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Abbreviations and Conventions

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

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

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

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

BPR back pressure regulator

Bu butyl

cat. catalyst

calc. calculated

conc. concentrated

Cy cylohexyl

dba transtrans-dibenzylideneacetone
DCM dichloromethane

d.r. diastereomericatio

E° electrophile

e.g. for example

et. al. and others

EtOAC ethyl acetate

El electron ionization (MS)

eg. eguation

equiv. mole equivalents

ESI electrospray ionization (MS)
Et ethyl

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

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



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

FG functional group

GC gas chromatography

Het heteroarylsubstituent
HR-MS high resolution mass spectroscopy
[ iSO

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

e that is

IR infrared spectroscopy

M mol L'

m meta

Met metal

Me methyl

M.p. melting point

MS mass spectrometry

NMR nucleammagnetic resonance
0 ortho-

p para-

PFA perfluoroalkoxy alkane

Ph phenyl

Pr propyl

PTFE polytetrafluoroethylene

R organic substituent

rpm revolutions per minutéstirring speed)
sat. saturated

s sec

t tert-

THF tetrahydrofuran

TFP tri-2-furylphosphine

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

Vol volume
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A. GENERAL INTRODUCTION 3

1 Overview

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

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

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

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

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

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

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

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

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

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

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

2.1 Introduction

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

andindustrial fieldsince 1980

"Flow"-publications by year and journal

40 / ®OPRD

35 | DOACE

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

Currently, abroad range oflow equipment icommerciallyavailable makinga further increase in

the application of flow cheistry likely.*> A number ofadvantagesan result fran performing a
reaction ina continuousflow systemrather than intypical batchreactorssuch as aound bottom
flask It is advisable tainderstand and differentiate these effd&%® At the outsetadvantages
resuling from flow reaction modeare best divided inreaction performance improvementsand
practical improvementsThe latter comprise aspects such as enhanced safety due to minimized use of
reactants at any point in time, benefits from automation, as well as more efficeot werking

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

overall procesproductivity. Theeffectsin the lattercategory are discussauthe following

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

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

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

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

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

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

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

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

(channel widthslown to~25 um).**°

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

Batch reactor for semi-

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

content if applicable

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

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

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

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

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

of nonsteadystate operatiafi

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

%3) L. Falk, J. M. Commeng&hem. Eng. ScR01Q 65, 405; b) L. Capretto, W. Cheng, M. Hill, X. Zhang,
Top.Curr. Chem.2011, 304, 27; c) S. Schwolow, J. Hollmann, B. Schenkel, T. R60eg, Process Res. Dev.
2012 16, 1513; d) K. D. Nagy, BShen, T. F. Jamison, K. F. Jenséng. Proc. Res. De2012 16, 976.

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

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

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

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

{5

t: time
MFC: mass flow controller

5

acidic
workup

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

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

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

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

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

membranes foextractionof products Suchextensionsallow setting upentire reaction sequencges

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

scale ondemand synthesis o#ctive pharmaceutical ingredients oeadymade pharmaceutical

preparans®

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

First of all, t has to banotedthatthethermodynamicandkineticsof agivenreactionare notchanged

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

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

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

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

2032.

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

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

Z.

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

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

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

Res. Dev2013 17, 1192.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

heat hv

) -LIIH‘\ ,HI/ }i.d.: mm-scale

typ.: mL-scale

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

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

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

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

perfectly homogenized

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

Effect:

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

Advantageous use if:

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

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

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

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

characteristiceactivity.*’

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

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

Special Characteristic

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

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

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

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

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

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

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

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

flow chemistry.

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

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

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

3.1 Preparation of Organometallic Reagentsn Batch and Continuous Flow

In choosingan organometalliceagentand preparation methd@functional grougolerancemust bea

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

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

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

Met Li Mg Al Zn Cu B For Comparison:

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

Bond polarization decreases

Functional group tolerance increases
Stability increases
Reactivity decreases

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

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

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

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

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

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

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

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

3.1.10xidative Insertions

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

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

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

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

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

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

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

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

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

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

provide a range of synthetically useful organometallic species.

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

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

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

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

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

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

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

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

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

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

M 0
Fe—(Ryx — M9 Fe—(R)-Mox

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

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

O, = O
— e T .
Br Etheral solvent MgBr

reflux

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

MgCl, (anhyd.)

tBUOZC *L| tBUOzC
Br MgX

-78 °C

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

N
O, —2 0
Br 25°C MgX

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

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

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

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

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

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

Reformaskieagents antlenzylzinc halides>

Oxidative insertion in flow: 25 or 50 °C

7.5 min 250r50°C
Alkyl-X or Aryi-x + () .| Mg I. | - 10 min
LiCI (1.0 equiv.) N @)))))))) N Conversion rate:
05 mbmin () 0.25 mL-min""
C f | .
E ~ Akyl-Eor
(0.4 -0.45 M in THF) Purification_ Arl.E
0.7-0.8 equiv. Sat. ag. NH,CI 20 Examples
55-97% Yield?
Selected examples:
OH o OH
) \ MeO
FsC a2 {Mo'Bu ©
~
N F
70% from the alkyl iodide 79% from 4-F-bromobenzene 83% from 3-OMe-
bromobenzene
2Yield based on the amount of electrophile used. 75-92% in batch

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

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

improvements were the major concern of the cited studies.

3.1.2Halogen-Metal Exchange

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

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

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

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

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

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

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

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

® L. Degennaro, AGiovine, L. Carroccia, R. Luisi, intithium Compounds in Organic Synthesis: From
Fundamentals td\pplications,First Edition. (Eds.: R. Luisj V. Capriati), WileyVCH, Weinheim,2014 515
526.
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intermediate$’ the lack of activation procedes and on fast reaction rates at ambient to cryogenic
temperature®® Exchange reactions are equilibrium processesich lie on the sidef the most
stabilized carbanion (sp > %Ry > SFary > SPpim > SPsec™ SPren)."° Electron withdrawing groups

can contribute additiohatabilization and thus significantly influence the equilibrilithe organic
halide sideproduct resulting from an exchange reaction can disturb subsequent reactions such as
transition metal catalyzed cressuplings’*

Seminal work byParham and Kobrich established the possibility to perform halodigmnium
exchange reactions the presence of reactive functional groups despite the ragbtivity of
exchangereagents liké'BuLi and PhLi’? Thus, if cryogenic temperatur¢s110 to1 78 °C) were
applied,Br/Li exchange reactions were foundkioetically outcompetethe attackof butyl lithium
reagenton atert-butyl ester or thelecompositiorof an o-nitro group The aryllithiums obtained in

this way could quenched witlelectrophilesin high yields S&chemerAT B). Similarly, cryogenic
conditions were applied in an optimizexynthesis of U-chloromethyllithium by Villieras and
coworkers (SchemeZC).”® The procedure avoidedartene formationand furnished halohyalr
intermediates upon addition to carbonyl compounds, which epoxidized under the reaction conditions.
Knocheland others daonstrated the advantages afuack transmetalabn of unstable organolithium
compounds tdorm e.g. organocopper compounds which are stable at convenient conditions and
exhibit an alteredreactivity®®”* For instance, an aliphatic azide was tolerated fBuli triggered
exchangeprotocol with quickconsecutive transmetalatideading to the corregmding cuprate,
which subsequently addesinoothy to ethyl propriolate(SchemerD). Notably, generation of the
alkenyllithium, -zinc or -copper intermediate by other methodswould be excluded due to the
presence ofhe azide Parallel to this approach, a number of protecting groups were developed, such

asYamamotd s supersilyl group, w Rlithianh exahangeeoy sherificihge s c o p

67 A) W. F. Bailey, J. J. Patricial. Organomet. Cheni988 352, 1; b) For stereospecific C(spRpromine
lithium exchange, see: H. Neumann, D. Seebda, Lett 1976 52, 4839; For recent examples of a
stereoselective C(spBiplogenlithium exchange, se&) K. Moriya, M. Simon, R. Mose, K. Karaghiosoff, P.
Knochel,Angew. Chem. Int. E@015 54, 10963;and references therein.

% a) R. G. Jones, H. Gilmafrg. Reactiond951, 6, 331; b) W. F. Bailey, J. J. Patricia, T. T. Nurmi, W. Wang,
Tetrahedron Lett1986 27, 1861; c) S. Goto, J. Velder, S. El Sheikh, Y. Sakamoto, M. Mitani, S. Elmas, A.
Adler, A. Becker, J. Neudorfl, J. Lex, H. G. Schm&ygnlett2008, 1361.

% a) D. E. Applequist, D. F. O'Bried, Am. Chem. Sod962 85, 74. b) D. Hauk, S. Lang, A. Murs@rg.
Process Res. Def2006 10, 733.

P a)H. J. S. Winkler, H. Winkler). Am.Chem. Soc1966 88, 964;ibid. 969.b) J. Villeras,Bull. Soc.Chim.
Fr. 1967, 1520

™ In order to avoid this problem, some procedures include another step, which cortieneehange
byproduct usinganother equivalent of the exchange reagenti. Neumann, D. Seebachet. Lett 1976 52,
4839; b) C. B. Rauhut, V. A. Vu, F. F. Fleming, P. Knochel, Org. 12808 10, 1187 c) A. Nagaki, A.
Kenmoku, Y. Moriwaki, A. Hayashi, 4. Yoshida,Angew.Chem. Int. EJ201Q 49, 7543.

2a) G. Kobrich, P. BuckChem. Ber197Q 103 1412;b) W. E. Parham, L. D. Jones, Y. SayddQrg. Chem.
1975 40, 2394;c) W. E. Parham, L. D. Jones, Org. Chem1976 41, 2704;d) W. E. Parham, C. K. Bradscher,
Acc. Chem. Re4982 15, 300

3R. Tarhouni, B. Kirschleger, M. Rambaud, J. Villier@st.Lett, 1984 25, 835.

"a) C. E. Tucker, T. N. Majid, P. Knochdl, Am. Chem. So&992 114, 3983; b) |. Klement, M. Rottlaender,
C. E. Tucker, T. N. Majid, P. Knochel, P. Venegas, G. Cafiezahedronl996 52, 7201.
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step and atomeconomy Scheme7E).”® These two approaches define the limits of batch halogen
lithium exchange On the one side, even if a transmetalation follows, the generation of lithium
intermediates with sensitive functional grouas to proceed at cryogenic conditions. In many cases,
decomposition will be faster than addition of a transmetalating reagent or an electrophile can be
accomplished. On the other side, protection groups are always an uneconomic solution and not
necessanl applicable to every transformation.
Halogen-lithium exchange
Fe@x _RR','_‘;( FG{R}U

X = Br, I: TBDS = tert-butyl-dimethyisilyl; Si = Si(SiEts)3

(A) Parham, 1967:

o) o)
)< "BuLi (1.05 equiv.) )<
o 5 min, -100 °C, then o
Br cyclohexanone HO

75%

(B) Kébrich, 1970: PhLi (1.05 equiv.), -100 °C
NO, to -110 °C, dropwise NO,
addtion, then CO,
Br CO,H

87-97%

(C) Villieras, 1984:
SBuLi (1.0 equiv.)

o
Cl_Br 30 min -110 °C, then >—Ph
+ LiBr (1.0 equiv.) benzaldehyde 74%
(D) Knochel, 1992: "BuLi (1.05 equiv.), 3
_ min, -100 °C, then N3
N /\/\/\I -
3 ZnCl,, CuCN-2LiCl, then AN o,k
ethylpropriolate 81%

(E) Yamamoto, 2013:
(e}

O
o1 .
osi BuLi (2.0 equiv.), 1 h osi
-78 °C, then Mel
Br Me

84%

Scheme7: Halogenmetal exchange: Importadevelopmentin chemoselectivlbalogenlithium exchange

Subsequeny, exchange regentsbased on Mg and Zwere developedwhich exhibited improved
functionakgroup tolerane. Seminal workoy KnochelandCahiezdemonstrated the use '8fMgBr or

the more nucleophilic®r),Mg in /Mg exchangewith (hetero)aryl iodide& which was followed by
extensios to iodoalkenes, activatedcyclopropyliodidesandcarbenoid precursaf& lodonitroarenes

on the other hand could be treated with phewyl mesitytGrignard reagentswhich led to an
exchangewithin minutesevenbelowT 40 °C, whichallowsto preventthe nitregroup fromengaging

in sidereactiond’ Less sensite aryl bromides and alkenybdides underwent a smooth exchange at

178°C with trialkyl lithium magnesiates likBusMgLi.”* Thei nt r o d u ¢ tTuroGrigoafdd t he #

>S. Oda, H. Yamamot@#ngew.Chem. Int. Ed2013 52, 8165

°L. Boymond, M. Rottlander, G. Cahiez, P. Knochaigew. Chem. Int. EA998 37, 1701.

" a) I. Sapountzis, P. KnocheAngew. Chem. Int. E®002 9, 41; b) I. Sapountzis, H. Dube, R. Lewis, N.
Gommermann, P. Knochel, Org.Chem.2005 70, 2445.

8 A. Inoue, K. Kitagawa, H. Shinokubo, K. OshindaOrg. Chem2001, 66, 4333 and references therein.
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reagent'PrMgCI-LiCl turned Br/Mg exchangeinto a generalreaction which was previously
prohibitively slow with 'PrMgCl or dependent on chelating group assistdi¢é Further
developments in halogenetal exchangencluded the developmendf several AZn exchang
protocolsand a Cu/l exchange protocol using hindered cuprates in THF at cryogenic condftions
More recentlymagnesium zincat8us;ZnMgCl was shown to enable atom efficientZexchange in
THF® and toluenesoluble alkylmagnesiumalkoxides of typeBuMgOR-LIOR (R = 2-ethylhexyl)
were shown to triggeBr/Mg andCl/Mg exchange of electron rich haloarenes in tolueitiein 1 h at
most®” Despite tlese highly advancednethodsthe limitations of batch exchange chemisirg seby
the impractical conditios of halogedithium exchangen the one sidand the structural dependency
of halogemmagnesiumszinc, and-copper exchangesn the other siddn both caseshe generation
of an organometallic speciean temporally overlawith its incipient decompatson.

The use of flow setups in halogbthium exchange was pioneered Moshidaand marked a
fundamentally new approaéh.By performing flash chemistryi.e. by generating reactive and
unstable organolithium compounds and reacting them wshdondgo microsecond (10°1 10* s), it
was demonstrated that the shortcomings of haldghium exchange in batch could lkmroided
while the reactive potential of these spedsefully utilized. Relying on the fast rate @r/Li or I/Li
exchang®®® and the enhanced mixing in flow setdpsyryllithiums could be generatearhich bear
(prohibitively) sensitivefunctionalities The costly and energyintensivecryogenicconditions which
are typically requiredin batch chemistrywere often greatly moderatetbecausethe quenching
reactionof the organolithium intermediate can $&t to take place faster thasdecompositiorf® An
instructive example of flash chemistry was given by the synthesiso-of m, and
p-(nitrophenyl)lithiumcompounds aff 28)7 0 °C using PhLi as an exchange reag@ena microflow
setup (SchemeB).® Hence, he conditionsrealized in the flow protocol are considerably more
convenient than previously reported firi andl/Mg exchanges and allowed accass to thelusive
m- and p-(nitrophenyl)lithium species and correspondinguenching products with various

electrophiles

9 a) A. Krasovskiy, P. KnochelAngew.Chem. Int. Ed2004 43, 3333; b) A. Krasovskiy, B. F. Straub, P.
Knochel, Angew.Chem. Int. Ed200§ 45, 159; c) C.Y. Liu, P. Knochel,Org. Lett. 2005 7, 2543; d) C.
Samann, B. Haag, P. Knoch€hem. Eur. J2012 18, 16145.

8 a) P. Knochel, H. Leuser, Z. Gong, S, Perrone, F. F. Kneisel, iHandbook of Functionalized
Organometallics Vol. 1 and g&d.: P. Knochel), WileywCH, Weinheim, 2005, 27282; b) P. Knochel, X.
Yang, N. Gommermaniibid., 382386

8. T. D. Bluemke, W. Clegg, P. GareMvarez, A. R. Kennedy, K. Koszinowski, M. D. McCall, L. Russo, E.
Hevia,Chem.Sci.2014 5, 3552

8D, S Ziegler, K. Karaghiossof, P. Knochéingew.Cherrint. Ed.2018 57, 6701.

8 J-i. Yoshida,Flash Chemistry: Fast Organic Synthesis in Microsystelosn Wiley & Sons, LtdHoboken,
2008

8 See chapte2.3.

8 A. Nagaki, H. Kim, Ji. Yoshida,Angew.Chem. Int. Ed2009 48, 8063.
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lodine-lithium exchange in flow ("flash” method):
0 °C, 0.01 s for o-iodide

) -28 °C, 0.01 s for m- and p- iodide
PhLi( ) »

1.5 mL-min!
NO,
7

Selected examples:

OH
NO. NO.
©: 2 Ph)\©/ NO, /©/ 2
SiMe; Me

88% using TMSOTf 93% 88% using MeOTf

N02 Conversion rate
. 0.6 mmol-min™!
Li
( \

6.0 mL-min' H,0
E' 12 Examples.
3.0-mL min™! 70-93% Yield®

250 pm i.d.

?Yields determined by GC.

Scheme8: lodinelithium exchangewith iodoarenes bearingr, m-, andp-nitro groups incontinuous flow with
subsequent electrophilic quench.

Applying the principle of flash chemistryto lithium-halogen exchangea number ofaryllithium
reagents were made accessible for the first time or at unprecedentedly conveniennedhditio

(0] (0]
A s o>y
Li Li Li
Li

R = alkyl R = Bu, 'Pr, Et, Me
Batch conditions
n.r. -100 °C f. ‘Bu, n.r. -100 °C, min-hrs -100 °C, min-hrs
Flow conditions -50°C-0 °C, 0-20 °C, 0.01 sec -70 °C, 0.8 sec
-70 °C, 0.003 s 0.06-0.01's

Figure 4: Lithium arenes with sensitive functionalities obtained under batcfioar conditions. N.r. = not
reported, indicating that practical realization was not possible.

The advantages dhis approachto halogenlithium exchangewere also recognized by industrial
chemists and appliefbr large scale {00kg) reaction$® Furthermae, severaflow procedures for
halogemmagnedim exchange using EtMgBr oPrMgCLLiCl have been reportedallowing the

preparationof aryl and heteroarylGrignard reagentsin high yields and productivityat room

temperaturedue to &ective reaction heatcontrol®” Furthermore, he possibility of automated
reactions,in-line reactionmonitoringand runs over 24 fl5kg scale) were demonstratéd these

studies®

3.1.3Directed Metalation

Directed metalation is complementary to the previmpgroachei the sense that it does not require

organic halide starting materialastead, cganometallic bases are used to deprotonate the substrate,

8 N. Kockmann, M Gottsponer, B. Zimmermann, D. M. Rober@dem. Eur. J2008 14, 747Q

87 a) H. Wakami, Ji. Yoshida,Org. Proc.Res. Dev2005 9,787; b) T. Brodmann, P. Koos, A. Metzger, P.
Knochel, S. V. LeyQOrg. Process Res. De2011 16, 1102; c) P. R. D. Murray, D. L. Browne, J. C. Pastre, C.
Butters, D. Guthrie, S. V. LeyOrg. Proces Res. Dev2013 17, 1192; d)A. Nagaki, Fi. Yoshida, in:
Organometallic Flow Chemistry. Topics in Organometallic Chemigtgs.: T. Noél), Springer, Chara015
137-175.
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which is turnedconcomitantlyinto the corresponding organometal compotfrithe method can be
applied toa vast number dlifferently hybridizedand substituted organyl§under the conditiosthat

its acidity is sufficiently higli® and kinetic requirements allow for practicable reaction r&teBhus,
heteroatom moieties play a crucial rolekinetically facilitating metalations in their proximity and
concomitantlyproviding regioselectivity®®® Alkyl lithium reagentsshow the highest reactivity in
metalation reaction$*° however thehigh nucleophilicity andhe fast rates of competitivealogen

lithium exchangs limit the substrate scope of thisethod®® Lithium amidesin contrast{ Li NRR 6 )
are less nucleophiliand do generally not engage in halogjémium exchange, buteir reactivity is
sufficientfor a broad range of evemeakly activaéd GH bonds’®®* Thebroadest applicatiofield of

lithium amidesis in metal enolate chemistryyhich accounts for large proportions afl performed

C-C bond forming reactions academic laboratories and pharmaceutical produtiBarthermore,
lithiation using amide bases is a mafanctionalizationroute of arenes and heteroareri¥ The

most commonly used lithium amides are LIHMDS$tlium hexamethyldisilazide), LDALDA =

lithium  diisopropyl amide) and the sterically hindered TMPLi (lithium 2,2,6,6
tetramethylpiperidide® Several decades of mechanistic studies and synthetic efforts have led to a
good understandingnd predictability of the effects governing lithiatioreactions with alkyl lithium

or lithium amide base®® However the high reactivity of these reagents warrants in most tases
application of impractical cryogenic temperatures and preslutie presence o range of

electrophilicfunctionaliiesin the substrate¥.

Similar to halogermetal exchanges, this methedw great enhancement in scope pratticality by
the introductionof reagents withess electropositive metalounter ionsleadingtherebyto more
stable organometallic productEhe development of sterically hinderédCl complexed solubleMg-
and Zn amidebase TMPMetCI-LiCl, Met = Mg,*® Zn®) as well azzincate baséshasallowed to

8 a)P.Beak A. I. Meyers,Acc. Chem. Red.986 19, 356; b) R. DClark, A. JahangirQrg. React1995 47, 1;

¢) M. Schlosser, F. MongitGhem. Soc. Re2007, 36, 1161;d) K. R. CamposChem. Soc. Re2007, 36, 1069.
893) H. W. Gschwendi. R. RodriguezOrg. React.1979 26, 1; b) M. C. Whisler, S. MacNeil, V. Snieckus, P.
Beak,Angew.Chem. Int. Ed2004 43, 2206

%3) P. Beak, V. Snieckucc. Chem. Resl982 15, 306; b) V. SnieckuChem.Rev.199Q 90, 879

%1 M. SchlosserAngew. Chem. Int. EQ005 44, 376

92a) D. SeebachAngew.Chem. Int. Ed1988 27, 1624 b) L. R. Liou, A. J. McNeil, A. Ramirez, G. E. S.
Toombes, J. M. Gruver, D. B. Collud, Am. Chem. SoQ008 130, 4859 c) E. Haimov, Z. Nairoukh, A.
Shterenberg, T. Berkovitz, T. F. Jamisoriyiarek, Angew.Chem. Int. EQ016 55, 551.

% a) R. R. Fraser, TS. MansourJ. Org. Chem1984 49, 3442 b) R. E. Mulvey, S. D. RobertsonAngew.
Chem. Int. Ed2013 52, 11470 c) K. A. Mack, D. B. Collum,J. Am.Chem. Soc2018 140, 4877; d) R. F.
Algera, Y. Ma, D. B. CollumJ. Am.Chem. Soc2017, 139, 11544

% For a study about selectivity in lithium amide chemistry, s@&. S. Viciu, L Gupta, D B. Collum, J. Am.
Chem. Soc201Q 132 6361 For reviews on the use of TMPMgCIC| and TMPMgZnCI-LiCl, see: pB.
Haag, M. Mosrin, H. lla, V. Malakhov, P. Knochélngew.Chem. Int. Ed2011, 50, 9794; c)K. Murakami, S.
Yamada, T. Kaneda, K. ItamGhem. Rev2017, 117, 9302; d)M. Balkenhohl, P. KnochelSynOper2018 2,
78.

% a) A. Krasovskiy, V. Krasovskaya, P. Knoch@hgew.Chem. Int. Ed2006 45, 2958; b) W. Lin, O. Baron,
P. Knochel,Org. Lett.2006 8, 5673; c) N. Boudet, J. R. Lachs, P. Knocl@lg. Lett.2007, 9, 5525; d) M.
Mosrin, P. KnochelQDrg. Lett.2008 10, 2497; e) P. Garcillvarez, D. V. Graham, E. Hevia, A. R. Kennedy, J.
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accessmetalatedunsaturatedccompounds bearing high degreesfonctionality The method was
further exended to other metal amide base$MPZnOPIvLICl, Piv = C(O)C(CH)s.
(TMP)2Zn-2MgCl,-2LiCl, (TMP),Mg-2LiCl, (TMP),Fe 2MgCl,-4LiCl, (TMP),Mn-2MgCl,-4LiCl,
(TMP),Zr-4MgCl,-6LiCl, (TMP);La-3MgCl,-5LiCl),*® all of which have specific properties in

metalation reactions.

Recent research bnochet® and others® has describedhe advantageous use of flow setips
metalation chemistryFor instance,electron poorN-heterocycles such as pyridinehave been
extensively used as metalation substrates using TMPMgClihi®hatch chemistry® While these
substrates arsuitedfor metalationdueto the coordinatig N-heteroatoms and the acidity of the ring
protons:’* nucleophilic additionto the ringis an incipient sidereactionin using magnesiumamide
bases Therefore, usage of low temperatui®snandatory in batch experimeft®™ %2 However, a
transfer of this reaction type to a microflow setup has allowednagnesiateheterocycles at
convenient OC to 25°C, likely due to short reaction timesd uniform heat distributiorkKnochel
and coworkers demonstrated in this work, thatrescterably improved yield was obtainedflow for

Kl ett, R. E. Mul vey, C. Angew. Chem.Hlat.r Ed,2008S547, 8Ove; )t Qv er st o n e
Despotopoulou, L. Klier, P. KnocheDrg. Lett. 2009 11, 3326; g) M. Balkenhohl, C. Fngois, D. Sustac
Roman, P. Quinio, P. Knochédrg. Lett. 2017, 19, 536.

% a) M. Mosrin, T. Bresser, P. Knoch€yg. Lett.2009 11, 3406; b) M. Mosrin, P. KnocheQrg. Lett.2009
11, 1837; c) L. Klier, T. Bresser, T. A. Nigst, K. Karaghiosoff, P. KnocheAm. Chem. So2012 134, 13584;
d) A. Unsinn, P. KnochelChem. Commun2012 48, 2680; e) D. Haas, D. Sust&oman, S. Schwarz, P.
Knochel,Org. Lett.2016 18, 6380.

" a) R.E. Mulvey, F. Mongin, M. Uchiyama, Y. Kondéngew. Chem. Int. EQ007, 46, 3802; b) V. L. Blair,
D. C. Blakemore, D. Hay, D. C. Pryde, E. Heviiatrahedron Lett2011, 52, 4590.

% n the order of mentioning: a) C. I. Stathakis, S. M. Manolikakes, P. Knad®hglLett. 2013 15, 1302; b) Y.
Chen, M. Ellwart, G. Toupalas, Y. Ebe, P. Knoclfaigew. Chem. Int. EQ017, 56, 4612; c) Y.Chen, C. P.
Tullmann, M. Ellwart, P. KnochelAngew. Chem. Int. ER017, 56, 9236; d) S. H. Wunderlich, P. Knochel,
Angew. Chem. Int. EQ007, 46, 7685; €) S. H. Wunderlich, P. Knoch€hem. Commur2008 47, 6387; f) S.
H. Wunderlich, P. KnochebDrg. Lett.2008 10, 4705; g) G. C. Clososki, C. JoRbogner, P. KnocheRngew.
Chem. Int. EJ2007, 46, 7681; h) M. Mosrin, N. Boudet, P. Knoch€@lrg. Biomol. Chem2008 6, 3237; i) C. J.
Rohbogner, G. C. Clososki, P. Knoch&hgew. Chem. Int. EQ00§ 47, 1503; j) C. J. Rohbogner, S. Wirth, P.
Knochel Org. Lett.201Q 12, 1984; k) S. H. Wunderlich, P. Knoché&lngew. Chem. Int. EQ009 48, 9717; |)
S. H. Wunderlich, M. Kienle, P. Knocheingew. Chem. Int. EQR009 48, 7256; m) M. Jeganmohan, P.
Knochel, Angew. Chem. Int. ER01Q 49, 8520;n) S. H. Wunderlich, P. KnocheChem. Eur. J201Q 16,
3304.

% a) M. R. Becker, P. KnocheAngew. Chem. Int. E®015 54, 12501; b) M. R. Becker, M. A. Ganiek, P.
Knochel,Chem. Sci2015 6, 6649; c) M. Ketels, D. B. Konrad, K. Karaghiosoff, D. TrauyrP. KnochelQrg.
Lett.2017 19, 1666.

1%3) A. Nagaki, E. Takizawa, J.Yoshida J. Am.Chem. Soc2009 131, 1654;Chem. Eur. J201Q 16, 14149
Chem. Lett2009 38,486; 1060; b W. Shu, L. Pellegatti, M. A. Oberli, S. L. Buchwakigew.Chem.Int. Ed.
2011, 50, 10665;c) A. Nagaki, C. Matsuo, S. Kim, K. Saito, A. MiyazakiiJYoshida,Angew. Chem. Int. Ed.
2012 51, 3245 d) J. A. Newby, D. W. Blaylock, P. M. Witt, R. M. Turner, P. L. Heider, B. H. Harji, D. L.
Browne, S. V. LeyQrg. Process Res. Def2014 18, 1221;e) C. A. Correia, K. Gilmore, D. T. McQuade, P. H.
SeebergerAngew.Chem. Int. EJ2015 54, 4945; f) S. Roesner, S. L. Buchwakhgew.Chem. Int. Ed2016
55, 10463;9) H. Zhang, S. L. Buchwaldl. Am. Chem. So2017, 139, 11590; h)T. von Keutz, FJ. Strauss, D
Cantillo, C. Q Kappe,Tetrahedror2018 74, 3113.

1913) K. Shen, Y. FuJ-N. Li, L. Liu Q.-X. Guo, Tetrahedron2007, 63, 1568; b) K. Snégaroff, T. T. Nguyen,
N. Marquise, Y. S. Halauko, P. J. Harford, T. Roisnel, V. E. Matulis, O. A. Ilvashkevich, F. Chevallier, A. E. H.
Wheatley, P. C. Gros, F. Mongi@hem. Eur. J2011, 17, 13284

1927 p. Petersen, M. R. Becker, P. Knetingew. Chem. Int. E@014 53, 7933,
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the magnesiation of a sensitive £ubstituted pyridine, followed by an iodine quench
(Schemeg, first example) Thus, performing the reaction in flow at 26 within 30s furnished 73%

of the desired product, whereas conversion in bateteegssary 40 °C was slow and finally gave

only 56% of iodinated pyridineSchemed). Applying similarly convenient conditionand using a
glass chip flow reactor range of sensitive pyridines, pyrimidines, thiazoles and thiophenes could be

metalatedunderscalable conditionand reacted with broadrange of electrophiles in high yields

Heterocycle magnesiation: Metalation conditions:
0 to 25 °C;

20 s to 20 min; 0.5-1.0
TMPMGCI-LICH (S mmin-

3
=X X Quench reaction: Purification
R@ or RE > @ g 2510 50 °C; ‘/ij) """""""" = HetE
N S 6 s to 27 min N

4 J
E Sat. aq. NH,Cl or Na,S,04 22 Examgles
62-95% yield

Conversion rates:
®

0.5-1.2 mmol-min™'

*A glass chip reactor (1 mm i.d. channels) or T-pieces (500 um) and PTFE tubing were used.

Selected examples: OMe
Cl - CFs N N
L L P Br— Il
CI” "N MeO” "N”"CHO ST
73% (25°C, 30 s, E'=1y) 78%, E' = DMF 90% E' = allyl bromide
56% (batch, -40 °C, 2h) with Cu(-cat

Schemed: Metalation ofsensitive heterocyclessing TMPMgCI-LiCl andin-line electrophile quenctDotted
lines indicate the newlyofmed bond.

It was further demonstrated, that acrylates, which are prone to polymerization upon metalation, could
be magnesiated in high yieldSdhemel0). For instancekE- and Z-fumarates were magnesiated in a
glass chip reactarith enhancedheat control within Inin ati 60 °C and gave addition products with
aldehydesvithout isomerization fothe double bonds

Acrylate magnesiation:

N Metalation: -60 to 40 °C; 60 s Conversion rate:
TMPMgCI-LICI (_— Quench: -60 to 25 °C; 1-3min  25.0.5 mmol-min-!

*

il

CO,R' ?é\ COR'
Purificati
% o> (), e
R g (/ N\ J sat. aq. NH,Cl R
</
ZorE ZorE
R =NR; OMe, CO;R’; R' = Me, Et; 5 Examples

67-92% Yield

*A chip reactor (1 mm i.d. channels) or T-pieces (500 pm) and PTFE tubing were used.

Selected examples:

CO,Me OH CO,Et OH
AN = MeO /,’/ Ph)ﬁ/\COZEt
OMe CO,Et CO,Et
91% E' = allyl 75%, E:Z = 99:1 92%, Z:E = 99:1

bromide with Cu(l)-cat

SchemelO: Metalation of acrylates using TMPMgCI-LiCl and subsequedini@ electrophile quencibotted
lines indicate the newly formed band

Flow setupswere furthermused to prevent deleteriogglereactions irithium carbenoid chemistry by

Leyand coworkergSchemel 1).'% Utilizing the improved cooling efficierycand mixing resulted in a

103 3, Hartwig, J B. Metternich, N Nikbin, A. Kirschning S. V. Ley, Org. Biomol. Chem2014 12, 3611
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cleanlithiation of dibromomethane with LDA at90°C. Subsequenin-line reaction with various
esters furnished thexpectechomologated product3.he avoidance of LiBr elimination and carbene
formation is achieveéh this caseoy thermal controlalthoughin an improved fashion compared to
batch experimentd his advantagded to slightly improved yields with most substrates, compared to
smallscalebatch experiments under similar conditio®aich effectshould be increasinglpotable

onlarger scales.

Ester homologation with LiCHBr;:
1.0 mL-min”!

A (3 A min 90°C |
’ . Conversion rate:
250 ym i.d. d—| Li\rBf <_>Lii‘3r : 1.2 mmol-min"!
o L)) : B

N Br . Br 7.5 min /ij\ Q

CH,Br, (\>4¢;/ 2.2 equiv. . ( ) R Br
1.0 mL-;nri;Wm”(r) 777777777777 ‘> 77777777 / 7777777777 H,S0, in EtOH Br

14 Examples
R)koa 0.6 mL-min™! 38-95% Yield

Selected examples

50% 50% 62% 49% (95%)? 53%
58% batch® 10% batch® 10% batch?
@ 4.4 equiv LiCHBr, were used. ?-90 °C, 5+10 min, 2.2 equiv. LICHBr,, same molarity.

Schemell: Esterdibromomethylatiorwith LICHBr2 in continuous flowat1 90 °C and comparison with results
obtained using a conventional flask

A significant reaction improvement under flow conditions was observed if acidic protohs in
position to the estewere presentThis observation wasittributed tosuppression of a n&iCHBr,
retro-addition under flow conditions, whidh thebatch reactionappearedo be due to aeaction of
the addition intermediateith exces4.iCHBTr .

