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A.INTRODUCTION

1 OVERVIEW

The 23t century is confronting humanity with unseen und unprecedented issues. According to the United
States Census Bureau (USCB) it is estimated that the world population exceeded 7 biltidiiguebple

2012 More than 60% of the global population (4.2 billion) is located in Asia, a rapidly growing industrial
market.This constant population expansion is of course accompanied by a series of environmental and
social problemdncreased usage of resources (edpeossil fuels) is leading to higher pollution and
rising levels of atmospheric greenhouse gases, proposing ahsedbws our global ecosystem and
personal healthShrinking supplies of fresh water and limited area of cultivable acreagenmthtiea

global food suppliésAdditionally, the uneven distribution of theailableesources is destabilizing
international relations and societies which may lead to future political or even military It dicts

doubt thatresearch angtientific progresareplayinga major rolén providingsolutions tahese new
problems and threaslhe chemical and pharmaceutical industry expends almost 20% of its annual
turnover for research and developmienesting second most in R&D among thiéobranchesin an
incomparable waghemstry and particularly organic chemistag already provideahd is constantly
developingpractical solutions to a variety of issues threatening ourThtigevelopment of fertilizers,
herbicides anéungicides has led to more efficient cultivation of the available acreage, thus supplying
more food on smaller spacBolymer chemistry has provided lighter and more functional materials
leading for example to aircrafts and automobiles with lower weighteducing fuel consumption and
emission of greenhouse géddsreover, the invention of alternative energy supplies or ricienef

energy saving processes, such as organic light emitting diodes @& EREessary and helpful in
dealing with theepletion of the worldwide available oil reserves on the market (ge2ikt @ifcourse
chemistry itself has to fulfii many requirements nowadays and a change to sustainable chemistry is
inevitablg® Efficient, atomeconomic syntheses and reaction sequences, preferably multistep or
multicomponent reactions, with low waste production have to be deVehpeibxic alternatives to
reagents and solvents have to be found. Great effortalreaelydone to avoid uniessary
protection/deprotection steps or interconversion of functional gfougsxample in the synthesis of
natural product® Like no other discipline, organometallic chemistry has revolutionized chemical thinking
and has become one of the most imporé@aeas othemicakesearchAnd like no other discipline

1www.census.gov

2a)K. A. Miller, D. S. Siscovick, L. Sheppard, K. Shepherd, J. H. Sullivan, G. L. Anderson, J. D.TKaufedinglandournal dfledicine
2007356 447 b) D. N. Cole, P. B. Landré&soclogical ApplicatR®i6, 168.

3Z. W. Kundzewicz, L. J. Mata, N. W. Arnell, P. Déll, B. Jimenez, K. Miller, T. Oki, Z. Sen, |. Shikiyierogical Scie@00853 3.

4 Peak Oild Sicherheitspolitische Implikationen knapper Ressourcen, Teilstudie 1, Zentrum fur Transformation der Bundeswehr, Dezernat
Zukunftsanalyseyww.zentrurtransformation.bundeswehr.de

5S. KuznetsAmer. ECoRev197363 247.

6a) M. A. 8hade, Dissertation, LMMiinchen2011b)Verband der Chemischen Industrie (VCemiewirtschaft in Z201€2.

7 http://www.bayercropscience.com/bcsweb/cropprotection.nsf/id/DE_Zahlen_und_Fakten_2011/$file/BCS-FakiEn2011.pdf

8 G. MarshReinforced Pla3fiog 51, 26.

9 H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend, P. L. Burns, A. Batiioth®9)347 539.

103) T. CollinsScien2001291, 48; b) C. Okkerse, H. van Bekk@rgen Chemis8991, 107.

113) B. M. TrostScien@891254 1471; (b) B. M. Trosingew. Chem. Int. 39534, 259; cPrganic Synth@sis.: 3H. Fuhrhop, G. Li) Wiley
VCH, Weinheim2003

123) P. S. Baran, T. J. Maimone, J. M. Rittaarre2007 446 404; b) R. W. HoffmanBynthes2€06 3531; c) V. Sofiyev, G. Navarro, D.
TraunerOrgLett.2008 10, 149.
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A.INTRODUCTION

organometallic chemistry can cope with a lot of requirewt@nts have to be met by modern organic
chemistry. Organometallic chemistry today allows chemical transformations which have been
unimagnable 20 years ago.

1.1 Organometallic Chemistry

The first organometallic compound was synthesizkeduis/ Claude Cddet 1 7 6 0, Whdet 68l a
fuming liqdid ( c a ¢ A%).48 This cdvheound was later studiedFrgnklandind Bunseand has

opened a completely new field of chemiStng. central concept of organometallic chemistry is the
formation of carbometal bonds and nowadays their use in synthetic chemistry. As all metals of the
periodic system are less electronegative thamcthe carbon atom in such compounds is negatively
polarized. This results in a nucleophilic carbon atom, which allows new chemical transformations,
unparalleled in history, for example new and easy ways ofceabloonbond formation. The reactivity

of organometallic compounds is defined by the difference in electronegativity of the two bonding
partners. The bigger the difference the more ionic bonds result and therefore more reactive
organometallics arise. Thus, the most reactive organometalicseadrdm alkafnetals (Li, Na, K) as

these are the most electropositive metals av#il@htsh reagents are excellent bases and provide highly
nucleophilic carbon atoms. Of course this high reactivity is accompanied by a low functional group
tolerances these reagents attack nearly any group present in a fdleisutas led to development of
organometallics with more covalent bond character, still owning a nucleophilic carbon atom but combined
with a higher functional group toleratc8uch reagés derived from Mg, Zn, B, or Sn are nowadays

widely employed in organic chemistry. A special role is attributed to transition metals: Beeause the d
orbitals can participate in the bonding to the carbon a#wynspecial reactivities are observed. These
metals are widely used as catalysts for remarkable chemical transformations such as transition metal
catalysedrosscoupling reactiofis(nowadays the most importar€®ond formation reaction) or olefin
metahesis. Since the first observation of a car®ial bondprganometallic chemistry has developed to

a remarkably powerful synthetic tool. Nearly every metal available has been used in organic synthesis. The
fine differences in various organometallics, depending on the properties of the metal leavpldgdd,

to a complex synthetic toolbox for the organic chemist, allowktgriimg of reactivities and numerous
synthetic applications. In the course of these developmimmtsvardedNobeltprizes in the field of
organometallic chemistry speak its lawguagés

13a) D.SeyferthOrganometalie8120, 1488; by. J. Berzeliudahresh283918 487.

14a) E. NegishiDrganometallics in ORyartleesWiley, Newrork,1980b) A. Boudier, L. O. Bromm, Motz, P. KnochelAngew. Chem. Int. Ed.
200339, 4414.

15G. Wu, M. HuangChem. R&006 106 2596.

16Handbook of Functionalized OgandEtketdtlidcénochel), WileyCH, Weinheim2005

17A. de Meijere, F. DiederidfietalCatalyzed Cross Coupling ReaaingCH, Weinhein2004

18 1912 Grignard, Sabatier963 Ziegler, Nattal973 Wilkinson, Fischet976 Lipscomb1979 Brown, Wittig;1981 Fukui, Hoffmann2001
Knowles Noyori, Sharples2005 Chauvin, Grubbs, Schro2k10 Heck, Negishi, Suzuki
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A.INTRODUCTION

1.2 Organoaluminium Chemistry

Organoaluminium compounds are known for more than 150 years. Following the groundbreaking
experiments ofrankland1849) on the preparation of dialkylzinc reagents by the reaction of zinc with
alkyl iodide® the similar reaction of ethyl iodide and methyl iodide with aluminium were studied only 10
years later ballwachendSchafer{d 8599 andCahowi(1860%! After this discovery, organoaluminium
reagents attracted little attention for almost a ceMiotpr Grignarvestigated the formation of
organomagnesium reagents and their invaluable synthetic use became apparent as a lot of organic halides
could beconverteckasilyto magnesium reageimsan ethereal solvein contrast, most organic halides

were reluctant to undergo reaction with alumitiuemplaining why the focus of scientist lay on
magnesium reagents. However, organoaluminium chemistry was revived by the distieghsieshaf

1950s when new ways to form carbon aluminium bonelsdestified and moreover, the polymerization

of olefinscatalys# by aluminium compounds was introduced in organic chémidtese grourdl
breaking discoveries revolutionized polymer chemistAjesyhaiis well aBlattawere honoured with the
Nobelprize in 1963 for their important wéplSince then th&iegledattaProcess has become one of

the most important industrial processes in the world and in 2007 more than 45 million tons of
polypropylene and 20 million tons of polyethylene have beeregrégathis process. Moreover,
aluminiumcompoundsave found numerous applicatiom®rganic synthesis. Compounds like LJAIH

or DIBAL are widely employed as reducing agehMsAl and EtAl have been used as alkylating
reagentd’ Because of the ambival@ropertieof organoaluminiunt§pending between nucleophilicity

and Lewisacidity they are also used in cyclizabonmearrangement reactiéhfielsAlderreactions?
FriedeCraftsacylatior® or carbonylctivationd! T h eTebliereagerse is a commonly used alternative

for the classicalittigreactiod® and remarkably evenolizable carbonyls or esters catndmsformed to

alkenes (which is not possible with claséigsibconditions) underlining theexial reactivity often

1E. FranklandAnn.Cheni84971, 171.

20\V. Hallwachs, A. Schafeon.Chenil859109 206.

2L A, CahoursAnn. Chemi860114 227.

22\/. GrignardAnn. Chinl901 24, 433.

2T. Mole, E. A. Jeffer@rgarauminiu@ompounddsevier, Amsterdat972

K. ZieglerOrganometallic Che(ldtryH. H. Zeiss), Reinhold, New YatRG60

% g) K. Ziegler, E. Holzkamp, H. BreiH. Martin, Angew.Chem.1955 67, 541; b) G. NattaAngew.Chem 1964 76 553;
c) http://lwww.nobelprize.org/nobel_prizes/chemistry/laureates/1963/.

263) M. T. Reetz, M. W. Drewes, R. SchwickargiSynth1999 76, 110;b) R. Oi, K. B. Sharples9rg.Synth1996 73 1; c) H. Yamamoto,
Science of Synthesis: -Waybdnethods of Molecular TransfoBeatigrkhiele Verlag, Stuttg@@04 d) A. E. G. Miller, J. W. Bliss, L. H.
Schwatzmand, Org. Chet®5924, 627; e) K. Ziegler, K. Schneider, J. SchnlideiCheml959 623, 9; f) L. I. Zakharkin, I. M. Khorlina,
Tetrahedron L&8623, 619; g) B. M Trost, L. M. JunghelmAm Chem. SA®80102 7910; h) T. Sugimura, L. A. Paquéttdm Chem. Soc
1987109 3017.

273) T. Mole, J. R. Surte@sst. J. Cher®6417, 961; b) Y. BabBull. Chem. Soc. I1p8841, 2173; c) S. Sakane, K. Maruoka, H. Yamamoto, J.
Chem. Soc.. X285 324; d) E. C. Ashby, J. T. Laemtl@rgChenl 96833 3398, e) H. M. Neumann, J. Laemmle, E. C. Aslloy,Chem.
Soc197395 2597.

28 3) H. Yamamoto, H. Nozalingew. Chem. Int. 87817, 169; b) K. Maruoka, H. Yamamomgew. Chem. Int. E8B5 24, 668; cK.
Maruoka, H. Yamamotdetrahedrb88844, 5001.

2 3) Y. Yates, P. Eatod, Am. CherBoc1960 82 4436; b) D. Nakashima, H. Yamam@iag. Lett2005 7, 1251; c) Kobayashi, K. A.
JogenserCycloaddition Reactions in Sygtres/ileyVCH, Weinheim2002 d) H. Yamamoto,dwis Acids in Organic Syrwiksi¥CH,
Weinheim2G0, e) H. Yamamotd,.ewis Acid Reagent: A Practical AgpxtiadhUniversity PresSxford, 1999

0a) A. R. Blazer, J. H. M. Lange, M. A. W. van der Neut, A. Mulder, F. S. den Boon, T. R. Werkman, C. F. Kruse, WEul. Wadethn,
Chem201146, 5086;d) T. Okauchi, M. ltonaga, T. Minami, T. Owa, K. Kitoh, H. Yosl@mg,Lett.2000 2, 1485¢) J. H. Wynne, C. T.
Lloyd, S. D. Jensen, S. Boson, W. M. Staliokhesl604 2277.

31a)K. Maruoka, H. YamamotBure Appl. Ghel98860 21; b) T. Ooi, E. Tayama, M. Takahashi, K. Martiettahedron L&£89738 7403.

32F. N. Tebbe, G. W. Parshall, G. S. ReHdynChem. S487810Q 3611.

33G. Wittig, U. Schollkop€hem. BA95487, 1318.
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A.INTRODUCTION

exhibited by organoalaiéslsing the right conditions or catalyst, organoaluminiums undergo a plethora

of synthetic useful reactions providing a complex toolbox for the organic chemist and are finding more
and more applications nmaterial scienéeQOver only a few decades, organoaluminium compounds have
developed to the most thoroughly investigated class of organometallics regarding to structure and
reactivity. Notable 1600 scientific journal publications (not counting patents) within the &ast 10 ye
undoubtedly mark organoaluminiahemistryas a highly important research fieldcan be expected

that the field of organoalanes will see substantial and continuous growth within the next years and many
unforeseen reactivities, physical and bialogioperties as well as new functional materials will be

uncovered.
1.3 Preparation methods of Organoaluminium Compounds

Organoalumiiims have receivewnsiderablattention in recent yedrdue totheir unexpectedly high
chemoselective reactivity, but &#lscause of the attractive priceoiminium(less than one dollar per
kilogram) and moderate toxicity. Their preparation has therefore been reexamined and several mild
methods have been devised recently. This chapter summarizes the available pretherdsioArgh

alkyny, alkenyl allylie and propargylialuminiumderivatives are readily available using the described
methods.

1.3.1 Transmetallation

The most widely employed synthasfisorganoaluminium compounds daboratory scale is the
transmetallatioreaction (salt metathesis), using organometallics and an alumifibe di@ing force
of this reaction is the formation of a thermodynamically more stablernatebhond, which is usually
the more covalent bond. Thus, starting from lithium ongatadlics the reaction with Al@Gads to

triarylaluminium compound$Saghemel).38 Organosodium compounds have also been used in an

Li
AlCI, )
3 —Eto ~ PheAlOEt +3LiCl
2 54%

Schemel: Typical transmetallatiosing organolithium reagents At@l.

analogous w&y.

Similarly organolithium reagenhave been used for the preparation of mixeeliatigyhluminiuns
(Scheme).40

343) F. N. Tebbe, G W. Parshall, . Ovenall). AmChem. Sd®79101, 5074; b) L. Clawson, S. L. Buchwald, R. H. Gruibtvahedron. Lett.
198425 5733; c) S. H. Pine, G. Kim, V. L@ Synth199069, 72; d) K. C. Nicolaou, A. E. Koumbis, S. A. Snyder, K. B. Simangew;.
Chem. Int. EA00Q 39 2529.

35a) B. C. Lin, C. P. Cheng;@. You, GP. HsuJ. Am. Chem. 2805 127 66; b) J. Zhang, G. FrenkidgPhy€hem. A2004 108 10296; c)
M. D. Halls, H. B. Schlegélhem. Mat@001 13 2632; d) J. Ashleurst, L. Brancaleon, A. Hassan, W. Liu, H. Schmider, S. Wang, Q. Wu,
Organometalli@8817, 3186.

¥Recently perfor med @lonminfunddiditedto reselta from202012r &aor gano

37H. W.Roeskylnorg. Che#0443 7284.

38G. Wittig, D. WitenbergAnn.1957606 1.

393) J. F. Nobi$)S.2905126,96155 9346; b) K. ZiegleBrit.829628.96054, 16020.

40 C.Hawner, K. Li, V. Cirriez, A. AlexaldsigewChem. Int. EB00847, 8211.
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1) nBuli, ether

30 °C AlEt,
—_—
2) EtAICI
-30°C,05h
up to 90%

Scheme2: Preparation of mixed adialkylaluminiums by transmetallation.

The reaction of organomagnesium reagents with #d€Ibeen investigated thoroughly as well. Since
early attemptsthis procedure has developed to a powerfthetyn methodology. Thus, for example

starting from dimetsimagnesium, sterically hindeoeganoalminiums can be prepared egStheme
3)42.43

Me Me
1) AICl5, THF
Me Mg ———> Me Al
2 2) dioxane 3
Me (-MgCl3) Me

>90%

Scheme3: Preparation ahe sterically hindered trimesitylaluminium.

Even functionalized organoaluminiums have been prepared recently by the reaction of functionalized
organomagnesium reagents with aluminium saltsBarb@conditions44 45

T g 1) Mg, LiCl CFs
r 25°C, 1-3 h AliBu,
©/ 2) iBu,AICI ©/
>80%

Scheme4: Preparation of functionalizatbminiunreagents bip sitiransmetallation usifgAICI.

In generalthe transmetallation reactiprovides access tovariety of different aluminium organyls.
Depending on thetoichiometry of the employed organometallileRand the reaction conditions this
methodology leads either to aluminium halides, alkoxides or in case of an exdds$ tf R
triorganoalaneser even aluminateS¢hemé). Often mixures of all organoalanes are formed because of
a complex equilibriudsimilar to theschlen&quilibriumé known fromGrignardeagents, which can be a
major drawback.

R-Met &» RAIX, + RyAIX + R3Al + RyAIMet + MetX

Met = Li, Na, Mg X =Cl,Br, |, OR

Schemeb: General transmetallaticeactiorfor the preparation of various organoaluminiums.

Nowadays a huge variety of organolithium and functionalized organomagnesiuti féagente
prepared conveniently by different methadlsving in principle the synthesis of a broad range of
different organoalanes.

41W. MenzelZ. Anorg. Allg. Chel5252, 269.

423) W. SeideZ. Anorg. Allg. Cheri85524 101; b) M. S. Lalama, J. Kampf, D. G. Dick, J. P. @irgamometalli@8514, 495.

43S, Zhou, DW. Chuang, 9. Chang, HM. Gau,Tetrahedron: Assy2@28/20 1407.

44 J.Westermann, U. Imbery, A. T. Nguyen, K. NickEah,J. Inorg. Ch&898 295.

45H. Gao, P. Knoche§ynle2009 1321.

46\W. Schlenk, J. HoltZhem. Bd91750, 262.

47a) L. Boymond, M. Rottlander, G. Cahiez, P. KnotkhgewChem. Int. E#99837, 1701; b) M. Abarbri, F. Dehmel, P. Knochetrahedron
Lett.199940,7449; c) A. E. Jensen, Dhle, I. Sapountzis, D. M. Lindsay, V. A. Vu, P. Kndgethes802 565.
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1.3.2 Metal-Exchange Reaction

The preparation of organoaluminium compounds has been achieved starting from mercury organyls
(Scheme) 40 Of course, because of the use of toxic mercury this approach is not applicable nowadays

anymore.

2 Al + 3 RoHg R3Al + 3 Hg

Scheme6: Preparation of organoaluminium compounds from mercury organyls.

Such an exchange is naty occurring when the metal is used in its elemental state, but also between two
organometallic compounds. Thus, several groups have demonstrated thatumrgame can be
prepared by &nAl exchange and alkenydlkyny, allyt, benzyl and arduminiums have been

synthesized using alkylaluminium chlorisiglsefn&) 50

o SnBuy o AlMe,
(j/V _ Me,ACl @N 7 Bugsncl

Et,AICI
R—=—=—SnMe; —— > R—=—AEt, + MesSnCl

MeAICl,

A~ SnBu; A~ AMeCl+ - Byssncl

©/\snM63 MeAICl, ©/\A|C|2 + MeuSn
-  Z 4
SnMeg AlMe,
©: _ MeAlCl @[ MezSnCl
SnMej AlMe,

Scheme7: Preparation of alkeryalkyny ally}, benzyland andluminiums by SAl exchange.

+

Organoboron raents are relatively stable and most important, far less toxic than organomercury or
organotin compounds. Of course, because of the similarity between boron and aluminium, exchange
reactions between these two elements have been indesfigats, treatment of triethylaluminium with
triphenylboron at 140 °C leads rapidly to an exchange of |Beinein ).+«

LAI/\ _PhB L ppal + BN
y 140 °C

Scheme8: Typical example for aA exchange reaction.

The exchange rate and the position of the equilibrium are strongly dependent on the electdnic and st

nature of the substitueftas well as stoichiometry and properties of the employed Sabften. the

48 3 |. Sapountzis, P. Knochélngew. Chem. Int. HaD2 41, 1610)) P. Knochel, W. Dohle, lsommermann, F. F. Kneisel, F. Kopp, T.

Korn, |. Sapountzis, V. A. VAngew. Chem. Int. HiD3 42 4302¢) A. Krasovskiy, P. Knochdingew. Chem. Int. HiD4 43 33334d) A.

Krasovskiy, V. Krasovskaya, P. Knochrgew. i@m. Int. EQ006 45 2958;¢) F. M. Piller, P. Appukkuttan, A. Gavryushin, M. Helm, P.

Knochel, AngewChem. Int. EB00847, 6802.

493a) G. B. Buckton, W. Odlingnn. (Supplemd@$54, 109;b) G. B. BucktonProc. Roy. Soc. (Loi865)14, 19; c) C. Friedel, J. M. Crafts,
Ann.Chim. eRhys188814, 433; d) W. Strohmeier, K. Himpfr@nem. B&i95790, 2339; e) J. R. Surtdesy. Pure. Appl. Ci&®313 91.

50g) W. P. Neumann, R. Scick, R. KdgtegewChem. Int. E&964 3, 385; b) J. J. Eisch, K. Mackenzie, H. Windisch, C. K&iiged, Inorg.
Chent999 153; c) M. Tschinkl, R. E. Bachmann, F. P. G&imiCommut999 1367.

51K. ZieglerOrganometallic Che(iidtryH. H. Zeiss), Reinhold, New YdtR60

52R. Koster, G. BrundAnn 1960629 89.

53]. Klosin, G. R. Roof, K.-X. ChenOrganometaRig80 19, 4684.
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equilibrium has to be shifted by removal of volatile reaction products, sugh, & &btain high
exchange ratés Remarkably, this exchange has also been achieved using boracycles in which case
aluminium heterocycles are gener&elen®).55

Me Me

EtzAl
— +  Et;B
B Al

\

Et Et
Scheme9: Preparation of aluminacycles viasd Bxchange.

1.3.3 Deprotonation (Metalation) Reactions

The use of strong metal bases to deprotonate (metalate) organic sigstaoo@son way to generate
organometallics of all kind. Thus, the use of BuLi for the generation of lithiated species is well known.
Several other metal containing bases have been deantbpade provided access t¢dig-57 Zn-58

Mn-59 Zr- 60 Febl or Lab2 organyl$3 In recent yearalsodirected alumination has been achieved. For
example, alkynes undergo reaction withMe the presence of a catalytic amount of amines, leading to
alkynybaluminiuns in hydrocarbon solver{f&chemd.().64

AlMe;
tBu——= tBu—=——AIMe,
1% MeN(SiMe3),

heptane, 25 °C, 17 h 95%

SchemelQ Alumination of terminal alkynes in the presence of catalytic amount of amines.

The deprotonation of aromatic systems has also been reported, but the use of a much stronger base is
requiredUchiyamaported the use of an alnate base for deprotonation of various aromatics. The base
is readily prepared froiBuwAl and TMPLi (TMP= 2,2,6,&etramethylpiperidyl) and is even strong

enough for the deprotonation of electron rich aromatic rings sttimétBoxybenzer(&chemd ). 65

54 M. Bochmann, M. J. Sarfiglifganometalli@g8817, 5908.

55R. Koster, G. Benedil&dngewChenl96274, 589.

56 a) V. Sniecku§hem. Rel990 90, 879; b) R. Chinchilla, C. Najera, M. Qlem. Re’2004 104 2667; c) M. C. Whisler, S. MacNeil, V.
Snieckus, P. Beakgew. Chem. Int. 2304 43 2206; d) P. Beak, A. |. Meyérs;. Chem. RE28619, 356.

57a) P. E. EatorR. M. Martin,). Org. Cheh®8853 2728; b) P. E. Eaton, C. H. Lee, Y. Xidngym.Chem. S889111, 8016; c) Y. Kondo, Y.
Akihiro, T. Sakamotd, Chem. Soc. Perkin Tra@962331; d) M. Shilai, Y. Kondo, T. SakandotGhem. SBerkin Tran$2001442; e) M.
X. Zhang, P. E. Eatol\ngew. Chem. Int. 102 41, 2169; f) P. E. Eaton, M. Zhang, N. Komiya, C. G. Yang, | Steele, R. Giiydlett
20039, 1275; g) A. Krasovskiy, V. Krasovskaya, P. Knéaiggw. Chem. Ind. 2006 45 2958; h) G. C. Clososki, C. J. Rohbogner, P.
Knochel,Angew. Chem. Int. H2D7 46, 7681;j) C. J. Rohbogner, G. C. Clososki, P. KnoAnglew. Chem. Int. HaD8 47, 1503; j) C. J.
Rohbogner, A. J. Wagner, G. C. Clososki, P. Krooh8lynth2009 86, 374.

58a) Y. Kondo, M. Shilai, M. Uchiyama, T. Sakadofan.Chem. Sd@99121, 3539; b) T. Imahori, M. Uchiyama, T. Sakamoto, Y. Kondo,
ChenCommu@001 442; c) M. Mosrj?. KnochelOrg. LetR009 11, 1837; d) M. MostifT. BresserP. KnochelOrg. Let2009,11,3406; €)
M. Mosrin G. Monzon T. BresserP. Knochegl Chem. Comn2009 5615; f) S. H. Wunderlich, P. Knocliglgew. Chem. Int. 207 46,
7685; g) S. H. Wunderlich, P. Knoobegj. LetR008 10, 4705.

59S. H. Wunderlich, M. Kienle, P. Knocelgew. Chem. Int. 2009 48 7256.

60 M. Jeganmohan, P. Knochfaigew. Chem. Int. 211049, 8520.

615, H. Wunderlich, P. Knoch&hgew. Chem. Int. 280948 9717.

62S. H. Wunderlich, P. Knoch€hentur. 3201016, 3304.

63B. Haag, M. Mosrin, H. lla, V. Malakhov, P. Kno&mgewChem. Int. EB01150, 9794.

64a) Y.Zhou, T. Lecourt, L. Micouiddv.Synth. Cat2i009 351, 2595; b) J. J. Eisch, W. C. Kask@rganomet. Ct8642, 184.

65a) M.Uchiyama, H. Naka, Y. Masumoto, T. Ohwadam. Chem. 04 126 10526; b) H. Naka, J. V. Morey, J. Haywood, D. J. Eisler, M.
McPartlin, F. Garcia, H. Kudo, Y. Kondo, M. Uchiyama, A. E. H. Whéattey Chem. S@908 139 16193; c) HNaka, M. Uchiyama, Y.
Matsumoto, A. E. H. Wheatley, M. McPartlin, J. V. Morey, Y. Kbhndm,Chem. S@004 129 1921.
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MeO OMe AliBusLi |
MeO OMe MeO OMe
/BugAl

3
i ———— BuA(TMP)Li —————» —
TMPLI 3AI( ) THF.0°C.4n

92%

Schemell Alumination of 1, @limethoxybenzene using an aluminate base.

Knochelnd coworkers have refenl LiCtimonomerized aluminiurbhases(Schemel?).66 This new

generation of bases is easily prepared and highly soluble in THF.

>(j< BuLi, THF AIC; (0.33 equiv) >(j<
—_—
50 °Ct00°C, 1 h N -60 °C, 15 h N

Ui s
! Al3LICI

>95%; TMP3AI'3LICI
|H\ Me tBuLi, THF tB“\(’Pr AICI5 (0.33 equiv)  iPr
- N — >—N+AI 3Licl
{Bu” 78 c ah  gy-N~ -60°C 15h
>95%; 0.3 M solution in THF

Schemel2 LiCl monomerized highly active aluminium bases.

Using these bases a variety of aryl and hetedoanjyium reagents have been prepared and used readily

for several €& bond formationsSchemd.3) g6

o]
1) ZnCl,
| N Al(TMP)3 I o ATMP); - 2y cucN-2Lic X
F—— —_—
o ~
ol N7 OMe 0°C,3h ol NZ~OMe CocCl ¢ N~ “OMe
Cl
90%
Cl

Schemel3 Directed alumination of a methesgbstituted pyridine using AITBBLICI.

A further remarkable featurbtbese bases is their sitgletive deprotonation in mixed heterocydles.
the case of mixe8,0 and N,Sheterocycles the metalation occurs in proximity of the best donor
heteroatom. This heteroatom more readily forms a complex vatartieiunbase and therefore directs

the aluminationrSchemd.4) 56

S 1) ZnCl, @E O

_AITMP); 2) CuCN2Licl
C[ j@ T25°C, 12h ©:o:© T __cocl
Al(TMP), ©/ O

Cl

77%

Schemel4 Siteselective alumination next to the strongest donor atom.

1.3.4 Hydrolalumination

The addition of aluminium hydrogen bonds to unsaturated compounds such as alkenes and alkynes is

referred to as hydroaluminatidme hydroalumination reaction was recognizezidgyé¥ 67 and has

66 a) S. H. WunderlictP. Knochel Angew. Chem. Int. 2209 48,1501; b) MKienle, A. Unsinn, P. Knochéingew. Chem. Int. 231049
4751.
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found applicaton n one of the most i mportant i ndiegetri al
direct proéeSshemdb).68 Two observations are combined in one processAfirsacts with hydrogen

in the presence of AlReading to aluminium hydrides (increase) and secondlyHHsoAdl can react

with alkenes (attachmert).summaryR:Al has been synthesized from Ad,add alkene, the process
therefore is referred to as odirect synthesisbo.

80-160 °C )
Al+15H, + 2Et;Al  —— > 3 Et,AlH "increase”
100 - 200 bar

3ELAIH + 3 CyH, %0120. EtzAl "attachment"
- ar

sum  Al+1.5H,+3 CyHy

Et;Al

Schemel5 Ziegladirectprocess

EiscrandWilkestudied the regioselectivity of hydroalumination reactions of alkynes and noticed that the
addition of the aluminium hydrogen bond usually ogtwsismanner, if the reaction is performed

under kinetic controBchemé ) 69

. Ph R Ph R
iBu,AIH I2

Ph—=—R 2 = — =<
cis-addition H  AliBuy H o

Schemel@ Hydroalumination using DIBAL vyieldsalkenylaluminiums.

The hydroalumination of alkynes and alkenes has developed to a general method for the preparation of
various alkergluminiumand alkylaluminium reagefitdlost recently it could be shown that the use of
Ni-saltscatalysethe hydroalumination. Remarkably,dmanging the Niatalyst, regioselectivity of the

hydrolalumination can be achief&chemd.?).71

DIBAL DIBAL
Ni((g’Phg,ll??lz Ni(dppp)Cl, AliBU
Ph mol% 3 mol% 2
\/\AIiBuz «~ Ph—== % Ph

98% 93:7
98%, 98:2

Schemel? The regioselectivity of the hydroalumination can be conbpltddinging the Miatalyst

1.3.5 Carboalumination

Not only hydrogeluminiumbonds can undergo addition to unsaturated compounds, also carbon
aluminiumbonds can be added to alkynes and alkenes. The reaction requires usually harsh conditions
such as high pssure or temperature, if no catalyst is employed to facilitate the addition $ehetoa (

18) 26, 72

67a) K. Ziegler, H. Gellert, K. Zosel, W. Lehmkuhl, W. Péoigew. Chel85567, 424; b) K. ZiegleAngew. Chel@5668 721.

68 C. Elschenbroict@Qrganometalli¢deyVCH, Weinheim2006

693a) G. Wilke, H. MulleAnn. Chemi958618 267; b) G. Wilke, H. Millerh€n. Ber95689, 444; c) G. Wilke, H. Mullémn. Chem 960
629 222; d) J. J. Eisch, M. W. FoxtbrQrg. Cheb®7136, 3520; e) J. J. Eisch, W. C. Kakkam. Chem. 987188 2213; f) J. J. Eisch, W.
C. Kaska). Am. Chem. S@6385 2165.

70J.J. EischComprehensive Organic Syntte@sisvBl. M. Trost, I. Fleming, S. L. Schreiber), Pergamon, Ok8&H,

1F. Gao, A. Hoveydd, AmChem. S@010132 10961.

72K. Ziegler Adv.Organomet. CHeI686, 1.
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=T
+A|7< 50 atm, 20 °C >(VA|V\ﬁ

90%

Schemel8 Theuncatalysg:carboalumination requires harsh conditions.

In the presence @fsuitable catalyst the carboalumination proceeds under much milder conditions. In the
past mostly titanium and more effectively zirconium catalysts have been used for the carboalumination
(Schemd9).73

AlMe;

TiCl,Cp, or ZrCl,Cp, Ph _ Ph I Ph Ph
Ph—=—Ph — =

DCE, 25 °C, 24h Me AlMe, Mé I

SchemelQ Thecatalys# carboalumination of a typical alkyne usingINeoceeds iisfashion.

In recent yeadegishieported also an asymmetric version of a carboalumisatieng20).74 This Zr-
catalys# asymmetric carboalumination (ZACA) has already found applications in the synthesis of natural

products’s

MesAl -
= T o \/\/L/\)\
Z 4% (NMipzicl,  MeA! &

NMI = (+) or (-) 1-Neomenthylindenyl

Schame 20 Asymmetric carboalumination (ZACA) reaction.

1.3.6 Direct Insertion (Oxidative Addition) of Aluminium Powder

In 1859 Hallwachand Schaferigublished their results on the reaction of ethyl iodide with elemental
aluminium(Scheme1).2° They observed the formation of a liquid from which E&&t EtAIll could
be isolated by fractional distillatP8i¢

2Al
3 Et—X — > EBRAIX + EtAIX;

X=Cl,Br, | Y
EtzAlLX3 = EtAly;3X
sesquihalide

Scheme2l First preparation of asrganoaluminium biylallwactendSchaferik

This mixture of halides which results from the insertion reaction is usually referred to as s&squihalide.

The reaction works extremely well for metayld ethyl halide&xtensions to allylic halides have also

73a) E. Negishi, D. Kondakov,Chem. Soc..R&8625 417; b) D. E. van Horn, E. NegishiAm. Chem. Sk&7810Q 225; c) E. Negishi, D.
E. van Horn, T. Yoshidd, Am. Chem. Sk885107 6639; d) ENegishi, D. |. Kondakov, D. Choueiry, K. Kasai, T. Takallagkhi) Chem.
Socl996118 9577.

74a) D.Kondakov, E. Negishi. Am. Chem. S895117 10771; b) D. Kondakov, E. NegishiAm. Chem. Si896 118 1577; ¢) S$duo, J.
Shi, E. NegishAngew. Chem. Int. 10241, 2141.

75Z. Tan, E. NegishiAngew. Chem. Int. H3D4 43 2911; b) TNovak, Z. Tan, B. Liang, E. NegishiAm.Chem. S&Q05 127 2838; c) B.
Liang, E. NegishQrg. LetR008 10, 193; d) G. Zhu, B. Liang, E. Negi§higLett.2008 10 1099.

76a) V. Grignard, R. Jenki@mmpt. Reri®24179 98; b) H. Demarne, P. Cadi@udjl. Soc. Chifnranc&968 205.
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been reported. Propyt and butyl halides are already obtained in lower yields and higher alkyl halides
camot be conweiently subjected to this reactidrlso, only a handful of aryl halides undergo this
reactiorr® The main drawback hampering a broad applicability of the reaction is the metal itself.
Aluminium forms strong bonds to oxygen and the energy of #®ebéhd is estimated to be
138kcal/mol’® Because of this highly oxophilic behaviour, aluminium is ¢dweran oxide and
hydroxide layer by reaction with oxygen and water if exposed to air (passivation). This oxide layer
hampers a smooth insertion reaction and the need for a clean metal surface has been pointed out by
Adkinsand Scanléy Severaimetalactvation methods have been reporéed.Thus, it has been shown

that the milling o&luminiumpowder with small amounts afiminiumchloride allows the insertion of
aluminiumpowder to aryl iodides, bromides ahldrades $cheme?2). In the case of chlorobenzene, a
temperature of 13 is required for the formation of the afyiminiunreagent in 92%ields?

O
10% AICI3

Al ——— > A ——
milling Al 130°C, 22 h PhALsCl
92%

Scheme22 Activation ofAl-powder by milling with catalytic amounts of AICI

Recently, it was reported that the addition of 10%mé&alto alumininum powder leads also to an
activation and heating naphtyl iodide at high temperature with this metal mixture furnigtpddythe
sesquiiodidesgcheme3) 83
Alysl
“ 10% Ga
120 °C,20 h
neat

>95%

Scheme23 Gallium as additifer activation ofhe aluminium surface.

Despite these attempts the direct insertion of alumintonerganic halides has never fotirebroad
applicabilityas its magnesium counterpaxt® 150 years after its discovery. Still, there is no convenient

way of using aluminium powder for a direct insertion reaction into diverse organic substrates.

77a) S. Araki, 9. Jin, Y. Idou, Y. Butsugd&uyll. Chem. Soc. 188265 1736; b) K. Takai, Y. lkaw@rg. Let2002 4, 1727; c) J. Augé, N.
Lubin-Germain, A. ThiawVoaye Tetrahedron L2899 20 9245; d) H. Tanaka, M. Kuroboghiyrent Organic Chergddy8, 1027; gM.
GaudemamBull. Soc. Chiar. 19581475f) A. Stefani, P. Pinblel.Chim. Acta97255 1110.

83) J. F. Spencer, M. L. Walldc€hem. Sp@0893 1827; b) A. V. Grosse, J. M. MavityDrg. Cheh®405, 106.

79H. Yamamoto, H. Nozakhngew. Chel87890, 180.

80H. Adkins, C. Scanlely,Am. Chem. 85173 2854.

81a) H. Lehmkuhl, R. Schaféetrahedron L2866 2315; b) G. P. van der KeelBull. So€him. Belgé956 65 343; c) V. F. Hnizda, C. A.
Kraus,J. Am. Chem. S@3860, 2276.

82D, WittenbergAnn. Chem962654 23.

83X. Tang, D. Rawson, S. Woodw&yhleR010636
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2 MOTIVATION AND OBJECTIVES

In recent yeardnochet al introducedhe use oLiCl in organometallichemistry This simple alkali salt

has proven its beneficial effects on organometallic reactions several times. The preparation of
iIPrMgCI-LiCl(Turbo-Grignard) has led to development of a powerful exchange reagent and numerous
aryl and heteroaryl magnesium reagents have been prepared sthddehaddition of stoichiometric

amounts of LiCl to TMases has led to enormous increase in dplabithese formerly unsoluble

metal baseés.This effect seemed to be of a general nature and several metal bases foanel
applications in organic synthesis and led to a variety of metal organi¢tegdidseover, it could be

shown that LiCl has a powerful effect on the insertion rate of several metals. Thus, the insertion of Zn
and Mg is dramatically enhanced by &andl many functionalized organometallics have been prepared
easily since this amazing discd¥é&tyen unreactive metals such as Mn and In undergo smooth insertion
into various organic halidesthe presence of Li€llt is supposed that LiCl helps inudwlizing the
organometallic during its formation on the metal surface, thus leaving a fresh metal surface behind, on
which a new insertion can occur much faster, leading overall to acceleration of the insertion and highly

soluble metal reageffts.

As thee is no broad applicability of the insertion of aluminium to organic balfdea general method

for the preparation of different organoahiaoms would be highly desirable, because of the low price of
aluminium, the relatively low toxicity, the easyclability and the interesting properties and chemical
reactivity of organoalanésspired by the enormous beneficial effect of LiCl on the insertion of various
metals we envisioned that LiCl may also be effective in accelerating the insertimiuof sduonganic
halides. Thysn this work we planned to develop a general method for the insertioposfdét to
different organic halides in the presence of Ei@t of all,the formation of aryl organoaluminiums
should be investigatethd a broadange of functionalities should be tolerated under the developed
conditiongScheme&4).

Al
, Licl

FG— ————  FG

NG

X:Cl, Br, |
FG: any functional group

Scheme24 LiCl-mediated insertion of Al into aryl halides.
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Kerr, Chenkur.J 2001 7, 3430h) M-X. Zhang, P. E. Eatoingew. Chem. Int. HaD2 41, 2169; i)A. Krasovskiy, V. Krasovskaya, P.
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Another project shoulde the extension of this methodology to benkglides as there aknostno

reported reactions of benzylic halides with alumipiwder(Schemeb).

X: Cl, Br, |
FG: any functional group

Scheme25 LiCl-mediated insertion of Al into benzylic halides.

Furthermore, higher alkyl halides (longer carbon chain length than 4) cannot be conveniently prepared by
the direct insertion of aluminium. In case LiCl allows the smooth insertiopovfdél to organic
halides, extensions of this method should be applied to higher alkyl subshiee®4).

Al

n>2 ? /Hn\>/2
X: Cl, Br, |

Scheme26. LiCl-mediated insertion of Al into alkyl halides.

Also, we planned toedelop a practical synthesis of allylic aluminium reagents. Their reactivity towards
carbonyl groups should be investigated. As zinc reagents undergo highly diastereoselective addition to
carbonyls aimilar convenient synthetic procedure should be dexkladdition of allylic orgaho

aluminiums to carbonyl functionali®sheme?).

X Al O '
Al J\ R pH
—_——
? diastereoselective
X: Br, Cl addition R, R": any substituent

?

Scheme27. Preparation of allylic aluminium reagents and diastereoselective additimmyds.

Another project should be the preparation obihyiztallic species by direct insertion of metal powder.
Little is known about such interesting species and a convenient procedure for the formation of such

reagentbadto be developeEcheme8§).

©: X metal powder Met
-
X ? Met

X: Cl, Br, | Met: any metal

Scheme28 Preparation of 1;Bimetallics by direct insertion of metal powder.

Moreover the potentially prepared organoaluminiums should be readily usable in odiféerient
transformations. Special focus shouldobehe behaviour of organoaluminiums in coosgling

reactions using common catal{&tseme29).

Al 0
N Pd ~-F
FGi- FGi
= . !
electrophile F

Scheme29 Directcrosscoupling of aluminium reagents.
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B. RESULTSAND DISCUSSION

1 CATALYSED ALUMINIUM INSERTION INTO ARYL HALIDES

1.1 Abstract

Variousaryl halideseact with Alpowder in the presence of a stoichiometric amount of LiCl and a
suitable catalyst, leading for the first time to a broad rafiugetainalizediryl aluminium sesquihalides.
The choice of the appropriate catalyst is dependent on the nature of the aryl halide. These new
organometallics can be used in many organic transformations such as allylation recatadysedd
crosscouplings, acylatioractions or conjugated addition after transmetallation wédltZn

1.2 Introduction

The insertion of metals to unsaturated halides is the most straightforward method to prepare aromatic
and heteroaromatic organometd¥idsor example, the preparation @fganomagnesium reagents
(Grignardeagents) is conducteddnjdingan organic halide a suspension of magnesium turnings in a
polar, nonprotic solvent like THF or diethyl ethElowever, manynsaturatedrganometallic reagents
(e.g.from zinc, indium,manganese aaluminiun are difficult to generate from commercial metal
powders The surface layer of the metal mostly consists of hydroxides and oxides (passivation), thus
making the metal unreactive towardsaditganichalide.Especially the highly oxafic aluminium is
passivated very ea&lyhe metal activation is therefore essential for the success of such direct insertions
and several procedures including the ustieBmetal® have been develop®dn fact, preparation
methods of arylalumim reagents arscarcé4 A recently reportedirected aluminati®husing an
alumirium basellows the generation of atyiminiumcompounds by a deprotonation reactdso, the
transmetallatiéh of organolithium and orgamagnesium reagents using alumirgaits provides a
convenient route to arylaluminium derivatikiteough the reaction of metallic aluminium with organic
halides is known since the pioneering woHatitvacrendSchafefikin 1859 only very few examples of
aromatic halides undergo ttaactior?8 % In recent yeard, could beshown that several metals such as
Zn,100 |n101 102 gnd M@o3 104 can be activated in the presence of stoichiometric amounts, @fhidGl

89P, KnochelHandbook Bfinctionalized Organométéléyy CH, Weinheim2005

V. GrignardAnn. Chiml90124, 433.

91T. Mole, E. A. Jeffer@rgarauminiu@ompounddsevier, Amsterdat72

923) R. D. Riekesciend®89246 1260; b) R. D. Rieke, M. V. Hansbetrahedrd®9753 1925; c) J. Lee, R. Vela@téz, A. Guijarro, J. R.
Wourst, R. D. Riekd, Org. Che®00Q 65 5428.

933) U. Tilstam, H. Weinmar@rgProceBes. De2002 6, 906; b) K. V. Baker, J. M. Brown, N. Hughes, A. J. Skarnulis, A. B&tgnChem
1991 56 698; c) P. Knochel, N. Millot, A. L. Rodriguez, C. E. Tuckirgamic React{&ads L. E. Overman2001 Vol. 58, Wile}yCH, New
York.

94 S. Saito iComprehensive Organometallic Cl{EhiBtriKiibchel)2007 Vol. 9, Elsevier, Amsterdam

9% a) M. Uchiyama, H. Naka, Y. Matsumoto, T. Ohwladan Chem. S@007 126 10526; b) H. Naka et &.Am. Chem. 807129 1921; c)
H. Naka et al. Am. Chem. 28108130 16193; d) S. Wunderlich, P. KnookefiewChem. Int. EB00948 1501.

%3) T. Ishikawa, A. Ogawa, T. HirhoAm. Chem. S89812Q 5124; b) C. Hawner, K. Li, V. Cirriez, A. AlexakigewChem. Int. EA008
47, 8211; c) J. Westermann, U. Imbery, A. T. Nguyen, K. Nigkisch, Inor@henl998 295; §iH. Gao, P. Knochefynlet2009 1321.

97W. Hallwachs, A. Schafedn.1859109 206.

9%J. F. Spencer, M. L. Wallate&Zhem. Sbe0893 1827.

YA, V. Grosse, J. M. Mavify,Org. Chet9405, 106.

100g) A. Krasovskiy, V. Malakhov, A. Gavryushin, P. KnoskhgéwChem. Int. EB006 45 6040b) N. Boudet, S. Sase, P. Sinh&,.Ciu, A.
Krasovskyi, P. Knochdl, AmMChem. S@007 129 12358; c) A. Metzger, M. A. Schade, P. Kn@xeelett 2008 10, 1107.

16



B. RESULTSAND DISCUSSION

solubilizes and removes the resulting organometallic species from the ncetehlbufiag therefore a
further insertion to occur on the clean metal suriadensions of such an inexpensive activation to
alumirium powder would be highlysitabledue to the low toxicityerylow price and potentiglhigh
chemoselectivigf theorganoalumiom reagent®s

1.3 Preparationof Aryl Aluminium Sesquhalides

1.3.1 Preliminary Catalyst Screening

Preliminary results showed thiimanum powder did not insert to various organic halidelei
presence of LiCl or other lithium salt& envisionethat additional metallic salts may be beneficial since
the preparation of allylic alumim reagents is accelerated by the addition gfi\®le have therefore
screened the influence of several additives on the insertion rate da@iralyowder (2quiv) in the
presence of LiCl @juiv) toa typical substrate likeéodo-4-(trifluoromethybenzendla) in THF (Table
1). Whereas a number of metallic salts such as, BeCll, MnC}, ZrCl, CpZrCl, or HfCly, havebeen
proved to be ineffective affording less than 3% of the desired arilatureargen®a (Tablel, Entries
1-6). To our delight, some metal chlorides dramatically accelerated thenalunsémtion Table 1,
Entries 722). The addition of Pb&(5 mol%}o7along with LiCl led to the desired aliotmreagen2a
in 60% vyield after I3 at 30 °C whereas no product was obtained in the absence of LiCl. Additional
activation of the alumim suspension in THF with b8Cl (3 mol%}o8 yielded2a in 77% Tablel,

Entry 7). In contrast the use of Pb(OA®d to formation of more than 70% of homodirfiablel,
Entry 8). The addition of VGI(5mol%) afforded the desir@tuminium reagena at 30 °C in 4 h in
47% vyield, but the addition of NiQir CoC} provided only homodimefTéble 1, Entries9-11).
Interestingly other chlorides such as3#€ENC) or BiCk were quite effective and providiedin 85

87% vyieldTablel, Entries12-14). Also, inexpensive TiGbmol%) led to thaluminiumreagen®a in

62% vyield within 3tin (Table 1, Entry B). In this case again dimerization laf leading to

4.4 -bistifluoromethylbiphenyl was responsible for the lower lmhdsalts, such as Fe@ Fe(acag)
were also effective and provided the aluminium rezeémt4766% yield(Tablel, Entries 16-17).
Remarkably, even ferrocene aragffective catalyst and the aluminium reagent was formed in 77% yield
after 1%h reaction timéTablel, Entry B). Simple MgGland several aluminium containing additives
(AICk, Al(OiPry or AlMes) led also to the expected orgaetallic within 0.76 and 4.% in 5870%
yield(Tablel, Enties19-22).

