmair, D. Keefer, Y. Gong, R. de Vivitedle, P. KnochelAngew.Chem. Int. Ed2020, 59, 320;(d) D. J. Ramdn, M.
Yus, Tetrahedronl 996 52, 13739; (e) R. AOlofson, C. M. Dougherty. Am. SocChem.1973 95, 582.

168(a) H. R. Rogers, J. Hoult, Am.Chem. Soc1982 104, 522; (b) H. J. Reich, N. H. Phillips, I. L. Reich,Am.Chem. Sac
1985 107, 4101; (c) B. Jedlicka, R. H. Crabtree, P. E. M. Sieb@nganometallicsl997, 16, 6021; (d) H. J. Reicld. Org.
Chem.2012 77, 5471.

169 (a) M. Ketels, M. A. Ganiek, N. Weidmann, P. Knoch&hgew. Chem. Int. EQR017 56, 12770; (b) B. Heinz, M.
Balkerhohl, P. KnochelSynthesi2019 51, 4452.

170General advances in flow chemistry: (@) T. Brodmann, P. Koos, A. Metzger, P. Knochel, S. ®rd.e9rocess Res. Dev.
2012 16, 1102; (b) D. Ghislieri, K. Gilmore, P. H. Seebergemgew. Chem. Int. EQ015 54, 678; (c) C. Battilocchio, F.
Feist, A. Hafner, M. Simon, D. N. Tran, D. M. Allwood, D. C. Blakemore, S. V. Naf, Chem2016 8, 360; (d) H. Seo,
M. H. Katcher, T. F. Jamisoiat. Chem2017, 9, 453.

171 (@) A. Nagaki, H. Kim, 3i. Yoshida,Angew.Chem. Int. Ed2008 47, 7833; (b) Ji. Yoshida, A. Nagaki, T. Yamada,
Chem. Eur. J2008 14, 7450; (c) Ji. Yoshida,Chem. Rec201Q 10, 332; (d) H. Kim, A. Nagaki, d. Yoshida,Nat.
Commun2011, 2, 264.
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alcohol 10aswas isolated in 61% yield on andmol scale, which was comparable with the
yield obtained on 8.20mmol scale (62%, entry 9).

Table 4: Optimization of the bromindithium exchange in the presenceM§Cl-AiCI using continuous flow.

 flow 11 batch ,
\ 0.1sto25s " '
! nBulLi -78t00°C " !
; (X equiv) @ Mg_‘:l !
: = n A '
! 12 mLemin~"¢ m : @ OH .
| N/ " N/ '
' B MgCly-Lic o .
: Mo % o ™
' " s :
! 8a " (1.5 equiv) :
W_(L0eQuUiY) .. w25°%Comin .. ;
Entr Base T [°C] Additives Reaction time [s] GC-yield [%]®

Y (Xequiv) (X equiv) y

1 nBuli (1.0) 178 MgCLAL i C| 2.5 62%

2 nBuLi (1.0) 140 MgCLAL i ClI 2.5 65%

3 nBuLi (1.0) 120 MgCLAL i ClI 2.5 67%

4 nBuLi (1.0) 0 MgCLAL i Cl| 2.5 22%

5 nBuLi (1.0) 120 None 2.5 18%

6 nBuLi (1.0) 120 MgCLAL i Cl| 2.5 61%

7 PhLi (1.0) 7120 MgCLAL i ClI 2.5 59%

8 nBuLi (1.0) 7120 MgCLAL i C| 0.1 68%

0
9 nBuLi (1.5) 120 MgClLAL i Cl 0.1 76%

(62%11, 6194

[l GC-yield determined using dodecane as an internal starilareeld of analytically pure isolated produéd. Yield of
analytically pure isolated product on a 5 mmol scale.

With these optimized conditions in hartte in situ trapping halogemexchange reaction on
substituted (is@uinolines was investigatedrhe intermediate diheteroarylmagnesi@a
reacted withketones such ag/clohexanone3s) and adamantanongt] affording the tertiary
alcohols10as and10atin 62-72% isolated yield (TablB, entries 12). Using 2,2-dipyridyl
disulfide Bu) as electrophile afforded the thioetld€rauin 88% yield (entry 3). Further, the
range of substrates was extended to vari@ubstitutedbromo and ioda@uinolines

and -isoquinolines of type 8 which were converted to the corresponding
diheteroarylmagnesiums of tyPeand subsequently trapped with ketones or disulfides of type
3 resulting in functionalized (iso)quinolines of g/p0.

Table 5: In situ exchangdransmetalation for highly sensitive aryl halides of tg&adingvia intermediate diorgan
magnesiums of typ@to polyfunctional arenes of tyde.

Diorganomagnesium species
T [°C]; Flow-rate n LrAin' 1, t [s]

COr o
2 A
N OH

=
N

1 9a: 1205 12; 0.24 34° 10as: 62%

Entry Electrophile Product®
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2 9a:720; 12; 0.
o Me
2
L
N
3 9a:120; 12; 0.1
F
YO
P
N F
4 9h:178; 12; 0.1d
F
P
N F
5 9b:778; 12; 0.1od
S
N
2
Mg
6 9c: 0, 6, 2.5
N OMe
_N
2
Mg
7 9d: 7 20; 6; 2.80d
F
M
o d
P
N F
8 9b:178; 12; 0.1
EN
N
2
Mg
9 9c: 0, 6, 2.5
N OMe
N
2
Mg
10 9d: 71 20; 6; 2.9

T
O

is}

3tlel 10at 72%

o 4
/
w
/
w
7
4
Zg\ /\;
w
\ /

3uldl 10au 88%
F HO

is}

3tlel 10bt: 95%

&o
o

Z\_/
e
- (@)
B \V;

Cl
3flel 10bf: 95%
A
O. =N
10 "
3tlel 10ct 73%
N OMe
O, _N
15 b
3tle] 10dt: 73%
F
p-tolyl~ > ~g P! | AN S\@\
Z
N F Me
3viel 10bv: 73%
S
CY\S/S\Cy =N
s\cy
3wel 10cw. 90%
N OMe
Br< : O =N
3hif 10dh: 71%

[ Yield of analytically pure isolated produd? The diorganomagnesium species was prepared from the corresy
heteroaryl bromideld The diorganomagnesium species was prepared from the corresponding heteroarylotiik
diorganomagnesium species was prepared fiBaLi solution (0.30m). ! 1.5 equiv, 10 min, 25C. 1 1.5 equiv, 0.1 equ

CuCNA2Li ClI °C.10 min,

Sterically hindered ketones such as adamantar8tpar(d 4chlorophenyl cyclopropylketone
(3f) gawe the tertiary alcohol&0bt, 10bf, 10ctand10dt in 73-95% yield (entries 47). Also,
addition of the intermediate magnesium spe8ieand9c to the disulfides3v and3w led to
the thioetherd0bvand10cwin 73-90% vyield (entries ®). Furthemore allylation reactions
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were investigatedBy adding 10mol% CuCNRLICl, allylation of 2d using cyclohexene
bromide Bh) led to thefunctionalizedsoquinolinelOdhin 71%yield (entry 10).

To demonstrate the broad applicabilityinfsitu trapping exchange reactions in continuous
flow, various nitrogeny sulfur and oxygercontaining heterocycles of typ&l were
investigatedFirst, (functionalzed)pyridines and pyrimidines were subjected successfully to
the Br/Liexchange Pyridine deriatives 11ab underwent then situ trapping exchange
reaction(Table6, entries 12). Quenching of the bigyridyl-zinc andmagnesium reageni2a
and12bin batch led to theallylated picolinel3aaand thetertiary alcoholl3boin 62-63%

yield (entries 12). Furthermore, romopyrimidine {19 and the fully substituted
iodopyrimidinelldwere transmetalatad situusing shorteaction times (0.08.25s ) 48t 1
to 0 °C (entries3-4). An ester was tolerategsing PhLiprovidingthe acylated pyrimidin&3dx

in 68% yield (entry %72 Interestingly, uracil derived, electraith iodopyrimidine 11e
underwent an efficient exchange using the same methodology and the reactive metal species
12e was quenched with benzoyl chloridy in a subsequent batcheaction leading to
benzophenond Of in 72% vyield (entry5). Moreover, N-Boc-protected indole 1(1f) was
converted to its magsaim species at20°C within 1.3 s. Subsequematchquench with
cyclohexanone3s) led to the tertiary alcohdl3fsin 60% yield (entry6).

Table 6: In situexchangdaransmetalation for highlyesisitive aryl halides of typgl leadingvia intermediate diorganaincs
or -magnesiums of typ&2 to polyfunctional arenes of tyS.

0.1t01.3s

nBuLi ( > —40 to —20 °C
(1.5 equiv)

1

1

: Mg
: O 2
] ’

! Br 12 mLemin~"s ' | N
PRt S oTTX
| 12

1

1

1

1

'’ \:)
i /} ~

R Lo X
r \\ , MgClyLiCl
! . - products
-k\“;,f]fxg (0.5 equiv) @7 (1.5Ee31(uiv) of type 13
1 X =NBoc, S, O 25 °C, 10 min
(Oequiv) . P
Diorganomagnesium species of tyliz .
E = - El hil P f al
ntry T [°C]: flow-rate n Lnin' 1, t [s] ectrophile roduct of typel3
Me
S Me
| g \F ®
N~ zZn N =
1 12a 0°C; 6; 53 & 3d 13aa 63%
\2 V)I\O\ ™
» HO
N F
2 12b: 0°C; 18; 0.83 & 30l 13bao 62%
N Zn Br. /j)i)
P 0 >
L~ P
3 12c 0°C; 12; 1.25 &4 3htd 13ch 68%

172p_Knochel, M. C. P. Yeh, S. C. Berk,Talbert,J. Org.Chem.1988 53, 2390.
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OMe OMe
CO,Et CO,Et
N 2 o N7
| P l
Meo)\N/ > Mg Bum Meo)\N/ Bu
o)
4 12d: 7 4 €C; 20; 0.06 4 3xd 13dx 68%
OMe o) OMe O
Cl Cl
Mg Cl N
(7 i
)\ ~ MeO” N7 cl
Me0” N7 ci & &
5 12e120; 9; 1.7 3yl 13ey. 72%
Mg
\2 0 HO
N [ ] N
‘BOC N\
Boc
6 12f:120; 12; 1.%4 3dfl 13fs 60%(61%})9
Mg o
2
g .
s f\ oH
S
7 12g120; 12; 1.%4 3tlf 13gt 92%
Mg 0 S F
S . HO
8 12g 0 °C; 6; 10 ¢ 3olf] 13ga 77%
Mg SBu
2
S S
9 12h:120; 12; 1.%4 321 13hz 94%
" o
3 Y
o / \ OH
o)
10 12i: 7 40; 12; 0.1 34l 13is 60%

[ Yield of analytically pure isolated produd® The diorganomagnesium species was prepared from the corresy
heteroaryl bromide® The diorganomagnesium species was prepared figuhi solution (0.30m). [4 2.5equiv, 0.1equiv
CUCN-2LiCl, 30min, 0°C. ¥ Metal species prepared from the aryl iodilel.5 equiv, 10 min, 25C. [ Scaleup wa:
performed on a 2 mmol scale.

Furthemore, a scaleip to 2.0 mmol was possible without any optimization by increasing the
runtime resulting in a similar yield (61%). Applying the starmbldlow conditions to
3-bromothiophenel(lg) afforded the functioalized thiophengl3gtand13goin 77-92% yield

after batch quench witketones3t and 3o (entiies 78). It was also possibleotperform a
Br/Li-exchange on -Bromobenzothiophenellh) applying the same conditions, providing
diheteroarylmagnesium12h. A subsequent batch quench with By afforded
3-(butylthio)benzothiophenelB8hz) in 94% vyield (entry9). Also, 3bromofuran {1i) was
converted to the corresponding-omgnesium specid®iwithin 0.1 s ai 40 °C. Consecutive
batch trapping with cyclohexanongs( led to the functionalizefuran 13isin 60% isolated
yield (entry 10.
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Notably, challenging substrates of typkbearing two bromides were successfully exchanged
with excellent regioselectivity® 2,4-Dibromoquinoline {4a) was selectively exchanged at
4-position usingnBuLi (0.9 euiv). The resulting diorganomagnesium speciéa was
subsequently trapped with norcamph®rg affordingl 6 aima 58% isolated yield (Tabl@,
entry 1).Interestingly the exchange reaction of ZJ%romopyridine {4b) proceeded at OC

in contrast to batch reactions, which were usually performedi &8°C. The
diheteroarylmagnesium was selectively formed-pbSition. After batch addition to ketones
3 a3, 3b @nd3 cod cyclohexene bromidék) using 10mo | % C u C NsAcatdlysttad
functionalized pyridined 6 b, 466t, 1 6 b, b 6 bandil6bh were obtained in 589% vyield
(entries 26). 2,5Dibromopyrazine 14¢ was exchanged using this method 20 °C within

1.3 s reaction time. The resulting magnesium intermediatevas directy quenched with
cyclohexanone3s) resulting in the corresponding tertiary alcolh6tsin 67% yield (entry 7).
Noteworthy, using a 0.38 nBuLi solution,it was showrthat a double exchange was feasible
without further optimization of the reaction condits resulting in the biallylated product
16dhin 62% yield (entry 8).

Table 7: In situ exchangdransmetalation for sensitive heteroaryl dibromides of t§pe leading via intermediat
diorganomagnesium species of tyifto polyfunctional heteroarenes of type

nBuLi @ ~20t00°C

1 (0.9 equiv) Br X

: SN
| 12 mLemin~" | '
: Nl LT

)
M MgClyLicl Mgo™~ "X™ ¥ J ‘ E <
'+ ( >— ! E-X products
s /E :[~ .4 (0.5 equiv) 15 E (1.5 equiv) of type 16
X =CH, N ' 25 °C, 10 min
(109qU'V) ______________ il
Diorganomagnesium species of tylie .
Entr o - Electrophile Productof type 16
T [°C]; flow-rate [n LnAin' 1, t [s] P ! yp
Mg
2
L. A7 8
P S
N Br 0 Br OH
1 15a:720; 12; 1.%4d 3alg 16aa :668%d.r.>99:1
B
A~ M9 N |
| 2 Ny
Br \N
0 OH
2 150: 0; 12; 1.%¢ 3alg 16 b a68%d.r.>99:1
" o HO
S5 10 >
S, |
Br N P
Br N
3 15b: 0; 12; 1.8 3] 16bt: 67%
o HO Me
A~ Mo
S, |
Br N P
Br N
4 15b: 0; 12; 1.8 3b @ 16 b b56%

173 (a) N. Boudet, J. R. Lachs, P. Knoch@lg. Lett. 2007, 9, 5525; (b) D. Soorukram, N. Boudet, V. Malakhov, P. Knochel,
Synthesi2007, 24, 3915.
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OH
= 2Mg o
Br N

~
Br N
5 15b: 0: 12; 1.8 3 ddo 16 b :c88%
X |
Br N P
Br N
6 15b: 0; 12; 1.8 3h 16bh: 61%
o OH
Ly oG
N |
Br N Z
Br N
7 15¢:720; 12; 1.%4 344 16¢cs 67%
_N__MgX Br N: I ]
XMg N N
8 15d:720; 12; 1.8 3htdl

16dh: 62%

[@ Yield of analytically pure isolated produd® The diorganomagnesium species was prepared from the corresy
heteroaryl bromidel” The diorganomagnesium species was prepared fiuhi solution (0.18v). 4 1.5 equiv, 10 mir
25°C.l1 . 5 equiv, 0.1 equiGlTacgandntgnesmn specedwasiprepared fBELI solutior
(0.38m).@3.0equiv,02qui v CuCNA2LCClI, 10 min, 25
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6.HALOGEN-LITHIUM EXCHANGE OF SENSITIVE
(HETERQAROMATIC AND (HETERQBENZYLIC
HALIDES UNDER BARBIER CONDITIONS IN A
CONTINUOUS FLOW SET-UP

Barbierftype) reactions display a convenient way handle reactive organometallic
intermediates byn situ trapping with already present electrophil&minal contributions
resulting in Barbietype reactions were made Byankand and Saytzeff Frankland already
mixed oxalic ester with ethyl iodide and elemental zinc, affordingntiséu generated diethyl

zinc which was subsequently trapped by oxalic ester resulting in the desired tertiary alcohol
(Scheme 30a)’* In 1870, Sayteff struggled with the synthesis of ketones such as butanone
and acetone while mixing dialkyl zincs with acetic anhydride. However, a Bdybpier
reaction, namely adding a mixture of alkyl iodides and acetic anhydride to a zinc/sodium
mixture, afforded lmtanone and acetone after cautious distilla¢®cheme 30bY"°

(a) Frankland et al. (1865)

0 OH
2 g o+ EtO)H(OEt +  ZnHg > EtENOEt
0 0
(b) Saytzeff et al. (1870)
0
2 A+ AcO© +  ZniNa > PR
20-30 h, 25 °C Alk™  “Alk

Alk = ethyl, methyl

Scheme 30Seminad contributions regarding Barbigype reactions by Frankland and Seytzeff in the latecE@itury7>176

Following these seminalesults Barbier replaced elemental zinc by magmesto afforda
tertiary alcohol in a onstep procedureoy mixing methyl iodide, magnesium argi
methylhept5-en-2-oneresulting in the first Barbier reaction in 18@cheme 31a)n contrast

the Grignard reaction folloed a stepwise procedure for theergration of the
organomagnesium reagsiaind addition to the electrophité. Based on these findingsmany
Barbier reactions were performéual the following years’” In the early20" century, the
investigation of allylic organomagnesiums in Barbier reastiled to the onpot generation

and addition of allylic organomagnesiums to ketofdasvorsky reactignScheme 31b$"8 In

1911, Kipping and Davies further demonstrated that the generation of benzylic
organomagnesium does not need a tedious preparation of the organometallic nedgent a

174E. Frankland, B. F. Duppdustus Liebigs AnrChem.1865 133, 80.