3.1.4Transmetalation

Transmetalation is a common method used for transforming unstable organometallics not only into
more stable intermediates, but also into species avitw, desirableeactivity’* This approach can
tentatively be traced back taGilmard dirst investigations of organocopper compouriels1936.'%

Additionally, transmetalation is an elementary stepatalytic cycles ircrosscoupling chemistry®

% @) B. H. Lipshutz, in:Synthetic Procedures Involving Organocopper Reagents in Organometallics in
SynthesigEd.: M. Schlosser), John Wiley & Sons, Ltd, Chichesi®94 pp. 283382; b) M. T. Reetz, in:
Titanium in Organic Synthesis in OrganometallicsSynthesis (Ed.: M. Schlosser), John Wiley & Sons, Ltd,
Chichester1994 pp. 195282; c)Handbook of Functinalized Organometallics Vol. 1 andBd.: P. Knochel),
Wiley-VCH, Weinheim,2005 d) The Chemistry of Organozinc Compour{sls.: Z. Rappoport, |. Marek),
John Wiley & Sons Ltd, Chicheste2007 e) R. E. Mulvey, S. D. RobertsonAngew.Chem. Int. Ed2013 52,
11470.

195 ¢, ElschenbroichQrganometallchemié. Auflage Teubner, Wiesbade2008 235.

1% 3) E-i. Negishi,Acc.Chem. Res1982 15, 34Q b) Metal-Catalyzed Cros€oupling Reaction¢Eds.: A. de
Meijere, F. Diederich), Wiley, Weinheir@004
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Typical transmetalationsith metal halides are driven by the formation of there ionicsaltand the

more covalent carbon metal bolfd As discussedabove transmetalation requires the preceding
unstable organometallic to be at least stable until the addition tfiteEmetalation ageit finished

The problem ofperforming fast transmetalatien of very unstable organometallic precursoas
partially alleviated by the use of flow reactors, which allow for very short residence times before
transmetalationoccurs'® Another batchcompatible approach was proposedy Knochel and

coworkerswith anin situtrapping metalatiogSchemel 2).'%°

slow slow (+ different regioselectivity)
rososee- > TMP-MetX,, ="
TMPLi . !

Ar-H + MetX,, —\ Y '
fast E
as Ar-Li Ar-MetX;,— Ar-E

Met = Zn, Mg, Cu
Xy = Cl, Cly-2LiCl, CN-2LiClI

Schemel2: In situtrapping metalation of aromatic substradtsding to zincated and magnesiated afy#PLi
was proven to be the metalating agent under the reaction condffions.

Thus, treatingoremixed solutions of aryls arldCI complexed MgCJ, ZnClL or CuCNsaltsallowed

for an immediatg(in situ) transmetalation of the initially formed aryllithium compound. Based on
mechanistic studies, the reaction of TMPLi with the aryl was estimated to proceed at least six times
faster than the reaction with the metal salt under the reaction condffidriss allowed to prepare
arylmagnesium;copper, andzinc compoundsit1 78 °C on a 0.5mmol scaleand in some cases with

a novel regioselectivity. Importantly, the method gave access to@rgdal speciesyhich arenot
accessible with a consecutive transmetalatiowithn the classical zinc and magnesium Td&ses
(TMPMetX,) in a batch reactorHowever, he procedurerequired cryogenic temperatureand
reactionson larger scales than OrBmd represented significant challengewever, transferring the
reaction to a microflow setup, it was shown, that these shortcomings were efficiently avoided, likely
due to the more uniformeactantconcentration distribution within the reaction ves$&lThus, the
exchange could be perfoed at ®C within 40s with abroader substrate scope and on larger scales
(Schemel 3).**!

197C. ElschenbroichQrganometallchemié. Auflage Teubner, Wiesbade2008 32;ibid. 62; ibid. 605-607.

198 3) A. Nagaki, Y. Moriwaki, J. YoshidaChem. Commur2012 48, 11211; c) A. Nagaki, K. Hirose, O.
Tonomura, T. Taga, S. Taniguchi, S. Hasebdshzuka, J}i. Yoshida,Org. Process Res. De2016 20, 687.

19 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.

M0 This indicates thathe already similarates for the desired and undesiredctionpathway in then situ
metalation procedure are becoming more even at higher temperatures and/or that inhomogeneities of the
reactant concentration and heat distribution might influenceehetion outcome at larger scal@gpically,

mixing in small scale batch reactors is appreciably goodjaterioratesvith increasingscale, se&4d.

1M, R. Becker, P. KnocheAngew.Chem. Int. Ed2015 54, 12501.
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Flow in situ trapping metalation:

1.8 mL-min""!
L (s
(1.5 equiv.) 0°C;40's
500 pm i.d| [ (HeAry-[Me] ] i Conversion rate:
0.7 mmol-min™!
C\ 7
(HetAr-H (g L min™ /Lj\
+ MetX,, (0.5 equiv.) E')‘(’/‘ """ > (Het)Ar-E

25 examples,
62-95% Yield

Selected examples:? ‘
CO,Et

OH

I
Eto,C. NC NN COEL
< <
Br Br N N F Cl
95% 88%,° (87%)>° 79%" 96% (84%)°
53% (TMPLI/ZnClyp-2LiCl, 0% (TMPLi/MgCly-2LiCl,

batch, -78 °C, 5 min)
0% (batch, TMP,ZnCl-LiCl)

21 mmol scale. ? E' = allylic bromide, Cu(l)-cat, ©10-12 mmol scale.

batch, -78 °C, 5 min)

Schemel3: In situ trapping metalation in continuous flow using TMPLI in the presence of »Z0GCI or
MgCl,-2LiCl using a flow setupDotted lines indicate the newly formed bsnd

The flow in situ transmetalation method was subsequerditended to the use of lithium
dicyclohexylamide (CyNLi) as base, which ia significantlymore economiceagenthan TMPLi but

also less sterically hindered and thus less selective. This potential drawback was compensated for
under flow conditions, thus allowing aim situ trapping flow metalation of a broad range of
functionalized arenes, heteroarenes and acrydetévatives under economically more attractive

conditions!*?

3.1.5Reactions of OrganometallicSpecies in Continuous Flow Systems

Not only the generation of reactive organometallic species has benkefitadhe use oflow micro-
reactors but alstheir subsequd reactions These reactionare often exothermic anfst, which
gives rise toside-product formation as well as mixirdependenyields andselectivity’™® A recent
example was reported by process chemists involved in the syntfiesisintermediaten routeto
verubecestata promisingdrug candidate for the treatmentAdi z h e i me r(®, Schaineld).8‘a s e
Theyield of thekey additionreactionof lithiated methyl sulfonamideA-Li to the chiral ketimine3
electrophilewas found to bestrongly dependent on the dlitg of mixing. Studies show that
competingproton transfer reactions betwe@nLi andthe electrophileB or the intermediateC-Li
took place competitively ilnhomogeneousgbatch) reaction mixtures, therebgnsuming the active
reagentA-Li and diminishing the yield Working under higklowrate/fast mixing conditions with
static mixing devices allowed thenetically favored pathwayto proceed without sidereactioasd

leading toC. The application of cryogenic temperatures was obsoligite0.13s residence timande

12M. R. Becker, M. A. Ganiek, P. Knoch&hem. Sci2015 6, 6649.

133) H. O. House, D. Draficante, R. A. Evansl. Org. Chem1963 28, 349; b)H. O. House, D. Oiraficante,
J. Org. Chem1963 28, 356.

14D A. Thaisrivongs, J. R. Naber, N. J. Rogus, G. Spefirer, Process Res. De2018§ 22, 403.
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flow conditions and cooling was onlgppliedto guarantee stability o&-Li during the operatioand
to removethe reaction heat sufficiently. Notably, the reaction was performed on aptélot scale
with stable runsover several hours and deliveringatches of > 108g product. The authors
concluded, that their report likely describes the largest scale experiimgalging a controlled

mixing-sensitive reaction.

00 2
U Sy -20°C S NLI L
PMB ™

- SO,N(Me)PMB
A-Li (1.7 equiv.) Ar‘)\/ 2NMe)

+DMPU (1.0 equiv.)

Flowrate: 250 kg-h™!

o O
g ~ 4.5 L-min! ) §
.S, ~S.
N‘ Bu Bu NH o PMB
B"\©\)\ @ Workup Br@ \\S/N\
""""" > 1, 2R
o
E 20°C H30*/H,0 F
B C
89% Yield
d.r. > 90%
PMB = p-methoxybenzyl; DMPU = N,N'-dimethylpropyleneurea
® Sidereactions suppressed: ® Cryogenic cooling obselete
A-Li+B — A+B-Li ® | argest reported scale for mixing-sensitive reaction
A-Li + C-Li = A + CLi, (>100 kg after 3 h run)

Schemel4: Synthesis of interediateC en route td/erubecestaih a flow setupon pilot-plant scale.

FurthermoreYoshid® s gr oup reported an i nter eeatditiongf st udy
aryl lithium reagentgo carbonylgroups (Schemel5)."*> Thus, aryl organolithium reagents were
reacted withbis-electrophilesbearingtwo different carbonyl functions, such as an aldehyde and a
ketone. Interestingly, the selectivity for addiioof PhLi to an aldehydever aketone (in bis-
electrophileD) was shown to be impractically loim a batch flaskfurnishingequimolar amountef

the desired produdi and double addition produkt (251 28%)in batch along withketone addition
productG (7%) andremainingstarting materiaD. Conducting the reaction under flow conditions at
various flowrates demonstrated that the product distributidavizrably shifted towards the desired
productof exclusive addition to thaldehydeE, (70%)asmixing was improvedsia higherflowrates.

The principle was subsequently appliedchemoselectively obtaiaddition products in high yields
with various biselectrophiles as wellith asflash-chemistry derive¥ functionalizedorganolithium
nucleophilesFinally, asequential twofold additioof different nucleophilesvas realized, providing
the expectedliol in 61% over three steps, whidonfirmed the high chemoselectivityunder the

optimized flow conditions

15 A, Nagaki, K. Imai, S. Ishiuchi, 4. Yoshida,Angew.Chem.Int. Ed. 2015 54, 1914.
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Batch reaction of PhLi with bis-electrophile D:

O 304

PhLi (1.0 equiv., 0.42 M
in Et,0/c-hex) added

. X O, Ph
dropwise over 1 min >_©_(
-78 °C, 10 min, Ph OH

Ph Ph Ph (o]
Ph OH HO H

D (0.1 M in THF) then sat. ag. NH,CI E: 28% F:25% G: 7%
+ D(recovered): 35 %
Flow:
D 6 Total flow rate [ml-min~"] E:F: G:D [%]
7 5 42:29:5:16
20 69:15:3:16
30 73:7:0:11
PhLi @ ( )

Synthetic Examples:
CN COzEt OZN

(o]
O g
MeO OH Ph HO OH

86%' 67%' 61%2

1 GC-Yleld. 2 From sequential addition of cyano- and then nitro-aryllithium. Isolated Yield.

Schemel5: Chemoselective addition of aryllithiumeagents(bold marking) to biselectrophiles andts
dependency on the mixing quali

A last exampldrom theJamisongrouphighlightsthe advantageous use aflow micro-reactorsetup
for gas/liquid interphasiceactions*® The oxidation of alkyiGrignard reagents by molecular oxygen
or dry airare wellknown and provide route to alcoholsvithout using toxic reagentslowever, this
reactiongave onlylow yieldsin batchfor the conversion of PhMgBto phenol(17%), likely caused
by inefficient interphasic mixing of the reactive species with oxygen and competitive reaatitire

involved aryl radicalsn theliquid phasgSchemel6).

Batch oxidation of PhMgBr:
Low yields due to phenyl radical intermediates:

c0)23 :Lant‘: ) Sidereactions PhMaBr Sluggish reaction
in solution: 9 with O, (gas/liquid)
0,
PhMgBr in THF fast o O, OH
Ph-Ph =— R
5h,25°C, @ - ©/
100% conversion
15% PhOH
Flow:
0.2 mL-min!
PhMgBr Rationale for improved flow reaction:
in THF o Hi . .
High pressure drives reaction towards phenol
|, 53% PhOH (25 °C, 1 atm O5) . Egh P interfacial surf P
97% PhOH (-25 °C, 14 atm air) n| ance_d .'nte. acial surface and —trgnsport
due to mixing in segmented flow regime:
O, or dry air
0.3 mL-min*!

MFC: mass flow controller; BRP: back pressure regulator: Y: Y-piece static mixer

Synthetic examples:

JC O o O L, @

83% 87% 66% (0°C)  79% (25°C)  86% (25°C) 32% (25 °C)

Schemel6: Oxidation of arylGrignard compoundswith O, enabled by enhanced interfacial mass trarisfer
flow reactor

The interfacial surfaceand reactioa betweengaseous @and the liquid THF phase was greatly

enhanced® leading to an improved 53% yield of pheneithin 3 min under otherwise similar

1167 He, T. F. JamisoAngew. Chem. InEd.2014 53, 3353
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conditions. Further pressurizing the system with dry air and applyl3gC reaction temperature
gave a quantitative yield of phenol Subsequently, a broad range of aryl and heterdargnard

reagentswas converted tothe corresponding phenols, including examples with challenging
functionalization.
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4 Objectives

Based on previous results the batch metalation and flomagnesiatiorof acrylate derivativesthe
scope of continuous flow acrylate metalationsshould beinvestigatedto demonstratepossible
extensionf this acrylatefunctionalization under convenient reaction conditidispeciallythe use
of TMPZnCI-LiCl for zincationsin continuous flow systems wamt yet investigatednd t was
envisionedthat a process intensificatiarould be achievedith scalable high temperature zincation

reactiors (Schemel 7).**’

Time, Temperature, Flowrates

TMPMetCI-LiCI@
Met = Zn, Mg

Met'
R~ In-line 1
EWG quench \j\
R\/\EWG R& EWG
EWG = E'
CO5R, CN, (cat.)
NO,

1 gregioisomer if EWG = CO,R.

Schemel7: Continuous flow magnesiation and zincation and subsequmeliie electrophile quench of
substituted acrylonitriles, acrylates and nitroolefins.

Furthermore, theapplication of flow methods for the improved handling of highly unstable
(thio)carbamoyllithium species should be investigafElte aim was to develop a convenient, near
ambient temperature process, which starts from easily available (thio)formahmdss: trapping
methods should be applied if necessary. An extension of the functional group tolerance of this
chemistry was proposed as a desirafpbal. Mechanistical insights regardinige structue and
energetis of lithiated formamides should be gainéa allow further extension othis chemistry
(Schemel 8).*®

Time, Temperature, Flowrates
Li-Base @— X

How "acidic"?
R!
X Nk'-i
2
R! R
N)k y
R2
X=0,5 E

Schemel8: Continuous flow preparation and reactions of carbamoyllithiums for nucleophilic amidation.

Moreover, a flowin situtrappinghalogenlithium exchangevas plannedh analogy tgorior batch and
flow in situtrappingmetalations. The fact that halogkthium exchanges are extremely fast reactions

should facilitate an exchange even in presence mktal salt additivand thereby enable an situ

" This project was developed in cooperation vilth Matthias R. Becker anBr. Marthe KetelsThe project

was commenced by Maximilian A. Ganiek during the wor
studies, see: M. A. Ganiekjetalation and Reactions of Functionalized Acrylate Derivatives using-B&Hes

in a Continuous Flow Systemaste Thesis,2015 LMU Minchen.

18 This project was developed in cooperation viith Matthias R. Becker in synthetic aspects and With

Guillaume Berionni and Probr. Hendrik Zipse in theoretical aspects.



A. GENERAL INTRODUCTION 29

transmetalation of theewly generated aryllithiuncompound thus minimizingthe possibilityfor
decomposition This would effectively combine the generality tife halogenlithium exchange
reactionwith the functional groupolerance of, for example, zimrganometllic reagents. The use of

flow conditions was estimated to play a critical ndeachieve mild conditiong.he aim wagherefore

to develop asuitable continuous flow reaction protocol andto demonstrate that aratic
organometallicdearinghighly sensitive groupsan be accessed and reacted under mild conditions
Furthermore, the scope of the reaction should be extended to other unsaturated substrates such as
halopyridinegSchemel 9).*°

Further potential substrates:

FG
FG Y ke x
@/ Hal Hal x/) @Hal

Time, Temperature, Flowrates
Li FG [Met] FG E
Pty (Y .
(cat.)
fu (O

Hal = Br, I, FG = COR, CO,R, SCN, ..., MetY, = MgCl,-nLiCl, ZnCl,-nLiCl, CuCN-2LiCl

+ FG
MetY,
J

Schemel9: In situtrapping halogemetal exchange of (hetero)arelieshe presencef metal salt additives

Another project entailed the functionalization of a novel triazaphenantrene scaffold, which was
sythesizedfrom two pyridine units and showed potentially interesting optical properties. The
developedsynthesisroute allowed for modification oftwo positiors in the ring by thgudicious
choice of starting materials, however the-@gitionwas unlikely to be easily functionalized ian
analogous fashionThe vicinity of two coordinating nitrogen atont® the C6 position indicated
insteadthe use of organometallic reagents to achieve a functionalizafiaghe azaphenantrene
scaffold The functionalization could apply batch or flow methods, and should edkiallingvarious

organic residuefR®, Scheme20).'?°

R ZnCl
‘ N n R2 N Batch or flow
= | chemical
A

N cl N modification
+ p— | -
e.g. via
| =z 6
X \ metalation and
‘ z XN uench with
RN Me a :
R electrophile
Up to 52% Yield Changed optical
Blue to green fluorescent properties ?

Scheme20: Functionalization of a novel triazaphenantrdme means of chemical modification of the -C6
position Dotted lines indicatéhe newly formed bond.

119 This project was developed in cooperation with M. Ketels and Niels Weidmann, see: M. Ketels,
Dissertation, LMU Mincher018and N. Weidmann, Dissertation, LMU Minchen.

120 This project was developed in cooperation with Sarah Fernandez and Mariia Karpacheva in synthetic
aspects, optical measurements were performed and interpreted by Fabian C. Hanusch, StephBroRdter,
Thomas Bein an®r. Florian Auras.
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The last project comprises the development of a convenient ester-bhlomogation methdd'

from economically attractivand easily available chloroadteacid dianion§Scheme21).1%

~N

[o) Time, Temperature, Flowrates lo) ot
N A :
RAOR1 { }3’*\ LLi R)K/CI Cyclo- )‘\/B
< o o -co condensation R =
)% 2. or > >
i i R 2.
CO,H Li-Base LiO._OLi N\ o Vk (o] R“-ZnCl, o
= | } cr X N cl (cat) R2
)\ N _/ R ) R
Cl X Cl X o
cr ) X
Stability? l Functional group tolerance? ‘ l Postfunctionalizations? ‘

X =H or CI; R = (Het)Ar, alkyl, vinyl, propargyl; R" = alkyl.

Scheme21: Esterchloromethylation and bishloromethylatiorwith chloroacetic acid lithium enolateRight
side: potential postfunctiofizations of themono and bischloro ketone producteading to heterocycles and
substitution products

Resorting to enolatderived nucleophiles instead thie typically employed lithium carbonoidsould

avoid halomethane precursors, which have an increasingly restriataessibility due to
environmental legislatiorMoreover,practical and milcconditions and an increased functional group
tolerance could bg@ossiblyobtainedby usingenolate type reagentBotential advantages over the
halogenation of ketones, which & alternative entry to chloroketones, shoalititionally be
demonstratethy accessing products, which aifficult to obtain under halogenation conditiofitie
instable lithium dianionsuggesta flow procedurgo ensureconvenientreactioncondtions, since
scatteredprevious report®f batchuse of chloroacetic acid dianion often suggestess reagémse

and cryogenic conditionia all casesAn extension of the methddr the synthesis adichloroketones

was not yet described in thiterature;however a realization would give access to another useful class
of chloroketonesPostfunctionalization of the obtained chloroketones should underline the utlity of
the obtained bis-electrophiic chloroketone compounds. For this purpose, development and
demongration of cyclocondensation reactions leading to functionalized heterocycles and cross

couplings with zinc organometallics warmposed

21 The term homologation is referring to a conversion of oeenbrer of a homologous series into the other by

changing the number of a repetitive unit, which can be a methitéthge -(CH,)- group, seeT. E. Brown H.

E. LeMay, B. E. Bursten C. Murphy, P. Woodward M. E. Stoltzfus Chemistry: The Central Scienc#3 ed

Pearson Education, Londo2014 The term homologation is also used less strictly throughout acknowledged
resources (compare the different definition bandwith: F. A. Carey, R. J. Sunddgemced OrganicChemistry

Fifth Edition Part B: Reactions ah SynthesisSpringer, New York2007, 784 786; R. BriicknerAdvanced

Organic ChemistryElsevier, Amsterdan2002 453 457) Typically also reactions are included in the definition

of homologation reactions, which enable a react@mguenceleading to overall homologationthrough

introduction of a carbon unit and a simple functional group interconversion. Example: The S@jfeth

reaction converts an aldehyde-@O) into an alkyne (FCI CH), which is not a homologation by strict

definition. Howevey if a consecutive hydrolysis is performed, the product of an overall homologation is
obtained (RCH,C HO) . Li kewi se t he -hhoemceliong aptrieosnedn tceadn fibceh | coarrmoc e i
a homologation sequenc®C(O)CIY R-C(O)OMeY R-C(O)CH,CI, and itwas shown that even the direct R

C(O)CIY R-C(O)CH,CI conversion is viable. In the case of the reactieB(R)OMeY R-C(O)CHC) howevey

fiestely dichloroketone elongatian  alichlomethylatiod i s a more suitable descriop
the above céd textbook by R. Briickner.

122 This project was developed in cooperation with Dr. Matidvanovaandis based on preliminargttempted
chloro-homologationdy S. Sevinc and Dr. Martin Benjamin (Novartis Pharma AG).
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1 Continuous Flow Magnesiation or Zincation of Acrylonitriles, Acry-

lates and Nitroolefins

1.1 Introduction 23

The directed metalation df-unsaturated carbonyl derivativessan important reaction since, after
quenching with various electrophiles, highly functionalized unsaturated products are obfained.
These compounds are useful building blocks for the synthesisushptoducts and heterocycfgs,
many of which are biogically relevant, such asetronic acids®® The lithiation of acrylate
derivatives and nitroolefins is oftetifficult to control due to theisensitivity to nucleophilic reagents
leading topolymerization and side reactiotf§ Hence, such lithiations anesually carried out at
cryogenicreaction temperature$ {8 °C or1 110 °C)***?®128 The yse of kinetically highly sive
bases such as TMPZnCI-Li€I(1), TMP,Zn-2MgCh-2LiCl,*®* or zincate basé&S improves the
stability of the organometallic intermediates but still reemilow metalation temperaturé®.
Previously it was shown that continuous flow technology alsonsiderablyimproves metalation
reactions® Hence, the use oFMPZnClI-LiCl (1) and TMPMgCI-LiCP° (2) for the flow metalation
and functionalization of acrylates, acrylonitriles and nitroolefiias investigated as well as-line
guenchesvith various electrophileleadingto polyfunctioral unsaturated products.

12 The compoundsh, 7ai b, e and8k were synthesized by DK. Ketels under guidance of M. A. Ganiek and

will be shown for the sake of completeness. Analytical data is found in the corresponding publication.

1243) R. R. Schmidt, R. BetSynthesid982 748; b) T. Bresser, P. Knochélngew.Chem. Int. Ed2011, 50,

1914;For alternative preparations of alkenyl organometals, see@lSo:Sengupta, V. Snieckuk,Org.Chem.

199Q 55, 5680; d) M. A. Reed, M. T. Chang, V. Snieck@sg. Lett. 2004 6, 2297.

%3) R. R. NSthmiadt PirodEdt: @he rRiashtnrayn )1,9 8%Bfbr)i Sgné r ,n oBie r IPi
B. Hopkinné, LC6866unl.tPName Reactions in (Heds.Locky.ELJ.d.Ch
Corey), Wi l2dy¥,5 cHoRobogkuel,, J .W.L .AnNeoiolnl,, £y ntPh 6 SE &84 h;s, d)

T. Kao, T. S. SQug e 1MDha®@6eW. JLIi Bpn a heewr), 1118 . Bol m,
2012; Pat &L, HA. M. MasOorrmng,. 20dM3..5M5 6B afQd.e SViOrPe s,L eM.t .
2011799 455.

%3) A. L. Zograbpst RO®PBIGedIrxghdadh)s,L. Vieweg, S. Reic
Leadl ay, R.NalP.r oSd¢. 2 SRid@dit hl, 55 4 .

127:3) J. BuddrusGrundlagen der Organischen Chemie Miflage de Gruyter, Berlin2011, 445;ibid. 891; b)

R. Quirk, in:Handbook of Polymer Synthesis, Characterizgtanmd Processing(Eds.: E. SaldivaGuerra, E.

Vivaldo4_.ima), John Wiley & Sons Ltd, Chichest&013 127; c)A. Nagaki, Y. Takahashi, K. Akahori,-i.
Yoshida,Macromol. React. En@012 6, 467.

23) R. R. Schmidt, JetTalhkidedddddy £2H.3;RbyMBygeAed FeR1t ,
R. Schmidffet Han®@xemn2143; c¢c) D. C. ThHdrrahwewWedmwdsHet $. F
9101; d) D. C. Hae trroavik e d ®P56R. 1S3.8 9P.e o n ,

1293) T. P. Petersen, M. R. Becker, P. Knochelgew. Chem. Int. E@014 53, 7933; b) M. R. Becker, M. A.

Ganiek, P. KnochelChem. Sci2015 6, 6649; c) M. R. Becker, P. Knochéingew.Chem. Int. Ed2015 54,

12501.


http://onlinelibrary.wiley.com/doi/10.1002/anie.v53.30/issuetoc
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1.2 Zincation of Acrylonitriles and Nitroolefins and Subsequentl n-line Reactions

Initial studies focused on the flow metalation of acrylonitriles and nitrool&)nsvhich aresensitive

to basic conditiond?’ It wasfound that 3ethoxyacrylonitrile 3a, E:Z = 2:1) was smoothly zincated at
the Uposition with TMPZnCI-LiCl ) at 40 °C wihin 10 min in a flow apparat{$cheme2?). After

an inline quench with allyl bromide(4a) in the presence of a pper catalyst (1@nol-%
CuCN-2LiCI)*** the expected produdia (E:Z = 2:1) is obtained in 78% isolated yield. In contrast, a
reported batch synthesis Bd usinglithium diisopropylamiddor the metalation requiresaintaining
1110 °C temperature for the lithiation andl10 °C to1 50 °C for the subsequent allylatiaver
several hourfor each step®

Y%
o
P4

EtO 40 °C, 10 mi
3a (E:Z=2:1) i
ZnX

EtO. -~

Conversion rate:
0.4 mmol/min

500 pm i.d.
CN

25 °C, 3.3 min CN
TMPZnCI-LiCI (1) M
1.1 equiv 0.5 mL-min"! /\/Br o e
4a OAmLmin’ Purification 5a

1.0 M in THF, 1.2 equiv

Cu(l) £ 10 moror Sat. ag. NH,CI 78% (E:Z=2:1)
u(l) - cat. 10 mol-%

Scheme22: Zincation andallylation of 3-ethoxyacrylonitrile (3a) in continuousflow.

This zincation procedure has a broad scdablel). Thus allylation of zincate@a with 3-bromao 1-

cyclohexene(4b) or PdcatalyzedNegishi crosscoupling®2331%

with 4-iodoanisole(4c) gave the
expected product&b and 5c in 92i 96% yield (entriedi 2)!* An analog procedure using
acrylonitrile 3b (E:Z=1:1) as starting material led to cressupling productsd bearing a boronic
ester in 70% vyield (entry 3) Furthermore, transcinnamonitrile 8c) reaced smoothly with
TMPZnCI-LiCl (1) at 90°C within 10 min, and after allylatioBd is obtained in 75% vyield (entd).
A mechanical back pressure regulatBPR) was usedo retain the reaction solutiorin the liquid

phaseThis procedurgoses in principle no limit tecalability, which consitutesan advantage over

130p Knochel, M. C. P. Yeh, S. C. Berk, J. TalbértOrg.Chem.1988 53, 2390.

131D, Smirnow, P. B. HopkinsSynth. Commuri986 16, 1187.

23)-iE. Negishi, L. F.J.VNaAmnt €he 00,2882 a8§ins bNegBics.hi ,
Chem.1R@2. 340.

133 In-line Negishicrosscoupling have since wacted considerable interest) S. Roesner, S. L. Buchwald,
Angew.Chem. Int. Ed2016 55, 10463; b) GA. Price, A. Hassan, NChandrasoma, A. R. Bogdan, S. W.
Djuric, M. G. OrganAngew.Chem. Int. EJ2017, 56, 13347; c) I. Abdiaj, A. Fontana, M. V. Gomez, A. de la
Hoz, J. AlcdzarAngew.Chem. Int. EQ018 57, 8473.

134 Eor P(2furyl); (TFP), see: V. Farina, B. Krisnah, Am. Chem. Sot991, 113 9585.

1% Elevated temperatures are likely not causing isomerisatiche alkenyl zinc reagen{sompareTablel;
entries 14), The presence d?d-catalyst might facilitate the observed isomerization. For a possible mechanistic
explanation, see: B. X. Li, D. N. Le, K. A. Mack, A. McClol,-K. Lim, T. Cravillion, S. Savage, C. Han, D.

B. Collum, H. Zhang, F. Gosselid. Am. Chem. So2017, 139, 10777.
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pressurized sealed tube batch reacfBr§hus, epeatingthis allylation reaction on a 1@mol scale

did not require any reaction condition charféand furnishd 5e in an improved yield of 83% after

35min reaction time and p

urification.

Tablel: Flow zincation of acrylonitriles and nitroolefind) (with TMPZnClI-LiCl (1) and irline quenching with
electrophiles4) leading toU-functionalized productsby.

Entry Substratdmetalation conditions’ Electrophile Product/Yield
Br
B0~y ©/ EtO /£ oN
1 3a( 450CLO0 mi n) 4b 5b: 92%,E:Z = 2:1°9
OMe
MeO O en
2 3a 4c 5c: 96%,E:Z= 6:1°9
B(pin)
|
o LT
Meo%/\CN %(O MeO,, _~ cN
3 3bEZ= 1:1;( 40CL0 mi 4d 5d: 70%, E:Z = 2.5:1°9
X
Ph\/\CN /\/Br Ph CN
4 3c( 940CL 0 mi n) 4a 5e: 75% 83%"
OMe
Phu e
5 3c 4c 5f: 99%,E:Z = 8:19
CHO HO.__Ph
©/ F’h\/ICN
6 3c de 5g: 63%'
®For similar setups wusing this possibility in order
compare: a) T. Raz.z akgapywre.,, Lhe®0g§o182, ©®) T. Nozxl, T.
L. BucAmw@dw.e m. 2®mt1510 E&90 0 ; c),PM. KROcBetXxOemeg8. 1462 ;

For a pressurized flow rieatboshmulf hbo)wt Jp.méeML.h a%hd wlkad , c.
Lawryshyn, T. BGegdePr odMe2s0lidBad 3 1Dev.

BFor further exampl)efsl oowf rleaarcgtei osncsa |l es e(emi car)o F. ull ah,
Kurtz, P. R. OGle@haemn , £ I106G J1.0 959 ; b) J. DA. WNeRBbgyl 6ckH
M. WitbLey,S. DN. LCheBnr. o vnded 40 J26 3 ; c) A. Hafner, P. Fil
Mei senbach, B. SchenkelOr #F .0 cRéessst 208601 18B3.Sedel mei er ;
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Tablel continued

SMe
e . Mesv)i\[NOz
Mes)\/No2 V)kc' ©
7 3d( AC5 min) 4f 5h: 6496
SMe
MeS/%Z
=
8 3d 4a 5i: 739%
\o/ N0 \OI o "fz
9 3e( 2/C3. 3 min 4a 5: 7894

@Yield of isolated product after column chromatographical purificatiora 1.0 or 2.6nmol scale pin =2,3-
dimethylbutane2,3-diol.” Obtainedby a Cucatalyzed allylatior*® © Obtained using Mol-% Pd(dba) and
4mol-% TFP2'** ¢ Obtained by adding 1Mol % TMSCI to PICHO® Obtained by a Cuatalyzed
acylation™®°" Yield on a 10mmol scalé Yield based on the amount of electrophile used.

Negishicrosscoupling®*of Uzincated3c with 4-iodoanisole(4c) proceededn flow within 25min at
60 °C leading to the cinnamonitrilef (99%, E:Z = 8:1, entry5). Furthermorequenching ozincated
3c with benzaldehyde4g, 10 min, 70°C) produce the allylic alcohol5g in 63% as the singl&-
stereoisomer (entrg). Usually, Csp-Zn halogenidespecies are unreactive towards carbofils,
however the high temperatures allowed the reaction to proceed icaggsto furnistbg in the
presence of a catalytic amount of TMSCI. Additionalhe zincation of nitroolefin8d-e proceeéd
at 0i 25°C within 3-5min under continuous flow conditionand l& to new Ufunctionalized
nitroolefins(5g7 i) afterin-line allylation or acylationéntries7i 9).

1.3 Magnesiation ofAcrylic Estersand Subsequentl n-line Reactions

Acrylic esters requimd stronger bases like TMPMgCI-LiCI2) in order to undergo efficient
metalation®® To broaden the scope of the flow metalation/quenching sequence, acylations of
magnesiated acrylatesith acid chlorideswere performed Table2, entries 1i 5). Hence, after
optimization of the flow reaction conditions (temperature, flowrate, residence time and catalyst
loading) the preparation of highly electrophilic Michaeteptor§® such agai e could be performed
without substandl losses in yial due to sideeactions.While the metalation off>-heteroatom
substituted acrylatesuch asc is well investigated? R-aryl or-heteroaryl acrylates have thus far not

been reported to undergo metalatidunder appropriate condition&-magnesiationof aryl and

138 p_ Knochel, H. Leuser, {Z. Gong, S. Perrone, F. F. Kneisel, ihtandbook of Functionalized
Organometallics Vol. 1 and (Ed.: P. Knochel), WileywCH, Weinheim,2005 251.

BFor the effect of variwiushdamwi egemrmulpsi mine tdlee etl reg
acceptor s, compar e: D. S. Al l g2uer, H. Jangr 4., H. As
Am. Chem. So@017 139, 13318.
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heteraaryl acrylates(6ai b, and 6d) occurredreadily. For instance3-(2-furyl) acrylate 6a) was
smoothlymagnesiated at 1T within 5min despite the presence adidic protonon the furan ring
furnishing the expected enanafter acylation in 6869% vyield (enties 17 2). Furthermore the
guantitativebenzoylation obc allowedthe synthesiof 1 mmol of enone7d per mirute at the chosen
flowrate (entry 4). Thus, unning the reactionfor 15min gave 15mmol 7d in 99% vyield after

isolation, confirming the good scalabifityof this method.