101Y.-H. Chen, P. KnocheAngewChem. Int. EB00847, 7648.

102 -H. Chen, M. Sun, Rnochel AngewChem. Int. EB00948 2236.

103F, Piller, P. Appukkutan, A. Gavryushin, M. Helm, P. KnaaiggwChem. Int. EB00847, 6806.

104A. Metzger, F. Piller, P. Knochghem. Comn2008 5824.

1053) E. Negishi, T. Takahashi, S. Baba, D. E. van Horn, N. Okdikado, Chem. Sk887109 2401; b) E. NegisthccChem. R6€98215
340; ¢) SL. Ku, X-P. Hui, GA. Chen, Y-Y. Kuo, H:M. Gau,ChemCommug007 3847.

1063) S. Araki, 9. Jin, Y. Idou, Y. Butsug&ull. Chem. Soc. 198265 1736; b) K. Takai, Y. Ikavw@g. Let002 4, 1727; c) J. Augé, N.
LubinGermainA. ThiawWoayeTetrahedron L9920, 9245; d) H. Tanaka, M. Kuroboshirrent Organic Chen2id@48, 1027.

107K, Takai, T. Ueda, T. Hayashi, T. Moriwaké&ahedron L&89637, 7049.

1083)K. Takai, T. Kakiuchi, K. Utimotd, Org. Chet®9459 2671; b) K. Takai, T. Ueda, N. lkeda, T. Ishiyama, H. MatdBisti&hem. Soc.
Jpn2003 76 347; c) XL. Zhang, Y. Han, WI. Tao, Y-Z. Huang,J. Chem. Soc. Perkin. Tra89951189.

109 3) T:P. Loh, G:L. Chua,Chem. CommR@06 2739 b) S. Araki, T. Hirashita @omprehensive Organometallic ChgdisRy Kihochel),
Pergamon Press, Oxfo)07 c) J. Augé, N. Lubi@ermain, J. Uziegynthes)07 1739.
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Table 1: Catalyst screening for the preparation of arylaluminium reagenbe figrhiodidela

Al (3 equiv)
FsC LiCl (3 equiv)  F4C
\©\ TMSCI (3 mol%) \©\
I Catalyst (5 mol%) Aly3X-THF
1a THF, 30 °C 2a
X =1or CI-LiCl
Entry Catalyst Reaction TimghP Yield [%] of 2a

1 ZnClh 8 trace$
2 FeCh 8 trace$
3 MnCh 8 trace$
4 ZrCls 8 trace$
5 CpzrCl, 8 trace$
6 HfCl,4 8 trace$
7 PbC} 3 77

8 Pb(OAc) 4 -e

9 VCly 4 47
10 NiCl, 5 -
11 CoCh 5 -
12 InClz 25 87
13 SnC} 8 85
14 BiCk 4.5 85
15 TiCls 0.5 62
16 FeC} 5 66
17 Fe(acae) 19 47
18 CpFe 19 77
19 MgCb 4.5 69'
20 AICl; 35 58
21 Al(OiPr) 15 70
22 AlMe; 0.75 66

aThe amount of time the reaction was followgdsC analysis of hydrolyze
reaction aliquot$ Yield of organoaluminium reagastdetermined by iodolysis
THF. ¢ The amount of detectable iodolysed product remained belc\W\a%tout

TMSCI activation the yield dropped to 602flhe reaction lead® talmost
quantitative formation of homodimérXantphos (5 mol%) awas added.9

Formation of homodimer is responsible for the lower yieCk has been
prepared anhydrous by insertion of Mg into dichloroethane in' ZB3Fmol% of
catalyst were used

Not only the additive (catalyst) is necessary for a smooth insertion of aluminium, also the alkali salt plays
an important role. We screened the influence of severathdtkadies(3 equiv) using the same typical

aryl iodidela and InC4 (3 mol%),as it proved to be a quite effective catalyst for the insertion into aryl
iodides, in THF at 20 °@able2). As mentioned before, without any alkali additive the reaction between

the aryl iodidela and aluminium powder proceeded eatbluggishly, if it appeared at(Bdble 2,

Entry 1), whereas the addition of LiCl led to a fast insertion rate (100% convéjsipm\ading the

desired aluminium reagéatin 7585% yield Table2, Entry 2). Interestingly, other alkali salts had also
tremendougnfluence on the reaction ralalple2, Entries 36). When the reaction was performed with
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NaCl instead of LiCl, the overall reaction rate slowed down compared to the wetcto alkali
additive(Table 2, Entry 3), indicating that NaCl somehow inhibited a smooth insertion reaction. KCI
instead showed a similar behaviour, being slow during the firsbut2then a sudden increase in
turnover rate @as recognized (Point Rigurel) leading to saturation after 44 h (Poirigurel). This

may be related to the solubility of the alkali salts in ethereal solvents such as THF.

Table 2: Influence of the alkali salt on the insertion rate of aluminium into a typical ar¢hiodide

Al (3 equiv)
FsC InCl (3 mol%)  F4C
\©\ TMSCI (3 mol%) \©\
—_— -
| Alkali salt (3 equiv) Alg3X-THF
1a THF, 20 °C 2a

X =1or Cl-MetCI
Met = Li, Na, K, Rb, Cs

Entry Alkali Salt  Reaction Time [f] Conversiorf%]°

1 - 60 54
2 LiCl 5 100
3 NaCl 60 42
4 KCI 60 77
5 RbCI a7 60
6 CsCl 7 100

a The amount of time the reaction was followgdsC analysis of hydrolyzed reacti

aliquots.b Conversion of aryl iodide as indicated by GC analysis of hydrolyzed |

aliquots using heptadecane as internal standaid. of organoaluminium reagent885%6

as determined by iodolysis in THField of organoaluminium reage&d®46 as determine(

by iodolysis in THF.
The use of RbCI led to acceleration in the beginning of the reaction but then again some inhibition
occurred, leading to decrease in turnover and saturation after 22 h (Fgime®@, This may again be
attributed to a better solubility of RbCl in THF compared to KCI and NaCl. Finally, the largest of the
alkali cations (Epshowe a dramatic acceleration effect similar to that of LiCl, leading to full conversion
of the starting material afteh7at 20°C providing the aluminium reag@atin 93% yield Table2,
Entry6). In conclusion, only the smallest &he largest alkali cation were beneficial leading to an
accelerated insertion reaction with full conversion of the substrate. Both salts are quite soluble in THF,
which may be the reason why the intermediate alkali sources (Na, K, Rb) cannot patiiapate in

reaction, provided all the alkali salts have the same mode of action on the reaction course.
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LiCl sl
95 - /
—_ . . KCI
g 75 i / P ——]
= C
c RbCI
.g 55 - no salt
Q NaCl
S 35 -
O
15 -
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Insertion Time [h]

Figure 1 Alkali salt influence on the insertion of aluminium into ary! ibalide

1.3.2 Catalysed Aluminium Insertion into ArylBromides

Further experimentation has shown that the choice of the appropriate additivieotetiendtructure
and the nature of the organic halidthough PbGland InCi can catalyse the insertion reaction into aryl
bromides, usually long reaction times (BH4& 5C°C are required, leading to decreased yields of the
obtained reagent$hus, for the preparation of arylaluiomim reagents starting from aryl bromides the
addition oftitanium catalystwas found to be the optimuand several Tgalts catalyse tmeaction
(Table3).

Table 3: Ti-catalyst screening for the insertion of aluminium into a typical aryl [B@amide

Al (3 equiv)
LiCl (3 equiv)

TMS-CI (3 mol%)  FsC AlgsX- THF
\©/ T| cat.(5 mol%)
THF, 50 °C
4a

X =Br, CI-LiCl

Entry Ti-catalyst  Reaction Time [f] Yieldof 4a [%]

1 TiCk n.r. n.r.
2 TiF4 16 26 % conversion
3 Ti(OiPr) 4 37
4 Ti(QiPr)CI 3 48
5 Ti(OiPrCh 3 44
6 CpTiCk 35 65
7 CpeTiCl 6 71
8 CpTiCk 8 73
9 TiCly 25-4 78

aReaction time uni@C-analysis of hydralsd reaction aliquostiowed 95% conversion o
the aryl bromidé Yield of organometallic as determibgbdolysis in THF.

Titanium sources like T¥Qr TiFs did not afford the desired aluminium reagent, which is probably
attributed to the low solubility in THR able 3, Entries 12). Titanium salts bearing isopropoxide

substituents led to fast insertion reactions and full conversion of the aryl bromide, but resulted in low
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yields of the organoaluminium reagénbecause more than 50% of the reagent goblirged or
reducedTable3, Entries &). Several titanocene derivatives also provided the aluminiumieeddént
class of catalysts was not as fast as the isopropoxide substituted catalysts, but the organometallic was
obtainedn much better yield@ &ble3, Entries ). Remarkably, the insertion is not only catalysed by Ti
salts, as GpiCl is also capable of cadimly the insertion reaction, beind!' Tirable 3, Entry 7)
Nevertheless, TiCproved to be the most reliable catalyst, combining a relativelsdeginnime

(2-4 h) and good yield (78%) of the aluminium reage(fable3, Entry 9). With these conditions at
hand several aryl bromidesild be readily converted to the corresponding aluminium reagents.

The aluminium organometakia obtained by the insertion reaction intbr@nobenzotrifluoride3§)
underwent a smooth Ratalysed crogsupling reaction with-iddoacetophenoné&d) in the presence

of Zn(OAc) (1.5 equiv) and PEPRi®F (1.4 mol%)0 111 The functionalized ketoa was obtained in

82% yieldTable4, Entry 1). Also, using the same conditions a-coogding with oromobenzonitrile

(5b, 0.7 equivpn 20mmol scale afforded the biphefigglin 86% yield, demonstrating the synthetic
usefulness of the prepared reagdrablé4, Entry 2).The treatment of-bromo-2-fluorobenzene3b)

with Alpowder (Zquiv), LiCl (1.5 equiv) andCl, (3mol%) at 30C for 3.5h furnished the
correspondin@luminiumreagent 4b) which underwent a smooth -Batalys#g crosscoupling in the
presence of Zn(OA£)(1.5 equiv) and PEPR®F (1.4 mol%)with methyl 4romobenzoates¢,
0.7equiv) leadintp the biphenyl estéc in 93% yieldTable4, Entry3). Remarkably, the intermediate 2
fluoroaryaluminiumreagent4b) did not undergo elimination to an aryne under the preparation and
crosscoupling conditions.

Table 4: TiCl, catalysedluminium insertion into aryl bromides and subsequent functionalization.

Al (3 equiv)
LiCl (3 equiv) . 1.) Zn(OAc), (1.5 equiv)
e BT TiCl, (3 mol%) o :_(j/A'%X THE 5 5. R-X' (0.7 equiv) S R
F THF, 30-50 °C Z PEPPSI-iPr (1.4 mol%) Z
3 4 X' = leaving group 6
X = Br or CI-LiCl
Entry Aryl Bromide Condition$ Electrophil& Product
o)
o)
FsC Br 50 °C Me
1 \©/ /©)LM9 FsC
4h 3 O
I
3a 5a 6a 82%
CN
FiC Br 50°C CN O
> U oo
4 h Br O
3a 5b 6h: 86%
CO,Me
Br 30°C CO,Me O
s X o
F 3.5h Br O
F
3b 5c 6C. 93%

110C, J. O Brien et aChem. Eur.200612 4743.
111M. G. Organ, S. Calimsiz, M. Sayah, K. H. Hoi, A. J. LoongénChenint. Ed2009121, 2419.
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NO,
Br 50°C NO, O
+ X 1
OMe 20h Br O
OMe
3c 5d 6d: 80%
CN
Br 50°C CN O
s (X 1~
OMe 20h Br O
OMe
3c 5b 6e 78%
CN
Br 50°C S\N/©/ i
o X O
Cl OMe 6 h Cl cl OMa CN
3d 5e 6f. 70%
FsC
cl Br 50°C FiC O
X e °
OMe 5h Br
OMe
3e 5f 60. 79%
OBoc
Br 50 °C OBoc O
s X 1
SMe 16h Br
SMe
3f 5¢ 6h: 6896
9 @[Br 50 °C CO,Et @\/\H/COZB
SMe 16h /\/ Br SMe
3f 5h 6i: 89%
Br 50°C O
10 /©/ CO,Et
cl 14 h I CO,Et
cl
39 5i 6j: 9196

aTime until a conversion of >95% according todd@lysis was achieved.7 equiv of electrophiteasusedc Isolated yields
of analytically pure product estimated to bed&P& purity according to G&nd NMR analysis0.6 equiv of electrophileas
used.

Not only electroipoor aryhluminiumreagents can be prepared, but also eleattomryl bromides
reacted smoothly. Thusuminiuminserted into -bromo-2-methoxybenzen&q) at 50°C within 2th
providing thealuminiumreagentic which was converted to the biphenyl derivafidgeand 6e in 80%

and 78%yield by crossouplingreactionsas described aboy€able4, Enties4-5). Similarly, the-4
chlora2-bromoanisole3fl) was converted to the corresponding oandniunreagenid which after
transmetallation with Zn(OAQL.5 equiv) readily underwentiebeskirsrodl2 113crosscoupling with

the thioestebe to afford the functionalized benzophenone derivéitive70% yieldTable4, Entry 6).
Variously substituted aryl bromides su@e-gsbearing substituents like a chloride, trifluoromethyl or a
thiomethyl group were readily cotegrto the intermediaduminiumreagents at 5@« within5-16h.

112J, Srogl, G. D. Allred, L. S. LiebeskindymChem. S4@97119 12376.
113H. Prokopcov, C. O. KappAngew. Chdnt. Ed200948 2276.

22



B. RESULTSAND DISCUSSION

Subsequent transmetallation and highly chemoselectag¢allysé crosscoupling with various aryl
bromides or iodides bearing a carbonate, an acetyl or gnoegtieirnished the expestt polyfunctional
biphenyl adduc®g-j in 6891% yieldTabled, Entries7-10).

1.3.3 Catalysed Aluminium Insertion into Aryllodides

Among all the screened catalysts Pi@Tk and BiGJ had been the most effective in catadythe
aluminium insertion into aryl iodides. The reaction betwedobEenzotrifluoridelg), LiCl (3 equiv), Al
powder (2quiv) and Pb&(3 mol%) afforded the aluminium readi&in 77% vyield after 3 at 30°C.
After transmetallation with Zn(OAG)L.5 eqiv) a crossoupling reaction (PEPRi®, 1.4 mol%jyvith
4-bromao-2-fluorobenzonitrile®@ afforded the biphenghin 64% yield. Using the same conditions and
InCl; as catalyst, the organoaluminRerwas obtained in 85% vyield afdelh at 30 °C. Similarly, the
reagent prepared in this way smoothly underwent the sameouphsg affordindda much more
effectively in 95% yiel8¢hem&0).
ﬁ'c(f(gqe“iﬁ?w 1.) Zn(OAc), (1.5 equiv)  F3C
F3C\<j cat (3 mol%) F3C\(j 2.) PEPPSIHPr (1.4 mol%) O .
| THF,30°C,3h AlysX-THF Br F O
1a X =1, CI-LiCl \C[CN CN

2a: cat = PbCly: 77% 7a (0.7 equiv) 8a: cat = PbCl,: 64%
2a: cat = InCl3: 85% 8a: cat = InCl3: 95%

Scheme30 Comparison of Pb&land InCi-catalysed aluminium insertion into the aryl iddided subsequent
crosscoupling.

In the same wa-chloroiodobenzendlf) furnished the aluminium reag2hbin 60% yield using PhCl
as catalysAlso in this cas¢he eagenb is obtained in much better yi€fd%) using Inghs catalyst
In the presence of Zn(OAd)oth reagents underwent allylation (CuCN-2t3QI7C) using the acrylate
7b, leading to the unsaturated e8lein 81% and 91% yiel8¢hemea1).

Al (3 equiv) 1.) Zn(OAc), (1.5 equiv)

LiCl (3 equiv) 2.) CuCN-2LiCl (20 mol%) CO,E

cat (3 mol%) THF,-30°C, 1 h

_—

cl | Thr.30°C.3ah © AlysX THF COEt cl
1b X =1, CI-LiCl A _Br

2b: cat = PbCly: 60% 7b (0.7 equiv) 8b: cat = PbCly: 81%
2b: cat = InClz: 77% 8b: cat = InCl3: 91%

Scheme31 Comparison of Pb&land InCi-catalysed aluminium insertion into the aryl iddided subsequent
allylation.

These results clearly showed thatslisGhuch more effective in catalyzing the aluminium insertion into
aryl iodides than PbCRAs a consequendbe use of InGlleads to higher yields in the subsequent
functionalizations. Therefore we subjected several aryl iodides to the typical oadittamrs asing
InCl; as catalysT ébleb). Thus, the reaction ofitdo-3,5dimethylbenzendq with Al powder (8quiv)

in the presence of LiCl (1.5 equiv) andsl(83hol%) afforded the agluminiumhalide2c within 24 h
reactbn time at 50C. After treatment with Zn(OAc)1.5 equiv) a Pcatalys# acylation with a bromo
substituted thioestei7q, 0.7 equi¥} provided the benzophenor@e in 89% yield with excellent

chemoselectivityféble5, Entry 1).Remarkably, double bonds are also well tolerated under the reaction
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B. RESULTSAND DISCUSSION

conditions. The aryl iodide furnished the aluminium reag2dtwhich was converted to the substituted
thiophene derivativ&d in 75% vyield after a typical crossipling reactiofable5, Entry?2).

Table 5: InCl; catalys# aluminium insertion into aryl iodidesd subsequent crassupling reaction.

Al (3 equiv) 1) Zn(OAG), ( )
LiCl (3 Zn(OAc 5 equiv
O/ InICI3 (36%& A M THE ) 7. R ((2)7equ§/) R
FG FG—— FG——
THE.s0°C F PEPPSI-iPr (1.4 mol%) Z
2 X' = leaving group 8
X =1 or CI-LiCl
Entry Aryl lodide Condition$ Electrophil& Product’
Me
A s s¥e
. | 24h uQ T Me I
1c 8c. 89%
Me
Me
50°C
2 w 24h Br/@\COMe //
I s
COMe
1d 7d 8d: 75%
F
F 50°C | O
s X L
I 6h CO,E O
CO,Et
le Te 8e: 92%
0 . ®
S S\ L F
F I 3h NO,
N02
1f i 8f: 84%
F
E 50°C Bre_CN
. O l .
N
19 79 89: 74%
50°C CN
6 ! Br/\©/ CN
24h
1h 7h 8h: 5498

aTime until a conversion of >95% according todd@lysis was achieved.7 equiv of electrophiteasusedc Isolated yields
of analytically pure product estimated to bedéP& purity according to G&nd NMR analysis0.6 equiv of electrophieas
used.

Furthermore orthg metaand pardluoro substituted aryl iodidekef) were easily converted to the
aluminium sesquihalid@s-g (50°C, 312h). Crossoupling rea@ns of these reagents led to the
fluorine substituted biphenye-g in 7492% yieldTable5, Entiies3-5). Interestingly, not only aromatic
sp-carbon halide bonds undergo oxidative addition of aluminium, also a ¥hglibaspodine bond

(1h readily reacted under the reaction conditions and scauptisag with the benzylic bromidh
furnished the substituted alk@mhen 54% yield(Table5, Entry §.
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B. RESULTSAND DISCUSSION

The preliminary catalyst screening had showrBiigtcan also be used for the preparation of aryl
sesquihalide§ 4blel, Entry 12). Thus, using B8 mol%) in the presence of Al (3 equiv) and LiCl
(3equiv), the typical aryl ioditi@furnished the reage®ain 85% yield (4.8, 30°C). Subsequent cress

coupling of this organometallic with the protected uracil derivifivaished the highly functionalized
heterocycl&i in 73% yieldTable6, Entry 1). Similarly;fBioroiodobenzenff) or the trifluoromethoxy
substituted iodid#@ was converted to the aluminium reag2h#sd2g within 312h at 50 °C. Again,

these reagents reacted smoothly with the heterocyclic electrophiles and the resulting uracil and nicotinic
acid derivative®j-| were isolated in /#2% yield T able6, Entries 24).

Table 6: BiCk catalysedluminium insertion into aryl iodidesnd subsequent preparation of heterocycles.

Al (3 equiv)
LiCl (3 ) 1.) Zn(OAc), (1.5 equiv)
O/ BI|CI3(3ergg::’2) . AlpX-THE 5 ) 7. R ((2) 7 equiv) ©/R
FG FG,— FG-!
THF, 30-50 °c Z PEPPSI-iPr (1.4 mol%) Z
2 X' = leaving group 8
X =l or CILiCl
Entry Aryl lodide Condition$ Electrophilé Product
COzEt OzEt
. F30\©\ 30 °C I\K\(OMe OMe
| 4.5h Nt N /N
OMe OMe
la 7i 8i: 73%
CO,Et CO,
50°C I OMe oM
5 Q N g va °
F | 3h N\fN
OMe OMe
1f 7 8j: 76%
N o AL > Sl o s
F | 3h N | pZ
N
1f 7] 8k: 82%
50°C Br_xCN
4 O\ | F4CO NN
F4CO [ 12h N |
N
1 79 8l: 75%

aTime until a conversion of >95% according tedb@lysis was achieved.7 equiv of electrophile were usézblated yields
of analytically pure product estimated to be of >95% purity accordingaad3IMR analysis
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B. RESULTSAND DISCUSSION

1.3.4 Catalysed Aluminium Insertion into Functionalized Aryt and Heteroaryl HalidesBearing

Carbonyl Substituents

During the studies on treatalysg aluminium insertion into aryl bromides and aryl iodides it became
apparent that neither TiChor BiCi or InCk were able to catalyse the insertion reaction whenever a
carbonyl group was present in the corresponding sulfStizené2). Either no reaction was observed

at all, or the reaction stopped at ca. 10% conversion. Even prolonged heating or reflux conditions did not

lead to a successful insertion of aluminium.

Al (3 equiv)
LiCl (3 equiv)
) X TMS-CI (3 mol%)
R G x  TiClg or InCl; or BiCly

R' = any organic substituent
X=8Br, |

Scheme32 Carbonyl functionalized aryl halides could not be converted to aluminium reagents in the
presence of TiCl, InCls or BiCls.

However, when the reaction was performed with, Bb@Hditive instead, aluminium insedadily into
various carborgubstituted aromatics and heteroaromatilcaving for the first time the direct
preparation of ester or amide functionalized amgl heteroarylaluniiim halidesTable7). Thus, ethyl
2-iodobenzoate9g) furnished after treatmenithv Al-powder (3 equiv), LiCl (3 equiv) and RKEI
mol%) after 4 reaction time at 30 °C the functionalized aluminium A8@kd€his reagent underwent

an allylation reaction in the presence of Zn(O@cY» equiv) and CuCN-2LIiCl (7 mol%) with allyl
bromide {1a 0.7 equiv) affording the allylated ek2ain 80% yieldTable7, Entry 1). Moreover, Pd
catalys# crosscouplings(1.4 mol% PEPPSPr) with substrates bearing acidic protons sudh(%s
iodothiopher2-yl)ethanone(11lh 0.7 equiv) orl-(bromomethyiB-nitrobenzene(l11l¢ 0.7 equiv)
proceeded smoothly and the substituted thioph2imas well as the functionalized diarylmeti2oe
wereisolatedn 63% and 81% yie({d@able7, Entries 23). Not onlyathesubstituted ethyl esters leading
to a oOdathor es ¢ edi Brduld felx@ieyted to aluminium organometallics,nadtn
substituted ester derivatives su@basorked seemingly well. However, the insertion time is dramatically
increased t®5 h at 50 °C because of the missing directing ability of the ester functionality. After
transmetallation with Zn(OAq)L.5 equiv) an allylation with a catalytic amount of CuCN-2i0I%)

or a Pdcatalysed crossupling (1.4 mol% PEPRi®Y) affordd the functionalized estdrddand12ein

88% and 78% yieldgble7, Entries4-5). Remarkably, also an amide functionality is perfectly compatible
with the insertion conditions a@dwas converted to the functionalized organoalumitdaim 30 h at

50°C. Crosgoupling using the standard conditions afforded the bidi2éimy91%(Table7, Entry5).

114N. Boudet, S. Sase, P. Sinh&,.Ciu, A. Krasovskiy, P. Knoch&l Am. Chem. 2807129 12358.
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B. RESULTSAND DISCUSSION

Table 7: PbC}-catalysgt insertion of aluminiunto aryl and heteroaryl halides bearing carbonyl substituents and
subsequent reaction with electrophiles.

Al (3 equiv)
LiCl (3 equiv) 1.) Zn(OAc), (1.5 equiv)
0 N PbCl, (3 mol%) O»\ @\ 2))11: RZX' (0.7 equiv) O\; @\
R! FZ >~y THF,30-50°C R & AlyaY THE  PEPPSIP (1.4 mol%) R’ R2
9 10 or CUCN-2LiCl (7 mol%) 12
X' = leaving group
R' = OEt or NEt, Y =1, Br, CILiCl
X=lorBr
Entry Aryl lodide Condition$ Electrophilé Product
COEt 30°C CO,Et
X ~ CCL
| 4h x
9a 1k 12 80%
CO,Et 30°C M\ o CO,Et
2 ©i | s S O
| 4h Me | / Ve
9a 11b 12h 63%
° CO,Et
3 ©iCOZEt 30°C Br /\©/N02 NO,
h o Q
81%

1lc 12c

%
50°C O
G :
E0,C | 25h ~0 Hoe ‘

9b 11d 12d 88%
Q\ 50°C ! O
5 \©\ EtO,C
EtO,C I 25h CO(i-Pr)
CO(j-Pr)
9b 1lle 12e 78%
QT Q.
6 Et,NOC
Et,NOC [ 30h \© O
F F
9c 11f 12f 91%
50°C Br ]\
7 EtOZCﬂ\ Br \©\ Etozc/Q\Q\
S 6h CHO CHO
9d 119 129 92%
50 °C EtO,C
J \ CO,Et
8 EtOZC’Q\ Br 6h A B EtOZCM
ad 11h 12h 62%
50 °C Br /\
9 EtOzC/@\ Br j@ EtO,C o
o 24h NC
NC
9e 11i 12i 83%

aTime until a conversion of >95% according tedb@lysis was achieved.7 equiv of electrophile were usézblated yields
of analytically pure product estimated to be of >95% purity accordingand3IMR analysis
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To our delighteven heterocyclic esters could be converted to the corresponding aluminium reagents.
Addition of 5-bromothiophene2-carboxylic acid ethyl est@d)(to Al powder in the presence of LiCl

(1.5 equiv) and PhQ3 mol%) furnishedafter 6h at 50°C the fird functionalized heterocyclic aluminium
sesquichlofifd A Pd-catalys# crosscoupling with romobenzaldehydélg 0.7 equiv) produced the
2,5disubstituted thiopheri2gin 92% yield after prior transmetallation with Zn(@Ac)» equiyvTable

7, Entry7). Remarkably, the sensitive formyl functionality was perfectly compatible with the cross
coupling conditionsAlso, trapping the reagent with the functionalized allyl brdrhided to the
heterocyclic diesté2hin 62% yieldTable7, Entry8). The corresponding furane deriva@i@eeacted

equally well andfter a crossoupling with z2bromobenzonitrilel(lj 0.7 equiv) the heterocyclic etr

was isolated in 83 % yield. It is to note, that this is a remarkable transformation, as the @mdphene
furane rings do not undergo Aogening during the insertion or crossipling reactions.

1.3.5 Extended PiSystems as Catalysts for the Direttisertion of Aluminium to Aryl Halides

During the last decades several additives have been used for activation of diffeténamentalthese

reports was a facilitated insertion of Mg to relatively unreactive aryl chlorides puliisbddrijn

2000116 He utilized different transition metals (Fe€IMnCL) as well as porphimr phthalocyanin
complexes in combination with other additives for the activation of magiésianvisioned that these
heterocyclic complexes may also be effective in catalyzing the aluminium insertion into aryl halides. We
therefore screened the influence of porphinpdnidalocyanircomplexes on the reaction rate of the
insertion of Alpowder inb a typical aryl iodidea (Table8). Remarkably, any porphor phthalocyanin

complex tested was able to accelerate the insertion of aluminium to the arjhle8ld(tries 112)

providing the aluminiumeagenRain 66380% yield, nevertheless several differences could be noticed.
The wuse of a Onakedd (without a mBdresulted indastt er ) t
formation of the aluminium reag@at(45min, 20°C) in 66% yieldT@ble8, Entry 1). In contrast, the

same porphin containing a2 metal cented8b also generated the aluminium reagent in short time,

but with higher yield (78%able8, Entry 2). None of the other tested porplit&cj) could compete

with this result, although all were effectively generating the aluminium reagent in similablgglds (

Entries 310).Phthalocyaniderivatives3k-1) also effectivelyatalysg the aluminium insertion inthe

iodidela Regardless of the metal centelt,(Benone) the aluminium reag2atwas obtained in 61%

and 69% vyield, although the met al center dramat |
phthalocyaniiiTable8, Entries 1112). As the porphins (TPP, T-BRe) and thehthalocyanimll were

able to effectively catalyse the insertion reaction, even without a metal center, the question arose if the
extended Pdystem is responsible for a smooth insertion. Thustiedethe reaction with simple
anthracen1@n). Remarkably, within 5 h at°ZD even this simple-Bystem was able tatalysahe

insertion reaction and the reagsnivas generated in 61% yidldi]e8, Entry 13).

15U, Tilstam, H. Weinman®rgProc. Res. D202 6, 906.
1B, Bogdanovi LAngeNChemSlot.rFEBODQS% 4610d i
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B. RESULTSAND DISCUSSION

Table 8: PorphinandPhthalocyaninomplex screening for insertion of aluminium into the aryl talide

Al (3 equiv)
FaC LiCl 3equiv)  FsC
\©\ TMSCI (3 mol%) \©\
—_— -
| Catalyst (1 mol%) AlpsX- THF
1a THF, 20 °C 2a

X =1lorCI-LiCl

N

X A

N\ N N=
N/
N\ /M\ /N
N N

! P

N

13k: M = Fe
13l: M =no metal (2xNH)

R

13a: M = no metal 2xNH) R=H
13b: M = FeCl R=H
13c: M = FeCl R = OMe
13d: M = no metal (2xNH) R =OMe
13e: M = MnCl R=H
13f: M = Ni R=H
13g:M = Cu R=H
13h:M = Co R=H
13i: M=2Zn R=H
13j: M = AICI R=H
Entry Catalyst Reaction Time [h] Yield (%)
TPP 13a 0.75 66
2 FeCIiTPP 13b 0.75 78
3 FeCITPROMe 13c 20 72
4 TPP-OMe 13d 25 67
5 MnCFTPP 13e 2 62
6 Ni-TPP 13f 35 73
7 CuTPP 13g 23 70
8 CoTPP 13h 1 65
9 Zn-TPP 13i 23 71
10 AICI-TPP 13 1 71
11 FePc 13k 1 61
12 Pc 13l 16 69
13 Anthracen 13m 5 67

aTPP =Tetraphenylporphin; PcRhthalocyanirt Reaction time until G&nalysis of hydrolyse
reaction aliquots showed >95% conversion of th@dige ¢ Yield oforganometallic as

determined by iodolysis in THHHomodimer was obtained.

Interestingly, not only aryl iodides can be used, also an aryl bromide was readily converted to the
corresponding aluminium reagents under mild conditions, with low catalysj. 10&ds, 3
bromobenzotrifluoride3@) furnished the corresponding aluminium reagent61% yield after reaction

with Al (3 equiv), LiCl (3 equiv) and a catalytic amount ofTPEC{L3h 1mol%) for 4 h at 20 °C
(Schemé&3).
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B. RESULTSAND DISCUSSION

Al (3 equiv)
LiCl (3 equiv) )
FsC Br  FeCLTPP (1mol%) F3C AlzsX - THF
FeCI-TPP (1 mol%)
THF, 0.5-1.0 M
3a X = Br, CI-LiCl

4a: 20 °C, 61%
4a: 50 °C, no reaction

Scheme33 Porphincatalysethsertion of aluminium into the aryl bron@gat 20 °C and 50 °C.

Interestingly, if the temperature was raised to 50 °C no reaction occurred at all, indicagihgrthat h
temperatures are leading to a deactivation of the catalyst somehow. Additionally, when the reaction was
conducted in DMF instead of THF, also no reaction was observed. We speculated that CsCl may also lead
to higher yields when used as alternativei@, as the combination of In@sCl provided excellent

yields in the case of aryl iodides. But again, no reaction occurred, indicating that LiCl is definitely needed
for the porphins to act as catalyst.

Conversion %

95 - o/R‘eaction at 2t

75

55 - b

35 -

15 A

. T_(‘_/‘ I I I I Reactilon at SYII:
0 1 2 3 4 5 6 7 8

Reaction Time [h]

Figure 2: Conversiorof the aryl bromid8aat 20 °C and 50 °C using F@EP (L3h as catalyst for the insertion
of Al-powder.

Next, we tried if the porphin would alsatalys¢he insertion into substrates bearing carbonyl groups.

Thus, the thiophene derivati9d was subjected to the same reaction conditions. Within 9 h full
conversion of the starting material was achieved and the aluminium sedduihagiebtained in 53%

yield Scheme&4). Remarkably, so far only Pd€@iuld be used fdhe generation of aluminium reagents

bearing carbonyl functionalities and although the porphin catalyst is able to generate the organoalane the
use of LiCl in combination with Pb@l still the superior way to achieve this transformation (6h, ~80%).

Al (3 equiv)

LiCl (3 equiv)
/@\ FeCI-TPP (1 mol%) /ﬂ\
rebl-rr (I molx _
Et0,C" g7 “Br  TiF 20°C.on EtO,C ™ Ng” ~AlysX-THF
od 10d: 53%

X =Br, CI-LiCl

Scheme34 Porphincatalysg insertion of aluminium into tlester functionalizdueteroaryl bromided.
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Whereas the thiophene derivatda could be converted to an organoalane, the use of ethyl 3
iodobenzoatedp) proved to be problematic. The reactioflofinder the typical reaction conditions was
very slow, achieving full conversion of the starting material aftelbli®@enerating only 8% of reactive
organoaluminium reagehdh as shown by dmlysis in THF Scheme35). Again, wherthe reaction

mixture was heated to 50 °C no reaction occurred at all.

Al (3 equiv)
LiCl (3 equiv) .
EOC I FeCI-TPP (1 mol%) "3C AlsX- THF
FeCI-TPP (1 mol% _
THF, 1 M, 100 h X =1, CILiC
9b 10b: 20 °C, 8%

10b: 50 °C, no reaction

Scheme35 Porphincatalysainsertion of aluminium into the aryl iodibeat 20 °C and 50 °C.

The next step was to test if the reagents prepared via the porphin catalysts would still undergo subsequent
functionalization reactions, or if the macromolecules would hinder e.g-caupiirsgy reaction. Thus,

the aluminium insertiovatalysg by FeCITPP (30 furnished the aluminium reag@atin 74% vyield

within 1 h at room temperature (20 °C) starting from the arylliadfdter transmetallation with

Zn(OAc) (1.5 equiv) a Pchalysd crosscoupling (PEPPSPr, 1.4 mol%) with4(0.7 equiv) furnished

the functionalized uracil derivathn 69% yield¥chem&6).

OMe
~N
Al (3 equiv) N
I Licl (3 equiv) AlpsX-THF 1)) Zn(OAc),(1.5 equiv) | P
/©/ FeCI-TPP (1 mol%) /©/ 2.) PEPPSI-iPr (1.4 mol%) N~ ~OMe
—_—
FaC THF,20°C,1h  FsC OMe FaC ,
1a 2a: 74% 15: 69%
X =1, CI-LiCl =N
’ LA
| N OMe
14 (0.7 equiv)
THF/NMP (1:1)

Scheme36 Porphincatalyse insetion of aluminium into the aryl ioditlaat 20 °C and subsequent cromspling
reaction.

In a similar way the trifluoromethyl substituted organoalunshiusnepared by the FeUPP-catalyse
aluminium insertion (20 °C, 4 h), underwerrbascoupling reaction with methyidlobenzoatel@
furnishing the ester substituted biphéiin 56% yield§chem@&?7).

Al (3 equiv)

1.) Zn(OAG)2 (1 iv) MeOC
LiCl (3 equiv) .) Zn(OAc .5 equiv
FsC Br  FeCITPP (1mol%) "3C AlysX-THFE  2)) PEPPSI-iPr (1.4 mol%)  F,C
—_—
\©/ THF,20°C,4h \©/ I O
3a 4a: 61% D ero
MeO,C 17: 56%

X =Br, CI-LiCl

16 (0.6 equiv)
THF/NMP (1:1)

Scheme37. Porphincatalysg insertion of alumium into the aryl bromicBaat 20 °C and subsequent cross
coupling reaction.
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2 CATALYSED ALUMINIUM |INSERTION INTO BENZzYLIC HALIDES

2.1 Abstract

Various benzylic chlorides react witlpéwder in the presence of catalytic amounts of (£&Imol%)

in anethereal solvent, leading to benzylic aluminium sesquichlorides. These new organometallics can be
used in many organic transformations such as allylation reactaaialy®d crosscouplings, acylation

reactions or conjugated addition. Additionally,ptieparation oforthg meta and parabisbenzylic
organometallics is possible using the presented methodology.Stlli#® reveal a complex
transmetallation equilibrium when benzylic aluminium sesquichlorides react with Zn sourceslike ZnCl
Zn(OAC)-

2.2 Introduction

Diarylmethare are an important class of substances often showing pharmacological or biological
activitytl7 One of the most common ways to build up diarylmethanes is the addition of organometallics
(such as PhLi) to aldehydes and subsequent redifctiboreover crossoupling reactions of
organometallics with benzylic halides or other leaving groups sutditess aaebonates and phophates

can be used to build up this important structural ofihe other way round, it is also possible to
generate benzylic organometallics, which undergaccupliang witharomaticelectrophiles. There are
several methods fahe preparation of benzylic organometaficgvVhereasbenzylic lithium and
magnesium organometallics do maierate functional groups, benzylic zinc organometatiics
compatible with numerous functionalities andeaily prepared by direct insertibrzinc dust in the
presence of LiG# Like zinc,aluminiumis also a cheap metal with low toxicity. By comparing the
electronegativities the metals (Mg: 1.32, Al: 1.61, Z:65)2t we anticipatethat benzylic alumiom

1173)R. Ueoka,T. Fujita,S.Matsunagal. OrgChen009 74, 4396. b) Z. JifNat. Prod. Rep005 22, 196. c) W. Hassan, R. Edrada, E. Ebel, V.
Wray, A. Berg, R. van Soest, S. Wiryowidagdo, P. Pdokéah,Pro@004 67, 817. d) F. Horak, U. P. ZiegimafperRRev. Clin. Immunol.
2009 5, 659. e) N. Kaila, K. Janz, A. Huang, A. Moretto, S. DeBernardo, P. W. Bedard, S. Tam, J. Clerin, J. C. Keith, PNH. H. Tsao
Sushkova, G. D. Shaw, R. T. Camphausen, R. G. Schaub, Q. Wedghen?007 50, 40.

183) DA. Barda, ZQ. Wang, T. C. Britton, S. S. Henry, G. E. Jagdmann, D. S. Coleman, M. P. Johnson, S. L. Andis, D.Blo&dkeepp,
Chem. Lef004 14, 3099; b) ¥Q. Long, X:H. Jiang, R. Dayam, T. Sanchez, R. Shoemaker, S. Sei, N. Nédeaten2004 47, 2561; c)
X. Wu, A. K. Mahalingam, M. Altermdmtrahedron L2805 46 1501; d) P. E. Gordon, A. J. Fregtrahedron L2801 42 831; (e) N.
LodHer mi te, A. <EiPeyst M. Alan®-D. Bffon, detrahedrdf0§62, 11994.

1193) H. Juteau, Y. Gareau, M. Labelle, S. F. Sturino, N. Sawyer, N. Tremblay, S. Lamdaht&areiehd, D. Denis, K. M. MetteB#&org.
Med. Chei20019, 1977; b) C. Klaner, A. Greinklacromol. Rapid Comt898.19, 605; c) N. Miyaura, T. Yano, A. SuZiadrahedron Lett.
198021, 2865; d) M. J. Sharp, V. Snieckesahedron L&88526 5997; e) S. N. Nobre, A. L. Monteiretrahedron L2@04 45 8225; ¥ R.
Kuwano, M. YokogDrg. LetR005 7, 945g) R. Kuwano, M. YokogGhem. Comn2@05 5899h) M. McLaughlinQrg. Let005 7, 4875; i)
G. A. Molander, M. D. Elid, Org. Che2®06 71, 9198.

120 For lithium reagents)J. N.Reedin Science of Synt{edisV. Snieckus), Georg Thievelay KG, Stuttgart2006 VVol. 8a p 329p) B. J.
Wakefield Organolithium Meth&dademic Press: New Yofl988c) S. L.Hargreaves. L. Pilkington,S. E.RussellP. A. Worthington,
Tetrahedron L2600 41, 1653. For magnesium reagedit§:. P.Burns,R. D. Rieke J. OrgChem198752 3674g) R. A. Benkeseb, C.
SnyderJ. OrgCheml98247, 1243f) K. V. Baker, J. MBrown,N. HughesA. J.SkarnulisA. Sexton,]J. Org. Cheh®9156 698 g)S. Harvey,
P. CJunk,C. L.RastonG. Salem)). OrgChenil98853 3134; h) A. H. Stoll, A. Krasovskiy, P. Kno&rgewChem., Int. E2006 45 606.
For zinc reagents: i) A. Metzger, M. A. Schade, P. Kroahktt.2008 10, 1107; j) A. Metzger, M. 8chadeG. Manolikakes?. Knochel,
ChemAsian J2008 3, 1678k) A. Metzger, F. M. Piller, P. Knoci¥m. Comm@n08 5824.

121D. R.Lide,CRC Handbook of Chemistry and Rgsidgeference book of chemical and physica) @atdor & Francis, Boca Raton, FL,
2009
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organometallics could alsolerate a number of functional grotfsReports on the reaction of
aluminium with benzylic halides are sé&rdmspired by the result obtained with aryl halides we
envisioned that benzylic halides may be converted to aluminium reagents by proper activation of the metal

surface, using the appropriate catalyst.

2.3 Preparation ofBenzylic Aluminium Sesquichlorides

In preliminary experiment3,chlorobenzyl chloridel8g was treated with Alowder (3.0 equiv) and
different metal salt additiv8sble9). The control experiment showed, thatreaction was observed in
the absence of the metal saitgn in the presence of a stoichiometric amount ofTaBIES, Entry 1)
However, the addition of Pbel(3mol%) or BiCl (3mol%) lead to the formation of the 3
chlorobenz@luminum reaget?® 1% in 20% and 64% yield along witile homodimeR0 (Table9,
Entries 23).InCl; proved to be the most effective catalyst atfdd@obenzyl chloridd 89 reacted with

Al (3.0equiv) in the presence of TME (3mol%)24 and InC4 (3mol%) within 3.5 at 20°C
furnishing the aluminium reagetfiain 90% vyield without the formation 20 (Table9, Entry 4).
Interestingly, no reaction was observed when driGeCITPP was used as catalyst although both are

effective additives for the prepamatd arylaluminiumg @ble9, Entries 55).

Table 9: Catalyst screening for the aluminium insertion {cihdoBobenzyl chloridd §3.

Al (3 equw
THF, 20°C
Entry Catalyst Reaction Time Yield (%jof 1%  Yield (%3of 20

1 - 24h n.rb n.rl

2 PbC} 22 h 20 5

3 BiCk 12h 64 36

4 InCls 3.5h 90 -

5 TiCly 12 h n.r.b n.r.

6 FeCiTPP 24 h n.rb n.r.

aYield was determined by iodolysis in TH¥o reaction was observedhe detected amount of homodim
(by GGanalysjswas below 3%.

The insertion reaction worked best using THF as sokitntinCk as catalystleading to the-3
chlorobenzyl aluminium reagdtain 90% vyield within 35 at 20°C. (Table 10, Entry 1). Other
ethereal solvents such as diethytibutyl ether, as well as DME worked seemingly well, affording the

expected organometallic in a similar yield, but slow down the r@adiiehQ Entries 24). Theuse of
MTBE as solvent did not lead to any detectable organometallic reagent, although no remaining 3

122Qrgan@luminiumcompounds: a). Mole,E. A.JefferyOrganoaluminium Comp&iselser: Amsterdart972b) E-i. Negishi,T. Takahashi,
S.BabapD. E. Horn, N. OkukadoJ. Am. Chem. Sd&87109 2393r) G. Zweifel,J. A. Miller irOrganic React{&uas: W. GDauber, Wiley,
1984

123 An almost 1:1 mixture of RA{@Ind RAICI is obtained as shown by NMR spectroscopy.

124For the metal surface activation with T®See also: Takai, K.; Ueda, T.; Hayashi, T.; Moriwdké&ahedron L&89637, 7049.
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chlorobenzyl chloride9g could be detected by &@Balysis of hydrolyzed reaction aliquicabl€10,
Entry 5). When hydrocarboolhgents were used for the reaction, no organometallic could be detected,
but instead a precipitation was observall¢10, Entries 67). The use of aromatic solvents should be
generally avoided as they are readily subjectaieddCraftsAlkylation Table 10 Entries 8). In
benzene the mixture violently reacted, producing diphenylmethane and chlorobenzene as identified by
GC-MS analysisTéble10, Entry 10). In more polar solvent® RMF or NMP the reaction mixture
turned greenish, but no reaction with the benzylic chloride occlatee1Q, Entries 1112). The
greenish color can probably be attributed to either some sort of complex formation or a redestve pr
Finally, the reaction should not be performed in chlorinated solvents doing so will result in a violent
exothermic reaction.

Table 10 Solvent screening for the aluminium insertion wtdd@obenzyl chloridd 83.

Al (3 equiv)
TMS-CI (3 mol%)

cl o InCly@mol%)  © AlysCl
—_—
solvent, 20 °C

18a 19a

Entry Solvert Reaction Time Yield (%) ofl9& Notes / Observations
1 THF 35h 90 colorless solution
2 Et,O 6h 90 orange solution
3 BwO 24 h 84 colorless solution
4 DME 75h 86 colorless solution
5 MTBE 24 h - SM consuméd
6 Pentane 24 h - precipitatiof
7 Cyclohexane 25h - precipitatiof
8 Toluene 2 min - FriedeCraftAlkylation
9 PhO 3h - FriedeCraftaAlkylation
10 Benzene 2 min - Diphenylmethane + Chlorobenz&ne
11 DMF 24 h n.r. greenistsolutior
12 NMP 24 h n.r. greenish solutién
13 DCM 15h - decompositich

a Solvents were dried according to the standard procedures and stored over molecular sieves pfBE-yieldsef organometallic ¢
determined by iodolysis in THMo detectable organometallic was formi@édbrownish precipitate occurred; no detectable organom
was formede The starting material decomposed tzoth products were identified by S analysi$§No reaction of the benzylic chloric
was obserk9A violent explosive reaction occurremldetectable organometallic was formed.

The resulting benzylic reag&®, prepared in THRInderwent a smooth Ratalysg crosscoupling
reactio?s in the presence of Zn(OAcfl.5 equiv) and PEPR®F (1.7 mol%}2¢ with ethyl 3

iodobenzoate2(a, 0.7equiv) furnishing the functionalized diarylmett2@agn 89% yield Table 11,
Entry 1)127 Using the same conditiorZsghlorobenzyl chloridd8b) and2-bromobenzyl chloriddSc)

125 (a) Mingxing, Q.; Negishi, Eetrahedron L2@05 46, 2927. (b) Metay, E.; Hu, Q.; NegishiQE). Let2006 8, 5773. (c) Negishi, E.; Qian,
M.; Zeng, F.; Anastasia, L.; BabinskQm. LetP0035, 1597.

126 (ga)Organ, MG.; Calimsiz,.SSayah, M.; Hoi, K. H.ough, A. JAngewChem. Int. EB009 48 2383(b) O Brien,C. J.KantchevE. A. B;
Valente,C; Hadei,N.; ChassG. A.;Lough,A.; Hopkinson,A. C; Organ,M. G. Chem. Eur. 2006 12 4743. (c) Nasielski, J.; Hadei, N.;
Achonduh, G.; Kantchev, E. A. B.Brien,C. J.Lough,A.; Organ, M. GChem. Eur.201Q 16, 10844.