175 A, Saytzeff,T. f. Chemiel87Q 13, 104.

176 (@) P. BarbierCompt. Rendl899 128 110; (b)V. Grignard,Compt. Rend. Acad. Sé&laris 190Q 130, 1322.
177H. Gilman, J. H. McGlumphyBull. Soc. Chim. Franc&928§ 43, 1322.

178\, Jaworsky,). RussPhys:Chem. Soc1908 40, 782; (b) W. JaworskyBer. Dtsch. Chem. Ge$909 42, 435.
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transfer to the electrophile. Ratharpnestep procedure was possible without sigaificloss
of yield (Scheme 31¢)°

(a) Barbier et al. (1899)

Me 0} Me OH
HE SN -
- + + Mg >
Me Me” N Me Et,0 M N E{\/Ie
(b) Jaworsky et al. (1908)
o N
A + 1Jk ) + Mg > OH
R" R 20-30 h, 25 °C X,
R R
X =Cl, Br
(c) Davies & Kipping (1911)
cl HO Me
O Ph
+ )I\ + Mg >
Ph Me Et,O

Scheme 31A brief summary of the history of the Barbigype) reaction in the 20century.

However, the Barbier procedure did not gain interest in the scientific community until Dreyfuss
in 1963 successfully proved that Barbigpe protocols provide a useful tool for the situ
trapping of highly reactive intermediaté.Nevertheless, thamountof Grignard reactions
outcompete the number of Barbier reactions by far, although apatnganner often provide

a more economimethod which is highly desirable for industrial applications. However, not
only the use of magnesium is of particular interesirganicsynthesesOrganolithiums are
more reactive than theorresponding organomagiems. hus the more electropositive
lithium is enjoying increasing attention in recent years. In the late 1960’s, various
intramolecular Barbietype reactions with functionalized alkyl bromides and elemental
lithium were reporteqScheme 32).18! Scilly and coworkers further extendetthe scope of
lithium-Barbiertype reactios to aryl and alkyl halides in the presence of a large variety of
aldehydes, ketones and est@@sheme 38).1%2 Instead of using elemental lithium for the
generation of organolithium&obayashiand ceworkers developed a strategy to perform an
iodinelithium exchange usingBuLi and aromatic iodides. Intramolecular trapping with a
ketone afforded the tertiary alool in 69% isolated yiel@Scheme32c).183

179H. Davies, F. J. Kipping]. Chem. Soc. Tran$911, 99, 296.

180 ] Dreyfuss,J. Org. Chem1963 28, 3269.

181 (a) Y. Leroux,Bull. Soc. Chim. Franc&968 359; (b) D.P. G. Hamon, R. W. Sinclaid, Chem. Soc. Chem. Commun.
1968 890.

182(a) P. J. Pearce, D. H. Richards, N. F. Scillychem. Soc. Chem. Commi87Q 1160; (b) P. J. Pearce, D. H. Richards,
N. F. Scilly,J. Chem. Soc. Perkin Transl972 1655.

183 M. Kihara, M. Kashimoto, Y. Kobayashi, S. Kobayadhtrahedron Lett199Q 37, 5347.
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(a) Leroux & Sinclair (1968) 0 Me

M~ o+ - OH
Me Et,0, 10 °C

(b) Scilly et al. (1970)

i . ACZO A(OAC
)j\/\ + Li
R Br

(c) Kobayashi et al. (1990)
_Me
N
O Me . O
| nBulLi
N > OH
! ¢

Scheme32: Barbiertype halogedithium exchange reactions using elemental lithiumnBuLi as exchange reagent.

However, the field of Barbietype reactions using elemental lithilonalkyl lithium reagents

for exchange reactions still underdeveloped. Therefore, investigations on Baityee
reactions is still an ongoing task. In the following, two methods for the generation of highly
reactive (hetero)aromatic and (hetero)beiezgtganolithiums are introduced highlighting the
benefits of Barbietype reactions in a continuous flow -ggt.

6.1INTRODUCTION

Functionalized (hetero)arenes play an important role in the elaboration of pharmaceuticals and
agrochemical$® New strategies for the functionalization of aromatics and heteroaromatics are
still needed for extending the reaction scéf¥dn the past, lithium bases have been used to
produce various lithiated aromatics and heteroaromdfiesowever, some major drawbacks,
e.g.a low functional group tolerance and moderate stglufithe resulting (hetero)afithium

have been noticet¥’ To overcome these limitations, other organometallic reagents, such as
organomagnesium and organozinc speavith increased stabilityvere used. Nevertheless,

their low reactivity towards electrophiles often requires the presence of transition metal

184 (@) D. AstrucModern Arene Chemistriley-VCH: Weinheim,2002 (b) T. D.Penning, J. J. Talley, S. R. Bertenshaw,
J. S. Carter, P. W. Collins, S. Docter, M. J. Graneto, L. F. Lee, J. W. Malecha, J. M. Miyashiro, R. S. Rogers, D. J. Rogier,
S. S. Yu, G. D. Anderson, E. G. Burton, J. N. Cogburn, S. A. Gregory, C. M. Koboldt, ®érkns, K. Seibert, A. W.
Veenhuizen, Y. Y. Zhang, P. C. IsaksdnMed. Cheml997, 40, 1347; (c) G. ABhat, J. L-G. Montero, R. P. Panzica, L.
L. Wotring, L. B. TownsendJ. Med. Chem1981, 24, 1165; (d) C. BVicentini, D. Mares, A. Tartari, M. Mnfrini, G.
Forlani,J. Agric. Food Chen004 52, 1898.

185(a) P. Beak, V. Snieckugcc. Chem. Resl982 15, 306; (b) M. SchlosseAngew.Chem. Int. Ed2005 44, 376; (c) R.
Chinchilla, C. Najera, M. Yuszhem. Rev2004 104, 2667; (d) V. Snieckusghem. Rev199Q 90, 879; (e) F. Foubelo, M.
Yus,Chem. Soc. Re2008 37, 2620.

186 (@) W. E. Parham, L. D. Jonek, Org. Chem1976 41, 1187; (b) W. E. Parham, L. D. Jones, Y. Sayed)rg. Chem.
197540, 239; (¢) W. E. Parham, R. M. Piccirilll, Org. Chem1977, 42, 257; (d) M. R. Becker, P. Knochélngew. Chem.
Int. Ed.2015 54, 12501; (e) L. Morija, K. Schwarzer, K. Karaghiosoff, P. KnocBginthesi016 48, 3141; (f) A. B.
Bellan, P. KnochelSynthesi®019 51, 3536; (g) J. Skotnitzki, AKremsmair, P. KnocheBynthesi®02Q 52, 189; (h) J.
Skotnitzki, A. Kremsmair, B. Kicin, R. Saeb, V. Ruf, P. Knocl8sinthesi202Q 52, 873.

187 (a) M. Hatano, S. Suzuki, K. Ishihai@ynlett201Q 321; (b) T. Kim, K. Kim,J. Heterocycl. Chm. 201Q 47, 98; (c) K.
Kobayashi, Y. Yokoi, T. Nakahara, N. Matsumotefrahedror2013 69, 10304, (d) A. Matsuzawa, S. Takeuchi, K. Sugita,
Chem.Asian J 2016 11, 2863.
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catalysts'® Recently, Yoshida and others reported an increased compatibility of lithiated
compounds bearing fetional groups under continuous flow conditid®.Inspired by

Yoshi dads wor k and ha v-liithium exchangens anfdst reattiobnafdar t h e
the generation of lithiated (hetero)aromafitsthe preration of (hetero)arylithium
derivatives inthe presence of various electrophileas envisioned In addition, the precise

control of reaction parameters such as temperature, reaction time asfdsiltraxing using a
commercial flow setip allowedconvenient reaction conditions at non cryogeemperatures

and scaleups without further optimization of the reaction conditiéts.

6.2 SCREENING OFOPTIMIZED REACTION CONDITIONS

Herein, a Barbietypehalogenlithium exchange reaction of sensitive (hetero)aromatic halides
of type 17 usingnBuLi or tBuLi asexchange reagents in the presence of various electrophiles
of type 3 using a comrarcially available flow setip is reported The resulting lithiated
(hetero)aromatic species of typ8were quencheah situwith various electrophiles resulting

in a broad range diunctionalized (hetero)aromatiad type 19. First, the stoichiometry of
1-chloro-4-iodobenzene 1(7a) and p-anisaldehyde 3 d @laying the role ofthe in situ
electrophile)were screeneds well aghe reaction time and temperatultevasfoundthat by
using a combineflow-rateof 12m LnAin't at7 78 °C a complete iodindithium exchangeof
arenel7a(1.0 equiv)in the presence @ranisaldehydé3 d) @.5 equiv) anahBuLi (1.5 equiv)

as exchange reagent watsordedwithin 0.1 sleadingto the secondary alcohtBad @n 72%
GC-yield.

____________________________________________________________________________________

1 flow \:
' nBuLi <> :
! (1.0 equiv) OH !
X 12 mLemin~"4 E
. CHO h
Jegieges
i C 19ad": 95% E
v (1.0 equiv) (1.0 equw :

17a

Scheme 33Halogenlithium exchange reaction of functionalized (hetero)aryl halides ofXypenderBarbier conditions
andin situ trapping with various electrophiles of ty@eaffording polyfunctionalized (hetero)aryls of tyd® using a
commercial continuous flow setp.

Increasing the reaction time (up to 24 s) or conducting the reaction at elevagsetatures
(up to 0°C) led to a decreased Gfield of 6265%. Finally, optimal results were achieved

using aromatic iodidd.7a (1.0 equiv), aldehyd® d (@.0 equiv) anchBuLi (1.0 equiv) as
exchange reagent. The addition muLi to p-anisaldehydg3 d) deading to a secondary

188 (a) A. Boudier, L. O. Bromm, M. Lotz, P. Knochélngew.Chem. Int. Ed200Q 39, 4414; (b)M. Ketels, M. A. Ganiek,
N. Weidmann, P. KnocheAngew. Chem. Int. E@017, 56, 12770;(c) C. E. Tucker, T. N. Majid, P. Knochdl, Am. Chem.
S0c.1992 114, 1992; (d) B. Heinz, M. Balkenhohl, P. Knoch&}nthesi2019 51, 4452.

189(a) A. Nagaki, K. @satsuki, S. Ishiuchi, N. Miuchi, M. Takumi;iJYoshida,Chem. Eur. J2019 25, 4946; (b) H;j. Lee,
H. Kim, J-i. Yoshida, D-P. Kim, Chem. Commur2018 54, 547; (c) H. Kim, Y. Yonekura, 4. Yoshida,Angew. Chem.
Int. Ed.2018 57, 4063; (d) H. Kim, Kzl. Min, K. Inoue, D. J. Im, DP. Kim, J:i. Yoshida,Science2016 352, 6286; (e) A.
Nagaki, Y. Tsuchihashi, S. Haraki;iJYoshida,Org. Biomol. Chem2015 13, 7140.

1904, J. ReichChem. Rew2013 113 7130.

191 (@) M. B. Plutschck, B. Piber, K. Gilmore, P. H. Seebergéhem.Rev.2017 117, 11796; (b) M. Movsisyan, E. I. P.
Delbeke, J. K. E. T. Berton, C. Battilocchio, S. V. Ley, C. V. Stevehem. Soc. Re2016 45, 4892; (c) S. Roesner, S.
L. Buchwald,Angew. Chem. Int. E@016 55, 10463.
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alcohol was a negligible sideaction andl 9 a @a% obtainedin 95% isolated yield
(Schemes3).

6.3 EXPANDING THE SUBSTRATE SCOPE

Similarly, 1,3difluoro-2-iodobenzenel(7b) gave the organolithi reagentl8b at 1 20°C
within 1.9 swhich was subsequently trapped wathldrésulting in the secondary alcolio® b d 6
in 82% yield (Schema4). The reaction of -Inethyl4-iodobenzenel(7¢ with p-anisaldehyde
(3 d) afforded the desired produtt9 ciml W% isolated yield. Thiprocedurevasapplied to
dihalogenated starting materials such asdligdobenzenel(7d) and tbromo2 iodobenzene
(17e). Thein situ generated organolithium$8d-18e were immediately trapped witB d 6
resulting in the corresponding alcoh@l® dahdl 9 ein 8-87% yieeld. As expected, using
1,4-diiodobenzene 1(/d) merely one iodinewas exchanged. Additionally,-dromo3-
iodobenzenel(fe) underwent a clean I/Li exchange providing the benzhydryl alcbli®okid 6
85% vyield. The exchange ofiado-2-(trifluoromethyl)benzea (17f) usingnBuLi only led to
the undesired Bukaddition to the aldehydé&lowever by usingtBuLi (2.0 equiv) the desired
organolithium18f was obtained. Aftein situ trapping witho-anisaldehyde3 g, dhe desired
alcoholl 9 fwasdsolated in 73% vyield.

______________________________________________________________________________

70-95% yield

: flow 1
! 0.1t03.8s \ '
' nBuLi tBuLi @ —7810 0 °C ! '
' (0.9 - 1.0 equiv) ° (2.0 equiv) : HO_ H
' 4-12 mLemin~"4 ' FG AT
Hal 0 !
FG-E + >7 . 6 examples
Ar)]\H ! of type 19

v (1.0 equiv) (1.0 equiv)
! 17 3

_____________________________________________________________________________

OH F  OH OH
CI II II OMe I F I OMe Me’ II II OMe
19ad": 95%Ia-0c] 19bd": 82%[c] 19¢d"; 70%Icdel

CF; OH OMe

OH OH 5
Br
| OMe OMe O

19dd": 87%!<1 19ed": 85%I-cdl 19fe"; 73%eM

Scheme34: Halogenlithium exchange reaction of functionalized aryl halides under Barbier conditions situitrapping
with aldehydes using a commercial continuous flowugetd 1 78°C, 12mLnAin' %, 0.1 s’ nBuLi = 1.0 equiv!® From
the corresponding iodid&] 1 20°C, 8mLnAin' %, 1.9 sl tBuLi = 2.0 equiv!? nBuLi = 0.9 equiv[9 0 °C, 12mLmAin'%,
0.1sM7120°C, 4mLnAin'%, 3.8 sl From the corresponding bromide.

6.4 TRAPPING OFHIGHLY REACTIVE ORGANOLITHIUMS WITH (SI'ERICALLY
HINDERED) KETONES

In contrastto the less reactive magnesium or zinc species, the corresponding highly reactive
lithium speciesvas trappedhn situ using Barbier conditions with various ketones resulting in
tertiary alcohols. Remarkably, sterically hindered ketpmdsich are prone to undergo a
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reduction with lithium reagent$? such assdamantanoné() and 4chlorophenyl cyclopropyl
ketone Bf) weresatisfactory used as trapping agents (SchesheTBus, the aryllithiuni8a
was quenched witBt and3f resulting in the tertiary alcohol®atand19afin 86-87% isolated
yield. Then, arenes bearing fluerbromo and iodesubstituentsvere investigatedsingthe
optimum flow conditions. Than situ generated aryllithiumsl8d, 18e and 18y were
subsequently trapped by cyclohexanon8s),( norcamphor 3 8,0 4-chlorophenyl
cyclopropylketone3f) or adamantanon@&t) affording the functionalized aren&9es1 9 d a 0
19df and 19gt in 66-91% vyield. Moreover, 1;#ifluoro-4-iodobenzene 1(7g) reacted
instantaneously with acetophenoBelj &ffording the alcohal 9 gim63% yieldwithout any
detection othe aldol side productSimilarly, :-methyl4-iodobenzenel(7¢) led, afterin situ
trapping of the lithiated specid88c with adamantanone3{) and cyclohexanone$), to the
corresponding tertiary alcohols9ct and 19csin 76-92% yidd. Noteworthy, lithiation of
1-iodo-2-(trifluoromethyl)benzene 1(/f) using the ptimum conditionsresulted in the
organolithium18f, which afterin situ trapping with acetophenon8 () afforded the alcohol
1 9 filb6®% yield. Extending the flow procedure to isocyanatds agu trapping reagents
was also possible. Thus, the additiof 18f to phenyl isocyanate3(f) @nder standard
conditions afforded the corresponding amld@ finf88% yield.

______________________________________________________________________________

0.1t03.8s
nBuLi tBuLi ( > -78t0 0 °C
(0.9-1.0 equiv)or(2.0 equiv)

: Li

: 4-12 mLemin~" ¢ FG~©/+ E-X
- 18

1

(1.0 equiv) (1.0 equiv)
3

17

____________________________________________________________

Cl Cl
o L)
Br
Cl HO > OH

N e e e e e mmmm—————— =

19at: 86%[P 1 19af: 87%[bc1 19es: 91% [l 19da'": 76%l@cel
Me
HO > F F
7 O 7
SAGEE F
[ cl Me OH
19df: 84%!@cel 19gt: 66%(>9! 19gb": 64%°"9] 19ct: 76%I"9!
Me CF;
CFs CF
OH 0 3
Ph
HN CioH
HO Me “Ph 127728
19cs: 92%cFdl 19fb"; 60%I9 N1 19ff": 83%I0:N1 19fg": 77%I9 ]

Scheme35: Halogenlithium exchange reaction of functionalized aryl halidader Barbieconditions andn situtrapping
with sterically hindered ketones, phenylisocyanate and dodecyl iodide using a continuous flgw et 78 °C,
12mLnAin't, 0.1 sl nBuLi = 1.0 equiv!? From the corresponding iodidd.0 °C, 6m LnAin' %, 0.1 s nBuLi = 0.9 ecuiv.
M 720°C, 8mLmAn'%, 1.9 s.9 tBuLi = 2.0 equiv.m 120°C, 4mLnAin', 3.8 sl From the corresponding bromidé.
Dodeq! iodide (1.5 equiv) was used.

1924, yamataka, N. Miyano, T. Hanafush,Org. Chem1991, 56, 2573
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Next, a WurtzFittig-type coupling® using dodecyl iodide3( g .5 equiv) in theabsence of
any transition metal catalystas examinedPleasingly the alkylated arent 9 fwasbobtained
in 77% vyield.