Table 2: Flow 3-magnesiation of acrylate substratésWith TMPMQgCI-LiCl (2) followed by irline allylation
and acylation leading to functionalized puots (7).

Entry Substratémetalation conditions’ Electrophile Product/Yield®

o)
O~ COZPr Q 0 _IS\_CO,Pr
\ ! cl \ !
1 6a (10°C; 5 min) 4 726 9 %
Bu__0O

S COszr

3

=0
g
ﬁ§_<

2 6a 49 7b:6 8 %
0
Ph/\/COZIPr b N CO2Pr
Ph Ph
3 6b (50 °C; 5 min) 4f 76 1%
Ph

2

0
CO,M CO,M
MeO™ X2 Ph/KCI MeO 2Ve

4 6¢c (40°C; 2.5min) 4h 7d:9 99 9%

Me
- NS 2

7.6 3%

o
<
(]
2—2:

4
S COMe Br S\ CO,Me
@N W
6 6d (7 25 °C; 1 min) ab 772 %

2Yield of isolatedproduct after column chromatographical purificationa 1.0 or 2.6nmol scalé’ Obtained by
a CWCN-2LiCl catalyzed or mediatedeaction, seeaef. 130. The catalyst was present in the electrophile
solution? Reaction performed on¥ mmol scale.
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Interestingly, the acylation of magnesiagedwvith methacryloyl chloride4i) allowed the synthesid o

the methyl ester openicillic acid*® (7e) in 63% vyield on a 13nmol scale (entr). In this case,
applying fast flowrates (BL-min™) during the acylation was necessary to avoid side reactions to an
acceptable extenin contras to 6a, thiopheneacrylate derivative 6d required low temperatures
(125°C) to suppress metalation of the heteroaromatic moiety. The resulting low conversbatof
125°C could not be increased with longer residence timasirf5or 15min). However, increased
flowrates (5mL-min™ during the metalatiostep) triggered high conversion @&d and the desired
allylated produc?f was obtained in 72% vyield in presence ohél-% CuCN-2LiCl

1.4 Magnesiation ofAcrylic Estersfor the Synthesis ofFuran-2-(5H)-ones

Many butenolides are biologically actfé® and their synthesis by the addiii of R-metalated
acrylates to aldehydes is wdthown?®22128 \Whereasi-lithiated acrylateften give low yields
upon addition to an aldgte®®* their R-magnesiated analogs react smoothly to the desired
productst*® For exampleE-ethyl 2dimethylamino acrylaté6e) wasquantitatively magnesiated with
TMPMQgCI-LICl (2) at room temperature within 10 min in continuous flo8cl{eme23). In-line
guenching with benzaldehydede] led to furan2(5H)-one 8a (851 91%) after spontaneous
lactonization.

0.5 mL-min"!

MezN/\/COZEt (} 25 °C, 10 min
6e XMg----O 25°C, 3.2 min
\ |: )\)\ :’7\
Me,N OEt Ph__OMgX
MOEt Conversion rate:
TMPMgCI-Licl (2) () o™ X0 0.5 mmol/min
1.1 equiv 0.5 mL-min"" PhCHO (} ’ Ph
4e 0.6 mL-min™! Purification o .
17equv A\ _J = j\;?:o
Sat. aq. NH,CI Me,N 8a
85% (2 mmol)

91% (15 mmol)

Scheme23: Flow synthesis of fura(5H)-one 8a from acrylate 6e via spontaneous lactonization of the
intermediate magnesium alkoxide.

This butenolide synthesis has a broad scopevanidusfuran2(5H)-ones 8) were prepared in an
analogous manner in 8% vyield {Table3). Electrorpoor and-rich aromatic aldehydedj(i k,
enties 1i 2; 4mi n, entries 4 5), as well ag)R-unsaturated4p, entry 8), benzylic4q, entry 9) or
aliphatic aldehydes4{, ri s entries 3, 10, 12) were used as electrophiles furnishing the expected
product in all casesScaling up of the reactions leading8e and 8l to 20mmol (entries 7 and 11)
furnished the desired products in unchangeeld after reaction times of min and 40min,

respectively.

1401 E.Yates, J. K. PorteAppl. Environ. Microb1982 44, 1072.
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Table 3: Synthesis of furar2(5H)-ones 8) by magnesiation of acrylate8)@nd quenching with aldehydes

Entry Substratdmetalation conditions’  Electrophile Product/Yield®
cl
L =
Me N~ COE CHO Me,N
6e (25°C; 10min) 4 8b: 64%
MeO (0]
Me N~ CO2F MeO CHO Me:N
6e 4k 8c: 79%
tBU [e)
o
BU~cho MezNL):
6e 4 8d: 81%
Br
0
Br —~ 0
C/N/\/COZE': @[ N
CHO <\)
6f (25°C; 10min) 4m 8e: 70%
MeS
0
Me8\©\ — (0]
N
CHO <\)
4an 8f: 67%
Me
Me O,
COoM \©\ e
MeO™ X2 CHO MeO
6¢ (40°C; 2.5min) 40 8g: 67%
Br
0
__ =0
MeO
6¢c 4m 8h: 61%, 6798
= O,
W/\CHO </ °
MeO
6c 4ap 8i: 63%
MeO o
MeO
6c 4q 8j: 65%
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Table3 continued

O
. o
(@] A COZIPF O\ o ~
@/\/ CHO \
10 6a (10 °C; 5 min) 4r 8k: 83%
4 Ph fo)
o /\(co2 Pr @\ Ptho
Ph CHO Ph
11 6e (50°C; 5 min) 4e 8l: 73%, 73%
(0]
- (e}
S"cHo Fh Ph
12 6e 4s 8m: 98%

2 Yield of isolated product after column chromatographical purificatiora 1.0 or 2.0nmol scale Quenching
with the electrophil€0.8i 2.1 equiv.)was performed at 25 °@®r 1.3i 13 min. ° Isolatedyield on a 10mmol
scale’Yield based on the amouat electrophilg(0.8 equiv.)used.

Since furar2(5H)-oneswith substituents in the-Bosition are occurring in bioactive molecul&s,

representativlow metalations oBa and8h in the 3-positionweredemonstratefScheme24).

O ~N 50-70 °C, 5-10 min
=~ L

Y P, Ar. o
0]

N
25-60 °C, 9-12 min Conversion rate:

N MetCI-LiCl t N 0.08-0.25 mmol-min""'
TMPMetCI-LiCI () -

(1o0r2) P, E' (?)« (\[}) g Ar s fo)
cat. P Purlflcatlon
D e -
4

Sat. aqg NH,CI Y 3
Y = NMe,, OMe; Met = Zn, Mg; P43 : 0.25-0.50 mL-min- 9

2Yield based on the amount of electrophile (0.8 equiv.) used. ® Pd(dba), and TFP was used. ° CUCN-2LiCl was used.

2-Br-CgHy 2-Br-CgH, o

? Me,N

9a (87% from 8h)a? b (59% from 8h)a b 9c (65% from 8a)®

Scheme24: Synthesis 08,4,5substituted btenolides9 by continuousflow metalationand inline quench with
organic halide elgrophiles §) in the presence of Cuflpr Pd(O}catalysts

Thus, the high temperature zincation ¢@) 5min) of butenolide8h andin-line crosscoupling®****
with the corresponding aryl iodideled to bisarylic tetronate®a and 9b in 59i 87% vyield.
Furthermore, magnesiation (3G, 10min) of 8a led to the corresponding 3,4dubstituted
butenolide 9c) after Cu(l)catalyzed allylatioF®in 65% yield This method offershus a modular

access to fullpubstituedbutenolides
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1.5 Optimization Studies for Two Selected Examples

As mentioned in chaptelr.3, increasedlowrates werefound to improvethe reactions leading t@e
and 7f. Initial attempts toacylak magnesiateddc with an excess othe sensitive electrophile

139

methacrjoyl chloride 4i~* undertypical conditions ledto only 2% yield of the desiredrpduct7e,
while two sideproductsSPai b) accountd for the majority of lossesT@ble4, entryl). Increasing

the overallflowrate from 3mL-min™ to 5mL-min™ shifts the selectivity notably in favor @ and
promotes product formationhus revealing a strong mixing sensitivity in the acylation &efpy?2).
Further improvement was achieved by optimization of the amount of copper ¢atélystshing7e

in appreciablé3%yield (entry 3). In this case, sidereactions were successfully reduced by improving
the mixing (by means of higher flowraté€8)This can betentatively attributed to @ompetition of
several reactions, which are only in slight favor of product formation. Imperfect mixingmthis
casefdi sgui se 0 simfavoref prodact farmatian tdue ¢o the presence of concentration
gradients across theactantsolution:*” The application oflow chemistry with its superior mixing
capabilities provides an efficient solution to synthetiohigmsof this kind whichis only recently

reportedas a strong argument fiire use oflow chemistry***

Table 4: Optimization of the synthesis obmpoundre.

P1
MeO
e come ()

6¢c 40 °C, 2.5 min

TMPMgCI-LICI (2)

1.1 equiv.
GC(MS) - + SPa (GCMSZ m/z =
,?Pf'}(?{i 194, 153, 136)
Sat. a0 NH.CI + SPb (GCMS: m/z =
at-aq i 207, 184, 153)
4h (4.5 equiv)
+ CuCN-2LiCl (X equiv)
Ent Total flowrate X (equiv. Absolute yield Rel. amount Rel. amount  Rel. anount
ntr
Y (P1i249 [ML-min] Cu-cat.) 7e [%]? 7e [%]° [%]° SPa [%]° SPb
1 3.0 0.5 29 40 45 15
5.0 0.5 49 53 40 7
5.0 0.8 63% (isol.) 62 28 10

2 Yield calculated based aralibratedGC using undecane as an internal stana@adkntry3 as a reference for
isolated yield” Intensities of the product peaks 78, SPaand SPb relative to the undecane standard peak
normalized to 100%

Another interesting example provided theetalation ofthiophene derivativesd. By choosing

conditions, which are similar to known batch reactiof® (Table5, entryl: 5min, T40°C,

141 0.8 equiv. CUCN-2LiCl gave the best result in terms of yield and selectivity; a further increase in copper
mediator led to decreased yield (not shown).

1423) P. RysAcc.Chem. Resl975 9, 345; b) P. RysAngew. Chem. InEd. 1977, 16, 807.

143 3) A. Nagaki, K. Imai, Sishiuchi JZ. Yoshida, Angew.Chem.Int. Ed. 2015 54, 1914 b) D. A.
Thaisrivongs, J. R. Naber, N. J. Rogus, G. Spei@my, Process Res. De2018 22, 403.
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0.6mL-min™) only low conversion was observethusonly small amounts ahe desired producif
were obtainedtogether with sideproduct SPc resulting from metalationand allylation of the
thiophene ringUpon extending the residence tirf@ metalation and allylatigninferior results in
terms of selectivitywere observed@nd conversionwas not improvedentry2). On the other hand,
increased temperatures and flowrateSGQ 7.5mL-min™) strongly promoted conversion of the
substratesd,'** but the high temperature gairereasinglyrise to thiophene metalation prodi&®c
(entry 3) Pleasingly, the 7.BL-min™ flowrate could ensure ajood conversion even at lower
temperaturesvhich allowed to effectively suppress byproduct formation (entriés) Afurnishing the
desired productf in 72% isolated yield at25 °C reaction temperature.

Table 5: Optimization of the synthesis of compuf¥id

s> "coMe () xe
6d

t™ varied

TMPMgCILICI (2)

1.1 equiv. 7 \
<> GC(MS) - |
Br P enabvsis | STUYZICOMel L tsT N co,me
Sat. aq. NH,CI
4b (1.2 equiv)
CuCN-2LiCI (0.1 equiv) 7f (GCMS: m/z = SPc (GCMS: m/z =
248, 217, 187) 248, 217, 187)
Ent Total flowrate (Py+249 t™ t Temp. X Recovered starting Selectivity?®

ntry . . . . .

[mL-min™] [min] [min] [°C] materialéd (relative} SPd7f
1 0.6 5.0 8.3 140 7.02 0.06
2 0.3 10.0 16.7 130 8.07 0.14
3 7.5 1.0 1.3 0 0.00 0.43
4 7.5 1.0 1.3 120 1.23 0.19
5 7.5 1.0 1.3 125 1.00 0.12

2 SPc wasdentified by GCMS andH-NMR: vinylic H signals were still gsent in the reaction crude af
analogous reaction with allyl bromid8electivity wasletermined by GC analysis using undecane as an internal
standard® 72% isolated yield offf.

144 For another example, in which higher flowrates enhance conversion despite shorter residence times, see: D.
Webb, T. F. Jamisoi@rg. Lett.2012 14, 568.
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2 Barbier Continuous Flow Preparation and Reactions of

Carbamoyllithiums for Nucleophilic Amidation

2.1 Introduction #°

The amide group is ubiquitous functionality, present i#5% of commercidy availabledrugs™*®
Also, analogous thioamide derivatives have gained attention as antibiotics as weHissteioc
optical labels in proteins and versatile synthons for heterocyclic synthesisHoad@ivation™*’
Numerous protocols for amidations atwla lesser extenfor thioamidations have been develop&d.
The major challengein modernamidation chemistryare the development oatom econorneal
methodsand the valorization of new potential starting materi&f$? In this contextamidations and
thioamidations involvinghe lithiation of formamide pecursorsare of special interestiue tothdr
atomeconomial generationand the highreactvity of the intermediatesFurthemore their acyl
aniontype reactivity allows accessingaluableproductstructures***°*!*! For instanceReevest. al.
have utilized carbamoyllithiums for the synthesis @amino amides with high stereoselectiity.
More recently Yoshidaand coworkers havelemonstrateda reductive lithiation of carbamoyl

chlorides protocol with lithium naphthalenide at78 °C in continuous flow for thesynthesis of

145 The compound42bi c, g, k, 16ai b, d were synthesized by DK. Becker under guidance of M. &aniek
and will be shown for the sake of completeness. Analytical data is found in the corresponding publication.
146 2) D. J. C. Constable, P. J. Dunn, J. D. Hayler, G. R. Humphrey, J. L. Leazer, Jr., R. J. Linderman, K.
Lorenz, J. Manley, B. A. Pearlman, Wells, A. Zaks, T. Y. Zhandgsreen Chem2007, 9, 411; b) H. Lundberg,
F. Tinnis, N. Selander, H. AdolfssoBhem. Soc. Re2014 43, 2714.

147 3) T. Sifferlen, M. Rueping, K. Gademann, B. Jaun, D. Seelvéglh. Chim. Act1999 82, 2067; b) T. S.
JagodszinskiChem. Rev2003 103 197; c) M. C. Bagley, J. W. Dale, E. A. Merritt, X. Xiomghem. Reuv.
2005 105 685; d) R. F. Wissner, S. Batjargal, C. M. Fadzen, E. J. PetetksAm. Chem. So2013 135,
6529; e) R. W. NewbernB. VanVeller, R. T. Raine€hem.Commun2015 51, 9624; f)P. JainP. Verma G.
Xia, J. Yy Nat.Chem.2017, 9, 140.

1483) S. Fukuoka, M. Ryang, S. TsutduOrg. Chem1971, 36, 2721;b) A. Tillack, I. Rudloff, M. Bellet Eur.

J. Org. Chem2001, 523; ¢) V. R. Pattabiraman, J. W. Botigture2011, 480, 471. d) S. Fuse, Wifune, T.
Takahashi,Angew. Chem. Int. ER014 53, 851; e) H. Saeidian, S. Vahd#&thajehi, H. Bazghosha, Z.
Mirjafary, J. Sulfur Chem2014 35, 700; f) T. Krause, S. Baader, B. Erb, L. J. GooB&t, Commun2016§ 7,
11732; g) R. M. de Figueiredo, J. S. Suppo, J. M. Camp&jrem.Rev.2016 116 12029.

149D, SeebachAngew. Gem. Int. Ed1969 8, 639.

150 3) U. Schéllkopf, F. GerharAngew. Chem. Int. EA967, 6, 805; b) B. Banhidai, U. SchéllkopAngew.
Chem. Int. Ed1973 12, 836; c) D. Enders, D. Seeba&ngew. Chem. Int. EA973 12, 1014; f) R. R. Fraser,
P. R. HubertCan. J. Cheml1974 52, 185; d)W. Lubosch, D. Ender®. SeebachChem. Ber1976 109, 1309;

e) V. Rautenstrauch, M. Joyeukngew.Chem., Int. Ed1979 18, 83; f) T. Hiiro, T. Mogami, N. Kambe, S.
Fujiwara, N. SonodaSynth. Commuril99Q 20, 703; g) D. J. Ramén, M. YuJ,etrahedron Lett1993 34,
7115; h) C. Zhu, XCreary J. Am.Chem. Socl995 117, 5859; i) N. Kambe, T. Inoue, T. Takeda, S. Fujiwara,
N. Sonoda,J. Am. Chem. So2006 128 12650.

“'For naturally occuring -aetodmided)see: a)¥.ckamat, M.cShaw,|RyThakmp or t a1
A. Kumar,J. Org. Chem.2016 81, 6617; b) M. Yan, P. S. BaraQrg. Process Res. Dg2017 21, 1091.

1523) Z. Tan M. A. HerbageZ. S. Han M. A. Marsini, Z. Li, G. Li, Y. Xu, K. R. FandrickN. C. GonnellaS.
Campbell,S. Ma N. Grinberg H. Leg B. Z. Lu, C. H. Senanayakd. T. Reeves]. Am. Chem. So2013 135
5565; b)C. Loreng K. CamaraZ. Li, H. Leg C. A. BusaccaC. H. Senanayakd. T. Reeved. Org. Chem.
2014 79, 5895.
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functionaltized Uketoamides®® A more classical approadh to generate a transient organometallic
species in the presence of trapping ageBskier conditions}™ like aldehydes, ketones, M&Cl or
B(O'Pr).** Recenly, it wasshown thain situ trappingof highly reactive polyfunctional aryllithiums
can be realized using a metallic salt (MgtXas trapping reagent (MetX= ZnCl-2LiCl,
MgCl,-2LiCl, CuCN-2LiCl, LaCk-2LiCl; Scheme25).**® In this project,in situ metalation of a
substrateR-H = R'RNCHO) was performedhot in the presence of a metallic salt but directly in the
presence of an organic electrophilé(Buch a a ketone, an aldehyde Weinrebamide, an allylic
bromide or a disulfidein continuous flow for thérapping of unstable carbamewnd thiocarbamoyl
lithium intermediategR-E). The resulting flowBarbier method is characterized by exceptionally
conveanient conditions $cheme25).

(A) Flow in situ metalation

- b b
T™PLI () 0°C. 40 N N
}7 Ar-[Met] = ArE ) \( Y
Ar-H + Metx,( ) TMPLi LDA

(B) Flow Barbier lithiation

R 25 °C, 50s
LDA (~\> B or60s
- [Ruee b (Re)
RH+E( )

Scheme25: Continuous flow methods using eitheriarsitu metalation A) or aBarbier procedure B).

2.2 Continuous Flow Generationand I n Situ Reactionsof Carbamoyllithium s

Thus a mixture of N,N-diethyl formamide 10a) and cyclohexanonelga, 0.7 equiv.) in THRvas
mixed in a simple Imixer (0.5mm i.d.) with a lithium diispropylamidesolution (LDA, 1.2 equiv.)

and after a residence time ofriiin at 25 °C thdJ-hydroxy amidel2a was obtained in 95% yield
(Table6, entryl). In contiast all attempts to generate carbamoyllithiums in the absence of an
electrophile at nowryogenic temperatures led to extensive decomposifimte LDA solutions are
known to be unstable upon storéfe, protocolfor its in-line preparatiorwas devised using ®BulLi
solution in hexanes and a diisopropyl amine solution in THF. In this maankr,benchstable

reagentsvere usedand the scalabiltywas extended The efficient cooling in flow allows applying

153 The following communication was published during the course of the here presented work: A. Nagaki, Y.
Takahashi, Ji. Yoshida,Angew. Chem. Int. EQ016 55, 5327.

*p_BarbierC. R. Hebd. Acad. Sd899 128 110.

155 3@) T. D. Krizan, J. C. Martin). Am. Chem. Sod983 105, 6155; b) P. E. Eaton, RA. Martin, J. Org.
Chem.1988 53, 2728; c)C. Blomberg The Barbier Reaction and Related G&tp ProcessesSpringer,
Berlin, 1993 d) J. Kristensen, M. Lysén, P. Vedsg, M. Bergt@pg. Lett. 2001, 3, 1435; e) H. M. Hansen, M.
Bergtrup, J. Kristensed, Org.Chem.2006 71, 2518; f) D. Tilly, J. Fu, B. Zhao, M. Alessi, A. S. Castanet, V.
Snieckus, J. MortieiQrg. Lett. 201Q 12, 68; g) E. Demory, V. Blandin, J. Einhoi®,Y. ChavantOrg. Process

Res. Dev2011, 15, 710.

156 2) 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. Knochéingew.Chem. Int. Ed2015

54, 12501.
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moderatet 10°C during theLDA formation step The fully optimized Barbier flow procedure
provideda range ofUthydroxy amides 12bi i) in 58i 91% yield by the addition ofithiated N,N-
dialkyl formamides to various ketonedléi g; Table6, entries 1 9). Pivaldehyde 11h) was
additionaly found to be agood electrophile,furnishing theU-hydroxyamides12ji k in 61i 91%

yield (entries 10 11). Additional functional groups like an epoxide, an ester or a cyano group were
not tolerated***>* However,a ketal, an acetal or an aryl halide proved to be compatible with the flow
reaction conditiongthus providing functionalities for further derivatizati@mtries 5, 7, 9).

Table 6: Continuous flow generation of carbamoyllithiums in the presence of a carbonyl electrddhile (

leading toU-hydroxy amidef type12.

0.5 mL-min"!

iPI’gNH @ -10 °C, 10 min 25 C. 60 <o
0.5 mLS}{ ’PerLi] o ' o o
o} R2 R? OH
RlNAH : RskR“ 1.0 mL-min"! 12a-k
R2
10a-i 11a-h
Entry Formamide Electrophile Product/Yield
o
Et.-CHO ELN N /7
Et o:<:> OH
1 10a 1la 12a: 95%
Me
Me_CHO )\K
ﬁMe %NMG OH
2 10b 1la 12b: 72%
o)
Me\N,CHO Ph/\N
Ph) Me OH
3 10c 1lla 12c: 63%
o)
Bu\N,CHO BuN ﬁL /N
Bu O:G OH
4 10d 11b 12d: 69%
y-CHO f M
o] O N e
Q\F © Me &2% OH
5 10e 11c 12e: 72%
o .
"Bu u
CHO N Me
%N O:<Me % )K.fH
6 10f 11d 12f: 58%
Cl
o o
Me. -CHO Ph)K©\ Me,N Ph
Me cl OH
7 10g 1le 12g9: 79%
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Table6 continued

i Ph
(e}
)k MGZN&Ph

Ph” “Ph OH
8 10a 11f 12h: 79%
Me. -CHO o - WBF
e "By e
) Oﬁe )K©\8r l;;lue OH
9 10h 11g 12i: 63%
o
o:<H EtzN)K(tBu
Bu OH
10 10a 11g 12: 91%
o
O//\\//N,CHO . %N)Kor;au
11 10i 11g 12k: 61%

%Yield of isolated product. The reactions werefpened on a 1 or 2amol scale.

The procedure was also readily extendedMeinrebamide electrophiléd’ and to the related\-
morpholino amide's® of type 13, providing a range ottketo amides of typd4 in 61i 85% yield
(Table7). These acylations were usually performed orDarimol scale ¢ollection during2 min), but
a scaleup was possible withodtirther changes to the reaction conditioffus, the preparation of
Uketo amidel4b was performed on a 38mol scale ¢ollection during70 min) in comparable yield
to the 1.0 mmol scale reaction leading torelated prodct 14a (entries 1 2). Further examples
demonstratedthat acetals and ketals (entri@s 6, 10), aryl halides (entriesi 8) anda silyl ether
(entry11) are tolerated under the reaction conditiofiis Barbier flow method couldfurther be
performed with an isocyanatdectrophile(15a), leading to the unsymmetrical igkamide (6a) in
54% vyield (entryl2). Allylations using 3-bromocyclohexene16b) furnished the allylic amides
(16b7 ¢) in 587 60% yield (entries 3i 14). Finally, using dibutyl disulfide 16c) as quenching
electrophile led t&-butyl dibutylcarbamothioatel 6d) in 88% yield (entryl5).

Table 7: Continuous flow generation of carbamoyllithiums in the presence of arti@gsnd variousother
electrophiles 15) leading to productsf typel4andl16at 25 °C.

Entry  Formamide Electrophile Product/Yield
i )OH(A
Me\N/CHO N,Me MeN
N/Ie v)LéMe o
1 10g 13a 14a: 63%

1575 Nahm, S. M. Weinref,etrahedron Lett1981, 22, 3815.
138 3) Y. Chen, M. Ellwart, G. Toupalas, Y. Ebe, P. Knoclelgew.Chem. Int. Ed2017, 56, 4612; b) R.
Peters, P. Waldmeier, A. JoncoQrg. Proc. Res. Dex005 9, 508.
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Table7 continued

o o
'Bu)LN’Me MezN)HftBu
6Me o
2 109 13b 14b: 65%’
Me\N/CHO o
MeO. MeO N
ﬁe OMe l\he o
3 10h 13a 14c: 76%
o}
Me\N/CHO MeiN'Me Me\N)STMe
Ph) OMe Ph) °©
4 10c 13c 14d: 72%
o o
oy -CHO Me\N)ﬁ )%/@
Ph) Omte ot o
5 10j 13d 14e: 76%
o O OEt
Me.  CHO EtO
:‘;e o N i MezN)SO(kOEt
6 10g 13e 14f: 75%
N,CHO /©)LN/\ N
Meo/©:h\) | o Me0/©/\ Bn O
7 10k 13f 14g: 82%
B O WOMe
N b
MeO/@)L l_o Meo/©ﬁsn 0 Br
8 10k 13g 14h: 82%
o
N
MeOOﬁ‘Bn (o]
9 10k 13a 14i: 85%
CHO Q JOH(
o} i\ Ph)kN o N Ph
Of* T
10 10e 13h 14j: 61%
o
>L3i,o\/\’u,ecno ﬂ\/sio\/\ujifph
11 10l 13h 14k: 63%
o
NH°Hex
O\NQ anN)Sof
12 10j 15a 16a: 54%
o}

Br
/~~—N
/\/N/CHo ©/ o—~/ JK@
o—~

13 10 15b 16b: 6096
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Table7 continued

(0]

MeO
Y\N
OMe Me

14 10h 150 16c: 58%
Bu.. .CHO o

gu (SBu), (Bu)ZNkSBu

15 10d 15¢ 16d: 88%

2 Yield of isolated product. The reactions were performed on a Inon@l scale® Yield on a 35mmol scale.
° The reaction was performed in the presence ohtb% CuCN2LiCl.

2.3 Continuous Flow Generationand I n Situ Reactionsof Thiocarbamoyllithium s

A further extension to the generation of nucleophilic thioamadietr as\,N-dimethyl thioformamide
10 using the flow lithiatiorwasenvisionedHowever,dimethylthioformamidelOl was not efficiently
metalatedunder the previous conditions (total flowratenR-min™, Scheme26) and only a minor
proportion of starting material was transformed to the desemidry alcohol12. Furthermore, aldol
by-products A) resulting fromenolizationof the ketone11i, were found in considerable amounts.
This unfavourable product distribution could ingprovedby adjisting the overall flowate compare
flowrates 2,10 and20 mL-min™, Scheme26).

Flowrate A 25°C, 48-60 s

LDA N
(1.2 equiv., in-line) ‘} ) s
)k Workup S
+
i . MeoN” Li + - OH
Me,N™ TH o+ ()f ¢} OH €2 o
101 110 FlowrEes 121: 70%
i : o*
(0.7 equiv.) A

Total flowrate A+B [mL-min"'] Ratio (GC) 101 : 121 : A

2 59:27:1.0
10 1.4:143:37
20 0.0:13.3:0.0

*Isolated yield (25 °C, 48 sec, 20 mL-min™")

Scheme26: Optimization of the flowrate for the reaction of lithiated thioformami@ewith norcamphorlli.
Uncalibrated gas chromatography (GC) peaks were used to compare the relative product distributions.

Hence, a favourable selectivity wabservedby merely adjusting thefl owrate™® Under the refined

conditions (® mL-min™, 25 °C, 48 sec), the desiredoduct12 wasobtained in 70% isolated yield
without aldol type sideproducts Furthermore, anducting this flow Barbier lithiation of
thioformamides 1017 m) in the presence dfl-morpholine benzamidgd.3) gave a reliable access to
valuablé®® Uketo thioamided4in 41i 98% yield Scheme27).

159 This effect may be a result of similar deprotonation kintetickObind11i in favour of10, which becomes
only fully apparent at high flow ratesh& productive reaction pathway was likely concealed at low flowrates
due tomass transfer limitations (imperfect mixingge refsl4d,142
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5 o oA : :
rt TS —— R Ph
NTHO N/\ 25°C, 48's, Me,N PR N

|
Me &o 20 mL-min™* o] Me O
101 (R' = Me) morpholine 141: 98% (R = H) 14q: 84%
10m (R'=Bn) amides (13) 14m: 63% (R = 4-F)

14n: 65% (R = 4-1)
140: 41% (R = 4-OMe)
14p: 83% (R = 3-Br)

Scheme27: Flow Barbier acylationsof thioformamides10/i m with various aryl morpholine amided.3)
leadng to U-keto thioamided 4l q.

2.4 Mechanistic studieswith a Carbamoyllithium Species®

Interestingly, under the optimized flow conditions shown in cha@&¥is2.3 and in related reported
batch reaction§® sideproducts derived from a lithiation of the electrophilesg( ketones or
benzamide derivativg$* wereusually not found® To explain the preferential formamide lithiation,
the relative free energies of lithiation of formamitiéa in comparison with other weknown GH
acids® such as dhenyt1,3-dithiane B), 3,5difluoroanisole €) and3,5-difluorobenzenel)) were
determined by performing competition experimentusing pivaldehyde 1(h) as electrophile
(Figureb). The competition experiments were performed under reaction conditiorf€ (25min)
according to a previously reported experimental frameW8rkhe obtainedrelative free energies
PG A itheafion (with 10a taken as reference) show that formamida is located between the
dithianeB and 1,3fluorobenzenesi D) with respect to its lithiation preferencéhe free energy
difference for lithiation of 0.4 kcahol between 1 3lifluorobenzenesC and D is similar to the
reportel value of 0.48 kcamol™ in the case of the lithiation with TMPLi in THF &f75°C.'%*
According to this oFigurebnG<il@a< D)fthe ghgn@odynamic a@dgdy of n
formamide 10a could be approximated to heK, =31, according to33< pK, (10a) < 281%° This

ranking was further confirmed k&b initio calculations.

0 The competition experiments were performed by M. A. Ganiek under guidance of Dr. G. Berionni, who also
performed the corresponding calculations leading to the resultSigoire5. Ab initio calculations were
performed and interpreted by Prof. Dr. H. Zipse. The results are shown here for the sake of completeness
according to the corresponding publication.

%1 For instanceketones {1) are easily metalatedith LDA, but evenmorpholino arylmethanone#yeinreb
amides(13) and halobenzene moietieanbe metalated or decompodeaygllithium amide lasesa)V. Snieckus,

Chem. Rev199Q 90, 879;b) S. L. Graham, TH. Scholz,Tetrahedron Lett199Q 31, 6269;c) L. Gupta, A C.
Hoepker, K J. Singh,D. B. Collum, J. Org.Chem.2009 74, 2231; d)A. Cederbalk, M. Lysén, J. Kehler, J. L.
Kristensen;Tetrahedror2017, 73, 1576;€) M. J. Houghton, D. B. Collupd. Org.Chem.2016 81, 110%.

182 A single exception wa1d, which partiallyengaged in aldol reactions leading to minor amountslal
self-condensation products, which were detected by-KaS.

153 For the experimental plvalue of 2phenyt1,3-dithiane in DMSO (30.7), and for the calculated,pklue in

THF (32.8), see: a) F. G. BordwelAcc. Chem. Resl988 21, 456; b) S. Sakthivel, R. B. Kothapallia, R.
BalamuruganQrg. Biomol. Chem2016 14, 1670. For the calculated pkalue of 1,3difluoro-benzene in THF

(28.0), seec) F. Mongin, C. Curty, E. Marzi, F. R. Leroux, M. SchlosgeRKIVOC2015 4, 48.

1% For related competition experiments and their theoretical foundation, see: a) L. Shi, Y. Chu, P. Knochel, H.
Mayr, Angew.Chem. Int. EJ2008 47, 202; b) H. Mayr, 3P. DauSchmidt,Chem. Ber1994 127, 213; c) JP.
Dau-Schmidt, H. MayrChem. Ber1994 127, 205.
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Competition Experiment:

o
Kk _» 10aLli —» )k(’Bu
Ko EtoN
10a ‘/1 Oa ’

LDA + i 100"
B-DX By ‘Bu
2> (B-D)-Li &~ (B-D)
OH
AAGogg Quantified Results Unguantifiable results:
kcal mol™
Only 10j obtained with:
- 1.5
CF OMejy
1.27 H s 3
=00 = o Qv Gy
! 1 : CF OMe
— 1.0 ! : 3 Me
+1.3
05 +0.3
' L+1.6
+0.3
0.00 o) 1 |
- 0.0 == L 10a VT T T
Eto,N™ "H ! ! !
1 1-06
F P£03
— -0.5 -0.63 b 1 -1.0
" — MeO HC --2 --¢ '+0.3
F i
-1.03 F : -~ o
- -1.0 —2 H D - No 10j obtained with:
F R F
F N
P e Ly
F F F

Figure 5. Relative free energy of LDAnediated lithiation oflOa taken as reference compared to othed C
acidsBiD) in THF at 25 Ag Refemm@ Acids, which Gagednlyl onegdetdCtable product
(right side) were not aemable to quantificationControl experiments demonstrated that the results of the
competition experiments were independent of the concentration and the time before quenching (t mib)or 10

In line with earlier theoretical studig¥ the structure of monomeric carbamoyllithiums such as the
one derived from DMF is that of a sid®@ complex Figure6). Reaction free energies for generation

of lithiated DMF from monomeric LDA are positive (that is, unfavorable) byk@a2mol™*,** which

is in obvious disagreement with the synthetic andlibgation experiments. However, much more
favorable lithiation energies are obtained starting from the dimeric LDA structure, whose relevance in
THF solution has been demonstrated repeatélilfihe lithiation of DMF is exergonic by
2.5kcal-mol* under thee conditions due to favorable Lewis acid/Lewis base interactions between the
amide lone pair electrons and the second lithium cation. Applying this dimer model to the lithiation of
1,3-difluorobenzenel) and benzothiazold-{gure6) predicts reaction free energies in the same order

as doserved in the lithiation experiments, which further supports the relevance of these aggregates in

THF solution Figure6). Furthermore, theexperimental Eigure5) and theoretical Kigure6, right

185 Calculated at the gas phase MP2(FE318++G(2df,2p)//B3LYPD3/6-31+G(d) level in combination with
solvation free energies in THF calculated with the SMD continuum solvation model at B3R}¥RB1+G(d)
level. See experimental part forfluer details.