127]n the absence of stoichiometric amounts of Zn(©a#n)ost no crossoupling was observed. Both, the acetate anion and the zinc cation
seem to be important. We speculate that the acetate anion is reducing-#oitgwistheluminiumspecies whereas the zinc cation favors
the transfer of the aryl gnoto palladium.
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afforded the correspondirrguminiumreagers (3-12h, 20°C) which reacted well witilyl bromide
(21h 0.7 equiv) o#-chlorobenzoyl chloride2Xc 0.7 equiv) after tramstalation with Zn(OAQ)
(1.5equiv)and addition of CuCN-2LiC2@mol%).128 The expectedproducts Z2b-c) wereobtained in
46% and 83% vyieldgblell, Entries 23). Several fluorirgubstituted benzylic chloridé8d-g) could
be readily converted to tteuminiumreagents 10dg, 20°C, 624h) and reacted witharious
unsaturated halides in-Batalysg crosscouplings ((Zn(OAg)(1.5 equiv); PEPR®Sr (1.7 mobo))
affording the functionalized diarylmethar2dg in 71:98% yield Table 11, Entries 4-7). Besides
electrordeficient benzylichlorides, also electrooh chloridesould be readily used with this procedure.
Thus, 4methylbenzyl chloridel&h furnished the benzylic sesquichlod®é which underwent an
acylation reaction withf@royl chloride Z1h 0.7 equiv) affording thetémcyclic keton2hin 62%
yield Tablell, Entries8). Similarlyorthg metaandparamethoxybenzyl chorid&8ik) reacted with Al
powder (3.@quiv) in the presence of IaC3 mol%) within 20h at 20°C providing the expedt
intermediat@aluminiunreagentd9-k. Transnetalation with Zn(OAg)1.5equiv) and siequent cross
coupling reactions produced the diaeyhane&2ik in 7882% yieldTablell, Entries9-11).

Table 11 Aluminium insertion into benzylic chlorid8and subsequent functionalization.
Al (3 equiv)

| 0,
TMS-CI (3 mol%) 1.) Zn(OAc), (1.5 equiv)

o X ¢ InCls (3 mol %) o O/\AIZ/:;CI THF 2.) 21 (0.7 equiv) @ﬁ
- —_— -
Z THF, 20°C, 3-24 h Z PEPPSI (1.7 mol %)

=
18a 19a or CUCN-2LiCI (10 mol%)
Entry Benzyl Chloride Insertion Timé Electrophilé Product
c cl 35h I CO,Et cl CO,Et
1 > ° o
18a 2la 22a 89%
2 ©\/\CI 12 h _~_Br ©\/\/\
cl N
18b 21b 22k 46%
(o] Cl
3 @Cl 3h /Ej)k cl
Br o O Bro
18c 21c 22¢c 83%
CO,Et CO,Et
| OMe OMe
4 e 22h ﬁ o
] Y
OMe OMe
18d 21d 22d 98%
F. Me Me
5 \Oﬁa 6 h Br\©/ NO, FNO2
18e 2le 22e 71%

128Knochel, P.; Yeh, M. C. P.; Berk, S. C.; TalhertQrtgChenml 98853 2390.
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Entry Benzyl Chloride Insertion Timé Electrophil@ Product
F F
cl CN F CN
F Br O O
18f 21f 221 74%
CF,
cl Cco,Me
7 2N s e U s
CF, I
CO,Me
18g 21g 22g 89%
Cl 9 =
s JO ah o £
Me \ o Me
18h 21h 22h 62%
Br CO,Et CO,Et
9 ISR 5h 48 ooy
MeO SN MeO N
18i 21i 22i. 78%
Br (\
10 Me0\©/\0| 1oh ©;/o o__0O
MeO
9
18] 21j 22 82%
Br m
©\/\CI H ©/\r o__O
11 20 o
O e
OMe
18k 2] 22k 46%
MeO
cl CO,Et MeO CO,Et
12 7h z
Meo]©/\ Br Meojqj/\)L
OMe OMe
18l 21l 22t 75%
Cl MeS Q
13 g 3h Br
~
18m 21m 22m 92%
(0] | A\
MeS \ s MeS e}
18m 21n 22n:72%

a |nsertion time at 20 °C until Gahalysis of hydrolyzed reaction aliquots showed a conversion of the benzylic ct
>95%.2 0.7 equiv of electrophilesHaeen used.Isolated yield of analytically pure product estimated to be of >95% pt
indicated by GC and NMR analysis.

Even 3,4,8rimethoxybenzyl chloridd8) or the thiomethyl substituted benzyl chlotBta could be
readily used in this procedure and after a-@ef)ated allylation reaction (Zn(QGA(.5 equiv),
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CuCN-2.iCl, -30°C,20mobb) with ethyl (bromamethylacrylate® (21| 0.7equiv) or dromocycle
hexene Z1m 0.7 equiv) the functionalized alke2@sand 22m were isolated in 75% and 92% vyield
(Tablell, Entries12-13). Similarly, the reaction d8n with the heterocyclic acid chloritia (0.7 equiv)

in the presence of Zn(OAdL.5 equiv) and CuCN-2LiCl (10 mol%) furnished the expected X&tone
in 72% yield Tablell, Entry 14.

During attempts to use the thiomethybstituted benzylic chlorid8min crosscoupling reactions we
obtained side products, which indicated that then®Nty underwent also oxidative addition of Pd.
Crosscoupling reactions of zinc reagents in whtbibather can be used as electrophile are only known
on electron poor heterocyclésThus, we tried a cressupling reaction of themethoxysubstituted
aluminium reagerifi with the aryl thiomethyl etheé21Q 0.7 equiv) in the presence of Zn(Q/ay
PEPPSIiPr. Remarkably, the crassupling proceeded smoothly, furnishing the diarylme22ana

81% yield$chem@&9§).

1.) Zn(OAc), (1.5 equiv)
2.) PEPPSI-iPr (1.4 mol%)

CN
/©AA|2/3C|'THF (210, 0.7 equiv)
MeO THF/NMP (1:1),50 °C, 1 h MeO CN

19i 220: 81%

Scheme38 Thiomethyl crossoupling of benzylic aluminium readeht

In a similar way, the aluminium read@nalso reacted with methyl(phenyl)sulfaag Q.7 equiv) in a
cross coupling reaction using the same conditions. The diaryln2@ihavas isolated in 67% vyield
(Schem@&9).

1.) Zn(OAc), (1.5 equiv)
2.) PEPPSI-iPr (1.4 mol%)

MeS
/@/\Alz/;,vCI-THF (21p, 0.7 equiv)
MeO THF/NMP (1:1), 50 °C, 1 h MeO
19i 22p: 67%

Scheme39 Thiomethyl crossoupling of benzylic aluminium readeit

The fact that aromatic, nactivated SMgroups can be usesl @ternative for halides in a cromspling
reaction is not attributed to the released aluminium salts, as the benzylic reagent prepasediby Zn

in the presence of LiCl reacted equally well. It is highly likely that this reactivity cantdx tattilieu
powerful catalytic system PERHSI Further studies should be undertaken to explore the scope and

generality of this method.

129(a) Villiéras, J.; Rambaud,3yinthedi882 924. (b) Villiéras, J.; Rambaud)hg. Synth98866, 220.
130A. Metzger, L. Melzig, C. Despotopoulou, P. KnoChgl,Let2009 11, 4228.
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In the case of benzylic chlorides bearing an ester or nitrile functionality, as well as secondary benzylic
systems #h experimental procedure had to be modified. Although these benzylic chlorides reacted with
Al-powder in the presence of IgGhe reaction resulted in leanversions, lowields of tha@luminium

reagent, or dimerization. Nevertheless, the addition ©f froved to be beneficigk Thus, 3
cyanobenzyl chlorid&8p) reacted with Abowder (3.0 equiv), InABmol %) and ZnGI(1.0 equiv)

within 5h, forming a mixture of the functionalized zinc ahniniumreagentl 9 (SéhemelQ). This

has been varified Biy-, 13C- and2’Al-NMR studies

Al (3 equiv)

ZnCl, (1 equiv)

TMS-CI (3 mol %) Al y

cl InCl3 (3 mol %) ©/\[ ] 2nCly QA[ et]

—_— e

THF,20°C,5h

CN CN
18n 19n 19n": Met = Al or Zn

Scheme4( In siturapping strategy for insertion of Al into benzylic chlorides.

This benzylic organometallic was allylated thiyth (B2bromomethyBcrylate® (21| 0.7equiv) yielding
the ester derivati&2qin 93% yieldTablel2 Entry 1). A Patatalyse crosscoupling reaction with ethyl
4-iodobenzoate2(lq 0.7 equiv) furnished the functionalized diarylmeftfane 56% yieldTable12
Entry 2). Interestingly, a cyano groupparaposition is also compatible with these reaction conditions
and 4cyanobenzyl chloridd8Q is converte to the expected organometallic which reactedSwiith
fluorophenyl benzenesulfonothioaér(0.7equiv)forming the thioethe22sin 74% vyieldTablel12,
Entry 3). In the case of ester substituted benzylic chlofi@pg) the AIZnCl, method produced the
expected benzylic organometallics whialddme allylateth the presence of CuCN-2Li&@l underwent

a crossoupling reaction (PEPRi®I) affording the functionalized ester derivati22su) in 83% and
75% vyield(Table 12 EntriesA-5). Piperonyl moieties are found in many pheotogically active
substance§? Thus, the reaction ofcéhloro6-(chloromethyhenzdd][1,3tioxole 18) with Al-powder
and InC} was performed (Z@, 10h). Without thepresence of Zng&khe Wurtzcoupling product is
formed almost quantitatively. Howewdie use of a stoichiometric amount of Zn&lowed the
formation of the intermediate organometallic witthiraB20°C and after a Cu{thediated 1;4ddition
with cyéohexenone2l) in the presence of TM3 (2.5equiv), the ketor22vwas isolated in 68% vyield
(Tablel2 Entry6).133Secondary benzylic chlorides li@sor 18t were also prone to dimerization during
the insertion conditions buteluse of ZnGlprevented the dimerization and withirhZall conversion
to the benzylic reagents was readily achieved. Quenching with -btoyhatiethylacrylatees
(211 0.7equiv) or Smethyl benzeselfondhioate 21y 0.7equiv) afforded the est@2w and the
thioether22xin 76% and 65% yieldigblel2, Entries7-8).

1313) Piller, F. M; Appukkuttan, P.; Gavryushin, A.; Helm, M.; Knockelg@v. Chem. Int. H2D8 47, 6802. b) Piller, F. M.; Metzger, A;
Schade, M. A.; Haag, B. H., Gashin, A.; Knochel, Ehem. Eur.2009 15 7192c) Blumke, T. D.; Piller, F. M.; KnochelCRenCommun
201046, 4082

132 ) Burton, W. H.; Budde, W. L.; Cheng;.Q. Med. Chef®70 13 1009.b) Cahlikova, L.; Opletal, L.; Kurfurst, M.; Macakova, K.;
Kulhankova, A.; Host'alkova, Wat. Prod. Comm2@105, 1751. cMonge, A.; del Carmen Pefia, M.; Palop, J. A.; Calder6, J. M.; Roca, J.;
Garcia, E.; Romero, G.; del Rio, J.; Lasheras\VE.Cheml99437, 1320.

133Nakamura, E.; Matsuzawa, S.; Horiguchi, Y.; Kuwajifetrahedron L&&8634, 4029.
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Table 12 InCl; catalyssaluminiuminsertion into functionalized benzyl chlorides and subsequent trapping with

ZnCl, and various electrophiles.

Entry Benzyl Chloride Insertion Timé Electrophil& Product’
CO,Et
NC CO,Et
1 \©/\CI 5h 2 o NC\©/\A
18n 21l 22g 93%
NC NC
2 \©/\CI 5h I— )—COsEt
’ CO,Et
18n 21q 22r. 56%
F
3 g 5h F g s
NC
NC
180 21r 22s 74%
EO.C OMe EtO,C N OMe
4 ’ @Am 10h o Nl\fN
| N/)\OMe OMe
18p 21s 22t 83%
CO,Et
5 g ° 10h o=
MeO,C Br
MeO,C
18q 21l 22u 75%
o)
0 cl o o
TR S G CCCT
o cl b <0 cl
18r 21t 22v. 68%
Me Me CO,Et
CO,Et
7 ©/H:| 22h . ©)\/§
18s 21l 22w, 76%
Bu SO.SM Bu
e
8 /©)\CI 22h ©/ ’ @SMe
cl cl
18t 21u 22x 65%

a |nsertion time at 20 °C until Gahalysis of hydrolyzed reaction aliquots showed a conversion of the benzylic ct
>95%.2 0.7 equiv of elecrophile have been udsdlated yield of analytically pure product estimated to be of >95% pt

indicated by GC and NMR anaylsis.

2.4 Preparation of BisBenzylic Organometallics

The preparation of allylic and benzylic organometallics by direct metal insertion is in general a difficult
task, due to the stability of the intermediate allylic and beadidad$34 These stabilized radicals can

leave the metal surface easily and are thedebmeause of their longer lifetiderone toWurtz

coupling. The preparation of-bisnzylic organometallics makes the situation even Warsesults on

the reagon of Alpowder with benzylic chlorides led us to a reinvestigation of the classical reaction

between bibenzylic chlorides and various metals in the presence of different additives. Starting with

134Y. Yamamoto, N. AsaGhem. Reh@9393 2207.
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aluminium, the control experiment showed dhadichlao-oxylene Z3) did not react with Adowder

within 24h and even the addition of LiCl (3 equiv) did not lead to a sufficient activation of the metal
surface Table13 Entriesl-2). Interestingly, the combination ofpélvder, LiCI(3 equiv) and 5% of

InCl; did also not lead to any reaction, although this combination of additives leads to a reaction in the
case of simple benzylic chloridéab{e 13 Entry3)135 Leaving out the LiCl suddenly results in the
formation of the bimetallizda in 15% vyield within 18 indicating that LiCl hampers the reaction,
although InGlis present as cataly$aljle13 Entry4). However, in the presence ofCk (2 equiv)
formation of the bimetallic was observed in 65% yield, showing thatanGVercome the deactivation

by LiCl and additionally favors the formation of a bimetallic organometallic $pbtedS (Entry5).

This actration is clearly attributed to Zp@$ the combination of Al, LiCl and Zn@lso leads to the
formation of the bimetallic in 52% yi€eldlfle13 Entry6) but results in a lower yield and prolonged
reaction time because of the abseof INC4 as catalyst. The deactivation by LiCl becomes clearly visible
when the reaction is done without its presence. Thus, the combinatipowtéd and ZnG2 equiv)

results in fast formation @#ain 71% yield within 4% at 20°C even withot the presence of InCis
catalystTablel3 Entry7). Nevertheless, InGtill speeds up the reaction dramatically and the optimal
combination of Al, ZnGland InC{ results in formation d?4a in 70% vyield within 1.%5 (Table13

Entry 8). Remarkably, this combination allows for the first time the convenient preparatimenaf/lics

organometallics under mild conditions, without the need for dropwise addition of the starting material.

Table 13 Aluminium insertion inta,agdichloreoxylene Z3) in the presence of different additives.

Al (3 equiv)
TMS-CI (3 mol%)

cl additive [Met]
B —
Cl THF, 20 °C [Met]

23 24a
[Met] = Al or Zn
Entry Additiveé Reaction Tinfe Yieldof 24a°
1 Al 24h n.ré
2 Al, LiCl 24h n.r.t
3 Al, LiCl, InC} 24h n.r.@
4 Al, InCk 10h 15%
5 Al, LiCl, ZnC}, InCk 10h 65%
6 Al, ZnCb, LiCl 23h 52%
7 Al, ZnCh 4.5h 71%
8 Al, ZnCh, InCk 1.75h 70%

a LiCl (3 equiv); Zn@l(2.2 equiv), In€I(5 mol%).> Reaction time at 20 °€Yield of organomatlic reagents
determined by G@nalysis of reaction aliquots quenched with iodine irfNdFeaction was observed.

The prepared bimetallic reag@da underwent an allylation reaction withyk (2bromomethy})
acrylate® (211 0.7equiv) furnishing the bianctionalized benzene deriva&ain 74% yield§cheme

135This combination of additives results usually in the formatimmafcouplingproducts.
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41). The substitution pattern is not important asan8 1,4is(chloranethylpenzene reacted equally
leadingd 25band25cin 69% and 74% yiel8¢hemd1).

Al (3 equiv)
ZnCl, (2 equiv)
TMS-CI (3 mol%)

e

23

THF,20°C,1.5h

CO,Et

25b: 69%

InCl3 (3 mol%)
—_—

CO,Et
Br
[Met] 211 (1.4 equiv)
_—
[Met] CuCN-2LiCl
(20 mol%)
24a: 70% THF, -30 °C
Met = Al or Zn
CO,Et
CO,Et

25c: 74%

CO,Et

25a: 74% CO,Et

CO,Et

Scheme4l Preparation of bisenzylic organometallics and subsequent allylation.

Inspired by the positive results with alisminmetal, we reinvestigated the reactid@Bwfith Mg and
various additives. As expected the reacti@B with Mg in THF rapidly lead to decomposition and the
bimetallic24b was formed in approximately 8% yidlab(el14, Entry 1) The use of LiCl or Ing€hs
additive did not lead to any improvemdiatb{e14, Entries 23). The additional use of ZaQ2 equiv)
again proved to be beneficial and although the reaction took much longer, the bimetallic was formed in
27% yieldTablel4, Entry 4). When In€lvas used in combination with Zntle yield of the formed
bimetallic rose t84% {Tablel4, Entry 5). Contrary to the results obtained with aluminium, LiCl did not
hamper the reaction in the case of theiridgrtion. The combination of Mg, LiCl and Zri€&d to
formation of the expected bimetallic in 69% yighin 1h at 20 °C, again without the need for dropwise
addition of the xylene derivatii@lfle14, Entry 6) Furthermore, In@kpeeds up the insertion reaction
and the combination of all four additives afforded the Biimetighin 15 minutes in a similar yidldhle

14 Entry 7).

e

23

Mg (3 equiv)

TMS-CI (3 mol%)

additive [Met]
_——

THF, 20 °C [Met]

24b
[Met] = Mg or Zn

Table 14 Magnesium insertion ind@adichloreoxyleng?23) in the presence of different additives.

Entry Additive’ Reaction Tinte Yieldof 241F
1 Mg 10 min 8%
2 Mg, LiCl 10min 3%
3 Mg, InC} 10 min 3%
4 Mg, ZnC} 16 h 27%
5 Mg, ZnC4.InClz 16 h 34%
6 Mg, ZnC}, LiCl 1h 69%
7 Mg, ZnC}, LiCl, InC4 15 min 71%

a LiCl (3 equiv); Zn@l(2.2 equiv), In€I(5 mol%).> Reaction time at 20 °€Yield of organomatlic reagents
determined by G@nalysis of reaction aliquots quenched with iodine in THF.
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The so prepared reag&tb underwent a smooth acylation reaction in the presenceChf ZLiCl
(30mol%) with pivaloyl chloride (excess) leading to the dik8dire83% yieldgchemd?2).

Mg (3 equiv)
LiCl (3 equiv) 0 Q tBu
InCl3 (3 mol%) B J\CI B
Cl ZnCl, (2.2 equiv) ZnCl-MgCl,-LiCl u u ©
£t le.c equiv) !
Cl' THF, 20 °C, 15 min ZnCI-MgCly'LiCl CuCN-2LiCl (30 mol%)
23 24b 25d: 83%

Scheme42 Preparation of bisenzylic zinteagen4band subsequeatylation.

Finally, we investigated the reactiomafdichlorcoxylene 23 with Znpowder. As expected no
reaction took place betwez®and Znpowder within 48 (Tablel5 Entry 1). Surprisingly, even in the
presence of LiGhe benzylic chloride did not reatalfle1l5 Entry 2)i36 although the use of Zn and

LiCl allows the preparation of a variety of benzylic zinc re&g&his. underlines the similarity of Al

and Zn, as again the presence of LiCl hantpe reaction. The combination of Zn, LiCl and catalytic
amounts of InGl lead to complete decomposition of the starting material with no detectable
organometallic reagent form&dlfle15 Entry 3). However, the simple combinatib@n-powder and

InCl; (5 mol%) proved to be a successful preparation method 4oertaglic zinc reagents and within
2.5h at 20 °C the bimetallic was formed in 65% yialld€15 Entry 4).

Table 15 Zinc insertion inta,asdichloreoxylene Z3) in the presence of different additives.

Zn (3 equiv)
TMS-CI (3 mol%)

c| additive [2Zn]
_—
Cl THF,20°C [2n]

23 24c
Entry Additive Reaction Tinfe Yieldof 24¢
1 Zn 48h n.ré
2 Zn, LiCl 48h n.r8
3 Zn, LiCl, InCl; 24h decompositioh
4 Zn, InClz 2.5h 65%

aLiCl (3 equiv); InG(5 mol%)P Reaction time at 20 °CYield of organometallic reagents determined by GC ar
of reaction aliquots quenched with iodine in THWo reaction was observedNo organometallic reagents w
observed although starting material reacted.

Attempts to use hpowder for the insertion reaction did not lead to formation of an organometallic,
regardless of the combination of additives.

In summary it could be shownattl, Zn and Mg metal can be used for the preparationtudrizglic
organometallics. The combination of additives required for a successful insertion and formation of a
bimetallic reagent is dependent on the nature of the metal. In the case of Atrendsénof LiCl

prevents the formation of a bimetallic whereas it is needed in the case of Mg. The experiments have
shown that InGlis beneficial when Al and Mg are used for the reaction (leading to faster formation of the

bimetallic reagent) and itégjuirefr a smooth insertion of Zn. In all three cases no dropwise addition of

136Because of this unexpected result, the outcome of the reaction has been proved additionally by Dr. Albrecht Metjdergeiowshire
137Metzger, A.; Schade, M. A.; KnocReDrgLett 200810, 1107.
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the benzylic chloride is necessary and the reaction can be performed withoyutatawlong
temperature. This is a dramatic improvement of the former known preparatias roethisbenzylic

bimetallic reagents.

2.5 NMR Studies of the Transmetalation of Aluminium Reagents using ZnSalts

Several benzylic chlorides could not be successfully converted to the aluminium reagent by reaction with
Al-powder in the presence of Iaither the reaction was very slow, stopped, or dimerization of the
benzylic reagents occurred. However, the additional use of a stoichiometric amourgrov2d@ be
beneficial and suddenly the insertion worked smodgllging readily to formatioof benzylic
organometallics. Of course it was not clear, whethey iZrj@$t additionally activating the aluminium
surface, om situransmetallation is occurring leading to Zn reagents. We tried to clarify these questions
by NMR studies. The strategpould be as follows:

1. Preparation of the organoaluminium reagent and measurement of the NMR spectra.

2. Preparation of the organozinc reagent by using Zn powder and measurement of the NMR spectra.

3. Analyse the NMR spectra of ithsitznCl; reaction and compare to 1 and 2.

As model system we chosehBrobenzyl chloridd83. This substrate can be converted relatively fast
and in high yields to the pure organoaluminium compound, as well as to thegagerdrby using Zn
powder in thgresence of LiCl. The high yield is important, as any side product formed will make analysis

of the NMR spectra more difficult or even impossible.

2.5.1 NMR Spectra of theBenzylic Aluminium Reagent 19a

It is generally accepted, that the insertion reactionnufiim into any organic halide typically yields a
mixture of RAICI and RAIGI22 That means, two sets of different protons and carbons can be expected in
IH-NMR and!3C-NMR spectroscopy resulting from the mixture. We prepared the aluminiuml@smagent
from 3chlorobenzyl chloridel8g by using the standard insertion conditi@chdme4d. The
remaining solution was separated from th@owber ad the solvent removed completely under high
vacuum. The remaining oil was dissolvedDr &hd the resulting suspension filtrated through a syringe
filter. IH-NMR, 13C-NMR and?’Al-NMR spectra were obtained from the filtrated solution.

Cl Al (3 equiv) cl
\©/\CI InCls (3 mol%) \©/\Amcl-THF
—_—
THF, 20 °C, 3.5h
18a 19a

Scheme43 Preparation of benzylic aluminium rea@@ator subsequent NMR measurements.

As expected, th#d-NMR spectrum(Figure3) shovwed the two relevant peaks of the benzylic protons
resulting from the two aluniiim compounds RAIZ(1.81ppm) and RAICI (1.660pm).The integrals of
the two signals correspond nearly to a ratio of 1:2 which shows that almost a 1:1 mixture of the two

reagets is formedA small amount of reagent was hydrolysed yielginigrdtoluene (1.86 ppm). The

43



B. RESULTSAND DISCUSSION

resulting methyl group signal can be seen next to the benzylic potilesNMR sample was dried
under high vacuum prior to the measurement, it is remarkabléhe THF signal can also be seen,
which proves that the reagents are obtained afhidfates and the THF is strongly coordinated to the
aluminium centre and not easily remétéed.

Benzylic protons from RzAICI THF

\.\_\-

THF

Benzylic protons

from RAICI; \

Methyl group of
J-chlerotoluene
—_—

o
] 4 3 2 1
Chemical Shift (ppm)

=]
oo
=

Figure 3: 1H-NMR spectrum of the benzyéiiminium reagedda

Additionally, theé’Al-NMR spectrumKigure4) shows clearly two intense signals (126.4 ppm and 53.5
ppm), which is consistent with the formation of a mixture of two compounds. A very sharp signal in
between thse compounds can be seen at 77 ppm. The sharpness of the signal is an indicator for a highly
symmetric environment of the aluminium nucleus, which counteracts the quadrupole moment and
therefore antagonizes the line broadening which is typically obséidéMR spectroscopy. This

signal corresponds presumably to the;AlGbn.

138 Aluminium etherates have been thoroughly investigated and this is a typical phenomenon. Even prolonged heatingttiere® result r
decomposition of the reagent, than in removal of the bound ether. For more information see reference 5.
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Figure 4: 27Al-NMR spectrum of the benzylic aluminium reab@amt

The 13C-NMR spectrun(Figure5) shows the benzylic carbon atom ap@h. The broadening of the
signals, due to the quadrgpopioment of alumiam gives no resolution of the two organometallic
species. Again, the methyl group signal resulting from hydrolysis can be seen nextddCiHeAbroa

signal at 20,8om.Also, an approximate 1:2 signal ration can be seen throughout the aromatic region and

the carbon atoms of the two aluminium compounds have slightly different chemical shifts.

THF

Benzegne-d6 THF

Benzylic carbons
bearing Al-atom

CH; of
3-chloro-

toluene

-

THF

T
26 24 22 20
Chernical Shi

T T
160 150 140 130 120 110 100 90 a0 7o 60 50 40 30 20 10 0
Chermical Shift (oprm)

Figure 5: 13C-NMR spectrm of the benzylic aluminium reagk9a
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2.5.2 NMR Spectra of theBenzylic Zinc Reagentl 9 a 6

The zinc reagent was prepared according to the known literature pitéCEueiremaining solution was
separated from the Ayowder and the solvent removed completely under high vacuum. The remaining
oil was dissolved insl@s and the resulting suspension filtrated through a syringe filter. NMR spectra were
obtained from the filted solution.

cl Zn (2 equiv) cl )
\©/\CI LiCl (1.25 equiv) \©/\ZnCI-L|CI
_——
THF, 20°C, 12h
18a 19a’

Schemed4: Preparation of benzylic zinc readestfar@ubsequent NMR measurements.

The 'H-NMR spectrun(Figure6) shows the relevant GHAnCl peak aR.15ppm. A small amount of
reagent was hydredyl yielding-8hlorotoluene. The resulting methyl group signal can be seen next to the
benzylic protons at 1.88&m.

THF

THF

Benzylic protons; CHx-Zn

CH; of

3-chloro-

toluens

Benzene-yi -—

l I IQl l L
T T T T T T T T T T T T T T T
8.0 75 7.0 6.5 6.0 a5 5.0 445 40 35 30 248 2.0 15 1.0 0.4a

Chemical Shift {ppm)

Figure 6: tH-NMR spectrum of the benzylic zinc read&di

The 13C-NMR spectruni(Figure?) shows the benzylic carbon atom at @pr8. The chemical shift is
almost the same as the correspondingniniumreagentl®, showing the similar electronic nature of
carbonaluminiumand carbotzinc bads. However, the signal is sharp and not broadened by
quadrupolar momeras in the castEn with aluminium Again, the methyl group signal resulting from
hydrolysis can be seen next to the-BiHsignal (20.6pm).

139Metzger, A.; ade, M. A.; Knochel, BrgLett 200810, 1107.
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Figure 7: 13C-NMR spectrum of the benzylic zinc readefita 6

2.5.3 NMR -Spectra of theReagentsResulting From the /n situ Experiments

With these spectra at hand we vable to investigate tiNMR spectra from thim situexperiment. We
treated Zhlorobenzyl chloridelda) with Alpowder (3 equiv), ZnC(1 equiv) and In€l(3 mol%).

Within 3.5 h full conversion of the starting material was achiEvedemaining solution was separated
from the Al-powder and the solvent removed completely under high vacuum. Thengeailaimas
dissolved in §Ds and the resulting suspension filtrated through a syringe filter. NMR spectra were
obtained from the filtrated solutidfrom these spectra we can conclude that a mixture of aluminium
reageni9aand zinc reageft 9 ia @btaind.

Al (3 equiv)
o InCl3 (3 mol%) ol cl
c1 ZnCly (1equv) AlyCI THE ZnCI-AICH,
THF, 20 °C, 3.5 h *
18a 19a 19a’

Scheme45: InCls-catalysed aluminium insertion in the presence of iBn@ubsequent NMRieasurements.

The H-NMR spectrum shows several benzylic protons. From comparison with the previously obtained
spectraof the pure organoaluminium and pure zinc reagent, we could make an asSigmmedewant
CHx-ZnCl peakcan be seeat 2.15pm. Additionally, the sigaaf the twaaluminiumcompounds can

also be seen again at hpth (RAIC) and 1.6@pm (RAICI). A small amount of reagent was
hydrolyged yielding -8hlorotoluene. The resulting methyl group signal can be seen next to the benzylic
protons at 1.8ppm.Integration of the signals let us conclude, that an almost 1:1 mixture of Zn an Al
reagent is obtained.
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Benzylic protons
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Figure 8: tH-NMR spectrum aften siturapping of the aluminium reagéfia

From the 13C-NMR spectrunthe mixture alsbecomes obvioush& benzylic carbon atom bearing the
Zn atomcan be seen as a sharp sighdPB.5ppm as well as the broadersgnal resulting frorh%
(21.1ppm). Again, the methyl group signal resulting from hydrolysis can be seen at 20.7 ppm.

THF

Benzylic
carbon
baaring Zn

/

Benzylic carbons
bearing Al

WJ«M‘M
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Figure 9: 13C-NMR spectrum aftén siturapping of the aluminium reagéfia

The27Al-NMR spectrum showdearly thenixture of the twaluminiumorganometallics at 1@pm and

56ppm. The sharp peak in between corresponds pregumtdd AlCianion.
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Figure 10 27Al-NMR spectrum after thie siturapping of the aluminium reagt@a
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3 DIASTEREOSELECTIVE ADDITION OF ALLYLIC ALUMINIUM REAGENTS TO

ALDEHYDES AND KETONES

3.1 Abstract

In the presence ahtalytic amounts of InGarious allylic bromides and even chlorides undergo reaction
with aluminium powder in THF providingllylic aluminium sesquihalideEhese alumiom
organometallics undergo addition reaction to various functionalized aldehydes orirkedones
diastereoselectivmannerallowing the construction of two adjacent quaternary and tertiamg.cent
Remarkably, a broad range of functionalities is tolaratkd the presented reaction conditions,

including unprotected phenols.

3.2 Introduction

Allylic organometallics have been of interest to synthetic clseimistc e t h e40\ghareasnthet 9 7 0 6 s
beginning people focused on the structural constitution lomeligls and on the regioselectivity in
reactions with electrophilesdS3 M2s,, tShe si tuat i on Sinmch maregaedmotien t he
natural products and pharmacologically active substances were synthesized, which often require an exact
control of the formation of one single diastereomer, or enantiomer, interest began to emerge whether
stereo contrabf the GC bond formation using allyl metals in the addition to aldehydes and ketones could

be achieved. Since then a huge variety of allyl‘fhbtdsbeen prepared and subjected to addition
reactions with several electrophiles including carbonyl conipamdigmines#2It could be shown that

the addition proceeds in several cases with high diastereibg&feéllylic boron and allylic zinc

reagents have been, by far, the most studied allylic organoi@efdlitis.zinc reagents can nowadays

be readily prepared by the reaction of allylic chlorides witbwidier in the presence of LiCl and their
diastereoselective addition to carbonyl derivatives has been demondieateidheless, the preparation

of allylic zinc reagents bearing sensitive functional groups (such as a cyano or an ester function) is limited
due to the high reactivity of such allylic organomet4dBesides zinc, alurium is a metal which has

many attractive features: it is of low toxicity, inexpensive and due to the low ionic character of the carbon

10For an overview see: Y. Yamamoto, N. AShem. Rex@9393 2207.

14158, R. Chemler, W. R. RousiMiodern Carbonyl Cheffdtry). OtenaWileyVCH, Weinheim, Germar800Q Chapter 10; b) S. E. Denmark,
N. G. Almstead irModern Carbonyl ChertitstryJ. Otena WileyVCH, Weinheim, German200Q Chapter 11; cjtereoselectynthesis,
Methods of Organic Chemistry-\Wyp&ms.: G. Helmchen, R. Hoffmann, J. Mulge Schaumann), Thieme, Stuttd@96 Vol. 3; d) S.
W. Li, R. A. Bate\Chem. Comm@04 1382; e) C. T. Buse, C. H. Heathcbekahedron L&878 1685; f) Y. Yamamoto, H. Yatagai, Y.
Naruta, K. Maruyamd, Am. Chem. S&#80102 7107 g) Y. Yatsumoniji, T. Nishimura, A. Tsubouchi, K. Noguchi, T. Takbda). Eur. J
200915, 2680

1423) F. Barbot, L. Miginia8ynth. Comm189727, 2601; b) F. Barbdtetrahedron L£8#3930, 185.

143T. Basile, A. Bocoum, D. Savoia, A. UrRamichi,J.Org. Cherh99459, 7766.

1443) H. Ren, G. Dunet, P. May@r,Knochel,J. Am. Chem. S2207 129 5376; b) M. D. Helm, P. Mayer, P. KnodBeémCommu2008
1916.

1453) N. E. Alami, C. Belaud, J. Villiedas)rganomet. Ché88348 1-9; b) N.E. Alami, C. Belaud, J. \&iéis,J. Organomet. Ché88 353
157; c) M. Gaudemadyll. Soc. Chim. 19637, 1475.
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aluminum bond, it may tolerate a numbemportant functional group®.Previously, allylic alurnim

reagents were prepareg transmetallation using allylic sodjdithium or magnesium reagents with

dialkyt or trialkylaluminium compounds, leading to mixedaddigll aluminium reagents aluminates
(Schemd6).147 Of course, the use of such reactive intermediates as lithium or sodium organyls precludes

the presence of any functional group and is therefore not of much synthetic usefulness.

o~ Met RAIX or RsAl AR or o~ AlRgMet
. R = Et, iBu
Met = Na, Li, MgCl :
et=Ra tL Mg X = Cl, OMe

Schemed6 Allylic aluminium reagents hgvevioushpeen synthesized by transmetallation.

Additionally, allylic aluminium reagents have been prepared directly from aluminiuacporditeg to
GaudemgtandMiginiadé®using diethyl ether as solvent in the presence of a catalytic amount of HgCl

Inspired by the results on the direct insertion of aluminium into aryl and benzyljsveadideisaged a
practical synthesis of functionalized allylic aluminium reagegt€ammmercially available aluminium
powder and a practical procedure for the preparation of-dtylio alcohols in a diastereoselective

fashion.

3.3 InCl,-Catalysedinsertion of Aluminium to Allylic Halides

Preliminary studies have shown that an appropdtiation of aluminm is essential for achieving a
smooth insertion to organic halihdstst As InCk proved to be quite efficient for the preparation of
benzylic aluminium reagents we tested the reaction between simple allyl 26gnaidé Alpowder
(1.5equiv) in the presence of a catalytic amount of (h@hol%) in THF. Within B at 0 °C allyl
bromide 269 was converted to the sesquibrom2¥a which underwent a smooth addition to
2-bromobenzaldehyd28g 0.7equiv,-78 °C, 1 h) furnishing thensaturated alcoh2Bain 87% yield
(Schemd?).

146 Organ@luminiumreagents: a) &.Negishi, T. Takahashi, S. Baba, D. E. Van Mor@kukadoJ. Am. Chem. Si8i87109 2393; pE-i.
NegishiAccChem. Rd98215, 304; ¢) &.. Ku, X. Hui, GA. Chen, YY. Kuo, H:M. Gau,ChemCommu007 3847; d) G. Zweifel, J. A.
Miller inOrganic Reactifids: W. G. Dauben), John Wiley & Sons, New Y884

1473) D. B.Collum,J. H.McDonald,W. C. StillJ. Am. Cher80c1980102 2118; pM. Koreeday. Tanaka). Chem. Soc. Chem. Cdt8ggin.
845; c) Y. Yamamoto, Y. Saito, K. Maruydnfarganonmeheml 985292 311; d) D. Hoppe, F. Lichtenbedgmgew. Chem. Int. F382 21,
372; & D. Hoppe, F. LichtenbergAngewChem. Int. EA984 23 239. f) E. van Hiilsen, D. HoppEstrahedron L&885 26, 411; g)Y.
YamamotoH. Yatagaik. Maruyamal. AmChem.Sd@81103 1969;). Chem. Soc. Chem. CdrA8quh072

148a)M. GaudemaBull. Soc. Chian. 1958 1475p) A. Stefani, P. Pindel.Chim. Actd 97255, 1110.

1493) G. Picotin, P. Miginiakt,Org. Chet®8550 1299; b) L. MiginigéroizeleauBull. Soc. Chim. F963 1449.

150 Aluminium powder halseen previously activated by Rb®hCJ, TiCl for insertion into allyl bmides and chlorides, see: dyKeyama, N.
Kamaki, A. Moriya, S. Todi, Org. Chet98550, 5396; b) H. Tanaka, T. Nakahara, H. Dhimane, STetnahedron L£8#8930 4161; c) H.
Tanaka, K. Inoue, B.okorski, M. Taniguchi, S. Tofigtrahedrbatt 199031, 3023.

1s1For general activation of aluiim powder, see: S. Sait&aence of Syn{kesidH. Yamamoto004 vol. 7, p 5.
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CHO
Al (1.5 equiv) ©iBr ™
InCl3 (1 1% i
/\/Br nCls (1 mol%) /\/AlmBr-THF 28a (0.7 equiv) ka/\
THF,0°C,2h THF,-78°C,1h Br

26a 27a 29a: 87%

Scheme47. Preparation of the allylic aluminium rea@@aand addition to-Bromobenzaldehy@8a

Similarly, as in thease of the benzylic halides, the additional use of LiCl led to almost quantitative
dimerization. Additionally, theyhlbromide had to be added dmsige (syringe pump) to the reaction
mixture, otherwise the reageilsounderweniWurtzcoupling immedidie In an analogous way we tested

the reaction between a cyclic allylic bromide ambwkler under the same conditions. TI&ds,
bromocyclohexen@gh) reactd with Al-powder (1.5 equiv) and IBC1L mol%)in THF at 0°C within

2h and provide the correspnding allyli@luminiumreagen7b in 82% yieldlts reaction with 4
bromoacetophenong8gh 0.7equiv, 1h, -78°C) kdto thesyrhomoallylic alcohoR9b) in 97% vyield as
singlediastereoisomer (tr99:1)52and surprisingly no enolization of the ylekietone (and therefore
protonation of the aluminium reagent) is obsdBetemd8).

Br
\©\'(Me

Br Al (1.5 equiv) AlyzBr-THF S,
InCl3 (1 mol%) 28b (0.7 equiv) z
_ i mole) | _48b0.7equy) -
THF,0°C,2h THF, -78°C, 1h X Z
HO  "Me
26b 27b: 82% 29b: 97%, dr: 99:1

Scheme48 Preparation of the allylic aluminiumrea@éba nd di ast er eos<el ective ad
bromoacetophenon2gb).

The reaction scope of such additions has been studied and we have found thatahenaliyic
reagen7b reaced well with variously substituted aromatidbonylsThus, the addition to-e¢hlorc
benaldehyde28¢ 0.7 equiv) furnished the homoallylic alc@Bolgain aa singlaliastereocisomer in
91% yieldTablel6, Entry 1)Usually, cyansubstituents react rapidly wallylic organmetallics such as

zinc reagent8laiseeactionSchemd9) 153

.ZnX

R2-C=N JN'\

R'-znX R'"R2

Scheme49 Highly reactive organometallics usually attack cyano subsBlaésesaction).

However, the addition @7bto the cyano substituted aldehyRe) proceeded well and the substituted
alcohol29d was isolated in 98% yield (dr = 99:1), showing that no attack of the organometallic at the

cyanemoiety occurredi@blel6 Entry 2). Moreover, nitro groups can be problematic in organometallic

152 The stereochemistry has bestablished by a comparison with the literatidrdllfMR and:C-NMR spectra): M. Yasuda, K. Hirata, M.
Nishino, A. Yamamoto, A. BaBaAmChem. S@002 124 13442.
153a) P. Knochel, J. F. NormahtOrganomet. CheB86309 1; b) E. E. Blais€omt Rendl901132 478.
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chemistry as they also readily react with organom®&taResiarkably, despite the seemingly high
nucleophilicity of the allyli@luminium reagerd the reagent27b added perfectly to 44
nitrophenyl)ethanon2ge 0.7equiv) without reacting with the nitro group and the homoallylic alcohol
29e (dr > 99:1)is isolated in 95% yie(dable 16, Entry 3) An unprotected amino gIp is also
compatible with the alunmimn reagent under these reaction conditions and the addi@@rtcof-
amine5-chlordbenaldehyde 20f, 0.7 equiv) affords the amiatzohol29f (dr > 99:1)in 95% vyield
(Tablel6 Entry 4.

Table 16 Diastereoselective preparation of homoallylic alcohols @Biypieg allyli@luminiunreagen27h

Entry  Aluminium Reagent Electrophilé Product, Yield, @r
Aly3Br-THF cl Cl
: Qo
CHO HO\‘ H
27b 28c 29c 91%, 99:1
AlysBr-THF CN CN
2 Q =
=
CHO HO YH
27b 28d 29d 98%, 99:1
O,N
AlysBr-THF O,N
Me =
© HO' "Me
27b 28e 29e 95%, 99:1
Aly3Br-THF Cl Cl ~
4 \©\CHO ANF
NH, NH, OH
27b 28f 29f 95%, 9971

a0.7 equiv of electrophilestzeen used.Isolated yield of analytically pure product estimated to
>95% purity as indicated by 6&nhd NMR analysis.This experiment has been performe®dhy
Zhihua Peng is given here for the sake of completeness.

The stereochemical outcome of the reaction is best rationalized by a cylitie thasition stata
(Schemés0). The oxophilic aluminium is coordinating to the carbonyl functionality, whereas the largest
substituent of thearbonyl electrophile is oriented in the psegdatorial position of the chair. In the

case of aromatic aldehydes and ketones it can be clearly distinguished betweengtendriad! IdRge

(R) substituent and the aromatic ring system is locatdm iequatorial position leading to high
diastereoselectivities (dr >99:1).

1543) T. SeveridAngew. Chet®5870, 164; b) T. Severin, M. Ada@hem. Bd964 97, 186; c) G. Bartolicc. Chem. REX84 17, 109; d) M.
Makosza, J. Winiarskicc. Chem. RE387 20, 282; e) M. Makoszaynthesi®91 103; f) G. Bartoli, G. Palmieri, M. Bosco, R. Dalpozzo,
Tetrahedron L&&8930, 2129; g) A. Ricci, Mochi,Angew. Chem. Int. 2801342 1444.
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Scheme50: Proposed cyclic chdilke transition state explaining the diastereoselective outcome of the addition of
organoaluminium reagent to carbonyl derivatives.

In the case of-tetralone 48¢g andb-tetralone Z8h) the situation is much more complex. Although the
aluminium sesquibromi@@b reacted with these aliphatic ketonds nibt easily possible to distiigh

between the large and the small substituent because of the bicyclic structure, and therefore a decrease in
diastereoselectivity is observed. Thus, the addig@bf a-tetraloneZ8g 0.7 equiv) furnished thgn

homoallylic alcoh@9gin 82% yikl, but with a diastereomeric ratio of 742hémeé1). Remarkably,

the organoaluminium reageibreacted also with-tetralone Z8h, 0.7 equiv) whereas the use of other
organometallics derived from Li, Mg and even Zn led tozaiwii of the ketone and rapid
decomposition. However, differentiation betweesn® R is not possible anymore leading to an almost

1:1 mixture of diastereoisomers of the al@$t{Schem&1).

O
Aly3Br-THF (:ij
@ (289, 0.7 equiv)
THF,-78°C, 1 h
27b 299: 82%, 74:26
(o)
Aly3Br-THF ©©7
@ (28h, 0.7 equiv)
THF, -78°C, 1 h
27b 29h: 95%, 58:42

Scheme51 Addition of aluminium reage?itbto easily enolizable ketones such as tetr§k@uds).

Similarly, the reaction of-pbwder (1.5 equiv) and 18l mol%) with cinnamyl chlorid260 provide

the alumiium reagen27c(73% yield) within B at 25°C. It reacted in an analogous way with aromatic
ketones such 3dichloroacetophenon@g|, 0.7 equiv) or aldehydes such-air@benzaldehydeg;,
0.7equiv) furnishing thantthomoallylic alcoho®9i and29jin almost quantitative yield {32%) with
good diastereoselectivityblel?, Entries 12).
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Table 17 Diastereoselective preparation of homoallylic alcohols @Btysieg allyli@luminiunreagen27c

Entry  Aluminium Reagent Electrophilé Product, Yield, @r
cl cl
X I j Ph
AlysCl
1 ©/\/\ 2/3 o Me CID\('\/
o) HO "Me
27c 28i 29 92%, 92:8
NO NO, OH
5 ©/\/\Alg/ac| @[ 2 A
CHO Ph
27c 28] 29f 98%, 92:8

a0.7 equiv of electrophile have been tdsdlated yield of analytically pure product estimated to
>95% purity as indicated by &hd NMR analysis.

The stereoselectivity can again be rationalized by a cyelikechainsition statB (Schemé2). The
aluminium reage@@ccould in principle isomerize leading to an organomatdllid ldereaction would
then proceed vithe ransition stat€. However, the produ@t 9 \Wwaé not formed indicating that there is
no significant isomerizatidBchem&2).

CHO

NO,
©/ H NO, OH
©/\AA|2/3C|-THF 28] R ©/Y\
- 07 - Ph
2te NO, B 29j: 98%, 92:8
CHO

NO,
A|2/3C|THF

H NO, OH
|t Al S
2 BT G
c

NO, .
27¢' 29j": not formed

Scheme52 Addition of the allylic aluminium reag2ntto 2-nitrobenzaldehyd@gj) and proposed cyclic chair
like transition state explaining the diastereoselective outcome of the reaction.

The next step was to investigate if functional groups like an estertai@nabed during the insertion
conditions. Thus, the cyclic allylic chloride bearing an ester moi#tgsition was readily prepared
from simple glutaraldehyd@Q(and ethyl malonic este3l( Chlorination of the allylic alcohg®
afforded thesster substituted cyclic allylic chlo2igiein 76% yield3chem&3).

OH Cl

CO,Et
(\ ~ DMAP (20 mol%) COEL 5501, benzene 2
+ HOOC COzEt —_— _
CHO CHO DMF, 25 °C, 48 h 25°C, 24 h
30 31 32: 74% 26d: 76%

Schemeb3 Preparation of the cyclic allylic chlo@ildbearing an ester group.