6.5FLOW VERSUSBATCH REACTION OFETHYL 4-IODOBENZOATE

Next,the behavior ohromatic esters such ethyl 4iodobenzoatel(7h) was examinedwvhich

are usually not tolerated under batch conditions using lithium bastowever, with a flow
setup it was possibléo perform an iodindithium exchange in the presence acetophenone
(3 b &.0equiv). Thein situ trapping of the lithiated arerfsBh afforded the desired tertiary
alcohol1l 9 hin 81% vyield, whereas a batch reaction led to undesired side reactions and
decomposition of estér7h (Scheme36).

______________________________________________________________________

flow
0.1s Me
nBuLi ( > -78 °C Li Ph
(1.0 equiv)
| -
12 mLemin™" ¢ +
o Ph)l\
+ N @ CO,Et COoEt |
Ph Me '
CO,Et 189 19gb" 91%

1(1.0 equiv) (1.0 equiv) i

SR A B D e P

batch
|
o nBuLi (1.0 equiv)
+ )]\ —_—K— decomposition
Ph Me -78 °C, THF
CO,Et
0.2 mmol (1.0 equiv)
. (1.0 equiv)

Scheme36: In situtrapping iodindithium exchange reaction of highly sensitive ethybdobenzoatel(rh) under Barbier
conditions using a comercial continuous flow setp.

6.6 BARBIER HALOGEN-LITHIUM EXCHANGE OFFUNCTIONALIZED HETEROCYCLES

The functionalization ofheterocycles is a key synthetic task for the elaboration of
pharmacological aite compounds and agrochemice?$. To demonstrate the broad
applicability of Barbiettype halogenlithium exchange reactions, its compatibility with
heteroaromatic halides of t§20 was investigatedaffordingfunctionalized heterocycles of
type22 viathe heteroaryllithium species of ty@é. Notably, 2bromopyridine 20a) was used

to generate the highly reactive intermediatpyBidyllithium (21a) at1 78 °C within 0.1 s.
Trapping of21a with sterically demanding keton8sh 8t and3f afforded the tertiary alcohols
22a h, P2at and22af in 93-99% yield (TableB, entries 13). Quenching with Weinreb amide

3 iadd imine3 j ldil to the desired ketor#2a iafd secondary amira j irc59-62% yield
(entries 45). The tertiary alcohd@2bt was obtainedfterin situ quenchingof organolithium

193 () P. Beak,V. SnieckusAcc.Chem. Resl982 15, 306 (b) M. SchlosserAngew.Chem. Int. Ed2005 44, 376 (c) R.
Chinchilla,C. Najera,M. Yus, Chem. Rev2004 104, 2667 (d) V. SnieckusChem. Rev199Q 90, 879 (e) F. FoubeloM.
Yus, Chem. Soc. Ref2008 37, 2620.
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21bat 0 °Cwithin 7.5 s from 3bromopyridine 20b), whereas the bromidéhium exchange
under batch conditions usually was performed @f8°C (entry 6). Further,
2,5-dibromopyridine 20c) was lithiated incontinuousflow with nBuLi (0.9 equiv) with
complete regioselectivityUpon immediate quench of resulting lithium speci2i with
various sterically demanding ketonssich as adamantam® @t) and 2,4dimethylpentar3-
one @B k),&olely the 2substituted pyridine@2ct and2 2 cvkeie obtained in 53%4% yield
(entries 7#8). Further, 3odo-2-methylpyridine 20d) was subjected to these conditions
affording the desired tertiary alcohd@2df and2 2 dir 83-92% vyield afterin situ trapping
with ketones3f and3 | (éntries 910). 2lodopyrimidine 208 was lithiated at 78 °C within
0.1 s affordingvia Barbiertype trapping with ketone8 méand3 | thie sterically demanding
tertiary alcohol® 2 e amd2 2 en 7699% yield (entries 1-12).

Table 8: Halogenlithium exchange reaction of functionalized heteroaryl halides of 2gpender Barbier conditions and

situ trapping of intermediate organolithiums of type with electrophiles of typ& affording functionalized heteroaryls
type22in continuous flow.

Metal species
Entry T[°C]; t[s] Electrophile Product
Flow-rate[m LrAin' }

| S il | > OH
P
N/ Li tBu)l\tBu N o e
u u
1 21a:1 4;0.1, 12 3ho 22a h 83940
AN
EN o | | oH
. 0 ~
N Li
2 21a:1 4;0.1, 12 3t 22at: 9894
o) AN
X | Z
| [ j/ \v N
N Li HO
Cl
3 21a:1 4;0.1, 12 3f 22af: 9994
(0] F
= Me . | A
| N Z
P | N
N Li OMe CF S
3
4 21a:1 4;0.1, 12 3i 6 22a i 629%4¢
Ph | S
S ~
® iy AN
N Li Ph NH
Ph™
5 21a:1 4;0.1, 12 3j6 22a j. 5994
. o HO
\ 1
AN
L~ E |
N N/
6 21b:0;7.5; 2 3t 22bt: 6094°)
Br \

Br. N o | P OH
- N
N Li

7 21c:1 7:8.15; 8 3t 22ct: 649%4¢!
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Br e o | S
| NZ L iPr)I\iPr N/_ 9H
iPr iPr
8 21c:1 7;8.15; 8 3ko 22c k ©3949
(0]
o HO
| N
N Me | Z
cl N Me Cl
9 21d:1 7:;8.1; 12 3f 22df: 819%4¢
Li o Ph_ Ph
~ A OH
| NZ “Me Ph)J\Ph | P
N Me
10 21d:1 7;8.1; 12 316 22d I: 9%
f)’\l\ (0] (\/Ngg:'
Z
P ) Ph N
N© L D)‘\ HO” “Ph
11 2le:1 7;8.1;12 3 mob 22e m&oud
(%N o fN
A o, N
Ph" Ph
12 2le1 7:8.1; 12 316 22e t 99%¢

1@l Yield of analytically pure isolated produé?. tBuLi = 2.0 equiv, prepared from the corresponding bronifl@BuLi =
0.9 equiv, preparetrom the corresponding iodide.

6.7 BARBIER-TYPE REACTION OF(FUNCTIONALIZED) BENZzYLIC |IODIDES

Although substituted benzylic lithiums were previously prepared by halitherm exchange

or insertion reactions from the corresponding benzylic ha(Blelseme 37),'%*their synthesis

is often accompanied by side reactions such as Wartzocoupling$®® Furthermore, the
iodine-lithium exchange on alkyiodides is virtually instantaneous, even outcompeting the
deprotonation of MeOH® Based on those faciswasenvisioned to overcome the need of an
ultrafast inline quench otin situ trapping with metal salts by adding an electrophile to the
starting material solution (Barbiype conditions).

In course of these studies, an iodiitkium exchangeusingbenzylic iodides of typ3in the
presence of carbonyl electrophiles of typm a microflow reactor satp is reported®” The
resulting benzylic lithium species of ty@d was instantaneously trapped in a Bariigre
reaction by electrophiles of ty@ealreadypresent in the reaction solution affording the desired
secondary and tertiary alcohols of ty3®(Scheme 30).

194 A, Nagaki, K. Sasatsuki, S. Ishiuchi, N. Miuchi, M. Takuhii. Yoshida,Chem. Eur. J.2019 25, 4946; (b) Hj. Lee,
H. Kim, J-i. Yoshida, D-P. Kim, Chem. Commur018 54, 547; (c) H. Kim, Y. Yonekura, 4. Yoshida,Angew. Chem.
Int. EA.2018 57, 4063; (d) H. Kim, K:l. Min, K. Inoue, D. J. Im, DP. Kim, J-i. Yoshida,Science2016 352, 691; (e) A.
Nagaki, Y. Tsuchihash§. Haraki, Ji. Yoshida,Org. Biomol. Chem2015 13, 7140.

195 (@) W. E. Parham, L. D. Jones, Y. A. SayddQrg.Chem.1976 41, 1184; (b) S. Warren, P. Wyatt, M. McPartlin, T.
Woodroffe Tetrahedron Lett1996 37, 5609; (c) L. Kupracz, A. Kirschnindidv. Synth. Catal2013 355, 3375; (d) H.
Gilman, H. A. McNinch, D. Wittenberg). Org.Chem.1958 23, 2044.

19 (@) W. F. Bailey, J. J. Patricia, T. T. Nurmi, W. Waiigfrahedron Lett1986 27, 1861; (b) C. A. Stein, T. H. Morton,
Tetrahedron Lett1973 14, 4933.

197 For applications of benzyl lithium in flow see: A. Nagaki, Y. Tsuchihashi, S. Harakiydshida,Org. Biomol. Chem.
2015 13, 7140. For usage of benzyl lithium under barbier conditions see: (a) C. Gomez, F. F. Huerta, trdhsdron
1997, 40, 13897; (b) C. GOmez, F. F. Huerta, M. Ylisfrahedronl998 54, 1853.
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(a) Previous work: Benzylic lithiums via lithium insertion with ultrafast reaction times (Yoshida)
lithium ( %
naphthalenide
J CHoLi E
FG FG
CH,Hal
7 o—

Hal = Cl, Br

(b) This work: (Hetero)benzylic lithiums via in situ l/Li-exchange

| 0.1s o :
: tBuLi ( % RARN i
! CH,Li o " OH
' ‘ FG— + T I '
: _A~_-CH| o K\x R17ORZ [ K\X RUR?
'FG O n l
' S | * R1J\R2 i 22 examples '
: X o up to 92% yield
! X=CH,N R" = Aryl, Alkyl " :

R2 = Aryl, Alkyl, H

Scheme37: (a) Lithium insertion into benzylic halides using ultrafastiie electrophile quench. (Hpdinelithium
exchange on (hetero)benzylic iodides under Barbier conditions.

6.8 SCREENING OFOPTIMIZED REACTION CONDITIONS FORBENZYLIC |ODIDES

First, the generation of benzyllithiun24a) under Barbietype conditions from benzyl iodide
(234, 65 mg, 0.20 mmol, 1.0 equiv) usingBuLi (0.25 mmol, 1.25 equiv) as exchange reagent
in the presence of benzaldehy8e, 32 mg, 0.30 mmol, 1.5 equiwas examinedt 0°C using

a combined flowrate of 2.0 ménin'?%, resulting in 50% G&ield with a significant amount of
nBuLi addition to benzaldehyde and Wutype homooupling (Table9, entry 1)!%
Decreasing the reactor volume had no impact on the conversion atyel@Qentry 2).
Investication of various lithiunbasesuch asBulLi, tBuLi, nHexLi, negpentyllithiumled to

a significant increase of the Geld usingtBuLi (74%, entry 3)The reaction caditionswere
further optimizedoy increasing the flowate and lowering the temperegyresulting in 87%
GC-yiel d 78¢Q, 10 mLAnin'! combined flowrate, 0.02 mL reactor volume, 0.1 s). Entries
1-8 demonstrate the strong mixing dependence of the iditlimgm exchange using benzylic
iodides. In accordance with the literatd?&higher flowrates and smaller reactdiameters
resulted in more efficient mixinigvouringthe exchange reaction. Coordinating additives such
as TMEDA N, N, fedambtiNjlethylenediamine) and PMDTA
(N, N, N NpenaieihyMidliNjenetriamine) afforded the secondary alc@betin only
10-13% GGyield (entries 910) with the Wurtztype coupling as a major side reactféh.
Using nBuLi as exchange reagent at the optimized conditions led to a decoessealsion
and GGyield (entryl11).Under the optimized reaction conditions (entry 8), the desired alcohol
25acwas obtained in 79% isolated yield. A seafewas possible without further optimization

198 For detailed flow screening conditions including the major side producexpeémental part.

199 (@) A. Soleymani, H. Yousefi, |. TuruneBhem. Eng. ScR00§ 63, 5291 (b) M. B. Plutschak, B. Pieber, K. Gilmore, P.
H. SeebergeiChem.Rev.2017, 117, 11796.

200 For detailed screening of coordinating ligandsesggerimental part.
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of the reaction conditions by increasing tlue-time from 12 s (0.20 mmol scale) to 2¢0
(4.00mmol scale) resulting in 78% isolated yield. Interestingly, performing the reaction under
batch conditions led to a significantly decreased yield of 18%.

Table 9: Optimization of reaction conditions for iodifighium exchange of benzylic iodid@%a) with lithium bases ar
in situ Barbiertype reaction with benzaldehydec] enabled by continuous flow.

tBuLi

(2.5 equiv)

CHyl CHO 10 mLemin”" .

¥ 24a

| 23 3¢

S L SO !
Entry (XE';ase_ R(:ierxnc(taion VR Flow-ra_lite . TemE)erature Con:)/ersion jecl:d
quiv) [s] [mL] [ mL A i [°C] [%0] (9]
1 nBuLi (1.25] 150 5 2 0 67 50
2 nBuLi(1.25) 30 1 2 0 64 48
3 tBuLi (2.5) 30 1 2 0 89 74
4 tBuLi (2.5) 2.5 0.02 2 178 90 84
5 tBuLi (2.5) 30 1 2 178 90 83
6 tBuLi (2.5) 6 1 10 120 95 72
7 tBuLi (2.5) 6 1 10 178 95 80

8 tBuLi (2.5) 0.1 0.02 10 178 94 g7iabl

9  tBuLi (2.5 0.1 0.02 10 178 100 13
10 (tfg)L[;] 0.1 0.02 10 178 100 10
11  nBuLi (1.25) 0.1 0.02 10 178 79 68

For further screening results see experimentall@dsolated yield of analytically pure product on a 0.20 msualle
79%.1! |solated yield of a scalep on a 4.00 mmol scale: 78%TMEDA (2.5 equiv) was addef! PMDTA (2.5equiv|
wasadded.

6.9 EXPANDING THE SCOPE TOSUBSTITUTED ELECTRON-RICH AND -DEFICIENT
BENZzYLIC IODIDES

Having these optimized conditions in hand, the scope of various carbonyl derivatives and
substituted benzylic iodidegas investigate(Table10).2°2Benzyllithium Q48 was generated

in the presence afi-anisaldehyde3 n) Gesulting in 63% isolated yield of the secondary alcohol

2 5 a(erdry 2). However, using aliphatic aldehydes such -athglbutanal or nowyclic

201 For detailed batch seening conditions see experimental part
202 A temperature screening wesnducted separayefor each reaction.
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ketones such as-tZexanone under Barbigype reaction conditions afforded the desired
aliphatic alcohols idower GGyields, possibly due to the enolization of the aldehyates
ketones. Alkylsubstituted substrates such astedbutylbenzyl iodide 2Z3b) or
4-isopropylbenzyl iodide Z3c) afforded the desired benzylic alcoh@sbc 2 5 b, 8 6 band
2 5 caftebin situquench with aromatic and aliphatic aldehydes ¥¥6% yield (entries -8).

Table 10: In situ exchange reaction and subsequent Baityjge reaction of (sterically demanding) benzylic iodides of
23leadingvia reactive benzylic lithium species of tygd to functionalized alcohols of typ2b.

0.1s

tBulLi ( > -78 °C
(2.5 equiv)

! CHLi o

: 10 mLemin~" O/ +

' o] R R? R3
: 24 3

CH,l
s L o—
R! R R

23 3
(1.0 equiv) (1.5 equiv)
R'=H, tBu,iPr  R2= Ar, Alk ; R%= Me, H

Entry Metal species Electrophile
CHolLi 50
1 24a 3c 25ac: 7994
OH
CHLi CHO OMe
> A ) ¢

(@)
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(6]
Q
(=]
w
4
S

a
o=
o]
o
(@]
T
P

3 24b 3c. R=H 25bc 6590
4 24b 3 d B=OMe 2 5 b: 8684
CH,Li )
2 CHO iPr- oH
@\ OMe
{Bu OMe ‘
5 24b 3néd 2 5 b: 1849
CHoLi 60 Pr on
iPr
6 24c¢ 306 2 5 c 6%
CH,Li

Me
Ph

Y
=
=
<
[0}
i
O
; I

7 24c 3bd 2 5 c 68649



B. Results and Discussion 87

[@l Yield of analytically pure isolated produ. T = 78°C. @ T = Q@ [d) T= 25°C.

Interestingly the addition to ketones, which is typically slower than the addition to
aldehydeg®was also possible without a significant loss of yielsing23c and acetophenone
(3 b),dhe tertiary alcoho? 5 cwma$ obtainedh 68% vyield (entry 7).

Next, electronrich benzylic iodides bearing a TBS$ibstituted alcohol, thioether or methoxy
substituent were subjectedto the optimized flow conditions (Table 11 Thus,
3-OTBS-substituted benzylic iodide6a) was lithiated at 40 °C within 0.1 s providing the
secondary alcohd8acin 50% yield afterin situ quench with benzaldehyd&q entry 1).
Alternatively, benzylic organolithiunR7a reacted with cyclohexyl arboxaldehyde 3 0 6
leading to the aliphatic alcoh@ 8 ain 62% isolated yield (entry 2). Floelthiation of
thioethersubstituted benzylic iodide2€b) andin situ trapping with3 oléd to the desired
carbinol 2 8 b m 668% vyield (entry 3).Meta and para-methoxysubstituted benzylic
organolithiums 27c-d) were prepared from the corresponding iodid&&-(l) affording the
secondary benzylic alcohos 8 cand2 8 d ip 63-67% yield (entries 45). Additionally,
Barbiertype reactions with sterically demandi ketones such as norcamph@8rg @nd
adamantanone() were possible without further optimization of the flow conditions resulting
in the tertiary alcohol® 8 d a8dlt and 28bt in 59-85% isolated yield (entries-&). Using
Barbier conditions in batch led 28dtin only 40% isolated yield, which is significantly lower
compared to continuous flow conditiof@% yield)

Table 11: In situexchange reaction and subsequent Baitlyige reaction of electrerich benzyliciodides of type26 leading
via reactive benzylic lithium species of tyg@ to functionalized alcohols of typ28.