16D, B. Collum, A. J. McNeil, A. RamireAngew. Chem. Int. E@007, 46, 3002.
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s ¢ a | & df mepadtion are following similar trends as the reportéd palues of the selected-ig@
reference acid¥? It remainsstriking that the lithiation oformamides10 can be performed in the
presence of enolizable ketones likéai d and 11g which are much stronger-8 acids pK, ~20).

This demonstrates that the lithiationldf by LDA is kinetically strongly favoredpresumably due to

an exceptionally strong complex induced proximity effétfThe coordination of the formamide
moiety to LDA is thus a kineticallydetermining factor which surpassesHC acidity and
thermodynamic considerations. Similar coordination effects were recently described for rationalizing
the regioselectivities of the lithiation of a series of aromatic dithianes, which was mainly coriyolled
coordination effects and kinetics, rather by than the thermodynamics of litHf&t5h.

AAGgg AAGogg
kcal mol! kcal mol!
— +4 (THF) +4 —

—( ’/’/LI—EN +2.5
S .
— +2 (THF) +2—
o (THF)
~ol . .Li /
, |- 2sLi(THF 4( 0.0
oo 20 J-cLi(THR) P No 22 504
N N TN
| Li----- (0]
L (THF) L
— 6 _6 —
-7.2 i
—=  N-Li(THF)

(THF) E

— -10 i(THF) \‘\L_,a’:>© -10 —
113 C[ = e —

12
N -Li(THF)

Figure 6: Theoretically calculated relative free energies of LBwediated lithiation taking LDA as the
reference in THF at 25 $CQef 165 Left scale: Assuming monomeritrsctures; Right scale: dimeric structures.

Overall, his Barbier continuous flow procedurenstitutes amxtension of the previously reportad
situ trapping metalatior2® and it opens the way to design other Barbier type reactions involving

unstable intermediates.

1573) P. BeakA. I. Meyers,Acc. Chem. Resl986,19,356 b) D. R. Hay, Z. Song, S. G. Smith, P. BeakAm.
Chem. Soc1988 110, 8145; c)M. C. Whisler, S. MacNeil, V. Snieckus, P. Beakgew. Chem. Int. E@004
43, 2206.

188 3. Chandrasekhar, J. G. Andrade, P. von Ragué Schleyen.Chem. So¢1981, 103 5612.
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3 Preparation of Polyfunctional Diorgano-Magnesium and-Zinc Reagents
Using In Situ Trapping Halogen-Lithium E xchange ofHighly

Functionalized (Hetero)aryl Halides in Continuous How

3.1 Introduction **°

Organolithiumsare key organometallic intermediates in organic syntfiédise halogenlithium
exchange reaction i standard preparation of organolithium compolfid® and provides
additionally access to a broad variety of other useful organometallic speafésr
transmetalatioA®**"* The scope of halogelithium exchange reactions is limited by the presence of
sensitive functional groups in these unsaturated substf&tpeecluding the presence of an ester, a
nitro, an azide or an isothiocyanato grd(fif hesdimitationswere avoided to some extent by the use
of cryogenic temperaturé&® special protecting group$ or by fast consecutive transmetalations to
less reactive organometalli€sContinuous flow setupbave emerged as a powerful tool for solving
synthetic problem$* including some aforementioned functional groupncompatibilites of
aryllithium compoundsFor instanceYoshidaand coworkershave utilized fast mixingn custom
made flow setupandthethusenabledeaction timsin the second tsubmillisecond regimen order

to achiewe the generatiomnd subsequent reactiof lithiated arenes bearirgdehyde, ketonesster,
isothiocyanate, cyano or nitro groupsRecently,Knocheland coworkersiave shown that the scope
of metalations of arese(Ar-H) with a strong base like TMPLi igicreased by performing these
metalations in the presence of metallic salt®ff).'’® The resilting organometallics (AMet) are
more stable than the initially generated lithium reagentscamde broadly functionalized with a

%9 The compound€0b, e, f, 21b, c, 20w,aand 24hi j were synthesized by DM. Ketels after a common
establishment of the general reaction conditions. The comp@@uilgl, gi I, ni g, ti v, Xi ac, afi ai, 21a, T

d, 24ai c and24ei g were synthesized by N. Weidmann under guidance of Dr. M. Ketklsompounds will
be shown for the sake of completeness, analytical data is found in the corresponding publication.

19 5ee chapte.1.2

1 a) A. Boudier, L. A. Bromm, M. Lotz, P. Knochebngew. Chem. Int. EQ200Q 39, 4414; c) D. R.
Armstrong, E. Crosbie, E. Hevia, R. E. Mulvey, D. L. Ramsay, S. D. Robe@mm. Sci2014, 5, 3031; d)
M. Uzelac, A. R. Kennedy, E. Hevia, R. E. Mulvéyngew. Chem. Int. EQ016 55, 13147.

123) S. Cook, B. J. Wakefield, Chem. Soc. Perkin Trans.198Q 2392; b) M. Hatano, S. Suzuki, K. Ishihara,
Synlett201Q 321; ¢)T. Kim, K. Kim, J. Heterocyclic Chem201Q 47, 98; d) K. Kobayashi, Y. Yokoi, T.
Nakahara, N. Matsumotd,etrahedron2013 69, 10304; e) K. N. Plessel, A. C. Jones, D. J. Wherritt, R. M.
Maksymowicz, E. T. Poweleit, H. J. Reidbrg. Lett.2015 17, 2310; f) A. Matsuzawes. Takeuchi, K. Sugita,
Chem. Asian 2016 11, 2863; g) K. Kobayashi, Y. Chikazawdelv. Chim. Act2016 99, 33

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

17 See chapte? for references

1753) A. Nagaki, H. Kim, H. Usutani, C. Matsud-i. Yoshida,Org. Biomol. Chem201Q 8, 1212; b) H. Kim,
A. Nagaki, Ji. Yoshida,Nat. Commun2011 2, 264, c) A. NagakiK. Imai, S. Ishiuchi, Ji. Yoshida,Angew.
Chem. Int. Ed2015 54, 1914; d) H. Kim, H. J. Lee, ER. Kim, Angew.Chem. Int. Ed2015 54, 1877; e) A.
Nagaki, Y. Tsuchihashi, S. Harakli-i. Yoshida,Org. Biomol. Chem.2015 13, 714Q

18 A, Frischmuth, M. Fernandez, N. M. Barl, F. Achreiner, H. Zipse, G. Berionni, H. Mayr, K. Karaghiosoff, P.
Knochel,Angew. Chem. Int. E@014 53,7928; b) M. R. Becker, P. Knochéingew. Chem. Int. EQ015 54,
12501; c) MKetels, D. B. Konrad, K. Kaghiosoff, D. Trauner, P. Knoch@lrg. Lett, 2017, 19, 1666.
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variety of electrophiles @& The scope and reaction conditions of thisitu trapping procedure are
further improvedby switching from a batch to a continuous flow set8pheme28A).1"®° Aware of
the fast rate of the halogdithium exchangé&® an analogou# situ trapping exchangeproceduravas

envisioned Scheme28B) and is described in the following.

(A) In situ trapping metalation Met = Mg, Zn, Cu

X = Br, |
TMPLI ( N . .
\> 0°C,40s Y, = Cly, CN-2LiCI,

Ar-[Met] — »‘ Ar-E ‘ Cly-2LiCl

Ar-H + Mety,{_—

(B) In situ trapping Hal/Li exchange

p -60 °C to 25 °C,
"BulLi or PhLi \\>7\ 0.06-53 s

(Het)Ar-[Met] —[ ArE ]

(Het)Ar-X + MetY,( )—

Scheme28: In situtrapping metalatiofA) and exchang€B) in commercially available continuous flow setups.

First, the reaction conditions of theominelithium exchange for 4bromobenzonitrile X7a) with
"BuLi as exchange reagewere optimizedor a convenient reaction temperature of 0(T@ble8).
Optimized flow conditionsising 1.5 equiviBuLi in absencef a metal salt ledo the allylated arene
20a in 17% GGyield after quenching withallyl bromide (9a, 2.5 equiv.) and CuCN-2LiCF®°
(10mol-%; entry1). This low yield may be due to the competitive additaf'BuLi or the newly
generated aryllithiunto the cyano groupnd polymerization’®*’” In contrast, ddition of the wel
soluble MgC}-LiCl (1.1equiv.)to 17a under otherwise identical conditions lemlthe magnesiated
speciesl8aandthe allylated producQain 57% (entry2).

Table 8: Optimization of thein situ trapping bromindithium exchange for ©bromobenzonitrile X7a) with
"BuLi using a batch allylation to determine the amount of formed organometal spéziesding to allylated
product20a.

51 Time [s], Temperature [°C]

"BuLi () CN N
MetY, 5‘

Flowrate P,+P,
CN [mL-min""] in situ

1-2
+MetY,( J Li [Met] J Allyl bromide (19a)
LV A 18a  CUCN2LICI(10mol%) |
2 .

— 20a

Br
17a  MetY, = MgCl,-LiCl, ZnCl,, CuCN-2LiCl

Entry MetY, "BulLi Temperature  Flowrate Time Yield of 20a
(equiv.) equiv. [°C] [mL min] [s] [%0]?
1 i 15 0 6.0 2.50 17
2 MgCl,-LiCl (1.1) 15 0 6.0 2.50 57
3 MgCl,-LiCl (0.5) 11 0 6.0 2.50 62
4 MgCl,-LiCl (0.5) 15 0 1.0 15.0 68

Y7 Only traces of starting material were recovered. The reactions obtained by treating benzonitrilBsiiith
are known to lead to complex mixtures with a difficult to characterize compusigb172a.
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Table8 continued

5 MgCl,-LiCl (0.5) 1.5 0 16.0 0.94 78
6 MgCl,-LiCl (0.5) 1.5 0 6.0 2.50 85
7 MgCl,-LiCl (0.5) 1.5 25 6.0 2.50 38
8 ZnCl, (0.5) 15 0 6.0 2.50 82
9 ZnCl,(0.5), batch 1.5 0i( 178 stirred 5.01 90 07 20
10 CuCN-2LiCl (1.1) 1.5 0 6.0 2.50 71
11 ZnCl, (0.5) +"BulLi (1.5) 0 6.0 2.50 0
12 MgCly-LiCl (0.5) +"BuLi (1.5) 0 6.0 2.50 26

2 GCjield determined using dodecane as an intestahdard. 200-1200rpm stirrer rate, 0.5nmol scale.
¢ Metallic salt MetY , mixed with"BuLi in batch af 78 °C and then injected in flow.

Notably, in presence dflgCl,-LiCl, the majority of unreacted stary material was recovered, which

was not the case in absence of the metal salt. It was further found, that conversion and concomitantly
the yield of20a were improved by lowering the equivalentsMgCl,-LiCl (0.5equiv., entry3) and
increasing the equivalents @uLi (1.5equiv., entriesi 7). Comparison of different flowrates and
residence times showed a pronounced sensitivity of the reaction to changes in the flowrate and thus
mixing efficiency with an optimum of yield (85%yas achieved at énL-min™ total flowrate and

2.5sec residencéme (entriesti 6). Conducting the reaction at 26 instead of GC under otherwise

optimal conditions caused a decrease of the yield (&htkyoweverthe optmum temperature of @C

for the flow in situ trapping exchangés remarkable, if compared witanalogous batch reaction
protocols whi ch resort t°© and tower withgut exceptiofis?* 8 Instead of
MgCl,-LiCl, also ZnC} or CuCN-2LiClcould be usedsin situtransmetalating agents leading2@a

in 717 82% GGyield (entries, 10i 11). Notbaly, the attempted batch variant of thesitu trapping

with ZnCl, under a variety of conditions gave a maximum vyield of ZWbat -78 °C (entry9). To

confirm the order of exchange andrsanetalation, the metal saltdétY,) were premixed witfiBulLi

in batd at178°C for 20min in the same stoichiometry present during ihesitu trapping The
resultingsolutions ofzinc- or magnesite specié€® werereactedwith aryl bromidel7ain flow using

the optimizedin situ trapping conditions. In the case of the zaie species no reaction occurred
(entry10)'"®% and in the case of the magrasispecies only 26% Ggield of the allylated aren20a

were obtained (entry1)."® This indicates that zincate and megrate species are unlikelydocount

for the observecdhigh-yielding exchangeeactionandhencethe order ofreaction stepss assumed to

beahalogenlithium exchange followed by transmetalation.

178 For exchange reactions betwearyl halides and metalate species, compare: a) A. Inoue, K. Kitagawa, H.
Shinokubo, K. Oshima]l. Org.Chem.2001, 66, 4333 and references therein; b) F. F. Kneisel, M. Dochnahl, P.
Knochel, Angew. Chem. Int. Ed2004 43, 1017; c) E. Gioria, J. M. Martindlarduya, P. Espinet,
Organometallics2014 33, 4394; d) T. D. Blmke, W. Clegg, P. Garcilvarez, A. R. Kennedy, K.
Koszinowski, M. D. McCall, L. Russo, E. Hevidhem. Sci2014 5, 3552.
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3.21In Situ Trapping HalogenLithium Exchange on Electron-Poor Benzonitriles and Electron

Rich Anisole Derivatives

The intermediate magnesium speci@a was used in various quenching reactiovith electrophiles.
Thus, an iodlysis led to aryl iodid0b in 83% isolated yield Table9, entryl). The addition of
diarylmagnesiuni8a to benzaldehydel@c) provided benzylic alcohdOc in 70% yield (entry2).
Batch acylation of the magnesium reagé&a in the presence of CuCN-2LiCl with acyl chlorides
such as Zhlorobenzoyl chloridel@d) and pivaloyl chloride X9¢) led to the expected keton2éd
and 20e in 85% and 7% yield (entries3i 4). Alternatively, anin situ trapping brominelithium
exchange in the presence of CuCN-2LIiCl (instead of M¢{Il) produced arylcoppet8b, which
reacted similarly wittbenzoyl chloridg19f) providing benzophenordf in 80% yield(entry5). The
range ofbenzonitrile substrates was extended ttee 2-bromo and 4-bromao-2-fluoro-derivatives
(17b7 ¢) which were converted to the corresponding diarylmagnesium spd&esr{d 18d) under
modified conditions (°C, 9mL-min®, 1.7s). Thus, after batejuenching with ketones, allyl
bromides or acythlorides in the presence of CuCN-2LiCl the corresponding pro@agisl were
obtained in 68 78% yield (entrie$i 11).

Table 9: In situ exchangetransmetaktion for sensitive aryl adides and bromides of typ&7 leading via
intermediate diorganozincs anagnesiums of typg8to polyfunctional arenes of tyf9 andbiaryls21.

Entry Metal species (T, Flowrate,t Electrophile Product/Yield
IO o
NC l2 NC
1 18a (0 °C, 6mL-min™, 2.5s) 1% 20b: 83%
OH
CHO
(O
2 18a 19¢ 20c: 70%
o (0]
NC
3 18a 19d° 20d: 85%
(e]
o) Bu
tBu)kCI Nc/<j)L
4 18a 19" 20e: 78%
O (@]
L5 O OO

5 180 (0°C, 6mL-min®, 2.5s) 19 20f: 80%
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Table9 continued.

HO
Mg o] Bu
I T
CN Bu CN

6  18c(0°C, 9mL-min?, 1.7s) 19¢° 20g: 73% (.r. = 84:16)
o \V4
/©)W OH
: L,
7 18¢c 19n¢ 20h: 70%
CO,Et
CO,Et @
Bf\/§ CN
8 18c 19¢ 20i: 68%

@
%O
o
! EEO
Z
w

o
N
Q
~
2
>

9 18¢ 19®

F Mg
X
NC

10  18d (0°C, 9mL-min?, 1.7s)

w m
&
o
o o
o
z
z
(@] bl o) -
o = 4
o
; ;I
@ al

11 1&d

Zn
L
CN

0l: 74% (76%)

=
L
o

o
0O

12 18 (0°C, 9mL-min®, 1.7s)" 19k9 20m: 80%
(0] Br
Br O
Mg
MeO MeO
13 18 (0°C, 12mL-min™, 25s) 19°f 20n: 68%
2 i Cl
MeO
14 18f 19d°f 200: 56%
(6]
°
F MeO F
15 18f 19m®f 20p: 67%
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Table9 continued.

F O o F
" ° 480
MeO F MeO F
16 18f 19n° 20q: 61%
CN
Mg CN
gL T g
MeO | MeO
17 18f 1% 21a: 88%
NO
o) Mg NO- o 2
S Lo
18  18g(0°C, 18mL-min?, 17s) 19’ 21b: 85%
CO,Et
CO,Et O
< o nd
19 189 21c: 70%

2 Yield of analytically pure isolated produdtletal species prepared from the corresponding lrghide
® Metal species prepared from the correspondingiadjtie® 2.0 equiv.,10 min, 25°C.21.17 1.5equiv.,11 2 h,
0°C.21.1equiv. CUCN-2LiCl was addebil.5equiv., 11 2h, 0°C? 2.5equiv.,10 mol-% CuCN-2LiCl, 30min,
0°C." Reaction performed on I@imol scale, 3, 0°C. Crosscoupling conditions: 1.5 equiv. Ar 2 mol-%
PEPPSIIPr, 25°C, 10h after transmetalation with 1efquiv. ZnC}.

While mostreactionswere performed on a OrBmol scalethe in situ trapping exchange reaction
protocolcan beconvenientlyscaled up by simply extending the runtime. Thus, benzoph&ttbhmeas
prepared on a 1@mol scale in 76% vyield (entryl) without further optimizatior®’ It was also
possible to perform an iodidghium exchange on-bbdobenzonitrile {7d) using similar conditions
(0.5 equiv. ZnCl,, 0°C, 6mL min™, 2.5s), providing the diarylzinc specidse. Allylation with 3-
bromocyclohexenel@k) afforded1,2-disubgituted benzonitrile20m in 80% vyield (entryl2). Also
electronrich aryl bromidedike 4-bromoanisole 7€) were transmetalateid situ in the presence of
MgCl,-LiCl and quenched witlvariousacyl chlorides19i n in batch leading to ketoneg0ni g in

56168% vyield (entried3i 16). Furthermore, electrerich 4-bromoanisole 17e and 5-

bromobenzaf][1,3]dioxole 17f furnished diarylmagnesiunigfi g under the established conditions,

which after batchransmetalation with ZnglunderwentNegishi crosscoupling® with a range of
aryl iodides 191 g in the presence ofOr g a catlgst PEPPSIPr™ leading to polyfunctional
biphenyls2lai cin 701 88% yield entries17i 19).

"N, Hadei, E. A. B. Kantchev, Org Lét.20090®05 e, J.

Chri st
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3.3In Situ Trapping HalogenLithium Exchange on QubstratesBearing Highly Sensitive
Functionalities

Considering halogelithium exchanges with more sensitive groups than a nitdldy halogen
lithium exchanges af-nitroarenestert-butyl- andtriethylsilyl-trisilanol benzoic esterand an alkenyl
iodide containing an aliphatic azideT 100 °C under batch conditions are knaWft’® Furthermore,
several flow protocols for esterketone and nitrecontaining arenes applyirfgst micromixing and
residence times down to 0.004%re reported” However, the fast kinetics of halogéthium
exchangecould alternativelyallow anin situ transmetallatiorexchangewith aryl halides bearinthe
aforementioned and even markallenging functionagroups Testing this hypothesist wasfound
that 4-iodophenyl azid€® (17g) decomposes completelyn the absence of a metal saipon
performing an exchangewith 1.0 or 1.%equiv. "BuLi in flow at 0 °C for 2.50r 15s (Tablel0,

entries1i 3).'%

Table 10: Product distribution for the iodirkthium exchange witil7g using"BuLi as exchange reagent in
presence or absence of ZpGhder various conditions, detected by an allylation quench.

i o * Deviations from standard
0°C,2.5s, 6 mL-min conditions noted below

"BuLi (1.5 equiv)* ()

Ny } .
N3\©\I \©er1 J /6 Q/\

18h Allyl bromide (19a, 2.5 equiv.) 20r
17g CuCN2LiCl (10 mol-%)
+ ZnCl, (0.5 equiv.)* -40 °C, 20 min
Entry Deviation from standard conditions Recoveed 17g [%]? Yield 20r [%]°
1 No saltadditive traces 0
2 No saltadditive, 1.0equiv."BuLi traces 0
3 No saltadditive, 1.0equiv."BuLi, 15 s traces 0
4 0.5equiv.ZnCl, consecutive 43 8
5 none 23 53
6 0.5equiv. ZnC}in sity, 1.25 sj 40°C, 12mL-min’? 11 72

2 Determinedusing dodecane as an internal standbEtry 6 refers to isolated yield .(Ammol), entries 15
were determined by GGsing dodecane as an internal standard

In contrast, if the initially formed lithium species was transmetalated with,Zn®ktch after 2.5 at
0°C (fast consecutive quenching, endry the product20r is obtained in only 8% vyield and
substantial decomposition of the starting material was obsdfvetdndardin situ quenching (OC,
2.5 s, 0.5 equiv. Znglentry 5) was applied 53% of allylated prod@€ as well as 23% starting

180 For previous flow reactions ith unstable azgompounds, see: &. J. Smith, N. Nikbin, S. V. Ley, H.
Lange, I. R. Baxendal®rg. Biomol. Chem.2011, 9, 1938; b) F. R. BotHamdan, F. Lévesque, A. G. O'Brien,
P. H. SeebergeBeilstein J. Org. ChenR011], 7, 1124; c) M. Teci, M. Tilley, M. A. McGuire, M. G. Organ,
Chem. Eur. J2016 22, 17407, d) D. Dallinger, V. D. Pinho, B. Gutmann, C. O. Kagh&rg. Chem.2016
81, 5814; e) H. LehmaniGreen Chem2017, 19, 1449.

1811n these reactions, neither the expected allylation praziiavas found nodistinctidentifiableproducts



B. RESULTS ANDDISCUSSION 58

material were recovered. Finally, adaptivayiousparameters of theitu trapping(such adlowrate
and temperatujded to thedesired allylated phenyl azidr in 72% isolated yieldfter the batch
allylation (entry6).*®Analogousy to the prior example m-allyl azidobenzene2Qs) was obtained in
83% vyield from the iodidel7h (Tablell, entryl). Furthermore,nitro-, ketone and estegroup
containing aryl halidewere testediue to thepivotal roke of these functionalitiem organic synthesis
Thechallengegposedby these functional grouphie to competitive electron transfer and nucleophilic
addition reactionswith organometallicreagents are weknown'’®*’? In order to access aryl
organometallics with such functional groups, the best lithiation exchange reagent was found to be
PhLi instea of "BuLi. Interestingly, also with PhLi, the exchange is fdStéman a comtitive
transmetalation of PhLi, which allova efficient generation of diarylzincs andagnesiumsi@ i

s). Thus, bis(nitroaryl)zincs andmagnesiumd§ i m were generated from the corresponding aryl
halides17i7 | bearingo-, m andp-nitro groups. Allylation, acylation and addition to indole aldehyde
19s or ketonel%h in batch furnished the desired functionalized nitro ar@@sgx in 601 93% vyield
(entries2i 7). Similarly, aryl bomide 17m, containing a ketongave biszinc speciek8n by in situ
trapping exchange reactionsiat0 °C in the presence of ZnCITypical quenching conditions led to
the allylated produst20yi z in 651 78% vyield (enties8i 9). Furthermore, ethyl 4odobenzoate
(17n) led to ketone®0aai ab and to the secondary alcoliflac via the diarylmagnesiurti8o in 701
78% (entrieslO1 12). It was further possible to performbsominelithium exchange on aryl bromides
bearing ap-, m, and o-isothiocyanate moiety without subsequenicleophilic additions to the
isothiocyanaté’®*"* After various copper mediated allylations or acylatiotise desired products
20adi ah were obtained in® 68% Yyield (entried31 17).

Table 11 In situ exchange arsmetaktion for highly sensitive aryl adides and bromided7 leading via
intermediate diorganozisor -magnesiums of typ#8 to polyfunctional arenes of typ20.

Entry Metal species (T, Flowrate, t) Electrophile Product/Yield
N3 Zn N3 =
2
or PO G
1 18i (1 40°C, 12mL-min™, 1.25s)° 19a° 20s: 83%

Zn
I B’ g
NO, ©/ NO,

2 1§ (120°C, 12mL-min’, 1.25s)’ 19k° 20t: 93%
EtO,C
EtO,C
- Q
NO,
3 1§ 10r ¢ 20u: 78%

182 5caleup of this reaction from 1 to fmmol provided aryl azid&0r in 60% yieldThe losses are likelgue the
use ofandher, newly prepared batch of azide starting material.
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Tablel1 continued.

11

12

13

14

Zn
2

MeO NO,

18k (1 20°C, 12mL-min™, 0.10s)"

O Mg )0
@2 N

18 (1 20°C, 20mL-min™, 0.06s)° 19¢°
(o]
v)ku
18 19t
O
Mg
QL '
O,N F
18m (1 60°C, 16mL-min™, 0.08s)’ 1%h°
F (0]
L,
2 Zn
18n (1 40°C, 20mL-min, 0.06s)’ 1%°
18n 19°
O
Mg Cl
L
EtO,C
180 (1 40°C, 16mL-min*, 0.94s) 19uf
(6]
‘Bu)kCI
18 19¢'

o)
180 19v®
Zn
@K
NCS Hex X" Br
18p (1 20°C, 12mL-min, 1.25s)’ 190°

=

3

8 §
\

N

(@]

N

z
- N
5 4
>

AN

z R

<
S

NO,

&}o

zZ
(@]
M
@]
VA

20aa 65%

EtO,C

féo

20ab: 70%

Bu

Q.

EtO,C
20ac. 78%
EtO,C
| N
o
OH

20ad: 75%

Hex

s

NCS
20ae 68%
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Tablel1 continued.

SCN Zn
r

[0}
2
é\

15  18q (1 60°C, 18mL-min*, 0.07s)’ 19a° 20af: 65%
Zn =
L "
SCN SCN
16 18 (160°C, 9mL-min?, 0.15s) 19° 20ag. 67%
NCS O

Mg
CE:
NCS

O
o
F

5

F

17 18s(120°C, 16mL-min™, 0.94s)’ 19m’ 20ah: 63%
(0] NCS O
T 0
Cl Cl Cl Cl
18 18s 19K 20ai: 60%

2 Yield of analytically pure isolated product.Metal species prepared from the corresponding arydedi
¢2.5equiv., 10mol-% CuCN-2LiCl, 30min, 0°C. ¢ Metal species prepared frorhet corresponding aryl
bromide.® 1.1 1.5equiv.,11 2 h, 0°C." 1.5equiv.,1.1equiv.CUCN-2LiCl, 1i 2 h, 0°C., 30min, 0°C.

3.41In Situ Trapping HalogenLithium Exchange on Heterocycles

The preparation of polyfunctional heterocyclic organometallics is of key importance for the
pharmaceutical and agrochemical uistty®® Bearing this in mindsulfur and nitrogercontaining

heterocyclic halides were subjectedraitutrapping exchange reactio(i&able12).

Table 12 In situ trappingexchangdramsmetabtion for heteraryl iodides and bromides of tyg#2 leadingvia
intermediate diorganozisor -magnesiums of typ23to polyfunctional arenes of ty .

Entry Metal speciegT, Flowrate, } Electrophile Product/Yield
O
Mg Br O
B% @A i B
@ s &
1 23a (0 °C, 6mL-min*, 10s)" 19° 24a: 72%
o OH
F
I\
F s
2 23a 19h° 24b: 77%

183 For a comprehensive introduction, sapComprehensive Heterocyclic ChemistryHids.: C. W. Rees, E. F.
V. Scriven), Pergamon, Oxford996 b) T. Eicher, S. Hauptmann, A. Speich&éhe Chemistry of Heterocycles,
SecondEdition, Wiley, Weinheim,2003 For recent advances in heterocycle functionalizeation, geR. E.
Miller, T. Rantanen, K. A. Ogilvie, U. Groth, V. Snieck@rg. Lett.201Q 12, 2198;d) C. Schneider, E. David,
A. A. Toutov, V. SnieckusAngew.Chem. Int. Ed2012 51, 2722; e) J. L. Jeffrey, R. Sarpor@rg. Lett.2012
14, 5400; f) F. Sandfort, M. J.
3319.

QAagewe.Chen. Int. Bd2017&G6,r nel | a,
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Tablel2 continued.

=
or Mo \N‘
@2 HO
3 23b (0 °C, 18mL-min™, 0.83s)f 19h° 24c: 62%
Mem Me._
SN"5zn P Sy | N
4 23c (0°C, 6mL-min?, 53s)° 1% 24d: 63%
g o UQ
N N
5 23d (0 °C, 12mL-min™, 1.25s) 19k 24e: 68%
oMo OMe
N\/ | COE NP CO2E
MeO” “N”% zn Meo)\\N‘ N
6  23e(140°C, 16mL-min?, 0.08s)’ 1% 24f: 70%
OMe OMe
N7 | CO,Et . )N\\/ | Co;Et
Meo)\\N 7 Mg B MeO™ N L
7 23 (140°C, 20mL-min™, 0.06s)° 19¢° 24g: 68%
OMe a Q N/OMeO Cl
MeO N Cl Cl Cl
8 23g (1 20°C, 9mL-min™, 1.7sf 19x° 24h: 72%
Br O OMe O Br
N7
<Al a4
9 23y 19° 24i: 63%
CN OMe OH CN
Culneas
MeO N Cl
10 23g 19y¢ 24j: 59%

2 Yield of analyically pure isolated product. Metal species prepared frometitorresponding aryl bromide.
¢1.5equiv.,1.1equiv. CUCN-2LiCl, 1i 2 h, 0°C. ® 1.1equiv.,1i 2 h, 0°C. ¢ Metal species prepared frothe
corresponding aryl iodid&2.5 equiv, 10 mol-% CuCN-2LiCl, 30min, 0°C.

For instance, -bromothiophene22a was convertedeadily to the reactive diheteroarylmagnesium

species23a at 0°C within 10s without isomerizéion to the 2magnesium speciegntry1).'®

184 The mentioned isomerizations are known to occur withebrbered heterocyclic-Bthio-derivatives above
140°C: a) I. Bock, H. Bornowski, A. Ranft, H. TheiBetrahedronl99Q 46, 1199; b) Y. Hayashi, K. Okano, A.
Mori, Org. Lett.2018 20, 958.
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Subsequentcoppermediated batch acylation with -Bromobenzoyl chloride 10) led to the
heterocyclic keton@4ain 72% yield andbatch addition to &onel%h led to tertiary alcohoR4b in
77% vyield (entry2). To expand the range of substrates, different pyridines and pyrimidines were
subjected successfully to th@ominelithium exchange.Thus, pyridine derivative22b and 22c
underwent thein situ trapping exchange (entri@$ 4). Quenching of the bigridyl-zinc and
-magnesium reagen®sb and23c in batch led to the tertiary alcoh®fic and allylated picolin@4d in
621 63% vyield (entrieSi 4). Furthermore, S®romopyrimidine 22d) and the fully substituted
iodopyrimidines 22e and 22f were transmetalateid situ using short reaain times (0.06 1.25s) at
140t0 0 °C (entries4i 10). By using PhLi, an ester was tolerated providingélhdatedor acylated
pyrimidines 24f and 24g in 68i 70% vyield (entrie$i 7). Interestingly,uracil derived, electrenich
iodopyrimidine22g underwent an effieint exchange using the sameethodand the reactive metal
species23g was quenched with different benzoyl chloridé@ and 19 and aldehydel9y in
subsequent batch reactions leadingk&tones24h and 24 and alcohol24 in 59i 72% yield
(entries81 10). Despite extensive experimentation, timesitu trapping halogen lithium exchange
could not be extended to alkenyl halide substrates, which might be due todiffettent kinetics of

halogenlithium exchange with alkenyl substrates.
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4 Synthesis and Reactiity of Triazaphenanthrenes

4.1 Introduction 8°

Six-memberedN-heteocyclic molecules have found merous applications due to their loigical or
physical propertief® Especially a number of privileged ring systems have been extensively studied

(e.g.pyridines™® quinolines®isoquinolines®® acridine$™ or diazine&™).

0D @

25 26 27
RO
=)=t
N
3

R
28a-n: R', RZ, R® = H, CI, Alk, Ar, Het, COR

Figure 7: Fused sixmemberedN-heteroaromatics. Triazaphenanthrenes of Beere target structures.

Annelated sixmemberedN-heteroaromatics bearing one nitrogen atom per figufe 7), such as

naphthyridines Z5)*°? are much less studied, and the corresponding triazaanthra@es gnd

194

triazaphenanthreneg®)" are almost unknown.

18 The synhesis leading t®8a was developed and performed by Dr. S. Fernandez, and repeated by M.
Karpacheva. Analytic data is found in the corresponding publication. The synthesis of functionalized derviatives
28d7 m was optimized and performed by M. A. Ganiek.

188 3) R. Chinchilla, C. Najera, M. Yu§hem. Rev2004 104,2667; b)Modern Heterocyclic ChemistryEds.:

J. AlvarezBuilla, J. J.Vaquero,J. Barluenga)Wiley, Weinheim,2011 (c) C.-V. T. Vo, J. W. BodeJ. Org.
Chem.2014 79, 2809.

18732) G. D. Henry,Tetrahedron2004 60, 6043 b) M. D. Hill, Chem.Eur. J.201Q 16, 12052 ¢c) T. L. S.
KishbaughProg. Heterocycl. Chen2012 24, 343; d) C. Allais, J-M. GrassotJ. Rodriguez,T. Constantieux,
Chem.Rev.2014 114, 10829.

188 3) N. M. Ahmad, J. J. LiAdv. HeterocyclChem.2003 84, 1; b) J. P. MichaelNat. Prod. Rep2005 22,
627; c) S. A. Yamashkin, E. A. Oreshkir@hem. Heterocycl. Comp@006 42, 701; d) R. IKhusnutdinov, A.

R. Bayguzina, U. M. DzhemileJ, OrganometChem.2014 768 75; e)Y. Mao, C. Zhu, Z. Kong, J. Wang, G.
Zhu, X. RenSynthesis2015 47, 3133; f) Y:R. Liu, H-Y. Tu, X.-G. Zhang,Synthesis2015 47, 3460.

1893) D. Badia, L. Carrillo, E. Dominguez, I. TellitRecent Res. Dev. OrGhem.1998 2, 359; b) R. He, ZT.
Huang, Q:T. Zheng, C. WangTetrahedron Lett2014 55, 5705.