55



B. RESULTSAND DISCUSSION

Remarkably, the ester functionality is well tolerated during the insertion conditions and the allylic chloride
26dreacts with Al (1.5 equiv) in the presence of (i@hol%) furnishing the aluminium sesquichloride

27din 77% yield (25 °C, 16 h). ltalse act e d -bramodcetophienoh28b4037 equiv) and the
diastereoselectively formed lac@®ie(dr > 99:1) was isolated in 8186H{em&4).

o
Cl AI(1.5 equiv) Al2iCITHF 281 (0.7 equiv) o
EtO,C T o EtoC =,
InCls (1 mol%) -78°C 1025 °C,17 h Sve
THF, 25 °C,16 h H 2
26d 27d: 77%

Br
29k: 81%, dr: 99:1

Scheme54 Preparation ahe ester substituted allylic aluminium re@Jel@nd subsequent preparation of the
lactone29k

Interestingly, the reaction between the organdafareand 3formylbenzonitril€8d did not lead to the
formation of a lactone, instead, the uncycligelcohol29lwas obtained in quantitative yield (dr = 95:5,
Tablel18 Entry 1). As most of the used electrophiles were electron deficient aldehydes or ketones, we
wanted to test the reaction between the allylic aluminium 2adamdl an electron rich electrophile.

Thus, we adde@7d to 4-dimethylaminobenzaldehyd28K 0.7 equiv) under the same reaction
conditions. Although we expected prolonged reaction times, no significant change was noticed. The
reagent underwent smooth additiorthe electron rich carbonyl (A8 °C) and the corresponding
uncyclizedyralcohol29mwas formed with good diastereoselectivity (adk4) th 96% yieldTablel8

Entry 2).

Table 18 Diastereoselectiypeeparation of homoallylic alcohols of ¥9asing allyli@luminiunreagen7d

Entry  Aluminium Reagent Electrophilé Product Yield, dt
CN
AlysCl CN
=
CHO OH CO,Et
27d 28d 29t 99%, 95:5
Aly5Cl MeoN Me,N
5 EtOzc\C 2 \©\ P
CHO OH CO,Et
27d 28k 29m 96%, 94:6

a0.7 equiv of electrophile have been udsdlated yield of analytically pure product estimated to
>95% purity as indicated by Gahd NMR analysis.
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3.4 Tolerance of Acidic Protons & Addition to Carbonyls in the Presence of

Unprotected Phenols

The results so far had shotirat the allylalumimins exhibit a great nucleophilicity towards carbonyl
groups without attacking sensitive functionalities like ester, cyano or even nitro groups. Moreover, this
seemingly high nucleophilicity was not accompanied by high basicity, as the reagents tdidthot reac
acidic protons in acetophenones. Even additiantétralone oib-tetralone could be performed well,

although both systems are easily enolized by other organometallics. These results tempted us to test
addition to carbonyls in the presence of really acidic protons such as unprotected pheridls (pKa

Thus, we trieén addition reaction of the cyclic aluminium re&ydrto 4-hydroxybenzaldehyd2s|,

0.7equiv).To our delighthe addition proceeded smoothly without significant deprotonation of the free
hydroxyl group and the correspondiyenicohol29n(dr > 99:) was formed in 92% yielBichem&5).

HO
Aly3Br-THF \©\ o o
(281, 0.7 equiv) Z
C THF,-78°C, 1h NF
27b OH
29n: 92%, 99:1

Schemeb5: Addition of the allylic aluminium reag2nibto aldehyd@8lbearingan acidic unprotected hydroxy
group.

The cinnamyl reagen7c prepared from cinnamyl chlorid&6d) reacted also with -4
hydroxybenzaldehyd28( 0.7 equiv) leading to thetihomoallylic alcoh@9o(dr = 76:24) in 64% yield

(Schem&6).
L
CHO HO
A
©/\/\A|2/30|'THF (281, 0.7 equiv) Ph P
THF, -78 °C, 1 h -
27c OH
290: 64%, 76:24

Schemeb6. Addition of the allylic aluminium reag2ntto aldehyd@8lbearingacidic unprotected hydroxy group.

These preliminary results show clearly that allylic organoaluminiums exhibit high nucleophilicity to
carbonyl factions, but are in contrast only weakly basic, allowing the tolerance of unprotected acidic
protons. Further investigations should be undertaken, as this could lead to a powerful synthetic
methodology in which unnecessary protection/deprotection stégpdecavoided. This could be very
important and may have a big influence e.g. in sugar chemistry.
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4 CATALYSED ALUMINIUM |NSERTION INTO ALKYL HALIDES

4.1 Abstract

Preliminary results show that #uglitivecatalysginsertion of aluminium powder can also be extended
to alkyl halides.

4.2 Introduction

The reaction between ethyl iodide and aluminium was the first published preparation of an aluminium
organometalli#g Since then ik reaction has been studied and has even led to industrial pridiésses (
Process® Unfortunately this process suffers from several drawbacks, limiting the wide applicability.
Typically high temperatures aredwsel. Additionally, only alkyl halides with a chain length céri be
conveniently converted to alilyiminiums$3The longer the alkyl chain, Leadsdcatalysa elimination

of hydrogen halide from the alkylile occurs more easily. This results in an overall autocatalytic
formation of alkane, alkene, polymers, aluminium halide and hydrogéys Batelesions of aatalysa
aluminium insertion into alkyl halides with longer chain lengths would be higdliledesien more

when the reaction can be performed under mild condltispged by the excellent results obtained with

the catalys@ insertion into arylbenzyl and allylic halides we envisaged that this methodology may also
be applied to higher allghains.

4.3 Preliminary Results

In preliminary studies we tridgktreaction between a typical alkyl iodide, sueiodshtxane3@g, and

aluminium powder (3 equiv) in the presence of LiCl (3 equiv) and catalytic amounts of an additive. So far,
the aluminium insertion performed most efficiently whern, Ti@Tk, BiCk or FeCITPP was used as

catalyst. But even in the presence of these salts, aluminium did not insert readily into the alkyl iodide.
Interestingly, only the presence of P&Imol%) Id to formation of the alkyl aluminium sesquihalide

34ain 88% vyield within B at 50 °C.

Al (3 equiv)
LiClI (3 equiv)
PN PbCl, (3 mol%)
| — /\/\/\A|2/3X'THF
THF, 50 °C, 2 h
33a 34a: 88%
X =1, CI-LiCl

Scheme57: Aluminium insertion into hexyl iodiB3§.

1553) S. Pasynkiewicz, W. Dahlig, M. CidRtadgniki Cheh®6135 1283p) A. G. Pozamantir, M. L. GenusdvGen. Chdd8SR Engl. Transl.
196232 149.
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Furthermore, with these reaction conditions all,hthe alkyl iodid83b could also be convertedh2
50°C) to the corresponding alkyl aluminium reagéht§1% yield).

Al (3 equiv)
LiCl (3 equiv)
©/\/' PbCl, (3 mol%) AlgysX THF
_ =
THF, 50 °C, 2 h ©/\/
33b 34b: 81%

X =1, CI-LiCl

Scheme58 Aluminium insertion into alkyl iodidah.

In the case ddilkyl bromides the use of LiCl proved to be unsatisfactory. The reaction conditions led only
to substitution of the bromide, furnishing the corresponding alkyl chloride. To overcome this problem we
utilized LiBr instead of LiCl. Thus, the reaction-lsfoinohexane33c) with Alpowder (3 equiv), LiBr
(3equiv) and Pb&(3 mol%) furnished the aluminium rea@dicin 88% yield after 48at 50 °C.

Al (3 equiv)
LiBr (3 equiv)

PR PbCl, (3 mol%)
Br — = NTN"ALBrLiBrTHF

THF, 50 °C, 48 h
33c 34c: 88%

Scheme59 Aluminiuminsertion into alkyl bromidSc

The previously formed hexylaluminium reaga) (inderwent a Pchtalys# crosscoupling reaction
with 4bromobenzonitrile36a 0.7 equiv) or ethytiddobenzoate3bh 0.7 equiv) in the presence of
Zn(OAc) (1.5 equiv) and Pd(OAdR mol%), in combination withFhos (4 mol%) as ligand. The
alkylated nitril86aand the alkylated benzoic acid ebwere isolated in 71% and 88% yistthéme
60). The use of PEPRP#r (1.4 mol%) did not lead to a successfigkcoupling reaction, agtdoydride

elimination occurred to a large extent and therefore lower yields of product were observed.

1.) Zn(OAc); (1.5 equiv)
2.) Pd(OACc); (2 mol%)
(

CN
S-Phos (4 mol%)
NN Al X THE
Hex

CN
34a 36a: 71%
X =1, CI-LiCl
Br

(35a, 0.7 equiv)
THF, 25 °C, 20 min

1.) Zn(OAc), (1.5 equiv)

2.) Pd(OAc), (2 mol%) CO,Et
S-Phos (4 mol%)
NN Ay X THE
34c CO,Et Hex o
X =Br-LiBr | 36b: 88%
(35b, 0.7 equiv)

THF, 25 °C, 20 min

Scheme6Q Crosscoupling reaction of alkyl aluminium reagf@faand34cafter transmetallation with Zn(OAc)

In a similar way the alkyl aluminium rea8#mivas converted to the alkylated aldeBgda 79% yield,

by a successful crassupling reaction with-l@omobenzaldehyd&5c 0.7 equiv) using the same
conditions.
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1.) Zn(OAc), (1.5 equiv)

OHC
. 2.) Pd(OAc); (2 mol%)
AlzygX THF S-Phos (4 mol%)
OHC O
34b :@ 36¢: 79%
Br

X =1, CI-LiCl .
(35¢, 0.7 equiv)
THF, 25 °C, 20 min

Scheme61 Crosscoupling of alkyl aluminium reage#bin the presence of an aldehyde functionality.
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5 InCl,-MEDIATED PREPARATION OF 1,2BIMETALLICS

5.1 Abstract

Catalytic amounts of indium additives allow the formation-binig2allics from aromatic dilpnides or
orthdoromo triflates by direct insertion of aluminium powder. Theses bimetallics cémnlo&idnslized
affording interesting compounds fiharmaceutical or material science. Moreoves alsGlaccelerates

the insertion of Zspowder into aryl halides. Thus, highly functionalized bimetallics derived from Zn can
be obtained.

5.2 Introduction

Organometallicsontaining two carbemetal bonds {metallics) often show unique reactivity patterns

and have found several synthetic applicaffombe chemical properties of such organometallics are
dependent on the nature of the two metals and on the distance (number of carbon atoms) that separates
them157 Whereas fbimetallic compounds £ 1, 36)!58 have been prepared by several methods and
efficiently employed as multicoupling reagents, the preparation of organometallics bearing two adjacent
carbonmetal bonds (1imetallics) is in general diffic@ince the first synthesis of-dijkhiobenzene

from Hg-organometallics WittigandBickelhadpionly a few progresses have been made. The reduction

of acetylenes with-hietal at low temperaturesq °C) has led to t¢lithio-alkenesto Metal exchage

reactions or transition metehtalysg trapping of arynes furnished -Ai@etallics from boro¥}
aluminiumié2 tin163 and silicokf4 However, the direct insertion (oxidative addition) of a metal into a
substrate such as-tlipromobenzene would be the maisaightforward method to generate a bimetallic,

but all attempts so far have proved to be highly probléfadlice to the thermal instability of the
intermediately formeakthénalo organometallic, side reactions are occurring, leading to lowtiield of
bimetallidsé The best results so far have been obtained using zinc powder, which can be rationalized by

156F, Bickelhaupingew. Chet88799 1020.

157a) P. Knochel, J. F. Normamgtrahedron L&&8627, 1039; b) C. E. Tucker, S. A. Rao, P. Knath@lkg. Chebh®9055 5446. c) J. J. Eisch,
A. PiotrowskiTetrahedron L&&8324, 2043, d) F. N. Tebbe, G. W. Parshall, G. S. Redéip.Chem. SdA@7810Q 3611; e) S. H. Pine, R.
Zahler, P.A. Evans, R. H. GrubbsAmChem. S4©80102 3270f) S. H. Pine, G. S. Shen, H. Ho@\gthesi®91165.

1573) M.S. Sell, M. V. Hanson, R. D. RiskathCommui99424, 2379; b) L. Zhu, RI.WehmeterR. D. Rieke]. OrgCheni 99156, 1445; c)
S. A. Rao, P. Knochél,Org. Cheb®9156, 4591.

158g) L. Zhu, RM.WehmeterR. D. Rieke]. OrgCheml 99156, 1445; b) S. A. Rao, P. KnocheQrgChen99156, 4591.

159G. Wittig, F. BickelhaupgEhem. Bd95891, 883.

1603) A. Maercker, U. Girresgéetrahedrd99450, 8019; b) A. Maercker, U. GirregergewChenl990102 718c) A. Maercker, M. Kemmer,
H. Wang, DH. Dong, M.SzwarcAngewCheni 99837, 2136.

161H, Yoshida, K. Okada, S. Kawashima, K. Tanindshit@,ChenCommu201046, 1763.

1627, J. Eisch, K. Mackenzie Windisch, C. KrigeEur. J. InorGhemnl999 153.

1633) H. Yoshida, K. Tanino, Jhéhita, A. KunaiAngew. Chem. Int. #iD4 43 5042; b) H. Yoshida, K. Tanino, J. Ohshita, A. KGhain.
Commur2005 5678; c) Foanother route to tin bimetallics see: T. N. Mitchell, K. Béttcher, P. Bleckmann, B. Costisella, C. Schwittek, C.
NettelbeckEur. J. Org. Ch&r899 2413.

164H. Yoshida, J. Ikadai, M. Shudo, J. Ohshita, A. Kurai). Chem. 03 125 6638.

1653) M.A. G. M. Tinga, G. Schat, O. S. Akkerman, F. Bickelhaupt, E. Horn, H. Kooijman, W. J. J. Smeets, A. L. Smeets, AnIClmek,
So0c1993115 2808;.b) G. WittigAngew. ChelB5769, 245; cf. A. Hart, F. G. Mand, Chem. Sb@573939.

166a)L. S. Chen, C. J. Chen, C. Tambaiskiyganon@henl980193 283; b) G. WittighngewChem. Int. E#9654, 731.
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the more covalent character of the carbetal bond compared to metals like Li or4viBesides zinc,
aluminium has proved to insert readily intowsa unsaturated halides after successful activation of the
metal surface by various additives. Because of its similar electronegativity (Al: 1.68%Zme 1.65)
envisioned that Al could be used for the preparation of bimetallic species. Herein, W fagort
synthesis of 1-@uminium bimetallics by direct insertion of Al powder intsub&ituted halides, in the
presence of LIiCl and a catalytic amount of;.IlMreover we want to report that InGhas also a
dramatic accelerating effect on ftiseition rate of Zn powder leading to highly functionalizetizing

organometallics.
5.3 InCl;-Mediated Preparation of 1, Aluminium Bimetallics

In preliminary experiments we addeedihb®omocyclohexen84) to Al powder (3 equiv), LiCl (3 equiv)

and InC} (7.5 mol%) in THF. Remarkably, no monometallic reagent was formed, but instead the reaction
furnished directly the 2metallic aluminium reaged® in ca. 65% vyield within 24 h at 5010t

reacted well with iodine and the resultinglilgocycloheane39awas isolated in 60% overall yield
(Schemé&?2). The bimetalli88also underwent a cressupling reaction with the iodoacil derivativd0
furnishing the bifunctionalized alker#®bin 18% yield $chem&?2).

Al (3 equiv)
LiClI (3 equiv)
TMS-CI (5 mol%) _
O[ Br InX3 (7.5 mol%) OiAlmx THF I, (excess) O:I
Br THF, 50 °C, 12-24 h AlysX-THF |

X=Br, Cl

37 38: 65% 39a: 60% overall yield
Al (3 equiv) OMe
LiClI (3 equiv) 2N
TMS-CI (5 mol%) . |
O[ Br 10X, (7.5 mol%) OiA'mx T ba(PPhy), (5 mol%) SN )\OMe
gr THF,50°C, 12-24 h AlyysX-THF OMe N OMe
37 X=Br,Cl 38: 65% | SN N\F N
| N/)\OMe OMe
(40, 2 equiv) 39b: 18%
THF, 50°C, 2 h

Scheme62 Preparation of theyclohexenyl,2bimetallic38and subsequent functionalization.

In contrast, the reaction of the analogousnfiembered ring1did not lead to a bimetallic reagent, but
furnished exclusively the monometallic aluminium reé@édnteacted well in a Gratalysed allylation
reaction after transmetallation with Zn(QAL)5 equiv) using ttaerylatel3 The functionalized cyclic

alkene was isolated8if®6 yield Schem&3).

167g) H. Fillon, C. Gosmini,-Y.. Nédélec, J. Périchdretrahedron L2601 42 3843p) K. Takagi, Y. Shimoishi, K. Saké&ltiemLett 1994
2055¢c) M. Schreuder Goedheijt, T. Nijbacker, O. S. AkkermBickelhaupt, N. Veldman, A. L. SpekgewChem. Int. EE99635 1550.

168D, R.Lide,CRC Handbook of Chemistry andTRiyysiésFrancis, Boca Raton, 2009

169 @) Monitoring of the reaction BC-analysis did not show any trace of a nwomide duringhe reaction. bYsing InBg as catalyst, the
reaction proceeded much faster, furnisB@vgthin 12h at 50 °C in the samelglie
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Al (3 equiv)
LiCl (3 equiv)

Br TMS-CI (5 mol%) Br 1.) Zn(OAc), (1.5 equiv) Br

<j[ InCl3 (7.5 mol%) O[ 2.) CuCN-2LiClI (20 mol%) MZB

e T

Br THF, 50 °C, 12-24 h AlyysX-THF CO,Et

#“ 42 Br 44: 84%
X = Br, CI-LiCl (43, 0.7 equiv)

Scheme63 The 5membered ring furnishes exclusively the muetallic reaged

Further experimentation had shown that alemnatic dibromides could be converted to aluminium
bimetallics. A typical substrate likedihPomobenzenedbg was treated with Al powder (3 equiv) and
LiCl (3 equiv) in the presence of FUIS(5 mol%) and several additivEsb(e19. No reaction was
observed between the dibromide andoMder in the absence of any catalyst, even in the presence of a
stoichiometric amount of LiCl¢blel9, Entry 1).

Table 19 Catalyst screening thie aluminium insertion into ddibromobenzenel$g.
Al (3 equiv)
LiCl (3 equiv)
TMS-CI (5 mol%) AlysX-THF

©: Br  additive (7.5 mol%) @E
B — e
THF, 50 °C Aly2X-THF

Br

45a 46a
Entry Additive Reaction Time Yield (%3 of 46a

1 - 24h n.re

2 TiCls 1h decomp.
3 FeCIiTPP 10 h decomp.
4 BiCk 24 h 13% conv.
5 PbC} 24 h 20% conv.
6 InCls 4h 58%

7 InBrs 12h 54%

8 InF3 7h 54%

9 In(OTf)3 7h 55%

aYield of bimetalliceagents indicated by Géhalysis of reaction aliquots quenc
with iodine in THF, using an internal standard (heptadetawe)reaction was
observed:Neither45anor any bimetallic could be detected bya@élysis! The time
for full conversion was not determined.

The addition of TiGI(7.5mol%) or FeGITPP {.5mol%) resulted in complete decomposition of the
dibromide45awith no detectable organometallioxfed Table19 Entries 23). However, the use of
BiCk or PbC} led to formation of the bimetallic reagé®d although the reaction proceeded only very
slowly Table19 Entries 34). InC} proved to be the moefficient additive, furnishing the bimetallic
reagentd6ain 58% yield within B at 50 °CTablel9, Entry 5). Other indium salts were also effective in
catalyzing the insertion reaction into the dibrodtde affording metal reagt 46ain a similar yield
(Table 19, Entries ). After transmetallation with Zn(OAR equiv) the aromatic bimetaliéa
underwent Pgatalyse crosscouplings with ethyH&romobenzoatetfg and 4bromobenzonitriled7b)

in the presence of Zn(OAqR equiv) and PEPPSI (2 mol%), leading to the terpd@adad48bin

63% and 59% vyieldgble20 Entries 12). We explored the reaction scope of this transformation and
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tried the formation of aromatic bitallics, starting from substituted-dif2romides. Thus, the toluene
derivatived5b furnished a bimetallic reagédfib (50 °C, 12 h) in ca. 54% yield. An allylation reaction in
the presence of Zn(OAdR equiv) and CuCN-2LiCl (10 mol%) vettyl (2bromanethylacrylat€43)
afforded the biscrylatet8cin 93% vyieldTable20, Entry 3). A reaction with the sulfonothioéfeled

to the bissulfide48din 37% vyield after transmetallation with Zn(@A@ble20 Entry 4).

Table 20 Preparation of 1,Bimetallics of typd6and subsequent Hisnctionalization.

Entry Substrate Condition8 Electrophilé Product
L C[Br 50 °C, 4h /@\ COzEt
Br 58% Br CO,Et O CO.Et
45a 47a 48a 63%
CN
Br 50°C, 4 h CN O
? @[Br 58% Br/©/ O O
CN
45a 47b 48k 59%
Me
3 MG\CEEW 50°C, 12 h ;32/5; CopEt
Br 54%
CO,Et
45b 43 48c 93%

Br 54%

Me
F
Me Br 50 °C, 12 h s. Q/
Vo e G
F S\©\

m

45b 47c 48d 37%
o,
Me Br 50°C, 12 h Me o Me
5 X T 0
Me Br 56% |/ Me
o)
45¢ 47d 48e 70%
00
MeO OMe
F Br 50 C, 48 h ) /©/C' O O
6 X s -
F Br 51%
MeO F F
45d 47e 48f 35%

a|nsertion conditions: Temperatuieie for full conversion, yield as indicated bya@aysis of reaction aliquots quenched
iodine in THF using an internal standard (heptadee2nejuiv of electrophile have been used based on the indicated
bimetallic¢Isolated product being of >95% purity as indicated bya@CNMR analysis.

In an analogous way the xylene derivdbealso could be converted to the bimetdBicin ca. 56%
yield (50 °C, 12 h). It underwent a smaddébeskir@roghcylation in the presence of Zn(Qlemd
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PEPPSIiPr with the heterocyclic thioes#@d affording the biuryl ketonet8ein 70% yieldTable20,
Entry 5).Thedifluoro-substituted dibromidésd furnished a bimetallic reagent afteln 48 50 °C in ca.
50% yield. Agaithjebeskir@roghcylation using the electron rich thioesteand PEPPSIPr furnished
the diketond8fin 35% yieldTable2Q, Entry 6).

Remarkably, not only idibromides could be used for the generation of bimetallic reagemsghalso

bromo triflates reacted smoothly under the reaction conditions. Thus, thdQsfiateished after 4 h

at 50 °C a bimetallic geEmt in ca. 50% vyield after reaction with Al (3 equiv), LiCl (3 equiv) and InCl
(7.5mol%). After transmetallation with Zn(OAtt)e reagent was Hisctionalized in a croessupling

reaction using the thiophene derivafita The heterocyclic diketo®@awas isolated in 34% yield
(Table21, Entry 1). Furthermore, the naphtiflate 49b or the biphenytriflate 49c could be converted

to bimetallic reagents (ca-33% yield). Further functionalization in the presence of Znf@fc)ded

the product$2b-ein 4780% yieldTable21, Entries ). Moreover, even electron rich triflates bearing
methoxy or thiomethyl substituents4@df) worked equally well. Subsequent @agglings (PEPPSI

iPr) or allylatios (CUCN-2.iCl) furnished the produckti in 6087% yield {able21, Entries ). In

the case of electraleficient triflates, the situation proved to be more complex. In the presence of LiCl
we observed complete decompositiotheunhe reaction conditions. But, without the use of LiCl, even
these triflates could be converted to bimetallic reagents, although in lower vyield (typically around 40%).
Thus, the halide substituted triflagg() furnished after treatment with-@dwder (3 equiv) and IngCl

(7.5 mol%) the corresponding bimetallics. After transmetallation with Znf@faeacted with iodine

or in Cu-catalysed allylations leading to the unsaturated prdfjcty (n 6184% yield Table 21,

Entries 1013). Similarly, the fluoride containing trifld&snd49k afforded bimetallics in the absence

of LiCl. Further functionalization proved to be difficult, as these reagents reacted only sluggishly.
Nevertheless, hiebeskirBroghcylation and a cressupling afforded the bignctionalized products
52nand520in 47% and 45% vyieldigble21, Entries 1415).

Table 21 Preparation of 1;Rimetallics of typBOand subsequent Hisnctionalization.

Entry Substrate Condition$ Electrophilé Product
(0]
Me
L C[Br 50°C, 4 h A\ Me i\
| S X
OTf 67% (e} s 16}
\ J Me
49a 5l1a 52a 34%
CO,Et
Br
50°C,4h CO,Et
2 oTf 2 .
o A
CO,Et
49b 43 52k 47%
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Br

l OTf

49b

w

Br

l OTf

49b

W

Ph Br
s X
OoTf
49c
MeO Br
s X
oTf
49d
MeO Br
7 X
OTf

49d

OMe
oTf

Br

F. Br
o Y
oTf
F Br
1 (X
oTf

50°C,4h O/NOZ
53% TfO
51b
50°C,4h /©/002Et
53% I
51c

al
50°C, 12 h Q
AT

50% Q)L
MeO

47e
50°C,12h COLEt
58% B
43
50°C, 12 h /©/002Et
58% I
51c
50°C,5h /©/CN
56% |
51d
50°C,12h COLEt
55% o
43
50°C, 12 h |
66% ?
50°C, 12 h CO,Et
66% e
43

66

NO,
® o

52c 80%

CO,Et

CO,Et

52d 51%

O O
oY S -on

Ph
52e 66%
EtO,C

MeO CO,Et

a8

52f 60%

CO,Et

<
@
Ao
Q
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EtO,C
Cl Br 50 °C, 8 h CO,Et
12 \@[ Br c CO,E
oTf 38% 2
49h 43 52t 84%
Br Br 50°C,6h Br =
s "X ot TS
OTf 38% A
49i 5le 52m 61%
F Br 50°C,6h o] F
14 j@[ >4 °
F OTf 45% SPh F
49j 51f 52n 44%
o)
S
FsCO Br 50°C,6h o F3CO
s O .
oTf 46% 5
, e
o)
49k 51g 52a 45%

a|nsertion conditions: Temperatureie for full conversion, yield as indicated bya@alysis of reaction aliquots quenched
iodine in THF using an internal standard (heptadee2nejuiv of electrophile have been used based on the indicated
bimetallicsIsolated produdteing of >95% purity as indicated by-@ad NMR analysisOverall yield = 46%.

Moreover, bimetallics offer new synthetic strategies which are often difficult to achieve in another way.
We envisioned that these reagents would be ideasifoultaneous functionalization using substrates

with two electrophilic centers. Thus, in the presence of Bd(@®Rhol%) the bimetallié®a and 46c

reacted smoothly withi@dobenzoylchloridé&® under mild conditions leading to fluorenone derivatives
54ab in 60%and 73% yield within 1 h at 20 Zclfem®&4).

1.) Zn(OAc), (2 equiv)
2.) Pd(PPCr)13)4 (5 mol%)

"

Al (3 equiv) o
R Br LICl (3 equiv) R AlyyzX-THF R
I:[ InClg (3 mol%) I:E (53, 2 equiv) O.
R Br THF,50°C,4-12h R AlysX-THE  THF,20°C,1h R Q

54a: R = H: 60%
54b: R = Me: 73%

45a:R=H
45c: R = Me

46a: R = H: 55%
46¢: R = Me: 54%

Scheme64 Preparation of 1;Bimetallicgl6aand46c and subsequent preparation of fluorenédas.

5.4 InCl,-Mediated Preparation of 1,2Zinc Bimetallics

The reaction of aromatizthéodo triflates has led to zinc bimetallics by reaction with Zn in DMPU at
90 °Ct70 Using the same conditions, the corresponding biriffate 49ais not reactive even after

heatimg for one day. In contrast, the addition of a catalytic amount £€Ar80mnol%) rapidly furnished

170M. Amano, A. Saiga, R. Ikegami, T. Ogata, K. Tagatahedron L£89839 8667.
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the bimetallic zinc reagdiiain 90% yield. The reaction can also be ipeefd in THF in the presence
of LiCl, leading also &bain 70% yield.
Zn (3 equiv)
Zn (3 equiv) @[Br InCl3 (7.5 mol%) C[Z”X
"
noreacion  oMPU, 90 °C. 24 h o7 DMPU, 50-90°C, 1h 7o
49a 55a: 90%
5§5a: 70% (THF, LiCl, 50 °C, 12 h)

Scheme65 Effect of InCk on the insertion of Zpowder into aromatrthdromotriflates.

This shows clearly the activating role ofsla@imetal insertion reactions. Also other substrates could be
readily converted to zinc bimetallics by reaction of the corresponding aromaticiftatameith Zn

powder (3 equiv), LiCl &juiv) and InGI(7.5 mol%) in THFcheme&6). Usually the yields are higher

and the reaction proceeds faster when DMPU is used. But the use of DMPU precludes the presence of

LiCl, as the solution gets highly viscous making it almost impossible to use the prepared reagents.

R Zn (3 equiv) R
Br  LiCl (3 equiv) ZnX
@: InCls (7.5 mol%) @
A
Z>oT1f  THF, 20-50 °C, 1-12h P 70X
49 55
X = Br, Cl, OTf-LiClI
ZnX
' i ZnX /@an C :an ZnX
OO Cl ZnX F ZnX MGOQ ZnX
55b: 57% 55¢: 61% 55d: 55% 55e: 50%
50°C,4h 20°C,1h 20°C,1h 50°C,12h

EtO,C ZnX NC/@[ ZnX
55f: 40% 55g: 34%
20°C,4h 50°C,6h

Scheme66: Preparation of various functionalizedblnetallics by direct insertion of-gawder.

The 1,2nimetallics obtained by the Ig€Catalysed insertion of Zrowder could also be readily used in
crosscouplingreactions. Thus, the functionalized bimetafiiqprepared from Zrinsertion into49l
underwent a smooth cressupling reaction with ethyligdobenzoate5@) furnishing the highly
functionalized terphery¥in 64% yieldfchem&?7).

. CO,Et
Zn (3 equiv) |—QCOZEt
LiCl (3 equiv) EtO,C
Et020\©: Br InCl; (7.5 mol%) EtOzC\@[ ZnX (56, 2 equiv) 2 O
B —
oTf THF,20°C,4 h 7znx PEPPSI-Pr (1.4 mol%) O
CO.Et

491 55F: 40% THF/NMP (1:1)
X = Br, Cl, OTf-LiCl 50°C, 12h 57: 64%

Scheme67: Zinc insertion into the trifla#9land subsequent crassupling of the resulting zinc readssit

Aryl bromides are typically reluctant to undergo a Zn insertion andpusiaityed heating or refluxing
IS necessary to obtain aryl zinc reagents. Our results have shownstig@lisGificient catalyst to

accelerate the insertion of Zn powder dramatically. This acceleration is not only occurring in the case of
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the aromatiorthdromaotriflates, but also in the case of other aryl bromides. We compared the insertion
of Zn-powder (3 equiv) in the presence of LiCl (3 equiv) ihton3obenzotrifluoride5@) with and
without a catalytic amount of IgaGh THF. Also in this cas¢he presence of InCHramatically

accelerated the insertion of-gowder and within the same amount of time the reaction proceeded three
times as fast.

Zn (3 equiv)
0 Zn (3 equiv) LiCl (equiv) o
FsC ZnBr-LiCl LiCl (3 equiv) FsC Br InCls (5 mol%) FsC ZnBr-LiCl
-——— _—
THF, 50 °C, 120 h THF, 50 °C, 120 h
59: 25% conversion 58 59: 75% conversion

80 with InCl,
70 -
60 -
50 -

40 -

Conversion %

30 - without InC
20 -

10 4

100 120 140

0 20 40

60 - 80
Reaction Time [h]

Scheme68 Effect of InCk on the insentin of Zn-powder into the aryl bromi&&
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5.5 ESI-Mass Spectrmetry of 1,2Aluminium Bimetallics

In order to analytically prove the formation ofblnzetallic species we conductedia&s spectrometry
experiments. Electrospriapization (ESI) maspectrometry allows the determination of stoichiometric
information of dissolved charged organometallics in sdlittidns method has been applied several

times for analysis of various organometallic species, including labifAsnasly a small amouat
energy is transferred to the observed system it
of the probed ion83 Thus, it can be assumed that the information obtained froqhasses
measurements is also representative for the ensémigarmmetallics in solution. It has to be stated

that only information about charged species is obtained. Neutral organometallics cannot be detected by
ESkmass spectrometry, thus the results in this chapter have to be seen in this context. Ssveral charg
aluminates could be detected, but it may well be that there are also several neutral organometallics in

solution.

5.5.1 ESI-Mass Spectrmetric Analysisof the CyclohexenylBimetallic 38

We addedl,2dibromocyclohexen87 to Al (3 equiv), LiCl (3 equiv), TM3$ (3 mol%) and Ingl

(7.5mol%) in THF. Full conversiono the aluminium reagewas achieved after 24ah50 °C The

remaining solution was separated from thgowber and subjected to the measurement after filtration
through a syringe filtéefore shjected to ESinass spectrometric analyBiee main species(z 427,

most abundant isotopologue) observed upon negative ion mode ESI is assigned to the bimetallic
aluminateA (Figurell). This complex contains one aniaaigminiumcenter, whereas the second one is

neutral and complexed by THF. Note that the experiments cannot determine whether the bromine atom
binds to the neutral or the anionic aluminium center; most likely, the observed species corresponds to a
mixture of both ismers.

171M. Yamashita, J. B. FednPhys. Chd98488 4451.

1723)J. C. Traegent. J. Mass Spect2660) 20Q 387; b) D. A. Plattneint. J. Mass Specte@®] 207, 125; c) P. CheAngew. Chem. Int. Ed
200342 2832; d) L. S. Santos, L. Knaack, J. O. Mdtagér,Mass Spect260h 246 84; e) W. Henderson, J. S. McInitass Spectrometry of
Inorganic, Coordination and Organometallic Colspdachsiqlies, Wisy, Chicheste2005 f) C. A. Miller, C. Markert, A. M. Teichert, A.
Pfaltz, @em. CommRa09 1607; g) A. Roglans, A.-Blaintana irReactive Intermediates: MS investigationgbd.salugorsantos), Wiley
VCH, Weinleim,2009 g)L. A. Hammad, D. Gerdes, P. Ch@nganometalliae5 24, 1907; h) ME. Moret, P. CherQrganometali@g? 26,
1523.

173R. B. ColeJ. Mass Spect2iiQ 35 763.
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Al (3 equiv)
LiCl (3 equiv)
TMS-CI (5 mol%)

Br nCl, (7.5 mol%) AlgrgX THF
. — > ESI mass spectrometry
Br THF, 50 °C, 24 h AlysX-THF

37 X=8r.Cl 38: 65%
100
AICl3
Ne &
/AI\
THF” Cl
2
i)
c
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T
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Figure 11 Negative ion mode ESI mass spectrum apanox. 10 mMolution of the products obtained by the
reaction of Apowder witt87under the typical insertion conditiohsB andC: proposed structures of
organoaluminates matching the detaufedalues.
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Figure 12 Measured isotope patternfofblacR together with the calculated isotope patterm b \1.BrCLO
(red.

The simulated isotope patternirisexcellent agreement with the medsore (Figure12). Further
evidence for the proposed structure comes from the CID experiments, which show losses of THF and, to

a minor extent, of HBF{gurel3).
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100
> - THF
K]
cC
5 \
©
c
o
w
£ - HBr
2 \
0 it | I | U S——
100 200 300 400 500

Figure 13 Mass spectrum of masalected\ (m/z 427) and its fragment ions produced upon coliisituted
dissociation\exc= 0.20 V).

Besides the main sped¢gwo additional aluminate complexes were detected. The first one is similar to
A, but contains a second bromine atom; again, the position of the chlorine and bromine atoms
presumably is largely interchangd&imerell, B). The otter aluminate complex is remarkable in that it
features three aluminium centers, one of which apparently bridges two organyFgoietidsC). As

shown above, the operation of halide exchange (bromide vs. chloride) reacpboatesorthe
identification of aluminate species. To simplify the situation and provide further data in support of the
given assignments, we performed an analogous experiment, in which we substituted LiCl for LiBr and

InCl; for InBra.
Al (3 equiv)

LiBr (3 equiv)
InBr3 (7.5 mol%)

Br Aly3Br-THF

TMS-CI (5 mol%)

S — > ESI mass spectrometry
Br THF,50°C,12h Aly3Br-THF

37 38: 65%
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Figure 14 Negative ion mode ESI mass spectrum apgnox. 10 mM solutiasf the products obtained by the
reaction of Apowder witt37under the typical inserticonditions using LiBr and InBD, E andF: proposed
structure®f organoaluminates matching the detentedalues.

Indeed, the use of LiBr and IsBlepressed the formation of aluminates containing chlorides. Instead, the
main species now corresponds to the bimetallic aluBDinatéch constiites the bromo counterpart of

A. This assignment is corroborated both by a comparison of the measured and calculated isotope patterns
(Figurelb and by the loss of THF and HBr upon CHig(rel6). Interestingly, compl&with one of

the bromide ligands replaced by chloride was also detected, although no chloride source had been added
to the reaction mixture except for IS5 mol%); this rather small amount apparently was sufficient to

give rse to significant quantities of the singly chlesidbanged complex (Figure 14). With the

trinuclear aluminate the bromo counterpart Gfwas also observdeiqureld).

100
AlBrs
- | L
G “AIBr,
o THF”
IS
©
c
=)
(0]
(0]
=
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ﬂ: w
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m/z

Figure 15 Measured isotope pattern{black) together with the calculated isotope patterndfdis@,BrsO
(red).
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Figure 18 Mass spectrum of masalectedd (m/z 605) and its fragment ions produced upon coflisituted
dissociation\exc= 0.20 V).

5.5.2 ESI-Mass Spectronetric Analysisof the Aryl Bimetallic 46a

In the case of the aluminium insertion into arytlib/@mides, the situation is much more complex, as
many charged species are generated under the reaction conditions. We performed the insertion into 1,2
dibromobenzenet$g using Adpowder (3 equiv), LiCl (3 equiv), FRIS3 mol%) and In€(7.5 mol%)

in THF.

Al (3 equiv)

LiCl (3 equiv)
TMS-CI (5 mol%) )
Br  InCl, (7.5 mol%) AlgjaX-THF
©: THE s0°C 4h —= ESI mass spectrometry
gr THR.S07C.4h AlyysX-THF
45a 46a
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Figure 17 Negative ion mode ESI mass spactofian approx. 10 mM solutiofithe products obtained by the
reaction of Apowder withdaunder the typical insertion conditicBsJ: proposed structures of organoaluminates
matching the etectedn/z valuesH, | : other aluminates.

Negativdon mode ESI mass spectrometric analysis of the diluted reaction mixture detected an ion as
main species, whos#z valuesrfi/z 423 for the most abundant isotopologue) were shifted by 4 amu
compared to compleX observed in the reaction ®7. Accordingly, this ion is assigned an analogous
structure with an aromatic rifgigurel?, G). Compasgon of the measured and calculated isotope pattern
(Figue 18 left), deuterium labeling (using FtiRas solvent for the reaction mixtufggue 18 right),

and CID experimentsde Experimental Seclidlly confirm this assumption. In addition, simple
inorganic lithium aluminatésdurel? H, 1) and a bimetallic complex containing an OTMS ligand were
detectedRigurel?, J).
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Figure 18 (left) Measured isotope pattern@®{black together with the calculated isotope pattern for
CiH1AILBrCLO (red. (right) Measured isotope patter@afHF-as (black together with the calculated isotope
pattern for GH4DsAlLBrCLO (red).

75



B. RESULTSAND DISCUSSION

Al (3 equiv)
LiBr (3 equiv)
gr [nBr3 (7.5 mol%)

AlysBr-THF
@ TMS-CI (5 mol%) @i
- = — ESI mass spectrometry
Br THF,50°C,4h Aly3Br-THF
45a 46a: 58%
As in the case &7, we performed analogous experiments widglarreaction conditions, but with
LiCl and In( replaced by LiBr and InBrAgain, the expected bimetallic aluminate containing only
bromide was observeHiqurel19 K), whose identity was proven by comparison of the measured and
calculated isotope patteRigure20, the small deviation noticeable presumably results from the presence
of an isobaric contaminant) and CID experimests Experimental SectioRlirthermore, the presence
of TMSCI again led to the formation of a chloride containing alunfingee9, L). In addition, a
trinuclear complex comprising two aryl groups was deteigiee19, M).
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Figure 19 Negative ion mode ESI mass spectrum apanox.10 mM solutiomf the products obtained by the
reaction of Apowder withd5a under the typical insertion conditions ukiBg and InBs. K, L andM: proposed
structures of organoaluminates matching the detefztgdlues.
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Figure 20 Measured isotope patternkofblack) together with the calculated isotope patteragfdr&.BrsO
(red).

5.5.3 ESI-Mass Spectrmetric Analysisof the Aryl Bimetallic 50a

We alsqreparedhe bimetalli&0astarting from the@rthdromo triflate49a To avoid overly complex
ESI mass spectra due to exchange processes batloeide bromide and triflatbgands, wavoided
the use of LICl and In€IThus,49awas treated with Al (3 equiv), LiBr (3 equiv),-OM8 mol%) and
InBrs (7.5 mol%) furnishg the bimetallic mixture withirhat 50 °C.

Al (3 equiv)
LiBr (3 equiv)
InBr3 (7.5 mol%)

oTf Aly3Br-THF

TMS-CI (5 mol%)

- . —> ESI mass spectrometry
Br THF, 50 °C,4 h Aly3Br-THF

49a 50a: 58%
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Figure 21 Negative ion mode ESI mass spectruanaipprox. 10 mM solutiofthe products obtained by the
reaction of Apowder withd9aunder the typical insertion conditions ukiBg and InBg. K and M: proposed
structures of organoaluminates matching the detefztgdlues.
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Surprisingly, we did not obtain any evidence for aluminate ions containing a triflate ligand. Instead, the

compexeXK andM were observe@Figure21) which are already known from the insertion4540

5.5.4 ESI-Mass Spectrmetric Analysisof the Naphtyl Bimetallic 50b

In order to prove the generality of this finding, we chose another &d)aded allowed it to react with
Al (3equiv), LiCl (3 equiv), TM3 (3 mol%) and In€[(7.5 mol%) to furnish the bimetallic mixture in
4h at 50 °C.

Al (3 equiv)
Br LiCl (3 equiv) AlysX-THF
ot InCl3 (7.5 mol%) AlpzX-THF
OO TMS-CI (5 mol%) OO
THF, 50 °C, 4 h > —> ESI mass spectrometry
49b 50b: 55%

As expected, ESI mass spectrometry detected a bimetallic alumpiatetbatrcontained both chloride
and bromide, but no triflatEigure22 N). The identity of this species was corroborated by comparing

the measured and calculated isotope péEigure23).
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Figure 22 Negative ion mode ESI mass spectrum apanox. 10 mM solutiaf the products obtained by the
reaction of Apowder withdd under the typical insertion conditiddsproposed structure of organoaluminate
matching the detetm/z value.
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Figure 23 Measured isotope patterm\biblack) together with the calculated isotope pattern#fbual,BrCLO
(red).

5.6 Mechanistical Considerations

The mechanism which leads to formation of the biinetpktciess certainly complex and several
pathways may be present. Tthat formation of the bimetallic reagents proceeds cleanlgtefawise
doubleinsertion of the metal, must be doubted. This may be, in the case of the dibromides, but probably
not in the caes of the triflates and for both classes of substrates different mechanisms may be active.
Aluminium does not insert readily into aromatic cecblmmide or carbon fluoride bonds. Thus uging
bromo2-fluorobenzene60g or l1-bromo2-chlorobenzene6(b) the reaction furnished cleanly the
monc-aluminium reagentS¢hem&9).

@X Al, LiCl, InCly @Ex

g THF.50°C AlysY
g0b. - G VL1 e LiCiTHE

Schemeb9: Insertion intoorthdluoro ororthachloro bromobenzer(60a,h yields monometallic aluminium
reagentsslla,h).

In contrast, insertion into the carkiiflate bond using aorthechlorosubstituted triflaté2 does not
lead to any reaction (except deprotection over 48 h) showing that insertion into this bond is not occurring

(Schem@&Q). Other triflates showed the same behaviour.

cl Al, LiCl, InCly

—— > noreaction

OTf THF, 50 °C

62

Scheme7Q Insertion of Alpowder does not occur into an aromatic triflates.

We speculated, that the formation of the bimetallic ream#dt proceed over an aryne intermediate
(Schemé&l).
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@[X Al, LiCl, InClg ©| ? A"
Y THF’ 50 °C :: :IIAIH

Scheme71 Speculation that the bimetallic is formed via an aryne intermediate.

There are several evidences sugg#stifigrmation of arynes during the insertion conditions. First of all,
higher dimeric and trimeric structures which are typical for aryne formation could be identified using
GC/MS analysisSchemé& 2. Some of thenstill contain actasmetal positions which could be identified

Met I
! Met O

Met O
! Met

Scheme72 Usually observed higher condensation products typical for aryne chemistry.

in iodolysis experiments.

Moreover, in any experiment the reactiomditions led to formation of a mixture of products. Thus,

next to the bimetalli@®,, monometallics are formed, containing eithehlarine (B) or bromine
substituen{C, Schemé&3. The ratio between the three metallic speciepéndknt on the substituent

on the ring, and all three are formed simultaneously from the beginning on, in this ratio. Then, this initial
ratio stays constant and increases with time. No change of this ratio was observed by changing the amount
of any of tle reactants. The ratio did also not show significant concentration dependence. Under no
circumstances coultibe converted to the bimetalicNeither prolonged heating, nor addition of this

mixture to a new batch of Al, LiCl and ye®@luld convert thiseagent to a bimetallic. Not even Mg did

insert into this bond, showing that insertion into an ardarthon bearing aromatic system (highly

electron rich), is not occurring easily, even when highly reactive metals are used.

X , AlysX cl Br MgX
FG@ Al LiCl, InCly FG{\:E 2 FG@ +FG@ Mg, LiCI C[ 9
1 U | U 7; 3
" > PlyaX P PlyyaX > PlyaX AlysX
A B c
X = Br, OTf
Al, LiCl, InCls
Al
FG—
S AlysX

Scheme73 Several products are generated during the formatiorbohatallic reagents.

The chlorinesubstituted aluminium reagdBf) is not formed, when LiBr is used instead of LiCl,
nevertheles€ is formed in a higherugntity. This rules out, that the chlorine comes from the InCl
present, it definitely is provided by LiCl. Thus, one possibility for the gertleisibioresubstituted
monaometallic reagerbuld be the reaction of the intermediately formed arynki@litand subsequent
transmetallation, or with A{Qresent in solution which would be a chidumination similar to the
addition of e.g. BBto unsaturated systems.

Furthermore, the-thembered vinylic dibromide is converted easily to a bimetateasvimembered

ring systems exclusively form monometaliceefne’4). When the formation of the bimetallics is
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occurring via elimination (cyclohexyne or aryne) this could explaimempéred ring systems do not
undergo thiseaction. Because of the higher-simgin, which would result from elimination, this pathway
is not favored.

Q. QC
Br AlpaX
Br Br
AlyzX Br : : : :
23 Al, LiCl, InCl4 Br Al, LiCl, InCls AlyzX
- > —_— only mono organometallics are formed
A|2/3X Br Br Br

o a 7
no mono Al species is detected o o
Br AlpzX
Br Br
X 4t
S S

Br

Aly3X

/

Scheme74 5-membered cyclic dibromides undergo exclusive mono insertion of aluminium.

In contrast, open chain systems undergo elimination immediately, forming alkynes without formation of
bimetallics, showing that elimination is occurring easily under the reaction c@ulitoms5).

/\/\/\/\Br

Br

A|, LiC|, InCI3 /\/\/\
A

Br THF, 50 °C, 15 min

W no organometallic is obtained

Br

Br Al LiCl, InCl, H H

B THF, 50 °C, 15 min =

H H

Scheme75 Acyclic dibromides undergo elimination without formation of bimetallic reagents.

These results lead us to the following tentative prof@m®nie/6): Once insertion is occurring,
elimination slowly takes place under the reaction conditions. The triflate will eliminate more readily than a
halide and the observed reaction times of the triflates are in accordance lower, leading faster and cleaner
to bimetallic species. The intermediate arymeéonow can undergo several types of reaction. On the

one hand it can decompose, leading to the typical aryne side products which are observed. Alternatively it
can be trapped by aluminium salts present in solution. If it is reacting with aluminhearsejtsa

chlorine (such as AKEIt will lead to the typically observed chinomometalliéA. Of course it can also

react with LiCl leading to an intermediate lithium reagent, which undergoes transmetallation immediately,
leading also tA. If the aryne is trapped by an aluminium salt, bearing bromides it will result in formation

of the bromesubstituted reagem. Once this is formed, it is not reacting to the bimetallic, as
experiments proved that no insertion is occurring anymore.€egris,rthat the bimetallic is formed on a

different pathway. We speculate here, that reaction witis#its may lead to the bimet&liSuch salts

may be formed when aluminium salts are reacting with reducing agents, such as sééliva atsdal.

speculate here, that the presence of an excess of aluminium metal may lead to formation of such species,
in which case the aluminium is acting as reducing agent providing the necessary electrons.