Entry Metal species Electrophile Product?
CH,Li cHo Ph
OTBS 0TBS
1 27a 3c 28ac: 50940
CH,Li cHo
0 !
OTBS
oTBS
2 27a 300 2 8 a 628dd
CH,Li
CHO
0 O“Q
SMe MeS
3 27b 300 2 8 b 686d4
CH,Li CHO MeO O OH
OMe e OMe
4 27c¢ 3nb 2 8 c 6red

203 A, Nagaki, Y. Tsuchihashi, S. Haraki;iJYoshida,Org. Biomol. Chem2015 13, 7140.
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oM
CHaLi ¢HO ¢
Me\© O OH Me
QOM ®
e Me Me
5 27d 3po 2 8 d p3BHY

CH,Li
IE MeO,
i N o OH

OMe

6 27d 3abd 2 8 d 5980, d.r.>99:14
OMe
CHolLi
@)
Q 15 °

OMe

7 27d 3t 28dt: 85% (40%)"
CHoLi MeS

HO,

&

SMe
8 27b 3t 28bt: 76%d

[@Yield of anaytically pureisolated product®™ T=1740°C. [ T=178°C. d T=730°C.[® T=120°C [T Performing th
reaction under Barbier conditioris20 °C, 30 min) in batch (for detailed information seeerimental pajt

To further extend the scope of the lithiation protodblvas applied to electromleficient
benzylic substrates (Tabl®). Thus, 2fluoro- and 2chloro-substituted benzylic iodide2%a-

b) were converted to the corresponding lithiated spegflasb within 0.1 s. Trapping the
intermediates of typ80with aldehyde3cor3 daid ketonét gave the desired alcohdiag

3 1 a 8latand31bcin 44-80% yield (entries -8). The presence of a trifluoromethyl group
in metaposition was also tolerated and resdltn the secondary alcohgilccin 64% isolated
yield after reaction witl3c (entry 5).

Table 12: In situ exchange and subsequent Bartygre reaction of electrepoor benzylic iodides of typ29 leadingvia
reactive lithium species of ty®0 to functionalized alcohols of tyfl.

Entry Metal species Electrophile Product
CHO F
CH,Li O OH
> @
R R
1 30a 3¢ R=HP! 3lac: 70%
2 30a 3 d B=OMd"! 31 ab380
CHLi o F on
o 10
3 30a 3tld 3lat 44%

CHLi CHO Clon

4 30b 3d"! 31bc 80%
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CH,Li cHO

SO .

5 30c 3! 31cc 64%
[@l Yield of analytically pure isolated produét.T=178°C. [ T= 0°C.

6.10 FUNCTIONALIZATION OF HETEROBENZYLICIODIDES

Having in mind thathe functionalization of heteroaromatics is an important syntheticoal

and that heterocycles display one of the most important structural motifs in current research
due to their wide range of bioactive properties and frequent userochemical and
pharmaceutical chemist&}? heterobenzylic iodidewere investigate§Scheme 8).2% It was

found that readily preparedchloro-5-(iodomethyl)pyridine 82a) reacted instantaneously

with tBuLi (2.5equiv) to the corresponding pyridylmethyllithiuB8a. In the presence of
benzaldehyde3(), the benzylic alcond4acwas obtained in 92% isolated yieldhereaso
product was detected on GCMS under various batch condffions.

E 0.1s '
' tBuLi @ -78 °C '
| (2.5 equiv) Ar s
‘ 7 '
! 10 mLemin~"g R | -
‘ CHyl X, ‘
' Z N :
R ]+ Ao O—
' N 33 ‘
‘ 32 3 '
i 0.20 mmol (1.5 equiv) '
. (1.0 equiv) '
HO.__Ph HO_ _Ar
® If
o~ 2
cl” °N cl” °NT °F
34ac: 92% 34bq": Ar = 2,6-Cl-CgH3: 61% 34cd": Ar = 4-OMe-CgH,: 55%

34cq" Ar=2,6-Cl-CgHs: 50%

34cr': Ar=4-Cl-CgHy:  48%
Scheme38: In situ exchange reaction and subsequent Baifyjge reaction of heterobenzylic iodides of tygzleading
via highly reactive lithium species of ty(@3 to functionalized alcohols of typg@4. @ No product detected under variol
batch conditions.

204 (a) P. Beak, V. Snieckugcc.Chem. Resl982 15, 306; (b) M. SchlosseAngew.Chem. Int. Ed2005 44, 376; (c) R.
Chinchilla, C. Najera, M. Yuszhem. Rev2004 104, 2667; (d) V. Snieckusshem. Rev199Q 90, 879; (e) F. Foubelo, M.
Yus, Chem. Soc. Ref2008 37, 2620.

205(a) D. Astruc,Modern Arene ChemistrViley-VCH, Weinheim,2002 (b) T. D. Pennig, J. J. Talley, S. R. Bertenshaw,
J. S. Carter, P. W. Collins, S. Docter, M. J. Graneto, L. F. Lee, J. W. Malecha, J. M. Miyashiro, R. S. Rogers, D. J. Rogier,
S. S. Yu, G. D. Anderson, E. G. Burton, J. N. Cogburn, S. A. Gregory, C. M. Koboldt, W. ihsP&kSeibert, A. W.
Veenhuizen, Y. Y. Zhang, P. C. IsaksdnMed. Cheml997, 40, 1347; (c) G. A. Bhat, J. 1G. Montero, R. P. Panzica, L.
L. Wotring, L. B. TownsendJ). Med. Chem1981, 24, 1165; (d) C. B. Vicentini, D. Mares, A. Tartari, M. Manfri®.
Forlani,J. Agric. Food Chen2004 52, 1898; (e) D. S. Ziegler, L. Klier, N. Mueller, K. Karaghiosoff, P. KnocBghthesis
2018 50, 4383; (f) B. Heinz, M. Balkenhohl, P. Knoch8ynthesi®019 51, 4452.

206N, M. Barl, E. SansiaumBagousset, G. Monzon, A. J. Wagner, P. KnodDedj. Lett.2014 16, 2422; (b) A. Metzger, F.
M. Piller, P. KnochelChem.Commun2008 44, 5824.

207 For detailed batch screening conditice® experimental part.
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6-Chloro-2-fluoro-3-(iodomethyl)pyridine 82b) was lithiated at 78 °C within 0.1 s affording
the desired secondary alcohd 4 b gmd 61% vyield via Barbiertrapping with
2,6-dichlorobenzaldehyde  3(q9.6  Further, flowexchange reaction of
6-chloro-3-(iodomethyl}2-(methylthio)pyridine 82c) led to the corresponding
pyridylmethyllithium 33c which was instantaneously quenchadsitu by various aromatic
aldehydes affording the secondary alcot®ok ¢ 8 6 canpdB 4 cir 48-55% yield.
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7.SODIATION OF ARENES AND HETEROARENES IN
CONTINUOUSFLOW

In the 19" century, Wurtz and Fittig demonstrated the utilization of elemental sodium for
Wurtz(-Fittig) reactions affording alky&lkyl, arytalkyl or arytaryl cross couplings by mixing

the corresponding aryl or alkyl halides in the presence of sotfftirmwever, the scope of the
Wurtz-Fittig reactions remained very limited due to various sedetions such as undesired
homocoupling and eliminatioff® Moreover, onanajor drawback of organosodiums is their
poor solubility resulting in heterogeneous reactions affording lower yields comjmatid
soluble lithium analogues® Nevertheless, it was reported that complexation with amine
ligands suctas TMEDA considerablynicreasedhe solubility of sodium bases. For instance,
nBuNa, which was prepared byixing NaOGiBu and nBuLi, was disolved by additiorof
TMEDA.?!! Besides other alkyt and arylsodiums such as phenyl sodium, isopropyl or pentyl
sodium, which have been synsiwed therafter, sodium amideswere also successfully
investigated. Among those, sodium tetramethylpiperidide, sodium hexamethyldisilazide and
sodium diisopropylamide display interesting properties regarding solubility, reactivity and
selectivity of the retalation evente.g. NaTMP/TMEDA is highly soluble inhexanet?
Further, NaDA was first synthesized by Levine in 1960 by mixphgnyl sodium and
diisopropylamine in benzene. However, this procedure resulted in an insoluble NaDA
suspensiod’® Further optimizations ofthe NaDA preparation using nBuNa and
diisopropylamine or LDA and NaBu in aromatic hydrocarbons did not increase the
solubility. Following these seminal contributiowakefield and ceworkers have reported a
synthesis of NaDA ithe absencef any lithium salts by simply adding diisopropylamine to a
mixture of sodiumdispersionand isoprene in cyclohexane. Herein, isoprene acts as electron
transfer reagent affording NaDA without the need of any lithium regd&Hbwever, the use

of sodium bases is still limited to a minimum due to inherent probleithsthe control of the
reactivity of organosodiums, their solubility and their stability. Collum ard@dersrecently
tackled these problems by the utilization of dimethylethylansigea coordinating solvent
resulting in a brownish NaDA solutonwhih can be st o208af®f or mont hs

7.1INTRODUCTION

In recent years, organolithium compounds were widely usethdustry and academic
researctt'® Due to their high reactivity, lithium spies display a promising opportunity to

208 A, Wurtz, Ann. Chem. ChimPhys.1855 44, 275; (b) A. Wurtz Ann. 1855 96, 364; (c) D. C. BillingtonComp. Org.
Synth.1991 3, 413.

209D, Seyferth Organometallic2006 25, 2.

210C, Schade, W. Bauer, P. von Ragué SchlejedrganometChem.1985 295, 25; (b) G. Trimitsis, A. Tungay, R. Beyer,
K. Kettermann)J. Org. Chem1973 38, 1491.

211D, Seyferth Organometallic2006 25, 2.

212D, Armstrong, D. Graham, A. Kennedy, R. Mulvey, C. O"H&hem. Eur. J2008 14, 8025; (b) B. Bernet, A. Vasella,
Tetrahedron Lett1983 24, 5491.

2133, Raynolds, R. Levind, Am. Chem. Sot96Q 82, 472; (b) A. Miller, C. Osuch, N. Goldberg, R. Levide Am. Chem.
So0c.1956 78, 674.

214D, Barr, A. Dawson, B. Wakefield, Chem. SocChem.Commun1992 204.

215R, Algera, Y. Ma, D. CollumJ. Am.Chem. So2017, 139, 7921.

216 Modern Arene Chemistiied: D. Astruc), WileyWCH, Weinheim,2002
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functionalize various carbon scaffoldsNevertheless, preparation and handling of
(hetergaromatic lithium compounds is still challenging, mainly because of their fast
degradation, low selectivity and limited functangroup tolerancé’ To overcome these
drawbacks, milder magnesium and zinc bases have been developed resulting in a higher
functional group tolerance allowing the preparation of functionalized (hetero)arofdétics.
Furthermore the synthesis of sodium spesiis desired due to the more polar, hence more
reactive carborsodium bondHowever,sodium bases have received only little attention due

to thehigh reactivity and poor solubility of reported sodium compounds. Furthermore, sodium
is about 1500 times momarth abundant than lithium in the earth crust, while the lithium
demand and therefore the price is increasing significantly in recent 3akkhough
Schlosser, Mulvey and othéf$ have already demonstrated the high potential of sodium
organometallic chmistry??! the use of sodium compounds is certainly underexploited in
organic synthesisRecently, Collum reported the sodiation of aromatic and heterocyclic
substrates using sodium diisopropylamide (NaDA) as a soluble base in dimethylethylamine
(DMEA) at cryogenic temperaturé€

However, the use of (hetero)aromatic sodium compounds re@hiogsreaction times and a
precise control of reaction parameteespeciallyto achieve a moderate functional group
tolerance.To address these needs, Yostitfa, ey??* and other¥® demonstrateé a high
compatibility with sensitive functional groups by usingmomercially available or custom
made flowsetups. These flowsetups have numerous advantageosisch as short reaction
times allowing formilder reaction conditions and easy seaps without the need ofedious
optimizationstudiesof the reaction contlons?2°

217 (a) J. ClaydenQrganolithiums: Selectivity for Synthe¢ids.: J. E. Baldwin, R. M. Williams), Pergamon, Oxfi2602
(b) V. SnieckusChem. Rev199Q 90, 879.

218 Handbook of Functionalized Organometalli&ids: Paul Knochel), Wiley CH, Weinheim,2005

219G. Martin, L. Rentsch, M. Hock, M. Bertakinergy Storage Material017, 6, 171.

220 (a) M. Schlosser, J. Hartmann, Btahle, J. Kramar, A. Walde, A. MordirGhimia 1986 40, 306; (b) A. J. Martinez
Mart2nez, A. R. Ke nnedd \Sciend®014 B46, 8M;ud) J. A.yGardel, .D. RT Arms@ang] W'r a ,
Clegg, J. Garcilvarez, E. Hevia, A. R. Kennedy, R. Eulvey, S. D. Robertson, L. Russdrganometallic2013 32,
5481, (d) P. C. Andrews, N . D. R. Barnett, R. E. Mul vey, |
Wakefield,J. Organomet. Chenl996 518 85; (e) A. Gissot, M. Becht, J. R. Desmurs, V. Péveére, A. Wagner, C.
Mioskowski,Angew. Chem. Int. E@002 41, 340.

221(a) M. SchlosserAngew. Chem. Int. EA.964 3, 287; (b)D. Seyferth,Organometallic2009 28, 2; (c) R. E. Mulvey, S.

D. Robertsn, Angew. Chem. Int. E@013 52, 11470.

222(a) R. F. Algera, Y. Ma, D. B. Collund, Am. Chem. So2017, 139, 15197; (b) R. F. Algera, Y. Ma, D. B. Colluth,Am.
Chem. So2017, 139, 7921; (c) R. F. Algera, Y. Ma, D. B. Collud, Am. Chem. So2017, 139, 11544, (d) Y. Ma, R. F.
Algera, D. B. Collum,). Org. Chem2016 81, 11312.

223 (@) H. Kim, Y. Yonekura, Ji. Yoshida,Angew. Chem. Int. E@018 57,4063 (b) A. Nagaki, Y. Takahashi,-I. Yoshida,
Angew. Chem. Int. E@016 55, 5327 (c) H. Kim, A. Nagaki, Ji. Yoshida,Nat. Commun2011, 2, 264

224 (a) C. Battilocchio, F. Feist, A. Hafner, M. Simon, D. N. Tran, D. M. Allwood, D. C. Blakemore, S. V.NatyChem.
2016 8, 360; (b) J. A. Newby, D. W. Blaylock, P. M. Witt, R. M. Turner,LPHeider, B. H. Harji, D. L. Browne, S. V.
Ley, Org. Process Res. De014 18, 1221; (c) T. Brodmann, P. Koos, A. Metzger, P. Knochel, S. V. Oey, Process
Res. Dev2012 16, 1102.

225(a) M. Ketels, M. Ganiek, N. Weidmann, P. Knochglgew. Chenint. Ed.2017, 56, 12770;(b) M. Ketels, D. B. Konrad,

K. Karaghiosoff, D. Trauner, P. Knoch€@rg. Lett.2017, 19, 1666; (c) M. A. Ganiek, M. R. Becker, G. Berionni, H. Zipse,
P. KnochelChem. Eur. J2017, 23, 10280; (d) C. A. Correia, K. Gilmore, D. McQuade, P. H. Seebergangew. Chem.
Int. Ed. 2015 54, 4945;(e) M. R. Becker, M. A. Ganiek, P. Knoch&hem. Sci2015 6, 6649; (f) S. Roesner, S. L.
Buchwald,Angew.Chem. Int. Ed2016 55, 10463; (g)G. A. Price, A. R. Bogdan, A. L. Aguirre, Twai, S. W. Djuric, M.

G. OrganCatal. Sci. TechnoR01§ 6, 4733; (h) M. Teci, M. Tilley, M. A. McGuire, M. G. Orga@rg. Process Res. Dev.
2016 20, 1967.

226(a) M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seebe@jgem. Rev2017, 117, 11796; (b) B. Gutmann, C. O. Kappe,
J. Flow. Chem2017, 7, 65; (c) J. Britton, T. F. JamisoNat. Protoc.2017, 12, 2423.
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7.2LIMITATIONS IN BATCH CHEMISTRY

Since Collum observed some limitation for the use of NaDA in bétel&gs envisioned to
overcome these problems by usoantinuoudlow technology.Ortho-halide substituted aryl
sodium compounds are prone to undeagme formatiorvia elimination of sodium halid&’

In course othese studieghe first sodiation of arenes and heteroarenes in a microflow reactor
setup is reported resulting in a broad range of (hetero)aryl sodium intermediates. These
sodiated compouwts are directly quenched with various electrophiles such as aldehydes,
ketones, isocyanates and alkyl halides forming an enormous number of functionalized
(hetero)arenes. Remarkably, the scope of this sodiation protocol is significantly broader
compared tdatch limitations.

7.30PTIMIZATION OF SODIUM DlISOPROPYLAMIDE (NADA) SYNTHESIS AND
REACTION CONDITIONS

First of all, the previously reported NaDA synthesis was optimized slightly compared to the
previously reported Collum synthesf8.Using less equivalents of sodium, the concentration
of NaDA solution remained approximatelyM, whichwasdiluted with DMEA to the desired
concentration of 02M. Accarding to a tedious screening, a concentration of Q.2/&s ideal

for the sodiationin continuous flow avoidinglogging either of the mixing device orthe
reactor.

To optimize the reaction conditions, the sodiation ofdi¢hlorobenzen€35a) and subsequent
electrophile quench using iodin8h) was investigatedTable 13) Using 1.2equivalents
NaDA at 0°C and a 0.25 mL reactor with a combirfsalv-rateof 10mL A i the starting
material completely decomposed possibly due to aryne formation. To avoid sodium chloride
elimination, the reactorolumewasdecreased 0.08mL, resulthg in a significantly shorter
readgion time (0.5 s)and 3 0% GC 200/C, éhé GC yield was iincreased to 89%,
resulting in an isolated yield of the analytically pumalinated product (84% vyield).
Unfortunately,a higherNaDA concentration.50m) led to cloggingof the reactor possibly

due to the precipitation of sodium chloride. Increasing the comfimeerateto 16mL A Ati n
had no effect orthe GC vyield (89%), but the risk of blockages was significantly higher. By
exchanging the uncommon seht DMEA to other coordinating solvents such as PMDTA or
TMEDA, the GC yield dropped to 682%. Unfortunately, the use of &t was not possible,
since the concentration of the resulting sodium base was lower tham.G-2Qvever, $ing

the optimized condidbns (combinedlow-rate 1I0mLmin't, 0. 08 mPR0°C),éwast or ,
possible to achieve full sodiation of 1g&hlorobenzene within 0.5 & subsequent batch
guench with iodine3b) afforded the iodinated arei®@abin 84% isolated yield (Table 14,
erntry 1).