1903) P. Belmot J. BossonT. Godet, M. TianoAnti-Cancer Agents MedChem.2007, 7, 139; b) R. Kumar,

M. Kaur, M. Kumari,Acta Pol.Pharm.2012 69, 3.

11 3) L. Yet, Prog. Heterocycl. ChenR012 24, 393; b) F. Lassagne, F. Chevallier, T. Roisnel, V. Dorcet, F.
Mongin, L. R. DomingoSynthesi®015 47, 2680; c) A. V. Biitseva, I. V. Rudenko, O. V. Hordiyenko, I. V.
Omelchenko, A. ArraultSynthesi®015 47, 3733.

1923) C. F. H. Allen, Chem. Rev1950,47, 275;b) W. W.Paudler, T. J. Kress, Org. Chem1967,32, 832;c)

V. P. Litvinov, Russ. Chem. Ref2004 73, 637; d) J. Egea, C. de los Ri&xrr. Top. Med.Chem.2011, 11,
2807; e) R. Greiner, R. Blanc, C. Petermayer, K. Karaghiosoff, P. Kn&mdgtt2016 27, 231.

1933) S. Carboni, A. Da Settima, Tonetti,J. HeterocyclChem.197Q 7, 875; b) M. Winkler, K. N. Houk).
Am.Chem. Soc2007, 129 1805.

1943) F. H.Case, J. A. Brennad, Am. Chem. So&959,81, 6297; b) W. Czub&Rocz. Chenl 967,41, 289; c)

Y. Hamada, M. Sato, I. Takeucli, Pharm. Soc. Jpri975,95, 1492; d) C. F. Nutaitis, M. Brenna@yg. Prep.
Proced. Int2004,36, 367; e) T. Calilly, F. Hais, R. Legay, H. Oulyadi, S. Raultetrahedror2007,63, 71.
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4.2 Synthesis of TiazaphenanthrenesStarting from Two Pyridine Units

Due to the potentiapplications of triazaphenanthrenes derived f&¥na general synthesis of such
heterocycles using aNegishi crosscoupling® with polyfunctional zinc intermediatesvas

investgated"®®

A retrosynthesi®f pyridonaphthyridine28 involving an intramoleculaN-arylation
of the bispyridine as final ring closureras envisionedpossibly catalyzed by transition met&lsThe
aminopyridine 29) would be readily prepared from the 4p@idine 30) by selective halogenation
and amination of the methyl substituent. This polyfunctionapiigdine 30) would be available by a
Negishicrosscoupling of the Zincated 2chloropyridine 81) with the 3halogenated-picoline 32

Scheme?9).

Scheme29: Retrosynthetic analysis for the synthesis of pyridonaphthyridiBésom two pyridine units

With this synthetic route in mindhé polyfunctional zinc reagents of typ& were prepared from the
correspording 3bromo2-chloropyridinesby a brominemagnesium exchange usifiRyMgCl-LiCI*%
and transmetalation with Zn@l The obtained pyrid zinc reagentsunderwent aNegishi cross
coupling with the iodopicolines3gai b) within 11 5 hin THF at 50°C in the presence of &ol-%
Pd(PPh), (Scheme30).'*® As expected, the presence of electmithdrawing substituents on the

pyridylzinc reagents3(1) significantly lowered therosscoupling efficiency.

195 Q) CrossCoupling reactions. A Practical GuidéEd.: N. Miyaura), Springer, Berlin2002 b) Metakt
Catalyzed Cros€oupling ReactiongEds.: A. de Meijere, F. Diederich), Wiley, Weinhei2004 c) E-i.
Negishi,Angew. Chem. Int. EQ011, 50, 6738.

1% The syntheses of compoun@8 was planned, optimized and performed By. S. FernandezSee: S.
Fernandez, Dissertati®®016 LMU Minchen. M. Karpacheva repeated and extended these syntheses to obtain
material for further functionalization. The functionalization of the obtained compounds as well as further
starting material sytheses were performed during the course of this thesis. The overall results are shown here
for the sake of completeness.

173) B. H.Yang, S. L. Buchwald). Organomet. Chen1999 576, 125; b) M. Taillefer, N. Xia, A. Ouali,
Angew. Chem. Int. EQ007, 46, 934; c) A. Correa, O. Garcia Mancheno, C. BoGhem. Soc. Re200§ 37,

1108; d) D. Guo, H. Huang, J. Xu, H. Jiang, H. LQrg. Lett. 2008 10, 4513; e) D. S. Surry, S. L. Buchwald,
Angew. Chem., Int. E@008 47, 6338; f) F. Monnier, M. TailleferAngew. Chem., Int. EQ009 48, 6954; q)

D. Maiti, B. P. Fors, J. L. Henderson, Makamura, S. L. Buchwal@Chem. Sci2011, 2, 57; h) D. S.Surry, S.

L. Buchwald,Chem. Sci2011, 2, 27;i) M. Corpet, C. GosminiSynthesi®014 46, 2258; j) A. K. SteibS.
Fernandez, O. M. Kuzmina, M. Corpet, C. Gosmini, P. Kno@ai)ett2015 26, 1049.

198 For similar applications, see: a) N. M. Barl, V. Werner, C. Saemann, P. Knét#tetocycles2014 88,

827; b) R. LiYuan Bao, R. Zhao, L. Shthem.Commun2015 51, 6884.

199 various catalyst systems were screened and Pg(Rive the best results in most cases. However, for the
crosscoupling of31a with 32b, better yields were obtained usingndl-% Pd(OAc)/4 mol-% SPhos, sed\. C.

Bruno, M. T. Tudge, S. L. Buchwal@hem. Sci2013 4, 916; b) Y. Yang, N. J. Oldenhius, S. L. Bucd;
Angew. Chem. Int. E@013,52, 615
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32b:R'=Cl

30a: R' =R?=H, 93%
30b: R' = H, R2 = Cl, 40%
30c: R'=CI, R?=H, 68%

Scheme30: Negishicrosscoupling employed in the synthesis of the-pysidines30ai c.

For the introduction of an amino function, them2thyl substituenwas first convertedinto a
chloromethyl grougScheme31). Isocyanuric acid promoted chlorination did not proceed in the case
of electronpoorer bispyridine80c and hence lithiation with LDA, followed by trapping with TMSCI
was performed to generate intermedB@e-TMS, which was chlorinated biyrase® s mé®t h o d .

Direct chlorination: Chlorination via a silylated intermediate:
o
2 o N .c 5
RO T S e A ~ )
‘ 0”"N"So < s 1) LDA, THF < CsF <
cl & Ccl  30a-Cl: R?=H, 81% (@] -78°C,2h (@] C,Clg Cl
Me o 30b-Cl: R? = CI, 78% Me 2) TMSCI MeCN
= =
\ o Z e \ 25°C,12h | [ 1 ™S| refiux,3n [ ) O
N 2 N N N N
CHCl,
reflux, 4-12 h Cl Cl Cl
30a-b 30c 30c-TMS 30c-Cl: 62%

Scheme31: Chlorination of the picolyl derivative30ai c leading to picolyl chloride80(ai c)-Cl.

Gabriel reactiod®* using potassium phthalimide (DMF, 100, 2i 5 h) provided the phthalimides
(33ai ¢) in 69 92% yield. Deprotection of the phthalimide83ai ¢) using hydrazine hydrate in
ethanol gave aminomethyl intermediates of t@8 which underwent a spontaneous ring closure

under thaeaction conditions, providing the dihydrotriazaphenanthre3ves ).

o
2 [o] 2 2 cl Ccl R2
R Z\| R = R Z N R Z\
| N-K 1) NH,NH,-H,0 | . - <
X Cl S X EtOH reflux, 2 h X NH o N
o o |
2N - DMF > 1002NCH§I A Ry DMF 2
100 °C, 2-5h min o
~ “ SN 25°C,2h SN
R! R! R! R!
30Cl-(a-b) 33a:R'=R?=H, 81% 34a-c 28a: 86%
33b: R' = H, R? = Cl, 69% R3=H 28b: 75%
33c:R"=Cl, R =H, 92% 28c: 89%

Scheme32: Gabriel synthesiscyclisation and oxidatiokeading to the azaphenanthre2&ai c.

Treatment with chloranil in DMF (25 °C, 19 led to the aromatized target molecul28a( c) in
751 89% yield Scheme32).

20 For the chlorination using trichloroisocyanuric acid: a) G. E. Jeromin, W. Orth, B. Rapp, W. Qteifd,
Ber. 1987 120, 649; b) U. Tilstam, H. Weinman@rg. Process Res. De2002 6, 384;For the sequencef
lithiation-silylation-chlorination see c) C. L. Fraser, N. R. Anastasi, J. J. S. Lamba)rg. Chem1997, 62,
9314; d) S. A. Savage, A. P. Smith, C. L. Fragefrg. Chem1998 63, 10048.

21y, Ragnarsson, L. GrehAcc. Chem. Re4991, 24, 285.



B. RESULTS ANDDISCUSSION 66

4.3 Functionalization of Triazaphenanthreneswith Organolithium Reagentsat the 6 Position

With the synthesis athese newN-heterocyclesestablishedtheir functionalizatiorwas studied.The
appendages of theeripheralrings arein principle set by the choice of starting materiaé realized
with the products28b’i c. However, $ing this approacfor theintroduction of a substitueit the &
positioncouldbe challengingonsideringhe additional stericatrowding in theNegishicoupling and
Gabriel synthesis(compareScheme80 and Scheme32). Instead, ametalation of the & position
seemed to offer a plausible method to further functionalize triazaphenantB8 kiesvever,various
attempts of metalatios of 28a with TMP-bases (TMPLi, TMEMg-2LiCl, TMPMgCI-LiCl,
TMP,Zn-2LiCl, TMPZnCILiCl®®), even in the presence 8fF; OEb,*°* and undercontinuous flow
conditionsled eitherto complex mixture®r recovey of starting materialAttempted direct additions
of organomagnesium compoungave similar results. However, tireatment o28a with the more
nucleophilicorganolithium reagent35°® at 160 °C for 0.5h led to additiorat the @ position. The
product34d resulting from addition of PhLi36a) could beisolated in modest yiel@Scheme33). If
the crude addition product was directly subjecteemomatization with chloranil (DMF, Z&), the
Cé-functionalized triazaphenanthrer28d was obtained in 93% yield after chromatographical

purification The scope of this additiemxidation sequence was subsequently investigdtallé 13).

(o)
‘ SN . ‘ N 3)c cl
P 1) R%-Li (35), THF P o -
N .60 °C, 30 min NH o
-~ J —
VZ ‘ 6 then0°C, 5min = ‘ R3| DMF,25°C,
~__N 2) sat. aq. NH4CI <N 12h
Met = Li, Mg, Zn 28a 34d: R®= Ph: 52% 28d: R®= Ph: 93%

34e-m 28e-m: 46-87%

Scheme33: Functionalization of azaphenanthre2fta by addition oforganolithium reagents8§) and oxidation
leading to ®-functionalizedazaphenanthren@8di m.

Thus, arange ofaryllithium reagents bearing electrdonating 85b) and withdrawing groups
(35ci d) reacted well with28a, leading to the azaphenanthrerg&ei g in 62i 87% yields after
rearomatizationTable 13, entries 1 3). Also, heterocyclic lithium derivatives smoothly added to the
pyridonaphthyridine 28a. Thus, 2lithiofuran @5e), 2-lithiothiophene 85f), as well as
2lithiobenzofuran 85g) and 2lithiobenzothiophene 36h), led to azaphenanthreneé8hi k in
461 80% yield (entriegti 7). Interestingly, lithio-1-ethoxyether@* (35) reacted well with28a
under these reaction conditions, and tle¢olazaphenanthrene derivatia8 was obtainedin 90%

yield after mild acidic workup and purificatiofentry8). Surprisingly,alsothe alkyllithium reagent

202 3) M. Jaric, B. A. Haag, A. Unsinn, K. Karaghiosoff, P. KnocAglgew. Chem. Int. EQ01Q 49, 5451; b)
Q. Chen, X. Mollat d. Jourdin, P. Knochél,Am.Chem. Soc2013 135, 4958

23 g5ee chaptes.

2043 E. Baldwin, G. A. Hoefle, O. W. Jrever,J. Am. Chem. So&974 96, 7126.
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"BuLi (35) underwentselective ® addition to the azaphenanthrene core without concurrent
metalation, affording the byltsubstituted aphenanthren28m in 76% yield (entryd).

Table 13 Functionalization of azaphenanthrer28d) with organolithium reagents of typ85 leading to
substituted pyridonaphthyridine&8ei m).

Entry Organolithium reager  Product/Yieldf!

)
~ 0
Rl\\ | N
~.N
Z Li R
1 35b: R = 40Me 28e: R = 40Me, 87%
2 35c R=4CF, 28 R = 4CF;, 68%
3 35d: R=3F 280: R = 3F, 62%

(G

4 35 X =0 28h: X = O, 80%
5 35 X =S 28: X = S, 46%
X
6 350: X = O 2§: X = 0, 70%
7 35h: X =S 28k: X = S, 68%
B
Z\
9
M |
OEt _N (o]
8 35 281: 90%
‘ SN
Z N
S |
"BuLi | N
9 35 28m: 76%

4lsolated yieldona 0.Immolscalea f t er puri ycation by .pash column chron

Alkinyllithium however reagents did not give the desired products, and starting material was
recovered. The high selectivity for C6 addition can tentatively be ascribed to a precoordination of the
organolithiums by the N6 nitrogei®©verall it is noteworthythat the described method allows a
functionalization of theazaphenantrene heterocycle by forming @€ bonds without transition

metal catalysis. Such procedures arfe general interestbecause even small transition metal
contaminations can pose sessoghallenges to synthetic applicatiofesg. <107 0.1 ppm Pd in

pharmaceutical$f™¢ especiallywhen weltcoordinatingazaheterocyclicmoieties are present in the
products™®
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4.4 Spectroscopic Characterization of the New fiazaphenanthrene$®

It was notedhat depending on the substituent the color of the new pyridonaphthyridines ranges from
almost colorless28a, 28d) to intense yellowZ8k). As the observable optical transitions allfav

insights into the electronic structure and are of key importance for a potential application of the newly
synthesized materials as dyes or molecular semiconductors, we analyzed the optical properties using
steadystate and timeesolved spectroscopioethods.The UV-Vis spectra of28a, 28d and 28hi k

exhibit a distinct vibrational fine structure with a doupksak close to thabsorption edgeFHgure8

and Experimental pajt These spectral features are sharpest for the particularly rigid molé&ales

28h and28 and appear more broadened for the thiopteamtaining compound28i and 28k. The

overall shape of the spectra close to the absorption edge, however, is very similar among all six
compounds, indicating a similalectronic structure close to the frontier molecular orbitals. While the
bare azaphenanthre@8a absorbs light only at wavelengths belo®03nm, the absorption onset of

the substituted pyridonaphthyridines is-gdfted as the conjugatéesystem is extended.
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Figure 8: a) Optical absorption spectra of the parent azaphenantt2@nend the furanand benzofuran
substituted compound8h and28j (termed4a, 4h and4j in the figurg. For clarity, the spectra were normalized
to the lowenergydouble peak absorption featurdn) (The corresponding photoluminescence (PL) spectra
measured with 300 nn28a) and 365 nm excitatior2gh, j). (c), (d) Time-correlated single photon counting
(TCSPC) traces d8h and2§j, respectively. The instrument response function is displaygcey.

Upon photoexcitation with UV light the compounds emit strongly in thé 480 nm range Eigure 8
and Supporting Information of the respective publicajioWhile the emission maximum seems

almost not affected by the selection of the substituent, the photoluminescence quantum yield (PLQY)

2% The spectroscopic measurements, characterization and interpretation of these compounds was performed by
F.C. Hanusch$s. Reuter, T. Bein, and F. Auras. The results are reproduced here for the sake of completeness.
Further details of the characterizations and spectra are found in the Supporting Information of the corresponding

publication.
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reveals differences between the differently substituted compounds. The highest PLQY of 23% was
observed for28d. Also, the furarcontaining28h and 28 exhibit deent quantum yields of above

10%, whereas the thiophebased analogue®8 and 28k show only moderate PLQYs.
Systematically lower quantum yields for sultontaining heterocycles compared to their oxygen
analogues have also been observed for quinoxaline derivdfiidsese differences might result from

a competing nomadiative deactivation mechanism that is more pronounced for the-satitaining
heterocyclesIn order to analyze these differences in more detail, we studied the PL decay of the
furan and thiophen&ontaining compounds via tiredrrelated single photon counting (TCSPC)
experiments. All four materials exhibit -bkponential decay curves with the lifetimes being
significantly longer for the furan compounds. In particular, the shiiviesst decay compaent (j was

found to be about doubled compared to the thiophene analogues. This observation further supports the
existence of a competing decay mechanism that is more dominant for the thiophene compounds.

2083 Nafe, S. Herbert, F. Auras$, Karaghiosoff, T. Bein, P. KnocheGhem. Eur. J2015 21, 1102.
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5 Mild Chlorohomologationand Bischloromethylationof Estersvia

Continuous Flow Chloroacetate Claisen Reactions

5.1 Introduction 2°7

Mono- and bis Uchloro ketones are characterized by their two distinct, mutually enhanced
electrophilic sites (€CI and C=0; comparg6, X =Cl and37, X = H, Scheme34), which accounts

for their widespread use, particularly in cyclocondensations leading to heterd®cBsch
cyclizations of functionalized precursors are emstnomic and avoid challenging crassipling
steps and transition metal purgiffgthus making novel approaches to -fuactionalizedU-chloro
ketones 36 and 37 an attractive goalA common access tb+halo ketones is the halogenation of
ketones® which especially on scale requires dealing with challenging waste streams, toxic reagents
and corrosivity (Routd, Schemed4).?** Furthermore, such halogenations are known to suffer from
low regioselectivity of chlorination, potential multiple chlorination, and incompatibilities with several
common functionalitie$'%*? In contrast, the acylation of lithium carbenoids allows avoiding the
issue of siteselectivitya priori and enables performing monor bischlorinationat will (RouteB).

Based on the pioneering work dfobrich and Villieras, recent research in lithium carbenoid

27 The compound86ei f, 37h, ni m and40a, ¢, g, k were synthesized by Dr. M. V. lvanova under guidance of
M. A. Ganiek according to the optimized conditions. The compounds are shown here for the sake of
completeness. Analytical data is found in $wpporting Information of theorresponding publication.

283) N. D. Kimpe, R. Verhdn: The Chemistry dftHaloketones{}Haloaldehydes antl-Haloimines (Eds.: S.
Patai and Z. Rappoport), Wiley, Chicheste988 b) A. W. Erian, S. M. Sherif, H. M. Gabé¥lolecules2003

8, 793; c)Name Reactions itdeterocyclic Chemistryd. J. Li, E. J.Corey, (Eds.); John Wiley & Sons:
Hoboken,2005

209 3) C. Valente, S. Calimsiz, K. H. Hoi, D. Mallik, M. Sayah, M. G. Orgamgew.Chem. Int. Ed2012 51,
3314;Angew. Chem2012 124, 3370; b) M. A. D¢fert, JKAM Ghem. ®c.l | i ngs
2013 135 12877; c)M. A. Larsen, J. F. Hartwig). Am.Chem. Soc2014 136, 4287;For an example of
purging metal impuritiesd) J. Recho, R. J. G. Black, C. North, J. E. WaR. D. Wilkes,Org. Process Res.
Dev.2014 18, 626 e) K. K. Hii, K. Hellgardt: Catalysis in Flow: Why Leaching Matter: Organometallic
Flow Chemistry. Topics in Organometallic Chemistiyd.: T. Noél), Springer, Chara2015,249-262.

#0 Typical halogenation conditions: &. R. Fraser, F. Kongsynth. Commuril988 18, 1071; b)Z. Chen, B.
Zhou, H. Cai, W. Zhu, X. ZouGreen Chem2009 11, 275; c) Z. S. Zhoua, L. Li, X. H. H&hin. Chem. Lett.
201223, 1213 d) R. Prebil, S. StavbeAdv. Synth. Catal2014 356, 1266 and sources therein; For other
approaches, see: d) Y. Wang, G. L. V. Damu, J. Lv, R. Geng, D. Yang, C.Biborg. Med. Chem. Lett.
2012 22, 5363; e) M. A. RomerReyes, |. Zaragoz&alicia, H. F. Olivo, M. Romer®rtega,J. Org. Chem.
2016 81, 9515; f) R. D. C. Gallo, A. Ahmad, G. Metzker, A. C. B. BurtoldSbem. Eur. J2017, 23, 16980.

21 For a thorough discussion offBctors in relatedaromatic halogenation, see: 14) Smith, G, A. El-Hiti,
Green Chem2011, 13, 1579 The hazardous and unselective nature of halogenation reactions has prompted the
development of suitable floywrotocols:b) R. Becker, S. A. M. W. van den Broek, P. J.iNwand, K. Koch, F.
P.J. T. RutjeJ. Flow Chem2012 2, 87;c) V. D. Pinho, B. Gutmann, L. S. M. Miranda, R. O. M. A. de Souza,
C. O. Kappe,J. Org. Chem.2014 79, 155;d) M. Movsisyan, E. |. P. Delbeke, J. K. E. T. Berton, C.
Battilocchio, S. V. Ley, C. V. StevenGhem. SocRev, 2016 45, 4892;¢e) D. Cantillo, and C. O.Kapp&eact.
Chem. Eng.2017, 2, 7.

%2 For the instability of NO-,S benzylic, dithiane, allylic md other groups under various halogenating
conditions, see: a) Peter G. M. Wuts, Theodora W. Gregrexne's Protective Groups in Organic Synthesis
Fourth Edition, John Wiley & Sons: Hoboken, RO0G For alkene and alkyne halogenation, see: b) A. $&lis
S. F. KirschOrg. Biomol. Chem2012 10, 804; ¢ A. J. Cresswell, S. IC. Eey S. E. DenmarkAngew.Chem.
Int. Ed.2015 54, 15642
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chemistry has further demonstrated the possibilities of such an appto@ue to the thermal
instability of the involved lithium carbenoid specféd, several flow protocols were devised to

enhance the scalability and practicality of halomethyl lithium chenfitry.

Route A: Halogenation of Route C: Chloroacetate Claisen:

ketones: - Ester as acylation reagent

- Regio-/chemoselective

)OL Cl-y - Mild, scalable and economic via flow
R "Me -HY ™\ OLi
Li. LiOJ\rC|
Route B: Acylation of H* o "o 3g X fo)
lithium carbenoids: Ll A
Li cl -CO,y| R X O R™ "OMe
o g i’ x 39
S
R)‘k LG

Y =ClI, NRR', LG = OR, NMe(OMe)

Scheme34: Different routes towardsis-UUschloroketones36, X = Cl) andU-chloroketoneg37, X = H).

However, several drawbacks of Ro&evill remain: (i) halomethyl lithium reagents are incompatible
with a number of electrophilic functionalities; (i) the availability of ymacleophiles like CECIBr is
increasingly restricted due to environmental legislatfor{jii) monohalehomologation leading to
chloroketone87 usually requires the use of special acylating agents sudlessebamides to avoid
overaddtion.?®*®? From a standpoint of maximizing functional greigferance, minimizing
environmental impact and using broadly available starting materials, a chlorodclketiatm ester
homologation CAC, RouteC) would provide an attractive alternatf?&.In this Claisentype
chloromethylation chloroacid lithium dianion88 undergo acylation with este9. The resulting
primary addition product liberates G@fter the workup and thereby excludes eaddition to, or
enolisation ofketones 36 and 37, which are weklknown challenges in Route B> 2% However an
inspection ofthe scarceliterature on CAC reactions suggests the use of excess amounts of
nucleophilic reagent (up to 4 equiv.) at cryogenic conditio@8 CC forseverahours), likely due to

the limited thermal stability of the lithium acetate dianions and due to the high exothermy of the

213 3) G. Kébrich,Angew. Chem. Int. EAL972 11, 473 and references therein; b) P. Entmayr, G. Kébrich,
Chem. Ber.1976 109 2175; c) J. Villieras, M. Rambaud, R. Tarhouni, B. Kirschle§smthesisl981 68;
TetrahedronLett. 1984 25, 835; d) C. J. Kowalski, M. S. Haqu&, Org. Chem1985 50, 5140; e) V. Pace, L.
Castoldi, S. Monticelli, M. Rui, S. Colli®ynlett2017 28, 879 and references therein; f) G. Parisi, M. Colella,
S. Monticelli, G. Romanazzi, WHolzer, T.Langer, L. Degennaro, V. Pace, R. Luiki,Am. Chem. So2017,

139 13648; g) L. Castoldi, W. Holzer, T. Lang&. Pace Chem. Commur017, 53, 9498; h) V.Pace, L.
Castoldi, E. Mazzeo, M. Rui, T. Langer, W. Holzangew.Chem. Int. E@017, 56, 12677

214 3) A. Nagaki, S. Tokuoka, S. Yamada, Y. Tomida, K. Oshiro, H. Amii, J. Yoshidg, Biomol. Chem.
2011, 9, 7559; b) J. Hartwig, J. B. MettermicN. Nikbin, A. Kirschning, S. V. LeyQrg. Biomol. Chem2014

12, 3611; c) L. Degennaro, F. Fanelli, A. Giovine, R. Lufsilv. Synth. Catal2015 357, 21; d) A. Hafner, V.
Mancino, M. Meisenbach, B. Schenkel, J. Sedelm&sy. Lett. 2017, 19, 786.

215G, J. M. Velders, A. R. Ravishankara, M. K. Miller, M. J. Molina, J. Alcamo, J. S. Daniel, D. W. Fahey, S.
A. Montzka, S. Reimanrgcience2012 335, 922.

#1® The chloroacidpro-nucleophiles are accessible on large scale without restrictions and estegaaded as
ubiquitous feedstock starting materials: L. Guo, A. Chatupheeraphat, M. Ruépg®y. Chem. Int. EQ016

55, 11810 The noncarbenoid nature of the employed nucleophile provides enhanced thermal stability and a
moderate nucleophilicity, see: a) J. VillierdsOrganomet. Cheml972 34, 209.
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involved Brgnsted acidbase reactiors! Furthermore, despite the above mentioned potential,
compatibility with sensitive functional groups an extensiorbeyond monehloro ketone87 was

not yet demonstratedware of peviousreports on enolatehemistryin continuousflow??® and the
special challengespresented by chloroacetate dianion enolates,a continuous flow CAC
chloromethylationwas envisionedBy improved handling of exothermiaeactionsand unstable

intermediatesit short and reproducible residence timesnvenientonditionsshould be obtained

5.2 Chloromethylation of Functionalized Aromatic Esters

Preliminarybatch experiments showed timagthyl 4-cyano benzoate30a) readily undergoea CAC
reactionwith dichloroacetic acidCA) and LIHMDS, leading to chloroketor&6a after quenching

with AcOH (Scheme85A). This not only confirmed the potential of Row@ein toleratinga cyano

moiety but also gave access to dichloroketones for the firsivigrthis route Careful optimization of

this model reaction identified temperature, reagent stoichiometry, quenching and the mode of addition
as decisive reaction parameters, prongd36a in a maximum G&ield of 73% in batch
(Schemes5B, red data poin)s™®

A DCA (1.1 equiv.) LiHMDS (2.2 equiv.) o
- CO,Me THF, T [°C], 2.5 min; o
/©/ then AcOH
NC flow (6 mL-min”") or NG cl
39%a batch (inv. addition) 36a
B L]
. 80 Tt 85
O
e = |
60 T —
38 64 =
[32] 4
=] 40 ——Flow
'g —e-Batch (optimized)
S 20 T e Flow (optimized) o

-45 -35 -25 _-15
Temperature [AC]

Scheme35: Performance compans of flow and batch reactors in the dichloromesltigih of methyl 4-cyano
benzate @9%).

Interestingly, the yield in this batch reaction dropped §icanitly, if temperatures abovel0 °C were
applied, which is likely due to the limited heat removal capacity of the batch r&dctaontrast, by

2173) C. R. Johnson, T. R. Bail, Org. Chem1982 47, 1205; b) P. CoutrofA. El Gadi, Synthesis1982 115:

¢) X. Wang, J. K. Thottathil, R.P. Polniasz&ynlett200Q 6, 90; d) K. C. Fortner, M. D. Shaid, Am. Chem.
S0c¢.2007, 129, 1032; e) I. N. Houpis, R. Liu, L. Liu, Y. Wang, N. Z Dong, X. Zhao, Y. Zhang, T. Xiao, Y.
Wang D. Depre, U. Nettekoven, M. Vogel, R. Wilson, S. Colliadv. Synth. Catal2013 355, 1829.For
related lithium enolatesf U-heterosubdtuted acid derviatives, sea) S. Oda, H. Yamamot@rg. Lett.2013

15, 6030; b) K. Yu, P. Lu, J. J. Jackson;A..D. Nguyen, J. Alvarado, C. E. Stivala, Y. Ma, K. A. Mack, T. W.
Hayton, D. B. Collum, A. Zakariad, Am. Chem. So2017, 139 527.

#83) D. Leonardo, C. Claudia, D. A. Sonia, L. RentoFlow Chem?2016 6, 136; b) T. von Keutz, F. J.
Strauss, D. Cantitl C. O. Kappe, Tetrahedr@918 74, 3113

29 g5ee the Experimental part for screening details.

220 T Noél, Y. Su, V. HesseBeyond Organometallic Flow Chemistry: The Principles Behind the Use of
ContinuousFlow Reactors for Synthesisn: Organometallic Flow Chemistry. Topics in Organometallic
Chemistry (Ed.: T. Noé&l) Springer, Chargp15 14-19.
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transferring the reaction to ap@imp flow setup with idine acidic quench the yield @&6a did not
change at either40 °C or15 °C (2.5min residencdime), underlining the superior hdling under
flow conditions?** Shortening of the residence time to28 and increasing the total floate to 16
mL-min® improved the performance further, likely accounted for by a minimal thermal
decomposition of tha situgenerated dianion nucleophile of typ@at1 10 °C under flow conditions
(85% GGyield 36a, 81% isolatedScheme38B, blue data poinjs

Under these optimized conditions, other benzoic esters with various functional groups were tested to
probe the chemoselectivity of the floAC reaction protocol {ablel4). Ethyl esters can be
employedwithout restrictionsyielding for examplethe dichloroketone36b in excellent 93%yield.
Furthermore, various sensitive electrophilic functional groups like an additionabeat@itro group
remained untouched undéie optimizedeactionconditions and gave dichloroketor#6ci d in good
yields after reaction with 1.dquiv. dianion (76 85%). Pleasinglyalsofunctional groupswhich are
reactive under halogation conditions such as allyl ethebgenzyl ethersind ketal§? aretolerated,
giving the expected produc&bei g in 607 86% yield. Furthermorethe dithianebis-chloroketone
36h was obtained in 65% yieldNotably, a dithiane moiety in36h is reactive under both strongly
basic and oxidative conditionsFinally, also an isopicolinate posed no challenge for
bischloromethylation after switchgnto an AcOH quench3gi, 92%. The same reaction condition
could be equally applied to the synthesis of mohlmroketones37 using QA instead of DCA:By
choosingadditionally the HCl,q quench protocol,the aldehydéearing monechloroketone37k was
obtained in 71% yieldSimilarly, dithiane moncchloroketone37a was obtainedn almost identical
yields to its bischloro congener (65%Additionally a range ofo-, m,- and p-halogenated mono
chloroacetophenones and relateds-CISCR-, and CHCI- bearing chloroketone87ci h were
obtained in excellent yields, confirming the tolerance of useful aryl halogenide moieties and the low
acidity of LIHMDS and reagent. Interestingly, thein situ formed dianions38 exhibited an
unparalleled ability to undergo selective meaudition to symmetrical or sterically biased diesters,
furnishing the expected mosimmologted product86c and37iT k in 821 89%yield with excellent
selectivity Electronrich benzoic esters required the use df.& equiv. of dianior88 to furnish the
desired product3717 m in satisfying yields of 6071% Finally, a bromopyridine, aquinoline- anda
pyrazineestersuccessfully underwehlorchomologation, furnishinghe heterocyclicproducts37ni

p in 467 80% yield Notably, electron poor azine derivatives wemeviously not reported in

acylations using lithium chenoids*3**

221 The controlled quench in tHw setup also eliminated previously obsed fluctuations of the yield.
2221 C. Anderson, H. W. Pinnickl. Org. Chem.1978 43, 3417.
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Table 14: Continuous flow chlormethylation of aromaic esters39%i w, leading to bidJ-chloroketones
36bi k or monachloroketoneg7ai n.

FG CORHO,C._cCl | =7107¢ 23 sec
©/ Y | 4.0 mUmin
+ N
x () L
39b-w 7 o9 Q
FG ‘ FG cl
o
Yo ClI X
LiHMDS i\> J X
2.2-4.0 equiv ™" 4.0 mL/min ) 36b-i (X = Cl)
or ACOH/THF = 11 | 37a-p (X=H)

FG = functional group; R = Me, Et; 0.8 mm i.d. tubing and 0.5 mm i.d. T-pieces

(e}
Cl MeO,C Cl MeO,C Cl
Cl MeO.C O.N MeO Cl
2 2
36b: 93%5:¢ 36¢: 85% 36d: 76% \/ﬁ/\)\ \©\/O

o 36e: 84%' 36f: 86%"
369 60%¢ 36h 65%° 36i: 92%
o] o] o] o]
cl Cl  FsC cl cl
R cl
37a: 71%° s 37b: 69%° 37c: R = 4-F: 98%° 37f. 96% 379: 80%

37d: R = 4-Br: 81%°
37e: R = 2,4-Fr: 81%°

o
Cl  Et0,C
Fgcs ‘Prozc O/

37h: 98%° NEt; 37j: 82%°"
37i: 85%>9 37k: 89%"
o 0o
1
/@)K/CI BUWOO)&CI ‘ N N [N\
— —
Me © Br” N cl N cl N cl
371: 65%°9 37m: 76%>°¢ o) o) o)
37n: 80% 370: 66%%? 37p: 46%°

2 Isolated yield of analytically pure compound. 1.1 equiv. dianion and aqueous HE€lused if not stated
otherwise® The ethyl ester was usé@.0i 2.4 equiv. diaion were used fochloromethylatiorf A solution of
ACOH/THF = 1/1 (v/iv) was used for quaming® 3% of bis-chlorchomologation product was formed.
" No bischloromethylatiordetected.