81



B. RESULTSAND DISCUSSION

Cl
I, A
AICI,
AICl3 / V
aryne side
products CLAI-AIC, AICI,
~— l c
AICI,

Br
L.
AICI,

Scheme76 Speculative mechanism for the formation abitn2tallic reagents.

5.7 Critical Conclusion

We tried to prove the aryne formation by trapping it DneAlderreaction with furane. Thus, we
performed the insgon in the presence of an excess of fulaclee&7). The DielsAlder produc63

was obtained in approximately 10% vyield as indicated-&yaySis, showing that at least some aryne is
formed during the insertion reaction. However, it may show that either the formation of the bimetallic is
faster that the trapping with furane or thatbimetallic is formed in a different way.

C[ Br Al LiCl, InCly
Br {/ \\
45a 63 ca. 10%

o

Scheme77. Attempts to trap intermediately generated aryne with furabDeslsAédereaction.

To test the hypothesis thatAl species may be pemt and react with the intermediately formed aryne

we performed the insertion reaction in-mehal fres
bond, the bigpinacolborane64 (Schem&8). Although the produ&bs could be detcted by GC and GC

MS analysis, the low yield obtained (<5%) suggests either that the boron reagent cannot be trapped by an
aryne, the concurrent reaction with 4{Alhspeciem!| umi ni

‘?J§<
@[Br Al, LiCl, InCls ©B~o
_——
Br o 0 5-©
45a B-B, o
o ©
64

65: < 5%

present.

Scheme78 Attempt to trap intermediately generated aryne with thmaolaté4.

Moreover, two substrates showed an absolutely different behaviour. The insertion reactien into 1,2
dibroma3,4difluorobenzened4fd) and1,2dibromo5-chlore3-fluorobenzend45e cleanly proceeded
stepwise, first forming a monometallic reagfufited then slowly reacting to the bimetallé$e. None

of the other tested substrates showed this behaviour and it may be spbeatlatethese cases the
bimetallic is formed via a stepwise double insertion.
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Al (3 equiv) F AlsBr-THF .
ch[ Br InCls (7.5 mol%) I:[ 2/3 slowly, 48 h FjCEAlz/e,Br THF
_ntk 7.5 molwe) | _slowly, 48h
F Br THF,50°C,2h  F Br F AlysBr-THF
45d 46d": 60-80% 46d: ca. 50%
F Al (3 equiv) ! F
equiv ) _
/©:Br NGl (7.5 mol%) /©:A|2/38r THE oy, 48 /@iAImBr THF
—_— —_—
al Br THF,50°C,2h ¢ Br cl Aly3Br-THF
45e 46e": 60-80% 46e: ca. 50%

Scheme79 The aromatic dibromiddsdand45ereact stepwise to the bimetaiédand64e

In summary, we can comgé that the formation of bimetallics is an interesting phenomenon. The
mechanistic pathway remains uncertain and specu
bimetallics may be formed via an intermediate aryne. There is also evideepwi®gingertion may

occur depending on the substrate. It may well be that several parallel mechanisms are acting together and
neither one nor the other mechanism could be proved or disproved. Further mechanistical studies have

certainly to be undertakenshed more light into the dark.
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6 DIRECT CROSSCOUPLING OF ALUMINIUM SESQUIHALIDES

6.1 Abstract

The aluminium reagents prepared by the direct insertioqpoivéér in the presence of an appropriate
additive required transmetallation withshs for a succsal crossoupling. This problem can be
overcome by the use of Pg@inpp} as catalyst.

6.2 Introduction

Transition metatatalysg crosscoupling of organic halides with organometallics is one of the most

important GC bond forming reactions in orgasinthesi&’4 The great impact of these synthetic

transformati ons has been cul hecwsSuzuki’gandiNegishZ70 1 0 6 s

Whereas the cressupling of B78Zn 179 Srigdand Md@8lorganometallics has been thoroughly developed
during the Ist decades, cressupling reactions of orgaominiuns are rare, although alkenylalanes
were used early on in-Rohd Nicatalyse crosscoupling$82in general, the crossupling ofaluminium
compounds was restricted to triorganoalanes such g$3alPHELs84in which case only one organic
rest was transferred. However, the coupling of mixed organoalanes likeRRM{BuU) (R= Ar,
alkenyl or alkynyl) as well as organoaluminates eiBuRAlfave been reported recemiyiss (The
unsaturated R group was always transferred selectively.) Temuplogs of alkyl, vinyl and allyl groups

174 3) MetalCatalyzed CrGsmipling Reacti@nsed. (Eds.: A. de Meijere, F. Diederich), Wig, Weinheim2004 b) L. Kurti, B. Czak®,
Strategic Applications of Named Reactions in Org&ise8gntBesimgto2005

175a) R. F. Heck]. Am. Chem. SI86890, 5518; b) R. F. Heck, AmChem. Sd@6991, 6707; c) R. F. Heck, J. P. NolleyQrg. Cheb®72
37, 2320.

1763) N. Miyaura, K. Yamada, A. Suzl&trahedron L&87920 3437; b) N. Miyaura, A. SuzdkiChem. Soc. Chem. Cal87@866; c) A.
SuzukiAngew. Che2011123 6854Angew. Chem. Int.281.150, 6722.

177a) E. Negishi, S. Bal@dhem. Commii@76 596; b) S. Baba, E. NegishiAm. Chem. St76 98 6729; c) E. Negishi, A. O. King, N.
OkukadoJ. Org. Chet®7742 1821; d) A. O. King, N. Okukad®, NegishiJ. Chem. S@&hem. Commil®@77 683; For reviews see: e) E.
NegishiAcc. Chem. REX8215 340; f) E. NegisHgull. Chem. Soc. 2007 80, 233; g) E. Negisiingew. Che2011123 6870Angew. Chem.
Int. Ed201150, 6738.

1783) N Miyaura, A. Suzukthem. Redd9595, 2457; b) T. Ishiyama, H. Kizaki, T. Hayashi, A. Suzuki, N. MlyaigCheml99863 4726;

c) A. Suzuki. Organomet. Cthe89576 147; d) M. R. Rivero, G. A. Moland¥gLett.20024, 107.

1793) J. E. Milne, S. L. BuchwaldAm. Chem. &04 126 13028; b) S. Son, G. C. FuAm. Chem. 308 13Q 2756; c) S. Sase, M. Jaric, A.
Metzger, V. Malakhov, P. KnochklOrg Che2008 73 7380; d) C. Wang, T. Tobrman, Z. Xu, E. Ne@sbilett.2009 11, 4092; e) A.
Krasovskiy, C. Duplais, B. H. LipshudtzAm. Chem. Si09 131, 15592; f) C. Han, S. L. Buchwaldhm. Chem. &809 131, 7532; g) L.
Melzig, A. Metzger, P. Knoch&hem. Eur.201117, 2948.

1803) F. K. Sheffy, J. P. Godschalx, J. K. StillenChem. Sd@84106 4833; b) J. K. StillangewCheml98698 504;Angew. Chem. Int. Ed.
Engl198625 508; c) V. Farina, V. Krishnamurty, W. J. S2@t,Reat99750, 1; d) D. A. Powell, T. Maki, G. C. BuAmChem. S@005
127 510; e) J. R. Naber, S. L. Buchwald.SynthCatal2008 350 957.

1813) J. Terao, H. Watanabe, A. Ikumi, H. Kuniyasu, N. Kdmbm Chem. S@002 124 4222; b) N. Yoshikai, Mashima, E. Nakamura,
Am. Chem. SB005127 17978; c) R. Martin, S. L. BuchwhldymChem. S&007129 3844; d) S. Y. W. Lau,
W. DaviesQrgLett.2007 9, 2239; e) N. Yoshikai, H. Yatsuda, E. Nakadufan. Cém. Sa2009 131 9590; f) A. LépeRérez, J. Adrio, J.
C. Carreterdrglett.2009 11, 5514, g) BT. Guan, X.Y. Lu, Y. Zheng, BG. Yu, T. Wu, KL. Li, B-J. Li, Z:J. ShiQrg. LetR01012 396.

1823) E. Negishi, S. BaliZhem. Commil®i76 596; b) S. Baba, E. NegidhAm. Chem. S@7698 6729

183 3) N. A. Bumagin, A. B. Ponomaryov, |. P. Beletskagrganomet. CH&85 291 129; b) N. A. Bumagin, A. P. Ponomaryov, |. P.
Beletskayd,etrahedron L&88526 4819; c) E. Nedis Y. Noda, F. Lamaty, E. VawfBetrahedrd89031, 4393; d) kKH. Wu, H:-M. GauJ.
Am.Chem. S@006 128 14808; e) €. Chen, K-H. Wu, H:M. Gau,Angew. Che2007 119 5469 Angew. Chem. Int. Hi07 46, 5373; f)
S:L. Ku, X:-P. Hui, GA. Chen, Y-Y. Kuo, H:M. Gau,ChemCommur2007 3847; For a Featalysé version see: g) S. Kawamura, K.
Ishizuka, H. Takaya, M. Nakam@aenCommug01046 6054.

1843) E. Negishi, S. GagneuHandbook of Orgatiadium Chemistry for Organic, §athdsidNegishi), John Wiley & Sons, New 2862
pp. 597618 and references therein; b) M. Shenglof, D. Gelman, G. A. Molander,T&t&lhedron L2803 44, 8593.

1853) E. Negishi, T. Takahashi, AKihg, Org. Synth98566 67; b) B. H. Lipshutz, G. Bulow, R. F. Lowe, K. L. Steletmahedr@9652,
7265; ¢) H. Gao, P. Knoch8lnle2009 1321; d) WT. Shu, S. Zhou, HJ. Gau,Synthes2009 4075; e) D. B. Biradar,-M. Gau,Chem.
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is also possible by using appropriate amino and oxygent$gaedsntly, we reported a new and general
preparationof functionalized orgaatuminiuns by direct insertion aluminiumpowder, leading to
organ@luminiumhalides of the type RX and RAlX, abbreviated as RAK. Thesealuminium
reagents are reluctant to undergo direegflyp@Gnd formation and a trangaiktion to the corresponding

zinc species was required for the performance ofcongaings
6.3 Direct CrossCoupling of Aluminium Sesquihalides using Pd(ttmpp)Cl,

One of the major drawbacks of tleatalys® aluminium insertion has been the necessity for
transmetallation with Zsalts prior to a successful crosspling of the aluminium sesquihalides. A
comparison experiment showed clearly that the aryl aluminium sesquihalides did not undergo successful
crosscoupling without the presence ofZalts $chema0).

o
Br

CN
F3C AlysX-THF (5b, 0.7 equiv) F3C O
R ettt LY
\©/ PEPPSI-iPr (2 mol%) O

4a THF, 50°C 6b: with Zn(OAc),: 2h, 86%

6b: without Zn(OAc),: 48h, <10% conversion

SchemeB80. Comparison of a PEPRBIr catalyse crosscoupling with and without the use of Zn(QAc)

Even the more electraich aluminium reage#t (which should undergo cressupling more easily) did
not react under various conditionkereas again the crasaipling performed well using Zn(OAand
PEPPSIiPr leading to 100% conversion within 30 mable22 Entry 1).It could be shown that it is
not the acetate anion that facilitates the reaction, but tbeure, as the reaction with Li(OAc) and
PEPPSIiPr did not furnish the desired biphedight all Table22 Entry 2) Additives like EtAl(which
should lead to disproportionation of the sesquihalide and therefore formation gfdRAHgtt lead to
any crossoupling although these reagents should at least transfer the arylTalded?, (Entries
3-4)182Also, any attempt to displace the halides of the sesquihalide by addition of organometallics such as
nBuLi, or MeMgCl and therefore formation of the mixeealitylaluminium reagent or aluminates did
not lead to any usefuesults(Table 22 Entries 55). Iron or nickel catalysis using Fe(acarc)
NiBrz(PPh), was not successflilaple22, Entries #8). The combination of Pd(OA&nd PCyhas been
reported tocatalysethe crossoupling of aryalkyl organoaluminiurt®s but it is not capable to
efficiently couple the aluminium halidéab(e 22 Entry 9).Even the electron rich ligand Askin
combinatio with Pd(dba)did not lead to a successful ciamspling Table22, Entry 10).

1863) J. Blum, D. Gelman, W. Baidossi, E. Shakh, A. Rosenfeld, Z. AizerGhgathenml99762, 8681; b) J. Blum, O. Berlin, D. Milstein, Y
BenDavid, B. Wassermann, S. Schutte, H. SchuSamhes?90Q 571; c) D. Gelman, S. Dechert, H. Schumann, J.1Barm, Chim. Acta
2002 334 149; d) M. Shenglof, G. A. Molander, J. BBymthes29006 111; e) H. Schumann, J. KaufmanfG HSchmalz, A. Bottcher, B.
Gotov, SynleR003 1783; f) E. Negishi, N. Okukado, A. O. King, D. E. Van Horn, B. |. SpiegelChem. S4@7810Q 2254.
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Table 22 Additive screening for the direct crogapling of the arylaluminium reagemt

Me
o) -
AlyX-THF  Br _ O
C[ (66, 0.7 equiv) O
_Le TAed)
OMe additives, 50 °C OMe

4c 67
Entry Additive$ Reaction Time Conversioh

1 PEPPSI, Zn(OAg)1.5 equiv) 30 min 100%
2 PEPPSI Li(OAc) (3.0 equiv) 24h .

3 PEPPSI, Bl (1.0 equiv) 24 h -

4 PEPPSI, EAIl (2.0 equiv) 24 h -¢

5 PEPPSInBuLI (1.5 equiv) 24h -

6 PEPPSIEtMgCI (12 equiv) 24 h -

7 Fe(acae) 24 h -¢

8 NiBra(PPh), 24 h -ed
9 Pd(OAc), PCy 48 h 7%
10 Pd(dba) AsPh 48 h 49¢

a PEPPSIiPr (2 mol%), Fe(acaqp mol%), NiBfPPh). (5 mol%), Pd(OAg)(2 mol%), PCy(4 mol%), Pd(dba)
(2mol%), AsPh(4 mol%).b Conversion as indicated by -@qalysis of hydrolyzed reaction aliqud®. conversion to
product could be determinedEthyl 3iodobenzoate was used as electrophilee reaction was tried with aluminit
reagentaand ethyl ®romobenzoate as electrophile.

However, the use of the electrarh PdCi(ttmpp} in combination with a polar-solvent like NMP or
DMF allowed for the first time the use of aluminium sesquihalides for@opisgy reaction. Thus, the
aryl iodidelj was converted to the aluminium rea@gim 75% yield by the reaction withpdwder
(3equiv), LiCl (3 equiv) and 18C3 mol%) within 1 h at 50 °C. A successful @ogpling with methyl

4-iodobenzoate7() employing 4 mol% of Pd@tmpp) furnished the ester substituted biph&iyh
72% yieldgchem@&1l).

CO,Me
Al (3 equiv) /©/ CO,Me
LiCl (3 equiv) | O
F5CO | F4CO AlysX-THF
3 \©/ InCl; (3 mol%) 3 \@/ 23 (70,0.7 equiv)  F3CO O
THF, 50°C, 1h PdCl,(ttmpp), (4 mol%)

1 2j: 75% THF / DMF (1:2) 7:72%
50°C,6h
OMe
P OMe
OMe A
ttmpp
(tris(2,4,6-trimethoxy-
phenyl)phosphine)

Scheme81 Direct crossoupling of the arylaluminium sesquichld@#iesing PAG{ttmpp).

This catalyst was not only effective in direct-cagdings of aryl aluminiums, also benajdiminium
halides could be coupled smootflipus, 4methyl benzyl chloridel&h) furnished after standard

insertion conditions (12 h, 20 °C) the aluminium re&§bmthich underwent a smooth crassipling
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with the chinoline derivativain the presemcof PdCAttmpp). The functionalized heterocyclga

was isolated in 93% yielchble23 Entry 1). Also the electroich 4methoxybenzyl chlorid&g) was
converted to the aluminium reagéét (20 °C,5 h) using the typical cdtidns. Successful cress
couplings with ester bearing electrophi®sd) led to the functionalized diarylmethafsc in 36%

and 69% yieldTéble23 Entries 23). Also, various other benzylic aluminium reagents could be readily
functionalized using this new catalyst affording the functionalized diarylm@8thines (noderate to

good yields (428%,Table23 Entries 49).

Table 23 Al-Insertion into benzylic chlorides and dirextscoupling using Pd{itmpp).
Al (3 equiv) R-X (0.7 equiv)

Cl InCI3 (3 mol%) Foi X AlysCI-THF X =Br, | Fo X R
THF, 20°C N PdClz(ttmpp)z (3 mol%) \F
THF/DMF 1:1
50°C, 12 h
Entry  Benzylic Chloride Insertion Conditions  Electrophilé Product

|
Cl ° F OMe

18h 73 93%
CO,Et COLEt
> JOT wcesn (j
MeO
18i 72b 73k 36%
Br
. T me O
MeO CO,Et MeO CO,Et
18i 72c 73c 69%
' ¢
o F. OMe OMe
4 \©/\ 20°C,12h m Fe A OMe
N
18 72a 73d 78%
MeO CF3 CF3
5 \©/\C| 20 QC, 12 h | MeO
18j 72d 73e 70%
OMe OMe
6 e 20°C, 6 h fN "
F | N/)\OMe N/)\OMe
18f 72e 73f 68%
Cl F Cl
Br
7 ©\/\CI 20 °C, 6 h \©
F
CF, CF4
18f 72f 73g 42%
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Me F Me
Br.
o Cfd 20°C,6h \©
F
CO,Me CO,Me
18f 729 73h 44%
9 ” cl 20°C, 6 h F I\ OMe
’ | OMe
N/
18u 72a 731 60%

20.7 equiv of electrophilasbeen used.solated yield of analytically pure product.
Furthermore, also the alkylaluminium rea@sciteacted directly in a crassupling reaction. Thus, the

reaction of34cwith ethyl 4odobenzoater7é, 0.7 equiv) furnished afteh 4t 50°C (THF/DMF = 1:2)
the alkylated est@bin 57% yield. Unfortunelly, in this cadeetéhydride elimination is responsible for

the lower yield.
CO,Et
Al (3 equiv) /©/
LiBr (3 equiv) |

CO,Et
PbCl, (3 mol%) (74, 0.7 equiv)
/\/\/\ Br I /\/\/\Al B
THF, 50 °C, 48 h 2380 THE pyol,ttmpp), (3 mol%)  HeX
33¢ 34c: 88% 2(Umpp)z (3 mol%) 75:57%
50°C, 12 h

Scheme82 Direct crossoupling of an alkylaluminium sesquihalide using(fRd@b).
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7 SUMMARY AND OUTLOOK

Thiswork focused on the synthesis and applications of organoaluminium compounds. A new synthesis of
aryl aluminium sesquihalides has been developed. Furthermore, the synthetic method could be applied to
benzylic chlorides offering access to a new class ddrlfornot preparable aluminium reagents.
Preliminary results show that this methodology is also applicable to alkyl halides. Moreover, allylic
aluminium sesquihalides were prepared and their use in diastereoselective additions to carbonyls was
demonstratedd new synthesis of ibPmetallic reagents has been developed. Finally, the synthetic value

of organoaluminium sesquichlorides could be demonstrated in a newly develaprgplingsseaction.

7.1 Catalysed Aluminium Insertion into Aryl Halides

In summarywe have developed a new practical and convenient synthesis of aryl aluminium reagents by
the direct insertion of Adowder into various aryl halides in the presence of LiCl and catalytic amounts of
certain additives. The choice of the additive deperitie aature of the aryl halide. We investigated the
effect of 44 different additives on the reaction of aryl halides vpthwéér. For aryl bromides TiCl

proved to be the most effective catalyst. Aryl iodides are best converted to aluminium reagedks usin

or BiC} as catalyst. Aryl iodides and heterocyclic bromides bearing carbonyl functionalities are effectively
converted to aryl aluminium reagents by utilizing Bb@Hditive. A broad range of functional groups is
tolerated during the insertiand subsequent functionalization reactions leading to a variety of
pharmaceutically interesting produsthéma3).

Al-powder (3 equiv) 1.) Zn(OAc), (1.5 equiv)

LiCl (3 equiv) _ ,
X catalyst (1-5 mol%) Ay AlzeX THE 2) E* (0.7 equiv) A E
FG—— G— FG——
= THF, 20-50 °C, 1-48 h PEPPSI-Pr (1-2 mol%) =

or CuCN-2LiCl (5-20 mol%)
X=8Br, |
catalyst = TiCly, InCl; BiCl3 PbCl, (44 catalysts in total)
FG =F, Cl, Br, OMe, SMe, NMe,, CO,R, CONR;, CF3, OCF3

“Q oty A e )
4 e
/ A
@F \@({@ " D Fa00” 4
CN o

N__N |
T N?
OMe
8a: 95% 6f: 70% 8j: 76% 8l: 75%
CO,Et m /@ /@ Me
: NO e , ’
\ 2 EtO,C™ Ng ~©\ Et0,C > Et,NOC ;
CHO
F
12¢: 81% 12g: 92% 12d: 88% 12f: 91%

SchemeB83 Additivecatlysednsertion of Aljpowder into aryl halides and subsequent functionalization.
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7.2 Catalysed Aluminium Insertion into Benzylic Halides

In summarywe have developed a new and general synthesis of benzylic aluminium sesquichlorides. These
new reagents cae bonveniently prepared under mild conditions and tolerate a broad range of functional
groups during the insertion and functionalization reaction. Subsequent trapping with various electrophiles
leads to a variety of pharmaceutically interesting compocinds sliarylmethan&sliemé4).

Al-powder (3 equiv) 1.) Zn(OAc), (1.5 equiv)
Ny B ¢l InCl3 (1-5 mol%) ot B AlysCI-THF 2.) E* (0.7 equiv) Fot A E
N THF, 20 °C, 1-24 h ~ PEPPSI-iPr (1-2 mol%) F

or CuCN:-2LiCl (5-20 mol%)
FG=Me, F, Cl, Br, |, OR, SR, CF;

CO,Et
cl / 2 oM
4 7
cl CO,Et ~ Ne N % | o COE
(@] F \r =
Br oM MeO N

e

22a: 89% 22c: 83% 22d: 98% 22i: 78%
CO,Et ™ CF3
MeO , 0.0
A Mes@,,
/ MeO yé \,

veo 105 <

OMe CO,Me

221: 75% 22m: 92% 22j: 82% 22g: 89%

SchemeB4 InCls-mediated insertion of fibwder into benzylic chlorides and subseduectionalization.

Highly functionalized benzylic chlorides or secondary benzylic chlorides which are prone to undergo
Wurtzcoupling can be conveniently converted to benzylic aluminium and zinc reagents in the presence of
ZnChL (Schem@5).

Al-powder (3 equiv)
ZnCl, (1 equiv)

+ :
fo Ny ¢l InCly (1-5 mol%) X [Met]- THF E” (0.7 equiv) S -
_— —_— m0m —_— _
S THF, 20 °C, 1-24 h \F PEPPSI-iPr (1-2 mol%) N

or CuCN-2LiCl (5-20 mol%)
FG =Me, F, Cl, Br, |, OR, SR, CF3 CN, CO4R,
[Met] = Aly;3X or ZnX

F
COZEt EtOZC vl SN OMe
NC Q/& < /©/ ’ \“/\r o] 28 o
\©// /@/, s N\rN { :@? U
NC OMe Y cl
22q: 93% 22s: 74% 22t: 83% 22v: 68%

Scheme85 Aluminium insertion in the presence of ZraBd subsequent functionalization.
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NMR-studies revealed that the aluminium insertion préisence of Zngleads to a mixture of benzylic

aluminium and benzylic zinc reagéfitpure24).

Benzylic protons

from RAICI; \ THF

i Benzylic protons
Benzylic protons
from CHy-Zn from RzAICI

~ |/

2.0 1.5

THF

e

ik I

2.0 7.4 7.0 6.5 6.0 5.5

T T
5.0 4.5

T
4.0 348 3.0 24 20

kR amamareasie e nay
1.8 1.0 0.4

Chemical Shift (ppm)

Figure 24 13C-NMR spectrum showing a mixture of benzylic aluminium and benzylic zinc reagent obtained by th

insertion of Apowder in the presence of ZpCl

Moreover, efficient protocols for the preparation ebéieylic organometallics by direct insertion of Al,

Mg and Zn have been developed. The reagents are obtained in good yields and can be prepared und

mild conditions without the need for dropwise addition. It could be shown that catalytic amousts of InCl

dramatically accelerate the insertion of Al, Mg and Zn into benzylic ctBchedes&6).

Mg (3 equiv)
LiCl (3 equiv)
ZnCl, (2.2 equiv)
ZnCl-MgCly,-LiCl InCl3 (1-5 mol%) Cl
-3V
ZnCI-MgCly°LiCl  THF, 20 °C, 15 min ¢]

24b: 71% 23

Al (3 equiv)
ZnCl, (2.2 equiv)

THF,20°C,1.5h

Zn (3 equiv)
InCl3 (1-5 mol%)
THF,20°C,2.5h

ZnCl
ZnCl

24c: 65%
CO,Et CO,Et
CO,Et CO,Et
CO,Et /\©/ CO,Et
25a: 74% 25b: 69% 25c: 74%

InCls (1-5 mol%)
—_—

Met

©C Met
24a: 70%
Met = Al or Zn

25d: 83%

Scheme86: Mg, Al and Zn can be readily inserted into benzylic chlorides under mild conditions in the presence of

catalytic amounts of InCl
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7.3 Diastereoseéctive Addition of Allylic Aluminium Reagents to Aldehydes and

Ketones

An efficient protocol for the preparation of various allylic aluminium sesquichlorides has been developed.
These allylic reagents undergo diastereoselective addition to carbony! derivatives allowing the construction
of two adacent tertiary and quaternary centers. Remarkably, these reagents show a high nucleophilicity

towards carbonyl groups, but do not attack other functionalities such-gsoufisy nitriles or esters

(Schem&7).
Br
\©\’(Me
Br Al (1.5 equiv) AlysBr-THF O B
InCl3 (1 mol%) 28b (0.7 equiv) z
_InCl; (1 mol%) _28b(0.7equy) :
THF,0°C,2h THF, -78°C, 1 h NF
HO "Me
26b 27b: 82% 29b: 97%, dr: 99:1
CN
ON NO, OH MeoN -
NP NP N v Z
HO' H HO™ "Me Ph OH CO,Et
29d: 99%, dr > 99:1 29e: 95%, dr > 99:1 29j: 98%, dr = 92:8 29m: 96%, dr = 94:6

Scheme87: Allylic aluminium reagents add diastereoselectively to aldehydes and ketones.

Moreover, despite the high nucleophilicity the reagents do not display a high basicity, adding smoothly to
enolizable ketonesvifich usually decompose in the presence of organometallic reagents) and tolerate

even unprotected phendBchiem@&8).

HO
AlysBr-THF \©\
23 CHO  ho
(281, 0.7 equiv) Z
—_—
THF,-78°C,1h NF
27b OH

29n: 92%, 99:1

HO
Ph

pZ
OH

299: 82%, 74:26 29h: 95%, 58:42 290: 64%, 76:24

Scheme88 Allylic aluminium reagents show an excétiearaince towards acidic protons.

The tolerance of unprotected alcohols is a remarkable featareeasnomic protection/deprotection

steps can be avoided. Future studies could include the use of these reageuntseimistryar
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7.4 Catalysed Aluminium Insertion into Alkyl Halides

Preliminary studies have shown thatctitalysé aluminium insertion can be extended to higher alkyl
halides. This is a remarkable improvement as alkyl chains containing more than 4 carbon atoms could
never be conveniently cemted to aluminium sesquihalides by the direct insertion of aluminium powder
(Schem&9).

Al (3 equiv) 1.) Zn(OAc), (1.5 equiv)
LiBr (3 equiv) 2.) Pd(OAc), (2 mol%) CO,Et
P PbCl, (3 mol%) S-Phos (4 mol%)
Br ——— > N "NALBrLiBr THE H
ex

THF, 50 °C, 48 h aao COREt
33c 34c: 88% /©/ 36b: 88%
!
(35b, 0.7 equiv)
OHC
Hex;/@\ @
\
N @/\/

THF, 25 °C, 20 min
36a: 71% 36¢: 79%

Scheme89 Preparation of alkyl aluminium reagents and subsequecbomsy) redmn.

7.5 InCl,-Mediated Preparation of 1;Bimetallics

A remarkable synthesis of-fiighetallics has been achieved by direct insertion of aluminium powder to
aryl and vinyl 1;@ibromides as well asthdromo triflates. These bimetallic reagents coulckdwdly

used for bigunctionalization in a orstep procedure affording interesting products for pharmaceutical or
material scienc€¢hem®&0).

Al (3 equiv)
LiCl (3 equiv)
TMS-CI (5 mol%)

O:Br InX3 (7.5 mol%) OEAIMX.THF I, (excess) O['
—_— R ——

Br THF, 50 °C, 12-24 h AlysX-THF |

X =Br, Cl

37 38: 65% 39a: 92% (60% overall yield)

CO,Et
Me \ MeO \ ©/
\\\/( ]\ CO,Et \@\’\( \@[\\
©/ CO,Et g\COZEt Br\@[\;\/ /O\
4
O/ CO,Et XN CO,Et

48a: 63% 48c: 91% 52m: 60% 529: 87%

00 N 00 O
\\’©/ @ Q Mes\©[\\ CO,Et
Ph Me Me \/l\

52c: 80% 52e: 66% 48e: 70% 52i: 60%

Scheme9Q Preparation ofinylic and aromatic thPmetallics and subsequenifbisctionalizations.
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Furthermore, these new organometallics can be used for cyclization reactions and allow for example the
easy construction of fluorenon8shiem®1).

1.) Zn(OAc), (2 equiv)
2.) Pd(PPcr)13)4 (5 mol%)

Cl
Al (3 equiv) o
R gr LIiCI (3 equiv) R AlysX-THF | R
I:[ InClg (3 mol%) I:[ (53, 2 equiv) O’
sy,
R Br THF,50°C,4-12h R AlyX-THE  THF,20°C, 1h R Q
45a:R=H 46a: R = H: 55% 54a: R = H: 60%
45¢: R = Me 46c: R = Me: 54% 54b: R = Me: 73%

Scheme91 Preparation of 1;Rimetallics and subsequent ring closure viditiabenzoyl chloride.

The formation of 1;Bimetallics has been proven additionally bynaS$ spectrometry. The
spectroscopidata reveals that several aluminates exist in séligiosd5).

100
AICl;
AT,
Al
THF ClI
>
‘0
c
(0]
=
©
c
2
)
(0]
=
[}
S C
4
% @
AICI,Br -
x
THF ClI
' AI,CI
B
0 . . U N '
0 200 400 m/z 600 800

Figure 25 ESFmass spectrometry reveals that several bimetallic aluminates are formed by the insertion of
aluminium into 1;8ihalides oobromotriflates.

Moreover, our results have shown thatslaS8b dramatically enhances the insertion gqiodmer to
aryl halides. Hametallics can also be prepared convenientlyoitbidboromottriflates using Zn and a
catalytic amount of In&/hereas no reaction is occurring in the absence of the Gthlysid?).

Zn (3 equiv)
Zn (3 equiv) C[Bf InCls (7.5 mol%) @Z”X
noreacton ~—————— —
DMPU, 90 °C, 24 h ot DMPU, 50-90°C, 1h 70X
49a 55a: 90%

55a: 70% (THF, LiCl, 50 °C, 12 h)

Scheme92 InCl; promotes the insertion of Zn into aryl halides.
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Several aromaticthdromotriflates can be converted to-thighetallics by the insertion of-fowder in
the presence of LiCl and 1aGchem®3).

R Zn (3 equiv) R
Br LiCl (3 equiv) ZnX
|\\ InCls (7.5 mol%) @
Matfomot%e)
ZNoTf  THF, 20-50 °C, 1-12h P 70x
49 55
X = Br, ClI, OTf-LiCl

ZnX
OO Cl ZnX F ZnX MeOO: ZnX
55b: 57% 55¢: 61% 55d: 55% 55e: 50%
50°C,4h 20°C,1h 20°C,1h 50°C,12h

EtO,C ZnX NC/C[ ZnX
55f: 40% 559: 34%
20°C,4h 50°C,6h

Scheme93 Preparation of 1;8imetalics by direct insertion of Zrowder.

INCl; not only promotes the Zmsertion into aromatiorthdoromotriflates, also other aromatic
bromides can be converted to aryl zinc reagents in a fast8cheayeds). Further studieshould be

undertaken to investigate if a general preparation of aryl zinc reagents from aromatic bromides is possible.

Zn (3 equiv)
0 Zn (3 equiv) LiCl (equiv) o
FsC ZnBr-LiCl LiCl (3 equiv) FsC Br InCls (5 mol%) FsC ZnBr-LiCl
-— _—
THF, 50 °C, 120 h THF, 50 °C, 120 h
59: 25% conversion 58 59: 75% conversion

80 with InCl,
70 -
60 -
50 -

40 -

Conversion %

30 - without InC}
20 -

10 4

100 120 140

0 20 40

60 80
Reaction Time [h]

Scheme94 Effect of InCk on the insertion of Zpowder into the aryl brade58
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7.6 Direct CrossCoupling of Aluminium Sesquihalides

The aluminium sesquichlorides prepared by the direct insertion of aluminium were reluctant to react in
crosscoupling reactions without the presence e$alts. This drawback could be overcome by the use

of the electron rich catalyst Pg@hpp). In summarywe have developed an ateaonomical cross

coupling reaction of aluminium sesquichlorides:, Atldd and benzylic aluminium reagents could be
readily used in the developed protdeochémey).

CO,Me
Al (3 equiv) /@/ CO,Me
LiCl (3 equiv) | O
F4CO I F4CO AlysX-THF
3 @/ InCl (3 mol%) '3 \@/ 2 (70,07 equiv)  T3CO O
THF,50°C, 1h PdCly(ttmpp), (4 mol%)

1j 2j: 75% THF / DMF (1:2) 7:72%

50°C,6h
l Me
CF,4 OMe
meacilieds
N/ MeO CO,Et N/)\OM

73a: 93% 73c: 69% 73e: 70% 73f: 68%

MeO COEt
Fa A OMe /©/
| P Hex

N

e

73d: 78% 75:57%

Scheme9s: Direct crossoupling of aryl, benzyl and alkyl aluminium reagents usigitRge)
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C. EXPERIMENTAL SECTION
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C. EXPERIMENTAL SECTION

1 GENERAL CONSIDERATIONS

All reactions were carriedit with magnetic stirring and, if air and moisture sensitider argon or

nitrogen atmosphere in glassware dried with a heat gun. Syringes and needles which were used to transfer
anhydrous solvents or reagents were purged three times with argogeor piitor to usédigh vacuum

refers to a pressure of 92I@ibar. Indicated yields refer to isolated yields of compounds estimated to be

of >95% purity as determined ¥{*NMR spectroscopy or capillary GC, unless otherwise stated.

1.1 Solvents

Solvents werdried according to the standard procedures by distillation over drying agents and then
stored under inert atmosphere (argon or nitrogen) over molecular sieves (4A) purchased from ACROS.

CHCl, was predried over Ca@hd distilled from CaH

DMF was heizd to reflux for 14 h over Cakind distilled from CaH

DMPU was heated to reflux for 14 h over gahtl distilled from CaH

EtOH was treated with phthalic anhydride (25 g/L) and sodium, heated to reflux for 6 h and distilled.
Et,O was predried ovealcium hydride and dried with the solvent purification systed0@P8om
INNOVATIVE TECHNOLOGIES INC.

NMP was predried over Ca@hd distilled from Ca

Pyridine was dried over KOH and distilled

THF was continuously refluxed and freshly distitiad $§odium benzophenone ketyl under nitrogen.
Toluene was predried over Ca@hd distilled from Cat

NEt ;s was dried over KOH and distilled

Solvents for column chromatography (pentane, isohexgdeEEDAc and DCM) were distilled on a

rotary evaporatgrior to use.

1.2 Reagents

All reagents were obtained from commercial sources and used without further purification unless
otherwise statedluminiumpowder (99%, 200 mesh) was purchased from ALDRICH or CHEMPUR.
Magnesium turnings (>99.5%) and zinc dufiy®9wvere purchased from RIEDIBIE HAEN. InCl;

(99.99%, anhydrous), IRB89.99%, anhydrous) and Bh©D.999%, anhydrous) were purchased from
CHEMPUR. BiG (98%+, anhydrous) and Zn(OA¢Y9%, anhydrous) were purchased from ACROS.
TiCly was purchasedoin ACROS and distilled prior to use. CUCN and Zw€fe obtained from

FLUKA. LiCl (99%) was obtained from GRUSSI@@bH (Filsum, Germany)

/-PrMgCI-LiCl solution in THF was purchased from CHEMETALL.
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PhMgCI solution in THF was purchased from CHEMETALL.

rn-BuLi solution in hexane was purchased from CHEMETALL.

CuCN-2 LiClI solution (1.0&) was prepared by drying CuCN (80.0 mmol, 7.17 g) and Li@inid60

6.77 g) in &chlentube under vacuum at 140 °C for 5 h. After cooling, 80 mL dry THF were added and
stirring was continued until the salt was dissolved.

ZnCl; solution (1.0&) was prepared by drying Za(tl00 mmol, 136 g) inSthlerfkask under vacuum

at 140 °C for 5 h. After cooling, 100 mL dry THF were added and stirring was continued untibthe salt
dissolved.

1.3 Content Determination of Organometallic Reagents

Organozineand organomagnesium reagents were titrated agaifisifF or DCM.

The amount of organolithium reagent in solution was determined according to Parquette.

The amount obrganoaluminium reagent in solution was determined by reacting an aligadd (@5
of the solution containing the aluminium reagent with an excess ®HF at 20°C and subsequent
backtitration of b using a 0.1 N N&O3 stock solution.

1.4 Chromatography
Thin layer chromatography(TLC) was performed using aluminium plates coated witliMERCK
60, F254). The spots were visualized either by UV light or by using one of the typical stains followed by

heating with a heat gun if necessary.

- KMnO4 (3.0 g), 5 drops of conc.$0, in water (300 mL).
- Phosphomolybdic acid (5.0 g), Ce)g@.0 g) and conc..HQ: (12 mL) in water (230L).

Flash column chromatographywas performed using silica &®I(0.04@& 0.063mm, 2303 400 mesh
ASTM) from MERCK.

1.5 Analytical Data

H-NMR and 1C-NMR spectra were recorded on VARIAN Mercury 200, BRUKER ARX 300,
VARIAN VXR 400 S and BRUKER AMX 600 instruments.

Mass spectroscopy High resolution (HRMS) and low resolution (MS) spectra were recorded on a

FINNIGAN MAT 95Q instrument. Electron impact ionization (El) was conducted with an electron

187H.S. Lin, L. A. Paquett8ynthCommut994 24, 25@.
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energy of 70 eV. For the combination of gas chromatography with mass spectroscopic detection, a
GC/MS from HewlettPackard HP 6890 / MSD 5973 was used.

Infrared spectra (IR) werrecorded from 4500 érto 650 cnt on a PERKIN ELMER Spectrum BX
59343 instrument. For detection a SMITHS DETECTION Dura$aripDiamond ATR sensor was

usedWavenumbers are reportedin?.

Melting points (mp) were determined on a BUCHBEBOapparatus and are uncorrected.
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2 TyYPICAL PROCEDURES

2.1 Typical Procedure for the TiC] & Catalysed Aluminium Insertion into Aryl
Bromides (TP1).

LiCl (1.58 3 equiv) was placed in an argon fluSwdenrftask and dried 8 10 min by heating with a

heat gun @0 °C) under high vacuum. Aluminium powder (3 equiv) was added under argon and the
drying process was repeated for 5 min. The flask was evacuated and backfilled with argon three times
before THF (16 2mL/ mmol) was added, along with a solution of tfeysafTiCl 1 M solution in

toluene, 3no0l%) and internal standard (heptadecane). TM&@IYJ was added and the reaction
mixture heated with a heat gun until ebullition occurred. When the reaction mixture had been cooled
down to room temperature (20) the starting material €duiv) was added in one portion and the
reaction mixture stirred at the indicated temperature. The progress of the insertion reaction was
monitored by GC analysis of hydrolysed reaction aliquots quenched witMHa ¢atureed agueous

NH4CI solution until a conversion of >95% was reached. The aluminium powder was allowed to settle
down and the remaining solution containing the aluminium reagent was used for further reactions.

2.2 Typical Procedure for the InC} d CatalysedAluminium Insertion into Aryl lodides
(TP2).

LiCl (1.56 3 equiv) was placed in an argon fluSwderftask and dried 8 10 min by heating with a

heat gun (450 °C) under high vacuum. The catalyst 8m®@l%) was added under argon and the drying
process was repeated for 5 min. Aluminium powdmgui8) was added under argon and the drying
process was again repeated for 5 min. The flask was evacuated and backfilled with argon three times
before THF (10 2mL/ mmol) was added, along with the intestethdard (heptadecane). TMSCI (3

mol%) was added and the reaction mixture heated with a heat gun until ebullition occurred. When the
reaction mixture had been cooled down to room temperati@) (@@ starting material quiv) was

added in one portioand the reaction mixture stirred at the indicated temperature. The progress of the
insertion reaction was monitored by GC analysis of hydrolysed reaction aliquots quenched Mith HCI (2

or saturated aqueous B solution until a conversion of >95% weaached. The aluminium powder

was allowed to settle down and the remaining solution containing the aluminium reagent was used for

further reactions.
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2.3 Typical Procedure for theBiCl, d Catalysed Aluminium Insertion into Aryl lodides
(TP3).

LiCl (1.506 3 equiy was placed in an argon flusBetilenftask and dried 8 10 min by heating with a

heat gun (450 °C) under high vacuum. The catalyst 8BiGI%) was added under argon and the drying
process was repeated for 5 min. Aluminium powder (3 equiv) whsrdieleargon and the drying
process was again repeated for 5 min. The flask was evacuated and backfilled with argon three times
before THF (18 2mL/ mmol) was added, along with the internal standard (heptadecane). TMSCI
(3mol%) was added and the remctnixture heated with a heat gun until ebullition occurred. When the
reaction mixture had been cooled down to room temperati@) (@@ starting material quiv) was

added in one portion and the reaction mixture stirred at the indicated temjémtpregress of the
insertion reaction was monitored by GC analysis of hydrolysed reaction aliquots quenched Mith HCI (2
or saturated aqueous A solution until a conversion of >95% was reached. The aluminium powder
was allowed to settle down and rbaining solution containing the aluminium reagent was used for

further reactions.

2.4 Typical Procedure for the PbCld Catalysed Aluminium Insertioninto Aryl- and
Heteroaryl Halides (TP4).

LiCl (1.56 3 equiv) was placed in an argon fluSwdertask ad dried 50 10 min by heating with a

heat gun (450 °C) under high vacuum. XB@&lol%) was added under argon and the drying process was
repeated for 5 min. Aluminium powdee@8iv) was added under argon and the drying process was again
repeated for Bnin. The flask was evacuated and backfilled with argon three times befored THF (1
2mL/ mmol) was added, along with the internal standard (heptadecane). TMSCI (3 mol%) was added
and the reaction mixture heated with a heat gun until ebullition occlneedh®@/reaction mixture had

been cooled down to room temperature@Qhe starting material (1 equiv) was added in one portion

and the reaction mixture stirred at the indicated temperature. The progress of the insertion reaction was
monitored by GC ahgsis of hydrolysed reaction aliquots quenched with MJlq@2saturated aqueous

NH 4CI solution until a conversion of >95% was reached. The aluminium powder was allowed to settle

down and the remaining solution containing the aluminium reagent wasfust@f reactions.

2.5 Typical Procedure for the Catalysed Aluminium Insertionnto Aryl Halides using
extended PiSystemgTP5).

LiCl (1.58 3 equiv) was placed in an argon fluSwderftask and dried 8 10 min by heating with a
heat gun (450 °C) under high vacuum. Aluminium powee€ui(@ was added under argon and the
drying process was again repeated for 5 min. The flask was evacuated and backfilled with argon three

times before TH (18 2mL/ mmol) was added, along with the internal standard (heptadecane). TMSCI
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(3 mol%) was added and the reaction mixture heated with a heat gun until ebullition occurred. When the
reaction mixture had been cooled down to room temperatd@) @8 starting material (1 equiv) was

added in one portion followed by the catahatrfi, 1-5 mol%) and the reaction mixture stirred at the
indicated temperature. The progress of the insertion reaction was monitored by GC analysis of hydrolysed
reaction aligots quenched with HCI k&) or saturated aqueous MH solution until a conversion of

>95% was reached. The aluminium powder was allowed to settle down and the remaining solution
containing the aluminium reagent was used for further reactions.

2.6 Typical Procedure for Cros€Coupling Reactions of Aryl Aluminium Reagents
(TP6)

The aluminium reagent prepared according to the typical prodd&lLéeEP5 was separated from the
remaining aluminium powder and transferred to a new flask containing anhydroay ZnECaguiv).

The resulting suspension was stirred for 20 minutes@th2®ore a solution of the electrophile {0.6

0.7 equiv) and PEPRI®r (18 2 mol%) in THF or NMP was added. The reaction mixture was stirred at
the indicated temperature untiC @nalysis of hydrolysed reaction aliquots quenched with M)Cbr(2

sat. aqueous NBI solution showed completion of the reaction. After completion of the reaction HCI
(2M) or sat. aqueous NEI solution (approx. mL/ mmol) was added and the aqueaysrlwas
extracted with diethyl ether. The combined organic extracts were condentrateand the crude
residue was purified by flash column chromatography.

2.7 Typical Procedure forAllylation Reactions of Aryl Aluminium Reagents (TR)

The aluminium regent prepared according to the typical proced@®E8 TP5 was separated from the
remaining aluminium powder and transferred to a new flask containing anhydrous Zn&0skg)iv).

The resulting suspension was stirred for 20 minutes’@ttore a dotion of CuCN-A.iCl (1M

solution in THF, 3 20 mol%) was added at the indicated temperature, followed by the addition of the
allylic electrophile (038.7 equiv). The reaction mixture was stirred at the indicated tempataiGe
analysis of hydlysed reaction aliquots quenched with H®)(Rattention: HCN is formed!) or sat.
aqueous NECI solution showed completion of the reaction. After completion of the reactiorMjCl (2

or sat. aqueous NBI solution (approx. mL/ mmol) was added and thgueous layer was extracted
with diethyl ether. The combined organic extracts were concentradedand the crude residue was

purified by flash column chromatography.
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2.8 Typical Procedure for the InC}] & Catalysed Aluminium Insertion into Benzylic
Chlorides (TP8)

INCl; (1 8 5 mol%) was placed in an argon flushelderftask and dried 8 10 min by heating with a

heat gun (450 °C) under high vacuum. Aluminium powder (3 equiv) was added under argon and the
drying process was repeated for 5 min. Thevilaskevacuated and backfilled with argon three times
before THF (2nL/ mmol) was added, along with the internal standard (heptadecane). Th86) (3

was added and the reaction mixture heated with a heat gun until ebullition occurred. When the reaction
mixture had been cooled down to room temperatursC2bie benzylic chloride €djuiv) was added in

one portion and the reaction mixture stirred at the indicated temperature. The progress of the insertion
reaction was monitored by GC analysis of hydialgaetion aliquots quenched with HQW§B8until a

conversion of >95% was reached. The aluminium powder was allowed to settle down and the remaining

solution containing the benzylaluminium reagent was used for further reactions.

2.9 Typical Procedure for theInCl; 0 Catalysed Aluminium Insertion into Benzylic
Chlorides in the Presence of ZnG(TP9)

INCl; (18 5 mol%) was placed in an argon flushelder#task and dried 8 10 min by heating with a

heat gun (450 °C) under high vacuum. Aluminium powderi{3 e@s added under argon and the

drying process was repeated for 5 min. The flask was evacuated and backfilled with argon three times
before THF (InL/ mmol) and ZnGlsolution (IM in THF, 1mL/ mmol) was added, along with the

internal standard (hegecane). TMSCI (B0l%) was added and the reaction mixture heated with a heat

gun until ebullition occurred. When the reaction mixture had been cooled down to room temperature
(20°C) the benzylic chloride €fjuiv) was added in one portion and the reactigture stirred at the

indicated temperature. The progress of the insertion reaction was monitored by GC analysis of hydrolysed
reaction aliquots quenched with HCM{j28 until a conversion of >95% was reacfdtk aluminium

powder was allowed to settle down and the remaining solution was used for further reactions.