227(a) R. F. Algera, Y. Ma, D. B. Collund, Am.Chem. So2017, 139, 7921; (b) R. F. Algera, Y. Ma, D. B. Collud, Am.
Chem. So.2017 139, 11544; (c) Y. Ma, R. F. Algera, D. B. Colluth,Org. Chem2016 81, 11312.
228R. F. Algera, Y. Ma, D. B. Collum]. Am. Chem. So2017, 139, 15197.
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Table 13: Optimization of flowconditions for the sodiation of Xdichlorobenzene35a).

temperature,

NaDA ( > time
(solvent/equiv)

E a
| cl flow-rate @;nstamly [ I ! E
E @— Cl i
. 3b 37ab |
cl :
| 35a i !
Entr Base/Solvent Flow Conditions Result
y (equiv) (T, flow-rate, VOR)
1 NaDA in DMEA 0°C,10mL At n decomposition
(0.24m, 120 equiv) 0.25mL reactor P
NaDA in DMEA 0°C,10mL At n .
2 _ T . _ 30% GCQCyield
(0.21m, 105equiv)  0.08mL reactor with changing diamete ° yie
3 NaDA in DMEA 120°C,10mL A mi, n 89% GC-yield
(0.21m, 105equiv) 0.08mL reactor with changing diameter (84% isolated yield)
NaDA in DMEA 7120°C,10mL A iti n
4 . ) . . blockage
(0.50M, 1.05 equiv)  0.08mL reactor with changing diamete
NaDA in DMEA 7120°C,16mL At n _
’ 0, e
5 (0.21m, 1.05 equiv)  0.08mL reactor with changing diamete 89% GCyield
NaDA in DMEA 120°C,10mL At n
. o . _ 72% GGyield®
6 (0.21m, 1.05 equiv)  0.08mL reactor with changing diamete 6 GCyield
NaDA in DMEA 120°C,10mL Afti n
7 . T . _ % GGyield®
(0.21m, 1.05 equiv)  0.08mL reactor with changing diamete 69% GGyield
8 NaDA in EtsN - solubility not high enough

& PMDTA (1.0 equiv) was adde#! TMEDA (1.0 equiv) was added.
7.4SODIATION OF ARENES

With the optimized flow conditions in hand, the substrate scope iwasstigated
2,6-dichlorophenylsodiun36a) was quenched in batch with benzaldehyg®, (PPhCl (3 s 6
followed by the addition of sulfur), phenylisocyanaBt Yéand S-(4-fluorophenyl)benzene
sulfonothioate § 1) @ffording thedesiredproducts37ac 3 7 @ 3 D aahdB 7 ain 6495%
yield (Table 14.entries 25). Interestingly no benzyne formation wasbserved under these
flow conditions. Then, substitution reactionsWurtz-Fittig-couplingd were examined®
Whereas the use of an allylic bromide such as cyclohexenyl bro@fideequired copper
catalysisz*® methyl iodide 8g) and nbutyl bromide 8h) reace d i nst 20PCtiltye a't
absence of any transition metal catalyst with the in flow generated aryls@@aiaifording

the crosscoupling product87ah 3 7 aandB 7 aiv53-75% yield (entries @B).

229 (@) B. Tollens, R. Fittigliebigs Ann. Chenil864 131, 303; (b) A. WurtzLiebigs Ann.Chem.1855 96, 364; (c) J. B.
Campbell, R. F. Dedinas, S. Trumbow&alsh,Synlett201Q 3008; (d) A. S. Jeevan Chakravarthy, M. S. Krishnamurthy,
N. S. Begum, S. H. Prasafktrahedron Lett2016 57, 3231; (e) P. F. Hudrlik, W. D. Arasho, A. M. Hudtlik Org. Chem.
2007, 72, 8107.

230p, Knochel, M. C. P. Yeh, S. C. Berk, J. Talb&rtQrg. Chem1988 53, 2390.
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Table 14: Sodiation of 1,adichlorobenzene36a) using a microflow reactor and subsequent batch quench of the interr
organosodiun36awith various electrophiles of tyfleading to functionalized dichlorobenzenes of tg@e

05s
NaDA @ -20 °C
(1.05aequiv)
cl 10 mLemin~"q :
Cl
.. 2
Entry Electrophile Produch! Entry Electrophile Produch!
Cl
| NS cl SO
.2 X0,
o . cl
1 3pfbl 37ab: 84% 5 3t B 37 aich
CHO Cl OH cl ‘
Br
@f”‘ @ ®
cl o
2 3¢k 37ac 95% 6 3htel 37ah 75%
¢ s cl
PPhCI PPh, Me
+$5
cl Mel cl
3 3@ 37 a®® 7 3u® 3 7 a &360
NCO cl 0 cl
O Ce
N
H
Cl nBu-Br Cl
4 3f B 37 a64% 8 3vig 37 av360

[@ Yield of analytically pure isolated produdd. 2.5 equiv EX. [ 1.5 equivE-X. [ 2.5 equiv PPCI, then 10.0 equiv &
overnight.[! 5 mol% CuCN-2LiCl, 2.5 equiv&. [1 5.0 equiv EX. [9 10.0 equiv EX.

Furthermore, related arenes bearing chlaoalo-, fluoro- or trifluoromethytsubstituents were

subjected to the optimized flow conditions3-Difluorobenzend35b) w a s

sodi

4a e d

providing the corresponding arylsodiuf®6b), which was subsequently quenched in batch
with aldehyde providinghe secondarglcohol in 88% yield (Tabl&5, entry 1). Alternatively,
arylsodium36bwas trapped with benzoyl chlorid@ § i the absence of any transition metal
catalyst leading to benzophenone derivaté bir 81% yield(entry 2). Flowsodiation of
2-fluoroiodobenzene360) and subsequent quench with aldrith@d)led to the corrgsonding
thioether37cuin 62% yield (entry 3). In addition, trifluoromethglubstituted aren85d was
sodi at e°€® and gueniched with aldehyd®y leading to alcohoB7dy in 85% vyeld
(entry4). Furthermore, the optimized flow conditions were appliedthite sodiation of
heteroarenesThus, 2-chloropyridine (356 was sodiatedin flow at convenient conditions
(i20°C, 0.5 susinga flow-rate of 10 mL A filj compared td 78°C in batcl#*?) and the
intermediate Zhloro-3-pyridyl sodium 86€ was sibsequently trapped with iodingl§) and
Bu:S; (32) leading to the functionalized pyridin83eband37ezin 53-89% vyield (entries 5

6). Trifluoromethytsubstituted pyridin@5f was sodiated in flow and trapped with aldehyde
3 gyeelding the secondary alcoh®l7 firg68% yield (entry 7).

231R. F. Algera, Y. Ma, D. B. Collum]. Am. Chem. So2017, 139, 15197.

at
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Table 15: Sodiation of arenes and heteroarenes of 3feadingvia intermediate organosodiums of typ@to polyfunctions
arenes and heteroarenes of tgge

Substrate , o
]
Entry (SodiationTemperature) Electrophile Product
F F  OH
@\CHO =
o St
F F
1 35b (1 40°C) 3w 8 3 7 b:88%
F F O
@\ PhCOCI @i\kph
F F
2 35b (1 40°C) 3x 8 3 7 b X166
F | = A
| N S. = | =
| = §” N I s” N
= F
3 35¢ (140°C) 3ul 37cu 62%
OH
F30\©\ Br | t CHO FSCWBT
Cl N Z
cl N
4 35d (1 40°C) 3yl 37dy: 85%
X ~ !
» lz X
Nigael N al
5 35 (120°C) 3bl 37el 53%
A N SBu
N" el N” el
6 35 (i 20°C) 37° 37ez 89%
CHO OH cI
| o N cl
Fc” N F cl | P
Cl FsC” N7 OF
7 35f (1 40°C) 3q 37 f &%

[4l'Yield of analytically pure isolated produé.1.5equiv EX. €l 2.5 equiv EX.

7.5SODIATION OF SENSITIVE ARENESAND HETEROARENES

batch ' flow :
1) NaDA ' NaDA '
decom- _ ~78C,10s :[N\j\ -78°C,05s [NINQ | [Nj:|
s 1
position ! _ — > P : _
2) 1y PN ol N o | \ o
+ 35g 369 : 37gb: 65%

Scheme39: Sodiation of sensitive heteroarenefloropyrazine 35g) in a microflow reactor and under batch conditic

and subsequent trapping with iodi{8b) leading to functionalized heteroaresiggbor decomposition.
This flow sodiation procedure extends considerably the scope of such metalations and applies
it to sensitive substrates that decompose under batch sodiation corfdftidnss, for example,
2-chloropyrazine 85g) cannot be sodiated in batch with NaDAi &8 °C. However under
optimized flow conditions (i 78°C, 0.5 s using dlow-rate of 10 mLmAn'Y) a complete

2%2R. F. Algera, Y. Ma, D. B. Collum]. Am. Chem. So2017, 139, 1519.
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consumption of the starting matenaas observedffording the pyrazin@7gbin 65% vyield
after iodolysigSchemeg9). In addition to 2chloropyrazine 359, 2-fluoropyrazine 85h) and
substituted pyridine85 and35j, which decompose upon batdwodiation were successfully
sodiated under flow conditions and trapped with aldehydesiding functionalized
heteroarene8 7 g3 ©h, B @ iazd8 7 | ia @®7% yield (Tablel6, entriesl-4). Copper
catalyzed® batch allylationof sodiated dodothiophene 35k) under flowconditions led to
thefunctionalized thiophen&7kh in 76% yield(entry5).

Table 16: Sodiation of sensitive arenes and heteroarenes of3ypeadingvia intermediate organosodiums of tyé to
polyfunctional arenes and heteroarenes of 8pe

Substrate
i ]
Entry (Sodiation Temperature) Electrophile Product®
N CHO oH
(. oy Q0!
NT cl cl _
N el cl
1 35g (i 78°C) 3r g 37 g 79%
N CHO oH M
L X Q!
N F Me Me >
N F Me
2 35h (1 60°C) 3pd 37 hp786
OH
AN
| _ OHC—<: X
N Br | _
N Br
3 35 (i 78°C) 321 371i65%
F iPr
N
o oL
Cl N/ iPr cl N
OH
4 35 (i78°C) 3al% o 37 j:a700
0. J@ e
s Br
5 35 (i 78°C) 3h(d 37kh: 76%
Br
Br
CC ot
SMe
6 35 (i 60°C) 3b &6 37 1: B30
R CHO £ OH
o o
F X0 jeaey
R R
7 35 (i 60°C) 3c 6= OMéd"] 371:R8&0Me80%
8 35 (1 60°C) 3c: R = HPI 37lc R = H, 81%

[@l Yield of analytically pure isolated produé.1.5equiv EX. [ 5 mol% CuCN-2LiCl, 2.5equiv EX. 4 2 5equiv EX.

At PGGitDwas possible to sodiateb2omofluorbenzene3fl) without aryne formation.
Instant reaction of the sodiated intermediag with dimethyl disulfide 8 b)6ob aromatic

233p, Knochel, M. C. P. Yeh, S. C. Berk, J. Talbé&rtQrg. Chem1988 53, 2390.
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aldehydes3 ¢ @nd3cfurnished functionalized aren8s7 | ,B @ bandBdlcin 70-81% yield
(entries6-8).

7.6 ADDITION OF (HETEROARYL SODIUMS TOKETONES

Addition of organometallics to ketones is always subjecside reaction€* In particular,
sterically hindered ketones are prone to undergo reduction instead of addition reactions using
alkyl lithium or -magnesium specié&> Remarkably, the in flow generated sodium derivatives

of type 36 underwent reactions i ketones of typ8, leading to tertiary alcohols of ty(sa.

Thus, numerouspolyfunctional arenes and heteroarenes were obtained in up to 91% vyield
(Schemet0).

_______________________________________________________________________

; 05s i

' NaDA <> -20t0 -78 °C :

| (1.05 equiv) R R' R3RY

' 1 instantl ‘

; R 10 mLemin~"4 Na _Instantly OH!

: @ O— ) L :

v R? !

X 36 R3)I\R4 37 '

! (1.0 equiv) : !

: 35 (1.5 gquw) !

OH HO_ Me HO_ Me
| N .P|Pr N OH | N [N\ OMe
iPr

pZ P / =
N Cl N Br N Br N F
37ek’: 68% 37ic": 54% 37id": 56% 37he™: 77%

HO_ Me
N N /R o0 M
l = OH | N Et | / OH

P pZ S Br iPr
N Cl N Cl OH
379s: 71% 37gf": 65% 37kt: 61% 37Tmg": 91%

Br

F

HO F HO Me HO_ Me OH

o) Br: Br S
|y cl
F F F

37bh": 55% 37ni": 55% 370j": 70% 37pt: 57%

Scheme40: Sodiation of (hetero)arenes of typgand subsequent batch quench with ketones of3ypading to tertiary
alcohols of type37.

7.7FUNCTIONAL GROUPTOLERANCEAND SCALE UP

Noteworthy, sodiation of-fluorobenzonitrile(38a) at1 78 °C led to the desired sodium arene
39a without the attack at #nitrile functionality>*® Batch quench with benzaldehydgc,
ketone3 k &nd disulfideBu led instantly to functionalized benzonitrik8ac 4 0 a &nd4dau

234 (@) P. Knochel, W. Dohle, N. Gommermann, F. F. Kneisel, F. Kopp, T. Korn, I. Sapountzis, V. Andaw.Chem. Int.
Ed. 2003 42, 4302; (b) M. Hatano, S. Suzuki, K. IshihalaAm. Chem. So2006 128 9998; (c) M. Hatano, O. Ito, S.
Suzuki, K. IshiharaJ. Org. Chem201Q 75, 5008; noteworthy exceptions: (d) C. Vidal, J. Gatkiiearez, A. Hernan
Gomez, A. R. Kennedy, E. HeviApgew. Chem. Int. E@014 53, 5969; (e) L. Cicco, S. Sblendorio, R. Mansueto, F. M.
Perna, A. Salmone, S. Florio, V. Capri&hem. Sci2016 7, 1192.

235H, Yamataka, N. Miyano, T. Hanafush,Org. Chem1991, 56, 2573.

2360.9 equiv NaDA were used die limiting reagent to avoid double metalation.
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in 7581% vyield (Schemell). Additionally, a scalaip was possible without any further
optimizaton by simply extending the runtime. Thus, a sagleby factor 30 was conducted
andthefunctionalized benzonitrildOacwas obtained in 76% yield on a gram scale (Scheme
41).

+ flow 05s batch ‘:
NeDA (N -78°C F F l
! (0.9 equiv) .
! 10 mLemin-! @ instantly E .
1 NC E
! \©\ @ CN CN
' (1.0 equiv) 39a 40 E
' 38a H
HO
d “ f; 1
40ac: 75% (0.20 mmol scale) 40ak™: 81% 40au: 80%

76% (6.15 mmol scale)

Scheme41: Sodiation of highly sensitive-fluorobenzonitrile 888 and subsequent batch quench with electropt
yielding functionalized benzonitrilesf type40.
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8.CONTINUOUS FLOW SODIATION OF SUBSTITUTED
ACRYLONITRILES AND ALKENYL SULFIDES

The metalation ofinsaturated nitriles and sulfides is an important synthetic proc&tduier
guenching with various electrophiles, highly functionalized unsaturated products are obtained,
which areuseful building blocks for biologically active heterocycles and natural proéfifcts.
The batchmetalation of alkenylnitriles esulfides with lithium bases is often complicated due

to competitive allylic lithiationg3® The use of stronger, more polar basesh assodium or
potassium amides may avoid such limitations. However, the sodiation of unsaturated
compounds is much less exploré8iMoreover, the use of sodium organometallics is of high
interest due to the low price, high abundancy and low toxicityodfum salt$*! Recently,
arylsodium compounds have been prepared by Collum using NaDA (sodium
diisopropylamide) as deprotonating agéhand by Asako and Takai who have invegtied

the utility of arylsodiums in catalytic cros®uplings?*3Yoshida, Ley, Orgn and others have
demonstrated a high functional group tolerance performing challenging metalations in a
continuous flow setip 24 Based on these studies, the Collum proceds® extendetb the
preparation of sodiated aryl and heteroaryl derivatiwbgh are difficult to generate otherwise

and decompose upon batsbdiation?*® KDA ATMEDA (potassium diisopropyl

2%7 (a) F. F. Fleming, Q. Wang, Z. Zhang, O. W. Stewdrd)rg. Chem2002 67, 5953;(b) J. Doroszuk, M. Musiejuk, L.
Ponikiewski, D. Witt,Eur. J. Org. Chem2018 6333 (c) O. De Lucchi, L. Pasquat®etrahedron 1988 44, 6755;(d) B.
M. Trost, A. C. LavoieJ. Am. Chem. S0d983 105 5075;(e) B. Bartels, R. Hunter, C. D. Simon, G. D. Tomlinson,
Tetrahedron Lett1987, 28, 2985;(f) A. B. Flynn, W. W. Ogilvie Chem. Re\2007, 107, 4698;(g) F. F. Flenmg, Q. Wang,
Chem. Rev2003 103 2035;(h) G. Dagousset, C. Francois, T. Ledn, R. Blanc, E. SansiBageusset, P. Knochel,
Synthesis2014 46, 3133.