5.3 Chloromethylation of Non-Aromatic Esters

In order to further explore the scope of fI@®AC reactions, various representative reopmatic
esters were subjected the established reaction conditiongalfle15). Thus, propriolates were
smoothly bischloromethyéted under standard conditions ini@%6% vyield @6 T k). Likewise, a
cinnamicesterand aliphatic benzyésterunderwent monoor bischloromethylationin 60% yield in
the presence of excess reageditg( 36), confirming the possibility for unsaturated and aliphatic
estes to undergoa CAC reaction Aliphatic ketal producB6m is of special interest, due to the fact

that halogenations of ZXdicarbonyls and related compoundsxclusively lead to methylene
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halogenated product® while aCACgi ves ri ser@abot bé |3@npimsk% yidda e
Due to the prevalence of cyclopropanes in drug moleétles trans-diester was subjected to
chlorchomologation, furrshing the desymmetrized, stereocisomerically pure cyclopropaB@atia

61% vyield.A related reaction witlan ethyl glycidate @.r. = 1.3:1.Q trans) gave diastereochemically
enriched trans-bischloroketone36n (d.r. = 3.0:1.0) in 45%yield, indicating a concomitant
isomerizatione.g. via ring-metalation. Concludingly, a broad structural and functional variety is
tolerated by the flow CAC protocoDverall, he demonstrated method fillsmethodological gap
between the oxidative conditions of halogenations and the harsh conditions presented by lithium

carbenoid nucleophiles.

Table 15: Continuous flowCAC of norn-aromatic ester89xi ad, leading to monoor bis-U-chloroketone$6; i
n and37qi r, respectively

HO,C.__Cl T=-10%C

_CO,R' 4.0 mL-min
R T X

39x-ad X =ClorH O‘ 8 sec

1.1-2.0 equiv. R)%O mﬁy R)S/CI

LIHMDS 0.75 M/THF (O é X

2.2-4.0 equiv - |4.0 mL-min"" HCl aq. 4 M 36j-n (X = CI)
or ACOHITHF = 1/1 | 37a(X=H)

0.8 mm i.d. tubing and 0.5 mm i.d. T-pieces

FG = functional group; R = Me, Et;

o] 0 o}
cl Cl cl
= S
Cl Cl
R
36j: R = H: 96%" 37q: 60% 361: 60%°
36k: R = NO,: 63%
V0o o] o} o
o0 cl gl cl Ph cl
EtO” Me
cl o] Cl
36m: 82%¢ 37r: 61%, d.r. = 99 : 18f 36n: 45%, d.r. = 3.0 : 1.0°
(from d.r. = 99:1, anti) (from d.r. = 1.3:1.0, anti)

#|solated yield of analytically pure compound. 154 equiv. dianion and aqueocd€! were used if not stated
otherwise® 1.1 equiv. dianionvere used.The benzyl ester was useA.solution of ACOH/THF = 11 (v/v) was
used for quenchingThe ethyl ester was uséNo bishomologation detected.

5.4 PostFunctionalizations of Chloroketones with HeteronucleophilesL eading to Heterocycles

It was found, thaCAC crudereaction productsypically display a clean profile itH-NMR and gas
chromatographywhich was utilized in subsequenyclocondensation reactions with the reaction

crudes afteonly a simple extractive worku@ @ble16, yields with respect to the initial ester). Using

Met hyl ene Hhalégenatiore is avarl abderved when one carbonyl of an 1,3dicarbonyl is acetal
protected: CDaubié, C. BacqueEinhorn, D. LelandaisCan. J. Cheml984 62, 1548.
443 J. Chawner, M. J. Cas&homas, J. A. BullEur. J. Org. Chem2017, 5015.
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this telescoped protocopharmaceutically relevartieterocycliccompound®® which are nitrogen
and heteroatorrich (40d, fi g, j), display advantageous halogenation for further manipulatities (
g, i, k) or contain acidic protonglOb, f, j) were obtained in good to excellent yie(d1i 94%) over
two stepsNotably, none ofhebonds constituent of these products was forged by medransfion
metal catalysis Especially thecyclizationprecursors37a, k and 36, which are challenging to obtain
without the CAC method were successfully transformed #40f, and 40hii in 757 94% vyield,
respectively

Table 16: Utilization of functionalized chloroketone36 or 37 obtained as crude products (exc@ft, purified)
from flow CAC reaction in subsequent cyclisationetans leading to heterocyclds$.

o No purification A«" o
Flow )\\/ al 1) Extractive workup )\VB
Seetables | R 2) Batch cyclisation R
14-15 X
36 or 37 40: 56-97%°
O,N

N N
. o
m@/[\NQ Lo FSCQ/(N
O

40a: 91 %" 40b: 97%° 40c:61%  NHp
N=
s
B S ¢
y - 2~Ph :
F3C N>\© N O
N o
40d: 61%° 40e: 65%° 40f: 94%¢
N /%m
~
N j@ /\/[ :EI
= ‘ N
@f
40g: 56%" 40h: 75%° 40i: 75%
s —
N
N
Br
40j: 64%° 40k: 41%

2 |solated yield with respect to ester starting material. See the Experimpentdbr full reaction detail® The
bischloride was usedThe monochloride was us@dhe monochloride was used after column chromatography.

5.5 PostFunctionalizations of Chloroketones with CarborNucleophiles

Attempting to use chloroketone36 and 37 as crossoupling electrophilegevealedthat these
chloroketonesare challengingto use in the presence obrganometallic species ancbmmon

catalytically active metals such as Ni, Pd or. Eience, oxidative homocoupling of organozinc

#223) A. Ayati, S. Emami, A. Asadipour, A. Shafig® ForoumadiEur. J. Med. Chen015 97, 699; d) A. C.
Pinheiro, T. C. Mendonca Nogueira, M.V.N. de Sou&ati-Cancer Agent Me2016 16, 1339; b) M. T.
Chhabria, S. Patel, P. Modi, P. StaBmkshatriyaCurr Top Med Chem2016 16, 2841; c) A. Deep, R. K.
Bhatia, R. Kaur, S. Kumar, U. Klain, H. SinghS. Batra, D. Kaushik, P. K. DeRurr Top Med Chem2017,
17, 238; d) P. A. Jackson, J. C. Widen, D. A. Harki, K. M. BrummdndiJed Chem2017, 60, 839.
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reagents typically accounted for the formation of the major products in presence of chloroketones.
This problem has been observed padly solved in prior reportef related crossouplings,

especially ifsecondary chloroketonewere used® In the course of this work, it was found, that
acetophenonderived zinc enolates of typ#l selectively underwenthloride substitutionin the
absence of catalystwith primary chloroketoneg7, i.e. the productsobtained byCAC reaction
(Table17).*’ Thus, valuable 1;diketones42 were accessed under mild conditions (253C]12h).

An initial screening identified zinc enolates derived from either electobnand-poor acetophenones

and furanyl actate as suited electrophiles, furnishing asymmetic diket@agd in 637 90% vyield

with chloroacetophenone. Zinc enolates with sensitive functionalities were obtained by using
TMPZnCI-LiCl as baseUsing either of the two methods,variety of polyfunctional 14iketones

(42ei i) were furtherobtainedin 541 82% yield using CAC reaction product37c and 37. As
expectedor zinc enolatesvarious functionalities like a nitrile naester, a triflate, and halogeare
tolerated by this protocolThis method constities a straightforwardand to date unexplored,
transitionmetalfree synthesis of important precursorsitaal-Knorr chemistry??®

Table 17: Substitutionreactionof chloroketoneg87 with zinc enolate®f type41 leading to functionalized 1;4
diketonesA2.

o
Method A: O
o  1)TMPL,10min-78°C| o C'QkArz 1 A
1% 2) ZnCly, 30 min, 25 °C 1)&(%@ 37 (1.0 equiv.) A
_—— —_——
Ar Method B: Ar 0 t025°C; 5-12 h 0
R TMPznCI-LiCl, 1h, 25 °C R
41 (1.05 equiv.) 42: 56-98%7

Nucleophile scope:

42a: 90% (A 42b: 67% (B 42c: 70% 42d 63% (B

Electrophile scope:
CO,Pr CO,'Pr
M /‘)\/\(‘/ Cl l |
TfO

42e: 65% (A 42f: 54% (B 42g: 68%

M NCM

42h: 64% (B) 42i: 82% (B)

& Isolated yield with respect to chloroketone. Reactions performed on a 0.5 mmol scale. Method indicated in
brackets.

®a) N. M. Nevar, A. V. Syithesi€008 12590b) M.Gasud& Ssujin X.ovi ¢ h,
Shigeyoshi, A. Baba). Am.Chem. Soc2002 124, 7441; b) C. F. Malosh, J. M. Read}, Am.Chem. Soc.
2004 126, 10240; c) L. Plistil, T. Solomek, J. Wirz, D. Heger, P. KlaQrg. Chem2006 71, 8050; d) C. Liu,
Y. Deng, J. Wang, Y. Yang, S. Tang, A. LAngew.Chem. Int. Ed2011 50, 7337;and references therein; e)
X. Chen, X. Liu, J. T. MohrJ. Am.Chem. So2016 138 6364.

%27 35ee Experimental part for reaction optimization of the reaction conditions.
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6 Summary

Microflow setups offer enhanced residence time control, mixing, and heat transfer compared to batch
chemistry. These features make them ideal for reactions employing uniighlg reactive reagents.
This work focused ompplying theefeaturesof continuous flow setups to metalatidmlogermetal
exchange and enolate chemistkgditionally, thesynthesis anderivatization of a novel heterocyclic
scaffold by batch methods was described.

First, the metalaion of acrylonitriles acrylates and nitroolefins with  TMPZnCI-LiCl and
TMPMgCI-LIiCl in continuous flow was investigate@or the metalation and subsequémiine
guenchesof various substrategonditionswere achieved which arehardly accessiblewith batch
reactors. Thesespecial operatim windows include intense mixing regimes as well as scale
independent higitemperaturé> 60 °C) reactionsabove the boiling point of THR-urthermore, a new
subclass of acrylate starting materialswas shown to undergo efficient metalation with
TMPMgCI-LIiCl. Finally, the scope ohccessibldéuranonessia metalation chemistrwasexhaustively
exploreddue to thebiologicalrelevarte of this compound class.

Secondthe lithiation of (thio)formamides by LDA in presence of electrophitess revisited due to
therelevanceof nucleophilic amidatiopwhich typically givesaccess td}+hydroxy andJ-keto amides.
While cryogenic conditions are usually applied in batble newly developedarbier flow procedure
proceeds at ambient temperatuigh economic reagent sthiometries Thereactionwas combined
with the priorin-line generation oL.DA at1 10 °C The favorization of formamide lithiation even in
the presence of weknown GH acids was systematically investigateith the aid of competition
experiments, which allowed a placement of the lithiation enthalpy of diethylformamdagwell-
known GH acids. The combination of these results vathinitio studiesprovidedfurther insights
regarding these difficult to characterize intermediates

Furthermore, a novel in situ trapping halogefithium exchangewas developedThis method
combines the generality of haloghkium exchange with the fctional group tolerance exhibited by
organomagngum, zinc and coppecompoundsintense mixinglow conditionsat temperatures up
to 0°C enabledhe performance ofthis exchangét situ transmetalation sequence, which furnished
bis(hetero)aryl organometallics bearingighly sensitive moieties such assters, ketones,
isothiocyanads, azides and nitro gups Quenching in serdbatch mode gave accesduactionalized
aryl and heteroaryl alcohols, ketones, biaryls, iodides and allylation products.

Finally, the last two methods describe transitionmetal free synthess for aryl-heteroaryl and
heteroarylheteroarylunits First, asimple batch method foegicselective additiorof organolithium
reagents to a novel fuséheterocycle, followed by reoxidatiowasdescribedwhich led to an array
of modified triazaphenantrenegth varying optical propertiesSecondthe development of an ester
chloromethylationto the correspondingnono- and bischloroketone deriativeswas described The

reaction carbe telescoped intsubsequentyclocondensations, furnishing aiygteroarylproducts.
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Handling the unstable dianios of chloroacids in continuous flow with improved control of
exothermy,the mono and bischloromethylationsproceeded under practical conditions and thus

offers an alternative thazaraus unsustainale andlesssdective chloroketones synthesroutes

6.1 Continuous Flow Magnesiation or Zncation of Acrylonitriles, Acry lates and Nitroolefins

A range of highly functionalized acrylates and related derivatives was obtametalations using
TMPMgCI-LiCl or TMPZnCI-LiCl basesand subsequernn-line quenching reaction€Scheme36).

This method was expediently used for the generation of vari@{SH)-furanones by flow
magresiaton of acrylates and subsequent reaction with aldehybieportant principles in flow
chemistry were demonstrated, such as (a) minimization of eim@eg)sive cooling due to fast
trapping of reactive intermediates, (b) selectivity enhancemianimproved mixing, (C) process
intensification due tefficient heat removal or input and (d) scalable heating above the boiling point
of the solveneven on large scales

-25 to +90 °C,
TMPMCI-LICI (Y 1-10 min In-line
M=2Zn,Mg & M2 quench
L 25.60°C
. R\/\EWG 1-25 min E
R\/\EWG \\> - R\)\EWG
EWG = E' ‘/ >; 31 Examples,
COR, CN, (cat.) = 59-99% Yield
NO, 0.25-2.50 mmol-min"'

Selected examples:

OMe CF3
| N 0 MO co,me | O
(@) o o 74 \
0 NF NO, EtO_~ cN MeO— 7 \=0
Br,
83%"

(e]
63%° 78%° 96%%° 59%¢
@ Or B-regioisomer if EWG = CO,R. b After spontaneous lactonization. ¢ Via Cu(l) mediated reaction ¢ Via Pd-
cat. cross-coupling. ¢ E:Z = 6:1 from 2:1 in starting material

Scheme36: Summary ofontinuous flow magnesiation or zincation of acrylonitriles, acrylates and nitroolefins

6.2 Barbier Continuous Flow Preparation and Reactions ofcarbamoyllithiums for Nucleophilic

Amidation

A flow protocol for nucleophilic amidation and thioamidatiaa cartamoyllithium intermediates was
developed(Scheme37). Despite the unstable nature of the employed intermediates, practical and
scalable reaction conditions could bemastrated in a continuous flow setup (25 1@nin; bench
stable, inexpensive starting materials). Hence the previously reported necessity ofcenstgging
cryogenic temperaturéa batch modgi 78°C or 1100 °C)were found to beobsolete.An in-line
preparation of LDA was developed, which allousing exclusively bench stable reagent solutions

and thus maintaininfull scalabilty. Thus, saleups up to 3%nmol under unchanged experimental
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conditions were demonstratefiesting the functional group tlanceof this transformatiorfurther
revealed the possibilities to tolerate protected carbonyls, haloarenes and a silyl ether, which provide

appreciabldunctionalitiesfor further derivatizatios

-10°C

e 1 or 10 min
PraNH > 25 °C, 50 or 60 sec o
) rPerL\ N Et\N)kl_T‘,
"BuLi \ R1 PN
Et
How "acidic"?
1
R- N)LH 30 Examples, Mechanistic studies:
41-98% Yield Competition experiments
X 0,8 0.5-5.0 mmol-min-! Ab initio calculations

Selected examples:

(0]
)H(A N
Bn (¢] Me (¢]
85%

65% 88% 60%
B
o r

o
MeO )S(Q/ TBDMSO._~ )Hrph
e

MeO Md Bu OH
63% 63%
PMB: p-methoxybenzyl, TBDMS: ‘Butyldimethylsilyl

Scheme37: Summary of Barbier continuous flow preparation and reactions of carbamoyllithiums for
nucleophilic amidation

Despite the presence of strongHCacids during the reactiom.g. aliphatic ketones) the formamides
were always preferentially deprotonated leading to flarbamoylaniond derived products.
Competition experiments witldiethylformamide under reaction conditiomdlowed putting the
lithiation enthalpy of this formamida relation towell-known GH acids such as farobenzenes. The
trend of the experimental results was confirmedabyinitio calculations which gavefurtherinsight

in the structures of the title compounds in solutidhe reason for the preferential faxmide
deprotonation is thus kinetic in its naturghich can beattributedto the Lewis basicity of these
compounds. The extension of tBarbier flow method to analog thioformamides was only possible
after intensifying the mixinghroughhigh flowrates, vhich likely helpedto eliminate masstrander

limitations.

6.3 Preparation of Polyfunctional Diorgano-Magnesium and -Zinc Reagents Usingin Situ
Trapping Halogen-Lithium Exchange of Highly Functionalized (Hetero)aryl Halides in

Continuous Flow

This projectaimed atextending the functional group tolerance of lithiiadogen exchange, which is
one of the most general entries to (hetero)arganometal compound$herefore the salt of a less
electropositive metal (Mg, ZnCu was premixed witharyl halide steing materialsto allow an

instant transmetalatioafter the fasthalogenlithium exchangeThis leads toorganometallic species

thattoleratesensitive functionalities even at moderate temperatures. A flow setup was used to enable
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efficient mixing betwer exchange reagent and the substrabeture thus allowng the described
chemistry to proceed in a highelding fashion.The resulting diarylmagnesium or diarylzinc species
were trapped with various electrophiléstnishing the desiregolyfunctional (héero)arenes in high
yields. It was demonstrateohn scales up to I@mol, that thismethod enables the functionalization of
aryl- and heterogt bromides and iodidesontaining highly sensitive groups such as isothiocyanate,
nitro, azide,or ester groupasing commercially available flow equipmeNotably, an iodindithium
exchange in presence of an aryl azide had not been reported previously.

MetY,, = MgCly-LiCl, ZnCl,, CuCN-2LiCl
e b 60 °C to 0 °C

©/Br/ N < 0.1 sec to 55 sec
\>%H FG L FG ] FG E
or iodide ©/ + MetY,, ——> ©/

cat.)

) N
"BuLi or PhLi L g 49 Examples

60-83% Yield
1.2-4.0 mmol-min!

—— E'—
(

Selected examples:

OMe F o
/@\A N COE O NC FNC O o <o
N = Meo)‘\N/ Bu ” ‘ O
83%25 68%> ° ((s):',%b 78%> 85%° N2

2The iodide was used. ? Obtaind by a Cu(l) mediated reaction. ° Obtained after Pd-cat. cross-coupling.

Scheme38 Summary of preparation of polyfunctiondlorganemagnesium andzinc reagents usingn situ
trapping halogedtithium exchange of highly functionalized (hetero)aryl halides in continuous flow

6.4 Synthesis and Reactivity of Triazaphenanthrenes

Pyridonaphthyridines (triazaphenanthrenes) were preparddsteps and in 13%2% overall yield
using Negishi crosscouplings between iodopicolines and-cloro-pyridylzinc derivatives
(Schemed9). After chlorination, Gabriel amination and spontaneous FHagsure, the final
aromatization leading to the triazaphenanthrenes was achieved with cierartiis heterocyclic
scaffold un@rwent a nucleophilic additionf lithium organylsat positionC6 leading to further
functionalized pyridonaphthyridinester reoxidation Thus,by utilizing the inherent reactivity ahe
triazaphenanthrene scaffold, this metHadhishedformal hetoary-(hetyaryl, heteroaryvinyl, and
heteroarylalkyl coupling products withoufransition metakatalysis(Schemed9). The influence of
these chemical modifications on the optical properties was studied by-staselyand timeesolved
optical spectroscopy.
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RI_ -~ 2ZnCl

2 2 R3-Li, THF R2
‘ R N R = 1) ! i, . N
N/ al | | -60 °C, 30 min ~ |
2% Pd(PPhs), N ¢ NN then 0 °C, 5 min ‘N
+ —_— — | _—
| THF,50°C Me 2 I Z 3
| N 15h “ 3 3 ) o cl i R
P N N N
RN Me cl cl !
1 1 o R
R R DMF, 25 °C, 12 h
Up to 52% Yield 32-93% Yield
blue to green fluorescent blue to green fluorescent

Examples (derivatization with R3-Li):

aoUa v I Al &

68% 80% 90% 93%
>10% PLQY" 23% PLQY?
2Photoluminescence quantum yield.

Scheme39: Summary of synthesis and reactivity of taphenanthrenellew functionalizations of the C6
position of the triazaphenantrene core indicated in.blue

6.5Mild Chloromethylation of Estersvia Continuous Flow Chloroacetate Claisen Reactions

The selective chloromethation of highly functionalized estersing chloroacetic acid and LIHMDS
(HMDS = hexamethyldisilazide) in a continuous flow setups developedThis chloroacetate
Claisen (CAC) reactionis for the first tme extended to bischloromethyibn using dichloreacetic
acid, thus giving access to the undgeplored UUbbis-chloroketones. The use of flow conditions
enables an efficient reaction of the unstable chloroacetate dianion intermediatesg leadi
unprecedented scalabilitynild reaction conditionsndreagent stahiometry { 10°C, <1 min, 117

2.4 equiv. dianion).The scope ofcAC reactions was for the first time broadly tested with various

starting materials including sp,’gnd sp bound esterbearing various functionalities

oa B
2N o . A
R™OOR ost- K
EO H o\ > | R)K/CI function R)V
oH or lizati
_ o alization o O« (Het)Ar
Cl X al
X=HorCl ‘ \> . o R)K( R
~ o cl
LHMDS
- /3 E pl 20 Examples
45-98% Yield 54-97% Yield
2R = (Het)Ar, alkyl, vinyl, propargyl, R' = Me, Et, Bn 1.0-2.4 mmol-min™!
Examples (homologation): Examples (post: functlonallzatlon)
XN
73 ®
Eto)’u,%/Cl Br” °N cl \@/[
’ O’
61%,,d.r.=99:1 80% 61% 94%
\
/K( Meozc\Q)K( s 1 o
Z F
96% 84% 64%

Scheme40: Summary of mildchloromethylatiorof estersvia continuous flow chloroacetatélaisenreactions.

Of special interest is the tolerance of alkenes, allylic, benzylic, ketal and thioether moieties, because

these are usillg not compatible with the oxidative halogenation conditions applied in ketone
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halogenation. On the other hand, also functionalities were tolerated, which are incompatible with
lithium halocarbenoids, which were alternatively applied in haloketone sysithesummary, aryl
halides, epoxides, electrqmoor heterocycles, nitrp and cyane groups as well as additional
(secondary) esters are tolerated by @&C flow protocol. It was thus demonstrated, that the
developedilow CAC method fills a methodologit gapbetween harsh halogenation reactions and
those of highly instable and nucleophilic lithium carbenoide clean profilesf the obtained crude
productsallowed thar subsequent in several cyclisations to heterocycles of broad inféneshigh
chemoslectivity ofCAC reactionscould be translated to corresponding heterocydtesthermore, a
novel, catalysfree substitution of the obtained monochloro ketone products with (hetero)aryl zinc
enolates leading watkevelopedwhich leaddo vduable 1,4diketones.
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1 General Considerations

Batch reactionsinvolving moisture sensitive reagemsre carried out in ovedried (60 °C, 1 bar)

and subsequenthheatgun dried (650 °C, < Imbar) glassware under an argon atmosphasang
standardSchlencktechnique$® Syringes were purged with argon three timesoteefanhydrous
solvents or reactant solutions were transferred. $olyentswere available freshly reflued over

sodium benzophonene ketyl under nitrogeetradecanentCi4Hsg), dodecanen-C;,H,¢) or undecane
(n-Cy1H»4) were used as internal standards.

Flow reactionswere carried out with solutions of known titerdny solvents using\en dried and
flamedried glassware under an argon atmosph&sereagent reservoiTetradecane "Ci4Hso),
dodecane "Cy,Hze) or undecane"CiiH,,) were used as internatasdards.A Vapourtec Eseries
Integrated Flow Chemistry Systéthwith 3° Pump Kit, Organometallic Kit, Collection Valve Kit

and Cryogenic Reaction Kit or a Unigsis FlowSyn system was used. If the Vapourtec System was
used, hexane solutions @WuLi or PhLi and THF solutions of the remaining reactants were kept in
flasks with rubber septa under an argon atmosphere during the reactions. If the Unigsis system was
used, carrier solvents as well as reactant solutions were stored under argon &ed iojearrier
solvent streamsReactions were performed in a glass chip or in coiled tube reactors. The glass chip
(borosilicate glass; 1.0 mm i.d. channels; purchased from Unigsis had a reaction volume of 0.5 mL +
1.0 mL plus 0.5 mL preooling volume fo each reagent. Coiled reactors were made from PFA or
PTFE Teflon(i. d. = 0.8 mn and T-pieces (d. = 0.5mm or 1.0mm; inner volume negligible <

20 L) were used as mixerBrior to performing reactions, the systems were doieceby flushing

with dry THF (flowrate of all pumps: 1.00 mL/min; reiime: 10mini 30 min), in between reactions

57 10 mL were used for flushing out residual reagent contaminations

After using the flow system, all residual reagents were flushed out with dry THF, then veater w

flushed through for at leastrbin (flowrate of all pumps: 1.00 mL/min).

1.1 Solvents

THF was continuously refluxed and freshly distilled from sodium benzophenone ketyl under nitrogen
and then stored over molecular sieves.

n-hexane was continuously refluxed and freshly distilled from sodium benzophenone ketyl under
nitrogen.

DMPU was heated to reflux for Iover CaH and distilled from CaH

iso-hexaneandEt,O for column chromatographyasdistilled prior to use.

228 CompareC. M. Davis, K. A.Curran,J. Chem. Edug2007, 84, 1822.
229 More detailed informaton on this flow system is available from Vapourtec
(https://www.vapourtec.com/productsieriesflow-chemistrysystemoverview/).
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1.2Reagents

All reagents were obtained from commercial sources and used without further purification unless
otherwise stated?reparation procedures for specific starting materials are given at the beginning of
the respective chapter

"BuLi solution inhexane was purchased from Afharle and the concentration was determined by
titration against 1,1phenanthroline in THF witdry i-PrOH**°

'Pr,NH andTMPH washeated to reflux for 14 over CaH, distilled and stored under argon
'PrMgCI-LiCl solution in THF was obtained froslbemarleand the concentration was determined
by titration againsiodine®**

CUuCNALICI#*?solution (1.0av in THF) wasprepared by drying CUCN (8.26 100mmol) and LiCl
(8.48g, 200mmol) in aSchlenkflask under vacuum for b at 150°C. After cooling to 25C, dry
THF (100mL) was added and stirreohtil the salts were dissolved.

ZnCl; solution (1.00v in THF) was prepared by drying ZnGR7.3g, 200mmol) in aSchlenkflask
under vacuum for & at B0°C. After cooling to 25C, dry THF (200mL) was added and stirred
until the salts were dissolved.

MgCl, solution (0.5v in THF) was prepared in &chlenkflask equipped with a magnetic stirrer and
a septum. Mg turnings (2.5 105mmol) and THF (200mL) were added and an ice bath was held
ready.1,2-Dichloroethane (9.9, 100mmol, 7.92mL) was added first in a small portion (camL).
After clouding and gas evolution started, the remaidiffgDichloroethanewas addediropwiseat
25°C. In case oimminent thermal runaway, ice bath cooling was applldg: reaction mixture was
furtherstirred at 25C urtil gas evolution wasomplete.

TMPLi solution in THF was prepared by slow additiod®fiLi (4 mL, 10mmol,2.5m in hexane)d

a solution of TMPH1.7mL, 10 mmol) in THF (10mL) at7 40 °C and stirred for 3@nin at
TMPZnCI-LiCl ?* and TMPMgCI-LiCl #* solutions in THF were prepared according to literature
procedures and titrated with benzoic acid in THF uskgh®nylazo)diphenylamine as indicator.

1.3 Chromatography

Flash column chromatograpifC) was performed usingilica (SiO;) (0.040i 0.063mm, 23Q
400mesh ASTM) from Merck. Thin layer chromatograpfiy-C) was performed using aluminum
plates covered with SidMerck 60, F254). Spotsvere visualized under UV light, withMnO, stain

204 -S. Lin, A. PaquetteSynth. Commuri.994 24, 2503.

Z1 A, Krasovskiy, P. KnocheBynthesis2006 890.

232p_Knochel, M. C. P. Yeh, S. C. Berk, J. TalbartQrg. Chem1988 53, 2390.

233 3) S. H. Wunderlich, P. Knochel, Rngew. Chem., Int. E®007, 46, 7685; b) M. Mosrin, P. Knochel,
Chem. Eur. J2009 15, 1468.

234 A, Krasovskiy, V. Krasovskaya, P. Knochéingew.Chem. Int. Ed2006 45, 2958; Angew. Chem2006
118 3024.
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(KMnO, (1.500), K:CGO; (10g), KOH (0.19) in water (00mL), CAM stain (1g Ce(SQ)2 59
(NHg)sM07,0,4-4H,0, 5mL conc. HSO, 100mL H,O) or reat iodine absorbed on silica g&las
chromatographyGC) was performed with instruments of the type HewRatkard 6890 or 5890

Series I, using a column of the type HP 5 (Hewlstkard, 5% phenylmethylpolysiloxane; length:

91 10 m, diameter: 0.25m, film thickness: 0.25 m) . The detectdusimgaflame accor
ionization detector. For the combination of gas chromatography with mass spectroscopic detection
(GC-MS), a GCGMS of the type HewletPackard 6890 / MSD 5793 networking was used (column:

HP 5MS, HewlettPackard; 5% phenylmethylpolysiloxaniength: 15m, diameter 0.25m; film

thickness: 0.2 m) .

1.4 Analytical Data

Nuclear magnetic resonandeMIR ) spectra were recorded on Bruker ARX 200, AC 300, WH 400 or
AMX 600 instruments. Chemical shifts are reportediaslues in ppm relative to the detated
solvent peak: CDGI( U FA: 2 6 77.16).CG-or the observation of the observed signal multiplicities,
the following abbreviations were used: s (singlet), d (doublet), dd (doublet of doublets), t (triplet), g
(quartet), quint (quintet), sext (seltesept (septet) and m (multipletfC-NMR signals which are
unequivocallyattributable toX multiple (chemically equivalent)carbon atoms, are reported with
declaration of the number of carbon atoms (X@ss spectraMS) and high resolution maspectra
(HRMS) were recorded on a Finnigan MAT95Q or Finnigan MAT90 instrument for electron impact
ionization El) and electrospray ionizatiofe$l). Melting points(M.p.s) are uncorrected and were
measured on a Biichi B.540 apparatus. Infrared sp@Btjavere recorded frorB000i 600 cm* on a
PERKIN ELMER Spectrum B»>69343 instrument. For detection a SMITHS DETECTION
DuraSamplIR Il Diamond ATR sensor was ussdmples were measured neat or dissolved in ¢DCI
The absorption bands are reported in waverarsigm ) and characterized as weak (w), medium
(m), strong (s), or broad (br) if the bands showed significant broadeviielgls refer to isolated
yields of compounds estimated to be >95% pure as determirfetdyR and capillary GC.

2 Continuous Flow Magnesiation or Zincation of Acrylonitriles, Acry -

lates and Nitroolefins

2.1 Preparation of starting materials

If not commercially available, the following procedures were used for the preparation of starting

materials:
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Alkyl esters were prepared according Eischei® methodfrom the corresponding acid in the alcohol

in presence of catalytic sulfuric acid and anhydrous M¢&0

E-Ethyl-acrylate esterswere preparedy a modifiedHorner-WadsworthREmmonsprotocol: 26 A
solution of methyl diethylphosphonoacetate (0.9 equiv.) in dry THF (113.9 mL) was placed in a dry
Schlenkflask equipped with a magnetic stirring bar and a septoger Ar MeMgCl (0.9 equiv., 2.38

M) was added dropwise and the reaction mixture wasvatlao stir at room temperature for 15 min.
The aldehyde (1.0 equiv.) was added dropwise and the reaction mixture was heated at reflux (75
80°C) for 4 h. The reaction waguenchedwvith sat. aq.NH,Cl solution (4 mL) and extracted with
EtOAc. After drying theorganic layers over anhydrous Mg&@e solvent was evaporated in vacuo.
Purificationby CCfurnished the pure products.

2.2 Typical Procedure 1 (TP 1, Electrophiles used in excess)

Heating or Cooling (TMand TR)

Py !
Substrate (0.3-1.5M '
solution in THF, 1.0 equiv) .

TMP-base (0.4 - 1.7 M solution in
THF, 1.1-1.2 equiv)

Electrophile (0.3 - 2.0 M solution
in THF; 1.2 - 2.0 equiv)

Scheme4l: TP1 flow setup.

A commercially available setup fromapourtec Ltd. (ESeries) was useBchemedl). The reagent
solutions were prepared in flasks under argon andosucteedles delivered the solutions directly
through the pumpsPg, Ps, P.) to the reactors (Vdf, Vol.F). The concentrations of substrate and
electrophile were adapted to the titer of the base solutientyp. ca. 1M) or, if critical, to the
solubility of the substrate in THRhe flow system was assembled from PFA or PTFE Teflon tubings
and T-pieces(i.d. =0.5mm). If heating of any parts of the system above 50 °C was applied, a
mechanical back pressure regulatoPf was installed as indicated above. The pressure was
regulated in a way to keep the solvent (THF in all reactions) in the liquid phase at the given
temperature, usually in a range from 1 tbas. If cooling was applied, p@oling loops (voP® =

0.5mL or 1mL) were installed before the reagents were mixed-miXers. To compensate large

temperature differences.f. T =50°C>> TV = 0 °C), an intermediate loop was used to cool down

5 gee, for example: J. Spekreijse et@heen Chem2012 14, 2747.
2% M.H. Katcher,A. Sha, A. G. DoyleJ. Am.Chem. Soc2011, 133, 15902.
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or heat the reagent mixtures appropriately before quenching létkléctrophile solution occurred.
The system was drigaly flushing with dry THF (flowate of all pumps: 1.00 mL/min, minimum run
time: 20 min). Substrate and base solutions (pumps A and B) \wesgsapumped with the same
flowrates. The electrophile stmea(C) enfolded the stream segment of the combined streams from A
and B.The entirecrudeoutputcontaining the reacted substratas collectedor a predefined time
according to the desired scale of the reacfitne product stream was collected in aKlasntaining

sat. ag.NH,CI solution (15mL/mmol substrate) in order to ensure, that all organometallic reagents
were quenched at this paifithe quench solutions were stirred with a magnetically stirrer to quickly
dissolve salts in the aqueous phase ardgnt cloggingt the reaction outlet

2.3 Typical Procedure 2 (TP 2, Nucleophile used in excess)

Heating or Cooling (TM and TR)

________________

Substrate (0.3-1.5M
solution in THF, 1.0 equiv)

TMP-base (0.4 - 1.7 M solution
in THF, 1.1-1.2 equiv)

E switch valve
O ; BPR —; -------- -
E waste
vol.Pr® I

sat.aq NH4ClI soln.

Electrophile (0.3 - 1.5 M solution
in THF; 0.7 - 0.9 equiv)

Scheme42: TP 2 flow setup.