2.10 Typical Procedure for the InC} 8 Catalysed Aluminium Insertion into Bis-Benzylic
Chlorides in the Presence of ZnG(TP10)

InCls (10 5 mol%) waslpced in an argon flush8dhler#task and dried 8 10 min by heating with a

heat gun (450 °C) under high vacuum. Aluminium powder (3 equiv) was added under argon and the
drying process was repeated for 5 min. The flask was evacuated and backdittpzhtfittee times

before ZnGCtsolution (M in THF, 2mL/ mmol) was added, along with the internal standard
(heptadecane). TMSCIn(8l%) was added and the reaction mixture heated with a heat gun until

188Quenching witlsat. aqueous NEI solution results in several sigdatsigGC-analysiand hinders the monitoring process.
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ebullition occurred. When the reaction mixture lead lbooled down to room temperature®(0the
bisbenzylic chloride @quiv) was added in one portion and the reaction mixture stirred at the indicated
temperature. The progress of the insertion reaction was monitored by GC analysis of hydrolysed reacti
aliquots quenched with HCINB88 until a conversion of >95% was reached. The aluminium powder

was allowed to settle down and the remaining solution was used for further reactions.

2.11 Typical Procedure for the InCl; 8 Catalysed Aluminium Insertion into Allylic
Bromides (TP11)

INCl; (1 8 5 mol%) was placed in an argon flushelderftask and dried § 10 min by heating with a

heat gun (450 °C) under high vacuum. Aluminium powder (1.5 equiv) was added urated Hrgon

drying process was repeated for 5 min. The flask was evacuated and backfilled with argon three times
before THF (2.5nL/ mmol) was added, along with the internal standard (heptadecane). TMSCI
(83mol%) was added and the reaction mixture heatech vaglat gun until ebullition occurred. After

stirring for 5 min the reaction mixture was cooled dowrf@ahd a solution of the allylic bromide
(Lequiv) in THF (2.8.1L / mmol) was added with a syringe pump over a periot.dfte progress of

the inseion reaction was monitored by GC analysis of hydrolysed reaction aliquots quenched with HCI
(2M) until a conversion of >95% was reached. The aluminium powder was allowed to settle down and

the remaining solution containing the allylaluminium reagargesder further reactions.

2.12 Typical Procedure for the InCl; 8 Catalysed Aluminium Insertion into Allylic
Chlorides (TP12)

INCl; (1 8 5 mol%) was placed in an argon flusheluer#task and dried 8 10 min by heating with a

heat gun (450 °C) under higicvum. Aluminium powder (1.5 equiv) was added under argon and the
drying process was repeated for 5 min. The flask was evacuated and backfilled with argon three times
before THF (2.5nL/ mmol) was added, along with the internal standard (heptadecar@). TMS
(3mol%) was added and the reaction mixture heated with a heat gun until ebullition\&teurren

reaction mixture had been cooled down to room temperati@) (2Gsolution of the allylic chloride

(Lequiv) in THF (2L / mmol) was added and ethreaction mixture stirred at the indicated
temperature. The progress of the insertion reaction was monitored by GC analysis of hydrolysed reaction
aliquots quenched with HCIND until a conversion of >95% was reached. The aluminium powder was
allowed tosettle down and the remaining solution containing the allylaluminium reagent was used for

further reactions.
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2.13 Typical Procedure for the Addition Reaction of Allylic Aluminium Reagents to
Aldehydes and Ketones (TP13)

The aluminium reagent prepared accgrdirihe typical proceduréBllandTP12was separated from

the remaining aluminium powder and added dropwise to a new flask containing a solution of the
corresponding aldehyde or ketone (0.7 equiv) in THF (1.5 mL / equi®)@t The reaction mixture

was stirred at78 °C for 32 h and therslowly warmed to Z@ before being quenched with water

(2.5mL / equiv). The aqueous layer was extracted with ethyl acetate and the combined organic extracts
were concentratéd vacud he crude residue was purified by flash column chromatography.

2.14 Typical Procedure for the PbCl, 8 Catalysed Aluminium Insertion into Alkyl
Halides (TP14)

LiCl (1.56 3 equiv) was placed in an argon fluSdwdentask and dried 8 10 min by heating with a

heat gun (450 °C) under high vacuum. RB@iol%) was added undagon and the drying process was
repeated for 5 min. Aluminium powdee@8iv) was added under argon and the drying process was again
repeated for 5 min. The flask was evacuated and backfilled with argon three times befale THF (1
2mL/ mmol) was addedlong with the internal standard (heptadecane). TMSCI (3 mol%) was added
and the reaction mixture heated with a heat gun until ebullition occurred. When the reaction mixture had
been cooled down to room temperature®@Qthe starting material (1 equas added in one portion

and the reaction mixture stirred at the indicated temperature. The progress of the insertion reaction was
monitored by GC analysis of hydrolysed reaction aliquots quenched witMH@ ¢aturated aqueous

NH4CI solution until aonversion of >95% was reached. The aluminium powder was allowed to settle

down and the remaining solution containing the aluminium reagent was used for further reactions.

2.15 Typical Procedure for CrossCoupling Reactions of Akyl Aluminium Reagents
(TP15)

The aluminium reagent prepared according to the typical prot@ddrevas separated from the
remaining aluminium powder and transferred to a new flask containing anhydrous @n&0skg)iv).

The resulting suspension was stirred for 20 min°& Béfoe a solution of the electrophile (6.6.7

equiv), Pd(OAg)2 mol%) and-£hos (4 mol%) in THF was added. The reaction mixture was stirred at
the indicated temperature until GC analysis of hydrolysed reaction aliquots quenched whth HCI (2
showed comption of the reaction. After completion of the reaction HEI) (@r sat. aqueous NE

solution (approx. thL/ mmol) was added and the aqueous layer was extracted with ethyl acetate. The
combined organic extracts were concentnategicuand the crudeesidue was purified by flash column

chromatography.
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2.16 Typical Procedure for the Preparation of Vinyt Bimetallics (TP16)

LiCl (3 equiv) was placed in an argon fluSkater#task and dried 810 min by heating with a heat gun

(450 °C) under high vacuum. Aluminium powdeq@8/) was added under argon and the drying process

was again repeated for 5 min. The flask was evacuated and backfilled with argon three timés before TH
(10 2mL/ mmol) was added, along with the internal standard (heptadecane). TMSCI (3 mol%) was
added and the reaction mixture heated with a heat gun until ebullition occurred. When the reaction
mixture had been cooled down to room temperatufCj20e starting material (1 equiv) was added in

one portion followed by the InB(7.5 mol%) and the reaction mixture stirred at the indicated
temperature. The progress of the insertion reaction was monitored by GC analysis of hydrolysed reaction
aliquots quered with HCI (M) or saturated aqueous MH solution until a conversion of >95% was
reached. The aluminium powder was allowed to settle down and the remaining solution containing the

aluminium reagent was used for further reactions.

2.17 Typical Procedure forthe Preparation of Aromatic Bimetallics from Dibromides
(TP17)

LiClI (3 equiv) was placed in an argon fluSkatérttask and dried 810 min by heating with a heat gun

(450 °C) under high vacuum. CL5 mol%) was added and the drying processpeaseckfor 2 min.
Aluminium powder (8quiv) was added under argon and the drying process was again repeated for 5 min.
The flask was evacuated and backfilled with argon three times beforé ZIHE (Immol) was added,

along with the internal standahgtadecane). TMSCI (3 mol%) was added and the reaction mixture
heated with a heat gun until ebullition occurred. When the reaction mixture had been cooled down to
room temperature (2C) the starting material (1 equiv) was added in one portion andctimn re
mixture stired at 50C. The progress of the insertion reaction was monitored by GC analysis of
hydrolysed reaction aliquots quenched with H®I) (@ saturated aqueous MH solution until a
conversion of >95% was reached. The aluminium powseallaaed to settle down and the remaining

solution containing the aluminium reagent was used for further reactions.

2.18 Typical Procedure for the Preparation Aromatic Bimetallics fronm-Bromo-Triflates
(TP18)

VariantA: Preparation in the presence of LiGTI B equiv) was placed in an argon fluSkaterttask

and dried ® 10 min by heating with a heat gun (450 °C) under high vacuum. Continue wif. variant
VariantB: InCk (7.5 mol%) was placed in an argon fluSlclterttask and dried ®in by heating with a

heat gun (450 °C) under high vacuum. Aluminium powee€ui(@ was added under argon and the

drying process was again repeated for 5 min. The flask was evacuated and backfilled with argon three

times before THF (@ 2mL/ mmol) was added, along with the internal standard (heptadecargl). TMS
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(3 mol%) was added and the reaction mixture heated with a heat gun until ebullition occurred. When the
reaction mixture had been cooled down to room temperati@) (@@ tiflate (1 equiv) was added in

one portion and the reaction mixture stirred at 50 °C. The progress of the insertion reaction was
monitored by GC analysis of hydrolysed reaction aliquots quenched witMH@H ¢aturated aqueous

NH.CI solution until a caersion of >95% was reached. The aluminium powder was allowed to settle

down and the remaining solution containing the aluminium reagent was used for further reactions.

2.19 Typical Procedure for the Direct CrossCoupling of Aluminium Reagents using
PdCL(ttmpp),(TP19)

The aluminium reagents prepared according to the typical prodé&tlue3 P4, TP7, TP10were

separated from the remaining aluminium powder and transferred to a new flask containing a solution of
the electrophile (0d0.7 equiv) and Pd@tmpp) (20 4 mol%) in DMF (amount was varied to achieve

an overall THF/DMF mixture of 1:1 or 1:2). The reaction mixture was stirred at the indicated
temperature until GC analysis of hydrolysed reaction aliquots quenched witkl)HZIS&. aqueous

NH4CI solution showed completion of the reaction. After completion of the reactionMjGir(8at.

aqueous NECI solution (approx. iL/ mmol) was added and the aqueous layer was extracted with
diethyl ether or ethyl acetate. The combined organic eweaetsoncentratéd vacuand the crude

residue was purified by flash column chromatography.
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3 PRODUCT SYNTHESIS AND ANALYTICAL DATA

3.1 TiCl,d Catalysed Aluminium Insertion into Aryl Bromides

3.1.1 1[3'-(Trifluoromethyl)biphenyl-4-yllethanone (Ga)189

OO
Me

FsC

The aluminium reageda was pepared according TP1 from 3-bromobenzotrifluorid¢3a 455mg,
2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and TiGl (1M solution in toluene,
0.06mL, 0.0e6mmol) The reactin was carried out indL THF at 5¢°C for 4h. The crossoupling
reaction was carried out accordingT®R6 using Zn(OAg) (556mg, 3mmol) and a solution of
4-iodoacetophenon®a 350mg,1.4mmol) and PEPPSPr (19 mg, 0.028 mmol) in THF (01d.). The
reaction mixturevas stirred &5°C for 0.5h and quenched with sat. agueous@dolution (InL) and
HCI (2M, 1 mL).Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = 10:1)
afforded6aasyellowish liquig¢302mg,82%).

H-NMR (400 MHz, CDG) dppm: 8.06 (dJ= 8.6 Hz 2H), 7.86%, 1H), 7.80 (d,= 7.6 Hz 1H), 7.69

(d,J= 8.6 Hz 2H), 7.66 (dJ= 7.6 Hz 1H), 7.59 (t)= 7.6 Hz 1H), 2.65 (s, 3H)

1C-NMR (100 MHz, CDG) /gpm 197.6, 144.1, 140.7, 136.4, 131%=(§2 Hz), 130.5 (q]= 1 Hz),
129.5,129.1, 127.3, 124.8494 Hz), 124.0 (q]= 4 Hz), 123.9 (g]= 273Hz), 26.7

MS (El, 70 eV)m/z (%): 264 (22m*], 250 (15), 249 (100), 221 (16), 201 (31), 152 (25), 69 (11), 57 (13),
55 (12), 44 (23).

HRMS (El) for Ci5H11F30: calculated264.076Xound 264.0763

FT-IR (DiamondATR, neat) / cm® 3069 (VW), 2927 (VW), 1684 (S),1607 (M), 1565(VW), 1516

(VW), 1486(VW), 1441(W), 1400(W), 1360(W), 1335(VS),1310(W), 1258(VS),1166(S),1124(VS),
1098(M), 1076(M), 1035(W), 1014(VW), 1002 (VW), 958 (W), 904 (W), 844 (W), 825 (W), 801 (M), 694
(M), 656 (W).

3.1.2 3'-(Trifluoromethyl)-[1,1-biphenyl]-4-carbonitrile (6b)

Oon

FsC

The aluminium reageda was pepared according TP1 from 3-bromobenzotrifluoridé3a, 4550mg,
20 mmol) LiCl (1280ng, 30mmol), Alpowder (162éng, 60mmol) and TiGI(1 M solution in toluene,
0.6mL, 0.6mmol) The reaction was carried out in 40 mL THF &Cstbr 12h. The crossoupling

reaction was carried out accordingT®R6 using Zn(OAg) (556mg, 3mmol) and a solution of

189This experiment has been perforpadlyby Dr.Y-H. Chen and is given here for the sake of completeness.
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4-bromobenzonitrilg¢sb, 3500mg, 14mmol) and PEPPSPr (90mg, 0.28 mmol) ifHF (5mL). The
reaction mixturgvas stirred &5°C for 12 h and quenched with sat. aqueous@solution (@ mL)
and HCI (2 M, @mL). Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether =
10:1)afforded6b aswhite solid2907mg,84%).

mp: 7981 °C.

IH-NMR (300 MHz, CDCl3) dppm: 7.837.80 (m, 1H), 7.7B.76 (m, 1H), 7.76.69 (m, 4H), 7.6B65
(m, 1H), 7.64.57 (m, 1H).

1C-NMR (75 MHz, CDCls) /ppm: 144.1, 139.9, 132.8, 131.632 Hz), 130.5 (d= 1 Hz), 129.7,
127.8,125.3 (= 4 Hz), 124.0 (dl= 4 Hz), 123.9 (g}= 272 Hz), 118.6, 111.9.

1¥-NMR (282 MHz, CDCl3) /ppm: -62.73.

MS (El, 70 eV)m/z (%):248 (16), 247 (100), 226 (11), 177 (12), 43 (22).

HRMS (EI) for CiaHgFsN: calculated247.060%pund 247.0585

FT-IR (Diamond-ATR, neat)’ / cmi: 3064(VW), 2227(W), 1848(VW), 1732(VW), 1608(W), 1594
(VW),1485(W),1438(W),1404(W),1332(S),128%W),1274(M), 1261(M), 1218(VW),1199(W),1178
(M), 1162(S),1123(VS),1097(S),1076(S),1037(M), 1019(W),970(W),954(W),925 (W), 846 (M), 835
(W), 828 (M), 805 (S), 731 (W), 702 (S), 658 (VW)

3.1.3 Methyl 2'-fluorobiphenyl-4-carboxylate Gc)18°

=
The duminium reagemtb was pepared according ¥P1 from 1-bromo-2-fluorobenzene3p, 354mg,
2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and TiGl (1M solution in toluene,
0.06mL, 0.06mmol) The reaction was carried out imd THF at 3C°C for 3.5h. The crossoupling
reaction was carried out accordin@Ré using Zn(OAg)(556mg, 3mmol) and a solution ofathyl 4
bromobenzoate5¢, 304mg, 1.4 mmol) and PEPRBI (19mg, 0.028 mmol) imHF (0.5mL). The
reaction mixturevas stirred at 3@ for 2h and quenched with sat. aqueous@dolution (InL) and
HCI (2M, 1 mL). Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = 20:1)
afforded6c as whitesolid (301 mg, 93%)

mp: 6769 °C.

H-NMR (400 MHz, CDG) dppm: 8.10 (dJ = 8.5 Hz 2H), 7.61 (dJ = 8.5 Hz 2H), 7.44 (td,)=
7.7Hz,J= 2.0 Hz 1H), 7.397.31 (m, 1H), 7.2ZB.11 (m, 2H), 3.93 (s, 3H)

1C-NMR (100 MHz, CDG) /ppm: 166.8, 159.7 (d,= 249 Hz), 140.4 (dJ = 1 Hz), 130.6 (d,
J=3Hz), 129.8 (d]= 8 Hz), 129.7, 129.2, 129.0Jd, 3 Hz), 128.0 (d]= 13Hz), 124.5 (d]= 4 Hz),
116.2 (dj= 23Hz), 52.1

MS (El, 70 eV)m/z (%) 230 (60) [M*], 200(20), 199(100, 171(38), 170(46), 111(11), 97 (16), 85 (16),
83 (19), 82 (10), 71 (13), 69 (18), 57 (24), 55 (19), 44 (22)
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HRMS (El) for GH11FO,: calculated230.0743pund 230.0718.

FT-IR (DiamondATR, neat) / cm 3064(VW),3003(VW),2952(VW), 2903(VW), 2847(VW), 1934

(VW), 1806(VW),1720(VS),1612(W),1584(VW), 1516(VW),1484(M), 1453(W), 1437(M), 1403(W),
1316(W),1280(VS),1252(M), 1210(W), 1190(W), 1158(VW), 1114(M), 1102(M), 1042(VW), 1024
(VW),1008(W),968(VW), 868 (VW), 857 (VW), 832 (W), 818 (W), 778 (W), 756 (M), 727 (W), 703 (W).

3.1.4 2-Methoxy-4'-nitrobiphenyl (6d)

OMe
The aluminium reage#At was pepared according TP1 from 2-bromoanisol€3c, 382mg, 2mmol),
LiCl (128mg 3mmol), Atpowder (162ng, 6mmol) and TiGl (LM solution in toluene, 0.06L,
0.06mmol) The reaction was carried out im2 THF at 5¢°C for 20h. The crossoupling reaction was
carried out according TP6 using Zn(OAg) (556mg, 3mmol) and a solution ofiddonitrobenzene
(5d, A9 mg, 1.4 mmol) and PEPFBI (19mg, 0.028 mmol) in THF (@L). Thereaction mixturevas
stirred at 0C for 2 h and quenched with sat. aqueougONkblution I mL) and HCI (24, 1mL). Flash
column chromatgraphtal purificatioron silica gel (pentane/diethyl ether = 18fforded6d asorange
solid(255mg,80%%).

mp: 5960 °C.

H-NMR (300 MHz, CDG) dppm: 8.28 (dJ= 9.1 Hz 2H), 7.72 (dJ= 9.1 Hz 2H), 7.477.32 (m,
2H), 7.147.02(m, 2H), 3.86 (s, 3H).

1C-NMR (75 MHz, CDG) d ppm 156.4, 146.7, 145.5, 130.7, 130.3, 130.2, 128.3, 123.2, 121.1, 111.5,
55.6.

MS (El, 70 eV)m/z (%):230(13), 229 (100)m+], 168(39), 139(20).

HRMS (EI) for C13H1:NO3: calculated: 229.0789%ynd:229.0721.

FT-IR (DiamondATR, neat) / cm?: 3066(W),2925(W),2843(W),1598(M), 1580(W),1517(M), 1504
(S),1480(M), 1454(M), 1435(W), 1401(W),1347(S),1313(M), 1303(M), 1266(S),1237(S),1186(M),
1165(M), 1144(W),1124(M), 1112(M), 1100(M), 1055(M), 1022(M), 1008(M), 957(W),928(W), 854
(S),842(M), 825(M), 798(M), 759(M), 745(S),729(VS),695(S),645(W),630 (W)

3.1.5 2'-Methoxy-[1,1-biphenyl]-4-carbonitrile (6€)

asas

OMe
The aluminium reageaAt was pepared according TP1 from 2-bromoanisolg€3c, 382mg, 2mmol),
LiCl (128mg, 3mmol), Atpowder (162ng, 6mmol) and TiGl (1M solution in toluene, 0.06L,
0.06mmol) The reaction was carried out im2 THF at 50°C for 20h. The crossouplng reaction was
carried out according T@P6 usingZn(OAc) (556mg, 3mmol) and a solution oflfomobenzonitrile
(5b, 255mg, 1.4 mmol) and PEPHBI (19mg, 0.028 mmpin THF @ nL). Thereaction mixturevas
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stirred at20°C for 2 hand quenched with sat. aqueous®lt$olution (InL) and HCI (M, 1mL).
Flash columrchromatographbal purificatioron silica gel (pentane/diethyl ether = 18ffigrded6e as
white solid229mg,78%).

mp: 79-82°C.

H-NMR (400 MHz, @GDs) dppm: 7.157.12 (m, 2H), 7.0803 (m, 3H), 6.96.94 (m, 1H), 6.8278
(m, 1H), 6.5®.47 (m, 1H), 3.11 (s, 3H).

1C-NMR (75 MHz,CsD¢) dppm: 157.0, 143.6, 132.0, 131.2, 13R0U.,3, 129.521.5, 121.5, 119.4,
111.9, 111.4, 55.3.

MS (El, 70 eV)Im/z (%): 210 (13), 209 (10QY], 194 (34), 166 (14), 140 (11).

HRMS (EI) for G4H1:NO: calculated: 209.0841, found: 209.0833

FT-IR (DiamondATR, neat) / cm?: 3406(VW), 3060(VW), 3006(W),2960(W),2931(W),2834(VW),
2230(M), 2040(VW),1922(VW),1813(VW), 1678(VW),1605(M), 1582(W),1509(W), 1484(M), 1455
(M), 1434(M), 1400(W), 1362(VW), 1304(W), 1293(W), 1266(M), 1248(M), 1230(S),1175(M), 1167
(M), 1125(M), 1108(W), 1056(M), 1022(M), 1008(M), 975(W), 960(W), 950(W), 848(M), 840(M),
814(W),802(W),773(M), 758(VS),727(M),674(W), 648 (W).

3.1.6 4-(4-Chloro-2-methoxybenzoyl)benzonitrile (6)18°

Cl\,\ﬂ/‘”c'\l

OMe O
The aluminium reageatl was pepared according idP1 from 2-bromo5-chloroanisole(3d, 452mg,
2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and TiGl (1M solution in toluene,
0.06mL, 0.06mmol) The reaction was carried out in 4 mL THF atGf@or 6.5n. One half of the
solution containing the aluminium reagent was used for the subsequent reaction. The acylation reaction
was carried out according TP6 using Zn(OAg) (556mg, 3mmol) and a solan of S(4
chlorophenyl¥-cyanobenzothioatee 192mg,0.7mmol) and PEPPSPr (10 mg, 0.014 mmol) in THF
(0.5mL). Thereaction mixturavas stirred a25°C for 1h and quenched with sat. aqueousNH
solution (ImL) and HCl (M, 1mL). Flash colum chromabgraphtal purificationon silica gel
(pentane/diethyl ether = 6:dfforded6f asyellowistsolid(134mg,70%).

mp: 118119°C.

H-NMR (400 MHz, CDG) dppm: 7.82 (dJ= 8.6 Hz 2H), 7.72 (dJ= 8.6 Hz 2H), 7.38 (dJ =

8.2Hz, 1H), 7.07 (dd)=8.2Hz,J= 1.9 Hz 1H), 6.98 (dJ= 1.9 Hz 1H), 3.68 (s, 3H).

1C-NMR (100 MHz, CDG) /@pnt 193.9, 158.2, 141.2, 139.0, 132.1, 131.3, 129.7, 125.8, 121.2, 118.1,
116.0, 112.3, 55.8.

MS (El, 70 eVm/z (%):273 (11), 271 (4py*], 254 (29), 171 (25), 169 (100), 130 (14), 102 (17).

HRMS (El) for CisH1dCINO.: calculated?271.0400found 271.0399
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FT-IR (DiamondATR, neat) / cm: 2944 (VW), 2231 (W), 1664 (S), 1605 (M), 1590 (S), 1568 (M), 1485
(M), 1463M), 1404(S),1309(M), 1292(M), 1281(S),1249(VS),1182(W), 1147(W), 1120(W), 1092

(M), 1024(M), 928(S),908(M), 870(M), 855(M), 845(M), 818(M), 768(M), 729 (M), 698 (W), 680 (M),

648 (W), 628 (VW)

3.1.7 5-Chloro-2-methoxy-2'-(trifluoromethyl)biphenyl (6g)18°

OMe O
s

Cl
The aluminium reagefe was pepared according Pl from 2-bromao4-chloroanisole(3e, 452mg,
2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and TiGl (1M solution in toluene,
0.06mL, 0.06mmol) The reaction was carried out in 4 mL THF &tC@or 5h. The crossoupling
reaction was carried out accordingTR6 using Zn(OAg) (556mg, 3mmol) and a solution of
2-bromobenzotrifluoridésf, 273mg, 1.2 mmol) and PEPPSPr (36 mg, 0.024 mmol) in THF (Q1aL).
The reaction mixturavas stirred aB0°C for 1.5h and quenched with sat. agueous@Holution
(1mL) and HCI (2 M, 1 mLFlash column chromagraphtal purificatioron silica gel (pentane/diethyl
ether = 15:1afforded6g aswhitesolid(273mg, 7).

mp: 9496°C.

H-NMR (400 MHz, CDG) dppm: 7.74 (d,J = 7.8 Hz 1H), 7.56 (tJ= 7.6 Hz 1H), 7.48 (t,

J= 7.9Hz, 1H), 7.32 (dd)= 8.8Hz,J= 2.6 Hz 1H), 7.27 (dJ= 7.6 Hz 1H), 7.15 (dJ= 2.6 Hz 1H),

6.87 (dJ=8.8 Hz 1H), 3.71 (s, 3H).

1C-NMR (100 MHz, CDG) /g@pm 155.5 (gJ= 1Hz), 136.1 (q]= 2 Hz), 131.9, 131.2 (@ 1 Hz),
130.4 (qJ = 1 Hz), 130.1, 129.2 (4,= 30 Hz), 128.9, 127.8, 126.1 J& 5Hz), 124.7, 124.0 (q,
J=274Hz), 111.7, 55.8.

MS (El, 70 eV)m/z (%): 288 (39Mm+], 287 (16), 286 (100), 251 (27), 249 (12), 236 (61), 235 (10), 202 (21),
188 (12), 42 (13), 40 (32).

HRMS (El) for CiiH1CIR0: calculated286.0372 found 286.0372

FT-IR (DiamondATR, neat) / cm: 2942(VW), 1608(W),1597(VW), 1579(VW), 1503(M), 1479(M),
1466(M), 1441(M), 1397(W), 1313(VS),1288(M), 1261(S),1234(M), 1228(M), 1170(S),1124(VS),
1108(VS),1069(S),1034(VS),957(VW),907(M), 890 (W), 839 (W), 810 (M), 767 (S), 730 (M), 656 (M)

3.1.8 tButyl 2'-(methylthio)biphenyl-4-yl carbonate ()89

SMe
The aluminium reagedtf was pepared according tdoP1 from 2-bromahioanisole (3f, 406mg,
2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and TiGl (1M solution in toluene,
0.06mL, 0.0anmol) The reaction was carried out in 2 mL THF &G6r 16h. The crossoupling
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reaction was carried out accordin@Ré usingZn(OAc) (556mg, 3mmol) and a solution ¢butyl 4
bromophenyl carbonaggg, 327mg,1.2mmol) and PEPPSPr (16 mg, 0.024 mol) in NMP (1.5nL)

and THF (0.3nL). Thereaction mixturevas stirred &@0°C for 1.5h and quenched with sat. aqueous
NH4CI solution (1 mL) and HCI k&, 1mL). Flash column chromagraphial purificatioron silica gel
(pentane/diethyl ether = 204fforded6h asyellowistsolid (257mg,68%).

mp: 4850°C.

H-NMR (400 MHz, CDG) dppm: 7.43 (dJ= 8.6 Hz 2H), 7.367.31 (m2H), 7.367.26 (m2H),
7.257.17 (m2H), 2.36 (s, 3H), 1.58 (s, 9H)

1C-NMR (100 MHz, CDG) /@pm 151.9, 150.5, 140X88.0, 137.2, 130.4, 130.1, 128.1, 125.3, 124.8,
120.9, 83.6, 27.7, 15.9

MS (El, 70 eV)n/z (%): 316 (6)M*], 217(10), 216 (100), 201 (16), 183 (10), 57 (13).

HRMS (El) for CigH2003S calculated316.113Found 316.1132

FT-IR (DiamondATR, neat) / cm®: 3056(VW),2981(W), 2922(VW), 1753(S),1586(VW), 1512(W),
1464(M), 1436(W), 1395(W), 1370(W), 1272(S),1255(S),1217(M), 1141(VS),1102(W), 1084(W),
1044(W),1015W),1006(W),954(VW),894(M), 839(M), 822(W),782(W),773 (W), 48 (M), 733 (M),
668 (W)

3.1.9 Ethyl 2-(2-(methylthio)benzyl)acrylate(6i)

SMe

The aluminium reagedf was pepared according t®P1 from 2-bromahioanisole (3f, 406mg,

2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and TiCl (1M solution in toluene,
0.06mL, 0.06nmol) The reaction was carried out im2 THF at 5¢°C for 12h. The allylation reaction

was carried out accordingl®? using Zn(OAg)(556mg, 3mmol), CuCN-2.iCl (1M solution in THF,

0.15mL, 0.15mmol) andethyl (2bromomethyl)acrylag@h, 270 mg, 1.4mmol). The reaction mixture

was stirred aB0°C for 1.5 h and quenched with sat. aqueousCN$dlution (1.0 mL) and HA M,

1mL). Flash column chromatographical purification on silica gel (pentane/diethyl ether = 20:1) afforded
6i ascolorless liqui294 mg,89%).

IH-NMR (400 MHz, @¢) dppm: 7.106.91 (m, 4H), 6.31 (@ 1.5 Hz, 1H), 5.22 (d= 1.6 Hz, 1H),

3.96 (gJ= 7.1 Hz, 2H), 3.98.92 (m, 2H), 3.14 (s, 3H), 0.91t7.1 Hz, 3H).

1IC-NMR (100 MHz, €D¢) dppm: 166.2, 139.2, 138.3, 137.0, 129.9, 127.1, 126.2, 125.5, 124.9, 60.3,
35.7, 15.3, 13.7.

MS (El, 70 eV)m/z (%):236 (17]m+], 207 (13), 191 (15), 190 (13), 189 (100), 163 (37), 162 (10), 161 (67),
149 (18), 148 (34), 147 (83), 123 (11), 116 (20), 115 (29).

HRMS (El) for C12H1602S calculated®36.087 Ifpund: 2360861.
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FT-IR (DiamondATR, neat) / cmt: 3059(VW), 2981(W), 2922(W), 1712(VS),1632(W), 1589(W),
1570(VW), 1468(M), 1438(M), 1404(W), 1392(W), 1368(W), 1300(M), 1280(M), 1264(M), 1252(M),
1185(M), 1133(VS),1095(M), 1067(M), 1025(S),947(M), 923(W), 859(W), 816 (M), 787 (W), 749 (S),
737 (S), 69@V), 682 (M), 666 (M), 604 (W)

3.1.10 Ethyl 4'-chlorobiphenyl-3-carboxylate () 189

o~ )

CO,Et
The aluminium reagedAty was pepared according fBP1 from 4bromachlorobenzeng3g, 387mg,
2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and TiGl (1M solution in toluene,
0.06mL, 0.06mmol) The reaction was carried out in 4 mL THF &(@or 14h. The crossoupling
reaction was carried out according P& using Zn(OAg) (556mg, 3mmol) and a solution ethyl 3
iodobenzoatd5i, 338 mg, 1.2mmol) and PEPPSPr (6 mg, 0.024 mmol) in THF (01f). The
reaction mixturevas stirred &5°C for 0.5h and quenched with sat. aqueoug@idolution (InL) and
HCI (2M, 1 mL).Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = 15:1)
afforded6j aswhite solid294mg,82%).

mp: 4345°C.

IH-NMR (400 MHz, CDG) dppm: 8.23 (tJ= 1.8 Hz 1H), 8.03 (ddd, 1Hj= 7.8Hz, J= 1.8Hz, J=
1.2Hz), 7.72 (ddd]= 7.8Hz, J= 2.0Hz, J= 1.2 Hz 1H), 7.54 (dJ= 8.6 Hz 2H), 7.50 (tJ= 7.8 Hz

1H), 7.42 (dJ= 8.6 Hz 2H), 4.41 (o= 7.1 Hz 2H), 1.41 (t)= 7.1 Hz 3H).

1C-NMR (100 MHz, CDG) /@pm 166.4, 140.2, 138.6, 133.9, 13B21, 129.0, 128.9, 128.6, 128.4,
128.0,61.2,14.4

MS (El, 70 eV)m/z (%): 262 (30), 261 (12), 260 (1@6), 32 (25), 217 (29), 216 (14), 215 (94), 187 (13),
152 (68), 151 (10), 76 (17).

HRMS (EI) for Ci5H1ClOs: calculated260.0604ound 260.0605

FT-IR (DiamondATR, neat) /cm® 2982 (W), 2905(VW), 1719(S),1605(VW), 1596 (VW), 1587
(VW),1499(W),1476(W),1438(W),1392(W),1368(W),1305(M), 1298(M), 1262(M), 1241(VS),1171

(W), 1108(M), 1093(M), 1043(M), 1012(W), 938 (VW), 916 (VW), 834 (W), 815 (W), 755 (M), 716
(VW), 693 (W).

3.2 InCl,; 0 Catalysed Aluminium Insertion into Aryllodides

3.2.1 3-Fluoro-4'-(trifluoromethyl) -[1,1-biphenyl]-4-carbonitrile (8a)

F
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The aluminium reagefia was pepared according TP2 from 4iodobenzotrifluoridélg 1088mg,

4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and InGl(28mg, 0.12nmol) The
reaction was carried out im@ THF at 2C°C for 5h. One half of the solution containing the aluminium
reagent was used for the subsequent reaction. Theotnolésg reaction was carried out according to
TP6 usingZn(OAc) (556mg, 3mmol) and adution of 4-bromo2-fluorobenzonitrile(7a 280 mg,
1.4mmol) and PEPPSPr 20mg, 0.028 mmol) in THF (Ov.). Thereaction mixturevas stirred at
25°C for 2.5h and quenched with sat. aqueous@Holution (InL) and HCI (M, 1mL). Flash
column chomabgraphtal purificatioron silica gel (pentane/diethyl ether = &ffgrded8a aswhite
solid(354mg,95%).

mp: 117118°C.

IH-NMR (600 MHz, CDG) dppm: 7.787.65 (m, 5H), 7.50.41 (m, 2H).

1C-NMR (150 MHz, CDC}) /@pnm 163.4 (dJ= 260 Hz), 146.9 (d,= 8 Hz), 141.4 (dd]= 2Hz,
J=1Hz), 134 (d)= 1 Hz), 131.3 (g]= 33 Hz), 127.6, 126.2 (55 4 Hz), 123.8 (q]= 272 Hz), 123.6
(d,J=4Hz), 115.2 (d]= 21 Hz), 113.7, 100.9, (&= 15 Hz).

MS (El, 70 eV)n/z (%):265 (100)M+], 246 (13).

HRMS (EI) for CiH/NF4: calculated?65.0515found 2650512

FT-IR (DiamondATR, neat) / cm: 3072(VW),2920(VW), 2849(VW), 2647(VW), 2390(VW), 2303
(VW), 2236(W), 2100(VW), 1935(VW), 1809(VW), 1692(VW), 1619(M), 1585(W), 1561(M), 1494
(W), 1433(W), 1396(M), 1321(S),1272(W), 1263(W), 1200(W), 1189(W), 1162(M), 1112(VS),1068
(S),1030(W),1013(M), 964(W),901(M), 881(M), 850(M), 819(S),776(M), 738(M), 718(W),697(W),
628(W),620(W).

3.2.2 Ethyl 2-(3-chlorobenzyl)acrylate (8b)

Cl

The aluminium reageBb was pepared according P2 from 1-chloro3-iodobenzendlb, 492mg,
2mmol) LiCl (128ng, 3mmol), Aklpowder (162ng, 6mmol) and InGl(14mg, 0.06nmol) The
reaction was carried out imé THF at 50°C for 5h. The allylation reaction was carried out according
to TP7 using Zn(OAg)(556mg, 3mmol), CuCN-2.iCl (1M solution in THF, 0.1ML, 0.14nmol) and
ethyl (2bromomethyl)acrylaféb, 270mg,1.4mmol). Thereaction mixturgvas stirred & °C for 0.5h

and quenched with sat. aqueous @Hsolution (InL) and HCI (M, 1mL). Flash column
chromabgraphéal purificatioron silica gel (pentane/diethyl ether = 3@ffjrded8b ascolorless liquid
(286mg,91%).

H-NMR (400 MHz, CDG) d ppm 7.267.15 (m, 3H), 7.08 (dt= 7.0Hz, J= 1.8 Hz 1H), 6.26 (s,
1H), 5.49 (s, 1H), 4.18 Jg; 7.2 Hz 2H), 3.60 (s, 2H), 1.26Jt 7.1 Hz 3H).
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1IC-NMR (100 MHz, CDG) /@pn 166.6, 140.9, 139.6, 13429.6, 129.1, 127.2, 126.5, 126.4, 60.9,
37.8,14.1

MS (El, 70 eV)m/z (%) 224 (36)Ni*], 179 (29), 178 (55), 152 (25), 151 (36), 150 (67), 149 (27), 125 (68),
116 (41), 115 (100), 111 (26), 97 (52), 89 (23), 83 (46), 82 (22), 77 (20), 71 (80)(54),(B3)(73), 56

(22), 55 (55), 44 (27), 43 (44), 41 (40).

HRMS (EI) for Ci2H1sClO2: calculated224.0604ound 224.0579

FT-IR (DiamondATR, neat) / cm: 2983(W), 2936(VW), 1714(VS),1632(W), 1598(W), 1574(W),
1477(M), 1431(M), 1407(W), 1369(W), 1328(W), 1300(M), 1276(M), 1254(M), 1194(S),1136(S),
1094(M), 1079(W),1026(M), 1000(W),950(M), 908(W),865(W),854(W),818(W),782(M), 728 (M),

685 (M)

3.2.3 (4-Bromophenyl)(3,5dimethylphenyl)methanone(8c)189

Me
s¥eh
Me
o}

The aluminium reage®t was pepared according TP2 from 5-iodo-mxylene(lg 492mg, 2mmol)

LiCl (128mg, 3mmol), Alpowder (162ng, 6mmol) and InGl(14mg, 0.06nmol) The reaction was
carried out in tnL. THF at 5C°C for 24h. One half of the solution containing the aluminium reagent was
used for the subsequent reaction. The -cmgding reaction was carried out accordinP® using
Zn(OAc) (556mg, 3mmol) and asolution of S(4-chlorophenyl) 4romobenzothioaté/c, 230mg,
0.7mmol) and PEPPSPr (D mg, 0.014 mmol) in THF (0vd). Thereaction mixturevas stirred at
25°Cfor 2 h and quenched with sat. agueous@idolution (InL) and HCI (M, 1mL). Flashcolumn
chromabgraphtal purificatioron silica gel (pentane/diethyl ether = 3@ffgrded8c aswhite solid
(182mg,8%%).

mp: 9691 °C.

H-NMR (400 MHz, CDG) d ppm 7.66 (d,)= 8.6 Hz 2H), 7.61 (dJ= 8.6 Hz 2H), 7.36 (s, 2H), 7.23

(s, 1H), 2.3, 6H)

1IC-NMR (100 MHz, CDG) /g¢pnm 196.1,138.1,137.3, 136.6, 134.3, 131.5, 131.4, 127.7, 127.3, 21.2
MS (El, 70 eV)m/z (%): 290 (29), 288 (29), 209 (30), 184 (23), 182 (25), 165 (11), 156 (11), 133 (100), 105
(23), 77 (11), 57 (11), 43 (16)102 (

HRMS (EI) for CisH1BrO: calculated288.0150ound 288.0142

FT-IR (DiamondATR, neat) / cml: 2918(VW), 2252(VW), 1657(M), 1604(W), 1586(M), 1565(W),
1482(W), 1441(VW), 1394(W), 1382(W), 1316(M), 1280(VW), 1229(M), 1176(W), 1136(W), 1103

(VW), 1070(W), 1010(W), 998(VW), 969(W), 944(VW), 906(S),866 (W), 839(W),812(M), 757 (M),
729(VS),672(W),649(W),627(VW).
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3.2.4 1{5-[2-(3-Methylbut-3-en-1-yl)phenyl]-2-thienyl}ethanone @d) 18°
Me
s 0]
\ / Me
The aluminium reage2d was pepared according 1d°2 from 1-iodo-2-(3-methylbut3-en-1-yl)benzene
(1d 545mg, 2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and InGl (14mg,
0.06mmol) The reaction was carried out im2 THF at 5¢°C for 24h. The crossoupling reaction was
carried out according tdP6 using Zn(OAc) (556mg, 3mmol) and a solution oP-acetyls
bromothiophend7d, 250mg, 1.2mmol) and PEPPSPr (16 mg, 0.024 mmoin THF (0.5mL). The
reaction mixturgvas stirred &5°C for 2 h and quenched with sat. aqueous@idolution (InL) and
HCI (2M, 1 mL).Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = 15:1)
afforded8d asyellowliquid (243mg, 75%).

H-NMR (400 MHz, CDG) dppm: 7.67 (d,J= 3.8 Hz 1H), 7.387.28 (m, 3H), 7.27.21 (m, 1H), 7.05

(d,J= 3.8 Hz 1H), 4.69 (s, 1H), 4.62 (s, 1H), 2%1 (m2H), 2.58 (s, 3H), 2:2618 (m, 2H), 1.67 (s,

3H).

1C-NMR (100 MHz,CDCk) /gpm 190.7, 151.8, 144.9, 143.9, 140.5, 132.9, 132.5, 130.8, 129.8, 129.0,
127.6, 126.1, 110.4, 39.4, 31.9, 26.7, 22.5

MS (El, 70 eV)m/z (%):270 (37]m+], 173 (31), 171 (17), 43 (100).

HRMS (El) for C;H160S calculated270.107&ound 270.1080

FT-IR (DiamondATR, neat) /cm® 3072 (VW), 3019(VW), 2935(W), 2253 (VW), 1657 (S), 1600
(VW),1531(W), 1488(W),1453(M), 1435(S),1373(W),1359(M), 1335(W),1274(S),1161(VW),1104
(VW),1073(W),1034(W),1018(W),963(W),904(S),813(M), 760(S),727(VS),649(M), 609(W).

3.2.5 Ethyl 2'-fluoro-[1,1-biphenyl]-4-carboxylate(8e)

(‘OF -
CO,Et

The aluminium reagel2e was pepared according P2 from 2fluoroiodobenzendle 888mg,

4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and InGl(28mg, 0.12nmol) The
reaction was carried out im8 THF at 50°C for 6h. One half of the solution containing the aluminium
reagent was used for the subsequent reaction. Theouplesg reaction was cadiout according to
TP6 usingZn(OAc) (556mg, 3mmol) and a solution of etddodobenzoaté7e, 387 mg, 1.4mmol)
and PEPPSIPr 20mg, 0.028 mmol) in THF (dL). Thereaction mixturevas stirred é25°C for 1 h

and quenched with sat. aqueous®lidolution 8 mL). Flash column chromagraphéal purificatioron
silica gel (pentane/diethyl ether = 1@ffgrded8e aswhite solid315mg,92%).

mp: 7577°C.
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H-NMR (400 MHz, GD¢) dppm: 8.218.15 (m, 2H), 7.4837 (m, 2H), 7.07 (td= 7.7 Hz,J= 1.8
Hz, 1H), 6.9%.78 (m, 3H), 4.15 (@ 7.0 Hz, 2H), 1.04 @= 7.1 Hz, 3H).

1C-NMR (100MHz, GD¢) /@pm 166.4, 160.5 (@= 249 Hz), 140.7 (d= 1 Hz), 131.4 (dl= 3 Hz),
130.8, 130.4, 130.2 Ja& 8 Hz), 129.7 (d]= 3 Hz), 128.9 (dJ= 13 Hz), 124.9 (d= 4 Hz), 116.7 (d,
J=23Hz), 61.2, 14.7.

1¥-NMR (376MHz, GD¢) /gpm -117.4.

MS (El, 70 eV)m/z (%):244 (38]m+], 216 (23), 200 (14), 199 (100), 171 (26), 170 (30).

HRMS (EI) for CisH1404F: calculated244.0900ound 244.0890.

FT-IR (DiamondATR, neat) / cmt: 3405(VW), 3070(VW), 2999(VW), 2980(W), 2905(VW), 2409
(VW),1934(VW), 1823(VW),1716(S),1671(W), 1609(W), 1584(W), 1514(VW), 1484(W), 1476(W),
1454(W),1443(W),1401(W),1366(W), 1315(W),1282(S),1268(S),1249(S),1228(M), 1211(M), 1186
(M), 1158(W),1130(M), 1110(M), 1101(M), 1044(W),1026(M), 1006(M), 948(W),878(W), 868(M),
854(W),820(M), 779(W),762(VS),734(M), 724(S),701 (M), 632 (W)

3.2.6 3-Fluoro-4'-nitro-1,1*biphenyl (8f)

The aluminium reage2f was pepared according t©P2 from 3fluoroiodobenzendlf 888mg,

4 mmol) LIiCl (254ng, 6mmoal), Alpowder (324ng, 12nmol) and InGl(28mg, 0.12nmol) The
reaction was carried out im8 THF at 50°C for 3h. One half of the solution containing the aluminium
reagent was used for the subsequent reaction. Theownpkisg reaction was carried out according to
TP6 usingZn(OAc) (556mg, 3mmol) and adution of4-iodonitrobenzenérf, 349mg,1.4mmol) and
PEPPSIiPr 20mg, 0.028 mmol) in THF (d4L). Thereaction mixturgvas stirred &5°C for 1 h and
quenched with sat. agueous4SHsolution 8 mL). Flash column chromagraphéal purificatioron silica

gel (pentane/diethyl ether = 2Caffprded8f asyellow solid254mg,84%).

mp: 8889°C.

H-NMR (300 MHz, GDs) dppm: 7.907.80 (m, 2H), 7.68.76 (m, 6H).

1C-NMR (75MHz, GDe) /@pm 163.2 (d)= 242 Hz), 147.3, 145.1 (& 2 Hz), 140.8 (d]= 8 Hz),
130.4 (dJ=9 Hz), 127.3, 123.7, 122.8Jd,3 Hz), 115.3 (dl= 21 Hz), 114.1 (d;= 22 Hz).

MS (El, 70 eV)n/z (%):218 (11), 217 (10®)*], 187 (18), 171 (28), 170 (76), 169 (11), 159 (18).
HRMS (EI) for C.HeNO2F: calculated217.053%ound 217.0537.

FT-IR (DiamondATR, neat) / cmt: 3083(W), 2937(VW), 2846(VW), 2700(VW), 2604(VW), 2449
(VW), 2302(VW), 1933(VW), 1877(VW), 1802(VW), 1694(VW), 1602(W), 1594(M), 1582(M), 1521
(M), 1506(S),1472(M), 1446(M), 1439(M), 1398(W),1341(S),1320(M), 1303(M), 1288(M), 126 1(M),
1182(M), 1156(M), 1115(M), 1106(M), 1078(M), 1036(W),1014(W),1002(W),904(W),887(W),874
(M), 849(VS),791(S),753(S),728(M), 698(M), 687 (S), 651 (M), 63@)(
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3.2.7 5-(4-Fluorophenyl)nicotinonitrile (8g)

F.

The aluminium reageg was pepared according f6P2 from 4fluoroiodobenzenglg 888mg,

4 mmol) LiCl (254ng, 6mmo)), Alpowder (324ng, 12nmol) and InGl(28mg, 0.12mmol) The
reaction was carried out irm8 THF at 5C°C for 12h. One half of the solution containing the
aluminium reagent was used for the subsequent reaction. Tioeugldsg reaction was carried out
according toTP6 using Zn(OAc) (556mg, 3mmol) and a solution dé-bromonicotinonitrile(7g,
256mg, 1.4mmol) and PEPPSPr 20mg, 0.028 mmol) in THF (4L). Thereaction mixturevas
stirred at25°C for 0.5 h and quenched with sat. agueous:MHsolution  mL). Flash column
chromabgraphéal purificationon silica gel (pentane/diethyl ether = &figrded8g asoff-white solid
(205mg, 74%).

mp: 166168°C.

H-NMR (400 MHz, @D¢) dppm: 8.508.30 (m, 2H), 7.04 @+ 2.1 Hz, 1H), 6.78.58 (m, 4H).
1C-NMR (100 MHz, @s) /ppm: 163.9 (dJ = 249 Hz), 151.2, 151.0, 136.8J(d,0.5 Hz), 135.6,
132.1 (dJ= 3 Hz), 129.4 (dl= 8 Hz), 117.0, 116.6 &k 22 Hz), 110.6.

MS (El, 70 eVm/z (%): 199 (11),98 (100jm+], 197 (30).