238 (a) S. Sengupta, V. Snieckuls,Org. Chem199Q 55, 5680;(b) M. A. Reed, M. T. Chang, V. Sniecki®rg. Lett.2004
6, 2297;(c) E. Block, S. Ahmad, J. L. Catalfamo, M. K. Jain, R. Ay@i&stro,J. Am. Chem. So&986 108 7045;(d) G.
Brooks, K. Coleman, J. S. Davies, P. A. HunieAntibiot.1988 41, 892;(e) T. H. Morris, E. H. Smith, R. Walsh, Chem.
Soc.Chem. Commuri987 964.

239(a) F. F. Fleming, S. Gudipati, J. A. Aitkeh,Org. Chem2007, 72, 6961;(b) F. F. Flemming, V. Gudipati, O. W. Steward,
Tetrahedron2003 59, 5585;(c) B. A. Feit, U. Medmed, R. R. Schmidt, H. Spe@etrahedron1981, 37, 2143;(d) D. C.
Harrowven, H. S. Poom,etrahedron Lett1994 35, 9101;(e) D. C. Harrowven, H. S. Poofetrahedronl996 52, 1389;
() R. R. Schmidt, J. Talbiersky, P. Russeggestrahedron Lett1979 44, 4273;(g) R. R. Schmidt, R. Hirsenkorn,
Tetrahedron1983 39, 2043;(h) R. Knorr, E. LattekChem. Ber1981, 114, 2116{i) M. A. Ganiek, M. R. Becker, M.
Ketels, P. KnochelDrg. Lett. 2016 18, 828.

240(a) A. A. Morton, F. D. Marsh, R. D. CoompA. L. Lyons, S. E. Penner, H. E. Ramsden, V. B. Baker, E. L. Little, R. L.
Letsinger,J. Am. Chem. S0d95Q 72, 3785;(b) A. A. Morton, E. J. Lanphed. Org. Chem.1955 20, 839;(c) R. A.
Benkeser, D. J. Foster, D. M. Sauve, J. F. Ndbim. Rev1957 57, 867;(d) R. A. Woltornist, Y. Ma, R. F. Algera, Y.
Zhou, Z. Zhang, D. B. Collungynthesis202Q 52, 1478;(e) R. F. Algera, Y. Ma, D. B. Collund, Am.Chem. Soc2017,
139 11544,

241(a) D. SeyferthDrganometallic2006 25, 2; (b) D. Seyferth OrganometallicR009 28, 2; (c) Wiberg, N.;Lehrbuch der
Anorganischen Chemi@02.Aufl. De Gruyter Verlag, Berlin2007, S. 1259 1299.

242(a) R. F. Algera, Y. Ma, D. B. Collund, Am. Chem. So2017, 139,15197;(b) R. F. Algera, Y. Ma, D. B. Collund, Am.
Chem. Soc2017, 139 7921;(c) R. F. Algera, Y. Ma, D. B. Collund. Am.Chem. Soc2017, 139, 11544;(d) Y. Ma, R. F.
Algera, D. B. Collum)J. Org. Chem2016 81, 11312.

2433, Asako, H. Nakajima, K. Takdilat. Catal. 2019 2, 297.

244 (a) M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seebe@eem. Rev2017, 117, 11796;(b) J. Britton, T. F. Jamison,

Nat. Protoc2017, 12, 2423;(c) T. Brodman, P. Koos, A. Metzger, P. Knochel, S. V. I@@g. Process Res. De012 16,
1102;(d) M. Colella, A. Nagako, R. Luisthem. Eur. J202Q 26, 19;(e) B. Gutman, C. O. Kappé, Flow.Chem.2017,
7, 65;(f) M. Teci, M. Tilley, M. A. McGuire, M. G. OrgarQrg. Process Res. De2016 20, 1967;(g) D. A. Thaisrivongs,
J. R. Naber, N. J. Rogus, G. Spen€&ng. Process Res. De2018 22, 403;(h) F. Ullah, T. Samarakoon, A. Rolfe, R. D.
Kurtz, P. R. Hanson, M. G. Orga@hem. Eur. J2016 16, 10959;(i) J. Y. F. Wong, J. M. Tobin, F. Vilela, G.aBker,
Chem. Eur. J2019 25, 12439;(j) H. Kim, H.-J. Lee, D:P. Kim, Angew.Chem. Int. Ed2015 54, 1877;Angew.Chem.
2015 127, 1897;(k) H. Kim, A. Nagaki, Ji. Yoshida,Nat. Commun2011 2, 264.

245N. Weidmann, M. Ketels, P. Knochéingew.Chem.nt. Ed.2018 57, 10748;Angew. Chen018 130, 10908.
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amideAN,N,NNjlNjetramethylethylenediamine) in hexane was used in continuous flow for
similar metalation$*® In course of these studigsis reportedthat NaDA and NaTMP were
efficient bases for the regioselective flometalation of various substituted acrylonitriles and
alkenyl sulfides?’

8.1OPTIMIZATION STUDIES OFCINNAMONITRILE SODIATION

In first experiments, the sodiation of cinnamonitrddd) was optimized.tlwasfound tha
sodiation with NaDA (0.2#4i n DMEA (di met hyl et h789Casimg
combined flowrate of 10mL A m}amd a 0.02 mL reactor proceeded best with a resi
time of 0.12 s affording organosodiutia and4 2 aSabsequent trapping with electroph
of type 3 such as aldehydes, ketones, disulfides and allylic bromides afforsigdsftute
cinnamonitriles of typd3with usually highE/Z ratios (Table 17, entries10).

Table 17: Sodiation otinnamonitrile §1a) using a microflow reactor and subsequent batch quench of the intermediate
organometallict2a with various electrophiles of tyfleading to functionalized cinnamonitrdef type43.

__________________________________________________________________________

flow o12s i batch
; NaDA O -78°C "
' 0.24 min DMEA Ph w " !
' i Ph \“ " ) . Ph .
' (1.2 equiv) 10 mLemin- ]\ - | H @ 10 min, 25 °C ]\ :
H I " '
; Ph Na” “CN || J " E”CN i
L N |
' 41a CN 42a 42a° 3 43 :
: 0.20 M in THF Y (1.5 equiv) ;
; E/Z>99/1 n :
L (1.0equiv) . e ;
Entry Substrate Produci! Entry Substrate Produc!
CHO Fh OH Ph
o< e e
Br CN Br CN
1 3166 43al ©696%,Z/E>99/1 6 3z 43az 93%,Z/E=54/46
cHo Ph  OH OH
™ (0]
\ Ph
CIQ/ N . Ph)I\Ph Ph/\cf:h
2 3r 6 43ar :®2%,Z/E>99/1 7 316 43al : 82%,E/Z>99/1]
Cl Ph OH (I o OH
@KCHO ~ ME)JW PN X Me
Cl Cr\é:l CN
3 8 43an 6 8%
¢ 4 074%,Z/E= 1 5 6 ’
3960 3aq 674%,Z/E=89/1 3noo E£/7599/1¢]
CHO Ph OH /\y
o 3 A
Me' CN Ve o Ph \CN OH
4 R 9 43aa B2%,E/Z>99/1"
3mb6o 43am 6: 83%,Z/E>99/1[b] 3aé q ri99/1

246 3, H. Harenberg, N. Weidmann, P. Knocteigew.Chem. Int. Ed202Q 59; 12321;Angew.Chem.202Q 132 124109.
247 Commercially available equipment fradnigsiswas used. For detailed optimizationsee experimental part.
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Ph o OH
A PhMMe
Br Me)J\nBu N nBu
CN

> 3h] 43ah: 93%,E/Z=90/10 10 3066

43a0 6 &%,
E/Z>99/1d

[@l Yield of analytically pure product’ The diastereoselectivity was confirmed by crystal structure anal§$6smol%
CuCN-2LiCl.[ According to the proposed mechanism, ketqnenches were assumed toEbdiastereoselective.

The diastereoselectivity of products of tyg@ obtained after the addition to a carbonyl
electrophile was tentatively explained by assuming that the sodiated s2adeeacted fast
with an aldehyde (RCHO) according to pathwaySEheme 42)eading to the allylic alcohol
Z-43. In contrast, by using ketones, an equilibration to the cummulene4fd@nandy occur
and the cyclic transition statd would be disfavoured due to steric hindranégZ
isomerization of the cummulene structute2 aoécurred affording thee-43 product via
transition stat® (Schemet2).

N<
% “Na

H ¢ , H CN H
— ! — S e=—.=N
> < o _iPr > < =~ >= \
Ph H N\iPr Ph Na Ph Na
41a 42a 42a’
H CN H fast H CN
pathway A py Na - - -0 Ph OH
42a H R
ﬂ Z-43
42a’
| H Ph fast Ph CN
S T
pathway B H H OH
Pth,“. _rO/Na R, _rO/Na R N
R/ R/
transition state A transition state B E-43

Scheme42: Proposed mechanism for the stereoselective addition of sodiated phenylacryiitit®aldehydes or ketones
8.2 SODIATION OF SUBSTITUTED (ARYL)ACRYLONITRILES

This flow procedurevas then extended various functionalized arylacrylonitriles of tygé.
Electronrich cinnamonitrile derivatives4(b-41€) were selectively metalated irpdsition
using NaDA in a continuous flow satp wi t h i 78°0. The Bsul8ng @danosodiums
(42b-e) were trapped in batch with various carbonyl electrophiles, such-assaldehyde

(3 9,@yclohexanecarboxaldehyd® ¢ 6r cyclohexanoned§), and with 3bromocyclohexene
(3h) using 10mol% CuCN-2LiCl as catalyst, affordintdpe desired alcohol#(3 h 48 ¢ e 0
4 3 dand43eg and an allylated cinnamonitrile derivativ43eh in 57-97% yield withZ/E
ratios up to >99/1 (Tablé8, entries 15). Similarly, regioselective sodiation of electron
deficient 3(4-(trifluoromethyl)pheni)acrylonitrile (@41f) followed by coppecatalyzed
allylation with 3bromocyclohexene3f) led to the functionalized phenylacrylonitrilé3fh)

in 66% vyield with anE/Z ratio >99/1. Furthermore, an extension to methoand
ethoxyacrylonitriles41g and 41h was possible resulting in secondary alcohels3(g,p 6 6
4 3 g mid30h ap@d4 3 h) afi@r batchquench with aromatic aldehydedp(§ 3m 6 @nd3q §
and aliphatic aldehyd&d Yan 91-98% andZ/E ratios >99/1 (entries-10). An alkenyl sulfide
such as phenyl(gryl)sulfane @1i) provided the sodium derivativdZi) upon metalation with



B. Results and Discussion 103

NaDA. Trapping with sterically demanding ketones such as adamantar@nean(d
benzophenones| )@ave tertiary alcoholgl8it and4 3 ) il 86-95% yield and comparableZ
ratios to the starting materiéli (entries 1112).

Table 18: Sodiation of substituted acrylonitriles and alkenyl sulfides of #/pesing a microflow reactor and subseqi

batch quench of the intermediate sodium organometallics of 4Zpwith various electrophiles of typ& leading tc
functionalized phenylacrylonitriles and alkenyl sulfides of tf3e

........................................................................

:' flow NaDA :: batch E
' 0.24 M in DMEA N :
' (1.2 equiv) g :
- @ 10min, 25°C  \__ (E
! — :: FG |
: 41 FG " (1.5 equiv)
: 0.20 min THF . 3 43 :
(1.0 equiv)
! R = Aryl, OEt, OMe; FG = CN, SPh " '
Entry  Substrate Produch! Entry Substrate Produch!
OMe OMe
O OMe OMe OH
OH OMe S N
o N CN N CF3
CN CN O
1 41b 4 3 h @766 . 41g 4 3 g%
E/Z=76/24 Z/E=89/11 E/Z=83/17 Z/E>99/1
Me Me
Me Me O OMe OMe OH
OH OMe ~ N
. N CN CN Me
CN CN O
2 41c 4 3 c AH g 41g 4 3 g neBed’)
E/Z=79/21 Z/E=90/10 E/Z=83/17 Z/E>99/1
(\o )
o) (e} OEt OEt OH I
p 1RO
e X CN CNCI
CN CN
3 41d 4 3 d 0460 9 41h 4 3 h: 584"
E/Z=83/17 Z/E>99/1 E/Z=68/32 Z/E>99/1
tBu
HO OEt OEt OH
AN S XN
x> tBu CN CN CN
CN
4 41e 43es 67%" 10 41h 4 3 h 9164Y
E/Z=79/21 E/Z>99/1 E/Z=68/32 Z/E>99/1
tBu tBu
O b Ph
@ 3 o
~ N s SPh
CN CN
5 41€ld 43eh: 57% 11 41i 43it; 95940
E/Z=79/21 E/Z>99/1 E/Z=71/29 E/Z=77/23
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CF3 CFy
O Ph Ph Ph
@ N N
X ™ SPh SPh
CN CN
6 41flc 43fh; 6694 12 41i 4 3 i8b%,
E/Z=78/22 E/Z>99/1 E/Z=71/29 E/Z=68/32

[a Yield of analytically pure product” The diastereoselectivity was confirmed by crystal structure anal§se8.mol%
CuCN-2LiCl.

8.3 EXPANDING THE REACTION SCOPE TOALKYL -SUBSTITUTED ACRYLONITRILES
AND ALKENYL SULFIDES

Extension toalkyl-substituted acrylonitriles such as geranylnitrddd E/Z=50/50) and the
related nitrile44b (E/Z=65/35) was possible under the standard sodiation conditions providing
after electrophilic quench the desired functionalized nitrdéslf, 4 6 a 46& § 4bbf) in 60-

98% vyield asE/Z mixtures (Table 3, entries-4). Interestingly, starting from the
diastereoselectively pure acrylonitridc (E/Z>99/1) the desired produ4t6 c was Obtained
iN67%vieldZ/E=E58/ 42) af t aatralapeBgondentry Syshawmg the prevalence
of the cumulene structure of the sodiated nitriles 42aeén Table I7). However, the methoxy
substituted acrylonitrile44d (E/Z=80/20) afforded after continuous flow sodiation and
guenching witlo-anisaldehyde3 @ the allylic alcoho#t 6 das €ingle diastereocisomer in 58%
yield (Z/E>99/1) showing the importance of the methoxy group for controlling the
stereochemistry of the intermediate sodiated nitrile (entry 6). Also, the dienylddeieas
sodiated in flow ad trappedwith an allylic bromide 3h) or an aldehyde3( 8, durnishing the
functionalized dienylnitriles46ehand4 6 ¢ ia 4-82% yield (entries -B).

Table 19 Sodiation of alkyl and alkenyisubstituted acrylonitriles of typ®4 using a microflow reactor and subsequent k

quench of the intermediate sodium organometallics of #fpwith various electrophiles of typgleading to functionalize
alkyl- and alkenysubstituted acrylonitriles of typ#6.

Entry Substrate Electroghile Productd
Me Me Me Me
B B e S
|
1 44a, E/Z=50/50 3b 46ab: 75%,Z/E=68/32

Me Me
Me Me CHO Me X N CN
CN
Mem O/ HO

46a0 :660%,Z/E=64/36

300
Me Me
(0] ™ CN
Me Me Me’ =
MCN o
Me

3 44a, E/Z=50/50 396 6 46aq06 :®8%,Z/E=53/47

Me

Me nBu” OH
nBu)\/CN
Cl

Cl

4 44b, E/Z=65/35 3f 46bf: 85%,Z/E=55/45
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Me
0]
Me nPr CN
)\/CN OH
nPr

5 44c, E/7>99/1 306 6 46cqb :®7%,Z/E=58/42
Me
OMe MeO CN
Me CHO o
MeO\/I\/CN ©/ &:oH
OMe
6 44d, E/Z=80/20 3ed 46de :68%,Z/E>99/1
CN
nBu” XN
nBU/\/\/CN Br/© /\/6
7 44e, 2E/2769/31 3ht! 46eh: 74%,2E/2Z=77/23
OMe e Y L
nBu/\/\/CN ©/CHO OH
OMe
8 44e, 2E/27=69/31 3e 0 46ee :B2%.2Z/2E=76/24

[@ Yield of analytically pure produc! 10 mol% CuCN-2LiCl.

8.4 SODIATION USING LITHIUM-FREENATMP IN CONTINUOUS FLOW

Recently, Takai and Asako published a straightforward synthesis of |Hine@gnsodium
2,2,6,6tetramethylpiperidide (NaTMP) in hexane by using sodium dispersion, TMPH,
TMEDA and isoprené?® This method would avoid the use of [B¥ as solvent and therefore
making this method more practical. Using the Takai procedure, hezahble

Na T MP A T M®vBsAreparednd an efficient continuous flow sodiation of cinnamonitrile
(41a) was performedselectively in 2position within 0.1  &8°C. 1A subsequent batch
trapping of42awith various ketones of typgafforded the desired tertiary alcohols of ty3e

in 5883% vyield as single regioisomers withZ2E ratio >99/1 (Schemd3). Similarly,
ethoxyacrylonitriled1h gave, after batch quemevith m-anisaldehyde3 @ @nd benzophenone

(31 )pthe allylic alcoholst 3 hamd® 3 hirl 66-78% yield Z/E>99/1). Further, geranylnitrile
(449 provided the organosodiudbau pon met al ati on with NaTMPAT
coppercatalyzed allylation using-Bromocyclohexene3f) led to the desired produé6ahin

54% yield with aE/Z ratio of 52/48.

248(a) S. Asako, M. Kodera, H. Nakajima, K. Takagv. Synth. CataR019 361, 3120;(b) D. R. Armstrong, A. R. Kennedy,
R. E. Mulvey, S. D. Robertsoghem. Eur. J2011 17, 8820;(c) R. E. Mulvey, S. D. RobertsoAngew. Chemint. Ed.
201352, 11470d) R. McLellan, M. Uzelac, L. J. Bole, J. M. Gilegrete, D. R. Armstrong, A. R. Kennedy, R. E. Mulvey,
E. Hevia,Synthesis2019 51, 1207;(e) B. Gehrhus, P. H. Hitchcock, A. R. Kennedy, M. F. Lappert, R. E. Mulvey, P. J. A.
Rodger,J. Organomet. Chen1999 587, 88.