The setup shown foFP 1 was also applied fofFP 2. Additionally, a switchvalve was installed after

the coiled reactiors (Vdf.and VolF) as well as 8PR (if used). The switch valve was programmed

to collect the desired volumes of crude reaction mixture by switching between a collection and a
wasteoutput The first minute ocrude reaction mixture was discardéd the waste vial to ensure
collection during thesteadystate regime. Thethe crude reaction mixture was collectedring a
defined time corresponding the desired scale of the reaction. Subsequent product stvaam
discarded againvia the waste vial. The collection flask containesht. ag. NH,CI

(15 mL/mmol substrate)for quenchingof all organometallic reagent3he quench solutions were
stirred with a magnetically stirrer to quickly dissolve salts in the agueous phase and prevent clogging.
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2.4 Preparation of the Products

2-(ethoxymethylene)pentd-enenitrile (5a)

f
EtO
Z>eN

Following TP 1, solutions of Zethoxyacrylonitrilé®’ (3a; 2.86mL, 0.70M) and TMPZnClI-LiCl
solution @; 2.86mL, 0.77Mm, 1.1equiv.) were each pumped at 0.50 mL/rfiowrate (pump A and

B). The streams were combined in aniixer followed by a coiled reactor (V8l.= 10mL; t"
=10:00min; T™" = 40 °C)The combined stream was mixed with a third stream (pumio@rate:
0.42mL/min) of allyl bromide solution4a, 1.0 M, 1.2equi.) containing a catalytic amount of
CuCN-2LiCl (0.08v, 0.1equiv.). The combined streams passed a second coiled reactdt Vol.
5mL; t° =3:30 min; T'=25°C) and were then collected. The aqueous layer was extracted with
EtOAc (3x25mL) and thecombined organic layers were dried over anhydrous Mg&fter removal

of the solventin vacuq CC purification (so-hexaneEtOAc = 8:2) gaveE-5a (major) andZ-5a
(minor)in a2:1ratio as pale brown oils (total amount: 24, 1.55mmol, 78%).

'"H-NMR (400 MHz, CDCL): Wppm = 6.86 (s, 1H), 6.63 (s, 1K), 5.76i 5.71(m, 1H), 5.19 5.04

(m, 2H), 4.02 (gJ) = 7.1 Hz, 2H), 2.91 2.86 (m, 2H), 1.30 (1 = 7.1 Hz, 3H).

¥C-NMR (75 MHz, CDCly): W/ppm =159.3, 134.0, 117.7, 117.2, 88.1, 70.4, 32.9, 15.3.

IR (Diamond-ATR, neat): ’ /cm*= 2983(w),2212(s), 1645(s), 1399(w), 1306(s), 1233(s), 1179(s),
1144(s), 1019(m), 993(m), 917(m), 882(s).

MS (70eV, EI): m/z(%) = 137(19), 81(32), 80(100), 54(18), 53(26), 52(12), 38(14).

HRMS (EI): m/zcalcd.for [CgH1:NOJ: 137.0841 found: 1370839 M™].

2-(cyclohex2-en-1-yl)-3-ethoxyacrylonitrile (5b)

EtO. £
Z>cN

A back pressure regulator was installed and adjusted to maintain 1 bar pressure during the reaction.
According toTP 2, solutions of3-ethoxyacrylonitrilé (3a; 1.61mL, 1.24m) and TMPZnCI-LiCl (;
1.61mL,1.49Mm, 1.2equiv.) were each pumped with 0.500 mL/rfiowrate (pump A and B). The
streams were combined in arfixer followed by a coiled reactor (V8l.= 5mL; t" = 10:00 min;

T = 40°C). The combined stream was mixed in anixer with a third stream (pump @pwrate:
0.482mL/min) of 3bromocyclohexene solution4b, 1.0m, 0.8equiv.) charged with a catalytic
amount of CuCN-2LiCl (0.12&, 0.1equiv.). The reagent solutions passed a second coiled reactor
(Vol.R=5mL; t* =3:22 min; =25 °C). After discarding.D min prerun, a volume equivalent to
1.0mmol of startig material was collected. The aquetayer was extracted with EtOAc (3x24.)

and the combined organic layers were dried over anhydrous Mé®@r removal of the solvernn

#7pyrchased a&:Z = 1.7:1 mixture from Aldrich, vefied by GC and 1FNMR analysis.
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vacuq CC purification (iso-hexaneEtOAc =8:2) affordedE-5b (major) andZ-5b (minor) in a 2:1

ratio as pale yellow oils (total amount: 261g, 1.47mmol, 92%).

'"H-NMR (300 MHz, CDCL): t/ppm = 6.80 (s, 1H), 6.60 (s, 1HE), 5.90i 5.80 (m, 1H)5.52i 5.43

(m, 1H),4.02 (9, = 7.1 Hz, 2H), 3.38 3.26 (m, 1H), 2.13 1.92 (m, 2H), 1.901.73 (m, 2H), 1.67

i 1.48 (m, 2H), 1.31 (1) = 7.1 Hz, 3H).

¥C-NMR (75 MHz, CDCly): Wppm = 157.8, 129.9, 127.5, 119.5, 97.8, 70.6, 31.9, 28.1, 24.6, 21.4,
15.4.

IR (Diamond-ATR, neat): */ cmi*= 2934(w), 2207(m), 1631(s), 1446(w), 1302(m), 1215(s),
1197(s),1140(s), 1108(m), 1021(m), 985(m), 887(m), 869(m), 844(m), 807(m), 778(m), 724(m),
597(w).

MS (70eV, El): m/z(%) = 177(71), 149(51), 148(30), 134(22), 121(59), 120(56), 106(26),97(16),
95(22), 94(14), 93(100), 92(18), 91(24), 81(30), 80(28), 79(47), 78(17), 77(35), 67(33), 66(37),
65(30), 55(15), 53(32), 52(17), 51(22), 41 (54).

HRMS (El): m/zcalcd.for [CyH1sNOJ: 177.1154: 177.1150M7].

3-ethoxy-2-(4-methoxyphenyl)acrylonitrile (5¢)

OMe

Et0
Z>eN

A back pressure regulator was installed and adjusted to maintain 2 bar pressure during the reaction.
Procedue TP 2 was used. Solutions of -@hoxyacrylonitrilé (3a; 1.45mL,1.38Mm) and
TMPZnCI-LIiCl (1; 1.45mL, 1.52Mm, 1.lequiv.) were each pumped at a 0.280'min flowrate

(pump A and B). The streams were combined in -miXer followed by a coiled reactor
(Vol.™=5mL; t¥=10:00 min; 7= 40°C). The combined stream was mixed with a stream (pump C:;
flowrate 0.276mL/min) of 4-iodoanisole solution4g, 1.0M, 0.8equiv.) with catalytic amounts of
Pd(dba) and TFP (in this order: 0.028, 0.02equiv.; 0.05v, 0.04equiv.). The combined streams
passed a second coiled reactor (¥Vel10 mL; £ = 12:49 min; T = 60°C). After discarding 10 min

prerun a volume equivalent to 1r@mol of starting material was collected. Thgueoudayer was
extracted with EtOAc (3x2BL) and CHCI, (2x25mL). The combined organic layers were dried

over anhydrous MgSQAfter removal of the solverih vacuq CC (iso-hexane Et OAc = 9: 1Y
afforded ofE-5c (major) andZ-5¢ (minor) in a 6:1 ratio as yellowish oils tptal amount:156 mg,
0.77mmol, 96%).

'H-NMR (400 MHz, CDCL): Wppm = 7.70i 7.63 (m, 2H), 7.15 (s, 1B 6.99 (s, 1HE), 6.93i

6.87(m, 2H), 4.18 (gJ = 7.1 Hz, 2H), 3.82 (s, 3H), 1.42 ft= 7.1 Hz, 3H).

¥C-NMR (75 MHz, CDCly): Wppm = 159.1, 156.5, 128.9 (2C), 123149.7, 114.0 (2C), 93.4, 71.9,

55.4, 15.5.
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IR (Diamond-ATR, neat): '/ cm*= 2936(w), 1725(m), 1670(m), 1596(s), 1511(s), 1460(m),
1254(s), 1166(s), 1088(s), 1024(s), 833(s), 767(m), 753(m), 689(m).

MS (70eV, EIl): m/z(%) =204(10), 203(73), 176(10),75(100), 174(38), 147(23), 146(48),145(15),
135(15), 132(28), 116(11), 103(10), 91(11), 77(15), 76(16), 57(13), 51(11).

HRMS (EIl): m/zcalcd.for [203.0946: 203.0944M™].

3-methoxy-2-(4-(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)phenyl)acrylonitrile 5d

+t

o. 0
B

M01£
e /CN

A back pressure regulator was installed and adjusted to maintain 2 bar pressure during the reaction.
ProcedurelTP 2 was usedSolutions of 3methoxyacrylonitrilé® (3b; 1.0 M) and TMPZnCILiCI (1;
1.14m, 1.1equiv.) were each pumped at a 0.280'min flowrate (pump A and B). The streams were
combined in a Tmixer (i.d. = 0.5mm) followed by a coiled reactor (V8l=5mL; t=10:00 min;
TM=40°C). The combined stream was mixed witBteeam (pump Cflowrate 0.250mL/min) of 2-
(4-iodophenyly4,4,5,5tetramethydl,3,2dioxaborolanesolution @d, 0.8 M, 0.8equiv.) with catalytic
amounts of Pd(dbapand TFP (in this order: (M, 0.02equiv.; 0.@ M, 0.04equiv.). The combined
streams passed a second coiled reactor T¥ol0 mL; £ = 12:49 min; T = 60°C). After discarding
1.0min prerun a volume equivalent to 1r@mol of starting material was collected. Tdgueoudayer

was extracted with EtOAc (3x28L) and CHCI, (2x25mL). The combined organic layers were
dried over anhydrous MgSOAfter removal of the sobntin vacuqg CC (so-hexaneEtOAc =7:3)
afforded a2.5:1 mixture ofZ-5d (major) andE-5d (minor) ascolorless solid160mg, 056 mmol,
70%).

M. p. (°C): 108112.

'H-NMR (400 MHz, CDCl, isomeric mixture): Wppm =7.77 (d,J = 8.4 Hz, 2H), 7.66 (d) = 8.4

Hz, 2H), 7.00 (s, 1HE), 7.22(s, 1HZ) 3.97 (s, 3H), 1.31 (s, 12H).

3C-NMR (100 MHz, CDCLk): t/ppm =159.9, 135.6, 135.(2C), 133.3, 126.§2C), 119.1, 94.3,
84.0, 63.22C), 25.0(4C).

IR (Diamond-ATR, neat): '/ cm*= 2925(w), 2212(w), 1626(m), 1605(m), 1454(w), 1397(m),
1356(s), 1325(s), 1212(m), 1150(s), 1095(s), 1017(m), 963(s), 887(m), 860(m), 843(s), 823(m),
745(m), 671(m), 654(s).

MS (70eV, El): m/z (%) = 285(31), 270(14), 199(29), 186(27), 185(34), 70(13), 61(18), 45(16),
43(100).

HRMS (EI): m/zcalcd.for [CigH20BNO;]: 285.1536285.1537TM7].

28 pyrchased a&:Z = 1:1 mixture from Aldrich, verified by GC arfti-NMR analysis.



C. EXPERIMENTAL PART 93

(E)-2-benzylidenepent4-enenitrile (5e, with scaleup)

f
Ph. _~ cN

A back pressure regulator was installed and adjusted to maintain 2 bar pressure in the flow system
system during the reaction. Followifid® 1, solutions of trangsinnamonitrile 8c; 1.77 mL, 1.13v)

and TMPZnCI-LiCl ¢; 1.77 mL, 1.24m, 1.1 equiv.) were each pumped at a 0.25 mL/iawrate

(pump A and B) and the streams were combined in-raixXer followed by a coiled reactor
(VolM=10mL; t = 10:00 min; T = 90 °C). The combined stream containing the zincated
intermediate was mixed in afiece with a stream (pump @owrate 0.34 mL/min) of allyl bromide
solution @a, 1.0 M, 1.2 equiv.), which contained a catalytic amount of CuCN-2LiCl ()8
0.1equiv.). The stream of reactants passed a second coiled react8=(20ohL; £=2:23 min; =

25 °C) and thecrude product stream was collected. The aqueous layer was extracted with EtOAc
(3x25 mL). The combined organic layers were dried over anhydrous Mm®0Dthe solvent was
removed in vacuo. Column chromatographic purificatiso-flexane Et OAc = Qaffordéd Y 9:
5eas a yellow oil (254 mg, 1.50 mmol, 75%).

With the same setup, Xmol starting material3¢; 8.85mL, 1.13 M) furnishedbe in 83% yield
(1.40g, 8.27mmol) after analogous purification.

Spectroscopic data matched those previously reported for this comfdund.

'H-NMR (300 MHz, CDCL): t/ppm = 7.84i 7.28 (m,5H), 6.96 (s, 1H), 6.02 5.82 (m, 1H), 5.33

5.21 (m, 2H), 3.238.13 (m, 2H).

¥C-NMR (100 MHz, CDCly): Wppm = 144.8, 143.7, 133.4, 132.7, 132.3, 129.8, 129.3, 128.6, 118.5,
117.9, 109.2, 39.7.

IR (Diamond-ATR, neat): '/ cm'= 3084(w), 2210(m),1640(w),1621(w), 1494(w), 1448(m),
1431(w), 1217(w), 992(m), 923(s), 750(s), 690(s).

MS (70eV, El): m/z(%) =169 (34), 168(47), 167(10), 154(100), 153(10), 142 (14), 141(34),140(15),
129(13), 128(15), 127(23), 115(24).

HRMS (EI): m/zcalcd.for [C1,H11N]: 169.0891; found168.078gM-H .

2-(4-methoxyphenyl)-3-phenylacrylonitrile (5f)

OMe

Ph. ;
Z>eN

A back pressure regulator was installed and adjusted to maintain 2 bar pressure during the reaction.
According toTP 2, solutions oftrans-cinnamonitrile 8c; 1.43 mL, 0.70v) and TMPZnCI-LiCl (;
1.43 mL, 0.7, 1.1 equiv.) were pumped at 0.25 mL/rfliowrate (pump A and B) and the streams

were mixed in a Fpiece. The combined stream passed a coiled reactol'&/6lmL; £ = 10:00 min;

29 Tomioka, T. et al.J. Org. Chem2011, 76, 8053.
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T = 90 °C) and was subsequently mixed with a stream (pumfo@tate 0.25 mL/min) of 4
iodoanisole solution4g, 0.49 M, 0.6 equiv.) with catalytic amounts of Pd(dbahd TFP (in this
order: 0.016Mm, 0.02 equiv., 0.03241, 0.04 equiv.). The reactEnpassed a second coiled reactor
(Vol.R= 19mL; t®= 25:20 min; T = 60°C). After discarding 1:00 minute preryra volume
equivalent to 1.0nmol starting material was collected. Thgueoudayer was extracted with EtOAc
(4x25 mL). The combined organlayers were dried over anhydrous MgSind the solvent was
removedin vacuo Column chromatographic purifications¢-hexaneEtOAc = 95:5) gave a 8:1
mixture total amount140 mg, 0.59 mmol, 99%) of yellow oitZf (minor) and colourless solif-5f
(major).

M.p. (°C): 86-90.()

'HT NMBOOMHz, CDCls): i/ p p m i=7.82Z (m92H), 7.66 7.57 (m, 2H), 7.45 7.39 (m,

3H), 7.26 (s, 1), 7.10 (s, 1HZ), 7.01 6.93 (m, 2H), 3.86 (s, 3H).

¥C7T NMR/5 MHz, CDCl;): i/ ppm =160.6, 140.3, 134.1, 130.
(20), 127.1, 118, 114.6 (2C), 111.5, 55.6.

IR (Diamond-ATR, neat): '/ cmi'= 3005(w), 2839(w), 2214(m), 1605(s), 1573(m), 1509(s),
1459(m), 1439(m), 1281(m), 1250(s), 1178(s), 1118(m), 1031(s), 931(m), 896(m), 832(s),
820(s),769(s), 746(s), 692(s).

MS (70eV, El): m/z(%) =236(16), 235(100), 234(22), 220(12), 204(16), 192(10), 191(13), 190(19),
177(10), 165(24).

HRMS (El): m/zcalcd.for [C16H1sNO]: 235.0997; found235.0952M].

(2)-2-(hydroxy(phenyl)methyl)-3-phenylacrylonitrile (5g)
HO Ph

Ph\/ICN
A back pressure regulator was installed and adjusted to maintain 2.5 bar pressure during the reaction.
Following TP 1, solutions of tranginnamonitrile 8c; 1.77 mL, 1.13v) andTMPZnCI-LiClI (1; 1.77
mL,1.24Mm, 1.1 equiv.) were each pumped at a 0.25 mLAtoirate (pump A and B) and the streams
were combined in a-Mmixer followed by a coéd reactor (Vo = 5 mL; £'= 10:00 min; T =90 °C).
The stream containing the zincated intermediate was mixed hpiac& with a stream (pump C;
flowrate 0.46 mL/min) of benzaldehyde solutiode( 1.5 M, 2.0 equiv.) charged with a sub
stoichiometric amount of TMSE&P (0.08Mm, 0.1 equiv.). The combined reactant stream passed a
second reactor (VS 10 mL; £=10:25 min; T = 70 °C).After collecting the crude product stream,
the aqueous layer was extracted with EtOAc (3x40 mL). The combined organic layers were dried
over anhydrous MgSQ After removal of the solvenin vacuq column chromatographyis¢-
hexaneEtOAc = 8:2) furnished abhol5g as a yellow oil (292 mg, 1.24 mmol, 62%).

240 Trimethyl silyl chloride (TMSCI) was necessary to suppress the formation of various byproducts, the product
formation also occurim absence of TMSCI.



C. EXPERIMENTAL PART 95

'H-NMR (300 MHz, CDCl): t/ppm = 7.86i 7.68 (m, 2H), 7.52 7.30 (m, 9H), 5.47 (s, 1H),
2.54(brs, 1H).

¥C-NMR (75 MHz, CDCls): Wppm =142.8, 140.0, 133.1, 130.8, 129.2, 129.1 (2C), 129.0 (2C),
129.0 (2C), 126.6 (2C), 117.3, 114.4, 75.8.

IR (Diamond-ATR, neat): ' / cm* = 3430 (OH, m), 3061(w), 3029(w), 2214(m), 1622(m), 1493(m),
1449(m), 1392(m)1212(m), 1191(m), 1076(m), 1040(m), 1024(m), 932(m), 902(m), 724(s), 688(s).
MS (70eV, El) m/z(%) = 235 (27), 140(20), 130(68), 129(23), 107(53), 106(11), 105(100), 103(11),
102(23), 91(11), 79(57), 78(19), 77(70).

HRMS (El): m/zcalcd.for [CigH:1aNO]: 235.0997; found235.0999M7].

(2-nitropenta-1,4-diene-1,1-diyl)bis(methylsulfane) (i)

SMe

MeS™ X NO,
AN

Following TP 1, solutions of(2-nitroethenel,1-diyl)bis(methylsulfane) 3d; 2.27 mL, 0.44M in
75vol-% THF and 250l-% DMPU’) and T MPZn Cl 1A2.27 @, 0.49AM, Ll equiv)  (
were each pumped at 0.50 mL/nflowrate (pump A and B). The streams were combined inra T
mixer followed by a coiled reactor (V8k 5 mL; = 5:00 min; = 0 °C).The combined stream was
mixed with a stream (pump Glowrate 0.50 mL/min) of allyl bromide solutiord§, 0.88 M, 2.0
equiv)cha ged wi t h Cu MNOALZGuiv.CThe ¢oMmhineddstteam passed a second coiled
reactor (Volf= 10mL; t°= 6:40 min; T= 25 °C) and was then collected. Thgueoudayer was
extracted with EtOAc (3x30 mL) and the combined organic layers were dreecdohydrous MgSQO

After removal of the solverih vacuq column chromatographys-hexaneEtOAc = 9:1) gavéi as a
yellow oil (150 mg, 0.73 mmol, 73%).

'H-NMR (400 MHz, CDCkL): U /  5.B6M.765(m, 1H), 5.17 5.09 (m, 2H), 3.78.68 (m, 2H),

2.43 (s, 3H, 2.41 (s, 3H).

¥C-NMR (75 MHz, CDCL): U /| p49.m4, ¥5.97, 132.29, 117.89, 36.88, 18.64, 18.10.

IR (Diamond-ATR, neat): '/ cm®= 2982(w), 2926(w), 2255(w), 1711(w), 1639(w), 1526(s),
1482(m), 1415(s), 1356(m), 1284(s), 1234(m), 1132(w), 1090(w), 99@&3Ym), 912(s), 895(s),
863(m),767(w),730(s), 675(m).

MS (70eV, El): m/z (%) = 205(12), 126(38), 112(78), 111(60), 102(12), 97(97), 96(13), 90(14),
85(30), 75(29), 70(12), 70(14), 69(27), 69(23), 65(14), 61(19), 61(24), 53(21), 45(16), 45(29),
43(100), 41(42).

HRMS (El): m/zcalcd.for [C;H1:NO,S;]: 205.0231 found:205.0226M™].

(E)-2-(2-nitropenta-1,4-dien-1-yl)furan (5))
O NOz
\ ! P
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Following TP 1, solutions of (ER-(2-nitrovinyl)furan @3e; 2.00 mL, 0.50m) and TM®PZnCl AL
solution (; 2.00 mL, 0.60v, 1.1 equiv.) were each pumped at 0.75 mL/ftomrate (pump A and

B). The streams were combined in arilxer followed by a coiled reactor (V8 5 mL; t'= 3:20

min; T"= 25 °C).Thecombined stream was mixed with a stream (pumfic@jrate 0.75 mL/min) of

allyl bromide solution 4a, 0.75M, 1.5 equiv.) containing CuGRLICI (0.05m, 0.1 equiv.). The
combined stream passed a second coiled reactof&/bd mL; f= 4:27 min; T= 25 °C) and was

then collected. Thaqueoudayer was extracted with EtOAc (3x50 mL) and the combined organic
layers were dried over anhydroddgSQ,. After removal of the solvenin vacuq column
chromatographic purificationgo-hexaneEtOAc = 95:5) gavebj as a red oil (149 mg, 0.48md,

78%).

'"H-NMR (400 MHz, CDC}J): ti/ ppm = 7.89 (s, 1H), 7.64 (d,= 1.5 Hz, 1H), 6.85 (d] = 3.5 Hz,

1H), 6.58 (ddJ = 3.5, 1.5 Hz, 1H), 5.95.85 (m, 1H), 5.23 5.08 (m, 2H), 3.8B.79 (m, 2H).

¥C-.NMR (100 MHz, CDCL): &i / [47.® 146.7146.1, 132.4, 121.3, 119.9, 117.3, 113.1, 31.5.

IR (Diamond-ATR, CDCly): '/ cmi'=2361(w), 1651(m), 1512(s), 1475(w), 1424(w), 1316(s),
1023(m), 912(w), 904(s), 884(m), 860(w), 755(w), 712(m) 667 (w).

MS (70eV, El): m/z (%) = 179(35), 132(15), 104(15%103(47), 97(11), 91(19), 85(11), 83(84),
79(20), 78(26), 77(51), 71(15), 70(12), 69(15), 65(11), 65(11), 61(20), 57(17), 55(15), 55(19), 53(11),
51(20), 45(17), 44(25), 43(16), 43(100), 41(21).

HRMS (El): m/zcalcd.for [CaHgNO3]: 179.0582179.058(QM"].

Isopropyl (Z)-4-cyclopropyl-4-oxo-2,3-diphenylbut-2-enoate {c)

O
Ph X CO,iPr

Ph

According to TP 2, solutions of isopropyl H)-2,3-diphenylacrylate §b; 4.00 mL, 0.50Mm) and
TMP Mg C| A& 14.00G1L, 068v, 1.1 equiv.) were each pumped at 0.50 mL/fluwrates (pump

A and B) and the streams were combined inmiXer. The stream passed a coiled reactor {V/sl.
5mL; tY = 5:00 min; ™ = 50 °C) and was subsequently mixed with a third stream (purfipv@ate
0.25mL/min) of cyclopropanecarbonyl chloride solutioH,(0.80 M, 0.8 equiv.) charged with a sub
stoichiometric amo Mn5eqaif.). TBaudombhedLstre8rh pagséd. aSsecond
coiled reactor (Volt = 10 mL; € = 8:00 min, T = 0°C). After discarding 10 ve¥% prerun of the
reactant solutiona volume quivalent to Immol starting material was collectethe aqueoudayer

was extracted with EtOAc (3x25 mL). The organic layers were combined and dried over anhydrous
MgSQ, and the solvent was removed vacuo Purification by column chromatographysa
hexaneEtOAc = 8:2) afforded enoné as a colourlesoéid (325mg, 0.97mmol, 61%).

M.p. (°C): 84-87.
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'H-NMR (400 MHz, CDCL): U/ ppm = 7.25( 6.99 (m, 10H), 5.16 (hepf,= 6.3 Hz, 1H), 1.98

1.89 (m, 1H), 1.26 (d] = 6.3 Hz, 6H), 1.20 1.15 (m, 2H), 0.9@.85 (m, 2H).

¥C-NMR (100 MHz, CDCL): Ui/ ppm = 204.5, 168.2, 147.0, 136.3, 135.3, 135.0, 130.0 (2C), 129.9
(2C), 128.52C), 128.3, 128.1, 128.0 (2C), 69.2, 21.6 (2C), 21.2, 12.8 (2C).

IR (Diamond-ATR, neat): '/ cmi'=2988(w), 2934(w), 1700(s), 1674(s), 1609(w), 1489(w),
1443(m), 1373(m), 1346(m), 1298(m), 1236(s), 1204(s), 1178(m), 1125(s), 1103(s), 1092(s),
1027(m), 10@(m), BVB6(m), 923(m), 896(m), 845(w)B14w), 801(w), 765(m), 739(s)729(m),
698(s).

MS (70eV, El): m/z(%) = 335(15), 334(59), 292(15), 291(56), 275(23), 251(43), 247(33), 224(10),
223(45), 207(10), 179(42), 178(100), 177(11), 176(17), 152(12), 43138D).

HRMS (El): m/zcalcd.for [C,,H2,04]: 334.1569 found:334.1569M77].

Methyl (E)-3-methoxy-4-oxo-4-phenylbut-2-enoate {d, with scaleup)
Ph

)¢
Moo~ - COMe

AccordiTRgl, teol uti on£)-3mét hroextylagilr yidatDe m, abdoO
TMPMgCI I2L1 CO 1o, L. 20equi v.) were eachl pwmped w
(pump A and B) and t he -mitxreeramsT hwee rceo nthoi rmbei dn esdt riena
react Y mLvB3t 2. 5 Y mi a0 AC) and wasemi wetdhia ahir
(pumpl 6wr alt. D0 mL/ min) of BHedhzoOyM, chl oOrégqgei w.0) ut
Sudbt oi chi ometric amomntO.o5 eQuudNL2LiTthle (cOo.nbbi ned
reactor immerse®® ilmt "amr4i d6"=mAhACfValkol Wweceée edhe |
aqueousl ayer xtwaascteed three times with 40 mL of Et
combined and dried ,aveérthaeahygot oeimn Mgv@S©U®l & mnv e O
chromat ogr ap hisotexapauEti OAc at i 8 @d2qfu aanftfidradae dr ebfp as
crystals (219 mg, 0.996 mmol, 99 %) .

With the same setup XBmol starting material5g; 15.0 mL, 1.00 M) furnishedd in 99% yield

(3.269, 14.83mmol) after analogous purification.

M.p. (°C): 81.

'"H-NMR (400 MHz, CDCly): i/ ppm = 7.94i 7.88 (m, 2H), 7.62 7.55 (m, 1H), 7.51 7.43 (m,

2H), 5.40 (s, 1H), 3.84 (s, 3H), 3.55 (s, 3H)

¥®C-NMR (75 MHz, CDCl): 4 / ppm = 190.6, 168.1, 166.6, 134.
93.4,57.1, 51.5.
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IR (Diamond-ATR, CDCl): ' / cmi* = 3002(w), 2956(w), 1737(m), 1710(s), 1620(m), 1436(m),
1359(s), 1279(m), 1220(s), 1195(m), 1143(s), 1091(m), 1075(m), 1051(m), 98Z4\), 763(W),
594(w),571(w).

MS (70eV, El): m/z(%) =220(2), 190(22), 105(100), 78(58).

HRMS (El): m/zcalcd.for [C1,H1,04]: 220.0736220.0733M7].

Methyl (E)-3-(cyclohex2-en-1-yl)-3-(thiophen-2-yl)acrylate (7f)

S ™ COZMe
\ |

TP 1 was used. Solutions of methyE)(3-(thiophen2-yl)acrylate 6d; 1.00 mL, 1.0m) and
TMPMgCIl ALi CZ1.06ml, LA, hinequfv.) were each pumped at 2.50 mL/fluwrate
(pump A and B). The streams were combined in -miXer followed by a coiled reactor
(Vol.M=5mL; t= 1:00 min; ™= 125 °C).The combined stream was mixed with a third stream
(pump C;flowrate 2.50 mL/min) of allyl bromide4a, 1.20Mm, 1.2 equiv) wiMh CuCN
0.1 equiv.). The combined stream passed a second coiled reactfr MmL; t*= 1:20 min; T= -

25 °C) and was then collected. Thgueoudayer was extracted with EtOAc (3x50 mL) and the
combined organic laysrwere dried over anhydrous MgS@fter removal of the solverih vacuq
column chromatographic purificatioms¢-hexaneEtOAc = 97:3) gaverf as a colourless solid (179
mg, 0.72mmol, 72%).The product decomposes withga.one hour under air at room temperature to
a complex mixture of unidentified compounds.

'H-NMR (400 MHz, CDd3): 0/ p p 4n635m, TH),7.49 (s, 1H), 7.106.89 (m, 1H), 6.70
(dd,J= 3.6, 0.8 Hz, 1H), 6.18.03 (m, 1H), 5.89 5.58 (m, 1H), 3.70 (s, 3H), 3.60 (s, 1H), 2115

1.91 (m, 2H), 1.78 1.47 (m, 3H), 1.32 0.68 (m, 1H).

¥C-NMR (100 MHz, CDCk): &/ ppm = 167. 7, 154. 9, 138. 0, 13
115.2,51.7, 37.3, 32.3, 25.0, 20.6.

IR (Diamond-ATR, CDClj): '/ cm*=2952(w), 1713(s), 1656(w), 1630(m), 1600(m) 1575(w),
1474(w), 1461(w), 1426(w), 1402(w), 1362(m), 1319(w), 1273(h244(w), 1211(s), 1190(s),
1130(w), 1053(w), 1035(w), 1014(m), 952(w), 903(s), 851(w), 797(w), 725(s).

MS (70eV, EI): m/z (%) = 249(17), 248 (100), 233 (42), 220(17), 217(19), 216(15), 205(10),
189(14), 188(14), 187(13), 161(10), 160(10), 128(11%(11), 115 (12).

HRMS (EI): m/zcalcd.for [CisH160:NS,]: 248.0871 found:248.0863M™].

4-(dimethylamino)-5-phenylfuran-2(5H)-one Ba, with scaleup)
0.0
Ph

—

MezN
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According to TP 1, solutions of ethyl E)-3-(dimethylamino)acrylate Ge; 1.98 mL, 1.01m) and

TMP Mg Cl 21.0m@l, 1.1am, 1.1 equiv.) were each pumped at 0.50 mL/fluwrates (pump A

and B) and the streams were combined in -miXer. The stream passed a coiled reactor
(Vol.™ = 10mL; t" = 10:00 min; T = 25 °C) and was subsequently mixed with a third stream (pump

C; flowrate 0.57 mL/min) of benzaldehyde solutiofe( 1.51 M, 1.7 equiv.). The combined stream
passed a second coiled reactor (Vel5 mL; £ = 3:11 min, T = 25 °C) and was then collected. The
aqueoudayer was extracted with EtOAc (4x25 mL) and £H (2x25 mL). The organic layers were
combined and dried over anhydrous MgS&ahd the solvent was removed vacuo Column
chromatographic purificationigo-hexane Et OAc = 10:1 Y EohedBA@) a aff or
colourless liquid (344 mg, 1.69 mmol, 85%).

With the same setup I¥Bmol starting materialég; 15.0 mL, 1.00m) furnished8a in 91% yield

(2.799, 13.74 mmol) after analogous purétmon.

'"H-NMR (300 MHz, CDCl,): Wppm = 7.45 7.17 (m, 5H), 5.70 (s, 1H), 4.75 (s, 1H), 2.76 (m, 6H).
¥C-NMR (75 MHz, CDCly): Wppm =174.1, 170.3, 135.2, 129.6, 129.2 (2C), 127.9 (2C), 83.0, 80.2,
40.3 (2C).

IR (Diamond-ATR, neat): '/ cm®=3109(w), 2925(w), 1709(s),1597(s), 1437(m), 1401(m),
1316(s), 1263(m), 1170(s), 1005(s), 973(m), 905(s), 873(m), 841(m), 788(s),774(s), 720(s), 704(s),
671(m) .

MS (70eV, El): m/z (%) = 203(33), 69(100), 68(10), 41(11).

HRMS (El): m/zcalcd.for [CyH1aNO,]: 203.0946 found:203.0945M™].

5-(4-chlorophenyl)-4-(dimethylamino)furan-2(5H)-one @b)

0.0
Cl

=

Me,N
According to TP 1, solutions of ethyl E)-3-(dimethylamino)acrylate6g; 1.98 mL, 1.01m) and

TMP Mg Cl 21.0m@l, 1.1am, 1.1 equiv.) were each pumped at 0.50 mL/fluwrates (pump A

and B) and the streams were combined in-mifer. The stream passed a coiled reactor {V/al.

10mL; t = 10:00 min; T = 25 °C) and was subsequently mixed with a third stream (pump C;
flowrate 0.53 mL/min) of 4chloro benzaldehyde solutigdj; 2.00 M, 2.1 equiv.). The combined

stream passed a second coiled reactor (oI5 mL; £ = 3:11 min, T = 25 °C) and was then

collected. Theaqueouslayer was extracted with EtOAc (3x25 mL) and £H (2x25 mL). The

organic layers were combined and dried over anhydrous M@8@ the solvent was removed

vacua Purification by column chromatographjsg¢hexane Et OAc = 10:1 Y EtOAc
lactone8b as a colourlessolid (304 mg, 1.28 mmol, 64%).

M.p. (°C): 121-126.

'"H-NMR (300 MHz, CDCly): Wppm =7.38i 7.25 (m, 4H), 5.70 (s, 1H), 4.77 (s, 1H), 2.79 (m, 6H).
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¥C-NMR (75 MHz, CDCly): Wppm =173.8, 170.0, 135.7, 133.8, 129.6 (2C), 129.4 (2C), 83.3, 79.4,
40.4 (2C).
IR (Diamond-ATR, neat): '/ cm®=3114(w), 2924(w), 1711(s),1612(s), 1490(m)435(m),

1413(m), 1307(m), 1174(s), 1092(m), 1009(s), 974(m), 905(s), 871(s), 845(s), 825(s), 795(s), 734(m).

MS (70eV, El): m/z (%) = 237(14), 97(15), 69(100).
HRMS (EI): m/zcalcd.for [C1,H1,CINO,]: 237.0557 found:237.0555M™].