HRMS (EI) for CioH7FN2: calculated1980593found 198.0591.

FT-IR (DiamondATR, neat) / cm®: 3056(W),2922(W),2233(W),1606(M), 1568(W),1517(M), 1447
(W), 1426(M), 1399(M), 1390(M), 1343(W), 1338(W), 1316(W), 1301(W), 1225(S),1192(M), 1165
(M), 1156(M), 1057(W), 1024(W), 1018(W), 964 (W), 951 (W), 926 (W), 898 (W), 873 (M), 831 (VS),
813 (M), 804 (M), 718 (W), 698 (S), 679 (S), 636 (W)

3.2.8 3-(2-Cyclohexylprop2-en-1-yl)benzonitrile (8h)189

Cgp@m

The aluminium reageBh was pepared according P2 from (1-iodovinyl)cyclohexar(@h 473mg,
2mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and InGl(14mg, 0.06nmol) The
reaction was carried out inmt THF at 5¢°C for 24h. The crossoupling reaction wasrded out
according tad'P6 usingZn(OAc) (556mg, 3mmol) and a solution & (bromomethyl)benzonitril@h,
249mg, 1.2mmol) and PEPPSPr (16 mg, 0.024 mmol) in THF (O0vd.). Thereaction mixturavas
stirred a25°C for 0.5h and quenched with sagueous NECI solution (InL) and HCI (24, 1mL).
Flash column chromagraphial purificatioron silica gel (pentane/diethyl ether = 28ffgrded8h as
colorless liqui@L45mg,54%).
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IH-NMR (400 MHz, CDG) dppm: 7.527.44 (m, 2H), 7.4835 (m, 2H)4.89 (s, 1H), 4.60 (s, 1H),

3.37 (s,2H), 1.8269 (m, 5H), 1.6D.61 (m, 1H), 1.2B.06 (m, 5H)

1IC-NMR (100 MHz, CDG) /¢pm 153.1, 141.7, 133.7, 132.6, 129.8, 129.0, 119.1, 112.3, 110.7, 43.5,
41.2, 32.4, 26.6, 26.3

MS (El, 70 eV)m/z (%):225 (13]m+], 199 (11), 168 (12), 154 (11), 143 (14), 142 (14), 140 (11), 130 (11),
127 (18), 123 (11), 116 (21), 110 (12), 109 (100), 97 (12), 83 (21), 82 (16), 81 (24), 69 (20), 67 (67), 57 (27
55 (40), 44 (22), 43 (40), 41 (35).

HRMS (EI) for CigH19N: calculated?25.151,found 225.153.

FT-IR (DiamondATR, neat) / cmL: 2925(M), 2852(M), 2254(VW), 2230(W), 1641(W), 1601(VW),
1582(VW), 1482(W), 1448(W), 1262(VW), 1234(VW), 1172(VW), 1094(VW), 1027(VW), 949 (VW),
904(S),890(S),869(W),837 (VW), 798 (M), 730 (VS), 690 (S), 649 (M)

3.3 BICl; d Catalysed Aluminium Insertion into Aryl lodides

3.3.1 2,4Dimethoxy-6-(4-trifluoromethyl-phenyl)-pyrimidine-5-carboxylic acid ethyl ester (8i)

EtO,C OMe

A\
FsC 7 N

N
OMe
The aluminium reageBa was pepared according TP3 from l-iodo-4-(trifluoromethybenzendla
1088mg,4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and BiGl(40mg, 0.12nmol)
The reaction was carried out imd THF at 5C°C for 5.5h. One half of the solution containing the
aluminium reagent was used for the subsequent reaction. Tioeugrlisg reaction was carried out
according tad'P6 usingZn(OAc) (556mg, 3mmol) and &olution of4-iodo-2,6dimethoxypyrimidine
5-carboxylic acid ethyl estér, 473mg,1.4mmol) and PEPPSPr 19mg, 0.028 mmol) in NMP (AL).
The reaction mixturevas stirred ab0°C for 2.5h and quenched with sat. aqueousi@tolution
(3 mL). Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = 1&ffbrded

8i ascolorless liquiB66mg,73%).

H-NMR (400 MHz, @) dppm: 7.61 (dJ= 8.1 Hz 2H), 7.29 (dJ= 8.1 Hz 2H), 3.91 (¢J= 7.1 Hz

2H), 3.61 (s, 3H), 3.52 (s, 3H), 0.7D7.1 Hz 3H).

1C-NMR (100 MHz, @) /pbm: 169.2, 165.2, 164.8, 164.2, 141B=(4,Hz), 131.4 (q)= 32Hz),

128.8, 125.0 (4= 4 Hz), 124.3 (q]= 272Hz), 108.9, 61.1, 54.3, 53.9,.13.3

1F-NMR (376MHz, GDe) /pbm: -62.5.

MS (El, 70 eV)m/z (%): 356 (2qMm*], 355 (10), 327 (26), 311 (33), 186 (23), 141 (11), 127 (14), 125 (11),
113 (15), 111 (12), 99 (25), 97 (27), 85 (57), 84 (11), 83 (30), 81 (11), 71 (76), 70 (18), 69 (34), 57 (100), 5
(19),55 (39), 44 (57), 43 (30).

HRMS (EI) for CigH1573N04: calculated356.0984ound 356.0982
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FT-IR (DiamondATR, neaty / cmt: 2986(VW), 2959(VW), 2904(VW), 2878(VW), 1728(M), 1589
(M), 1571(S),1552(S),1520(W), 1483(M), 1460(M), 1408(W), 1376(M), 1360(S),1322(VS),1262
(VS),1243(S),1196(M), 1166(S),1122(S),1110(S),1062(VS),1026(M), 1013(S),946(M), 853(S),809
(M), 793(W), 770(W), 757(W), 736(M), 702(W), 692(W), 680(W), 66 7(W),656 (W), 639 (W), 623 (W)

3.3.2 Ethyl 4-(3-fluorophenyl)-2,6-dimethoxypyrimidine-5-carboxylate (8j)

E | N/\\N(OMe
EtO,C
OMe

The aluminium reager2f was pepared according t©P3 from 3fluoroiodobenzendlf 888mg,

4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and Bi; (40mg, 0.12nmol) The
reaction was carried out imd THF at 50°C for 3h. One half of the solution containing the aluminium
reagent was used for the subsequent reaction. Theotnplesg reaction was carried out according to
TP6 using Zn(OAc) (556mg, 3mmol) and a solution odthyl 4iodo-2,6dimethoxypyrimiding-
carboxylaté7i, 473mg,1.4mmol) and PEPPSPr (19mg, 0.028 mmol) in NMP (dL). Thereaction
mixturewas stirred &5°C for 1 h and quenched with sat. aqueous@idolution 3 mL). Flash column
chromabgraphéal purificatioron silica gel (pentane/diethyl ether = 18ffijrded8j ascolorless liquid

(326mg, 76%).

H-NMR (400 MHz, @D¢) dppm: 7.667.62 (m, 1H), 7.5450 (m, 1H), 6.89 (td,= 8.0 Hz,J=
5.9Hz, 1H), 6.856.76 (m, 1H), 4.03 (4= 7.2 Hz, 2H), 3.63 (s, 3H), 3.57 (s, 3H), 0.84=(7.1Hz,
3H).

1IC-NMR (100 MHz, €@¢) /ppm: 170.0, 166.3, 165.5, 164.6 63 Hz), 163.5 (dJ= 249Hz) 140.8
(d,J= 8 Hz), 130.4 (d]= 8 Hz), 124.8 (d]= 3 Hz), 117.3 (d]= 21Hz), 116.3 (dJ= 23 Hz), 109.5,
61.9, 55.0, 54.6, 14.1.

1F-NMR (376MHz, GD¢) /ppm: -112.7.

MS (El, 70 eV)m/z (%): 307 (13), 306 (§0iy], 305 (24), 277 (60), 276 (15), 262 (18), 261 (100), 136 (32).
HRMS (EI) for CisH1sFN2O4: calculated306.101,6ound 306.1015.

FT-IR (DiamondATR, neat) / cm 3075(VW), 2985(VW), 2958(VW), 2903(VW), 2876(VW), 1727
(S),1615(W),1572(S),1551(VS),1493(M), 1481(M), 1458(M), 1373(S),1358(S),1263(VS),1244(S),
1227(VS),1197(S),1114(S),1059(VS),1027(S),957(W),931(S),884 (M), 848(W), 814(M), 794(S),
786(S),748(W),704(M), 674(M), 658(M), 648 (W)

3.3.3 Ethyl 5-(3-fluorophenyl)nicotinate (8k)

. - CO2Et
.

N
The aluminium reage2f was pepared according tdP3 from 3fluoroiodobenzendlf 888mg,
4 mmol) LiCl (254ng, 6mmo)), Alpowder (324ng, 12mmol) and BiGI(40mg, 0.12nmol) The
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reaction was carried out imét THF at 50°C for 3h. One half of the solution containing gduminium
reagent was used for the subsequent reaction. Theotnpkisg reaction was carried out according to
TP6 usingZn(OAc) (556mg, 3mmol) and a solution efthyl 5bromonicotinaté7k, 322mg,1.4mmol)

and PEPPSIPr (19mg, 0.028 mmol) INMP (2mL). Thereaction mixturgvas stirred &5°C for 0.5h

and quenched with sat. aqueous®ligolution § mL). Flash column chromagraphéal purificatioron
silica gel (pentane/diethyl ether = 1@ffgrded8k ascolorless liqui82mg,82%).

H-NMR (400 MHz, @s) dppm: 9.38 (dJ= 2.0 Hz 1H), 8.71 (dJ = 2.3 Hz 1H), 8.24 (ddJ=

2.3Hz, J= 2.0 Hz 1H), 6.896.65 (M, 4H), 4.04 (@ 7.2 Hz 2H), 0.95 (tJ= 7.2 Hz 3H).

1C-NMR (100 MHz, @s) dppm: 164.6, 163.2 (d= 245Hz), 151.6, 149.9, 138.9d,8 Hz), 134.7

(d,J= 2 Hz), 134.6, 130.4 (@= 8 Hz), 126.3, 122.6 (@= 3 Hz), 114.8 (dJ= 21Hz), 114.0 (dJ= 23

Hz), 60.9, 13.8

MS (El, 70 eV)m/z (%): 246 (16), 245 (100}], 217 (55), 201 (18), 200 (85), 173 (16), 172 (88), 171 (14),
145 (29), 144 (11), 125 (24), 97 (12), 86 (12), 83 (14), 71 (11), 69 (17), 57 (22), 55 (16), 44 (21), 43 (21), 4
(15).

HRMS (EI) for CuH1FNO2; calculated2450852found 245.0845.

FT-IR (DiamondATR, neat) / cmt: 3042(W), 2989(W), 1717(VS), 1612(W), 1587 (M), 1466(M),
1442(M), 1410(W), 1388(W), 1365(W), 1337(M), 1306(M), 1258(VS),1189(S),1159(M), 1129(S),
1111(M), 1083(M), 1056(M), 1021(S),976(W), 968(W), 954 (W), 936(W), 919(W), 880(M), 868(M),
846(M), 790(M), 784(M), 766(S),748(M), 707(M), 696(M), 689(M), 674(M), 625 (W), 618 (W)

3.3.4 5(3-Trifluoromethoxy-phenyl)-nicotinonitrile (8l)

F4CO =

The aluminium reagefit was pepared according TP3 from l-iodo-3-trifluoromethoxy benzené,
1152mg,4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and BiGl(40mg, 0.12nmol)
The reaction was carried out img THF at 5¢C for 8h. One half of the solution containing the
aluminium reagent was used for the subsequent reaction. Tioeugrlisg reaction was carried out
according toTP6 using Zn(OAc) (556mg, 3mmol) and a dution of 5-bromao-nicotinonitrile (7g,
256mg, 1.4mmol) and PEPPSPr (19mg, 0.028 mmol) in NMP (dL). Thereaction mixturevas
stirred at25°C for 1.5h and quenched with sat. aqueous:@MHsolution §mL). Flash column
chromabgraphtal purificatio on silica gel (pentane/diethyl ether = 3:1 + 1%sN#torded3l aswhite
solid(270mg,73%).

mp: 5051°C.
1H-NMR (400 MHz, @¢) dppm: 8.46 (d,J= 2.3 Hz 1H), 8.38 (dJ= 1.8 Hz 1H), 7.06 (tJ= 2.1 Hz

1H), 6.956.90 (m, 1H), 6.88.82 (m2H), 6.685.62 (M, 1H)
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1IC-NMR (100 MHz, @e) /ppm: 150.9, 150.63, 149.5]g, 2 Hz), 137.5, 136.4, 134.3, 130.3, 125.3,
120.8, 120.7 (= 257Hz), 119.7, 116.1, 109.9

1F-NMR (376MHz, GD¢) /ppm: -57.7.

MS (El, 70 eV)m/z (%): 265 (11), 264 (10Q)].

HRMS (EI) for CisH7FsN20: calculated264.051Gound 264.0497.

FT-IR (DiamondATR, neat) / cm 3053(VW), 2923(VW), 2236(W), 1611(VW), 1588(W), 1565
(VW), 1496(VW), 1460(VW), 1433(W), 1406(W), 1334(W), 1278(M), 1253(S),1206(VS),1152(VS),
1142(VS),1110(M), 1026(W), 1000(W), 967 (W), 942 (W), 908 (W), 890 (W), 882 (M), 804 (W), 790

(W), 781(M), 717(W),704(M),691(S),637(W), 619 (W).

3.4 PDbCI, 0 Catalysed Aluminium Insertion

3.4.1 3-Fluoro-4'-(trifluor omethyl)-[1,1-biphenyl]-4-carbonitrile (8a)

F

The aluminium reageBa was pepared according P4 from l-iodo-4-(trifluoromethybenzendla
1088mg,4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and Pb&(34mg, 0.12nmol)
The reaction was carried out imiB THF at 20°C for 3.5h. One half of the solution containing the
aluminium reagent was used for the subsequent reaction. TloBuglisg reaction was carried out
according ta'P6 usingZn(OAc) (556mg, 3mmol) and a solution dfbromo-2-fluorobenzonitrilé€7a,
280mg, 1.4mmol) and PEPPSPr 20mg, 0.028 mmol) in THF (O0vd.). Thereaction mixturavas
stirred a25°C for 2.5h and quenched with sat. aqueous@dolution (InL) and HCI (24, 1 mL).
Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = affgrded8a as
white solid238mg,64%).

mp: 117118°C.

H-NMR (600 MHz, CDGJ)) dppm: 7.787.65 (m, 5H), 7.54.41 (m, 2H).

1IC-NMR (150 MHz, CDC}) /@pm 163.4 (dJ= 260 Hz), 146.9 (d,= 8 Hz), 141.4 (dd]= 2Hz,
J=1Hz), 134 (dJ= 1 Hz), 131.3 (q1= 33 Hz), 127.6, 126.2 (s 4 Hz), 123.8 (ql= 272 Hz), 123.6
(d,J=4Hz), 115.2 (d]= 21 Hz), 113.7, 100.9, (& 15 Hz).

MS (El, 70 eV)m/z (%):265 (100)M+], 246 (13).

HRMS (EI) for Ci4H/NF4: calculated?65.0515found 2650512

FT-IR (DiamondATR, neat) / cm 3072(VW), 2920(VW), 2849(VW), 2647(VW), 2390(VW), 2303
(VW), 2236(W), 2100(VW), 1935(VW), 1809(VW), 1692(VW), 1619(M), 1585(W), 1561(M), 1494
(W),1433(W),1396(M), 1321(S),1272(W),1263(W), 1200(W), 1189(W), 1162(M), 1112(VS),1068
(S),1030(W),1013(M), 964(W),901(M), 881(M), 850(M), 819(S),776(M), 738(M), 718(W),697(W),
628(W),620(W).
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3.4.2 Ethyl 2-(3-chlorobenzyl)acrylate(8b)

CI/©\/U\C02Et

The aluminium reage@b was pepared according t6P4 from 3-chloroioddenzene(lb, 954mg,

4 mmol) LiCl (254ng, 6mmol), Aklpowder (324ng, 12nmol) and Pb&I(34mg, 0.12nmol). The
reaction was carried out imd THF at 50°C for 5h. One half of the solution containing the aluminium
reagent was used for the subsequent reaction. The allylation reaction was carried out adedrding to
using Zn(OAg) (556mg, 3mmol), CuCN2 LiCl (1M solution in THF, 0.1/L, 0.14nmol) andethyl
(2-bromomethyl)acrylat@b, 270mg,1.4mmol). Thereaction mixturgvas stirred aB0°C for 12h and

slowly warmed to 20 °C before baijngnched with sat. aqueoussSHsolution (InL) and HC2 M,

1mL). Hash column chromagraphéal purificatioron silica gel (pentane/diethyl ether = 2&ffbrded

8b asyellow 0i(256mg,81%).

H-NMR (400 MHz, CDG) d ppm 7.267.15 (m, 3H), 7.08 (dt= 7.0Hz, J= 1.8 Hz 1H), 6.26 (s,

1H), 5.49 (s, 1H), 4.18 e 7.2 Hz 2H), 3.60 (s, 2H), 1.26Jt 7.1 Hz 3H).

1C-NMR (100 MHz, CDG) /@pm 166.6, 140.9, 139.6, 134.1, 129.6, 129.1, 127.2, 126.5, 126.4, 60.9,
37.8,14.1

MS (El, 70 eV)m/z (%) 224 (36)Ni*], 179 (29), 178 (55), 152 (25), 151 (36), 150 (67), 149 (27), 125 (68),
116 (41), 115 (100), 111 (26), 97 (52), 89 (23), 83 (46), 82 (22), 77 (20), 71 (30), 70 (23), 69 (54), 57 (73), 5
(22), 55 (55), 44 (27), 43 (44), 41 (40).

HRMS (EI) for C12H1:ClOz: cdculated224.0604ound 224.095

FT-IR (DiamondATR, neat) / cm: 2983(W), 2936(VW), 1714(VS),1632(W), 1598(W), 1574(W),

1477(M), 1431(M), 1407(W), 1369(W), 1328(W), 1300(M), 1276(M), 1254(M), 1194(S),1136(S),

1094(M), 1079(W), 1026(M), 1000(W),950(M), 908(W),865(W),854(W),818(W), 782(M), 728 (M),

685 (M)

3.4.3 Ethyl 2-allylbenzoate (12a)

CO,Et

.
The aluminium reagetiDawas pepared according P4 from ethyl 2-iodobenzoat€9a 550mg,
2mmol) LiCl (128ng, 3mmo)), Akpowder (162ng, 6mmol) and PbEI(17mg, 0.06nmol) The
reaction was carried out imdk THF at 50°C for 4h. The allylation reaction was carried out according
to TP7 using Zn(OAg)(556mg, 3mmol), CuUCN-2.iCl (1M solutionin THF, 0.14nL, 0.14nmol) and
allyl bromidé€11al171mg,1.4mmol). Thaeaction mixturevas stirred & °C for 1 h and quenched with
sat. aqueous NBI solution (InL) and HCI (M, 1mL). Flash column chromagraphtal purification
on silica gel (mtane/diethyl ether = 20:&jfordedl2aasyellowish liqui§210mg,80%).
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1H-NMR (400 MHz, ©Cly) dppm: 7.87 (ddJ= 8.0Hz, J= 1.6 Hz 1H), 7.43 (tdJ= 7.6Hz,J= 1.5

Hz, 1H), 7.307.24 (m, 2H), 6.0895 (m, 1H), 5.06.97 (m, 2H}4.35 (q, 2HJ = 7.2 Hz), 3.75 (dfl=
6.4Hz, J= 1.5 Hz 2H), 1.38 ()= 7.2 Hz 3H).

1IC-NMR (100 MHz,CDCl3) /ppm: 167.7, 141.3, 137.4, 131.9, 130.9, 130.5, 130.1, 126.1, 115.5, 60.8,
384,143

MS (El, 70 eV)m/z (%): 190 (41)m+], 175 (57), 147 (58), 148), 145 (50), 144 (32), 117 (71), 116 (45),
115 (100), 91 (30), 89 (13), 77 (13), 65 (13), 63 (12), 59 (11), 43 (11).

HRMS (El) for Ci2H1402: calculatedl90.0994found 190.0979

FT-IR (DiamondATR, neat) / cm: 3076(VW), 2981(W), 2906(VW), 1715(VS),1638(W), 1602(W),
1577(W), 1486(W), 1478(W), 1464(W), 1447 (W), 1411(VW), 1390(W), 1366(W), 1287 (M), 1254
(VS),1204(W), 1172(W), 1132(M), 1097(M), 1072(S),1047(W), 1020(W), 996 (W), 915 (M), 855
(VW), 778 (VW), 748 (M), 712 (M), 670 (W).

3.4.4 Ethyl 2-(5-acetylthiophen2-yl)benzoate (12b)

CO,Et
s O

%Cm
The aluminium reagefibawas pepared according P4 from ethyl 2-iodobenzoat€9a 1103ng,
4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and PbEI(34mg, 0.12nmol) The
reaction was carried out ik THF at 50°C for 2.5h. One half of the solution containing the
aluminium reagent was used for the subsequent reaction. Tioeuptisg reactiomvas carried out
according tal'P6 usingZn(OAc) (556mg, 3mmol) and a solution df(5-iodothiopher2-yl)ethanone
(11h 353mg, 1.4mmol) and PEPPSPr 20mg, 0.028 mmol) in NMP (@L) and THF (2 mL)The
reaction mixturevas stirred &0°C for 2.5h and quenched with sat. agueous@dolution (InL) and

HCI (2M, 1 mL).Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = 10:1)
affordedl2basyellow 0i(240mg,63%).

IH-NMR (400 MHz, @¢) d ppmt 7.737.68 (m, 1H), 7.1814 (m1H), 7.05 (dJ= 3.7 Hz 1H), 6.99

6.91 (m, 2H), 6.76 (@ 3.9 Hz, 1H), 3.98 (4~ 7.0 Hz, 2H), 2.05 (s, 3H), 0.841&,7.1 Hz 3H).

1C-NMR (100 MHz, @s¢) /g@pm 188.9, 167.3, 150.3, 144.7, 133.5, 132.3,1B8185,130.7, 129.7,
128.3, 127.3, 60.7, 25.8, 13.4.

MS (El, 70 eV)m/z (%) 275 (11)274(61) [m+], 260 (15), 231 (32), 187 (14), 85 (13), 71 (17), 59 (12), 58
(24), 56 (10).

HRMS (EI) for CisH1403S calculated?74.0664ound 274.0662

3.4.5 Ethyl 2-(3-nitrobenzyl)benzoate(12c)
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The aluminium reageftDawas pepared according P4 from ethyl 2-iodobenzoatg9a 1103ng,

4 mmol) LiCl (254ng, 6mmol), Alpowder (324ng, 12nmol) and PbEI(34mg, 0.12nmol) The
reaction was carried out imdk THF at 5C°C for 2.5h. One half of the solution containing the
aluminium reagent was used for the subsequent reaction. Tioeuplisg reaction was carried out
according tal'P6 usingZn(OAc) (556mg, 3mmol) and a&olution ofl-(bromomethyiB-nitrobenzene
(11¢ 303mg,1.4mmol) and PEPPSPr 20mg, 0.028 mmol) in NMP (dL). Thereaction mixturgvas
stirred at50°C for 1 h and quenched with sat. aqueous@iolution (InL) and HCI (24, 1mL).
Flash columrthromatgraphtal purificatioron silica gel (pentane/diethyl ether = 18ffgrded12cas
yellow 0il(324mg,81%).

H-NMR (400 MHz, €D¢) d ppm 8.078.00 (m, 2H), 7.98 (dtk 7.9 Hz,J= 1.4 Hz, 1H), 7.49 (td~

7.5 HzJ=1.4 Hz, 2H), 7.42 8= 7.8 Hz, 1H), 7.36 (td~= 7.6 Hz,J= 1.3 Hz, 1H), 7.28.24 (m, 1H),

4.49 (s, 2H), 4.29 @ 7.2 Hz, 2H), 1.31 @= 7.2 Hz, 3H).

1C-NMR (100 MHz, €D¢) /@pm 167.2, 148.3, 143.2, 140.3, 135.0, 132.3, 131.7, 131.1, 130.1, 129.0,
127.0, 123.321.1, 61.0, 39.3, 14.2.

MS (El, 70 eVm/z (%) 285(11) [M+*], 269 (15), 268 (100), 241 (12), 240 (75), 210 (42), 165 (35).

HRMS (EI) for C1eH1sNO4: calculated285.100found 285.0990

3.4.6 Ethyl 3-cyclohex2-en-1-ylbenzoate (12d3}8°

The aluminium reagetbb was pepared according BP4 from ethyl 3iodobenzoat€9b, 550mg,
2mmol) LiCl (128ng, 3mmo)), Akpowder (162ng, 6mmol) and PbEI(17mg, 0.06nmol) The
reaction was carried out im2 THF at 50°C for 25h. The allylation reaction was carried out according
to TP7 using Zn(OAg)(556mg, 3mmol), CUCN-2.iCl (1M solution in THF, 0.14L, 0.14nmol) and
3-bromocyclohexen@l1d 237 mg, 1.4mmol). Thereaction mixturavas stirred a °C for 1 h and
quenched with sat. aqueous s8H solution (InL) and HCI (M, 1mL). Flash column
chromabgraphtal purificatioron silica gel (pentane/diethyl ether = 3@ffbrded12dascolorlessiduid
(282mg,88%).

IH-NMR (400 MHz, ©Cly) dppm: 7.927.84 (m, 2H), 7.40 (k= 7.5Hz, J= 1.7 Hz 1H), 7.35 (td,

J=7.5Hz, J= 0.8 Hz 1H), 5.965.88 (m, 1H), 5.78.66 (M, 1H), 4.37 (@= 7.2 Hz 2H), 3.563.42 (m,

1H), 2.18.06 (m, 2H)R.061.98 (M, 1H), 1.8D.69 (m, 1H), 1.6B49 (m, 2H), 1.39 (& 7.2 Hz 3H).

1C-NMR (100 MHz,CDCls) /ppm: 166.8, 146.9, 132.3, 130.5, 129.5, 128.9, 128.8, 128.2, 127.2, 60.9,
41.7,32.5,24.9,21.1, 14.4

MS (El, 70 eV)n/z (%): 246 (15), 245 (37), 244 (51), 230MZ0)229 (100), 228 (25), 217 (35), 216 (32),

215 (16), 201 (37), 200 (71), 199 (53), 198 (20), 193 (38), 177 (76), 173 (21), 172 (18), 171 (57), 170 (79
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163 (25), 155 (27), 149 (24), 145 (42), 144 (500514841 (20), 131 (19), 129 (45), 128 (44), 127 (17),
117 (21), 116 (20), 115 (76), 91 (26), 77 (23), 76 (23), 55 (22).

HRMS (EI) for CisH1402: calculated230.130,found 230.1295

FT-IR (DiamondATR, neat) / cm?: 2983(W),2937(W),1737(S),1719(VS),1445W),1393(W), 1372

(M), 1336(W),1287(S),1241(VS),1193(M), 1170(W),1109(M), 1084(M), 1046 (M), 755 (M), 695 (W)

3.4.7 Ethyl 4'-isobutyrylbiphenyl-3-carboxylate (2§ 189

The aluminium reage@bb was pepared according P4 from ethyl 3iodobenzoatg9b, 550mg,
2mmol) LiCl (128ng, 3mmo), Akpowder (162ng, 6mmol) and PbEI(17mg, 0.06nmol) The
reaction was carried out imR2. THF at 5¢°C for 25h. The crossoupling reaction was carried out
according ta P6 usingZn(OAc) (556mg, 3mmol) and a solution @f(4-iodophenytR2-methylpropan
l-one (11e 384mg, 1.4mmol) and PEPPSPr (19mg, 0.028 mmol) in THF (tlL). Thereaction
mixturewas stirred a80°C for 15h and quenched with sat. aqueousldolution I mL) and HCI

(2 mL). Flash column chromagraphcal purificatioron silica gel (pentane/diethyl ether = 18fforded
12eascolorless liqui@324mg,78%).

H-NMR (400 MHz, ©Cls) dppm: 8.30 (tJ= 1.9 Hz 1H), 8.098.07 (m, 1H), 8.05 (i 8.6 Hz 2H),
7.827.78 (m, 1H), 7.71 (@ 8.6 Hz 2H), 7.54 ()= 7.7 Hz 1H) 4.41 (gJ= 7.1 Hz 2H), 3.663.52 (m,
1H), 1.41 (t)= 7.1 Hz 3H), 1.24 (dJ= 6.8 Hz 6H).

1IC-NMR (100 MHz,CDCl3) /pbm: 204.0, 166.3, 144.4, 140.2, 135.2, 131.5, 131.2, 129.1, 129.0, 128.9,
128.3,127.3,61.2,35.4,19.2,14.4

MS (El, 70 eV)n/z (%): 296 (4m+], 254 (13), 253 (100), 152 (11).

HRMS (EI) for CidH 2003 calculated296.141Xound 296.1411

FT-IR (DiamondATR, neat) / cm: 2975(W), 2935(W), 2874(VW), 1718(VS),1682(S),1605(M),
1587(W), 1563(VW), 146 7(W), 1439(W), 1398(W), 1384(W), 1367(W), 1306(M), 1272(M), 1242(S),
1225(VS),1162(W), 1110(M), 1085(W), 1045(W), 1022(W), L000(W), 981(M), 869 (W), 851 (W), 818
(W), 769 (W), 747 (S), 717 (W), 692 (W)

3.4.8 N,N-Diethyl-4'-fluoro-2'-methylbiphenyl-3-carboxamide(12}) 189

en
e
Me F

The aluminium reagedbOc was pepared according P4 from N,N-diethyl3-iodobenzamid€9c,
606mg, 2 mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and PbEI(17mg, 0.06nmol)
The reaction was carried out im2 THF at 5C°C for 30h. The crossoupling reaction was carried out
according torP6 usingZn(OAc) (556mg, 3mmol) and a solution &bromo-5-fluorotoluene(11f
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267mg, 1.4mmol) and PEPPSPr (19mg, 0.028 mmolniNMP (2mL). Thereaction mixturevas
stirred at0°C for 2h and quenched with sat. agueous@solution I mL) and HCI (ImL). Flash
column chromaigraphial purificatioron silica gel (pentane/diethyl ether = dffgrded12fascolorless
liquid (364mg,91%).

H-NMR (400 MHz, ©Cl3) dppm: 7.43 (tJ= 7.6 Hz 1H), 7.367.32 (m, 1H), 7.3226 (m, 2H), 7.19
7.13 (m1H), 6.99%6.88 (m, 2H), 3.52 (s, 2H), 3832H), 2.24 (s, 3H), 1.17 (s,.6H)

1IC-NMR (100 MHzCDCls) /ppm: 171.1, 162.1 (d= 246Hz), 141.2, 137.7 (@= 8 Hz), 137.1 (d]
= 1Hz), 137.0 (dJ= 3 Hz), 131.1 (dJ= 8 Hz), 130.0, 128.3, 127.0J4, 1 Hz), 124.9, 116.8 (@5
21Hz), 112.6 (d]= 21 Hz), 43.4, 39.3, 20.6 J¢; 2 Hz), 14.1, 13.0

MS (El, 70 eV)m/z (%): 285 (3Mm+], 284 (63), 214 (17), 213 (100), 185 (22), 183 (28), 170 (21), 165 (25),
44 (13).

HRMS (El) for CigH20FNO: calculated?85.152Found 285.1505

FT-IR (DiamondATR, neat) / cm®: 2974(W), 2935(W), 2876(VW), 1626(VS),1588(M), 1500(M),
1483(M), 1470(M), 1457(M), 1433(S),1382(M), 1364(W), 1348(W), 1316(M), 1302(M), 1274(M),
1223(S),1184(W),1153(M), 1100(M), 1086(M), 1070(W), 1037(W), 1004(W),951(M), 909(W), 882
(W), 864 (M), 808 (M), 792 (M), 766 (W), 7277/0d)(M), 683 (VW)

3.4.9 Ethyl 5-(4-formylphenyl)thiophene-2-carboxylate (12189

I\
EtO,C™ g
CHO

The aluminium reageh®dwas pepared according #P4 from ethyl Sbromothiophen&-carboxylate
(9d, 470mg, 2 mmol) LIiCl (128ng, 3mmo), Akpowder (162ng, 6mmol) and PbEI(17mg,
0.06mmol) The reaction was carried out imll THF at 50°C for 6h. The crossoupling reaction was
carried out according T6°6 usingZn(OAc) (556mg, 3mmol) and &olution of4-bromobenzaldehyde
(11g 262mg,1.4mmol) and PEPPSPr (19mg, 0.028 mmol) in THF (dL). Thereaction mixturevas
stirred at30°C for 2h and quenched with sat. agueous@solution I mL) and HCI (ImL). Flash
column chromatgraphial purificationon silica gel (pentane/diethyl ether = Sffprded 12g as
yellowish soli336mg,92%).

mp: 99-100°C.

H-NMR (400 MHz, ©Cls) dppm: 10.01 (s, 1H), 7.90 (@ 8.6 Hz 2H), 7.77 (dJ = 8.6 Hz 2H),

7.76 (dJ= 4.3 Hz 1H), 7.40 (dJ= 4.3 Hz 1H), 4.36 ()= 7.2 Hz 2H), 1.38 ()= 7.2 Hz 3H).

1C-NMR (100 MHz,CDCls) dppm: 191.3, 161.9, 148.8, 139.0, 136.0, 134.4, 134.2, 130.5, 126.5, 125.3,
61.4,14.3

MS (El, 70 eV)m/z (%): 387 (13), 276 (18), 261 (13), 260[fa0R59(13), 248 (14), 233 (11), 232 (40),

231 (63), 216 (20), 215 (96), 188 (14), 187 (12), 159 (14), 158 (13), 143 (33), 115 (30), 114 (12), 43 (27).
HRMS (EI) for C14H1203S calculated260.050,found 260.0503
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FT-IR (DiamondATR, neat) / cm: 2988 (VW), 1695 (VS), 1666 (W), 1600 (M), 1566 (VW), 1478
(VW), 1451(W), 1418(VW), 1393(VW), 1368(W), 1315(W), 1287(S),1274(M), 1224(W), 1214(W),
1172(W),1100(M), 1058(W), 1013(VW), 833(W),819(W), 749 (W).

3.4.10 Ethyl 5-(2-(ethoxycarbonyl)allylthiophene2-carboxylate(12h)

EtO,C
EtO,C /S\

The aluminium reageh®dwas pepared according P4 from ethyl 5bromothiophen&-carboxylate
(9d, 470mg, 2 mmol) LiCl (128ng, 3mmol), Alpowder (162ng, 6mmol) and PbEI(17mg,
0.06mmol) The reaction was carried out imil THF at 5C°C for 6h. The allylation reaction was
carried out according P7 using Zn(OAg) (556mg, 3mmol), CuCN-2.iCl (1M solution in THF,
0.14mL, 0.14mmol) andethyl (2bromomethyl)acrylai@1h 270mg, 1.4mmol). Thereaction mixture
was stirred a30°C for 2 h before beingjuenched with sat. aqueoussSHsolution (InL) and HCI
(2M, 5mL). Flash column chromagraphtal purificatioron silica gel (pentane/diethyl ether = 10:1)

afforded12hasyellow 0i(232mg,62%).

IH-NMR (400 MHz, ©Cls) dppm: 7.64 (dJ= 3.81Hz, 1H), 6.86.83 (m, 1H), 6.38.29 (m, 1H),
5.655.64 (m, 1H), 4.33 (@ 7.15Hz, 2H), 4.22 (q}= 7.15Hz, 2H), 3.83 (s, 2H), 1.36J&, 7.15Hz,

3H), 1.29 ()= 7.15Hz, 3H).

IC-NMR (100 MHz,CDCls) dppm: 166.1, 162.2, 149.2, 138.8, 133.5, 132.3, 126.8, 126.5, 61.0, 61.0,
32.8,14.3, 14.1.

MS (El, 70 eV)m/z (%):310 (18), 268 (28) fM240 (21), 194 (42), 149 (25), 85 (40), 83 (36), 81 (30), 71
(66), 69 (58), 59 (37),(&D0), 55 (61), 43 (70), 41 (54).

HRMS (El) for CiaH1604S:calculated268.0769ound 268.0766

FT-IR (DiamondATR, neat) / cm®: 2982(W), 1705(VS),1654(VW), 1633(W), 1540(W), 1457(M),
1428(W), 1368(M), 1323(W), 1279(S),1259(S),1231(M), 1198(M), 1171(M), 1154(M), 1087(VS),
1023(M), 951(W), 924(W),859(W),816(M), 749(S),6 70(VW).

3.4.11 Ethyl 5-(2-cyanophenyl}2-furoate (12iy-8°

NC

Rt
Et0,C™ g

The aluminium reagebh®dwas pepared according P4 from ethyl Bbromo-2-furoate(9d, 447mg,
2mmol) LiCl (128ng, 3mmo)), Akpowder (162ng, 6mmol) and PbEI(17mg, 0.06nmol) The
reaction was carried out i)m2. THF at 50°C for 24h. The crossoupling reaction wasrgad out
according ta'P6 usingZn(OAc) (556mg, 3mmol) and a solution @bromobenzonitrilg€llj 262mg,
1.4mmol) and PEPPSPr (19mg, 0.028 mmol) in THF (AL). Thereaction mixturavas stirred at
30°C for 3.5h and quenched with sat. aqueous@tolution I mL) and HCI (ImnL). Flash column
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chromaographtal purificatioron silica gel (pentane/diethyl ether = @figrded12i asbrown solid
(281mg,83%).

mp: 60-61°C.

IH-NMR (400 MHz, ©Cls) dppm: 8.04 (tJ= 6.8 Hz 1H), 7.747.68 (m, 1H), 7.6B60 (m, 1H), 7.44

7.35 (m, 2H), 7.2B21 (m, 1H), 4.36 @ 7.1 Hz 2H), 1.37 (t)= 7.1 Hz 3H).

IC-NMR (100 MHz,CDCl3) /pbm: 158.4, 152.5, 144.8, 134.1, 133.1, 131.9, 128.5, 127.0, 119.5, 118.4,
111.8, 107.9, 61124.3

MS (El, 70 eV)m/z (%): 242 (15), 241 (10Q)], 213 (47), 197 (13), 196 (81), 169 (56), 141 (19), 140 (45),
113 (14).

HRMS (El) for C14H1:NOa: calculated241.073%ound 241.0740

FT-IR (DiamondATR, neat) / cmt: 3128(VW), 3076(VW), 2984(W), 2226(W), 1714(S),1600(W),
1584(W), 1570(W), 1526(W), 1519(W), 1482(M), 1466(W), 1437(M), 1392(W), 1375(M), 1298(VS),
1274(M), 1259(M), 1221(M), 1171(M), 1144(S),1113(W), 1096(W), 106 1(W), 1020(M), 964(W), 923
(W),863(W),811(W),763(S),741(W),722(VW), 714(VW),668(W),662 (W)

3.5 Catalysed Aluminium Insertion Using Extended PiSystems

3.5.1 2,4Dimethoxy-6-(4-(trifluoromethyl)phenyl)pyrimidine (15)

F3C
The aluminium reagefa was pepared aceding to TP5 from 4iodobenzotrifluoridgla 544mg,
2mmol) LiCl (254ng, 6mmol), Alpowder (162ng, 6mmol) and Fe€TPP(13h 28mg, 0.04nmol)
The reaction was carried out imd THF at 20°C for 1h. The crossoupling reaction was carried out
according tarP6 usingZn(OAc) (556mg, 3mmol) and a solution dfiodo-2,6dimethoxypyrimidine
(14 373mg, 1.4nmol)and PEPPSIPr (19mg, 0.028 moi) in NMP (4mL). Thereaction mixturevas
stirred ab0°C for 45 minand quenched withiater (3nL). Flash column chromagraphtal purification
on silica gel (isohexane/ethyl acetate = &dtfled15asbrown solid275mg,6%%).

1H-NMR (400MHz, GD¢) dppm: 7.76 (dJ= 8.8 Hz, 2H), 7.37 (d,= 8.8 Hz, 2H), 6.53 (s, 1H), 3.76
(s, 3H), 3.66 (s, 3H).

1C-NMR (100MHz, G:De) dppm: 1730,166.3, 164.4, 140.5 J& 1 Hz), 131.7 (¢ = 32 Hz), 125.3
(9,9= 4 Hz), 127.7, 124.3 (tg 272 Hz), 97.6, 54.0, 53.3.

1¥F-NMR (376MHz, GDe) dppm: -62.6.

MS (El, 70 e\J m/z (%):285 (11), 284 (10D)+], 283 (64), 255 (14), 254 (42), 239 (14).

HRMS (EI) for CigH11F3N 202 calculate®84.0773found:284.0769.
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FT-IR (DiamondATR, neat’ / cmt: 2951 (W), 1592 (S), 1577 (S), 1558 (S), 1515 (M), 1483 (S), 1452
(M), 1382 (M), 1358 (S), 1323 (S), 1310 (S), 1294 (S), 1217 (M), 1201 (M), 1165 (S), 1126 (S), 1117 (S
1103 (VS), 1065 (VS), 1023 (M), 1012 (S), 984 (M), 964 (M), 868 (M), 8BINW)SB3B (S), 781 (M),

768 (W), 673 (W)

3.5.2 Methyl 3-(trifluoromethyl) -[1,1-biphenyl]-2-carboxylate(17)

MeO,C
F3C

The aluminium reageBb was pepared according TP5 from 3-bromobenzotrifluorid€3a 450mg,
2mmol) LiCl (254mg, 6mmol), Alpowder (162ng, 6mmol) and FeC€TPP(28mg, 0.04nmol) The
reaction was carried out itm2. THF at 20°C for 5h. The crossoupling reaction was carried out
according toTP6 usingZn(OAc) (556mg, 3mmol) and a solution ahethyl 2iodobenzoatg16
315mg, 12 mmol) and PEPPSIPr (19mg, 0.028 mmol) in NMP (@L). Thereaction mixturevas
stirred at0°C for 12 hand quenched witlvater (3nL). Flash column chromagraphtal purification
on silica gel (isohexane/ethyl acetat@G:1)affordedl7asbrown liquid187mg,56%).

H-NMR (400MHz, GDs¢) dppm: 7.787.73 (m, 1H), 7.5048 (m, 1H), 7.2B24 (m, 1H), 7.11.05

(m, 1H), 7.08.92 (m, 2H), 6.87 (= 7.7 Hz, 1H), 6.86.81 (m, 1H), 3.16 (s, 3H).

1C-NMR (100MHz, G:Ds) dppm: 167.6, 142.3, 141.0, 131.74q] Hz), 131.0, 130.9, 130.5, 130.1 (q,

J=32 Hz), 130.0, 128.1, 127.5, 124.54Q72 Hz), 125.2 (4= 4 Hz), 123.6 (gl= 4 Hz), 51.0.

1F-NMR (376MHz, GDe) dppm: -62.3.

MS (El, 70 e\ m/z (%):280 (56), 250 (16), 249 (100), 201 (36), 152 (17).

HRMS (EI) for CisH11F302: calculatec®80.071IM+], found:280.0709.

FT-IR (DiamondATR, neat’ / cm: 3068 (W), 2999 (W), 2954 (W), 1723 (S), 1600 (W), 1574 (W), 1478
(W), 1447 (W), 1433 (M), 14B9, 1333 (S), 1294 (S), 1279 (S), 1252 (S), 1243 (S), 1162 (S), 1119 (VS),
1092 (S), 1073 (S), 1050 (M), 1024 (M), 1002 (W), 964 (W), 905 (M), 840 (W), 804 (M), 759 (S), 737 (W),
702 (S), 670 (M), 654 (W)
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3.6 InCl; @ CatalysedAluminium Insertion into Benzylic Chlorides

3.6.1 Ethyl 3-(3-chlorobenzyl)benzoate 22a)

Cl \‘/\‘/l:COZEt

The typical procedureTP8 was followed usingluminiumpowder (162 mg, 6 mmol), 1a¢L3mg,
0.06mmol) and &hlorobenzyl chloridd8a, 322mg, 2mmol). The reaction was carried out at 25 °C for
3.5 h and provided tluminiunreagenii% which was transferred to an argon flushed flask containing
anhydrous Zn(OAg)(556 mg, 3 mmol) and stirred for 20 min at 25etyl 3iodobenzoate2(la
386mg, 1.4 mmol) and PEPHBI (19 mg, 0.028 mmol) dissolved in NMRn2 were added
subsequently. Thieaction mixturgvas stirred at 5@ for 2h andquenched with HCI (2 M, 2 mL). The
aqueous layer was extracted with diethyl ether. The coongiaeidwereconcentratedh vacuélash
column chromatographical purification of ¢thede residuen silica gel (pentdrdiethyl ether = 3Q)
afforded22aas colorless liqu{®42 mg, 89%)

H-NMR (400 MHz, €D¢) dppm: 8.047.99 (m, 2H), 7.64.90 (m, 4H), 6.75 @= 8.0Hz, 1H), 6.66

6.63 (m, 1H), 4.12 @ 7.1 Hz, 2H), 3.48 (s, 2H), 1.014,7.1 Hz, 3H).

1C-NMR (100 MHz, €@D¢) dppm: 165.8, 142.6, 140.4, 134.3, 133.0, 131.2, 130.0, 129.6, 128.9, 128.4,
127.6,126.8126.3, 60.5, 40.8, 13.9.

MS (El, 70 eV)Im/z (%):276 (24), 275 (13), 274 (71), 246 (22), 245 (16), 239 (14), 231 (34), 230 (17), 229
(100), 211 (17), 203 (11), 210 (29), 167 (17), 166 (56), 165 (75), 97 (18), 83 (11), 82 (27), 57 (100).

HRMS (EI) for CigH1sClO2: calculated: 274.0761, found 274.0756.

FT-IR (DiamondATR, neat) / cm®: 2981 (W), 2935 (VW), 2906 (VW), 1713 (VS), 1596 (W), 1588 (W),
1573 (W), 1475 (M), 1444 (M), 1430 (W), 1392 (W), 1366 (W), 1304 (M), 1276 (VS), 1189 (S), 1104 (S),
1080 (S), 1022 (M), 1001 (W), 944 (W), 919 (W), 896 (W), 858 (M), 821 (VW), 776 (M), 750 (S), 709 (S),
683 (S), 672 (W)

3.6.2 1-(But-3-en-1-yl)-2-chlorobenzene(22b)

L

The typical procedureTP8 was followed usingluminiumpowder (162ng, 6 mmol), InGl(13mg,
0.06mmol) and2-chlorobenzythloride {8b, 281mg, 2mmol). The reaction was carried out &C2&r

20h and provided thaluminiunreagenii% which was transferred to an argon flushed flask containing
anhydrousZn(OAc) (556 mg, 3 mmol)nd stirred for 20 min at 25 °CuCN-2LiCl (1M in THF,
0.2mL, 0.2 mmol) was added -80°C beforeallyl bromide(21h 169mg, 1.4mmol) was added
subsequently. Threaction mixturevas stirred a0 °C for2 h before beingluenched with HCR(M,

2mL). The aqueous layer was extracted with diethyl ether. The combined organic extracts were

133



C. EXPERIMENTAL SECTION

concentratedn vacud-lash column chromatographical purification ofctinde residuen silica gel
(pentanediethyl ether =@ 1)afforded22bas colorlesgquid (233mg,46%).

H-NMR (300 MHz, ®Cls) dppm: 7.37 (ddJ= 7.8Hz,J= 1.3 Hz, 1H), 7.28.12 (m, 3H), 5.90 (ddt,
J=17.1Hz, J= 10.2Hz, J= 6.6 Hz, 1H), 5.13.05 (m, 1H), 5.03 (ddt= 10.2Hz, J= 1.9Hz, J=
1.2Hz, 1H), 2.85 (ddl= 8.9Hz, J= 6.8 Hz, 2H), 2.41 (dtt= 9.2Hz, J= 6.5Hz, J= 1.4 Hz, 2H).
1C-NMR (75MHz, (DCls) dppm: 139.5, 137.8, 134.1, 130.5, 129.6, 127.4, 126.8, 115.3,.33.8, 33.2
MS (El, 70 eV)m/z (%):166 (4) [M], 131 (33), 127 (36), 125 (100), 89 (7), 63 (3).