29For the synthesi s epdrimda pamPATMEDA, see
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: flow 0.12s :: batch :
' NaTMP-TMEDA 78 °C " !
1 0.26 m in hexane " '
i (1.3 equiv) R : R :
| 1 25° |
: 10 mLemin-! ]\ @ 10 min, 25 °C ]\ ,
‘ R Na” “CN E” TCN;
H \lL w (1.5 equiv) '
: CN " :
i\ 0.20min THF " ‘
: (1.0 equiv) " '
\ R=Alkyl, Ph, OEt i K
nBu HO Ph
S X Me ~ Me A ~ Me
Ph OH  Ph on Ph oMe  Ph Ph/\(JVOH
CN CN CN CN CN
43aa"; 71%!e 43an™; 68%!! 43ao™: 83%! 43at: 79%°! 43ab": 58%°!
Z/E>99/1 Z/E>99/1 Z/E>99/1 Z/E>99/1 Z/E>99/1
Me Me
OEt OH OMe OEt OH CN
S Me” N X
N Ph
Ph
Ph” ™
on CN CN
CN
43aq™: 67%"! 43he": 78% 43hl': 65% 46ah: 54%°
Z/E>99/1 Z/E>99/1 Z/E>99/1 E/Z=52/48
[l The diastereoselectivity was confirmed by crystal structure analyses. ! According to the proposed
mechanism, ketone-quenches were assumed to be E-diastereoselective.
Scheme 8: General setip for the sodiaton f f uncti onalized acrylonitriles with NaT

subsequent batch quench of the intermediate sodium organometallics with various electrophiles leading to functionalized
acrylonitriles.[d 10 mol% CuCN-2LiCl.

8.5 SODIATION OF CHALLENGING ACRYLATES BY USINGBARBIER-TYPE
CONDITIONS

However, the sodiation of other acrylates still remained challenging. Applyenstandard
sodiation method to ethyl cinnamat47§ afforded solely the condensation prodd&a
showing that the sodiatiasf 47awas possible, but difficult to control. Thus, the intermediate
organosodiund8areacted instantaneously with another moleculd %f before the desired
electrghile quench proceeded (Schem#éay To prevent this setfondensation reaction,
sterically hinderedert-butyl cinnamate 47b) was used affording organosodiu48b after
continuous flow sodiation. A coppentalyzed batch allylation with-Bromocyclohexene3f)
gave the desired produdBbh in 61% yield with anE/Z ratio >99/1 (Schemd4b). To
overcome the need of sterically hindered esters, a Bagigiem situtrapping®C of the highly
reactive organosodiums of tyg8was envisionednterestingly, ethyl cinnamatd{a), which
underwentself-condensation side reactions applyihg standard flow conditions (Scheme
44a) , was g8°adundet Barthieicartditions and afforded organosodid®g, which
was instantaneously trapped by adamantan@bg @utcompeting sel€ondensation and
resulting in the tertiary alcohol49at in 66% vyield E/Z>99/1). Similarly,

250 (a) M. G. Ganiek, M. V. lvanova, B. Martin, P. Knoch&hgew.Chem. Int. Ed2018 57, 17249; (b) M. A. Ganiek, M. R.
Becker, G. Berionni, H. Zipse, Pniéchel,Chem. Eur. J2017, 23, 10280; (c) N. Weidmann, J. H. Harenberg, P. Knochel,
Org. Lett. Org. Lett.202Q 22, 5895.
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methyl3-methoxyacrylate47¢ was sodiated in-position in the presence of adamantanone
(3t) using NaDA (1.2 equiv) affording the spirolactatfictin 58% yield (Scheme4t).

a) Sodiation of ethyl cinnamate 11a leading to self-condensation side product:

_____________________________________________

i flow 0.12's ' CO,Et
: —78°C ' PSSy
| NaDA : -

: i CO.Et | 1

. 0.21 l\2/l in DMEA Ph/\r 2 : P X0

: (1.2 equiv) Na ! 49a

: 10 mLemin™" 1 - —

' CO,Et :

BN PR _ONa | !

! 47a : CO,Et
: 0.20 min THF OEt ! L. Ph/ﬁ/

‘ (1.0 equiv) 48a : E
--------------------------------------------- 49b

\ flow \
! NaDA 07';20(5: '
' 0.24 m in DMEA — .
! (1.2 equiv) . P X CO,tBu
! . 10 min, 25 °C
! 10 mLemin~ Ph/\rcoztB“ : @—»
! ! Br
: CO,tB Na :
! u !
B Ve :
| 47b 48b ! 3h 49bh:
i 0.20 min THF ! (1.5 equiv) 61%, E/Z>99/1
‘ . ‘ +
(R O0eauN) . ' 10 mol% CuCN-2LiCl
c) Sodiation of acrylates using Barbier-type trapping conditions:
i flow 0.12's ¥
: NaDA _78°C : Ph
! 0.24 m in DMEA - ! A
! . % Ph CO,Et ' — OH
, (1.2 equiv) ,
' x-Naor X Na | CO,Et
. ' 49at:
! CO,Et OMe '
f 1 O 2 1 0,
! CO5R 10 mLemin-" t— 48a 43¢ : 66%, E/Z>99/1
' + '
: % + o :
E R? 3tlt] E I ° o
. . R1=Ft R2-pplal 3 . e ==
: :;2: §1=II\E/IZ'RR2:,OhMe[a] - 3t i Me©
b . / 49ct: 58%

Scheme 4: Sodiation of substituted acrylates of typ@ using a microflow reactor under Barbier conditiohs.situ or
consecutive batchuench of the intermediate sodium organometallics of 4=#forded functionalized acrylates of typ8.
[a10.20m in THF, 1.0 equiv® 0.30m in THF, 1.5 equiv.
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O.PREPARATION & FUNCTIONALIZED  ARYL,
HETEROARYL AND  BENZzYLIC POTASSIUM
ORGANOMETALLICS USING POTASSIUM
DIISOPROPYLAMIDE INCONTINUOUS FLOW

From all the alkali metals, lithium has by far received the most applications in organic
synthesig>! However, the use of sodium and potassium organometallic intermediates has been
explored since more than a cenfiifyand presents several specific advantages such as
erhanced reactivity, low prices and moderate toxicity of these alkali organometallics as well
as opportunities for new metalation selectivifigsRecently,it was reported thahe use of
continuous flow techniqué¥ considerably facilitates the use of sodibases such as NaDA
(sodium diisopropylamide) for the selective sodiation of aromatics and hetercd®ydies.
course of these studiea new metalation procedure allowing both to perform arene and
heteroarene metalations as well as lateral metalations psitagsium diisopropylamide
(KDA) and N,N,NNyiNjetramethylethylenediamine (TMEDA) in continuous flow in a
hexangetrahydrofuran (THF) mixture is reported.

9.1 PREPARATION OFPOTASSIUM DIISOPROPYLAMIDE (KDA)

Whereas KDA was usually preparedcording tothe Schlosser method by mixing LDA
(lithium diisopropylamide) wittiBuOK,?*%it wasenvisioned to prepare this base in the absence
of any lithium salts, using a modified procedure of Collum for the preparation of RADA.
Thus, small slices of ociree solid potassium suspended in hexane were mixed with
diisopropylamine. The resulting suspension was cooled %G @nd isoprene was added
dropwise. After 30nin of stirring at C, the suspension was warmed to°€9eading after

251 (a) J. ClaydenQrganolithiums: Selectivity for Synthe¢i&ds.: J. E. Baldwin, R. M. Williams), Pergamon, Oxfad2a02
(b) T. Rathman, J. A. Schwindem®rg. Process Res. De014 18, 1192; (c) G. Wu, M. Huang;hem Rev.2006 106,
2596; (d)V. SnieckusChem. Rev199Q 90, 879; (e) M. C. Whisler, S. MacNeil, V. Snieckus, P. Beaigew.Chem. Int.
Ed.2004 43, 2206.

252 (@) D. SeyferthOrganometallic2006 25, 2; (b) D. SeyferthQrganometallic2009 28, 2; (c) G. B. BucktonProc. R.
Soc. Londori859 9, 685; (d) G. B. Bucktorl.iebigs Ann. Chenl859 112, 220; (e) W. H. Carothers, D. D. Coffmah,
Am. ChemSoc.193Q 52, 1254; (f) J. A. Wanklynl_iebigs Ann. Chenil858 108 67.

253 (a) Y.Ma, R. A. Woltornist, R. F. Algera, D. B. Collurd, Org. Chem.2019 84, 9051; (b) R. F. Algera, Y. Ma, D. B.
Collum,J. Am.Chem. Soc2017 139 11544; (c) R. E. Mulvey, S. D. Robertsémgew.Chem. Int. EJ2013 52, 11470;
(d) M. SchlosserQrganometallics in Synthesidohn Wiley& Sons, Hoboken2013 (e) M. Schlosser J. Hartmann, M.
Stahle, J. Kramer, A. Walde, A. Mordirghimia1986 40, 306.

254(a) H. Kim, A. Nagaki, Ji. Yoshida,Nat. Commun2011, 2, 264; (b) C. Battilocchio, F. Feist, A. Hafner, M. Simon, D. N.
Tran, D. M. Allwood, D. C. Blakemore, S. V. Layat. Chem2016 8, 360; (c) S. Roesner, S. L. Buchwatdgew Chem.
Int. Ed. 2016 55, 10463; (d) M. Teci, M. Tilley, M. A. McGuire, M. G. Orga@rg. Process Res. De2016 20, 1967; (e)

B. Gutmann, C. O. Kappé, Flow Chem2017, 7, 65; (f) J. Britton, T. F. Jamisoiat. Protoc.2017, 12, 2423; (g) G. A.
Price, A. R. Bogdan, A. L. Aguirre, T. lwai, S. W. Djuric, M. G. Org&atal. Sci. TechnoR016 6, 4733; For recent
reviews about flow chemistry see: (h) M. B. Plutschack, B. Pieber, K. Gilmore, P. H. SeeBGaeyarRev.2017, 117,
11796; (i) M. Colella, A. Nagaki, R. LuisChem. Eur. J202Q 26, 19.

255N. Weidmann, M. Ketels, P. Knochéingew.Chem. Int. Ed2018 57, 10748.

256 (a) A crystal structure of KDA complexed with 1.0 equiv of TMEDA was reported: W. Clegg, S. Kleditzsch, R. E. Mulvey,
P. O’Shaughnessy, Organomet. Cheml998 558 193; (b) L. Lochmann, J. Trekoval, Organomet. Chenl979 179,
123; (c) L. Lochmann] . P o s p i TeirahedrorbLett1 966 2n257; (d) A. Mordini, D. Peruzzi, F. Russo, M. Valacchi,
G. Reginato, A. BrandiTetrahedron2005 61, 3349; (e) L. Lochmann, M. Janatent. Eur. J. ChenR014 12, 537; (f)
for preparation of KTMP using M8iCH:K see: B. Conway, A. R. Kennedy, R. E. Mulvey, S. D. Robertson, J. G. Alvarez,
Angew.Chem. Int. Ed201Q 49, 318.

257Y, Ma, R. F. Algera, D. B. Collum]. Org. Chem2016 81, 11312.
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6 h reactiontime to a dark solion (Table20, entries 16). The resulting KDA solution was
titrated with a standardized solution of OM@butanol in hexane. In most cases, an excess of
potassium (ca. 8quiv) was used and the KDA yield was calculated based on diisopropylamine
(1.0 eqiv). The equivalents of TMEDA and isoprene (entrie®) Were variedandit wasfound

that 1.0equivalent of TMEDA and 0.5 equivalent of isoprene resulted in the best yield after
6 h reaction time (entry 4). Longer stirring did not improve the yield. 8iIxA solutions were
stable for at least one week at°Zh Similar yields were obtained using cyclohexane instead
of hexane (entry 5). A quantitative yield was reached by setting potassium as limiting reagent
(1.0 equiv) and adding an excess of diisoprapyhe (DIPA, 3.0 equiv), TMEDA (3.8quiv)

and isoprene (1.5 equiventry 6). Attempts to extend this preparation to 2,2,6,6
tetramethylpiperidine (TMPH) or GMH led to significantly lower yields (entries8). For
subsequent experiments performed in cwaus flow, the KDA preparation conditions
described in entry were used

Table 20: Optimization of the preparation of potassium amide bases using solid potassium, secondary amides, TI

isoprene in hexane

1) hexane, TMEDA (X equiv)
2) isoprene (X equiv)

Ksolid + RoNH » R,NK
(excess) (X equiv) 30 min, 0 °C
0to 25 °C, t[h]
Entry R:NH  TMEDA Isoprent T Molarity Yield
1.0 equiv X equiv X equiv [h] (K-base) (%)
1 DIPA 2.7 0.5 6 0.33 33
2 DIPA 1.0 1.0 6 0.40 40
3 DIPA 2.7 1.0 6 0.50 50
4 DIPA 1.0 0.5 6 0.56 56
5 DIPA 1.0 0.5 18 0.57 (0.49% 57 (494
6 DIPA 3.0 15 18 0.33 99!
7 TMPH 1.0 0.5 6 0.20 20
8 HNCy» 1.0 0.5 6 0.28 28

[@l Yield of KDA in cyclohexanel” Potassium was used as limiting reag@iPA was used in excess (2quiv).
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9.2 OPTIMIZATION SCREENING OFFLOW CONDITIONS FORBENZOFURAN
METALATION USING KDA AS EXAMPLE FOR GENERAL FLOW OPTIMIZATIONS

KDA
(0.30 M hexan)
(1.5 equiv)
injection loop A
(vol.W'=1.0 mL)
pump A vol.P'®

flow-rate A
dry THF vol.R
T, t
dry THF ( }—@—@—J 6 aa \HO
pump B

pre
flow-rate A vol. adamantanone

injection loop B in THF
(vol = 1.0 mL) (1.5 equiv)

benzofuran
(0.20 M in THF)
(1.0 equiv)

Schemed5: Flow setup for the metalation of benzofuran with KDA and batch quench with adamantanone.

In preliminary experiments, the reaction conditions for performing metasatiith KDA in
hexaneandin continuous flow using benzofurab(@) in THF as substrate and adamantanone
(3t) as quenching reagenwere optimizedA KDA solution (0.30m, 1.5equiv) in hexane and

a solution of the benzofurds0a (0.20m, 1.0equiv) in THFwere prepared. Injection loop A
(vol™ =1.0mL) was loaded with the KDA solution and injection loop B {¥ei1.0mL) was
loaded with a solution of substral®a The solutions were simultaneously injected into
separate streams of THRo(v-rates: see seening table1), which each passed a precooling
loop (voP™®=1.0 mL, T[°C], residence time: 18 or 60s), before they were mixed in arfiixer
(PTFE, 1.D. =0.5mm). The combined stream passed a PTFE reactor tutfe<(sek tabl@1;
residence timet; T [°C]) and was subsequently injected in a flask containing a stirred solution
of adamantanone{, 1.5equiv) in THF. The reaction mixture was stirred for 30 min &0
to1 78°C and quenched withsat. ag.NH4Cl solution. Yields were determined ugiGC.

Table 21 Optimization screening of flow conditions for benzofur&fid) metalation usindgKDA.

Entry T[°C] VolR[mL] Flow-rate[m LrAin' 1] t1[s] GCyield
1 0 0.03 1 0.9 21
2 120 0.03 1 0.9 19
3 140 0.03 1 0.9 16
4 178 0.03 1 0.9 28
5 0 0.03 5 0.18 60
6 120 0.03 5 0.18 29
7 140 0.03 5 0.18 27
8 178 0.03 5 0.18 44
9 0 1 1 30 11
10 120 1 1 30 11
11 140 1 1 30 26
12 178 1 1 30 22
13 0 1 5 6 67
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14 120 1 5 6 56
15 140 1 5 6 39
16 178 1 5 6 40
17 0 4 1 120 43
18 120 4 1 120 53
19 140 4 1 120 48
20 178 4 1 120 40
21 0 4 5 24 66
22 120 4 5 24 77
23 140 4 5 24 46
24 178 4 5 24 95

By varyingtemperatureflow-rateand reactor size (reactorlume), it wasfound that it was
best to perform the metalationiat8 °C using 1.5 equiv of KDA, a 4 mL tube reactor and a
combinedlow-rateof 10m LnAin' tleading to a reaction time of 24 s for the metalati§ithe
resulting potassium organometalitawas then quenched with adamantan@tel(.5 equiv)
at1 40°C for 10 min leading to the tertiary alcoti2atin 95% isolated yield (Schendé).

.......................................................................

! flow ! |
! 2 s 1 batch !
h KDA _78°C !
1 0.30 M in hexane | !
! (1.5 equiv) OH 1
: 10 mLemin~"q @ — A !
! C f\ g !
' AN @ (o) :
: © 52at: 95%
' 50a : ° !
' 0.20Min THF 3t (78%)F) |
iy (1.0 equiv) N\ (1.5 equiv) ,

Scheme46: Metalation of benzofurafb0a) with KDA and subsequent trapping with adamantan@tein continuous
flow. [ Isolated yield of analytically pure prodult.Cyclohexane was used as solvent.

9.3INVESTIGATION OF THEELECTROPHILESCOPE

These potassium organometallics display a high reactivity and the metalation of benzothiazole
50b under optimum conditioR®’ (flow-rate: 10 mLrAin'L; reaction time: 0.18 s; reactor
volume: 0.03 mL; reaction temperatuieZ8 °C) furnishedthe potassium intermediat&lb,

which was trapped with various electrophileach asketones (adamantanon@&t)( or
norcamphor3d g)deading to the téiary alcohols52btand5 2 bia B4 77% yield (Table 2,
entries 12). Using Barbiettype conditiong®i.e. metalation of a mixture ds0b (1.0 equiv)

and 3t (1.5 equiv) with KDA (1.5 equiv) under the same flow conditions led to the alcohol
52btin 74% vyield (entry 1). Quenching Bilb with pivaldehyde% 2 b)raffofed the alcohol

5 3 b in676% yield. Weinreb amides were excellent acylation reagents for potassium
organometallics and the trapping&ifb with 3 s @n83 t gade the correspondingtones in
91-93% vyield (entries %). Thiolation of51bwith Bu,S; (32) led to the thioethes2bzin 92%

258 Commercially available equipment frddnigsiswas used.

259 Optimization studies of the flow conditions were separately conducted for each substrate.

260 (a) P. BarbierCompt. Rendl899 128, 110; (b) P. BarbielC. R. Acad. Sci. Parit899 128 110; (c) C. Blomberg, F. A.
Hartog,Synthesid 977, 18.
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yield. The corresponding Barbigype reaction proceeded in this case with only 47% vyield
(entry 6).