4-(dimethylamino)-5-(3-methoxyphenyl)furan-2(5H)-one @c)

MeQ
00

=

Me,N
According toTP 1, solutions of ethyl £)-3-(dimethylamino)acrylate6g; 1.98 mL, 1.01m) and
TMP Mg Cl 201.0r@l, 1.1Qv, 1.1 equiv.) were each pumped at 0.50 mL/fiiwrates (pump A

and B) and the streams were combined in-mider. The stream passed a coiled reactor (Vel.
10mL; t™ = 10:00 min; T = 25 °C) and was subsequently mixed with a third stream (pump C;
flowrate 0.43 mL/min) of 3methoxy benzaldehyde solutiofk( 2.00Mm, 1.7 equiv.). The combined
stream passed a second coiled reactor {\ol5 mL; £ = 3:11 min, T = 25 °C) and was then
collected. Theaqueouslayer was extracted with EtOAc (3x25 mL) and LLH (2x25 mL). The
organic layers were combined and dried over anhydrous @8® the solvent was removéa
vacua Purification by column chromatographgghexane Et OAc = 9: 1 Y Et OAc)
8c as a colourless solid (370 mg, 1.59 mmol, 79%).

M.p. (°C): 167-168.

'"H-NMR (400 MHz, CDCLk): Wppm = 7.41i 7.18 (m, 1H), 6.99 6.73 (m, 3H), 5.67 (s, 1H), 4.76
(s,1H), 3.79 (s, 3H), 2.80 (m, 6H).

¥C-NMR (75 MHz, CDCly): Wppm = 173.8, 170.0, 135.7, 133.8, 129.6 (2C), 129.4 (2C), 128.0,
83.3, 79.4, 40.4 (2C).

IR (Diamond-ATR, neat): '/ cm®=2922(m), 2851(w), 1714(s), 1620(s), 1607(s), 1489(m),
1437(m), 1408(m), 1306(m), 1284(s), 1228(n)}62(m), 1089(w),1048(m), 1003(s), 973(m),
904(m), 871(m), 866(m), 788(s), 763(s), 725(s), 702(m).

MS (70eV, El): m/z (%) = 233(25), 189(12), 69(100).

HRMS (EI): m/zcalcd.for [Cy3H1sNOs]: 233.1052233.105M7].

5-(tert-butyl) -4-(dimethylamino)furan-2(5H)-one @d)

0.0
=

Me,N
According to TP 1, solutions of ethyl E)-3-(dimethylamino)acrylate6g; 1.89 mL, 1.06M) and
TMP Mg Cl &101.89@nL, 1.0, 1.1 equiv.) were each pumped at 0.250 mL/wiwrates (pump

A and B) and the streams were combined inmifer. The stream passed a coiled reactor {V/sl.

af
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5mL; t = 10:00 min; ™ = 25 °C) and was subsequently mixed with a third stream (pump C;
flowrate 0.265 mL/min) of pivaldehyde solutiodl(1.50M, 1.5 equiv.). The combined stream passed

a second coiled reactor (Vdl= 10 mL; £ = 13:20 min, T = 25 °C) and was then collected. The
agqueoudayer was extracted witBEtOAc (3x25 mL). The organic layers were combined and dried

over anhydrous MgSQOand the solvent was removeth vacuo Purification by column
chromatographyigo-hexaneEtOAc:NEE= 2 : 1: 0. 03 Y 1: 1 :8dasa&leyeboivf or d e d
oil (298 mg, 1.63 mmol, 81%).

'H-NMR (200 MHz, CDCL): Wppm =4.67 (s, 1H), 4.57 (s, 1H), 2.77 (s, 6H), 0.92 (s, 9H).

¥*C-NMR (75 MHz, CDCly): UWppm = 174.2172.7, 877, 84.7, 41.7 (2C), 37.1, 25.8 (3C).

IR (Diamond-ATR, neat): '/ cm'=2958(w), 1712(s), 1601(s), 1471(w), 1442(m), 1402(m),
1393(m), 1363(m), 1337(s), 1318(m), 1303(m), 1172(s), 1157(m), 1134(s), 1043(m), 1009(s),
975(m), 939(w), 915(sB66(m), 786(s), 773(sy.25(s).

MS (70eV, El): m/z (%) = 183(15), 127(91), 126(100), 99(16), 98(60), 42(19), 41(22).

HRMS (El): m/zcalcd.for [CioH1/NO,]: 183.1259183.1244M"7.

5-(2-bromophenyl)-4-(pyrrolidin -1-yl)furan-2(5H)-one @e)
Br

a
According to TP 1, solutions of ethyl E)-3-(pyrrolidin-1-yl)acrylate 6f; 1.98 mL, 1.01m) and
TMPMgCIAICI (2; 1.0 mL, 1.11m, 1.1 equiv.) were pumped at 0.50 mL/rfiowrate (pump A and
B). The streams were combined in amiixer followed by a coiled reactor (VYl.=10 mL;
t" = 10:00min; TV = 25 °C) and then mixed with a third stream (pumgl@yrate 0.57 mL/min) of
2-bromobenzaldehyde solutiofng; 1.50Mm, 1.7 equiv.) in a Tmixer. The combined streams passed a
second coiled reactor (VBI= 14 mL; £ = 8:55 min; T = 25 °C) and the crude product stream was
subsequently collected. The aqueous layer was extracted with EtOAc (3x25 mL) a@dh, CH
(2x25mL). The combined organic layers were dried over anhydrous Mg8d the solvent was
removedin vacuo Column chromatographic purifications¢-hexane EtOAc:NEE = 5: 5: 0. 1 Y
4:6:0.1) afforded lacton®e as a colorless solid (428g, 1.39 mmol, 70%).
M.p. (°C): 151.
'H-NMR (400 MHz, CDCL): Wppm = 7.67i 7.53 (m, 1H), 7.40 7.17 (m, 3H), 6.29 (s, 1H), 4.72
(s, 1H), 3.27 (m, 3H), 2.64 (nH), 2.16i 1.64 (m, 4H).
BC-NMR (75 MHz, CDCly): Wppm = 174.3, 167.5, 134.2, 133.3, 131.1, 128.6, 128.6, 125.2, 82.4,
78.6, 50.0, 48.0, 26.0, 24.8.
IR (Diamond-ATR, neat): '/ cm®=3114(w), 2980(w), 2865(w), 1725(s), 1608(s), 1469(m),
1425(m), 1356(m)1292(s), 1154(s), 1016(s), 988(m), 889(s), 864(s), 837(m), 772(s), 739(s), 724(m).
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MS (El, 70 eV): m/z (rel.Intensity) = 309(16), 307(15), 151(11), 95(100), 55(12), 41(15).
HRMS (El): m/zcalcd.for [CiH12*BrNO,]: 309.0187); found309.0171M™].

5-(4-(methylthio)phenyl)-4-(pyrrolidin -1-yl)furan -2(5H)-one @f)

0
Mes

According to TP 1, solutions of ethyl E)-3-(pyrrolidin-1-yl)acrylate 6f; 1.98 mL, 1.01m) and

TMPMgCIAICI (2; 1.0 mL, 1.11m, 1.1 equiv.) were pumped at 0.50 mL/nfiowrate (pump A and

B). The streams were combined in amiixer followed by a coiled reactor (VYl.=10 mL;

t" = 10:00min; T = 25 °C) and then mixed with a third stream (pumgl@yrate 0.86 mL/min) of

4-(methylthio)benzaldehyde solutiodn; 1.00 M, 1.7 equiv.) in a Fmixer. The combined streams

passed a second coiled reactor (V&l.14 mL; £ = 7:32 min; T = 25 °C) and the crude product

stream was subsequently collected. The aqueous layer was extracted with EtOAc (4x25 mL). The

combined organic layensere dried over anhydrous Mggénd the solvent was removedvacuo

Column chromatographic purificatiors¢-hexane EtOAc:NEg = 1:1:0.02 ) afforded lactor® as a

colorless solid (3681g, 1.34 mmol, 67%).

M.p. (°C): 155156.

'H-NMR (400 MHz, CDCL): U/ p p m i=7.17 (m344), 5.69 (s, 1H), 4.69 (s, 1H), 3i42.63

(m, 4H), 2.50 (s, 3H), 2.31.1.62 (m, 4H).

¥C-NMR (75 MHz, CDCly): Wppm =174.5, 167.5, 140.6, 131.4, 128.5 (2C), 126.5 (2C), 81.9, 79.9,

49.9, 48.1, 25.9, 24.6, 15.4.

IR (Diamond-ATR, neat): '/ cm*=2873(w), 1795(w), 1718(s), 1595(s), 1492(m), 1459(m),

1425(m), 1348(m), 1302(s), 1286(m), 1160(s), 1088(m), 1006(s), 9®HS6]s), 872(s), 818(s),

783(s).

MS (70eV, El): m/z(%) = 276(11), 275(58), 151(33), 95(100), 55(11).

HRMS (El): m/zcalcd.for [CisH:,NO,S): 275.0980 found: 275.097M™].

4-methoxy-5-(p-tolyl)furan -2(5H)-one ©g)

o
Me@—g
—

MeO

According to TP 1, solutions of methyl K)-3-methoxyacrylate 6c; 2.22 mL, 0.90M) and
TMP Mg Cl & 12.22GiL, 009, 1.1 equiv.)were each pumped at 2.50 mL/nfiowrates (pump
A and B) and the streams were mixed in-pidce. The stream passed a coiled reactor (\#ob mL;
t" = 1:00 min; ™ = 40 °C) and was subsequently mixed with a third stream (punfio\@ate
2.25mL/min) of 4-methylbenzaldehyde solutiordq; 2.00 M, 2.0 equiv.). The combined stream
passed a second coiled reactor (Vel.10 mL; £ = 1:20 min,T® = 25 °C) and was then collected.

Theaqueoudayer was extracted with EtOAc (2x25 mL). The organic layers were combined and dried
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over anhydrous MgSQOand the solvent was removeth vacuo Purification by column
chromatographyigo-hexane Et OAc  %:1) &ffortled Mcton&g as a colourless solid (271 mg,
1.33mmol, 67%).

M.p. (°C): 95-98.

'"H-NMR (300 MHz, CDCL): Wppm = 7.43i 7.21 (m, 4H), 5.69 (s, 1H), 5.215.17 (s, 1H), 3.87
(s,3H), 2.40 (s, 3H).

¥C-NMR (75 MHz, CDCly): Wppm =181.8, 172.7, 139.5, 131.1, 129.6 (2C), 126.7 (2C), 88.3, 80.4,
59.7, 21.4.

IR (Diamond-ATR, neat): ’/ cm'=3432 (w), 3299 (w), 2945(w), 2922(w), 1739(s), 1721(s),
1628(s), 1513(m), 1453(m), 1354(m), 1290(m), 1247(m), 1158@35(s), 986(s), 898(s), 810(s),
732(s).

MS (70eV, El): m/z(%) =205 (11), 204 (70), 189 (22), 120 (13), 119 (100), 115 (14), 91 (44), 85
24), 84 (31), 77 (11), 65 (16).

HRMS (EI): m/zcalcd.for [Cy;H1,03]: 204.0786 found: 204.0777M"].

5-(2-bromophenyl)-4-methoxyfuran-2(5H)-one @h)

O

MeO/

According to TP 1, solutions of methyl K)-3-methoxyacrylate 6c; 2.22 mL, 0.90M) and
TMP Mg Cl & 12.22GiL, 00QM, 1.1 equiv.) were each pumped at 2.50 mL/flunrates (pump

A and B) and the streams were combined in -miXer. The stream passed a coiled reactor
(Vol.™ =5mL; t = 1:00 min; T = 40 °C) and was subsequently mixed with a third stream (pump C;
flowrate 2.25mL/min) of 2bromobenzaldehyde solutiodnf; 1.50 M, 1.5 equiv.). The combined
stream passed a second coiled reactor f\vol10 mL; £ = 1:20 min, T = 25 °C) and was then
collected. Theaqueousayer was extracted with EtOAc (4x25 mL) and DCM (2x@5). The organic
layers were combined and drieder anhydrous MgSQand the solvent was removéad vacuo
Purification by column chromatographg¢hexaneEtOAc = 2:1) afforded lactongh as a colourless
solid (327 mg, 1.22nmol, 61%).

With the same setup Imol starting material6¢; 10.0 mL, 1.00m) furnished8h in 67% yield
(1.81g, 6.72 mmol) after analogous purification.

M.p. (°C): 136138.

'"H-NMR (300 MHz, CDCl): Wppm =7.637.59 (m, 1H), 7.39 7.14 (m, 3H), 6.27 (s, 1H), 5.21 (s,
1H), 3.86 (s, 3H).

¥C-NMR (75 MHz, CDCl): Wppm =181.8, 172.5, 133.5, 133.4, 131.0, 128.1, 127.8, 124.1, 88.9,
79.2, 59.9.

IR (Diamond-ATR, neat): ’/ cm®=3121(w), 1790(w), 1746(s)1622(s), 1436(w), 1349(m),
1288(m), 1250(m), 1157(m), 1026(m), 987(m), 936(m), 892(m), 834(s), 754(s), 740(m), 726(m).
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MS (70eV, El): m/z (%) = 270(33), 268(38), 234(15), 189(40), 183(41), 161(11), 157(14),
155(11),113(11), 105(11), 102(17), 101(10), &)(B5(100), 84(21), 77(34), 76(15), 75(21), 51(11),
50(12).

HRMS (El): m/zcalcd.for [Ci1HsBrO3]: 267.9735found: 267.9739M7].

4-methoxy-5-(2-methylprop-1-en-1-yl)furan -2(5H)-one @i)
v O~°

—

MeO
According to TP 1, solutions of methyl K)-3-methoxyacrylate 6c; 1.89 mL, 1.06 M) and
TMP Mg Cl &1.BOGiL, 1(1M, 1.1 equiv.) were each pumped at 1.00 mL/fliwrates (pump
A and B) and the streams were combined in -mif¥er. The stream passed a coiled reactor
(Vol.™ =2 mL; t = 1:00 min; T = 40 °C) and was subsequently mixed with a third stream (pump C;
flowrate 1.00mL/min) of 3methylbut2-enal solution4p; 1.59M, 1.5 equiv.). The combined stream
passed a second coiled reactor (¥el.10 mL; £ = 3:20 min, T = 25 °C) and was then collected.
Theaqueoudayer was extracted with EtOAc (4x25 mL). The organic layers were combined and dried
over anhydrous MgSQOand the solvent was removeth vacuo Purification by column
chromatographyigo-hexane Et OAc = 7: 3 Y 28ids)a cabofirless solidg2l1 rhga ct o n €
1.25mmol, 63%).
M.p. (°C): 99-109.
'H-NMR (300 MHz, CDCL): Wppm = 5.40 (d,) = 8.8 Hz, 1H), 5.03 (s, 1H), 4.98 (d= 8.8 Hz,
1H), 3.83 (s, 3H), 1.77 (8H), 1.76 (s, 3H).
¥C-NMR (75 MHz, CDCly): WWppm =182.1, 172.8, 142.8, 117.9, 88.4, 76.2, 59.6, 25.9, 18.7.
IR (Diamond-ATR, neat): '/ cm®=3121(w), 2947(w), 1738(s), 1627(s), 1453(m), 1439(m),
1378(m), 1350(s), 1292(m), 1278(m), 1242(s), 11626)3(s), 975(s), 956(m), 935(m), 901(s),
830(s), 817(s)723(s), 674(m).
MS (70eV, El): m/z (%) = 168(40), 167(15), 153(17), 126(15), 125(11), 123(10), 85(18), 84(31),
83(20), 79(10), 57(10), 55(21), 53(15), 43(10), 43(10), 41(31).
HRMS (El): m/zcalcd.for [CoH1,0;]: 168.0786 found:168.0779M].

4-methoxy-5-(3-methoxybenzyl)furan-2(5H)-one @j)

MeO le)
o e

MeO
According to TP 1, solutions of methyl K)-3-methoxyacrylate 6c; 1.89 mL, 1.06 M) and
TMP Mg Cl &101.89GnL, 1.0, 1.1 equiv.) were each pumped at 1.0 mL/ftowrates (pump A
and B) and the streams were combined in -aniX¥er. The stream passed a coiled reactor
(Vol.™ =2 mL; t" = 1:00 min; T = 40 °C) and was subsequently mixed with a third stream (pump C;
flowrate 0.75mL/min) of 2-(3-methoxyphenyl)acetaldehyde solutictgy 2.00 M, 1.5 equiv.). The
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combined stream passed a second coiled reactof&/al0 mL; £ = 3:38 min, T = 25 °C) and was
then collected. Thequeoudayer was extracted with EtOAc (4x25 mL). The organic layers were
combined and dried over anhydrous Mg3(@d the solvent was removéadvacuo Purification by
column chromatographysp-hexane Et OAc = 7: 3 Y 28 dshcomdriéssaild d | act
mg, 0.65mmol, 65%).

'H-NMR (400 MHz, CDCly): Wppm = 7.267.16 (m, 1H), 6.83 6.71 (m, 3H), 4.97 (dd] = 6.4,
3.7Hz, 1H), 4.93 (s, 1H), 3.84 (s, 3H), 3.77 (s, 3H), 3.21 (dd,14.5, 3.7 Hz, 1H), 2.89 (dd,=

14.5, 6.4 Hz, 1H).

¥C-NMR (100 MHz, CDCl5): Wppm = 181.3, 172.3, 159.6, 136.2, 129.4, 122.0, 115.2, 112.8, 89.7,
78.8, 59.4, 55.3, 37.8.

IR (Diamond-ATR, Acetone): ’/ cmi'=2946(w), 1759(s), 1700(s), 1635(s), 1490(m), 1457(w),
1382(w), 1309(w), 1263(m), 1244(m), 1153(s), 1051(m),104198F(w), 966(w), 926(w), 873(w),
805(m), 698(s).

MS (70eV, El): m/z(%) =235(10), 234(67), 122(12), 121(100), 91(11), 85(16).

HRMS (EIl): m/zcalcd.for [Cy3H1404]: 234.0892 found:234.0890M"].

3,4,5triphenylfuran -2(5H)-one @)

(o]
o

Ph~"\ "Ph
Ph

According to TP 1, solutions of isopropyl H)-2,3-diphenylacrylate gb; 2.00 mL, 0.50m) and
TMP Mg Cl & 12.00G1L, 060, 1.1 equiv.) were each pumped at 0.50 mL/fliwrates (pump

A and B) and the streams were combined inmifer. The stream passed a coiled reactor {V/al.
5mL; t = 5:00 min; T = 50 °C) and was subsequently mixed with a third stream (purfipv@ate
0.50mL/min) of benzaldehyde solutiomd 0.75 M, 1.5 equiv.). The combined stream passed a
second coiled reactor (VBl= 10 mL; £ = 6:40 min, T = 25 °C) and was then collected. Tdgueous
layer was extracted with EtOAc (5x25 mL). The organic layers were combined and dried over
anhydrous MgS@and the solvent was removéad vacuo Purification by column chromatography
(iso-hexaneEtOAc = 9:1) afforded lacton8l as a colourless solid (82mg, 0.73 mmol, 73%).
Spectroscopic data matched those previously reported for this comijbund.

With the same setup XBmol starting material6p; 30.0 mL, 0.50m) furnished8l in 73% yield
(3.419, 10.9 mmol) after analogous purification.

M.p. (°C): 92.

'H-NMR (400 MHz, CDCly): Wppm = 7.53 7.43 (m, 2H),7.401 7.06 (m, 13H), 6.27 (s, 1H).

¥C-NMR (75 MHz, CDCly): tppm = 172.62, 159.51, 134.86, 131.21, 129.97, 129.93, 129.51 (2C),
129.44, 129.01 (2C), 128.92, 128.78 (2C), 128.64 (2C), 128.42 (2C), 127.72 (2C), 126.94, 83.81.

241M. Ohashj H. Saijq T. Arai,S. Ogoshi, et aDrganometallic201Q 29, 6534.
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IR (DiamondATR, neat): '/ cm®=3060(w), 1749(s), 1490(w),1445(m), 1352(m), 1154(m),
1106(w), 1008(m), 742(m), 692(s), 640(s).

MS (70eV, EI) m/z (%) = 312(11), 207 (18), 179 (28), 178 (16), 136 (10), 105 (64), 85 (25), 83 (23),
77 (31), 71 (11), 70 (22), 69 (25), 59 (12), 58 (BM,(100), 56 (26), 55 (41), 51 (11), 43 (80), 43
(72), 41 (56).

HRMS (El): m/zcalcd.for [C,oH160,]: 312.1150found:312.1144M7].

5-pentyl-3,4-diphenylfuran-2(5H)-one @m)

O,
\/\/12:0
Ph

Ph
According to TP 1, solutions of isopropyl K)-2,3-diphenylacrylate §b; 2.00 mL, 0.50m) and
TMP Mg Cl & [2.00G1L, 060w, 1.1 equiv.) were each pumped at 0.50 mL/fliwrates (pump
A and B) and the streams were combined inmifer. The stream passed a coiled reactor {V/al.
5mL; t¥ = 5:00 min; T = 50 °C) and was subsequently mixed with a third stream (purfipv@ate
0.50mL/min) of n-hexanal solution4s; 0.75M, 1.5 equiv.). TR combined stream passed a second
coiled reactor (Vol = 10 mL; f = 6:40 min, T = 25 °C) and was then collected. Tagueousayer
was extracted with EtOAc (5x25 mL). The organic layers were combined and dried over anhydrous
MgSQ, and the solvent was removead vacuo Purification by column chromatographysa
hexaneEtOAc = 9:1) afforded lacton®m as a colourless liquid (308@g, 0.98mmol, 98%).
'H-NMR (400 MHz, CDCl): Wppm = 7.53i 7.08 (m, 10H), 5.59 5.30 (m, 1H), 1.96 1.72 (m,
1H), 1.62i 1.39 (m, 3H), 1.33 1.17 (m, 4H), 0.95 0.69 (m, 3H).
¥C-NMR (100 MHz, CDCl): Wppm = 172.7, 160.7, 131.6, 130.1, 130.1 1326), 129.1 (2C),
128.7,128.6 (2C), 128.2 (2C), 126.8, 81.8, 32.9, 31.4, 24.2, 22.5, 14.0.
IR (Diamond-ATR, neat): '/ cm*=2954(m), 2927(m), 2859(w), 1749(s), 1445(m), 1333(m),
1164(m), 1084(m), 1002(m), 977(m), 779(m), 756(m), 694(s), 642(m).
MS (70eV, El): m/z (%) = 306 (18), 279 (12), 267 (11), 251 (20), 235 (43), 208 (17), 207 (100), 180
(15), 179 (84), 178 (49), 105 (15), 42 (13).
HRMS (EIl): m/zcalcd.for [C,1H»,0,]: 306.16D; found:306.1617M7].

5-(2-bromophenyl)-4-methoxy-3-(4-methoxyphenyl)furan -2(5H)-one Qa)

A back pressure regulator was installed and adjusted to maintain 2 bar pressure during the reaction.
According toTP 2, solutions of &2-bromophenyb4-methoxyfurar2(5H)}one gh; 2.0 mL, 0.5m)
and TMPZnCA.iCI (1; 2.0 mL, 0.6Mm, 1.2 equiv.) were each pumped with 0.50 mL/rflawrate

(pump A and B) and the streams were combined in-raixer followed by a ociled reactor
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(Vol.M =5mL; t=5:00 min;T™ = 70 °C) The combined stream was mixed in-@iXer with a third
stream (pump Cflowrate 0.50 mL/min) of 4iodo-anisole solution4g; 0.4 M, 0.8 equiv.) with
catalytic amounts of Pd(dbagand TFP (0.0M, 0.02 equiv. and 0.0, 0.04 equiv.). The combined
streams passed a second coiled reactor T#ol4 mL;t® = 9:20 min;T" = 60 °C). After discarding

1:00 minute prerun, a volume equivalent to 1.0 mmol of starting material was collected. The agueous
layer was extracted four times with EtOAc (4x25 mL). The organic layers were combined and dried
over anhydrous MgS£and the salent was removeith vacuo Column chromatographic purification
(iso-hexaneEtOAc = 8:2) afforded bisaryl butenolida as a colorless liquid (262 mg, 0.698 mmol,
87%).

'H-NMR (400 MHz, CDCL): U / p p mB3i=7.77 (m, 2H), 7.68 7.63 (m, 1H), 7.40 7.32 (m,

1H), 7.31i 7.25 (m, 2H), 6.99 6.92 (m, 2H), 6.40 (s, 1H), 3.83 (s, 3H), 3.72 (s, 3H).

¥C-NMR (75 MHz, CDCl5): tppm =172.3, 172.1, 159.3, 133.7, 133.4, 131.4, 129.9 (2C), 128.6,
128.4,124.9, 121.6, 113.8 (2C), 104.3, 76.8, 59.2, 55.4.

IR (Diamond-ATR, neat): '/ cm’=2923(m), 2853(m), 1740(m), 1640(m), 1605(m), 1511(m),
1458(m), 1359(m), 1296(my244(s), 1161(s), 1033(s), 1017(s), 957(s), 933(m), 835(s), 817(s),
806(m) 772(s), 751(s), 733(m), 692(m), 631(m) .

MS (70eV, El): m/z(%) =377 (18), 376 (92), 375 (18), 374 (96), 371 (12), 267 (23), 192

(13), 191 (100), 185 (15), 183 (15), 176 (14), 1¥8), 165 (20), 164 (12), 163 (67), 149 (12), 148
(75),147 (40), 135 (19), 133 (13), 131 (38), 119 (38), 103 (16), 91 (12), 77 (16), 76 (14).

HRMS (El): m/zcalcd.for [CigH15BrO,): 374.0154374.0149M].

5-(2-bromophenyl)-4-methoxy-3-(4-(trifluoromethyl)phenyl)furan -2(5H)-one @b)

Br

CFq
A back pressure regulator was installed and adjusted to maintain 2 bar pressure during the reaction.
According toTP 2, solutions of §2-bromophenyB4-methoxyfurar2(5H)}one @h;2.0 mL, 0.5m)
and TMPZnCA.iCI (1; 2.0 mL, 0.60m, 1.2 equiv.) were each pumped with 0.50 mL/riwrate
(pump A and B) and the streams were mixed inmeEe followed by a coiled reactor (VbI= 5 mL;
t" = 5:00 min; ™ = 70 °C) The combined stream was mixed in-mixer with a third stream (pump
C; flowrate 0.50 mL/min) of Yiodo-4-(trifluoromethyl)benzene solutiordt, 0.4 M, 0.8 equiv.) with
catalytic amounts of Pd(dhkagand TFP (0.0, 0.02 equiv. and 0.0, 0.04 equiv.) .The combined
streams passed a second coiled reactor {#ol4 mL; £ = 9:20 min; T = 65 °C). After discarding
1:00 minue prerun, a volume equivalent to 1.0 mmol of starting material was collected. The aqueous

layer was extracted with EtOAc (4x25 mL). The organic layers were combined and dried over



C. EXPERIMENTAL PART 108

anhydrous MgS@and the solvent was removadvacuo Columnchromatographic purificatiorigo-
hexaneEtOAc = 8:2) afforde®b as a colorless liquid (194 mg, 0.47 mp&n%).

'H-NMR (400 MHz, CDCL): U / p p807i=8.04 (m, 2H), 7.72 7.62 (m, 3H), 7.42 7.30 (m,

1H), 7.32 (m, 1H), 7.29 7.25 (m, 1H), 6.50 (s, 1H), 3.79 (s, 3H).

*C-NMR (100 MHz, CDCL): Wppm =174.7, 171.2, 134.0, 132.9 (2C), 132.8, 131.9, 1318.0,
129.7,128.8, 128.5 (2C), 125.3 §f 3.8 Hz), 125.1, 103.5, 76.9, 59.5.

F-NMR (376 MHz, CDCL): Wppm= -62.8.

IR (Diamond-ATR, neat):’ / cm* = 2924(w), 1746(s), 1639(s), 1467(m), 1369(m), 1321(s), 1305(s),
1161(s), 1109(s), 1067(s), 1057($D18(s), 959(s), 856(s), 845(m), 835(m), 765(s), 738(m), 729(m),
690(m), 682(m).

MS (El, 70 eV): m/z (rel.Intensity) =145 (20), 231 (13), 230 (100), 187 (42), 158 (18).

HRMS (El): m/zcalcd.for [CigH1BrF;05): 411.9922411.9903M77.

3-allyl-4-(dimethylamino)-5-phenylfuran-2(5H)-one @c)

(o)
(0]
MeZNIC\
\

According toTP 1, solutions of 4dimethylamim)-5-phenylfuranr2(5H)-one @a; 3.33mL, 0.30Mm)

and TMPMgCA.CI (2; 3.33 mL, 0.36uv, 1.2equiv.) were pumped at 0.28/min flowrate (pump A

and B). The streams were combined in -miXer followed by a coiled reactor (VYl.=5mL;

t" = 10:00min; TV = 50°C) and hen mixed with a third stream (pump f@wrate 0.30mL/min) of

allyl bromide solution 4a; 0.50M, 2.0equiv.) chargedwith a catalytic amount of CuGRLICl
(0.025M, 0.1equiv) in a Fmixer. The combined streams passed a second coiled reactdt £Vol.
10mL; tf=12:15min; T = 25 °C) and the crude product stream was subsequently collected. The
aqueous layer was extradtevith EtOAc (4x25 mL). The combined organic layers were dried over
anhydrous MgS@and the solvent was removéd vacuo Column chromatographyisp-hexane
EtOAc=1: 1 YEt OAc) f u9casiasdiodeds liduia (15Mg,10.65 mmol, 65%).

'H-NMR (400 MHz, CDCL): ti / p p m i=7.27 (m/45B), 6.13 5.90 (m, 1H), 5.63 (s, 1H), 5.13

5.12 (m, 1H)5.105.07 (m, 1H), 3.31 3.18 (m, 2H), 2.88 (s, 6H).

¥C-NMR (75 MHz, CDCly): Wppm =175.4, 164.5, 137.8, 135.9, 129.5, 129.3 (2C), 128.0 (2C),
115.1, 92.9, 79.5, 41.0 (2C), 28.3.

IR (Diamond-ATR, neat): '/ cm®=3431(w), 2981(w), 2936(w), 1704(s), IH&), 1617(m),
1467(w), 1373(m), 1359(m), 1284(m), 1260(m), 1174(s), 1103(s), 1017(s), 974(s), 912(s), 883(s),
815(m), 747(m,), 703(s), 661(s).

MS (70eV, El): m/z(%) = 244(14), 243(100), 242(12), 228(16), 200(11), 198(42), 170(12), 162(10),
153(16), 152(91), 128(16), 115(14), 109(22), 108(19), 105(11), 94(67), 91(43), 77(17), 53(10),
44(13), 42(17).
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HRMS (EI): m/zcalcd.for [CisH:,NO,]: 243.1259 found:243.125M77].

3 Barbier Continuous Flow Preparation and Reactions of

Carbamoyllithiums for Nucleophilic Amidation

3.1 Preparation of starting materials

If not commercially available, the following procedures were used for the preparation of starting
materials:Preparation of formamides from the corresponding amin&$:Method A%*® Formamides
were prepared from formic acid (1edjuiv), amine (1.Gequivy) and N,N-dicyclohexylcarbdiimide
(DCC, 1.0equiv) in dry CH.CI, (1M). DCC was added portionwise to a solution of the amines and
formic acid, and the reaction was allowed to warnotunt temperature overnight. After filtration, the
combined filtrates were first washed with 10% HCI, then 1% Nafi@@d dried over anhydrous
MgSQ,. After removal of the solverih vacug column chromatographic purification with suitable
iso-hexaneEtOAc mixtures gave the pure produdiéethod B*** Formamides were prepared from the
amine (1.Cequiv) andin situ generated acetyl formyl anhydride (AFA, 2uiV) in dry THF (1M).
Ac,0 (2.6 equiy) and HCQH (3.2 equiV) were mixed neat at 25 °C and then stirred dt 40 °C.
After cooling to 25°C, a 1M solution of the aminén dry THF was added dropwise and the resulting
mixture was stirred overnightVith some amines, the reacti@highly exothermic and cooling it

an ice bathis necessaryAfter addition of water(same volume as the reaction mixtu@d
neutralization with KCO;, the mixture was filtered and extracted twice witH,Cl,. After removal of

the volatilesin vacuq column chromatographic purificatiavith suitableiso-hexaneEtOAc mixtures
gave the pure products.

Preparation of thioformamides. Thioformamide 10m was prepared according to a literature

procedurérom the corresponding formamiég

Preparation of morpholineamides: In an argonfilled flask with a gas outlet was given a a5
solution of the corresponding methyl or ethyl ester €0iv) in dry THF: morplline (1:1). Then a
mehtylmagnesium chloride solution in THF (ca. 2.5 M, 1eQ&iV) was carefully addedia syringe.
Attention must be paid to avoid pressure builddpe solution is subsequently stirred fon fvithout
cooling and quenched with additiarfi sat. aq.NH,CI solution. Extraction with EtOAc, drying over
anhydrous MgS@ filtration, removal of the solvent and flash column chromatodcaptrification

with suitediso-hexaneEtOAc mixtures furnishes the correspondingrpholine amides.

242C. J. Gerack, L. McElweVhite, Molecules2014 19, 7689.

23gee: D. Zeng, Q. Mi, H. Sun, H. Wanly,Label CompdRadiopharm2004 47, 167.
244 gee). C. Anderson, M. Harding;hem. Commun1998 393.

245p. Brillon, Synth. Commuri99Q 20, 3085.



C. EXPERIMENTAL PART 110

Preparation of Weinreb amides: Weinreb amides were prepared from the corresponding acid

chlorides as described in the literatéfe.

3.2 Analysis of the products

Due to the often pronouncedhemical inequivalence of unsymmetrically substitutedN-
dialkylformamides ando a greater extent that of analogue thioformamitfesixtures of rotamers
were often obtained his effect was further enhanced by the presendgketo groups (FR°NC(O)
C(O)R)If possible the corresponding ratio of rotamers is reported in the aralggction.

3.3 Typical Procedure 3 (TP 3, Carbamoyllithium generation and reaction)

Scheme43: TP 3 flow setup.

A commercially available setup fromMapourtec Ltd. (ESeries) was used for all reactiof&cheme

43). The reagent solutions were prepared in flasks under argon and suction needles delivered the
solutions directly through the pumps (A, B, C) to the reaciol®, Vol.?). Preooling loops
(vol.®*=1mL) were installed before the reagents were mireb-mixers.

For the continuous flow preparation of LDA, a 123 M solution of"BuLi (1.20 equiy) in hexane

and a 1.1 1.2 solution of PL,NH (1.26equiV) in THF were each pumped at 0.50 miin™ flowrate

2%y Tanaka, M. Kanai, M. Shibasaki, Am.Chem.S0c201Q 132, 8862.

2473) M. Geffe, L. Andernach, O. Trapp, T. Opa®eilstein J. Org. Chen2014,10,701i 706. b)K. B. Wiberg,
P. R. RablenJ. Am.Chem.Soc.1995,117, 22017 2209. c)T. M. ValegaJ. Org. Chem.1966 31, 11507
1153.






































































































































































