HRMS (EI) for CigH11Cl: calculatedt66.0549found166.0545

3.6.3 2-(2-Bromo-phenyl)-1-(4-chloro-phenyl)-ethanone 29
9

The typical procedureTP8 was followed usingluminiumpowder (162ng, 6 mmol), InGI(13mg,

LT
B

r

0.06mmol) and bromobenzyl chloridd8c, 411mg, 2mmol). The reaction was carried out &C2for

3 h and provided th@luminiumreagenti9cwhich was transferred to an argon flushed flask containing
arhydrous Zn(OAe)(556 mg, 3 mmolnd stirred for 20 min at 25 °CuCN-2LIiCIl (1M solution in

THF, 0.4 mL 0.4mmo) was added aB0°C and thereaction mixturestirred for 15 minutes at this
temperature. -€hlorobenzoyl chlorid1¢ 245 mg, 1.4 mmolyas added dropwise &80°C. The

reaction mixturevas stirred for B and slowly warmed to°Q before beinguenched with HCI (4,

2mL). The aqueous layer was extracted with diethyl ether. The combined organic extracts were
concentratedn vacud-lah column chromatographical purification of ¢thede residuen silica gel
(pentankdiethyl ether = Z:1)afforded22cas white soliB60 mg, 83%)

mp: 102105 °C.

H-NMR (400 MHz, @s¢) dppm: 7.607.55 (m, 2H), 7.3B34 (m, 1H), 7.64.96 (m, 2H), 6.98.87

(m, 2H),6.726.66 (m, 1H), 3.93 (s, 2H).

1C-NMR (100 MHz, €D¢) dppm: 193.6, 139.0, 135.0, 134.9, 132.6, 131.6, 129.5, 128.6, 128.5, 127.1,
125.1, 45.3

MS (El, 70 eV)m/z (%):229(17), 140 (26), 138 (100), 111 (15).

HRMS (EI) for C14H10BrCIO: calculated: 307.9604, found 307.9616.

FT-IR (DiamondATR, neat) / cm?: 1688 (S), 1589 (M), 1400 (M), 1322 (M), 1217 (M), 1197 (M), 1174
(M), 1085 (S), 1021 (M), 1014 (M), 987 (S), 83BLE(S), 797 (M), 757 (VS), 730 (M).
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3.6.4 Ethyl 4-(4-fluorobenzyl)-2,6-dimethoxypyrimidine-5-carboxylate @2d)

CO,Et
N OMe

|
N _N

F T
OMe

The general procedui@8 was followed usingluminiumpowder (162 mg, 6 mmol), 18¢13mg,
0.06mmol) and 4luorobenzyl chloridel8d 289mg, 2mmol). The reaction was carried out &Cor
22 h and provided tr@uminiumreagenfi9dwhich was transferred to an argon flushed flask containing
anhydrous Zn(OAg) (556 mg, 3 mmol) andtirred for 20 min at 23C. Ethyl 4iodo-2,6
dimethoxypyrimidinB-carboxylate 20d 473mg, 1.4 mmol) and PEPHBI (19 mg, 0.028 mmol)
dissolved in NMP (&1L) were added subsequently. fBaetion mixturgvas stirred at 5 for 2h and
quenched wittHCI (2 M, 2 mL). The aqueous layer was extracted with diethyl ether. The combined
organic extracts were concentrategacud-lash column chromatographical purification oftthde

residueon silica gel (pentahdiethyl ether 3:1) afforded22dascolorless oil (439 mg, 98%)

IH-NMR (400MHz, GDe) dppm: 7.247.19 (m, 2H), 6.8276 (m, 2H), 4.11 (@= 7.1Hz, 2H), 4.00

(s, 2H), 3.58 (s, 3H), 3.52 (s, 3H), 0.9¢ (,1 Hz, 3H).

1C-NMR (100 MHz, @Ds) dppm: 169.1 (dJ= 1 Hz), 169.0, 165.5, 164.8, 161.8€d244 Hz), 133.6
(d,J=3Hz), 130.9 (d]= 8 Hz), 114.9 (d]= 21.4 Hz), 108.5, 60.9, 54.1, 53.6, 46.3.

MS (El, 70 eV)m/z (%):321 (15), 320 (88), 319 (28), 291 (20), 275 (50), 274 (100), 273127) 2238

(44), 245 (17), 203 (11), 174 (10), 109 (15).

HRMS (EI) for CigH1#N204: calculated: 320.1172, found 320.1153.

FT-IR (DiamondATR, neat) /cm 2986 (W), 1721 (M), 1600 (M), 1577 (S), 1559 (S), 1508 (S), 1483
(S), 1459 (S), 1375 (S), 136A.295 (M), 1259 (VS), 1220 (S), 1204 (M), 1176 (M), 1158 (M), 1116 (M),
1095 (M), 1057 (VS), 1016 (M), 937 (W), 858 (W), 838 (M), 812 (S), 772 (M), 738 (W), 718 (W), 679 (W)

3.6.5 1-(3-Fluorobenzyl)2-methyl-3-nitrobenzene @29.

Me
F NO,

The general procedui@8 was followed usingluminiumpowder (162 mg, 6 mmol), 18@13mg,
0.06mmol) and Jluorobenzyl chloridel8e 289mg, 2mmol). The reaction was carried out &C%or

6 h and provided thaluminiumreagentl9ewhich was tinsferred to an argon flushed flask containing
anhydrous Zn(OAg)(556 mg, 3 mmol) and stirred for 20 min at°@5 1-Bromo2-methyi3-
nitrobenzene2le 302mg, 1.4 mmol) and PEPHBI (19 mg, 0.028 mmol) dissolved in NMB2
were added subsequently. fideetion mixturgvas stirred at 5 for 2h andquenched with HCR(M,
2mL). The aqueous layer was extracted with diethyl ether. The combined organiavesdracts
concentratedn vacud-lash column chromatographical purification ofctiiée residuen silica gel
(pentanaliethyl ether= 70:1 afforded22eas colorless oil (243 mg, 71%)
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H-NMR (400MHz, ADCls) dppm: 7.70 (ddJ= 7.8 Hz,J= 1.4 Hz, 1H), 7.42.23 (m, 3H), 7.64.87

(m, 2H), 6.80 (dl= 9.9 Hz,1H), 4.11 (s, 2H), 2.36 (s, 3H).

1C-NMR (100 MHz, CITk) dppm: 163.2 (dJ = 246Hz), 151.8, 141.6 (d= 7 Hz), 141.1, 134.0,

130.9, 130.2 (d= 8 Hz), 126.5, 124.2 (@= 3 Hz), 122.5, 115.5 (@@= 21 Hz), 113.5 (d= 21 Hz),

39.4 (dJ=1Hz), 15.1

MS (El, 70 eV)m/z (%):245 (35), 228 (51), 211 (11), 198 (18), 197 (15), 196 (22), 184 (36), 183 (80), 133
(18), 132 (100), 109 (41).

HRMS (EI) for CiiH1FNO2: calculed: 245.0852, found 245.0844.

FT-IR (DiamondATR, neat) / cm: 2931 (VW), 2870 (VW), 1615 (M), 1588 (M), 1522 (VS), 1487 (M),
1446 (M), 1383 (W), 1349 (S), 1302 (W), 1272 (W), 1252 (M), 1205 (W), 1160 (W), 1152 (W), 1134 (M),
1086 (W), 1074 (W), 1036 (VW), 944 (W), 885 (M), 869 (W), 834 (W), 806 (W), 781 (S)3TF3)M)

710 (M), 685 (M), 660 (W)

3.6.6 2-Fluoro-4-(2-fluorobenzyl)benzonitrile 221).

O F O CN
The general procedure weR8 followed usingaluminiumpowder (162 mg, 6 mmol), 18¢13mg,
0.06mmol) and2-fluorobenzyl chloridel 8f 289mg, 2mmol). The reaction was carried out tCQ%or
6 h and provided thaluminiumreagentl9fwhich was transferred to an argon flushed flask containing
anhydrous Zn(OAg)556 mg, 3 mmol) and stirred for 20 min at@5-Bromao-2-fluorobenzaitrile
(21f 280mg, 1.4 mmol) and PEPHFBI (19 mg, 0.028 mmol) dissolved in NMPn2 were added
subsequently. Thieaction mixturgvas stirred at 5@ for 2h andquenched with HCR(M, 2 mL). The
aqueous layer was extracted with diethyl ethecofitened organic extragtgreconcentrateth vacuo
Flash column chromatographical purification otthde residuen silica gelgentanediethyl ether
81) afforded22fas colorless oil (321 mg, 74%)

H-NMR (400MHz, GDs¢) dppm: 6.866.66 (m, 4H), 6.60 &= 7.4 Hz, 1H), 6.4(,J= 9.4 Hz, 1H),
6.30 (dJ= 7.8 Hz, 1H), 3.38 (s, 2H).

1IC-NMR (100 MHz, @D¢) dppm: 163.1 (dJ= 215Hz), 160.6 (d)J= 203 Hz), 147.6 (d,= 8 Hz),
132.9 (dJ= 1 Hz), 130.7 (d]= 4 Hz), 128.7 (d]= 8 Hz), 125.7 (d]= 16 Hz), 124.5 (dl= 3 Hz),
124.1 (dJ= 3 Hz), 116.1 (dl= 1 Hz), 115.9 (d]= 1 Hz), 113.6, 99.4 (@ 15 Hz), 34.3 (ddl= 3 Hz,
J=2 Hz).

MS (El, 70 eV)m/z (%):230 (15), 229 (100), 228 (25),(228

HRMS (El) for CaiHoFoN: calculate®29.0703, found 229.0695

FT-IR (DiamondATR, neat) / cm®: 3068 (VW), 2928 (VW), 2238 (W), 1621 (M), 1586 (W), 1570 (M),
1491 (S), 1456 (M), 1430 (S), 1282 (W), 1253 (W), 1230 (S), 1183 (W), 1112 (M),0B3AN)VP60
(M), 925 (W), 883 (W), 865 (W), 846 (W), 826 (M), 752 (VS), 733 (M), 696 (W)
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3.6.7 Methyl 2-(3-(trifluoromethyl)benzyl)benzoate @29)

CFs
The general procedud8 was followed usingluminiumpowder (162 mg, 6 mmol), 18¢Ll3mg,
0.06mmol) and gtrifluoromethyl)benzyl chloridé8g 389mg, 2mmol). The reaction was carried out at
25°C for 24 h and provided tluminiumreageni9gwhich was transferred to an argon flushed flask
containiy anhydrous Zn(OA£)(556 mg, 3 mmol) and stirred for 20 min at°@5 Methyl 2
iodobenzoate2(lg 367mg, 1.4 mmol) and PEPFHBI (19 mg, 0.028 mmol) dissolved in NMB(2
were added subsequently. fidaetion mixturgvas stirred at ST for 2h andquenched with HCR(M,
2mL). The aqueous layer was extracted with diethyl ether. The combined organic extracts were
concentratedn vacud-lash column chromatographical purification ofctiiée residuen silica gel
(pentanediethyl ether 401) afforded22gas colorless oil (367 mg, 89%)

H-NMR (400MHz, GD¢) dppm: 7.87 (ddJ = 7.6 Hz,J= 1.4 Hz, 1H), 7.50 (s, 1H), 7(80J =

7.8Hz, 1H), 7.06 (d]= 7.8 Hz, 1H), 7.08.98 (m, 1H), 6.98.89 (m, 1H), 6.8880 (M2H), 4.26 (s,

2H), 3.37 (SH).

1C-NMR (100 MHz, @¢) dppm: 167.0, 142.1, 141.4, 132.D¢q] Hz), 131.8, 131.4, 130.8, 130.4 (q,
J=32Hz), 129.8, 128.6, 126.3, 125.8%4@ Hz), 124.7 (= 272 Hz), 122.6 (= 3 Hz), 51.0, 39.2

MS (EI, 70 eV)n/z (%):263 (22)262 (100), 165 (16).

HRMS (EI) for C1gH19702: calculatec94.0868, found 294.0862.

FT-IR (DiamondATR, neat) / cmt: 2954 (M), 1719 (S), 1600 (M), 1577 (M), 1490 (M), 1448 (S), 1435

(S), 1327 (S), 1296 (S), 1260 (S), 1160 (S), 1117 (VS), 1094 (S), 1072 (VS), 1049 (S), 1002 (M), 966 (M), 9.
(S), 882 (M), 872 (M), 812 (M), 788 (S), 764 (S), 737 (S), 711 (S), 70@XS), 660

3.6.8 1-(Furan-2-yl)-2-(p-tolyl)ethanone @2h)

=

o
Me ©

The typical procedureTP8 was followed usingluminiumpowder (162ng, 6 mmol), InGl(13mg,
0.06mmol) andd-methylbenzydhloride {8h 281mg, 2mmol). The reaction was carried out &C2for

3 h and provided th@luminiumreagentt9hwhich was transferred to an argon flushed flask containing
anhydrous Zn(OAg)556 mg, 3 mmolnd stirred for 20 min at 25 °CuCN-2LiCl (1M solution in

THF, 2 mL, 2mmol was added aB0°C and thereaction mixturestirred for 15 minutes at this
temperatureFuran2-carbonyl chlorid¢21h 183 mg, 1.4 mmol) was added dropwise3@fC. The
reaction mixturevas stirred fof..5h and slowly warmed to 20 within 15h before beinguenched

with HCI @ M, 2mL). The aqueous layer was extractedetijh acetatelhe combined organic extracts
were concentratéd vacu&lash column chromatographical purification o€thée residuen silica gel
(pentankdiethyl ether 5:1)afforded22hasorange solil74mg,6256).
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H-NMR (300 MHz, ©Cls) dppm: 7.607.59 (m, 1H), 7.Z810 (m, 5H), 6.58.52 (m, 1H), 4.09 (s,
2H), 2.33 (s, 3H).

1C-NMR (75 MHz, CDCls) dppm: 186.8, 152.4, 146.5, 136.6, 129.3, 149.8, 112.3, 108.7, 45.1,
21.0.

MS (EI, 70 eV)m/z (%): 200 (40) [M], 105 (83), 95 (100), 85 (12), 79 (11), 77 (13), 71 (15), 57 (21), 43
(13).

HRMS (EI) for CyaH1,02: calculated?00.0837found200.0832

FT-IR (DiamondATR, neat) / cmt: 3149(VW), 3122(W), 3026(W), 2894(W), 1735(W), 1672(S),
1604(W), 1568(M), 1516(W), 1461(S),1390(M), 1339(M), 1316(W), 1262(W), 1248(M), 1226(W),
1215(W), 1202(W), 1184(W), 1156(M), 1118(W), 1103(VW), 1080(W), 1029(M), 995(M), 913 (W),
902(W), 882(M), 855(W), 846(W),824(W),809(W), 770(VS),730(S), 700(W).

3.6.9 Ethyl 5-(4-methoxybenzyl)nicotinate @2i).

| .
MeO N

The general procedui@8 was followed usingluminiumpowder (162ng, 6 mmol), InGI(13mg,
0.06mmol) and 4nethoxybenzyl chloridé3(, 313mg, 2mmol). The reaction was carried out at@5

for 5 h and provided triduminiunreagenfi9iwhich was transferred to an argon flushed flask containing
anhydrous Zn(OAg)556 mg, 3 mmol) arsdirred for 20 min at 28C. Ethyl 5bromonicotinate(li
322mg, 1.4 mmol) and PEPHBI (19mg, 0.028 mmol) dissolved in NMPm{2 were added
subsequently. Thieaction mixturgvas stirred at 5@ for 2h andquenched with HCR(M, 2 mL). The
aqueous layer was extracted with diethyl ether. The combined organiwereraeisentrateth vacuo
Flash column chromatographical purification otthde residuen silica gelpentanédiethyl ether
10:1)afforded22ias colorless oil (296 m§%a)

1H-NMR (400MHz, G:Ds) dppm: 9.38 (dJ= 2.2 Hz, 1H), 8.57 (d= 2.4 Hz, 1H), 8.0@, J= 2.2 Hz,

1H), 6.866.76 (m, 2H), 6.78.66 (m, 2H), 4.03 @= 7.1 Hz, 2H), 3.46 (s, 2H), 3.29 (s, 3H), 0,94

7.1 Hz, 3H).

1IC-NMR (100 MHz, @D¢) dppm: 164.9, 158.5, 153.8, 148.8, 136.7, 136.5, 131.2, 129.6, 126.1, 114.1,
60.7, 54.3, 37.6, 13.7

MS (El, 70 eV)m/z (%):272 (18), 271 (100), 270 (18), 242 (16), 226 (14), 198 (11), 121 (31).

HRMS (EI) for C1eH1NO3: calculate®71.1208, founa71.1209.

FT-IR (DiamondATR, neat) / cm®: 2982 (W), 2935 (W), 2836 (VW), 1718 (S), 1611 (W), 1598 (W),
1584 (W), 1511 (S), 1456 (M), 1442 (M), 1428 (W), 1393 (W), 1368 (W), 1286 (S), 1245 (VS), 1205 (S),
1176 (S), 1105 (S), 1027 (S), 951 (W), 8&3ANM), 811 (M), 768 (M), 752 (M), 702 (M), 6Y.2 (W
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3.6.10 2-(2-(3-methoxybenzyl)phenyl}1,3dioxane (22))

™

o__0O

The general procedufd®8 was followed usingluminiumpowder (162ng, 6 mmol), InGlI(13mg,
0.06mmol) and 3nethoxybenzyl chlorid&8j 313mg, 2mmol). The reaction was carried out at@5

for 12 h and provided thaluminiumreagentl9j which was transferred to an argon flushed flask
containing anhydrous Zn(OA¢»56 mg, 3 mmol) arddirred for 20 min at 28C. 2-(2-Bromophenyt)
1,3dioxaneZ1j 340mg, 1.4 mmol) and PEPHBI (19mg, 0.028 mmol) dissolved in NMRn[2) were
added subsequently. Tieaction mixturevas stirred at 3 C  f hoandquenched with HCR(M,
2mL). The aqueous layer was extracted with diethyl ether. The combined organiavepdracts
concentratedn vacud-lash column chromatographical purification ofctinde residuen silica gel
(pentanediethyl ether =Q:1) afforded22jas colorless o826 mg, 82%)

H-NMR (400MHz, GD¢) dppm: 7.97 (dJ= 8.1 Hz, 1H), 7.24.02 (m4H), 6.8§s, 1H), 6.81 (d=

7.5 Hz, 1H), 6.70 (dd= 8.1 Hz, 2.5 Hz, 1H), 5.55 (s, 1H), 4.17 (s, 2H), 3.88Hd6,8 Hz,J= 5.0 Hz,

2H), 3.43 (tdJ= 12.3 HzJ= 2.3 Hz, 2H), 3.29 (s, 3H), 1.87 Jgt,12.7 HzJ= 5.0 Hz, 1H), 0.68.61

(m, 1H).

1C-NMR (100 MHz, €D¢) dppm: 160.4, 143.0, 138.9, 137.6, 130.6, 129.6, 128.9, 127.0, 126.4, 121.8,
115.1, 111.9, 100.5, 67.2, 54.6, 38.5, 25.9

MS (El, 70 eV)m/z (%): 209 (20), 208 (100), 175 (11).

HRMS (EI) for CigH,dOs3: calculated®84.1412, found 284.1403.

FT-IR (DiamondATR, neat) / cm: 2960 (W), 2848 (W), 1598 (M), 1583 (M), 1488 (M), 1465 (M), 1454
(M), 1436 (M), 1393 (M), 1377 (M), 13481843 (W), 1297 (W), 1274 (M), 1256 (S), 1236 (M), 1145 (S),
1107 (VS), 1091 (VS), 1047 (S), 1007 (S), 986 (VS), 960 (M), 949 (M), 927 (M), 893 (W), 867 (M), 848 (W),
804 (VW), 776 (M), 750 (VS), 718 (M), 694 (S)

3.6.11 Diethyl 4,4'-(1,4phenylene)bis(2methylenebutanoate) 22k)

oM
° oo

The typical procedureTP8 was followed usingluminiumpowder (162ng, 6 mmol), InGI(13mg,
0.06mmol) and2-chlorobenzythloride {8k 281mg, 2mmol). The reaction was carried out &C&or

20h and provided th@aluminiunreagentl9kwhich was transferred to an argon flushed flask containing
anhydrous Zn(OAg)(556 mg, 3 mmol)nd stirred for 20 min at 25 °CuCN-2LiCl (1M in THF,
0.2mL, 0.2 mmol) was added -80°C beforeallyl bromide(21k 169mg, 1.4mmol) was added
subsequently. Theaction mixturevas stirred aB0 °C for2 h before beinguenched with HCR(M,
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2mL). The aqueous layer was extracted with diethyl ether. The combined organic extracts were
concentratedn vacud-lash calmn chromatographical purification of drede residuen silica gel
(pentanediethyl ether =@ 1)afforded22k as colorledgjuid (233mg,46%).

H-NMR (300 MHz, ©Cls) dppm: 8.03 (dJ= 7.4 Hz, 1H), 7.23.04 (m, 5H), 6.80 (td= 7.5Hz,

1.0Hz, 1H), 6.61 (d]= 8.1 Hz, 1H), 5.67 (s, 1H), 4.36 (s, 2H), 3.88 Jddtll.8Hz, J= 5.0Hz, J= 1.3

Hz, 2H), 3.45 (td]= 12.2Hz, J= 2.5 Hz, 2H), 3.35 (s, 3H), 1.89 Jat,12.5Hz, J= 5.0 Hz, 1H), 0.66
(dtt,J=13.3Hz, J= 2.3Hz, J= 1.3Hz, 1H).

1IC-NMR (75MHz, DCls) dppm: 157.8, 138.7, 138.0, 130.9, 130.2, 129.8, 128.9, 127.6, 126.9, 126.3,
121.0, 110.4, 100.4, 67.3, 54.9, 32.3, 26.0.

MS (El, 70 eV)m/z (%):226 (49), 210 (30), 209 (100), 195 (27), 179 (20), 176 (28), 118.@4p@1

(12).

HRMS (EI) for CigH2d03: calculated284.1412found284.1399

3.6.12 Ethyl 2-methylene-4-(3,4,5trimethoxyphenyl)butanoate @2I)

Meoji;/\)‘\coza

MeO

OMe

The general procedufd®8 was followed usingluminiumpowder (162ng, 6 mmol), InGlI(13mg,
0.06mmol) and 3,4;Bimethoxybenzyl chloridég] 433mg, 2mmol). The reaction was carried out at
25°C for 7 h and provided thuminiumreagent9lwhich was transferred to an argon flushed flask
containing anhydrous Zn(OA¢»56 mg, 3 mol) and stirred for 20 min at 256. CUCN-2LiCI (1M in
THF, 0.2 mL, 0.2 mmol) was added-31°C before ethyl -foromomethylacrylatl] 270mg,
1.4mmol) was added subsequently.r€hetion mixturgvas stirred aB0°C for 1h and slowly warmed
to 20°C before beingjuenched with HCR(M, 2 mL). The aqueous layer was extracted with diethyl
ether. The combined organic extragere concentratedn vacud-lash column chromatographical

purification of thecrude residuen silica gelpentanediethylether= 3:1) afforded22l as colorless oil
(309 mg, 75%)

H-NMR (400MHz, GDe) dppm: 6.36 (s, 2H), 6.20 (@ 1.6 Hz, 1H), 5.2&y,J= 1.2 Hz, 1H), 4.01

(q,d=7.2 Hz, 2H), 3.85 (s, 3H), 3.43 (s, 6H);269 (m4H), 0.97 (1)= 7.2 Hz, 3H).

1C-NMR (100 MHz, @¢) dppm: 166.8, 154.1, 140.9, 137.9, 137.1, 124.7, 106.3, 60.6, 60.5, 55.8, 35.8,
34.7,14.2

MS (El, 70 eV)m/z (%): 294 (22), 182 (11), 181 (100).

HRMS (El) for CigH2:0s: calculated®94.1467, found 294.1457.

FT-IR (DiamondATR, neat) /cm® 2938 (W), 2838 (VW), 1711 (M), 1629 (W), 1589 (M), 1507 (M),

1457 (M), 1420 (M), 1369 (W), 1331 (M), 1236 (S), 1183 (S), 1121 (VS), 1008 (M), 975 (W), 944 (M), 860
(W), 820 (M), 778 (W), 693 (VW), 668 (VW)
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3.6.13 (4-(Cyclohex2-en-1-ylmethyl)phenyl)(methyl)sulfane @2m)

The general procedufd8 was followed usingluminiumpowder (162ng, 6 mmol), InGl(13mg,
0.06mmol) and (4chloranethylphenyl)(methyl)sulfanel8m 345mg, 2mmol). The reaction was
carried out at 25 °C for 3 h and providedaloeniniumreagenii9mwhich was transferred to an argon
flushed flask containing anhydrous Zn(@AB%6 mg, 3 mmol) and stirred for 20 min at 25 °C.
CuCN-2LiCIl (1M in THF, 0.2 mL, 0.2 mmol) was added3@t°C before dbromocyclohexen@1m
225mg, 1.4 mmol) was added subsequentlye@lbton mixturgvas stirred aB0 °C for 1h and slowly
warmed to 20C before beinguenched with HCI (2.0, 2 mL). The aqueous layezxivasted with
diethyl ether. The combined organic extraetsconcentrateth vacué&lash column chromatographical
purification of therude residuen silica gel (pentanafforded22mas colorless oil (2&ig, 92%)

H-NMR (400MHz, GDe¢) dppm: 7.166.86 (m, 4H), 57555 (m, 2H), 2.8335(m, 2H), 2.32.21

(m, 1H), 2.05 (s, 3H), 1-283 (m, 2H), 1.67.53 (m, 2H), 1.47.34 (m, 1H), 1.24.11 (m, 1H).

1C-NMR (100 MHz, @¢) dppm: 137.9, 136.2, 131.5, 129.9, 127.5, 127.3, 42.4, 372%5.2921.6,

15.9

MS (El, 70 eV)Im/z (%):218 (11), 137 (100).

HRMS (EI) for C14H16S calculated®18.1129, found 218.1114

FT-IR (DiamondATR, neat) / cm?: 3402 (W), 3016 (M), 2919 (S), 2855 (M), 2836 (M), 1669 (M), 1627

(W), 1596 (W), 1562 (VW), 1493 (S), 1445 (M), 1435 (M), 1405 (S), 1088 (VS), 1048 (VS), 1015 (S), 954
(S), 834 (S), 810 (S), 785 (S), 720 (S), 700 (W), 674 (S)

3.6.14 2-(4-(Methylthio)phenyl)-1-(thiophen-2-yl)ethanone(22n)

R
S

(¢]
MeS

The general procedui@8 was followed usingluminiumpowder (162ng, 6 mmol), InGI(13mg,
0.06mmol) and (4chloranethylphenyl)(methyl)sulfanél8m 345mg, 2mmol). The reaction was
caried out at 25 °C for 3 h and provided aheminiumreagenti9mwhich was transferred to an argon
flushed flask containing anhydrous Zn(QABH6 mg, 3 mmol) and stirred for 20 min at 25 °C.
CuCN-2LiCIl (1M in THF, 2 mL, 2 mmol) was added31°C bebre thiophene carbonylchlori@d. i

205mg, 1.4 mmol) was added subsequently. The reaction mixture was-80rr&d farr 1h and slowly
warmed to 20C before beinguuenched with HCI (2.0, 2 mL). The aqueous layer was extracted with
diethyl ether. Theombined organic extracts were concentirateacud-lash column chromatographical
purification of the crude residue silica gel (pentane/diethyl ether = 5:1) affo#adas colorless oil
(281mg, 72%)
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IH-NMR (300MHz, G:Ds) dppm: 7.26 (ddJ= 3.8 Hz,J= 1.1 Hz, 1H), 7.06.97 (m, 4H), 6.87 (dd,
J=4.9 Hz,J= 1.2 Hz, 1H), 6.53 (dd= 4.9 Hz,J= 3.9 Hz, 1H), 3.72 (s, 2H), 1.96 (s, 3H).

1IC-NMR (75MHz, GDe¢) dppm:189.9144.9138.1134.0132.7132.0130.6128.3127.546.1 15.8
MS (El, 70 eV)m/z (%):250 (11), 249 (19), 248 (100), 137 (63).

HRMS (EI) for GiaH1,50: calculated: 248.0330, found 248.0334.

FT-IR (DiamondATR, neat) / cm:: 3069(W), 1660(S),1601(W), 1516(W), 1494(W), 1436(VW),
1424(VW),1412(M), 1402(M), 1353(W), 1324(W), 1279(W), 1223(M), 1197(M), 1115(W), 1108(W),
1094(W), 1083(W), 1059(M), 1016(W), 981 (W), 970(W), 956 (W), 940 (M), 916 (W), 888 (W), 880
(VW),875(VW),854(M), 827(W),804(W), 796(W), 776(W), 760(S),744(VS), 724 (M), 699(W).

3.6.15 4-(4-Methoxybenzyl)benzonitrile(220)

MeO II II CN

The general procedufd®8 was followed usingluminiumpowder (162ng, 6 mmol), InGlI(13mg,
0.06mmol) and 4nethoxybenzyl chlorid&gj 313mg, 2mmol). The reaction was carried out at@5

for 5 h and provided treduminiunreageni9iwhich was transferred to an argon flushed flask containing
anhydrous Zn(OAg)556 mg, 3 mmol) and stirred for 20 min &t@3-(Methylthio)benzonite (21q
209mg, 1.4 mmol) and PEPHBI (19mg, 0.028 mmol) dissolved in NMPm(2 were added
subsequently. Threaction mixturgvas stirred at 5 for 1 h andquenched with HCI (2, 2 mL). The
aqueous layer was extracted with diethyl ether. Thmedrotganic extractgereconcentrateth vacuo
Flash column chromatographical purification otthde residuen silica gelgentanédiethyl ether
6:1)afforded220as colorless oil§3mg,81%).

H-NMR (400 MHz, @Ds¢) dppm: 7.527.46 (m, 2H), 7.20.16 (m, 2H), 7.6894 (m, 2H), 6.88.74

(m, 2H), 3.89 (s, 2H3,71 (s, 3H).

IC-NMR (100 MHz, @D¢) dppm: 158.4, 147.2, 132.2, 131.4, 129.9, 129.5, 119.0, 114.1, 109.9, 55.3,
41.1.

MS (El, 70 e\y m/z (%):224 (12) [M], 223(100), 222 (18), 208 (11), 121 (15).

HRMS (El) for CisH1aNO: calculated®23.099TM+], found:223.0997.

FT-IR (DiamondATR, neat) / cm: 3009 (W), 2955 (W), 2932 (W), 2907 (W), 2835 (W), 2226 (M), 1657
(W), 1650 (W), 1642 (W), 1607 (M), 1583 (M),(8510462 (M), 1451 (M), 1440 (M), 1420 (W), 1414

(M), 1335 (W), 1320 (W), 1301 (M), 1279 (M), 1247 (VS), 1208 (M), 1174 (S), 1150 (M), 1109 (M), 1034
(S), 1022 (M), 957 (W), 930 (W), 914 (W), 861 (M), 848 (M), 841 (M), 826 (M), 804 (VS), 760 (M), 736
(W), 708 (W), 683 (W)

3.6.16 1-Benzyk4-methoxybenzeng(22p)

o
MeO
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The general procedufd®8 was followed usingluminiumpowder (162ng, 6 mmol), InGI(13mg,
0.06mmol) and 4nethoxybenzyl chlorids(, 313mg, 2mmol). The reactionag carried out at 2&

for 5 h and provided trlduminiunreagenfi9iwhich was transferred to an argon flushed flask containing
anhydrous Zn(OAg)556 mg, 3 mmol) and stirred for 20 min at@5-Methy(phenyl)sulfané€1p
174mg, 1.4 mmol) andPEPPSIiPr (19mg, 0.028 mmol) dissolved in NMPm2) were added
subsequently. Thieaction mixturgvas stirred at 5@ for 1 h andquenched with HCI (@, 2 mL). The
aqueous layer was extracted with diethyl ether. The combined organiwerecactentratedn vacuo
Flash column chromatographical purification otthde residuen silica gelpentanédiethyl ether
101)afforded22pasyellowoil (186mg,67%6).

H-NMR (300 MHz,CDCk) dppm: 7.327.25 (m, 2H), 7.2215 (m3H), 7.137.08 (m2H), 6.876.80

(m, 2H), 3.93 (s, 2H), 3.78 (s, 3H).

1IC-NMR (75MHz, CDCk) dppm: 158.0, 141.6, 133.2, 129.8, 128.8, 128.4, 125.9, 113.9, 55.2, 41.0.

MS (El, 70 e\f m/z (%):199 (17), 198 (100) {M197 (66), 183 (13), 167 (24), 166 (11), 165 (22), 153

(15), 152 (19), 135 (144), 121 (68), 105 (11), 91 (20), 78 (13), 77 (23), 44 (30), 43 (67).

HRMS (EI) for C1aH140: calculated:98.104%M+], found:198.1041.

FT-IR (DiamondATR, neat) / cmt: 3027 (W), 2907 (W), 2835 (W), 1655 (W), 1610 (M), 15&81WV),

(S), 1494 (M), 1462 (M), 1453 (M), 1440 (M), 1316 (W), 1301 (M), 1280 (W), 1243 (VS), 1174 (S), 1150
(W), 1121 (W), 1106 (M), 1074 (W), 1031 (S), 938 (W), 837 (M), 797 (M), 769 (M), 724 (S), 696 (S)

3.6.17 Ethyl 4-(3-cyanophenyl}2-methylenebutanoate 220)

CO,Et
NC

The general proceduid9 was followed usingluminiumpowder (162ng, 6 mmol), InGl(13mg,
0.06mmol), ZnCl (1M in THF, 2mL, 2mmol) and &yanobenzyl chlorid&8n 303mg, 2mmol). The
reaction was carried out &t X for 5 h and provided the reagegwhich was transferred to a new
argon flushed flask. CUCN:&ZI (1M in THF, 0.2 mL, 0.2 mmol) was added3@fC before ethyl-2
(bromomethyl)acrylat2l 270mg, 1.4 mmol) was added subsequentlynidterewas stirred at30°C

for 1h and slowly warmed to 20 before beinquenched with HCR(M, 2 mL). The aqueous layer was
extracted with diethyl ether. The combined organic extracts were condenttated-lash column
chromatographical purification of ttreide residuen silica gelpentanedliethyl ether = @1) afforded
22qas colorless oil (298y, 93%)

H-NMR (300MHz, GiDs) dppm: 6.956.91 (m, 2H), 6.8879 (m, 1H), 6.68.64(m, 1H), 6.155.10
(m, 1H), 5.0%.06 (m, 1H), 3.99 @ 7.2 Hz, 2H), 2.42.28 (m4H), 0.96 (1= 7.1 Hz, 3H).

1C-NMR (75 MHz, CsD¢) dppm: 166.4, 142.7, 140.0, 132.6, 132.0, 129.7, 129.0, 12%,.0,1813,
60.7, 34.4, 33.6, 14.1
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MS (El, 70 eV)m/z (%):184 (27), 183 (80), 182 (15), 158 (14), 156 (25), 155 (47), 154 (32), 130 (42), 129
(15), 117 (13), 116 (100), 89 (21).

HRMS (EI) for CiiH1sNO2: calculated®29.1103, found 229.1086.

FT-IR (DiamondATR, neatj / cm 3457 (VW), 2982 (W), 2938 (W), 2230 (M), 1716 (VS), 1631 (W),
1602 (W), 1583 (W), 1483 (W), 1445 (M), 1434 (M), 1370 (M), 1300 (M), 1254 (M), 1186 (VS), 1022 (S),
950 (W), 918 (W), 859 (W), 799 (S), 690 (VS)

3.6.18 Ethyl 4-(3-cyanophenyl}2-methylenebutanoate 221)

UL
CO,Et

The general proceduld9 was followed usingluminiumpowder (162ng, 6 mmol), InGlI(13mg,
0.06mmol), ZnC (1M in THF, 2mL, 2mmol) and &yanobenzyl chloridésf, 303mg, 2mmol). The
reaction was carried out at 25 °C for 5 h and provided the rE@gesich was transferred to a new
argon flushed flaskthyl 4iodobenzoaté€1q 386mg, 1.4nmol) and PEPPSPr (19mg, 0.028 mmol)
dissolved in NMP (&1L) were added subsequently. The reaction mixture was stirréd &irsth and
quenched with HCI (4, 2 mL).The aqueous layer was extracted with diethyl ether. The combined
organic extracts were concentratedacuoFlash column chromatographical purification of the crude
residue omsilica gel (pentane/diethyl ether = 6:1) affogfrds yellow liquid (241mg, 56%)

H-NMR (400MHz, GDs) dppm: 8.058.01 (m, 2H), 6.86.83 (m, 1H), 6.78.67 (m, 2H), 6.6854
(m, 2H), 4.09 (d= 7.2 Hz), 3.24 (s, 2H), 0.98J&, 7.0 Hz).

1C-NMR (100MHz, GD¢) dppm: 189.9 144.9138.1 134.0 132.7 132.0 130.6 128.3 127.5 46.1
15.8

FT-IR (DiamondATR, neat) / cm: 3000(VW), 2955(VW), 2902(VW), 2228(W), 2206(VW), 2196
(VW), 2191(VW), 1708(S),1670(W), 1606(W), 1574(W), 1506(VW), 1474(W), 1446(W), 1436(W),
1429(W),1414(W),1392(W),1364(W),1322(VW),1306(W),1276(VS),1257(S),1193(W),1176(M),
1127(W),1108(S),1019(M), 981(W), 940 (W),925(W),906(W),892(W),876(W),854(W),822(VW),
788(W),765(M), 727(S),699(M), 689(M).

3.6.19 4-(((4-Fluorophenyhthio)methyl)benzonitrile (229

o

The general procedufd®9 was followed usingluminiumpowder (162ng, 6 mmol), InGl(13mg,
0.06mmol), ZnCl (1M in THF, 2mL, 2mmol) and 4€yanobenzyl chlorid&8g 303mg, 2mmol). The
reaction was carried out at°@5for 5 h and provided the reagg&fbwhich was transferred to a new
argon flushedldsk. CuCN-2iCl (1M in THF, 0.2 mL, 0.2 mmol) was added3at’C beforeS4-
fluorophenyl benzenesulfonothiod®dr 376mg, 1.4nmol) was added subsequently. Tédwction
mixturewas stirred aB0 °C for 1h and slowly warmed to 20 before beinguenched with HCR(M,
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2mL). The aqueous layer was extracted with diethyl ether. The combined organiavesdracts
concentratedn vacud-lash column chromatographical purification ofctiide residuen silica gel
(pentanediethyl ether 8:1) afforded22sas yellowish solid (268, 74%)

mp: 5354°C.

IH-NMR (300MHz, CDC}) dppm: 7.587.50 (m, 2H), 7.31.18 (m, 4H)7.016.89(m, 2H), 4.02 (s,

2H).

1C-NMR (75MHz, CDCk) dppm: 162.5 (dJ= 248 Hz), 143.4, 134.4, 132.2, 129.5, 1293 &iHz),

118.7, 116.2 (d= 22 Hz), 111.0, 40.5 @t 1 Hz).

MS (El, 70 eV)m/z (%):243 (44), 117 (11), 116 (100), 89 (17).

HRMS (EI) for C1H10NFS calculated®43.0518, found 243.0501.

FT-IR (DiamondATR, neat) / cmt: 3058 (W), 2932 (W), 2856 (W), 2228 (M), 1862 (W), 1606 (M), 1588
(W), 1498 (W), 1488 (S), 1399 (M), 1298 (W), 1216 (S), 1158 (M), 1090 (M), 856 (S), 803 (S), 760 (S)

3.6.20 Ethyl 3-((2,6-dimethoxypyrimidin-4-yl)methyl)benzoate @2t)

EtO,C AN OMe

e
The general procedufd®9 was followed usingluminiumpowder (162ng, 6 mmol), InGlI(13mg,
0.06mmol), ZnCl (1M in THF, 2mL, 2mmol) and ethyl -&hloromethyl)benzoatd 8p 397mg,
2mmol). The reaction was carriatt at 25°C for 10h and provided the reagetfip which was
transferred to a new argon flushed fldsdo-2,6dimethoxypyrimidin€@1s 373mg, 1.4nmol) and
PEPPSIiPr (19mg, 0.028 mmol) dissolved in NMPmM2 were added subsequently. Téection
mixturewas stirred at 5 for 1h andgquenched with HCR(M, 2 mL). The aqueous layer was extracted
with diethyl ether. The combined organic extracts were concernitratetuoFlash column
chromatographical purification of ttrede residuen silicagel {sohexandaliethyl ether = 1:13fforded

22tas colorless oil (35ig, 83%)

H-NMR (300MHz, GDs) dppm: 8.22 (tJ= 1.5 Hz, 1H), 8.04 (di= 7.6 Hz, 1.5 Hz, 1H), 7.7118

(m, 1H), 7.02 (1= 7.6 Hz, 1H), 6.00 (s, 1H), 4.12Xg,7.1 Hz, 2H), 3.72 (s, 3H), 3.65 (s, 2H), 3,56 (s

3H), 1.01 (t)= 7.1 Hz, 3H).

1C-NMR (75 MHz, CsDe) dppm: 172.4, 170.7, 166.2, 166.1, 138.8, 133.8, 131.5, 130.8, 128.7, 128.2,
1003, 60.8, 54.3, 53.3, 43.5, 14.2

MS (EI, 70 eV)m/z (%):302 (100287 (13), 273 (58), 257 (48), 255 (30), 240 (26), 230 (17), 229 (50), 227
(15), 199 (19), 157 (19), 156 (15), 128 (17), 106 (15).

HRMS (EI) for CigH1dN204: calculated®02.1267, found 302.1263.
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FT-IR (DiamondATR, neat) / cmt: 2982 (W), 2957 (W), 1765, 1582 (S), 1565 (S), 1478 (M), 1458

(M), 1446 (M), 1419 (W), 1381 (M), 1351 (VS), 1305 (M), 1273 (S), 1192 (S), 1155 (W), 1145 (W), 1098 (S),
1081 (M), 1056 (M), 1039 (M), 1024 (M), 1002 (W), 984 (W), 933 (W), 901 (W), 841 (W), 821 (W), 789
(W), 757N1), 725 (M), 686 (W), 683 (W), 674 (VW)

3.6.21 Methyl 4-(3-(ethoxycarbonyl)but3-en-1-yl)benzoate Q2u)

CO,Et

MeO,C
The general proceduld9 was followed usingluminiumpowder (162ng, 6 mmol), InGlI(13mg,
0.06mmol), ZnCli (AM in THF, 2mL, 2mmol) and methyl-&hloromethyl)benzoatd8g 369mg,

2mmol). The reaction was carried out at 25 °C for 10 h and provided the X8qgdnth was
transferred to a new argon flushed flask. CuCR{2(1M in THF, 0.2 mL, 0.2 mmol) was added

at -30°C before ethyl-Bboromomethyl)acrylat®1] 270mg, 1.4nmol) was added subsequently. The
reaction mixturevas stirred a30 °C for 1h and slowly warmed to 20 before beinguenched with

HCI (2 M 2mL). The aqueous layer was extracted with diethyl ether. The combined organic extracts were
concentratedn vacud-lash column chromatographical purification ofctiide residuen silica gel
(pentandiethyl ether 8:1) afforded22uas colorless oil (275, 75%)

H-NMR (300MHz, CDC}) dppm: 8.108.07 (m, 2H), 6.96.93 (m, 2H), 6.1@,J= 1.4 Hz, 1H), 5.11
(9,J=1.4 Hz, 1H), 3.99 (d~ 7.0 Hz, 2H), 3.51 (s, 3H), 2546 (m4H), 0.96 (J= 7.1 Hz, 3H).

1C-NMR (75MHz, CDCk) dppm: 166.7166.5, 146.9, 140.3, 130.1, 128.8, 128.7, 124.9, 60.5, 51.5, 35.0,
33.8,14.2

MS (El, 70 eVm/z (%):262 (11), 231 (18), 230 (19), 217 (13), 216 (15), 189 (16), 188 (42), 157 (30), 149
(100), 129 (21), 128 (11), 121 (26), 90 (11), 57 (12).

HRMS (EI) for CisH1404: calculated®62.1205, found 262.1199.

FT-IR (DiamondATR, neat) / cm: 2953 (W), 1715 (VS), 1611 (W), 1436 (M), 1415 (W), 1370 (W),
1276 (VS), 1179 (S), 1109 (S), 1100 (S), 1020 (M), 961 (W), 852 (W), 818 (W), 765.(M), 705 (M)

3.6.22 3-((6-Chlorobenzo[d][1,3]dioxo}5-yl)methyl)cyclohexanone 22v)

o o)
LT
Y cl
The general proceduld9 was followed usingluminiumpowder (162ng, 6 mmol), InGl(13mg,
0.06mmol), ZnCl (AM in THF, 2mL, 2mmol) and &hloro6-(chbromethyl)benzo[d][1,3]dioxole
(18r411mg, 2mmol). The reaction was carried out &C&r 8 h and provided the reaggatwhich
was transferred to a new argon flushed flask. CUGMN-@M in THF, 2.1 mL, 2.1 mmol) was added
dropwise at30°C, bdore a mixture of cyclohé&enone 21t 134mg, 1.4nmol) and TMSCI (388g,
3.5mmol) in 2 mL THF was added subsequentlyr&dmtion mixturgvas stireda8 0 EChéandr 12
slowly warmed to Z&« before beinquenched with HCI (2 M, 2 mL). The agselayer was extracted
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with diethyl ether. The combined organic extrasse concentratedin vacuoFlash column
chromatographical purification of ttreide residuen silica gelpentanedliethyl ether = @:1) afforded
22vas colorless solid (254, 68%)

mp: 62-63°C.

H-NMR (300MHz, CDC}) dppm: 6.70 (s, 1H), 6.32 (s, 1H), §42H), 2.32.24 (m, 3H), 2.1810

(m, 1H), 1.832.71 (m, 2H), 1.6D.60 (m, 1H), 1.5D.34 (m, 2H), 1.17.03 (m, 1H), 0.89.78 (m, 1H).

1IC-NMR (75MHz, CDCk) dppm: 208.2, 147.1, 147.0, 130.6, 125.8, 110.6, 110.1, 101.5, 47.6, 41.2, 40.1,
39.6, 30.7, 25.0

MS (El, 70 eV)m/z (%):268 (22), 267 (11), 266 (69), 208 (17), 170 (31), 169 (11), 168 (100).

HRMS (EI) for C14H1503ClI: calculate®66.0710, found 266.0705.

FT-IR (DiamondATR, neat) / cm: 2922 (W), 1699 (S), 1502 (S), 1479 (VS), 1414 (M), 1235 (S), 1118
(S), 1039 (VS), 980 (M), 939 (S), 879 (S), 867 (M), 834 (M), 691 (W)

3.6.23 Ethyl 2-methylene-4-phenylpentanoate 22w)

Me CO,Et

The general procedufd9 was followed usingluminiumpowder (162ng, 6 mmol), InGl(13mg,
0.06mmol), ZnCGl (1M in THF, 2mL, 2mmol) and ((thloroethyl)benzen&§s 281mg, 2mmol). The
reaction was carried out at°®5for 22 h and provided the geat19swhich was transferred to a new
argon flushed flask. CUCN:&ZI (1M in THF, 0.2 mL, 0.2 mmol) was added3@fC before ethyl-2
(bromomethyl)acrylat2l] 270mg, 1.4nmol) was added subsequently.r&aetion mixturgvas stirred
at-30°C for1h and slowly warmed to 20 before beinguenched with HCR(M, 2 mL). The aqueous
layer was extracted with diethyl ether. The combined organic extracts were contesmtcatEkhsh
column chromatographical purification of ¢thede residuen siica gel gentanediethyl ether 201)
afforded22was colorless oil (282, 76%)

1H-NMR (300MHz, CDC}) dppm: 7.377.19 (m, 5H), 6.14 (@ 1.4 Hz, 1H), 5.48.40 (m, 1H), 4.24

(q,J= 7.2 Hz, 2H), 3.22.97 (m, 1H), 2.7253 (m, 2H), 1.3B28(m, 6H).

1IC-NMR (75MHz, CDCk) dppm: 167.2, 146.6, 139.2, 128.3, 127.0, 126.3, 126.0, 60.6, 40.9, 38.8, 21.3,
14.2

MS (El, 70 eV)n/z (%):105 (100), 77 (12), 44 (21), 43 (10).

HRMS (EI) for C14H1402: calculated®18.1307, found 218.1305.

FT-IR (DiamondATR, neat)/cm 3028 (VW), 2963 (W), 1713 (S), 1629 (W), 1603 (W), 1494 (W),
1452 (M), 1407 (W), 1369 (W), 1324 (W), 1302 (M), 1267 (W), 1255 (W), 1225 (M), 1195 (S), 1172 (M),
1147 (S), 1112 (W), 1094 (M), 1062 (W), 1026 (M), 1017 (NYY)XL@RB! (M), 908 (W), 871 (VW), 856

(W), 818 (W), 762 (M), 699 (VS)
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