Table 22: Metalation of benzothiazoleésQh) using KDA in continuous flow and subsequent batch quench with ve
electrophiles of typ@& leading to functionalized benzothiazole derivatives of e

_______________________________________________________________________

KDA

E 0.30 M in hexane EE ;
' (1.5 equiv) N " 120m'2
! 10 mLemin~"¢ N ke @ (j: E !
O o e |
: 51b h |
: S n(1.5 eqUIv) 75- 93% '
! 50b ,: !
' 0.20 Min THF n :
Lo(0eau) . S !
Entry  Electrophile Product Entry Electrophile Product
o)
E Cosd v OO
Cl)Me S [0}
1 52bt: 77%, (74%! 4 3566 52bs 691%
0
N Me<
o s’ OH OMe @:
2 3abd 52ba :677% 5 52bt 698%
N Bu N
Pivaldehyde ©: — BU:S: C[ H—seu
s ©OH S
3 3r 66 52br & ®% 6 3z 52bz: 92%, (47%!

[@ Yield of analytically pure isolated produdtl Barbiertype reaction using a prixed solution of benzothiazolésQb,
1.0equiv) and electrophile (1&quiv), instant quench with Ni&I.

9.4EXPANDING THE (HETERO)AROMATIC SUBSTRATE SCOPE

The reaction scopwas then extendetb various heterocyclic and aromatic substrates. For
example, benzothiophene derivative®& and 50d were metalated with KDA and quenched
with iodine @b) or the aromatic aldehy@ gad well as thaldrithiol (3u) leading to thelesired
products $2ch 5 2 d gnd 52du) in 6398% vyield (Table23, entries 13). A complete
regioselectivity of the metalation of-&tylthiophene 306 was observed and addition to
dicyclopropyl ketone3 9 @ave the tertiary alcohd& 2 eirt 65% yield (entry 4) Similarly,
2-phenylthiophen&0f was metalated with KDA and trapped wBgh affording 52ft in 80%
yield (entry 5). 2Methoxypyrazine §0g) was regioselectively metalated at position 3 with
KDA (i 78°C, 0.18 s using a combinéidw-rateof 10mL A ). Addition of ketonest gave

the desired alcohd&2gtin 81% yield (entry 6)Extension to various aromatic substrates was
possible. Electromoor trifluoromethylbenzenesQh) was metalated imrtho-position with
KDA (178°C, 24 s reaction time, 1® L A fticambinedflow-rate) providing after addition

of 3t the alcohol 52ht in 42% vyield (entry 7). Eleobnrich substrates such as
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1,3-dimethoxybenzené@i) and 1,2,4rimethoxybenzeneés@)) were metalated with KDA and
gave after batch quenching with aldehy@es anil 3 g dnd BuS; (32) the corresponding
adductss 2 i, 62z and5 2 |img78-82% yield (entries-80).

Table 23: Metalation of (hetero)arenes of typ@ using KDA in continuous flow and subsequent batch quench with va
electrophiles of typ@& leading to functionalized (hetero)arenes of tHfe

Substrate
Entry o Electrophilel® Product®!
T [°C], t[s], flow-rate[mL A ] r

1 50c: 178, 24,10 3b 52ch: 63%4¢!
cHO
Br\@j\> cl ci Br “ O
s oH
2 50d: 778, 0.18, 10 3406 52dq 098%

Br
o | T
o o e
S N

\
z
Z
r

3 50d: 178, 0.18, 10 3u 52du: 93%
CgH17 o CSH7 1
0 v :
S HO
50e:178,0.18, 10 3cbd 52ec :665%

ALY

S

50f: 178, 0.18, 10

N
[\N]\OMe
50g: 178, 0.18, 10

CF;

50h: 178, 24, 10

Ph S

52ft: 80%

HO,
N

N/

(

N OMe
52gt: 81%

CF; OH

o/ &

52ht: 42%
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OMe CHO OMe OH Br
@ o
OMe OMe
8 50i: 178, 24, 10 3udbd 52iu 6 &%
OMe OMe
BUzSQ SBu
OMe OMe
9 50i: 178, 24, 10 3z 52iz; 73%
OMe OMe OH CI
CHO
Oy SA®
OMe g,lme
OMe OMe
10 50j: 778, 0.18, 10 396 52iq H71%

[ 1.5equivof electrophile were use® Yield of analytically pure isolated produtd.KDA was prepared in cyclohexarié
Barbiertype reaction usinga premixed solution ofl,3-dimethoxybenzend50i, 28 mg, 0.20 mmol1.0 equiv) an
adamantanone{, 45mg, 0.30 mmoll.5equiv), instant quench with Ni&l.

Interestingly aromatic nitriles were tolerated in such metalations ame®oxybenzonitrile
(50k) was deprotonated at position 2 by KDA78 °C, reaction time: 0.18 s). The resulting
arylpotassium derivativelk reacted with various electrophiles (ket@e @ivaldehyded r )6 0
and TMSCI (3 v)pléading to the expected produbt® k & ® kandb & ki &2-88% vyield.
Performing the metalation 60k with KDA in batch followed by MgSiCl quenching afforded
the product 2 k in @8 yield. A Wurtztype coupling®! using primary alkyl iodides such
as dodecyl iodide3( g @ed to the alkylated -Bhethoxybenzonitrile5 2 k ip 3% vyield.
(Scheme 2).

__________________________________________________________________________

1 flow ]
KDA O :
' (1.5 equiv) E '
i NC OMe!
! 10 mL-min~"4
'NC OMe '
! \©/ 5 52
: 50K 53-88% '
LoUeau) ... i
Ci2Hos

52kc": 62%! 52kr": 75%@ 52kv": 88%, (78%)! 52kg': 53%!°]

Schemet7: Metalation of 3methoxy benzonitrile50k) with KDA in continuous flow and subsequent trapping with varic
electrophiles! Yield of analytically pure isolated produ Yield of analytically pure isolatedroduct obtained unde
batch conditions.

261 (a) A. Wuriz, Ann. ChimPhys.1955 44, 275; (b) A. WurtzAnn.Chim. Phys1855 96, 364.
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9.5LATERAL METALATIONS IN BATCH AND CONTINUOUS FLOW

Whereas lateral alkainetalations of arenes were well described in b&fde corresponding
reactions in flonarerare?%3 Therefore substrates being ableundergo lateral metalationere
investigated Thioanisole $3a) was previously lithiated with BuLi and DABCO or HMPA
leading to PhSCHLi (54a).25 However, LDA did not achieve a lithiation neither in batch nor
in flow.

SMe LDA (1.5 equiv) SCHoLi  adamantanone (3t) s
in TMEDA:hexane (1.5 equiv) OH
THF, T [°C], t4 [h] THF, T [°C], t5 [h]
0.2 mmol
53a 54a 55at

Scheme48: Attempted metalation of thioanisof3a under batch conditions using LDA as base and subsequent q
with adamantanongt).

LDA in TMEDA:hexane (1.0nL, 0.30m, 0.30 mmol, 1.5 equiv) was added to thioanisole
(53a) (25mg,0.20mmol, 1.0equiv), dissolved in THF (1.0nL), at the indicated temperature
and stirred for the indicated tim&hen adamantanoned{) (45mg, 0.30 mmol 1.5 equiv)
dissolved in THF (1.0nL), was added to the mixture and stirredheg indicated temperature

for the indicated time After quenching withsat. aq.NH4Cl, yields were determined using
GC-analysesdemonstrating that a metalation using LDA in a conventional batch reactor did
not provide the desired lithiated species.

Table 24: Attempts to lithiatéb3a under batch conditions using LDA and subsequent quench 8ising

Entry T [°C] ta [h] t2[h] Conversion [%] GC-yield
1 0 0.5 0.5 18 n.d.
2 140 0.5 0.5 19 traces
3 178 0.5 0.5 7 n.d.
4 0 3 10 17 traces
5 140 3 10 5 n.d.
6 T 78 3 10 12 traces

262(3) P. Fleming, D. F. O"She&,Am. Chem. So2011, 133, 1698; (b) A. Manvar, P. Fleming, D. F. O"Sh&aQrg. Chem.
2015,80, 8727; (c) F. Gualtieri, A. Mordini, S. Pecchi, S. Scapecsylett1996 5, 447; (d) M. A. J. Miah, M. P. Sibi, S.
Chattopadhyay, O. B. Familoni, V. Snieck&syr. J. Org.Chem.2018 4, 440; (e) J. Fassler, J. A. McCubbin, A. Roglans,
T. Kimachi, J. W Hollett, R. W. Kunz, M. Tinkl, Y. Zhang, R. Wang, M. Campbell, V. Snieclu§rg. Chem2015 80,
3368; (f) S. L. MacNeil, O. B. Familoni, V. Snieckuk,Org. Chem2001, 66, 3662; (g) D-D. Zhai, X-Y. Zhang, Y-F.
Liu, L. Zheng, B-T. Guan,Angew.Chem. Int. Ed2018 57, 1650.

263(a) F. Venturoni, N. Nikzad, S. V. Ley, |. R. Baxend&eg. Biomol. Chen01Q 8, 1798; (b) J. Y. F. Wong, J. M. Tobin,
F. Vilela, G. BarkerChem. Eur. J2019 25, 12439; (c) HJ. Lee, H. Kim, D-P. Kim,Chem. Eur. J2019 25, 11641.

264(a) E. J. Corey, D. Seebach,Org. Chem1966 31, 4097; (b) M. F. Semmelhack, J. W. Hernd@nganometallics1983
2, 363; (c) The use of TMEDA and 2.2 equivrifuLi leads to dimetalation of thioanisole; S. Cabiddu, C. Floris, S. Melis,
Tetrahedron Lett1986 27, 4625.
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LDA
(0.30 m, 1.5 equiv)
in THF or TMEDA:hexan 1:5)
injection loop A
(vol.™ =1.0 mL)

pump A vol.Pr®

flow-rate A
dry THF 1 mL
T4 S
B e b ;
pump B ‘ore
flow-rate A Moy adamantanone (3t)
injection loop B in THF
(vol." = 1.0 mL) (1.5 equiv)
thioanisole
(53a, 25 mg, 0.20 m, 1.0 equiv)
in THF

Scheme49: Flow setup for the metalation of thioanisdi®a with LDA and batch quench with adamantan8he

A LDA solution (0.30M, 1.5 equiv) in TMEDA:hexane (1:5) or THF and a solution of
thioanisole53a (0.20M, 1.0 equiv) in THF were prepared. Injection loop A (Yok1.0mL)
was loaded with the LDA solution and injection loop B (¥ai1.0mL) was loaded with the
solution of53a. The solutions were simultaneously injected into separate streams of THF
(flow-rates: 5 mLmAin'Y), which each passed a poeling loop (vot™ = 1.0 mL, T*[°C],
residence time: 18), before they were mixed in anlixer (PTFE, I.D. =0.5mm). The
combined stream passed a PTFE reactor tubB fvbl0mL; residence timelt 6 s, B[°C])
and was subsequently injecteda flask containing a stirresblution of adamantanon8tj
(2.5equiv) in THF. The reaction mixture was stirred for 30 mifn 40 °C and quenched with
sat. aq.NH4Cl. Yields were determined using GDalysesSimilarly to the metalation in
batch, no lithiatedhioanisolederivative was observed using continuous flow conditions.

Table 25: Attempts to lithiatés3a under continuous flow conditions using LDA and subsequent batch quenci8tis

Entry Solvent T[°C] Conversion [%] GC-yield
1 TMEDA:hexare 0 15 n.d.
2 TMEDA:hexare 140 25 n.d.
3 TMEDA:hexare 178 20 n.d.
4 THF 0 13 n.d.
5 THF 140 10 n.d.
6 THF 178 7 traces

On the other hand, KDA successfully deproton&@sin batch as well as in flow (Scher&é)
affording PhSCEK (7a), which was quenched with ketongsand3 caid alkyl iodide3 g 6
resulting in the desired produdSbt, 5 5 bandd 5 biig 62-99% vyield.
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PhSCH,Li BuLi, DABCO, 1 h, 0°C KDA, 300's, -78 °C
54a batch batch
E-X A~
—PhSMe — —» PhSCH,K —> PhS E
no LDA, 300s0or0.18s,-78 °C 53a KDA, 0.18 s, -78 °C 54b 55
product %
batch or flow flow

OH

OH
PhS/\@ PhS PhS™ NCooHys

55bt: 99%! (95% )] 55bc": 76%!2 55bg": 62%°

Scheme50; Metalation of thioanisole53a) usinglithium and potassium bases under batch and flow conditfivseld
of analytically pure isolated product obtained in continuous flBwield of analytically pure isolated product obtain:
under batch conditions.

The use of KDA was quite advantagsofor the metalation of methglubstituted arenes
(Scheme %5). Preliminary results show, that a 0X@ solution of toluene 56d) led to
unsatisfactory results, however the injection of neat tolugéa (mproved considerably the
flow metalation with KDA.Interestingly, this metalation was performed af@%in contrast
to previously described metalations of arenes and heteroarenes). In this case, the reaction time
was increased to 24usinga combinedflow-rate of 10m LmAin't. Under these convenient
conditions, a subsequent battiapping with ketone8t gave58at in 69% yield. Similarly,
p-xylene 66b) provided the mongotassium derivativé6b, which after addition t@t gave
the alcoholb8bt in 94% vyield. Quenching the potassium deriva®éb with dodecyl iodide
(3 9 @r Weinreb amide3 t éafforded the product® 8 b gnd 5 8 b in®696% yield.
Mesitylene 56c) was metalated neat and after quenching with keBbraend dodecyl iodide
(3 9 Gave the arenés8cfand5 8 cirg8®92% vyield. In the case ofi¢ Wurtztype coupling
with 3 g the reaction was tefold scaled up to a Bimol scal€®® providing5 8 big 83%
yield. For 2methylnaphthalenésgd), a 0.2 m solution in THF was used and standard kDA
metalation led after trapping with ketongsand 3 cté the corresponding naphthylmethyl
alcohols58dt and5 8 die &1-92% vyield. Functionalized substrates such disi@otoluene
(56e) were metalated at the benzylic position, affording the potassium organomgfallic
which after quenching with keton8sand3 cled to the tertiary alcohoB8etand5 8 eirc66-
67% yield.N,N-diisopropyt2-methylbenzamide56f) led upon reaction with KDA at40°C
(reaction time: 24 s) solely to the lateral metalated spé&atescompletely avoidingrtho
metalatior?®® Trapping with various electrophiles such as ketddteand3 ¢ dlkyl iodide3 g 6
and Weinreb amidd w @ave the expected produé&iBft,5 8 f 5c&fagdd 8 f im F505%
yield. Further, ketones weseiccessfullytolerated. For example, lateral metalatiorkefone
569 using KDA proceeded smoothlyia40 °C within 0.18s using dlow-rateof 10mL A iti n
Batch trapping with keton& c @&nd cinnamyl bromidg3 x)6ird the presence of 10%
CuCN-2LiCl resulted in the tertiary alcoh®l8 ganddthe allylated ketone 8 g m G200%
yield. The substrate scopeas further extendetb methytlsubstituted heterocycles such as
2-chloro-3-methytpyridine G6h). Metalation of56h at the2-methyl substituent using KDA

265 (a) M. Teci, M. Tilley, M. A. McGuire, M. G. OrgarChem. Eur. J2016 22, 17407; (b) A. Hafner, P. Filipponi, L.
Piccioni, M. Meisenbach, B.cBenkel, F. Venturoni, J. Sedelmei@rg. Process Res. De2016 20, 1833.

266 (a) L. Balloch, A. R. Kennedy, R. E. Mulvey, T. Rantanen, S. D. Robertson, V. Sniemjaisdinetallics2011, 30, 145
(b) K. J. Singh, A. C. Hoepker, D. B. Colluth, Am. SocChem.2008 130, 18008.
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led to the corresponding organopotassium spédfleswhich after batch quench with various
carbonyl electrophiles3¢, 3 h 8f and3 m ) gave the corresponding alcoh&8ht, 5 8 h,h 6
58hfand5 8 h Md78-97% yield.Trapping57h with alkyl iodide3 gaid cinnamyl bromide

3 X @ndahe presence of 10% CuCN-2LiC#d to the corresponding produbts8 hagdb 8 h x 6 0
in 66-77% yield. Pyrazin®6 wasalsometalated in continuous flow with KDAt wasfound

that after metalation at the metkgdbstituent the heterobenzylic potassium organomefiilic
was obtained. Batchrapping with dibutyl disulfide3z) and dodecyl iodide3( g gave the
functionalized pyrazineS8izand5 8 1ing78-95% isolated yield.
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Scheme51: Lateral metalation of metmgdubstituted (hetero)arenettype 56 using KDA in continuous flow leading tc
organopotassium species of tye Subsequent batch trapping with various electrophiles afforded functionalized-m
substituted (hetero)arenes of tyf Yields of analytically pure isolated produc® Substate (neat), EX (0.30 mmol,
1.0equiv), KDA (1.1lequiv), 25°C, 24s, 10m LrAin' L, [l Wurtz-type couplingproductobtainedfrom the corresponding
iodide.[? From the corresponding Weinreb ami&Scaleup to 2.0 mmol using the optimized flow conditiol§s25 °C,
24 s, 10mLmAn'L. 1 740°C, 24 s, 1I0mLrAN L, 91 740°C, 0.18 s, 1anLrAn' L. I 10 mol% CuCN-2LiCIll T 78°C,
0.18s, 10m LnAin' L.



















































































































































































































































































































































































































































































































































































































































